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Summary

Summary

The use of human adipose-derived mesenchymal stem cells (ASCs) for cell-based
therapeutic approaches, in terms of repair and regeneration of various tissues and organs,
offers an alternative therapeutic tool in the field of regenerative medicine. The ability of ASCs
to differentiate along mesenchymal lineages is not the only property that makes these cells
particularly attractive for therapeutic purposes. Their promising functions in promoting
angiogenesis, reducing inflammation as well as in functional tissue restoration are largely
related to the trophic effects of a broad panel of secreted cytokines and growth factors.
However, in cell-based approaches, the cell-loaded construct often is exposed to an ischemic
microenvironment characterized by severe oxidative and nutritional stress after transplantation
due to the initial lack of vascular connection, resulting in reduced cell viability and altered cell
behaviour. Therefore, the effective use of ASCs in regenerative medicine first requires a
comprehensive characterization of the cells in terms of their viability, differentiation capacity
and especially their secretory capabilities under ischemia-mimicking conditions in order to
better understand their beneficial role. Accordingly, in the first part of this work, ASCs were
investigated under different ischemic conditions, in which cells were exposed to both glucose
and oxygen deprivation, with respect to viability and secretory function. Using mRNA gene
expression analysis, significantly higher expression of selected angiogenic, anti-apoptotic and
immunomodulatory factors (IL-6, VEGF, STC-1) could be demonstrated under harsh ischemic
conditions. These results were reflected at the protein expression level by a significantly
increased secretion of these factors. For stanniocalcin-1 (STC-1), a factor not yet described in
ASCs, a particularly high expression with significant secreted amounts of the protein could be
demonstrated under harsh ischemic conditions. Thus, the first part of this work, in addition to
the characterization of the viability, provided first insights into the secretory response of ASCs

under ischemic conditions.

The response of ASCs to glucose deficiency in combination with severe hypoxia has been
little explored to date. Thus, the focus of the second part of this work was on a more detailed
investigation of the secretory response of ASCs under glucose and oxygen deprivation. For a
more comprehensive analysis of the secretion profile, a cytokine antibody array was
performed, which allowed the detection of a broad panel of secreted angiogenic factors
(IL-8, ANG), matrix-regulating proteins (TIMP-1, TIMP-2), chemokines (MCP-1/CCL2,
IP-10/CXCL 10) and other factors under ischemic conditions. To verify these results, selected
factors were examined using ELISA. The analysis revealed that the secretion of individual
factors (e.g., STC-1, VEGF) was significantly upregulated by the combination of glucose and
oxygen deprivation compared to oxygen deprivation alone.
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Summary

In order to investigate the impact of the secretome of ischemic ASCs on cell types involved
in tissue regeneration, the effect of conditioned medium of ischemia-challenged ASCs on both
endothelial cells and fibroblasts was investigated in subsequent experiments. Significantly
increased viability and tube formation of endothelial cells as well as activated migration of
fibroblasts by the secreted factors of ischemic ASCs could be demonstrated. A direct
correlation of these effects to STC-1, which was significantly upregulated under ischemic
conditions and has been described as a regulator of key cellular functions, could not be
verified.

The particular secretory capacity of ASCs provides a valuable tool for cell-based therapies,
such as cell-assisted lipotransfer (CAL), where by enriching fat grafts with isolated ASCs, a
significantly improved survival rate of the transplanted construct is achieved with less
resorption of the fat tissue as well as a reduction in adverse implications, such as fibrosis and
cyst formation. In order to better understand the function of ASCs in CAL, an autologous
transwell-based lipograft-ASC co-culture was established in the last part of this work, in which
first investigations showed a markedly increased secretion of VEGF compared to lipografts
without added ASCs. As the stability rate of the fat tissue and thus the success of CAL is
presumably also dependent on the preparation of the tissue before transplantation, the
conventional preparation method of fat tissue for vocal fold augmentation in laryngoplasty was
additionally evaluated in vitro in a pilot experiment. By analyzing the viability and tissue
structure of the clinically prepared injection material, a large number of dead cells and a clearly
damaged tissue structure with necrotic areas could be demonstrated. In comparison, the
preparation method of the fat tissue established in this work as small tissue fragments was
able to provide a clearly intact, vital, and vascularized tissue structure. This type of adipose

tissue preparation represents a promising alternative for clinical vocal fold augmentation.

In conclusion, the results of this work contribute to a comprehensive characterization of
ASCs under ischemic conditions, such as those prevalent at the transplantation site or in tissue
regeneration. The results obtained, especially on the secretory capacity of ASCs, provide new
insights into how ASCs mediate regenerative effects in an ischemic milieu and why their use
for therapeutic purposes is highly attractive and promising.
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Zusammenfassung

Zusammenfassung

Der Einsatz von humanen mesenchymalen Stammzellen aus dem Fettgewebe (ASCs) flir
zell-basierte Therapieansatze zur Reparatur und Regeneration von verschiedenen Geweben
und Organen bietet eine alternative therapeutische Lésung im Bereich der regenerativen
Medizin. Die Fahigkeit der ASCs zur Differenzierung in verschiedene mesenchymale Zelltypen
ist jedoch nicht die einzige Eigenschaft, die diese Zellen fur therapeutische Zwecke besonders
attraktiv macht. ASCs sezernieren vielmehr ein breites Spektrum an Zytokinen und
Wachstumsfaktoren, die z.B. durch Férderung der Angiogenese oder der Reduktion von
EntzGindungsprozessen eine wichtige Rolle bei regenerativen Therapien spielen kdénnen.
Allerdings ist in zellbasierten Anséatzen, das zellbeladene Konstrukt nach der
Transplantation — durch den anfanglich fehlenden GeféaBanschluss und die damit
einhergehende mangelnde Versorgung des implantierten Gewebes — starkem oxidativem und
erndhrungsbedingtem Stress, einem ischamischen Milieu, ausgesetzt, was zu einer
reduzierten Zellviabilitdt und einem veranderten Zellverhalten flhrt. Der effektive Einsatz der
ASCs in der regenerativen Medizin erfordert demnach zunachst eine umfassende
Charakterisierung der Zellen in Bezug auf deren Lebensféhigkeit, Differenzierungsfahigkeit
und insbesondere die sekretorischen Fahigkeiten wunter simulierten ischdmischen
Bedingungen, um ihren therapeutischen Effekt besser verstehen und optimieren zu kénnen.
Dazu wurden im ersten Teil dieser Arbeit die ASCs unter verschiedenen ischamischen
Bedingungen, bei denen die Zellen sowohl einem Glukose- als auch Sauerstoffmangel
ausgesetzt waren, hinsichtlich der Viabilitdt und der sekretorischen Funktion in vitro
untersucht. Durch mRNA Genexpressionsanalysen konnte flr ausgewéhlte angiogene,
anti-apoptotische und immunmodulatorische Faktoren (IL-6, VEGF, STC-1) eine signifikant
héhere Expression unter stark ischamischen Bedingungen gezeigt werden. Diese Ergebnisse
spiegelten sich gleichermaBen auf Proteinebene durch eine signifikant erhdhte Sekretion der
Faktoren wider. Flr Stanniocalcin-1 (STC-1), einen Faktor, dessen Rolle bislang im
Zusammenhang mit ASCs noch nicht beschrieben ist, konnte eine besonders hohe Expression
mit signifikanten sezernierten Mengen des Proteins bei hoher ischamischer Belastung der
Zellen gezeigt werden. Somit konnten im ersten Abschnitt der Arbeit neben einer ersten
Charakterisierung der ASCs auch erste Erkenntnisse Uber das sekretorische Verhalten der

Zellen in einem ischamischen Milieu gewonnen werden.

Die Reaktion von ASCs auf Glukosemangel in Kombination mit Hypoxie ist bislang wenig
untersucht. Somit lag der Fokus im zweiten Teil dieser Arbeit auf der detaillierteren
Untersuchung des Sekretionsverhaltens von ASCs unter Glucose- und Sauerstoffdeprivation.
Fir eine umfassende Analyse des Sekretionsprofils wurde ein Zytokin-Antikérper-Array
durchgefuhrt, mit welchem die Sekretion eines breiten Panels von angiogenen Faktoren
(IL-8, ANG), matrixregulierenden Proteinen (TIMP-1, TIMP-2), Chemokinen (MCP-1/CCL2,

12
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IP-10/CXCL 10) sowie weiterer Faktoren unter ischamischen Bedingungen nachgewiesen
werden konnte. Zur Verifizierung dieser Ergebnisse wurden ausgewéhlte Faktoren mittels
ELISA untersucht. Durch diese Analyse konnte gezeigt werden, dass die Sekretion einzelner
Faktoren (z.B. STC-1, VEGF) durch die Kombination von Glukose- und Sauerstoffentzug
deutlich hochreguliert wird, z.B. gegentber nur dem Entzug von Sauerstoff.

Um die Wirkung des Sekretoms von ischamischen ASCs auf Zelltypen, die in der
Regeneration von Geweben eine Rolle spielen, zu untersuchen, wurde in nachfolgenden
Experimenten die Wirkung von konditioniertem Medium ischamischer ASCs sowohl auf
Endothelzellen als auch auf Fibroblasten untersucht. Dabei konnte sowohl eine deutlich
gesteigerte Roéhrenbildung (,tube formation®) von Endothelzellen als auch eine aktivierte
Migration von Fibroblasten durch die sezernierten Faktoren der ischamischen ASCs
nachgewiesen werden. Ein direkter Zusammenhang dieser Effekte mit dem unter
ischamischen Bedingungen signifikant hochregulierten Faktor STC-1, welcher als Regulator
zellularer SchlUsselfunktionen beschrieben wird, konnte hingegen nicht nachgewiesen

werden.

Die besondere Sekretionsfahigkeit von ASCs stellt ein wertvolles Werkzeug flr
zellbasierte Therapien dar, wie z.B. den zellassistierten Lipotransfer (CAL), bei dem durch die
Anreicherung von Fetttransplantaten mit isolierten ASCs eine deutliche Verbesserung der
Uberlebensrate des transplantierten Konstrukts mit einer geringeren Resorption des
Fettgewebes sowie einer Verringerung von unerwinschten Folgen, wie Fibrosen und
Zystenbildung, erzielt wird. Um die Funktion der ASCs im CAL besser charakterisieren zu
kénnen, wurde im letzten Teil dieser Arbeit eine autologe Transwell-basierte
Lipograft-ASC-Kokultur etabliert, in welcher durch erste Untersuchungen eine signifikant
erhbéhte Sekretion von VEGF im Vergleich zu den Lipografts ohne Zusatz von isolierten ASCs
gezeigt werden konnte. Da die Stabilitatsrate des Fettgewebes und damit der Erfolg des CAL
mutmaBlich auch von der Aufbereitung des Gewebes vor der Transplantation abhangig ist,
wurde in einem Pilot-Experiment die konventionelle Praparationsmethode von Fettgewebe flr
die Stimmlippenaugmentation in der Laryngoplastik in vitro evaluiert. Durch Analysen zur
Viabilitat und Gewebestruktur konnte bei dem klinisch aufbereiteten Injektionsmaterial eine
groBe Anzahl abgestorbener Zellen sowie eine deutlich geschadigte Gewebestruktur mit
nekrotischen Arealen nachgewiesen werden. Im Vergleich dazu konnte mit der in dieser Arbeit
etablierten Praparationsmethode des Fettgewebes als kleine Gewebsfragmente eine deutlich
intakte, vitale und vaskularisierte Gewebestruktur erhalten werden. Damit bietet diese Art der
Aufbereitung von Fettgewebe eine vielversprechende Alternative fir die klinische

Stimmlippenaugmentation.
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Zusammengefasst tragen die Ergebnisse dieser Arbeit zu einer umfassenden
Charakterisierung von ASCs unter ischdmischen Bedingungen bei, wie sie beispielsweise am
Transplantationsort oder in der Geweberegeneration vorliegen kénnen. Die gewonnenen
Ergebnisse, insbesondere zu den sekretorischen Fahigkeiten der ASCs, liefern neue
Erkenntnisse darlber, wie ASCs regenerative Effekte in einem ischamischen Milieu vermitteln
und weshalb deren Verwendung fir therapeutische Zwecke besonders attraktiv und
vielversprechend ist.
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Introduction

1 Introduction

1.1 Adipose tissue

Adipose tissue (AT) is considered one of the largest endocrine organs in the body and
regulates a wide range of cellular reactions and metabolic homeostasis in humans [1-3]. In
addition to its role as an energy reserve and insulating substance with mechanical support for
important body structures, it influences a variety of physiological and pathophysiological
processes [4].

The average amount of AT mass varies among genders, with healthy males having an
average body fat between 10 and 20%, and females approximately 20 to 30% [5]. AT can
generally be divided into subcutaneous and intra-abdominal AT, with subcutaneous AT making
up about 80% of total AT [5,6]. In females, the subcutaneous fat is most abundant in the
gluteofemoral regions as well as in the mammary area, whereas in males the main
subcutaneous depots can be found in the neck, the area over the deltoid and triceps muscles,
as well as in the lumbosacral region [5]. The remaining 20% of AT are located around organs
and include the visceral AT around the digestive organs (mesenteric and omental) and the
retroperitoneal depot (kidney) [5,7,8].

In recent years much progress has been made in understanding AT dysfunctionality that
is clearly associated to the onset of important pathologies including obesity, type 2 diabetes,
dyslipidemia, or nonalcoholic fatty liver [9-12]. The mechanisms underlying AT dysfunctionality
may have different origins such as adipocyte hypertrophy, impaired lipid metabolism, AT
inflammation, impaired extracellular matrix remodeling, inadequate vascularization as well as
an altered secretion of adipokines. In 1997, obesity was declared as a chronic disease by the
World Health Organization (WHO) [13]. In recent decades, the prevalence of obesity has
increased steadily and has already reached epidemic dimensions with an increasing number
of children and young adults in particular being significantly above normal weight [5,14]. This
involves the diagnosis of diseases that previously only appeared in adulthood [15]. Genetic
reasons as well as ethnic background and the gender also have an important impact in this
context, but the imbalance in energy expenditure and intake represents the most common
reason [16—18]. Apart from obesity and the resulting proportion of too much fat, there is also
the condition of too little fat, which is relevant in connection with genetic or acquired
lipodystrophies, aging, trauma, and tumor resections [19]. In the field of cosmetic and
reconstructive surgery, autologous fat grafting is an established method to fill subcutaneous
tissue loss [20,21]. This involves improving the loss or damage of AT by transferring AT to the
impaired site with minimal risk of immune rejection or transmission of viral pathogens [22].

Furthermore, it is @ minimally invasive procedure, with little scarring at the defective site with
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Introduction

recovery time for the patient being less than 48 h [23]. Overall, AT represents an important,
multifaceted organ that can have a major impact on metabolic disorders, but also offers great
potential for clinical applications in the field of tissue repair and regeneration.

1.1.1  Adipose tissue structure

AT is a dynamic and highly vascularized connective tissue consisting mainly of mature,
lipid-filled adipocytes (35-70%) that are closely arranged within the tissue in a hexagonal
configuration. In addition, AT contains a variety of other components, including the stromal
vascular fraction (SVF) with blood cells, endothelial cells, pericytes, adipose-derived stem cells
(ASCs), adipose progenitor cells, fibroblasts, immune cells as well as blood vessels [24—26]
(Figure 1.1). There are two types of AT in mammals, brown adipose tissue (BAT) and white
adipose tissue (WAT), which vary in their abundance and function [5]. BAT is mainly found
only in infancy and is responsible for heat production through the adaptive, non-shivering
thermogenesis to protect newborns against hypothermia [4,27]. With age, the amount of BAT
decreases progressively and only remaining brown fat deposits can be found surrounding the
vertebrae, above the clavicles, in the upper back, and in the mediastinum [28-30].

. Structural Support
Bl miorage - Cell Adhesion
* Paracrine Secretion . .
Cell Signaling

Mature : +  Collagens
/ o Elastin

Adipocytes : Q, - Glycoproleins

Vascularization

Differentiation to Adipocytes or
Endothelial Cells

Paracrine and
Immunomodulatory Secretion

O, and Nutrients Diffusion
Tissue Survival

Figure 1.1: Adipose tissue: The most important components and their characteristics.

Adipose tissue consisting mainly of mature adipocytes, ASCs and endothelial cells surrounded
by their dynamic extracellular matrix. All components are involved with their specific functions in
the modulation of overall tissue homeostasis. Modified from Louis et al. 2020 [31].
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In adult humans, WAT is the predominant form of AT and is divided into several depots in
the body. The total fat mass can be divided into subcutaneous (~ 80%) and visceral and bone
marrow (~ 20%) fat compartments [5]. WAT serves as an energy reservoir by storing
triglycerides, which are located in intracellular lipid droplets in the adipocytes, when there is an
energy overload, and releasing them into free fatty acids during an energy shortage. The
increase in WAT mass in response to changes in the nutrient supply results from hypertrophy
(enlarged adipocytes), the increase in size of already existing adipocytes due to increased lipid
accumulation, and from hyperplasia (increased numbers of adipocytes), in which the
differentiation of precursor cells into mature adipocytes leads to an increased number of cells
in the tissue [25,32]. These two modes of AT expansion are regulated by environmental and
genetic factors. Adipocytes can range in size from 20 to 200 um in diameter [5]. Mature
unilocular adipocytes contain a single large fat droplet that forms 90% of the cell volume. This
is surrounded by a thin rim of cytoplasm and a peripherally located nucleus, giving the cell its
typical signet ring form [5,8]. Smaller and multiple lipid droplets, in contrast, are found in
developing adipocytes or when triglycerides are mobilized during nutrient deprivation. AT has
a dynamic extracellular matrix (ECM), a composite of cell-secreted molecules generated
during tissue development that includes the non-cellular component of the tissue and acts as
a scaffold to provide structural support to the cells. The ECM, produced by both adipocytes
and SVF cells, is fundamentally composed of water, proteins and polysaccharides and is
involved in biochemical and biophysical interactions in the cellular microenvironment. Each
adipocyte is surrounded by a specific ECM, the basal lamina, which consists mainly of collagen
(COL) IV, laminin and heparan sulphate proteoglycan [33—-36]. This ECM takes over numerous
functions such as tissue architecture, cell adhesion, polarity, and migration, as well as functions

in signal transduction between the individual cells [37].

1.1.2 Adipose tissue function

The traditional role attributed to the AT was thermal insulation, mechanical protection of
important body structures and, above all, the function of a specialized energy storage
organ [5,38—40]. A radical change in perspective of AT followed the discovery of leptin in 1994
[41], the first adipocyte-derived cytokine involved in modulating energy homeostasis indicated
WAT as one of the largest endocrine organs of the human body [11,42]. The highly active
metabolic and endocrine function is attributed to the secretion of a variety of biologically active
factors, collectively termed as adipokines, including e.g., hormones, growth factors, enzymes,
cytokines, complement factors as well as matrix proteins that contribute to many different
functions in physiological and metabolic processes [5,43]. Thus, they are reported to be
involved in energy homeostasis, food intake and satiety, insulin sensitivity, lipid metabolism,
complement system, vascular homeostasis, and blood pressure regulation [4,5,44].
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Based on the diverse physiological processes controlled by AT, there is already considerable
evidence of associations between the increased production of some adipokines and the
pathogenesis of obesity and type 2 diabetes mellitus and other metabolic and cardiovascular
dysfunctions [11,12,42,45]. Obesity is defined as excess body fat and is attributed to a
dysfunction in leptin signaling [46—48]. Leptin, that is primarily synthesized and secreted by
mature adipocytes, corresponds with the proportion of AT mass [46,49], which is why it is
increased in obesity [11,42,50]. Obesity is a critical risk factor for the development of type 2
diabetes mellitus and cardiovascular diseases caused by insulin resistance (IR) in
WAT [5,51,52]. Another adipocyte-secreted adipokine, adiponectin, found in the blood [53,54],
exerts anti-obesity and anti-diabetic actions, and soothes IR by stimulating lipid oxidation and
anti-inflammatory responses [55-58]. In addition to these important factors, there are many
other factors involved in lipid metabolism such as cholesteryl ester transfer protein (CETP),
lipoprotein lipase (LPL), hormone-sensitive lipase (HSL), apolipoprotein E (ApoE), and retinol
binding protein-4 (RBP-4) [11]. In the regulation of vascular homeostasis are factors involved
such as angiotensinogen, angiotensin I, angiotensin-converting enzyme (ACE), plasminogen
activator inhibitor (PAI-1), prostaglandin E2 (PGEZ2) and apelin, whereby the modulation of
angiogenesis and tissue repair is regulated by factors like vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), angiopoietin (Ang)-1, Ang-2, among others [5,11,35].
Severe obesity leads to a chronic inflammatory state in which numerous pro-inflammatory
secreted cytokines such as interleukins (IL) (e.g., IL-4, IL-6, IL-8, IL-10, IL-12, IL-18), tumor
necrosis factor alpha (TNF-alpha) and C-reactive protein (CRP) negatively affect metabolic
status [5,43,46,59]. Overall, the main function of AT is no longer primarily to store fats, but
rather it functions as an endocrine organ that secretes various regulatory factors and is of great
interest for several therapeutic approaches.

1.1.3 Adipose tissue vascularization

Native AT is a highly vascularized tissue in which each adipocyte is associated with one
or more capillaries [60,61]. The density of blood vessels is important for the regulation of
adipocyte function and maintenance, providing the transport of nutrients, oxygen, growth
factors, cytokines, and hormones [62,63]. It is reported that there exists a complex crosstalk
between angiogenesis, the formation of new blood vessels from pre-existing vessels, which
involves the migration, proliferation, and differentiation of endothelial cells (ECs), and
adipogenesis, including the differentiation of (pre-)adipocytes into adipocytes and their
subsequent growth in size through lipogenesis, with each regulating the other [61,64,65]. The
growth and expansion of AT by increasing of preformed adipocytes in size (hypertrophy),
followed by an increase in adipocyte cell numbers (hyperplasia) is reported to be angiogenesis
dependent [32,64]. For angiogenesis, in which new vessels are formed from existing ones,
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various triggers can be responsible, such as metabolic signals related to the enlargement of
adipocytes. In the presence of angiogenic and metabolic signals, vessels that are lined by a
single monolayer of resting ECs in state of quiescence can rapidly switch to the
angiogenic/proliferative state by activating angiogenesis-promoting proteins [66]. In contrast,
vasculogenesis that is characterized by the de novo formation of blood vessels during
embryonic development but is also reported in adults, involves the differentiation of distinct
progenitor cells into ECs [67,68]. Apart from the expansion of AT associated with vascular
growth, weight loss is associated with the regression of blood vessels whereby the underlying
mechanisms of vessel regression are not yet fully elucidated [62].

The regulation of angiogenesis and the vascular structure in AT depends on the local
balance between secreted pro-angiogenic and anti-angiogenic factors, the “angiogenic
switch”, that indicates an autoregulatory function for angiogenesis in AT [69]. The functional
communication between (pre-)adipocytes and capillary ECs seems to be via
autocrine/paracrine signaling pathways, the interaction with extracellular components and by
direct cell-cell contact [60,64]. Moreover, studies revealed that besides adipocytes also other
cell types contribute to the modulation of AT angiogenesis like resident macrophages and other
inflammatory and stromal cells [70]. Actively growing adipocytes mediate vascularity by
producing and secreting many different types of pro-angiogenic factors, such as VEGF-A and
hepatocyte growth factor (HGF) as key angiogenic factors produced by adipocytes as well as
other angiogenesis-related factors including Ang-1, Ang-2, fibroblast growth factor 2 (FGF-2),
placental growth factor (PIGF), leptin, estrogen, IL-6, transforming growth factor (TGF)-q,
TGF-B, among others [60-62,64,65,71,72]. In addition to these secreted factors, adipocytes
release several matrix metalloproteinases (MMPs) that are responsible for the modulation of
the ECM and allow matrix-bound vascular growth factors to induce angiogenesis in AT [60].
However, the secreted paracrine factors are not only attributed to developing and mature
adipocytes but also to ASCs that secrete high amounts upon appropriate molecular stimulation
[71,73]. In this context, hypoxia has been shown to be a potent stimulus of angiogenesis by
triggering the expression of hypoxia-inducible factor 1 alpha (HIF-1a) that stimulates especially
VEGF and leptin with a resulting angiogenic response [60,65,74]. VEGF, which is expressed
in the SVF and in mature adipocytes, is reported as the most potent stimulator that induces
migration, survival, and proliferation of ECs and acts primarily via vascular endothelial growth
factor receptor 2 (VEGFR2) signaling [64,75,76]. Leptin has also been shown to have
pro-angiogenic effects via binding to leptin receptors that are expressed by ECs. In this context,
Sierra-Honigmann et al. [77] revealed human umbilical vein endothelial cell (HUVEC)
migration, proliferation and tube formation supported by leptin. Moreover, leptin has been
reported to promote neovascularization by upregulating VEGF expression [78,79] as well as
to induce matrix remodeling through the activation of MMP-2 and MMP-9 which, together with
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other matrix remodeling enzymes, play an important role in angiogenic sprouting and vascular
maturation by modulated ECM. The resulting release of the matrix-bound VEGF contributes to
induced angiogenesis, thus the ECM itself also represents a key role in the development of
vascularized AT [60,61].

Overall, the regulatory mechanisms and pathways that induce AT angiogenesis, and the
role of the vasculature in AT function need a more detailed exploration regarding the temporal
and spatial interplay between the different cell types during AT vascularization and vessel
remodeling as well as the effects of these interactions on metabolic functions of the cell types
[63,80,81]. A better understanding of the mechanisms involved in AT angiogenesis would be
of great importance for, among other things, therapeutic purposes, such as vascularization

following adipose tissue augmentation in the context of tissue regeneration.

1.2 Adipose-derived mesenchymal stromal/stem cells (ASCs)

AT is generally abundant in the human body, characterized by its easy accessibility and
is comprised of adipocytes and a rich source of ASCs that are becoming of increasing
relevance for therapeutic use [82—85]. ASCs can be easily obtained from either liposuction
aspirates or subcutaneous AT fragments from reconstructive surgeries, which are minimal
harvesting procedures compared to conventional stem cell sources such as bone marrow (BM)
and can be easily expanded in vitro [84,86—88]. As the number of obtained stem cells is
100 to 500-fold higher than in BM, ASCs represent one of the most popular adult stem cells
populations in the field of stem cell research and for applications in regenerative medicine
[89,90].

ASCs are commonly isolated by enzymatic digestion of AT with collagenase whereby
cellular components are separated by centrifugation steps. The supernatant contained mature
adipocytes and the resulted pellet, a heterogeneous set of cell populations, is termed
SVF [82,84,91]. The SFV contains besides ASCs also cells from the microvasculature, such
as vascular endothelial cells and their progenitors, vascular smooth muscle cells, and
leukocytes [92,93]. The subsequent cultivation of the cells allows ASCs to adhere quickly to
the surface of tissue culture-treated flasks with an average doubling time between 2 to 5 days,
depending on passage number as well as on culture medium [94,95]. Thereby non-adherent
cells are removed. The spindle-shaped morphology of ASCs is very similar to bone marrow
mesenchymal stem cells (BM-MSCs) [96]. Since the availability of fresh AT for isolation of cells
is not always guaranteed, ASCs can be very easily cryopreserved in media containing serum
and dimethylsulfoxide (DMSO), which does not impair proliferation and differentiation
capability of the cells [97]. Commercial systems are now available for isolating ASCs
non-enzymatically and directly to allow clinicians the immediate application within the same
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operation [98,99]. Nevertheless, in terms of the number of ASCs collected, the enzymatic
isolation method proved to be more effective with 25.9% compared to 5% [98].

The characterization of ASCs in vitro is based on the expression of cell surface CD
(cluster of differentiation) antigens and can be examined by flow cytometry analysis [90]. There
exists a general consensus that ASCs positively express typical mesenchymal markers such
as CD34+, CD90*, CD13*, CD29*, CD44*, CD49d*, and CD105*, and negatively express
hematopoietic and endothelial antigens such as CD14, CD31:, CD45, and CD144
[82,94,100]. Whereby ASCs are only CD34* at the first passage of the culture, which then
decreases more and more after passaging [94,101]. However, what distinguishes them from
BM-MSCs is that they are additionally positive for CD36* and negative for CD106™ [91]. The
localization of ASCs within AT has not been fully clarified so far. Some studies have suggested
that the niche of ASCs is in the vasculature of AT [102]. Other studies have reported that ASCs
are also found in the AT at a perivascular site, which has been demonstrated by histological
investigations [103,104]. Traktuev et al. [104] have moreover noticed that ASCs are located at
the interface between endothelium and adipocytes, whereby ASCs can both support vascular
structure and generate adipocytes. This finding reinforces the assumption that processes like
adipogenesis and angiogenesis are closely related [64,105].

Apart from the easy accessibility of ASCs and their availability in high numbers in AT, they
have prominent implications in tissue regeneration due to their capacity for self-renewal,
their ability to undergo multi-lineage differentiation [86,106,107], including osteogenic,
chondrogenic, adipogenic, cardiomyocytic, hepatic and neurogenic differentiation and to
secrete various cytokines and immunomodulatory factors [108]. These properties contribute to
ASCs being promising candidates for cell-based therapeutic applications in the field of

regenerative medicine.

1.3 Regenerative properties of ASCs

Regenerative medicine is a multidisciplinary field of research that aims to develop methods
to regrow, repair or replace damaged or diseased cells, organs, or tissues by using
biomaterials, growth factors and especially stem cells [109—-112]. ASCs are ideal candidates
in the field of regenerative medicine as they possess the ability to self-renew, to differentiate
along multiple cell lineages, and have above all paracrine and immunomodulatory properties
[73,106,113,114]. Moreover, because ASCs are available in large quantities, can be harvested
through minimally invasive procedures and transplanted safely and effectively, they have
acquired increased importance for therapeutic uses than other stem cell sources [93,115,116].
The postulated regeneration mechanisms of ASCs are very multifaceted in the different areas
of tissue injury, transplantation, or tissue repair. These range from direct differentiation
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[82,117,118], increased perfusion [119,120], antioxidant effects [117,121], tissue remodeling
[122—124], immunomodulatory and anti-inflammatory actions [125-127], among others.

1.3.1  Differentiation potential of ASCs

The regenerative effects of ASCs can be attributed to various mechanisms. ASCs are of
mesodermal origin and considered to be a promising tool for multiple clinical applications due
to the differentiation capability into cells of ectodermal, endodermal, and mesodermal origin,
both in vitro and in vivo [107,128]. The induction of ASC differentiation in vitro is thereby
achieved using appropriate culture media containing lineage-specific induction factors
[107,129].

One of the most intuitive uses of ASCs in tissue repair and regeneration is the replacement
of adipose tissue itself [130—132]. Therefore, the generation of de novo adipose tissue by
supplemented ASCs is of great importance for various therapeutic purposes. Numerous
studies have reported on the adipogenic differentiation capability of ASCs with the underlying
mechanisms [37,115,133]. The adipogenic differentiation, termed adipogenesis, is initiated
and regulated by a multitude of integrated stimulatory and inhibitory signals from soluble
factors, cell-cell, and cell-matrix interactions. The pH as well as the local oxygen tension are
also reported to be crucial factors that are related to adipogenesis [38,134,135]. The transition
of MSCs into preadipocytes and finally into lipid-laden adipocytes, is described to occur in two
main phases, involving adipocyte determination and differentiation [39,136—138].
The determination phase includes the commitment of MSCs to preadipocytes. Preadipocytes
are morphologically indistinguishable from their progenitor cell, but at this state they lose the
potential to differentiate into other cell types, although the molecular mechanisms are not yet
fully understood [38,137,139,140]. There is strong evidence that a network of signaling
pathways targeting the promoters of lineage-specific transcription factors is involved in the
determination process [139,141,142]. Terminal differentiation results in the development of
functional and phenotypic mature adipocytes, characterized by insulin and hormone sensitivity,
a unilocular lipid vacuole, tissue-specific ECM, and the ability to produce adipokines and to
have secretory function [38,39,137,138] (Figure 1.2).
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Figure 1.2: Schematic outline of adipogenic differentiation.

Adipogenic development from progenitor cells to lipid-laden mature adipocytes occurs in a
two-phase process. During determination, ASCs are committed to preadipocytes and lose their
potential to differentiate into other cell types. For further terminal differentiation into functional
and phenotypic mature adipocytes, a sequential cascade of transcription factors is spatially and
temporally activated. Abbreviations: TG: triglycerides; Pref-1: preadipocyte factor-1; C/EBPa/B/d:
CCAAT/enhancer binding proteins alpha/beta/delta; PPARYy: peroxisome proliferator-activated
receptor gamma. Adapted in part from Bourgeois et al. 2019, and de Villiers et al. 2018 [143,144].

The differentiation is regulated by a number of transcription factors that coordinate the
expression of hundreds of genes and has been examined intensively, mainly in mouse
preadipocyte cell lines such as 3T3-L1, 3T3-F442A, C3H10T1/2, and NIH 3T3 [38,39,133,137].
In response to inductive stimuli, the transcriptional cascade of adipogenesis starts with the
expression of CCAAT enhancer-binding protein (C/EBP) family members, including C/EBPf
and C/EBPS, which are responsible for the subsequent expression of peroxisome
proliferator-activated receptor gamma (PPARy and C/EBP) and control the overall terminal
differentiation process and regulation of adipogenesis [145—148]. After activation of PPARy
and C/EBPa, the expression of several adipocyte-specific genes, such as adipocyte protein 2
(aP2), glycerol-3-phosphate dehydrogenase (GPDH), leptin, adiponectin, lipoprotein lipase
(LPL), and the glucose transporter GLUT-4 is promoted [39,133,135,142,149]. Apart from
these central players involved in adipogenic differentiation, there are several other factors that
promote adipogenesis, such as several Krueppel-like factors (KLFs), signal transducer and
activator of transcription 5 (STATS5), sterol regulatory element-binding protein 1 (SREBP-1),
whereas GATA binding protein 2/3 (GATA2/3), hairy and enhancer of split-1 (HES-1)
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and T-cell factor/lymphoid enhancer factor (TCF/LEF), and KLF2 demonstrate inhibitory
effects [150-153].

Adipogenic differentiation in vivo is triggered by progenitor cells receiving appropriate
signals from their cellular environment. Instead, adipogenic differentiation in vitro depends on
respective culture media containing specific induction factors to induce ASCs towards the
adipogenic lineage [154]. The formulation of the culture media varies depending on the cell
culture model, but the hormonal cocktail usually contains pharmacological inducers such as
insulin or IGF-1, a glucocorticoid (e.g., dexamethasone), 3-isobutyl-1-methylxanthin (IBMX)
and indomethacin [155,156]. After a one-week induction with media changes every three days,
vacuoles filled with lipids form and the expression of adipogenic markers at mRNA level can
be detected. After about two weeks of differentiation, the mature adipocytes express an
adipocyte-specific ECM, which consists mainly of laminin, COL 1V, and COL VI as components
of the basal lamina [33,115].

Apart from the differentiation towards the adipogenic lineage, ASCs can also differentiate
into other mesodermal (bone, cartilage, muscle types), ectodermal (neurons, endothelium,
epidermis/skin), and endodermal (liver) lineages [118]. For chondrogenic differentiation, cells
are cultivated in a pellet culture, which provides a 3D environment that increases cell-to-cell
interaction and leads to the production of a cartilage-like matrix [157,158]. The differentiation
medium should contain the chondrogenic inducing factors such as basic fibroblast growth
factor (bFGF), dexamethasone, TGF-B1, insulin, ascorbate-2-phosphate (A2P) and bone
morphogenetic protein (BMP-6) [159], leading to the secretion of extracellular matrix proteins
of cartilage, including type Il and VI collagen and aggrecan [160,161]. The osteogenic
differentiation in the field of bone tissue regeneration can be induced in medium that typically
contains dexamethasone, B-glycerol phosphate, TGF-B, vitamin, and amino acid [162—165].
During the differentiation along the osteogenic-lineage, several expressed genes are
upregulated like BMP-2, BMP-4, COL I, osteoponin, alkaline phosphatase, and osteocalcin
[149,166,167]. Apart from the above-mentioned lineages there are also studies reporting that
ASCs cultured with media containing butylated acid, valproic acid and insulin, have the
potential for ectodermal differentiation with morphological similarity to neurons and possess
both neuronal associated (neuron-specific enolase, nestin, and NeuN) and glial lineage (S100,
p75, nerve growth factor (NGF), receptorm, and NG2) markers [168]. Thereby, the applicability
of ASCs in the regeneration of the central or peripheral nervous system following traumatic
injury still needs to be much better investigated and characterized [169]. In addition, the
differentiation of ASCs into cells of endodermal origin such as hepatocytes and beta-islet cells
is induced in vitro by the differentiation factors activin-A, exendin-4, HGF as well as
pentagastrin and leads to insulin-producing cells [170-173].
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Besides the many advantages that ASCs provide, the differentiation of ASCs is more
complex and challenging in vivo than in vitro. As the transplantation site is often characterized
by a hypoxic or even ischemic microenvironment, which seems to be detrimental to cells, most
injected or implanted cells die [174]. The great differentiation potential of ASCs is also exploited
by the use of biomaterials combined with a variety of biodegradable 3D scaffolds in vivo that
stimulate ASCs into the specific cell type for the desired clinical application via their chemical
compositions and physical properties [175]. Moreover, the use of biomaterial scaffolds within
clinical applications additionally supports attachment, proliferation, and differentiation of cells
[176,177]. The multi-lineage differentiation potential of ASCs is not the only property that
makes these cells particularly attractive and promising for therapeutic uses. Researchers
assume that the regenerative effects of ASCs are caused by the secretion of various trophic
factors, including cytokines and growth factors [178,179], rather than by direct differentiation

into tissue-specific cell types, so that the paracrine properties of ASC are of great importance.

1.3.2 Secretory capacity of ASCs

ASCs are considered mediators of tissue regeneration, mainly through the secretion of
specific soluble factors, which include cytokines, chemokines, growth factors and
glycoproteins, as well as vesicular fractions containing exosomes and microvesicles (MVs)
[73,180—184]. This secretome composition is capable of enhancing a variety of cellular
mechanisms, particularly by promoting cell survival, cell proliferation, differentiation and
migration, vascularization, and immunoregulation [158] and by the recruitment of endogenous
stem cells, which reside in the adult tissue or organs [185,186] (Figure 1.3). The reported
advantage of ASCs over BM-MSCs is the increased secretion of growth factors and bioactive
factors such as NGF, IL-6 and IL-8, HGF, monocyte chemotactic protein 1 (MCP-1),
granulocyte macrophage factor colony stimulator (GM-CSF) and others [180], leading to better
differentiation, migration, proliferation, and autocrine activity, highlighting their promising
regenerative capacity [187—189].

The therapeutic outcomes in tissue regeneration and repair are improved by the variety of
secreted proteins with their different mechanisms of action [190]. In terms of angiogenesis and
revascularization, the release of several angiogenic factors and growth factors can contribute
to the induction and promotion of angiogenesis and to the support of existing vascular
structures [108,191]. The pro-angiogenic factors in the ASC secretome mainly includes VEGF,
HGF, TGF-B2, FGF-2, and GM-CSF, placental growth factor (PGF) and Ang-1 and
Ang-2 [178,192-195]. VEGF, a mitogen-activated protein and one of the key players within
vascularization also has a crucial role in relation to hypoxia [196]. Due to an initial lack of blood

supply after transplantation leading to a hypoxic or ischemic state, transplanted tissues or cells
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tend to undergo apoptosis [197,198]. The upregulation of VEGF under hypoxia with the
resulting significant secretion levels leads to protective effects against ischemia
[191,199-201]. Moreover, VEGF and HGF are also reported to greatly influence cell viability,
proliferation, and migration, with HGF particularly stimulating EC proliferation and migration
[195,202,203].

Soluble Factors

Exosomes
Microvesicles
Apoptotic bodies

Growth Factors
Cytokines
Chemokines

Angiogenesis
Vascularization
Cell Survival/ Growth
Immunomodulation
Tissue Remodeling

Figure 1.3: Composition and the main therapeutic effects of ASC secretome.

The ASC secretome is composed of soluble factors such as growth factors, cytokines,
chemokines, and the EVs including exosomes, microvesicles and apoptotic bodies. The potential
therapeutic mechanisms that can be harnessed through the use of the ASC secretome are diverse
and include, in particular, angiogenesis, enhanced vascularization, cell proliferation,
differentiation and migration, as well as anti-inflammatory and immunomodulatory actions.
Abbreviation: EVs: Extracellular vesicles.

In tissue regeneration and repair, the regulation of inflammatory processes plays a crucial
role, particularly in the control of local and systemic inflammatory responses [204]. The highly
immunomodulatory properties of ASC, besides the reduction of dendritic cell surface markers
(CD80, CD83, CD86), are mainly attributed to the secreted amounts of anti-inflammatory
mediators such as IL-1 receptor antagonist (IL-1Ra), IL-4, IL-6, IL-10, IL-13 as well as
TGF-B1, which attract immune cells [205-207]. Delarosa et al. [208] also report interferon
gamma (IFN-y), prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO) and nitric oxide
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as important effector molecules secreted by ASCs. The secretion of IL-6 and IL-8, which can
act as chemo-attractants, support the recruitment of monocytes and macrophages to sites of
tissue repair [209—-211]. However, it is also reported that IL-6, likewise IL-2, can also have
pro-inflammatory properties under different states [212]. A study by Ma et al. [213] examined
the influence of the ASC secretome on macrophages. They pointed out decreased expression
of pro-inflammatory cytokines, including IL-6, TNF-a and MCP-1, due to a reduction in
pro-inflammatory M1 macrophages and an increase in anti-inflammatory M2 macrophages.
Moreover, the ASC seretome can exert anti-inflammatory effects by reducing the proliferation
of peripheral blood mononuclear cells, inhibiting NK cells, and suppressing the proliferation of
cytotoxic T cells while increasing the number of regulatory T cells [214,215]. Inflammation is
also in relation with wound healing. Thus, the paracrine capacity of ASCs also plays a crucial
role in the therapeutic treatment of wound healing processes [216,217]. Ebrahimian et al. [218]
have shown in their animal model that besides VEGF, keratinocyte growth factor (KGF) also
has the potential to enhance the proliferation phase of the healing process and that these are
key factors for the proliferation and migration of keratinocytes. Moreover, IL-6 and IL-8 are
equally important for wound healing processes as they also trigger keratinocyte migration,
fibroblast migration, leukocyte infiltration and collagen synthesis [219-221]. In addition,
TGF-B1 and HGF are also considered to support the regenerative potential in wound
healing [222]. However, studies have equally shown that the secretion of these factors
promotes neurogenic responses, while tissue inhibitor of metalloproteinase-1 (TIMP-1) and
progranulin (PGRN) have neuroprotective potential [223]. The effects of the secretome of
ASCs in regulating breast cancer is highly controversial. O'Halloran et al. [224] have
highlighted that secreted adipokines such as TNF-a, IL-6, IL-8 and MCP-1 are responsible for
promoting tumor growth. Another study by de Miranda et al. [225] has also demonstrated that
the ASC secretome increases tumor-initiating cells and the migration capacity of MCF-7 and
MDA-MB-231 cells. Contrary to these studies, it has been shown that tumor growth in MCF-7
breast cancer cells can be suppressed via STAT1 activation resulting from IFN-B secretion
[226]. Although the function of the secretome on breast cancer cells shows very different
results, it is assumed that the negative effect of the secretome only affects active breast cancer
cells [227]. To clarify the effects of ASCs and its secretome on remaining breast cancer cells
in the context of breast reconstruction after tumor resection, further studies would be needed

to specifically assess the resulting effects.

Besides the secretion of growth factors and cytokines of the soluble fraction, extracellular
vesicles (EVs), including the subtypes exosomes, MVs, and apoptotic bodies, also promote
cell survival, angiogenesis, and immunomodulation based on their release pathways, content,
and function [228-230]. EVs, which consist of lipids, nucleic acids (e.g., mRNA, rRNA, miRNA)
and small proteins, are able to modulate their actions through membrane fusion by interacting

28



Introduction

directly with cell membranes or releasing their bioactive cargo into the cell cytoplasm [231,232].
Exosomes, defined as nano-scaled vesicles between 30-150 nm in diameter [233,234], have
gained increased popularity for therapeutic uses due to their specific regenerative properties
and their stability in the human body [182]. Researchers identified several proteins in
ASCs-derived exosomes and demonstrated their role within metabolic and cellular processes
as well as the link to proliferation and regeneration pathways [235,236]. Li et al. [237]
demonstrated in their model the improved wound healing by ASCs exosomes. In addition to
exosomes, Kang et al. [238] found that MVs released by ASCs positively influence migration
and vascular formation of ECs. In addition, Togliatto et al. [239] demonstrated the potential of
MVs regarding proangiogenesis within diabetic states by activating the extracellular
signal-regulated protein kinase 1/2/mitogen-activated protein kinase (Erk1/2/MAPK) pathway.
The ASC secretome represents a promising tool in the field of regenerative medicine due to
the possible interaction between different molecules present in the secretome. However,
whether the paracrine actions are mainly attributed to the secreted cytokines and growth
factors or to the EVs remains under investigation and is of great relevance to find appropriate
strategies for clinical settings. ASCs have shown that they can alter their secretome properties
and composition depending on their microenvironment or the disease status [179,239,240].
For instance, modulation of ASCs paracrine activity by oxygen deprivation is well documented
with an increased production of chemokines (e.g., IL-8, MCP-1), angiogenic mediators
(ANG, VEGF) and an increase in inflammatory modulators (IL-6, IL-1Ra) [241-243].
Knowledge about the paracrine capacity of ASCs in nutrient deprivation, which have been
reported in the context of ischemic diseases or at transplantation sites, where cell-loaded
constructs are initially not adequately supplied with nutrients [244,245], is still pending and is
therefore the main topic of this work.

ASCs and their secretome represent a valuable tool in regenerative medicine due to the
composition of numerous factors that mediate beneficial contributions to tissue repair,
regeneration, and immunomodulation [246]. Moreover, ASCs respond to various stimuli from
their dynamic environment by increasing their expression of trophic factors. Over the last years,
there has been a growing interest on strategies that stimulate ASC paracrine secretion [179].
Various strategies including genetic, pharmacological, physiological, physical, and cytokine
and preconditioning are used to trigger the expression of the desired multiple trophic factors
and vesicles [178,179,247]. Nevertheless, further research is needed to understand the
mechanisms and components underlying the beneficial secretory effects of ASC under
adverse in vivo conditions, such as at transplant sites or in diseased tissue, in order to

potentially improve their efficacy in clinical settings.
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1.4 Clinical application of ASCs

The ability of ASCs to differentiate into multiple lineages and their secretion of various
trophic factors make them an attractive tool for clinical stem cell therapies. Over the last years,
there has been a significant increase in studies and preclinical studies on the effectiveness of
ASCs in tissue reconstruction and regeneration. Their clinical application has also been
investigated in numerous clinical trials, but only a small number of phase Il trials are reported
today [169,192,248]. The use of ASCs is multifaceted and is applied in a wide variety of
therapies [249]. ASCs have been shown to be useful for the treatment in wound healing [250].
Through their secretion of growth factors and cytokines such as FGF, EGF (epidermal growth
factor), TGF-B, VEGF, HGF, SDF-1 (stromal cell-derived factor 1), they are able to activate
immune cells, fibroblasts and MSCs, promote cell proliferation, support skin remodeling, and
contribute to improved vascularization [218,251-253]. In a study by Rigotti et al. [254], the use
of ASCs demonstrated improved ultrastructural tissue characteristics with new vessel
formation in a group of patients who had received radiotherapy with resulting severe radiation
wounds. ASCs have also been shown to be effective in treatment of wounds that are
complicated by ischemia such as occurring in diabetes as well as by severe symptoms such
as atrophy, fibrosis, and retraction [255-257]. Moreover, the treatment with ASCs in pathologic
wounds as for instance with aberrant scar formation is also well reported. Here, the injection
of ASCs in animal models showed a reduced area of wound with improved colour and pliability
[258—-260]. Due to the immunosuppressive and anti-inflammatory effects of ASCs and their
secretome they can counteract inflammatory processes associated with scar formation
[261,262]. The reported immunomodulatory effects of ASCs also play a crucial role with regard
to immune tolerance for transplant patients, where ASCs suppress inflammatory and stimulate
anti-inflammatory cytokines and are able to induce antigen-specific regulatory T cells [263].
These properties make ASCs important regulators of immune tolerance and promising

candidates for immunologic disorders [264—-266].

Additionally, the use of ACSs has shown promising results in bone tissue repair. The ability
of ASCs to differentiate into osteoblasts and chondrocytes is well known and therefore makes
them attractive for bone tissue reconstruction [267,268]. Lendeckel et al. [269] reported for the
first time on new bone formation with ASCs three months after reconstruction in a patient with
extensive calvarial defects. Other studies also reported the formation of new bone as well as
the healing of defects in the maxilla and mandible using ASCs [270,271]. Promising results
were further shown in the treatment of cartilage defects, but so far only in animal studies where
ASCs fully repaired hyaline cartilage defects [272,273]. Even in the treatment of osteoarthritis,
a disease that affects millions of people worldwide, the use of ASCs could improve pain and
mobilization. In addition, imaging techniques showed bone matrix formation at the site of

osteonecrosis and an increase in the thickness and height of the meniscal cartilage [274].
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However, there is no distinction whether these promising results can be attributed to the direct
differentiation of the ASCs into target cells or to their secretory capacity. In the field of tissue
engineering, the use of ASCs seeded onto natural or synthetic biomaterial scaffolds is used to
support cell attachment, proliferation, migration, interaction, and differentiation [177,275],
whereby the material is degraded or absorbed into the patient so that the newly formed tissue
restores the defective site [276,277]. This application is used in reconstructive procedures such
as tissue regeneration after tumor removal, in burn treatment and cleft lip/palate repair
[23,278]. Besides, ASC therapy is also promising in neural related diseases, like Alzheimer
disease, Parkinson disease, multiple system atrophy and further neurodegenerative diseases
[279-282]. In the treatment of Parkinson, in a mouse model it could be demonstrated that the
injection of ASCs recovered the mitochondrial functions, improved motor abilities, and had
neuroprotective effects [282]. Again, it should be mentioned that most of the studies were
conducted in animal models [283]. However, in humans, is has been shown, that the
application of ASCs had a positive influence on cell viability and cell proliferation of nucleus
pulposus cells in the intervertebral disc [284,285]. ASCs also showed angiogenic effects
through their secretion of angiogenic factors in the treatment of cardiovascular diseases and
diseases associated with ischemia, such as ischemic stroke, ischemic heart disease or critical
limb ischemia [286—288].

In recent years, the clinical use of ASCs has also increased in the field of plastic and
aesthetic surgery, in particular, through the use of cell-assisted lipotransfer (CAL) technology.
ASCs are an attractive, readily available cell source, especially in Korea and Japan, for
aesthetic treatments such as breast augmentation, augmentation in facelift and facial
contouring surgeries, or for facial lipoatrophy, where ASCs have shown promising clinical

results due to their regenerative potential [289].

1.5 ASCs in cell-assisted lipotransfer (CAL)

For several decades, the importance and use of stem cell therapies has been gaining
more and more attention. The therapeutic procedures thereby aim to exploit the properties of
the stem cells. The clinical application of ASCs in the field of regenerative medicine is very
multifaceted, as described above, and more and more research is focusing on the use of ASCs.
ASCs have been shown to be particularly ideal candidates for the treatment in conjunction with
the transplantation of AT using CAL.

In plastic surgery, autologous fat transfer or lipofilling is used for soft-tissue correction,
reconstruction, and augmentation and has become a well-established method for cosmetic
and reconstructive indications [290-292]. Thereby, the adipose tissue is removed by
liposuction or excision, followed by purification steps, and immediately reimplanted into the
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same patient [293]. Autologous fat is an ideal and promising filler because it is host-compatible,
non-toxic, easy and repetitive to harvest and indicates a low complication rate [294—-297]. The
main indications for the use of autologous fat grafting are the correction of tissue defects after
cancer removal or radiotherapy, soft tissue augmentations (mainly breast augmentations),
facial rejuvenation through filing and correcting post-traumatic defects [298-301].
However, autologous fat grafting is associated with several complications that significantly
reduce the efficacy of this technique. These include fat necrosis, calcification, the formation of
oil cysts, and above all, fat resorption with a long-term volume loss ranging from 25 to 80%
[302-308]. To overcome these limitations of this technique, researchers have sought to
increase the survival rate and persistency of the transplanted fat by a concurrent
transplantation of fat with ASCs, called CAL. In 2006, Matsumoto et al. [309] introduced this
novel fat grafting technology in animal models, whereby the lipoaspirate was enriched with the
SVF, which contains mainly ASCs in large quantities, in addition to other cells such as
endothelial cells and stromal cells. The application of ASCs in CAL has yielded findings
suggesting a supportive effect in autologous lipotransfer, improving distinctly the outcome of
transplantation through various mechanisms. First, ASCs could differentiate into mature
adipocytes and thus serve to maintain volume [310], or differentiate into vascular
endothelial-like cells, which could promote neoangiogenesis and vascularization of the graft
and simultaneously prevent fat necrosis [68,191,311,312]. Second, ASCs can be stimulated
by the ischemic microenvironment prevalent at transplantation site, and thus release a wide
variety of paracrine factors that support the surrounding tissue and promote vascularization
through secreted factors such as VEGF, HGF, and SDF-1, providing major benefits over
conventional autologous lipotransfer [191,202,313—-315]. In 2008, the CAL technique was first
applied in humans by Yoshimura et al. [316] for cosmetic breast augmentation to boost the
efficacy of autologous lipoinjection. Since this first use of CAL in humans, several studies have
evaluated the efficacy of the CAL technique in comparison to conventional autologous fat
grafting, with divergent results depending on the indication [317-322]. For the realization of
CAL, a portion of a volume of fat removed by conventional liposuction or extraction is used,
washed (phosphate-buffered saline) and digested using a mixture of proteolytic enzymes. After
filtration, the liquid SVF fraction is obtained and washed again several times. This process
takes about 90 minutes in total. The remaining AT and the SVF obtained are mixed gently for
about 10 to 15 minutes and filled into the injection syringe [323], the injection being performed
mainly according to Coleman's technique [294]. The SVF isolation procedure can be done
manually or using automatic commercial systems that enable the rapid, automated generation
of a cell-enriched lipoaspirate [324,325]. The outcomes after the application of different SVF
isolation techniques are contradictory. While Gentile et al. [326] found that the optimal SVF
extraction method was the automatic one, Doi et al. [327] showed no differences in terms of
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resulting cell number and cell viability. In order to better compare the results of clinical trials, a
standardized method of SVF isolation with a constant percentage of cells in the graft is
therefore required. However, the number of cells needed for the best augmenting effect of CAL
is not known, but the reported dose for fat enhancement ranges from 5 x 10° to 2 x 107 cells/ml
lipograft [318]. ASCs can be obtained clinically from liposuction aspirates in sufficient numbers
without the need for cell expansion in culture [309]. The advantage is that the harvesting and
injection can be done in a single surgical session, which is time and cost efficient and saves
the patient an additional surgical procedure with higher risks. In addition to the use of SVF for
cell enrichment, there are also studies that have investigated the efficacy of CAL with cultured
ASCs. Kalle et al. [328] have conducted a blinded, randomized clinical trial comparing the use
of autologous ASCs in CAL with conventional lipotransfer. This study included 10 patients with
a bolus injection of fat into the upper arm with a fat graft enriched with 2.2 x 107 ASC/ml fat on
one side compared to the other side with the fat graft alone. After 121 days, the grafts were
explanted and analyzed histologically. The fat survival rate was 80.9% (76.6-85.2) in
ASC-enriched grafts compared to control grafts with 16.3% (11.1-21.4) of the initial volume,
with higher quality of the remaining graft in CAL. Similarly, Koh et al. [329] demonstrated
reduced resorption in Parry-Romberg disease therapy, resulting in improved survival of
ASC-enriched grafts compared to microfat-only grafts. A study by Moseley et al. [312] aimed
to highlight the comparison between the use of ASCs and SVF, with the SVF group showing a
2.5-fold improvement in survival of transplanted fat in a mouse model compared to the control
group, while cultured ASCs showed a trend towards improvement without statistical
significance. However, due to the limited data available on studies up to now, no conclusion
can be reached as to whether the fresh cell population, the SVF, or cultured ASCs result in
better clinical outcomes. Interestingly, there are also studies reporting oncological risk
associated with CAL, both in human studies showing an increase in breast cancer [330,331]
and in in vitro cultures or animal studies indicating promotion of ASCs in breast tumor growth
and invasion [332—-334].

Overall, the promising effect of ASCs in CAL has been demonstrated in a variety of clinical
settings. However, further randomized controlled clinical trials are needed to clarify the pivotal
role and mechanisms of action of ASCs in CAL and also to assess the impact on long-term
oncological safety. It has been widely discussed that the positive effects of ASCs are mainly
related to their secretory capacity. For this reason, it is of great importance to understand the
conditions that prevail in the setting of CAL in vivo as best as possible in order to find out which
specific stimuli promotes the secretory activity of ASCs in this context. Therefore, in basic and
translational science, 3D culture in vitro-models are becoming increasingly interesting to mimic

the 3D environment of the native adipose tissue and the complexity of the interactions between
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AT and ASCs. Therefore, studies with a physiologically relevant model of AT in vitro would be
an ideal tool for more detailed studies on the function of ASCs in CAL.

1.6 Goals of the thesis

The potential use of human ASCs has been reported in a variety of clinical approaches,
especially for repair and regeneration of various tissues and organs. Their regenerative
properties from self-renewal and multipotential differentiation are not the only characteristics
that make these cells attractive for therapeutic purposes. The therapeutic effects are mainly
attributed to the trophic actions of their secreted growth factors, cytokines, chemokines,
extracellular MVs and exosomes, that contribute to promotion of angiogenesis, reduction of
inflammation, and functional recovery [178,335-339]. The use of ASCs in cell-based
approaches, such as CAL, has been shown to promote higher survival rates and persistence
of the transplanted cell-loaden construct [316,340]. However, the survival rate of the ASCs
upon transplantation is very low due to the ischemic conditions to which cells are initially
exposed. As the transplantation site is characterized by an initial lack of blood supply [244,245],
cells undergo severe oxidative and nutritional stress, which is considered to be detrimental to
cells [341]. The response of ASCs to the individual factors of ischemia remains poorly
understood. In order to optimally exploit their use in cell-based approaches and tissue
regeneration, a comprehensive characterization of ASCs in terms of ischemic conditions is
necessary. This includes a broad knowledge of their viability, differentiation capacity and, in
particular, of their secretory capabilities. In regenerative approaches, angiogenesis and wound
healing are key processes whereby secreted growth factors and cytokines of ASCs can
contribute to beneficial effects [342,343]. Thus, the underlying effect of the secretome of
ischemia-challenged ASCs on ECs and fibroblasts also remain to be elucidated. The function
of added ASCs in CAL could be examined in more detail apart from cell cultures on 2D surfaces
by using a 3D culture that mimics functions and responses of cells and tissue in a more
physiological manner. Thus, the establishment of a 3D culture to study ASC function in CAL
would be of great relevance. Therefore, this thesis includes the following objectives to get a
better understanding of the mechanisms responsible for the beneficial role of ASCs under
ischemia and to further improve their therapeutic efficacy in CAL and in regenerative

approaches.
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1. The characterization of ASCs under ischemia-like stress conditions and the comprehensive
analysis of their secretory properties and regenerative effects in terms of ischemia.

2. The evaluation of the effect of stanniocalcin-1 (STC-1) on ASC secretion and endothelial
cell tube formation by the addition of exogenous recombinant human STC-1 (rhSTC-1) and
by specific inhibition of STC-1.

3. The development of a 3D adipose tissue-ASC co-culture in vitro and the investigation on
the secretory capacity of ASCs in this set-up.

1.6.1 Characterization of ischemia-challenged ASCs and analysis of secretory
properties and regenerative effects

Despite the multitude of regenerative properties of ASCs, a low survival of ASCs upon
transplantation has been documented [197,198]. This may be due to an ischemic environment
to which the cells are exposed due to the initial lack of blood supply and the associated
deprivation of nutrients, oxygen, and growth factors [344,345]. In order to understand and to
further improve their therapeutic efficacy in regenerative medicine, a comprehensive
characterization of ASCs under ischemia-like stress conditions is essential. The secretory
response of ASCs to ischemic stress and the different components, however, has been rarely
investigated so far. Therefore, first in this study, two different ischemic conditions, moderate
and harsh, were examined with regard to the viability and secretory response of ASCs
(see Chapter 4.1). Since studies regarding the modulation of the paracrine activity of ASCs
have so far only referred to low oxygen concentrations, in a next step, investigations focused
on the effect of glucose deprivation in conjunction with severe hypoxia were conducted.
Therefore, a cytokine antibody array for screening of markedly expressed anti-apoptotic,
angiogenic and immunomodulatory factors in glucose/oxygen-deprived ASCs was used to
further investigate secretion profiles. The assumption that regenerative effects are mainly
attributed to the secreted factors of ischemia-challenged ASCs was further evaluated by
investigating the effect of the secretome of ischemia-challenged ASCs on endothelial cell
viability, metabolic activity, and tube formation as well as on fibroblast migration
(see Chapter 4.2).

1.6.2 Effect of stanniocalcin-1 (STC-1) on endothelial cell tube formation and
on the secretion of vascular endothelial growth factor (VEGF) by ASCs

The beneficial effects of ASCs are mainly attributed to the large number of various
secreted growth factors and cytokines [134,346]. Some of these trophic factors play an
important role, for example in promoting neo-vascularization [197,347]. For STC-1, one major
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anti-apoptotic factor [348,349] involved in the response to oxidative stress, survival,
proliferation and especially in the control of angiogenesis [350,351], a significant expression in
ischemia-challenged ASCs was observed (see Chapter 4.2). Therefore, the possible effect by
STC-1 on endothelial cell tube formation and on the secretion of VEGF by ASCs was examined
further. Different exogeneous rhSTC-1 concentrations were used and the VEGF expression
downstream of STC-1 was investigated. Furthermore, a STC-1-targeted blocking approach,
by applying different antibody concentrations, was conducted to examine the possible
influence of this newly detected factor in ASCs on EC tube formation (see Chapter 4.3).

1.6.3 Development of an in vitro 3D autologous lipograft-ASC
co-culture system

The use of ASCs in CAL is of great interest due to their high abundance, easy harvesting
[106,352], and especially their regenerative properties, due to the variety of secreted factors
that promote higher survival rates and persistence of the transplanted cell-laden construct
[328,340]. In order to gain deeper insights into the functional role and effects of added ASCs
on lipografts, an adipose tissue in vitro model, mimicking the in vivo adipose environment and
reflecting the complexity of the native tissue, would be highly desirable. Therefore, in this study,
a 3D, physiologically relevant, long-term volume stable in vitro lipograft-ASC co-culture system
was established and evaluated with regard to its usability for studying ASC function in CAL
and tissue regeneration. For this purpose, lipografts and ASCs with a clinically relevant
concentration were co-cultured in a transwell-based culture system under ischemia-mimicking
conditions. After establishing the co-culture of lipografts and ASCs to closely mimic in vivo
cellular environments, the secretory response of ASCs within this co-culture was examined by
measurement of the secreted amounts of selected angiogenic, anti-apoptotic, and
immunomodulatory factors by ELISA (see Chapter 4.4). This served as a first approach to
investigate the function of ASCs in CAL in a physiologically relevant manner and should be the
basis for further experiments to get closer to an identification of factors that are able to foster
the long-term stability of lipografts in vivo.

36



37



Materials

2 Materials

2.1 Instruments

Table 2.1: Overview of instruments.

Instrument Supplier Central office
Analytical balance Ohaus Zirich, Switzerland
Centrifuge Rotina 420 R Hettich Tuttlingen, Germany

Centrifuge SIGMA 1-14

ChemiDoc™ Touch
COBAS INTEGRA 800
CO:2 incubator

CO: incubator (hypoxia)
CytoFlex

Fluorescence spectrometer Tecan
Infinite M200

Freezers

Fridges

Haemacytometer Neubauer
Laminar flow box Typ-HS18
Orbital shaker Unimax 1010
Mastercycler® Gradient
Magnetic stirrer

Microscope BX51/ DP71 camera
Microscope 1X51/ XC30 camera
Microtome Histoslide 2000 R
NanoDrop 2000c

pH-meter HI2210

Pipettes Research® Plus
Pipette controller accu-jet® pro

Pipette repetitive

SIGMA Laborzentrifugen
GmbH

Bio-Rad

Roche

IBS Integra Biosciences
Binder GmbH

Beckman Coulter GmbH

Tecan

Liebherr

Liebherr

Paul Marienfeld GmbH
Heraeus
Heidolph
Eppendorf

VWR

Olympus
Olympus

Leica Biosystems
Thermo Scientific

Hanna Instruments

Eppendorf
Brand
Brand
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Osterode, Germany

Munich, Germany
Basel, Swiss
Fernwald, Germany
Tuttlingen, Germany
Brea, USA

Crailsheim, Germany

Biberach, Germany
Biberach, Germany
Lauda, Germany
Hanau, Germany
Schwabach, Germany
Hamburg, Germany
Darmstadt, Germany
Hamburg, Germany
Hamburg, Germany
Wetzlar, Germany
Waltham, USA

Kehl am Rhein,
Germany

Hamburg, Germany
Wertheim, Germany

Wertheim, Germany
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Instrument Supplier Central office
proOx-C chamber system C-274 BioSpherix Parish, USA
Real-Time PCR Detection System Bio-Rad Munich, Germany
CFX96T™
Thermomixer comfort MTP Eppendorf Hamburg, Germany
Ultrasonic homogenizer SonoPlus Bandelin Berlin, Germany
Vortexer, IKAR MS3 basic IKAR Staufen, Germany
Waterbath Memmert Schwabach, Germany
2.2 Consumables
Table 2.2: Overview of used consumables.
Consumable Supplier Central office

Bottle top-filter Nalgene®
Cannulas sterican

Coverslip 24 x 60 mm

Cultur-Insert 2 well
Combitips® Plus 2.5 mL
Disposable forceps ratiomed®
Falcon cell strainers 100 ym
Glass pasteur pipettes

Hardshell PCR plates, 96-well, thin
wall

Microseal® "'C” Film
Microtome blades

6, 12, 24 & 96- well plates

24-well TC-plates
24-well TC-inserts
96-well plates black
Parafilm®

Thermo Scientific
B. Braun

Menzel

Ibidi GmbH
Eppendorf
Megro GmbH
BD Biosciences
Brand

Bio-Rad

Bio-Rad
Feather

Greiner Bio-One

Sarstedt
Sarstedt
Thermo Scientific

Pechiney
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Waltham, USA
Melsungen, Germany

Braunschweig,
Germany

Gréfelfing, Germany
Hamburg, Germany
Wesel, Germany
Heidelberg, Germany
Wertheim, Germany

Munich, Germany

Munich, Germany
Osaka, Japan

Frickenhausen,
Germany

NUmbrecht, Germany
NUmbrecht, Germany
Waltham, USA
Chicago, USA
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Consumable

Supplier

Central office

PAP pen liquid blocker
PCR-strips 8-tubes 0.2 mL
Pipette filter tips

Pipette tips

Pipettes serological

Polypropylene Tubes 15 mL/50 mL

Reagent Reservoirs

SafeSeal micro tubes 1.5 mL/2.0 mL
Sample cup PE 2.5 mL

Scalpels

Scissors surgical

Syringe Filter Minisart® 0.2 ym

Tissue culture flasks T25/T75/
T175

p-Slide Angiogenesis

Sigma-Aldrich
Carl Roth GmbH
Sarstedt

Starlab

Greiner Bio-One

Greiner Bio-One

VWR
Sarstedt
Hartenstein
Feather

B. Braun
Sartorius AG

Greiner Bio-One

Ibidi GmbH

Munich, Germany
Karlsruhe, Germany
NUmbrecht, Germany
Hamburg, Germany

Frickenhausen,
Germany

Frickenhausen,
Germany

Darmstadt, Germany
NUmbrecht, Germany
Wirzburg, Germany
Osaka, Japan
Melsungen, Germany
Géttingen, Germany

Frickenhausen,
Germany

Gréfelfing, Germany

2.3 Chemicals

If not otherwise stated in Table 2.3 or the Methods section (Chapter 3), all chemicals and

reagents utilized for the preparation of buffers and solutions were obtained from Sigma-Aldrich

(Munich, Germany) and Carl Roth GmbH (Karlsruhe, Germany).

Table 2.3: Overview of used chemicals.

Chemicals Supplier Central office
Accutase Sigma-Aldrich Munich, Germany
Antibody diluent, Dako REAL™ Dako Hamburg, Germany
Aqua ad iniectabilia B. Braun Melsungen, Germany
B-Estradiol Sigma-Aldrich Munich, Germany
bFGF (basic fibroblast growth factor) BioLegend London, UK

BODIPY 493/503 Invitrogen Karlsruhe, Germany
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Chemicals

Supplier

Central office

COBAS INTEGRA reagents
Collagenase NB4

Corning® Matrigel® Basement
Membrane Matrix, Growth Factor
Reduced,Phenol Red Free

CytoFLEX Daily QC Fluorospheres
CytoFLEX Sheath Fluid
D-(+) Glucose solution

DAPI mounting medium
Immunoselect®

Dulbecco’s phosphate-buffered
saline (DPBS), no calcium, no
magnesium

Dexamethasone

Distilled water (DNase/RNase free)
Hoechst 33258 dye

Human insulin

IBMX (3-Isobutyl-1-methylxanthine)
Indomethacin

MESA GREEN gPCR™ Mastermix
Plus for SYBR® Assay

Thiazolyl Blue Tetrazolium Bromide
(MTT)

Phalloidin-iFluor 488 Reagent -
CytoPainter

Phenol Red

Phosphate-buffered saline
(Dulbecco A) tablets

Proteinase K (Digest-All 4)
Recombinant human STC-1
Resazurin sodium salt
Terralin Liquid® disinfectant

Thesit®

Roche
Serva Electrophoresis

BD Biosciences

Beckman Coulter GmbH
Beckman Coulter GmbH
Sigma-Aldrich

Dako

Thermo Scientific

Sigma-Aldrich

Life Technologies
Polysciences
PromoCell

Serva Electrophoresis
Sigma-Aldrich

Eurogentec

Sigma-Aldrich

Abcam

Sigma-Aldrich

Thermo Scientific

Life Technologies
R&D Systems
Sigma-Aldrich
Schilke

Gepepharm
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Basel, Swiss
Heidelberg, Germany
Heidelberg, Germany

Brea, USA
Brea, USA
Munich, Germany

Hamburg, Germany

Karlsruhe, Germany

Munich, Germany
Karlsruhe, Germany
Warrington, USA
Heidelberg, Germany
Heidelberg, Germany
Munich, Germany

Cologne, Germany

Munich, Germany

Cambridge, UK

Munich, Germany

Waltham, USA

Karlsruhe, Germany
Minneapolis, USA
Munich, Germany
Norderstedt, Germany

Hennef, Germany
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Chemicals

Supplier

Central office

TRIzol® reagent
Trypsin-EDTA 0.25%

Life Technologies

Thermo Scientific

Karlsruhe, Germany

Karlsruhe, Germany

2.4 Antibodies

Table 2.4: Overview of used antibodies.

Antibody Type/Source Application/Dilution  Supplier
Anti-HIF-1a Monoclonal IgG  IHC: 1:200 Abcam
mouse (ab16006)
Anti-CD31 Monoclonal IgG  IHC: 1:200 Dako
mouse Clone JC70A (M0823)
Anti-Perilipin 1 Polyclonal IgG IHC: 1:200 Thermo Scientific
rabbit (PA5-72921)
Anti-STC-1 Polyclonal IgG Blocking: 5 pg/mL R&D Systems
goat 20 pg/mL (AF2958)
IgG 1 isotype control  Polyclonal IgG Blocking: 5 pg/mL R&D Systems
goat 20 pg/mL (AB-108-C)
IgG1 negative control  Polyclonal IgG IHC: according to Dako
mouse primary antibody (X0931)
concentration
IgG1 isotype control Polyclonal IgG IHC: according to Dianova
rabbit primary antibody Clone pAK
concentration (DLN-13121)
Cy3-conjugated Polyclonal IgG IHC: 1:400 Dianova
donkey anti-mouse donkey (715-165-150)
secondary antibody
Cy3-conjugated goat  Polyclonal IgG IHC: 1:400 Dianova
anti-rabbit secondary  goat (111-165-003)

antibody
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2.5 Primers

Table 2.5: Overview of used primers.

Gene Gene Symbol Unige Assay ID/ Sequence Supplier
EF1a EF1A1 F: 5-CCCCGACACAGTAGCATTTG-3’ Biomers
R: 5-TGACTTTCCATCCCTTGAACC-3’
IL-6 IL6 gHsaClD0020314 Bio-Rad
STC-1 STC1 gHsaCID0006115 Bio-Rad
VEGF VEGFA gHsaCED0043454 Bio-Rad
2.6 Cells
Table 2.6: Overview of used cells.
Cell Type Source Ref./Lot Number Supplier
Adipose-derived stem  Human abdominal PT5006 Lonza,
cells adipose tissue (female) Lot 0000560032 Walkersville, USA
Human umbilical vein  Human umbilical vein C-12200 PromoCell,
endothelial cells Lot 4452011 Heidelberg,
Germany

NIH/3T3 Fibroblasts Mouse, mus musculus, CRL-1658™ ATCC,

embryo Manassas, USA
MCF7 Breast cancer ~ Human breast, ATCC,
cells mammary gland HTB-22™ Manassas, USA
MDA-MB-231 Breast = Human breast, ATCC,
cancer cells mammary gland HTB-26™ Manassas, USA

2.7 Cell culture media

Table 2.7: ASC medium.

Medium

Composition

ASC basal medium

Dulbecco’s  Modified Eagle’s Medium/Ham’s F-12
(DMEM/F12, Thermo Scientific, Waltham, MA, USA)
supplemented with 1% penicillin/streptomycin (100 U/mL
penicillin, 0.1 mg/mL streptomycin), 10% fetal bovine serum
(FBS; Thermo Scientific), and 3 ng/mL basic fibroblast growth
factor (bFGF; BioLegend, London, UK).
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Medium

Composition

ASC growth medium

ASC differentiation medium

ASC cryopreservation
medium

Preadipocyte basal medium-2 (PBM-2; Lonza, Walkersville,
USA) supplemented with 1% penicillin/streptomycin
(100 U/mL penicillin, 0.1 mg/mL streptomycin) and 10% fetal
bovine serum (both from Thermo Scientific).

Growth medium with 1.7 uM insulin (PromoCell, Heidelberg,
Germany), 1 yM dexamethasone, 200 pM indomethacin
(both from Sigma-Aldrich, Munich, Germany) and 500 pM
3-isobutyl-1-methylxanthin (IBMX; Serva Electrophoresis,
Heidelberg, Germany).

Basal medium, supplemented with 5% Dimethyl sulfoxide
(DMSO, Sigma-Aldrich).

Table 2.8: HUVEC medium.

Medium

Composition

HUVEC growth medium

HUVEC cryopreservation
medium

Endothelial Cell Growth Medium 2 (449M460) with
SupplementMix  (449M236, PromoCell,  Heidelberg,
Germany), supplemented with 1% penicillin/streptomycin
(100 U/mL penicillin, 0.1 mg/mL streptomycin; Thermo
Scientific).

Cryo-SFM (PromoCell).

Table 2.9: NIH/3T3 fibroblast medium.

Medium

Composition

NIH/3T3 growth medium

NIH/3T3 cryopreservation
medium

Dulbecco’s Modified Eagle’s Medium (4.5 g/L D-glucose,
4 mM L-glutamine, 1 mM sodium pyruvate; Thermo
Scientific), supplemented with 1% penicillin/streptomycin
(Thermo Scientific), and 10% bovine calf serum (BCS;
Sigma-Aldrich).

Growth medium, supplemented with 5% Dimethyl sulfoxide
(DMSO, Sigma-Aldrich).

Table 2.10: MCF7 and MDA-MB-231 medium.

Medium

Composition

MCF-7 and MDA-MB-231
basal medium

MCF-7 and MDA-MB-231
cryopreservation medium

Dulbecco’s Modified Eagle’s Medium/Ham’s F-12
(DMEM/F12, Thermo Scientific, Waltham, MA, USA)
supplemented with 1% penicillin/streptomycin (100 U/mL
penicillin, 0.1 mg/mL streptomycin) and 10% fetal bovine
serum (FBS; Thermo Scientific).

Basal medium, supplemented with 5% Dimethyl sulfoxide
(DMSO, Sigma-Aldrich).
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2.8

Buffers and solutions

Table 2.11: Overview of used buffers and solutions.

Medium

Composition

Adipogenic inducer stock
solutions

Basic FGF stock solution
Blocking buffer (WMS)
Blocking solution (IHC)
BODIPY stock solution
Buffered formalin

Hoechst 33258 stock solution

ORO staining solution

PBS
PBS/Triton X-100

Phosphate saline buffer

Resazurin solution

Insulin (1.7 mM): 10 mg/mL dissolved in 30 mM HCI.
IBMX (25 mM): 5.55 mg/mL dissolved in ddH20, Na>COs.
Dexamethasone (10 mM): 3.925 mg/mL dissolved in abs.
ethanol. Indomethacin (50 mM): 17.89 mg/mL dissolved in
abs. ethanol.

10 mg/mL are dissolved in PBS with 1% BSA.

1.5% BSA dissolved in PBS with 0.3% Triton X-100.

1.5% BSA dissolved in PBS

1 mg/mL is dissolved in DMSO.

3.7% formalin (37% stock solution) diluted in PBS.

2 mg/mL dissolved in ddH20.

0.5 g ORO dissolved in 100 mL isopropanol. Addition of
66.6 mL ddH20. Filtered twice before use.

10 PBS (Dulbecco A) tablets are dissolved in 1 L ddH-0.
0.3% Triton X-100 diluted in PBS.

50 mM (NazHPO4*2H.O (178 g/mol), NaH:PO4*H>O
(138 g/mol)), 2 mM NaEDTA*2H.0, and 2 M NaCl dissolved
in ddH20 and pH was adjusted to 7.4 with NaOH or HCI.

0.15 mg/mL resazurin sodium salt dissolved in PBS.

TEN buffer 0.1 M NaCl, 1 mM EDTA, 10 mM Tris dissolved in ddH20;
pH adjusted to 7.4.
2.9 Assay kits and multicomponent systems

Table 2.12: Overview of used assay kits.

Assay kit

Supplier Central office

DetachKit

DuoSet Ancillary Reagent Kit 2
Human Cytokine Antibody Array C5

Human ANG DuoSet ELISA

PromoCell Heidelberg, Germany

R&D Systems Minneapolis, USA
RayBiotech Norcross, USA

R&D Systems Minneapolis, USA
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Assay kit

Supplier

Central office

Human IL-6 DuoSet ELISA
Human IL-8 DuoSet ELISA
Human MCP-1 DuoSet ELISA
Human STC-1 DuoSet ELISA
Human TIMP-1 DuoSet ELISA
Human VEGF DuoSet ELISA

R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems

Minneapolis, USA
Minneapolis, USA
Minneapolis, USA
Minneapolis, USA
Minneapolis, USA
Minneapolis, USA

GraphPad Prism Version 8.3
Image Lab™ Software
Inkscape 0.92.4

Microsoft Office 365

GraphPad Software
Bio-Rad
Open Source

Microsoft

ImProm-1I™ Reverse Transcription Promega Mannheim, Germany
System
Live/Dead Cell Staining Kit Il PromoKine Heidelberg, Germany
Serum Triglyceride Determination Kit  Sigma-Aldrich Munich, Germany
2.10 Software
Table 2.13: Overview of used software.
Software/Version Supplier Central office
ACAS Image analyzer, Ibidi GmbH Gréfelfing, Germany
Tube formation module
CellSense™ 1.16 Olympus Hamburg, Germany

San Diego, USA

Munich, Germany

Redmond, USA
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3 Methods

3.1 Isolation of ASCs

Adipose tissue (AT) was obtained from healthy female patients, between 30 and 40 years
of age, following abdominoplasty that were conducted in the plastic surgery department,
University Hospital of Wuerzburg. AT samples were obtained as subcutaneous excised
adipose tissues. The procedure was approved by the local Ethics Committee of the University
of Wuerzburg (141/14), and informed consent was obtained from all patients. The obtained AT
was minced and extensively washed with equal volumes of phosphate-buffered saline (DPBS;
Thermo Scientific, Waltham, MA, USA), and then digested at 37 °C for 2 h in fresh collagenase
buffer (Hepes 0.1 M, NaCl 0.12 M, KCI 0.05 M, CaClz 0.001 M, glucose 0.005 M, 1.5% bovine
serum albumin (BSA) and 0.1% Collagenase NB4 from Clostridium histolyticum) under
dynamic conditions (50 rpm) on an orbital shaker, to degrade the tight junctions and the
components of the extracellular matrix. When enzymatically digested, the AT was centrifuged
at 300 rcf for 10 min. Afterwards, the floating top fat layer was decanted, and the remaining
suspension was filtered through a 100 um nylon mesh to remove undigested tissue fragments.
The cell suspension was centrifuged once again (300 rcf for 10 min) and the remaining cell
pellet was washed with DPBS. The obtained stromal vascular fraction (SVF) was
resuspended in basal medium, consisting of Dulbecco’s Modified Eagle’s Medium/Ham’s
F-12 (DMEM/F12; Thermo Scientific) containing 1% penicillin/streptomycin (100 U/mL
penicillin, 0.1 mg/mL streptomycin) and 10% fetal bovine serum (FBS), seeded and used for

the subsequent co-culture experiments (see Chapter 3.14).

3.2 Cell culture of ASCs, HUVECs, NIH/3T3 fibroblasts and breast cancer cell
lines

3.2.1 Expansion culture

Both purchased human ASCs, obtained from Lonza (Walkersville, MD, USA), and isolated
ASCs (described in Chapter 3.1), which were used for lipograft co-culture experiments, were
routinely expanded and cultured in 175 cm? cell culture-treated plastic flasks in basal medium
consisting of Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (DMEM/F-12; Thermo
Scientific, Waltham, MA, USA), supplemented with 1% penicillin/streptomycin (Thermo
Scientific), 10% fetal bovine serum (FBS; Thermo Scientific), and 3 ng/mL basic fibroblast
growth factor (bFGF; BioLegend, London, UK) dissolved in phosphate-buffered saline (PBS)
containing 1% BSA (bovine serum albumin). Cultures were maintained under a sterile

humidified 37 °C, 5% CO., and 95% air environment. The culture medium was replaced every
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other day. At 80-85% confluence, the ASCs were detached using a 0.25% trypsin-EDTA
solution (Thermo Scientific) and passaged. ASCs were used at passage 4 for the subsequent
experiments. Human umbilical vein endothelial cells (HUVECs) were obtained from PromoCell
(Heidelberg, Germany). HUVECs were plated in 25 cm? flasks and cultured in endothelial cell
growth medium 2 (PromoCell). When the cells reached 70-80% confluence, they were
detached with DetachKit (PromoCell) and expanded to passages 2-3. NIH/3T3 fibroblasts
were obtained from ATCC (Manassas, VA, USA). Fibroblasts were cultured in fibroblast growth
medium (DMEM; 4.5 g/L D-glucose, 4 mM L-glutamine, 1 mM sodium pyruvate; Thermo
Scientific), supplemented with 1% penicillin/streptomycin (Thermo Scientific), and 10% bovine
calf serum (BCS; Sigma-Aldrich, Munich, Germany). Cultures were maintained under a sterile
humidified 37 °C, 5% CO., and 95% air environment. The culture medium was replaced every
other day. At 70-80% confluence, the fibroblasts were detached using a 0.25% trypsin-EDTA
solution (Thermo Scientific) and passaged. NIH/3T3 fibroblasts were used at passage 5-6 for
the subsequent experiments. MCF-7 and MDA-MB-231 breast cancer cells (ATCC) were
cultured in Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (DMEM/F-12; Thermo
Scientific), supplemented with 1% penicillin/streptomycin (Thermo Scientific), and 10% fetal
bovine serum (FBS; Thermo Scientific). When the cells reached 80-85% confluence, they were
detached with 0.25% trypsin-EDTA solution (Thermo Scientific) and expanded for 4-5
passages.

3.2.2 Ischemic culture conditions of ASCs

ASCs were exposed to glucose and oxygen deprivation separately and in combination.
Cells were seeded (25,000 cells/cm?) in tissue culture-treated well plates (6-well and 24-well
plates) in basal medium (DMEM/F-12; Thermo Scientific), and after incubation overnight with
21% O for attachment of cells, ASCs were washed twice with DPBS (Thermo Scientific) and
then cultured under the respective ischemic conditions as described in the according chapters.
Hypoxic conditions of 2% O, were achieved using the CO- incubator (Binder, Tuttlingen,
Germany) and of 0.2% using the well-established and finely controlled proOx-C chamber
system (C-Chamber, C-274; BioSpherix, New York, NY, USA). The oxygen concentrations of
2% or 0.2% were maintained with the residual gas mixture composed of 5% CO; and balance
nitrogen. In order to ensure sustained hypoxic conditions, cell cultures were left undisturbed

without medium changes over the course of experiments.
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3.2.3 Preparation of conditioned medium of ASCs

ASCs were seeded at 25,000 cells per cm? in basal medium (DMEM/F-12; Thermo
Scientific) and allowed to adhere overnight at 21% O.. ASCs were then washed twice with
DPBS (Thermo Scientific), and the medium was replaced with basal medium (D-glucose-,
L-glutamine-, phenol red-, and sodium pyruvate-free DMEM; Thermo Scientific) containing no
serum and supplemented with 0.1 g/L glucose (Sigma-Aldrich). Cells were incubated under
0.2% O, to generate a conditioned medium (CM) of ASCs exposed to glucose/oxygen

deprivation. After four days, the medium was harvested as ASC-CMischemic.

3.2.4 Adipogenic differentiation of ischemia-treated ASCs

To assess the adipogenic differentiation capability of ischemia-treated ASCs, cells were
cultured under combined glucose/oxygen deprivation for four days. The cells were then
trypsinized, re-seeded, and cultured in Preadipocyte basal medium-2 (PBM-2; Lonza)
containing 10% FCS and 1% penicillin/streptomycin. After two days, adipogenic differentiation
was induced by changing to differentiation medium (PBM-2 with 1.7 uM insulin; PromoCell,
Heidelberg, Germany), 1 pM dexamethasone, 200 pM indomethacin (both from
Sigma-Aldrich), and 500 pM 3-isobutyl-1-methylxanthin (IBMX; Serva Electrophoresis,
Heidelberg, Germany) for 14 days. Non-induced cells were cultured in PBM-2 during the
differentiation period. In parallel, control ASCs were cultured in basal medium (DMEM/F-12;
Thermo Scientific) for four days and then treated in the same way for adipogenic differentiation.
The respective medium of each group was changed every other day until the end of the
experiment. After 14 days of culture in adipogenic medium, cells were fixed in 3.7% buffered
formalin and the visualization of intracellular lipid accumulation was histologically assessed by
staining with Oil Red O solution (3 mg/mL Oil Red O in 60% isopropanol; Sigma-Aldrich). The
cell nuclei were counterstained with hematoxylin (Bio Optica, Milan, Italy). Samples were
imaged using an Olympus 1X51 inverted light microscope and analyzed with the Olympus
CellSens™ Software 1.16 (Olympus, Hamburg, Germany).

The quantitative determination of intracellular lipid accumulation was performed using the
Serum Triglyceride Determination Kit from Sigma-Aldrich (Munich, Germany). Cells were
harvested in Thesit solution (0.5% Thesit in H20; Gepepharm, Hennef, Germany) and
sonicated with an ultrasonic homogenizer (SonoPlus, Bandelin electronic, Berlin, Germany).
The triglyceride quantification was performed according to the manufacturer’s instructions and
measured with a microplate reader (Infinite M200; Tecan) at a wavelength of 570 nm.

Triglyceride contents were normalized to the DNA content of the respective samples.

50



Methods

3.2.5 Proliferation and metabolic activity of fibroblasts and breast cancer cell
lines

Conditioned medium from glucose/oxygen-deprived ASCs (ASC-CMischemic) Was prepared
as described above. NIH/3T3 fibroblasts and breast cancer cells (MCF-7 and MDA-MB-231)
were both treated with nutrient deprived basal medium (D-glucose-, L-glutamine-, phenol red,
and sodium pyruvate-free DMEM, w/o FBS) or ASC-CMischemic, €ach supplemented with 1 g/L
glucose (Sigma-Aldrich), under normoxic conditions. Proliferation and metabolic activity of the
cells were analyzed at the indicated time points using a DNA and MTT assay as described
below.

3.2.6 Addition of recombinant human STC-1 (rhSTC-1)

The lyophilized rhSTC-1 purchased von R&D Systems (Minneapolis, MN, USA) was
reconstituted with sterile DPBS at 500 pg/mL, according to the manufacturer’s instructions.
This stock solution was further diluted in sterile DPBS before use to yield different
concentrations of 40, 400, 4.000 and 40.000 pg/mL. The recombinant human STC-1 was
added to the respective medium, depending on the according experiment, and pre-incubated
for 1 h at 37 °C under gentle shaking prior treatment with cells.

3.2.7 Inhibition of STC-1

For a specific inhibition of STC-1, an affinity purified polyclonal anti-STC-1 antibody
(R&D Systems, Minneapolis, MN, USA) was used for blocking. The lyophilized antibody
(100 pg) was reconstituted with sterile DPBS at 0.2 mg/mL, according to the manufacturer’s
instructions. This stock solution was further diluted in sterile DPBS before use to yield a final
concentration of 2, 5, 10 and 20 pg/mL. The antibody was added to ASC-CMischemic, With the
respective concentration depending on the analysis, and pre-incubated for 1 h at 37 °C under
gentle shaking prior treatment with cells. The respective isotype IgG1 control (R&D Systems)
added to the respective medium served as control.

3.3 Investigations on cell and adipose tissue viability

3.3.1 Live/dead staining

ASCs, HUVECs and adipose tissue were cultured in their respective basal or growth
medium and after attachment of cells or short regeneration of tissue, they were cultured
according to the respective condition. The viability was determined using live/dead cell staining
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kit (PromoKine, Heidelberg, Germany) according to the manufacturer’s instructions. Cells or
adipose tissue were washed three times with PBS and stained by applying 0.5 mL (for cells)
or 1 mL (for tissue) of live/dead staining solution containing 4 uM ethidium bromide homodimer
[ll (EthD-1ll) and 2 pM calcein acetoxymethyl ester (Calcein-AM) in DPBS per well. After
45 min of incubation in the dark, the staining solution was removed, and a washing process
with DPBS was made 3 times. Living cells or tissue were stained with calcein (green) and dead
were stained with ethidium bromide (red). Images were taken using an Olympus [IX51
fluorescence microscope and analyzed with the Olympus CellSens™ Software 1.16 (Olympus,
Hamburg, Germany).

3.3.2 Flow cytometry of calcein-stained cells

ASCs were seeded in basal medium (DMEM/F-12; Thermo Scientific) in 6-well plates and
after attachment of cells overnight with 21% O, there were washed twice with DPBS (Thermo
Scientific) and cultured according to the respective condition. At the indicated time points, cells
were treated with Accutase (Sigma-Aldrich, Munich, Germany) for 5-10 min at
37 °C and the detached cells were transferred into the FACS-tube. Cells were centrifuged at
400 rcf for 10 min at 4 °C and the supernatant was discarded. After repeated washing steps
with DPBS, the cell pellet was incubated in a staining solution of 2 uM Calcein-AM (PromoKine,
Heidelberg) for 45 min at room temperature. After repeated washing, the cell pellet was
resuspended in FACS buffer (DPBS + 1% BSA) for flow cytometry analysis. The calcein
fluorescence was analyzed in the fluorescein channel using the CytoFlex (Beckman Coulter,
Brea, USA).

3.3.3 MTT assay

ASCs, HUVECs, NIH/3T3 fibroblasts, and MCF-7 / MDA-MB-231 breast cancer cells were
seeded in their respective growth medium and after attachment of cells, they were cultured
according to the respective condition. At the indicated time points, cells were treated with
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at a final concentration of
0.5 mg/mL and incubated for 3 h at 37 °C. Cells were then washed with phosphate-buffered
saline (DPBS), incubated with dimethyl sulfoxide (DMSQO) for 5 min with gentle shaking, and
mixed to ensure complete solubilization of the dye formed. The respective light absorbance of
this solution was recorded using a microplate reader (Infinite M200; Tecan) at a wavelength of
570 nm. The mean value of day 0 samples was taken as reference and set as 100%.
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3.3.4 WST-8 assay

ASCs were seeded in basal medium in 96-well plates and after attachment of cells, they
were cultured according to the respective condition. At the indicated time points, 10 pl Cell
Counting Kit-8 (Sigma-Aldrich) containing the water-soluble tetrazolium salt
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt) was directly added into 100 pl culture medium. Cells were then incubated
at 37 °C for 4 h. The respective light absorbance of the samples was recorded using a
microplate reader (Infinite M200; Tecan) at a wavelength of 450 nm. The mean value of day 0
samples was taken as reference and set as 100%.

3.3.5 Resazurin assay

Resazurin assay was used to measure the viability of lipografts and injection material.
Resazurin as a cell permeable redox indicator, used for cell metabolism analysis, converts
resazurin, a purple and non-fluorescent product to its reduced form resorufin, a red color
fluorescent product. For this purpose, 40 ul of resazurin stock solution (0.15 mg/mL resazurin
sodium salt (Sigma-Aldrich) dissolved in DPBS was added directly into each well of the
48-well plate containing lipografts or injection material in 400 pl medium. The tissues were
further incubated with the supplemented resazurin for 3 h on an orbital shaker at 37 °C and
5% CO.. Afterwards, 150 pl of each well was transferred into a black 96-well plate for
fluorescence measurement using a 560 nm excitation and 590 nm emission filter set with a

fluorescence spectrometer (Infinite M200; Tecan).

3.4 Immunofluorescence staining

For histological evaluation, 2D monolayers and adipose tissue were fixed in 3.7% buffered
formalin and stored until immunohistological investigations in DPBS. Immunohistochemical
analyses of 2D monolayers were performed directly in the 24-well plates. Adipose tissue were
cut into 2 pym thick sections using a Leica Histoslide 2000 R microtome (Leica Biosystems,

Wetzlar, Germany).

3.4.1 HIF-1 alpha staining in 2D monolayers

The presence of the hypoxia-inducible factor 1 alpha (HIF-1 alpha), as a mediator of
cellular response to hypoxia, was examined by immunohistochemical staining. Cells were
stained with primary antibody against HIF-1 alpha (ab16006; monoclonal mouse
anti-HIF-1 alpha), which was purchased from Abcam (Cambridge, United Kingdom).
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Antigen retrieval was performed by incubation with Proteinase K (Life Technologies, Karlsruhe,
Germany) for 10 min at 37 °C. After a permeabilization step (0.3% Triton X-100 diluted in
DPBS) for 45 min at room temperature, cells were blocked with 1% bovine serum albumin
(BSA; Sigma-Aldrich, Munich Germany) for 30 min. Afterwards, cells were incubated with the
primary antibody overnight in appropriate dilution (1:200). After several washing steps with
DPBS, the secondary antibody (Cy3-conjugated AffiniPure donkey anti-mouse; 1:400;
Dianova) in addition with the CytoPainter Phalloidin-iFluor 488 Reagent (Abcam) were applied
for 1 h in the dark under gentle shaking. Finally, the cells were counterstained with IS DAPI
mounting medium (Dako, Hamburg, Germany) and imaged with an Olympus 1X51 inverted
light microscope equipped with a XC30 digital camera.

3.4.2 Perilipin staining on adipose tissue sections

Lipid vacuoles of lipograft and injection material sections were visualized by
immunostaining against perilipin. The paraffin cross-sections were deparaffinized and antigen
retrieval was performed using Pepsin (Digest AlI™-3; Invitrogen, Karlsruhe, Germany). After
antigen retrieval, unspecific binding was blocked with blocking solution (1% BSA in DPBS)
prior to overnight incubation with a polyclonal rabbit anti-perilipin (PA5-72921; Thermo
Scientific) in appropriate dilution (1:200). Slides were thoroughly washed with DPBS and an
Cy3-conjugated goat anti-rabbit secondary antibody (1:400; Dianova) was added for 60 min at
room temperature in the dark. Nuclei were counterstained with IS Mounting Medium DAPI
(Dako) and analyzed under the Olympus BX51 fluorescence microscope.

3.5 Whole mount staining

For the visualization of tissue structure of lipografts they were whole mount-stained
adapted to Wittmann et al. [353]. The prepared lipografts (see Chapter 3.13) were fixed in
3.7% buffered formalin overnight. Next, the lipografts were incubated in 100% ice-cold
methanol for 30 min and washed with DPBS for 1 h under gentle shaking. Following, lipografts
were incubated overnight in blocking buffer (1.5% BSA in PBST; PBS with 0.3% Triton X-100).
After removal of the blocking buffer solution, the tissue samples were washed with PBST for
2 h. The primary antibody anti-human CD31 (Clone JC70A, monoclonal mouse anti-human
CD31 (1:200); Dako) was diluted in antibody diluent (Dako) and added overnight to the lipograft
samples. Next, samples were washed with PBST for 1.5 h to remove unbound antibody, and
further incubated for 1.5 h in blocking buffer. Afterwards, whole mounts were incubated with
the respective secondary antibody (Cy™3-conjugated AffiniPure donkey anti-mouse (1:400;
Dianova) for another 2 h, followed by washing with DPBS overnight. For staining of the lipid
vacuoles, samples were incubated with a 1:100 dilution of BODIPY in DPBS (stock 1 mg/mL)
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for 30 min. The BODIPY solution was removed, and the samples were rinsed with DPBS for
2 h. All incubation steps were performed at room temperature on an orbital shaker (40 rpm).
Before imaging, they were treated with DAPI (IS DAPI Mounting Medium; Dako) and examined
using the Olympus BX51 fluorescent microscope.

3.6 Quantification of DNA content

For determination of total DNA content, the intercalating dye Hoechst 33258 was used
(Polysciences, Warrington, PA, USA). For this purpose, cells were harvested in
phosphate-saline-buffer (50 mM phosphate buffer, 2 mM Na, EDTA*2 H>O, 2 M NaCl, pH 7.4;
all obtained from Carl Roth, Karlsruhe, Germany) and subsequently sonicated with an
ultrasonic homogenizer (SonoPlus, Bandelin electronic, Berlin, Germany) for breaking cell
membranes. Quantification of DNA content was carried out by measuring fluorescence
intensities at an excitation wavelength of 365 nm and an emission wavelength of 458 nm with
a fluorescence spectrometer (Infinite M200; Tecan).

3.7 Glucose and lactate determination

Exogenous glucose and lactate levels in the cell culture supernatants of ASCs were
measured with GLUC3 and LACT2 COBAS INTEGRA substrate reagents using the related
COBAS INTEGRA 800 robot (Roche, Basel, Swiss). A total number of 3 biological replicates
per sample were used for these analysis. The measurements were kindly provided by the

central laboratory, University Hospital Wuerzburg, Germany.

3.8 RNA isolation and quantitative real-time PCR (qRT-PCR) analysis

Total RNA from cultured cells was isolated using TRIzol® reagent (Invitrogen, Karlsruhe,
Germany). First-strand cDNA was synthesized from total RNA using the ImProm-1l Reverse
Transcription System (Promega, Mannheim, Germany). Quantitative PCR analyses were
performed using the MESA GREEN gPCR MasterMix Plus with MeteorTaq polymerase
(Eurogentec, Seraing, Belgium). The cDNA for genes of interest was amplified with the
PrimePCR™ SYBR® Green Assay using the following cycle conditions: 95 °C for 15 min initial
denaturation followed by 40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 70 °C for 30 s using
the following primers: IL-6 (gHsaClD0020314, IL6, human), VEGF (qHsaCEDO0043454,
VEGFA, human), and STC-1 (gHsaCID0006115, STC1, human), all from Bio-Rad (Hercules,
CA, USA). The mRNA expression levels were normalized to the eukaryotic translation
elongation factor 1 alpha (EF1a) (forward, 5'-ccccgacacagtagcatttg-3'; reverse,

5'-tgactttccatcecttgaacc-3') (Biomers, Ulm, Germany). The relative expression levels were
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determined using the 24T method and were further normalized to the respective day 0
sample.

3.9 Human cytokine antibody array

To identify factors secreted by glucose/oxygen-deprived ASCs, a profiling of human
cytokines was performed using an antibody array covering 80 cytokines (Human Cytokine
Antibody Array C5; RayBiotech, Norcross, GA, USA). Two biological replicates of cell culture
supernatants from cells cultured under the following conditions were examined:
(1) 1 g/L glucose and normoxia (21% Oz) (control); (2) 1 g/L glucose and hypoxia (0.2% O);
(3) 0.1 g/L glucose and normoxia (21% Oz); (4) 0.1 g/L glucose and hypoxia (0.2% O2). The
cell culture supernatants were centrifuged at 1000 rcf for 5 min to remove cell debris. Array
analyses was performed according to the manufacturer’s instructions. Briefly, the array
membranes were blocked with a blocking buffer and incubated with 1 mL of each supernatant
overnight at 4 °C. Subsequently, the membranes were assayed for chemiluminescence signals
(ChemiDocTM Touch; Bio-Rad, Munich, Germany). The Bio-Rad Image Lab™ Software was
used to process and evaluate the array membranes.

3.10 Enzyme-linked immunosorbent assays (ELISAs)

The concentrations of individual cytokines in the cell culture supernatants from 2D
monolayers and of lipograft co-culture under deprivation conditions and control condition after
four days of culture were determined using ELISA kits for vascular endothelial growth factor
(VEGF), interleukin (IL)-6, IL-8, angiogenin (ANG), TIMP metallopeptidase inhibitor (TIMP)-1,
monocyte chemoattractant protein (MCP)-1, and stanniocalcin (STC)-1 from R&D Systems
(DuoSet ELISA; Minneapolis, MN, USA). For 2D monolayers and co-culture, 1n consisted of
the pooled medium of 2 wells of a 24-well plate (total volume of 2 mL). The ELISAs were
performed according to the manufacturer’s instructions and measured with a microplate reader
(Infinite M200; Tecan) at a wavelength of 450 nm, with a wavelength correction of 540 nm. For
2D monolayers, the concentration levels were normalized to the DNA content of the respective
samples (pg/ug DNA).

3.11 Tube formation assay

Angiogenesis p-Slides (Ibidi, Gréafelfing, Germany) were coated with 10 pL of growth
factor- reduced matrigel (BD Biosciences, Heidelberg, Germany). HUVECs were suspended
in nutrient deprived basal medium (D-glucose-, L-glutamine-, phenol red-, and sodium

pyruvate-free DMEM, w/o FBS), ASC-CMischemic Or endothelial growth medium (PromoCell) and
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plated with 1 x 10* cells per well on top of the matrigel. After 4, 6, and 10 h of incubation at
37 °C under hypoxic conditions (0.2% O.), the formation of tube-like structures was examined
microscopically. The tube length and branch count were quantified using the automated image
analyzer ACAS from lbidi (Tube formation ACAS image analysis module) at the indicated time

points.

3.12 Fibroblast migration assay

The migratory activity of NIH/3T3 fibroblasts was assessed using a migration assay. Ibidi
Culture-Inserts 2 well (lbidi, Gréafelfing, Germany) were transferred into 6-well plates and
70 pL cell suspension containing 3 x 10° cells/mL was applied to each well. After an
appropriate duration for cell attachment (24 h) the Ibidi Culture-Inserts were removed to create
a cell-free gap of 500 um. Cells were then washed with phosphate-buffered saline (DPBS) and
incubated with basal medium (D-glucose-, L-glutamine-, phenol red-, and sodium
pyruvate-free DMEM, w/o FBS) or ASC-CMischemic, €ach supplemented with 1 g/L glucose
(Sigma-Aldrich), under normoxic conditions for 24 h. The fibroblast growth medium (DMEM,;
4.5 g/L D-glucose, 4 mM L-glutamine, 1 mM sodium pyruvate; Thermo Scientific) was used as
positive control. To monitor the progress of gap closure, micrographs were taken at different
time points with an Olympus 1X51 inverted light microscope equipped with a XC30 digital

camera.

3.13 Preparation and cultivation of lipografts

All adipose tissue (AT) from healthy patients, following abdominoplasty, was kindly
provided by the plastic surgery department, University Hospital of Wuerzburg.

AT was obtained as subcutaneous excised adipose tissue from female donors between
20 and 40 years of age with a body mass index ranging from 28 to 33. Written informed consent
was obtained from all patients. The AT was cut into 2x2 mm sized tissue fragments (lipografts)
and cultured in agarose-coated 48-well plates with the respective culture medium. For
mimicking ischemic conditions, lipografts were cultured with nutrient deprived basal medium
(D-glucose- and sodium pyruvate-free, w/o FBS) under 0.2% O.. The cultivation of lipografts
with basal medium DMEM/F-12 supplemented with 10% FBS under normoxia was used as

control condition in this set-up.
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3.14 Co-culture of lipografts with ASCs

Excised fat from particular donors was used to generate lipografts (described above) and
in parallel to isolate ASCs (see Chapter 3.1) from the same donor. Lipografts were maintained
in DMEM/F-12 basal medium until the ASCs were propagated to sufficient numbers, which
usually took 3-4 days. Finally, lipografts and ASCs were co-cultured in a 24-transwell system.
For this approach, 5 lipografts with an approx. total volume of 50 pl were incubated in one
insert. To achieve a cell concentration of 108 ASCs/mL lipografts, ASCs were seeded at the

bottom with a seeding density of 25,000 cells per cm?.

3.15 Statistical analysis

Quantitative results are presented as means + SD. Statistical analyses of variance
comparisons between groups were performed using the ANOVA-test in conjunction with
Bonferroni post-hoc adjustment. For statistical analyses of endothelial tube formation an
unpaired Student’s t-test was applied. For all analyses, differences at p < 0.05 were considered
as statistically significant. All statistical analyses were performed using the GraphPad Prism
Software 8.3 (GraphPad Software, San Diego, CA, USA)
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Results and Discussion

4 Results and Discussion

4.1 Function of ASCs under ischemia-mimicking conditions

In recent years, ASCs have been most commonly used in tissue engineering and
regenerative medicine [86,354]. ASCs were shown to contribute to tissue repair and
regeneration in various clinical applications [355]. Apart from their potential to differentiate
towards a specific cell type or stimulating the recruitment of endogenous stem cells to the
damaged area and to commit in the proper lineage [356,357], ASCs may also promote tissue
regeneration by modulating the immune response [358,359], and by secreting cytokines and
growth factors that stimulate restoration of normal tissue function or reduce its damage
[360-363]. However, despite these beneficial effects, previous studies have shown low
survival of ASCs post transplantation [197,364,365]. One explanation for the massive cell
death of transplanted cells is the ischemic environment, to which cells are exposed upon
transplantation [344,345,366]. The ischemic environment is a consequence of insufficient
blood supply at the transplantation site, which translates into a reduction of nutrients, grow
factors and cytokines as well as reduced oxygen concentrations [367]. Therefore, it is essential
to analyse the response of ASCs to in vitro models of nutrient deprivation to understand their
function under such conditions and to improve their therapeutic efficacy. To date, little is known
about how ASCs respond to ischemic stress. Only a few studies so far have investigated the
effect of combined hypoxia and nutrient deprivation on the viability and metabolic response of
ASCs [368,369]. Moreover, the factors that are secreted by ASCs under ischemic conditions
have not been studied up to now. Thus, investigations on the effect of ischemic conditions on
ASC secreted factors with trophic activity would help to better understand the beneficial effects
of transplanted ASCs in regenerative approaches [367].

Therefore, the work presented in this first chapter aimed at the establishment of an in vitro
model of the ischemic conditions occurring at the transplantation site. This model was then
used to assess the impact of ischemia on ASCs. To models ischemic conditions, we exposed
ASCs in vitro to sustained moderate ischemic conditions simulating the periphery and to harsh
ischemic conditions, that might best reflect the core of tissue engineering constructs. First,
their viability and especially their secretory potential in this set-up was assessed. To further
modify the harsh ischemic conditions, the role of glucose deprivation under severe hypoxia on
a set of factors that are secreted by ASCs has also been studied. Altogether, these
investigations should contribute to a first characterization of ASCs under ischemic conditions
and to further understand the role of ASCs in tissue regeneration.
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4.1.1 Ischemia-mimicking conditions - Experimental set-up

In order to mimic ischemic conditions during the early post-transplantation phase, that is
characterized by an initial lack of blood supply, ASCs were cultured under different deprivation
conditions (Figure 4.1). There is literature describing harsh conditions inside tissue engineered
constructs. A study by Moya et al. [370] describes that 0.13% oxygen best reflected 24 hours
post-implantation due to the non-existent blood supply within transplanted constructs. For
glucose concentration in vivo, such data do not exist in the literature so far. Therefore, it can
be assumed that if no oxygen arrives at the construct in vivo, that no glucose and other
nutrients will arrive either. Since these conditions are certainly not consistent over the whole
implant, as better conditions will exist at the periphery than in the core of the construct, the
approach resulted in different deprivation conditions. Thus, in this set-up, ASCs were subjected
to harsh deprivation conditions with complete withdrawal of glucose and serum and exposure
to severe hypoxia (0.2% O2) and moderate ischemic conditions, which were set to 0.5 g/L
glucose, 0.5% serum and 2% oxygen. These conditions were compared to standard cell culture
conditions with 3.1 g/L glucose, 10% serum and 21% oxygen. With this experimental set-up,
ASCs were cultured for 7 days undisturbed and without medium change over the course of the

experiments to prevent reoxygenation and to ensure cell-driven nutrient depletion.
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Figure 4.1: Outline of the experimental set-up to mimic ischemic conditions.

ASCs were seeded at a density of 25,000 cells per cm? under standard culture conditions
(day -1) and were then subjected to harsh ischemic conditions (0 g/L Glc, 0% serum, 0.2% O2) or
moderate ischemic conditions (0.5 g/L Glc, 0.5% serum, 2% O2), respectively. Standard culture
conditions (3.1 g/L Glc, 10% serum, 21% O2) served as control. ASCs were cultured for 7 days
without medium change. The viability, secretion and gene expression were analyzed at the
indicated time points. Abbreviation: Glc: Glucose. Modified from Deschepper et al. 2013 [371].
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4.1.2 Characterization of ASCs exposed to ischemia

The hypoxia-inducible factor 1 alpha (HIF-1 alpha), as mediator of cellular response to
hypoxia, activates and regulates a large panel of genes, including those especially important
for cell survival [372-374]. To examine whether the selected external oxygen conditions are
also adopted by the cells in this manner, immunohistochemistry of HIF-1 alpha expression on
ASCs cultured for 7 days under moderate (2% O2) and harsh ischemic conditions (0.2% O3)
was performed (Figure 4.2). Under control conditions (normoxia), no expression of HIF-1 alpha
was detected, whereas HIF-1 alpha was found under moderate as well as under harsh
ischemic conditions as early as 24 hours after cell adhesion under the respective condition.
Thus, these results demonstrated that ASCs were exposed to sustained hypoxia during the
period of the experiment. Moreover, the additional F-Actin staining demonstrated very clearly
the typical stellate morphology of ASCs under moderate ischemic conditions over 7 days
compared to harsh ischemic conditions, with only a few shrunken and altered cells.

F-Actin HIF-1 alpha

Control

Harsh Ischemic Moderate Ischemic

Figure 4.2: Inmunohistochemical validation of hypoxia under ischemia-mimicking conditions.

The cell nuclei were labelled with DAPI (blue). For visualization of the cytoskeleton the cells were
stained for F-Actin (green, left). To determine the presence of hypoxia under moderate and harsh
ischemic conditions, the cells were stained for HIF-1 alpha expression (red, right). Scale bar
represents 200 um.
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To determine the viability of ischemia-challenged ASCs over a period of 7 days, a
live/dead assay was performed (Figure 4.3 A). Under moderate ischemic conditions, a similar
viability was observed as in the control group. ASCs retained their typical stellate morphology
up to 7 days of culture. In contrast, under harsh ischemic conditions only few viable cells were
present after 4 days. Dead (red) cells were hardly detectable in this set-up, as they rapidly
detached from the cell-culture plates and consequently were washed out during the staining
process. Moreover, ASCs under harsh ischemic conditions lost their typical stellate
morphology and shrank progressively. Quantitation of viable cells by FACS confirmed a sharp
decrease in the number of viable cells, already at day 1 to 20% with less than 10% of the cells
remaining at day 7 (Figure 4.3. B). The strong reduction in cell number under harsh ischemic
conditions was also reflected by the DNA content (Figure 4.3. C), which decreased to approx.
7% at day 4 and remained stable until day 7. Under moderate ischemic conditions, the DNA
content decreased only to approx. 80% at day 4, with 60% of the cells remaining at day 7. The
metabolic activity of the cells (determined using the MTT assay) was also significantly reduced
under harsh ischemic conditions, already at day 1 with less than 30% compared to the
metabolic activity from the start of the culture. Under moderate conditions, the viable cell
number remained mostly unaffected, but the cellular metabolic activity significantly decreased

over time (Figure 4.3. D).
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Figure 4.3: Viability of ASCs under ischemia-mimicking conditions.

(A) Microscopic images of live/dead staining. Viable cells appear green, dead cells red. Scale
bar represents 200 um. (B) FACS analysis of viable ASCs in relation to the total cell number
stained with calcein. (C) Quantitative determination of total DNA content relative to the mean
DNA content at day 0. (D) Metabolic activity as determined by a MTT assay. % Metabolic activity
was calculated relative to the mean activity at day 0. Data are presented as means + SD of n
=3;* p < 0.05. Abbreviation: MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

64



Results and Discussion

4.1.3 Angiogenic and anti-apoptotic marker expression of ASCs under
ischemia-like stress conditions

In order to begin to characterize the secretory response of ASCs under moderate and
harsh ischemic conditions, the concentration of a set of factors with known anti-apoptotic,
angiogenic or immune-modulatory functions (IL-6, VEGF, STC-1), in the culture supernatants
after 4 days of culture was quantified (Figure 4.4 A). Significantly increased levels for IL-6,
VEGF, and STC-1 were measured in response to culture under harsh ischemic conditions,
compared to moderate ischemia. The concentrations of the selected factors in the culture
supernatant under moderate ischemic conditions were similar to the concentrations in the
supernatants of cells cultured under the control condition, thus the combined moderate
deprivation of glucose and oxygen had no influence on the secretion of these factors. STC-1
was only detectable in supernatants of cells cultured under ischemia-mimicking conditions
while it was not detected in supernatants of cells cultured under control conditions.

The changes in the levels of these factors measured in the supernatants of ASCs were in
good agreement with the mMRNA expression levels determined by real time PCR. A significant
upregulation of IL-6, VEGF and STC-1 expression was observed until day 4 in ASCs that were
cultured under harsh ischemic conditions, with an additional small increase for IL-6 and
STC-1 up to day 4, whereas VEGF expression stayed at a constant high level from beginning
(Figure 4.4 B). Due to the low number of surviving cells at day 7 of culture under harsh
conditions it was not possible to obtain mMRNA expression data from this time point.

Taken together, these results demonstrated that under moderate ischemic conditions the
gene expression and secretion of anti-apoptotic, angiogenic and immune-modulatory factors
was only marginally elevated, whereas under harsh ischemic conditions the gene expression

and secretion of the investigated factors was significantly upregulated.
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Figure 4.4: Expression of cytokines in ASCs under combined deprivation conditions.

(A) Enzyme-linked immunosorbent assays for IL-6, VEGF, and STC-1 in the medium at day 4 of
culture; the values were normalized to the DNA content of the respective samples.
(B) Corresponding relative gene expression of IL-6, VEGF, and STC-1 at day (d) 1, d4 and d7 by
gqRT-PCR. Gene expression was normalized to EF1a; the values were further normalized to day
0. (Note: dO values are the same for all groups.) Data are presented as means + SD of n = 3;
*p < 0.05. Abbreviations: IL-6: Interleukin-6; VEGF: Vascular endothelial growth factor; STC-1:
Stanniocalcin-1; ND: Not detectable.
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4.1.4 Effect of phenol red and 17-8 Estradiol on the viability of ASCs under
conditions mimicking harsh ischemia

A preliminary experiment, where different media compositions with regard to the contained
nutrients including with and without phenol red (PSP) were examined, led to hypothesize that
PSP, which is used ubiquitously as a pH-indicator in tissue culture media, had an effect on the
viability of ASCs, when they were cultured under harsh ischemic conditions for 7 days
(data not shown). To avoid interference between the effects of PSP and ischemic culture
conditions, the viability and metabolic activity of the cells under harsh ischemic culture
conditions with PSP-free basal medium (D-glucose-, L-glutamine-, and sodium pyruvate-free
DMEM; containing no serum) and basal medium containing 4x10° M of PSP was further
analyzed. Due to previously published studies that report about an estrogenic activity of PSP
at concentrations, which are found in tissue culture media [375,376], the effect of different
concentrations of the sex hormone 17-B Estradiol (E2) in the ASC culture medium was
additionally examined. Viability of ASCs under harsh ischemic culture conditions was
determined by live/dead staining in the presence or absence of PSP or E2, respectively. Dead
(red) cells were hardly detectable in this set-up, as they rapidly detached from the cell-culture
plates and consequently were washed out during the staining process. The treatment with PSP
at a concentration of 4x10° M markedly enhanced cell viability after 1 to 7 days, whereas in
medium lacking PSP (w/0) a strong decrease of viable cells especially at day 1 was evident
(Figure 4.5 A), confirming that PSP had a positive effect on the viability of ASCs exposed to
harsh ischemic culture conditions. In basal medium, which contained different concentrations
of E2, cell viability was generally enhanced, compared to basal medium to which PSP was
added. E2 most effectively improved cell viability at a concentration of 10~* M, especially at
day 7 (Figure 4.5 B). In contrast, the metabolic activity of the cells was not affected by the
addition of PSP or E2 (Figure 4.5 C). Based on these results, PSP was omitted in all further
experiments to rule out this effect on the viability of the cells.
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Figure 4.5: Effect of PSP and E2 on viability and metabolic activity of ischemia-challenged ASCs.

(A) Qualitative microscopic analysis of live/dead stained ASCs in the absence or presence of PSP
and (B) in the presence of different E2 concentrations over 7 days under severe hypoxia
(0.2% 0O2) and complete glucose deprivation determined by live/dead assay. Living cells were
stained with calcein (green) and dead cells were stained with ethidium bromide (red). Scale bar
represents 200 um. (C) Metabolic activity as determined by a MTT assay. MTT accumulated in
ASCs was solubilized and the optical density was measured at 570 nm; % metabolic activity was
calculated in relation to the mean value of day 0. Data are presented as means + SD of n = 3;
*p < 0.05. Abbreviations: MTT: 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide; E2:
17-B Estradiol; PSP: Phenol Red; w/o: without.
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4.1.5 Role of glucose under severe hypoxia

To assess the impact of glucose concentration in the harsh ischemia-mimicking model,
the viability and secretory potential of ASCs in the presence of 0.5 and 0.1 g/L glucose during
severe hypoxia (0.2% O2) over 7 days of culture was investigated. Glucose is an essential
component for cell survival in ischemia [367,371]. As it was shown that PSP positively
influences the viability of ASCs in case of complete glucose deprivation, PSP was omitted in
this set-up. As the complete omission of glucose in a medium without PSP led to a massive
cell death already at day 1, we aimed to adjust the glucose concentration for the harsh ischemic
condition in order to prevent immediate cell death. Therefore, the influence of very low glucose
concentrations (0.1 and 0.5 g/L) on cell survival over 7 days was assessed by live/dead
staining. Similar cell numbers were observed independent of the glucose concentration for all
time points (Figure 4.6 A). Even after 7 days with only 0.1 g/L glucose markedly more viable
cells were present compared to the culture in the absence of glucose. This observation was
well reflected by the assessment of the cell number as well as by the DNA content
(Figure 4.6 B). Comparable effects on cell numbers without significant differences between the
different glucose concentrations were found. However, the metabolic activity was significantly
impaired in the presence of 0.1 g/L glucose in the culture medium compared to 0.5 g/L glucose.
Especially at day 7, the metabolic activity of cells cultured in the presence of 0.1 g/L glucose
decreased to approx. 10% of the activity measured in control-cultured cells, whereas cells that
were cultured in the presence of 0.5 g/L glucose showed more than 40% metabolic activity
(Figure 4.6 C). To gain further insight into the available residual exogenous glucose levels in
the cultures under the different glucose concentrations, the glucose levels in the culture media
were analyzed at different time points of culture. The presence of 0.1 g/L glucose under severe
hypoxia led to a rapid decline in the residual available glucose within the first 3 days of culture
followed by complete exhaustion by day 4. In contrast, the cultures supplemented with 0.5 g/L
glucose demonstrated slightly decreased exogenous glucose levels that were not depleted
over the course of 7 days. The corresponding lactate levels were significantly increased in
0.5 g/L compared to 0.1 g/L glucose cultures at all time points. Moreover, these data revealed
a shift to anaerobic glycolysis under sustained oxygen deprivation (Figure 4.6 D). A gradual
increase of lactate was observed until day 4 corresponding to the complete exhaustion of
glucose.

Taken together, these results demonstrated the key role of glucose for cell survival under
ischemic conditions and showed, that even very low glucose concentrations (0.1 g/L) support
the viability of cells under severe hypoxia.
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Figure 4.6: Effect of different glucose concentration under severe hypoxia.

(A) Viability of ASCs at different time points. Analysis of viable cells stained green (calcein) and
dead cells, stained red (ethidium bromide). Scale bar represents 200 um. (B) Quantitative
determination of total DNA content. (C) Metabolic activity as determined by a MTT assay. MTT
accumulated in ASCs was solubilized and the optical density was measured at 570 nm;
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% metabolic activity was calculated in relation to the mean value of day 0. (D) Time course of
exogenous glucose levels per well in the supernatant media (left) and of the respective lactate
production per well (right). Data are presented as means + SD of n = 3; * p < 0.05. Abbreviation:
MTT: 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide.

To further investigate the influence of glucose on the secretory function of ASCs, the
concentration of selected cytokines (IL-6, VEGF, and STC-1) in the culture supernatants using
ELISA assays at different time points was quantified (Figure 4.7). Day 7 was included in the
analysis to monitor the secretory activity of cells that were completely deprived of glucose.
Results showed that the glucose concentration significantly influenced the secretion of the
factors. In the presence of 0.1 g/L glucose the concentration of IL-6, VEGF, and STC-1 in ASC
cultures was significantly increased compared to 0.5 g/L glucose. Moreover, the cultivation of
cells with initially 0.1 g/L glucose, yielded markedly increased secretion levels of all factors at
day 4 and day 7, when glucose was exhausted in the culture medium. These data demonstrate
that glucose represents an important factor influencing the secretion of IL-6, VEGF, and
STC-1 by ASCs under hypoxic conditions.
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Figure 4.7: Effect of glucose on secretion of anti-apoptotic, angiogenic and immune-modulatory factors.
Enzyme-linked immunosorbent assays for IL-6, VEGF, and STC-1 in the medium of ASCs cultured
under severe hypoxia (0.2% O:2) with either 0.5 or 0.1 g/L glucose at different time points of
culture; the values were normalized to the DNA content of the respective samples. Data are
presented as means + SD of n = 3; * p < 0.05. Abbreviations: Glc: Glucose; IL-6: Interleukin-6;
VEGF: Vascular endothelial growth factor; STC-1: Stanniocalcin-1; ND: Not detectable.
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4.1.6 Discussion

ASCs represent a promising source for cell-based therapies because of their widely
acknowledged capacity to support regenerative functions in damaged tissues [134,175,377].
Due to their multi-potency, ASCs can differentiate into various cell types e.g. adipocytes or
endothelial cells and in this way contribute to de novo tissue repair [93,378,379]. However, in
transplantation settings these functions may not play a significant role, as it has been shown,
that transplanted ASCs survive for only a short period in vivo. The transplantation site is
characterized by an initial lack of blood supply, leading to an ischemic microenvironment, which
is considered to be detrimental to cells [380]. The primary aim of this chapter was to establish
an in vitro model that mimics the hypoxic environment as well as nutrient deprivation
experienced during the early phase of engraftment. In order to study the response of ASCs to
different starvation conditions, harsh ischemic conditions, with complete deprivation of glucose
and serum and exposure to 0.2% oxygen and moderate ischemic conditions, which were set
to 0.5 g/L glucose, 0.5% serum and 2% oxygen, were therefore chosen. Although it is
challenging to determine the accurate oxygen tension that a cell might experience occurring
at the transplantation site, we decided in the reported set-up for an oxygen tension of 0.2%
(harsh ischemic set-up) as Moya et al. [370] reported that 0.13% oxygen best reflected
24 hours post-implantation due to the non-existent blood supply within transplanted constructs.
In the moderate ischemic set-up, 2% oxygen were selected to simulate the periphery of tissue

engineering constructs.

The data presented in this chapter demonstrate that in the absence of glucose under
severe hypoxia, the viability of ASCs was markedly reduced. Within 7 days of culture under
harsh ischemic conditions, the number of viable cells, as well as the metabolic activity
decreased drastically compared to moderate ischemic conditions. This observation is
consistent with studies that reported a rapid cell death in the absence of glucose and serum
[367,371,381], whereas the viability of ASCs was shown not to be affected in the presence of
minimal concentrations of glucose and serum (moderate ischemic conditions) [341,368]. With
regard to oxygen deprivation, HIF-1 alpha plays an important role as hypoxia-regulated factor
and represents a central controller of oxygen-related gene expression [372,382,383]. For this
reason, the expression of HIF-1 alpha was analyzed and it could be shown that it was
expressed in ASCs under hypoxic conditions, thereby confirming the hypoxic status of the cells
for both ischemia-mimicking conditions for 0.2% as well as 2% oxygen during the whole culture

period.

Next, the secretion of a set of angiogenic, anti-apoptotic, and immune-modulatory factors
by ASCs in response to harsh or moderate ischemic conditions was examined. The focus was
on IL-6 and VEGF, as known major immunomodulatory and angiogenic factors [195,384-387],
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and on STC-1, which is a peptide hormone reported to be involved in reduction of apoptosis,
enhanced resistance to hypoxia and metabolic stress [349-351,388,389].To date nothing is
known about the function of STC-1 in ASCs. Our results demonstrated distinct response
patterns for the factors to the different ischemia-mimicking conditions. The concentration of
IL-6, VEGF, and STC-1 in the ASC-culture medium was markedly increased in the absence of
glucose and serum combined with severe hypoxia over a period of 4 days. In contrast, the
concentration of the secreted factors in the culture medium under moderate ischemic
conditions was almost identical to the control condition except STC-1, which was not
detectable under control conditions. Accordingly, the gene expression analysis of all factors
was immediately upregulated in response to harsh ischemic conditions. These findings are in
line with the literature where a variety of studies describe in diseases with different ischemic
pathologies a strong increase in the expression of several cytokines and chemokines
[390-392]. Perera et al. [393] also revealed an increasing cytokine expression already after a
few hours associated with the recruitment of different types of cells, including neutrophils,
lymphocytes, monocytes, as well as activation of resident microglia, astrocytes, and
endothelial cells into the ischemic area. Further approaches show that the cytokine and
chemokine signaling is related to the inflammatory response. Thus, the intercommunicative
actions of both results in a complex of feedback loops and cascades by interacting with specific
membrane-associated receptors with an extracellular ligand-binding region and an intracellular
region that is activated by binding of cytokines and chemokines and thus contribute to the
mediation of signals from the cytoplasm to the nucleus [392,394]. In recent years, the
multifaceted role of the complement system by regulation, orchestration, and amplification of
the immune response by regulating tissue repair has become of increasing interest. The
complement activation suggesting a release of a variety of endogenous ligands (DAMPs) to
stimulate innate immune response [395]. The inducing inflammatory cell recruitment, including
neutrophils and macrophages, and the release of various cytokines and chemokines is
attributed to the cleavage of C3 and C5 and the subsequent release of anaphylatoxins
(C3a and Cba) [396,397]. Recent research indicates that classically activated
M1 macrophages may lead to the expression of MHC class Il antigens and release of
pro-inflammatory cytokines with further propagating inflammation, whereas M2 macrophages
secrete several trophic factors promoting tissue regeneration and repair by cell proliferation,
reduced apoptosis, and by stimulating angiogenesis [398]. It may be that due to the harsh
ischemic conditions, ASCs initially directly secrete this panel of factors, the immune system is
thereby activated, and macrophages additionally support tissue regeneration by the release of
various cytokines and chemokines. Taken together this part, moderate ischemic conditions
were well tolerated by ASCs. The viability under this condition was not affected and the gene

expression and secretion of anti-apoptotic, angiogenic and immune-modulatory factors was
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only marginally elevated. In contrast, harsh ischemic conditions markedly affected the viability
of the cells, in parallel gene expression and secretion of factors was significantly upregulated
in the absence of glucose and oxygen. Thus, harsh ischemic conditions severely affect the
cells, and lead to an increased secretory activity of angiogenic, anti-apoptotic, and

immune-modulatory factors.

By testing different medium compositions, we found out that PSP in the culture medium
affected the viability of ASCs in our harsh ischemic culture set-up. Based on the estrogenic
activity of PSP described in the literature at concentrations found in tissue culture medium
[375,376], we investigated specifically the impact of PSP and E2 on ischemia-challenged
ASCs viability. The results revealed that at the beginning of the culture markedly more viable
cells could be detected with PSP as compared to the PSP-free medium. E2 has a
multifunctional role influencing cell proliferation, differentiation, and metabolism in many
tissues [399]. Previous studies reported about at least two estrogenic receptors, which are
expressed in ASCs and mediated estrogenic actions, with different impacts dependent on the
cellular context [400]. Zhang et al. [401] focused on determining the effects of both receptors
ERa and B on male mouse ASCs. They demonstrated an enhanced ASC proliferation and
migration with dose-dependent effects. Celojevic et al. [402] investigated the influence of
physiologic concentrations of E2 ranging from 0.1-10 nM on cell viability of human lens
epithelial cells. We further analyzed the viability of ASCs exposed to harsh ischemic conditions
with different concentrations of E2, ranging from 10°-10“ M, added to basal medium. Our
concentrations were approx. in line with reported concentrations, however there also exists
differences in the E2 receptors of ASCs in males and females [399]. The here presented results
show that physiological concentrations of E2 (10° M) resulted in markedly better viability in the
early phase of the harsh ischemic culture, comparable to PSP, whereas slightly higher
concentrations of E2 (10 and 10* M) prevent cell death until day 7 under this condition, but
the metabolic activity was not affected by the addition of PSP or E2 at all times. This
observations may be due to the markedly reduced metabolism of the resting cells under
complete withdrawal of glucose and serum exposed to severe hypoxia [403]. Altogether, the
results give insights that PSP as well as to E2 restores viability of ASCs under ischemia. For
this reason, it is important to be aware of this effect of PSP when culturing and analyzing cells
under deprivation conditions. However, these results could indicate that estrogen-like
compounds may modulate therapeutic effects and could be one possible approach for tissue
engineering applications.

In the experiments it was found that cells (cultured without PSP) died very quickly without
the availability of glucose. This is in line with other studies that indicate glucose as an essential
factor in cell survival [341,371,404]. To study if very low concentrations of glucose can support

cellular survival under severe hypoxia, ASCs were cultured with low glucose concentrations
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and the viability and consumption of glucose was assessed. It could be demonstrated that
ASCs viability remained nearly unaffected with only a low availability of glucose of 0.1 g/L,
independent of the severe hypoxic environment. Thus, these results well reflect the
observations according to that severe hypoxia (i.e. 0.2%) per se is not detrimental to MSCs
[367,405] and that nutrient deprivation is the stronger factor that constitutes the main limitation
for MSC survival after transplantation [345]. With 0.1 g/L glucose, a complete exhaustion from
day 4, while 0.5 g/L glucose were not limiting over the period of 7 days, was observed. The
significantly increased levels of the secreted factors in the medium with the lowest glucose
concentration (0.1 g/L) indicated an effect of glucose deficiency on the secretion of ASCs.

Overall, the results of this chapter contribute to a first characterization of ASCs under
ischemic conditions. By studying the viability and secretory potential of ASCs under different
ischemia-mimicking conditions, it was shown that the cells were capable to maintain their
viability and secretory function even under harsh ischemic conditions in the early culture phase.
The focus was on the factors IL-6 and VEGF, which are widely described in the literature in
association with tissue regeneration why these factors were examined exemplarily in this work.
Thereby, STC-1 was additionally selected as a particular factor, which has not been described
in literature so far in relation to ASCs. The established in vitro model of ischemia with ASCs
facing both severe glucose and oxygen starvation, allows further investigations on the impact
of glucose and oxygen deprivation on the secretory capacity of ASCs exposed to an ischemic
environment by, for example, using a protein array, to figure out other key factors in this
context. However, additional work on molecular mechanisms as well as on the role of
complement in this context would also be of paramount importance to understand why
particularly ASCs are able to exert beneficial effects and improve cell-based therapies in tissue

regeneration or tissue repair.
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Adipose tissue-derived stromal/stem cells (ASCs) represent a valuable tool for cell-based
therapies because of their widely acknowledged capacity to exert beneficial functions in tissue
regeneration or in tissue repair [86,134,175,354,377,406]. This has been demonstrated for
example for cell-assisted lipotransfer, where autologous ASCs added to lipografts have been
shown to enhance vascularity, to improve the survival rate of grafts, and to reduce
postoperative atrophy [316,328,340]. The benefits of ASCs in this context were mainly
attributed to secreted paracrine factors rather than to direct differentiation into tissue-specific
cell types [178,407]. In recent years, numerous studies have shown that ASCs secrete a
complex panel of trophic factors, including growth factors, cytokines, chemokines, extracellular
microvesicles and exosomes, that contribute to angiogenesis, anti-apoptosis,
immunomodulation, and the activation of resident and circulating stem cells
[127,178,197,336,360,407—409]. However, in regenerative approaches such as tissue
engineering or cell-assisted lipotransfer, the implanted cell-laden construct or lipograft is at
least initially impaired by a lack of blood supply [244,245]. This leads to an ischemic
environment that is characterized by the deprivation of nutrients, oxygen, and growth factors.
It has been shown that depletion of oxygen and nutrients, in particular glucose, significantly
affects cell survival and function, as they are both critically required for energy-related
pathways [341,367,370].

To date, the response of ASCs to ischemic stress and the different components of
ischemia remains poorly understood. Only a few studies so far examined the viability and
metabolic response of ASCs to combined oxygen and glucose deprivation, but they did not
focus on their secretory function under this condition [368,369]. The modulation of the
paracrine activity of ASCs by low oxygen concentrations is well documented. However, little is
known about how nutrient deprivation, a further major component of ischemic stress, can affect

their secretory potential.

In this context, the present chapter aimed to investigate the effect of glucose and oxygen
deprivation on the viability, metabolic activity, and secretory capacity of ASCs. Specifically, we
focused on glucose starvation in concert with hypoxia as a potential modulator of the paracrine
function of ASCs. In response to combined glucose and oxygen deprivation, ASCs
demonstrated increased levels of secreted angiogenic and anti-apoptotic mediators including
vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), IL-8, angiogenin (ANG), and
stanniocalcin-1 (STC-1). We further investigated the impact of conditioned medium of
ischemia-challenged ASCs on the viability and tube formation of endothelial cells, and the
proliferation and migration of fibroblasts. The results of this study suggest that ASCs can
maintain their secretory function and thus exert regenerative effects even under ischemia-like

stress conditions.
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4.2.1 Characterization of ASCs under glucose/oxygen deprivation

Viability and metabolic activity of ASCs might be strongly dependent on the availability of
glucose and the presence of oxygen. The impact of glucose and oxygen deprivation, two
conditions that are expected to occur in an ischemic situation, were investigated individually
and in concert. For this purpose, the cells were exposed to culture conditions represented by
glucose starvation (0.1 g/L glucose) and hypoxia (0.2% O-) under serum-free conditions for a

period of seven days.

Viability of the cells was examined by live/dead staining. Under glucose deprivation or
hypoxia, a similar viability was observed as in the control group (1 g/L glucose, 21% O», without
serum) with cells retaining their typical stellate morphology (Figure 4.8 A). Even under
combined glucose and oxygen deprivation, a considerable number of viable cells were still
present after seven days. Dead (red) cells were hardly detectable in this set-up, as they rapidly
detached from the cell-culture plates and consequently were washed out during the staining
process. This observation was corroborated by the assessment of the cell numbers as
reflected by the DNA content (Figure 4.8 B). Deprivation conditions demonstrated comparable
effects on cell numbers without significant differences between the investigated culture
conditions. Across all tested conditions the DNA content decreased to approx. 60% by day 4,
likely due to the lack of serum in the medium and remained stable until day 7. In contrast, the
metabolic activity of the cells, determined using the MTT assay, was significantly impaired by
the limitation of glucose (0.1 g/L) already at day 1 and also at day 4, independent of the oxygen
concentration (Figure 4.8 C). As the MTT assay is only an indicator of mitochondrial
dehydrogenase activities, WST-8 assay was additionally performed to evaluate the metabolic
rate of the cells by other energy metabolism-related dehydrogenases in cytosols
(Figures 4.8 D).
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Figure 4.8: Viability and metabolic activity of human adipose-derived stromal/stem cells (ASCs) under glucose and
oxygen deprivation.

(A) Microscopic images of live/dead staining. 25,000 cells per cm? were seeded in well plates
and imaged at the indicated time points. Living cells were stained with calcein (green) and dead
cells were stained with ethidium bromide (red). Scale bar represents 200 ym. (B) Quantitative
determination of total DNA content in relation to the mean value of day 0. Metabolic activity as
determined by a MTT assay (C); MTT accumulated in ASCs was solubilized and the optical density
was measured at 570 nm and (D) by WST-8 assay; % metabolic activity was calculated in relation
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to the mean value of day 0. Data are presented as means + SD of n = 3; * p < 0.05.
Abbreviation: MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; WST-8:
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt.

In addition, we examined whether ASCs were still able to differentiate adipogenically after
being subjected to ischemia-like stress conditions. For this purpose, ASCs were cultured under
glucose/oxygen deprivation (0.1 g/L glucose, 0.2% O) for four days and subsequently
differentiated in adipogenic medium. Control ASCs were cultured under standard conditions
(growth medium, 21% O-) and subsequently differentiated in the same way. Lipid accumulation
was analyzed histologically and by quantification of intracellular lipid content. Similar amounts
of stained lipid droplets were observed in ASCs previously treated with glucose/oxygen
deprivation and in control ASCs (Figure 4.9 A). This finding was corroborated by the triglyceride
assay, which showed comparable amounts of intracellular triglycerides in both groups
(Figure 4.9 B). Thus, ASCs were not affected in their adipogenic differentiation capability after

exposure to ischemia-mimicking conditions.
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Figure 4.9: Adipogenic differentiation potential of ASCs after exposure to ischemia-like conditions.

ASCischemic were cultured under glucose/oxygen deprivation (0.1 g/L glucose, 0.2% O32) for four
days before being adipogenically induced. ASCcontroi were cultured in growth medium before
induction. (A) Histological analysis of adipogenesis after 14 days of induction by staining with Oil
Red O (ORO, red) and hematoxylin (blue). Non-induced cells served as controls. Representative
images are shown. Scale bar represents 200 ym. (B) Quantitative analysis of triglyceride content.
Analysis was performed at day 14. Triglyceride contents were normalized to the DNA content of
the respective samples. Data are presented as means £ SD of n = 3; * p < 0.05. Abbreviation:
Non-ind.: Non-induced; ind.: Induced; ASCischemic: ASCs cultured under ischemic conditions
before induction; ASCcontroi: ASCs cultured in growth medium before induction.
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To monitor available exogenous glucose levels in the cultures under the different
conditions, the remaining glucose concentrations in the culture supernatants were analyzed at
different time points. The culture of ASCs in the presence of 0.1 g/L glucose and hypoxia led
to a rapid decline in the residual available glucose within the first three days of culture followed
by complete exhaustion by day 4. In the cultures supplemented with 1 g/L glucose, the
exogenous glucose concentration only slightly decreased in the hypoxic condition as
compared to normoxia but was not depleted in either condition over the course of seven days
(Figure 4.10 A). Corresponding lactate levels were significantly increased under hypoxic
conditions irrespective of the glucose concentration in the media indicating a shift to anaerobic
glycolysis under sustained oxygen deprivation (Figure 4.10 B). Under combined
glucose/oxygen deprivation, a gradual increase of lactate was observed until day 4
corresponding to the complete exhaustion of glucose, followed by a further slight increase until
day 7, which potentially indicates the use of endogenous glycolytic reserves of the cells after
complete consumption of the glucose present in the medium.
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Figure 4.10: Glucose consumption and lactate production of ASCs cultured with 1 or 0.1 g/L glucose exposed to 21% or
0.2% oxygen over seven days.

(A) Time course of exogenous glucose levels in the supernatant media (per well). (B) Time course
of lactate production (per well). Data are presented as means + SD, n = 3; * p < 0.05.
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4.2.2 Secretory potential of ASCs under glucose/oxygen deprivation

To gain insight into the secretory potential of ASCs exposed to an ischemic environment
characterized by nutrient deprivation in combination with acute hypoxic stress, qualitative
secretion profiles were established using a cytokine antibody array covering 80 cytokines.
To this end, ASCs were cultured under (1) 1 g/L glucose and normoxia (21% O2) (control);
(2) 1 g/L glucose and hypoxia (0.2% O2); (3) 0.1 g/L glucose and normoxia (21% O);
(4) 0.1 g/L glucose and hypoxia (0.2% O2). Cell culture supernatants were analyzed after four
days of culture. It appeared that cells subjected to combined glucose and oxygen deprivation
(0.1 g/L Glc, 0.2% O) were able to express a considerable number of growth factors and
cytokines to a similar extent or higher as compared to control cells (1 g/L Glc, 21% O.). These
factors included angiogenic factors (VEGF, IL-6, IL-8, ANG), matrix-regulating proteins
(TIMP-1, TIMP-2), chemokines (MCP-1/CCL2, IP-10/CXCL 10), and others (Figure 4.11 A).
Factors that were less pronounced in the glucose/oxygen deprivation condition were also
identified, e.g., GRO, FGF-4 and -6, IL-12, IGFBP-2, -3, and -4, NAP-2 (the array map is shown
in Figure 4.11 B for identification of the respective spots).
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Figure 4.11: Human cytokine antibody array.

(A) Array membranes covering 80 cytokines were probed with supernatants of ASCs collected
under glucose and oxygen deprivation separately and combined (n = 2). Prominently appearing
spots with similar or higher intensity in the deprivation conditions compared to the other were
highlighted. (B) The map of the array (RayBio® human cytokine array C5, RayBiotech, Norcross,
GA) showing the position of 80 human cytokines and positive and negative controls (as available
on https://doc.raybiotech.com/pdf/Manual/AAH-CYT-5.pdf) for identification of the respective
spots. Reprinted with permission from RayBiotech Inc.
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We further quantified the concentration of selected, prominently appearing cytokines
(VEGF, IL-6, IL-8, ANG, TIMP-1, MCP-1) from the above panel in the culture supernatants
using ELISAs in order to reveal the impact of the individual stress condition
(glucose deprivation, hypoxia) on their expression level. STC-1, a peptide hormone, which has
been associated with angiogenesis, reduction of apoptosis, and enhanced resistance to
metabolic stress [349,350,388], but has so far not been identified as a factor secreted by ASCs,
was additionally included in the analysis.

As shown in Figure 4.12 A, increased levels for IL-6, VEGF, STC-1, ANG, IL-8, and
TIMP-1 were secreted in response to culture under hypoxic conditions irrespective of the
glucose concentration. STC-1 was expressed exclusively under hypoxic conditions. Under
normoxic conditions, glucose concentration had no influence on the expression of the selected
markers, with the exception of IL-6 and IL-8, which were upregulated under glucose
deprivation. Under combined glucose and oxygen deprivation (0.1 g/L glucose, 0.2% Oy),
IL-6, VEGF, and STC-1 levels each showed a striking increase that significantly exceeded the
level expressed under hypoxia only (1 g/L glucose, 0.2% O.). This effect was also observed
for ANG and IL-8 albeit to a lesser extent. TIMP-1 secretion was not affected by the glucose
concentration in the culture medium but was increased by hypoxia only. MCP-1 levels
remained largely unaltered under all deprivation conditions.

The protein expression of the factors positively regulated by glucose deprivation in the
presence of hypoxia was also mirrored on mRNA level. A significantly upregulated gene
expression was shown for IL-6, VEGF, and STC-1 under this condition compared to all other
conditions. Moreover, different time courses in the expression of these markers were
discernible over a period of seven days. STC-1 showed an immediate upregulation upon
culture under deprivation conditions with the highest expression level on day 1, whereas IL-6
expression reached its maximum on day 7 of culture. VEGF expression stayed at a constant
level over the time course of seven days in this set-up (Figure 4.12 B).
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Figure 4.12: Expression of cytokines in ASCs under deprivation conditions.

(A) Enzyme-linked immunosorbent assays for IL-6, VEGF, STC-1, ANG, IL-8, TIMP-1, and
MCP-1 in the supernatant medium of ASCs cultured under normoxia (21% O2) or hypoxia
(0.2% 0O2) with either 1 or 0.1 g/L glucose at day 4 of culture; the obtained values were normalized
to the DNA content of the respective samples.(B) Corresponding gene expression of IL-6, VEGF,
and STC-1. Gene expression was normalized to EF1a; the obtained values were further
normalized to day 0. (Note: Day 0 values are the same for all groups.) Data are presented as
means = SD of n = 3; * p < 0.05. Abbreviations: IL-6: Interleukin-6; VEGF: Vascular endothelial
growth factor; STC-1: Stanniocalcin-1; ANG: Angiogenin; IL-8: Interleukin-8; TIMP-1: TIMP
metallopeptidase inhibitor 1; MCP-1: Monocyte chemoattractant protein-1; ND: Not detectable.
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In order to gain a deeper insight into how the expression of cytokines depends on the
availability of glucose under hypoxia, protein expression levels of IL-6, VEGF, and STC-1 were
analyzed in the early phase (until day 4) of culture under deprivation conditions at shorter time
intervals. In addition, a later time point (day 7) was included in the analysis to monitor the
secretory activity of cells that were completely deprived of glucose. IL-6 showed markedly
increased secretion levels under glucose/oxygen deprivation from day 4, when glucose was
exhausted in the culture medium (Figure 4.13). Similarly, an enhanced secretion from day 4
was also evident for VEGF in cultures under combined glucose/oxygen deprivation. STC-1
expression was upregulated under glucose/oxygen deprivation on day 3 and demonstrated a
further substantial increase until day 7. The expression of the respective factors remained at
significantly lower levels under all other conditions.

These data revealed that ASCs were able to maintain their secretory capacity even under
severe glucose/oxygen deprivation over a time course of seven days. Glucose deprivation
associated with hypoxia was shown to be an important factor influencing the secretion of the
pro-angiogenic and anti-apoptotic factors IL-6, VEGF, and STC-1.
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Figure 4.13: Time course of secretion of IL-6, VEGF, and STC-1 monitored over seven days under different deprivation conditions
and quantified by ELISA.

The obtained values were normalized to the DNA content of the respective samples. Data are
presented as means + SD of n = 3; (a) significantly different to the value of group 1 g/L glucose
and normoxia at day 7, (b) significantly different to the value of group 1 g/L glucose and hypoxia
at day 7, (c) significantly different to the value of group 0.1 g/L glucose and normoxia at day 7,
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(d) significantly different to the value of group 0.1 g/L glucose and hypoxia at day 7; * p < 0.05;
for clarity, significance is only shown for day 7. Abbreviations: IL-6: Interleukin-6; VEGF: Vascular
endothelial growth factor; STC-1: Stanniocalcin-1; ELISA: Enzyme-linked immunosorbent assay.

4.2.3 Regenerative effects of conditioned medium from glucose/oxygen-
deprived ASCs

We next sought to study the angiogenic properties of conditioned medium from
glucose/oxygen-deprived ASCs as this condition corresponds to the ischemic situation at the
transplantation site. To this end, we cultured human umbilical vein endothelial cells (HUVECs)
in basal medium conditioned by ASCs under glucose/oxygen deprivation and compared them
to HUVECs cultured in basal medium. Viability, metabolic activity, and tube formation were
assessed. Live/dead staining revealed a distinctly better viability of HUVECs in the presence
of conditioned medium over a period of 24 h. In comparison, HUVECs in basal medium died
rapidly, after 6 h no viable cells could be detected (Figure 4.14 A). The positive impact of the
conditioned medium from glucose/oxygen-deprived ASCs was also reflected in the metabolic
activity of the endothelial cells. The metabolic activity determined by a MTT assay was
significantly higher in the ASC-conditioned medium than in the basal medium (Figure 4.14 B).
The pro-angiogenic effect of secreted factors from glucose/oxygen-deprived ASCs was further
analyzed by a tube formation assay on growth factor-reduced matrigel. Figure 4.14 C illustrates
the distinct formation of tubular networks after incubation with conditioned medium at different
time points (4, 6, and 10 h). In the unconditioned basal medium, HUVECs were not able to
develop tube-like structures. The tube formation in endothelial growth medium is shown as a
positive control. Accordingly, the tube length and the number of branch points were significantly
higher at all time points in the conditioned medium group as compared to the basal
medium-treated group (Figure 4.14 D). These results indicated that ASCs exposed to
ischemia-mimicking conditions were able to restore endothelial cell viability, metabolic activity,
and tube formation via their trophic function.
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Figure 4.14: Effect of conditioned medium of glucose/oxygen-deprived ASCs (CMischemic) On Viability and angiogenesis of
human umbilical vein endothelial cells (HUVECS).

(A) Live/dead staining at different time points. Viable cells were stained with calcein (green), and
dead cells were stained with ethidium bromide (red) at different time points. Scale bar represents
500 ym. (B) Determination of metabolic activity by a MTT assay; % metabolic activity was
calculated in relation to the mean value of day 0.(C) Tube formation by HUVECs in basal medium,
ASC-CMischemic and endothelial growth medium on growth factor-reduced matrigel. Representative
micrographs were shown at different time points (4, 6, and 10 h) for illustration of tube formation.
Scale bar represents 200 ym. (D) Total tube length (left column) and the number of branch points
(right column) determined by an automated image analyzer. Data are presented as means £ SD
of n = 3; * p < 0.05. Abbreviations: BM: Basal medium; eGM: Endothelial growth medium;
ASC-CMischemic: Adipose-derived stem cell-conditioned medium of glucose/oxygen-deprived
ASCs.

In addition, the effect of the secreted factors from ischemia-challenged ASCs on the
proliferation and migration of fibroblasts was investigated, since the activation of fibroblasts, in
addition to angiogenesis, is considered as an important factor in wound healing processes. In
the presence of conditioned medium from glucose/oxygen-deprived ASCs, the proliferation
(reflected by the DNA content, Figure 4.15 A) and metabolic activity (as assessed by the MTT
assay, Figure 4.15 B) of fibroblasts was markedly enhanced over a period of seven days. The
migration assay further illustrates a clear stimulating effect of conditioned medium from
glucose/oxygen-deprived ASCs on the migratory activity of fibroblasts compared to the basal
medium. The migration of fibroblasts in fibroblast growth medium is shown as a positive control
(Figure 4.15 C). Thus, ASCs in an ischemic environment might be able to exert positive effects
on wound healing processes through the promotion of neo-vascularization and the activation
of fibroblasts in terms of proliferation and migration. In contrast, the growth rate
(Figure 4.16 A) and metabolic activity (Figure 4.16 B) of breast cancer cell lines (MCF-7 and
MDA-MB-231) were not significantly increased by the trophic factors of ASCs under
glucose/oxygen deprivation (except for the metabolic activity in MDA-MB-231 on day 1).
This may be relevant in cell-assisted lipotransfer after mastectomy, a scenario in which

ischemic conditions at the transplant site are likely to occur.
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Figure 4.15: Effect of conditioned medium of glucose/oxygen-deprived ASCs (CMischemic) On proliferation, metabolic
activity, and migration capacity of NIH/3T3 fibroblasts.

(A) Quantitative determination of total DNA content in relation to the mean value of day 0.
(B) Metabolic activity as determined by a MTT assay. MTT accumulated in fibroblasts was
solubilized and the optical density was measured at 570 nm; % metabolic activity was calculated
in relation to the mean value of day 0. Data are presented as means =+ SD of n = 3; * p < 0.05.
(C) Migration of fibroblasts in conditioned medium from glucose/oxygen-deprived ACSs in
comparison to the basal medium. Fibroblast growth medium served as a positive control.
Representative micrographs at 0, 12, and 24 h were chosen for illustration, blue lines indicate
the migration front. Scale bar represents 200 um. Data are presented as means = SD of n = 3;
* p < 0.05. Abbreviation: MTT:3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide;
BM: Basal medium, ASC-CMischemic: Adipose-derived stem cell-conditioned medium of
glucose/oxygen-deprived ASCs; fGM: Fibroblast growth medium.
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Figure 4.16: Effect of conditioned medium of glucose/oxygen-deprived ASCs (CMischemic) on MCF-7 and MDA-MB-231
cancer cells growth rate and metabolic activity.

(A) Quantitative determination of total DNA content in relation to the mean value of day 0.
(B) Metabolic activity as determined by a MTT assay. MTT accumulated in MCF-7 and MDA-MB-
231 was solubilized and the optical density was measured at 570 nm; % metabolic activity was
calculated in relation to the mean value of day 0. Data are presented as means + SD of n = 3;
* p < .05. Abbreviation: MTT, 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide;
ASC-CMischemic, adipose-derived stem cell-conditioned medium of glucose/oxygen-deprived
ASCs.

4.2.4 Discussion

The positive effects of ASC-based approaches in regenerative therapies have been
demonstrated in preclinical and clinical studies, for example in cell-assisted lipotransfer or
treatment of ischemic diseases [309,328,342,410]. However, a substantial loss of implanted
cells has been documented during the early phase of engraftment [197,198]. Since ASCs, after
transplantation into damaged tissues, are exposed to an ischemic environment characterized
by the deprivation of nutrients and oxygen, a better understanding of the mechanisms
underlying the beneficial effects in the early phase following transplantation is required. This
would contribute to a more rational application of ASCs in cell-based approaches.
The regenerative potential of ASCs nowadays is mainly attributed to their trophic activity

through the secretion of angiogenic, anti-apoptotic, and immunomodulatory factors.
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Hypoxia as one of the hallmarks of ischemia is well reported to enhance the secretion of
such factors [191,411,412]. However, little is known about the ability of ASCs to maintain their
secretory function under starvation conditions. Thus, we investigated the viability and secretory
function of ASCs in response to glucose deprivation and severe hypoxia and the combination
of both as major stress conditions in an ischemic environment. To our knowledge, no study
has yet been conducted to investigate the effect of glucose deprivation as one of the
components of ischemia on the secretion capacity of ASCs.

The hallmarks of ischemia were simulated in our in vitro set-up by culturing the ASCs
under glucose deprivation (0.1 g/L glucose) and severe hypoxia (0.2% O2) alone and in
combination over a period of seven days in serum-free medium to mimic ischemic conditions
during the early post-transplantation phase. Serum-free culture in combination with oxygen
and also glucose deprivation is a widely used experimental model to mimic ischemic conditions
in vitro. Furthermore, serum-free culture is also a common approach in studies analyzing the
effects of secreted proteins by using a conditioned medium in order to avoid interference with
serum proteins [413]. Viability and cell morphology were shown to be virtually not affected by
the applied stress conditions over the culture period of seven days. Sustained viability of ASCs
in response to adverse nutrient and oxygen levels was also reported by Mischen et al. [368] in
a comparable set-up and time frame. In contrast to the limited cell death, the metabolic activity
of the cells was significantly affected by glucose limitation from day 1, whereas severe hypoxia
did not particularly influence the metabolic activity. Under the glucose-limiting condition
(0.1 g/L), cells faced a complete exhaustion of glucose from day 4 under hypoxia, whereas the
glucose level decreased more slowly in the normoxic condition. One g/L glucose was not
limiting in this setup. In general, glucose levels in the medium demonstrated a steeper decline
of the available glucose, when cells were exposed to hypoxia. The corresponding increase of
lactate as an important by-product in glycolysis indicated that ASCs increasingly rely on
anaerobic glycolysis for their metabolic demands when exposed to hypoxic conditions. Several
studies exploring the metabolism of bone marrow-derived mesenchymal stem cells (MSCs)
under glucose and oxygen deprivation demonstrated the metabolic flexibility of MSCs under
such adverse conditions and their ability to rely on anaerobic glycolysis for energy supply in a
hypoxic environment [341,367,404]. In this context, the crucial role of glucose for MSCs
function in a hypoxic environment was emphasized. In the present study, the cells were able
to maintain their viability for several days despite the complete exhaustion of glucose. This
could possibly be due to an enhanced autophagic activity of the cells, as autophagy has been
shown to be a survival mechanism for oxygen/glucose-deprived MSCs [404,414,415]. A further
observation was that those ASCs that survived under the harsh ischemic condition
(glucose/oxygen deprivation) were not affected in their adipogenic differentiation capability.
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This finding additionally underlined the remarkable resilience of hASCs to an adverse

environment.

The next step was to examine the secretion of the ASCs exposed to oxygen and/or
glucose deprivation to determine whether cells under ischemic stress were able to maintain
their secretory function. As displayed by a cytokine antibody array, ASCs were able to express
a broad range of growth factors, cytokines, and chemokines, which in part appeared to be
stimulated by hypoxia. When glucose deprivation was combined with hypoxia in order to mimic
ischemia, ASCs were still able to maintain secretory function. Under this condition, the cells
expressed growth factors and cytokines with angiogenic (VEGF, IL-6, IL-8, ANG) and matrix-
remodeling (TIMP-1, TIMP-2) functions and chemokines (MCP-1/CCL2, IP-10/CXCL10)
among others, while cytokines associated for example with the regulation of proliferation, cell
division, and differentiation appeared to be expressed to a lesser extent (e.g., FGF-4 and -6,
IGFBP-2, -3, and -4, NAP-2).

To reveal the impact of the individual stress condition on the expression level of selected
factors (VEGF, IL-6, IL-8, ANG, TIMP-1, and MCP-1), their expression was investigated under
glucose and oxygen deprivation separately and in combination. STC-1 was included in the
analysis as a factor associated with the reduction of apoptosis, angiogenesis, and enhanced
resistance of cells to metabolic stress [349,350,388]. Furthermore, STC-1 appears to be
closely related to cellular metabolism, as a role of STC-1 in the activation of AMP-activated
protein kinase (AMPK) has been postulated. AMPK in turn is a key regulator in the cellular
adaptive response to ischemia [416]. STC-1 was shown to be expressed by different cell types
including bone marrow-derived MSCs [349,389,417,418] but is a still unknown factor in ASCs.
Thus, to the best of our knowledge, the secretion of STC-1 by ASCs was demonstrated for the
first time in this study. We found different response patterns of the investigated factors to the
individual stress conditions. It is generally accepted that hypoxia triggers the expression of a
variety of growth factors and cytokines in ASCs [191,241,411]. Accordingly, we also found an
increase in the expression of most of the factors investigated, when the cells were exposed to
0.2% O2 (VEGF, IL-6, IL-8, ANG, TIMP-1, STC-1). MCP-1 showed no response to reduced
oxygen levels. However, when hypoxia was combined with glucose deprivation in order to
mimic ischemia, the secretion of VEGF, IL-6, IL-8, ANG, and STC-1, which are all factors with
angiogenic and/or anti-apoptotic properties, increased markedly compared to the hypoxic
condition alone. Thus, glucose deprivation (in conjunction with hypoxia) proved to be a factor
that positively influenced the secretion of angiogenic and anti-apoptotic cytokines. The
availability of glucose as a variable that influences the secretion performance of cells has
hardly been investigated so far. Bakopoulou et al. [419] examined the secretion of human
apical papilla mesenchymal stem cells subjected to glucose and oxygen deprivation and they

also reported a stimulating effect of glucose deprivation on the secretion of angiogenic growth

93



Results and Discussion

factors in conjunction with hypoxia. In addition, VEGF has been described in early studies with
glioma tumor cells as a “classical stress-induced gene”, whose secretion was enhanced by
oxygen and glucose deficiency [200,201]. In contrast, Deschepper et al. [371] considered
glucose essential for the response of hMSC to near-anoxic conditions. They reported a
moderate increase in VEGF-C secretion with increasing glucose concentrations under severe
hypoxia in MSCs. With regard to IL-6, the elevated expression under both glucose and oxygen
deprivation determined in the present study is in accordance with reports that glucose
deprivation triggers |IL-6 expression by activation of ER stress signaling pathways [420,421].
The consideration of the time course of secretion additionally underlined the effect of glucose
deficiency on the secretion of ASCs with a distinct increase in the levels of IL-6 and VEGF from
the time point of complete glucose exhaustion in the culture (day 4). STC-1 secretion was
detectable from day 3 under glucose/oxygen deprivation and was maintained until day 7 with
a significant increase as compared to hypoxia alone. Gene expression of STC-1 was
immediately upregulated in response to glucose/oxygen deprivation. This may indicate that
STC-1 possibly elicits a stimulatory effect on VEGF expression. Several studies have shown
that the expression of VEGF is associated with STC-1 and a positive feedback-loop between
STC-1 and VEGF stimulation has been postulated [422,423].

Maintaining endothelial function and promoting angiogenesis in an ischemic environment
to ensure adequate blood supply are considered key processes in regenerative approaches
such as cell-assisted lipotransfer or treatment of ischemic diseases. The angiogenic function
of secreted growth factors and cytokines of (co-)implanted ASCs could play an important role
in this context [342,343]. For this reason, we investigated the impact of the secretome of
ischemia-challenged ASCs on the viability, metabolic activity, and tube formation of endothelial
cells (HUVECs). The results indicated that ASCs exposed to ischemia-mimicking conditions
were able to restore endothelial cell viability, metabolic activity, and tube formation via their
secretory function. The angiogenic response to VEGF, IL-6, IL-8, and ANG, which were shown
to be major factors secreted under this condition, has been well documented [195,384-387].
Further studies are necessary to clarify to what extent the newly detected STC-1 in ASCs may

contribute to this effect.

ASCs have further been shown to improve wound healing by promoting angiogenesis and
fibroblast activation through their paracrine action [216,217,424]. Here, we demonstrated that
factors secreted by ASCs in an ischemia-like environment, besides their angiogenic activity,
stimulated the proliferation, metabolic activity, and migration of fibroblasts. IL-6 and IL-8 are
known as factors that play an important role in wound healing by triggering fibroblast and
keratinocyte migration, leukocyte infiltration, and collagen synthesis [219-221]. MCP-1
(CCL-2), which was also prominently expressed by oxygen/glucose-deprived ASCs, is a

further important chemokine involved in wound healing processes, acting mainly through the
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recruitment of macrophages [425]. Altogether, the findings support the regenerative potential
of ischemia-challenged ASCs in wound healing, for example in chronic ischemic wounds. In
contrast, the proliferation of breast cancer cell lines (MCF-7 and MDA-MB-231) was not
increased in the presence of trophic factors from ASCs cultured under ischemia-like stress
conditions. This may be relevant in the context of cell-assisted lipografting after mastectomy,
where ischemic conditions at the transplantation site are likely to prevail. This observation may
also be in line with reports from clinical studies that have suggested no increase in cancer
recurrence rates in breast cancer patients treated with ASC-enriched lipografts, but further
studies would be needed to more specifically assess the effects of the secretome of
ischemia-challenged ASCs on breast cancer cells [426,427].

In conclusion, the present study demonstrated that ASCs showed sustained viability and
metabolic flexibility under glucose deprivation and severe hypoxia as hallmarks of ischemia
and were able to maintain their secretory function. The secretion of angiogenic and
anti-apoptotic factors was influenced not only by hypoxia but was distinctly increased in
conjunction with glucose deprivation. Under this condition, the ASCs also expressed STC-1,
a factor with angiogenic and anti-apoptotic properties, but which is as yet unknown in ASCs.
These results provide valuable insights into how ASCs, through their robustness and
remarkable secretory function, may mediate regenerative effects even under adverse

conditions such as those found at implantation sites or in damaged tissue.
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4.3 Role of STC-1in ASCs

The regenerative potential of ASCs in regenerative approaches is well documented
[86,356,357,377], e.g. in the field of cell-assisted lipotransfer or treatment of ischemic diseases
[328,426,428-430]. Beneficial effects were mainly attributed to the trophic factors that are
secreted by ASCs [178,191,431,432]. Some of these factors play an important role in
promoting angiogenesis during the early phase of engraftment. Angiogenesis is the
predominant mechanism of blood vessel formation and it is activated by a variety of growth
factors and cytokines [433,434]. The data presented in the previous chapter show that under
ischemic conditions commensurate to the conditions that occur at transplantation sites or in
damaged tissue, ASCs are able to secrete a range of angiogenic, anti-apoptotic, and
immune-modulatory factors and can potentially also contribute to neo-vascularization
[178,197]. STC-1, a peptide hormone discovered in the Corpuscles of Stannius (CS) of bony
fish, was originally described as a hormone involved in calcium and phosphate homeostasis
[388,435,436]. Moreover, mammalian STC-1 was shown to take part in numerous
pathophysiological processes, associated with prevalent ischemic conditions [437]. Several
studies reported STC-1 as an anti-apoptotic factor [348,389,438], and as a regulator of key
pathways involved in the response to oxidative stress, cellular energy metabolism, survival,
and proliferation and in the control of angiogenesis [350,351,439]. Some studies suggested
that STC-1 could be a mediator for enhancing the expression of the vascular growth factor,
VEGF. However, other studies reported that STC-1 expression is mediated by other cytokines
[422,423,440-442]. To date, the role of STC-1 in the secretory response of ASCs to ischemic
conditions is not known. In chapter 4.2. we showed, to the best of our knowledge, for the first
time the secretion of STC-1 by ASCs. It was revealed that high levels of STC-1 are expressed
by ischemia-challenged ASCs. Furthermore, we demonstrated that factors secreted into the
cell culture media by ASCs under ischemia-like stress conditions promoted endothelial cell

tube-formation and fibroblast migration.

In this context, it was hypothesized that STC-1 may contribute to these processes.
Therefore, the aim was to investigate the effect of exogenous recombinant human STC-1
(rhSTC-1) as well as the effect of specific inhibition of STC-1 on human umbilical vein
endothelial cell (HUVEC) tube-formation. As a positive feedback-loop between STC-1 and
VEGF stimulation has been reported in the literature, a second set of experiments was

performed to investigate VEGF expression downstream of STC-1.
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4.3.1 Effect of rhSTC-1 on endothelial tube formation and VEGF secretion by
ASCs

In the previous experiments, it was demonstrated that factors secreted by ASCs in an
ischemic-like environment stimulated tube-formation by HUVECs (Figure 4.14 C). To assess
a possible role of STC-1 in angiogenesis, we investigated whether rhSTC-1 could promote
HUVEC tube-formation and whether rhSTC-1 also promoted ASCs to secrete VEGF. For this
purpose, HUVECs were cultured in nutrient-deprived basal ASC culture medium (D-glucose-,
L-glutamine-, and sodium pyruvate-free DMEM; containing no serum), which was
supplemented with different concentrations (ranging from 400 to 40,000 pg/mL) of rhSTC-1.
Analyses of tube-formation on growth factor-reduced Matrigel 6 hours post addition of
rhSTC-1 containing medium revealed, that HUVECs did not form tube-like structures in the
presence of rhSTC-1, whereas the formation of tubes was demonstrated for HUVECs cultured
in endothelial growth medium (eGM), as positive control (Figure 4.17). As shown before,
culture of HUVECs in ischemia-conditioned ASC medium also promoted tube formation. In

conclusion rhSTC-1 alone does not promote HUVEC tube-formation.

Despite the lack of a direct effect of rhSTC-1 on HUVEC tube-formation, it was further
investigated whether rhSTC-1 can significantly increases VEGF-secretion by ASCs. To this
end, ASCs were treated with different concentrations of rhSTC-1 (40 to 40,000 pg/mL) added
to nutrient-deprived basal medium (supplemented with 1 g/L glucose) and the cells were
cultured under hypoxia. In agreement with the previous studies, only low STC-1 concentrations
were present in the ASC medium under these culture conditions. The concentration of VEGF
in the culture medium was quantified using ELISA on day 2 and day 3. On day 2, the VEGF
level in the culture medium increased approx. 2-fold in the presence of 40 pg/mL
rhSTC-1 as compared to the control-treated cells. The VEGF level did, however, not further
increase in the media of cells that were exposed to higher STC-1 doses (Figure 4.18). On day

3, VEGF levels were slightly increased for all groups compared to day 2 VEGF levels.

In conclusion, these investigations showed that rhSTC-1 per se did not positively affect
the tube formation of endothelial cells. However, the increased VEGF secretion levels of ASCs
upon addition of rhSTC-1 indicated a possible correlation between VEGF and STC-1 secretion
in ASCs.
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rhSTC-1 rhSTC-1
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Figure 4.17: Effect of rhSTC-1 on tube formation of HUVECS.

For seeding, HUVECs were suspended in basal medium without supplements that contained
rhSTC-1 at the indicated concentrations. Endothelial growth medium served as a positive control
in this assay. Tube formation was assessed after 6 hours of culture on growth factor-reduced
Matrigel. Representative micrographs are shown. Scale bar represents 200 um. Abbreviations:
w/0: without; rhSTC-1: recombinant human Stanniocalcin-1; eGM: endothelial growth medium.
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Figure 4.18: Influence of rhSTC-1 on VEGF secretion of ASCs

ASCs were cultured in the presence of different concentrations of rhSTC-1 (40 to 40.000 pg/mL)
added to the culture medium and VEGF concentrations were determined in the culture supernatant
after 2 and 3 days by enzyme-linked immunosorbent assays. ASCs without rhSTC-1
supplementation to the culture medium (w/0) served as control. Data are presented as means
+ SD of n = 3; * p < 0.05. Abbreviations: VEGF: Vascular endothelial growth factor; rhSTC-1:

recombinant human Stanniocalcin-1; w/o: without.

4.3.2 Specific inhibition of STC-1

To further investigate a potential function of STC-1 in angiogenesis and to confirm the
putative positive feedback-loop between STC-1 and VEGF expression, we set out to determine
whether specific inhibition of STC-1 in the supernatant of ASCs had an effect on tube formation
or VEGF expression. For tube formation analysis, HUVECS were cultured in
ischemia-challenged ASC-conditioned medium, which was preincubated with a polyclonal
antibody against STC-1, as no STC-1 inhibitory antibody was commercially available. Two
different antibody concentrations were used (5 and 20 pg/mL) along with the respective
antibody isotype controls. The results show that tube formation was inhibited in the presence
of SCT-1 antibodies in the conditioned medium. However, the same effect was observed in
the presence of the isotype control, indicating that tube formation was inhibited by an unspecific
effect, rather than a specific antibody-mediated effect on STC-1 in the conditioned medium
(Figure 4.19). Furthermore, it was examined whether the specific inhibition of STC-1 affected
the expression of VEGF in ASCs subjected to ischemia-like stress conditions. For this purpose,
ASCs were cultured in nutrient-deprived basal medium with 0.1 g/L glucose under hypoxia, as
it was already shown, that under this condition the secretion of STC-1 was significantly
increased. The medium was supplemented with 2 pg/mL or 10 pg/mL anti-STC-1 antibody or
the respective isotype control. ASCs were cultured for 7 days under hypoxia. Higher levels of
VEGF within the groups supplemented with either anti-STC-1 or isotype antibody on day 2 as
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well as on day 7 were demonstrated by ELISA (Figure 4.20), indicating again an unspecific
effect.

S IS
20 pg/mL 5 pg/mL w/o

anti-STC-1
5 pg/mL

anti-STC-1
20 ug/mL

ASC'CMischemic

eGM

Figure 4.19: Effect of tube formation on HUVECs by specific inhibition of STC-1.
Tube formation by HUVECs in conditioned medium of ischemia-challenged ASCs supplemented
with different concentrations of STC-1 antibody (5 and 20 pg/mL) after 6 hours on growth
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factor-reduced Matrigel. Tube formation with the respective isotype IgG1 antibody added to the
conditioned medium served as control. Representative micrographs were shown. Scale bar
represents 200 pm. Abbreviations: w/o: basal medium without supplements; STC-1:
Stanniocalcin-1; anti-STC-1: conditioned medium (CM) of ischemia-challenged ASCs
supplemented with STC-1 antibody; IS: isotype; ASC-CMischemic: adipose-derived stem
cell-conditioned medium of glucose/oxygen-deprived ASCs; eGM: endothelial growth medium.
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Figure 4.20: Effect of specific STC-1 inhibition on VEGF secretion in ASCs.

Measurement of the secreted amount of VEGF in the cell culture medium of ASCs treated with
different concentrations of STC-1 neutralizing antibody and respective isotype controls. Isotype
lgG1 antibody added to the basal medium served as control. Data are presented as means = SD
of n = 3; * p < 0.05. Abbreviations: VEGF: Vascular endothelial growth factor; STC-1:
Stanniocalcin-1; anti-STC-1: basal medium supplemented with STC-1 antibody; IS: isotype; w/o:

without.

4.3.3 Discussion

ASCs have gained popularity for tissue regenerative approaches as they potentially exert
beneficial effects either through their capability to differentiate into cell types of the damaged
tissue or through the secretion of trophic/immunomodulatory paracrine factors
[108,127,178,336]. Some of these regenerative effects exerted by secreted factors were
analyzed in the previous chapter 4.2, where conditioned medium of ischemia-challenged ASCs
revealed angiogenic effects on endothelial cells. One factor that was significantly expressed
on mRNA and protein level in ischemia-challenged ASCs was STC-1 (Figure 4.12 A and B).
So far, STC-1 expression by ASCs has not been reported. STC-1 has however, previously
been shown to influence cell survival, cellular metabolism and the secretion of pro-angiogenic
factors of MSCs, breast cancer cells and HUVECs [349,350,388,443]. Furthermore, other
studies described an up-regulation of VEGF by STC-1 expression [423,444]. Therefore, the
focus of this chapter was to examine the effect of STC-1 on HUVEC tube-formation as a
well-established in vitro assay system for angiogenesis and on the secretion of VEGF by ASCs.
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First, the tube-formation and VEGF stimulation upon culture of HUVECs in rhSTC-1
supplemented medium was investigated. Increasing rhSTC-1 concentrations in the culture
medium were tested. The lowest rhSTC-1 concentration (40 pg/mL) that was applied in this
assay was comparable to the concentration of the previously measured endogenous STC-1 in
ischemia-challenged-ASC-conditioned medium. It was found that exogenously added
rhSTC-1 had no effect on tube formation, therefore STC-1 alone, probably does not trigger
angiogenesis. However, culture of ASCs in rhSTC-1-supplemented medium resulted in
increased VEGF secretion on day 2 of culture. These results indicate a possible effect on
angiogenesis. As information on in vivo levels of circulating STC-1 in mammals are limited, it
is not clear if the concentrations used in the assays presented in this thesis are physiologically
relevant. Further, Thairi et al. [443] reported that cells may be responsive to endogenous
STC-1 but may not necessarily be responsive to exogenously added STC-1, as endogenous
rhSTC-1 may have an autocrine function, which cannot be mimicked by recombinant STC-1.
Which may be one explanation why we could not demonstrate effects on tube formation of
endothelial cells by rhSTC-1. However, a possible correlation between VEGF and STC-1
secretion in ASCs upon addition of rhSTC-1 could be revealed by ELISA.

To further address whether and, if yes, how STC-1 influences tube-formation of endothelial
cells and VEGF secretion by ASCs, the inhibition of STC-1 by an antibody was attempted. The
inhibition of STC-1 was assayed with 2 different anti-STC-1 antibody concentrations. Tube-like
structures of endothelial cells could not be identified in the presence of STC-1 antibodies, but
the same effect was also observed in the presence of the isotype control. These results
indicated that the tube formation was inhibited by an unspecific effect in this experimental
set-up. Moreover, VEGF concentrations were increased in both, the ASC culture media that
were supplemented with the anti-STC-1 antibody and in the media that were supplemented
with the isotype control antibody. This result did therefore not allow any conclusions about the
function of STC-1 in this experimental set-up. By using a polyclonal antibody instead of an
inhibitory antibody in these analyses, as none is commercially available, this antibody binds to
several epitopes within the STC-1 protein and potentially exerts an inhibitory function.
Unfortunately, due to the unspecific effects observed in these analyses it is not clear if this
antibody indeed inhibits STC-1. Further experiments, such as the use of significantly lower
antibody concentrations or the use of other readouts, are therefore needed in a further
approach to identify an STC-1 inhibitory antibody.

Published literature shows, STC-1 induces and/or enhances the activity of other growth
factors and cytokines contributing in this way to angiogenic effects [445—447]. Several studies
reported high STC-1 expression levels in the tumor vasculature of breast adenocarcinomas
and colon cancers, pointing to a potential role of STC-1 in tumor angiogenesis [448—450].

He et al. [444] demonstrated that STC-1 was not directly promoting angiogenesis, but rather
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modulated the tissue microenvironment, which ultimately promoted sprouting of new blood
vessels. Furthermore, these authors also showed that STC-1 regulates VEGF expression
through PKCBII and ERK1/2 signalling pathways in gastric cancer cells.

In summary, a positive feedback-loop between STC-1 and VEGF stimulation in ASCs with
significantly increased VEGF levels in the early culture phase could be demonstrated upon
culture of cells in medium supplemented with rhSTC-1. The specific inhibition of STC-1 could
not be analysed due to non-specific effects. More work is therefore required to determine the
role of STC-1 and to investigate in more detail mechanisms and pathways by which STC-1
exerts its function. In this context, a siRNA-mediated knockdown of the STC-1 encoding gene

could help to study the role of STC-1 in angiogenesis and in tissue regeneration.

103



Results and Discussion

4.4 Establishment of a 3D adipose tissue in vitro culture system to study ASC
function in CAL

Autologous fat grafting, or lipotransfer, is one promising and commonly used treatment in
aesthetic and reconstructive surgery due to the easy accessibility of fat and the prevention of
complications by allergic or foreign body reactions [300,428]. In autologous fat grafting,
adipose tissue obtained by clinical suction or excision is purified, and subsequently
reimplanted into the same patient [354]. However, the main drawback of fat grafting is the
unpredictable and rapid resorption of the injected material, resulting in a long-term volume loss
of 25% to 80% that reduces the clinical efficacy of this technique [296,302,328,451,452].
To improve the outcome of autologous fat grafting a modified procedure, called cell-assisted
lipotransfer (CAL), was established, e.g., in the field of cosmetic breast augmentation and
reconstruction or in laryngoplasty for the functional reconstruction of the glottal gap after
unilateral vocal fold paralysis [453,454]. CAL is a transplantation of fat grafts enriched with
ASCs prior to transplantation and has been shown to promote a higher survival rate and
persistency of the transplanted fat compared to adipose tissue alone [316,328,340]. For clinical
applications, ASCs represent a promising tool for cell-based therapies due to their high
abundance, easy harvesting and cultivation [106,352]. Moreover, they provide good
regenerative properties, mainly through the secreted factors that promote, among others,
vascularization, especially under ischemic conditions as they are prevalent in transplanted
tissues [134,309,346,347,455], as shown in chapter 4.2

The cultivation of explanted human adipose tissue over extended time periods would
represent a promising alternative to animal models to mimic functions and responses of cells
and tissue in a more physiological manner for tissue regeneration applications and therefore
also for CAL. Cell culture on 2D surfaces is not capable of mimicking the 3D in vivo adipose
environment, while artificial 3D culture models are often composed of only one or two cell types
and do not reflect the complexity of the native tissue. Therefore, the overall aim of the work
presented in this chapter was first to develop a 3D, physiologically relevant, model of human
adipose tissue in vitro. In this model, we assessed the viability and tissue structure under
long-term conditions. For studying  the function of ASCs in CAL, an adipose
tissue-ASC co-culture model was further established to specifically investigate the secretory
capacity of ASCs in this co-culture under ischemic conditions such as those occurring at the
transplantation site. Thus, the fat tissue model developed in this work could contribute to a
better understanding of the function of ASCs in CAL. In addition, the preparation method of
adipose tissue for implantation in laryngoplasty for glottic insufficiency was optimised providing
better viability and structure integrity of the implanted tissue.
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4.41 Lipograft in vitro culture system - Experimental set-up

To better characterize ASC function in CAL, a human 3D adipose tissue in vitro model
was first established. Adipose tissue was obtained from healthy female patients, following
abdominoplasty that was conducted in the plastic surgery department, University Hospital of
Wuerzburg. Adipose tissue samples were generated as 2x2 mm tissue fragments, called
lipografts, and cultured with growth medium in agarose-coated plates to prevent the outgrowth
and adherence of cells to the plastic surface of the culture plates. First, to determine the
viability of the generated lipografts after cultivation for 14 days, a live/dead assay was
performed and displayed vital adipose tissue (Figure 4.21 A). By means of a staining with a
human-specific antibody against perilipin, a surface protein of lipid vacuoles [456], adipocyte
integrity was demonstrated after the long-term culture period (Figure 4.21 B). To further assess
the tissue architecture and composition of lipografts and to demonstrate the structure of
adipocytes and blood vessels, the samples were analyzed by whole mount staining (WMS),
as the 3D structure can hardly be represented by histological staining on sections. Concurrent
CD31 and BODIPY staining of vascular structures and lipid droplets revealed the presence of
capillaries running alongside adipocytes, representing vascularized tissue segments of the
in vitro generated lipografts (Figure 4.21 C).

Figure 4.21: Characteristics of the lipografts, cultured in vitro under standard culture conditions for 14 days.

(A) Adipocytes and blood vessels stained with live/dead assay (green/red). (B) Staining against
perilipin (red) was performed to highlight intact tissue structure. (C) Visualization of lipografts by
whole mount staining. Interaction of vascular structures and adipocytes were demonstrated by
CD31/BODIPY (red/green) staining. Nuclei were counterstained with DAPI (blue). Scale bar
represents 200 um.
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4.4.2 Evaluation of the preparation method of adipose tissue for implantation
in laryngoplasty- Pilot experiment
Using the successfully established lipograft in vitro culture system, the preparation method
of adipose tissue for the use in laryngoplasty was evaluated in collaboration with the ENT clinic
of Wuerzburg on the project “Cell-assisted lipotransfer for vocal fold augmentation”.

For the clinical application of adipose tissue for vocal fold augmentation, a strong
mechanical processing and mincing of the adipose tissue material was routinely performed
due to the injection of the tissue fragments through a cannula. However, the mechanical
disintegration of the adipose tissue resulted in a strong decrease in viability as demonstrated
by live/dead staining (Figure 4.22 A) over the cultivation period. This observation was in distinct
contrast to the lipografts generated by controlled mincing of the tissue, which could be cultured
for 14 days with good viability. Already directly after the preparation of the adipose tissue (d0),
a large number of dead cells and damaged tissue (red) can be seen within the strongly
processed injection material. These findings were corroborated by the assessment of the
viability by a resazurin assay, which demonstrated significant differences at day 9 and day 14
of culture with a greatly reduced viability of the injection material at day 14 (Figure 4.22 B).
Thus, the here established lipografts showed significantly enhanced viability rates compared
to the current clinical preparation technique for the injection of adipose tissue in laryngoplasty.
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Figure 4.22: Viability of adipose tissue fragments resulting from 2 different preparation techniques.

RFU

(A) Microscopic images of live/dead staining (green/red). The respective prepared adipose tissue
samples were cultured in agarose-coated well-plates under standard culture conditions and
imaged at the indicated time points. Scale bar represents 200 um. (B) Quantitative determination
of viability by a resazurin assay. Data are presented as means £ SD of n = 3; * p < 0.05.
Abbreviation: RFU: Relative fluorescence units.
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We further examined the adipose tissue structure histologically by perilipin
immunostaining (Figure 4.23). The results indicated that the strong mechanical treatment of
the adipose tissue, as it is necessary for injection via cannula, also led to a strong damage of
the tissue structure over time, characterized by disrupted adipocytes, already immediately after
the preparation (d0) and further to necrotic areas with a complete degradation of the injection
material within 14 days. In contrast, generated lipografts demonstrated perilipin positive, intact,
and round adipocytes over a period of 14 days.

Injection material Lipografts

d14

Figure 4.23: Inmunohistological comparison between adipose tissue processed by the conventional clinical preparation
technique of adipose tissue for injection via cannula and lipografts, generated as small adipose tissue fragments over a
culture of 14 days.

The respective samples were fixed at each indicated time point and stained for perilipin (red) and
counterstained with DAPI (blue). Representative micrographs at different time points were chosen
for illustration. Scale bar represents 200 um.
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Taken together, we could demonstrate that the conventional, clinically applied preparation
method of adipose tissue for injection via cannula leads to distinctly damaged and necrotic
tissue. Therefore, lipografts due to their intact, vital, and well-vascularized tissue structure after
preparation, could represent an alternative in laryngoplasty for the functional reconstruction of
the glottal gap after unilateral vocal fold paralysis, if the implantation technique would be
modified and adapted accordingly.

4.4.3 Viability of lipografts exposed to harsh ischemic conditions

To analyze the impact of harsh ischemic culture conditions, such as those occurring at the
transplantation site, on lipografts viability, lipografts were cultured under the previously defined
harsh ischemic condition with complete withdrawal of glucose and serum and an oxygen
reduction to 0.2% over a period of 10 days. The live/dead assay demonstrated a strong
decrease of the viability of lipografts under harsh ischemic conditions within 10 days, with
decreasing numbers of vital adipocytes (green) and an increase in dead areas (red), likely due
to the lack of glucose and serum in the culture medium (Figure 4.24. A). Moreover, adipocytes
in lipografts under this harsh ischemic condition lost their typical round morphology from day 3
on, whereas lipografts showed vital and intact adipocytes for up to 10 days under standard
culture conditions. The metabolic activity of the lipografts (determined using the resazurin
assay) was also significantly impaired under harsh ischemic conditions with a reduction of
approx. 62% at day 3 up to 84% after 10 days as compared to day 0 (Figure 4.24 B).
The metabolic activity of the lipografts under control conditions was reduced by 40% compared
to day 0 and subsequently nearly remained unaffected until the end of the culture.

Overall, these results confirmed that under harsh ischemic conditions the viability and
metabolic activity of lipografts was strongly impaired probably due to the absence of glucose
and serum in the culture medium and the associated lack of adequate nutrient supply.
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Figure 4.24: Viability and metabolic activity of lipografts cultured under harsh ischemic culture conditions.
(A) Live/dead staining of lipografts at different time points of the culture. (B) Metabolic activity

as determined by resazurin assay. Data are presented as means £ SD of n = 3; * p < 0.05.

Abbreviation: RFU: Relative fluorescence units.
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4.4.4 Autologous lipograft-ASC co-culture system - Experimental set-up

In order to better characterize ASC function in CAL, an autologous transwell-based
lipograft-ASC co-culture was established. For this purpose, lipografts were generated and
ASCs were obtained from the same donor as described in Materials and Methods
(see Chapter 3). Prior to assembling ASCs and lipografts, ASCs had to be propagated to
sufficient cell numbers, which usually took 3-4 days. During this time, the lipografts were
maintained with growth medium under standard culture conditions. Afterwards, ASCs were
seeded in the lower 24-well chamber and co-cultured with 5 lipografts (approx. total volume of
50 pL) per insert to achieve a clinically relevant concentration of 108 ASCs/mL lipografts for
CAL. This autologous co-culture system enables differential analysis of secreted cytokines and
growth factors in an in vitro system mimicking the situation in CAL and can result in a better
understanding of the effects of ASCs in this context.
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Figure 4.25: Experimental set-up of an autologous lipograft-ASC co-culture in vitro.

Establishment of the co-culture system with the simultaneous generation of lipografts and
isolation of ASC followed by a transwell-based co-culture with ASCs in the lower chamber and
lipografts in the transwell insert.
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4.4.5 Secretion of growth factors and cytokines in the lipograft-ASC
co-culture system

To further address the function of ASCs in CAL, we quantified the concentration of the
selected factors IL-6, VEGF, and STC-1 in the culture supernatants of our established
autologous co-culture system on day 4 of culture using ELISA. In order to further reveal the
impact of ischemic stress conditions on their expression level, co-cultures were also subjected
to the harsh deprivation condition (0 g/L glucose, 0% FBS, 0.2% O) and compared to the
standard culture condition. For comparison, the secretion levels of lipograft and ASC

monocultures were examined under the same conditions.

As shown in Figure 4.26 for the both donors studied, significantly increased levels of IL-6
were measured in the lipograft as well as in the co-culture compared to secreted amounts of
ASCs alone under both standard and ischemic culture conditions. Thus, the secretion of IL-6
is mainly attributed to the lipografts themselves and indicates no (donor 1) or minor (donor 2)
contribution of the ASCs. In clear contrast, the pro-angiogenic factor VEGF was significantly
increased in lipografts added with ASCs. This effect was also observed under both standard
and ischemic conditions, whereby the measured amounts in general were, as for IL-6,
significantly increased under ischemic conditions for both donors. Finally, STC-1 secretion was
not affected by the addition of ASCs under ischemic conditions but under control conditions,
a significantly increased secreted amount of STC-1 could be observed for lipografts enriched
with ASCs.

Taken together, lipografts from both donors studied secreted comparable amounts of the
selected anti-apoptotic, angiogenic and immune-modulatory factors. The secretory response
was in general significantly increased under harsh ischemic conditions compared to standard
culture conditions. For IL-6 and STC-1, there was no evidence that the addition of ASCs to
lipografts positively influences the secretion of these factors under ischemic conditions. In
contrast, the secreted amounts of VEGF were shown to be significantly elevated in the
lipograft-ASC co-culture compared to the lipograft monoculture, thus a contribution of the
added ASCs to an angiogenic response in this system could be revealed.
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Figure 4.26: Secretion of IL-6, VEGF, and STC-1 in the established lipograft-ASC co-culture system compared to lipograft

and ASC monoculture.

Secretion was assessed under standard and harsh ischemia-mimicking culture conditions after 4

days for 2 independent donors. Data are presented as means * SD of n = 3; * p < 0.05.
Vascular endothelial growth factor; STC-1:

Abbreviation: IL-6: Interleukin-6;

Stanniocalcin-1.

VEGF:
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4.4.6 Discussion

The positive effects of the enrichment of lipgrafts with ASC in CAL to improve long-term
graft retention and lower post-operative complication were revealed in several studies
[316,318,328,457]. However, substantial volume loss of the implanted cell-laden lipograft in
the early phase after transplantation due to the adverse microenvironment to which implants
are exposed has also been documented [197,198]. Therefore, it is of great importance to clarify
the contribution of ASCs in this context and to which mechanisms the positive effects of the
ASCs in CAL can be mainly attributed. How ASCs can exert beneficial effects in tissue
regeneration was discussed in detail in the previous chapter. This includes especially the
secretory activity through the secretion of angiogenic, anti-apoptotic, and immune-modulatory
factors under ischemic conditions occurring at the transplantation site. In order to gain deeper
insights into the functional roles and effects of added ASCs on lipografts, a novel human
in vitro adipose tissue ASC co-culture model has been established.

The challenge in generating adipose tissue models in vitro is the mimicking of a 3D in vivo
adipose environment and the reflection of the complexity of the native tissue [458,459]. Thus,
first in this chapter, we specifically addressed the establishment of a long-term culture of intact
adipose tissue as the basis for the co-culture with autologous ASCs. We were able to culture
adipose tissue as small tissue fragments, called lipografts, in growth medium with very good
viability over a period of 14 days, while preserving tissue structure. Whole mount staining
demonstrated well-vascularized tissue with the presence of capillaries running alongside
adipocytes. In the literature, there are also studies on the cultivation of adipose tissue in vitro,
where the adipose tissue fragments are embedded into biocompatible gels, such as collagen
type | [460—462], which represents another feasible approach for the preparation of 3D in vitro
cultures. That vascularization and oxygenation of adipose tissue strongly impact clinical
outcomes and that adipose tissue easily degenerates when exposed to ischemia is well
reported in the literature [463—466]. Suga et al. [174] demonstrated in their work the effect of
severe ischemia on adipose tissue. Using a mouse model of surgically induced ischemia, the
authors observed a significantly reduced volume stability of the fat constructs under severe
ischemic conditions over a period of 28 days. To mimic ischemic conditions, to which lipografts
are exposed after implantation, lipografts were additionally cultured under severe oxygen and
glucose deprivation. Thereby, it could be demonstrated a distinct reduction in viability within
10 days. This is well in accordance with the results by Suga et al. [174], as the strongly reduced
viability of the tissue fragments, hence the degeneration of the tissue, that was demonstrated
above in vitro, leads to necrosis in vivo and consequently to a significant volume loss. Thus,
for the first time, the effect of ischemia on an adipose tissue model could be revealed

in vitro.
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Aiming to characterize ASC function in CAL, we started by investigating the secretion of
the anti-apoptotic, immunomodulatory and angiogenic factors STC-1, IL-6, and VEGF in the
co-culture compared to lipograft and ASC monoculture. To ensure relevant ASC
concentrations in the co-culture, a cell concentration of 10® ASC in 1mL lipograft was applied,
which is commonly used in the clinical set-up in CAL [428,467,468]. To be able to establish an
autologous co-culture of ASCs and lipografts from the same donor, ASCs were isolated and
propagated to sufficient cell numbers prior to the co-culture with the lipografts. The levels of
IL-6 and STC-1 were markedly enhanced in the lipografts under ischemic conditions, while the
enrichment with ASCs had no impact on their secretion. In contrast, significantly increased
levels of the pro-angiogenic factor VEGF were shown in the lipograft-ASC co-culture compared
to the lipograft monoculture. Based on the fact that VEGF secretion from lipografts themselves
is very weak, these results suggest that added ASCs promote vascularization and thus may
lead to improved lipograft maintenance that is crucial for the reported enhanced volume
stability in CAL. In line with our findings, several studies reported promoted angiogenesis and
enhanced long-term graft survival by using conditioned medium of VEGF-transfected ASCs or
by applying VEGF-inducing preconditioning [469—471]. Therefore, the use of VEGF has great
clinical promise and could be a therapeutic strategy in cell-based approaches. To better
understand the beneficial effects of ASC in CAL, it would be highly relevant to identify other
factors that are specifically secreted by ASCs in this co-culture system that may contribute to
the positive effects in fat graft survival. For this purpose, a cytokine antibody array would also
be here a good option to address a larger panel of cytokines. Furthermore, the impact of
secreted factors of ASCs on parameter such as lipograft viability, integrity of adipocytes and
blood vessels and maintenance of structure should be examined more specifically to get
deeper insights into the beneficial role of ASCs in CAL.

In a pilot project, in cooperation with the ENT clinic on the project “Cell-assisted
lipotransfer for vocal fold augmentation”, we additional evaluated the conventional preparation
method of adipose tissue for lipoinjection therapy in the treatment of patients with glottic
insufficiency and compared this clinical routine method with the lipografts we generated.
The results showed a severe decrease in viability and tissue structure with the method
commonly used in the clinic due to the need to prepare the tissue for injection via cannula.
Accordingly, this form of preparation does not appear to be suitable for obtaining a viable
injection material. These findings are in accordance with studies reporting different fat survival
rates by different preparation methods based on the clinical settings [472]. Furthermore, after
injection of the prepared tissue, the amount of fibrosis and the number of viable fat cells were
reported to be one of the main factors, which determines the stability of the injected fat
tissue [473,474]. Thus, based on these findings, a modification of the surgical procedure for
vocal fold augmentation in terms of implantation of small fat pieces, comparable to the
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lipografts described in this study, in a small subepithelial pocket in the vocal fold could
contribute to a better and longer volume stability in the clinical application of CAL for vocal fold

augmentation.

In summary, this chapter presented a 3D, physiologically relevant, long-term volume
stable in vitro model of human adipose tissue. The establishment of such an in vitro model
provides the basis for future studies on ASC function in CAL and tissue regeneration. First
investigations in a transwell-based lipograft-ASC co-culture provided valuable insights into the
secretory capacity of ASCs in the presence of lipografts. Further efforts are needed to identify
more secreted factors that may be relevant for the beneficial effect of the ASCs in this system
and to identify parameters that are able to predict the long-term stability of lipografts in vivo.
Finally, based on the in vitro evaluation of the preparation method of adipose tissue for vocal
fold augmentation in laryngoplasty, the modified preparation method of the adipose tissue by

generating lipografts, could be a benefit for the treatment of patients with glottis insufficiency.
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5 Conclusion and Outlook

The use of ASCs offers a potential tool for cell-based therapies due to their capacity to
exert beneficial functions in tissue regeneration or in tissue repair. Apart from their ability to
differentiate into mesenchymal lineages and to stimulate the recruitment of endogenous stem
cells to the damaged area, ASCs also promote tissue regeneration by secreting a broad panel
of angiogenic, anti-apoptotic and immune-modulatory factors. Nevertheless, there are several
studies that have shown low survival of ASCs upon transplantation. One explanation for the
massive cell death of transplanted cells is the ischemic environment to which the cells are
exposed due to an initial lack of blood supply at the transplantation site. To date, studies on
how ASCs respond to ischemic stress have been very rare. For a better understanding of the
mechanisms underlying the beneficial effects of transplanted ASCs in regenerative
approaches and to improve their therapeutic efficacy, a comprehensive characterization of
ASCs under conditions occurring at the transplantation site is needed and represented the
main task in this thesis.

To address this challenge, in a first approach, an in vitro model of ischemia that is
characterized by glucose and oxygen deprivation was established. In this set-up, ASCs
showed a drastically reduced viability in the absence of glucose with severe hypoxia. A further
characterization of ASCs under ischemia-mimicking conditions also entailed the investigation
on the secretory capacity. To investigate, whether ischemia-challenged ASCs were capable to
maintain their secretory activity, gene expression analyses and secretion profiles of a set of
factors with known angiogenic, anti-apoptotic and immune-modulatory properties were
performed. All factors investigated were significantly elevated in the absence of glucose in
combination with severe hypoxia compared to control conditions at early time points of culture.
In this context it turned out that PSP, which is commonly used as a pH-indicator in cell culture
media, markedly promoted the viability of ASCs under harsh ischemic conditions due to its
estrogen activity. Additional investigations on the effect of E2 on ischemia-challenged ASCs
revealed that PSP as well as E2 restored viability of ASCs under severe glucose/oxygen
deprivation and indicated that estrogen-like compounds may modulate therapeutic effects of
ASCs in tissue regeneration or tissue repair. In summary, it could be demonstrated that ASCs
were able to maintain their secretory capacity in an in vitro model of ischemia with severe

glucose and oxygen deprivation, at least at early time points.

While the modulation of the paracrine activity of ASCs by low oxygen concentrations is
well documented, the response of ASCs to combined glucose and oxygen deprivation remains
poorly understood. Therefore, the secretory response of ASCs under glucose starvation and
hypoxia both separately and in combination to evaluate the influence of each parameter was

further investigated. To study ASC secretion under glucose/oxygen deprivation more
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comprehensively, an antibody array was conducted that revealed the secretion of a broad
panel of angiogenic factors, growth factors, matrix-regulating proteins, chemokines, and others
under glucose and oxygen deprivation. For selected factors of this panel a significantly
elevated secretion was confirmed through measurements of the secreted protein amounts.
Thus, it could be demonstrated that glucose deprivation in conjunction with hypoxia
significantly increased the secretory activity of ASCs compared to the hypoxic condition alone.
The angiogenic capacity of the secretome of ischemia-challenged ASCs was shown by
enhanced viability and metabolic activity and increased tube formation of endothelial cells
(HUVECGCSs) exposed to conditioned medium of glucose/oxygen-deprived ASCs. Besides the
angiogenic activity, stimulated proliferation, and migration of fibroblasts by the secreted factors
of ischemia-challenged ASCs were further shown. In order to investigate anti-inflammatory
effects of the secretome of ischemia-challenged ASC, future experiments may include the
examination of conditioned medium from glucose/oxygen-deprived ASCs on proinflammatory

M1 macrophages.

One of the highly expressed factors under ischemic conditions was STC-1, a peptide
hormone which is involved in the reduction of apoptosis, enhanced resistance to hypoxia and
metabolic stress, but a still unknown factor in ASCs. To assess a possible contribution of
STC-1 to the angiogenic effect of glucose/oxygen-deprived ASCs, the influence of STC-1 on
endothelial tube formation was investigated by the addition of recombinant human STC-1
(rhSTC-1) as well as by specific blocking of STC-1 in the conditioned medium of ASCs. In
these experiments, a specific effect of STC-1 could not be observed. However, a positive
correlation between VEGF and STC-1 secretion in ASCs upon addition of rhSTC-1 could be
demonstrated by ELISA. Further investigations would be necessary to reveal mechanisms and
pathways by which STC-1 exerts its function in this context. This may include a
siRNA-mediated knockdown to assess the function of the newly detected STC-1 in ASCs

regarding angiogenesis and tissue regeneration.

The secretory capacity of ASCs may also contribute to the beneficial effects of ASCs in
CAL, where an enrichment of fat grafts with isolated ASCs is reported to enhance clinical
efficacy through higher survival rates and persistence of the transplanted fat. A significant
limitation for in vitro models of human adipose tissue is to mimic functions and responses in a
more physiological manner. To address this challenge, a 3D, physiologically relevant,
long-term volume stable in vitro culture system of adipose tissue fragments was established.
Co-culture of these adipose tissue fragments with autologous ASCs showed generally higher
secretory activity under ischemia-mimicking conditions and specifically higher VEGF
concentrations due to the added ASCs. Future studies with the established in vitro model might
include investigations on the contribution of the added ASCs to the stability and structure of
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the fat tissue under ischemic conditions, for example preservation of blood vessels and viability
and maintenance of adipocytes.

Preparation methods of adipose tissue for lipografting are based on clinical settings.
The stability rate of the transplanted tissue depends on the fibrosis induced and on the number
of viable fat cells after preparation. Thus, the clinically used preparation of adipose tissue for
vocal fold augmentation in laryngoplasty was evaluated in vitro. While the commonly used
preparation of the fat for injection by syringe led to a large number of dead cells and highly
damaged tissue structure with necrotic areas, the preparation method of adipose tissue
consisting of defined lipografts yielded an intact, vital, and well-vascularized tissue structure.
This finding led to a direct modification of the preparation and implantation technique of
lipografts in laryngoplasty in a conducted collaborative animal experiment on the function of
added ASCs in CAL and represents a potential direct translation of the results of this work into

clinical practice.

Taken together, the work of this thesis represents a comprehensive characterization of
ASCs under ischemia-mimicking conditions. The findings regarding the remarkable secretory
capacity under combined glucose and oxygen deprivation provide new insights into how ASCs
may mediate regenerative effects in ischemic diseases or in tissue repair. First investigations
in a newly established adipose tissue-ASC co-culture system revealed the secretory capacity
in this system in a more physiological context and can form the basis for further research on
ASC function in CAL.
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