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1. Introduction

1.1 Stem cells

Introduction

According to the most widely accepted definition for stem cells, they are undifferentiated

cells that possess three unique capabilities: first, self-renewal and the ability to produce

unmodified daughter cells through asymmetric and symmetric cell division; second, long-

term viability; and third, potency and thus the capacity to generate different specialized cell

types under appropriate stimuli [1-3]. Depending on the stage of development, two different

stem cell types are distinguished: embryonic or adult stem cells. Embryonic stem cells are

pluripotent and thus capable of differentiating into cells of all three germ layers (ectoderm,

mesoderm and endoderm) (Fig. 1) [2].
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Fig. 1: Cell potency of human stem cells. Schematic illustration adapted from MacDonald and modified with

BioRender.com [4,5].
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Adult stem cells, unlike their embryonal progenitors, are multi- or unipotent. They can only
differentiate into cells of a specific tissue or they are capable of giving rise to other cell types,
which are, however, limited in their ability to differentiate [2,6,7]. Since adult stem cells have
retained their provisional status, the differentiation program is not complete, allowing for
differentiation into one or a few cell lineages in which hormones, physiological changes or
tissue regeneration act as stimuli [2,6,8]. Thus, the main function of adult stem cells is to
serve as both self-renewing stem cells and to regenerate tissues in a site-specific manner in
response to physiological and pathological stimuli [2,7,9]. Stem cells generally show
characteristic morphological, cytological and histological features with different expression
of cell surface receptors and transcription factors dependent on the development state and/or
tissue type [2]. Adult stem cells are found in nearly all differentiated adult tissues [2,6,8].
They can be of ectodermal, mesodermal or endodermal origin (Fig. 1) and are localized in
various tissues in the so-called stem cell niches (e.g., liver, lung, bone marrow, adipose tissue,
nervous system and epidermis) [1,8,10—13]. The stem cell niche refers to a microenvironment
that contains adjacent, undifferentiated and differentiated cells, soluble factors and
extracellular matrix in addition to stem cells. The main function of the stem cell niche is to
control the self-renewal and differentiation of stem cells [14,15]. Recent studies suggest that

these stem cell niches are localized perivascular [16,17].

1.2 Mesenchymal (stem/stromal) cells

Mesenchymal stem/stromal cells (MSC), first officially named by Caplan in 1991, are a
characteristic population of non-hematopoietic adult stem cells with specific properties of
mesodermal origin [18,19]. MSC are defined as cells that are plastic adherent in standard
culture conditions, express different surface markers depending on their origin and are
capable to differentiate into adipocytes, chondrocytes and osteoblasts in vitro [2,20,21]. More
than 95% of the MSC express primary markers such as cluster of differentiation (CD) 73,
CD90, CD105, while lacking CD11b, CD14, CD19, CD34, CD45, CD79a and class II
histocompatibility complex antigens (HLA 1II) [2,20,22]. Like other stem cells, MSC have the
ability to transdifferentiate beyond their normal mesoderm fate into a number of additional
lineages such as endodermic and ectodermic [8,23-29]. Transdifferentiation is defined as the

conversion of MSC into cells from another lineage [1,22]. Many studies have shown that they
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can differentiate, preferentially into several defined mesodermal-derived lineages (e.g.,
chondrocytes, osteocytes and adipocytes, and cardiomyocytes) when stimulated both in vitro

or in vivo (Fig. 2) [3,10,30-32].
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Fig. 2: An exemplary overview of the in vitro differentiation potential of human MSC towards adipo-,
chondro-, osteo-, and myogenesis. Figure adapted from Almalki et al., and modified with BioRender.com

[4,32].

Human MSC can be isolated from several sources (e.g., bone marrow, adipose tissue, dental
pulp, dermis, umbilical cord, placenta, periosteum, muscle, nerve tissue, tendon, lung,
synovial membrane) and further expanded in vitro and cryopreserved [20,22,33-39].
Depending on their origins, MSC have been further classified as bone marrow MSC (BM-
MSC), adipose-derived MSC (adMSC), dental follicle MSC (DF-MSC) and many others. The
MSC most commonly used in clinical trials are BM-MSC (28%), umbilical cord-derived
MSC (UC-MSC; 30%) and adMSC (19%) (Fig. 3) [40—42].
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Fig. 3: MSC from various sources used in clinical trials worldwide. The data were obtained using keywords
depending on different sources on ClinicalTrials.gov. in July 2021; BM-MSC: bone-marrow MSC; UC-MSC:
umbilical cord MSC; adMSC: adipose-derived MSC; DF-MSC: dental follicle MSC).

Since only 0.001-0.01% of the nucleated cells in the bone marrow are BM-MSC, they
represent a rare population [26]. In contrast, adMSC can be obtained in large quantities (500
times more than from an equivalent amount of bone marrow) with low morbidity at the donor
site and have been shown to have higher proliferative capacities compared with BM-MSC
[2,43-45]. DF-MSC can be isolated from dental follicle surrounding the tooth germ prior to
eruption and are classified as cells of ectomesenchymal origin [46,47]. DF-MSC show higher
proliferation rates than BM-MSC [46-49].

Regardless of their origin, all MSC share common biological characteristics, such as residing
in stem cell niches and being multipotent upon activation and being able to proliferate and
differentiate [2,10,41,42,50,51]. MSC release trophic, paracrine and immunomodulatory
factors [10,17,52-54]. Due to their differentiation capacity they have regenerative properties
and they are capable of homing to the site of injury [1-3,10,17,53—-60]. Homing is a process
in which MSC migrate to a specific site and settle in a particular location [61]. Despite many
common characteristics, previous in vitro and in vivo studies demonstrated that MSC
represent a heterogeneous progenitor cell population that depends on their self-renewal and
differentiation potential as well as tissue origin [1,62,63]. Thus, MSC differ in their biological
characteristics [62,64—66]. The undifferentiated BM-MSC, e.g., divide asymmetrically,
producing either identical stem cells or non-identical progenitor cells of the differentiated
target cells [67]. BM-MSC consequently contain MSC and subpopulations, which are in

various stages of the differentiation process [62,64,68]. In early passages for example, BM-
6
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MSC, adMSC and DF-MSC display a fibroblast-like morphology with two different cell
phenotypes, small, spindle-shaped cells, characterized as rapidly self-renewing, and large,
flat cells, which divide slowly [35,68—71]. This heterogeneity of MSC and their different
origins such as bone marrow or adipose tissue is the reason for the variation in differentiation
characteristics as different stem cells favor various differentiation lineages [62,64,72].
Nevertheless, BM-MSC, adMSC and DF-MSC show similar surface markers, gene
expression patterns and differentiation capacities [20,51]. For example, many studies
demonstrated that BM-MSC, adMSC and DF-MSC share CD9, CD10, CD13, CD29, CD44,
CD49b, CD59, CD73, CD90, CD105, CD166 and antigen of the bone marrow stromal-1
(STRO-1) as common surface markers with a lack of CD11b, CD 14, CD31, CD45, CD79a
and class II histocompatibility complex antigens (HLA-II) [2,3,20,28,47,50,73—-75]. From all
the studies to date, it can be concluded that MSC populations naturally vary in their

expression of cell surface markers around a common mean [22].

1.3 Proliferation and cell cycle

Cell proliferation and thus cell division are essential for development and homeostasis of an
organism [76,77]. One important property of MSC is their capacity for self-renewal, for
which both cell proliferation and concomitant cell division are indispensable [76,78]. The
basis of all cell division is the cell cycle, in which tightly regulated molecular events lead
from a single parent cell to two new daughter cells which have received all the necessary
machinery and information required to repeat this process [76,78]. Cyclin-dependent kinases
(CDKs) and their binding partners, cyclins, are the key components of the cell cycle [79-82].
The cell cycle is divided into four phases: in the first phase, called Gap 1 (G1) phase, growth
and preparation for DNA synthesis takes place (Fig.4) [79—-83]. Cell growth in this context

means the increase in protein mass and cell size [76,79].
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Fig. 4: Schematic depiction of the cell cycle phases, modified from Caulton [84].

In the second phase, the DNA synthesis (S) phase, the DNA is replicated. This is followed by
another Gap phase (G2) with the growth and preparation of the cell for division, which forms
the end, the so-called mitosis (M) phase of the cell cycle. Cells can also remain in the Gap 0
(GO) phase, where they do not actively cycle but retain the potential to divide [79-83]. The
activation of the cellular division program is always dependent on the mitogenic stimuli in
the environment of the cells [79-81].

Cell proliferation and cell death (e.g. apoptosis) are usually strictly coordinated and balanced
[85]. There is a direct link between mitosis and cell death because of similar morphological
features such as substrate detachment, cell rounding, cell shrinkage and chromatin
condensation [77]. The key factors between proliferation and cell death include the tumor
suppressor p53 that promotes cell cycle arrest or apoptosis, c-Myc, a nuclear phosphoprotein,
which functions as a transcription factor to stimulate cell cycle progression and apoptosis,
and nuclear factor kappa B (NF-kB) with pro-apoptotic as well as anti-apoptotic properties

[77,86].

1.4 Differentiation potential of MSC in vitro

One criterion for MSC is the ability to differentiate into mesodermal-derived lineages,
especially adipocytes, chondrocytes and osteocytes [32]. In vitro, this can be induced by
adding specific compounds. Induction of adipogenic differentiation is usually done by the
addition of dexamethasone [3,87], which activates the glucocorticoid receptor pathway [88].
The cAMP-dependent protein kinase pathway is additionally stimulated by the administration
of the cyclic adenosine monophosphate phosphodiesterase inhibitor isobutylmethylxanthine

8
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[3,87,88]. The addition of insulin is necessary since it accelerates the lipid accumulation [88],
and indomethacin is a ligand for the adipogenic key transcription factor peroxisome
proliferator-activated receptor gamma [3,87-89]. This transcription factor, with the CCAAT-
enhancer-binding protein B transcription factor, strongly regulates the expression of genes
responsible for progression of adipogenic differentiation, while inhibiting osteogenesis and
chondrogenesis [30,32].

Chondrogenesis in vitro, on the contrary, is induced by the addition of insulin, transferrin,
selenium, ascorbic acid phosphate, dexamethasone and transforming growth factor (TGF) 81
or 3, often supported by the addition of insulin-like growth factor (IGF) 1, fibroblast growth
factor (FGF) 2 and bone morphogenetic protein (BMP) 2 [90]. The administration of insulin,
transferrin and selenium prevents dedifferentiation of articular chondrocytes in monolayer
culture, stimulates the biosynthesis of proteoglycans and, in combination with other growth
factors, promotes cartilage formation [91,92]. Insulin, which has both mitogenic and
metabolic effects, is essential for glucose transport into cells. The iron carrier, transferrin,
reduces toxic levels of oxygen species generated by non-protein-bound iron. The trace
element selenium acts as an antioxidant in culture media through its incorporation into
selenoprotein (such as glutathione peroxidase, thioredoxin reductase) [93]. Chondrocytes
produce an extracellular matrix rich in collagen type 2 and aggrecan. Both proteins are
essential structural proteins for appropriate cartilage function [94]. The addition of ascorbic
acid phosphate is essential for collagen synthesis [95]. Dexamethasone acts on a variety of
cells by binding to glucocorticoid receptors, resulting in their translocation into the nucleus
and activation [94]. Furthermore, in cartilage it stimulates the synthesis of
glycosaminoglycans, DNA and MSC differentiation in a dose- and time-dependent manner
[96]. TGF-B1 and BMP-2 induce the expression of cartilage-specific extracellular matrix
proteins, e.g., collagen type 2, proteoglycans and aggrecan [97,98]. At the same time, TGF-
31 also inhibits the hypertrophy of chondrocytes [99]. The most important anabolic factor for
stimulating matrix synthesis is the growth factor IGF-I [98]. FGF also plays a critical role in
chondrogenesis by activating signaling through FGF receptors [100].

The osteogenic differentiation process can be achieved by the supplementation of cell culture
medium with ascorbic acid, which is necessary for the collagen synthesis, an essential

component of the extracellular matrix of the bone [95]. The application of B-glycerol

9
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phosphate induces the incorporation of minerals into the extracellular matrix since it serves
as a source of phosphate [101]. The addition of dexamethasone was shown to induce the
osteogenic differentiation of MSC in vitro [102]. Furthermore, dexamethasone affects the
expression of proteins such as alkaline phosphatase and osteocalcin, which lead to
mineralization of the extracellular matrix [103].

The differentiation into muscle cells, including cardiomyocytes and myoblasts, can be
induced by adding 5-azacytidine or TGF-B1 to MSC [31,104]. The exact mechanism of 5-
azacytidine has not yet been elucidated, but it is suspected that this DNA demethylating agent
transforms the cells by hypomethylating regulatory loci on genes, so that the stem cells
transform lines with restricted potential into muscle, cartilage or fat cells [104—106].
Furthermore, in vitro studies have shown that transdifferentiation can give rise to hepatocytes
and B-cells of pancreatic islets, two other cell types of endodermal origin, from MSC
[8,23,25,28].

The degree of differentiation of tissue-specific cells is determined by the detection of lipid
vacuoles, the activity of lipoprotein lipase and the accumulation of fatty acid-binding protein
(FABP) 4 for adipogenesis. The synthesis of proteoglycans and collagen type 2 serves as a
marker for chondrogenesis. The increase in alkaline phosphatase activity and calcium
mineralization in the extracellular matrix is used to determine the degree of osteogenesis. a-
actin cardiac form, desmin and -myosin heavy chain are typically determined to evaluate
myogenesis [90,107].

The mechanism of MSC differentiation is tightly controlled by specific growth and
transcription factors such as the TGF-B superfamily or the expression of runt-related
transcription factor (Runx) 2 [30,108]. Furthermore, multiple microenvironmental factors

such as mechanical forces or current electric fields can affect MSC differentiation [109—-111].

1.5 Autocrine and paracrine properties of MSC

It has long been known that MSC exert autocrine and paracrine activities via a large spectrum
of biological factors. These include extracellular matrix components, adhesion proteins,
binding proteins, enzymes and their activators and inhibitors, cytokines, chemokines and
growth factors and many others at high concentrations to elicit responses from resident cells
[45,90]. The biological factors are responsible for cell proliferation mediated by epidermal

10
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growth factor (EGF), TGF-o/B and macrophage colony-stimulating factor (M-CSF).
Furthermore, they are involved in angiogenesis (via vascular endothelial growth factor
(VEGF)) and immune system signaling (e.g., through interleukin (IL) 6, IL-8, and TGF-8).
They are responsible for the migration of cells to the microenvironment mediated through
CC-chemokine ligand 5, regulated on activation, normal T cell expressed and secreted
(RANTES) and stromal cell-derived factor 1). The biological factors also support
regenerative processes in damaged tissues by e.g., IGF-1, tissue inhibitor of
metalloproteinases 1 and 2, hepatocyte growth factor (HGF) [53,63,90]. Furthermore, they
also produce antioxidants and anti-apoptotic molecules, like VEGF, IGF-I, basic FGF, HGF,
and indoleamine 2,3-dioxygenase, to protect other cells from oxygen free radicals [53].
These, along with adhesion molecules, are also fundamental to the homing and differentiation
process of MSC [112]. In addition, MSC are able to secrete IL-18, IL-6, IL-8 and, IL-10 as a

response to e.g., a bacterial stimuli [90].

1.6 Therapeutic application of MSC

MSC are of great interest in regenerative medicine, such as tissue engineering and cell-based
approaches due to their specific properties. First, depending on the source, MSC can be easily
isolated with low morbidity and without much discomfort to patients, expanded in vitro, and
genetically engineered (Fig. 5) [22,38,113]. Second, MSC are relatively immunocompatible
and under standard culture conditions non-tumorigenic [38,114—117]. Third, as MSC are part
of the natural regenerative system, they have been shown to modulate immune responses by
performing autocrine and paracrine activities through the secretion of chemokines and growth
factors [22,52,70,117]. Fourth, they promote homing to the site of injury
[24,37,114,115,118,119] to trigger proliferation and differentiation into tissue-specific
phenotypes [35,120,121].

11
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Fig. 5: Human MSC can be easily obtained and expanded in vitro. They possess several advantages, such as
autocrine and paracrine activities, and are thus able to modulate immune responses. They possess proliferation
and differentiation capacities to develop into tissue-specific phenotypes. Therefore, MSC are assessed to be
useful for tissue engineering and cell-based approaches. Figure modified from Hmadcha et al. and Squillaro et

al. created with BioRender.com [4,122,123].

Currently, more than 980 clinical trials worldwide are listed in ClinicalTrials.gov [40]. All
are investigating MSC as a potentially therapeutic agent for a variety of severe diseases such
as Crohn’s disease, graft-versus-host-disease, craniofacial trauma or inflammatory diseases
of the lung, and many others [107]. The potential clinical use of MSC has been already shown
in several studies, e.g. a promoting effect on structural tissue regeneration by adding exogenic
MSC or mobilizing endogenous MSC after meniscus surgery, strokes, myocardial infarction
but also in wound healing or cancer treatment [37,52,53,113,114,118,119,124—-127]. Due to
their plasticity, MSC represent important cell types for application in regenerative medicine
as well as in preclinical research and clinical trials [122,128]. The therapeutic effects of MSC
transplantations are thought to be due to local support of angiogenic processes, inhibition of
scar formation, promotion of proliferation of tissue-specific stem and progenitor cells, and

cell protective effects [52].
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2. Motivation and aim of the study

The use of MSC for commercial and clinical applications is legally treated as a medicinal
product. Therefore, the knowledge about basic mechanisms and effects should available in
detail both in vitro and in vivo. Furthermore, the processing of MSC should be carried out
according to current Good Manufacturing Practice as with any other therapeutic agent [90].
Since TGF-B1 plays a pivotal role in tissue regeneration and adMSC are known to secrete
TGF-B1 themselves and to respond to TGF-81 treatment, we investigated in our first study
the effects of TGF-B81 on adMSC in vitro. Analyses were performed with regard to cell
proliferation and cell cycle, metabolic activity, including metabolic and glycolytic capacity,
and gene expression.

Using the second study, we characterized MSC from three different sources with respect to
their mesenchymal surface markers. Furthermore, we looked at their multilineage
differentiation capacity and performed a comparative analysis of the gene expression profiles
of these different MSC types. Finally, this study investigated whether the different MSC
prefer a differentiation lineage.

Since the first two studies considered undifferentiated mesenchymal cells of different origin
in terms of their proliferation and differentiation behavior as well as their transcriptomic
profile, the third study focused on differentiated mesenchymal cells. This study used human
chondrocytes which were analyzed regarding to the influence of different concentrations of
platelet-originated growth factors, number of applications, timing and chondrogenic
differentiation status.

The present cumulative dissertation helps to increase the knowledge of the basic mechanisms

of proliferation and differentiation in human mesenchymal stem/stromal cells.
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3. Methods

The following description of the methods part is only a shortened summary. All methods
mentioned are presented in a scientific context, not chronologically based on publications.
Detailed information is provided in the material and method section of the corresponding

publications.

3.1 Cell isolation and cultivation

Primary adMSC were isolated from the adipose tissue of healthy patients undergoing
tumescence-based liposuction. The isolation of these cells was realized according to a
standardized processing procedure [129]. Expansion of the adMSC was performed in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin (P/S), while the medium was changed every 2-3 days. Subcultivation
was performed until passage 4. In passage 4, cells were seeded with a cell density of 20,000
cells/cm? and cultivated for 72 h at 37 C and 5% CO; in a humidified atmosphere. After 72
hours (defined as day 0) the cells were used for the corresponding experiments and
stimulations.

Primary BM-MSC were obtained by sternal aspiration from patients undergoing coronary
artery bypass grafting surgery. Coagulation was prevented by the addition of sodium heparin
(Ratiopharm, Ulm, Germany). Isolation of the mononuclear cells was performed by density
gradient centrifugation followed by enrichment through plastic adherence. Subcultivation
was then performed in MSC basal medium supplemented with SingleQuot (Lonza, Kdln,
Germany) and 1% ZellShield® to protect cells from contamination (Biochrom, Berlin,
Germany). Subcultivation was performed at a confluency of about 80-90%.

Primary DF-MSC were isolated from dental follicles of extracted wisdom teeth before tooth
eruption according to a standardized procedure [130]. For the subcultivation DF-MSC were
prepared in DMEM-F12 (Thermo Fisher Scientific, Waltham, USA) containing 10% FCS
and 1% ZellShield® at a confluency of about 80-90%.

Human primary chondrocytes were obtained from the articular knee cartilage of patients
undergoing primary knee replacement due to osteoarthritis. The isolation of the primary
chondrocytes was performed according to the instructions described by Jonitz et al [96]. For

the experiments, the chondrocytes were seeded in passage 3 at a cell density of approximately
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11,800 cells /cm? and cultivated in different medium combinations over a period of 14 days.
The detailed description of the compositions of the media and further additives were listed in
the publication. After dissolving the platelet-rich plasma powder (PRP powder; DOT GmbH
medical implant solutions, Rostock, Germany) in unstimulated medium, cells were stimulated
with all three concentrations of the PRP powder (0.5% £ 30 pg/mL; 1% £ 60 pg/mL; 5% 2
300 pg/mL)) at different frequencies (two-times, three-times or six-times). All cell types were
maintained at 37 C and 5% CO> in a humidified atmosphere, while medium was changed
every 2-3 days.

All experiments were conducted after receiving the full written consent of the patients. All
studies were approved by the local ethical committee Rostock (Rostock University Medical
Center) under the registration numbers A2009-17 (chondrocytes), A2010-23 (BM-MSC),
A2017-0158 (DF-MSC) and A2019-0107 (adMSC).

3.2 Cell viability and morphological phenotype

The depiction of the cell viability and the morphological phenotype was performed through
live-dead staining using Hoechst 33342 (bis-benzimide H33342 trihydrochloirde; 3 uM),
calcein acetoxymethyl ester (1 uM) and propidium iodide (500 nM) (all: Life technologies;
Darmstadt, Germany) following the instructions provided by Meyer et al. [131]. For this, the
cells were imaged with a fluorescence microscope (emission: Hoechst, 460 nm; calcein,
515 nm; propidium iodide, 617 nm; excitation: Hoechst, 346 nm; calcein, 495 nm; propidium

1odide, 535 nm; Carl Zeiss Micro Imaging, Jena, Germany).

3.3 Cell proliferation and metabolic activity

Quantification of the cell proliferation was conducted using the basic dye crystal violet
(Sigma-Aldrich, Taufkirchen, Germany). Crystal violet staining followed the previously
published protocols [132]. For this purpose, the absorbance of the resulting supernatant was
measured at 620 nm employing the Anthos Mikrosysteme microplate reader (Anthos
Mikrosysteme, Friesoythe, Germany).

To determine metabolic activity, cells were incubated with 3-(4.5-dimethylthiazol-2yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (CellTiter 96 Aqueous One

Solution Cell Proliferation Assay (MTS assay); Promega GmbH, Mannhein, Germany). The
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optical density of the supernatant was measured using a microplate reader (Anthos

Mikrosysteme, Friesoythe, Germany) at 490 nm.

3.4 Cell cycle analyses

The two-step cell cycle analysis assay was used to determine the cell cycle phases on days 0,
1, 3 and 7 after TGF-B1 exposure (Nucleocounter NC®3000, chemometec, Lillerod,
Denmark). For this purpose, all steps were conducted according to the manufacturer’s

0™ software,

instructions. Quantification was performed with the NucleoView NC-300
followed by analysis with Dean-Jett-Fox model and FlowJo software Version 10 (Dickinson

Company, Becton, NJ, USA).

3.5 Quantification of mitochondrial respiration and glycolysis

The mitochondrial respiration and glycolysis were determined using the Agilent Seahorse
XFp Cell Mito Stress Test (Agilent Technologies, Santa Clara, USA). For this purpose,
adMSC were seeded with a density of 15,000 cells/well in passage 4, and 72 h after seeding
different TGF-B1 concentrations were added. The measurements were done on day 1, 3 and
7 after TGF-B1 exposure. All steps were conducted according to the manufacturer’s

instructions.

3.6 Cardiac reprogramming

Cardiac reprogramming was performed with 1 x 10° cells/ well on 0.1% gelatin-coated 6-well
plates. After reaching about 80% confluency, cells were transfected with
Lipofectamine® 2000 according to the manufacturer’s instructions. For this purpose, 40 pmol
of each miRNA (Pre-miR™ has-miR-1, Pre-miR™ has-miR-499a-5p, Pre-miR™ has-miR-
208-3p, Pre-miR™ has-miR-133a-3p; Thermo Fisher Scientific, Waltham, USA) were used.
For the custom-made mRNA (Trilink), the Viromer Red® transfection reagent (Lipocalyx,
Halle, Germany) was used. Transfection was done either with 2 pg MESP1 or with a
combination of 1 pg GATA4, 1 ug MEF2C and 1 ng TBXS. 24 h after transfection of the

miRNA or mRNA the cells were incubated with two different cardiac induction media.
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3.7 Fluorescence-activated cell sorting

Flow cytometric analyses were used to quantify the expression of specific cell surface
markers and to verify the transfection efficiency of miRNA and mRNA 24 h after
transfection. For this purpose, cells were labeled with CD29-APC, CD44-PerCP-Cys5.5,
CD45-V500, CD73-PE, CD117-PE-Cy7, CD90-PerCP-Cy5.5 (BD Biosciences, San Jose,
USA) and CD105-AlexaFluor488 (AbD Serotec, Oxford, United Kingdom), using the
respective isotype antibodies as negative controls. For the verification of transfection
efficiency, the cells were stimulated with Cy3-labeled Pre-miRNA Negative control (Thermo
Fisher Scientific, Waltham, USA) or GFP-mRNA (Trilink, San Diego, USA). To exclude
cytotoxicity after transfection, cells were labeled with the Near-IR Live/Dead fixable dead
cell stain kit (Molecular Probes, Eugene, USA). For all flow cytometric analyses, 3 x
10* events were measured and analyzed using the BD FACS LSRII flow cytometer (BD
Bioscience, San Jose, USA) and FACSDiva software Version 8 (Becton Dickinson, Franklin

Lakes, USA).

3.8 Immunofluorescence staining and calcium imaging

The multipotency of the MSC was determined with respect to osteogenic, chondrogenic and
adipogenic differentiation with the Human Mesenchymal Stem Cell Functional Identification
Kit (R&D Systems, Wiesbaden, Germany). According to the manufacturer’s instruction, the
differentiation was induced by different culture conditions for 20 days. Subsequently, the
cells were labelled with a fluorescent dye to detect the differentiation into osteocytes
(osteocalcin), chondrocytes (aggrecan) and adipocytes (FABP 4). To visualize the cardiac
markers, cells were stained as described by Thiele et al [133]. All mesenchymal cells used
were labelled with anti-sarcomeric a-actinine (Abcam, Cambridge, United Kingdom), anti-
NKX2.5 (Santa Cruz Biotechnology Inc., Heidelberg, Germany), anti-TBXS5 (Abcam,
Cambridge, United Kingdom) and anti-ME2FC (Santa Cruz Biotechnology Inc., Heidelberg,
Germany). The intracellular calcium was visualized with a calcium-sensitive dye called
Cal520 (AAT Bioquest, California, USA). The acquisition of all fluorescence images was
done with a Zeiss ELYRA LSM 780 (Zeiss, Oberkochen, Germany).
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3.9 Quantification of the extracellular matrix molecules in chondrogenic

differentiation
The quantification of the synthesis of the bone-specific procollagen type 1 (C1CP) and the
cartilage-specific collagen type 2 (CPII) were determined by enzyme-linked immunoassay
(CICP; Quidel and CPII; IBEX Pharmaceuticals, Montreal, Canada). The quantification of
sulfated proteoglycans and sulfated glycosaminoglycans was performed using the Blyscan™
Assay (Biocolor Pharmaceuticlas Inc., Carrickfergus, United Kingdom). For this purpose, the
supernatants of the differently treated cell cultures were collected on days 7 and 14 and stored
at -20 C until analysis. All assays were performed according to the manufacturer’s
instructions. The absorbance was measured with a microplate reader (Opsys MR microplate
reader, Dynex Technologies, New York, USA; Infinite Pro M200, TECAN, Tecan Group,
Mainnedorf, Schweiz) at 405 nm for bone-specific procollagen type 1, at 450 nm for cartilage-

specific collagen type 2 and at 656 nm for sulfated glycosaminoglycans.

3.10 RNA isolation and quantitative real-time polymerase chain reaction
Total RNA extraction from all cultures was performed with the RNeasy Mini Kit (Qiagen,
Hilden, Germany) or NuceloSpin® RNA isolation kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instructions. The quality of the isolated RNA was checked
with the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, USA),
while the RNA integrity was quantified with the bioanalyzer Agilent RNA 600 kit or
bioanalyzer 2100 RNA Pico chip kit (both Agilent Technologies, Santa Clara, USA).
Subsequently, the cDNA synthesis was done with the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, USA). For the reverse transcription
reaction, the MJ Mini™ thermal cycler (Bio-Rad) was used. The StepOnePlus™ Real-Time
PCR System (Thermo Fisher Scientific, Waltham, USA) was used for the quantitative real-
time PCR.

3.11 Gene expression analysis

For the gene expression analyses, the Human Clariom S Array or Clariom D Array (Thermo

Fisher Scientific, Waltham, USA) was used. According to the manufacturer’s instructions,
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isolated RNA was used for the hybridization followed by washing steps of the gene chips.
The microarray data set was analyzed using the Transcriptome Analysis Console Software
(Version 4.0.1 Thermo Fisher Scientific, Waltham, USA). This included quality control, data
normalization, and statistical tests for differential expression. Based on the Wiki-Pathways
database, the pathway analyses were conducted followed by functional and pathway
enrichment analysis of the differentially expressed genes as well as analyses of specific gene

annotations [134].

3.12 Data illustration and statistical analysis

For all analyses, a minimum of three independent cell cultures of human MSC were used with
three technical replicates and compared with their controls or with each other. The generation
of the graphs and statistical analysis was performed using GraphPad Prism Version 6.00 or
7.00 for Windows (GraphPad Software, San Diego, USA) and SIGMA Plot software (Systat
Software GmbH, Erkrath, Germany). The numerical data are presented as box plots, with the
boxes indicating interquartile ranges, horizontal lines within the boxes indicating medians,
and whiskers indicating the minimum and maximum values. Box plots without whiskers
indicate minimum and maximum values, with the horizontal lines within the boxes showing
medians. The data are also displayed as means with the standard error of the mean (SEM).
Since the data sets received were normally distributed (Shapiro-Wilk test), the statistical
significance within the data was calculated with a two-way analysis of variance (ANOVA),
followed by Dunnett’s multiple comparison post hoc test. For data sets which were not
normally distributed, the statistical significance was calculated with One-Way ANOVA by
Dunnett’s multiple comparison post hoc or Two-Way ANOVA by the Bonferroni or Tukey’s

multiple comparison post hoc test. The p-value was set to < 0.05, <0.01 or <0.001.

19



Results

4. Results
4.1 Study I

TGF-p1 induces changes in the energy metabolism of white adipose tissue-derived
human adult mesenchymal stem/stromal cells in vitro

Olga Hahn, Lena-Christin Ingwersen, Abdelrahman Soliman, Mohamed Hamed, Georg
Fuellen, Markus Wolfien, Julia Scheel, Olaf Wolkenhauer, Dirk Koczan, Giinter Kamp,
Kirsten Peters

Metabolites 2020, 10, 59

Summary

The development of various diseases, e.g., arteriosclerosis, metabolic syndrome or type 2
diabetes, is closely associated with the size and number of adipocytes within the white adipose
tissue. Adipose tissue contains, in addition to the tissue-characteristic adipocytes, many other
cell types such as preadipocytes, lymphocytes, endothelial cells and also MSC. The
maintenance of energy homeostasis is closely related to the balance between the different
adipose tissue-resident cell types and their differentiation state. Since the differentiation of
MSC is controlled by specific growth and transcription factors such as e.g., TGF-1, and since
TGF-B1 plays a fundamental role in tissue regeneration, we investigated the effects of different
concentrations of TGF-B1 (1, 5 and 10 ng/ml) on primary human MSC from adipose tissue
(adMSC) regarding proliferation, metabolic characteristics (i.e., metabolic activity,
mitochondrial respiration, extracellular acidification) and energy metabolic adaptations in gene
expression. We showed that the cell proliferation was increased in concentration- and time-
dependent manner, while metabolic activity was reduced. At the same time, the distribution of
the cell cycle phases was unaffected. The reduced metabolic activity appeared to be associated
with a TGF-B1 concentration-dependent decrease in mitochondrial basal respiration, while the
maximal respiration capacity increased significantly, dependent on the concentration of TGF-
31. Additionally, the extracellular acidification and thus the glycolytic activity were increased
significantly in a way dependent on the concentration of TGF-B1. The gene expression analysis
revealed 3275 significantly differentially expressed genes, whereby 1441 were upregulated and
1834 downregulated. The pathway enrichment analyses revealed genes among them associated
with energy metabolism. Thus, our data highlight the complex regulatory relationships and
multiple effects of TGF-81 on adMSC, which are of relevance in cellular processes and may

play a role in adipose-tissue-related diseases.
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Abstract: Adipose tissue plays an active role in the regulation of the body’s energy balance.
Mesenchymal stem/stromal cells from adipose tissue (adMSC) are the precursor cells for repair and
adipogenesis. Since the balance of the differentiation state of adipose tissue-resident cells is associated
with the development of various diseases, the examination of the regulation of proliferation and
differentiation of adMSC might provide new therapeutic targets. Transforming growth factor-p1 (TGF-
81) is synthetized by many cell types and is involved in various biological processes. Here, we
investigated the effects of different concentrations of TGF-81 (1-10 ng/mL) on adMSC proliferation,
metabolic activity, and analyzed the gene expression data obtained from DNA microarrays by
bioinformatics. TGF-81 induced the concentration- and time-dependent increase in the cell number of
adMSC with simultaneously unchanged cell cycle distributions. The basal oxygen consumptionrates did
not change significantly after TGF-ff1 exposure. However, glycolytic activity was significantly
increased. The gene expression analysis identified 3275 differentially expressed genes upon exposure to
TGF-881. According to the pathway enrichment analyses, they also included genes associated with energy
metabolism. Thus, it was shown that TGF-81 induces changes in the energy metabolism of adMSC.
Whether these effects are of relevance in vivo and whether they contribute to pathogenesis should be
addressed in further examinations.

Keywords: TGF-31; adipose tissue-derived mesenchymal stem/stromal cells; energy metabolism; gene
expression analyses

. Introduction

White adipose tissue plays an active role in the regulation of the energy balance of the body by storing
and mobilizing lipids and by affecting the glucose level [1,2]. Furthermore, cells of the adipose tissue
are responsible for the release of a vast number of so-called adipokines such as leptin or
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adiponectin, which are involved in the regulation of lipid metabolism, but also in the pathogenesis of
diseases such as type 2 diabetes or arteriosclerosis [3]. Besides the characteristic adipocytes, adipose
tissue contains other cell types such as preadipocytes, macrophages, lymphocytes, endothelial cells,
and, as in most other connective tissue, also mesenchymal stem/stromal cells (MSC) [4-6]. Adipose
tissue-derived MSC (adMSC) are the tissue-specific precursor cells for repair and adipogenesis and were
first described by Zuk et al. [7]. In general, the MSC contribute to tissue homeostasis and regeneration,
since they have an intrinsic capacity for self-renewal and for differentiation into various mesenchymal cell
lineages including chondrocytes, osteocytes, adipocytes, cardiomyocytes, and smooth muscle cells [8,9].
MSC are of therapeutic interest due to the broad range of differentiation described and their
immunomodulatory potential [4,8]. The balance between the different adipose tissue-resident cell types
and their differentiation state is closely related to the maintenance of energy homeostasis. Increases in the
size and number of adipocytes are associated with the development of various diseases, such as
metabolic syndrome [10]. Thus, the examination of the regulation of proliferation and differentiation of
preadipocytes and adMSC, and understanding of the interrelationship between the different cell types
will provide new targets for action against these diseases [11].

The differentiation of MSC is controlled by specific growth and transcription factors; among them, the
members of the transforming growth factor-p (TGF-p) family [8]. The TGF-p family members include
TGF-$1, B2, and B3, bone morphogenetic proteins (BMPs), and various others. The family is named
after its first member, the TGF-PB1, originally described in 1983 [12]. It is the prevalent protein
isoform, which is synthetized by many cell types, e.g., macrophages, keratinocytes, and chondrocytes
[13]. The TGF-8 family members are involved in many biological processes due to their pleiotropic
effects. These include ontogenesis and cell differentiation, wound healing, hematopoiesis, and immune
response [14]. Various studies have shown that TGF-£81 induces contradictory effects, e.g., by either
increasing or reducing proliferation depending on the MSC sources and the TGF-£81 concentration
applied [15-17]. Furthermore, the effects of TGF- B1 are dependent on the environment (tissue and cell
neighborhood) and the exposure time [17]. TGF-81 plays a significant role in myofibroblastic
differentiation. This cell type plays an essential role in wound healing, pathological organ remodeling,
general mechanisms of extracellular matrix synthesis, and tension production [18]. Myofibroblasts can
evolve from mesenchymal cells through transdifferentiation caused by three local events: the presence of
aspecialized extracellular matrix, high mechanical stress, and the accumulation of TGF-£81 [19-22].

The energy metabolism of stem cells is adapted to meet the demands for their diverging functions and
needs [23,24]. The differentiation of MSC can be accompanied by changes in their energy metabolic
characteristics. Thus, it could be shown that adMSC in adipogenic differentiation undergo a shift of
energy metabolism towards oxidative phosphorylation [25]. Furthermore, the osteogenic differentiation of
bone marrow MSC was affected by inhibitors of the mitochondrial oxidative phosphorylation without
a reduction of ATP levels. Thus, it is suggested that active mitochondria support osteogenic
differentiation not only by supplying ATP [26]. However, the number of studies regarding the energy
metabolic characteristics of MSC in differentiation is sparse, especially when considering high
throughput gene expression datasets.

Since TGF-£31 holds a pivotal role in tissue regeneration and adMSC are known to respond after TGF-£31
exposure, we examined the effects of TGF-£§1 onadMSC in vitro regarding cell proliferationand cell cycle,
metabolic activity, including mitochondrial activity and acidification, and gene expression.

2. Results

2.1.  Quantification of the Cell Number and Metabolic Activity

The treatment of adMSC with TGF-81 did not induce significant changes in the cell number on day 1
and 3 compared with the untreated controls (Figure 1a). After 7 days of exposure, the higher TGF-£51
concentrations (5 ng/mL and 10 ng/mL) induced a significant increase in the cell number, as
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compared with the control. No significant difference was found between the values for 5 ng/mLand 10
ng/mL TGF-81. In accordance with the cell number, the relative metabolic activity of day 1 and 3
remained similar to the untreated control (dataset in Appendix A). After 7 days of cultivation, all TGF-
81 concentrations induced a decrease of the metabolic activity per cell number compared with the
control cultures, whereby only measurements for higher TGF-1 concentrations (5 ng/mL and 10
ng/mL) reached statistical significance (Figure 1b).
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Figure 1. Cell number (a) and metabolic activity per cell number (b) after exposure to different concentrations
of TGF-81 onday 0, 1, 3, and 7 (cell number quantified with crystal violet staining, metabolic activity measured
via a tetrazolium salt conversion assay). Data presented as box plots with medians, interquartile ranges and
minimum/maximum values (1 = 6). Since the dataset did not represent a Gaussian distribution (Shapiro-Wilk
test), the statistical analysis was performed using the Two-Way variance analysis test ANOVA followed by
Dunnett’s multiple comparison post hoc test.

*p £0.05. Comparison with the control.

2.2. Cell Cycle Analyses

The analyses of the cell cycle after TGF-31 exposure were executed on days 0, 1, 3, and 7 with 10 ng/mL
TGF-881. The results of all days are depicted in Table 1. The TGF-£81 exposure exhibited no significant
differences in the sub G1, G0/G1, S, and G2 phases of the cell cycle analysis. The control cultures as well
as the TGF-f31 cultures revealed similar values for each cell cycle phase. This can be observed for all
measured time points. Thus, the increase in cell numbers shown above are not associated with an
increase in the cell numbers in a specific cell cycle phase.

Table 1. Cell cycle analysis after the addition of 10 ng TGF-81/ml compared with the control cultures. Data
depicted as mean with the standard error of the mean (SEM) as percentage of all cells. Since the dataset did
not represent a Gaussian distribution (Shapiro-Wilk test), the statistical analysis was performed using the Two-
Way ANOVA test followed by Dunnett’s multiple comparison post hoc test (1 = 4). * p <0.05.

Cell Cycles Phases
sub G1 G0/G1 S G2
0d (%] 1.4 (£0.1) 89.5 (+1.3) 2.3 (+0.6) 6.1 (£ 0.5)
14d control [%] 1.9 (£0.4) 88.7 (£1.3) 2.9 (£0.3) 6.0 (£0.9)
TGF-R1[%] 0.9 (£0.5) 86.1 (£3.9) 5.7 (£3.1) 41 (£1.6)
34 control [%] 2.3 (£0.2) 89.3 (¥1.0) 2.5(£0.5) 5.8 (£0.7)
TGF-1 [%] 0.9 (x0.3) 894 (£1.2) 2.0 (£0.4) 6.3 (£0.9)
;4  control[%]  25(x02) 89.9 (£0.8) 23 (£0.5) 55 (£0.5)
TGF-R1[%] 1.5 (£0.2) 87.9 (+1.7) 3.4 (£1.0) 6.2 (£0.5)
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2.3. Metabolic Characterization

23.1. Quantification of Mitochondrial Respiration and Glycolysis

In order to analyze mitochondrial respiration and glycolysis, a test system for assessing mitochondrial
function, basal respiration, ATP production-coupled respiration, non-mitochondrial respiration, and
extracellular acidification (Cell Mito Stress Test) was performed on days 1, 3, and 7 (Figure 2). Both
culture conditions, i.e., unstimulated controls and TGF-s1-exposed cultures, revealed a non-significantly
but TGF-f1-concentration dependently decrease of the basal respiration about appr. 12% upon TGF-f31-
exposure (Figure 2a). Furthermore, the inhibition of complex V of the respiratory chain by oligomycin
exposure led to a similar decrease of the oxygen consumption rate (OCR) in all culture conditions
examined. The exposure of the uncoupling agent FCCP generated an increase in the maximal OCR by
complex IV, whereby concentration-dependent differences were apparent. The highest TGF-51
concentration [10 ng/mL] induced the highest maximal OCR (mean: 31.94 £6.08). In addition, in all
cultures the exposure to the combination of rotenone and antimycin A (inhibitors of complex I and III
of the respiratory chain) triggered a decrease in mitochondrial respiration; this allows conclusions to be
drawn about the non-mitochondrial respiration. In the box plot depiction of OCR according to function
in the respiratory chain it is shown that the TGF-£1 exposure has no influence on the basal, ATP-linked
and non-mitochondrial respiration (Figure 2b). However, the maximal respiration was significantly
increased in a concentration-dependent manner by adding TGF-£81 (control vs. 1 ng/mL: p-value 0.0124;
control vs. 10 ng/mL: p-value < 0.0001 and 1 ng/mL vs. 10 ng/ mL: p-value < 0.0001). Similar effects
could also be shown on day 1 and 7 (dataset in Appendix B).
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Figure 2. Quantification of the oxygen consumption rate (OCR) after TGF-81 exposure on day 3. OCR data
presented as mean with the standard error of the mean normalized to 1 x 10° cells/ml (a). Corresponding to
their function in the respiratory chain, the numerical data were presented as box plots, with medians,
interquartile ranges and minimum/maximum values (b). Since the dataset did not represent a Gaussian
distribution (Shapiro-Wilk test), the statistical analysis was performed using the Two-Way ANOVA test
followed by Tukey’s multiple comparison post hoc test (n = 4). * p < 0.05. Comparison with the control. FCCP:
carbonyl-cyanide-4 (trifluoromethoxy) phenylhydrazone; Rot/ AA: rotenone/antimycin A; ATP: adenosine
triphosphate; max.: maximal; non-mito.: non-mitochondrial.

Glycolytic activity was analyzed by measuring extracellular acidification, which is presented in Figure
3 as the extracellular acidification rate (ECAR). During basal respiration, the ECAR increases
concentration-dependently (Figure 3a). To analyze the basal metabolism of the cell cultures, the
ECAR/OCR ratios were calculated. The box plot depiction of this ratio is presented in Figure 3b.
Comparing the control cultures with the cultures exposed to TGF-£1, a significant concentration-
dependent increase of the ECAR/OCR ratio was apparent (1 ng/mL: p-value < 0.0001
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and 10 ng/mL: p-value < 0.0001). Similar effects could also be shown on days 1 and 7 (dataset in
Appendix C).
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Figure 3. Quantification of the extracellular acidification rate (ECAR) after TGF-21 exposure on day 3. ECAR

data are presented as a mean, with the standard error of the mean normalized to 1 x 10° cells/ml (a). The basal
metabolism of the cultures was assessed by calculating ECAR/OCR ratios. Data were presented as box plots,
with medians, interquartile ranges and minimum/maximum values (b). Since the dataset showed no Gaussian
distribution (Shapiro-Wilk test), the statistical analysis was performed using the One-Way ANOVA test
followed by Dunnett’s multiple comparison post hoc test (n = 4). *p <0.05. Comparison to the control. FCCP:
carbonyl-cynaide-4 (trifluoromethoxy) phenylhydrazone; Rot/ AA: rotenone/ antimycin A.

2.3.2. Gene Expression Analyses of the Energy and Amino Acid Metabolism

The gene expression profiling was performed by a DNA microarray, this allows the expression measure
of a large number of genes simultaneously. For this purpose, the fluorescence signal of the
phycoerythrin of the entire chip was read by a laser scanner. The signal intensity before (blue) and after
normalization (red) demonstrated appropriate data quality (Figure 4a). The Principal Component
Analysis (PCA) of the normalized microarray signal intensities revealed distinct groups for the control
(blue) and the TGF-B1-exposed cultures (red), which means that the gene expression values of both
groups are coherent and are thus suitable for the downstream bioinformatics analysis (Figure 4b). The
differential gene expression analysis identifies 3275 significantly differentially expressed genes (1441 up
regulated and 1834 down regulated). To show the largest difference between the two sample groups, we
visualized the relative expression profiles of the top 50 genes (according to the linear model for microarray
data/LIMMA, p-value) as a heatmap (Figure 4c). For this purpose, genes with high relative expression
values (upregulated) were colored in yellow and genes with low relative expression values
(downregulated) were colored in violet, whereas values in between are plotted according to a color
gradient. The heatmap provides a visual qualitative representation of the transcriptomic landscape. The
expression profiles of the top 50 genes show distinct patterns in both conditions. Examples include the
insulin-like growth factor binding protein 5 (IGFBP5), which is involved in cell growth regulation and
glucose homeostasis, and the bone morphogenetic protein 4 (BMP4), which is a part of the TGF-f3
superfamily and is involved in many biological processes, e.g., bone and cartilage development,
adipogenesis, and neurogenesis. Both genes showed lower expression values in the TGF-81 cultures
compared with the control cultures. Onthe other hand, thelatent transforming growth factor beta binding
protein 2 (LTBP2) showed higher expression values compared with the control. The protein encoded by
this gene belongs, among others, to the extracellular matrix proteins and is a binding protein for TGF-
1.
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Figure 4. Microarray gene expression analysis after 3 days of cultivation (n = 3). Comparison before (blue) and
after (red) normalization (a). The Principal Component Analysis (PCA) of the controls (blue) vs. TGF-p1 cultures
(b). Heatmap of the expression patterns of the top 50 differentially regulated genes between control and TGF-
31 cultures. Violet spots represent lower gene expression, whereas yellow spots denote higher expression. The
dendrogram on the left sides shows the hierarchical clustering tree of the genes, respectively (c).

This differential analysis enabled us to use the common subsequent approach to deriving insights from a
gene expression dataset, which is referred to as gene set enrichment analysis (GSEA) [27].
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In this process, differentially expressed genes from genomic, transcriptomic, and proteomics studies are
associated with biological processes or molecular functions. For a first overview of the enriched terms,
the differentially expressed genes related to metabolism, were plotted as a Bubble Plot (Figure 5a). The
x-axis represents the z-score and the y-axis the logarithm of the adjusted p-value, whereby each bubble
represents a Gene Ontology (GO) term. GO terms include the biological functions at the molecular,
cellular and tissue system level of associated specific genes. The number of genes assigned to the GO term
and their association with the biological process (green) or molecular function (blue) is proportional to
the area and color of the circles, respectively. Here, the biological process related GO terms show a larger
distribution of p-values compared with the molecular functions GOterms.
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Figure 5. GOplot visualization of significantly regulated, metabolism-related GO terms and the corresponding
differentially expressed genes. A selection of the most significantly overrepresented GO terms is shown in a
Bubble plot, whereby the z-score is assigned to the x-axis and negative log P value to the y-axis. The z-score is
indicated by color intensity and the top GO IDs of the respective table are depicted in the plot (a). In the GO
circle plot the inner ring represents a bar plot, where the bar height indicates the negative log P value of the
GO term described. The color indicates the z-score and the outer ring shows scatterplots of the log fold change
(logFc) of expression levels for genes within the GO term (b). Relationship between genes linked to preselected
GO terms (c). The left section displays the differentially expressed genes, which are associated with the specific
metabolic processes, mapped to the right section. The color transition from blue to red indicates the log fold
change of the expression levels of the control vs. TGF-81 exposed cultures.

Due to the large number of overrepresented GO terms between the control and TGF-f81 cultures, we
preselected terms related to metabolism (as shown in Figure 5a) to obtain an in-depth comparison (Figure
5b). Here, GO circle combines a scatter plot with a bar plot and allows the expression values of the genes
assigned to the GO terms to be displayed. The bar height of the inner circle indicates the negative log p-
value. The color indicates the z-score and the outer circle shows scatter plots of the log fold changes of
gene expression levels within each GO term (upregulated: red and downregulated: blue). For example,
in the gene expression of genes annotated to GO:0031325, the positive regulation of cellular metabolic
processes significantly increases compared with the control cultures.

To obtain an overview of the relationship between genes linked to multiple processes, we used a GO
chord plot. With this representation, differentially expressed genes annotated to specific GO terms could
be identified, e.g., the gene ATP citrate lyase (ACLY), significantly upregulated, is involved in fatty-acyl-
CoA metabolic processes as well as in the positive regulation of cellular metabolic processes (Figure 5c).
Transforming growth factor beta 1 (TGBP1), also significantly upregulated, is associated with a positive
regulation of the cellular metabolic process and a positive regulation of the macromolecule metabolic
process, whereas prostaglandine E synthase (PTGES), significantly downregulated, is related to the
glutathione metabolic process and the peptide metabolic process and is also involved in inflammatory
responses.

Based on these results, we took a closer look at two specific pathways (using the Wiki Pathways
resource): energy metabolism and amino acid metabolism. An overview of the significantly
differentially expressed genes in both pathways is depicted in Figure 6 and listed in Table 2. The TGF-£51
exposure led to the differential expression of 12 genes involved in the energy metabolism (six
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upregulated, six downregulated) and 30 regulated genes in the amino acid metabolism (20 upregulated
and 10 downregulated.

{otal Bl upregulated B downregulated

energy metabolism

amino acid metabolism

0 5 10 15 20 25 30 35

genes

Figure 6. Differentially expressed genes of the energy metabolism and amino acid metabolism after TGF-£31
exposure.

Table 2. Energy metabolism and amino acid metabolism with the significantly differentially expressed genes.

Energy Metabolism Amino Acid Metabolism
Upregulated Downregulated Upregulated Downregulated
PPP3CA PPARG ACLY ADH1C
PPP3R1 MEF2C ALDH18A1 ALDH1A1
PPP3CC NRF1 AOC3 ALDH7A1
PPARD PPARGCIA ARG2 AUH
PRKAB2 SIRT3 ASNS FAH
PRKAG2 TFAM BCAT1 GLUL
CBS HIBADH
CTH MCCC1
EPRS PDK4
GCLM PPM1L
GLS
GOT1
GPT2
GSR
IARS
ODC1
P4HA2
PYCR1
SRM
WARS

Abbreviations: PPP3CA: protein phosphatase 3 catalytic subunit alpha; PPP3R1; protein phosphatase 3 regulatory subunit
beta; PPP3CC: protein phosphatase 3 catalytic subunit gamma; PPARD: peroxisome proliferator-activated receptor delta;
PRKAB2: protein kinase AMP-activated non-catalytic subunit beta 2; PRKAG2: proteinkinase AMP-activated non-catalytic
subunit gamma 2; PPARG: peroxisome proliferator-activated receptor gamma; MEF2C: myocyte enhancer factor 2 C; NRFI:
nuclear respiratory factor 1; PPARGC1A: peroxisome proliferator-activated receptor gamma Coactivator 1 alpha; SIRT3:
Sirtuin3; TFAM: transcription factor A, mitochondrial; ACLY: ATP-citrate lyase; ALDH18A1: aldehyde dehydrogenase 18
family member A1; AOC3: amine oxidase copper containing 3; ARG2: arginase 2; ASNS: asparagine synthetase; BCAT1:
branched chain amino-acid transaminase 1; CBS: cystathionine beta-synthetase; CTH: cystathionine gamma-lyase; EPRS:
glutamyl-prolyl-tRNA synthetase; GCLM: glutamate-cysteine ligase; GLS: glutaminase; GOT1:glutamic-oxaloacetic
transaminase 1; GPT2: glutamic pyruvate transaminase; GSR: glutathionine reductase; IARS: isoleucyl-tRNA synthetase;
ODC1: ornithine decarboxylase; PAHA2: prolyl 4-hydroxylase subunit alpha 2; PYCR1: pyrroline-5-carboxylate reductasel;
SRM: spermidine synthetase; WARS: tryptophanyl-tRNA synthetase; ADHI1C: alcohol dehydrogenase 1C, gamma
polypeptide; ALDH1A1: aldehyde dehydrogenase 7 family member Al; ALDH7AI: aldehyde dehydrogenase 1 family
member A1, AUH: AU RNA binding methylglutaconyl CoA hydratase; FAH: fumarylacetoacetate hydrolase;
GLUL:glutamate-ammonia ligase; HIBADH: 3-hydroxyisobutyrate dehydrogenase; MCCCI1: methylcrotonoyl-CoA
carboxylase 1; PDK4: pyruvate dehydrogenase kinase 4; PPM1L: protein phosphatase, Mg?*/Mn2* dependent 1L.
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3. Discussion

Adipose tissue is important in the regulation of the energy balance of the body and therewith involved
in the pathogenesis of a number of diseases [1]. Furthermore, the MSC from adipose tissue possess the
capacity for self-renewal and multipotent differentiation. Detailed knowledge about the TGF-f31-
induced signaling in adMSC is of high relevance, since TGF-£1 is involved in many processes of tissue
regeneration [14]. Therefore, we determined in the present study the impact of the exposure of
recombinant TGF-81 on human adMSC in vitro.

A relationship between TGF-f31 exposure and the proliferation behavior of MSC has been reported in
previous investigations. However, the results were conflicting since some describe an increase in
proliferation [28-30], whereas others report cell-cycle arrest or cellular senescence [31,32]. The
contradictory effects of TGF-81 on MSC proliferation appear to be dependent on several different
parameters such as tissue and cell environment, the incubation and observation time as well as the
applied dose and, even more critical, on the specific cell type and on cell differentiation status [15-17,33].
Our results are consistent with Kassem et al. who reported that TGF-£31 (0.01-10 ng/mL) increased both
the DNA synthesis rate as well as the cell number in human bone marrow stromal cells [34]. However,
Roostaeian et al. showed a decreased cell proliferation of rabbit bone marrow MSC [35] at a concentration
of 10 ng/mL TGF-31.

Furthermore, in our study, no differences regarding the cell cycle phases could be shown, in contrast to
earlier findings, where cell cycle arrest or cellular senescence could be detected after TGF-£81 exposure
[31,32]. Approximately 90% of the control as well as the TGF-£21 cell cultures were in the GO/G1 phase.
These findings could be observed for all measured time points. The disagreements with earlier findings
may be associated with the different cell sources regarding species (e.g., human vs. rabbit) and tissue
(e.g., bone marrow vs. adipose tissue).

In order to characterize energy metabolistic features, we first analyzed the metabolic activity using the
tetrazolium salt conversion assay. Interestingly, all TGF-£1 concentrations induced a decrease in MTS
conversion, thus, indicating reduced mitochondrial activity compared with the control cultures.
Secondly, we examined mitochondrial respiration after TGF-81 exposure. The basal respiration
decreased dependent on the TGF-fs1-concentration, albeit non-significantly, which indicates a slightly
decreased mitochondrial respiration upon TGF-f81-exposure. This is in agreement with the results
from the MTS conversion assay. Conversely, the uncoupling of the respiratory chain revealed a
significant and concentration-dependent increase of the maximal respiration capacity upon TGF-51
exposure. The TGF-f81-induced increase of the maximal respiration within the simultaneously slightly
reduced basal oxygen consumption is conspicuous. However, Morton et al. also demonstrated a
significantly higher maximal respiration capacity of lymphocytes from healthy individuals compared
with lymphocytes from acute pancreatitis patients with a simultaneously unchanged basal oxygen
consumption [36]. We suggest TGF-£51 activates a program that increases the maximal respiratory
potential of mitochondria, possibly due to mitochondrial mass or architecture, improved fission and
fusion, and/ or altered reactive oxygen species concentrations [37].

Furthermore, the extracellular acidification rate was significantly and concentration-dependently
increased in TGF-81-treated adMSC cultures, indicating a higher rate of glycolysis compared with the
untreated controls. Since the energy metabolism of adMSC in vitro and in vivo has been shown to be
mainly based on glycolysis, the extracellular acidification is most likely by lactate synthesis [38,39].
Earlier studies demonstrated a high glucose consumption accompanied by an increased lactate rate in
proliferating bone marrow MSC and adipose-tissue derived MSC [40]. This finding might also
correspond to the increased glycolytic preference observed during osteogenic differentiation of adMSC,
which is accompanied by increased cell proliferation [25]. Additionally, the pentose phosphate pathway
(PPP) has been shown to be of importance in adMSC. The PPP delivers pentoses for RNA or DNA
synthesis [40]. Thus, a high PPP capacity has been associated with increased proliferation of various cell
lines in vitro [41]. A preference for carbohydrate metabolism to lactate (glycolysis) under aerobic
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conditions is defined as the Warburg effect [42]. This less efficient energy pathway might be a way to
increase the carbon flux through biosynthetic pathways [38,43-45].

Interestingly, the expression of the genes ADH1C, ALDH1A1, PPM1L, and PDK4, which are considered
to be strongly associated with glycolysis according to the computational differential expression analysis,
was significantly downregulated on day 3 after TGF-81 exposure. This bioinformatic result, which at
first glance appears to be contradictory to the biochemical results regarding an increased glycolytic
activity, can be discussed under various aspects: the gene products of the above mentioned genes, such
as the alcohol dehydrogenase 1C (ADH1C) and the aldehyde dehydrogenase 1 family member Al
(ALDH1A1), are indirectly associated to glycolysis. Both gene products are involved in alcohol
metabolism and the ALDH1AL1 is also involved in the regulation of the metabolic response to a high-fat
diet [46,47]. In a regulatory context, the protein phosphatase, Mg2+/Mn2+dependent1L (PPM1L)isalso
of interest. The PPM1L protein is located in the endoplasmic reticulum membrane and is involved in
adiposity [48,49]. The pyruvate dehydrogenase kinase 4 (PDK4), is another example of a glucose
metabolism associated, regulating gene product. The PDK4 gene productlinks glycolysis to the citricacid
cycle and thereby contributes to the regulation of glucose metabolism [50,51]. Therefore, a closer look
likewise clarifies these contradictions and highlights the complex regulatory relationships, which was
further supported through the findings of the gene set enrichment analysis (GSEA).

The transcriptome and proteome of a cell type rapidly changes in a tightly regulated manner in response
to different environmental conditions. Additionally, post-transcriptional and post-translational
regulations of gene expression lead to several isoforms or proteoforms with distinct structural and
functional attributes originating from the same gene [52]. Thus, the elucidation of the gene expression
patterns of adMSC associated with TGF-££1 on a bioinformatics basis is fundamental to understanding
cellular processes and adipose tissue-related diseases. However, the 3275 significantly differentially
expressed genes identified give only a first indication of the manifold effects of TGF-£1 on adMSC. Tobe
able to assess the results presented here, both the energy metabolism and microarray results must be part
of further investigations, e.g., on the level of an in-depth metabolite analysis as well as on the protein
expression level.

In summary, our study provided further insights into the signaling in adMSC after TGF-p1 treatment,
pointing to changes in the energy metabolism and amino acid metabolism. This includes the significant
increase of the cell number and the glycolytic activity. Additionally, the bioinformatics analyses provide
characterizations of the signaling induced by TGF-£81 in adMSC. Nevertheless, whether these effects are
of relevance in vivo and whether they contribute to pathogenesis should be addressed in further
examinations.

4. Materials and Methods

4.1. Cell Isolation and Cultivation

Primary human adipose tissue-derived mesenchymal stem/stromal cells (adMSC) were obtained from
seventeen patients (15 female and two male donors with a mean age of 42 + 11 years and a body mass
index of 22.51 + 3.15 kg/m?) undergoing tumescence-based liposuction. Isolation of these cells followed
the instructions previously described [53]. Briefly described, the enzymatic digestion with 1.5 U/ml
collagenase (NB4 from clostridium histolyticum; Nordmark Biochemicals, Uetersen, Germany) was
performed slightly shaking for 30 min at 37 °C. Subsequently, repeated filtration steps (with 100 pm and
40 pm cell strainer; Corning, New York, USA), washing steps with phosphate buffered saline (PBS)
containing 10% fetal calf serum (FCS; both PAN Biotech, Aidenbach, Germany) and centrifugation steps
followed. Afterwards the final cell pellet was resuspended in cell culture medium (Dulbecco’s Modified
Eagle Medium (DMEM) with high glucose and GlutaMAX) containing 1 % penicillin/streptomycin
(both: Gibco by Life technologies, Darmstadt, Germany) and 10 % FCS, seeded in cell culture flasks and
cultivated at 37 °C in a humidified atmosphere. After 24 h of isolation,
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the CD34-positive subpopulation was isolated using the Dynal®CD34 precursor cell isolation system
(Invitrogen, Karlsruhe, Germany). For this purpose, the non-adherent cells were removed by two
washing steps with PBS and incubated with CD34 antibody-coupled magnetic particles in cell culture
medium. Non-adherentbeads were removed by two washing steps with PBS, followed by trypsination for
cell detachment. Repeated steps of magnet exposure and washing with PBS/0.1% FCS on arotating mixer
at 4 °C purified the CD34-positive cell suspension. In passage 4, adMSC were seeded at 20,000 cells/cm?
and cultivated over a period of 7 days in DMEM containing 1% penicillin/streptomycin (both: Gibco by
Life technologies, Darmstadt, Germany) and 10% FCS (PAN Biotech, Aidenbach, Germany). After 72 h,
different concentrations of recombinant human TGF-81 (1 ng/mL, 5 ng/mL, and 10 ng/mlL;
ImmunoTools GmbH, Friesoythe, Germany) in cell culture medium were added to the adMSC cultures.
The time of TGF-£1 addition was defined as day 0. adMSC cultures without TGF-£81 exposure served as
unstimulated controls. If not stated otherwise, all plastic wares were from Greiner Bio-One.

4.2. Quantification of the Cell Number and Metabolic Activity

Quantification of the cell number and metabolic cell activity were performed on days 0, 1, 3, and 7 after
the start of the experiment. The cell number was analyzed by crystal violet staining (Sigma-Aldrich,
Taufkirchen, Germany) following the instructions previously described [54]. The measurement of the
optical density [OD] provides information about the amount of the DNA-bound dye, and thus, relative
values for the cell number [55,56]. The determination of the metabolic cell activity was performed using
the MTS assay (Promega, Madison, WI, USA). For this purpose, the adMSC were incubated with 3-(4.5-
dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium for 1 hour in a
humidified atmosphere at a temperature of 37°C and 5% CO, content. Here, the NAD(P) H-dependent
oxidoreductase reduces the colorless tetrazolium salt into a colored formazan salt, whereby the
conversion rate correlates linearly with the number of viable cells. Employing the anthos Mikrosysteme
microplate reader (Friesoythe, Germany), the absorbance of the supernatant was measured at 620 nm
for the crystal violet staining and at 490 nm with 620 as reference for the MTS assay.

4.3. Cell Cycle Analyses

The cell cycle analyses were performed on days 0, 1, 3 and 7 after TGF-£1 exposure using the
Nucleocounter®NC-3000™ (chemometec, Lillerod, Denmark). The two-step cell cycle analysis assay
was performed according to the manufacturer’s instructions. For this purpose, the cell culture medium
was removed, cells were washed once with 3 mL phosphate buffered saline (PBS, PAN Biotech,
Aidenbach, Germany) and incubated with 250 pL solution 10 (lysisbuffer), which contained 10 pg/mL
DAP], for 5 minutes in a humidified atmosphere at a temperature of 37 °C and with a 5 % CO; content.
Afterwards, the cells were resuspended thoroughly and supplemented with 250 pL Solution 11
(stabilization buffer). The cellular fluorescenceand DNA content were quantified using the NC-Slide A2™
and the NucleoView NC-3000™ software (chemometec, Lillerod, Denmark). The analysis of the cell cycle
phases was executed by the Dean-Jett Fox model using FlowJo software Version 10 (Dickinson Company,
Becton, NJ, USA).

4.4. Quantification of Mitochondrial Respiration and Glycolysis

The determination of the mitochondrial respiration and glycolysis was performed using the Agilent
Seahorse XFp Cell Mito Stress Test (Agilent Technologies, Santa Clara, USA). The test enables a direct
measurement of the oxygen consumption rate and the extracellular acidification rate and thus an
evaluation of the mitochondrial and glycolytic activity. The modulators of the respiratory chain in this
test kit were oligomycin, carbonyl-cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) and a
complex of rotenone and antimycin A. The first injection step with oligomycin (1.5 uM) inhibited the
complex V (ATP synthase) of the respiratory chain, which resulted in a decrease of the oxygen
consumption rate (OCR). The second injection with FCCP (0.75 uM), which is an uncoupling agent
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that disturbs the proton gradient and the mitochondrial membrane potential, led to a maximum OCR by
complex IV. The third injection step with a complex (0.5 uM) of rotenone, which is an inhibitor of
complex I, and antimycin A, a complex III inhibitor, disrupted the mitochondrial respiration and
facilitated the conclusion of non-mitochondrial respiration as result of cellular oxidative reactions not
associated with energy metabolism. If not stated otherwise, all reagents and plastic wares were from
Agilent Technologies. According to the manufacturer’s instructions, the adMSC were seeded into an 8-
well miniplate with a density of 15,000 cells/well (in passage 4). After 72 h of incubation, the adMSC
were added with 1 ng/mL and 10 ng/mL TGF-1 in cell culture medium, whereas adMSC without the
addition of TGF-31 served as control cultures. The mitochondrial function was determined 1, 3, and 7
days after TGF-£81 exposure. All of the following steps were conducted according to the manufacturer’s
instructions. The main component of the assay medium was DMEM, containing 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose with a pH-value of 7.4.

4.5. Gene Expression Analyses

451. RNA Extraction

According to the manufacturer’s instructions, the total RNA extraction from all samples on day one and
three were performed using a RNeasy Mini Kit (Qiagen, Hilden, Germany). For this purpose, after 72 h
of incubation, the adMSC were added with 10 ng/mL TGF-£1 in cell culture medium, whereas adMSC
without the addition of TGF-f81 served as control cultures. The RNA quality was checked by the
spectrophotometer Nanodrop 1000 (Thermo Fisher Scientifc, Waltham, USA) using the A260/ A280 ratio,
whereby the RNA integrity was determined by the bioanalyzer Agilent RNA 6000 Nano Kit
(Technologies, Agilent, SC, USA).

4.5.2. Microarray Analysis

Analysis of gene expression was carried out using the Human Clariom S Array (Thermo Fisher Scientifc,
Waltham, USA). For the amplification and labeling reactions, 35 ng/mL RNA from the control and TGF-
81 cultures were appropriated. The hybridization and washing steps of the gene chips were realized
according to the manufacturer’s instructions. Toread out the microarrays, the GeneChip®3000 7G laser
scanner, controlled by the Affymetrix GeneChip Command Console Software (both Thermo Fisher
Schientifc, Waltham, USA) (with a 3 um resolution, 488 nm excitation and 570 nm emission wavelengths)
was used.

453. Microarray Data Analysis

Analysis of the microarray data was conducted with the Transcriptome Analysis Console Software
(Version 4.0.1) provided by Thermo Fisher [57]. The analysis included quality control, data
normalization, and statistical testing for differential expression using the LIMMA method [58].
Transcripts are considered significantly differentially expressed with a fold change (FC) higher than 2 or
smaller than -2, a false discovery rate (FDR) of <0.05 and a p-value of <0.05. The pathway analyses were
conducted based on the Wiki-Pathways database.

454. Gene Expression Network Analysis

Functional and pathway enrichment analysis of the differentially expressed genes (DEGs) was
performed using the EnrichR webtool [27]. Pathways and GO terms with an adjusted p-value <0.05 were
considered significantly overrepresented. The KEGG (Kyoto Encyclopedia of Genes and Genomes),
BioCarta, Wiki, and Panther pathway databases were used to obtain specific gene annotations [59-61].
The results were further visualized using the R package GOplot and GO-Chord [62].
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4.6. Data Illustration and Statistical Analysis

All analyses include a minimum of three independent cultures of human adMSC with three technical
replicates which were compared with their controls. Numerical data in Figure 1, Figure 2b, and Figure
3b are presented as box plots, whereby the boxes indicate interquartile ranges, horizontal lines within
the boxes indicate medians, and whiskers indicate minimum and maximum values. Data in Figures 2a
and 3a are presented as means with the standard error of the mean (SEM). Since the data received were
distributed normally (Shapiro-Wilk test), the statistical significance within the dataset was calculated
with the Two-Way ANOVA followed by Dunnett’s multiple comparison post hoc using GraphPad Prism
Version 7.00 for Windows (GraphPad Software, San Diego, USA) with a p-value of 0.05. The statistical
significance between datasets for data which was not normally distributed was calculated with the One-
Way ANOVA by Dunnett’s multiple comparison post hoc or Two-Way ANOVA by Tukey’s multiple
comparison post hoc, both with a p-value of 0.05.
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Figure Al. Optical density of metabolic activity after exposure to different concentrations of TGF-f31 on day
0, 1, 3, and 7 (metabolic activity measured via MTS conversion assay). Data presented as box plots with
medians, interquartile ranges, and minimum/maximum values (n = 6). Since the dataset did not represent a
Gaussian distribution (Shapiro-Wilk test), the statistical analysis was performed using the Two-Way ANOVA
test followed by Dunnett’s multiple comparison post hoc test. * p < 0.05. Comparison with the control.
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Figure A2. Quantification of the oxygen consumption rate (OCR) after TGF-£81 exposure on days 1 (a, b), 3 (c,
d), and 7 (e, f). OCR data presented as mean with the standard error of the mean normalized to 1 x 10° cells/ml
(a, c, e). Corresponding to their function in the respiratory chain, the numerical data were presented as box
plots, with medians, interquartile ranges, and minimum/maximum values (b, d, f). Since the dataset did not
represent a Gaussian distribution (Shapiro-Wilk test), the statistical analysis was performed using the Two-
Way ANOVA test followed by Tukey’s multiple comparison post hoc test (n = 4). ¥, p-value < 0.05. Comparison
with the control. FCCP: carbonyl-cyanide-4 (trifluoromethoxy) phenylhydrazone; Rot/AA:
rotenone/antimycin A; ATP: adenosine triphosphate; max.: maximal; non-mito.:non-mitochondrial.
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Figure A3. Quantification of the extracellular acidification rate (ECAR) after TGF-f31 exposure on day 1 (a, b),
3 (¢, d), and 7 (e, f). ECAR data are presented as a mean, with the standard error of the mean normalized to 1
x 10° cells /ml (a, ¢, e). The basal metabolism of the cultures was assessed by calculating ECAR/OCR ratios.
Data were presented as box plots, with medians, interquartile ranges, and minimum/maximum values (b, d,
f). Since the dataset did not represent a Gaussian distribution (Shapiro-Wilk test), the statistical analysis was
performed using the One-Way ANOVA test followed by Dunnett’s multiple comparison post hoc test (n=4).
*, p-value < 0.05. Comparison to the control. FCCP: carbonyl-cynaide-4 (trifluoromethoxy) phenylhydrazone;
Rot/ AA: rotenone/antimycin A; ATP: adenosine triphosphate; max.: maximal.
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Summary

Although MSC belong to the most promising cell types in regenerative medicine, a large
number of preclinical and clinical studies have been conducted without specifying which type
of MSC should be preferred. Therefore, in this study we investigated the cardiac
reprogramming/ trans-differentiation of adult MSC derived from three different human sources
(BM-MSC, adMSC and DF-MSC) using non-integrative methods including microRNA and
mRNA. In the first step, we compared the MSC characteristics. All three cell types showed
typical MSC marker profiles and demonstrated multilineage differentiation into adipocytes,
osteocytes and chondrocytes. However, differentiation preferences varied: while adMSC
showed higher adipogenic differentiation, DF-MSC revealed a more pronounced chondrogenic
differentiation capacity. Furthermore, we analyzed the gene expression profile by microarray
analysis. The transcriptome profiles of these cell types were clearly distinguishable as they
showed a high diversity of expressed transcripts under MSC, with BM-MSC interestingly
showing higher donor dependent variants in gene expression. When comparing the three cell
types, a higher gene profile-related diversity was found between BM-MSC and adMSC. In
addition, adMSC expressed the cardiac markers a-actinin and troponin I more pronouncedly
than BM-MSC and DF-MSC, whereas no additional effects on the expression of selected
cardiac marker genes after miRNA treatment were found. Furthermore, the mRNA-based
overexpression of genes involved in cardiac differentiation showed a moderate signal for -
actinin indicating a sarcomer reorganization. Thus, this approach of reprogramming into the
cardiac lineage revealed adMSC as the most susceptible cell type, while MSC from the other

sources examined have low reprogramming efficiency.
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Abstract: Multipotent adult mesenchymal stromal cells (MSCs) could represent an elegant source for the
generation of patient-specific cardiomyocytes needed for regenerative medicine, cardiovascular
research, and pharmacological studies. However, the differentiation of adult MSC into a cardiac lineage
is challenging compared to embryonic stem cells or induced pluripotent stem cells. Here we used non-
integrative methods, including microRNA and mRNA, for cardiac reprogramming of adult MSC derived
from bone marrow, dental follicle, and adipose tissue. We found that MSC derived from adipose tissue
can partly be reprogrammed into the cardiac lineage by transient overexpression of GATA4, TBX5,
MEF2C, and MESP1, while cells isolated from bone marrow, and dental follicle exhibit only weak
reprogramming efficiency. qRT-PCR and transcriptomic analysis revealed activation of a cardiac-specific
gene program and up-regulation of genes known to promote cardiac development. Although we did
not observe the formation of fully mature cardiomyocytes, our data suggests that adult MSC have the
capability to acquire a cardiac-like phenotype when treated with mRNA coding for transcription factors
that regulate heart development. Yet, further optimization of the reprogramming process is mandatory
to increase the reprogramming efficiency.

Keywords: mesenchymal stromal cells (MSC); mRNA; miRNA; cardiac reprogramming; cardiac
differentiation
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1. Introduction

Mesenchymal stromal cells (MSC) represent a multipotent cell population capable to differentiate into
different cell types [1]. They are an easily-accessible cell source as they can be isolated at high yields
from various kinds of human tissue, such as umbilical cord, bone marrow, dental pulp, adipose tissue,
placenta, etc. [1]. The common mesenchymal cell types that emanate from MSC are osteocytes,
chondrocytes, and adipocytes [2]. Due to their plasticity, MSC are considered as one of the most
important cell types for the application in regenerative medicine as demonstrated by a huge number of
pre-clinical studies and several clinical trials [3,4]. In addition, MSC mediate immunomodulatory and
immunosuppressive effects that promote wound healing and tissue repair, while showing no teratoma
formation post transplantation [5]. Nowadays, it is commonly accepted that the observed therapeutic
impact induced by MSCs is mainly based on the secretion of paracrine factors rather than on the
differentiation into cardiomyocytes.

In recent years, MSC have also been utilized for the generation of mesenchymal as well as non-
mesenchymal cell lineages, including neuron-like, hepatocyte-like, and cardiac-like cells [6-10]. Despite
these promising results, the differentiation of human MSC into fully mature cardiomyocytes bearing all
their respective phenotypical and functional characteristics is difficult [11-15]. As MSC are located in
various tissues, they represent a heterogeneous progenitor cell population dependent on the tissue
source and the individual donor [16]. This heterogeneity could explain the variety in differentiation
characteristics [17-19]. Therefore, it remains to be investigated which type of MSC favorably undergoes
cardiac trans-differentiation, thus, is a suitable candidate for cardiac reprogramming strategies. Detailed
knowledge about the cardiac differentiation potential of specific MSC populations is even more
important as some studies showed enhanced therapeutic effects following cardiovascular lineage
commitment of MSC [12].

Thedevelopment of anapproach to efficiently control the cardiac differentiation of MSC would bea crucial
step for the production of patient-derived cardiomyocytes without any ethical concerns. Assuch, they can
also serve as a model system, beneficial for basic cardiovascular research, drug screening, and
translational applications. Currently, several re/programming strategies exist to guide the
mesenchymal and non-mesenchymal differentiation of MSC, such as treatment with small molecules
and cytokines, exposure to metabolic stress, co-culture experiments, or overexpression of regulatory
proteins [20-24]. For the potential clinical use, transient, non-integrative reprogramming approaches
are preferred to prevent permanent alterations of the genome and to reduce tumorigenic risk. Small
non-coding RNAs, like microRNAs (miRNA) and chemically modified messenger RNA (mRNAs) allow
the manipulation of cell behavior for a limited period of time, e.g., triggering (trans)-differentiation by
activation of lineage-specific molecular pathways. Some studies have already shown that alteration of
gene expression using selected miRNAs can induce cardiac differentiation of MSC to a small extent
[15,25,26], while data about mRNA-based cardiac reprogramming is still lacking.

Unlike multipotent MSCs, pluripotent stem cells (PSCs) have been demonstrated to efficiently
differentiate into cardiomyocytes, characterized by a profound sarcomere organization and spontaneous
beating behavior [27]. Yet, these PSC-derived cardiomyocytes typically still represent an immature cell
type, resembling a neonatal cell stage rather than an adult phenotype [28,29]. The common cardiac
programming approaches used to guide cardiac differentiation of PSCs mainly relies on the application of
cytokines and small molecules [30,31]. However, PSCs bear tumorigenic risk due to genome
modification (induced pluripotent stem cells, iPSC) and provoke ethical concerns (embryonic stem cells,
ESC). Therefore, increasing the efficiency of cardiac programming of MSC would be beneficial for
cardiovascular research, including their therapeutic use.

Here, we examined whether MSC derived from different sources, including bone marrow (BM), dental
follicle and subcutaneous adipose tissue can be driven towards a cardiac lineage using a transient
reprogramming strategy based on miRNA and mRNA transfection. According to our results, adipose
tissue-derived MSC (adMSC) were found to be the most susceptible cell type for this reprogramming
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approach, as shown by enhanced expression of cardiac markers. At the same time, we observed the
activation of transcriptome pathways involved in cardiac development following mRNA treatment.

2.  Material and Methods

2.1. Cell Culture

BM-derived MSC (BM MSC) were obtained by sternal aspiration from donors undergone coronary bypass
graft surgery. Anticoagulation was achieved by heparinization with 250 i.E/mL sodium heparin
(Ratiopharm, Ulm, Germany). Mononuclear cells were isolated by density gradient centrifugation on
1077 Lymphocyte Separation Medium (LSM; PAA Laboratories, Pasching, Germany). MSC were
enriched by plasticadherence and sub-cultured in MSC basal medium supplemented with SingleQuot (all
Lonza, Cologne, Germany) and 1% Zellshield (Biochrom, Berlin, Germany).

Isolation of adMSC was performed by liposuction of healthy individuals. The extracted tissue was treated
with collagenase for 30 min, followed by several filtrations and washing steps. The detailed process of
adMSC isolation has been already described previously [32].

Dental follicle stem cells (DFSCs) were isolated from dental follicles of extracted wisdom teeth before
tooth eruption. Following tooth removal, the follicle was removed and subjected to enzymatic treatment
as presented earlier [33]. Upon tissue digestion, cells were seeded on tissue flasks and obtained by plastic
adherence. DFSCs were maintained in DMEM-F12 (Thermo Fisher, Waltham, USA) supplemented with
10% FCS and 1% Zellshield.

All three types of stromal cells were maintained at 37 °C and 5% CO. humidified atmosphere.

Medium was changed every 2-3 days. Sub-cultivation was performed when cells reached a confluency of
~80-90%.

All donors have given their written consent for the donation of their tissue according to the Declaration
of Helsinki. The study was approved by the ethical committee of the Medical Faculty of the University
of Rostock (registration number: bone marrow A2010-23; renewal in 2015; adipose tissue: A2013-0112,
renewal in 2019, dental tissue: A 2017-0158).

2.2. Fluorescence-Activated Cell Sorting

The expression of cell surface markers was quantified by flow cytometric analysis. Stromal cells were
labelled with antibodies CD29-APC, CD44-PerCP-Cy5.5, CD45-V500, CD73-PE, CD117-PE-Cy7, PerCP-
Cy5.5 CD90 (BD Biosciences, San Jose, USA), and CD105-AlexaFluor488 (AbD Serotec, Oxford, UK).

Respective isotype antibodies served as negative controls. A measurement of 3 x 10% events was carried
out using BD FACS LSRII flow cytometer (BD Biosciences).

To evaluate miRNA and mRNA uptake efficiency, cells were treated with different amounts of Cy3-
labeled Pre-miRNA Negative Control #1 (AM17120, Thermo Fisher) or GFP-mRNA (Trilink, San Diego,
USA) and analyzed by flow cytometry 24 h post transfection. To detect cytotoxicity, cells were labelled
with Near-IR LIVE/DEAD fixable dead cell stain kit (Molecular Probes, Eugene, USA). Analysis of flow
cytometry data, including gating, was conducted with the FACSDiva software, Version 8. (Becton
Dickinson).

2.3. Cardiac Reprogramming

For cardiac reprogramming, 1 X 10° cells/well were seeded on 0.1% gelatin-coated 6 well plates and
cultured to 80% confluency. We transfected 40 pmol of each miRNA (Pre-miR™ hsa-miR-1, Pre-
miR™hsa-miR-499a-5p, Pre-miR™hsa-miR-208a-3p, Pre-miR™hsa-miR-133a-3p,all ThermoFisher) with
Lipofectamine® 2000 according to the manufacturer’s instructions (Thermo Fisher). Transfection of

custom-made mRNA (Trilink) was performed with Viromer Red” transfection reagent (Lipocalyx, Halle,
Germany). Cells were either transfected with 2 ng MESP1 or with a combination of 1 pg GATA4, 1 g
MEF2C and 1 pg TBX5. One day after transfection of miRNA or mRNA, cells were subjected to two
different medium conditions. For cardiac induction medium I (card ind. I), cells were incubated in
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RPM]I, supplemented with B27 without insulin (Thermo fisher) for 7 days, followed by incubation in
RPMI containing B27 +insulin/- vitamin A (Thermo Fisher) for another 21 days. Additionally, culture
medium was supplemented with ascorbic acid (Sigma Aldrich, St. Louis, USA) and Wnt pathway
targeting small molecules, including 6 pM CHIR99021 (days 1-2), and 5 uM IWP-2 (days 4-5) (both
Stemcell Technologies). For cardiac induction II (card ind II), a commercially available cardiomyocyte
differentiation kit was used according to the instructions given by the manufacturer (Thermo Fisher,
A2921201).

2.4. IF Staining and Calcium Imaging

To verify multipotency, BM-MSC, DFSC and adMSC were subjected to in vitro differentiation towards
osteogenic, chondrogenic and adipogenic lineages using the Mesenchymal Stem Cell Functional
Identification Kit (R & D). Differentiation was induced by maintaining cells under different culture
conditions according to the manufacturer instructions for 20 days. Subsequently, cells were fluorescently
labelled to detect fatty acid-binding protein 4 (FABP4), Aggrecan and Osteocalcin to visualize successful
differentiation into adipocytes, chondrocytes, and osteocytes.

Forlabelling of cardiac markers, cells were seeded on coverslips and fixed with 4% PFA. Antibody staining
was performed as described elsewhere [34]. Cells were labelled with anti sarcomeric a-actinin (abcam,
ab9465), anti-NKX2.5 (Santa Cruz, sc-8697), anti-TBX5 (abcam, ab137833) and anti-MEF2C (Santa Cruz,
sc-313).

To visualize intracellular calcium, cells were cultured on 8 well chamberslides (Ibidi). Three days after

seeding, cells were incubated with the calcium sensitive dye Cal520 (AATBioquest) for one hour at 37 °C
and subjected to fluorescence microscopy. All fluorescence images were acquired using Zeiss ELYRA
LSM 780 (Zeiss, Oberkochen, Germany).

2.5. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction

Isolation of cellular RNA was performed using the NucleoSpin® RNA isolation kit (Macherey- Nagel,
Diiren, Germany) according to the manufacturer instructions. The concentration and purity of isolated
RNA was assessed with NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). Subsequently,
cDNA synthesis was performed with a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). The reverse transcription reaction was conducted using the MJ Mini™ thermal cycler
(Bio-Rad).

Quantitative real-time PCR for cardiac marker genes was carried out using the StepOnePlus™ Real-
Time PCR System (Applied Biosystems, Foster City, USA) with following reaction parameters

(StepOne™ Software Version 2, Applied Biosystems, Germany): start at 50 °C for 2 min, initial
denaturation at 95 °C for 10 min, denaturation at 95 °C for 15 s and annealing/elongation at 60 °C for 1
min with 40 cycles. A qPCR reaction contained: TaqMan® Universal PCR Master Mix (Thermo Fisher),

respective TaqMan® Gene Expression Assay, UltraPure™ DNase/RNase-Free Distilled Water (Thermo
Fisher), and 30 ng of the respective cDNA. The following target gene assays were used: ACTN2
(Hs00153809_m1); MYH6 (Hs01101425_m1) TBX5 (Hs00361155_m1); TNNI3 (Hs00165957_ml), GJA1l
(Hs00748445_s1); HPRT (HS01003267_m1) (all Thermo Fisher). Obtained CT values were normalized to
HPRT and data were calculated as fold-change expression, related to untreated control cells.

2.6. Microarray Analysis

RNA integrity was analyzed using the Agilent Bioanalyzer 2100 with the RNA Pico chip kit (Agilent
Technologies). 200 ng of isolated RNAs were subjected to microarray hybridization as described in [35].
Hybridization was performed on Affymetrix Clariom™ D Arrays according to the manufacturer’s
instructions (Thermo Fisher).

Analysis of the microarray data was conducted with the provided Transcriptome Analysis Console
Software from Thermo Fisher (Version 4.0.1, Waltham, USA). The analysis included quality control,
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data normalization, and statistical testing for differential expression (Limma). Transcripts were
considered as significantly differentially expressed with a fold change (FC) higher than 2 or smaller -2,
false discovery rate (FDR) < 0.05, and p < 0.05. The pathway analyses were conducted based on a gene
set enrichment analysis using Fisher's Exact Test (GSEA) on the Wiki-Pathways database. Only
significant pathways have been selected.

2.7. Statistical Analysis

Data are presented as mean + SEM, obtained from three patients for each MSC type. Preparation of
graphs and statistical analysis was performed using SIGMA Plot software (Systat Software GmbH,
Erkrath, Germany). Statistical significance was considered as * p <0.5, ** p <0.05, *** p <0.001.

3. Results

3.1. Characterization of Isolated MSC

Initially, we performed flow cytometric analysis to investigate the presence of common mesenchymal
surface markers in isolated MSC. The obtained data indicated a high expression of CD29, CD44, CD73,
CD105 and CD90, while very low levels were detected for CD117 and CD45, indicating that stem cells
possess properties of MSC (Figure 1A, B).

A B

BM MSC DSFC adMSC
CcD29 99.6£0.2 98.6+0.6 985104
CcDaa 99.7£0.1 98.3+1.1 987107
CD4as 0.5£0.2 0.1t0 0110
CcD73 97.5+14 99.2+0.6 96.1+1.7
CD%0 851126 99 0.5 975108
CD105 98.5£0.2 80.8+0.2 919£11
CD117 0.2+0.1 0.8£0.2 02101

Adipocytes Osteocytes Chondrocytes

BM MSC

adMSC

DFsSC

Figure 1. Phenotype-related and functional characterization of mesenchymal stromal cells (MSC): (A) Flow
cytometric measurements revealed a high expression of common MSC surface markers (CD29, CD44, CD73,
CD90, CD105), while very low levels were found for hematopoietic surface markers (CD45 and CD117).
Representative flow cytometry charts of adipose tissue-derived MSC (adMSC) demonstrate the expression
level of surface markers. Blue histograms represent measurement of CD surface marker with corresponding
isotype control, shown in red. (B) Tri-lineage differentiation assay indicated adipogenic, osteogenic, and
chondrogenic differentiation of MSC. Detection of adipocytes was performed by labelling of FABP4, while
osteocytes and chondrocytes were identified by fluorescence staining of osteocalcein and aggrecan,
respectively. Scale bar: 50 pm. Results in (A) are shown as mean

+ SEM obtained by analysis of three different donors for each MSC cell type.

MSC characteristics were further confirmed by a functional assay that demonstrated the multilineage
differentiation capability of all three cell types. Upon incubation in lineage-specific inductionmedium,
the cells were capable to differentiate into adipocytes, chondrocytes, and osteocytes, as shown by
fluorescence labelling of specific differentiation markers (Figure 1B). As expected,
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adMSC were found to profoundly express FABP4, if compared to osteocalcin and aggrecanlabelling. In
contrast, DFSCs favored chondrogenic differentiation indicated by strong fluorescence intensity of
aggrecan staining.

Next, we compared the different MSC by analyzing their gene expression profiles using a microarray
platform. The obtained data allowed us to compare the transcription profile among both, individual
donors and MSC derived from different tissue. Boxplots of signal intensity distributions for each
performed microarray are shown in Figure 2, indicating good data quality prior (blue) and after (red)
normalization of the gene expression data (Figure 2A). A principal component analysis (PCA) was
performed to show the common clustering of the triplicates (Figure 2B, blue, red and purple) as well as the
differences of tested cell types, each represented by three different donors. We found that stromal cells
from BM, adipose, and dental tissue are clearly distinct with respect to their transcriptomic profile.
Interestingly, we detected a high donor-dependent variety of the gene expression for MSC derived from
human BM (Figure 2B), suggesting a potential donor-specific impact on the efficacy of cardiac
programming. A total of 1685 differentially expressed genes were detected, while 13 genes were shared by
all MSC populations (Figure 2C). Most differentially expressed transcripts (679) have been found
between MSCs obtained from BM and adipose tissue, suggesting a higher gene profile related diversity
within these two MSC populations (Figure 2D). A list of differentially expressed genes between all MSC
types is given in Table S1.

o B PCA Mapping 63,0% (CHP)
PEAZ 22.4%

Vol Vil
Signal Box Plot

W DFSC
- <X m BMMSC
¢ B adMSC
< sl | T - i .
an | - a = °
DFSC BM MSC adMsC e e

PCAZ 11,5%

C o D

476

T T T T 1
0 200 400 600 800
Amount of transcripts
Total mm Upregulated mm Down-regulated

Figure 2. Comparative microarray analysis of undifferentiated dental follicle stem cells (DFSCs), bone marrow
(BM) MSC, and adMSC. (A) Comparison of signal intensity for .cel files (blue) and .chp files (red) after
normalization demonstrates sufficient data quality. (B) MSC from different sources are clearly distinct in regard
to their transcription profile. A high patient-dependent variety was found for BM MSC, while adMSC and
DFSCs demonstrate a more homogenous distribution. (C) Venn diagram visualizes expressed genes
overlapping between different MSC cell types. (D) The numbers of up- and down-regulated transcripts is
significantly differentially expressed in all three celltypes.

3.2. Reprogramming of MSC Using miRNA and Cardiac Induction Cell Culture Conditions

In order to induce cardiac reprogramming, cells were cultured under two different medium conditions
(see Section 2.3), separately or in combination with myocardial miRNAs (myo-miRNAs), that have been
previously shown to induce cardiac differentiation in fibroblasts (miR-1, miR-499a, iR-208a, and miR-
133a) [36]. As the efficiency of miRNA-based reprogramming largely depends on
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proper intracellular miRNA uptake, we evaluated miRNA transfection conditions using Cy3-labelled
miRNA. Depending on the amount of transfected miRNA, uptake efficiencies of ~80-95% were
achieved in all three cell types tested (Figure 3A). Importantly, only minimal cytotoxic effects were
observed following transfection of miRNA (Figure 3B).
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Figure 3. miRNA transfection and programming efficiency in MSC. (A) Uptake of miRNA was determined
using Cy3-labelled miRNA and flow cytometry. (B) Detection of dead cells revealed low cytotoxicity induced
by miRNA transfection. (C) Relative expression of cardiac marker genes among all tested cell types, four
weeks after transfection and cultivation under different culture conditions. Reprogramming efficiency with
cardiac induction medium I, II and myo-miRNAs (miR-1, miR-499, miR-208, miR-133) resulted in an up-
regulation of cardiac specific markers in all types of MSC, while most profound up-regulation was found for
cardiac induction medium II. Among tested MSC, the strongest increase of cardiac gene expression was
observed for adMSC. Note, no beneficial effects on cardiac programming were observed following myo-
miRNA transfection. Data are shown as mean +SEM, obtained from three donors for each MSC type. Statistical
analysis was performed using ANOVA test, followed by Bonferroni post-hoc analysis. * p 0.5, ** p <0.05, ***
p <0.001.

The success of myo-miRNA-based cardiac reprogramming was determined by qRT-PCR analysis of
cardiac specific marker genes four weeks post transfection. Compared to control cells, cardiac
induction medium II was found to be the most effective treatment leading to an induction of a-actinin,
TBX5, GJAl, and cardiac Troponin I. While the level of a-actinin mRNA was strongly increased in all
three cell types, a less pronounced effect was observed for cardiac Troponin I (Figure 3C). Notably,
adMSCs showed the highest expression levels of cardiac marker genes after the treatment with
cardiac induction medium II, when compared to MSCs obtained from dental follicle as well as BM,
and therefore have been identified as the preferred candidate for our cardiac programming approach.
Surprisingly, our data also revealed that transfection with myo-miRNAs did not provoke an
additional, beneficial effect on the expression of cardiac markers. Likewise, the cardiac induction
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medium containing RPMI and small molecules (Figure 3C, card induction I) did not promote the cardiac
differentiation of MSC.

3.3. mRNA-Based Reprogramming of adMSC

As the transfection of miRNA did not further improve cardiac differentiation, we asked whether the
application of modified mRNAs might boost the reprogramming efficiency in adMSC, which had been
found to be the most promising cell type for the differentiation towards the cardiac lineage (Figure 3).
For mRNA-based programming of adMSC, cells were either transfected with single MESP1 mRNA or with
a combination of GATA4, MEF2C, and TBX5 mRNA (GMT). First, mRNA transfection and translation
efficiency were determined with mRNA encoding GFP to evaluate the optimal amount of mRNA
showing strong expression while causing minimal cytotoxic effects. As demonstrated by flow cytometry
and fluorescence microscopy, approximately 80% of cells express the GFP protein 24 h post transfection
with 1 pg of mRNA (Figure 4A-C). Considering the increasing cytotoxicity when higher amounts of
mRNA are transfected, reprogramming experiments were performed with 1-2 pg of individual mRNA
(Figure 4D).

Analysis by qRT-PCR showed that both MESP1 and GMT transfection resulted in elevated levels of
selected cardiac marker genes, compared to untreated control cells (Figure 4E). The most prominent
incline of gene expression was observed for a-actinin, which was confirmed on the protein level by
immunostaining showing a faint signal in cells treated with MESP1 and GMT mRNAs (Figure 4F).
Additional antibody staining of early cardiac transcription factors demonstrated the expression of
MEF2C and NKX2.5 on the protein level in GMT treated cells (Figure 4G and Figure S1). Interestingly, a
profound increase of the expression level was also found for TBX5 that has been used for mRNA
transfection in the GMT-treated group, verified by fluorescence microscopy (FigureS1).

Moreover, we observed differences of the intracellular Ca?* concentration between treated groups.
Following labelling of intracellular Ca?*, GMT transfected cells demonstrated a more intensive
fluorescence signal than observed for MESP1 treated cells and the control group (Figure S2).

To obtain a deeper understanding of the mRNA-induced effects on the gene expression profile of treated
adMSC, we conducted a microarray analysis of cells that underwent cardiac reprogramming. The signal
intensity values detected on each microarray had a similar spread after normalization, indicating a well-
suited data quality for further downstream data analysis (Figure 5A). The PCA plot visualizes the
differences in gene expression among treated groups, showing that control cells (blue) share a high
similarity regarding their transcription profile (Figure 5B). In contrast, reprogramming with cardiac
induction medium II (red), MESP1 (green), and GMT (purple) mRNA induced a strong donor-
dependent alteration of gene levels, however, the treatment specific groups remain distinguishable from
each other.

The numbers of significant total up-regulated and down-regulated transcripts are represented in Figure
5C, indicatinga distinct change of gene expression following cardiacreprogramming. Thehighest number
of genes differentially expressed was found in MESP1 (6669 transcripts) and GMT (5649) treated cells.
Interestingly, more transcripts are down-regulated than up-regulated in most of the comparisons.

The corresponding Venn diagram (Figure 5D) compares the significantly expressed genesof the three
different reprogramming approaches related to untreated control cells. The largest amount of
transcripts (2828 transcripts, 33.6%) was found to be commonly regulated by all three treatments.
The second largest proportion of differentially expressed genes is shared by GMT vs. Control and
MESP1 vs. Control (1816 transcripts, 21.6%). Notably, the largest unique set of transcripts was found in
cells transfected with MESP1 mRNA (1660 transcripts, 19.7%). A detailed comparison of up-regulated
(Figure 5E, red) and down-regulated (Figure 5E, green) genes among these three reprogrammed groups
indicates that the differences between MESP1 and GMT treatment vs. cardiac induction medium II
are more profound (189 up-regulated, 276 down-regulated transcripts), while MESP1 and GMT only
showed one differentially up-regulated transcript that was not previously up-regulated in other
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comparisons (Figure 5E). A detailed list of differentially expressed genes found in all reprogrammed

groups is shown in in Table S1.
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Figure 4. mRNA-based cardiac programming of adMSC. (A) Concentration-dependent expression of
transfected mRNAs was evaluated with mRNA coding GFP. The quantative flow cytometry analysis
demonstrated maximum transfection efficiency of ~80% when < 1000 ng mRNA were applied. (B)
Representative scatterplots of control cells (left) and cells transfected with GFP mRNA (right). (C)
Corresponding microscopy images of cells expressing GFP following mRNA treatment. (D) Cytotoxic effects
were only induced when mRNA amounts higher than 1000 ng were used for transfection. (E) Compared to
untreated control cells, higher gene expression levels of selected cardiac markers were detected for all
reprogramming conditions, in particular for a-actinin. (F) Immunolabeling of cells using anti a-actinin antibody
results in a faint fluorescence signal in cells transfected with MESP1 and GATA4, MEF2C, and TBX5 (GMT)
mRNAs, Scale Bar: 25 pm. (G) Moreover, GMT treated cells also demonstrated protein expression of MEF2C,
an early cardiac transcription factor. Flow cytometry and qRT-PCR data are shown as mean +SEM, obtained

from three different donors. Statistical analysis was performed using one-way ANOVA. * p 0.5, ** p <0.05, ***
p <0.001.
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Figure 5. Transcriptome based comparison of reprogrammed adMSC. (A) Quality control of microarray data.
Boxplotofsignalintensity of performed microarrayson cel (blue)and .chpfilesnormalization (red) confirm good
data quality. (B) Principal component analysis (PCA) demonstrates clustering of treated groups, clearly
showing the impact of respective reprogramming conditions on the transcriptomic profile compared to control
cells (blue). Yet, cells subjected to MESP1 (green), GMT (purple) or cardiac induction medium II solely (red)
remain distinguishable. (C) Up-and down-regulated transcripts and corresponding Venn diagram (D)
showing the impact of reprogrammed cells compared to control. Most differentially expressed transcripts
were regulated by all three reprogramming treatments (2828 genes), while 1816 transcripts are shared by GMT
vs. control and MESP1 vs. control. (E) Detailed comparison of common and distinct up-regulated (red) and
down-regulated (green) transcripts among the three reprogrammed groups. The differences found for
optimized medium vs. MESP1 and GMT transfections are much more prominent than the differences between
MESP1 andGMT.

These data indicate a strong change of gene expression when cells are subjected to cardiac induction
medium II, with more distinct effects induced by mRNA transfections.

To evaluate the influence of the differentially expressed genes on important cardiac development
pathways, we integrated our microarray gene expression data into the WikiPathways database and
identified significantly enriched pathways for “heart development” (Figure 6A) and “cardiac progenitor
differentiation” (Figure 6B). The pathway visualization indicates proteins mainly involved in cardiac
development, while up-regulated and down-regulated transcripts of respective programming
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treatments are labelled in red and green, respectively. As shown in Figure 6, cardiac induction medium
IT as well as mRNA programming by MESP1 and GMT influence the gene expression profile of several
key transcription factors and signaling molecules involved in cardiac differentiation, such as IGF, VEGF,
TBX5, GATA4 and HAND?2 (Figure 6A, B). Most changes on pathway genes were induced by GMT
treatment (92%), followed by MESP1 (60%) and cardiac induction medium (52%). Additional
immunofluorescence labelling of GMT treated cells, confirmed the expression of early cardiac
transcription factors, including NKX2.5, TBX5 and MEF2C (Figure 4G and FigureS1).
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Figure 6. The impact of reprogramming on cardiac-differentiation pathways. Up-regulated and down-
regulated transcripts of respective programming conditions are labelled in red or green color. (A, B) Strongest
up-regulation of transcripts involved in cardiac development ((A) heart development, (B) cardiac progenitor
differentiation) was mainly found in GMT reprogrammed cells, followed by MESP1 treatment and cardiac
induction medium II. Key cardiac transcription factors and signaling molecules were significantly up-
regulated, including TBX5, GATA4, MEF2C, HAND2, BMP4, and IGF.
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Taken together, the results obtained by microarray analysis clearly indicate that reprogramming with
cardiac induction medium II and mRNA induced a strong alteration of the transcription patterns with
high similarity in mRNA transfected cells compared to cells cultured in cardiac induction medium
solely.

4. Discussion

In vitro generated cardiomyocytes are an important tool for cardiovascular research, as they can be
utilized for disease modelling or for the development of drug screening assays to assess the cardiac toxic
risk of established or newly synthesized drugs [37-39]. Moreover, promising preclinical data suggests
the therapeutic potential of generated cardiomyocytes for the treatment of cardiac diseases to overall
improve heart regeneration and function [40,41]. Although several stem cell types are available to
produce cardiac cells, the ideal source of stem cells remains elusive as each has its own advantages and
drawbacks. Adult MSC can be easily isolated from human donors in large quantities, possess
immunomodulatory properties and can be propagated in vitro [12]. Further, they can overcome certain
limitations that have been attributed to PSCs, including ESC and iPSC. In contrast to ESC, MSC do not
provoke any ethical concerns [12,37,38]. Moreover, pre-clinical studies demonstrated a tumorigenic
potential of ESC and iPSC-derived cell products that has not been observed for MSC to date [42-45].
However, other pre-clinical and clinical trial data showed that the transplantation of iPSCs-derived
cardiomyocytes did not result in teratoma formation [46-48]. These different outcomes might be
associated with the transplantation of residual undifferentiated cells along with the PSC product that
increases the possibility of tumorigenesis. In this regard, the therapeutic use of PSC requires the
establishment of differentiation protocols allowing the generation of highly pure PSC-derived cell types,
e.g., cardiomyocytes [49]. The major advantage in comparison to adult stem cells is the cardiac
differentiation potential of ESCs and iPSCs. So far, PSC have been found to be the only stem cell type
capable to differentiate into functional, premature cardiomyocytes showing pronounced sarcomere
organization, contraction capacity, and subtype specific ion channel composition [50,51]. Thus, for the
generation of cardiomyocytes applied in regenerative medicine PSC are currently superior to MSC as no
efficient cardiac reprogramming strategies have been developed for adult stem cells yet.

The successful cardiac differentiation of human MSC into fully mature cardiomyocytes is by far more
challenging. Adult cardiomyocytes are characterized by a specific cell shape, structural organization,
ion channel composition and mechanical properties; important features that need to be addressed when
generating stem cell-derived cardiac cells [52]. Former reports led to contradictory results about the
programming efficiency of MSC. While some reports described spontaneous beating associated with the
formation of sarcomeric protein structures, other studies failed to generate cardiac-like cells from adult
MSC [53-57].

One reason for this might be attributed to the fact that MSC may represent a heterogeneous stem cell
population with different functional and phenotype-related properties as well as varying therapeutic
potential [58]. A notion that is supported by our microarray data, indicating a high diversity of the
expressed transcripts among MSC obtained from BM, dental pulp and adipose tissue (Figure 2).
Likewise, our functional data revealed cell type-dependent differentiation capacity of tested MSC
(Figure 1). Previous studies have also reported distinct characteristics between MSC from different
sources regarding surface marker expression, proliferation rate, and differentiation potency
[17,19,58,59]. For example, adMSC were observed to favor osteogenic differentiation and demonstrate
higher proliferation when compared with DSFCs [18,60]. Moreover, our results suggest that these
different biological characteristics of MSC could have an impact on the selected strategy and efficiency
of cardiac programming as adMSC demonstrated a more pronounced incline of cardiac marker
expression than BM MSC and DFSCs (Figure 3). In line with these data, Kakkar et al. recently described
human adMSC to be a better choice for cardiac programming using a combination of small molecules
and cytokines. Compared to BM MSC, adMSC exhibited a higher expression of a-actinin, troponin and
connexin43 following cardiac induction with 5-Azacytidine and TGF-p1 [61].
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Similarly, a comparative study revealed that adMSC expressed significantly more cardiomyocyte
specific biomarkers as DFSCs following cardiac programming with cytokine supplemented culture
medium [11]. The impact of MSC origin on programming capability was also shown for non-cardiac cell
lineages like hepatocytes and smooth muscle cells [59,62].

Myo-miRNA based programming has been successfully applied for the conversion of cardiac
fibroblasts, into cardiomyocytes [36]. For MSCs, cardiac induction by miRNA is less efficient as shown by
different groups [25,63,64]. For example, it was demonstrated that transfection with miRNA-1-2
promote the expression of GATA4, NKX2.5 and cardiac Troponin in BM MSCs [15]. Similarly, miR-149
and miR-1 were found to slightly trigger myocardial differentiation, albeit without formation of
sarcomere structures or beating activity [25,65]. We did not observe any additional effects on the
expression of selected cardiac marker genes following miRNA treatment. This might be attributed to
the fact that the miRNA concentrations used in this study are not sufficient to significantly increase the
expression level of cardiac-specific genes, although uptake efficiency for miRNA was about 80%. In this
regard, some studies have used viral vectors to ensure constitutive overexpression of miRNA [25,64].
Given that miRNAs have a very short half live, transient transfection approaches, as used in our study,
might be less effective.

Proper cardiac development requires the activation and inhibition of many different pathways
modulated by several transcription factors [66]. MESP1 was shown to drive cardiovascular fate of stem
cells during embryonic development, while the combination of GATA4, MEF2C and TBX5 was
described to induce the cardiac differentiation of murine and human fibroblasts, leading to
spontaneously contracting cells with cardiomyocyte-like expression profile [67-70]. Therefore, we have
concluded that this approach might be applicable to reprogram human adMSC. Using an mRNA-based
setting weinduced the overexpression of GATA4, MEF2C, and TBX5 as wellas MESP1, which provoked an
incline of genes involved in cardiac differentiation (Figure 4). To our knowledge this combination of
transcription factors has not been applied before to induce cardiac differentiation of human adMSC. In
contrast to our strategy, most of the previous studies performed overexpression of transcription factors by
application of retro- or lentiviral systems. For example, in a study by Wystrychowski et al., adMSC from
cardiac tissue were treated with seven transcription factors, including GATA4, MEF2C, MESP1, and
TBXS5, that resulted in an elevated number of cells positive for a-actinin and troponin [71]. However, no
clear sarcomere structures have been observed, suggesting a premature cardiac progenitor state.
Similarly, forced expression of another factor of the T-box family, TBX20, provokes an up-regulation of
sarcomeric proteins, without cardiomyocyte specific sarcomere organization [72]. These data are in line
with our observations as we could also detect a moderate signal for a-actinin, albeit without the
presence of sarcomere structures (Figure 4).

Yet, our programming approach leads to a strong induction of the key cardiac transcription factors
GATA4, MEF2C, MESP1 and TBX5, which corresponds to the transfected mRNAs used for
programming. However, it is known that mRNAs underlie fast turnover, suggesting that mRNA
transfection activated the expression of its endogenous counterparts [73,74]. At the same time, the
current study demonstrates that mRNA transfection boosts the cardiac programming effects induced
by culture conditions targeting important signaling pathways such as the WNT cascade.

The manipulation of signaling pathways by cytokines and small molecules is the most common
methodology to generate large amounts of PSC-derived functional cardiomyocytes [30,31]. In addition,
the overexpression of transcription factors, like Tbx3 and MESP1, can influence cell fate decision in
PSCs [75,76]. While these techniques allow highly efficient programming of ESCs and iPSCs, we
observed significantly less programming efficiency for MSCs in the current study. However, the
comparison of programming protocols used for PSCs and multipotent stem cells is difficult due to their
different developmental stages and resulting culture conditions prerequisites. Yet, it was shown that
cytokines like BMP4, IL and TGF improve cardiac development of human and non-human MSCs [57,77].
However, the cardiomyocyte-like cells derived from these programmed MSCs lack profound sarcomere
formation, beating activity and physiological maturation [78,79]. This is in
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accordance to our data indicating that mRNA transfection could promote the expression of early cardiac
proteins, while differentiation efficiency and elaboration of a terminal cardiac phenotype is profoundly
limited when compared to PSC differentiation protocols [27,31].

Together with previous studies of adMSC overexpressing transcription factors, our results demonstrate
the feasibility of mRNA-based cardiac reprogramming of MSC. However, the absence of sarcomere
structures and spontaneous cell beating suggests a yet quite incomplete reprogramming, leading to an
immature cardiac cell type. Hence, there is an urgent need for further optimization. Since mRNAs are
degraded over time, multiple transfection steps might increase the reprogramming efficiency, a strategy
that is already applied for the generation of iPSCs from adult cells [74,80]. Moreover, proportions of
GATA4, MEF2C, and TBX5 protein expression has been described to play a crucial role for the quality
of cardiac reprogramming [81], thus, different ratios of transfected mRNA could positively influence the
outcome of reprogrammed adMSC. This will have to be addressed in future studies as the impact of
mRNA ratios and mRNA concentration on cardiac programming might be affected in a donor specific
manner. Former data already demonstrated donor-to-donor variability of MSC functional potential,
including differentiation capacity [82,83]. Beside age and gender, underlying diseases are known to
influence cellular properties of MSCs [82]. This is supported by our microarray results, showing a large
variety of the transcription profile of BM MSCs that have been obtained from patients suffering from
cardiovascular diseases. On the contrary, adMSCs and DFSCs derived from healthy donors shared
similar transcription patterns, suggesting same programming conditions required to induce cardiac
development. Nevertheless, it is recommended to adapt mRNA conditions for each individual patient to
obtain maximum programming efficiency.

In addition, more comparative studies are required to identify and characterize MSC subtypes most
susceptible for specific transdifferentiation towards the respective desired target cells, including non-
mesodermal and mesodermal cell types such as cardiomyocytes.
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4.3 Study I1I

Dose-dependent effects of platelet-rich plasma powder on chrondocytes in vitro
Olga Hahn, Matthias Kieb, Anika Jonitz-Heincke, Rainer Bader, Kirsten Peters, Thomas
Tischer

The American Journal of Sports Medicine 2020, 1-8; doi: 10.1177/0363546520911035

Summary

Platelet-originated growth factors are able to stimulate tissue regeneration. They can
influence proliferation and differentiation behavior depending on different concentrations,
timing and number of applications. Therefore, we investigated the effects of different platelet-
originated growth factors on chondrocytes. We could show that the concentration and
stimulation frequency of the platelet-originated growth factors, which contain high
concentrations of TGF-B1 in addition to others growth factors, influenced cell proliferation
and metabolic activity in a dose-dependent manner. Furthermore, we were able to show that
two-time applications of higher concentrations had the same effect on cell proliferation and
differentiation as six-time applications of lower concentrations. The stronger the
chondrocytes were stimulated, the more the cells proliferated and differentiated less. This
observation was confirmed by the quantification of bone-specific extracellular marker
molecules procollagen type 1, cartilage-specific collagen type 2 and sulfated
glycosaminoglycans. The collagen type 1 and sulfated glycosaminoglycans increased,
whereas no significant change was observed in the amount of cartilage-specific collagen type
2. We concluded that stimulation frequency and growth factor concentration must be
optimized in order to achieve a balance between proliferation and de- or redifferentiation of
cartilage cells or differentiated MSC. Since growth factors have an influence on the degree
of differentiation of cells, the standardized use of platelet-originated growth factors in cell
culture models can contribute to clinical findings with regard to concentrations, timing and

number of applications.
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Results

Dose-Dependent Effects of Platelet-Rich
Plasma Powder on Chondrocytes In Vitro

OlgaHahn,*DiplHum-Biol, MatthiasKieb,y» MD, AnikaJonitz-Heincke,z Dipl Biol, PhD, Rainer Bader, MD,
PhD, Kirsten Peters,* MD, PhD, and Thomas Tischer,z MD, MBA

Investigation performed at the Department of Orthopaedics,

Rostock University Medical Center, Rostock, Germany

Background: Platelet-rich plasma (PRP) is widely used in sports medicine. However, neither preparation nor parameters for clinical
application, suchasconcentration, timing, and number of applications, are standardized, making researchand clinical utilization challenging.

Purpose: Toinvestigatetheeffectof varying doses of PRP powderintermsof differentconcentrations, timing,andnumber of applications
on human chondrocytes in a reproducible cell culture model.

Study Design: Controlled laboratory study.

Methods: A standardized lyophilized platelet growth factor preparation (PRP powder) was used to stimulate human chondrocytes.
Chondrocytes were cultivated for 2 weeks with different stimulation frequencies (2x, 3x, 6x) and different concentrations of PRP powders
(0.5%,1%,5%). Cell proliferation and metabolic cell activity were analyzed on days 7 and 14. Phenotypic changes were visualized through
live-dead staining. Chondrogenic differentiation was quantified with enzyme-linked immunosorbent assay to assess the synthesis of procollagen
types 1and 2. Furthermore, sulfated proteoglycans and glycosaminoglycans were analyzed.

Results: Human chondrocytes exhibited a significant dose- and time-dependent increase after 14 days in cell number (1% and 5% PRP
powder vsunstimulated control:7.95-and 15.45-fold increase, respectively; 2x vs 6x stimulation with5% PRPpowder:4.00-fold increase)
and metabolic cell activity (1% and 5% PRP powder vs unstimulated control: 3.27-fold and 3.58-fold change, respectively). Furthermore,
cells revealed a significant increase in the amount of bone-specific procollagen type 1 (14 days,1.94-fold) and sulfated glycosaminoglycans
(14days, 2.69-fold);however, nosignificantchange was observed inthe amount of cartilage-specific collagen type 2.

Conclusion: We showed that chondrocytes exhibit a significant dose- and time-dependent increase in cell number and metabolic cell activity.
The standardized use of growth factor concentrates in cell culture models can contribute to clinical knowledge in terms of dosage and timing
of PRP applications.

Clinical Relevance: Problems with PRP, such as the absence of standardization, lack of consistency among studies, and unknown
dosage, could be solved by using characterized PRP powder made by pooling and lyophilizing multiple platelet concentrates. Theinnovative
PRP powder generatesnew possibilitiesfor PRPresearch, aswell asfor thetreatment of patients.

Keywords: platelet-rich plasma;biologicalhealingenhancement; powder;lyophilization; standardization; growthfactors

Platelet-rich plasma (PRP) is widely used in regenerative
medicine, especially in orthopaedic sports medicine.2? PRP
shows several positive effects on chondrocytes in vitro and in
vivo, such as an increase in cell viability, proliferation,
migration, and differentiation.1391437 However, the quality of
the available literature remains limited, and proof of concept is
still required.?
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PRP can be obtained through several preparation methods
(currently, =16 commercial systems are available), but the final
PRP products are limited because of their inhomogeneous
composition and elaborative production proto- cols.23252629,38
Different PRP preparation methods have been shown to have
different effects on chondrocytes.2l Furthermore, basic
parameters, such as blood constituents (erythrocytes, leukocytes,
and thrombocytes), are not reported in every study; thus, there is
an urgent need for a standardized report about these factors.67.9
This results in a certain degree of uncertainty regarding the
clinical application of PRP.818 Moreover, large interindividual
differences can be observed in the final PRP product.26 To further
complicate matters, the dosage, timing, and number of PRP
applications have not yet been standardized or
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Figure 1. Production process of the platelet-rich plasma (PRP) powder.

investigated sufficiently. In this respect, there is a pressing need
for a standardized PRP, which would allow reproducible testing
of the effects of different parameters, such as PRP concentration,
amount of PRP injections, and timing of injections in vitro and
in vivo.

This need led to the development of a standardized PRP powder
with characterized growth factors, comprising vascular
endothelial growth factor, basic fibroblast growth factor, platelet-
derived growth factor AB, transforming growth factor pI,
insulin-like growth factor 1, and others.20 Our study aimed to
evaluate the effects of this standardized PRP powder on human
chondrocytes derived from hyaline articular cartilage and to
investigate the effects of different concentrations, number of
applications, and timings of this PRP powder.

METHODS

Standardized Lyophilized Platelet
Growth Factor Preparation

A standardized lyophilized platelet growth factor preparation
(PRP powder) was obtained by pooling 12 platelet concentrates
from different donors, as described previously.2 The
production process is depicted in Figure 1.

Subsequently, the PRP powder was synonymously used for the
cell-free platelet-derived growth factor lyophilizates and for all
following experiments. The protein content of the PRP powder was
quantified as 6.12 mg/mL via the Biuret protein assay. Five growth
factors were analyzed with the enzyme-linked immunosorbent
assay (ELISA; R&D Systems), and 1 mL of PRP powder included
vascular endothelial growth factor (379.3 pg/mL), transforming
growth factor B1 (78,048.0 pg/mL), platelet-derived growth factor

(3395.8 pg/mL), basic fibroblast growth factor (30.1 pg/mL), and
insulin-like growth factor 1 (IL-1; 591.9 pg/mL). The utilized PRP
powder concentrations of 0.5% correspond to the addition of 30
ng/mL of the PRP powder to cell culture medium; 1%, to 60 pg/mL;
and 5%, to 300 pg/mL.

Isolation and Cultivation of Chondrocytes

The primary chondrocytes were derived from the articular knee
cartilage of 7 patients (4 female donors, mean = SD 72.50 + 6.76
years old; 3 male donors, 68.67 £ 15.01 years old) undergoing
primary knee replacement attributed to osteoarthritis. The
chondrocytes were isolated per the instructions described
previously.1® In passage 3, the chondrocytes were seeded with
approximately 11,800 cells/cm? and cultivated over a period of 14
days in different medium combinations, each containing serum-free
Dulbecco’s modified Eagle mediumand 1% penicillin/streptomycin
(both from Gibco by Life Technologies). The compositions of the
media and further additives are listed in Table 1. The culture
medium was changed on days 0, 2, 5, 7, 9, and 12. PRP powder was
first dissolved in the unstimulated medium and afterward filtered
via Sterifix (0.2 #m; Braun) and applied with the concentrations of
0.5%, 1%, and 5% as described earlier. For 2-times stimulation, PRP
powder was added on days 0 and 2; for 3-times stimulation, on days
0, 2, and 5; and 6-times stimulation, on all media changes. If not
stated otherwise, all plastic wares were obtained from Greiner Bio-
One.

Cell Characterization

Cell Proliferation and Metabolic Activity. Cell proliferation and
metabolic cell activity were analyzed on days 7and 14. The cell
numbers were analyzed with crystal violet
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TABLE 1
Composition of Cell Culture Media“

Additive Us +ve Co PRP

ITS 1:100 1:100 1:100
Dexamethasone, nM 100 100 100

Ascorbic acid, mg/mL 50 50 50
TGF-61, ng/mL 50

IGF-1, ng/mL 50

PRP powder, % 0.5,1,5

“The main component is Dulbecco’s modified Eagle medium, containing
1% penicillin/streptomycin. Data in the table refer to 1 mL. +ve Co,
chondrogenic differentiation medium; IGF-1, insulin-like growth factor;
ITS, insulin, transferrin, sodium selenite; PRP, platelet-rich plasma; TGF-
P1, transforming growth factor f1; US, unstimulated control.

staining (Sigma-Aldrich), as described by Salamon et al,?2
whereas metabolic activity was determined with the MTS (3-
(4,5-dimethylthiazol-2-yl1)-5-(3-carboxymethoxyphenyl)- ~ 2-(4-
sulfophenyl)-2H-tetrazolium) assay (Promega). For this
purpose, the chondrocytes were incubated with MTS for 1 hour
in a humidified atmosphere with a temperature of 37°C and 5%
CO» content. Afterward, the optical density (OD) of the
supernatant was measured with a microplate reader (anthos
Mikrosysteme) at 490 nm.

Cell Viability and Morphological Phenotype. Cell viability and the
morphological phenotype of cells were visualized through live-
dead staining (Life Technologies). For this purpose, cells were
incubated for 15 minutes following the instructions provided by
Meyer et al.27 After this, the cells were visualized with a
fluorescence microscope (emission: Hoechst, 460 nm; calcein,
515 nm; propidium iodide, 617 nm; excitation: Hoechst, 346 nm;
calcein, 495 nm; propidium iodide, 535 nm; Carl Zeiss
Microlmaging).

Quantification of Chondrogenic Differentiation

Quantification of Procollagen Type 1 and Collagen Type 2

The synthesis of the bone-specific procollagen type 1 (CICP,
C1CP; Quidel) and the cartilage-specific collagen type 2 (CPII;
IBEX Pharmaceuticals) was defined by the ELISA. For this
purpose, the supernatants of every medium combination were
collected on days 7 and 14 and stored at -20°C until analysis. The
assays were realized according to the manufacturer’s
instructions. Through application of the Opsys MR microplate
reader (Dynex Technologies), the absorbance was measured at
405 nm for the bone-specific procollagen type 1 and 450 nm for
the cartilage-specific collagen type 2.

Quantification of Sulfated Proteoglycans and Glycos-aminoglycans. A
quantitative dye-binding method — the Blyscan Assay (Biocolor
Pharmaceuticals Inc)—was used to measure sulfated
proteoglycans and sulfated glycosaminoglycans (sGAGs). For
this purpose, the supernatants of every medium combination
were collected on days 7 and 14, as mentioned earlier. This was
followed by papain digestion based on instructions provided by
Witt et al#2 The assay was realized according to the
manufacturer’s

Results
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instructions. Through application of a fluorescence microplate
reader (Infinite Pro M200; TECAN), the absorbance was
measured at 656 nm.

Data Illustration and Statistical Analysis

For all analyses, a minimum of 3 independent cultures of human
chondrocytes with 3 technical replicates were used and
compared with one another. The data are presented in the form of
box plots, with the boxes indicating interquartile ranges,
horizontal lines within the boxes indicating medians, and
whiskers indicating the minimum and maximum values. Boxes
without whiskers indicate the minimum and maximum values,
with the horizontal lines within the boxes indicating medians. As
the collected data were not normally distributed, the statistical
significance of the data set was calculated with 2-way analysis of
variance, as followed by the Bonferroni multiple-comparison
post hoc test with Prism (v 6.00; GraphPad) for Windows. The
level of significance was set to a P value of .05.

Ethical Statement

All the tissue samples that were analyzed were collected after
obtaining consent from the patient. Furthermore, this study was
approved by the local ethical committee under registration
A2009-17.

RESULTS

Cell Characterization

Cell Proliferation and Metabolic Activity. For all stimulation
frequencies, a dose- and time-dependent increase in cell number
was achieved by using PRP powder to stimulate human
chondrocytes (Figure 2). After 7 days of cultivation, only the
highest concentration of the PRP powder exhibited a significant
increase in cell number as compared with unstimulated control
(13.81-fold; P <.0001) and specific chondrogenic control (7.25-
fold; P = .0002). After 14 days, 6-times stimulation with even 1%
PRP powder (7.95-fold increase vs. unstimulated control with a
median OD of 0.354) was sufficient to detect comparable results
in comparison with 3-times stimulation with 5% PRP powder on
day 7 (median OD, 0.268). Additionally, ongoing stimulation
with 5% PRP powder resulted in further increase in cell numbers
after 14 days (6-times stimulation, 5% PRP powder; 15.45-fold
increase vs. unstimulated control with a median OD of 0.71).
Comparable effects were seen for the stimulation frequencies. After
14 days, already 1% (2 vs 6 times: 3.72-fold; P =.0002) was sufficient
to achieve significant results. The comparison of 5% (2 vs 6 times:
4.00-fold; P <.0001) also exhibited a significant effect on the
stimulation frequency.

This increase in proliferation was associated with metabolic cell
activity (Figure 3), indicating a dose- and time- dependent
increase in metabolic cell activity. Furthermore, a significant
increase in all PRP powder-treated cultures, in comparison with
unstimulated control, was detected
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Figure 2. Quantification of the cell number after stimulation with
platelet-rich plasma (PRP) powder through different stimulation
frequencies (2xand ongoing:3x or 6x) and different concentrations
(0.5%, 1%, and 5%) after the 7th and 14th day (box plots with
medians, interquartile ranges, and minimum/maximum values; n =
4). Statistical analysis was performed via 2-way analysis of
variance, followed by the Bonferroni multiple-comparison post
hoc test. *P < .05 vs unstimulated control (US). °P < .05 vs the
specific chondrogenic control (+ve Co.). #P < .05 vs the
stimulation frequency with respect to the concentration. OD,
optical density.

after 7 days (from 2.10-fold [P = .0195] with 0.5% to 4.74- fold
[P <.0001] with 3 times at 5%). With respect to specific
differentiation, a significant increase in metabolic cell activity
could be detected after 2-times stimulation with 5% PRP
powder (2.18-fold; P<.0001). When the stimulation frequencies
were compared with their respective concentrations, no
differences were shown after 7 days. Similar values were
observed after 14 days. For the 2- times stimulated cultures,
only the highest concentration (5%: 2.36-fold; P < .0001)
exhibited a significant increase in metabolic cell activity,
whereas for the 6-times stimulated cultures, all
concentrations showed a significant increase in metabolic
activity in comparison with the unstimulated control (from
3.00-fold [P <.0001] to 3.58- fold [P <.0001]). Additionally, a
significant increase could be detected in all PRP powder-
stimulated cultures in comparison with the specific
chondrogenic control (from 2.98- fold [P =.0037] to 7.13-fold [P
<.0001]). When stimulation frequencies were compared with
their respective concentrations, all stimulations with 0.5%
(2.00-fold; P< .0001), 1% (1.97-fold; P <.0001), and 5% (1.52-
fold; P <.0001) PRP powder led to significant differences after
14 days. A detailed statistical analysis is available in Appendix
Table Al (available in the online version of this article).

Cell Viability and Morphological Phenotype. Cell viability during
the cultivation was visualized through live-dead staining. After
7 days of cultivation, the unstimulated chondrocytes (control)
were found to have 2 cell shapes: several elongated fibroblast-
like cells and widespread cells with roundish shape (Figure 4A).
The fibroblast-like morphology was clearly prominent in the
confluent monolayer after 2-times stimulation with 1% PRP
powder, without the described roundish cells (Figure 4C). Even
7 days of cultivation with ongoing stimulation with 1% PRP
powder yielded a multilayer where no single cells were
noticeable
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Figure 3. Quantification of the metabolic cell activity after
stimulation with platelet-rich plasma (PRP) powder withdifferent
stimulation frequencies (2x and ongoing: 3x or 6x)

and different concentrations (0.5%, 1%, and 5%) after the 7th and
14th day (box plots with medians, intef§uartile ranges, and
minimum/maximum values; n = 4). Statistical analysis was
performed via 2-way analysis of variance, followed by the
Bonferroni multiple-comparison post hoc test. *P < .05 vs
unstimulated control (US). °P < .05 vs the specific chondrogenic
control (+ve Co.). #P < .05 vs the stimulation frequency with
respect to the concentration. OD, optical density.

(Figure 4D). As compared with the unstimulated cells, the 2-times
stimulation resulted in a clear increase in cell number. The
chondrogenically stimulated chondrocytes exhibited a rather
polygonal phenotype. The cells appeared to be more spread out
with a multitude of cell extensions. As compared with the
unstimulated control, a multilayer was also detectable after
stimulation with chondrogenic growth factors (Figure 4B). After
14 days of chondrogenic stimulation, the multilayer was more
prominent, with even more elongated cells being visible.

Quantification of Chondrogenic Differentiation Status:

Procollagen Type1, Procollagen Type2,and sGAGs

To evaluate the chondrocytic differentiation status, the synthesis
of procollagen type 1 (CICP), procollagen type 2 (CPII), and
sGAGs in the supernatants was analyzed (Figure 5). When values
were compared with the unstimulated control, a significant
increase in cells was observed in the synthesis of bone-specific
procollagen type 1 (after 14 days: 2.00-fold [P = .0005] and 1.94-
fold [P = .0112] vs specific chondrogenic control and 1% 6 times,
respectively) and sGAGs (7 days: 2.03-fold [P = .0392] and 2.16-
fold [P = .0177] vs specific chondrogenic control and 1% 3 times,
respectively; 14 days: 2.69-fold [P = .0052] vs 1% 6 times) after
cultivation. However, 2-times stimulation with 1% PRP powder
led to a significant decrease (1.04-fold; P = .0056) in the
synthesis of procollagen type 1 as compared with the specific
chondrogenic differentiation control. With respect to the
stimulation frequency (2 vs 6 times), only a significant increase in
sGAGs (2.01-fold; P = .0289) could be detected after 14 days. No
significant differences in the synthesis of the cartilage-specific
collagen type 2 protein could be measured after the 7th and
14th day.
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Figure 4. Themorphological phenotype of live-dead stained chondrocytes after 7 days of stimulation with 1% platelet-rich plasma (PRP)
powder in different medium combinations and different stimulation frequencies: (A) unstimulated control(US), (B)specificchondrogenic
control (+ve Co.), (C) 2x stimulation, and (D) 3x stimulation. The cytoplasm of living cells is stained in green (calcein); the nuclei, blue
(Hoechst); and dead cells, red (propidium iodide). While a fibroblast-like morphology was clearly prominent in the confluent monolayer of
unstimulated cells and after 2x stimulation with 1% PRP powder, either chondrogenic or 3x 1% PRP stimulation led to more spread-outcells
withamultitude of cellextensions. Thescalebarcorresponds to50 um.

O7d M 14d
2500 * 280+ 0.4
= T 240 A
£ 2000 * £ ] o3 =
TR o O OB
= = 1500 == ) T
§-§, S 160 B 2% o
c £ 1000 2 & 1201 23
s g = = g
£ 500 = = i = g 80 ® 01 B
<} 1 °
o 404
H_ 8
0 . ' . ' 0 . - . . 0.0 . . . .
us +ve Co. 2x 3x/ 6x us +ve Co. 2x 3x/ 6x us +ve Co 2x 3x/ 6x
| IS

|
1% PRP powder

| I
1% PRP powder 1% PRP powder

Figure 5. Quantification of the synthesis of procollagen type 1, procollagen type 2, and sulfated glycosaminoglycans (sGAGs) after
stimulationwith 1% platelet-rich plasma (PRP) powder with differentstimulation frequencies (2x and ongoing: 3x or 6x) afterthe7thand
14thday (box plotswithmedians[horizontalline]and minimum/maximumvalues [boxes];n=3).Statisticalanalyseswereperformedvia2-way
analysis of variance, followed by the Bonferroni multiple-comparison posthoctest. *P .05vs unstimulated control (US). °P <05 vs the
specificchondrogenic control (+ve Co.). #P < .05vsthestimulationfrequency with respect to the concentration.

After 14 days of cultivation, the synthesis of collagen type 2
obviously decreased as compared with its values after 7days of
cultivation. A detailed statistical analysis is available in
Appendix Table A2 (available online).

DISCUSSION

One of the most important findings of this study is that the
concentration and stimulation frequency of PRP powder directly
influenced the proliferation and metabolic activity of
chondrocytes in a dose-dependent manner. This aids in

addressing the current scientific question of whether to use =1
PRP application in clinical practice. If a high amount of a single
growth factor concentrate is applied, it could outweigh more
frequent application. For instance, 2-times application of 5%
growth factor had the same effect as 6-times application of 0.5%
on cell proliferation. There- fore, future basic science and clinical
studies should be more aware of the application frequency of PRP
injections. These results are consistent with the results obtained
for a similar product (allogenic pure PRP) used for tenocyte
proliferation and stimulation; however, the preparation and
storability of these products are vastly different.15 It
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should be noted that allogenic pure PRP seems to be suit- able
for studies about mechanisms of action with respect to different
PRP products.’520 In these products, external factors such as
exercise and medication (eg, acetylsalicylic acid) on PRP
composition play no role because of standardized production.213
In clinical treatment of osteoarthritis, varying numbers of PRP
applications are routinely used. However, with respect to meta-
analysis, Shen et al®> showed that multiple PRP injections are
more favorable than a single application. Even in clinical
application for osteoarthritis, results vary with use of leukocyte-
poor or leukocyte-rich PRP preparations, with results pertaining
to leukocyte-rich PRP being worse, probably because of the
increase in proinflammatory mediators.19233638 Filardo et al,0
for example, used leukocyte-rich PRP for treatment of osteo-
arthritis and could not show any differences in clinical outcomes
between it and hyaluronic acid (with 3 weekly injections of each
in a randomized study). However, our PRP powder did not
contain any leucocytes, and minimal concentrations of
inflammatory mediators, such as IL-1a or IL-1§, were found to be
destroyed after gamma radiation and/or lyophilization.20
Therefore, there is no indication of the PRP powder when a
proinflammatory potential is wanted.

Cell culture models enable evaluating the effects of different PRP
products under controlled and standardized conditions. When
the standardized PRP powder is used, the nonexistent variability
among different PRP preparations might lead to more reliable
results in clinical application.20 A recent in vitro study showed
that the effects of PRP on mesenchymal stem cells depend on
platelet count.40 It should be noted that PRP concentration and
time of application influence chondrocytes in cell culture.3
Isolating chondrocytes from their 3-dimensional environment
results in dedifferentiation into a fibroblastic phenotype, not
least because of the withdrawal of essential bioactive factors that
are stored in the extracellular matrix.3® These fibro- blast-like
cells are characterized by a decreased synthesis rate of cartilage-
specific markers (eg, collagen type 2 and 9, aggrecan) and a
concomitant increase of collagen type I proteins in monolayer cell
cultures.®2 Therefore, it is highly relevant to approximate cell
culture conditions to physiological conditions —for example, by
applying relevant prochondrogenic growth factors that trigger
chondrocytic redifferentiation.?.42 The indirect proportional
decrease in the concentration of the cartilage-specific collagen
type 2 synthesis is consistent with the results of Liou et al,2* who
used PRP to stimulate mesenchymal stem cells. Inchondrocytes in
vitro, a PRP cocktail of different growth factors could be more
capable of maintaining the chondrogenic phenotype than
applying only 1 or 2 growth factors in cell culture experiments.
Our results revealed that the PRP powder’s exposure frequency
could significantly affect the proliferation and differentiation of
chondrocytes. Themore frequently that cells are stimulated with
PRP powder, the more cells will proliferate. Wang et al#
obtained similar results for nucleus pulposus-derived stem cells
that were generated from intervertebral discs.

Results
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Future studies should focus on filling the gap between positive
clinical findings regarding pain reduction and improved joint
function and the decrease of the mostlikely positive morphologic
cartilage markers, such as collagen type 2.811 Furthermore,
primarily looking for prochondrogenic factors might not be the
appropriate target, and a decrease in procollagen type 2, for
example, can prove to be favorable for the subchondral bone,
resulting in better clinical outcomes.333¢ Simultaneously, an
increase in the pro-osteogenic marker procollagen type 1 was
observed, suggesting increasing dedifferentiation of cells. In
contrast, shorter PRP stimulation (2 times) led to decreasing
procollagen type 1 ratios, suggesting enhanced redifferentiation
over time. However, this aspect was not reflected by increases in
collagen type 2 or glycosaminoglycan ratios over time. Therefore,
the results led to the assumption that the PRP stimulation protocol
has to be optimized, leading to balanced cell proliferation and
subsequent de- and redifferentiation of cartilage cells. Optimal
redifferentiation might be further achieved by approximating
physiological conditions, such as an additional 3-dimensional
environment or a reduction of oxygen partial pressure.1617

We clearly showed a proportional increase in chondrocyte
numbers and metabolic activity with our selected amounts of
PRP powder. According to Moussa et al?6 and Yang et al,*3 this
condition could result in the protection of chondrocytes by
reducing apoptosis. The dose dependency of PRP concentration
was also observed in different PRP content compositions in
tendon rabbit stem cells.#¢ In this regard, the leucocyte portion
could be an essential parameter for direct or indirect
dependency.# In addition to growth factor concentration, timing
might be another important factor for proliferation. Leucocyte-
reduced PRP was seen to positively influence tenocyte
proliferation only if it was administered 24 hours after
prednisolone, not after 48 hours.12 Nevertheless, it seems that
stimulation has some limitations. In a rabbit model, LaPrade et
al22 illustrated negative biomechanical effects for higher PRP
concentrations with respect to maximum load and stiffness of
treated medial collateral ligament injuries. Moreover, in equine
chondrocytes, a potential ceilingeffect of PRP concentration with
anti-inflammatory and anabolic characteristics could be seen.5
Potentially, the concentrations used in this study did not reach a
peak ceiling point.

Limitations of the Study

The strength of our study lies in the fact that it used a highly
reproducible cell culture model and a standardized growth factor
preparation. However, this study also has some limitations. The
biological activity of this PRP pow- der was unknown in our first
study? but has now been proven; however, as there are
differences among PRP preparation methods, there are
differences between platelet lysates and PRP. Furthermore, the
results of cell culture studies cannot be directly transferred to a
clinical situation, especially for treatment of osteoarthritis, where
other cells (eg, synoviocytes) are at least as important as
chondrocytes. Our results showed similar proliferation effects
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for 6-times repeated stimulations with 1% PRP and 3- times
repeated stimulations with 5% PRP. Because of fac- tors such as
efficiency, safety, and comfort for patients in a clinical setup,
fewer injections with higher concentrations might be favorable.
When these results are transferred into clinical use, injection
volume has to be adopted to the anatomic cavum of joints (eg,
knee vs first metatarsophalangeal joint). Furthermore, it would
be interesting to evaluate the effects of PRP powder in 3-
dimensional chondrocyte cultures. Other effects, such as
increasing PRP concentrations (to investigate a ceiling effect),
can be evaluated in future experiments. Our in vitro study
revealed some important basic science mechanisms, which
could lead to better clinical studies. Last, the concentrations used
in this cell culture model cannot be directly transferred to the
human situation. Hence, with a basic science background, dose-
effect studiesshould be conducted with an animal model.

CONCLUSION

The currently used PRP powder preparation has a clear dose-
dependent effect on chondrocytes as described. Therefore, our
results emphasize the substantial potential of a standardized
growth factor preparation in basic science, which may aid in
establishing future tissue regeneration strategies. The
stimulation of human chondrocytes by growth factor
preparations to induce or inhibit the proliferation and
differentiation of human cells is one of the promising fields of
research in tissue engineering. Problems with PRP, such as the
absence of standardization, the lack of consistency among
studies, and the black box dosage, could be solved by using
characterized PRP powder made by pooling and lyophilizing
multiple platelet concentrates. The new PRP powder generates
possibilities for PRP research as well as for the treatment of
patients.
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Discussion

5. Discussion

MSC and their differentiated mesenchymal pendants have great potential for cell-based
therapies in various diseases due to their intrinsic capacity in tissue regeneration. There are
currently a number of potential therapeutic approaches for bone and cartilage diseases (e.g.,
osteoarthritis, meniscus repair), cardiovascular diseases (e.g., myocardial infarction), chronic
inflammatory and autoimmune diseases (e.g., lupus erythematosus, Crohn's disease), and organ
transplantation (graft-versus-host disease) [122,135-138]. MSC are particularly interesting for
therapeutic application because of their ability to avoid immune rejection [61]. With regard to
safety and quality assurance for therapeutic applications, the proliferation and differentiation

properties of MSC and differentiated mesenchymal cells must be examined in detail.

5.1 Proliferation capacity of MSC

Several studies have already demonstrated biological properties of MSC in terms of their
extensive proliferative capacity and multipotency [8,22-27,29,30,46,47,51,107,139].

The survival and proliferation of a single cell is controlled by many factors such as the available
nutrients but also by a dense network of cell communication signals. These communication
signals mainly consist of secreted cytokines, growth factors or hormones, which play a central
role in the maintenance of physiological tissue homeostasis [140].

The proliferative capacity also appears to be cell-type dependent. In 2019, Kakkar et al. showed
that BM-MSC and adMSC have a similar population doubling time [104], whereas others
reported that adMSC and DF-MSC have higher proliferative capacity compared with BM-MSC
[43,46—49]. The higher proliferative potential of adMSC might be a result of the higher
expression of the gene Dickkopf-related protein 1 and the inhibitor of DNA binding (ID)
proteins. These are reported to be responsible for the regulation of stem cell proliferation and

are more highly expressed in adMSC compared with BM-MSC [141].

5.1.1 Growth factors involved in MSC proliferation

MSC proliferation can be enhanced by a number of biological factors, including TGF-B1, FGF-
2, platelet-originated growth factors, thrombin-activated platelet-rich plasma, human platelet
lysate and human thrombin [142—145]. Proteins of the TGF- family, for example, control many
fundamental aspects of cellular behavior [140]. TGF-81, 2 and 3 are pleiotropic molecules with
multifunctional properties that influence various biological processes such as cell growth,

differentiation, migration, extracellular matrix production, wound healing, hematopoiesis and
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different immune responses and cellular responses. This means that TGF-8 1 - 3 are involved
in nearly every aspect of MSC function [146]. Previous studies have shown that MSC are able
to produce TGF-1 — 3, among other growth factors [53,63,90]. The proliferation behavior of
mesenchymal cell types is closely linked to TGF-B1 stimulation as an indirect mitogen by
inducing the expression of various growth-promoting factors; this has been shown in previous
studies [ 147—-150]. Furthermore, it has already been shown that TGF-1 alone or in combination
with platelet-derived growth factor (PDGF) and FGF can promote in vitro proliferation of MSC
[148,151,152]. In our first and third study, we identified an increase in proliferation of adMSC
and differentiated mesenchymal cells in a concentration- and time-dependent manner after
exposure to TGF-B1 or platelet-originated growth factors [153,154]. This effect is in line with
a whole series of previous studies reporting increased proliferation after TGF-81 exposure in
BM-MSC [148,151,155]. Nevertheless, there are also some studies showing a decrease in cell
proliferation after treatment with higher TGF-B1 concentrations. However, these results were
essentially obtained in MSC of different cell sources (e.g., human vs. rabbit) [156] and tissues
(e.g., bone marrow vs. prostate) [147,156].

MSC are not only subject to the effects of growth factors of their environment, they also possess
autocrine and paracrine activities by secreting a wide range of biological factors. The secretion
profile of different MSC differs depending on their source of origin [22]. BM-MSC, for
example, secrete in vivo and in vitro stem cell factor 1, M-CSF, IL-1, -6, -7, -8, and VEGF
[53,61,70,157]. Additionally, cultured undifferentiated BM-MSC secrete latent TGF-81 in vitro
[155,158]. adMSC, on the other hand, secrete mainly HGF, VEGF, IGF-1, TGF-8, basic FGF,
IL-6, IL-8, adiponectin [9,45,159,160]. In contrast, mainly TGF-B and IL-6 are secreted by DF-
MSC [47,139].

In summary, the broad spectrum of effects induced by growth factors such as TGF-81 depends
on the applied concentration, cell type, cellular environment and the differentiation state of
MSC [149,161-163]. In other words, since growth factors can activate different processes in

different cells depending on concentration and combination, different results are likely.

5.1.2 Influence of cultivation conditions on proliferation capacity

The proliferation capacity is influenced by many external and internal factors. Cell division
largely depends on a balance of all signals not only from different cytokines and growth factors.
These include the age of the donor, tissue type (including anatomical location), extraction
procedure, and culture conditions (e.g., exposure to plastic, seeding density and media

composition) [164].
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In addition, the proliferation rates and characteristics of MSC are known to change gradually
during expansion. For example, the cells are subject to an ageing process, also known as
replicative senescence, which leads, among other things, to a stop in proliferation. Hence, these
cells should not be expanded more than 5 passages, since they will lose their regenerative

potential [68,69,165-167].

5.1.2.1 Interaction of proliferation capacity and replicative senescence

The increase in cell number, which is the result of the cell cycle, is defined as proliferation. In
contrast, cell growth is defined as an increase in cell mass. The decision whether a quiescent
cell begins to proliferate or whether a normally proliferating cell in G1 phase continues the
cycle or returns to the quiescent phase GO is determined, among other things, by extracellular
factors. However, if the cells enter the S phase, further cell cycle events are independent of
extracellular factors. The G1 phase lasts many hours in most cells. During this growth period,
inhibitors and mutations can effectively block proliferation [168]. The cellular composition,
morphology and function of MSC changes continuously during culture because MSC, like all
primary cells, undergo a process of replicative senescence [166,169]. Cellular senescence is
defined as a state of irreversible cell cycle progression that occurs in a variety of cell types
[170]. This also occurs in defined cell preparations and under standardized culture conditions.
First, they acquire a large and flattened cell morphology. Second, the cells lose their
differentiation potential in vitro after a limited number of cell divisions [166,169]. Several
known stress factors such as telomere shortening, DNA damage, and oncogene activation can
trigger senescence [170]. Senescent cells can impair the activity of surrounding healthy cells
through the release of various biological factors, such as VEGF [122,171]. The reduced cell
proliferative capacity of MSC appears to be associated with progressive loss of proliferation
and cell cycle arrest [107,166]. Interestingly, cells can remain alive for several months after the
onset of replicative senescence, whereas they are committed to apoptosis within hours of the
pro-apoptotic stimuli [172].

Some studies suggested that TGF-B1 induces cell cycle arrest or replicative senescence in
mesodermal cells [152,172], whereas others could not demonstrate any induced cellular
senescence [149]. Our results also do not suggest senescence because the increased cell
proliferation after TGF-B1 exposure was not accompanied by a change in cell cycle phases.
Approximately 90% of all cell cultures were in the GO/G1 phase [153].

The best studied mediator of cellular senescence is the tumor suppressor p53. p53 signaling is

known to overlap with TGF-B signaling at multiple levels. p53 can directly interact with Smad
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2 and Smad 3, both of which induce transcriptional activation of genes containing p53-binding
elements and TGF-B-responsive elements [ 173,174]. By matching the p53 and TGF-8 signaling
pathways, gene expression is regulated at different levels by multiple molecular mechanisms.

Consequently, to preserve the therapeutic potential of a batch of cells intended for clinical use,

cellular senescence should be avoided [122,171].

5.1.2.2 Effects of isolation and culture conditions on MSC proliferation

A number of factors, such as oxygen partial pressure or media composition, especially glucose
content, growth factor concentration or pH value, can influence both isolation and cultivation
success. An important aspect that should be given priority are the isolation conditions. For
example, there are also risks associated with the use of collagenase during isolation, as
collagenase is derived from culture supernatant and may thus contain cell debris, pigments and
endotoxins, as well as possible contamination with foreign antigens [104]. Furthermore, the
density of stem cell reserves of adMSC varies depending on location, species and type. adMSC
in subcutaneous depots have larger stem cell reserves than visceral fat, with the highest
concentration in arm adipose tissue, whereas, however, adMSC from groin adipose tissue
depots have greater plasticity [45]. In addition, the age of the donor plays a role, at least for
adMSC. The younger the donor, the greater the proliferation capacity and cell adhesion
[164,175—-177]. This in turn can have an impact on proliferation behavior.

As far as culture conditions are concerned, oxygen, for example, regulates proliferation by
modulating the transcription factor hypoxia-inducible factor 1, which enables the expression of
genes that control cell cycle progression [107,178,179]. Furthermore, hypoxia should prevail

as this corresponds to the native microenvironment of MSC [107].

5.2 Differentiation potential of MSC

Differentiation is defined as the acquisition of cell properties of specific cells, such as gene or
protein expression, phenotype, soluble factor secretion and corresponding cell-specific function
or behavior. The stem cell niche controls the balance between self-renewal and differentiation.
The niche provides a regenerative microenvironment and can lead to termination in its intrinsic
differentiation cascade [12,14] and is thus extremely sensitive to the composite
microenvironment and its dynamic changes [12,17,53]. The stem cell niche integrates intrinsic
factors and extrinsic cues from the surrounding microenvironment [14]. MSC were found in
highly structured multicellular clusters in contact with vasculature supporting the stem cell

niche theory [11,12,55].
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5.2.1 Growth factors involved in the differentiation process

The differentiation capacity of MSC is tightly regulated and influenced in a complex way by
various key factors depending on the factor concentration, the factor combination and the time
of exposure. For example, the growth factor TGF-B1 promotes the osteoblastic differentiation
in early stages of osteoblast progenitor cell differentiation [30,155,180], while it negatively
affects the late differentiation steps [155,181]. With regard to adipogenic differentiation of
MSC, TGF-B1 seems to have an inhibitory effect [182]. Inhibition of adipogenesis in several
cell types by TGF-B1 is mediated via the Smad 3 signaling pathway [148,180,183]. PPAR-y,
which is a nuclear hormone receptor, play a central role in adipogenic differentiation [184].
Down-regulation of this adipogenesis master regulator protein by TGF-B1 is one of the reasons
for impaired adipogenic differentiation after TGF-B1 exposure. This observation was confirmed
by Ng et al. in 2008, as blocking Smad 3-mediated TGF-B1 signaling in BM-MSC resulted in
enhanced adipogenic differentiation. Analysis of array data in this study showed that TGF-1
is downregulated during adipogenesis and upregulated during chondrogenesis [148].
Moreover, TGF-B3 has been shown to be essential for chondrogenic differentiation
[107,146,162,185]. This cytokine is a potent regulator of the chondrogenic differentiation of
MSC through induction of transcription factor SRY-Box (SOX) 9 [146]. In osteogenic and
chrondrogenic differentiation of MSC, TGF-B1 is also mediated via the Smad 3 signaling
pathway [146,148,151,186].

Like proliferation behavior, MSC from different sources show differences in terms of their
differentiation behavior. For example, after TGF-B1 or 3 exposure, the chondrogenic
differentiation potential of BM-MSC is larger than in adMSC. Also, higher TGF-81 or 3
concentrations are required to induce chondrogenesis in adMSC compared with BM-MSC,
which correlates with lower expression of activin-like kinase receptor 5 in adMSC [146].
Previous studies showed that TGF-B promotes cartilage matrix synthesis while inhibiting
terminal chondrocyte differentiation and hypertrophy [180,181,187,188]. From all these
studies, it can be concluded that gene expression is strongly affected by TGF-81 in a
concentration- and time-dependent manner [189,190]. A profound influence on the fate of MSC
is the balance of TGF-B1 activation, with (latent transforming growth factor-beta binding
protein) LTBP playing a central role in maintaining this proper balance [155].

Platelet-rich plasma (PRP) and platelet-originated growth factors are a concentration of plasma
that are actively released from degranulated platelets and contain at least five important growth
factors. These include PDGF, basic FGF, EGF, VEGF, IGF-1, and TGF-B1. As early as in 1983,

Assoian et al. reported that platelets contain 40-100 times more TGF-8 (not specified more
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precisely) compared with non-neoplastic tissues [191]. Due to this fact, methods have been
developed which allow the accumulation of platelets and their growth factors for therapeutic
application. Consequently, PRP are currently being used in the field of regenerative medicine
due to their ability to stimulate tissue regeneration [164]. In the third study, we therefore
investigated the impact of platelet-originated growth factors on differentiated chondrocytes.
Here, we were able to show that the concentration and stimulation frequency of platelet-
originated growth factors directly influenced cell proliferation and metabolic activity in a dose-
and time-dependent manner. The stronger the chondrocytes were stimulated, the more the cells
proliferated and the less they differentiated. Interestingly, we were able to detect an increase in
bone-specific procollagen type 1 after 14 days, whereas the cartilage-specific marker collagen
type 2 showed no difference due to platelet-originated growth factor exposure [154]. Our results
are consistent with the results of a similar product that was used for proliferation and stimulation
of tenocytes [192]. It is already known that PRP concentration and timing of application affect
chondrocytes in cell culture [193]. Cultured chondrocytes that are detached from their 3-
dimensional environment tend to dedifferentiate into a fibroblastic phenotype. This
dedifferentiation appears to be triggered by the deprivation of essential bioactive factors present
in the extracellular matrix [194]. In monolayer cell cultures, these fibroblast-like cells typically
exhibit decreased synthesis rates of cartilage-specific markers (e.g. collagen types 2 and 9,
aggrecan) with a concomitant increase in collagen type I proteins [195]. Consequently, cell
culture conditions should approximate physiological conditions. Optimal conditions would
include the application of relevant prochondrogenic growth factors that prevent chondrocyte
dedifferentiation or induce redifferentiation, a 3-dimensional environment or a reduction in
oxygen partial pressure [96,99,195,196]. However, it must be assumed that the results of cell
culture studies cannot be directly transferred to a clinical situation, since other cells (such as

synoviocytes in osteoarthritis) are at least as important as chondrocytes.

5.2.2 Differentiation potential towards several lineages

Several studies demonstrated variances in the differentiation potential of MSC from various
tissues [2,197], whereas no major differences were found in the in vitro differentiation potential
when derived from different donors [2,3]. A comparative study showed that adMSC, compared
with BM-MSC exhibited significantly higher adipogenic capacity. In contrast, BM-MSC
exhibited significantly higher osteogenic and chondrogenic capacity than adMSC [167].
DF-MSC, in contrast, showed a higher chondrogenic differentiation capacity. Previous studies

have already shown, that DF-MSC are additionally able to differentiate into odontoblasts
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[46,49,139]. The results of our second study confirm previous observations that the
differentiation potential differs in MSC from different sources, as adMSC demonstrated a more
pronounced increase in cardiac marker expression than BM-MSC and DF-MSC. We concluded,
that under the conditions we chose for the approach of reprogramming into the cardiac lineage,
adMSC should be favored [198]. Studies by Kakkar et al. confirmed our findings. They showed
that the expression of cardiac-specific markers such as cardiac troponin I, sacro/endoplasmic
reticulum Ca** ATPase are expressed to a higher degree in adMSC at both transcriptional and
translational levels compared with BM-MSC. Kakkar et al. suggested that adMSC activated
with TGF-81 are the better choice for stem cell therapy in cardiovascular diseases [104]. We
demonstrated the multipotent nature of MSC with our second study. As expected, we could
show in this study that adMSC strongly express fatty acid protein 4, indicating preferential
differentiation in adipocytes. Nevertheless, osteocalcin, indicating osteogenic differentiation,
was also detected in adMSC, albeit at a lower level. As already known from previous studies,
the DF-MSC used in our study also favored chondrogenic differentiation lineage, as evidenced
by the strong fluorescence intensity of the aggrecan staining [198].

The heterogeneity of MSC from different tissue sources is thought to be one reason for the

variation in differentiation properties [62,167,169,199,200].

5.2.3 Surface markers of MSC and their relationship to the differentiation

process

Another important aspect of the MSC proliferation and differentiation is certainly their pattern
of surface markers. To date, no single and specific marker has been identified that characterizes
MSC [33,201]. However, previous studies have shown that combinations of different markers
can be considered characteristic for MSC. It is well known that the different MSC show
similarities regarding their surface marker expression, but it is not completely identical
[9,20,104,116]. adMSC, for example, are characterized by the presence of CD73 and CD90
[2,202], and the absence of CD31, CD45, and CD146 [2,202,203]. The presence of CD34 and
CD105 is described as not consistent [204]. CD34 is a specific marker for activated
hematopoietic progenitor cells [205], but also a general marker for undifferentiated and vascular
associated cells [51,204]. In 2001, Gronthos et al. detected CD34 expression in adMSC [74].
Later, Mitchell et al. confirmed that 60% of freshly isolated adMSC express CD34, whereas it
has not been found on BM-MSC [113,204]. Interestingly, the level of CD34 decreases with
further cultivation until it disappears completely [204-206]. Furthermore, it has been shown

that the CD34 positive adMSC population has a greater proliferative potency, while adMSC
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lacking CD34 have a greater differentiation capacity [45,159,205,206]. The decreased levels of
CD34 over the cultivation period may be related to the physiological process of commitment
or differentiation [206]. Others concluded that the decrease of CD34 expression depends on the
environment because of the cultured cells’ lack of their specific in vivo microenvironment
[207].

In contrast to CD34, CD105, another classical stromal cell marker, increases with further
cultivation [204,206].

Classical stromal cell markers (such as CD13, CD29, CD44, CD73, CD90, CD105, and CD166)
are present on only 0.8-54% of initial stromal vascular fraction cells of the adipose tissue
[204,205] In later passages, these stromal markers are detectable on up to 98% of the adipose-
derived stem cell population [204]. For BM-MSC, similar temporal changes in expression of
the surface markers during cultivation have also been demonstrated [26,204]. This pattern of
surface markers was comparatively analyzed for MSC from three different sources in the
second study. Here, we were able to show that all MSC used had a high expression of MSC
surface markers such as CD29, CD44, CD73, CD90 and CD105 with a low expression of
hematopoietic surface markers such as CD45 and CD117 [198].

Surface markers such as STRO-1, CD106 and CD146 characterize adherent growing cells in
vitro with a high degree of clonogenicity and multidirectional differentiation capacity, but not
all are equally expressed on MSC. However, they prove to be very useful for the identification
of BM-MSC [90]. STRO-1 is considered an early marker of different MSC populations and its
localization suggests a possible perivascular niche for this stem cell population [208]. STRO-1
is more highly expressed in BM-MSC compared with adMSC [209]. The presence of CD146
protein serves as a marker for multipotency [199], whereby it is not detectable on adMSC,
although many studies have demonstrated its multipotential capacity [208,210]. In 2011, Jonitz
et al. showed that differentiated chondrocytes also express MSC-associated markers during
proliferation. Therefore, there is the possibility that differentiated cells reassume a progenitor
status when they proliferate [96]. An increase in proliferation of differentiated chondrocytes
induced by platelet-originated growth factors was demonstrated in the third study [154]. To
what extent these chondrocytes also express MSC-associated markers needs to be investigated
in future studies.

However, some markers, such as CD73, CD90 and CDI105 are also expressed by further
vascular cell populations and are consequently not absolutely specific to undifferentiated
multipotent MSC [22]. Multiple surface markers can also be differentially expressed by related
or identical cells [127]. To sum up, the heterogeneity of these surface markers decreases as

76



Discussion

culture progresses, suggesting that the profile is influenced by time or culture conditions

[42,119].

5.2.4 Gene expression profiling of MSC in differentiation

Gene expression profiling helps us to better identify and understand the connections between
broad cellular signaling pathways [211]. In 2004, Lee et al. could show that the gene expression
profile of BM-MSC and adMSC is very similar, with less than 1% of genes differentially
expressed [141]. Nevertheless, the transcriptomic profile of MSC exhibits source-specific
markers [176]. We were able to confirm this in our second study. Here, it was possible to clearly
distinguish all three MSC used and to show a high diversity of expressed transcripts among
MSC from BM-MSC, DF-MSC and adMSC. A higher diversity of the gene profile was detected
within BM-MSC and adMSC, as the most different expressed transcripts were detected between
these two populations [198]. Different environmental conditions such as experimental culture
conditions can lead to rapid changes in the transcriptome expression profile in a tightly
regulated manner in different cell types [212,213]. The cellular organization of MSC and their
differentiation potential is influenced by the isolation protocols, the culture medium and the
passage and density of the cultures [212]. In our study, strong donor-dependent alterations of
gene levels, distinguishable from each other, were detected [198]. There is evidence that all
MSC have a distinct set of proteins, which represents a basic molecular inventory. This basic
set contains proteins for cell surface markers, responsiveness to growth factors and cytokines,
interaction with molecules of the extracellular matrix, expression of genes regulating
transcription and translation, control of cell number, and protection against cellular stress [213—
215]. The exact molecular composition of this molecular inventory depends on cell and tissue-
specific factors. Even small differences in the transcriptome, which have been reported for MSC
from various sources, are sufficient to have a noticeable impact on the behavior of the cells
[62]. The major advantage of gene expression microarrays is the simultaneous relative
measurement of mRNA levels for thousands of genes [211,216,217]. Moreover, it is a useful
tool to classify, e.g., different subpopulations of MSC and to allocate genes during
differentiation to several cellular phenotypes [211,218-220]. A disadvantage that should not be
overlooked is the fact that only differences in expression levels between two samples can be
compared. The results do not reflect the relative expression levels of different genes, therefore,
the signal intensities for each mRNA must be normalized [211]. Additionally, comparing fold
changes between two samples is difficult when mRNA is undetectable in one sample [220].

The expression of the SOX 2 gene, for example, which is involved in self-renewal of pluripotent
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cells and multipotency in MSC, is expressed only in BM-MSC [210]. Furthermore, differences
in the surfactome profiles, the paracrine functions as well as the differentiation potentials
mentioned earlier have also been demonstrated [65,66]. However, post-transcriptional and post-
translational modifications of gene expression often result in multiple isoforms or proteoforms

that have structural and functional properties [182].

5.2.5 Influencing factors on differentiation capacity

Several factors such as cultivation conditions, media compositions or individual parameters
influence the differentiation capacity of MSC. MSC are shown to exhibit in vitro multiple
phenotypes in cell culture after exposition to specific inducing factors [1-3,221,222].
Osteogenic stimulation medium, containing ascorbic acid, B-glycerol phosphate, and
dexamethasone, for example, causes the spindle-shaped appearance to change to a more
polygonal appearance. Differentiation of BM-MSC and adMSC into cardiomyocytes, induced
with 5-azacytidine, exhibit morphological changes like flattening cells and myotube formation,
as well as bi- and multinucleation [31]. We were able to detect these morphological phenotype
changes in our third study as well. Here, we demonstrated a phenotypic change, in which two
different cell shapes were recognized depending on the different platelet-originated growth
factors used. The chondrocytes used in vitro showed both cell shapes with an elongated,
fibroblast-like cell shape and spread cells with a roundish shape. With the exposure to platelet-
originated growth factors, the fibroblast-like cell morphology was clearly more prominent
[154].

During chondrogenesis, the cells produce sulphated proteoglycans, such as aggrecan and type
2 and 9 collagens, and develop the characteristic multilayered, matrix-rich morphology of
chondrocytes [26,188]. Cultured MSC synthesize an extracellular matrix containing interstitial
collagen type 1, and collagen type 4, fibronectin as well as laminin [70]. We could not
demonstrate a significant difference in collagen type 2 after the addition of platelet-originated
growth factors in our third study, but we could at least show an increase in collagen type 1. We
concluded that platelet-originated growth factors alone cannot induce maintenance of
chondrogenesis, but lead to dedifferentiation of chondrocytes [154].

Furthermore, in vitro differentiation of MSC is, for example, affected by long-term culture.
Several groups showed that adipogenic differentiation in particular decreases with long-term
culture [166,169,223]. Culture conditions like oxygen partial pressure also have a tremendous
impact on, for example, chondrocyte differentiation. Previous studies have shown that MSC

differentiated chondrogenically in vitro under hypoxia produced more hyaline cartilage, a
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typical articular cartilage biomarker. Normoxia, on the other hand, was associated with
increased hypertrophic differentiation [98,99,224]. Further, antibiotics, growth supplements
such as serum platelet lysate or platelet-originated growth factors can influence phenotypic
properties and their multilinear potential [225-227]. Additionally, there is evidence that a
decrease in differentiation ability occurs with increasing age of the donor [177]. Body-Mass-
Index also appears to correlate negatively with the differentiation capacity of adMSC [228].
Moreover, there are studies suggesting that MSC from different localizations have significantly
different osteogenic and adipogenic potential [229]. For example, the indicator of adipogenic
potential and engagement, the PPAR-2, is more highly expressed in the adipose tissue samples
from the arm [230]. Furthermore, younger patients appear to have increased PPAR-2 expression
in all adipose depots, whereas older patients have consistently increased expression only in the
arm and thigh depots [164].

However, there is no question that both undifferentiated and differentiated MSC are a promising
therapeutic agent for a variety of diseases, the use, safety as well as efficacy of which needs to
be proven in future investigations. The definition of novel biomarkers using genomic,
epigenomic, transcriptomic, proteomic and metabolomic studies and the precise
characterization of MSC from different tissues represent an essential requirement for the
development of optimal MSC-based therapies. The use of all this information should make it
possible to control the proliferation, differentiation and plasticity of MSC. Therefore, in the
future, it may be possible to pre-select the most appropriate source of MSC, perhaps even pre-
select subsets of MSC for clinical applications [62]. The regenerative potential can also be

enhanced by priming MSC into a specific lineage prior to transplantation [126,162,231].
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6. Summary

Adult stem cells, whose biological function is to participate in regeneration and repair
processes, have been detected in most multicellular organisms. In recent years, mesenchymal
stem cells (MSC), multipotent progenitor cells of various cell types of mesenchymal origin,
have become attractive for tissue engineering due to their interaction with various immune cells
and through their expression and secretion of various soluble factors. The attractiveness of MSC
for tissue engineering is based not only on their differentiation potential, but also on the fact
that they can comparatively easily isolate and expand in vitro. As MSC lack the major
histocompatibility complexes class I and class II, they can be used allogeneically. To date, no
single and specific marker characterizing MSC has been identified. MSC survival, proliferation
and differentiation depend on a multitude of signaling, growth and transcription factors that are
monitored and regulated by multiple signaling and feedback connections. Therefore, detailed
knowledge of the signaling pathways controlling the processes of MSC proliferation and
differentiation during expansion in vitro is necessary for the successful application of MSC in
tissue engineering.

Consequently, in the first study we investigated the proliferation potential of MSC after TGF-
31 exposure. Here we could show that cell proliferation was increased in a concentration- and
time-dependent manner, while metabolic activity was lower.

The pattern of surface marker expression, another aspect of proliferative capacity, was analyzed
comparatively in the second study for MSC from three different sources. Here, we demonstrated
that the three cell types used, had characteristic MSC profiles with a high expression of MSC
surface markers and low expression of haematopoietic surface markers. Furthermore, we
verified the multilinear differentiation potential by differentiating into adipocytes, osteocytes
and chondrocytes. Under the culture conditions selected adMSC favored adipogenic
differentiation, while DF-MSC favored chondrogenic differentiation. Furthermore, our results
confirm the reported cell type-dependent differentiation capacities, as adMSC showed a more
pronounced tendency to express cardiac markers compared with BM-MSC and DF-MSC. It is
known from previous studies that MSC show different phenotypes in cell culture according to
specific inducing factors. These differences were also demonstrated in the second and third
studies. The characterization of MSC at the gene level was realized in the first and second study
by gene expression analyses. We demonstrated that the gene expression profile of BM-MSC
and adMSC is very similar, with less than 1% of genes differentially expressed.

In the third study, we investigated the influence of platelet-originated growth factors on

differentiated chondrocytes. We were able to show that the concentration and stimulation
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frequency of platelet-originated growth factors directly influenced cell proliferation and
metabolic activity in a dose- and time-dependent manner. We also exhibited that the frequency
of applications and growth factor concentration had a significant effect on proliferation and
differentiation. From these results, we concluded that platelet-originated growth factors cannot
induce maintenance of chondrogenesis but contribute to chondrocyte dedifferentiation in vitro.
Accurate characterization of MSC and mesenchymal cells from different tissues is an essential
prerequisite for the development of cell- and growth factor-based therapies. The use of all this
information makes it possible to control the proliferation, differentiation and plasticity of

mesenchymal cells.
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7. Zusammenfassung

In den meisten mehrzelligen Organismen sind adulte Stammzellen nachgewiesen, deren
biologische Funktion darin besteht, an Regenerations- und Reparaturprozessen teilzunehmen.
In den letzten Jahren sind mesenchymale Stammzellen (MSC), multipotente Vorlduferzellen
verschiedener Zelltypen mesenchymalen Ursprungs, aufgrund ihrer Interaktion mit
verschiedenen Immunzellen und durch ihre Expression und Sekretion verschiedener 16slicher
Faktoren fiir das Tissue Engineering attraktiv geworden. Die Attraktivitdt von MSC fiir das
Tissue Engineering beruht nicht nur auf ihrem Differenzierungspotenzial, sondern auch auf der
Tatsache, dass vergleichsweise leicht isoliert und in vitro expandiert werden kénnen. Da MSC
die Haupthistokompatibilitdtskomplexe Klasse I und Klasse II fehlen, konnen sie allogen
verwendet werden. Bis heute wurde kein einzelner und spezifischer Marker identifiziert, der
MSC charakterisiert. Das Uberleben, die Proliferation und Differenzierung von MSC hingt von
einer Vielzahl von Signal-, Wachstums- und Transkriptionsfaktoren ab, die durch vielfache
Signal- und Riickkopplungsverbindungen iiberwacht und reguliert werden. Aus diesem Grund
ist eine detaillierte Kenntnis der Signalwege, die die Prozesse der MSC Proliferation und
Differenzierung wihrend der Expansion in vitro steuern, fiir die erfolgreiche Anwendung von
MSC im Tissue Engineering notwendig.

Folglich haben wir in der ersten Studie das Proliferationspotenzial von MSC nach TGF-1
Exposition untersucht. Hier konnten wir zeigen, dass die Zellproliferation konzentrations- und
zeitabhangig erhoht war, wihrend die metabolische Aktivitdt geringer war.

Das Muster der Oberflachenmarkerexpression, ein weiterer Aspekt der proliferativen Kapazitit,
wurde in der zweiten Studie fiir MSC aus drei verschiedenen Quellen vergleichend analysiert.
Hier demonstrierten, dass die drei verwendeten Zelltypen charakteristische MSC Profile mit
hoher Expression von MSC Oberflichenmarkern und geringer Expression von
hidmatopoetischen Oberflichenmarkern aufweisen. Auflerdem wiesen wir das multilineare
Differenzierungspotenzial durch Differenzierung in Adipozyten, Osteozyten und Chondrozyten
nach. adMSC bevorzugten unter den gewdhlten Kulturbedingungen die adipogene
Differenzierung, wéahrend bei DF-MSC die chondrogene Differenzierung begiinstigt war.
Darliber hinaus bestitigen unsere Ergebnisse die berichteten zelltypabhingigen
Differenzierungskapazititen, da adMSC im Vergleich zu BM-MSC und DF-MSC eine
ausgepragtere Tendenz zur Expression kardialer Marker zeigten. Aus fritheren Studien ist
bekannt, das MSC in der Zellkultur nach spezifischen induzierenden Faktoren unterschiedliche
Phinotypen zeigen. Diese Unterschiede konnten wir ebenfalls in der zweiten und dritten Studie

nachweisen. Die Charakterisierung der MSC auf Genebene wurde in der ersten und zweiten
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Studie mittels Genexpressionsanalysen realisiert. Wir konnten zeigen, dass das
Genexpressionsprofil von BM-MSC und adMSC sehr &hnlich ist, wobei weniger als 1% der
Gene unterschiedlich exprimiert wurden.

In der dritten Studie untersuchten wir den Einfluss von Thrombozyten-stimmigen
Wachstumsfaktoren auf differenzierte Chondrozyten. Wir konnten nachweisen, dass die
Konzentration und die Stimulationshdufigkeit von aus Thrombozyten-stimmigen
Wachstumsfaktoren die Zellproliferation und die metabolische Aktivitdt in einer dosis- und
zeitabhéngigen Weise direkt beeinflussen. Auflerdem konnten wir zeigen, dass die Héufigkeit
der Applikationen und die Wachstumsfaktorkonzentration einen deutlichen Effekt auf
Proliferation und Differenzierung hat. Aus diesen Ergebnissen schlussfolgerten wir, dass
Wachstumsfaktoren aus Thrombozyten keine Aufrechterhaltung der Chondrogenese induzieren
konnen, sondern zu einer Dedifferenzierung der Chondrozyten in vitro beitragen.

Die genaue Charakterisierung von MSC und mesenchymalen Zellen aus verschiedenen
Geweben ist eine wesentliche Voraussetzung fiir die Entwicklung von zell- und
wachstumsfaktorbasierten Therapien. Die Nutzung all dieser Informationen ermdglicht es, die

Proliferation, Differenzierung und Plastizitit von mesenchymalen Zellen zu steuern.
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