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Summary

It is well known that patients suffering from disturbed fracture healing have to cope with
diminished quality of life and ensue medical expenses for society. Such disorders represent
the most expensive group of diagnoses in the emergency department and cause a significant
health and economic impact worldwide. During bone regeneration, the interaction of immune
cells and mesenchymal stromal cells by various paracrine or cell-cell driven mechanisms is
indispensable to restore skeletal integrity. The osteogenic lineage formation is known to
support bone regeneration, whereas the accumulation of the adipogenic lineage cells is widely
thought to promote low grade inflammation and skeletal damage. Chronic low grade
inflammation is largely caused by pro-inflammatory immune cells and inflamed adipose tissue,

both of which are likely known causes of obesity and other metabolic disorders.

This work hypothesizes, that a beneficial metabolic and immune-modulatory power of bone
marrow adipocytes can be identified to support bone regeneration. Bone marrow adipocytes
are highlighted as energy and metabolite providing partakers in conditions of high energetic
demand such as bone healing. A regulatory effect of adipocyte secreted factors on the local
inflammatory milieu is proposed. This pro-regenerative bone marrow adipose tissue is shown
to be induced by the anti-inflammatory diabetes drug rosiglitazone activating the peroxisome
proliferator-activated receptor y (PPARG).

To that end, PPARG agonist treatment, currently known as detrimental in relation to bone, was
shown to induce bone marrow adipose tissue in the distal parts of the bone such as at the
fracture site and at the distal growth plate. Surprisingly, the induction of adipocytes did not
cause dysfunctional bone fracture healing but steered beneficial skeletal parameters during
bone repair in osteotomized mice. Additionally, pro-osteogenic changes in the lipid
compartment and the induction of anti-inflammatory CD4" T helper 2 immune cells were
identified. The specific features of PPARG agonist treated bone marrow adipocytes in
regeneration were verified using human patient derived mesenchymal stromal cells isolated
from bone. In accordance with the in vivo study, PPARG agonist treatment during osteogenic
differentiation resulted in an increased osteogenic potential and mineralization as well as an
enhanced metabolic fitness determined by higher OCR/ECAR ratios, higher oxidative spare
capacity and an upregulation of glucose uptake. Interestingly, the secretion of adiponectin as
specific paracrine effect of PPARG agonist treated adipocytes during osteogenic cultures could

be determined as beneficial for bone formation.

In this thesis, the possibility of using PPARG agonists, thiazolidinediones (TZDs), as short-
term treatment to guide a pro-regenerative, metabolically active bone marrow adipose tissue

further driving faster bone bridging was explored. PPARG driven effects were outlined as
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metabolic switch in MSCs during osteogenic differentiation and were shown to induce
beneficial effects by secreting high amounts of anti-inflammatory adiponectin during
mineralization. Hereby, the impact of PPARG agonist induced bone marrow adipose tissue on
providing the necessary metabolites to sustain osteogenic stromal cells as well as polarizing
an anti-inflammatory milieu during bone regeneration was highlighted.
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Zusammenfassung

Patienten, welche unter einer gestorten Frakturheilung leiden, kdmpfen mit einer verminderten
Lebensqualitat. Solche Frakturheilungsstérungen stellen die teuerste Gruppe von Diagnosen
in der Notaufnahme dar und verursachen weltweit erhebliche gesundheitliche und
wirtschaftliche Auswirkungen. Wahrend der Knochenheilung ist die Interaktion von
Immunzellen und mesenchymalen Stromazellen durch verschiedene parakrine oder
zellgesteuerte Mechanismen unerlasslich um die Integritat des Skeletts wiederherzustellen.
Es ist bekannt, dass die Differenzierung der osteogenen Linie die Knochenregeneration
unterstiitzt, wahrend die Anhaufung von Zellen der adipogenen Linie als Ursache fir
Entzindungen und Skelettschaden gilt. Chronische Entziindungen werden hier gréf3tenteils
durch entzindungsférdernde Immunzellen und entziindetes Fettgewebe verursacht. Beide
Ursachen sind ebenfalls bekannte Ausléser von Adipositas und anderen

Stoffwechselstérungen.

In dieser Arbeit wird die Hypothese aufgestellt, dass ein bestimmter Subtyp von vorteilhaften
metabolisch und immun-modulatorisch aktiven Knochenmarks-Adipozyten zur Unterstiitzung
der Knochenregeneration beitragen kann. Diese Adipozyten im Knochenmark spielen eine
wichtige Rolle vor allem in der Knochenheilung und verbessern das Energie-Reservoir-
Angebotsgleichgewicht der mitstreitenden Zellen und decken den erhdhten Energiebedarf.
Hier wird den Adipozyten und den von ihnen sezernierten Faktoren eine regulierende Wirkung
auf das lokale Entzindungsmilieu im Knochen zugeschrieben. Dieses pro-regenerative
Knochenmarks-Fettgewebe kann in diesem Fall durch das entziindungshemmende Diabetes-
Medikament Rosiglitazone induziert werden, dessen Effekte aus der Aktivitat des Peroxisom-

Proliferator-aktivierten Rezeptor y (PPARG) resultieren.

Mit der vorliegenden Arbeit wurde gezeigt, dass eine Behandlung mit PPARG-Agonisten,
Fettgewebe aus dem Knochenmark in distalen Teilen des Knochens, z. B. an der Frakturstelle
und der distalen Wachstumsplatte induziert. Die Induktion von Adipozyten flihrte nicht zu einer
Beeintrachtigung der Frakturheilung, sondern verursachte eine verbesserte Knochenstruktur,
welche am Prozess der Knochenregeneration in einem Maus-Osteotomie Modell getestet
wurde. Dariber hinaus wurden pro-osteogene Veranderungen im Lipidkompartiment und die
Induktion von entziindungshemmenden CD4+ T Helfer Typ 2 Immunzellen festgestellt. Die
positiven, in-vivo Eigenschaften von PPARG-Agonist behandelten, aus dem Knochenmark
stammenden Adipozyten, konnten mit Hilfe von in vitro Experimenten reproduziert werden.
Dies wurde anhand von humanen, mesenchymalen Stromazellen aus dem Knochenmark
uberprift. In Ubereinstimmung mit der In-vivo-Studie fiihrte die Behandlung mit PPARG-

Agonisten wahrend der osteogenen Differenzierung zu einer Steigerung des osteogenen
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Potenzials und zu einer erhéhten Mineralisierungsrate. Zuséatzlich konnte eine Verbesserung
der metabolischen Fitness dieser Zellen festgestellt werden, welche sich durch ein hoheres
OCR/ECAR-Verhéltnis, eine hohere oxidative Reservekapazitat und eine Hochregulierung der
Glukoseaufnahme bemerkbar machte. Interessanterweise erwies sich die Sekretion von
Adiponektin, eines von PPARG-Agonist stimulierten Adipozyten sezernierten Peptid-
Hormones, wahrend osteogener Kulturen als vorteilhaft fur die Knochenbildung.

Hiermit wurde die Moglichkeit untersucht, PPARG-Agonisten z.B. Thiazolidindione (TZDs), als
Kurzzeitbehandlung einzusetzen, um ein pro-regeneratives, metabolisch aktives
Knochenmarks-Fettgewebe zu induzieren und hiermit eine schnellere Knochenneubildung zu
fordern. Die PPARG-gesteuerten Effekte wurden bemerkbar durch die Umstellung der
metabolischen Aktivitat von MSCs wahrend der osteogenen Differenzierung. Weiterhin wurde
gezeigt, dass die Mineralisierung von MSCs durch hohe Mengen an entziindungshemmendem
Adiponektin unterstutzt werden konnen. PPARG-Agonist induziertes Knochenmarks-
Fettgewebe wurde hiermit erstens: Fir die Bereitstellung von notwendigen Metaboliten,
zweitens: Zur Aufrechterhaltung osteogener Stromazellen, sowie drittens: Der Polarisierung

eines entzindungshemmenden Milieus wahrend der Knochenregeneration hervorgehoben.
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1. Introduction

1.1 Bone healing as multiphase process
The regeneration of bone is one of the most successful healing processes next to liver
regeneration. The bones unique feature to renew and rebuild without scar formation by a
complex multiphase process makes it a very special tissue and its investigation could represent
a template for steering the regeneration of other tissues within the human body that usually
end up in scar formation [1][2]. In addition, bone marrow is known as source of distinct cell
types such as the immune and hematopoietic lineage and is described as highly metabolic
environment [2]. This study suggests, that the metabolic blueprint of cells and the metabolic
reprogramming during intense energetic needs of fracture healing is of high importance to
restore tissue. Metabolic reprogramming provides energy to balance inflammation, induce
angiogenesis, and control proliferation and differentiation of immune and mesenchymal
stromal cells [3][4]. Starting from the 1940s, the close regulation of bone growth by endocrine
glands as well as the influence of adipocyte secreted hormones and adipokines on bone
remodeling and nutrient metabolism has been highlighted [5][6][7]. It is now known that
changes in the metabolic capacity of cells, especially MSCs, can either drive or reduce bone
regeneration [8][9]. In fact, identifying a metabolic fuel cocktail for beneficial tissue
regeneration has become an important research goal and will be further investigated in this
thesis [3][10][11]. In addition to that, a critical aspect of a positive bone healing outcome is the
regulation of inflammatory phases and the immune cells involved in each stage of
regeneration. After traumatic bone injury, initial healing of bone is marked by a hematoma
formation and pro-inflammatory phase subsequently followed by four successive, overlapping
healing stages (Figure 1 A): the anti-inflammatory hematoma phase, soft callus formation
phase, hard callus formation phase and remodeling phase [12][2]. Initially, injury-related
damaged blood vessels and inhibited nutrient supply cause a challenging environment for cells
within the early pro-inflammatory hematoma at the fracture site [3][13]. This early hematoma
already contains mesenchymal stromal cells as well as circulating immune cells e.g.
macrophages, monocytes and lymphocytes from the periphery, which undergo an activation
process. This leads to pro-inflammatory cytokine accumulation and removal of damaged tissue
[14]. In addition, damaged tissue can activate immune cells by danger associated DAMP
signals released from apoptotic cells, e.g. byproducts and matrix proteins which are commonly
recognized via TLRs [15][16][17]. Hereby, more pro-inflammatory cytokines are secreted into
the fracture milieu e.g. monocyte chemoattractant protein-1 (MCP1), IL6, CCL2 which act as
amplifiers of inflammation [18]. The cytokine and chemokine cocktail attracts additional pro-
inflammatory immune cells, MSCs and endothelial progenitor cells, which have a high nutrient

and oxygen consumption. This results in hypoxia and HIFla stabilization [19][20][2]. The
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trauma induced influx of immune cells is accompanied by increasing levels of chemoattractants
including pro-regenerative lipid mediators (leukotrienes) and protein mediators (chemokines
and cytokines) that can likewise be secreted by local adipocytes [21][22][20]. Not only innate
immune cells e.g. M1 macrophages, but also the activation and differentiation of pro-
inflammatory CD8+ T cell subsets as well as CD4+ T helper 1 (TH1) and T helper 17 (TH17)
cells is evident (Figure 1 C). The CD4+ T helper cell compartment will be the immunological

focus of the presented work.

Following the first pro-inflammatory wave, angiogenesis and revascularization is initiated to
restore the nutrient flow [13][23][24]. In order to achieve that, an important anti-inflammatory
switch is described during early hematoma formation [25]. The transitioning of pro-
inflammatory signaling towards anti-inflammatory signaling is shown as critical stage during
healing. This is of high importance since the resolution of inflammation circumvents a
compromised healing process, which is marked by failures in the complex healing process and
a delay in bone regeneration [26][27][28]. By that, a restorative environment is induced [26][27].
In addition, the switch towards a restorative anti-inflammatory reaction induces osteoblast
function and bone repair [29][15]. In this stage, pro-regenerative cytokines such as IL10, TGFb
and IL4 (Figure 1 B) steer M2 macrophage and CD4+ TH2 cell polarization (Figure 1 C),
which contribute to the anti-inflammatory milieu [3][30][31]. MSC are likewise known for their
own specific inhibition of pro-inflammation by the induction of T cell inhibition via
immunosuppression. In order to further downregulate pro-inflammatory triggers, MSC are able
to release immunomodulatory IDO and prostaglandin E2 exerting anti-inflammatory features
and regulating bone healing [32][33][34][35]. In parallel to the resolution of inflammation, the
repair phase is initiated by MSCs and fibroblasts. The repair phase includes soft- and hard
callus formation. Both, MSCs and fibroblasts take part in the facilitation of soft callus formation
and the maturation of granulation tissue. Fibroblasts are known to form new matrix and MSCs
proliferate and differentiate towards the chondrogenic- and osteogenic lineage [36][1]. The
highly organized callus is formed by intramembraneous- and endochondrial ossification. This
enables the necessary bridging of the fracture and mechanical stabilization of the bone
fragments [37][1]. Subsequently, hypertrophic cartilage is induced, vessels re-appear and a
second wave of angiogenic-osteogenic coupling is enabled for the formation of woven bone
[38]. Woven bone is further modified to build the hard callus of the bone [1]. Mineralization of
the surrounding tissue is enabled by osteoblasts via the activation of alkaline phosphatase
[39]. Finally, a tightly correlating bone degradation and remodeling of the bone is needed to
obtain the mechanical strength of the bone [38]. This remodeling phase is steered by growth
hormones such as BMPs [40]. BMPs are important partakers in bone remodeling as they

represent pro-osteogenic growth factors and are able to induce fibroblast-chondroblast-
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osteoblast transformation [41][42]. In this way, remodeling of the woven bone is achieved by
gradual replacement with lamellar bone [39]. MSC differentiation into the adipogenic lineage
has likewise been studied in relation to bone regeneration and inflammation. The common
view on adipocytes in regeneration and inflammation is of rather negative nature, since
adipocytes have been shown to steer chronic low grade inflammation in metabolic
compromised conditions as well as to impair bone healing [43][44][45][46]. Howeuver,
adipocytes are predominantly highlighted in this thesis as another cell type of impact during
the anti-inflammatory switch, harboring a positive influence on bone regeneration and

metabolism which is not yet fully recognized [47][48].
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Figure 1: The bone healing cascade and its partakers adapted from [49][24][24][50]

The initial inflammatory phase consists of hematoma formation, pro-inflammation (red) and anti-inflammatory switch
(green). Pro-inflammation generates a milieu of IL1/IL6/TNFa and MCP1 recruiting MSCs and activation immune
cells e.g. M1 macrophages and CD4+ TH1 cells. Anti-inflammation is induced by pro-regenerative cytokines such
as IL4, IL10 and TGFb, by that polarizing of M2 macrophages and CD4+ TH2 cells. Following that, bone repair is
initiated and facilitates soft- and hard callus formation as well as bone remodeling

1.2. PPARG agonist as anti-diabetic drug and more?
The main features of antidiabetic drugs are the induction of a positive metabolic and anti-
inflammatory change, both systemic and adipose tissue specific [51][52]. However, anti-
diabetic treatment is linked to diverse side effects on bone integrity in dependence of the

treatment period and drug that is used [53]. Next to standardized insulin-treatments, the most
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commonly used anti-diabetic drugs to date comprise the first-line drug metformin as well as
the group of insulin sensitizing thiazolidinediones (TZDs) in short glitazones [54]. TZDs such
as pioglitazone and rosiglitazone represent a major therapeutic drug class for the treatment of
T2DM, with both of them acting as PPARG agonist improving insulin sensitivity [55][56]. In fact,
all anti-diabetic drug treatments harbor undesired side-effects e.g. hypoglycemia, weight gain,
cardiovascular complications and in relation to bone increased fracture risks [55]. Underlining
that, it has to be taken into consideration that metabolic disease conditions are either way
associated with cardiovascular defects and atherosclerosis by the accumulation of cholesterol
in macrophages forming plaques in the arterial wall [57][58][59][60]. This is why, it is important
to re-evaluate the use of such drugs in certain healthy conditions as well as regarding the
temporal scope of TZD therapy. In this work, | will reconsider a positive angle of TZD treatment
within the scope of the already described detrimental effects. Indeed, TZDs are known to have
beneficial features, which could be of interest in other critical, physiological conditions such as
tissue and bone regeneration as well as general conditions associated with inflammatory

processes.

In obesity and T2DM chronic, low-grade inflammation causes detrimental effects on the
immune compartment, steering adipose tissue inflammation [61]. Excessive activation of
leukocytes and their accumulation within adipose and other tissues represents the key driving
event of insulin resistance [62]. Constant high energy intake rewires adipocytes into
hypertrophic ones, secreting adipokines which further interfere with insulin signaling [62]. In
addition, increased fatty acid and triacylglycerides are deposited in non-adipose tissues
causing a metabolic overload [62]. Indeed, patients suffering from metabolic disease show
simultaneous skeletal disorders including osteopenia, osteoporosis and increased fracture
rates. All of them resulting from abnormal cytokines and adipokine production damaging the
healthy bone environment. [63] PPARG agonists are known for their beneficial effects in
steering anti-inflammation and metabolic re-balance. In line with that, healthy adipocytes are
known regulators of whole body insulin sensitivity. Adipocyte function and maintenance is
controlled by peroxisome proliferator-activated receptor g (PPARG) and its activation by
PPARG agonist treatment e.g. anti-diabetic drugs leads to increased storage of fatty acids
while reducing circulating ones [59][64][62]. Additionally PPARG activates the expression of
adiponectin resulting in further insulin sensitivity of liver and muscle [65]. Controversially, the
PPARG agonist rosiglitazone, which is used in this thesis, has been withdrawn from the market
in Europe because of cardiovascular side effects [66]. In the United States this was not the
case, because no evidence of these side effects has been provided and even cardiovascular
benefits have been described [67][68]. A controversial view on TZDs and their common usage

in combinational treatment with other drugs during metabolic disease is summarized. Potential
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effects of TZDs in bone metabolism have not yet been described. However, PPARG agonist
treatment is associated with de-novo differentiation of pre-adipocytes with high insulin
sensitivity [69]. Of note, PPARG activation is associated with a brown-like adipocyte induction
coupled to an increase of mitochondrial capacity [70]. A similar adipocyte accumulation is
described within the bone marrow [71][72][73]. But, the phenotypic and functional state of
adipocytes during fracture injury are described only to that extend, that they present a unique
adipocyte subtype very different from the common white, brown and brown-in-white (brite)
adipocytes in other niches [74]. Indeed, PPARG agonist rosiglitazone presents a valuable tool
to study the sole PPARG driven effects on bone marrow adipocyte accumulation under an anti-
inflammatory, pro-metabolic shield during bone regeneration.

1.3. PPARG signaling

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hormone
receptor superfamily of ligand-inducible transcription factors [75][76]. In fact, PPARs are
important targets in metabolic compromised conditions, where PPAR agonists are used to
improve insulin resistance and dyslipidemia [77]. Three subtypes of those fatty acid-activated
nuclear receptors are known: PPARA, PPARB/D and PPARG. Those receptors play a major
role in regulating adipogenesis, lipid and energy metabolism, inflammation and metabolic
homeostasis [78][79]. This regulation occurs by binding of lipid ligands and the formation of
heterodimers with the nuclear retinoid X receptor (RXR) [80]. Furthermore, the interaction with
co-activators of transcription e.g. PPARG coactivator-la (PGC1la) and PPARG coactivator-1b
(PGC1b) as well as the binding of the whole complex to PPAR response elements within
promotor target genes is necessary [81]. [82] PPARG is the main transcription factor and
regulator of adipogenesis, with adipogenic MSCs and adipose tissue expressing the highest
levels, whereas the expression of PPARG in other tissues/cells e.g. skeletal muscle, lung,
colon, T cells and macrophages is likewise described [83][84]. Two isoforms are known: First,
PPARGL1, which is being expressed in various tissue/cell types. Second, PPARG2, which is
commonly expressed in adipose tissue [85]. Both activating and inactivating features of
PPARG are described by either agonistic ligand-dependent transactivation or antagonistic
transrepression of target genes and signaling. [84] Agonistic ligands of PPARG are of variable
nature e.g. endogenous ligands comprising unsaturated fatty acids and eicosanoids, as well
as prostaglandins specifically 15d-PGJ2. Further, synthetic ligands are known to be used as
anti-diabetic drugs e.g. the above described TZDs [86][87].




1.4, Bone regeneration and its major therapeutic targets

1.4.1. Anti-inflammation in bone regeneration
Up to now, 5-10% of fractures are known to develop failure of healing and non-unions [88].
Treatment of patients suffering from impaired bone formation, detrimental regeneration and
non-union after trauma or injury is of high cost and finding new treatment strategies is under-
researched [89]. The gold standard for studying in vivo bone regeneration is implementing a
mouse femur osteotomy model, where an external fixator is used to stabilize the bone fracture
and with that standardizing the experimental healing process [90]. Fundamental research on
bone regeneration has been done using animals of specific-pathogen free housing without any
environmentally priming of the immune system to achieve normalized and constant research
outcomes. However, especially during regeneration of bone, the interplay of bone with the
innate immune compartment e.g. macrophages as well as adaptive effector/memory subsets
is of high importance [1]. The existence of the adaptive immunity is shown to strongly impact
different steps of the regenerative cascade, especially the first stage of hyperinflammation [91].
This is why mice with an environmentally primed immune system have been used in our
research setup [92][93][94]. Overstimulated T effector cells induce a pro-inflammatory
response without a counteracting compensatory anti-inflammation, which is detrimental during
bone healing. Indeed, enhanced pro-inflammatory signaling is described to inhibit osteogenic
lineage differentiation especially by the secretion of INFg and TNFa [95][96]. In fact, only IFNg
is identified for its direct effect on osteogenic differentiation capacity, whereas TNFa is partially
essential in the initial pro-inflammatory phase, only acting deleterious at high concentrations
[97][95][98]. The inhibition of TNFa driven inflammatory effects on bone can be partially
prevented by anti-TNFa therapy, such as in the case of bone mineral density loss in rheumatoid
arthritis [99]. However, the temporal fashion in which cytokines such as TNFa and IFNg should
be targeted in therapeutic treatment of bone injury matters because the initial pro-inflammatory
reaction initiating bone regeneration is indispensable [100]. In this research the neutralization
of both IFNg and TNFa was used during the early course of bone healing without considering
the temporal fashion of cytokine secretion. By that, marking a potential weakness for the
evaluation of cytokine driven inflammation and its influence on immune cells. However, a
specific evaluation could be done regarding the lineage development of human MSCs under
IFNg neutralization. In fact, human osteoblast-like cells are identified with low levels of IFNg
expression [101]. In line with that, IFNg signaling is described as important checkpoint in early
osteogenesis, while IFNg inhibits adipogenesis via downregulation of PPARG signaling
[102][103]. A delicate balance between inflammatory factors and their concentration as well as
the subsequent resolution is essential for a beneficial healing outcome. However, a prolonged

pro-inflammatory phase at the regeneration onset is shown to impair the pro-regenerative shift
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towards the anti-inflammatory healing phase [25][104][24]. IFNg overexpression and the
resulting downregulation of PPARG is known to steer pro-inflammatory CD4+ TH1 cells
impairing the healing outcome of bone [105]. This establishes an inverse relationship between
PPARG expression and pro-inflammatory cytokine secretion. To enable successive bone
regeneration, the induction of anti-inflammatory signaling can be triggered by the activation of
innate immune cells e.g. M2 macrophages as first cells infiltrating injured areas of bone and
the further polarization of adaptive CD4+ TH1 towards TH2 cell subset via anti-inflammatory
cytokine secretion [106][20][107]. T helper cells are positively correlated with bone repair [91].
While both, macrophages and T helper cells harbor beneficial features on the regeneration
outcome when primed towards anti-inflammation by e.g. PPARG upregulation [20].

1.4.1.1. M2 macrophages

Macrophages are categorized into three main subtypes: undifferentiated MO, pro-inflammatory
M1 and alternatively activated and anti-inflammatory M2 macrophages [31]. Macrophages of
the M1 and M2 phenotype have diverse impacts on bone regeneration [108]. Pro-inflammatory
M1 macrophages express TLR4 and are the first innate immune cells to be activated by DAMP
signals e.g. high levels of IFNg and TNFa. Both cytokines are present in the pro-inflammatory
bone environment [107][109]. In addition, low-grade systemic inflammation resulting from
unbalanced cytokine release from either immune cells or adipocytes enhances the pro-
inflammatory M1 activation [110]. However, not only DAMPs have the ability to induce TLR4
signaling, the activation of TLR4 is likewise induced by saturated fatty acids [111]. In contrast,
PPARG agonist treatment and unsaturated fatty acids represent potent antagonists for TLR4
resolving IFNg initiated inflammation. This is not only reducing inflammation in bone but also
metabolic disorders [111][112]. In bone, M2 macrophages contribute to tissue repair by
enhancing the re-establishment of vasculature as well as by steering mineralization of newly
formed bone [113]. Further, target cytokines of beneficial bone healing are known to be
secreted by M2 macrophages e.g. IL10 and IL4. In addition, M2 macrophages produce
signaling molecules such as prostaglandin E2 and bone morphogenetic protein 2 (BMP2)
supporting MSC mediated bone regeneration [18][114]. More specifically, the activation of
bone marrow-derived M2 macrophages can be put into correlating with PPARG activation. M2
polarization is initiated by ligand activation of PPARG, PPARD, or by steering the IL4-STAT6
signaling pathway [115][116]. The transcription of anti-inflammatory genes in M2 macrophages
also depends on a program regulated by PPARG signaling [117]. The metabolic view: Since
the ratios between M1/M2 macrophages are shown to be highly increased in obese white
adipose tissue (WAT), the induction of an M2-macrophage phenotype in adipose tissue is
linked to an improvement of metabolic disorders by increasing insulin sensitivity
[118][119][120][117]. This induction of M2 macrophages leading to healthy WAT could be
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translated to bone marrow and bone marrow associated adipocytes. In concordance,
adiponectin and its positive effect on metabolic disorders is described to promote M2
macrophage proliferation via PPARG signaling further resulting in browning of adipose tissue
[121][122]. With that it can be highlighted that anti-inflammatory mechanisms of M2
macrophages are strongly regulated by PPARG activity. Subsequently, M2 macrophages are
able to secrete cytokines that induce TH2 immune responses and adaptive, anti-inflammatory
signaling which could be of beneficial impact during bone regeneration [108].

1.4.1.2. T helper type 2 cells

Human memory T helper cells are known to reside within the bone marrow and become
activated independently of antigen encounters. Cytokines and chemokines produced by
stromal cells mediate their survival and maintenance. Effector/memory T cell subsets are
associated with pro-inflammation in the same way as specific subsets of CD4+ memory helper
T cells of the TH1 and TH17 type. Both cell types differentiate upon encountering different
cytokine environments and by activation of specific transcription factors [123]. CD4+ memory
TH1 cell differentiation is associated with the transcriptional activity of TBet [124]. With IFNg
determining one of the key cytokines in TH1 responses. TH1 cells harbor a controversial
impact in relation to bone pathologies with secreted IFNg as trigger for bone formation or
IFNg/TNFa driven bone resorption [125][126][96]. CD4+ memory TH17 cells differentiate by
engaging RORgT as transcription factor [127]. In relation to bone, TH17 cells are mainly
discussed as inducers of bone resorption and negative regulators of bone regeneration
[125][126][96]. The main driver for TH1 development is IFNg. However, TH17 cells are
inhibited by IFNg secretion. All of these subset specific cytokines are present in the
inflammatory cytokine milieu during early hematoma phase [128]. In summary, pro-
inflammatory and detrimental TH1/TH17 responses in bone are associated with the induction
of a cytokine named IL1b, while TH1 responses correlate with additional high MCP1 production
[129][130]. Interestingly, the resolution of inflammation by IL1b inhibition can be achieved by
PPARG activation [131]. Furthermore, the key cytokine IFNg interferes with PPARG agonist
signaling, whereas PPARG activation results in the downregulation of IFNg levels [132][133].
With that, PPARG agonist treatment marks a possible strategy of inhibiting a prolonged IFNg
response in bone, by restoring its healing capacity. Interestingly, the induction of PPARG is
required for the activation and proliferation of the well-known anti-inflammatory CD4* memory
TH2 cells, happening at the expense of TH1 cell development [134]. TH2 cells are associated
with regulatory and anti-inflammatory features in bone repair [134]. Deletion of PPARG in CD4*
T cells can cause severe overproduction of IFNg, emphasizing the impact of PPARG on the
reduction of TH1 inflammatory responses [116][105]. The metabolic view: Treatment with the

PPARG agonist rosiglitazone, a well-known anti-diabetic drug, has been shown to
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downregulate TNFa and IFNg levels in chronic inflamed diabetic mice while enhancing anti-
inflammatory signaling and inhibiting IL1b secretion [135]. Next to that, TH2 cells depend on a
PPARG-conditioned fatty acid uptake program, by that linking PPARG activation with
beneficial T cell subset induction and a distinct metabolic program during bone regeneration
[134][136]. THZ2 cells have the capacity to improve insulin resistance and chronic inflammation
in metabolic disorders [137][138][139]. Thus, PPARG promotes the release of TH2 cytokines,
thereby inhibiting pro-inflammatory responses and benefitting bone formation. [131] [116][140].
Since PPARG plays an essential role in controlling TH2 effector function, it has the potential
to be a potent therapeutic target for steering bone healing.

1.4.1.3. Bone marrow adipocytes

The cytokine IFNg commonly steers inflammatory reactions in bone as well as in bone marrow
adipocytes (BMASs) by promoting the release of pro-inflammatory IL1b and TNFa [102][104].
Within this thesis, the negative impact of pro-inflammatory IFNg and TNFa on the inflammatory
milieu itself but also on the development of bone marrow adipocytes (BMAS) is proposed. It is
known, that IFNg not only has deleterious effects on bone, but also inhibits the differentiation
of certain cell types, such as adipocytes, by inhibiting the nuclear receptor PPARG, which is
considered the most important transcription factor in adipocytes [102]. In concordance, TNFa
mirrors the effect of IFNg in the inhibition of pre-adipocyte and adipocyte differentiation by
either activating the nuclear corepressors or inhibiting NF-kB signaling [141][142]. In
combination, TNFa and IL1 decrease PPARA and PPARG levels in liver [143]. Downregulation
of PPARG in BMAs may also be associated with an increase in pro-inflammatory cues such
as TNFa and IL1. In contrast, the anti-inflammatory TH2 type immune responses are shown
to influence adipose tissue and its metabolic capacity in a positive way e.g. by counteracting
WAT inflammation [144]. Adipocytes have the capability to change from a pro- towards an anti-
inflammatory phenotype. This is accompanied by the modification of their own paracrine

properties, morphology and inert immune cell composition.[48][145][50]

This thesis proposes a strong connection between the inflammatory milieu in bone and the
accumulation of BMAs, whereby immune cells and adipocytes may drive each other's
inflammatory phenotype. Steering a beneficial anti-inflammatory adipocyte type to improve
metabolic and regenerative bone disorders is under researched. Healthy adipocytes harbor
IL4, which is secreted by adipocyte residing M2 and TH2 cells. Both M2 and TH2 cells promote
anti-inflammatory cytokines such as IL10 and drive anti-inflammatory PPARG dependent
Tregs [146][147]. In fact, IFNg knock-out models show increased insulin sensitivity and
decreased adipose tissue inflammation in dependence of PPARG activation [148].
Proteins/hormones secreted by adipocytes are known as adipokines [149]. A steady balance

of pro- and anti-inflammatory adipokines secreted by adipocytes is of importance. This balance
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is tightly controlled by the metabolic status, and dysregulated by infection or chronic
inflammation. Adipokine balance plays a crucial role in the regulation of obesity driven adipose
tissue inflammation.[150] In this thesis, we would like to draw the attention towards the impact
of adipokines on not only adipose tissue- but also bone tissue inflammation. Adipokines not
only regulate metabolic flexibility, but also have an impact on immune cells and can be
characterized by their pro- or anti-inflammatory nature [50]. The most described adipokine is
adiponectin, which indeed has the ability to activate PPARG and induce TH2 cell polarization
[151].

To come back to treating unhealthy pro-inflammation in bone and adipose tissue, PPARG is a
well-known target for improving metabolic diseases. This is because it combines beneficial
immune cell changes via anti-inflammatory signaling and the resulting re-balance of the
metabolic system.[152] Changes in bone marrow resident adipocytes are scarcely studied and
the impact of adipocytes on bone regeneration by adipokines, cytokines and T cell interaction
is not well elucidated. The common knowledge on adipocytes in bone is of detrimental nature.
Within this thesis, the positively balanced bone marrow adipocytes and the induction of a
PPARG driven pro-regenerative adipocyte type will be discussed.

1.4.2. Metabolic adjustments in bone regeneration

1.4.2.1. Oxidative phosphorylation and glycolysis

Bone regeneration requires a high amount of energy to be provided to various cell types,
especially to hBMSCs able to undergo adipogenesis, as in adipocyte formation and
osteogenesis, as in bone formation. Energy in form of ATP is produced by the central carbon
metabolism comprising many distinct pathways under which the major glycolysis pathway is
highlighted in this thesis. The carbon metabolism is tightly coupled to mitochondrial
respiration/oxidative phosphorylation. Both glycolysis (using glucose and its conversion
towards pyruvate) and oxidative phosphorylation (requires presence of oxygen) are the main
providers of cellular ATP in mammals [153]. Starting the process of ATP generation, glucose
is the fuel for the glycolysis pathway, it is converted to pyruvate, further driving ATP production
within the cytoplasm of the cell (Figure 2). The tricarboxylic acid cycle, in short TCA cycle uses
pyruvate to create reducing equivalents, which are required for the electron transport towards
the mitochondrial respiratory chain also referred to as electron transport chain (ETC). The
electron transport through the mitochondrial membrane achieves a mitochondrial membrane
potential, which is used during the oxidative phosphorylation (OXPHOS) pathway. This
process fuels the production of ATP within mitochondria [154].[155][156] In detail, electrons
are transferred within the ETC at either complex | (NADH:ubiquinone oxidoreductase) or

complex Il (FADH2:succinate dehydrogenase) within mitochondria. Electrons from both
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complexes are further transported towards complex Il (coenzyme Q:cytochrome c¢ reductase)
and then to cytochrome c. The last station of passing electrons is the transfer of electrons from
cytochrome c to the complex IV, where oxygen binds electrons and is reduced to H20. While
transporting electrons, a total of 10 protons are transferred from the mitochondrial matrix to the
intermembrane space [157]. This is known to induce an electrochemical proton gradient, the
mitochondrial membrane potential, which drives protons back into the mitochondrial matrix.
This only happens when a protein channel such as the complex V (ATP synthase) is engaged.
By transporting four protons through the channel, the ATP synthase enables the production of
one ATP molecule.[3][157] The oxygen consumption during this process is commonly known
as the mitochondrial respiration of cells [158].[157] OXPHOS is a highly efficient process of
ATP generation to supply energy and enable longevity of cells [159]. This process maximizes
the yield of ATP to an amount of in total 36 ATP per molecule glucose. By that, only 2 ATP
from glycolysis but 34 ATP from TCA/OXPHOS are further transported into
mitochondria.[160][161] However, this energy gain is only possible by functional coupling

between glycolysis and OXPHOS as well as the presence of oxygen [162].
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Figure 2: Glucose as fuel for glycolysis and OXPHOS adapted from [163][161][156]

Glucose is used as fuel for the generation of energy in the form of ATP. Two pathways can be triggered. A] First,
glucose is transported into the cell cytoplasm by glucose transporters e.g. Glut4 and Glutl. Glucose is converted
to pyruvate and lactic acid by anaerobic glycolysis generating 2 molecules of ATP (yellow). ECAR is measured as
extracellular acidification rate (ECAR) taking into account H+ accumulation in the cytoplasm. B] Second, aerobic
glycolysis can be initiated. The tricarboxylic acid cycle (TCA) (green) uses glucose to generate reducing
equivalents, which are further required for the electron transport chain (ETC) (blue). The electron transport
generates a membrane potential in the inner mitochondrial membrane, which is important for the oxidative
phosphorylation pathway (OXPHOS) further leading to ATP production within the mitochondrial matrix (red).
OXPHOS is measured as oxidative consumption rate (OCR) taking into account the production of O2. The TCA
and OXPHOS cycle yields a total of 34 ATP molecules. NAD: Nicotinamide adenine dinucleotide, NADH:
Nicotinamide adenine dinucleotide hydrogen, FAD: Flavin adenine dinucleotide, FADH: Flavin adenine dinucleotide
hydroquinone, ADP: Adenosine diphosphate, ATP: Adenosine triphosphate, A-KG: Alpha-ketoglutaric acid

Indeed, under a hypoxic milieu e.g. the milieu of bone, glycolysis and OXPHOS are decoupled

[162]. During anaerobic glycolysis, glucose is oxidized to pyruvate, which is not introduced into
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the TCA/OXPHOS pathway but is further converted to lactate, leading to extracellular
acidification by the accumulation of lactic acid [161]. This process only generates a low amount
of 2 ATP per molecule glucose and this amount alone is not enough fuel for cells under
dramatic stress situations such as a fracture [3]. This thesis will identify a new possibility to
steer higher energy generation by the activation of PPARG in order to support bone fracture
healing.

1.4.2.2. Fatty acids and mitochondrial fatty acid b-oxidation

The utilization of fatty acids by osteoblasts is indispensable for osteogenic differentiation and
bone formation [164]. The oxidation of fatty acids by osteoblasts account for 40-80% of energy
yield and is exceptionally important in mature osteoblasts while mineralization [165][166].
Polyunsaturated fatty acids can act as ligands for PPARG activation either resulting in an anti-
or pro-inflammatory response. Evidence accumulates that fatty acids have an essential role in
bone metabolism[167].

One way to improve energy supply during fracture healing is that fatty acids can be used to
initiate mitochondrial fatty acid B oxidation (FAO). Hereby, additionally recharging OXPHOS,
both FAO and OXPHOS representing major and tightly linked processes to metabolize fat and
glucose [168]. This mechanism is likewise described for cells under high energetic demand
such as bone cells in a fracture milieu. Interestingly, fatty acid oxidation can generate high
amounts of ATP e.g. over 100 ATP molecules by complete b-oxidation of one palmitate
molecule, which represents a major fatty acid in mammal cells [159][169]. This high ATP
generation could be useful for cells during bone regeneration, providing sufficient energy
supply for the healing process. Another main point is that mitochondrial fatty acid b-oxidation
metabolizes fatty acids to prevent fatty acid-induced insulin resistance and lipotoxicity [170].
Initially, fatty acids are oxidized by NAD+ and FAD, generating acetyl coenzyme A (CoA) which
is further degraded to CO2 within the citric acid cycle. The recycling of NADH and FADH2 is
done by the ETC in mitochondrial respiration to generate further NAD+ and FAD for the next
round of fatty acid oxidation. [171] The control of fatty acid oxidation as well as generally
enhanced mitochondrial respiration is associated with the activity of coactivators such as
peroxisome proliferator-activated receptor-g coactivator-1b and -1a (PGC1la, PGC1b) [172]. In
this thesis, the connection between PPARG agonist stimulation during bone healing is put into
relation with beneficial effects on the metabolism of hBMSCs e.g. enhancing energy supply by
fatty acid b-oxidation, reducing lipotoxicity of BMAs under stress conditions and by that
antagonizing detrimental metabolic conditions [173]. [174][175][171]
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1.4.3. Metabolic shift of the pro- and anti-inflammatory fracture milieu

1.4.3.1. Immune cells

Metabolic fitness and metabolic activity of cells is known to adapt to the energy requirements
of various biological processes and underlies environmental influences [176]. The initial
fracture environment underlies a physiological hypoxia and oxygen depletion. Indeed,
prolonged oxygen tension and hypoxic conditions can over activated neutrophils and cause
pro-inflammation which further damages the already injured tissue. Oxygen deprivation at the
fracture site induces HIFla and steers anaerobic glycolysis as well as an energetic shift
towards fatty acid synthesis in M1 macrophages, resulting in enhanced production of pro-
inflammatory cytokines such as TNFa and IL1b [177][178][179][180]. Within the fracture
environment, pro-inflammatory CD4+ TH17 T helper cells shift their metabolic program from
OXPHOS during quiescence state towards aerobic glycolysis enabling effector functions [181].
In concordance, the change of high oxygen tension towards low oxygen tension by oxygen
depleting neutrophils enables the resolution of inflammation [182][183]. In addition, CD4+ T
helper cells are quickly sensing and changing according to the pathological hypoxic fracture
environment and are important interaction partners for MSCs in exchanging signaling
mediators [180]. The pro-regenerative and anti-inflammatory change from M1 and TH1/TH17
T helper cells towards M2 and TH2 T helper cells is accompanied by metabolic changes
(Figure 3) [184]. M2 macrophages mostly use fatty acid oxidation and oxidative glucose
metabolism and downregulate glycolysis [177]. In addition, Tregs and TH2 T helper cells use
ATP generated by OXPHOS and lipid and fatty acid oxidation [185].

ﬁ\/ll macrophage f-\ M2 macrophage \ /CD4+ T cells f-\ CD4+ T cells \

TH1/TH17 TH2

Fatty acid oxidation Fatty acid oxidation
Oxidative glucose metabolism OXPHOS
Anaerobic glycolysis
\Fatty acid synthesis /l \Aerobic glycolysis /l

Figure 3: Metabolic changes in fracture residing immune cells adapted from [159]

M1 macrophages change their metabolic requirements from anaerobic glycolysis and fatty acid synthesis towards
fatty acid oxidation and oxidative glucose metabolism when switching to the anti-inflammatory M2 phenotype (left).
CD4+ T helper cells change from aerobic glycolysis towards fatty acid oxidation and OXPHOS during anti-
inflammatory TH2 cell induction (right)

1.4.3.2. Mesenchymal stromal cells

In general, the regeneration or formation of bone requires a strong fitness of human bone

MSCs to cover the high energetic demand of the multiphase, well-regulated process of
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complete and healthy regeneration without forming scars. Slight hypoxia and avascularity is
necessary for the initiation of MSC clustering in the early healing phase.[186] MSCs commonly
reside under hypoxic conditions within the bone marrow. That means that they depend on
glycolysis while resting and further require ATP generated by glycolysis in early stages of
osteogenic differentiation, when high rates of proliferation have to be maintained. By that,
glycolysis is represented as main energetic process during the initial, pro-inflammatory fracture
phase [3].

PPARG activation is shown to restore vascularization, which is important during oxygen and
energy supply for osteogenic differentiation and matrix mineralization of MSCs leading to bone
remodeling and formation [187][188][189]. MSCs likewise change their metabolic profile from
glycolysis towards OXPHOS to obtain enough energy in form of ATP to differentiated into the
osteogenic lineage and produce mineralized matrix (Figure 4) [3].

/ Resting cell Osteogenic cell \

Pl

OXPHOS

K Glycolysis :l/

Figure 4: Metabolic changes in fracture residing MSCs adapted from [190]
MSCs change their metabolic requirements from sole glycolysis (red) towards glycolysis and OXPHOS when
switching from a resting state towards osteogenic differentiation to fulfill their high energetic need (blue)

1.5. Bone marrow adipocytes and regional characteristics
Different adipose tissue types are scattered throughout the body, having an impact on healthy
metabolic features and endocrine functions. Visceral and subcutaneous WAT represents an
energy-rich storage body, whereas BAT is specialized in energy driven thermogenesis
[191][192]. A third type of brown-in-white (brite) adipocytes is known for its dual ability to store
lipids but also obtains thermaogenic characteristics while transdifferentiation from a white to
brown phenotype [193][194]. The transdifferentiation of this brite adipose tissue type is steered
by PAPRG activation and induces enhanced mitochondrial capacity and mitochondrial
oxidation in these adipocytes [195]. This thesis has its focus on the specific characterization
of adipose tissue within the bone, which is termed bone marrow adipose tissue (BMAT). Only
scarce evidence on the characteristics of bone marrow adipocytes (BMAS) is available but this
specific and very different adipose tissue gains more and more attention [196]. Generally
BMAT resembles both BAT and WAT in distinct features [196]. However, recent evidence

tends to the notion that BMAT contains active brite adipocytes [197]. In comparison to the
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MSCs of the major white and brown adipose tissue depots, bone marrow residing MSCs
present most similarities to WAT MSCs [198]. However, their adipogenic lineage commitment
is far more complicated and scarcely described. Controversially, this adipogenic lineage is
described to arise from a mesenchymal-osteogenic lineage. In fact, it is known that bone
marrow adipocytes differentiate from MSCs and undergo a lineage specialization process with
prior decision making between osteogenic and adipogenic lineage commitment.
[199][200][201] Even with some similarities, mature bone marrow adipocytes are clearly
distinct from other adipocytes of brown and white adipose tissue depots within the body [74].
Bone marrow adipose tissue has a markedly different response to glucose and insulin and can
be defined as specialized subtype with close ties to the skeletal and hematopoietic niches
[202][71][43]. Two distinct types of bone marrow adipose tissues have been described in the
literature [21]. One termed regulated BMAT (rBMAT) located in red, hematopoietic-rich
proximal bone regions and being acquired during aging. The other one being defined as the
constitutive, yellow BMAT (cBMAT) located in distal bone regions and formed during
embryogenesis and/or early childhood [22]. Both types were determined to have inherently
different developmental patterns with rBMAT of young individuals being marked with a highly
plastic fate [23][203][204]. Negative effects of adipocytes in bone have been shown to originate
from the accumulation of RBMAT and its high content of saturated fatty acids, which can steer
rather detrimental effects during bone regeneration [26][27]. In contrast, cBMAT has been
known as stable energy rich hub containing unsaturated fatty acids, inducing beneficial effects

on bone and potentially serving as rescue depot [24][25]. [26][27]

This strongly questions the view on unilateral, detrimental effects of adipocytes in bone,
especially when the composition of the two BMAT types might be influenced by PPARG
agonist treatment. Even if the level of PPARG expression is similar in both r- and cBMAT
regardless of the skeletal location, their response to PPARG activation is only scarcely
described [205]. We suggest a new view on the development of beneficial BMAT types during
emergency hematopoiesis such as in fractured bones. The next chapter will underline the

possible features of PPARG driven adipocytes during bone regeneration.

1.6. PPARG shaped adipocytes during high energetic demand
In this thesis, bone healing is underlined as a process not only depending on the osteogenic
compartment but also requiring the presence of adipocytes. In the injury setting, adipocyte
accumulation is described during skeletal muscle injury and bone injury as well as during
chondrocyte differentiation. Hyperplasia and de novo differentiation of small adipocytes
enhance insulin sensitivity of bone marrow stromal cells when under PPARG stimulation,
whereas under metabolic compromised conditions adipocytes secrete detrimental factors such
as inflammatory cytokines and adipokines [206][207][208][209][210]. From the literature, we
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know that adipocytes are the main regulators of energy metabolism [211][212]. However, the
metabolic impact of adipogenic differentiation during bone fracture healing is not clear and
strongly debated in the community.

Interestingly, during the regeneration of tissue a concurrent induction of adipogenic cells and
osteogenic cells is shown. Adipogenic differentiation relies on the activation of the main nuclear
transcription factor peroxisome proliferator-activated receptor y (PPARG). But not only that,
PPARG is known for its governance of cell fate during MSC differentiation. Its expression is
present in both adipogenic as well as osteogenic MSCs and can induce both differentiation
processes [213][214]. This is the reason why stimulation with a PPARG agonist not only
presents a valuable tool to induce adipocytes in general but may also lead to an enhanced
osteogenic differentiation. Indeed, the concurrent induction of adipocytes and bone cells is
described for patients treated with e.g. BMP2 and IL6. This treatment is shown to result in
enhanced bone fracture healing [215]. This result is of most interest, since PPARG activation
is essential for both BMP2-driven adipogenesis and osteogenesis during bone repair. Apart
from the crucial impact of PPARG activation on both differentiation processes, adipocytes may
re-nourish the surrounding cells, which have lost their nutrient supply because of damaged
vessels within the fracture gap [216]. Furthermore, PPARG activation in adipocytes is
especially important because it maintains the expression of e.g. adiponectin and other
lipogenic enzymes and thereby preserves insulin sensitivity and an anti-inflammatory effects
in adipocytes [217][218]. We highlight that shaping adipocytes in the fracture gap towards a
pro-regenerative, metabolically balanced and anti-inflammatory adipocyte type by using
PPARG agonist treatment is of importance for driving regeneration. Further, we want to point
out that PPARG agonist induced adipocytes may not only enhance energy supply for the
surrounding cells but also steer osteogenic differentiation by PPARG activation [219]. In
addition to the pro-osteogenic effects, the beneficial metabolic potential of PPARG driven
adipocytes in regards to osteogenic differentiation of hBMSCs will be investigated as follows:
First, by giving an insight on the insulin metabolism under PPARG agonist activation. Second,
by analyzing the insulin dependent glucose metabolism and third, by screening for PPARG

agonist driven adipokines of insulin sensitizing or anti-inflammatory nature.

1.7. PPARG driven features for ‘superhealing’
1.7.1. PPARG driven insulin signaling in bone

Insulin is an important hormone, which is secreted by beta-cells and has the ability to control
metabolic features by stimulating the absorption of lipids, fatty acids and glucose from blood
towards adipose tissue, skeletal muscle and liver [220]. Hyperinsulinemia, insulin resistance

and hyperglycemia all result in a high level of blood glucose [58]. In detail, a reduced insulin
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signaling is commonly shown by the limited activity e.g. phosphorylation of insulin receptor
substrate (IRS). The phosphorylation of IRS is tightly linked with the activation of two signaling
cascades regulating insulin driven metabolic actions: First, the phosphoinositide-3 kinase
(Pi3K) and second, the protein kinase B (PKB) [221]. IRS are further involved in the activation
of downstream cascades, such as mitogen-activated protein kinase (MAPK), which cooperates
with Pi3K to control cell growth and differentiation [222][223]. Dysregulation of those signaling
cascades results in metabolic impairment, insufficient energetic expenditure and chronic
inflammation [224]. Insulin related metabolic processes and subsequent signaling cascades
are thought to influence bone structure. This is why, this thesis will highlight the upregulation
of signaling cascades such as Pi3K, MAPK and PKB in osteogenic hBMSCs for the
characterization of insulin sensitivity and signaling efficacy. Healthy bone formation is shown
to be dependent on insulin signaling. Insulin availability promotes the expression of both insulin
receptor (IR) and insulin like growth factor 1 receptor (IGF-1R) in osteoblasts [222][223]. The
activation of both receptors can be regulated by the available insulin concentration. Low insulin
concentrations are shown to affect the highly sensitive IR, whereas high concentrations of
insulin e.g. hyperinsulinemia could likewise activate, the less sensitive IGF-1R. [225][226] In
this work, PPARG agonist driven insulin sensitization and subsequent signaling is compared
to a control condition marked by a strong availability of insulin during osteogenic differentiation.
Thus, the PPARG agonist driven insulin sensitivity refers to the lower insulin concentration and
the high insulin concentration may be considered to mimic IGF-1R signaling. Of importance
will be the balanced insulin/IGF-1 axis, which is essential for a beneficial bone healing
outcome. To rebalance insulin signaling, PPARG activation is known to reduce circulating
insulin and to enhance metabolic fitness [227][228][223][229]. In the contrary, metabolic
compromise is known to induce detrimental effects on bone remaodeling, leading to bone illness
such as osteopenia, osteoporosis, fracture risk and impaired healing [230][231]. This is due to
either impaired insulin signaling or critically elevated insulin signaling, both of which result in
adverse healing and present a point of attack for improving osteogenic differentiation.
[232][222][223] IRS-1, IRS-2 and IGF-1 are known to differentially impact BMSC differentiation
towards the osteogenic and adipogenic lineage. On the one hand, IRS-1 signaling is
associated with a reduced adipogenesis by the downregulation of PPARG within bone marrow,
whereas IRS-2 is known to steer adipogenesis. [233][234]. IRS-1 and IRS-2 not only have an
impact on the lineage decision of BMSCs but are likewise expressed in the adipocyte
compartment of the bone. In fact, IRS-1 and IRS-2 are both expressed in BMAs and are
strongly regulated by PPARG activation. [235][236] The summarized effects provide evidence
on the influence of PPARG activation on insulin signaling, which could be of importance in
BMAs during bone regeneration. In this thesis, we will not only investigate the PPARG agonist

driven impact on BMAs during bone regeneration but also the impact of PPARG agonist driven
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insulin sensitivity on the mineralization capacity of osteogenic hBMSCs. This will be then
compared to the impact of high insulin concentrations. Thus, we hope to discuss the beneficial
PPARG agonist induced balance of insulin metabolism during osteogenic differentiation and
to specify these effects through underlying signaling cascades.

1.7.2. PPARG and insulin dependent glucose signaling
Synthetic PPARG agonists lead to enhanced whole body insulin sensitivity. PPARG activation
has various points of attack downstream of insulin signaling, one of them presenting the
induction of higher glucose and lipid metabolism. By that, PPARG activation can improve
detrimental hypermetabolic states e.g. high levels of glucose (hyperglycemia) by reducing
blood glucose levels [227]. Glucose is the main nutrient for osteoblasts and its uptake is crucial
during osteogenic differentiation [237]. This work will focus on the insulin driven glucose uptake
during osteogenic differentiation and mineralization of hBMSCs. It will elucidate the role of
PPARG agonist stimulation in improving this process. Underlining that, literature on PPARG
activation shows improvement of glucose disposal rate via Pi3K kinase activity [238].
Especially rosiglitazone as PPARG agonist is known to induce upregulation of Pi3K and Akt2.
While, Pi3K kinase is an essential signaling molecule inducing insulin mediated glucose
uptake, glycogen synthesis and cell differentiation. [239] In line with that, PPARG agonist
treatment is shown to upregulate GLUT4 and GLUT1 promoting glucose uptake in skeletal
muscle [240]. Various pathways are positively regulated by PPARG activation e.g. Pi3K in
association with Wnt/b-catenin signaling, additionally helping to re-balance a dysregulated
IGF-1/IR axis [227]. This work will examine how PPARG agonists enhance insulin as well as

glucose metabolism to promote osteogenic differentiation.

1.7.3. PPARG driven paracrine features

BMAT is known for its unique paracrine and endocrine functions influencing the bone marrow
niche and its cell compartment e.g. MSC hematopoiesis and osteogenesis [208]. The
physiological input of BMAs is commonly described as detrimental, however beneficial
metabolic adaptations are left largely unrecognized. This is why, the impact of PPARG driven
BMAs and their paracrine features during osteogenic differentiation will be re-evaluated in this
thesis. Bone marrow adipocytes as secretory and metabolic organ can communicate with other
organs/cells by direct or indirect regulation [241]. This is of importance also in relation to bone
healing, since a variety of cells have to interact to improve the bone regeneration outcome.
The secretory profile of BMAs includes adipokines, adipocytokines, hormones and fatty acids
and differs strongly in comparison to other common adipose tissue depots [242][243]. Pro-
inflammatory, anti-inflammatory and senescence associated secretory phenotype factors are
secreted by BMAs and have an influence on the bone micro-environment, the metabolic
balance and the bone healing outcome [241][244][245][246].
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1.7.3.1. Pro-inflammatory adipokines

It is known that the secretory profile of BMAs differs from the adipocytes within the other body
cavities [243]. Still, the resulting effects of the secreted adipokines on e.g. the bone
environment are suggested to be similar. This is why, the general characteristics of adipokines,
which are likewise associated with the secretory profile of BMAs, are described to provide a
foundation for possible effects of BMA driven adipokine secretion in bone healing. In this thesis,
the secretory profile of PPARG agonist driven BMAs will be analyzed regarding pro- and anti-

inflammatory adipokine secretion during high and low insulin conditions.

In general, pro-inflammatory adipokines include leptin, resistin, TNFa, IL6 and RBP4 and many
more [241]. The list of pro-inflammatory adipokines grows and the pro-inflammatory
chemokine monocyte chemoattractant protein-1 (MCP1) commonly produced by
macrophages and endothelial cells has been added to the list [247]. In response to
inflammation, MCP1 is needed for the recruitment of monocytes and leukocytes and its
expression level is enhanced in association with metabolic stress situations e.g. insulin
resistance [248][249][250][251]. In bone, decreased bone mineral density (BMD) and a pro-
longed detrimental inflammatory phase is associated with enhanced expression of MCP1, IL6,
IL1b, TNFa and leptin [18][252]. Another prominent cytokine candidate of the pro-inflammatory
type is interleukine-1 beta (IL1b). Il1b is produced by adipocytes during inflammatory
processes and is associated with enhanced levels of MCP1 and IL6 within the adipose tissue
milieu [253][247]. By that, IL1b likewise plays a role in obesity-linked insulin resistance and
diminished glucose uptake [254]. In summary, IL1b may be associated with detrimental effects
in the bone environment since insulin metabolism and insulin-induced glucose transport is of
high importance for osteogenic differentiation. It is currently known, that the production of IL1b
in inflammatory adipocytes enhances symptoms of rheumatoid arthritis in conjunction with

leptin and other inflammatory cytokines [255].

1.7.3.2. Anti-inflammatory adipokines

Anti-inflammatory adipokines comprise adiponectin, fibroblast growth factor 21 (FGF21),
secreted frizzled-related protein 5 (SFRP5) and omentin [241]. The most prominent anti-
inflammatory and anti-diabetic adipokine is the hormone adiponectin (APN) [256].
Interestingly, adiponectin is associated with an inverse relationship to fat mass and is
predominantly produced in the bone marrow [257][258]. The pro-metabolic and anti-
inflammatory nature of adiponectin makes it a prominent adipokine of BMAs to support bone
regeneration. Not only could adiponectin support the metabolic and inflammatory balance but
also is known for its pro-osteogenic effects on BMSCs [243]. Adiponectin has three receptors
T-cadherin, AdipoR1 and AdipoR2, while the latter two can bind different forms of adiponectin

e.g. globular and full length adiponectin [259]. The binding of adiponectin towards AdipoR1 is
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shown to activate PPARa, AMPK and p38MAPK and is associated with the stimulation of fatty-
acid oxidation (FAO) and glucose uptake [259][260]. In relation to bone, FAO and improved
glucose uptake may lead to improved metabolic status of BMSCs during fracture healing.
Adiponectin further upregulates insulin signaling and enhances insulin sensitivity [261]. It is
well described, that adiponectin receptors AdipoR1 and AdipoR2 are expressed in osteoblasts,
osteoclasts and chondrocytes [262][263]. The further workings of adiponectin are described in
relation to bone, where adiponectin stimulates the proliferation, differentiation and
mineralization of osteoblasts by AdipoR1 and AMP kinase signaling.[261] In this work, the
effect of adipokines during osteogenic differentiation will underline the interaction between
BMA and osteogenic BMSCs and may allow for the development of a new strategy to induce

a positive bone marrow milieu leading to a favorable healing outcome.

1.8. Aim of this thesis
With this introduction, we intend to explain the important workings of bone fracture healing
underlying a broad energy supply and the necessity of a pro- to anti-inflammatory change. This
change is thought to depend on the interface between bone marrow adipocytes and osteogenic
BMSCs. This interface is highlighted by the mutual influence of secreted immunoregulatory
adipokines from BMAs on the bone environment. Within this thesis, the impact of PPARG
activation on the dual induction of adipo- and osteogenic differentiation will be underlined,
suggesting an important physiological connection of the bone and adipocyte compartment. On
top, PPARG activation is presented as potential all-rounder for pro-metabolic and anti-
inflammatory features. Its activation is shown to increase insulin sensitivity as well as glucose
uptake in BMSCs preparing them for the high energy demand in the fracture healing process
[264][265]. In addition PPARG activation may result in the improvement of oxidative stress,
mitochondrial respiration and metabolic flexibility and helps to restore the metabolic balance
during fracture repair [266]. All summarized beneficial effects are examined with respect to
osteogenic differentiation of BMSCs. In passing, the immunoregulatory effects of PPARG

agonist driven adipocytes and the induction of anti-inflammatory T cell subsets is highlighted.
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2. Materials and methods

2.1. In vivo experiments using a mouse fracture model

2.1.1. Mouse femoral osteotomy model
In this research the impact of adipocyte driven metabolic changes on the immune reaction and
healing outcome of bone fractures was investigated. For this purpose, a mouse osteotomy
model implemented in the femur of mice has been known as the gold standard method for
bone healing research and was extensively studied in the community. Therefore, the AO
foundation and Research Implant Systems (RIS) developed a fixator to stabilize the fracture in
bone during and after the surgery. This system was used to standardize the procedure and
circumvent the need of further model development. In addition, the variety of analysis tools
which have been established and have been made commercially available, represented an
advantage for the use of this animal model. In this study, female C57BL/6N mice of the age of
12 weeks were investigated. Mice were commercially bought from Charles River Laboratories
(Germany) and housed for 4 weeks before undergoing surgery and fracture induction. The

healing was studied until three weeks (21 days) post-surgery, with the surgery marking day 0.

2.1.2. Surgical procedure and external fixation method
Before the surgery, mice were subcutaneously injected and treated with an anesthetic called
buprenorphine (temgesic) at a concentration of 0.03mg/kg. Additional, the osteotomy and
application of the external fixator was implemented under anesthetic isoflurane and
administered 8mg/kg/body weight clindamycin as antibiosis to avoid intra-operative
contamination. During the operation mice were kept at a warm temperature using a heating
plate. In order to protect the eyes during surgery, mice were treated with eye ointment to
prevent dehydration. The surgery included the application of the external, x-ray permeable
fixator on the left femur of the mouse using four screws with 0.45 mm in diameter. To implement
the fixator, a lateral, longitudinal incision was made starting at the knee and extending towards
the hip joint. The muscle was bluntly prepared to reveal the femur. After that, the first pinhole
was drilled proximal to the distal metaphysis and three further pinholes helped stabilize the
external fixator parallel to the femoral axis. Finally, a 0.7 mm wide osteotomy was induced
using a wire saw (RISystem, Davos, Switzerland) in between the two middle pins (Figure 5).
After the surgery, the wound was closed and all mice received tramadol until three days post-
surgery via the drinking water (25mg/mL). All surgeries were performed by our team of
veterinarians Dr. med. vet. Agnes Ellinghaus and Dr. med. vet. Katja Reiter as well as my

mentor PD Dr. rer. nat. Katharina Schmidt-Bleek.
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Figure 5: MouseExFix — mounting of fixator, osteotomy and fixation device used

The MouseExFix external fixator is shown on a mouse femur as stabilization for the induced 0.7 mm wide
osteotomy. The osteotomy is stabilized by the four screws with 4.5 mm in diameter. The displayed figure is illustrated
by RISystem. The MouseExFix is a standardized external fixator system developed by RISystem, Davos,
Switzerland

2.1.3. Experimental conditions tested in the mouse femoral osteotomy model
In this research the following experimental conditions were tested to obtain an insight into the
fracture healing process. For this purpose, the adipogenic differentiation in bone as well as
inflammatory parameters affecting the healing outcome were modified in distinct experimental
setups. In each condition a final number of six mice was analyzed, considering the exclusion
of mice, whose bones were fixated in a suboptimal manner or whose bone ends were
misaligned during the osteotomy. In each condition, the induced osteotomy was compared to
a control bone. In this case the contralateral bone without osteotomy was harvested from the
same individual mouse. The different experimental conditions have been summarized in the
table below (Table 1).

Table 1: Summary of the experimental conditions, treatments and analysis in the mouse osteotomy model

Four conditions are included in the experimental mouse femoral osteotomy model: environmental exposed control
condition, treatment with the PPARG agonist rosiglitazone, treatment with the PPARG antagonist BADGE and the
neutralization of TNFa and IFNg. All groups are analyzed for their bone/tissue pattern using histology, their bone
structure using microCT, their immune cell/stromal cell composition measured by flow cytometry and metabolic
groups are analyzed for their fatty acid composition. The exposed control group serves as control group for the
naturally developing immune system. The rosiglitazone group is marked by the rosiglitazone diet and the induction
of adipogenic stromal cells in bone. The BADGE group marks the antagonistic features to the rosiglitazone
treatment by injection of the PPARG antagonist BADGE. The neutralizing antibodies against TNFa and IFNg are
injected serving as reducers of pro-inflammatory immune responses during bone healing

do - surgery

treatment

d21 - experimental analysis

environmental exposed condition

histology | microCT|flow cytometry|
fatty acid screening

rosiglitazone condition

rosiglitazone diet
Fromd-3to d21

histology | microCT|flow cytometry|
fatty acid screening

BADGE condition

intraperitoneal BADGE injection
fromd3 to d14

histology | microCT|flow cytometry

anti-TNFa/anti-IFNg condition

Intraperitoneal antibody injection
d-2|d1|d4|d7|d10

histology | microCT|flow cytometry
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2.1.3.1. Environmental exposed condition

It is important to mention that mice of all conditions were kept in an environmental pathogen
exposed housing and not in a sterile specific-pathogen free (SPF) housing, allowing the impact
of a healthy adaptive immune system to be observed in the research. The environmental
exposed housing started four weeks pre-surgery and was confirmed to induce a higher immune
potential. Due to the environmental impact on the mice, a higher variability in the results was
taken into account. Control mice were environmentally exposed for four weeks pre-surgery
until 21 days post-surgery without the influence of an additional treatment. Moreover, control

mice received a standard diet without y-radiation (V1534 — ssniff).

2.1.3.2. Rosiglitazone condition

In the rosiglitazone condition, mice were fed a standard diet with 12mg/kg rosiglitazone (V1534
— ssniff with rosiglitazone maleate (item no. 11884 - Caymen chemical)) for a period of 24
days, starting 3 days prior surgery until 21 day post-surgery [267][268]. Rosiglitazone, a well-
known anti-diabetic drug and peroxisome proliferator-activated receptor y(PPARG) agonist
was used for the activation of the main transcription factor PPARG, driving adipogenic
differentiation [55][56]. The treatment with rosiglitazone was implemented to induce adipogenic
differentiation within the bone, with an additional side effect of driving the immune compartment
towards an anti-inflammatory milieu. The rosiglitazone diet was renewed every 2-3 days
insuring the stability of the drug included in the diet. In addition, the diet pellets were weighed

after each renewal to ensure the daily drug consumption during the experimental treatment.

2.1.3.3. BADGE condition
Bisphenol a diglycidyl ether (BADGE), known as a synthetic PPARG antagonist was used for

the inhibition of PPARG driven adipogenic differentiation, steering diminishment of adipocytes
in bone [269]. Mice treated with BADGE during the course of the experiment received a daily
intraperitoneal (i.p.) injection of 30mg/kg BADGE diluted in 100uL phosphate-buffered saline
(PBS) starting from 3 days post-surgery until day 14 [270]. For that purpose, the solid form of
BADGE (D3415-250G - Sigma Aldrich) was solubilized in dimethylsulfoxid (DMSO),
generating a maximal concentration of 10% DMSO in the final injection cocktail. Mice were

treated with BADGE for a total of 11 days during the course of the experiment.

2.1.3.4. Anti-TNFa/anti-IFNg condition

The blockage of soluble tumor necrosis factor alpha (TNFa) and interferon gamma (IFNg) with

neutralizing antibodies was performed to reduce the detrimental pro-inflammatory reaction
driven by both cytokines during bone healing. Mice treated with neutralizing antibodies against
TNFa and IFNg (BE0058-25MG, BE0312-25MG — InVivoMab) received a combined i.p.

injection of 300ug of each antibody diluted to a final volume of 200uL sodium chloride (NaCl)
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per injection [96]. The antibody treatment was implemented on five specific days during the
course of the experiment starting 2 days prior surgery, followed by injections on day 1 post-
surgery, day 4 post-surgery, day 7 post-surgery and day 10 post-surgery (Table 1).

2.1.4. Termination and sample collection
Mice were terminated on day 21 post osteotomy. For that, mice received i.p. injections with
ketamine (60 mg/kg/body weight) and medetomidine (0.3 mg/kg/body weight) and were kept
under deep anesthesia while termination. The mice were terminated by intracardiac blood
sampling and further hyperextension of the neck. All terminations were performed by Dr. med.
vet. Katja Reiter, Dr. Christian Bucher and PD Dr. rer. nat. Katharina Schmidt-Bleek. Day 21
represents the analysis time point comprising the progression of all important healing phases
but where bone healing was not fully concluded. Femoral bones including the osteotomized
and the contralateral control bone as well as the tibial bones, spleen and different adipose
tissues were harvested from the mice. Adipose tissues such as brown adipose tissue (BAT)
specifically cervical BAT, white adipose tissue (WAT) subcutaneously aligned next to the
femoral bones and subcutaneous abdominal WAT were extracted. Additionally, blood samples

were collected to implement plasma extractions.

4 N

cervical BAT

spleen

Subcutaneous abdominal WAT

osteotomized bone

subcutaneous femoral WAT

Contralateral control bone

K tibial bone /

Figure 6: Summary of the tissues harvested from each experimental condition in the osteotomy model
The following tissues have been harvested for each experimental condition, cervical brown adipose tissue (BAT),
spleen for immune cell analysis, subcutaneous abdominal white adipose tissue (WAT), osteotomized bone for bone
structure analysis and stromal cell composition, subcutaneous femoral white adipose tissue (WAT), contralateral
control bone for stromal cell analysis and the tibial bone (illustration adapted from [271])

Two experimental sample groups were collected separately. The first sample group of
osteotomized/contralateral bones anticipated for histological analysis and micro computed
tomography (microCT) were stored in 4% paraformaldehyde (PFA) for 24h before transferring
bone samples to PBS for the structural analysis using microCT. Afterwards, bone samples
were decalcified for 14 days and dehydrated before being embedded in paraffin for histological

stainings.
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The second experimental sample group of osteotomized/contralateral bones as well as spleen
samples anticipated for flow cytometric analysis were stored in PBS before undergoing further
cell isolation and staining procedure. The remaining samples such as adipose tissues, femoral
bones, tibiae as well as extracted plasma samples were stored at -80°C for later analysis of
fatty acids and phospholipids.

2.2. Ex vivo experiments using mouse samples

All chemicals and consumables used in the following ex vivo experiments are summarized

within the appendix chapters A.1. Materials and methods.

2.2.1. Histological stainings determining bone and tissue composition
Paraffin embedded osteotomized as well as contralateral control bones were cut into five
micrometer thick sections with a rotation microtome. Afterwards, the sections were
histologically stained with hematoxylin and eosin (HE) to visualize the fracture healing progress
as well as the accumulation of adipose tissue in distinct locations within the bone. The following
protocol was implemented for the HE staining (Table 2). Important to mention is that the HE
solution consisted of papanicolaous solution 1a Harris hematoxylin (1.09253; Merck) and eosin
(2C140; Chroma — Waldeck), which was pre-diluted in a 1:10 ratio with distilled water and
combined with glacial acetic acid, diluted in a 1:50 ratio in the final working solution. The HE
solution had to be filtered to eliminate the metallic deposition before each staining.

Table 2: Protocol elucidating the Hematoxylin/Eosin staining (HE staining)

The following protocol has been used to stain bone slices with HE (protocols provided by Sabine Stumpp, Marzena
Princ, Gabriela Korus). This staining visualizes the composition of bone and tissue and especially the accumulation
of adipocytes within the bone marrow. For that purpose, samples are deparaffinized and transferred through ethanol
solutions. Further, samples are transferred to distilled water before hematoxylin staining. After that, differentiation
of the samples with HCL-alcohol and watering with tap water is implemented. In the following, the samples are
stained with eosin and go through differently concentrated ethanol before being embedded with vitroclud

Hematoxylin/Eosin staining

= Deparaffinize the samples with xylol 2x 10min

= Transfer the samples through descending ethanol solutions 2min each

[100%, 96%, 80%, 70% ethanol]

Transfer the samples to distilled water [aqua dest.]

2min

Transfer the samples to hematoxylin [Harris] solution

7min

Transfer the samples to distilled water [aqua dest.]

2x rinse

Differentiate the samples with HCL-alcohol [0,25%)]

differentiate

Transfer the samples tap water

10min watering

Transfer the samples to eosin solution [0,2%]

2min

Transfer the samples to 96% ethanol

differentiate

Transfer the samples to 96% ethanol

rinse

Transfer the samples to 100% ethanol

2x2min

Transfer the samples to xylol

2x2min

Cover the samples with vitroclud
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Using the HE staining, nuclei and acidic mucosa were stained in blue and cytoplasm was
stained in rose/red. Adipose tissue accumulation was determined by the remarkable white,
empty vacuoles within bone. Adipose tissue vacuoles were analyzed, localized and counted
by the implementation of a macro script, specifically generated for the purpose of automatic
calculation of adipose tissue vacuoles (provided by Mario Thiele) using the program ImageJ
(Fiji; version v1.52t).

2.2.2. Micro computed tomography (microCT) determining skeletal
parameters

To analyze skeletal parameters, 3D x-ray microCT was implemented with the bruker skyscan
1172 high-resolution microCT (BRUKER, Kontich, Belgium). For that purpose, osteotomized
bones were prepared in PBS with surrounding plastic tubes for mechanical stabilization of each
bone, before removing the external fixator and the attached pins with a screwdriver. Then, the
bone samples were transferred to a custom made sample revolver. Prior to each
measurement, a flat field correction was performed to account for deviations in the scanner.

The following analysis characteristics were used to perform the measurements (Table 3).

Table 3: Analysis characteristics for the performance of all micro computed tomographies (microCT)
Important parameters for the micro computed tomography describing the skeletal features of bone in each
experimental setup are shown in the table. The skyscan 1172 has been used to scan the bones with a source
voltage of 70kV, camera binning of 2x2, image pixel size of 8.01um and an aluminum filter of 0.5mm (parameters
established by Dr. Christian Bucher)

[system]
Scanner=Skyscan1172

Instrument S/N=10K01158
Hardware version=G
Software=Version 1. 5 (build 27)
[acquisition]

Configuration: 70kV_8um_2x2_AlFilt_840ms
Source Voltage (kV)= 70
Camera binning=2x2

Image Rotation=-0.0400

Image Pixel Size (um)=8.01
Filter=Al 0.5 mm

Image Format=TIFF

Exposure (ms)= 840
Rotation Step (deg)=0.200

In addition, bone mineral density (BMD) calibration rod pairs composed of epoxy resin with

embedded fine calcium hydroxyapatite (CaHA) powder at concentrations of 0.25 and 0.75
g.cm and a diameter of 2mm were included as recommended calibration controls for mouse
bone samples. Reconstruction and analysis of the bone samples was done using the skyscan
NRecon software (version 1.7.0.3) and the CTAn analyzer (version 1.18.8.0). Further
applications such as Gaussian smoothing with smoothing kernel=2, ring artifact correction =10,
misalignment compensation, reconstruction angular range with 199.4 deg and beam hardening

correction of 25% were implemented. The determined volume of interest (VOI) comprised a
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range of 175 slices including the osteotomy gap in its center. Furthermore, a gray value
threshold of 410 mg hydroxyapatite per cm® was defined to distinguish between non-
mineralized and mineralized bone. This threshold was calculated according to the
manufacturers protocol described in “Bone mineral density (BMD) and tissue mineral density
(TMD) calibration and measurement by micro-CT using Bruker-MicroCT” relying on both
calibration rod pairs and their attenuation coefficient (AC) [272]. For that, the AC of both, the
minimal and the maximal CaHA concentration phantom rod, were measured and recorded by
calculating the mean (total) density value of all voxels within the phantom rod VOI using
attenuation as unit. Both values: Min value for BMD of 0.25 g.cm and AC= 0.0173494 as well
as the maximal value for BMD of 0.75 g.cm™ and AC= 0.0363677 were implemented within

the density range calibration. This resulted in the adjusted formula for BMD analysis.

2.2.3. Flow cytometry analysis determining immune composition

2.2.3.1. Immune cell isolation from spleen

Immune cells were isolated from the mouse spleen to characterize critical CD4* T helper
subset changes between detrimental, pro-inflammatory TH1/TH17 phenotypes and beneficial,
anti-inflammatory TH2 phenotypes during bone healing. The mouse spleen was processed
under a constant cold temperature of 4°C, while retaining the samples on ice. The isolation
started by transferring the spleen to a PBS filled 60mm tissue culture dish and by cutting the
organ in smaller pieces using a scalpel. The small organ pieces were then filtered through a
40 um mesh using PBS and by additionally pressing the spleen derived cells through the mesh
using a syringe plunger. The isolated cells were centrifuged on 4°C, for seven minutes at 4009
and the supernatant was removed. Further, cells were resuspended in 1X RBC lysis buffer
(420301 — BioLegend), pre-diluted 1:10 in distilled water (1088811 — Ampuwa, Fresenius Kabi)
and incubated for five minutes on ice. The cell suspension was filtered over a 40 um mesh to
remove free DNA parts and was centrifuged on 4°C, for seven minutes at 400g. The
supernatant was removed and the final cell suspension was counted using the automated cell

counter countess Il FL (A25750 — Invitrogen/Invitrogen).

2.2.3.2. Extracellular and intra-nuclear staining procedure

To determine the overall composition as well as subset changes in the CD4* T helper cell
compartment in the distinct mouse conditions, a 13-color flow cytometry panel was
implemented, analyzing spleen resident immune cells of mice with the use of extracellular and
intra-nuclear markers. The following table comprises surface CD markers and transcription

factors determining the CD4* T helper cell phenotype via flow cytometry (Table 4).
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Table 4: Extracellular and intra-nuclear markers defining the CD4* T helper subset composition

The following extracellular and intra-nuclear markers have been used to determine different CD4+ T helper subsets
in the spleen of mice. Antibodies are summarized with their specific clone, the chosen fluorochrome and the
laser/filter implemented while measuring (panel established by Dr. Christian Bucher)

mody Laser/filter Fluorochrome Clone\

Live/Dead NUV450/50 uv
CD45 V525/50 V500 30-F11
CD3e B695/40 BB700 145-2C11
cb4 R780/60 APC-Fire750 GK1.5
CD8a V780/60 BV785 53-6.7
TCRgd YG780/60 BvV421 GL3
CcD62L R710/50 APC-R700 MEL-14
CD44a V450/50 PE-Cy7 M7
Q YG610/20 PE/Dazzle594 PCGl/
FoxP3 B525/50 AF488 MF23
Tbet V660/20 BV650 04-46
GATA3 R670/14 AF647 L50-823
RORgT YG585/15 PE Q31-378

For the staining of intra-nuclear markers defining CD4* T helper cell subsets such as TH1
(TBET), TH2 (GATA3), Treg (FoxP3) and Th17 (RORgT), the isolated cells were diluted to
1,5x10° per 100 uL PBS. First, 3 pL of the live/dead staining antibody (L23105 — Invitrogen) in
a 1:10 pre-dilution with PBS was incubated for 30 minutes on ice. After that, the cell suspension
was centrifuged with PBS+0,5%BSA+0,1%NaN3 on 4°C, seven minutes at 400g and the
supernatant was discarded. To block unspecific binding of antibodies, 1 uL of FcX-blocking
cocktail (101319 — BioLegend) was added to the cell pellet for initial 10 minutes on 4°C before
the addition of extracellular staining antibodies for another 20 minutes. After the extracellular
staining, the cell suspension was centrifuged as described above and 1mL of 1X
TrueNuclearFix solution in a 1:4 pre-dilution with Fix/Perm dilution buffer (True-Nuclear
Transcription Factor Buffer Set, 424401 — BioLegend) was added to each pellet and incubated
for 60 minutes on room temperature. After fixation, the cell suspension was centrifuged two
times in a row as described above using 1X permeabilization buffer pre-diluted 1:10 with
ampuwa and the supernatant was discarded. The last step included the staining for intra-
nuclear transcription factors for 30 minutes on room temperature. After that, the cell
suspension was centrifuged with 1X permeabilization buffer on room temperature for seven
minutes and at 400g, followed by a second centrifugation step with
PBS+0,5%BSA+0,1%NaN3 on 4°C, for seven minutes at 400g. Before acquisition, 100 pL
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PBS was added to the cell suspension. Finally, the stained cells were measured on the LSR

Fortessa system (BD Bioscience).

2.2.3.3. Flow cytometric analysis and gating strateqgy

The investigation of CD4* T helper subsets in each experimental condition was done by flow
cytometric analysis using the software FlowJo (version 10.7.1 — BD Biosciences). The
following gating strategy characterizing the different subsets of CD4* TH1, Treg, Th2 and T17
cells in the mouse spleen was implemented, the gates were adjusted and corrected with

fluorescence minus one (FMO) stainings for each antibody while analysis.
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Figure 7: Gating strategy for analyzing CD4* TH1, TH2 and TH17 subsets

The following gating strategy has been implemented focusing on the lymphocyte subset, further gating the singlets
and alive lymphocytes prior to specifying the CD3* T cell subset. Within the CD3* T cells, the CD4* T helper cells
are specified and the distinct subsets of CD4* T cells namely TH1 (gating on CD4* TBET* TH cells), TH2 (gating
on CD4* GATA3* TH cells) and TH17 (gating on CD4* RORgT"* TH cells) are quantified. The subset gates of CD4*
T helper cells are determined by the usage of fluorescence minus one (FMOSs) to distinguish the negative and
positive populations

2.2.4. Flow cytometry analysis determining the stromal cell composition

2.2.4.1. Mesenchymal stromal cell isolation from bone

Mesenchymal stromal cells were isolated from the mouse bone to characterize treatment
driven effects on the adipogenic-, osteo-chondrogenic- and multipotent lineage compartment.
Bones were processed under a constant cold temperature of 4°C as described for the immune

cell isolation from spleen. First, the bones were transferred on a 60mm tissue culture dish and
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both ends were cut using bone scissors. Following that, the bones were cut in half to harvest
as much bone marrow resident cells as possible. To collect the bone stromal cell suspension,
the bone marrow was flushed out with a needle until the bone changed its color from red (bone
filled with marrow) to white (bone without marrow). The flushed bone marrow stromal cells
were filtered using a 40 um mesh and rinsed using cold PBS. The cell suspension was
centrifuged on 4°C, for seven minutes at 400g. The supernatant was discarded and the final
cell suspension was counted using the automated cell counter countess Il FL (A25750 —

Invitrogen/Invitrogen).

2.2.4.2. Extracellular staining procedure

To phenotypically characterize the changes in the mesenchymal stromal cell compartment
induced by the different experimental conditions, an 11-color flow cytometry panel was
established. The panel comprised lineage determining surface markers summarized in the
following table (Table 5).

Table 5: Summary of the extracellular markers defining the mesenchymal stromal cell subsets in bone
marrow

The following extracellular markers have been used to define distinct mesenchymal stromal cell subsets comprising
the adipogenic-, the osteo-chondrogenic- and the multipotent lineage. The pregating includes the lineage negative
subset marked by the loss of CD45 and CD31 expression. The bone marrow stromal lineage is gated by using the
marker Scal and is varying expression defines the two main subsets. The marker CD140a defines the osteo-
chondrogenic subset and the marker CD24 is used for the definition of the adipogenic stromal lineage

Antibody Laser/filter Fluorochrome Clone
Live/Dead NUV450/50 uv

CD45 V525/40 BV510 30-F11
CD34 V450/50 BV421 RAM34
CD11b R710/50 AF700 M1/70
CD31 YG610/20 PE/Dazzle594 390
CD29 YG780/60 PeCy7 HMB1-1
CD44 R780/60 APC-Cy7 M7
Sca-1 V710/50 BV711 D7
CD51 YG585/15 PE RMV-7
CD140a R660/20 APC APAS
CD24 B525/50 AFA88 M1/69

For the extracellular staining procedure, the collected stromal cell suspension was diluted to
1x10°8 in 100 uL PBS. Following that, the Live/dead staining agent was pre-diluted in PBS and
then added to the cell suspension for an incubation of 30 minutes on ice (L23105 — Invitrogen).
After that, cells were centrifuged with PBS+0,5%BSA+0,1%NaN3 on 4°C, seven minutes at

400g and the supernatant was discarded. Further, the cells were incubated with 1 pL of FcX-

-32-



blocking cocktail (101319 — BioLegend) for 10 minutes prior to the extracellular surface marker
staining involving 20 minutes of staining on ice. After the staining, cells were centrifuged with
PBS+0,5%BSA+0,1%NaN3 on 4°C, seven minutes at 400g and the supernatant was
discarded. To ensure fixation of the stained fluorochromes, cells were incubated for further 30
minutes with 500 pL of FluoroFix staining buffer (422101 — BioLegend). Cells were centrifuged
with PBS+0,5%BSA+0,1%NaN3 on 4°C, seven minutes at 400g and the supernatant was
discarded. Before acquisition, 100 pyL PBS was added to the cell suspension. Finally, the
stained cells were measured on the LSR Fortessa system (BD Bioscience).

2.2.4.3.

Treatment derived effects on the mesenchymal stromal lineage differentiation were

Flow cytometric analysis and gating strateqy

investigated by flow cytometric analysis in the same manner as described for the
characterization of CD4* T helper subset of the spleen. The following gating strategy was used
for the definition of the adipogenic-, osteogenic- and multipotent mesenchymal stromal lineage

in bone marrow (Figure 8).
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Figure 8: lllustration of the gating strategy for the distinct mesenchymal stromal cell subset in bone marrow
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First, all cells are pre-gated for single, alive cells before using the lineage negative marked by the loss of CD45 and
CD31 as initial step to define mesenchymal stromal cells. Further, all lineage negative cells are distinguished by
Scal expression in Scal- marking the osteo-chondrogenic lineage and Scal+ marking the adipogenic lineage
precursors. Further the osteo-chondrogenic subset is defined by the expression of CD140a and the adipogenic
subset is defined by the loss of expression of CD24. The multipotent subset is defined by the gain of CD24
expression [43]

2.2.5. Fatty acid screening determining phospholipid composition

For the analysis of fatty acids and phospholipids the contralateral, femoral bones of mice were
stored at a constant temperature of -80°C before being processed on dry ice for further
analysis. The femoral bones were cut in three different parts representing three different
locations of adipose tissue regions in mouse bone (Figure 9). Afterwards, all bone parts were
crushed to powder using a mortar and dry ice. The samples were stored in 250uL PBS for
further analysis and each sample was measured using a protein normalization control. The
analysis of all samples was done at the German Institute of Human Nutrition (DifE — Potsdam,
Rehberge).

region1 region2 region3

Figure 9: Three pre-defined regions analyzed for bone marrow adipose tissue (BMAT)

The two main BMAT regions are shown as region 1 describing the proximal regulated BMAT and as region 3
marking the distal constitutive BMAT, both harboring differences in fatty acid composition. A third region is proposed
as region 2 distally from the locality where the fracture is set during the experimental bone regeneration in mice.

2.2.6. Statistical analysis
All data generated by the described methods such as HE stainings quantifying adipose tissue
accumulation, microCT analysis characterizing bone parameters, CD4" T helper cell subset
characterization and fatty acid analysis defining phospholipid changes, were analyzed and
visualized using the software Prism (version 8, GraphPad). Statistical testing of in vivo and ex
vivo generated sample means was done with the unpaired, parametric t-test with Welch’s
correction (not assuming equal standard deviations (SDs)). This test was used assuming a
Gaussian distribution with no assumption of both populations having the same SD, which was
suitable for the small number of animals tested in each condition. Significance was assigned
for p values below 0.05. Importantly, the 3R principle of replacement, reduction and refinement

has been followed throughout all in vivo experiments.
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2.3. In vitro experiments using human bone marrow derived
stromal cells (hnBMSCs)

To mirror the performed in vivo experiments in the human setting, in vitro experiments using
human bone marrow derived stromal cells were implemented. Since the most important effects
on in vivo bone healing were shown by the treatment with the PPARG agonist rosiglitazone,
the in vitro experiments were implemented to highlight and specify the PPARG agonistic
effects. For that purpose, hBMSCs were isolated from healthy clinical patients, with the
exception of one diabetic patient (Charité Center for Orthopedics and Trauma Surgery — CC9),
that all underwent trauma surgery. The isolated hBMSCs were kindly provided by the Core
Unit Cell Harvesting (Cell biology group — Berlin Institute of Health, BIH) with former signed
consent from the patient (ethical approvement EA 099/10). The characterization of the hBMSC
phenotype and multi-lineage differentiation potential towards the adipogenic, osteogenic and
chondrogenic lineage was done according to the International Society for Cellular Therapy
[273][274][275]. All chemicals and consumables used in the following in vitro experiments are

summarized within the appendix chapters A.1. Materials and methods.

2.3.1. Characteristics and expansion of patient derived hBMSC
A total of seven patient derived hBMSCs were analyzed for their potency to differentiate
towards the osteogenic and adipogenic lineage under specific drug supplementation of
rosiglitazone as PPARG agonist and insulin. Hereby, important metabolic effects during bone
formation were studied. A summary of all patients and their characteristics can be taken from
the following table (Figure 10). A mixed pool of patient-derived hBMSCs selected by age and
gender was used for all experiments performed in my research. All patient-derived hBMSCs

were anonymized using specific patient (Pat) codes.

-35-



/ Patient Age (years) Gender\

Pat346 57 female
Pat660 65 female
Pat784 72 male
Pat326 48 female
Pat919 73 male
Pat1626 35 male

KPat347 52 male /

Figure 10: Summary of patient specific characteristic of hBMSCs

Patient hBMSCs are described with specific characteristics including age, gender, and diagnostics. All
characteristics can harbor an impact on the following experiments described within this thesis and can influence the
extent of patient specific effects. Patients have been selected based on the osteogenic differentiation capacity while
choosing hBMSCs which harbor a poor osteogenic capacity. To include young as well as older patient derived
hBMSCs, the age of patients ranged from 35 to 73 years. Mostly healthy patients have been chosen for the in vitro
experiments with one exception namely Pat660 which suffered from diabetes mellitus and had been medicated with
the anti-diabetic drug metformin. The goal included the identification of the effect of the PPARG agonist rosiglitazone
on healthy patients and as side information describing the effects in one patient already being medicated with an
insulin sensitizer metformin.

Before undergoing the different experimental purposes, 0.5x10° hBMSCs from passage 1-2
were thawed in a 37°C water bath, seeded in a 300 cm? tissue culture flask (T300, 90301 —
TPP) and media was changed after 24h post seeding to remove the remaining dimethylsulfoxid
(DMSO) implemented as cryoprotectant. Cells were grown in low-glucose Dulbecco’s Modified
Eagle Media (DMEM) media supplemented with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin (P/S) in a 37°C/5%CO: incubator (BINDER). The media of cells was
changed every three to four days and propagation of cells was done after 7-10 days of
expansion. For this purpose, cells cultured at 70-80% confluence were washed with 60mL of
PBS to remove the remaining culture media and 4 mL pre-warmed trypsin was added for 2
minutes at 37°C detaching the cells from the flask. After the incubation, cells were shaken and
the detachment was checked under the microscope. The trypsination was stopped by adding
16 mL of pre-warmed DMEM with 10%FCS and 1%P/S. Cells were counted using the CasyTT
cell counter (Scharfe System) and re-seeded at a concentration of 0.7x10° using a T300 flask.
Following that, cells were cultured at 70-80% confluence for up to another 10 days until the
suitable cell number was achieved. HBMSCs from passage 3-4 were used for all different

experimental purposes.
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2.3.2. Osteogenic  differentiation of hBMSCs  with/without drug
supplementation

For the osteogenic differentiation, hBMSCs were re-seeded in DMEM with 10%FCS and

1%P/S at a concentration of 4.8x10°% on a 48 well plate format. After 24h, the induction of cells

with osteogenic media was implemented. In the following table, the standard composition of

osteogenic media is shown (Table 6).

Table 6: Components of the osteogenic differentiation cocktail

The osteogenic differentiation media consists of low glucose DMEM supplemented with FCS, glutamine, penicillin
and streptomycin and the following osteogenic inducers dexamethasone steering the transcription of Runx2, |-
ascorbic acid inducing collagen type-1 synthesis and b-glycerol phosphate producing hydroxyapatite minerals

Supplement Volume Final
concentration

Dexamethasone 10uL 0,1uM

(pre-diluted 1:100 - 10pM)

L-ascorbicacid 1ul 50uM

(50mM)

B-glycerol phosphate 50uL 10mM

(200mM)

Penicillin/Streptomycin 10uL 1%

Glutamax 10uL 1%

FCS 100pL 10%

wlucose DMEM 819uL /

The depicted supplements are required to induce osteogenic differentiation. To that purpose,

L-ascorbic acid was added to induce collagen type-1 synthesis, B-glycerol phosphate to
produce hydroxyapatite minerals and dexamethasone to steer the transcription of Runx2. The
plate layout for the osteogenic differentiation comprised all outer wells of the 48 well plate filled
with PBS to reduce edge effects during the experimental process. Each plate contained control
wells with cells cultured in DMEM with 10%FCS and 1%P/S as expansion control. Further, all
conditions were conducted in triplicates to include the impact of well to well differences. To
investigate the effect of PPARG agonist rosiglitazone and insulin on the osteogenic
differentiation, the following concentrations of rosiglitazone and insulin were supplemented to
the standard osteogenic media (Table 7). Lyophilized rosiglitazone was pre-diluted and
aliquoted in DMSO as 1mM stock solution. Further 1:1000 dilutions of the rosiglitazone/DMSO
stock solution was achieved using osteogenic media (OM) resulting in the highest
concentration of rosiglitazone of 1 uM. Since DMSO can influence the differentiation process
of hBMSCs, an additional solvent control was included in all experiments. The cytotoxicity

effect and proliferation effect of rosiglitazone was ruled out in a separate experiment using
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DMEM with 10%FCS and 1%P/S as expansion media, which is why an expansion control with

rosiglitazone was not included in the differentiation experiments (section 2.3.5).

Table 7: Summary of drug and solvent control concentrations implemented during in vitro assays

The effects of PPARG agonist rosiglitazone have been induced using a high concentration of 1 UM rosiglitazone
and a low concentration of rosiglitazone while the solvent control is implemented in the highest concentration used
in the assay. Insulin is supplemented in a concentration of 2mM in consistence with the insulin concentration used
in the adipogenic induction cocktail and mimicking a high metabolic state of the hBMSCs

/Supplement Solvent Concentration/ml.\

Rosiglitazone DMSO 1uM
Rosiglitazone DMSO 10nM
Insulin HCL 2uM
Solvent control DMSO 1um

\ /

The following figure shows a typical plate layout used for the osteogenic differentiation

with/without rosiglitazone and insulin supplementation (Figure 11).

4 h

oM oM oM DMEM DMEM DMEM
OM 1uM OM1uM oM 1uM OM 10nM OM 10nM OM10nM
OMDMSO OMDMSO OMDMSO oM oM oM

insulin+10nM | insulin+10nM | insulin+10nM

OM Insulin OM Insulin OM Insulin oM oM oM
insulin+1uM insulin+1uM insulin+1uM

N /

Figure 11: lllustration of the osteogenic differentiation setup

The following conditions have been tested in triplicates during the osteogenic differentiation assay. OM — osteogenic
differentiation control, OM 1 pM — osteogenic differentiation with 1 pM PPARG agonist rosiglitazone, OM DMSO —
osteogenic differentiation with 1 pM solvent control, OM insulin — osteogenic differentiation with 2 pM insulin
supplementation, DMEM — expansion control, OM 10nM — osteogenic differentiation with 10nM PPARG agonist
rosiglitazone, OM insulin+10nM — osteogenic differentiation with combined insulin and 10nM PPARG agonist
rosiglitazone supplementation, OM insulin+1 uM — osteogenic differentiation with combined insulin and 1 pM
PPARG agonist rosiglitazone treatment

The osteogenic differentiation experiment lasted for 21 days and included early osteogenic
time points measuring alkaline phosphatase (ALP) activity on day 0, day 4 and day 7 as well
as late osteogenic time points measuring mineralization via alizarin red (AR) stainings on day
10, day 14, day 18 and day 21 (Figure 12). In addition, the supernatant of all conditions was
harvested on each of those days using one and the same plate throughout the whole
experiment. The supernatant was stored at -80°C for the follow-up assay of adipokine profiling
described below. In combination with early and late osteogenic target assays, the metabolic

activity of cells was measured on each day using PrestoBlue cell viability reagent (A13261 —

-38-



Invitrogen). For that purpose, the reagent PrestoBlue was prediluted 1:10 in DMEM with
10%FCS and 1%P/S and cells were incubated with a volume of 200 pL PrestoBlue solution
for 1h on 37°C. The change in color from blue to red depending on the metabolic activity was
measured with an excitation/emission wavelength of 560/590 nm on a plate reader (Infinite
200 PRO — TECAN).

/

d-1 do da d7 di0 d21
Re- Induction Early Early Late Late
seeding osteogenic osteogenic  osteogenic osteogenic
time point time point time point @time point
PB/ALP PB/ALP PB/ALP PB/Hoechst PB/Hoechst
/NR/AR /NR/AR

. >

Figure 12: Illustration of the osteogenic differentiation time-points

The osteogenic differentiation assay is defined by distinct analysis time-points. The re-seeding of expanded
hBMSCs is done on day -1 and after 24h of attachment the induction of osteogenic differentiation is implemented
using the osteogenic induction cocktail. On this day, baseline values for PrestoBlue and ALP activity are measured.
On day 4 and day 7 the early osteogenic time-points are determined by measuring PrestoBlue and ALP activity.
From day 10 to day 21 specific late osteogenic time-points are identified and PrestoBlue, Hoechst (DNA staining),
NileRed (NR) and AlizarinRed (AR) staining are done to quantify adipogenic co-differentiation and osteogenic
mineralization. The late osteogenic time-points varied from patient to patient as a result of patient variability and
differentiation potential

2.3.2.1. Alkaline phosphatase activity

In bone, alkaline phosphatase (ALP) is highly expressed and its activity is used as an early
marker for osteogenic differentiation. To determine ALP activity, the dephosphorylation of the
phosphatase substrate 4-nitrophenylphosphate (pNPP) was measured by photometry at
optical density (OD) of A=405nm. To that purpose, the following protocol was implemented

(Table 8) and the ALP activity was calculated as followed (Figure 13).

~

C=(E-E% /e xd

E = adsorbance (OD)
E0 = adsorbance blank (OD)
¢ = molar concentration (mol/L)
€ = molar absorbance coefficient (L x mol-1 x cm-1)
d = thickness of layer (cm)
\d =0.3294 cm for a 96 well plate filled with 100uL solution /

Figure 13: Formula for the calculation of alkaline phosphatase activity (ALP)

The formula for the calculation of ALP activity consists of the following parameters: difference of adsorbance and
adsorbance blank, the molar adsorbance coefficient 0 and the thickness of layer of the 96 well plate with 100 pL
solution

Table 8: Protocol for the ALP measurement
PrestoBlue and ALP has been measured on the same plate on each early osteogenic differentiation time-point.
Prior to ALP, PrestoBlue is measured following a washing step before adding ALP buffer as washing agent.
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Following that, ALP buffer and pNPP substrate is added in the same volume for 10 minutes of incubation on 37°C.
The reaction is stopped by the addition of NaOH and measured with a plate reader

ﬁ)eplete all wells of PrestoBlue solution + 4 BLANK controls\

Wash with 300uL PBS

Wash with 400uL prewarmed ALP buffer

Add 100uL prewarmed ALP buffer

Add 100uL prewarmed pNPP substrate

Incubate for 10 minutes on 37°C

Stop reaction with 200puL 1M sodium hydroxide (NaOH)

Transfer sample dublicates of 100uL in a 96 well plate for
measurement

\J _/

2.3.2.2. Alizarin red staining (AR) with DNA quantification and lipid co-

induction
To determine the amount of calcium deposition of hBMSCs on late osteogenic time points, AR
staining was implemented using the following protocol. In order to quantify the calcium
deposition, Hoechst staining for DNA quantification was performed. To determine the co-
induction of adipogenic cells and osteogenic cells during differentiation, the Hoechst DNA
staining was combined with a NileRed staining (NR) for lipid droplet characterization (section
2.3.3). Prior to staining, differentiated hBMSCs were fixed with 150 uL 4% PFA//PBS for 10
minutes in the dark and at room temperature (RT). Following that, cells were washed twice
using 300 puL PBS and 150 pL of PBS without staining agents was added to implement the
baseline measurement for the Hoechst/NR staining. To proceed with the DNA/lipid stainings,
Hoechst and NR staining agents were diluted 1:1000 in PBS and hBMSCs were incubated
with 150 pL of staining solution for 20 minutes, in the dark and at RT. The remaining staining
solution was removed by washing twice using 300 pL PBS and Hoechst/NR was measured in
150 pL PBS solution. To prepare for the AR staining solution, hBMSCs were washed with 300
pL distilled water, overlaid with 150 pL 0.5% AR solution and incubated for 10 minutes at RT.
The excessive staining was removed by washing three times with distilled water and the
stained calcification of cells was dried and further photographed to visualize the matrix. For the
guantification of matrix mineralization, the dried matrix was dissolved with 124 pL
cetylpyridiniumchlorid per well for 30 to 60 minutes. 100 pL of the resulting purple solution was
transferred to a 96-well plate before measuring calcification. The DNA quantification, lipid
droplet accumulation and calcification of hBMSCs were finally measured on a plate reader. To

that purpose, Hoechst and NR were measured with an excitation/emission wavelength of
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352/421 nm and an excitation/emission wavelength of 460/535 nm respectively. Furthermore,
the calcification was measured at an OD of A=562nm (Infinite 200 PRO — TECAN).

2.3.3. Adipogenic  differentiation of hBMSCs  with/without drug
supplementation

To compare the co-localized adipogenic cells during osteogenic differentiation with default
differentiated adipogenic cells, standard adipogenic differentiation was performed for each set
of patient derived hBMSCs. For the adipogenic differentiation, hBMSCs were re-seeded in
DMEM with 10%FCS and 1%P/S using the same experimental conditions as for the osteogenic
differentiation. Therefore, hBMSCs were seeded at a concentration of 4.8x10° on a 48 well
plate format. Following 24h of cell attachment, the induction of cells with adipogenic media
was implemented. In the following table, the standard composition of adipogenic media is
depicted (Table 9).

Table 9: Components of the adipogenic differentiation cocktail

The adipogenic differentiation is implemented in high glucose DMEM with FCS and Penicillin/Streptavidin
supplemented with the following adipogenic inducers: Dexamethasone and indomethacin steering adipogenic gene
induction such as Cebpa, Srebflc and C/EBPb resulting in PPARG upregulation, IBMX inducing cAMP and PKA
upregulation and insulin resulting in the upregulation of PPARG transcription

Supplement Volume Final concentration
Dexamethasone 1uL 1uM
(ImM)

Insulin from bovine pancreas 6uL 2uM
(335uM)

3-isobutyl-1-methylxanthine (IBMX)  1pL 500puM
(500mM)

Indomethacin 2ul 100puM
(50mM)

High glucose DMEM 880uL

(L-glucose 4.500mg/L)

Filtration of adipogenicmedium

Subsequent addition of 10%FCS 100pL

and 1%P/S 10pL

It is important to mention, that the adipogenic media containing all supplements had to undergo
sterile filtration since some of the supplements were prepared in a non-sterile manner. The
supplement cocktail of dexamethasone, insulin, 3-isobutyl-methylxanthine (IBMX) and
indomethacin combined with high-glucose Dulbecco’s Modified Eagle media was used to steer
adipogenic differentiation. Dexamethasone and indomethacin were added to steer adipogenic
genes such as Cebpa and Srebflc or C/EBPb with both additives driving PPARG upregulation.

The addition of IBMX resulted in a combined upregulation of cAMP and PKA and insulin was
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used to induce late stage adipocyte differentiation by the same effects on PPARG transcription
as the above described supplements within the cocktail [276]. The adipogenic differentiation
experiment lasted 14 days with one late adipogenic differentiation time point on day 14
selectively staining intracellular lipid droplets using NR staining. In the following a timeline of
the adipogenic differentiation experiment is shown (Figure 14).

( N
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Figure 14: Illustration of adipogenic differentiation time-points

Adipogenic differentiation is implemented in the same time frame as the osteogenic differentiation starting with a
re-seeding on day -1 and adipogenic induction by the adipogenic cocktail on day 0. Following that, the adipogenesis
is controlled every other day until day 7 — day 10 when adipocytes start to form. The late adipogenic time-point on
day 14 already comprises large amounts of adipocytes to be analyzed with PrestoBlue, Hoechst (DNA staining)
and NileRed as adipocyte staining

/

The NR staining and Hoechst DNA quantification was implemented in the same manner as it
was used during osteogenic differentiation for the staining of co-localized lipid droplets during
mineralization. Prior to the DNA/lipid staining, the measurements of metabolic activity via
PrestoBlue staining was performed. All three stainings were conducted as described above
with the final read-out being the lipid accumulation (section 2.3.2, 2.3.2.2). The experimental
setup and plate layout was implemented in the same manner as described above using
adipogenic media as foundation implementing changes in the tested conditions. Hereby, the
supplementation of two rosiglitazone concentrations as well as a solvent control was tested
excluding the supplementation of additional insulin during adipogenic differentiation
experiments. It is important to note, that the solvent control was particularly important during
adipogenic differentiation, since DMSO had a stronger influence on adipogenic compared to

the osteogenic cells.

2.3.4. Osteogenic differentiation of hBMSCs with adipocyte conditioned
media
To analyze the paracrine features of adipogenic hBMSCs with and without drug
supplementation, adipocyte conditioned media was generated from each set of patient derived
hBMSCs.
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Figure 15: lllustration of the conditioning of adipogenic media and its re-use during osteogenic
differentiation

To simulate the paracrine effects of adipocytes on the osteogenic differentiation process, adipogenic hBMSCs have
been differentiated for 13 days prior to the conditioning of expansion media without adipogenic inducers gathering
paracrine adipocyte factors for 24h. This conditioned media is further used starting from day 0 until day 14 — day
21 as a 1:2 dilution of conditioned media with 2x concentrated osteogenic inducers in standard osteogenic media.
Conditioned media/osteogenic inducer cocktail was re-newed every 3 days.

For that purpose, hBMSCs were re-seeded at a concentration of 2x10° on a 75 cm? tissue
culture flask (T75, 90076 — TPP) and adipogenic differentiation was induced 24h post seeding.
Adipocyte conditioned media (aCM) was gained from standard adipogenic differentiation with
(aCM+1 M) and without (w/0) 1 «cM of rosiglitazone supplementation, equally concentrated
solvent control (aCM+DMSQ) and expansion control (EM). The adipogenic differentiation
experiment lasted 14 days including a media change from adipogenic media to low-glucose
DMEM with 10%FCS and 1%P/S on day 13. The adipogenic hBMSCs were cultured in low-
glucose DMEM with 10%FCS and 1%P/S for the following 24h for the cells to release all
paracrine factors excluding the impact of adipogenic differentiation supplements. The final
18mL of aCM were centrifuged for 5 minutes on RT and at 500g to remove remaining cell
debris. The conditioned media was stored at -80°C for the follow-up osteogenic differentiation.
To this aim, the aCM was implemented during standard osteogenic differentiation in a 1.2
dilution with osteogenic media containing twofold concentrated osteogenic supplements. The
aCM/osteogenic media mix was changed on every early and late osteogenic time point
including dO, d4, d7, d10, d14, d18 and d21. The experimental layout was implemented as
followed (Figure 16).
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Figure 16: lllustration of the conditions during the osteogenic differentiation with adipocyte secreted
factors

The following conditions have been tested as triplicates during osteogenic differentiation with adipocyte secreted
factors: OM/EM - osteogenic media supplemented with conditioned media from expanded hBMSCs,
OM/aCM+DMSO - osteogenic media supplemented with adipogenic conditioned media differentiated with solvent
control, OM/aCM+1 pM — osteogenic media supplemented with adipogenic conditioned media differentiated with 1
MM PPARG agonist rosiglitazone, OM/aCM w/o — osteogenic media with adipogenic conditioned media
differentiation without supplements, OM insulin — osteogenic differentiation with 2 pM insulin and all three above
described adipogenic conditioned media with additional insulin supplementation during osteogenic differentiation

In detail, the experimental setup was implemented using the same experimental read-out as
described for the standard osteogenic differentiation including PB/ALP and
PB/Hoechst/NR/AR measurements for early and late osteogenic time points (2.3.2.1, 2.3.2.2).

2.3.5. CyQUANT proliferation assay in osteogenic and adipogenic
differentiation

To analyze the proliferative effects of the drug rosiglitazone and the additional insulin
supplementation during osteogenic and adipogenic differentiation, the CyQUANT Cell
Proliferation Assay kit (CyQUANT, C7026 — Invitrogen) was implemented. At first, the
proliferative effect was characterized in expansion media to define the baseline proliferation
and cytotoxicity of the drug. To that end, the screening for proliferative effects was done on dO,
d4, d7 and d10 of expansion. Following that, the proliferation assay was included while steering
osteogenic and adipogenic differentiation. The proliferative effects induced during both
differentiation processes were analyzed on d0O, d4 and d7. For all described experimental
setups, hBMSCs were re-seeded at a concentration of 1.8x10° on a 48-well plate format. The
cell concentration was reduced during the assay to allow proliferative effects due to increased
capacity of space for cell expansion. In order to analyze cell proliferation, cells were measured
for their metabolic activity by staining with PB according to the protocol described for both
differentiation processes (section 2.3.2). Afterwards, cell were washed twice with 400mL PBS,
the remaining PBS was discarded and the plates were tapped on paper cloths to completely
remove the liquid. The cell plates were frozen at -80°C to ensure efficient cell lysis in order to
stain for DNA using CyQUANT. To analyze the proliferative capacity of cells, the plates were

thawed for 30 minutes before undergoing analysis. While thawing, the CyQUANT staining

-44 -



solution was prepared according to the manufacturer’s protocol. Following that, cells were
stained with 150 pL of CyQUANT GR dye/cell lysis buffer mix including four additional BLANK
control wells without cells to identify background signals. Stained hBMSCs were incubated for
five minutes on RT and measured with an excitation/emission wavelength of 485/530nm on a
plate reader (Infinite 200 PRO — TECAN).

2.3.6. Preparation of hBMSC samples for RNA sequencing analysis
Three sets of patient derived hBMSCs were cultured and harvested from different experimental
setups comprising standard osteogenic/adipogenic differentiation with and without drug
supplementation as well as osteogenic differentiation using adipocyte conditioned media. The

complete list of samples can be appreciated in the following table (Table 10).

Table 10: Summary of RNA samples included for sequencing analysis

Three different patient hBMSCs including Pat346, Pat784, Pat660 were selected for RNA sequencing analysis.
Different cell culture conditions of each patient were harvested for further RNA sequencing analysis. Two different
experimental setups were tested including samples from day 7 and samples from day 14 of osteogenic
differentiation. The following conditions were analyzed for the gene expression changes in each experimental setup:
Expansion control, osteogenic control differentiation, PPARG agonist treated osteogenic differentiation as well as
adipogenic differentiation and the influence of the adipocyte secretome on osteogenic differentiated
hBMSCs.OM=osteogenic differentiation; AM=adipogenic differentiation; aCM=adipogenic conditioned media;
DMSO-=solvent control; 1 pM=1 pM PPARG agonist rosiglitazone; w/o=without supplement; DMEM, short
EM=expansion control

ﬁtient Sample name Sample description \

| Pat346 | DMEM d7 Expansion control day 7

| Pat784 | AMd7 Adipogenicdifferentiation control day 7

| Pat660 | omd7 Osteogenicdifferentiation control day 7
OM 1uM d7 Osteogenicdifferentiation with 1uM PPARG agonist rosiglitazone day 7
OM/EM d7 Osteogenic mediasupplemented with conditioned media from expanded hBMSCs day 7
OM/aCMw/o d7 Osteogenic media with adipogenic conditioned media differentiation without supplements day 7

OM/aCM+DMSO d7 | Osteogenicmediasupplemented with adipogenicconditioned media differentiated with solvent control day 7

OM/aCM+1uM d7 Osteogenic media supplemented with adipogenic conditioned media differentiated with 1uM PPARG agonist
rosiglitazone day 7

DMEM d14 Expansion control day 14

AMd14 Adipogenicdifferentiation control day 14

omMdi4 Osteogenicdifferentiation control day 14

OM 1uM d14 Osteogenicdifferentiation with 1uM PPARG agonist rosiglitazone day 14

OM/EM d14 Osteogenic media supplemented with conditioned media from expanded hBMSCs day 14

OM/aCMw/o d14 Osteogenic media with adipogenic conditioned media differentiation without supplements day 14

OM/aCM+DMSO Osteogenicmediasupplemented with adipogenic conditioned media differentiated with solvent control day 14
dia

OM/aCM+1uM d14 Osteogenic media supplemented with adipogenic conditioned media differentiated with 1uM PPARG agonist

\ rosiglitazone day 14 J

Those hBMSCs were generated for a follow up RNA sequencing analysis identifying the

underlying genetic patterns particularly induced by the drug treatment (RNA sequencing by Dr.
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Tatiana Borodina and team, performed at the MDC genomics core facility/BIH). For that
purpose, hBMSCs were re-seeded at a concentration of 6x10% on a 6-well plate format. The
cells were cultured according to the already described protocol for each experimental setup
(2.3.2, 2.3.3, 2.3.4). The included experimental time points of RNA isolation for each
differentiation process can be taken from the following (Figure 17).

d-1 do d7 di4 di4
Re- Induction  Earlytime = Late Late

seeding point osteogenic adipogenic 0 S
time point | time point )
(2 b/
harvest harvest harvest harvest <

N >

Figure 17: Illustration of RNA isolation time-points during osteogenic/adipogenic differentiation

The differentiation of hBMSCs for the RNA sequencing has been done according to the standard differentiation
protocols starting with a re-seeding on day -1 and an osteogenic/adipogenic induction after 24h of attachment. On
day 0 hBMSCs have been harvested as baseline control. Following that, the early differentiation time-point on day
7 and the late differentiation time-point on day 14 has been harvested for the identification of early and late regulated
genes by PPARG agonist treatment

Prior to RNA isolation the cells were washed twice with 5mL of PBS and 300 uL Tryzol reagent
was used to mechanically scrape the cells of the wells. HBMSCs in Tryzol solution were frozen
at -80°C before isolating RNA. Isolation of RNA was achieved using the direct-zol RNA
Miniprep kit (R2053 — Zymo Research) according to the manufacturer’s protocol. The
concentration of RNA was determined using a NanoDrop spectrophotometer (Peglab). The
results of this research regarding the RNA sequencing analysis are only focused on the main
comparisons of gene expression between the osteogenic control and the PPARG agonist
treated osteogenic differentiation condition on day 7 as well as on day 14. The analysis and
statistical evaluation of the generated RNA sequencing data was performed by Dr. Andranik

Ivanov (Beule lab, bioinformatics core facility/BIH).

2.3.7. Metabolic profiling of hBMSCs during osteogenic differentiation
Osteogenic differentiated hBMSCs under PPARG agonist rosiglitazone treatment and insulin
supplementation were additionally analyzed for their metabolic profile using the Seahorse XF
Cell Mito Stress test (Agilent). For that purpose, hBMSCs were re-seeded at a concentration
of 2x10%on a 96-well cell culture microplate and differentiated for 10 days into the osteogenic
lineage with and without drug and/or insulin supplementation. The osteogenic differentiation
was implemented in the same manner as described above (2.3.2). Cells were prepared for
seahorse measurements on day 2, day 5 and day 10. A typical experimental layout for the
seahorse analysis contained five replicates of each condition while determining all edge wells

of the plate as BLANK controls. One day prior to the analysis, sensor cartridges were prepared
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by adding 200 pL calibrant solution to each well and cartridges were pre-warmed in a non-CO;
incubator at 37°C. On the analysis time points, cells were washed twice with 200 pL seahorse
XF DMEM basal media supplemented with 2mM glutamine (Glut) and 5.5 mM glucose (Gluc).
After the remaining cell culture media was removed, 175 pL seahorse media was added to
each well including the BLANK wells. In the following, cell culture microplates were incubated
for 1h in a non-CO; incubator at 37°C. While incubating the cell culture microplate, the sensor
cartridge was loaded with four different inhibitor solutions including 1 pM oligomycin, 2 puM
carbonyl cyanide-4 (trifluoromethody) phenylhydrazone (FCCP) and 1 pupM of
rotenone/antimycin A (Rot/AntA) mixture. All inhibitors were diluted in seahorse XF DMEM
supplemented with 2mM Glut and 5.5mM Gluc. The inhibitor oligomycin was used as ATP
synthase (complex V) inhibitor. This inhibitor is known to induce a decrease in mitochondrial
respiration and crosslink this to cellular ATP production. Further, the inhibitor FCCP was
implemented inducing maximal mitochondrial respiration. FCCP is shown to disrupt the
mitochondrial membrane potential and points out the spare respiratory capacity also
interpreted as the ability of cells to overcome increased energy demand. Lastly, the inhibitors
Rot/AntA are added to inhibit complex | and complex Il respectively. This inhibition is
described to shut down mitochondrial respiration and enable the calculation of
nonmitochondrial respiration of the cells (Seahorse XF Cell Mito Stress kit — Agilent). The
analysis procedure is described in the following figure (Figure 18). Throughout the seahorse
measurements, the oxygen consumption rate (OCR) as well as the extracellular acidification

rate (ECAR) were measured using the Seahorse XFe96 analyzer (Agilent).

/ FCCP Rot/AntA \

oligomycin

Spare capacity

- — -

|/

Figure 18: lllustration of the Seahorse XF Cell Mito Stress test (Agilent)

The seahorse analyzer serves as tool to analyze the metabolic profile of PPARG agonist treated hBMSCs. The
assay includes the following measurements: three measurements of baseline respiration prior to oligomycin
addition, three measurements of oligomycin addition and induction of ATP linked respiration by inhibition of ATP
synthase complex V. Furthermore, the H+ proton leak can be measured as remaining baseline respiration not
coupled to ATP production. Next, three measurements of the maximal respiration are determined by the addition of
the inhibitor FCCP disrupting the mitochondrial membrane potential. From this value, the spare respiratory capacity
can be determined. Lastly, three measurements of the non-mitochondrial respiration are included by adding the
inhibitors rotenone and antimycin A completely shutting down the mitochondrial respiration

-47 -



After the seahorse measurement, cell culture microplates were stored at -80°C for follow up

analysis determining the DNA concentration of each condition using CyQUANT.

2.3.8. Glucose uptake profiling of hBMSCs during osteogenic differentiation
In addition to the metabolic profiling describing the mitochondrial respiration capacity, hBMSCs
were analyzed for their glucose uptake potential using the Glucose Uptake-Glo assay (J1342
- Promega). Changes in glucose uptake by the treatment of hBMSCs with PPARG agonist
rosiglitazone and insulin during osteogenic differentiation were determined on day 6 and day
11 of differentiation. For that purpose, hBMSCs were re-seeded at a concentration of 4.8x103
on a 48-well plate format and differentiated according to the osteogenic differentiation protocol
described above (2.3.2). The glucose uptake was measured by a nonradioactive,
bioluminescent assay based on determining the amount of 2-deoxyglucose-6-phosphate
(2DG6P) accumulation after 2-deoxyglucose (2DG) is added to the cells. For each condition a
background signal was determined by using an OMIT control, where no 2DG was added as
substrate and therefore no 2DG6P accumulation was achieved. On each analysis time point
fresh osteogenic medium with rosiglitazone/insulin treatment was added to the cells for an
incubation time of 30 minutes on 37°C. After that, all insulin treated conditions were re-
stimulated with insulin at a concentration of 2 uM for 1h on 37°C to enhance the insulin driven
glucose uptake. Following that, cells were washed with 300 yuL PBS and incubated with 100
pL of PBS containing 1mM 2DG excluding the OMIT control condition. After 10 minutes of
incubation with 2DG on RT, 50 pL of stop buffer was added and the plates were briefly shaken
before transferring 75 uL of each condition to a 96-well plate format. The assay was continued
according to the manufacturer’'s protocol by adding 25 uL of neutralization buffer. The plates
were briefly shaken and 100 pL of 2DG6P detection reagent was added for an incubation
period of 1h. Finally, bioluminescence was measured with one second integration on a plate
reader (Infinite 200 PRO — TECAN).

2.3.9. Adipokine profiling of hBMSCs during osteogenic differentiation
The harvested supernatants generated during the osteogenic and adipogenic differentiation
as well as during the osteogenic differentiation with adipocyte conditioned media were
characterized regarding their adipokine profile. Thereby, the secretory changes in hBMSCs
during osteogenic differentiation with and without PPARG agonist rosiglitazone and insulin
supplementation were determined and adipocyte driven paracrine effects were described. For
that purpose, supernatants were thawed twice at the most and were analyzed using the
Legendplex Human Adipokine panel (13-plex, 740196 — BioLegend). The Legendplex was
performed according to the manufacturer’s protocol using the assay optimized for a V-bottom
plate. It is important to note, that the sample and reagent volume was downscaled to 10 L per

sample instead of 25 puL and the incubation of capture beads with analyte was achieved
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overnight ensuring efficient binding to the analyte using the downscaled reaction volume. After
the assay was performed, samples were measured on the CytoFLEX S flow cytometer
(Beckman Coulter).

2.3.10. Statistical analysis

Statistical analysis was implemented using the software Prism (version 8, GraphPad). The
normalization of in vitro stimulated conditions of each set of patient derived hBMSCs was
achieved by the remove baseline and column math tool generating a ratio of value/baseline
(expansion media in all settings) format of the data. Statistical testing between control and
treatment group was achieved by using a parametric, ratio-paired t test. Here, differences in
control values due to patient variability but consistent effects in the treatment groups were
considered. The unpaired non-parametric Mann-Whitney test comparing ranks was
implemented for non-Gaussian distributions and the unpaired, parametric t test with Welch’s
correction was performed for data of Gaussian distribution. Statistical significance was
assigned when reporting a P value <0.05.
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3. Results

3.1. Ex vivo characterization of inflammation related effects on
bone regeneration in mice

3.1.1. TNFa/IFNg neutralization and its effects on adipocytes and CD4* T
helper 2 subset polarization

The first experiment included the reduction of pro-inflammatory cytokines during bone
regeneration and showed an important connection between adipose tissue accumulation and
anti-inflammation. A significantly increased accumulation of adipose tissue in bone by the
treatment with neutralizing antibodies against pro-inflammatory cytokines such as TNFa and
IFNg was shown (Figure 19 A, C). Furthermore, a significant shift within the CD4* T helper cell
compartment in spleen lymphocytes of mice towards anti-inflammatory T helper 2 cells was
achieved by systemically blocking those pro-inflammatory cytokines (Figure 19 B). It is
important to mention, that adipose tissue accumulation in this experimental setup had no
significant effect on the healing outcome, when accumulating at the fracture site (not shown).
Due to the surprisingly neutral effects on the skeletal system the focus of this thesis was drawn
on primarily inducing beneficial, anti-inflammatory adipose tissue in bone at the bone fracture
side, by stimulating the PPARG transcription factor without systemically targeting the pro-

inflammatory response during bone regeneration.
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Figure 19: Neutralization of pro-inflammatory cytokines TNFa and IFNg inducing adipocyte accumulation
in the fractured bone and systemic CD4* TH2 polarization
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A] CD4* T helper 2 subset polarization being significantly increased by treatment with neutralizing antibodies
against TNFa and IFNg (unpaired t-test with Welch’s correction p<0.0001, n=6), relative expression of GATA3 (%)
within the CD4* T cell compartment, pre-gated on Livedead*CD45*CD3*CD4* T cells of murine splenocytes B]
Histological staining of paraffin embedded fractured femoral bone of mice treated with neutralizing antibodies
against TNFa/IFNg showing enhanced adipocyte accumulation distal from the fracture side (below the fracture) C]
Quantification of adipocyte accumulation distal from the fracture side comparing fat vacuole area ( um?) and vacuole
number, significantly increased by the treatment with neutralizing antibodies against TNFa/IFNg (unpaired t-test
with Welch'’s correction p<0.0001, n=4)

3.2. Ex vivo characterization of PPARG related effects on bone
regeneration in mice

PPARG activation during bone regeneration was studied to specify the adipose tissue driven
effects on the bone healing process. While using rosiglitazone as a specific drug acting as
PPARG agonist (PPARG activator), a non-specific PPARG antagonist namely BADGE was
used in the reference group [277]. Due to the partial agonistic effects of BADGE, the reference
group showed high data spreading and non-significant results during the in vivo study (not
shown). This is why the focus of the following results was based on the PPARG agonist treated
mice in comparison to untreated control mice. PPARG agonist treatment highlighted a stronger
bridging of the fractured bone (see also 3.2.2) and higher amounts of adipocytes within the

bone marrow compared to the untreated controls (Figure 20).
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PPARG agonist treatment untreated control

Figure 20: PPARG agonist treatment induces adipocyte accumulation in the marrow simultaneously with
stronger bridging of bone on day 21 of bone regeneration

Untreated young mice represent a bone marrow harboring very low amounts of adipocytes. The osteotomized,
untreated control group hereby serves as comparative group while exploring bone regeneration under PPARG
agonist driven adipocyte accumulation in the bone marrow A] PPARG stimulation upregulates adipocyte
accumulation in proximity of the fracture while improving bone bridging B] Untreated controls show less adipocyte
accumulation and slower bridging of bone C] Adipocyte accumulation is likewise induced within the bone marrow
near the growth plate by treatment with PPARG agonist rosiglitazone D] Less adipocytes are visualized at the
growth plate of untreated controls

3.2.1. PPARG driven induction of adipose tissue and lipids in bone
The appreciated accumulation of adipose tissue next to the fracture gap and its concurrent
beneficial effect on bone fracture bridging, let us to the question on how to identify specific
characteristics of this pro-regenerative adipose tissue type. Current knowledge on bone
marrow adipose tissue and its accumulation in specific bone regions includes the presence of
proximal adipose tissue known as rBMAT and distal adipose tissue known as cBMAT.
Treatment of mice with the PPARG agonist rosiglitazone resulted in an upregulation of
adipocyte accumulation within the bone marrow cavity especially at the distal part of the growth
plate of fractured as well as unfractured bones (Figure 21 and Figure 22). Surprisingly,
adipocyte accumulation was specifically found at the distal region of the fracture (MBMAT),
where it has not yet been described in the literature (Figure 21 A, D and Figure 23 A, B, C).
When focusing on the cell compartment within the bone, the precursors of mature adipocytes

namely the Scal*CD24 adipogenic mesenchymal stromal lineage in the fractured and
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unfractured bone were slightly decreased by PPARG agonist treatment, whereas the presence
of the osteogenic Scal CD24:CD140a" lineage was not changed by PPARG agonist treatment.
The multipotent Scal*CD24" lineage was increased in both fractured and unfractured bones
by the treatment with the PPARG agonist rosiglitazone (shown in the appendix, Figure 61 and
Figure 62).

proximal region distal fracture site distal region

Figure 21: PPARG agonist driven adipocyte accumulation in bone focuses on distal bone regions were
constitutive BMAT (cBMAT) is located

A] During fracture healing the accumulation of adipocytes is highlighted for day 21 post osteotomy in regions distal
from the fracture in proximity to the fracture site and at the growth plate of the distal bone region (knee) B] In
unfractured, contralateral bone a similar pattern is shown with adipocyte accumulating driven by PPARG
stimulation. Adipocyte accumulation is displayed especially in the distal bone regions whereas no adipocyte
accumulation is shown in proximal bone regions C] Adipocytes accumulating in the proximal regions of bone are
determined regulatory bone marrow adipose tissue (rBMAT) D] Adipocytes accumulating in distal bone near the
fracture site are referred to as pro-regenerative, mixed BMAT (mBMAT) E] F] Constitutive BMAT (cBMAT) are
adipocyte accumulating in the distal bone region near the growth plate of the knee
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Figure 22: PPARG agonist treatment induces an increased accumulation of large fat vacuoles in the distal
region at the growth plate of unfractured and fractured bones

Adipocytes in the bone marrow are quantified as number of fat vacuoles within a specific region of the bone, here
the distal part near the growth plate. Total number and size are shown for unfractured and fractured PPARG agonist
treated bones (cyan) compared to control bones (dark grey) A] The accumulation of cBMAT is shown for the
unfractured control bone compared to the bone treated with PPARG agonist rosiglitazone (n=2 each) B] The
increasing amount of cBMAT is shown in relation to the increasing adipocyte size (diameter) post PPARG agonist
treatment. The control bones show a decreased cBMAT expansion and are characterized by small adipocytes (n=2
each) C] Unfractured bones are displayed for their increase in distal cBMAT located at the growth plate by PPARG
agonist treatment. Fractured bones are shown with an even higher increase in cBMAT by PPARG agonist treatment
(unfractured n=2, fractured n=4)

The induced, large, bone marrow adipocytes (BMAs) were further characterized in terms of
fatty acids and phospholipids using the unfractured femoral bones of each condition. For this
analysis, bones were sectioned according to previously defined BMAT regions (Figure 9).
PPARG agonist treated BMAs were shown to harbor increased levels of stearoyl-CoA
desaturase 1 (SCD-1) in all bone localities with a significant increase of SCD-1 in the mixed
bone marrow adipose tissue (MBMAT) location, reflecting the part of the bone where the
fracture is set under osteotomy conditions (Figure 23 D). In addition to that, an increase of
omega-6 phospholipids, especially in the proximal, regulated BMAT (rBMAT) of unfractured,
femoral control bones was shown (Figure 23 E). In contrast to that, omega-3 phospholipids
were rather reduced in all three BMAT localities with the strongest reduction displayed in the
distal, constitutive BMAT (cBMAT) of unfractured bones (Figure 23 F).
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Figure 23: Treatment with PPARG agonist rosiglitazone induces adipocytes at the distal part of the
osteotomy and increases SCD-1 and omega 6 in unfractured, control bones

Treatment with PPARG agonist rosiglitazone increases the accumulation of fat vacuoles of large size at the distal
region of the fracture gap A] The fat vacuole number is increased at the fracture site by PPARG agonist treatment
(cyan) compared to the control bones (dark grey) (unpaired t-test with Welch’s correction p=0.059, n=4 ) B] The
increase in adipocytes is displayed in relation to the correlating increase in bone volume (BV) (n=3-4 each) C]
PPARG agonist treatment induces significantly lower amounts of small fat vacuoles at the distal fracture site and
increases higher amounts of large fat vacuoles (unpaired t-test with Welch’s correction p=0.0324 for small and
p=0.058 for large fat vacuoles, n=4) Further, phospholipids and fatty acid changes measured in contralateral, non-
fractured control bones of mice treated with a PPARG agonist are depicted D] The significant increase in
phospholipid 9 SCD-1 by PPARG agonist treatment is shown by the increased ratio of palmitoleic acid to palmitic
acid being most prominent in the mBMAT region. An increasing trend is likewise shown in the other bone regions
(unpaired t-test with Welch’s correction p=0.0341, n=6) E] Fatty acid composition of omega 6 phospholipids
significantly increased by PPARG treatment in the rBMAT region, with the same trend being shown in the mBMAT
(unpaired t-test with Welch’s correction p=0.0266, n=6) F] No significant changes are shown in the fatty acid
composition of omega 3 phospholipids during PPARG agonist treatment of mice
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3.2.2. PPARG driven beneficial skeletal parameters
To verify the stronger bridging of bone fractures under PPARG agonist treatment, the quality
of bone was studied by measuring various microCT parameters. While at first glance the
healing outcome seems similar, an in depth characterization showed a significant difference in
bone parameters of PPARG agonist treated compared to untreated controls. This is visualized
in the following by micro computed tomography images of the bone fracture gap on day 21 of
healing (Figure 24). Beneficial bone parameters were determined in the PPARG agonist
treated group during bone fracture healing. In detail, a significant increase of the polar moment
of inertia (MMI polar) was shown comparing the PPARG agonist treated group and the control
(Figure 25 B). Furthermore, the bone volume on bone surface ratio (BS/BV) was significantly
increased in the PPARG treated group as well as the trabecular thickness (Th.Th) of bone
(Figure 25 A, D). In contrast to that, the trabecular number (Tbh.N) showed a decreasing trend
when under PPARG stimulation (Figure 25 C). The tissue volume (TV) and bone volume (BV)
was shown to be significantly increased in the PPARG treated group compared to the control
(Figure 25 E, F). The significant changes in the above stated bone parameters display a strong
improvement of bone regeneration during PPARG agonist treatment in comparison to the

control.

PPARG agonist
treatment

Ntreated
control

8

Figure 24: PPARG agonist treatment does not hinder bone fracture bridging during healing

Treatment with the PPARG agonist rosiglitazone (cyan border color) results in equal bone bridging when compared
to untreated controls (grey border color) on day 21 of healing. The bone structure of treated and untreated mice is
visualized by distinct colors. The color scheme is computed according to pixel intensity/density highlighting different
bone compartments
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Figure 25: Treatment with PPARG agonist rosiglitazone has beneficial effects on the bone structure of
fractured bone during healing of healthy, young mice housed under environmental pathogen exposed
housing

A] B] PPARG treatment steers a significantly higher bone volume shown by the decrease of bone surface to bone
volume ratio (unpaired t-test with Welch’s correction p=0.028, n=4-5) and significantly increases the ability of bone
to cope with torsional forces defined by the polar moment of inertia (MMI polar) (unpaired t-test with Welch’s
correction p=0.0039, n=4-5) C] D] The trabecular bone structure is shown to be significantly increased in terms of
trabecular thickness (Th.Th) and no significant difference is shown for the trabecular number (Th.N) in the PPARG
agonist treated bone during fracture healing (unpaired t-test with Welch'’s correction for Th.Th p=0.0256, n=4-5) E]
F] The significantly increased tissue (TV) and bone volume (BV) under PPARG agonist treatment shows further
enhancement of bone stability during fracture healing (unpaired t-test with Welch’s correction p=0.0025 and
p=0.0011, n=4-5)

3.2.3. PPARG driven CD4* T helper 2 subset polarization

Anti-inflammatory features of PPARG agonist treatment and its concurrent induction of anti-
inflammatory adipose tissue in bone were identified by the characterization of the CD4* T
helper (TH) immune compartment. In concordance with the beneficial skeletal parameters
induced by PPARG agonist treatment, splenocytes changed from a pro-inflammatory towards
an anti-inflammatory phenotype. In this case, the beneficial, anti-inflammatory CD4* T helper
(TH) 2 subset was significantly induced by PPARG agonist treatment (Figure 26 A). In
contrast, no significant changes were observed within the pro-inflammatory CD4* TH1 and
TH17 subset (Figure 26 B, C).
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Figure 26: Treatment with PPARG agonist rosiglitazone steers anti-inflammatory CD4* T helper 2 subset
polarization in mouse splenocytes and has no systemic effect on the pro-inflammatory CD4* TH17 and TH1
subsets

Relative expression of RORQT (%) as transcriptional marker for the CD4* TH17 subset, TBET (%) as transcriptional
marker for the CD4* TH1 subset and GATA3 (%) as transcriptional marker for the CD4* TH2 subset is shown, pre-
gated on Livedead+ CD45*CD3*CD4* T cells of murine splenocytes A] B] No significant influence of PPARG
stimulation is shown in the subset polarization of CD4* TH17 cells as well as no change is observed in the subset
of CD4* TH1 cells during the curse of fracture healing C] Prominent changes are depicted for the CD4* TH2 cells
by significant increase in the splenocyte compartment of mice under PPARG agonist treatment during bone
regeneration (unpaired t-test with Welch’s correction p<0.0001, n=4-5)

In summary, beneficial aspects of PPARG agonist treatment during in vivo fracture healing of
mice can be appreciated. Beneficial effects in terms of bone parameter improvement as well
as a broad anti-inflammatory effect on the immune cell compartment were shown. To further
specify the pro-regenerative/pro-osteogenic effects, in depth in vitro characterization was done
for human patient derived hBMSCs. The goal was to mirror the murine data in the human
setting. The in vitro effects of PPARG agonist treatment are described in detail in the following

chapter.
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3.3. In vitro characterization of PPARG related effects in human
bone marrow MSCs (hBMSCs)

3.3.1. PPARG as driving force of enhanced osteogenic capacity and
increased matrix mineralization of hBMSCs

Since PPARG agonist treatment showed a beneficial bridging of bone in our in vivo mouse
model, the underlying factors needed to be investigated. For that we studied PPARG agonist
induced, pro-osteogenic effects during in vitro osteogenic differentiation of hBMSCs. In
concordance to the beneficial effects of PPARG activation on bone healing, the osteogenic
differentiation of hBMSCs was significantly increased by treatment with a PPARG agonist. This
was shown by early osteogenic markers such as ALP activity measurement on day 4 and day
7, where an increased pNPP consumption was achieved in PPARG agonist treated hBMSCs
compared to the untreated controls. By further addition of insulin during the osteogenic
differentiation the effect of PPARG agonist induced osteogenic potential was fortified (Figure
27 A). It is important to note, that the level of calcification induced by PPARG treatment is
highly dependent on the patient specific osteogenic potential of hBMSCs (Figure 27 B). The
osteogenic potential was defined by the osteogenic control displaying diverse basal ALP and
calcification levels when comparing different patient derived hBMSCs (shown in the appendix,
Figure 63). Interestingly, patient h(BMSCs showed an individual increase in early osteogenic
differentiation potential by PPARG agonist treatment, some displayed only moderately
increased effects and others showed a high increase in early pNNP consumption (shown in
the appendix, Figure 64). PPARG agonist treatment highly increased calcification in the later
osteogenic stages in almost all patient derived hBMSCs. Furthermore, hBMSCs from patients
with only moderately different levels of early ALP activity, were rescued in the late osteogenic
stages by enhanced calcification promoted through PPARG agonist stimulation (shown in the

appendix, Figure 64).
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Figure 27: Treatment with PPARG agonist rosiglitazone enhances the potential of hBMSCs to differentiate
into the osteogenic lineage shown by the increase of early osteogenic ALP activity and pNNP consumption
ALP activity of hBMSCs under PPARG agonist treatment is shown by the consumption of pNNP on three days
including day 0, day 4 and day 7 of osteogenic differentiation (OM) A] Values presented in the three plots are
baseline corrected for the expansion control (EM), the consumption of pNNP is significantly increased by treatment
with PPARG agonist rosiglitazone on day 4 and day 7 (ratio paired t-test p=0.0052 and p=0.0024, n=7). In addition,
the supplementation of insulin significantly fortified the pNNP consumption rate on day 4 by increasing insulin
availability in culture to be metabolized by hBMSCs with increased insulin sensitivity driven by treatment with
PPARG agonist rosiglitazone (ratio paired t-test p=0.0067, n=7). On day 7 the significant effect of PPARG agonist
treatment is maintained but no significant increase is depicted for the additional supplementation of insulin to the
culture (OMinsulin+1uM PPARG-A n=3) B] Individual values are presented without baseline correction for the
expansion control (EM). Individual patient derived hBMSCs are shown to react to the PPARG treatment harboring
significantly increased pNPP consumption, differences in stimulation of individual patient hBMSCs are shown and
result from varying ability of osteogenic potential as well as sensitivity towards the PPARG agonist treatment

Since PPARG agonist treatment is widely known for its insulin sensitization effects on cells,
one key question was whether higher insulin uptake in osteogenic differentiating cells was the
driving force for increased calcification. To test specific effects of insulin during the osteogenic
differentiation, insulin was included as positive control in our experimental setup. In addition to
the early osteogenic induction provided by PPARG activation, the calcification of osteogenic
differentiated hBMSCs was significantly increased by PPARG agonist treatment and further
enhanced by supplementation of insulin (Figure 28).
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Figure 28: Treatment with PPARG agonist rosiglitazone enhances the calcification levels of hBMSCs in late
osteogenic stages

Late osteogenic differentiation potential and calcification driven by PPARG agonist stimulation is shown in bar plots
as baseline corrected effect (normalized on expansion control) of all seven patient derived hBMSCs and as line plot
of individual uncorrected values displaying donor variability A] Alizarin red staining of h(BMSCs is shown for different
conditions such as osteogenic control, osteogenic differentiation with DMSO as solvent control, osteogenic
differentiation with rosiglitazone, insulin and insulin in combination with rosiglitazone. A significant increase of matrix
mineralization is shown for the PPARG treated condition in comparison to the osteogenic control/solvent control
(ratio paired t-test p=0.0195, n=7). The supplementation of insulin is shown to mirror the effect of increased
mineralization during PPARG treatment (ratio paired t-test p=0.0203, n=7). The PPARG agonist driven effect is
increased by additional supplementation of insulin (ratio paired t-test p=0.0993, n=3) B] Similar effects of PPARG
agonist driven increase of osteogenic differentiation and matrix mineralization are shown by normalization on the
cell number using Hoechst staining for DNA content (ratio paired t-test comparing OM ctrl/DMSO with OM 1 uM
rosiglitazone p=0.0325, n=7). No significant increase of matrix mineralization is shown for the supplementation of
insulin during osteogenic differentiation compared to the control (ratio paired t-test p=0.0521, n=7) whereas the
combination of PPARG agonist stimulation with insulin supplementation enhanced the effects of PPARG agonist
only (ratio paired t-test p=0.1441, n=3) C] D] Individual matrix mineralization effects of patient hBMSCs are
displayed by increased alizarin red values as well as under normalized conditions both representing the significant
increase of osteogenic differentiation and mineralization by PPARG treatment E] Representative staining of
calcification in the osteogenic differentiation control condition using the Osteolmage mineralization assay F]|
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Representative staining of calcification in the osteogenic differentiation with PPARG agonist stimulation using the
Osteolmage mineralization assay

Matrix mineralization during PPARG agonist and insulin stimulated osteogenic differentiation
of hBMSCs was shown to steer distinct patterns of mineral deposition, more precise calcium
phosphate deposition visualized by alizarin red stainings (Figure 29). PPARG agonist
treatment resulted in a focused calcium deposition, whereas insulin treatment resulted in a

large-scale calcium deposits.
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Figure 29: Treatment with PPARG agonist rosiglitazone and supplementation of insulin induces a distinct
pattern of matrix mineralization and significantly increases the calcification during osteogenic
differentiation

A] The figure visualizes the significantly enhanced osteogenic mineralization and calcification of hBMSCs on day
14 - day 21 of all patients treated with PPARG agonist rosiglitazone. Differences in patient sensitivity towards insulin
supplementation are depicted, where high insulin sensitivity is displayed by Pat1626, Pat919, Pat326 and Pat784
and low insulin sensitivity is shown in Pat346 and Pat660. Patients with low osteogenic differentiation capacity were
shown to be rescued by the induction of PPARG e.g. Pat784 and Pat326 B] Insulin Treatment leads to large-scale
calcium deposits when compared to the PPARG agonist treated conditions showing focused calcium deposits
exemplarily depicted for Pat326

3.3.1.1. Unigue effects of PPARG activation and insulin availability on

proliferation
PPARG agonist treatment and insulin supplementation represented different calcification

patterns during osteogenic differentiation of hBMSCs. However, both insulin and PPARG
agonist treatment resulted in higher calcification. Now it should be investigated whether insulin
and PPARG agonist treatment induces differences in proliferation during osteogenic culture of
hBMSCs. To differentiate the PPARG agonist driven pro-osteogenic effect from the
proliferation capacity, proliferation of hBMSCs was determined under PPARG agonist
mediated expansion as wells as during osteogenic differentiation. The proliferation capacity in
expanded hBMSCs was shown to be rather reduced by PPARG agonist stimulation compared
to the control expansion (Figure 30 A, Figure 31 C). Moreover, no significant impact on the
proliferation capacity was shown during the osteogenic differentiation stimulated by PPARG
agonist treatment. In contrast, the supplementation of insulin during osteogenic differentiation
was represented with a significant increase in the proliferation rate of hBMSCs on day 7 of

osteogenic differentiation (Figure 30 B).
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Figure 30: Proliferative capacity of hBMSCs is markedly increased by stimulation with insulin compared
to the treatment with PPARG agonist rosiglitazone during osteogenic differentiation

A] Treatment with the PPARG agonist rosiglitazone shows no significant difference on the proliferative potential of
hBMSCs during the expansion period shown by normalizing metabolic activity on cell number measured in a kinetic
experiment with four time points including day O, day 4, day 7 and day 10 B] Under osteogenic differentiation the
impact of PPARG agonist stimulation on proliferation is not present but with supplementation of insulin the
proliferation of hBMSCs is significantly increased on day 7 of osteogenic differentiation (ratio paired t-test p=0.0031,
n=6)

Insulin supplementation was shown to increase the proliferation of hBMSCs only under
osteogenic differentiation (Figure 31 D). This increase could not be shown for expanded
hBMSCs. In addition, the supplementation of insulin during osteogenic differentiation or
expansion markedly increased the metabolic capacity of hBMSCs (Figure 31 A, B). No
metabolic or proliferative effects were demonstrated for PPARG agonist treated osteogenic
cells, suggesting that PPARG agonist treatment has a specific pro-osteogenic effect rather

than proliferative potential.
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Figure 31: Insulin supplementation is shown to significantly upregulate metabolic activity and proliferation
during osteogenic differentiation whereas no effects can be shown in the PPARG agonist treated group

Presto Blue describes the metabolic activity of the hBMSCs under osteogenic differentiation and cyquant describes
the cell number/proliferation. Metabolic activity and proliferation are shown as population doublings calculated by
Log? (difference between culture days). The following conditions such as osteogenic control (light grey), osteogenic
solvent control (moderate grey), osteogenic differentiation with PPARG agonist (dark cyan) and osteogenic
differentiation with insulin supplementation (black) are shown A] Insulin driven osteogenic differentiation is marked
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by a significantly higher metabolic activity compared to the other conditions (ratio paired t-test p=0.0023, n=6) B]
insulin likewise increases the metabolic activity of expanded control hBMSCs (ratio paired t-test p=0.0173, n=5-6)
C] F] PPARG agonist treatment neither increases the metabolic activity nor the proliferation of hBMSCs (n=2-6) D]
E] The proliferation rate is only enhanced during osteogenic differentiation with insulin, whereas in expanded
hBMSCs no effect on the proliferation could be shown (ratio paired t-test p=0.0247, n=5-6)

3.3.1.2. Unique effects of PPARG activation on co-induction of adipocytes

and bone
The accumulation of adipocytes is rather unusual during osteogenic culture with specific
osteogenic inducers. To analyze the effects of PPARG activation not only on bone formation,
e.g. osteogenic differentiation, but also on adipose tissue accumulation, e.g. adipocyte
induction, we screened for adipocytes in the osteogenic culture system. Interestingly, next to
the enhanced matrix mineralization, PPARG agonist treatment was shown to co-induce
adipocytes and osteogenic cells during later time points of osteogenic differentiation in all
patient derived hBMSCs (Figure 33, Figure 33). With that, our in vitro culture system could
mirror the appreciated in vivo adipocyte accumulation next to new bone formation. Adipocytes
were formed starting on day 7 — day 10 and accumulated further until day 21 of osteogenic
differentiation. It is important to mention, that adipocytes appeared prior to initial calcium
deposition and matrix mineralization starting around day 7 — day 10 depending on the individual
differentiation potential of each patient derived set of hBMSCs. With this result, | found it
necessary to define a term for the PPARG-agonist induced adipocytes during osteogenic
differentiation. From now on, osteo-adipocytes are defined as the adipocytes co-induced with
osteogenic cells, whereas fat forming adipocytes define the standard adipocytes accumulating

during adipogenic differentiation.
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Figure 32: PPARG agonist treatment induces a bilateral differentiation potential in hBMSCs with the
accumulation of adipocytes during osteogenic differentiation

Visualization of adipocyte accumulation in PPARG agonist treated Pat326 derived hBMSCs on day 21 of osteogenic
differentiation A] Osteogenic differentiation with solvent control shows no accumulation of adipocytes during the
differentiation process and is marked by its slower matrix mineralization B] PPARG agonist treatment induces the
accumulation of adipocytes concurrent with enhanced mineralization potential of hLBMSCs C] Purple arrows depict
the adipocytes formed with proximity to the calcium depots during osteogenic differentiation here visualized by 10
fold magnification

Adipocytes were localized in close proximity to the calcium depots (Figure 33). A significant
accumulation of adipocytes was shown in PPARG treated groups (Figure 34 C, D), which was
even more enhanced when combining the PPARG treatment with insulin. Interestingly, while
only supplementing insulin during osteogenic differentiation this adipocyte co-induction could

not be shown (Figure 33).

-67 -



OMDMSO om 1uMPPARG-A

Pat1626

Pat784

Pat660

Pat346

Figure 33: Visualization of individual, patient specific adipocyte accumulation during osteogenic
mineralization of hBMSCs with PPARG agonist treatment

PPARG agonist treatment of individual patients steers adipocyte accumulation in proximity to calcium depots
exemplarily shown for Pat1626 and Pat784 with low osteogenic differentiation potential as well as for Pat660 and
Pat346 with high osteogenic differentiation potential on day 14 — day 21 of differentiation. The figure depicts the
osteogenic differentiation with solvent control compared to the PPARG agonist treated osteogenic differentiation
with significantly upregulated adipocyte accumulation. Adipocytes of each individual patient are highlighted by
purple arrows
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Figure 34: PPARG agonist treatment induces a significant accumulation of adipocytes during osteogenic
differentiation visualized by fluorescence staining of lipids and DNA

Adipocytes and cell nuclei of hBMSCs are visualized by NileRed and Hoechst staining on day 14 — day 21 as well
as quantified by NileRed/Hoechst value normalization A] Adipocyte accumulation in osteogenic differentiated
hBMSC of Pat660 is shown by NileRed (red) and nuclei staining using Hoechst (blue) on day 21 with a 10 fold
magnification B] Visualization of adipocytes by NileRed staining (red) during osteogenic differentiation of Pat819
captured on day 14 of differentiation is shown with a 10 fold magnification C] A significant accumulation of
adipocytes during osteogenic differentiation is shown by NileRed staining for all patients (ratio paired t-test
p=0.0103, n=6) D] Quantification of NileRed stained adipocytes using Hoechst DNA staining determines a
significant increase of adipocytes during PPARG agonist treatment for all patients (ratio paired t-test p=0.0018, n=6)
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Figure 35: PPARG agonist treatment results in adipocytes accumulation and highest calcium deposition
independent of the insulin driven increase in calcification

Pat326 and Pat1626 derived hBMSCs are shown for their distinct mineralization pattern induced by insulin and
PPARG agonist treatment. Pat326 shows a low osteogenic differentiation potential whereas Pat1626 is marked by
a high osteogenic differentiation potential, both mirroring the mineralization differences in insulin and PPARG
treated groups. OM DMSO = solvent control, OM 1 uM rosiglitazone = OM with PPARG agonist treatment, OM
insulin = OM with insulin supplementation, OM insulin 1 uM rosiglitazone = OM with PPARG agonist and insulin
supplementation. Osteogenic differentiation with the solvent control displays the lowest mineralization compared to
all other groups. Treatment with PPARG agonist induces adipocyte accumulation paired with highest calcium
deposition. Insulin treatment does not induce adipocyte formation and is marked by a lower osteogenic potential.
Combining PPARG treatment with additional insulin supplementation results in an increase of osteogenic potential
and combined adipocyte formation.

No morphological difference could be detected between the adipocytes induced during
osteogenic differentiation compared to those differentiated in the standard adipogenic

differentiation (Figure 36).

Figure 36: PPARG agonist treatment forms morphological similar adipocytes during osteogenic
differentiation as compared to the standard adipogenic differentiation
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Adipocytes are determined to be equal in morphology visualized by microscopic images using 10 fold magnification
A] Adipocytes co-localized during osteogenic differentiation are shown B] Adipocytes of standard adipogenic
differentiation are shown C] Osteo-adipocytes are stained with NileRed (red) for lipids and Hoechst (blue) for cell
nuclei D] Standard adipocytes are stained with NileRed (red) for lipids and Hoechst (blue) for cell nuclei indication
no differences in adipocyte morphology

HBMSCs during adipogenic differentiation showed no enhanced differentiation capacity
towards the adipogenic lineage when stimulated with the PPARG agonist rosiglitazone

compared to the adipogenic differentiation control (Figure 37).
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Figure 37: Adipogenic differentiation with and without PPARG agonist stimulation results in equal amounts
of adipocytes and no increase in adipogenic differentiation is shown using PPARG agonist treatment

A] Adipogenic differentiation with solvent control is shown visualizing the amount of adipocytes differentiated after
14 days of adipogenic differentiation B] PPARG agonist treatment has no significant effect on the adipogenic
differentiation potential as well as the adipocyte amount that is formed C] Quantification of lipid formation stained
with NileRed using Hoechst DNA staining presents no significant difference between PPARG agonist treated
hBMSCs compared to the control during adipogenic differentiation

3.3.1.3. Unique secretory effects of PPARG activation on the osteogenic

differentiation

Since the adipocytes accumulating in response to PPARG agonist treatment were shown to
induce osteogenic differentiation and matrix mineralization of h(BMSCs, the question remained
on how the adipocytes could be in interaction with bone forming cells. To that purpose, the
paracrine characteristics of adipocytes formed during osteogenic differentiation by PPARG
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agonist treatment were compared to standard fat forming adipocytes and their secretory profile
under PPARG agonist stimulation. It was shown, that osteo-adipocytes secrete significantly
higher levels of the well-known adipokine adiponectin compared to fat forming adipocytes
(Figure 38 A, Figure 39 A). It is important to note, that accumulated adipokines secreted by
fat forming adipocytes had to be collected in expansion media to minimize adipogenic
supplement driven background in the following experimental procedures. The collection of
adipokines in expansion media resulted in generally lower concentration of adipokines
compared to the levels measured for osteo-adipocytes. However, this aligned the level of
adipokine secretion in fat forming adipocytes to the adipokine secretion levels of osteo-
adipocytes. Highlighting the fact that osteo-adipocytes were represented to a lesser extend
during osteogenic differentiation in comparison to the amounts of adipocytes appreciated

during standard adipogenic differentiation.
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Figure 38: PPARG agonist treatment significantly increases adiponectin secretion during osteogenic
differentiation and adipogenic differentiation

Data on adiponectin secretion is depicted as logl0 scaled and baseline corrected values (normalized on the
expansion control of each patient). Conditions shown include the OM (osteogenic differentiation), OM with PPARG
agonist treatment, OM with solvent control, OM with insulin supplementation and OM with combined PPARG agonist
and insulin treatment. Adipogenic conditions include the AM (adipogenic differentiation), AM with solvent control
and AM with PPARG agonist treatment. A] Adiponectin levels significantly increase in the PPARG agonist treated
osteogenic differentiation compared to the controls (ratio paired t-test p=0.0025, n=6). A significant decrease of
adiponectin production is shown for the insulin treated osteogenic hBMSCs compared to the PPARG agonist treated
ones (ratio paired t-test p=0.0017, n=6). The adiponectin production is further enhanced by stimulating with both
PPARG agonist and insulin during osteogenic differentiation (mann whitney test p=0.0238, n=3-6) B] During
adipogenic differentiation a smaller increase of adiponectin production is shown by PPARG agonist treatment
compared to the controls (ratio paired t-test p=0.0319, n=5)

This increase of adiponectin production was particularly shown in PPARG agonist stimulated
osteo-adipocytes whereas the PPARG agonist treatment of fat forming adipocytes, likewise
increased adiponectin secretion to a lesser extend when compared to the adipogenic solvent
control (Figure 38 B).
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Figure 39: Adipokines markedly increased in the PPARG agonist stimulated osteo-adipocytes compared to
the PPARG agonist treated fat forming adipocytes

Osteogenic media conditioned for 3 culture days is compared to adipogenic media conditioned for 24h using
baseline expansion media post 14 days of adipogenic differentiation. This is done to normalize the low amount of
osteo-adipocytes and their ability to fulfill paracrine purposes in the osteogenic milieu to the milieu of highly secreting
fat forming adipocytes. Expansion media is used to generate a conditioned milieu which can be tested on osteogenic
cells without having adipogenic differentiation supplements influencing the experimental setup. Here markedly
reduced adipokine levels are shown in the fat forming adipocyte milieu. All data plots are shown with log10 axes
and in individually colored symbols according to each patient A] Adiponectin is significantly increased in osteogenic
cultures treated with PPARG agonist rosiglitazone (Mann Whitney p= 0.0095, n=4-6) B] Cytokines such as IL1b,
IFNg and the chemokine MCP1 are significantly upregulated during osteogenic cultures stimulated by PPARG
agonist rosiglitazone (Mann Whitney p=0.0159, n=4-6) C] Resistin and leptin are significantly upregulated and the
adipokine RBP4 is likewise upregulated in the osteo-adipocyte milieu compared to the fat forming adipocyte milieu
(Mann Whitney p=0.0159, n=4-6)

Summarized, the levels of all related adipokines such as interleukin 1 b (IL1b), IFNg and
resistin were significantly increased in the milieu of osteo-adipocytes (Figure 39 B). Other
adipokines such as monocyte chemoattractant protein 1 (MCP1), retinol binding protein 4
(RBP4) and leptin were markedly upregulated in the milieu of osteo-adipocytes (Figure 39 C).
However, when focusing on the osteogenic compartment. The adiponectin production of the
PPARG agonist stimulated osteogenic hBMSCs showed significantly upregulated adiponectin
levels compared to the osteogenic control (Figure 38 A, Figure 40 A). Most importantly,

inflammatory adipokines such as MCP1 and IL1b were significantly downregulated in the
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PPARG agonist driven osteogenic milieu while being steady during osteogenic control

differentiation (Figure 40 B).
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Figure 40: PPARG agonist stimulated osteo-adipocytes have a significantly different paracrine capacity
compared to osteogenic differentiated hBMSCs without PPARG agonist induced osteo-adipocytes
Osteogenic medium conditioned for 3 culture days is compared to osteogenic media containing PPARG agonist
stimulated osteo-adipocytes. A differential pattern of adipokine secretion can be shown in the PPARG treated
osteogenic condition. A] A significant induction of adiponectin secretion is shown in the PPARG agonist stimulated
osteo-adipocytes (ratio paired t-test p=0.0023, n=6) B] The pro-inflammatory cytokine IL1b and the chemokine
MCP1 are significantly downregulated in the PPARG agonist treated osteo-adipocyte milieu compared to the
osteogenic control (ratio paired t-test p=0.0376 and p=0.0045, n=6) C] Other adipokines such as leptin, IFNg,
resistin and RBP4 were unaffected by the PPARG agonist stimulation during osteogenic differentiation and the
resulting osteo-adipocyte accumulation

This was not the case when supplementing the osteogenic culture with insulin. In detail, the
adiponectin levels were not induced in the insulin treated osteogenic conditions and
inflammatory adipokines such as MCP1 and IL1b were significantly upregulated (Figure 38 A,
Figure 41). This was highlighted as further delineate of the PPARG agonistic effects from the

insulin driven effects during osteogenic differentiation.
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Figure 41: PPARG agonist treatment during osteogenic differentiation results in opposing adipokine
secretion when compared to insulin supplemented osteogenic differentiation

IL1b and MCP1 are shown as significantly different regulated adipokines when comparing insulin and PPARG
agonist driven osteogenic induction. Osteogenic differentiation is shown for the control, PPARG agonist stimulation,
solvent control, insulin supplementation and both PPARG agonist stimulation and insulin supplemented condition.
All data plots are normalized on the expansion media control and shown with log1l0 axes individually colored
according to patient specific effects A] IL1b is significantly downregulated in the PPARG agonist treated osteogenic
differentiation whereas an upregulation by supplementing osteogenic cultures with insulin is shown (ratio paired t-
test p OMpparG-A + OMbmso =0.0098 and p OMpparc-ai + OMinsuin=0.0066, n=5) B] The chemokine MCP1 is
significantly downregulated by PPARG agonist treatment and significantly upregulated by insulin treatment during
osteogenic differentiation (ratio paired t-test p=0.0062 and p=0.0488, n=5) C] Leptin is significantly increased in
insulin driven osteogenic differentiation whereas no significant change is observed in the PPARG agonist treatment
during osteogenic differentiation (ratio paired t-test p=0.0426, n=5)

3.3.1.4. Unigue secretory effects of fat forming adipocytes on the

osteogenic differentiation

As described in the previous chapter, the secretory impact of osteo-adipocytes is a crucial
partaker in the induction of enhanced osteogenic differentiation. However, it is important to
distinguish between osteo-adipocytic secretome, which characterizes the bone environment,
and fat forming adipocytic secretome, which represents the fat environment. When changing
the focus to the PPARG agonist treated fat forming adipocytes the adipokine secretion pattern
differs from the pattern of osteo-adipocytes. Initially, PPARG agonist treated fat forming
adipocytes secreted significantly more adiponectin compared to the control when analyzing
single patient driven secretion. The amounts of secreted adiponectin after 14 days of
adipogenic differentiation were markedly lower compared to the levels in the PPARG agonist
treated osteogenic differentiated hBMSCs. It has to be taken into account, that the reduced
levels were steered by the prior change of adipogenic media to expansion media, resulting in
the necessary depletion of adipogenic supplements for the further usage of this conditioned
media during the osteogenic differentiation. Nevertheless, no significant decrease of IL1b and
MCP1 could be detected in the PPARG agonist treated fat forming adipocyte milieu. It is

important to mention, that PPARG agonist treatment of fat forming adipocytes significantly
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increased obesity associated RBP4 levels whereas no change in the amount of this adipokine
could be shown in the osteo-adipocyte milieu. Summarized, the fat forming adipocytes are
marked by a pro-inflammatory secretory milieu. Pro-inflammatory, obesity associated secretion
marks the secretory profile of fat forming adipocytes with rather detrimental effects.
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Figure 42: PPARG agonist treatment of fat forming adipocytes results in the increase of adiponectin and
RBP4 without influencing the secretion of pro-inflammatory cytokines such as IL1b and MCP1

Conditioned media from fat forming adipocytes differentiated for 14 days with and without PPARG agonist treatment
have been harvested after 24h of adipokine accumulation in expansion media. This results in generally lower
adipokine concentrations compared to the levels secreted by osteo-adipocytes. Adipokine levels of individual
patient h(BMSCs are shown for the adipogenic solvent control and PPARG agonist treated fat forming adipogenic
media. The solvent control is shown in order to represent the impact of DMSO on the adipogenic differentiation A]
PPARG agonist treatment of fat forming adipocytes results in a marginal but similar adiponectin increase as
compared to the one shown in osteo-adipocytes (ratio paired t-test p=0.023, n=5) B] No significant change is
depicted for the pro-inflammatory cytokine IL1b and chemokine MCP1 when stimulating fat forming adipocytes with
PPARG agonist rosiglitazone (ratio paired t-test p=0.9 and p=0.19, n=5) C] No significant regulation of leptin and
IFNg secretion by fat forming adipocytes is identified when stimulating with PPARG agonist rosiglitazone (ratio
paired t-test p=0.65 and p=53, n=5) D] RBP4 secretion is significantly upregulated by PPARG agonist treatment of
fat forming adipocytes (ratio paired t-test p=0.04, n=5)

The lower levels of adiponectin secretion of fat forming adipocytes, the steady levels of IL1b
and MCP1 as well as the increased RBP4 levels were shown to not influence an increased
osteogenic differentiation and mineralization of hBMSCs, when fat forming adipogenic media
was supplemented during differentiation. It was identified, that fat forming adipogenic media in
general has an effect on osteogenic processes resulting in a faster mineralization of individual
patient derived hBMSCs (Figure 43).
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Figure 43: Individual patient specific effects are presented and show a steady increase of mineralization in
hBMSC differentiated into the osteogenic lineage while supplementing adipogenic media

Osteogenic differentiation and mineralization capacity of hBMSCs under adipogenic media stimulus is depicted and
individual patient specific effects are shown on day 14 and day 21. The stimulation with adipogenic media steers a
higher mineralization and calcification of hBMSCs but no specific increase is shown for the supplementation of
adipogenic media of prior PPARG agonist stimulated adipogenic hBMSCs. Pat1626 and Pat660 show no significant
increase of mineralization by adipogenic media stimulation. Pat784, Pat919 and Pat326 show an elevated
calcification during osteogenic differentiation with pre-conditioned adipogenic media. Adipogenic media is shown to
harbor no detrimental influence on the osteogenic differentiation capacity of hBMSCs

Osteogenic differentiation and mineralization was shown to be steadily ongoing in all
conditions and was not diminished by using fat forming adipogenic media during a

differentiation period of 21 days.
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Figure 44: Insulin driven increase of osteogenic mineralization is reduced by additional adipogenic media
but PPARG agonist pre-conditioned media shows a steadily increase of mineralization potential
Osteogenic potential is depicted by visualizing the mineralized matrix of individual patient h(BMSCs on day 14 and
day 21 of differentiation. The highest increase of mineralization capacity is shown by the standard osteogenic
differentiation under insulin supplementation. An exception is described by Pat660 showing a high increase of
mineralization during osteogenic differentiation with the PPARG agonist pre-stimulated adipogenic media. The other
patients are characterized by an increase of mineralization under osteogenic differentiation with PPARG agonist
pre-stimulated adipogenic media. Individual patient specific differentiation capacity is likewise depicted by varying
mineralization of the osteogenic matrix

The same effect was shown by further supplementing insulin in combination with fat forming
adipogenic media with and without PPARG agonist pre-stimulation. The effect of insulin driven
osteogenic mineralization was rather decreased by the additional supplementation of fat
forming adipogenic media during differentiation. No significant change in the osteogenic
potential could be shown by the supplementation of fat forming adipogenic media in all
conditions when normalized on cell number (Figure 45 A, B, C, D). Thus, suggesting the
presence of osteo-adipocytes and their secretome to harbor pronounced pro-osteogenic

effects compared to the secretome of fat-forming adipocytes.
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Figure 45: Fat forming adipogenic media has no significant impact on the osteogenic differentiation
capacity of hBMSCs regardless of PPARG agonist treatment

Osteogenic differentiation potential and mineralization of hBMSCs under a 1:2 ratio of osteogenic and adipogenic
media with and without PPARG agonist stimulation is depicted by alizarin red staining on day 14 and day 21. The
calcification is shown as normalized value on cell nhumber (Hoechst DNA staining). Different conditions are
compared such as osteogenic differentiation with and without insulin as positive control, osteogenic differentiation
using adipogenic media without any supplementation and osteogenic differentiation using adipogenic media with
solvent or PPARG agonist stimulation. All conditions are highlighted again with additional supplementation of
insulin. All values are baseline corrected on osteogenic differentiation media in a 1:2 ratio with expansion media as
control A] A steady mineralization potential of osteogenic differentiated hBMSCs is shown even under 1:2
supplementation with adipogenic control medium with a significant increase of mineralization when supplementing
with PPARG agonist stimulated adipogenic media (ratio paired t-test p=0.0462, n=6). This mineralization effect is
redundant when comparing PPARG treated adipogenic media and solvent control (ratio paired t-test p=0.128, n=6)
B] When normalizing the calcification on day 14/day 21 on the cell number, no significant change is depicted for
the supplementation of osteogenic media with fat forming adipogenic derived media C] A similar effect of adipogenic
media supplementation is shown for insulin steered osteogenic differentiation. Here a significant increase of
mineralization is shown for the supplementation of PPARG agonist treated adipogenic media compared to the
adipogenic control media (ratio paired t-test p=0.0457, n=6) whereas this effect is reduced when comparing PPARG
agonist treatment with the solvent control D] The enhanced mineralization by adipocyte conditioned media is
negligible under normalized conditions

3.3.2. PPARG as driving force of metabolic changes in osteogenic hBMSCs
As shown in the previous chapters (3.3.1.2, 3.3.1.3), PPARG activation is the key factor to
induce adipocytes during osteogenic differentiation. To investigate the effects of those osteo-
adipocytes regarding metabolic regulation and energy homeostasis, osteogenic differentiated
hBMSCs were analyzed for their mitochondrial function. As a first step, mitochondrial function
for different time points of osteogenic control differentiation was assessed, defining the
baseline profile of energy metabolism. Osteogenic differentiation has been shown to coincide

with the induction of oxidative phosphorylation. In this study, it was highlighted that h(BMSCs
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change from a high glycolytic activity towards higher oxidative respiration when osteogenic
differentiation is initiated. Hereby, the oxidative consumption/extracellular acidification rate
(OCR/ECAR) ratio of hBMSCs driven towards the osteogenic phenotype increases depending
on the progress of differentiation. It is important to note, that on day 5 of osteogenic induction
and differentiation a significant increase of the OCR/ECAR ratio was depicted (Figure 46 A,
B). In addition, when solely investigating the OCR and ECAR levels a significant increase in
the oxidative consumption rate was shown already on day 2 of differentiation (Figure 47 A).
This increased OCR/ECAR ratio repealed on day 10 of osteogenic differentiation (Figure 46
C, Figure 47 C).
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Figure 46: hBMSC undergoing osteogenic differentiation represent increasing OCR/ECAR ratios on day 5
and enhanced oxidative phosphorylation in early stages of osteogenic differentiation

An increase in oxidative consumption and a decrease of extracellular acidification is depicted for early differentiation
time points describing a higher oxidative phosphorylation capacity of hBMSCs during the initiation of osteogenic
differentiation. Data graphs represent the hBMSCs under expansion with solvent control supplementation (light
grey) compared to the osteogenic differentiated hBMSCs under solvent supplementation (dark grey). Patient related
effects and technical replicates of importance while using the seahorse analyzer are highlighted by including all
data points into the figure. For statistical significance testing, the mean of all replicates of each patient is taken into
account A] An increasing trend showing higher OCR/ECAR ratios is already depicted on day 2 after the initial
induction of osteogenic differentiation (ratio paired t-test p=0.077, n=3) B] A significant peak of the OCR/ECAR ratio
is shown on day 5 of early osteogenic differentiation compared to the expansion control (ratio paired t-test p=0.0002,
n=6) C] The osteogenic driven increase of the OCR/ECAR ratio repeals on day 10 when mineralization and calcium
deposition starts (ratio paired t-test p=0.39, n=3)
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Figure 47: hBMSC undergoing osteogenic differentiation show an early increase of OCR but no decrease
of ECAR on day 2 after osteogenic induction

In addition to the OCR/ECAR ratios, the specific effects on each parameter of mitochondrial respiration is depicted
for day 2, day 5 and day 10 comparing expansion control (light grey) with osteogenic differentiation under solvent
supplementation (dark grey). Data is shown including technical replicates, tested for statistical significance using
the replicate mean of each patient A] HBMSC show a significantly increased OCR on day 2 after initial osteogenic
induction paired with no significant change in the extracellular acidification (ratio paired t-test p=0.0013, n=3) B] On
day 5 a significant increase in OCR and decrease in ECAR is shown for all patients (ratio paired t-test p=0.0426
and p=0.0023, n=6) C] Later osteogenic time-points such as day 10 where calcification and matrix mineralization
starts represent trends of higher OCR and ECAR (ratio paired t-test p=0.47 and p=0.42, n=3)
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Figure 48: A steadily increasing oxygen consumption favoring cellular ATP demand and a higher ATP
production by mitochondriais shown for hBMSCs under osteogenic differentiation

The OCR basal activity is represented as the oxygen consumption needed for cellular ATP demand and ATP
turnover is displayed as mitochondrial produced ATP required for the activity of hBMSCs during osteogenic
differentiation. Data is shown including technical replicates, tested for statistical significance using the mean of all
replicates of each patient. A] D] OCR on day 2 after initial osteogenic induction represents a trend of increased
basal activity and ATP turnover (ratio paired t-test p=0.061 and p=0.052, n=3) B] E] A significant increase in cellular
ATP demand and mitochondrial production is depicted for day 5 of early osteogenic differentiation (ratio paired t-
test p=0.0001 and p=0.0002, n=6) C] F] On day 10 of osteogenic differentiation the effect of day 5 is mirrored and
a significant increase basal activity and ATP turnover is shown (ratio paired t-test p=0.0017 and p=0.0016, n=3)

In addition, a significant increase of basal respiration was shown presenting a higher energy
demand of the cell under baseline osteogenic conditions especially on day 5 and day 10 of
differentiation (Figure 48 B, C). Further, a higher ATP turnover was identified for osteogenic
differentiated hBMSCs ascending until day 10 of differentiation (Figure 48 E, F). The higher
amount of ATP production by mitochondria to fulfill the cells needs during osteogenic
differentiation was depicted. In detail, day 0 was defined as initial induction of the osteogenic
transcription machinery and the time frame between day 7 and day 10 was described as early
osteogenic time-points were the first calcium depots started to form. In the latter, a significant

increase of oxidative spare capacity was determined underlining the increased flexibility and
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capacity of hBMSCs to respond to the high energy demand during osteogenic differentiation
(Figure 49).
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Figure 49: Later osteogenic differentiation time-points where mineralization and calcium deposition starts
are accompanied by a higher oxidative spare capacity

OCR spare capacity is shown as the cells ability to act under a high energetic demand such as rebuilding bone and
is representing the fitness of hBMSCs under osteogenic differentiation. Data is shown including technical replicates,
tested for statistical significance using the replicate mean of each patient. A] B] No change in oxidative spare
capacity is shown on day 2 and day 5 of early osteogenic differentiation (ratio paired t-test p=0.679 and p=0.113,
n=3-6) C] A significant increase of OCR spare capacity is show for day 10 of osteogenic differentiation representing
the capacity of hBMSCs during high energetic demand such as osteogenic mineralization (ratio paired t-test
p=0.0386, n=3)

3.3.2.1. Unigue effects of PPARG activation on the oxidative respiration
capacity (OCR)

The question remained, if PPARG activation could enhance oxidative phosphorylation and

other features e.g. OCR spare capacity, enabling an improved energetic supply for osteogenic
differentiation. PPARG agonist treatment during osteogenic differentiation was shown to
elevate the high OCR/ECAR ratios starting from day 10 of osteogenic differentiation (Figure
50). It is notable, that PPARG agonist treatment in early days of differentiation, on day 2 and
day 5 respectively, resulted in trending reduction to steady state of the OCR/ECAR ratio
compared to the osteogenic differentiation control. Hereby, suggesting an additional coinciding
increase of glycolysis and OXPHOS. The singular effects of the PPARG agonist treatment on

the OCR and ECAR levels did not show any significant changes (not shown).
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Figure 50: PPARG agonist treatment of hBMSCs positively impacts the OCR/ECAR ratio during osteogenic
differentiation

The OCR/ECAR ratio is depicted for the osteogenic differentiation with solvent control (dark grey) compared to the
PPARG agonist stimulated osteogenic differentiation (cyan). Data is shown including technical replicates, tested for
statistical significance using the replicate mean of each patient. A] B] On day 2 after osteogenic initiation the
PPARG agonist treated hBMSCs show a decrease in the OCR/ECAR ratio which is outbalanced on day 5 of
osteogenic differentiation (ratio paired t-test p=0.21 and p=0.72, n=3-6) C] On day 10, a patient specific elevation
of the OCR/ECAR ratio is shown for osteogenic differentiated hBMSCs when treated with PPARG agonist
rosiglitazone (ratio paired t-test p=0.36, n=3) The displayed effects are driven by increased OCR values rather than
ECAR values, which are shown to maintain stable (OCR increase shown in supplementary figure, ratio paired t-test
p=0.23, n=3)

Interestingly, when evaluating the PPARG agonist treatment and its influence in the expansion
media control a stable OCR/ECAR ratio was shown on day 2 and day 5 of culture with no
significant change induced by PPARG agonist treatment. On day 10 of expansion, PPARG
agonist treatment induced a significant increase in the OCR/ECAR ratio of expanded hBMSCs
compared to osteogenic differentiated hBMSCs (Figure 51). When comparing the singular
effects on the OCR and ECAR levels no significant change between separately analyzed
oxidative consumption was shown for the expanded hBMSCs treated with PPARG agonist

rosiglitazone (Figure 52).
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Figure 51: PPARG agonist treatment of hBMSCs during expansion results in a significant increase of the
OCR/ECAR ratio on day 10 of expansion

The OCR/ECAR ratio is shown for PPARG agonist treated hBMSC under expansion (cyan) compared to the
expansion with solvent control (light grey). Data is shown including technical replicates, tested for statistical
significance using the replicate mean of each patient. A] B] On day 2 and day 5 of hBMSCs expansion no significant
change is depicted for PPARG agonist stimulated hBMSCs (ratio paired t-test p=0.53 and p=0.54, n=3-6) C] A
significant upregulation of the OCR/ECAR ratio is shown on day 10 of expansion when comparing PPARG agonist
stimulated hBMSCs with hBMSCs expanded under the influence of the solvent control (ratio paired t-test p=0.02,
n=3)
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Figure 52: PPARG agonist treatment of expanded hBMSCs shows increasing OCR but no impact on ECAR
The individual OCR and ECAR values are shown for PPARG agonist treated hBMSCs under expansion (cyan)
compared to expanded hBMSCs under solvent control (light grey). Data is shown including technical replicates,
tested for statistical significance using the replicate mean of each patient. A] On day 2, an upregulation of the OCR
value and no impact on the extracellular acidification is shown when stimulating with PPARG agonist rosiglitazone
(ratio paired t-test p=0.15 and p=0.65, n=3) B] The PPARG agonist driven changes in the OCR and ECAR values
on day 2 are mirrored on day 5, where an increased OCR is shown for PPARG agonist stimulated hBMSCs (ratio
paired t-test p=0.08 and p=0.21, n=6) C] On day 10 of expansion the individual PPARG agonist driven effects on
the OCR value decrease (ratio paired t-test p=0.71 and p=0.67, n=3)
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It is of importance, that the elevated OCR/ECAR ratio in PPARG agonist treated hBMSCs of
osteogenic cultures was accompanied by an increased oxidative spare capacity identified on
day 10 of osteogenic differentiation (Figure 53). It was striking to show that especially hBMSCs
of patients harboring a diminished capacity to differentiate into the osteogenic lineage could
be rescued by the PPARG agonist driven effect of enhancing the OCR/ECAR ratio as well as
the oxidative spare capacity (Figure 54 C, D).
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Figure 53: PPARG agonist treatment results in a significant elevation of oxidative spare capacity and with
that a higher energetic fitness is shown at later osteogenic stages

The capacity of hBMSCs to respond to a high energetic demand while differentiating towards the osteogenic lineage
is depicted to significantly increase in hBMSCs under PPARG agonist treatment (cyan) when compared to the
osteogenic differentiation using a solvent control (dark grey). Data is shown including technical replicates, tested
for statistical significance using the replicate mean of each patient. A] HBMSCs on day 2 of osteogenic
differentiation initially show a decrease of oxidative spare capacity when compared to the control (ratio paired t-test
p=0.15, n=3) B] C] On day 5 of early osteogenic differentiation, the spare capacity is depicted to increase by PPARG
agonist treatment until day 10, where a significantly increased oxidative spare capacity is displayed while the first
mineralization and calcium deposition takes place (ratio paired t-test p=0.50 and p=0.0016, n=3-6)
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Figure 54: PPARG agonist treatment enables the induction of a beneficial metabolic OCR increase in
patients with poor osteogenic differentiation capacity

Three patients are depicted for their individual oxidative capacity measurements throughout the mitochondrial stress
test: The first three data points represent the basal activity of each patient, followed by three measurements of ATP
synthase inhibition using oligomycin, three measurements of mitochondrial membrane disruption using FCCP and
three measurements of the collapsed mitochondrial respiration by using complex | and Il inhibitors rotenone and
antimycin A. The basal activity is an important measurement combined with the oligomycin driven calculation of
ATP linked respiration, the FCCP determined maximal respiration and spare capacity as well as the
rotenone/antimycin A analyzed non-mitochondrial respiration. Data points are shown as normalized OCR values
per ug DNA. HBMSCs on day 5 of expansion (light grey) as well as osteogenic differentiation are shown (dark grey),
highlighting the PPARG agonist treated patient Pat784 and its OCR during osteogenic differentiation (cyan). A]
During osteogenic differentiation elevated levels of OCR are displayed for patient Pat660 and Pat346 compared to
the expansion control B] Osteogenic differentiated hBMSCs of patient Pat784 are shown as non-responsive while
maintaining low OCR levels C] When stimulating hBMSCs of Pat784 with PPARG agonist rosiglitazone, the OCR
is increased in comparison to the osteogenic control differentiation. PPARG agonist treatment steers a similar
increased OCR in Pat784 as for the other two patients Pat660 and Pat346 during standard osteogenic differentiation
D] The OCR/ECAR ratio of Pat784 on day 5 of osteogenic differentiation is likewise increased by PPARG agonist
treatment highlighting a rescue for osteogenic differentiation driven by PPARG agonist stimulation

Since PPARG agonist treatment induces insulin sensitivity in hBMSCs and insulin is known as
an important signaling molecule in energy metabolism, the impact of insulin and the

combination of insulin/PPARG agonist on the mitochondrial function was assessed. In contrast
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to the sole PPARG agonist treatment, the impact of insulin on the oxidative respiration during
osteogenic differentiation was shown to maintain steady OCR/ECAR ratio in hBMSCs. On day
2, the OCR/ECAR ratio was significantly decreased by insulin treatment (Figure 55 A). A
significant increase of the oxidative consumption rate was shown for day 5 of osteogenic
differentiation with supplementation of insulin and insulin in combination with PPARG agonist
treatment (Figure 55 B). On day 10, insulin supplementation induced a decreased OCR/ECAR
ratio when compared to the PPARG agonist treatment. It is of importance, that the reduced
OCR/ECAR ratio was again increased compared to the osteogenic control by a combined
treatment with insulin and PPARG agonist (Figure 55 C).
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Figure 55: Insulin treatment of hBMSCs during osteogenic differentiation maintains the OCR/ECAR ratio at
a constant level, whereas combined PPARG agonist and insulin treatment elevates the OCR/ECAR ratio
Different conditions such as osteogenic differentiation with solvent control (dark grey), osteogenic differentiation
with PPARG agonist treatment (cyan), osteogenic differentiation with insulin (black) and osteogenic differentiation
with a combination of insulin and PPARG agonist treatment (light cyan) are shown. Data is visualized including
technical replicates, tested for statistical significance using the replicate mean of each patient. A] On day 2 of
osteogenic differentiation a significant decrease of OCR/ECAR ratio is shown for the insulin treated condition
compared to the osteogenic differentiation control (ratio paired t-test p=0.0346, n=3) and no significant increase by
the combined treatment with PPARG agonist and insulin is depicted (ratio paired t-test p=0.0986, n=3) B] A
significant increase of OCR/ECAR ratio is shown for the combined treatment with PPARG agonist and insulin during
osteogenic differentiation (ratio paired t-test p=0.022, n=3-6), whereas no significant increase is shown for the
insulin treated group (ratio paired t-test PPARG agonist/insulin p=0.065 and ratio paired t-test
insulin/insulin+PPARG agonist p=0.083, n=3-6) C] On day 10 an elevation of the OCR/ECAR ratio is displayed for
all PPARG agonist treated groups

The basal activity for insulin supplied hBMSCs was shown to be higher on day 2 with a
significant upregulation on day 5 in hBMSCs under the combined insulin/PPARG agonist
treatment in comparison to sole insulin stimulation (Figure 56 B). This effect was inverted on
day 10, where insulin conditioned hBMSCs showed a strongly reduced basal activity compared
to the PPARG agonist treatment (Figure 56 C). The ATP consumption of hBMSCs under

insulin and insulin/PPARG agonist treatment likewise showed a strong decrease. Especially
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the combined treatment of osteogenic hBMSCs with insulin and PPARG agonist rosiglitazone
significantly induced the ATP turnover when compared to PPARG agonist or insulin only
(Figure 56 A, B). This significant increased ATP turnover on day 2 and day 5, further lead to
a significant reduction of ATP turnover during later stages of osteogenic differentiation under
insulin dependent conditions whereas in conditions with sole PPARG agonist treatment this
reduction was not shown (Figure 56 C). Summarized, this could suggest an insulin driven

detrimental effect on mitochondrial function.
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Figure 56: Insulin and PPARG agonist treatment steers a significant increase of basal activity and ATP
turnover on day 5 but leads to a significant downregulation of both on day 10 of osteogenic differentiation
This figure shows different conditions of osteogenic differentiation either with solvent control (dark grey), osteogenic
differentiation with PPARG agonist treatment (cyan), osteogenic differentiation with insulin (black) and osteogenic
differentiation with a combination of insulin and PPARG agonist treatment (light cyan) are shown. Data is visualized
including technical replicates, tested for statistical significance using the replicate mean of each patient. The
oxidative basal activity of hBMSCs under osteogenic differentiation with insulin/PPARG agonist treatment is shown
in combination with the mitochondrial ATP production. A] On day 2 an elevation of the basal activity is shown for
insulin and insulin+PPARG agonist treatment (ratio paired t-test p=093 and p=0.063, n=3) B] PPARG agonist
treatment in combination with insulin results in a significant increase of basal activity on day 5 of osteogenic
differentiation (ratio paired t-test p=0.0236, n=3-6) C] A decrease in basal activity is shown for all insulin stimulated
osteogenic conditions on day 10 of differentiation (ratio paired t-test p=0.17, n=3) D] Increased basal activity for
insulin treated osteogenic conditions is paired with a significant increase of ATP turnover, especially in the PPARG
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agonist+insulin treated group (ratio paired t-test p=0.099 and p=0.0496, n=3) E] Mitochondrial ATP production is
significantly increased in insulin treated conditions, especially in the PPARG agonist+insulin treated group (ratio
paired t-test p=0.0442 and p=0.0304, n=3-6) F] On day 10 of osteogenic differentiation, the decrease basal activity
is combines with a significant downregulation of mitochondrial ATP production in all insulin treated groups compared
to the osteogenic control and the PPARG agonist treated osteogenic condition (ratio paired t-test p=0.0002 and
p=0.0066, n=3)

The detrimental effect of insulin on the metabolic capacity was further shown by a significant
reduction of oxidative spare capacity and a significant increased proton leak of hBMSCs under
insulin supplementation compared to the PPARG agonist treatment in later stages of
osteogenic differentiation (Figure 57). In detail, the spare capacity of hBMSCs under insulin
dependent treatment increased on day 2. However, starting from day 5 sole insulin stimulation
was shown to negatively affect the spare capacity in comparison to PPARG agonist dependent
conditions (Figure 57 B, C). Interestingly, the negative effect of insulin on the oxidative spare
capacity during late osteogenic stages could be rescued by additional treatment of hBMSCs
with a PPARG agonist. Further, a significantly increased OCR proton leak in insulin dependent
conditions could be highlighted starting from day 5 when compared to the PPARG agonist
treated condition (Figure 57 E, F). Indeed, PPARG agonist treatment prevented all osteogenic
conditions from a significantly increased proton leak (Figure 57 F).
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Figure 57: Oxidative spare capacity is uniquely upregulated by PPARG agonist treatment independent of
insulin, whereas insulin treatment steers a significant increase of proton leak during osteogenic
differentiation

The osteogenic differentiation is shown for conditions with solvent control (dark grey), with PPARG agonist
treatment (cyan), with insulin (black) and with a combination of insulin and PPARG agonist treatment (light cyan).
Data is visualized including technical replicates, tested for statistical significance using the replicate mean of each
patient. The oxidative spare capacity of hBMSCs under distinct osteogenic conditions represents the ability of cells
to cope with a high energetic demand and the oxidative proton leak can either be used for detecting mitochondrial
damage/or as regulatory mechanism for ATP production of mitochondria. A] D] A significant increase of spare
capacity as well as an increased proton leak is shown by the combined treatment with PPARG agonist and insulin
on day 2 in comparison to the sole PPARG agonist treatment (ratio paired t-test p=0.0195, n=3) B] On day 5 insulin
as well as PPARG agonist treatment steers an increased oxidative spare capacity during osteogenic differentiation,
especially in the combined PPARG agonist and insulin treatment (ratio paired t-test p=0.031, n=3-6) E] Increased
oxidative spare capacity is accompanied by a significant increase of proton leak in PPARG as well as insulin
stimulated conditions (ratio paired t-test PPARG agonist p=0.0061 and PPARG agonist+insuin p=0.0015, n=3-6) E]
F] On day 10, a significant increase in oxidative spare capacity is only shown in PPARG agonist treated conditions
(ratio paired t-test PPARG agonist p=0.0016 and PPARG agonist+insulin p=0.029, n=3), whereas a significant
upregulation of proton leak is only shown in insulin treated conditions and especially PPARG agonist treatment
markedly downregulates the proton leak (ratio paired t-test PPARG agonist p=0.043 and insulin p=0.01 and PPARG
agonist+insulin p=0.0239, n=3)

3.3.2.2. Unique effects of PPARG activation on the glucose uptake capacity
PPARG agonist treatment affected not only the OCR ratio but also the glycolytic activity of
PPARG agonist treated hBMSCs. Therefore, we further investigated the glucose uptake of
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osteogenic hBMSCs under PPARG agonist activation. Indeed, PPARG agonist treatment of
hBMSCs was demonstrated to significantly increase glucose uptake on day 6 and day 10 of
osteogenic differentiation (Figure 58 A, B). This glucose uptake elevation was not shown while
supplementing insulin to osteogenic hBMSC cultures. Interestingly, the diminished effect in the
insulin treated osteogenic hBMSCs could be rescued by the combined treatment with the
PPARG agonist rosiglitazone resulting in a significant increase of glucose uptake in these
conditions at both time-points.
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Figure 58: PPARG agonist treatment remarkably upregulates glucose uptake during osteogenic
differentiation especially in combination with insulin treatment

Glucose uptake is shown for different osteogenic treatment conditions such as osteogenic control, solvent control,
PPARG agonist treatment, insulin treatment as well as the combination of both PPARG agonist+insulin treatment.
Glucose uptake in hBMSCs is determined in the form of relative light units (RLU) for two time points, the early
osteogenic time-point on day 6 and the late osteogenic time-point on day 10. On day 10 the glucose uptake is
shown as normalized values with RLU per ng DNA. A] A significant increase in glucose uptake capacity is shown
for PPARG agonist treatment and the combined PPARG agonist and insulin treatment on day 6 of osteogenic
differentiation (ratio paired t-test PPARG agonist/DMSO p=0.0436 and PPARG agonist+insulin/insulin p=0.008,
n=3) B] A similar pattern of glucose uptake increase is shown for PPARG agonist treated hBMSCs on day 10 of
osteogenic differentiation (ratio paired t-test PPARG agonist/DMSO p=0.022 and PPARG agonist+insulin/insulin
p=0.0296, n=3)

3.3.3. PPARG driven osteo-adipocytes trigger metabolic changes by a
unique gene expression pattern

The discovery of the PPARG agonist driven osteo-adipocytes and their effect on osteogenic
differentiation led to two broad questions. First of all, the question remained which kind of
adipocyte type was induced within the osteogenic milieu. In this sense, we attempted to pin
down characteristics of BAT, WAT or brite adipocytes to the PPARG agonist induced osteo-
adipocytes. Second, we asked whether direct effects of osteo-adipocytes drive osteogenic
differentiation through specific signaling cascades. Both questions, were investigated by
analyzing gene expression patterns and underlying signaling cascades in PPARG agonist

stimulated osteogenic differentiation at early (day 7) as well as late osteogenic stage (day 14)
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in comparison to the osteogenic control. In order to get a first insight, hBMSC of three different

patients were analyzed using the RNA sequencing method.

Indeed, KEGG pathway analysis showed significantly upregulated signaling cascades such as
Pi3K/AKT (padj=0.001), AMPK (padj=0.002) and MAPK (padj=0.0005) in the PPARG agonist
treatment group already in early stages. In addition, genes underlying the insulin signaling
pathway were significantly increased (padj=0.0015). At late osteogenic stage, PPARG agonist
treatment resulted in significantly increased PPARG signaling (padj=0.01) in combination with
the upregulation of associated genes of the AMPK pathway (padj=0.03) as well as
adipocytokine signaling (padj=0.05) defined by KEGG pathway analysis (Figure 59 C). To
identify differences in specific genes of interest, the PPARG agonist stimulated osteogenic
differentiation was clustered against the osteogenic control for the late osteogenic time point
(day 14). It was shown that a total of 1.373 genes (p-value cut off 0.1) was differentially
regulated within the PPARG agonist treated osteogenic hBMSCs compared to the control. The
most prominent finding was the significant upregulation of adiponectin ADIPOQ (padj=0.0000,
Log2FC 9.516) in the PPARG agonist treated osteogenic differentiation (Figure 59 A, B). This
was accompanied by the upregulation of several brite adipocyte associated genes e.g. CIDEA
(padj=0.0000, Log2FC 7.666), KLF11 (padj=0.0311, Log2FC 2.328), FABP3 (padj=0.0000,
Log2FC 2.729), PPARG (padj=0.0964, Log2FC 1.616) [195]. Further, pathways found in the
molecular signature database (MSigDb) such as adipogenesis (padj=0.01), fatty acid
metabolism (padj=0.0005), hedgehog signaling (padj=0.01) were shown to be significantly
enhanced by PPARG agonist treatment. In addition, genes associated with increased
metabolic fithess were changed in expression. Exemplarily, genes such as CD36
(padj=0.0000, Log2FC 4.214) and PGC1b (padj=0.0001, Log2FC 3.170) contributing to
mitochondrial fatty acid beta oxidation, PGCla (padj=0.0003, Log2FC 2.401) involved in
mitochondrial activation and AQP11 (padj=0.0000, Log2FC 1.545) as ‘super aquaporin’
regulating oxidative stress were upregulated within the PPARG agonist treated osteogenic
hBMSCs [278]. Adiopocyte hallmark genes such as fatty acid binding protein 4 FABP4
(padj=0.0000, Log2FC 9.908), perilipins PLIN1 (padj=0.0000, Log2FC 6.670) and PLIN5
(padj=0.0000, Log2FC 4.368) as well as aquaporins such as the glycerol transporter AQP7
(padj=0.0000, Log2FC 7.912) were show to be enhanced by the treatment with PPARG
agonist rosiglitazone [279]. Insulin signaling pathway (Figure 59 C) and common associated
genes (Figure 59 A) were enhanced e.g. LPL (padj=0.0000, Log2FC 5.579), PiK3R1
(padj=0.019, Log2FC 1) and AQP3 (padj=0.0000, Log2FC 2.913), the latter known to
contribute to the modulation of Pi3K/Akt insulin signaling [280]. Of most interest, characteristic
genes of cBMAT were shown to be significantly upregulated in the PPARG agonist induced

osteo-adipocytes. The following cBMAT genes can be summarized as significantly upregulated
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via PPARG agonist treatment; SCD-1 (padj=0.0000, Log2FC 2.287), CEBPA (padj=0.0008,
Log2FC 2.774), SREBF1 (padj=0.0197, Log2FC 0.985). In response to the first question, this
study showed that the osteo-adipocytes cannot be classified as one of the three main
adipocyte types e.g. WAT, BAT, brite adipocytes. Osteo-adipocytes have been marked with
adipocyte hallmark genes, with the focus on an increase of cBMAT as well as brite associated
genes. To address the second question, this study suggests that osteo-adipocytes highly
upregulate insulin associated metabolic pathways such as Pi3K/AKT and adipocytokine
signaling with the focus on e.g. adiponectin, as already described in the secretome analysis in
the previous chapter (3.3.1.3) and (Figure 59 B, C). According to the gene expression
analysis, osteo-adipocytes are further represented as adipocytes with a large gene repertoire

of genes associated with high mitochondrial activity and metabolic fitness.
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Figure 59: Specific genes and signaling can be identified in PPARG agonist stimulated osteogenic hBMSCs
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RNA sequencing data of PPARG agonist stimulated osteogenic hBMSCs in comparison to the osteogenic control
is visualized in three different ways: A] Volcano plot of significantly upregulated genes is shown for the PPARG
agonist stimulated condition (Osteo+Rosi) in comparison to the osteogenic control (OMLsg) on day 14, this is
visualized by plotting the adjusted p-value and Log2FC with a threshold of padj=0.05 and Log2FC of 1 B]
Significantly increased expression of adiponectin (ADIPOQ) in the PPARG agonist stimulated osteogenic condition
(Rosiglitazone) in comparison to the osteogenic control (DMSO) is shown as boxplot C] KEGG pathway analysis of
differentially regulated signaling pathways including insulin signaling, PPAR signaling and adipocytokine signaling
is shown for the PPARG agonist treated osteogenic condition (Osteo+Rosi) on day 14, red marks upregulated
pathways, blue marks downregulated pathways by concurrent visualization of the effect size, further thresholding
was done using padj=0.05, Log2FC of 1 and AUC of 0.5 (Analysis and statistical evaluation performed by Dr.
Andranik Ivanov)
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4. Discussion

In the following discussion, | will elaborate on the beneficial impact of PPARG agonist
treatment during the regeneration of bone. First, the crucial importance of adipocyte and bone
interaction during regeneration and inflammation is explored. Second, the detrimental as well
as supporting role of PPARG agonist primed BMAs during bone healing will be highlighted. In
this context, the broad spectrum of pro-regenerative BMAs e.g. adipokine secretion, metabolic
fitness induction, and alterations of insulin and glucose metabolism during osteogenic
differentiation of hBMSCs will be discussed. With this discussion, | want to emphasize that
there is no black and white when it comes to BMA driven effects especially in the unique

environment of the bone marrow.

4.1. Studying bone regeneration under explorative immune
activation

4.1.1. BMAs as connecting piece between regeneration and anti-
inflammation

In this first part of my thesis, it could be demonstrated that the systemic neutralization of pro-
inflammatory cytokines such as TNFa and IFNg during early and late regeneration phases
resulted in a significant upregulation of anti-inflammatory CD4* T helper 2 cells (TH2) during
in vivo fracture healing. In the literature, this polarization of T helper cells into TH2 cells is
known to steer an anti-inflammatory milieu by secreted cytokines such as IL4 and is known to
promote beneficial fracture regeneration [252][134][136]. However, limited amount of research
has been done on the presence of CD4+ TH2 cells in the compartment of adipose tissue. In
the literature, CD4+ TH2 cells are proposed to alleviate systemic inflammation and metabolic
dysfunction e.g. insulin resistance [137][138][139]. In connection to the beneficial impact of
anti-inflammation on bone, various publications showed that the neutralization of TNFa and
IFNg reduced detrimental effects on bone [281][43]. In contrast, systemic anti-TNFa treatment
was likewise shown to result in disturbed fracture healing and low dose TNFa was shown to
steer positive effects on bone in early phases of regeneration. This is going in line with the fact,
that pro-inflammation is needed in the early fracture repair [98]. The cytokine IFNg is described
with ambiguous effects on osteoblasts. It is well-known, that overexpression of IFNg is
connected to the induction of pro-inflammatory CD4+ TH1 cells impairing bone regeneration.
This detrimental shift in immune activation can likewise be induced in CD4+ T cells by e.g.
depletion of PPARG, the main candidate transcription factor of this thesis [105]. In fact, PPARG
ligands activating PPARG, known as the main transcription factor of adipogenic differentiation
are inducing anti-inflammatory effects by directly inhibiting IFNg by repressing IFNg promotor

constructs [282]. In line with that, PPARG is defined with an essential role in controlling TH2
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effector function and is involved in the resolution of inflammation in different cell types
[116][283][131][284].

In our setup, the systemic neutralization of both pro-inflammatory TNFa and IFNg did not
improve bone structure parameters. However, we could highlight that systemically blocking
pro-inflammatory cytokines is accompanied by the induction of an overall anti-inflammatory
state. In addition to the anti-inflammatory milieu, an unexpected accumulation of bone marrow
adipocytes next to the fracture site was identified. This exciting result can be delineated to the
fact, that IFNg neutralization is known to steer bone marrow adipocyte differentiation by
activating the signaling through PPARG [102]. This could serve as explanation for the occuring
accumulation of bone marrow adipocytes in our experiments after neutralization of TNFa and
IFNg. This result changed the perspective of solely determining immunological effects on bone
towards including adipose tissues located within the bone marrow in proximity to bone forming
cells and immune cells at the injury site. Underlining that, no detrimental effects of the
accumulating bone marrow adipose tissue on the bone parameters could have been shown
during our study. This improvement goes against the common view of the community indicating
adipocytes as detrimental during the regeneration of bone. Indeed, the beneficial effects could
be explained by the induction of a systemic anti-inflammatory milieu by neutralization of TNFa
and IFNg in the whole body as well as within adipose tissue. Up to now, adipose tissue has
been described to exert pro-inflammatory signaling in various chronic diseases and is shown
to harbor high levels of TNFa and IL6, rather steering detrimental effects on regeneration [208].
However, the common view on bone marrow adipocytes in regeneration is currently re-thought
and | intend to fortify this re-thinking by the means of my research. Most recently, the energy
supply from bone marrow adipocytes was shown to be indispensable for the adaptations of
MSCs and immune cells to dramatic stress situation such as injury [285]. Supply of nutrients
and energy from bone marrow adipose tissue to other cells during bone regeneration upon

fracture is proposed as rescue mechanism [169].

Since, we intended to induce an anti-inflammatory fracture adjacent adipose tissue and CD4+
TH2 cell priming, | shifted the focus from only neutralization of IFNg towards the specific
induction of anti-inflammatory adipocytes using the PPARG agonist rosiglitazone. While using
PPARG as main transcription factor for adipogenic differentiation, | could show an anti-
inflammatory shift correlating with a significant accumulation of bone marrow adipocytes during
our in vivo bone regeneration experiments. Hereby reproducing the already shown effects
resulting from the neutralization of pro-inflammatory cues such as IFNg and TNFa. Above all,
PPARG activation and the resulting adipogenic differentiation within bone, was shown to steer
significantly improved bone parameters during our bone healing experiments. Indeed, | could

show a significant increase in CD4+ TH2 cells by PPARG agonist treatment during our in vivo
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experiments. Whereas, the remaining pro-inflammatory subsets of the CD4+ compartment
such as TH1 cells and TH17 cells were not affected by the PPARG agonist treatment. In the
literature, important anti-diabetic drugs such as PPARG agonists are known to steer CD4+
TH2 polarization. Both, the development of CD4+ TH2 cells and their fatty acid metabolism is
dependent on PPARG signaling. [134][136] Hereby connecting the induction of PPARG
agonist driven adipocytes and the TH2 cell polarization with beneficial effects on skeletal
parameters during bone regeneration. In our model, the exposition of young mice to
physiological pathogens during regeneration enabled the development and accumulation of
environmentally primed, PPARG agonist induced BMAT, identified as pro-regenerative, anti-
inflammatory key component during fracture healing. In summary, linking bone marrow

adipocytes to anti-inflammatory features steering beneficial regeneration.

4.1.2. PPARG agonist primed BMAs combine site specific pro-regenerative
effects on bone

The treatment with the PPARG agonist rosiglitazone resulted in a high accumulation of
adipocytes first in the distal part at the growth plate of the unfractured as well as the fractured
bone in comparison to the control without PPARG agonist stimulation. The localization of
adipocyte accumulation suggested the adipocytes to be cBMAT. Indeed, PPARG agonist
treatment markedly increased the bone volume and tissue volume in concurrence with
significantly enhanced trabecular thickness and the ability of bone to endure torsional forces.
Furthermore, the bridging of bone was significantly increased by the PPARG agonist treatment
compared to control bones. We further intended to link this beneficial bone structure and
healing process to the accumulating adipocytes within the marrow investigating the amount

and location of cBMAT in the different experimental treatment and control groups.

On the one hand, our work showed that even without treatment with a PPARG agonist, the
cBMAT accumulation was induced by the sole fracture incidence. Hereby, we are the first to
show a correlation between fracture induction and healing with the physiological response of
adipocyte development. On the other hand, PPARG agonist treated bones were shown to also
induce adipocyte accumulation independently of the fracture incidence. The highest amount
of cBMAT accumulation happened in the PPARG agonist treated fractured bones. It has to be
highlighted, that especially in unfractured bones, a strong delta of cBMAT upregulation next to
the distal growth plate was induced by PPARG agonist treatment. In the literature, a positive
correlation of marrow adiposity and bone mineral content has been described especially in
young animals [286][287]. This goes in line with our results, since our osteotomy model was
likewise using young, healthy animals. It is a fact, that cBMAT has been described to initially
develop from more transient and primitive progenitor stromal cells, whereas rBMAT was

proposed to differentiate from definite adult progenitors [288]. It is still questionable if there is
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a steady cBMAT source nourishing the development of adipocytes towards a pro-regenerative
phenotype during bone turnover and healing. Our experiments showed, that adipocytes
induced by PPARG treatment were marked by a larger adipocyte size compared to those
induced in the control condition. In our research no accumulation of rBMAT could be identified
in any of the PPARG agonist treated or control bones. This was not surprising since rBMAT
only accumulates in aged individuals [22]. In the literature, contradictory opinions on the
PPARG agonist activation and adipose tissue accumulation are postulated either stating the
specific induction of cBMAT or rBMAT [286][72]. However, it is important to note that cBMAT
is proposed to have the ability of taking the role of rBMAT e.g. in supporting hematopoiesis
especially in the young, while the phenotypic fate is still plastic [203][204].

We could further show that PPARG agonist treatment resulted in a significant upregulation of
the omega-6 to omega-3 fatty acid ratio in proximal regions of femoral control bones, where
rBMAT is usually located. Whereas, no increase was shown for the distal region of femoral
control bone, comprising cBMAT. In the literature, omega-6 polyunsaturated fatty acids
(PUFASs) are known as biochemical sources of pro-inflammatory prostaglandins and have been
controversially discussed for their concentration dependent, detrimental influence on bone
health [34]. Low doses of e.g. prostaglandin E2 have been described to induce bone formation
compared to high concentrations which harbor detrimental effects in inhibiting proliferation by
CAMP signaling [289][290]. The recent finding of the prostaglandin 15d-PGJ2 as important
endogenous ligand for PPARG, linked the induction of anti-inflammatory features and pro-
inflammatory cytokine inhibition to the increase of omega-6. Indeed, prostaglandin production
by omega-6 and omega-3 PUFAs and their ability to activate PPARG is well described in the
literature [86]. In addition to that, iloprost a widely known prostacyclin analog is shown to harbor
immunomodulatory features steering a pro-regenerative fracture healing milieu comprising
downregulated pro-inflammatory immune cells and enhanced mineralization of osteogenic
hMSCs [291]. This draw the line towards explaining the upregulation of omega-6 PUFAS in
concordance with PPARG agonist treatment [35]. In regards to the omega-3 PUFAs, no
significant change was shown in the femoral bones of PPARG agonist treated mice. This is
unfortunate, since apart from the controversial impact of omega-6 PUFAs on bone, omega-3
PUFAs are described with beneficial effects on bone mineral density (BMD) by e.g. increasing

bone collagen synthesis.

Next to the fatty acid composition in PPARG agonist driven BMAT, the most important finding
of this study was that we were able to identify a new, pro-regenerative cBMAT aligned in the
distal part of the bone in near proximity to the fracture site. This cBMAT was shown only in
PPARG agonist treated fractured bones, whereas in fractured control bones no adipocytes

could be determined. The enhancement of this pro-reg cBMAT was associated with an
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increased bone volume in all PPARG agonist treated mice. Moreover, an increase of SCD-1
in all BMAT regions could be shown in PPARG agonist treated mice, which was specifically
enhanced only in the pro-reg cBMAT region in comparison to the control. The in vivo SCD-1
increase is depicted as ratio of palmitoleic acid to palmitic acid. This goes in line with the in the
literature described higher amounts of unsaturated fatty acids e.g. palmitoleate and oleate in
cBMAT, that markedly distinguishes it from other adipose tissue types [286][73]. Further, an
increase in SCD-1 is likewise determined for cBMAT enabling the formation of
monounsaturated fatty acids. Interestingly, SCD-1 has been shown to prevent lipotoxicity and
palmitic acid induced ER stress and inflammation in hMSCs [292]. Interestingly, we could
reproduce the increase of SCD-1 in vivo by a significant increase of SCD-1 gene expression
during beneficial in vitro osteogenic differentiation under PPARG agonist stimulation. This goes
in line with current literature on the overexpression of SCD-1 being shown to promote
osteogenic differentiation in mesenchymal stromal cells [293]. The fracture aligned pro-reg
CcBMAT is proposed to act as a potential supplier or storage hub for metabolites, cytokines and
proteins inducing a rescue mechanism for cells under high energetic demand such as during

fracture injury [294].

4.2. Changing the adipocyte focus to bone - Mirroring beneficial

PPARG activation in osteogenic cultures
| could show, that the in vivo induced enhancement of bone formation and healing by the
means of PPARG agonist treatment can be reproduced in osteogenic cultures using hBMSCs.
Indeed, early osteogenic differentiation markers e.g. ALP activity was significantly increased
by PPARG agonist treatment in comparison to the control. Further, osteogenic differentiation
at later time-points defined by the amount of mineralized matrix was likewise shown to be
significantly enhanced by PPARG agonist treatment. These are important results, since
osteogenic differentiation is the hallmark of good bone regeneration, driving bone formation
and fracture bridging. There is scarce evidence in the literature of PPARG agonist driven,
enhanced mineralization under standard osteogenic differentiation [87][295]. However,
literature showed that PPARG agonist treatment leads to a coinciding induction of adipogenic-
as well as osteogenic differentiation, while osteogenic differentiation was shown to be further
accelerated under the same conditions [296]. In fact, PPARG inhibition and the resulting
blockage of BMAT expansion has been shown to steer bone loss in e.g. type 2 diabetic patients
[297]. Underlining that, the knock-down of PPARG during osteogenic differentiation with BMP2
has been shown to result in impaired osteogenic differentiation, migration, proliferation and
non-union of critical size bone defects [219]. In summary, the in vivo appreciated beneficial
impact of PPARG agonist stimulation on bone was reproduced during in vitro osteogenic

differentiation. Eventually, the impact of systemic anti-inflammation and the induction of pro-
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regenerative cBMAT finally resulted in an enhanced beneficial bone structure. An important
side note is that PPARG agonist treatment was shown to be a specific driver of osteogenic
differentiation without influencing the proliferative capacity of hBMSCs.

4.2.1. PPARG agonist driven insulin sensitization and insulin
supplementation differs in osteogenic cultures

Interestingly, | could show that a morphological distinct pattern of matrix mineralization was
steered during osteogenic differentiation with high insulin concentrations compared to the one
induced by PPARG agonist treatment. In detail, insulin driven mineralization showed large-
scale calcium deposits, whereas PPARG agonist driven mineralization was displayed as more
focused calcium deposits. Since, PPARG agonist treatment is marked by the sensitization of
cells towards insulin, we intended to define if the enhanced osteogenic potential was
specifically resulting from insulin driven signaling. This question is underlined by the fact that
bone formation itself has been shown to be depend on insulin signaling [225][226]. PPARG
agonist treatment was shown to induce specific pro-osteogenic effects without influencing the
proliferation of hBMSC, it was surprising to show that insulin treatment resulted in broader
effects. In summary, high insulin concentrations were marked by enhanced osteogenic
mineralization, proliferation under osteogenic stimuli as well as an increased overall metabolic
capacity of expanded as well as osteogenic differentiated hBMSCs. In the literature, insulin is
described as inducer of proliferation as well as inducer of osteogenic mineralization in tendon
derived progenitor cells [298]. Interestingly, the increased mineralization in tendon progenitor
cells, which was steered by insulin was likewise shown to be mitigated by inhibiting the IGF-1
receptor [298][299]. High levels of insulin e.g. during hyperinsulinemia have been shown to be
rather pro-proliferative, whereas high glucose levels e.g. hyperglycemia has been shown to
decrease proliferation. However, in the above described publication, both conditions were
shown in to enhance mineralization of tendon derived progenitors. The authors even described
the insulin and glucose overstimulation as hypermetabolism. It is still questionable if such
hypermetabolic states could be associated with a rather pathological ossification state, which
could be likewise presented in our experiments on insulin driven mineralization [298]. On the
contrary, PPARG agonist treatment has been proposed to inhibit cell proliferation by lowering
circulating insulin and hereby beneficially affecting the insulin/IGF axis. In line with that,
PPARG agonists could be of potential use as preventive for hypermetabolic
states/hyperinsulinemia by outbalancing the overactivated insulin/IGF axis [227]. In summary,
compared to insulin stimulation, the PPARG agonist induced effects were specifically pro-
osteogenic and resulted in a physiological and beneficial impact during osteogenic

differentiation of hBMSCs. These effects will be delineated in detail in the next chapters.
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4.2.2. PPARG agonist treatment highlights adipocyte and bone co-induction
Of most interest during this study, was the unique effect of PPARG activation on the co-
induction of adipocytes next to the enhanced matrix mineralization during later stages of
osteogenic differentiation. Osteo-adipocyte accumulation localized in close proximity to
calcium depots mirrored the already described effects of PPARG agonist treatment during in
vivo fracture healing, where pro-regenerative cBMAT accumulation was correlated with an
improved bone structure. In the literature, skeletal muscle fibro/adipogenic progenitors have
been shown to expand in response to injury and were shown to provide important signals of
pro-differentiation for myogenic progenitors [206]. In addition, the accumulation of adipocytes
has been shown to correlate with muscle degeneration, but the effects of these adipocytes
have been found to be secondary to muscle degeneration rather than the cause of it [300]. In
our experiments, the co-induced adipocytes highlighted as osteo-adipocytes were formed
starting from day 7 of osteogenic differentiation prior to the initial calcium
deposition/mineralization. This goes in line with the proposition of adipocyte accumulation
secondary to bone injury being involved in improving the healing outcome. To further argument
on that, research regarding patients treated with IL6 and BMP2 showed the co-formation of
adipose tissue in bone resulting in a beneficial fracture healing [215]. Surprisingly, adipocytes
were even shown to enhance regeneration of critical-size bone defects when implemented in
a decellularized human adipose tissue hydrogel [207]. The regenerative effect in the above
described setting was further increased by the incorporation of adipose-derived stromal cells
which had been pre-conditioned with osteogenic media [207]. Concomitant induction of
adipocytes in bone highlight a necessary interconnectivity of both cell types during healthy and
physiological regeneration. Indeed, literature on intracellular lipid droplet formation supporting
osteoblastogenesis as well as the recent evidence that osteogenic cells rely on fatty acid
utilization further strengthens the positive impact of fatty acids and lipids to combat high
energetic demands during differentiation [169]. In line with that, research has been done on
the lipid repertoire in cell membranes of mesenchymal stromal cells and its ability to enhance
osteogenic differentiation directed by omega-3 PUFAs [301]. A comparable beneficial impact

was shown for spontaneous adipocyte accumulation during chondrogenic differentiation [210].

In my experiments, the combined treatment of PPARG agonist rosiglitazone and high insulin
concentrations further enhanced the osteo-adipocyte induced mineralization. This could be
due to the PPARG agonist driven sensitization of hBMSCs towards insulin and the resulting
insulin metabolism as well as osteogenic induction. It is widely known, that PPARG activation
induces genes involved in insulin signaling knowingly improving insulin sensitivity and
enhancing glucose and lipid metabolism [236]. Further, PPARG activation is known to

influence phosphorylation events of insulin receptor substrate (IRS-1 and IRS-2) proteins, the
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activation of phosphatidylinositol-3-kinase (P13-kinase) and protein kinase B (Akt) signaling.
Indeed, PI3k/Akt signaling has been shown to promote fracture healing by the interaction with
the Wnt/b-catenin pathway. The PI3k/Akt/b-catenin axis as well as Wnt3a is described for the
partaking and induction of osteoblast proliferation, differentiation as well as mineralization
[302]. This is again underlining my results, showing improved osteogenic mineralization due
to the combined PPARG agonist and insulin treatment. However, solely supplementing high
insulin  concentrations during osteogenic differentiation showed no osteo-adipocyte
accumulation in any of the tested patient derived hBMSCs. In the literature, it is known that
insulin has a pro-proliferative and pro-developmental effect on pre-adipocytes. These insulin
responses are mediated by signaling through IRS-1 and IRS-2 [303][234]. However, IRS-1 has
been shown to negatively regulate adipogenesis in bone marrow stromal cells by
downregulation of e.g. PPARG in comparison to IRS-2, which was associated with the
upregulation of adipogenesis [233][234]. This could mean, that the insulin driven effect in our
experimental setup is resulting from signaling via IRS-1 rather than IRS-2. Another reason
could be that high insulin concentrations are known to tackle IGF-1, while IGF-1 is associated
with a decline in BMAT. Underlining the loss of adipocytes in concurrence with an
enhancement of osteogenic differentiation, our experimental insulin condition could resemble
a high insulinemic state. [304][305] This high insulinemic milieu could be the cause of a
detrimental hypermetabolic state, while still inducing increased mineralization of osteogenic
hBMSCs associated with detrimental effects such as low bone turnover, high bone mass and
cellular senescence [232]. Insulin lowering agents such as PPARG agonists have been shown
to downregulate IGF signaling and by that could be important regulators of a rescue
mechanism improving hyperinsulinemic states [265][264].

In my experiments, osteo-adipocytes showed a strong morphological resemblance to common
adipogenic differentiated hBMSCs cultivated without the influence of osteogenic triggers. This
is according to the literature, since the morphological similarity of BMAT and WAT was
described in various studies. However, both adipose tissue types were represented as
functionally different. [306][197] Conversely, while performing control differentiations steering
the common fat forming adipocyte lineage under PPARG agonist treatment, no increase in
adipocyte number could be shown in comparison to the differentiation without the PPARG
agonist. This goes in line with my in vivo results showing a steady weigh of mice under PPARG
agonist treatment compared to the control group. The common understanding of PPARG
activation has been marked by the fact that PPARG is known to steer adipogenic differentiation
[43]. However, within the bone marrow, research on lineage decision into adipogenic or
osteogenic committed mesenchymal stromal cells is described as a decision making at the

expense of one or the other [307]. Two phases have been described for adipogenesis namely
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the determination and terminal differentiation phase [308]. On the one hand, the determination
phase is known as adipocyte lineage commitment phase, where other differentiation processes
are inhibited. On the other hand, the terminal phase defines the phase where pre-adipocytes
are converted into mature adipocytes. Underlining that, it could well be that my results on
adipocyte development in cultured and already primed lineage driven adipogenic cells is no
longer dependent on further PPARG agonist stimulation at least not with respect to the
enhancement of adipocytes accumulation. Accordingly, there is additional evidence in the
literature that PPARG activation can positively regulate both adipocyte as well as osteoblast
differentiation of mesenchymal stromal cells from marrow [309]. The osteo-adipocytes
appearing during our experimental osteogenic cultures were further characterized by gene
expression analysis. Results showed, a significant upregulation of brite specific genes in
PPARG agonist stimulated osteogenic hBMSCs e.g. CIDEA, KLF11, FABP3 and PPARG
itself. However, a concurrent upregulation of common adipocyte genes as well as genes
specific for cBMAT induction was shown in PPARG agonist primed osteogenic cultures. It is
of importance to say, that the limitation of our experimental setup was shown to be the co-
culture of our osteo-adipocytes with osteogenic cells, resulting in the fact that | could not strictly
differentiate the gene expression changes between both cell types. However, when focusing
on the osteo-adipocyte characterization: A recent publication has identified a specific role of
PPARG agonist rosiglitazone in steering a functional change from white to brown adipocytes,
namely brown-in-white (brite) adipocytes [195]. This induction of browning and the resulting
accumulation of brite adipocytes is associated with an increased upregulation of brite-selective
genes and mitochondrial oxidative capacity. Hereby, highlighting the development of a
metabolically active and beneficial adipocyte type. It is still to be elucidated what kind of bone
marrow adipocyte type was introduced by treating osteogenic cultures with PPARG agonist
albeit evidence is clear that PPARG activation and resulting adipocyte formation enhanced

mineralization by steering PPARG signaling during osteogenesis.

4.2.3. PPARG stimulated osteo-adipocytes present specific characteristics
improving bone regeneration

In my experiments, PPARG induced osteo-adipocytes were shown to exert specific paracrine
effects when accumulating during osteogenic differentiation. The secretory profile of PPARG
agonist primed osteo-adipocytes comprised significantly higher levels of adiponectin, a well-
known adipokine when compared to common fat forming adipocytes. Indeed, this secretory
profile was confirmed on the gene expression level were PPARG agonist primed osteogenic
hBMSCs showed significantly increased levels of ADIPOQ in comparison to the control
differentiation at early (day 7) and late (day 14) osteogenic time points. In the literature,

AdipoR1 overexpression is associated with increased bone volume and enhanced trabecular
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number [310]. Next to that, adiponectin has been shown to increase the expression of
osteoblastic genes by that increasing the mineralization capacity of cells during osteogenic
differentiation [261][311][312]. Remarkably, adiponectin secretion from adipocytes has been
described to directly inhibit adipogenic differentiation and promote osteogenic differentiation of
BMSCs [313]. This is further implying a concurrent induction of both differentiation pathways
harboring beneficial effects on bone formation. Adiponectin is further shown to induce a
balance towards anti-inflammation [256]. This makes adiponectin, a prominent target to reduce
pro-inflammation in bone. In the literature, the influence of adiponectin was shown to mirror
the influence of Th2 cytokine secretion, especially IL4 and adiponectin has been suggested to
share similar mechanistic pathways as TH2 cells in steering M2 macrophage polarization
[314][118]. Hereby, our in vivo data on cBMAT accumulation and TH2 cell induction by PPARG
agonist treatment could be interlinked by the increased adiponectin levels. It is still
guestionable, which secretory profile can be pinned down to each BMAT type e.g. cBMAT and
rBMAT. However, adiponectin production has been shown to be higher in cBMAT compared
to rBMAT [315][316]. These results from the literature, again can be connected to our in vivo
generated data on the PPARG agonist induced adipocyte accumulation in the distal part of the
bone e.g. cBMAT locality, which should strongly resemble the in vitro cultured PPARG agonist
induced osteo-adipocytes [204].

Additional anti-inflammatory features could be shown in our experiments, since PPARG
agonist primed osteo-adipocytes profoundly downregulated pro-inflammatory adipocytokines
such as MCP1 and IL1b. These effects were underlined by various studies characterizing
adiponectin as adipokine able to improve e.g. diet-induced inflammation especially by
suppression of TNFa induced MCP1 expression [317]. The predominant results, showed anti-
inflammatory and anti-apoptotic features of adiponectin [318][319]. In concurrence, research
showed that the treatment of human adipose tissue with IL1b has reverse effects on
adiponectin, specifically reducing adiponectin mRNA levels and production [320]. Current
literature on the effects of IL1b can be summarized to cause insulin resistance and the
reduction of PPARG signaling [321]. Regarding bone, the detrimental, prolonged early
inflammatory phase of bone regeneration is enrolled by enhanced production of pro-
inflammatory cytokines and chemokines such as MCP1, TNFa, IL1b and IL6 [18][252]. This
further leads to a prolonged recruitment and accumulation of inflammatory cells towards the
fracture inhibiting adaptive homeostasis as well as the anti-inflammatory switch needed for
regeneration [16][322]. However, controversial data exist for MCP1, which has been described
with pro- and anti-inflammatory features in relation to bone [323]. MCP1 is associated with
bone remodeling as well as pathological bone conditions. Indeed, MCP-1 is important for

macrophage recruitment in early phases of bone healing where it has important regulatory
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features in the recruitment and activation of bone cells needed for skeletal fracture repair and
bone remodeling [324][325]. However, increasing levels of MCP1 are likewise known to drive
osteoclast formation [326]. Higher MCP1 levels are likewise associated with a decreased BMD
and are positively associated with inflammatory markers such as TNFa and IL6 [327].
Therefore, the induction of MCP1 in early fracture healing phases might possess beneficial
features but when overproduced during the later stages, when the change towards anti-
inflammation is indispensable, it harbors detrimental effects [18][252]. Antagonism of MCP1
has been described to improve metabolic control by restoring the balance between
adipogenesis and hematopoiesis in bone marrow of patients with type 2 diabetes [328]. The
antagonism of MCP1 by PPARG agonist treatment could be of beneficial impact also in bone
regeneration. In line with that, reduced bone marrow adipogenesis and increased osteocyte
density has been characterized for MCP1 antagonism [328]. Chronic inflammatory states have
been shown to have detrimental effects on bone regeneration because of the steady
upregulation of TNFa and the NFkB signaling pathways which by implication lead to the
activation of osteoclasts [252][329][330]. In the literature, PPARG agonists have been
described with prominent therapeutic features for inflammatory bone diseases because
PPARG signaling downregulates TNFa mediated osteoclast differentiation in part by the
suppression of MCP1 activity [331]. All in all, representing the PPARG agonist treatment, the
concurrent osteo-adipocyte induction and the change into anti-inflammatory adipokine

secretion was shown as beneficially during osteogenic differentiation.

In my experiments, osteogenic cultures stimulated with high insulin concentrations could not
be associated with the previously described anti-inflammatory change in adipokine secretion.
Indeed, high insulin concentrations during osteogenic cultures changed the secretion of
adipokines and adipocytokines towards a pro-inflammatory profile with significantly increased
secretion of MCP1 and IL1b as well as higher leptin levels compared to the osteogenic control.
No increase of anti-inflammatory adiponectin could be shown during high insulin
supplementation in osteogenic differentiating hBMSCs. With that, only pro-inflammatory
adipokines could be highlighted in this condition. In addition, no osteo-adipocyte accumulation
could be shown in our experiments while supplementing high insulin concentrations. In the
literature, hyperinsulinemia and increased insulin-signaling is partially interconnected with the
increase of cell senescence [332]. The described adipokine pattern goes in line with the known
inhibition of adiponectin by pro-inflammatory cytokines such as TNFa, IL6, IL1b
[149][333][334]. In addition, MCP1 is described as enhancer of adipose tissue inflammation by
macrophage infiltration associated with a detrimental metabolic phenotype and insulin
resistance [335]. In the literature, insulin responsiveness in hBMSCs is depicted as rescue

mechanism allowing fat storage in bone marrow without manifesting disturbed insulin signaling
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[235]. However, in this case of high insulin concentration, no fat storage e.g. osteo-adipocyte
induction could be shown. By that, suggesting a rather manifested, dysregulated insulin
signaling. This goes in line with the proposition that high insulin concentrations steer a
hypermetabolic osteogenic differentiation of a rather detrimental type. In that case, osteogenic
differentiation is enhanced and hBMSCs are driven towards cellular senescence because of
increased metabolic activity [232]. This connects to the previously described strong
proliferative impact of insulin during osteogenic differentiation which could result in exhaustion
of osteoblasts [336]. In the literature, oxidative stress as described during fracture healing has
been shown to likewise induce cellular senescence. Hereby, highlighting the important
decision making between either healthy and active or senescent osteogenic differentiation by
characterizing the microenvironment. A detrimental microenvironment is represented by
senescence-associated secretory phenotype (SASP) comprising specific adipokines and
adipocytokines [336]. Clear evidence for the promotion of senescence has been shown in the
prior induction of inflammatory cytokines, chemokines as well as adipokines [337]. In detail,
the adipokine leptin is widely described for its involvement in inflammation by increasing IL6
and IL8 levels and is proposed to induce bone as well as cartilage erosion [338][339][340].
Furthermore, high levels of leptin as well as IL1b have been observed in osteoarthritic
osteoblasts [341][255]. In concurrence with that, IL1b, MCP1 as well as IGF-binding proteins
have been defined as senescence induced adipocytokine [342][343][344][345]. Similarly,
leptin, resistin as well as adiponectin were defined as SASP [346]. In our study, MCP1. IL1b
and leptin were shown to be induced by hyperinsulinemic states, whereas a strong decrease
in adiponectin was determined. However, in the literature, leptin production is enhanced under
hypoxic conditions, such as in fractures and is described with beneficial effects as in the
induction of ALP and other markers of osteogenic differentiation [347][348]. Hereby,
highlighting the dual effect of senescence with strong osteogenic mineralization patterns,
likewise shown in our experimental setup. Further characterization of this experimentally
induced hyperinsulinemia and concurrent mineralization is of importance, since the balance

between healthy and harmful mineralization could not be elucidated within this thesis.

We further investigated and compared the secretory effects of co-induced, PPARG-driven
osteo-adipocytes with secretory effects of the common PPARG agonist pre-stimulated, fat
forming adipocyte on osteogenic differentiation. My research showed, that the control fat
forming adipocytes and their secretory features have no detrimental influence on the
mineralization of osteogenic cells for a period of 21 days of osteogenic culture. Above all, a
steady increase in matrix mineralization of osteogenic cells and constant beneficial effect of
diverse fat forming adipogenic media was appreciated during osteogenic differentiation. Along

with that, fat forming adipogenic media in combination with high insulin concentrations resulted
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in a steady mineralization of all conditions. When characterizing the common fat forming
adipocytes and their secretory pattern, it was highlighted, that PPARG pre-conditioning of the
fat forming adipocytes had no effect on the pro-inflammatory MCP1 and IL1b in comparison to
common fat forming adipocytes. In recent literature, the secretome of BMAT has been
compared to the common adipocyte compartment e.g. WAT, underlining BMATs function
related to bone formation and hematopoiesis [73]. Many proteins secreted by both
compartments have been shown to influence surrounding cells [294]. Adipokines secreted by
WAT have been shown to differ from the secretion profile of BMAT. Exemplarily, leptin was
shown to be rather expressed by large vacuoles of WAT compared to smaller non-hypertrophic
BMAT vacuoles [349]. In fact, pro-inflammatory MCP1 expression in WAT has been shown to
contribute to the enhanced chemotaxis of M1 macrophages into adipocytes resulting in
increased insulin resistance during pathological states e.g. obesity [335][350]. Further, steady
levels of pro-inflammatory IL1b and a high glycolytic and insulinemic environment induces a
rather pathological adipocyte phenotype [216]. This might also be indicated in our culture
system, since common adipogenic media are loaded with high amounts of insulin and glucose.
The overload of nutrients in common adipocyte media further linked the effects of increased
proliferation capacity of hBMSCs with the omitted insulin sensitivity during osteogenic
differentiation [351]. When focusing on the anti-inflammatory adiponectin levels of PPARG
agonist pre-stimulated, common adipocytes, a significant increase of adiponectin could be
shown as already described for PPARG agonist primed osteo-adipocytes. However, the levels
of adiponectin in common adipocytes were markedly reduced compared to the ones secreted
by osteo-adipocytes. This is in line, with the literature describing elevated secretion of
adiponectin from BMAT in comparison to WAT [352]. Of interest was that a significant increase
of RBP4 secretion could be shown in PPARG agonist primed fat forming adipocytes, whereas
no change could be shown for this adipokine in osteo-adipocytes. In fact, RBP4 increases in
obesity induced pathologies and is tightly linked with RBP4 induced insulin resistance and
upregulation of pro-inflammatory cytokines such as TNFa and MCP1 [176]. Further, RBP4 has
been shown to downregulate PPARG expression and signaling and with that inducing adipose
tissue inflammation [353][176]. The detrimental impact of RBP4 has been described in various
research however, a recent report showed that RBP4 signaling is especially harmful under
glucolipotoxicity steering pro-inflammation and insulin resistance [354]. Underlining that, my
results showed that the resulting effects of PPARG agonist treatment are strongly depending
on the environment, which is built up by the connecting adipocyte and bone cells. The PPARG
agonist treatment of common fat forming adipocytes is highly different and less effective in
comparison to PPARG agonist treatment inducing the de-novo differentiation of osteo-

adipocytes next to osteogenic cells. Hereby, characterizing osteo-adipocytes with a unique
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PPARG agonist stimulated phenotype with broad effects on inflammation, insulin sensitivity

and in having a pro-osteogenic adipokine pattern.

4.2.4. PPARG stimulates a high metabolic fitness supporting osteogenic
differentiation
4.2.4.1. Metabolic adaptation in_osteogenic and adipogenic differentiation

of hBMSCs

In this thesis, | was able to underline that hBMSCs undergoing osteogenic lineage commitment

rely on a significant increase of OCR, as a measurement of OXPHOS and decrease of ECAR,
as a measurement of glycolysis in early stages of osteogenic differentiation [153]. This goes
in line with various studies describing an increased mitochondrial activity and associated
OXPHOS at the expense of glycolysis during osteogenic differentiation [355][356][357][358].
However, others controversially described an enhanced mitochondrial OXPHOS while
glycolysis was maintained at the basic level of undifferentiated cells [359]. In our work, the
induction of mitochondrial OXPHOS was followed by a combined increase of ECAR in later
stages, where matrix mineralization starts to form. In the literature, it has been shown that the
omitted increase of OXPHOS can be balanced by an increase in glycolysis [356]. These results
were mirrored by prominent changes of OCR in early osteogenic time-points, whereas in later
mineralization stages, an equal increase of OCR and ECAR was shown. Other research
showed, that lipid droplets within osteoblasts itself can support osteogenic differentiation of
bone marrow MSCs. Those lipid droplets were marked by fatty acids providing energy in the
form of ATP to MSCs in early stages of osteogenic differentiation. In fact, blockage of
mitochondrial fatty acid uptake in these cells resulted in a reduction of OCR in early osteogenic
time-points without influencing glycolysis levels, whereas the OCR levels of mature osteoblasts
were not changed by inhibiting fatty acid metabolism [169]. In the following, the Warburg effect
is highlighted as alternative process where increased OXPHOS activity can likewise be
followed by a rise in glycolytic activity in cells [360]. Of importance, the Warburg effect has
been show to arise under challenging conditions with high energetic demand, where cells have
the ability to use the aerobic glycolysis while downregulating laborious OXPHOS. This was
shown to enable rapid energy production despite a reduced oxygen availability during hypoxic
conditions such as fractures [162][3]. Our experiments showed that the early increase of
OCR/ECAR ratio was accompanied by a significant increase of basal activity starting from day
5 of early osteogenic differentiation continuing further until day 10 when initial mineralization
takes place. Both osteogenic time points were additionally marked by a favored ATP demand
next to a higher capacity of ATP production by mitochondria. In the literature, both basal and
ATP-linked mitochondrial activity have been shown to increase during osteogenic

differentiation [359]. Indeed, MSCs with high capacity for oxidative metabolism and a
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decreased reliance on glycolysis harbor protective effects when transplanted into glucose- and
oxygen deprived environments [361]. Exemplarily, bone marrow derived MSC with high
OXPHOS capacity have been used as ‘superhealers’ in the environment of infarcted hearts.
In contrast, hBMSCs under a pro-inflammatory trigger e.g. TNFa, have been marked with
detrimental bone healing caused by a reduced osteogenic lineage differentiation ability. TNFa
stimulation of hBMSCs is further associated with a reduced OXPHOS capacity and low
metabolic fitness [362]. Our research could elucidate, that the initial matrix mineralization and
calcium deposition is associated with a simultaneously enhanced oxidative spare capacity.
Hereby, linking the strong energetic demand during osteogenic mineralization with the
increase of hBMSCs fitness. Others showed, that higher levels of respiratory spare capacity
have been associated with the adaptation of cells to elevated energetic demand, cellular
survival and function [363]. In addition, literature associated the higher spare capacity of cells
with a lower ROS generation and with that marked cells harboring a higher OCR spare capacity

with a lesser susceptibility to stress, cell death and senescence.

With this and within the following chapter, we want to highlight, that adipocytes are metabolic
sensor cells harboring the capacity to modulate the fracture environment, when under
stimulation of the right target e.g. PPARG. Apart from the sole adipocyte impact, we would like
to highlight a beneficial metabolic crosstalk between osteo-adipocytes and osteogenic
hBMSCs during regeneration [187]. Underlining that, PPARG agonist treatment of adipocytes
has been described to steer adipocyte hyperplasia comprising de novo differentiation of small
adipocytes improving insulin sensitivity, enlarged energy storage capacity and control

favorable metabolic effects by e.g. adipokines, among others. [188].

424.2. PPARG agonist driven metabolic changes in osteogenic

differentiation

The main results of this study include the metabolic changes induced by PPARG agonist
treatment during osteogenic differentiation. Hereby, PPARG agonist treatment was highlighted
to significantly increase the OCR/ECAR ratio during the expansion of hBMSCs especially in
later time points such as day 10 of expansion. However, the ECAR levels remained unchanged
under PPARG agonist treatment. In concordance with that, the OCR/ECAR ratio during
osteogenic differentiation was positively influenced by PPARG treatment in the phase were
initial calcium deposits and mineralization were formed. However, in early stages of osteogenic
differentiation the balance of glycolysis and OXPHOS was shown to rely more on the glycolytic
ability of hBMSC:s. In the literature, other members of the PPAR family e.g. PPARB/PPARD
have been shown to steer the metabolic capability of MSC by switching from glycolysis towards
OXPHOS. For PPARG, those effects have not yet been evaluated in detail. In the literature,

only the PPAR-gamma coactivator a (PGCla) was shown to steer mitochondrial activation
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[364][365]. At least, PPARG activity was associated with fatty acid synthesis, carbohydrate
and lipid metabolism, sequestration of fats and reducing plasma glucose levels as well as
oxidative stress [366][367][368].

In our setup, PPARG agonist treatment and its induction of osteo-adipocytes was shown to
enhance adiponectin secretion, while adiponectin was described in the literature with a strong
impact on supporting osteogenic differentiation [369]. The involvement of PPARG in reducing
oxidative stress has been likewise shown [370]. In fact, the expression of adiponectin receptors
has been correlated with the increase of mitochondrial respiration capacity and upregulation
of ATP production [371]. Hereby, steering osteoanabolic functions during bone formation via
increased AMPK phosphorylation, and PGC1la expression. This again highlights the impact of
our results, since we could show an increased adiponectin production, a higher mitochondrial
flexibility as well as an enhanced osteogenic differentiation steered by PPARG agonist
stimulation. In addition, our KEGG pathway analysis of PPARG agonist stimulated osteogenic
cultures resulted in significant upregulated signaling via AMPK in late osteogenic time points
(day 14). Underlining that, other genes involved in mitochondrial activation such as PGCla
were shown to be significantly upregulated under PPARG stimulation within the osteogenic
setting. We are the first to describe the effect of enhanced spare capacity during osteogenic
differentiation with the known adipocyte inducer and agonist for PPARG. This increase was
not shown for the hBMSCs under standard expansion culture. Interestingly, research on
mitochondrial dysfunction has been described for pathological, metabolic settings e.g. T2DM
and with that underline the importance of the OXPHOS/glycolysis balance in adipogenic
differentiation. In concordance with the osteogenic differentiation, adipocyte differentiation is
likewise known to rely on the induction of mitochondrial OXPHOS in dependence of PGCla
[372]. In fact, PPARG agonist activity even has been shown to induce broader effects such as
browning of adipocytes while simultaneously enhancing mitochondrial oxidative capacity [195].
Indeed, mature adipocytes described in the former publication were shown to rapidly adapt to
metabolic changes by a 6-fold increase of respiratory spare capacity allowing energy
dissipation and the maintenance of homeostasis under hypoglycemic conditions [372].
However, the independence of PPARG agonist rosiglitazone on PGC1la enabling the induction

of mitochondrial biogenesis in adipose tissue has been controversially discussed [373].

In this thesis, even patient derived hBMSCs marked with a very low osteogenic differentiation
capacity and a low oxidative consumption were shown to be rescued by PPARG agonist
treatment. PPARG agonist treatment and the resulting osteo-adipocytes were shown to
influence the induction of a metabolic hBMSC phenotype suitable and indispensable for
osteogenic differentiation and mineralization. Research on tissue protection and regeneration

showed that the balance of cell growth and differentiation is essential and that PPARs have
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gained more and more attention as drivers of injury protection and healing [374]. In
concordance, early and late skin and wound healing phases have been described to rely on
PPARG, PPARA and PPARB signaling [375][376]. Hereby, PPARs are identified as important
players in building the metabolic foundation for the lineage differentiation of hBMSCs. Recent
data has established a link between higher mitochondrial biogenesis and the induction of
PPARG signaling [377]. When comparing a PPARG knock-out condition with a control prostate
cancer cell line, a significant diminishment of maximal respiratory capacity, basal respiration,
ATP production, and OCR spare capacity was identified with the loss of PPARG [377]. All in
all, the described effects of a significant induction of oxidative spare capacity in cells and its
beneficial effects during metabolic challenging conditions highlight the positive relation of the
in our experimental setup induced osteo-adipocytes on the osteogenic differentiation. This
goes in line with the recently described direct effect of PPARG agonist treatment on the
induction of metabolically active brite adipocytes harboring a strongly enhanced mitochondrial

respiratory capacity [195].

4.2.5. Hyperinsulinemia: PPARG agonist treatment as rescue mechanism?
Our data highlighted a beneficial effect of PPARG agonist treatment on the metabolic capacity
of osteogenic hBMSCs in comparison to high insulin driven effects. Those were shown to
rather induce negative effects on the mitochondrial respiration during late osteogenic
differentiation. PPARs on the other hand have been determined to enable regeneration of
tissues even in unideal healing situations such as under a persistent, chronic inflammatory and
hypermetabolic diabetic milieu [374][378][376]. The high insulin concentrations supplemented
in our experiments were suggested to mirror a detrimental metabolic phenotype by presenting
a hyperinsulinemic/metabolic bone environment with increased inflammatory cytokine
production and a significant upregulation of leptin levels [379]. However, in early osteogenic
time points, those negative effects of high insulin concentrations were not yet sophisticated.
Indeed, both insulin as well as PPARG agonist treatments were shown to partially increase the
OCR/ECAR ratio, basal activity and ATP turnover especially when a combination of both
treatments was investigated. This goes in line with recent research on enhanced insulin
signaling of obese hBMSCs driving a hypermetabolic phenotype marked by a strong increase
of oxygen consumption (OCR) and production of reactive oxygen species (ROS) [380]. In
addition, the overexpression of insulin receptors (IRs) and leptin receptors (LEPR) have been
shown to steer enhanced proliferation, differentiation and mineralization of hBMSCs driving

cellular senescence [232].

In fact, cell stress driven insulin resistance is shown to result in an increase of proton leak,
which can be associated with our experimental data. Consistent with this, the significant

reduction in proton leak by the PPARG agonist treatment during our osteogenic culture setting
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could be explained by the insulin-sensitizing properties of PPARG. In our experiments sole
insulin primed conditions were not shown to form co-localized osteo-adipocytes nor to produce
adiponectin during differentiation. However, a similar osteogenic induction with diverse
mineralization pattern and increased leptin/pro-inflammatory cytokine levels could be shown.
In the literature, the induction of osteogenic differentiation and metabolic respiration have been
shown to correlate in obese hBMSCs in the same manner as in physiological metabolically
balanced conditions [232]. Similar to healthy patients with insulin resistance, morbidly obese
patients have been characterized with a strong increase in mitochondrial respiration including
basal respiration, maximal respiration, ATP turnover and spare capacity [381]. However,
research showed a concurrent increase of proton leak, which was depicted in morbidly obese
patients when comparing to the insulin resistant patients. To explain the above described
characteristics, the authors discussed a compensatory effect of cells in a metabolically
compromised/inflexible physiological system. Hereby, re-balancing the energy metabolism
with an increased mitochondrial activity to deal with the high amounts of fuel. Further,
protecting the surrounding environment and cells from spillover of excess nutrients and lipids
[382][381]. PPARG agonist stimulation and its metabolic re-balancing effects, were shown in
our gene expression data, where PPARG agonist stimulated osteogenic hBMSCs were
marked by a significant increase of AQP11, a known regulator of oxidative stress [278]. In fact,
combined PPARG agonist and insulin treatment induced a significantly increased oxidative
spare capacity, while a concomitant increase of proton leak could be identified. Sole insulin
treatment steered a steady OCR/ECAR ratio, while a rather detrimental reduction in the OCR
basal activity and ATP turnover was shown during late osteogenic time points and calcium
deposition. In contrast, PPARG agonist treatment only as well as combined PPARG agonist
treatment with insulin resulted in a rescue dynamic aligning the OCR/ECAR ratio and
significantly enhancing spare capacity. Furthermore, a re-balancing of the increased proton
leak induced in insulin conditions when simultaneously treating them with our PPARG agonist
at late osteogenic time points. However, the insulin driven reduction of basal oxidative activity

and ATP turnover could not be improved by additional PPARG agonist treatment.

There is the possibility, that PPARG agonist treatment has the ability to re-balance the
detrimental insulinemic phenotype of osteogenic cells. This goes in line with described
research on systemic PPARG depletion, which has been shown to induce acute metabolic
inflexibility, hyperinsulinemia and hyperglycemia [383]. In our research, common genes of
insulin signaling cascades such as LPL, PiIK3C2b and AQP3, with the latter being important
during insulin signaling via the Pi3K/Akt pathway, were significantly upregulated in PPARG
agonist stimulated osteogenic cultures [280]. Indeed, research elucidating the mechanism

behind the PPRAG agonist treatment and its improvement of metabolic pathologies can be
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traced back to insulin-stimulated glucose uptake by increasing PI3K signaling [384]. Of
importance, during osteogenic differentiation the expression of Glut4 has been shown to
increase up to five-fold in dependence of insulin whereas other glucose transporters were
shown to remain unchanged. Hereby highlighting the impact of glucose uptake during
osteogenic differentiation to provide energy for the differentiation process and the limiting
effects of insulin resistance during this process [385]. The literature has highlighted a strong
association between insulin resistance and decreased mitochondrial function [386][387]. Our
data showed, a significant upregulation of genes associated with mitochondrial fatty acid beta
oxidation e.g. CD36 and PGC1b was shown in our gene expression data of PPARG agonist
stimulated osteogenic differentiated hBMSCs. Hereby, a re-balancing of obese conditions and
nutrient overload could be explained. Further, PPARG coactivator 1b (PGC1b) in interaction
with other cofactors has been described to control the energy balance by increased expression
of enzymes steering mitochondrial b-oxidation under high energy expenditure [173]. In
addition, our data highlighted, that sole PPARG agonist treatment leads to a significant
reduction of proton-leak in comparison to all insulin supplemented conditions independent of
PPARG agonist co-treatment. By that underlining, that no re-balancing of osteogenic
conditions with PPARG agonist stimulated metabolic features was needed as a balanced and
beneficial osteogenic differentiation was already ongoing. Further, PPARG agonist driven
activation of the transcriptional coactivators PGC1la as well as PGC1b during PPAR signaling
is known to promote mitochondrial biogenesis [388][389][373]. Hereby, connecting our results
on the PPARG agonist mediated reshaping of the mitochondrial biogenesis, which could
present a new strategy for metabolic flexibility of hBMSCs.

4.2.6. And what about hyperglycemia?
In fact, PPARG agonist treatment was shown to induce significantly higher levels of glucose
uptake during the course of osteogenic differentiation and especially in late time points when
critical energy is needed for calcium deposition and matrix mineralization. In contrast to that,
supplementation of osteogenic cultures with insulin did not steer any beneficial increase of
glucose uptake in comparison to the control differentiation. Of most importance is that PPARG
agonist treatment in combination to the insulin supplementation rescued the glucose
metabolism in insulin treated groups and significantly enhanced the glucose uptake during the
course of osteogenic differentiation. This goes in line with the published effects of PPARG
signaling on glucose as well as insulin parameters in patients suffering from metabolic
disorders. PPARG and its activation has been well known for its ability to control the energy

balance and glucose homeostasis [236][390].

In line with that, our experimental KEGG pathway analysis showed a significant upregulation

of Pi3K/Akt signaling in the PPARG agonist treated osteogenic cultures. In the literature, it is
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known that PPARG is involved in the signaling cascade of insulin driven glucose uptake by
engaging PI3K and with that regulating glucose uptake, lipid metabolism and cell differentiation
[391]. Recently, PPARG signaling has been linked to glycolysis and gluconeogenesis in liver
and muscle and the suppression of PPARG was shown to reduce insulin driven glucose uptake
and transport by GLUT1 and GLUT4 in adipocytes [392][393]. When directing the focus
towards PI3K signaling and its association with PPARG agonist stimulation, various authors
have described a beneficial impact of PI3K/AKT signaling in proliferation, and differentiation of
osteogenic cells comprising ALP activation and calcium deposition for further bone formation
[394][395]. However, others have described an inverse relationship of PI3K/AKT signaling, the
pro-osteogenic WNT/b catenin pathway and PPARG activity in dependence of the surrounding
environment [366][396][397]. In addition, our research highlighted a significant upregulation of
fatty acid metabolism and hedgehog signaling in PPARG agonist stimulated osteogenic
cultures. The widely known Warburg effect induced by e.g. hedgehog signaling has been
previously shown to provide essential energy for physiological osteogenic differentiation and
bone formation as well as under dramatic injury. Exemplarily, in muscle and adipocytes, this
activation of the cilium-dependent Smo/Ca2+/AMPK axis in form of a rapid Warburg-like
metabolic program has been described, relying on a strong glucose intake with independence
of insulin signaling [398]. With that, underlining the beneficial association of PPARG agonist

treatment during injury driven metabolism.

In the literature, some adipokines have been shown to harbor direct as well as indirect effects
on glucose and lipid metabolism [399]. Exemplarily, high amounts of secreted adiponectin,
such as by our defined osteo-adipocytes, have been shown to result in insulin sensitivity by
the reduction of surrounding glucose levels as well as by the increase of fatty acid combustion
[260]. In addition, PPARG ablation was recently described to be associated with a shift from
oxidative fatty acid metabolism towards glucose utilization/glycolysis [400]. In line with that,
PPARG knockout has been shown to induce hyperglycemia/hypertriglyceridemia,
hyperinsulinemia and insulin resistance, with all processes being directly linked to PPARG
action as shown exemplarily in the muscle [401]. Adipo-cytokines such as MCP1 and IL1b
were downregulated in our experimental PPARG agonist treatment during osteogenic
differentiation and could present detrimental partakers in glucose uptake regulation. This is
due to the fact, that more and more adipo-cytokines can be associated with insulin resistance
and reduced glucose uptake. In the literature, pro-inflammatory IL1b and MCP1 are both
associated with high glucose concentrations and glucose production [335]. Further, IL1b has
been shown to inhibit GLUT4 translocation to the plasma membrane [402]. Indeed, our

experimental insulin treatment resulted in a strong upregulation of these pro-inflammatory
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cytokines during osteogenic differentiation and this detrimental surrounding could be improved

by PPARG agonist treatment, further enhancing glucose uptake as a rescue mechanism.
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5. Limitations and outlook

First, as both an advantage and a limitation, | want to highlight the co-culture of two cell types
induced by activation of the transcription factor PPARG. This resulted in the exciting formation
of a bone adipocyte milieu. However, due to the resulting, unclear delineation of the effects of
both the osteogenic compartment and the adipogenic compartment, the interpretation of
specific effects of either lineage was difficult. Second, the number of patients analyzed in this
study was very low, emphasizing the patient heterogeneity. However, the tested number of
patients was high enough to get a first insight into the workings of PPARG agonist treatment
on bone, which would gain immense potential when studied further. In line with that, the
comparison of specific cohorts of patients with different backgrounds e.g. high risk patients
suffering from specific metabolic or regenerative disorders as well as patients under chronic
diabetic treatment could be of interest in deepening the read-out. Third, a clear definition of the
osteo-adipocyte phenotype and classification of its features was not possible with the current
experimental setup. This is a very important limitation that is well known in the community,
since the different BMAT types are mainly defined only by their locality in bone and prominently
using animal models. Nevertheless, we stepped forward and referred to the bone healing

supporting BMAT as regenerative BMAT.

Our readout presents the short term treatment of bone regeneration with PPARG agonists as
a suitable option to enhance the healing capacity. This is due to the fact that it combines the
induction of anti-inflammation, metabolic fithess and most importantly beneficial osteogenic
differentiation. Of importance is that PPARs are already used systemically in metabolic
disorders and could be re-purposed to improve the outcome of tissue and bone regeneration.
This drug class could even be administered locally into the bone marrow to fulfill its purpose.
When going away from the clinical application of this treatment and back to the basic science,
the activation of PPARG as a transcription factor opens a new era of experimental applications,
since its activation is a natural inducer of the co-culture of two cell types. It could be of interest
to find other transcription factors that enable the co-induction of various other cell types and

by that improving static culture system to a more sophisticated and physiological system.
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6. Conclusion

Until now, research concerning tissue specific adipocytes e.g. the ones residing within the
bone microenvironment, highlighted detrimental features of these cells and a worsening impact
on bone regeneration. One could say, that studies on BMAT were mainly focusing on the black
and not the white. Metabolic disease, aging and chronic inflammation resulting in BMA
accumulation were taken as showcase example of BMAs generating detrimental tissue
regeneration. Surely, such pathological situations especially the ones associated with
metabolic or inflammatory stressors represent strong drivers of adverse bone healing.
However, in my work | could pioneer in highlighting the other side of the coin, where healthy
and pro-regenerative BMAs are gatekeepers for a beneficial bone-adipocyte milieu during
fracture healing. | could show that those BMAs naturally developed at the distal part of the
bone fracture coinciding with injury healing. Additional PPARG agonist treatment fortified the
adipocyte accumulation and their anti-inflammatory phenotype resulting in improved bone
formation as well as a beneficial anti-inflammatory TH2 cell switch in vivo. Reproducibility of
the in vivo results was shown using PPARG agonist driven in vitro osteogenic cultures, where
osteo-adipocytes appeared prior to the formation of calcium deposits by that resulting in an
increased osteogenic potential of hBMSCs. It was appreciated, that PPARG agonist driven
BMAs act as crucial regulators of metabolic and inflammatory cues during osteogenic
differentiation. On the one hand, increased gene-expression and secretion of the anti-
inflammatory adipokine adiponectin was appreciated and on the other hand, a decreased
secretion of pro-inflammatory cues such as MCP1 and IL1b was induced. Pro-regenerative,
PPARG agonist primed BMAs enabled an outstanding metabolic capacity of osteogenic
hBMSCs marked by the increased oxidative capacity and ATP production as well as higher
insulin sensitivity and enhanced insulin-driven glucose uptake. The summarized features of
PPARG agonist primed BMAs represent them as crucial for the management of metabolic and
inflammatory emergency situations such as a fracture incident (Figure 60). With this thesis, |
want to emphasize the beneficial pro-regenerative impact of BMAs during the bone fracture
healing process and their preferential induction by PPARG agonist treatment, which leads to
a pro-metabolic and anti-inflammatory shift in osteogenic hBMSCs. The further investigation
of PPARG agonist primed adipocytes in reliance to positive regeneration outcomes will lead to

a change of perspective in our current research community.
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Figure 60: Changing the osteo-adipocyte milieu for regeneration
PPARG agonist priming of BMAs leads to the induction of a pro-regenerative BMA type that has potential beneficial

effects during the regeneration of bone fractures. PPARG agonist treatment steers the secretion of anti-
inflammatory adiponectin, enhances the potential of osteogenic differentiation and mineralization of hBMSCs and
enables increased metabolic activity and oxidative capacity in vitro. All of this creates an anti-inflammatory
environment and goes in line with the polarization of anti-inflammatory immune cells such as CD4+ TH2 cells in

vivo.
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Appendix

A. 1. Materials and methods

Table 11: Consumable materials

-

Consumable material

Manufacturer

CasyTT cell counter

Schéarfe Systems, Reutlingen, Germany

Cell culture flasks - tissue culture

Becton Dickinson, Franklin lakes, New York, US

Cell culture plates - tissue culture (96-well, 48-well and 6-well plates)

Corning Inc., Corning, New York, US

Cell culture safety hood - Herasafe

Thermo Fisher Scientific , Waltham, Massachusetts, US

Cell scraper

TPP AG, Trasadingen, Switzerland

Cell strainer - Falcon (40uM)

Becton Dickinson, Franklin lakes, New York, US

Cell strainer, Falcon

Becton Dickinson, Franklin lakes, New York, US

Centrifuge 5810R Eppendorf, Hamburg, Germany
Combitips advanced (5mL, 10mL) Eppendorf, Hamburg, Germany
CoolCell LX Corning Inc., Corning, New York, US

Countess Automated Cell Counter Il FL

Thermo Fisher Scientific, Waltham, Massachusetts, US

Cryo tubes

Thermo Fisher Scientific , Waltham, Massachusetts, US

Cytoflex S system

Beckman Coulter, Krefeld, Germany

Disposable sterile filter

Sigma-Aldrich, St. Louis, MI, US

Eppendorfep T.I.P.S

Eppendorf, Hamburg, Germany

Falcon tubes (50mL, 15mL)

Becton Dickinson, Franklin lakes, New York, US

Feather disposable scalpel no. 21

FEATHER Safety Razor Co-Ltd, Osaka, Japan

Fine scissors - ThoughCut Straight 9cm

Fine Science Tools GmbH, Heidelberg, Germany

Fixateur MouseExFix external

RISystems AG, Switzerland

Freezer Liebherr, Bulle, Germany
Fridge Liebherr, Bulle, Germany
Incubator Heraeus, Hanau, Germany/ Binder, Tuttlingen, Germany

Inverted microscope

Leica Microsystems, Wetzlar, Germany

LSR Fortessa system

Becton Dickinson, Franklin lakes, New York, US

MicroCT skyscan 1172

BRUKER, Kontich, Belgium

Microscope (cell culture)

Leica Microsystems Nussloch GmbH, Bensheim, Germany

Microscope (histology)

Zeiss, Oberkochen, Germany

Microscopy slides

Marienfeld GmbH & Co KG, Lauda-Kdnigshofen, Germany

Multipette M4

Eppendorf, Hamburg, Germany

Nanodrop ND 1000 spectrometer

Thermo Fisher Scientific , Waltham, Massachusetts, US

Non-CO2 incubator

Agilent, Santa Clara, CA, US

Parafilm-M

Bemis, Neenah, US

Pipettes

Eppendorf, Hamburg, Germany

Plate reade infinite M200 PRO

Tecan Group, Méannedorf, Switzerland

Rotary microtome

Leica Microsystems Nussloch GmbH, Bensheim, Germany

Round-bottom tube with cell strainer cap - Falcon

Becton Dickinson, Franklin lakes, New York, US

Safety gloves Vasco nitril long

Braun, Melsungen, Germany

Seahorse 96-well cell calibrant cartridges

Agilent, Santa Clara, CA, US

Seahorse 96-well cell culture microplate

Agilent, Santa Clara, CA, US

Seahorse Xfe 96 analyzer

Agilent, Santa Clara, CA, US

Serological pipettes (5mL, 10mL)

Corning Inc., Corning, New York, US

Sterican - grofle 17 (0,55 x 25mm)

Braun, Melsungen, Germany

Syringe plunger - Discardit Il

Becton Dickinson, Franklin lakes, New York, US

Syringes

Braun, Melsungen, Germany

Tissue culture dish - Falcon (6mm)

Becton Dickinson, Franklin lakes, New York, US

TPP tissue culture flask (T300 cm?, T175cm?)

TPP AG, Trasadingen, Switzerland

Tweezers and scissors

Medicon, Tuttlingen, Germany

Vacusafe Integra Biosciences AG, Zizers, Switzerland
Vitro-Clud Langenbrinck, Emmendingen, Germany
Vortexer Reax Top Heidolph Instruments, Schwabach, Germany
Waterbath Memmert GmbH, Schwabach, Germany
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Table 12: Chemicals

-

Chemicals

Manufacturer

3-isobutyl-1-methylxanthine (IBMX)

Sigma-Aldrich, 5t. Louis, MI, US

4’ 6-diamidino-2-phenylindole (DAPI)

Sigma-Aldrich, St. Louis, M1, US

4-Nitrophenylphosphate (pNPP)

Sigma-Aldrich, St. Louis, MI, US

Alizarin Red S

Merck, Darmstadt, Germany

Ampuwa

Fresenius, Bad Homburg, Germany

Ascorbic acid 2-phosphate sesquimagnesium salt hydrate

Sigma-Aldrich, 5t. Louis, MI, US

Bisphenol-A-diglycidylether (BADGE)

Sigma-Aldrich, St. Louis, MI, US

Bovine serum albumin (BSA)

Sigma-Aldrich, St. Louis, MI, US

Cetylpyridinium chloride

Sigma-Aldrich, St. Louis, MI, US

Dexamethasone

Sigma-Aldrich, St. Louis, MI, US

Dimethylsulfoxid cell culture (DMSO)

AppliCHem, Darmstadt, Germany

Dulbecco’s Phosphate buffered saline

Gibco, Grand Island, NY, US

Dulbecco's Modified Eagle Medium —high glucose

Gibco, Grand Island, NY, US

Dulbecco's Modified Eagle Medium —low glucose D6646-500ml

Gibco, Grand Island, NY, US

Eosin

Chroma-Waldeck, Miinster, Germany

Ethanol for histology

Herbeta, Berlin, Germany

Fetal calve serum Superior

Biochrom AG, Berlin, Germany

Glutamax

Gibco, Grand Island, NY, US

Hematoxylin

Chroma Waldeck, Miinster, Germany

Hoechst (bisBenzimide)

Sigma-Aldrich, St. Louis, MI, US

Indomethacin

Sigma-Aldrich, St. Louis, MI, US

Insulin from bovine pancreas

Sigma-Aldrich, St. Louis, MI, US

InVivoMAb anti-mouse IFNg

BioXCell, Lebanon, NH, US

InVivoMAb anti-mouse TNFa

BioXCell, Lebanon, NH, US

Nile Red

Sigma-Aldrich, St. Louis, MI, US

Papanicolaous Lsung 1a Harris Himatoxylinlsung

Merck, Darmstadt, Germany

paraformaldehyde 16% solution

Electron Microscopy Sciences, Hatfield, US

Paraformaldehyde 20% Solution, EM Grade 15713

Electron Microscopy Sciences, Hatfield, US

Penicillin/Streptomycin

Biochrom AG, Berlin, Germany

PrestoBlue Cell Viability Reagent

Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, US

RBC lysis buffer (10X)

BioLegend, San Diego, CA, US

RNAse Zap

Sigma-Aldrich, St. Louis, MI, United Stated

Rosiglitazone diet S8090-P005

Ssniff, Soest, Germany

Sodiumchloride (NaCl)

Merck, Darmstadt, Germany

Sodiumhydroxyde solution (NaOH) 1M

Sigma-Aldrich, St. Louis, M1, US

Trizol

IAmbion, Life Technologies, Carlsbad, CA, US

TruStain FcX (anti-mouse CD16/32) blocking solution

BioLegend, San Diego, CA, US

Xylol

l.T. Baker, Avantor Performance Materials, Center Valley, PA, US

B-glycerolphosphate

o

Sigma-Aldrich, 5t. Louis, M1, US

Table 13: Kits

-

Kits

Manufacturer

FluoroFix staining buffer kit

BioLegend, San Diego, CA, US

LiveDead staining kit

Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, US

True-Nuclear Transcription Factor Buffer Set

BiolLegend, San Diego, CA, US

Direct-zol RNA Miniprep kit

Zymo research, Freiburg, Germany

Seahorse XF Cell Mito Stress test

\Agilent, Santa Clara, CA, US

Seahorse Xfe 96 FluxPak mini

IAgilent, Santa Clara, CA, US

Glucose Uptake-Glo assay

Promega, Madison, Wisconsin, US

Legendplex Human Adipokine panel (13-plex)

BioLegend, San Diego, CA, US
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Table 14: Software

Software Manufacturer
FlowJo version 10.7.1 Becton Dickinson, Franklin lakes, New York, US
Diva software version 8.0.1 Becton Dickinson, Franklin lakes, New York, US
GraphPad Prism version 8 GraphPad, San Diego, CA, US

Table 15: Animals and cells

Animals and cells Manufacturer
C57BL/6N mice {female) Charles River Laboratories, Wilmington, MA, US
Mesenchymal stromal cells (bone) Charité, Berlin, Germany
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Figure 61: The adipogenic lineage is slightly decreased by the treatment with PPARG agonist rosiglitazone
in unfractured and fractured bone marrow

The adipogenic lineage is described as subset of living CD45-CD31- (lineage’) cells marked by Scal expression
and the loss of CD24. The frequency of the Scal+CD24- subset is displayed in relation to all living cells. PPARG
agonist treatment (cyan) is shown to reduce the adipogenic precursor lineage within the bone marrow compared to
the control (dark grey) A] B] In the fractured and unfractured bone a slight reduction of adipogenic precursor subset
is shown (unpaired t-test with Welch’s correction p=0.059 and p=0.177, n=6) C] D] When comparing unfractured
and fractured bones within the control group as well as within the PPARG agonist treated group no significant
change is shown for the adipogenic precursor subset. The PPARG agonist treated group shows a reduced amount
of adipogenic precursors in both bones compared to the control (n=6 each)
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Figure 62: PPARG agonist treatment has no effect on the osteogenic precursor cells but enhances the
multipotent precursor subset in the bone marrow

The osteogenic lineage is described as subset of living CD45-CD31- (lineage’) cells marked by the loss of Scal
and the gain of CD140a expression. The multipotent precursor cells are defined by the expression of Scal and
CD24. The frequency of both subsets is displayed in relation to all living cells. PPARG agonist treatment (cyan) is
shown to not influence the osteogenic precursor lineage within the bone marrow compared to the control (dark grey)
but is rather shown to induce the multipotent lineage within bone marrow A] B] PPARG agonist treatment is shown
to harbor no direct effects on the osteogenic precursor subset in the fracture setting and the unfractured bone (n=6)
C] D] No changes in the osteogenic compartment are shown while comparing the fractured and unfractured bone
in each group, control and PPARG agonist treated bones (=6) E] F] Multipotent progenitor cells are enriched under
PPARG agonist treatment in fractured and unfractured bones (unpaired t-test with Welch’s correction p=0.164 and
p=0.214, n=6)
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Figure 63: Osteogenic baseline potential of patient hBMSCs differs in ALP activity and calcification rate

Individual patient derived hBMSCs are highlighted in the following color/symbol scheme: Pat374 (dark purple),
Pat1626 (light grey), Pat660 (moderate grey), Pat326 (pink), Pat346 (light grey upward pointing triangle), Pat919
(moderate grey downward pointing triangle), Pat784 (grey empty circle) A] Early osteogenic potential is displayed
as pNPP consumption (ALP activity) for dO, d4 and d7. High ALP activity is shown for patient derived hBMSCs from
Pat374, Pat1626, Pat660 and B] late osteogenic potential is shown as alizarin staining normalized on cell number
for d10, d14 and d21. High calcification rates are shown for Pat374, Pat660 and Pat1626 characterizing them with
a higher osteogenic baseline potential
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Figure 64: Individual patient specific effects are shown for PPARG agonist and insulin stimulated early and
late osteogenic differentiation

ALP activity is depicted as pNPP consumption defining the early osteogenic differentiation potential, whereas
alizarin red stained mineralized matrix normalized on cell number is shown as late osteogenic marker. Each patient
derived set of hBMSCs is shown for the different culture conditions such as osteogenic control (light grey),
osteogenic solvent control (moderate grey), osteogenic differentiation with PPARG agonist treatment (dark cyan),
osteogenic differentiation with insulin supplementation (black), osteogenic differentiation with combined PPARG
agonist and insulin treatment (light cyan) and expansion media control (light green) A] B] Pat919 is characterized
by a high insulin dependency and a good response to PPARG agonist treatment especially in the later time points
of osteogenic differentiation C] D] Pat326 is shown with an increased ALP activity following PPARG agonist
stimulation, which is even more pronounced in the later time points of differentiation E] F] Pat1626 is displayed with
a strong ALP activity in all conditions and a high insulin reactivity already on d10 and d14 of late osteogenic
differentiation shown by increased calcification G] H] Pat374 displays reduced effects of insulin and PPARG agonist
treatment on ALP activity and calcification, whereas the PPARG agonist stimulation still shows the highest impact
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on osteogenic differentiation 1] J] Pat784 harbors increased sensitivity towards PPARG agonist treatment with even
higher calcification rates compared to the insulin stimulated condition K] L] PPARG agonist treatment does not
show a significant enhancement of the ALP activity in Pat346, whereas insulin has a more pronounced impact.
PPARG agonist treatment rather steers an increase in calcification during later time points of differentiation M] N]
Pat660 is sensitive towards PPARG agonist and insulin treatment in the early differentiation time points but PPARG
agonist treatment is solely driving the higher calcification rates compared to insulin treatment
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