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1. Abstract 
Mesenchymal stromal cells (MSC) are characterized in vitro by plastic-adherent proliferation, 

a specific immunophenotype and multipotency. The in vivo cell types giving rise to MSC, 

referred to as MSC progenitors, have been recently described as perivascular cells. However, 

further characterization of these MSC progenitors is necessary and it remains to be 

elucidated whether the in vitro characteristics of MSC are intrinsic to MSC progenitors in vivo 

or are acquired upon in vitro culture. We addressed this question by analyzing morphology, 

proliferation, immunophenotype and transcriptome of human MSC progenitors during the 

early in vitro culture phase, the “MSC derivation phase”.  

To identify potential human adipose tissue-derived MSC (AT-MSC) progenitors, stromal 

vascular cell subsets were characterized by multi-parametric flow cytometry using diverse 

MSC progenitor markers, such as CD34, CD105, CD146 and CD271. Further, MSC progenitor 

subsets were monitored during early culture in tight kinetic analyses to determine changes 

in morphology, proliferation, and immunophenotype. We identified two AT-MSC progenitor 

subsets: CD34+CD146-CD271+/- adventitial stromal cells (AdSC) and CD34-CD146+CD271+/- 

pericytes (PC). During early in vitro culture, AdSC exhibited high proliferative capacity, also 

under MSC culture conditions, whereas proliferation of PC was restricted to endothelial 

culture conditions. The kinetic analysis revealed that MSC progenitors became fibroblastoid 

as early as day 4 and upregulated CD105, CD146 and CD271. Accompanying this phenotypic 

transition, AdSC commenced proliferation and downregulated CD34.  

Comparing transcriptomes of ex vivo sorted and 14-days-cultured AdSC by microarray and 

Gene Set Enrichment Analysis revealed that ex vivo AdSC were quiescent and that activation 

was induced in vitro probably by early inflammatory responses triggered by cell isolation and  

that proliferation was regulated by PDGF and FGF signaling and, most importantly, inhibition 

of WNT signaling by Dickkopf-1.  

In this study, we provide the first detailed analyses of early culture-mediated changes in the 

properties of human MSC progenitors. Comparing AdSC and PC during early in vitro culture 

demonstrated not only that MSC derivation from different progenitor subsets is culture-

dependent, but also that AdSC are the most clonogenic AT-MSC progenitors. Moreover, we 

identified a highly reproducible sequence of phenotypic changes during the MSC derivation 

process which is associated with inflammation-induced activation and proliferation and is 

necessary for AdSC to acquire the typical MSC phenotype.  
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Zusammenfassung 
Mesenchymale Stromazellen (MSC) sind in vitro gekennzeichnet durch plastik-adhärente 

Proliferation, einen spezifischen Immunphänotyp und Multipotenz. Die in vivo Zelltypen, die 

zu MSC werden (MSC-Vorläufer), wurden kürzlich als perivaskuläre Zellen beschrieben. 

Allerdings müssen diese MSC-Vorläufer besser charakterisiert und geklärt werden, ob die 

MSC-Vorläufer bereits in vivo die in vitro-Eigenschaften von MSC aufweisen, oder diese erst 

während der in vitro Kultur annehmen. Um diese Frage zu beantworten, haben wir 

Morphologie, Proliferation und Immunphänotyp sowie Trankriptom von humanen MSC-

Vorläufern während der frühen in-vitro-Kultur Phase, der "MSC-Ableitungsphase" analysiert. 

Potenzielle human MSC-Vorläufer aus dem Fettgewebe (AT-MSC) wurden mittels multi-

parametrischer Durchflusszytometrie charakterisiert, unter Verwendung diverser MSC-

Vorläufer-Marker, z.B. CD34, CD105, CD146 und CD271. Die MSC-Vorläufer wurden in engen 

Kinetiken während der frühen Kultur überwacht. Zwei AT-MSC-Vorläufertypen wurden 

identifiziert: CD34+ CD146- CD271+/- adventitielle Stromazellen (AdSC) und CD34- CD146+ 

CD271+/- Perizyten (PC). AdSC proliferierten schneller, auch unter MSC-Kulturbedingungen, 

während die ex-vivo-Expansion von PC auf Endothelzell-typische Kulturbedingungen 

beschränkt war. Am Tag 4 der frühen In-vitro-Kultur wurden MSC-Vorläufer fibroblastoid 

und regulierten CD105, CD146 und CD271 hoch. Gleichzeitig begannen die AdSC zu 

proliferieren und CD34 herunterzuregulieren. 

Der Vergleich der Transkriptome von ex vivo sortierten und 14-Tage-kultivierten AdSC 

mittels Microarray und „Gene Set Enrichment Analysis“ ergab, dass ex vivo AdSC quieszent 

waren, und dass die Aktivierung in vitro wahrscheinlich durch frühe Entzündungsreaktionen, 

ausgelöst durch Zellisolation, induziert und durch PDGF und FGF-Signale und, vorallem durch 

Dickkopf-1-vermittelte Hemmung des Wnt-Signalwegs reguliert wurden. 

Diese Studie stellt die erste detaillierte Analyse der Veränderungen in den Eigenschaften der 

MSC-Vorläufer während der frühen Kultur dar. Der Vergleich von AdSC und PC ergab nicht 

nur, dass MSC-Ableitung aus unterschiedlichen Vorläufern kulturabhängig ist, sondern auch, 

dass AdSC die klonogensten AT-MSC-Vorläufer sind. Desweiteren haben wir eine 

reproduzierbare Abfolge phänotypischer Veränderungen während des MSC-

Ableitungsprozesses entdeckt, die mit inflammationsbedingter Aktivierung und Proliferation 

korreliert und für den Erwerb des MSC-typischen Phänotyps durch AdSC essentiell ist.   
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2. Introduction 
There currently exists high interest in stem cell research, which is highlighted by the Nobel 

Prize 2012 being awarded to Shinya Yamanaka and John Gurdon who demonstrated that 

somatic cells can be reprogrammed to a stem cell-like, pluripotent state by nuclear transfer 

or even by mere transfection with four stem cell-specific transcription factors (Gurdon, 

1962; Takahashi, 2006).  

In the last decades, multipotent mesenchymal stromal cells (MSC) have been intensively 

investigated as well, with the main focus on potential therapeutic applications in 

regenerative medicine, e.g. in cell therapy or tissue engineering. Yet, the characterization of 

their in vivo stem cell properties is incomplete.  

 

2.1. Stem Cells  

Stem cells are defined by self-renewal capacity and the potential to differentiate into 

different cell lineages (Lanza, 2006). Stem cells elicit pivotal functions in the life of a 

metazoan organism, not only during embryogenesis and organogenesis but also for the 

maintenance of organ integrity and for tissue regeneration. In the following, a brief overview 

about different stem cell types will be given. 

Mammalian embryogenesis starts with the zygote, which has the unique potential to 

develop into a complete organism and is therefore classified as “totipotent” (“capable of 

everything”) (Fig. 1) (Gilbert, 2010). In the course of development, the zygote undergoes 

cleavages and the first eight daughter cells, called blastomeres, are still totipotent. After 

further cleavages and compaction, the morula and subsequently the blastocyst are formed 

and cells commit to the embryonic or extra-embryonic lineage. The inner cell mass contains 

the foundational cells for the embryo proper, embryonic stem cells (ES cells). ES cells are 

“pluripotent” (“capable of many”), i.e. they can give rise to all cell types present in the entire 

organism but are no longer capable of embryonic organization and tissue development.  

After gastrulation, the inner cell mass develops into the three germ layers, endoderm, 

ectoderm and mesoderm. Stem cells committed to one germ layer are referred to as 

multipotent stem cells, since they are limited in their differentiation potential. Endoderm-

derived cells will form organs of the digestive tract, and ectoderm will develop into skin and 

neurons. The mesoderm, from an evolutionary perspective the newest germ layer, 
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contributes to extraembryonic structures, and more importantly, will develop into bone and 

cartilage, muscles, blood and other internal organs like liver and pancreas.  

 

 
Figure 1: Embryogenesis, potency and different stem cell types. 
(Modified from NCBI; www.contenidos.educarex.es; www.baby2see.com; www.cgcreators.jp) 

 

In the adult organism multipotent stem cells are active throughout life and maintain tissue 

homeostasis and are involved in regenerative processes. Adult stem cells can be traced back 

to a fetal ancestor (Gilbert, 2010; Lanza, 2006). The best investigated example is the 

hematopoietic stem cell (HSC), which during embryogenesis arise in the aorta-gonad 

mesonephros area from hemangioblasts. Later, HSCs migrate to the liver and finally to the 

bone marrow (BM) (Costa, 2012; de Bruijn, 2000). Also the skin is permanently renewed by 

skin progenitor cells derived from dermal papilla stem cells which develop either from neural 

crest cells or from somatic or lateral plate dermomyotome (Driskell, 2011). These examples 

illustrate that many adult stem cells can well be traced back to early embryonic precursor 

cells. However, the ontogenetic background of MSC remains so far elusive. 

 

2.2. Stem cell niche 

Stem cells reside in a micro-environment called the “stem cell niche” that regulates cell 

proliferation and differentiation (Lander, 2012). In their niche, stem cells receive 

extracellular signals to maintain self-renewal capacity and potency (Fig. 2). Thus, daughter 

cells leaving the niche after cell division undergo commitment and differentiation due to 

missing niche-related environmental cues. 
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Figure 2: Schematic representation of the stem cell niche. 
Taken from (Jones, 2008) 

 

Stem cell niches are well described for germ cells in ovary and testis, for adult HSC, dermal 

papilla stem cells, crypt stem cells in the gut epithelium and neural stem cells in the adult 

brain (Lander, 2012). In these niches, stemness and commitment are regulated by different 

signals. Besides physiological conditions (e.g. oxygen tension, nutrient supply), neighboring 

cells provide cell-cell interactions (by cell adhesion molecules), cell contact-dependent 

signaling (like Notch or Sonic Hedgehog) and paracrine growth factor signaling (often WNT 

and BMP signaling). In addition, cell-matrix-interactions (mediated by Integrins) play a 

pivotal role in stem cell niches (Kolf, 2007; Lander, 2012). Next, these different niche 

components are described in detail. 

 

Cell adhesion molecules 

Cell adhesion molecules (CAM) are transmembrane receptors involved in cell-cell contacts. 

The cytoplasmic domain binds to the cytoskeleton and the extracellular domain interacts 

with other CAMs or with the extracellular matrix (Alberts, 2002). 

Members of the Immunoglobulin Superfamily of CAMs interact homo- and heterophilic. 

Vascular Cell Adhesion Molecule 1 (VCAM1, CD106) and Activated Leukocyte CAM (ALCAM, 

CD166, CD6L) are expressed by osteoblastic cells in the endosteal niche of HSC (Lo Celso, 
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2011). Platelet Endothelial CAM (PECAM, CD31) is a marker for endothelial cells, which was 

also proposed as a regulator of progenitor cell homeostasis in the HSC niche (Ross, 2008). 

Cadherins are calcium-dependent adhesion molecules and mediate cell-cell interactions 

mainly by homophilic binding. N-Cadherin (CHD2) and E-Cadherin (CDH1) are involved in 

stem cell niches of neural stem cells and skin stem cells (Jones, 2008).  

Another important CAM in the HSC niche is CD34, a member of the Sialomucin family 

(Furness, 2006), which is the typical marker of HSC, and mediates their binding to the 

extracellular matrix or to stromal cells.  

 

Extracellular matrix 

Extracellular matrix (ECM) is a complex and dynamic network of proteins and polysaccharide 

macromolecules that fills the intercellular space in tissues (Alberts, 2002). Major 

components of ECM are glycosaminoglycans like hyaluronan and proteoglycans like aggrecan 

and syndecan. Protein constituents in the ECM are Collagens, Elastin, Fibronectin. The basal 

lamina, a specialized ECM for epithelial tissues, further consists of Laminins, Nidogen and 

heparan sulfate proteoglycans.  

In the stem cell niche, the ECM serves as a reservoir for growth factors and morphogens, 

provides contact sites for stem cells and niche cells (Brizzi, 2012), and transmits 

biomechanical forces via Integrins to the cells, which also influences stem cell activity by 

cross-talk with other signaling pathways (Kopf, 2012). 

 

Soluble factors 

Functions in niche regulation have been implicated for platelet-derived growth factor 

(PDGF), fibroblast growth factors (FGF), among others. FGF and PDGF play pivotal roles in 

regulating proliferation and differentiation during wound healing, angiogenesis and 

embryogenesis (Alberts, 2002). These growth factors signal via transmembrane receptor 

tyrosine kinases (RTK). RTKs dimerize upon ligand binding which leads to 

autophosphorylation and activation of different downstream targets, such as the mitogen-

activated protein (MAPK) pathway and the phosphoinositol-3-kinase (PI3K) pathway 

(Alberts, 2002). Signaling can also be mediated by crosstalk with the JAK/STAT pathway 

(Sachsenmaier, 1999). Signal Transducer and Activator of Transcription (STAT) proteins are 
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activated by Janus Kinase (JAK) and subsequently enter the nucleus to act as transcription 

factors and change cellular behavior.  

Growth factor signaling will lead to migration, proliferation or differentiation depending on 

expressed receptors and individual cellular interior. For example, FGF signaling and its 

intracellular inhibitor Sprouty-1 (SPRY1) were recently shown to mediate satellite stem cell 

quiescence in the muscle (Chakkalakal, 2012).  

The family of transforming growth factor β (TGF-β) proteins represents a large superfamily 

of growth factors, including TGF-β, Activin and Inhibin, bone morphogenetic proteins (BMP) 

and growth and differentiation factors (GDF) (Alberts, 2002). These growth factors also 

signal via RTKs, however, their signals are intracellularly transduced by SMAD proteins 

(SMA/mothers against decapentaplegic). SMAD proteins act as trimeric complex, with two 

receptor-activated SMADs binding a co-SMAD to enter the nucleus and regulate 

transcription (Shi, 2003). BMPs promote quiescence of stem cells in the niche (Lander, 

2012), while ambivalent functions in stem cell maintenance have been assigned to TGF-β. On 

the one hand, TGF-β may control HSC hibernation, i.e. quiescence, in the BM (Yamazaki, 

2009). On the other hand, TGF-β signaling, for example, may lead to stem cell activation 

(Oshimori, 2012).  

Another important signaling cascade associated with stemness is WNT (Wingless-type 

MMTV integration site family) signaling which is based on proteolytic cleavage (Alberts, 

2002). In the absence of WNT, a protein complex around the protein Adenomatous Polyposis 

Coli activates glycogen synthase kinase-3β (GSK-3β) leading to phosphorylation and 

degradation of β-Catenin. Upon WNT binding to its receptors Frizzled (FZD) and Low density 

lipoprotein receptor-related protein (LRP), intracellular Dishevelled is activated, which 

results in inactivation of GSK-3β and stabilization of β-Catenin that can then enter the 

nucleus and serve as co-factor for TCF and LEF transcription factors (Alberts, 2002). WNT 

signaling was demonstrated to be important for maintenance of intestinal crypt stem cells 

and HSC (Reya, 2005). WNT signaling regulates the stem cell pool by inhibiting proliferation 

and differentiation.  

The in vivo as well as in vitro niche of MSC still await in depth characterization (Kolf, 2007). 

Moreover changes in the niche composition due to cell culture may have effects on cellular 

properties.  
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2.3. Multipotent mesenchymal stromal cells 

Following the discovery of HSC in adult BM, Friedenstein and colleagues in the 1960s 

identified a subset of non-hematopoietic bone marrow stem cells with plastic-adherent 

proliferative capacity and osteogenic potential (Friedenstein, 1966). In the early 1990s, 

Caplan termed these cells “mesenchymal stem cells”, also referred to as “multipotent 

mesenchymal stromal cells” (Caplan, 1991; Nombela-Arrieta, 2011). 

MSC lack a unique surface marker and are morphologically very similar to fibroblasts. To 

standardize the definition of MSC, the International Society for Cellular Therapy (ISCT) 

summarized MSC properties (Dominici, 2006). According to this set of minimal criteria, MSC 

are 1) plastic-adherently proliferating cells with spindle-shaped morphology; 2) multipotent 

and differentiate towards adipocytes, osteoblasts and chondrocytes; 3) express CD73, CD90 

and CD105 and are devoid of CD14, CD34 and CD45. In addition, MSC do not express co-

stimulatory molecules like CD80, CD86 and CD40. 

Since the 1990s, MSC research has been focused on therapeutic applications of MSC. This 

medical emphasis is related to some characteristics of MSC, which make them interesting 

therapeutic targets. 

 

Distribution in several adult tissues 

MSC-like cells can be derived from a variety of source tissues, such as bone marrow (BM-

MSC), umbilical cord blood, placenta and adipose tissue (AT-MSC) (Fukuchi, 2004; Pittenger, 

1999; Wang, 2004; Zuk, 2002). Thus, MSC are easily available cell types for autologous 

interventions. 

 

Multipotency 

MSC can differentiate into mesodermal lineages like osteoblasts, adipocytes and 

chondrocytes (Mackay, 1998; Pittenger, 1999; Sekiya, 2004) (Fig. 3). Based on such findings, 

Caplan postulated that MSC replenish tissue cells in the homeostatic and injury situation, 

following a process called “mesengenesis” (Caplan, 1994).  

Differentiation was also reported into cardiomyocytes as well as neuronal, pancreatic, 

hepatic cell types (Anghileri, 2008; Antonitsis, 2008; Banas, 2009; Lee, 2008). However, 

these differentiation results of MSC are still debatable.  For example, except for osteogenesis 

by BM-MSC, the differentiation into none of these lineages has been formally demonstrated 
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by in vivo experiments (Augello, 2010; Bianco, 2008). However, especially multipotency has 

rendered MSC an attractive cell type for orthopedic therapies, ranging from cartilage 

replacement and bone healing improvement to tendon regeneration (Frisbie, 2009; Ouyang, 

2006; Wilke, 2007). 

 

 

Figure 3: The Mesengenic Process. 
Taken from (Caplan, 2011a). 

 

Immunomodulation 

MSC are only weakly immunogenic despite expression of MHC (major histocompatibility 

complex) type we molecules (Le Blanc, 2003) and additionally seem to modulate 

immunological reactions (Nauta, 2007), (Fig. 4). MSC are reported to modulate the response 

of immune cells, to inhibit maturation and differentiation of monocytes into DC and to 

reduce T cell proliferation in mixed lymphocyte reactions (Li, 2005; Zhang, 2004); (Di Nicola, 

2002; Ramasamy, 2008; Rasmusson, 2007). This inhibition of proliferation is accompanied 

by a shift from pro-inflammatory to anti-inflammatory T cell responses (Bai, 2009). 

Immunomodulatory properties of MSC seem to depend on cell-to-cell contact as well as on 



  I N T R O D U C T I O N  
 

15 | P a g e  
 

soluble factors such as Interleukin-6, and -10, Indoleamine-2,3-dioxygenase and 

Prostaglandin E2 (Nauta, 2007).  

 

 

Figure 4: Immunomodulatory effects of MSC and mediating cytokines. 
Taken from (Nauta, 2007). 

 

 

Therapeutic potentials and applications of MSC 

Together, good accessibility, multipotency and low immunogenicity make MSC an ideal 

candidate for cell-based therapies, as auto- and allograft. Several studies with different 

animal models showed therapeutic and regenerative benefit provided by MSC, e.g. in muscle 

repair (Dezawa, 2005; Winkler, 2008) or treatment of critical limb ischemia (Prather, 2009). 

But beneficial regenerative effects of MSC seemed to be mediated rather by trophic or 

paracrine effects than by differentiation. Thus, Caplan recently proposed “medicinal 

signaling cells” as a more appropriate terminology (Caplan, 2009). Autologous and allogeneic 

MSC facilitate engraftment of HSC transplants (Koc, 2002; Koc, 2000) and help in treatment 

of graft-versus-host disease (Bartholomew, 2002; Le Blanc, 2004). MSC also exert beneficial 

effects on angiogenesis by supporting tube formation of endothelial cells (Huang, 2009; 

Kasper, 2007). Clinical trials have been conducted and are ongoing to investigate their effect 

in several diseases, such as peripheral artery disease, osteoarthritis and myocardial 

infarction (www.clinicaltrials.gov). 
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2.4. MSC progenitors 

The exact identity of cells giving rise to MSC remained unknown, until in 2007, Sacchetti et 

al. have described perivascular, CD146+ Adventitial Reticular Cells (ARC) in the BM as MSC 

progenitors. These ARC were not only capable of bone formation in vivo, but also self-

renewal after secondary transplantation (Sacchetti, 2007). This suggested the identification 

of “skeletal stem cells” as MSC progenitors. In older studies, CD271+ cells were denoted as 

BM-MSC progenitors, yet less stringently characterized (Quirici, 2002). Until recently, Tormin 

et al. described two CD271+ BM-MSC progenitors that differed in micro-anatomical 

localization and CD146 expression and were also capable of bone formation in vivo  (Tormin, 

2011). These in part conflicting reports imply that MSC progenitors can be identified either 

by CD146 or CD271 expression. Nevertheless, these previous works have opened new routes 

for defining MSC progenitors also in other tissues. Already in 2008, CD146 was used to 

identify perivascular cells as MSC progenitors in almost all adult human tissues (Covas, 2008; 

Crisan, 2008). Moreover, CD271 was also used to identify MSC progenitors in adipose tissue 

(Quirici, 2010). Collectively, these studies demonstrated that MSC from any vascularized 

adult tissue can be derived from perivascular MSC progenitors defined by CD146 or CD271 

expression. 

 

2.5. In vivo origin of MSC 

MSC-like cells can be derived from perivascular cells of various tissues, as described above, 

but they differ in proliferative capacity, differentiation potential and gene expression (Im, 

2005; Kern, 2006). Different hypotheses exist to explain these differences. 

 

Tissue-specific stem/progenitor cells 

According to one paradigm, MSC may stem from tissue-specific progenitor cells, which also 

reside in perivascular niches, for example, astrocyte stem cells in the subventricular zone 

(Tavazoie, 2008); HSC in a perivascular niche (Doan, 2012); pre-adipocytes residing in blood 

vessel walls of adipose tissue (Tang, 2008). Hence, the differences between MSC derived 

from different tissues may be determined by the source tissue (Bianco, 2008). This 

hypothesis is in accordance with most experimental observations. 
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De-differentiation / Trans-differentiation 

According to another hypothesis, MSC may be the result of de-differentiation or trans-

differentiation (Raff, 2003; Roobrouck, 2011). By removing cells from their normal 

environment, cells are deprived of the signals required to keep them in their differentiated 

state. Growth factors and cytokines provided by the serum further contribute to initiation of 

de-differentiation (Entenmann, 1996). Differentiated cells can also trans-differentiate into 

other terminally differentiated cells without intermittent de-differentiation into a common 

progenitor cell (Song, 2004). 

MSC progenitors isolated from any given tissue may also undergo de-differentiation in vitro 

which will endow these cells with greater potency. In this regard, it remains to be 

understood how ex vivo cells that develop into MSC adapt to the artificial in vitro 

environment. 

 

2.6. MSC derivation phase – MSC isolation and conditions of early culture  

We assume that MSC progenitors adapt to the in vitro situation during the first days of early 

culture, here referred to as “MSC derivation phase”, and this may represent the moment of 

de-differentiation. Previous reports suggested that changes in surface marker expression 

occur during the early culture phase, representing cellular adaptations to the in vitro 

situation. For instance, CD34 was downregulated in progenitors of AT-MSC and BM-MSC 

within the first two passages (Quirici, 2010; Quirici, 2002; Suga, 2009). In addition, a recent 

report described upregulation of CD146 by BM-MSC during the early culture phase (Tormin, 

2011). Based on these preliminary insights, a comprehensive study of the MSC derivation 

phase has to be conducted, also focusing on immunophenotypical changes. 

MSC isolation and subsequent culture according to the standard protocol comprises three 

steps: (1) isolation from the source tissue (often using enzyme digestion), (2) seeding on 

tissue-culture plastic and functional enrichment by plastic adherence, and (3) expansion until 

a spindle-shaped, fibroblastoid cell type has emerged and the cells proliferate actively. 

For MSC derivation, the conventional culture condition for MSC (here referred to as MScult) 

employs uncoated tissue-culture plastic and Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with fetal calf serum (Friedenstein, 1974). However, comparison of different 

recent publications revealed that different culture conditions were utilized for early MSC 

culture (Table 1). Although, most commonly, MScult was used, supplements like heparin, 



  I N T R O D U C T I O N  
 

18 | P a g e  
 

FGF-1 (acidic fibroblast growth factor) or dexamethasone were often added. These 

compounds are known to increase proliferation rates.  

  

 

Another culture method was also frequently utilized, which was originally designed for 

culturing endothelial cells (ECcult). In ECcult, cells are grown in Endothelial Growth Medium-

2 (EGM2) and seeded on gelatin-coated culture flasks. The EGM2 medium is supplemented 

with 2% FBS (fetal bovine serum), hydrocortisone, ascorbic acid, and heparin, and the 

growth factors FGF-2 (basic FGF), VEGF (Vascular Endothelial Growth Factor), IGF-1 (Insulin-

like Growth Factor-1) and EGF (Epidermal Growth Factor). These factors are supplemented 

to induce proliferation of endothelial cells. Interestingly, Crisan et al. have ultilized this 

condition for characterization of CD146+ pericytes as MSC progenitors (Crisan, 2008). 

Different culture conditions in MSC research, especially during early culture, may affect 

cellular behavior and/or selection of different cell subsets. A comprehensive comparison of 

the effects of culture condition on MSC derivation has not yet been performed. 

 

  

Table 1: Literature summary of conditions for ex vivo culture of MSC progenitors. 

Publication 
Crisan,  
2008 

Suga,  
2009 

Zimmerlin, 
2010 

Corselli,  
2011 

Maumus, 
2011 

Tormin, 
2011 

Traktuev,  
2008 

Condition ECcult MScult MScult ECcult MScult MScult ECcult 

Medium EGM-2  
Medium 
199 

DMEM + 
DMEM/F12 

EGM-2  alpha-MEM 
NH 
expansion 
medium 

EBM 
or EGM2-MV 
 

FCS 2% FBS 10% FBS 10% FCS 2% FBS 
2%/10% 
FCS 

10% FCS 2/5% FBS 

Coating 0.2% Gelatine - - + 0.2% Gelatine - - - 

Supplements 

hEGF, 
Hydrocortisone, 
VEGF, 
 hFGF-B,  
R3-IGF-1,  
Ascorbic Acid, 
Heparin 

heparin,  
Fibroblast 
Growth 
Factor-1 

Dexamthas
one 

hEGF, 
Hydrocortisone, 
VEGF,  
hFGF-B,  
R3-IGF-1, 
Ascorbic Acid, 
Heparin 

- - 
Bovine Bone 
Extract, hEGF, 
Hydrocortisone  

Antibiotics 

GA-1000 
(Gentamicin, 
Amphotericin-
B)  

Penicillin, 
Streptomyc
in 

Penicillin, 
Gentamyci
n-sulfate 

GA-1000  na 1% P/S GA-1000 

Seeding density  
[cells/sqcm] 

2x104 6x103 1,0-2,5x104 2x104 4x103 20-50 3x103 
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2.7. Aim of the study 

It has been clarified that perivascular cells from various adult human tissues give rise to MSC 

during early in vitro culture. However, an uncertainty remains concerning phenotyping of 

these MSC progenitors using CD146 or CD271. Moreover, it remains to be elucidated 

whether and how MSC progenitors acquire the properties typical for MSC in vitro.  

Hence, this study aimed at 

1) improving characterization of MSC progenitors 

2) performing comprehensive kinetic analysis of the MSC derivation phase  

3) deciphering signaling cascades and transcriptional programs regulating MSC derivation 

 

No previous study has so far analyzed the MSC derivation phase in detail. Thus, we 

undertook a comprehensive screening of the early culture phase in tight kinetics focusing on 

proliferation, morphology and immunophenotype. For these extensive kinetic analyses of 

MSC progenitors, high initial numbers of MSC progenitors were required. These were 

obtained from the densely vascularized white adipose tissue (AT), the stromal vascular 

fraction (SVF) of which harbors high amounts of MSC progenitors (da Silva Meirelles, 2009; 

Zuk, 2002).  

SVF cell subsets were characterized by multi-parametric flow cytometry and enriched by 

fluorescence-activated cell sorting (FACS) or magnetic cell separation (MACS). 

Characterization of MSC progenitors ex vivo was improved by including the following surface 

markers: 

 CD73 (Ecto-5’-Nucleotidase, NT5E) 

 CD90 (THY1) 

 CD105 (Endoglin, ENG) 

 CD146 (Melanocyte Cell Adhesion Molecule, MCAM, MUC18) 

 CD271 (low affinity Nerve Growth Factor Receptor, NGFR, p75) 

 CD34 (hematopoietic progenitor cell antigen)  

 CD14 (LPS receptor) 

 CD45 (Protein Tyrosine Phosphatase Receptor type C, PTPRC) 

 CD31 (Platelet Endothelial Cell Adhesion Molecule, PECAM-1) 
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CD73, CD90 and CD105 are surface markers of in vitro MSC, and CD146 and CD271 are well 

established markers for MSC enrichment ex vivo. CD34 was included since CD146+ or CD271+ 

MSC progenitors were reported to be either CD34- or CD34+, respectively, but MSC in vitro 

are CD34- (Crisan, 2008; Quirici, 2002). MSC in vitro are defined to be negative for CD14 and 

CD45. Furthermore, we utilized CD45 and CD31 to identify and exclude hematopoietic cells 

and endothelial cells. By intracellular staining of α-smooth muscle actin (αSMA), we also 

assessed the distribution of smooth muscle cell populations within SVF cells. 

In bulk cultures and sorted subset cultures, we monitored morphology, proliferation and 

surface marker expression in tight kinetics during the MSC derivation phase. The effect of 

two different culture conditions, namely MScult and ECcult (Table 1) on MSC derivation was 

investigated. Finally, gene expression of ex vivo sorted MSC progenitors and cultured MSC 

was compared using microarray, analyzed by Gene Set Enrichment Analysis (GSEA) and 

confirmed by quantitative Real Time-PCR (qPCR).  

By this approach, we received a detailed overview about morphological and phenotypical 

transitions during MSC derivation and about underlying signaling cascades and 

transcriptional programs. 
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3. Materials & Methods 
 

3.1. Cell isolation 
Table 2: Materials needed for cell isolation. 

Reagent / Buffer / Material Manufacturer 
PBS (Phosphate Buffered Saline)  

diluted from 10X PBS Invitrogen, Darmstadt, Germany 

PBS/BSA   

PBS  

+ 0.2% BSA (Bovine Serum Albumin) PAA, Pasching, Germany 

HBSS (Hank’s Buffered Saline Solution) Invitrogen 

Collagenase NB4G  Serva, Heidelberg, Germany 

Digestion Stopping Buffer  

DMEM, 1.5 g/L D-Glucose Invitrogen 

+ 20% FBS Invitrogen 

1L Storage Bottle  Corning 

Buffer EL (Erythrocyte Lysis) Qiagen, Hilden, Germany 

70µm cell strainer  BD, Heidelberg, Germany 

40µm cell strainer  BD 

 

Adipose tissue samples of gynaecomastic breast, abdomen, hip or thigh from elective 

liposuctions from female and male donors were provided by the Aesthetical Surgery 

department of Dr. Bodo, Berlin. Donors were informed and consented to anonymized 

sample utilization. The procedure was approved by the local ethics committee.  

 

 

Figure 5: Schematic overview over SVF isolation procedure. 

 

Stromal vascular fraction (SVF) cells were isolated by Collagenase digestion and density 

centrifugation (Fig. 5). In detail, 200-400 ml lipoaspirate were distributed to several 50ml 

Falcon tubes and washed with PBS at a ratio of 1:1 and centrifuged at 430xg for 10 min at 

4°C. This washing step was repeated twice to remove peripheral lymphocytes and red blood 

cells. The washed lipoaspirate was transferred to a 1L Storage Bottle.  Collagenase NB4G, 
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previously dissolved in HBSS at 37°C for about 10 min and sterile filtered using a 0.2µm 

sterile filter, was added at a final concentration of 0.3 U per ml of lipoaspirate. Digestion was 

performed for 45-60 min at 37°C. Reaction was stopped by adding Digestion Stopping Buffer 

(30% of digest volume). The cell suspension was transferred to 50ml Falcon tubes and 

centrifuged at 600xg for 10 min at 4°C.  Thereby, dense mononuclear cells were pelleted, 

while less dense adipocytes and lipids remained in the supernatant that was then removed 

by pipetting and discarded. The pelleted mononuclear cells, the “Stromal Vascular Fraction” 

(SVF), was resuspended in 30 ml PBS/BSA per pellet and filtered through a 70µm cell 

strainer. After centrifugation at 430xg for 10 min at 4°C, pellets were resuspended in 5-10 ml 

of Buffer EL to remove remaining erythrocytes by erythrocyte lysis. After 10-15 min, cell 

suspension was filled up with PBS/BSA and centrifuged at 430xg for 10 min. Pellets were 

resuspended in PBS/BSA and filtered over a 40µm cell strainer. Cell concentration in the 

suspension was determined using CASY cell counter.  

 

3.2. Cell Counting 
Table 3: Materials needed for cell counting. 

Reagent / Buffer / Material Manufacturer 
CASY Cell Counter and Analyzer Roche Applied Science, Basel, Switzerland 

Casy Tube  Roche 

CasyTon (Running Buffer) Roche 

 

 Casy cell counter determines cell concentration in a cell suspension and measures cell sizes 

and the ratio of viable cells by measuring electric impedance which is proportional to cell 

size. The membranes of dead cells are permeable, hence, only the nucleus influences the 

electric current and dead cells can be excluded due to size, generally smaller than 5 µm.  

For measurement, 10 µl of a cell suspension were diluted 1:1000 in 10ml CasyTon in a 

special Casy tube. Three times 400 µl of the cell suspension are acquired and the mean of 

viable cells per ml is calculated. 
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3.3. Cell Culture 
Table 4: Materials needed for cell culture. 

Reagent / Buffer / Material Manufacturer 
NH Expansion Medium Miltenyi, Bergisch-Gladbach, Germany 

EGM-2 culture medium (Endothelial Growth Medium)  

EBM-2 (Endothelial Basal Medium) Lonza 

EGM-2 SingleQuot Kit 

hEGF, Hydrocortisone,  
GA-1000 (Gentamicin, 
Amphotericin-B), 5% FBS,  
VEGF, h-FGF-B, R3-IGF-1,  
Ascorbic Acid, Heparin 

Lonza 

Porcine Gelatine Sigma, St. Louis, MO, USA 

2% Stock in PBS; diluted 1:10 in PBS,   
coating of 6-well plates over-night at 4°C 

 

Growth Medium (GM)  

DMEM,  
1.5 g/L D-Glucose, 0.11g/L Sodium Pyruvate, Glutamate 

Invitrogen 

+ 10% FBS  Invitrogen 

+ 100 U/ml Penicillin, 100µg/ml Streptomycin PAA 

Accutase PAA 

6 well plates BD 

T25 Tissue culture flask, polystyrene, 25cm2 BD 

T75 Tissue culture flask, polystyrene, 75cm2 BD 

T175 Tissue culture flask, polystyrene, 175cm2 BD 

 

Ex vivo bulk SVF cells were plated at a density of 1x105 cells/cm2. Sorted cells were seeded at 

different ratios (1-5x104/cm2), since different cell numbers were yielded after sorting. Cells 

were cultured either under MScult, i.e. on uncoated tissue culture polystyrene (TCPS) plates 

with NH expansion medium, or under ECcult, i.e. on gelatin-coated TCPS with EGM-2 

medium. We used commercially available media to standardize and avoid medium 

differences, e.g. related to FCS batches. After 24 hours, medium was replaced to remove 

non-attached cells. AT-MSC were passaged when 80% confluence was reached. For 

passaging, cells were detached using Accutase, and re-seeded on uncoated TCPS in growth 

medium (GM) at a density of 4x103 cells/cm2.  

Cell counts at passaging were used to calculate expansion curves based on 

cumulative cell numbers. Cell numbers increase during expansion, but at each 

passaging, not all cells are reseeded in expansion cultures. To correct for this, 

following formula was used: 

     
 

 
      

N: Cell count of harvested cells 

n: Cell count of initially plated cells 

C-1: Cell number at previous passaging 

C+1: Cell number at current passaging (hypothetical) 

 



  M A T E R I A L S  &  M E T H O D S  

24 | P a g e  
 

 

 

This calculation results in a hypothetical value of the total cell number at passaging. 

Continuing this for all passages, leads to cumulative cell numbers. 
 

 
 represents the 

proliferation factor or proliferation rate.  

 

3.4. Differentiation 
Table 5: Materials needed for differentiation. 

Reagent / Buffer / Material Manufacturer 

Growth Medium (GM)  

DMEM,  
1.5 g/L D-Glucose, 0.11g/L Sodium Pyruvate, Glutamate 

Invitrogen 

+ 10% FBS Invitrogen 

+ 100 U/ml Penicillin, 100µg/ml Streptomycin PAA 

Adipogenic Medium  

GM  

+ 100µM Indomethacine Sigma 

+ 10 µg/ml Insulin Sigma 

+ 500µM 3-Isobutylmethylxanthine Sigma 

+ 1µM Dexamethasone Sigma 

Osteogenic Medium  

GM  

+ 250µM Ascorbic acid Sigma 

+ 10 mM β-Glycerophosphate Sigma 

+ 100 nM Dexamethasone Sigma 

Chondrogenic Medium  

GM  

+ 3 g/l D-Glucose Sigma 

+ 350 µM L-Proline Sigma 

+ 100 nM Dexamethasone Sigma 

+ 10ng/ml recombinant human Transforming Growth Factor β3 Sigma 

 

AT-MSC in passage 2 were differentiated towards the adipogenic, osteogenic and 

chondrogenic lineage according to standard protocols (Braun, 2010; Pittenger, 1999). For 

adipogenesis and osteogenesis, 5x103 AT-MSC/cm2 were plated, and stimulated with 

osteogenic differentiation medium directly or with adipogenic differentiation medium upon 

confluence. Chondrogenic differentiation was induced in micromass cultures of 4x105 cells in 

chondrogenic medium in 96-well plates. Cultures were maintained for 21 days and medium 

was exchanged every 2nd to 3rd day.  
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3.5. Cytochemical stainings 
Table 6: Materials needed for differentiation. 

Reagent / Buffer / Material Manufacturer 

Oil Red Stock solution:  

Oil Red stock: 0.25 g Oil Red O Sigma 

in 50ml Isopropyl alcohol Carl Roth, Karlsruhe, Germany 

Oil Red Staining solution:  

30 ml Oil Red stock ad 50 ml dH2O, filtration after overnight incubation 

Nile Red  

100µg/ml; 1 mg Nile Red S  Sigma 

in 10 ml Acetone Sigma 

Alizarin Red  

0.7 g Alizarin Red in 50 ml dH2O; pH 4.0 Sigma 

TissueTek Sakura Finetek Europe, Alphen adR, Netherlands 

Alcian Blue  

0.5 g Alcian Blue Sigma 

+ 1.5 ml Acetic Acid Merck, Darmstadt, Germany 

ad 50 ml H2O  

Formaldehyde (37%) Merck 

Methanol J. T. Baker, Griesheim, Germany 

Ethanol Carl Roth 

Glass slides Thermo Scientific, Wilmington, DE, USA 

Cover slip Carl Roth 

Dako Fluorescence Mounting Medium Dako, Glostrup, Denmark 

 

Differentiation was controlled by cytochemical stainings. Lipid vesicles, mineral deposits, and 

proteoglycans were detected using Oil Red or Nile Red staining, Alizarin Red, and Alcian Blue 

staining, respectively. 

Oil Red, also known as Sudan Red, has strongly lipophilic aromatic groups that bind to 

triglycerides and lipids with high affinity. For Oil Red staining, cells were washed once with 

PBS and fixed with 4% formaldehyde for 15 min to permeabilize cell membranes. Cells were 

again washed twice with dH2O (demineralized water) and then Oil Red O staining solution 

was incubated for 30 min. After a final three-times washing with PBS, cells were 

photographed using a Motic AE31 microscope with Moticam 2300.  

Nile Red is a lipophilic fluorescent dye, the excitation (ex) and emission (em) wavelengths of 

which are altered dependent on the surrounding hydrophobicity. Therefore, less 

hydrophobic structures like membranes are stained with orange fluorescence, whereas 

highly hydrophobic lipid vesicles appear green. For Nile Red staining, cells were washed with 

PBS and fixed with 4% formaldehyde for 15 min. After washing twice with PBS, a pre-mixed 

staining mixture containing Nile Red (1:200) and DAPI (1:300) was applied and incubated for 

10 min. After additional washing steps, cells were photographed with a Zeiss Axio Observer 
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fluorescence microscope using filter sets 49 (DAPI, ex 365-395nm, em 420-470nm), 43HE 

(membrane fluorescence, ex 535-560nm, em 570-640nm) and 38HE (lipid vesicle 

fluorescence, ex 450-490nm, em 500-550nm). 

Alizarin Red, isolated from the plant Rubia tinctorum, complexes with calcium depositions 

and renders them stained in red. For Alizarin Red staining, cells were washed shortly with 

PBS and fixed and permeabilized using ice-cold methanol for 2 min. After washing with 

dH2O, cells were incubated with Alizarin Red staining solution for 15 min, and then washed 

with PBS for 15 min. After dehydration using ice-cold ethanol for 5 min and additional 

washing steps, cells were photographed using a Motic AE31 microscope with Moticam 2300. 

Alcian Blue is a copper-containing dye that binds to anionic residues of glycosaminoglycans 

via electrostatic interactions and stains them blue. To stain chondrogenic micropellets, the 

pellets were first prepared for cryosectioning. Pellets were harvested from 96 well plates 

and washed once in PBS for 5 min. Pellets were embedded in TissueTek in an alu-foil tube, 

and then shock frozen in liquid nitrogen. Until sectioning, the embedded and frozen pellets 

were stored at -80°C. Sectioning into 7µm slices was performed on a Leica Cryotom 

CM3050S. Slices were transferred onto glass slides, fixed in acetone and stored at -80°C. For 

Alcian Blue staining, slices were thawed, washed twice with dH2O and incubated for 30 min 

in Alcian Blue staining solution. After washing with PBS twice, slides were shortly dried and 

covered with a coverslip using Dako Mounting Medium. Slides were photographed on a Zeiss 

AxioScope. 

 

 

3.6. Antibody staining and flow cytometry 

Flow cytometry enables multi-parametric analysis of individual cells within heterogeneous 

cell populations. Flow cytometry can provide information about single cells concerning cell 

size and granularity and in combination with the use of fluorescently labeled antibodies or 

fluorescent compounds also protein expression, protein phosphorylation, cytokine secretion 

and proliferation.  
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The working principle of a flow cytometer is the 

following (Fig. 6):  cells in a cell suspension are 

collected by the fluidic system and singularized in small 

droplets by hydrodynamic focusing using a small nozzle 

and an ultrasound source. The cells then pass the so 

called interrogation point. Here, laser light at different 

wavelengths either is refracted or excites 

fluorochromes and refracted light or emitted 

fluorescence are recorded by photomultipliers (PMTs). 

The refracted light gives information about cellular size 

(forward scatter, FSC) and structural complexity, such 

as granularity (side scatter, SSC). The information 

conveyed by emitted fluorescence depends on the 

utilized antibodies or compounds and their specific 

fluorescence.   

When many fluorochromes are employed for multi-parametric analysis the emission spectra 

of specific dyes may partly overlap, which may lead to false positive results. This is 

conventionally prevented by “compensation”, i.e. the subtraction of detected signals of one 

PMT from another PMT. Prior to FACS-analysis, cells were surface-stained and/or 

intracellularly.  

Ex vivo or cultured, detached SVF cells (1x106 cells) were transferred to FACS tubes, pelleted 

by centrifugation at 490xg for 10 min at 4°C and resuspended in 100µl PBS/BSA. Nonspecific 

antibody binding was prevented by adding Beriglobin (1:50) before surface staining with 

monoclonal antibodies. After incubation for 20 minutes, cells were washed with PBS/BSA, 

centrifuged at 490xg, 10 min, 4°C and resuspended in 300µl PBS/BSA. Dead cells were 

excluded by DAPI staining (1:250) prior to measurement.  

Intracellular staining was performed for detection of alpha-Smooth Muscle Actin (aSMA). 

Surface-stained cells were washed and centrifuged (490xg, 10min, 4°C). Before fixation, dead 

cells were stained using Live/Dead Fixable Aqua Dead Cell Stain. Cells were fixed using 1ml 

BD FACS Lysing solution for 10 min at RT. After centrifugation, cells were permeabilized 

using 500µl BD Permeabilizing solution 2. 

Figure 6: Schematic overview about 
the working principle of flow 
cytometers and cell sorters. 
(http://missinglink.ucsf.edu/lm/ 
molecularmethods/flow.htm). 
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For proliferation assays, cells were labeled with a Cell Tracker Violet BMQC dye (CTV) 

according to manufacturer’s protocol. In detail, ex vivo cells were incubated with DMSO-

reconstituted CTV (dissolved in DMEM at a concentration of 5µM) at 37°C for 30 minutes. 

Cells were then transferred into fresh medium and incubated at 37°C for 30 minutes. 

Afterwards, CTV-labeled cells were washed with PBS, and cultured under MScult. At 

indicated time points, cells were harvested and antibody-stained.  

Labeled cells were measured with a BD Canto II flow cytometer (provided by the BCRT Flow 

Cytometry Lab) and data were analyzed using FlowJo software. 

 

Table 7: Materials needed for flow cytometry. 

Reagent / Buffer / Material Clone Manufacturer 
APC-H7 anti-CD14 MΦP9 BD 

PE-Cy7 anti-CD31 WM59 Biolegend, San Diego, CA, USA 

PerCP anti-CD34 8G12 BD 

FITC anti-CD34 AC136 Miltenyi 

Horizon V500 anti-CD45 HL30 BD 

PE anti-CD73 AD2 BD 

APC anti-CD90 5E10 Biolegend 

AlexaFluor488 anti-CD105 43A3 Biolegend 

PE anti-CD146  541-10B2 Miltenyi 

APC anti-CD271 Me20.4 Miltenyi 

PE anti-αSMA (α-smooth muscle actin) 1A4 R&D Systems, Minneapolis, MN, USA 

BD FACS Lysing Solution  BD 

BD Permeabilizing Solution 2  BD 

Beriglobin  Sanofi-Aventis, Frankfurt/Main, Germany 

DAPI (4’-6’-diamidino-2-phenylindole; 1µg/ml) Invitrogen 

Live/Dead Fixable Aqua Dead Cell Stain kit Invitrogen 

FACS tubes (5ml) BD 

FlowJo software v9 Tree Star Inc., OR, USA 
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3.7. Statistical analysis and integrated mean fluorescence intensity 

All statistical analyses were performed using Prism5 (GraphPad Software, La Jolla, CA, USA). 

Mean values ± standard deviation (SD) are displayed. Significance was tested using Student 

T-test and results with p-value below 0.05 (*) and 0.001 (**) were regarded as statistically 

significant. 

For comparison of surface marker expression between several experiments, we utilized the 

iMFI (integrated Mean Fluorescence Intensity) to correlate the increase in MFI with the 

percentage of positive cells according to (Darrah, 2007). Positive cells were gated according 

to the respective marker and percentage and MFI were derived from FlowJo software. iMFI 

was calculated by multiplication of percentage and MFI. An increase in cell number together 

with an actual upregulation (increase in MFI) would result in a high iMFI value, whereas a 

few positive MFIhigh cells would result in a low iMFI. 

3.8. Fluorescence-activated cell sorting 

Flow cytometers can also be equipped 

with an electrostatic deflection system, 

and serve as cell sorters (Fig. 6). For the 

so called fluorescence-activated cell 

sorting (FACS), the separate cell-

containing droplets after the 

interrogation point receive an electrical 

charge dependent on parameters 

selected by the operator and later pass 

deflection plates where the cells are 

separated into different tubes. This 

system allows for the highly specific 

purification of up to 4 different cell 

populations in parallel. In this study, 

FACS-sorting was performed by the 

BCRT Flow Cytometry Lab (Dr. Desiree 

Kunkel). 

 

Figure 7: FACS-sorting scheme of SVF cell subsets ex 
vivo. SVF were antibody-stained, and then sorted as 
described. 
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For FACS, typically 2x108 SVF cells were labeled with antibodies against CD31, CD34, CD45, 

CD146 and CD271 as described earlier. After staining, cells were filtered through a 30µm cell 

strainer. Subsets were sorted into medium-containing FACS tubes using a BD Aria II cell 

sorter according to the following sorting scheme (Fig. 7). First, cells were gated according to 

forward and sideward scatter (FSC vs. SSC), and dead cells and CD45+ lymphocytes were 

excluded. In the remaining CD45- stromal vascular cells, CD146high CD31low CD271+ pericytes 

(PC), CD146+ CD31+ endothelial cells (EC) and CD146- CD31- CD34+ CD271- or CD271+ 

adventitial stromal cells (AdSC) were gated and sorted. Purities were around 99%.  

Sorted cells were cultured under MScult or ECcult. Cell numbers in the kinetic analysis were 

normalized to 1x103 seeded cells/cm2 because seeding densities varied from 1x104 to 4x104 

cells/cm2. In addition, RNA of sorted CD271+ and CD271- AdSC was isolated for microarray 

analysis. 

 

3.9. Magnetic Cell Separation 

For magnetic cell separation (MACS), cells are labeled with monoclonal antibodies 

conjugated to paramagnetic microbeads and loaded onto special MACS columns positioned 

in a magnetic field. Thereby, bead-labeled cells are retained in the column whereas 

unlabeled cells are washed out. Labeled cells are later retrieved by removing the column 

from the magnetic field and flushing. 

 

Table 8: Materials needed for magnetic cell separation. 

Reagent / Buffer / Material Manufacturer 
PBS/BSA/EDTA                                                   

PBS/BSA + 2mM EDTA Carl Roth 

Anti-human CD45 microbeads Miltenyi 

Anti-human CD146 microbeads Miltenyi 

MACS separation column LS Miltenyi 

30µm cell strainer Partec, Münster, Germany 

MidiMACS Magnet Miltenyi 

 

Up to 2x108 SVF cells were resuspended in 20ml PBS/BSA/EDTA. EDTA 

(Ethylenediaminetetraacetic acid) prevents cell aggregations and clogging of the MACS 

columns. Unlabeled SVF cells were first ran over four LS columns to remove adhesive dead 

cells and debris. SVF cells were then labeled with anti-CD45 and anti-CD146 magnetic 

microbeads (1:5) and incubated for 15 minutes at 4°C in the dark. After incubation, cells 
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were washed with PBS/BSA/EDTA and centrifuged at 490xg for 10 minutes at 4°C, and the 

pellet was re-suspended in 20mL PBS/BSA/EDTA. Labeled SVF cells were filtered through a 

cell strainer and applied onto four LS columns placed in a MidiMACS magnet. By extensive 

washing with PBS/BSA/EDTA, unlabeled cells were collected since AdSC are contained in the 

CD45- CD146- flow through. After three washing steps, LS columns were removed from the 

magnet and flushed with 5ml PBS/BSA/EDTA using a plunger.  

The cell number of both fractions was determined and aliquots of 1x105 cells were then 

stained to assess purity by flow cytometry. The collected CD45- CD146- cells, mainly 

containing AdSC (Fig. 8), were cultured under MScult and ECcult, or RNA was isolated for 

expression analysis. 

The MACS-enrichment method was chosen when AdSC only were cultured for further 

analyses. 

 

 

Figure 8: MACS-enrichment of AdSC ex vivo. 
Freshly isolated SVF cells were labeled with anti-CD45 and anti-CD146 magnetic microbeads, and 
subjected to MACS. CD45- CD146- cells contained mainly AdSC (90% purity).  
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3.10. Kinetic analyses 

For kinetic analysis, ex vivo bulk SVF cells were seeded under the indicated culture condition 

at a cell density of 1x105 cells/cm2; sorted subsets at densities ranging from 1-4x103 

cells/cm2; MACSed cells at densities up to 1x105 cells/cm2.  Medium was replaced after 24 

hours and three times a week. At indicated time points, cells were photographed, detached, 

counted, and prepared for flow cytometrical analyses (see Materials & Methods 3.6.). 

Cellular diameters were recorded using a Casy cell counter as described above. 

 

3.11. RNA isolation 

Total RNA was isolated using a NucleoSpin II kit according to manufacturer’s protocol 

(Macherey&Nagel, Düren, Germany). Briefly, 1–5x106 cells were centrifuged at 490xg for 10 

minutes at 4°C, the supernatant was removed and the pellet was resuspended and mixed in 

350µL RA1 lysis buffer supplemented with 2% reducing agent -mercaptoethanol. Cell 

lysates were stored at -80°C or directly processed. The cell lysates were homogenized using 

special filter columns. The homogenized lysate was mixed and 350µl of 70% ethanol were 

added to precipitate nucleic acids which were then applied on an isolation column with a 

membrane affine to nucleic acids under high salt conditions. After treatment with DNase to 

digest genomic DNA and repeated washing, the RNA was eluted from the filter with 100µl 

dH2O. 

RNA concentration was determined using a Nanodrop photometer (Thermo Scientific). 

Nucleic acids absorb ultraviolet light with maximum absorption at 260nm (OD260) due to 

the heterocyclic rings of the organic bases. The absorption wavelength of proteins is at 

280nm (OD280) due to aromatic amino acids. The concentration of nucleic acids and 

proteins is proportional to the optical density at 260nm and 280nm (OD260 and OD280), 

respectively. Hence, the purity of RNA is expressed as the ratio of OD260/OD280 and should 

be below 1.8.   

For measurement, the Nanodrop was first calibrated with dH2O, and then RNA-

concentrations of 1.5µL sample were measured.  

 

3.12. Reverse Transcription 

To quantify RNA expression using real-time PCR, the RNA was first reverse transcribed into 

complementary DNA (cDNA) using reverse transcriptase. RNA is easily degraded by 
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ubiquitous RNases, therefore the more stable cDNA is used for later PCRs. Reverse 

Transcriptase is an RNA-dependent DNA polymerase isolated from different retroviruses that 

use this enzyme to integrate the RNA genomes into the host’s DNA genome. 

For reverse transcription using TaqMan Reverse Transcription Reagents (Applied Biosystems, 

Life Technologies, CA, USA), 1µg of RNA was reverse transcribed into cDNA according to 

manufacturer’s instruction. The reaction was performed in a thermo cycler using the 

following one-cycle program: (1) 95°C for 5’, (2) 25°C for 10’, (3) 48°C for 40”, (4) 95°C for 5’, 

(6) 4°C for indefinite time.  

 

3.13. Quantitative PCR 

Real-time PCR allows for continuous monitoring of DNA amplification by fluorescent dyes 

like TaqMan probes or SYBR green. SYBR green intercalates with double stranded DNA 

(dsDNA) and emits light upon excitation. Hence, the intensity of emitted light positively 

correlates with amount of dsDNA. Background detection is avoided by setting a threshold as 

three-fold standard deviation of measured fluorescence values within early cycles. The cycle, 

when the fluorescence exceeds this threshold, is called the cycle threshold (CT). 

Quantification data can be calculated as absolute copy numbers or as relative expression 

normalized to a housekeeping gene.  

Primers were designed using Primer Blast (www.ncbi.nlm.nih.gov/tools/primer-blast/; see 

Table 9). β-Actin or hypoxanthine phosphoribosyltransferase (HPRT) served as housekeeping 

genes.  Real time-PCR was performed using RealMasterMix SYBR ROX kit according to 

manufacturer’s instructions (5Prime, Hamburg, Germany). Forward and reverse primers 

were used at 500nM concentration. The measurements were done in triplicates, and were 

performed using Eppendorf epRealplex 2 Mastercycler with the following program: (1) 95°C 

for 5’, (2) 95°C for 15”, (3) annealing temperature (TM, Table 17) for 30” and (4) 72°C for 30-

45”. The steps (2) to (4) were repeated for 40 cycles.  

Relative quantification was calculated as ΔCT to correlate expression of the gene of interest 

to the house-keeping gene:  
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Table 9: Primer sequences. 

Gene Forward Reverse TM 

β-Actin GACAGGATGCAGAAGGAGATCACT TGATCCACATCTGCTGGAAGGT 64 

HPRT ATCAGACTGAAGAGCTATTGTAATGACCA TGGCTTATATCCAACACTTCGTG 61 

CD34 TGAAGCCTAGCCTGTCACCT CGCACAGCTGGAGGTCTTAT 60 

CD105 CAGCAGTGTCTTCCTGCATC AGTTCCACCTTCACCGTCAC 60 

CD146 CAACAGCACCTCCACAGAGA GTGATCTCCTGCTTCCCTGA 60 

CD271 GTATTCCGACGAGGCCAAC CGTGCTGGCTATGAGGTCTT 60 

ACTA2 ACGGCCCTAGCACCCAGCACCA CAGAGAGGCCAGGATGGAGCCACCG 64 

CDH2 GACAATGCCCCTCAAGTGTT CCATTAAGCCGAGTGATGGT 60 

CXCL12 CTACAGATGCCCATGCCGAT GTGGGTCTAGCGGAAAGTCC 60 

CXCR4 CAGCAGGTAGCAAAGTGACG GCCCATTTCCTCGGTGTAGT 60 

DKK1 TTGACAACTACCAGCCGTACC TGGAATACCCATCCAAGGTGC 60 

FGF1 CAGCCCTGACCGAGAAGTTT ATAAAAGCCCGTCGGTGTCC 60 

FGF2 GCTGTACTGCAAAAACGGGG AGCCAGGTAACGGTTAGCAC 60 

FGF5 AAGGAAGTGGCTTGGAGCAG GCAGTCATCTGTGAACTTGGC 60 

FOXD1 GACTCTGCACCAAGGGACTG CCGAACCACCAAGACGAGAA 60 

FOXM1 TGCCAACCGCTACTTGACAT TCACCGGGAACTGGATAGGT 60 

FOXO1A CAAGAGCGTGCCCTACTTCA CTGGAAAGGCTCTGGAGTCG 60 

FSP1 GCTGCCCAGCTTCTTGGGGAAAAGG TGGCGATGCAGGACAGGAAGACACA 62 

GATA6 GAGCGCTGTTTGTTTAGGGC CTGGAAAGGCTCTGGAGTCG 60 

GDF10 AGGTGGACTTCGCAGACATC AGGACCCCAAGGGAGTTCAT 60 

GREM1 CACGCGTCGAAAGCGCAG AGGGCTCCCACCGTGTAG 60 

GREM2 GACCAAACTTAGACCCCGCT CCTTGTAAGGCGAGGGGATG 60 

PODXL CCCCACAGCAGCATCAACTA CACTTATCTTGGGCCGGGTT 60 

REX1 TTACGTTTGGGAGGAGGTGG CAGCTCAGCGATGGTTAGGT 60 

SNAI1 CTGCTGCTGAGCTGAATGAC GGACAGAGTCCCAGATGAGC 60 

SNAI2 CCTTCCTGGTCAAGAAGCAT ATCCGGAAAGAGGAGAGAGG 60 

SOX17 TGTAGACCAGACCGCGACAG CTGGTCGTCACTGGCGTATC 60 
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3.14. Microarray 

Microarray is a fast and reliable tool for 

whole transcriptome analysis (Fig. 9). RNA 

of samples to be compared is fluorescently 

labeled and hybridized to small, specific 

nucleotide probes spotted on a glass slide. 

Laser excitation and fluorescence detection 

are used to identify genes expressed in the 

samples and to compare up- and 

downregulation between samples. 

 

Table 10: Materials needed for microarray experiments. 

Reagent / Buffer / Material Manufacturer 
Whole Human Genome Microarray 44K Agilent, Santa Clara, CA, USA 

Quick Amp Labeling Kit, two color Plus Agilent 

Hybridization Gasket Slide Kit Agilent 

RNA Spike In Kit 2-color Agilent 

Gene Expression Hybridization Kit Agilent 

Gene Expression Wash Buffer Kit Agilent 

Stabilization & Drying Solution Agilent 

 

Ex vivo sorted CD271+ and CD271- AdSC were cultured under MScult and RNA was isolated at 

d0 (after sorting) and at day 14 (at confluence) to perform microarray analysis. RNA labeling, 

hybridization and primary data analysis was performed in collaboration with AG Lauster 

(Technical University, Berlin) and kind support by AG Mollenkopf (Max-Planck-Institute for 

Infections Biology, Berlin). 

For two-color ratio hybridization, RNA was labeled using the Quick Amp Labeling Kit 

according to manufacturer’s instructions. 500ng of total RNA (extracted as described above) 

was first transcribed with oligo(dT)-T7 promoter primers using Moloney murine leukemia 

virus-Reverse Transcriptase (MMLV-RT) to synthesize cDNA. The fluorescent antisense 

strand of cRNA was then synthesized with T7 RNA polymerase, to incorporate either Cyanin 

3 (Cy3)-cytidine-5´-triphosphate (3-CTP) or Cyanine 5 (Cy5)-5’-CTP (5-CTP). Ex vivo AdSC were 

Cy5-labeled, day 14 AdSC were Cy3 labeled and these pairs (CD271+ and CD271-) were co-

hybridized on two chambers. The purified products were quantified by absorbance at 552nm 

for Cy3 and 650nm for Cy5. Labeling efficiency was determined using a Nanodrop 

Figure 9: Principle of microarray experiment 
preparation. (www.bitesizebio.com) 
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photometer. Prior to hybridization, labeled cRNA products were fragmented and mixed with 

control RNA using the RNA Spike In kit in hybridization buffer. Samples were hybridized to 

Whole Human Genome Microarray 44K for about 19hrs at 60°C overnight. The slides were 

washed according to the manufacturer´s protocol. Microarrays were scanned with 5-μm 

resolution using a DNA microarray laser scanner (Agilent Technologies). After measurement, 

the ratio of expected versus observed spiked-in RNAs serve as internal control for data 

quality. Fluorescent signals were evaluated with an image analysis tool version A 6.1.1 

(Agilent Technologies) using default settings. Data analysis was conducted on the Rosetta 

informatics Platform Resolver Built 4.0. Results were exported as excel file for further 

analysis. 

 

3.15. Gene Set Enrichment Analysis 

To compare gene expression patterns 

yielded by microarray analysis with 

annotated gene sets describing 

regulation of gene expression during 

different cellular physiological 

processes, we conducted Gene Set 

Enrichment Analysis (GSEA). To this end, 

the expression data was prepared as a 

list of genes, annotated with gene 

symbol as identifier. Genes with a 

detection p-value above 0.005), a fold 

change less than two-fold (>2 or <-2) and fluorescence intensity values below 500 were 

excluded from analysis. Since we were interested in gene regulations that are common to 

both AdSC subsets, we further excluded genes that were differentially regulated between 

the two subsets. Thereby, gene list was reduced to 5971 genes (Fig. 10). 

The GSEA software v.2.0 (www.broadinsitute.org/gsea; provided by the Broad Institute, 

Boston, MA, USA) ranks the genes in this gene list according to differences in expression 

intensities, i.e. ranging from highest expression at day 0 to highest expression at day 14.  

This is depicted at the bottom of the GSEA enrichment plot: the y-axis denotes the  

 

Figure 10: Expression matrix for GSEA analysis. 
For GSEA, a gene list was prepared containing genes with 
a sufficient detection quality and fold change and similar 
regulation in CD271- and CD271+ AdSC.  
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expression differences between compared samples; the x-axis depicts the ranked order in 

our gene list (Fig. 11).   

Next, selected gene sets from the database MSigDB (www.broadinstitute.org/gsea/msigdb) 

are matched and “aligned” to the ranked gene list, as shown in the middle scheme of the 

enrichment plot. The red-to-blue shaded bar illustrates expression intensities; the black bars 

indicate the position of genes from the gene set in the ranked gene list. 

Based on this distribution, the enrichment score (ES) is calculated as depicted as the green 

line in the upper diagram of the enrichment plot. Whenever a gene from the gene set is 

found, the enrichment score is increasing; when no gene is found, the ES is decreasing. 

Finally, gene sets enriched at day 0 will have an ES above 0, and gene sets enriched at day 14 

will have an ES below 0. 

GSEA analysis was performed according to the following parameters: Permutation type: 

“gene_set”; enrichment statistic: “weighted_p2”; Metric for ranking genes: 

“log2_Ratio_of_Classes”; Gene list sorting mode: “real”; Max size of gene sets: “500”; Min 

size of gene sets: “15”; Collapsing mode for probe sets: “Median_of_probes”; Normalization 

mode: “mean_div”; Randomization mode: “equalize_and_balance”; Seed for permutation: 

“timestamp”. 

  

Figure 11: Workflow of Gene Set Enrichment Analysis with exemplary result. 
(modified from www. broadinstitute.org/gsea) 
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4. Results 
 

The results comprise  

1) Characterization of SVF cell-derived AT-MSC,  

2) Isolation and characterization of AT-MSC progenitors,  

3) Kinetic analysis of the MSC derivation phase of bulk SVF cells and sorted AT-MSC 

progenitors under two different culture conditions, and  

4) Transcription analysis of ex vivo AT-MSC progenitors compared to cultured AT-MSC. 

 

4.1. Characterization of Adipose Tissue-derived Mesenchymal Stromal Cells 

To verify isolated and expanded SVF cells as MSC, cells were characterized according to the 

minimal criteria defined by the ISCT (International Society for Cellular Therapy) (Dominici, 

2006). 

 

4.1.1. Long-term culture of AT-MSCs 

To determine the long-term proliferative capacity, SVF cells from 7 donors were cultured for 

long term (up to 160 days, i.e. 16 passages; Fig. 12). In all preparations, we observed approx. 

1.5 population doublings per passage that remained constant throughout culture. Also, the 

time required for a population doubling 

remained constant at about 8.5 

days/population doubling. Differences in 

initial cell numbers (passage 1) correlated to 

differences in cell yields at later time points.   

 

 

 

 

 

Isolated SVF cells were capable of plastic-adherent proliferation and long-term expansion, 

and hence fulfilled the first essential characteristic of AT-MSC. 

  

Figure 12: Long-term culture of AT-MSC.  
Cumulative cell numbers during long term culture 
starting with passage 1 (n=7). Cells were counted 
at each passage. 
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4.1.2. Differentiation of AT-MSCs 

To assess the differentiation potential of our cell preparations, expanded SVF cells in passage 

2 were differentiated towards the adipogenic, osteogenic and chondrogenic lineage (Fig. 13).  

In all preparations, lipid-containing vesicles or calcium depositions were detected after 21 

days of adipogenic or osteogenic induction, by Oil Red or Alizarin Red staining, respectively. 

In comparison to BM-MSC (not shown), chondrogenic differentiation was less efficient, with 

only weakly Alcian Blue-stained micropellets.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to these results, expanded SVF cells exhibited multipotent differentiation 

capacity, as required by the MSC minimal criteria. 

  

Figure 13: Differentiation of AT-MSC in passage 2. 
AT-MSC in passage 2 were differentiated towards the osteogenic, adipogenic and 
chondrogenic lineage, and stained with Alizarin Red, Oil Red, and Alcian Blue, respectively. 
Undifferentiated cells cultured for 3 weeks served as control (control cells shown without 
staining). Magnification 100x; scale bar: 200µm. Representative images out of 7 individual 
experiments are shown. 
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4.1.3. Immunophenotyping of AT-MSC 

To control for expression of MSC-typical surface markers, expanded SVF cells in passage 2 

were analyzed. Flow cytometry results revealed the absence of CD14, CD34 and CD45 and 

presence of CD73, CD90 and CD105 (Fig. 14). Furthermore, AT-MSC in passage 2 were 

CD146- and partially CD271+ (approx. 30%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These initial results demonstrate that the isolated SVF cells give rise to bona fide AT-MSC 

defined as plastic-adherent growing cells with multipotent differentiation capacity and the 

specific immunophenotype, as defined by the ISCT (Dominici, 2006). 

 

 

 

  

Figure 14: Immunophenotype of AT-MSC in passage 2.  
AT-MSC in passage 2 were stained for indicated markers (red line), and 
compared to unstained control cells (grey area). 
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4.2. Characterization and isolation of different SVF cell subsets 

To identify potential AT-MSC progenitors, SVF subsets were characterized by flow cytometry. 

The SVF subsets that resulted from this initial phenotyping were FACS-sorted or MACS-

enriched for analysis of separate culture. 

 

4.2.1. Immunophenotypical characterization of SVF cells ex vivo 

To dissect different subsets within the SVF, expression of surface markers CD45, CD31, CD34, 

CD105, CD146 and CD271 was determined on ex vivo SVF cells using flow cytometry.  

Around 18% of CD45+ hematopoietic cells were detected (Fig. 15A, D). Within the CD45- 

stromal vascular cells, around 50% were CD34+CD31-cells, 22% were CD34+CD31+ cells and 

17% were CD34-CD31- cells (Fig. 15B, D). Based on a recent report by Zimmerlin et al., we 

termed these subsets as Adventitial Stromal Cells (AdSC), Endothelial Cells (EC) and Pericytes 

(PC), respectively. These populations were characterized further for CD105, CD146 and 

CD271 expression. EC were CD146+ and CD105low. PC were CD105-, CD146high and by around 

50% CD271+. AdSC were CD105-, CD146- but by 30% CD271+ (Fig. 15C). 

SVF subset frequencies of different donors varied only marginally, especially in the 

frequencies of CD45+, CD45- and AdSC (Fig. 15D, Table 11). For separate culture and 

subsequent analysis, we FACS-sorted or MACS-enriched these SVF subsets (see section 3.9. 

and 3.10.). 

Figure 15: Immunophenotypic characterization of ex vivo SVF cells. 
Ex vivo SVF cells were analyzed by flow cytometry for CD45, CD31, CD34, CD105, CD146, and CD271 
expression. Gating strategy (see schemes): A) viable ex vivo SVF cells were separated into CD45+ and 
CD45-. B) Three subsets were identified within CD45- cells: adventitial stromal cells (AdSC, 
CD34+CD31-), pericytes (PC, CD34-CD31-), and endothelial cells (EC, CD34+CD31+). C) AdSC, PC, and EC 
were further analyzed for CD146, CD271 (upper row), and CD105 expression (lower row). (D) 
Summary of SVF subset frequencies in different donors [n=7; plots shown are Mean ± standard 
deviation (SD)].   
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Table 11: Adipose tissue-derived SVF subset frequencies in different donors. 

Patient No Gender Age Donor Site 

Subset frequencies (%) 

CD45+ CD45- AdSC PC EC 

A22 m 30 mas 12,20 87,60 75,10 8,73 26,40 

A20 m 30 abd 8,91 90,80 55,60 16,20 28,36 

A26 f 49 abd 9,86 89,60 53,70 17,80 33,10 

A27 f 38 abd, hip 21,10 77,90 61,70 13,40 16,20 

A29 f 29 abd, hip, thg 19,00 80,50 52,30 18,50 28,30 

A30 f 40 thg 8,20 90,70 45,40 15,20 24,60 

A31 f 27 thg 21,00 78,30 49,60 19,70 28,60 

Mean 
   

14,32 85,06 56,20 15,65 26,51 

StDEV 
   

5,83 5,91 9,74 3,71 5,23 

Abbreviations: gender: m, male; f, female. Anatomical donor sites: mas, gynaecomastia; abd, 
abdomen; thg, thigh  

 

According to these results consisted the CD45- stromal vascular cells of three distinct 

subsets, namely AdSC, PC and EC. 

 

4.2.2. Long-term culture of sorted SVF subsets 

To functionally compare the long-term proliferative capacity of putative MSC progenitors, 

FACS-sorted subsets were cultured separately (see Materials & Methods 3.8.). Direct ex vivo 

culture was performed either under MScult or ECcult. Following the first passage, cells were 

further cultured under MScult. Notably, during early culture under MScult, PC and EC rarely 

developed into proliferating fibroblastoid cells. Therefore, only ECcult-cultured PC and EC 

will be shown in the following analyses.  

Cell numbers determined during long-term expansion revealed that AdSC proliferated 

steadily to passage 8 (day 111; Fig. 16) and proliferation rates were independent of CD271 

expression. Cell counts of unsorted SVF cells as well as PC and EC cultures dropped at day 14, 

suggesting reduced proliferation during early culture compared to AdSC. After passaging, 

proliferation rates of unsorted SVF cells and PC were similar to AdSC. Cell numbers of EC 

decreased constantly and culture was ceased after the 2nd passage.  
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We conclude that both, AdSC and PC are AT-MSC progenitors with similar proliferation rates 

during long-term culture. Differences in the proliferation of AdSC and PC during early culture 

further attracted our interest (see section 4.3.1.).   

 

4.2.3. Differentiation of AT-MSC derived from sorted AdSC and PC 

To further verify AdSC and PC as AT-MSC progenitors, the differentiation potential of sorted 

SVF subsets was assessed. Sorted MScult- or ECcult-cultured AdSC and ECcult-cultured PC 

were expanded under MScult until passage 2 and differentiated towards the adipogenic and 

osteogenic lineage. EC were not included due to insufficient cell numbers in passage 2. 

Differentiation was evaluated by Alizarin Red staining for extracellular calcium depositions 

and by Oil Red and Nile Red staining for lipid vesicles. Differentiation results were compared 

to AT-MSC derived from unsorted SVF cells of the same donor (Fig. 17). 

AdSC and PC successfully differentiated towards the osteogenic and adipogenic lineage. We 

observed only marginal differences in the osteogenic potential, with differentiated PC 

exhibiting the strongest Alizarin Red staining. Adipogenic differentiation appeared to be 

minimally enhanced in ECcult-cultured AdSC, whereas MScult-cultured AdSC exhibited less 

intracellular lipid vesicles as determined by Nile Red staining (Fig. 17b). 

Figure 16: Long term expansion of sorted SVF cell subsets. 
Ex vivo FACS-sorted SVF cell subsets and unsorted SVF cells were ECcult-
cultured during early culture and after passaging, MScult-cultured until 
final passage 8 (n=1). 
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Figure 17: Differentiation of sorted SVF subsets. 
A) Unsorted SVF cells and MScult- or ECcult-cultured AdSC or PC were differentiated in passage 2 and 
stained with Alizarin Red, Oil Red and Nile Red. B) Adipogenesis was quantified by counting Nile Red+ 

cells. Magnification: 100x. One representative result out of three experiments is shown. 

 

In summary, these results demonstrate that both, AdSC and PC give rise to multipotent AT-

MSC with long-term proliferative capacity and similar differentiation potential. Interestingly, 

MSC derivation from PC was restricted to ECcult and less efficient when compared to AdSC. 
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4.3. Analysis of the derivation phase of AT-MSC 

To understand how MSC progenitors adapt to in vitro conditions, we next analyzed how bulk 

SVF cells and sorted AT-MSC progenitors behave during the MSC derivation phase 

concerning proliferation, morphology and cell size as well as immunophenotype. 

 

4.3.1. Proliferation of bulk and sorted SVF cells  

To monitor proliferation of bulk SVF cells during MSC derivation, ex vivo cells were seeded at 

a density of 1x105 cells/cm2 under the two different culture conditions, MScult and ECcult, 

and cultured until confluence. At indicated time points, adherent cells were detached for 

determination of cell counts using Casy Cell counter. Cell numbers are presented as cell 

densities, i.e. normalized to the harvested culture area. 

In MScult-cultures, cell densities decreased to approx. 7-10% of seeded cells (0.7-1x104 

cells/cm2) at day 2 and then further to 5-7% at day 4 (Fig. 18A). This decrease was followed 

by a steady increase to confluence (10-20% of initial cell numbers) at day 8-11 (end of initial 

culture). In ECcult, cell densities similarly decreased to 10% at d2, then remained constant 

and after day 6 increased to 100% of seeded cells at day 8. Notably, ECcult-cultured cells 

proliferated more rapidly than under MScult.  

 

 

 

Figure 18: Cell count kinetic during MSC derivation of unsorted SVF cells. 
A) Ex vivo SVF cells were MScult- (n=4) or ECcult-cultured (n=2) and cell counts were recorded at 
indicated time points of early culture (“end” denotes end of early culture at day 8 to day 11). B) At 
confluence, cultures were photographed to compare morphologies (magnification 100x). 

 

Similar to unsorted bulk cultures, cell densities of ex vivo sorted AdSC, PC and EC were 

monitored in MScult- and ECcult-cultures. Due to differences in cell numbers yielded from 
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FACS-sorting, the subsets were seeded at varying cell densities. Therefore, cell numbers 

were normalized to 1,000 seeded cells/cm2. 

Under MScult, cell numbers initially reduced to about 30% of seeded cells (Fig. 19A); in 

detail, we retrieved 27±18% of AdSC, 29±29% of PC and 19±19% of EC. After day 8, AdSC 

proliferated up to 130% of seeded cells at confluence, whereas PC and EC cell numbers 

remained constant throughout culture at 33% and 14%, respectively. This confirms the 

observation of impeded PC proliferation under MScult (Fig. 16).  

 

Figure 19: Cell count kinetic during MSC derivation of sorted SVF cell subsets. 
Cell counts of sorted AdSC, PC and EC were recorded at indicated time points of early culture 
under MScult (A, n=5) or ECcult (B, n=3). “End” denotes end of early culture at day 11 or day 
14. 

 

Under ECcult, cell numbers initially decreased to 23% for AdSC, 4.6% for PC and 13.7% for EC 

at day 2. Thereafter, cell numbers remained constant until day 8, and AdSC increased to 

426±183% at day 14 (Fig. 19B). Further, we observed proliferation of PC to 66±10% and of EC 

to 31±22%. 

We defined ex vivo cultures as confluent, when cell densities of about 80% were reached. At 

confluence, ECcult cultures reached much higher cell numbers compared to MScult for bulk 

(100% versus 20% of seeded cells, respectively) and sorted subsets cultures (420% versus 

130%, respectively). This was not only related to accelerated proliferation under ECcult, but 

also an altered morphology. ECcult-cultures exhibited a quite homogeneous monolayer of 

slim, spindle-shaped cells (Fig. 18B), whereas larger and more flattened-out cells were 

observed in MScult-cultures.  
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In summary, AdSC proliferated faster than PC, particularly under MScult. Therefore, we 

propose that predominantly AdSC contribute to MSC derivation from bulk cultures and that 

AdSC are the more clonogenic SVF cell subset. Finally, the overall behavior of cell numbers 

during the MSC derivation phase of SVF cells implies that (1) cells able to attach to TCPS are 

selected until day 4, and (2) these selected cells proliferate until confluence. 

 

4.3.2. Changes in morphology and cell size  

We have observed differences in cell morphology between culture conditions (Fig. 18B). To 

now follow how morphologies change during early culture, we monitored cell morphologies 

and cell diameters using microphotographs, Casy cell size data and FACS.  

Photomicrographs revealed that, in bulk MScult-cultures, small round-shaped cells observed 

at day 2 and day 4 developed into larger spindle-shaped cells by day 6 and then proliferated 

to confluence (day 11, Fig. 20A). Under ECcult, cultures at day 2 and day 4 similarly consisted 

of small round-shaped cells, but in addition, some small cells with cobblestone morphology 

in tight colony formation were detectable as early as day 2 (Fig. 20B). Similar to MScult-

cultures, small round-shaped cells were replaced by larger fibroblastoid cells beginning at 

day 4. Cells in cobblestone colonies also proliferated but disappeared until confluence.  

According to Casy cell size data, cell diameters at day 0 were <15µm (Fig. 20C). At day 4, cells 

with diameters >15µm were observed under both conditions, which dominated the cultures 

until day 8.  This development was identical in different preparations and also in ECcult-

cultures (Fig. 20D). Using the MFI of FSC to measure cell size in flow cytometry, an increase 

in MFI of FSC was similarly observed, but in MScult-cultures to higher final values (Fig. 20F). 

Thus, differences in cell morphology and size were observed when the cultures reached 

confluence, as determined on photomicrographs (Fig. 20A+B), in the cell counting data (Fig. 

20D+E) and flow cytometry data (Fig. 20F).  
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Figure 20: Morphological changes during MSC derivation of bulk cultures. 
Photomicrographs of bulk cultures under MScult (A) and ECcult (B) at indicated time points reveal 
morphological changes (magnification: 100x; scale bar: 200µm). C) Cell diameters of detached cells in 
bulk cultures at indicated time points (as assessed by Casy cell counter). Dashed line at 15µm marks 
border between “small” and “big” diameter cells. D) Changes in percentage of “big” diameter cells 
under MScult (n=4) and ECcult (n=3). E) Differences in cell diameters at confluence of MScult and 
ECcult cultures compared to day 0. F) Scatter plots (FSC vs. SSC) at indicated time points and 
summarized as MFI of FSC for MScult (n=3) and ECcult (n=3). 

 

Differences in morphologies of MScult- and ECcult-cultured sorted AdSC were also analyzed. 

An increase in cell size, as determined by flow cytometry, occurred already at day 6 (Fig. 

21A). At confluence, cell sizes of MScult-cultured AdSC were bigger, not only of detached 

cells but also of attached cells in culture (Fig. 21B). 
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Figure 21: Changes in cell size of sorted AdSC during MSC derivation. 
A) Diagram shows changes in MFI of FSC at indicated time points in AdSC cultured under MScult 
(n=3) and ECcult (n=2). B) Photomicrographs of AdSC under MScult and ECCult at day 6 and at 
confluence (magnification: 100x)  

 

Confirming our cell count kinetic data, photomicrographs revealed a pronounced increase in 

cell numbers at day 8 under both culture conditions (Fig. 18+19). Cells with fibroblastoid 

morphologies and increased cell diameters appeared as early as day 4. The fibroblastoid cells 

in MScult-cultures were derived from AdSC; under ECcult, also PC may contribute to 

fibroblastoid colonies, yet to a lesser extent than AdSC. In ECcult-cultures, colonies with 

cobblestone morphology were observed and were most likely derived from EC.  
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4.3.3. Kinetic of bulk SVF cell phenotypes  

To determine whether changes in surface marker expression occur during the early culture 

phase, bulk SVF cells were analyzed at indicated time points using the described multi-color 

flow cytometry analysis. Analysis focused (1) on CD45+ cells, (2) on percentage of CD34 and 

CD31 expressing cells, and (3) comparison of CD146, CD271 and CD105 expression within 

these subsets over time. 

Between day 0 and day 2, the decrease in CD45+ cell frequencies indicated that the majority 

of blood cells were not able to adhere and removed by medium exchange (Fig. 22A). The 

amount of adhered lymphocytes further decreased during primary culture. Conversely, the 

CD45- stromal vascular cells increased in percentage and were analyzed further.  

Within CD45- cells, percentages of CD34+CD31- (AdSC), CD34-CD31- (PC) and CD34+CD31+ (EC) 

were compared. At day 2, AdSC and PC frequencies were slightly increased compared to day 

0 (Fig. 22B). In contrast, EC frequency decreased and this subset vanished over time. 

However, it has to be highlighted that CD34+CD31+ cells upregulated CD105 as early as day 2 

(Fig. 22E), indicating activation of EC (Nassiri, 2011).  

Between day 4 and day 6, the percentage of CD34-CD31- cells increased abruptly, together 

with a reduction of CD34+CD31- cells. In line with previous reports showing CD34 

downregulation of AT-MSC progenitors (Suga, 2009), this process was rather due to CD34 

downregulation by CD34+CD31- AdSC, than proliferation of CD34-CD31- PC. 

The regulation of CD105, CD146 and CD271 may further support that CD34 downregulation 

by AdSC is the reason for the increase of the CD34-CD31- subsets. To compare several 

experiments, we utilized the integrated MFI (iMFI) to weight the increase in MFI with the 

percentage of positive cells (Darrah, 2007). An increase in cell number together with an 

actual upregulation (increase in MFI) will definitely result in a high iMFI value, whereas a few 

positive MFIhigh cells will lead to a lower iMFI. 

In CD34+CD31-, the percentage of CD146+ and CD105+ cells increased steadily starting (Fig. 

22C). At day 8, only a few CD34+ cells were detected, which were CD105+ and to a lower 

extent also CD146+ and CD271+ cells. In CD34-CD31- cells, a similar population of CD105+ 

CD146+ CD271+ cells was detected as early as day 4 and superseded the previously present 

CD105-CD146+CD271+/- cells on day 6 (Fig. 22D).  
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Figure 22: Immunophenotype kinetic of bulk cultures during MSC derivation.  
SVF cells cultured under MScult were harvested at indicated time points and analyzed for surface 
marker expression by flow cytometry. One representative analysis and diagrams of kinetic 
experiments (d0–d8) are depicted (n = 4; mean ± SD). A) Changes in frequencies of CD45+ and CD45- 
cells (see gating scheme). B) Changes in frequencies of CD34+CD31-, CD34-CD31- and CD34+CD31+ 
cells within CD45- stromal vascular cells (see gating scheme). C, D, E) CD34+CD31-, CD34-CD31- and 
CD34+CD31+ cells were further analyzed for CD146, CD271, and CD105 expression. Diagrams 
summarize the changes in integrated mean fluorescence intensity (iMFI).  



  R E S U L T S  

52 | P a g e  
 

These results provide no evidence for a contribution of PC to the final MSC population under 

MScult (Fig. 19A) implying that changes in marker expression during the early culture period 

of AdSC comprise (1) upregulation of CD105 and CD146 and (2) downregulation of CD34 by 

day 6 to day 8. Accordingly, AdSC eventually developed into CD34- CD105+ CD146+ CD271+/- 

cells.  

 

4.3.4. Immunophenotype kinetic of sorted AdSC and PC 

Changes in the immunophenotype of sorted AdSC and PC during MSC derivation were also 

analyzed. Sorted subsets were MScult- or ECcult-cultured and immunophenotypes were 

assessed at indicated time points. For a more comprehensive overview, results are depicted 

as histogram overlays.  

CD34 expression gradually decreased after day 4 of culture which was highly reproducible in 

all analyzed donors (Fig. 23A).  PC remained CD34- and CD146+ throughout culture. Under 

both culture conditions, AdSC and PC upregulated CD105, as prominently detectable at day 

6. CD146 upregulation by AdSC occurred by day 8 (Fig. 23B+C). Notably, although kinetics of 

CD146 upregulation by AdSC were similar in all conditions, the ratio of CD146+ cells was 

lower at the end of initial culture under ECcult compared to MScult. PC and AdSC similarly 

downregulated CD271 under ECcult. In contrast, AdSC under MScult slightly upregulated 

CD271 resulting in a significant difference in percentage of CD271+ cells at the end of initial 

culture (Fig. 23D).  
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Figure 23: Immunophenotype kinetic of sorted AdSC and PC during MSC derivation. 
MScult- and ECcult-cultured ex vivo sorted AdSC or PC were analyzed for expression of A) CD34, B) 
CD105, C) CD146 and D) CD271 at indicated time points. Overlay histograms show changes in marker 
expression from day 2 (grey area) to end of culture (blue area; see color code). Diagrams summarize 
percentage of marker-positive cells at indicated time points. Statistical test: unpaired t-test (**, 
p<0.01)  

 

Interestingly, differences were observed in expression intensities of CD105, CD146 and 

CD271 under MScult and ECcult (Fig. 23B, C, D). These differences were depicted as the iMFI 

of surface marker-positive cells (Fig. 24). The iMFI of CD105+ cells remained constant under 

ECcult, but increased under MScult (Fig. 24A). Also the iMFI of CD146 and CD271 were 

significantly lower under ECcult compared to MScult (Fig. 24B+C). In other words, ECcult-

cultured AdSC upregulated CD105 less strongly compared to MScult; CD146 and CD271 were 

just weakly and transiently upregulated. 
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Figure 24: Culture-dependent differences in MFI of surface markers. 
Kinetic of iMFI of CD105+ (A), CD146+ (B) and CD271+ (C) in MScult- and ECcult-cultured AdSC and 
ECcult-cultured PC. Diagrams summarize iMFI of marker-positive cells at indicated time points. 
Statistical test: unpaired t-test (*, p<0.05; **, p<0.01) 

 

Finally, we assessed surface marker expression on transcript level by qPCR in ex vivo PC, EC 

and AdSC as well as in MScult cultured AdSC at day 14 (Fig. 15). Confirming the ex vivo 

phenotyping results, low CD34 and high CD146 and CD271 transcript levels were detected in 

PC, while the highest CD105 transcript level was measured in EC (Fig. 25). Further, CD34 

downregulation and CD105 upregulation was observed in CD271+ AdSC at day 14. Transcript 

levels of CD146 and CD271 stayed rather constant in AdSC. The increased fluorescence in 

flow cytometry indicating increased protein levels may be associated with altered translation 

or protein processing (further discussed in section 5.4.3.). 

 

 

Figure 25: Validation of surface marker expression on transcript level. 
Transcripts of CD34, CD105, CD146, and CD271 were quantified by qPCR in MScult-cultured CD271+ 
AdSC at day 0 and day 14, and in PC and EC at day 0. 

 

Hereby, we confirmed that AdSC downregulate CD34 and upregulate CD105 during the MSC 

derivation phase as assessed by flow cytometry and qPCR. In addition, we observed 

differential regulation of CD105, CD146 and CD271 expression depending on culture 

conditions.  
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4.3.5. Expression of CD73, CD90 and αSMA  

MSC in vitro are characterized by expression of CD73 and CD90. Further, smooth muscle cells 

represent a substantial fraction within vascular walls and are marked by α-smooth muscle 

actin (αSMA) expression. To hence understand which subsets express MSC markers and 

αSMA ex vivo, we analyzed CD73, CD90 and αSMA expression by AdSC, PC and EC and on 

AdSC during early culture.  

AdSC ex vivo were CD90+CD73+, PC were CD90+/-CD73- and EC were CD90+/lowCD73low (Fig. 

26A). During MSC derivation, CD73 and CD90 expression by AdSC changed only marginally 

(Fig. 26B). 

 

 

Figure 26: Expression of CD73 and CD90 in ex vivo SVF cell subsets and during MSC derivation. 
A) Ex vivo SVF cells separated into CD34+CD31- AdSC (red), CD34-CD31- PC (blue) and CD34+CD31+ EC 
(green) were analyzed for CD90 and CD73 expression. B) Overlay histograms show CD90 and CD73 
expression of sorted AdSC monitored during MSC derivation from day 2 (grey area) to day 14 (blue 
area; see legend).   
 

 

The majority of αSMA+ cells ex vivo was found in the PC population (60% αSMA+), followed 

by EC with 21% αSMA+ cells (Fig. 27A). Only 2% αSMA+ cells were detected among AdSC at 

day 0. During culture however, the frequency of αSMA+ AdSC first increased slowly to about 

10% at day 4 and then suddenly to 94% αSMA+ cells at day 6 (Fig. 27B). These results 

demonstrate that AdSC upregulate αSMA during MSC derivation. 

 



  R E S U L T S  

56 | P a g e  
 

 

Figure 27: Expression of αSMA in ex vivo SVF cell subsets and during MSC derivation. 
A) Ex vivo SVF cells separated into CD34+CD31- AdSC (red), CD34-CD31- PC (blue) and CD34+CD31+ EC 
(green) were analyzed for αSMA expression. Numbers indicate % of αSMA+ cells in the respective 
fraction. B) αSMA vs. CD271 expression of sorted AdSC monitored during MSC derivation from day 2 
to day 8.   

 

4.3.6. Correlation of immunophenotype changes and onset of proliferation 

Since surface marker regulations and onset of proliferation were observed at day 6, we 

questioned whether a possible correlation between these two events exists. To this end, ex 

vivo bulk SVF cells were labeled with a Cell Tracker Violet dye (CTV) that is diluted with cell 

divisions, resulting in weaker fluorescence by daughter cell generations.   

Confirming our previous observations (Fig. 18), frequencies of proliferated, CTV- cells 

increased prominently at day 6 (Fig. 28A+B). In the CTV+ population, i.e. non-proliferated 

cells, a slight increase in the percentage of CD105+ and CD146+ occurred. In contrast, CD34 

downregulation was only observed in CTV- cells. CD271 was apparently upregulated after cell 

division. 
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Figure 28: Surface marker regulation coincides with proliferation. 
A) Non-proliferated, Cell Tracker Violet positive cells (CTV+, red) and proliferated CTV- cells (green) in 
bulk cultures were gated and analyzed for CD105 and CD146 expression at indicated time points.  
B) Diagrams summarize percentage of CTV+ and CTV- cells, and percentage of CD105+, CD146+ and 
CD271+ cells within CTV+ and CTV- (n=3).  

 

We conclude that there is a timely correlation of surface marker regulation and proliferation. 

In detail, CD105 and CD146 were already upregulated prior to cell division, whereas CD271 

and CD34 were regulated after mitosis.  
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4.4. Transcriptome analysis of AdSC before and after early in vitro culture 

Besides immunophenotypical changes and morphological adaptations to in vitro culture, we 

wanted to determine which other cellular processes are affected by early in vitro culture and 

understand which transcriptional programs govern these cellular alterations. To this end, 

microarray-based transcriptome analysis was performed to compare gene expression in ex 

vivo sorted MScult-cultured CD271+ and CD271- AdSC at day 0 with the expression after MSC 

derivation at day 14. One microarray experiment was conducted for each subset.  

We expected differences between CD271+ and CD271- AdSC. However, with only about 8% 

of differentially regulated genes, CD271+ and CD271- cells appeared highly similar, and thus, 

we concentrated the microarray analysis on similarly regulated genes to identify differences 

between ex vivo and cultured AdSC. 

From 41,093 probes on the chip, about 9,800 had a sufficiently good detection p-value 

<0.005 and about 6,500 were regulated at least 2-fold. This high number of regulated genes 

already implies that vast transitional processes occurred during early culture.  

For an initial quality control of the dataset, fluorescence intensities (i.e. expression strength) 

of all genes at d0 were compared to d14 (Fig. 29). Thereby, the results from flow cytometry 

and qPCR were confirmed (Fig. 23). For example, CD34 was downregulated by around 10-

fold, and CD105 and CD146 appeared upregulated, CD271- AdSC at day 14 have upregulated 

CD271 by more than 2-fold. 

Interestingly, Dickkopf-1 

(Dkk1), an inhibitor of WNT 

signaling, was extremely 

upregulated at day 14. 

Furthermore, VCAM1 were 

downregulated at day 14.  

To gain deeper insights into 

changes in gene expression 

and associated cellular 

functions, we performed 

Gene Set Enrichment Analysis 

(GSEA). 

 

Figure 29: Overview about microarray results of CD271- AdSC. 
Intensity values of individual probes for day 0 and day 14 of CD271- 
AdSC are compared, and genes regulated less (blue) or more (red) 
than 2-fold are depicted.  
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The Broad Institute (Boston) provides a software tool for GSEA (Subramanian, 2005). This 

software utilizes a huge database of gene sets with compiled gene annotations (e.g. Gene 

Ontology) or gene sets about different cellular processes published by institutions or 

researchers. The expression data of an experiment comparing two cellular states or classes 

are matched with these gene sets to calculate enrichment of a gene set within the one or 

the other cellular state (for details about GSEA, see Materials & Methods, 3.15.). 

Screening our gene expression data by GSEA against all available gene sets pointed at the 

results of a previous study by Boquest et al. (Boquest, 2005) and at several different 

processes and pathways, such as proliferation, cell adhesion, extracellular matrix production 

and growth factor signaling. The major findings are explained in the following and a few 

genes of interest are highlighted. Furthermore, expression of several pivotal genes was 

validated by qPCR (section 4.4.9.). 

 

4.4.1. Comparison with a previous study 

Boquest et al. have performed a similar expression analysis (Boquest, 2005). In that study, 

CD31- and CD31+ SVF cells were isolated, and the CD31- subset was defined as “Stem Cells”. 

Gene expression of ex vivo CD31- Stem Cells was compared to CD31+ and to cultured CD31-. 

Different to our study, AT-MSC from passage 4 were used, and not early culture MSC. 

Moreover, Boquest et al. have applied a less stringent sorting scheme and included also PC 

into the AdSC population. 

The gene sets generated by Boquest et al. partially correlated with our expression data. On 

the one hand, we found gene set “Boquest Stem Cell UP” which compares ex vivo Stem Cells 

to ex vivo CD31+ cells to be perfectly enriched at day 0 (Fig. 30A). Also gene set “Boquest 

Stem Cell Cultured vs Fresh DOWN” (not shown) was well enriched in AdSC d0. On the other 

hand, the gene set “Boquest Stem Cell Cultured vs Fresh UP” with genes upregulated in 

cultured CD31- stem cells was still enriched in AdSC at day 0 (Fig. 30B), although several 

genes contained in this gene set were upregulated at day 14. This incomplete matching 

might be due to the fact that we have utilized very early AT-MSC in contrast to Boquest et al. 

who used passage 4 AT-MSC which may be further matured. All in all, the overlap with the 

expression data set from Boquest et al. represents a confirmation of our microarray results. 
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Figure 30: GSEA results – Boquest et al. 
Gene sets “Boquest Stem Cell Up” (A) and “Boquest Stem Cell Cultured vs Fresh UP” (B) were 
enriched at day 0. 

 

Several extracellular matrix components such as Laminins, Collagens and Fibulins as well as 

growth factors and cytokines including GDF-10, CXCL14, CXCL12 (SDF-1), and IGF-1 were 

downregulated at day 14. In contrast, different cytoskeletal components such as 

Cytokeratins (KRT18, KRT7), Myosin X, and cell adhesion molecules including N-Cadherin, 

CD105, AL-CAM and Podocalyxin were enriched at day 14. Furthermore, signaling inhibitors 

such as Dickkopf-1 and Gremlin were upregulated at day 14. These genes appeared to be 

involved in different cellular processes, as described in the following. 

 

4.4.2. Proliferation  

To assess whether induction of AdSC proliferation in vitro correlates to a changed gene 

expression profile, enrichment of proliferation-associated gene sets was determined.  

Genes related to “Cell Cycle Arrest GO:0007050” were enriched in ex vivo AdSC (Fig. 31A). 

Cell cycle arrest-specific genes such as cyclin-dependent kinase inhibitors CDKN1C 

(p57/KIP2), CDKN1B (p27/KIP1), and tumor suppressors GAS1 (growth arrest-specific 1) and 

GAS7 were clearly upregulated at day 0 (Fig. 31C).   

In contrast, the gene set “Reactome Cell Cycle Mitotic” was clearly enriched in AdSC at day 

14 (Fig. 31B+C). Genes with strongest expression were several Cyclins (CCNA2, D1, E1, B2) 

and Cyclin-Dependent Kinases (CDK6, 7) and other Cell Division Cycle genes (CDC20). Also, 

factors involved in chromosome separation during M-phase, such as Aurora Kinase A 

(AURKA) and Polo-Like Kinase 1 (PLK1) were upregulated at day 14, suggesting the presence 
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of cells in all cell cycle phases. Note the almost exclusive expression of CDC20 and CCNA2 at 

day 14. CCNA2 is critical for S/G2 and also G2/M-phase transition; and CDC20 is a pivotal 

inducer of the Anaphase-Promoting Complex during M-phase (Malumbres, 2009). This 

exclusive presence of these factors underlines cell cycle activity at day 14 compared to day 0. 

In summary, these results not only confirm that proliferation is initiated upon in vitro culture 

but also reveal that AdSC in vivo are quiescent. 

 

 

Figure 31: GSEA results – Proliferation 
Gene sets “Cell Cycle Arrest GO007050” (A) and “Reactome Cell Cycle Mitotic” (B) were enriched at 
day 0 and day 14, respectively. C) Probe intensity values of CD271- and CD271+ AdSC at day 0 and day 
14 for example genes involved in cell cycle arrest and mitosis.  

 

 

4.4.3. Morphology 

Gene set “Gobert Oligodendrocyte Differentiation UP” was enriched at day 14 (Fig. 32A). 

Gobert et al. induced oligodendrocyte differentiation in murine OPC Oli-Neu cells, a 

neuronal progenitor cell line, by different treatments that vary in induction efficiency 

(Gobert, 2009). These differently treated cells were sampled at different time points, and 

gene expressions were compared. 

The genes enriched in cultured AdSC comprised cell cycle regulating genes such as Maternal 

Embryonic Leucine Zipper Kinase (MELK) or Checkpoint Kinase 1 (CHEK1) (Fig.32B), but also 

genes like the Sialomucin Podocalyxin (PODXL), tropomyosin-1 (TPM1) and cytokeratin-18 

(KRT18) which are involved in cytoskeleton organization and cellular morphology.  
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Figure 32: GSEA results – Oligodendrocyte Differentiation – Morphology 
A) Gene set “Gobert Oligodendrocyte Differentiation  UP” was enriched at day 0.Probe intensity 
values of CD271- and CD271+ at day 0 and day 14 for example genes involved in immune response (B) 
and HLA molecules (C). 

 

Based on these results, we reasoned that oligodendrocyte signatures were enriched at day 

14 because MScult-cultured AdSC share morphological features with oligodendrocytes, e.g. 

multiple filopodial extensions. Hence, we compiled other cytoskeletal and morphology-

regulating genes (also from gene sets by Boquest et al.) and observed quite exclusive 

expression of Myosin X (MYO10), hyaluronan-mediated motility receptor (HMMR) and 

cytokeratin-7 (KRT7) at day 14 (Fig. 32B). In addition, in this oligodendrocyte gene set, we 

found transcription factor FOXM1 expressed at day 14. Also of high interest is that ex vivo 

and cultured AdSC expressed KITLG, the so called Stem Cell Factor, but not the receptor c-KIT 

(CD117) which is associated with stemness and recruitment in HSC and early myeloid and 

lymphoid progenitors and cancer (Okada, 1991).  

These findings suggested that during MSC derivation cytoskeletal rearrangements occurred 

with a tendency towards more complex morphologies at day 14. 

 

4.4.4. Cell adhesion molecules 

The gene set “KEGG Cell Adhesion Molecules CAMs” was enriched in ex vivo cells (Fig. 33A) 

including Vascular Cell Adhesion Molecule 1 (VCAM1), CD34, Claudin 5 (CLDN5), neuronal 

growth regulator 1 (NEGR1) and neuroligin 2 (NGLN2) (Fig. 33B).  In contrast, Claudin 11 

(CLDN11), N-Cadherin and activated leukocyte-CAM (ALCAM) were expressed at day 14. 

These data suggest that AdSC undergo a switch in CAM expression during MSC derivation, 

probably associated with different attachment properties to different surfaces. 
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Figure 33: GSEA results – Cell Adhesion Molecules 
A) Gene set “Cell Adhesion Molecules CAMs” was enriched at day 0. B) Probe intensity values of 
CD271- and CD271+ at day 0 and day 14 for selected cell adhesion molecules. 

 

4.4.5. Extracellular matrix 

Clear enrichment of the gene set “Proteinaceous Extracellular Matrix” (GO: 0005578) at day 

0 led to analysis of genes involved in extracellular matrix formation (Fig. 34A). The enriched 

genes comprised matrix constituents such as Laminins, Collagens and other matrix 

components (Fig. 34B+C). Some Collagens were downregulated more than five-fold (COL4A1, 

COL8A2), other Collagens remained constant (COL1A1, COL6A1, COL12A1), but COL13A1 was 

expressed exclusively at day 14. Laminins (LAMA2, LAMA4, LAMB2, LAMC1;) and other ECM 

components such as Fibulin-1, (FBLN1), Lumican (LUM), Nidogen 2 and Tenascin XB (TNXB)  

were expressed at higher rates at day 0 (some probe intensity values are shown in Figure 

34B). Matrix metalloproteinase 9 (MMP9) was exclusively expressed in ex vivo AdSC. In 

contrast, at day 14, expression of Fibronectin-1 (FN1), MMP1 and MMP3 were upregulated. 

 

 

Figure 34: GSEA results – Extracellular Matrix 
A) Gene set “Extracellular Matrix” was enriched at day 0. Probe intensity values of CD271- and 
CD271+ at day 0 and day 14 for example genes from GSEA and for selected Laminins (B) and 
Collagens (C). 
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These results suggest that ECM production was clearly changed in vitro. Especially Laminins 

and proteins required for matrix organization and maturation (e.g. LUM, FBLN1, TNXB) were 

downregulated. Collagens were mainly maintained but COL8 was downregulated and COL13 

was induced in vitro. MMPs required for matrix turnover were upregulated at day 14. 

 

4.4.6. Immune response  

The gene sets “Response To Wounding” (GO: 0009611) and “Immune Response” (GO: 

0006955) were similarly enriched at day 0 (Fig. 35A). Several genes were redundantly found 

in both gene sets. Examples of regulated genes are displayed in Figure 35B+C. 

Several chemokines were exclusively expressed at day 0 (Fig. 35B), such as tumor necrosis 

factor ligand superfamily member 13B (TNFSF13B, B-cell activating factor, BAFF, CD257), 

CXCL9 (Monokine induced by gamma interferon, MIG) and CX3CL1 (Fractalkine). Other 

chemokines were strongly downregulated during culture, like CCL2 (monocyte chemotactic 

protein-1, MCP-1), CCL19 (macrophage inflammatory protein-3-beta; MIP-3-beta), CXCL14 

(BRAK, breast and kidney-expressed chemokine) and CXCL12 (Stromal cell-derived Factor-1, 

SDF1). Furthermore, the chemokine receptor CXCR4 was only expressed at day 0, and CXCR7 

was constantly transcribed. Egr1 (Early Growth Response 1) was upregulated at day 0, and 

maintained until day 14, albeit at lower levels (Fig. 35B). Similarly, the IL13 receptor α1 

(IL13RA1) was expressed constantly  

 

 

Figure 35: GSEA results – Immune response and wound healing 
A) Gene set “Immune Response” was enriched at day 0.Probe intensity values of CD271- and CD271+ 

AdSC at day 0 and day 14 for (B) example genes involved in immune response and wound healing and 
(C) HLA molecules. 
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MHC class I (Human Leukocyte Antigen HLA-A, -B, -C) and minor MHC (HLA-E, -F, -G, -H) were 

expressed constantly, but were slightly downregulated at day 14 (Fig. 35C). In contrast, MHC 

class II molecules (HLA-DP, HLA-DR) were exclusively expressed at day 0.  

These results implied that inflammatory responses are ongoing in ex vivo AdSC and that MSC 

downregulate MHC class II expression during early culture. 

 

4.4.7. Growth factor signaling pathways 

Concerning growth factor signaling pathways, enrichment of WNT, PDGF, TGFβ, and FGF 

signaling was observed.  

 

WNT signaling 

Gene set “WNT signaling” was enriched at day 0 (Fig. 36) due to upregulated WNT ligands 

and receptors: Frizzled-4 and -5 (FZD4, FZD5), WNT11, and Low-density lipoprotein receptor-

related protein 5 (Lrp5), further, Kremen-1 and Sox17. FZD2, FZD6, WNT5A and Dkk1 were 

upregulated at day 14. WNT6 was transcribed at similar rates at both time points. All in all, 

WNT signaling was reduced upon in vitro culture, probably related to expression of Dkk1 as a 

major repressor of WNT signaling (Bao, 2012).  

 

 

Figure 36: GSEA results – WNT Signaling 
Enrichment of gene set “WNT Signaling” and probe intensity values for example genes. 
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PDGF signaling 

Gene set “Reactome Signaling by PDGF” was enriched in ex vivo AdSC (Fig. 37). Platelet-

derived Growth Factor Receptor A (PDGFRA) and PDGFRB as well as PDGF-D and the 

mediators STAT-5A, -6 and -3 were upregulated at day 0. Neither PDGF-A or PDGF-B was 

transcribed by AdSC, but at day 14, PDGF-C and STAT1 were upregulated. This implies a 

switch in major involved signaling molecules, especially from PDGF-D to PDGF-C.  

 

 

Figure 37: GSEA results – PDGF Signaling 
Enrichment of gene set “Reactome Signaling By PDGF” and probe intensity values for example genes. 

 

TGF-β signaling 

Gene set “Reactome Signaling By TGF-β Receptor Complex” was slightly enriched at day 14, 

although it appears that involved genes are only marginally regulated (Fig.38). Looking at 

TGF-β ligands and receptors further supported this notion. TGF-β3, Activin-B (INHBB) and 

TGF-β Receptor Type 3 (TGFBR3) were slightly downregulated at day 14. Activin receptor-like 

Kinase 1 (ACVRL1, ALK-1) was only expressed at day 0, whereas TGF-β Induced (TGFBI) and 

Activin-A (INHBA) were upregulated at day 14. All present ligands (TGFB3, INHBA, INHBB) 

can signal via ALK-2 which is constantly expressed, but also via CD105 which is 2-fold 

upregulated at day 14, as already shown by flow cytometry and qPCR (Fig. 23+25). These 

results imply that TGF-β signaling is constantly active throughout MSC derivation, although 

upregulated CD105 may modulate TGF-β-mediated effects.  
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Figure 38: GSEA results – TGFβ Signaling 
Enrichment of gene set “Reactome Signaling By TGF Beta Receptor Complex” and probe intensity 
values for TGFβ ligands and TGFβ receptors. 

 

FGF signaling 

Gene set “Reactome Signaling by FGFR” was enriched in cultured AdSC (Fig. 39). But the FGF 

receptor FGFR1 was downregulated at day 14 and FGFR2 was even completely absent. But 

FGF1 and FGF5 were upregulated at day 14, while FGF2 appears constantly expressed. 

Finally, most importantly, at day 0, growth factor signaling inhibitors Sprouty-1/2 (SPRY1/2) 

were expressed which may render AdSC unable to respond to extracellular, growth factor-

mediated cues (Hanafusa, 2002). Hence, FGF signaling may be more influential at day 14. 

 

 

Figure 39: GSEA results – PDGF Signaling 
Enrichment of gene set “Reactome Signaling By FGFR” and probe intensity values for example genes. 
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4.4.8. Epithelial-to-mesenchymal transition 

Gene set “Sarrio Epithelial Mesenchymal Transition UP” was highly enriched at day 14 (Fig. 

40B), and conversely, gene set “Sarrio Epithelial Mesenchymal Transition DN” was found 

enriched at day 0 (Fig. 40A). Sarrio et al. have compared genes expression of MCF10A breast 

cancer cells grown at low confluence (mesenchymal phenotype) compared to those grown 

at high confluence (epithelial, basal-like phenotype). 

 

 

Figure 40: GSEA results – Epithelial-to-Mesenchymal Transition (EMT) 
Gene sets “Sarrio Epithelial Mesenchymal Transition DN” (A) and “Sarrio Epithelial Mesenchymal 
Transition” (B) were enriched at day 0 and day 14, respectively. C) Probe intensity values of CD271- 
and CD271+ at day 0 and day 14 for example genes involved EMT. 

 

At day 0, the potent Myc-inhibitor MAX-inhibitor 1 (MXI1) and TGF-β receptor 3 (TGFBR3) 

were upregulated, which is consistent with cell cycle quiescence. At day 14, genes involved 

in formation of fibroblastoid cell morphology were upregulated (Fig. 40C), such as actin-

binding proteins SMTN (smoothelin) and PLEK2 (pleckstrin-2). Concerning the major EMT-

related genes, we found N-Cadherin (CDH2) and Snail (SNAI1) to be upregulated. In contrast, 

Fibroblast-specific Protein 1 (FSP1), α-Smooth Muscle Actin (ACTA2), Slug (SNAI2) and 

TWIST1 were constantly expressed at both time points. 

 

4.4.9. Validation of microarray results by qPCR 

To validate the microarray results, AdSC were MACS-enriched and cultured to confluence. 

Different to the FACS-sorted AdSC used for the microarrays, MACS-enriched AdSC reached 

confluence already as early as day 8 (not at day 14).  RNA was isolated at day 0, day 5 and 

day 8. These samples were used to verify expression of different genes by qPCR. Expression 
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of several different growth factors, cytokines and receptors, transcription factors and EMT-

related genes were assessed (Fig. 41).  

Changes in gene expression as determined by qPCR were in most cases consistent with the 

microarray results. For example, a drastic, 60-fold upregulation of Dkk1, the potent WNT 

signaling inhibitor, was confirmed, with the peak of transcription already reached at day 5.  

Moreover, Gremlin-1 and -2 (GREM1, GREM2) were strongly upregulated (100-fold and 100-

fold, respectively). Gremlins are potent antagonists of BMP signaling and were reported to 

be involved in cancer cell proliferation and metastasis, as well as fibrosis (Farkas, 2010; 

Mulvihill, 2012).   

In addition, GDF10 (BMP3B) expression was almost exclusively expressed at day 0 (50-fold 

downregulation at day 8). GDF10 is predominantly expressed by pre-adipocytes (Hino, 2012; 

Upadhyay, 2011). Interestingly, GDF10 was recently linked to expression of Sca-1, the 

murine Stem Cell Antigen-1, Ly-6A (Upadhyay, 2011). In detail, Sca-1 marks murine adult 

stem cells, such as HSC, but is also elevated in malignancies. Especially in cancer, Sca-1 

inhibits TGF-β signaling by GDF-10 via TGF-β receptor I and II. Upadhyay et al. suggested that 

Sca-1/Ly6-A disturbs TGF-β receptor heterodimerization following GDF10 ligation and 

thereby inhibits SMAD3signaling. In humans, Ly6D and Ly6K, homologs of murine Ly-6A, 

have analogously been associated with breast cancer (Choi, 2009). Intriguingly, Ly6K is 

upregulated by AdSC during MSC derivation (data not shown). Future studies will further 

analyze the role of Ly6K and GDF10 in MSC. 

 

Figure 41: Confirmation of gene expressions by qPCR. 
Expression results from microarray (blue/white patterned bars; fold change d14/d0 of CD271- and 
CD271+ AdSC) were confirmed by qPCR (fold change: dCt relative to HPRT, normalized to d0). Values 
from day 0 (red bars), day 5 (green bars) and day 8 (blue bars) are shown. One biological replicate, 
three technical replicates. 
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Expression of several selected transcription factors was determined. The only GATA family 

member expressed, GATA6 was slightly upregulated at day 8 (2-fold). But at day 5, GATA6 

was about 5-fold downregulated. Moreover, Sox17, a transcription factor recently 

discovered as marker for vascular stem cells was downregulated during MSC derivation 

(Tang, 2012). Furthermore, during MSC derivation, REX1 was upregulated already at day 5 

and then maintained.  

Finally, regulation of major EMT-related genes was assessed (Zeisberg, 2009). Upregulation 

of N-Cadherin (CDH2, 100-fold) and αSMA (ACTA2, 10-fold) during MSC derivation was 

confirmed. In contrast, central EMT transcription factors SNAI1 and SNAI2 showed 

ambiguous expression patterns. According to microarray, SNAI1 was strongly upregulated 

(10-fold) and SNAI2 expression was maintained. qPCR yielded inverse results, namely a slight 

downregulation of SNAI1 but upregulation of SNAI2 (4-fold). Upregulation of Podocalyxin 

(PODXL) could not be confirmed. Instead of being about 10-fold upregulated at confluence 

(microarray d14), PODXL was expressed at basal levels at day 8, but peaked at day 5 (10-

fold). 

 

In summary, microarray analysis revealed enrichment of cell cycle-promoting and 

morphology-associated genes at day 14, corroborating the observed coincidence of 

proliferation onset and morphological transition. Inflammatory responses were enriched ex 

vivo. Growth factor signaling was altered by expression of Gremlin at day 14 (BMP 

inhibition), Sprouty at day 0 (FGF inhibition) and Dickkopf at day 14 (WNT inhibition). qPCR 

results confirmed expression and regulation of several genes of interest, further 

corroborating the validity of the microarray dataset. 
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5. Discussion 
 

In this study, immunophenotypical and morphological transitions of MSC progenitors during 

the early culture phase, the MSC derivation phase, were investigated and linked to changes 

in gene expression. We identified two different AT-MSC progenitors, namely AdSC 

(Adventitial Stromal Cell) and PC (Pericytes) and discovered changes in morphology and 

immunophenotype that tightly correlated to the proliferation status. MSC derivation turned 

out to be culture-dependent, i.e. the two MSC progenitor types reacted differently to the 

two employed culture conditions. MScult (conventional MSC culture condition) and ECcult 

(Endothelial cell culture condition) not only altered proliferation rates of MSC progenitors, 

but also morphological appearance and immunophenotype of derived AT-MSC.  

Transcriptome analysis corroborated these findings, and in addition, shed light on major 

transcriptional programs that regulate MSC derivation. Accordingly, early inflammatory 

response upon tissue damage and stimulation by different growth factors may represent the 

initial pivotal regulators for MSC progenitor proliferation during MSC derivation.  

 

5.1. Characterization of AT-MSC 

Cultured SVF cells from adipose tissue developed into fibroblastoid cells with long-term 

proliferative capacity (Fig.12) that expressed CD73, CD90 and CD105, were negative for 

CD14, CD34 and CD45 (Fig. 14), and differentiated towards the adipogenic and osteogenic 

lineage (Fig. 13). Proliferation rates of AT-MSC during long-term expansion varied slightly 

between donors (Fig. 12), but these differences did not correlate with donors’ age (data not 

shown). The proliferation rates were consistent with previous reports about human AT-MSC 

(Kern, 2006). Differentiation was efficient towards the adipogenic and osteogenic lineage, 

but we rarely observed well differentiated chondrogenic micropellets. This is in accordance 

with the reportedly weak chondrogenic potential of AT-MSC (Im, 2005), which according to 

previous studies, can be enhanced by addition of either higher growth factor concentrations 

or BMP-2 or BMP-7 (Kim, 2009a, b; Mehlhorn, 2007).  

Hereby, we confirmed that the cells derived from SVF cells fulfill the minimal criteria for AT-

MSC, defined by the ISCT (Dominici, 2006; Zuk, 2002). 
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5.2. Identification of SVF cell subsets and AT-MSC progenitors 

In order to identify AT-MSC progenitors, the different cellular subsets in the SVF were 

dissected by analyzing expression of CD45, CD31, CD34, CD105, CD146, CD271, CD73, CD90 

and αSMA by flow cytometry (Fig. 15, 26, 27). Four major cell fractions in the SVF were 

identified:  

1) CD45+ hematopoietic cells,  

and within CD45- stromal vascular cells: 

2) Endothelial Cells (EC): CD34+ CD31+ CD105low CD146+ CD90+ αSMA+/- CD73-/low, 

and MSC progenitors:  

3) Pericytes (PC): CD34- CD31- CD105- CD146high CD271+/- CD90+/- CD73- αSMA+/-   

3) Adventitial Stromal Cells (AdSC): CD34+ CD31- CD105- CD146- CD271+/- CD73+ CD90+ and 

αSMA-  

 

We observed only minor differences in the percentage of these cell subsets between 

individual donors, and no correlation with donors’ age, gender or anatomical site of 

liposuction was found (Table 11). Thus, the cellular composition of the SVF appeared quite 

constant, independent of age and gender. However, to draw a definitive conclusion, our 

sample size was too small and donors’ age ranged merely from 27 to 49 years. A recent 

study showed a reduced antigenic potential of AdSC in elderly patients (55 to 81 years), 

although frequencies of AdSC were independent of age, confirming our observation 

(Madonna, 2011). 

Several recent studies have utilized 

similar markers for MSC progenitor 

phenotyping, but have also clarified the 

in situ localization of identified subsets 

by histology (Corselli, 2011; Lin, 2008; 

Maumus, 2011; Zimmerlin, 2010). 

These publications provided clues about 

the histological localization of our 

characterized subsets (Fig.42). The 

majority of CD45+ leukocytes reside in 

the blood vessel lumen, yet mast cells 

Figure 42: SVF subset localization. 
A) Scheme of blood vessel wall architecture 
(http://www.lab.anhb.uwa.edu.au).  B) Staining of 
blood vessels for CD31, CD34, CD146 and αSMA 
(Zimmerlin, 2010). 
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for example are also located in the tissue stroma (Galli, 2010). In the Tunica intima, CD34+ 

CD31+ endothelial cells line the blood vessel lumen and are attached to the internal elastic 

lamina. In the tunica media, CD34-, CD31-, αSMA+ and CD146+ pericytes and smooth muscle 

cells can be found (Corselli, 2011; Lin, 2008; Zimmerlin, 2010). Finally, distal to the blood 

vessel lumen, in the Tunica adventitia or Tunica externa reside CD34+ CD31- AdSC, fibroblasts 

and different progenitor cells (Corselli, 2010). Based on this, we termed our cell subsets, EC, 

PC and AdSC (see above). We basically adopted this nomenclature from Zimmerlin et al., but 

termed “Supra-Adventitial ASC” as Adventitial Stromal Cells, AdSC. 

Our marker selection has proven to be appropriate for characterization of different SVF cell 

types. However, we suggest improvements for future phenotyping studies. Firstly, EC and PC 

separation can definitely be enhanced by including CD90 as an additional criterion. EC and 

PC were incompletely separated by gating only according to CD34 and CD31, as especially 

manifested in the inhomogeneous distribution of αSMA and CD90 expressing cells (Fig. 26, 

27). Zimmerlin et al. have additionally identified CD31+ CD34- mature endothelial cells that 

were CD90- (Zimmerlin, 2010). We find a similar population at the border between EC and 

PC. Hence, by including CD90, these mature EC may be better separated. Secondly, other 

markers have been described as MSC enrichment markers, such as PDGF-receptor A and B 

(CD140a and CD140b), and Stro-1 (Jones, 2002; Uezumi, 2010). The finding that PDGFR-A 

and -B were expressed in AdSC underscores that inclusion of such markers in our staining 

panel will further improve identification of MSC progenitors ex vivo.  

 

CD34, CD146 and CD271 - markers for MSC progenitor characterization 

Ex vivo MSC progenitors were partially positive for CD271, but differed in expression of 

CD146 and CD34 (Fig. 15). We have sorted AdSC and PC, and both subsets – when initially 

cultured under ECcult – developed into AT-MSC that exhibited long-term expansion capacity 

and differentiated towards the adipogenic and osteogenic lineage (Fig. 16, 17).  

CD34 has been already reported as a marker for non-hematopoietic stem/progenitor cells, 

and a perivascular localization was also described (Campagnolo, 2010; Suga, 2009; Traktuev, 

2008). In a study about CD271 expressing cells in AT, CD271+ SVF cells were CD34+ or CD34- 

(Quirici, 2010), which is matching to our observations on AdSC an PC. Recently, Tormin et al. 

have identified similar CD271+ CD146- and CD271+ CD146+ MSC progenitors in the BM 

(Tormin, 2011). Perivascular cells in spatial proximity to blood vessels were CD146+, whereas 
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bone-lining cells and cells more distal to blood vessels appeared CD146-. This in situ 

localization suggests a correlation of CD146 expression to the distance to the blood vessel, 

which is also consistent with the observations in adipose tissue (Corselli, 2011).  

Based on the facts about MSC progenitor phenotypes in BM and AT, it would be interesting 

to know whether the CD146- cells in the BM express CD34. In this case, the 

immunophenotype of MSC progenitors from AT and BM would be identical. However, an 

older report by Quirici et al. about CD271+ BM cells definitely provided no evidence for a 

CD34- population within CD271 expressing cells (Quirici, 2002). Accordingly, also CD146+ 

CD271+ “pericytes” in BM must be CD34+. Nonetheless, these data demonstrate that MSC 

progenitors from BM and AT show phenotypic similarity and can be identified by CD271, and 

partly by CD146 or CD34 expression. 

In summary, we have demonstrated that both, AdSC and PC are AT-MSC progenitor subsets. 

Both successfully developed into bona fide AT-MSC that could be long term expanded and 

differentiated into osteoblasts and adipocytes in passage 2.  

 

5.3. Expression analysis of AdSC during MSC derivation  

Transcriptomes of MScult-cultured CD271+ and CD271- AdSC at day 0 and day 14 of early 

culture were compared by microarray. Around 6,500 genes were differentially regulated 

more than 2-fold either at day 0 or day 14 (approx. 50%-50%) in both, CD271+ and CD271- 

AdSC. 

Since the microarray analysis was performed with cells of only one donor, donor-specific 

effects cannot be excluded. But the microarray results were thoroughly validated in different 

ways: 1) genes regulated during MSC derivation were highly similar in CD271+ and CD271- 

AdSC; 2) microarray results confirm the observations concerning surface marker expression 

(Fig. 23, 25, 29); 3) results from a previous study by Boquest et al. (Boquest, 2005) confirm 

similar regulation of several genes (Fig. 30); 4) expression of selected genes was confirmed 

by qPCR on MACS-enriched AdSC from another donor (Fig. 41). Hence, the microarray 

experiments yielded reliable results. 

For the validation by qPCR, an intermediate time point (day 5) was additionally included to 

investigate whether there are transient gene regulations occurring that could not have been 

detected in the microarray experiment.  
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To identify important functions and processes out of approx. 6,500 regulated genes, we 

eventually decided to perform Gene Set Enrichment Analysis (GSEA). GSEA offers a 

convenient analysis and returns gene sets, i.e. genes associated with distinct cellular 

processes (details on GSEA, see Mateials & Methods 3.15.).  

GSEA pointed to different processes and genes regulated during MSC derivation, such as 

proliferation, immune response, extracellular matrix production and turnover as well as 

WNT, PDGF, TGF-β and FGF signaling.  

 

5.4. The MSC derivation process 

We have analyzed sorted AdSC and PC as well as bulk SVF cells for proliferation, morphology 

and immunophenotype during the MSC derivation phase and compared the effect of two 

different culture conditions. Furthermore, transcriptomes of sorted AdSC were assessed by 

microarray and analyzed by GSEA. In the following, our major findings are summarized with 

an attempt to combine the results from kinetic experiments and transcriptome analysis. 

 

5.4.1. Culture-dependent differences in proliferation during MSC derivation 

AdSC- and PC-derived AT-MSC exhibited similar proliferation rates during long-term culture 

(Fig. 16), whereas differences in the proliferation of AdSC and PC during initial culture under 

two culture conditions were observed (Fig. 19). AdSC proliferated sufficiently under both 

conditions, yet faster under ECcult, while PC did not proliferate under MScult. Confirming 

this observation, Corselli et al. have recently shown that AdSC proliferate faster than PC; yet, 

this was evaluated only under ECcult as culture condition for early culture (Corselli, 2011). In 

a different study, Maumus et al. have not identified PC as MSC progenitors since only MScult 

was applied (Maumus, 2011). Our results combine these findings and clearly demonstrate 

that different progenitor types obviously need specific culture conditions to adhere and 

proliferate. 

There are similarities between AT and BM concerning the reduced proliferative potential of 

PC. Tormin et al. have also shown that PC-like CD271+ CD146+ cells from the BM were less 

clonogenic than AdSC-like CD271+ CD146- (Tormin, 2011). In other studies, medium 

supplementation with mitogens like dexamethasone, EGF and FGF-2, enhanced proliferation 

of PC (Paul, 2012; Zimmerlin, 2010). Also, coating of culture dishes with e.g. gelatin 
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promoted MSC derivation from PC (Crisan, 2008). Hence, we conclude that MSC derivation 

from different progenitor cells is culture-dependent.  

According to the histological analysis by Corselli et al., AdSC were mainly found around 

larger blood vessels, such as arteria and venae, due to their localization in the Tunica 

adventitia (Corselli, 2011). Hence, the amount of AdSC may correlate to the vascular 

architecture of a given tissue. Combining this finding with our observation of culture-

dependent MSC derivation, the type and size of blood vessels present in a tissue may 

predetermine the amount of adventitia-derived MSC progenitors and, consequently, also 

which culture condition is favorable for MSC derivation from a specific tissue. 

In summary, AdSC are the more clonogenic MSC progenitors that can sufficiently proliferate 

under both culture conditions. ECcult did not only enable PC culture but also accelerated 

AdSC expansion.  

 

5.4.2. Proliferation kinetic during MSC derivation 

Kinetic monitoring of cell numbers revealed that onset of proliferation of bulk SVF cells was 

observed around day 6 independent of the utilized culture condition (Fig. 18), whereas 

proliferation of sorted AdSC occurred about two days later (Fig. 19). This delay may, on the 

one hand, be due to increased cell stress after sorting. On the other hand, PC, EC and – not 

to forget – CD45+ lymphocytes may have pro-proliferative effects on AdSC, which they can 

only exert in bulk cultures. These pro-proliferative effects may be mediated by cytokines and 

growth factors. This assumed pro-proliferative effect of lymphocytes on MSC derivation was 

already demonstrated by Friedenstein et al. who ascribed this effect to platelets and 

megakaryocytes (Friedenstein, 1992).  

During MSC derivation, cell numbers of bulk SVF cells under any culture condition dropped 

drastically to 5-10% relative to seeded cells until day 4 of culture (Fig. 18). This reduction 

probably represents the selection of living cells and cells capable to adhere. Sorting of AdSC 

and PC increased the number of adhering cells at day 4 to around 30% (Fig. 19). The low 

frequency of adherent cells at this time point could be due to lower viability, however, only 

apoptosis assays can clarify this aspect. Another explanation could be that cells with 

adhesion potential may only make up a minor subset within AdSC and PC and they can still 

be further enriched by inclusion of additional surface markers, as already suggested above 

(Discussion 5.2.). 
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Concerning expression of proliferation-associated genes during MSC derivation, GSEA 

revealed that several quiescence-related genes (GAS1, GAS7, p27, p57, MXI1) were 

upregulated at day 0 (Fig. 31, 40), whereas at day 14, genes involved in cell cycle progression 

and active mitosis (CCNA2, CCNE1, CCNB2, CDK6, CDK7, CDC20, AURKA, PLK1, CHEK, MELK) 

were upregulated (Fig. 31, 32) (Malumbres, 2009). But also cell cycle inhibitors were 

expressed at day 14, such as p21 or CDKN3. Both are involved in G1-phase arrest triggered 

by contact inhibition (Ritt, 2000) implying that some cells are still actively cycling, while 

others are already arrested due to confluence. This outcome is an example of 

heterogeneities that have to be considered throughout the whole analysis of these 

microarray results.  

In summary, kinetic of cell densities and microarray results demonstrate that ex vivo AdSC 

are quiescent, that adherent cells are selected until day 4 and that proliferation commences 

around day 6 to day 8 of culture. 

 

5.4.3. Immunophenotype changes during MSC derivation  

Summarizing our findings, the major hallmarks in surface marker expression changes during 

MSC derivation are downregulation of CD34 and upregulation of CD105, CD146, and CD271 

(Fig. 22, 23, 25). In addition, CD73 and αSMA were upregulated (Fig. 26+27).  

CD105 and αSMA upregulation and CD34 downregulation was confirmed in MScult-cultured 

AdSC by qPCR (Fig. 25, 41). In contrast, CD271 and CD146 transcription rates remained 

constant despite increased staining intensities during MSC derivation (Fig. 23, 24, 25).  AT-

MSC in passage 2, however, were CD146- and the ratio of CD271 expressing cells was 

reduced to initial values of about 20% (Fig. 14). Thus, the upregulation of CD146 and CD271 

on protein level during MSC derivation seems to be a transient effect, possibly regulated by 

post-translational modifications or altered protein transport to the membrane. This 

intermittent upregulation may be of functional relevance for MSC derivation. The changes in 

surface marker expression were closely associated with onset of proliferation, as measured 

by proliferation staining using CTV (Fig. 28). In particular, CD105 and CD146 were already 

upregulated in non-proliferated cells, whereas CD34 was downregulated just after cell 

division.  

CD105 and CD146 are involved in cell attachment, migration and morphology and may be 

important for AdSC to attach and develop the typical MSC morphology. CD146 (Melanocyte-
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cell adhesion molecule, MCAM, Muc18) is associated with tumor progression and 

metastasis, i.e. contributes to increasing cellular motility (Zeng, 2011). In addition, CD146 is 

upregulated on BM-MSC as a response to higher oxygen tensions in culture (Tormin, 2011). 

Thus, CD146 upregulation occurs as a response to higher oxygen concentrations in vitro. 

CD105 (Endoglin, ENG) promotes cellular attachment and morphological spreading of rat 

myoblasts (Guo, 2004), while it is a co-receptor of the TGF-β receptor type 2 and is induced 

upon TGF-β exposure (Bellon, 1993). Interestingly, CD105 signaling was reported to 

counteract the TGF-β-mediated suppression of proliferation in endothelial cells (Li, 2000). 

For this aspect, AdSC may upregulate CD105 during MSC derivation upon stimulation by TGF-

β which leads to activation and proliferation of AdSC, therefore we can suggest CD105 as 

activation marker for AT-MSC progenitors.  

CD34 downregulation by AT-MSC progenitors is an established fact as shown by several 

previous reports (Quirici, 2010; Quirici, 2002; Suga, 2009). We demonstrated that CD34 

downregulation in ex vivo AdSC occurs between d4 to d6 in daughter cells after cell division. 

The timing and correlation with proliferation is supported by Maumus et al. who have 

convincingly shown a coinciding delay of proliferation onset and CD34 downregulation under 

serum-starvation conditions (2% FCS) (Maumus, 2011).  

CD34, a Sialomucin surface glycoprotein, is expressed on HSC, EC, cancer stem cells, and 

tumor stroma amongst others (Furness, 2006; Malanchi, 2008; Nickoloff, 1991; Watt, 1987). 

CD34 is involved in maintenance of an undifferentiated hematopoietic progenitor pool 

(Krause, 1996) and in lymphocyte adhesion to endothelium (Baumhueter, 1993). 

Furthermore, myoblasts express CD34 in the quiescent state (Beauchamp, 2000). 

Interestingly, CD34 is downregulated by activated endothelial cells upon proliferation and 

simultaneous upregulation of other adhesion molecules such as CD105 (Delia, 1993). 

Similarly, quiescent AdSC may require CD34 for cell-cell interactions in vivo (maybe in their 

putative niche), but no longer upon activation in vitro, when CD34 may even have inhibitory 

effects on MSC derivation. Consequently, CD34 might be a quiescence marker, being only 

expressed until cell division.  

The transient upregulation of CD271 may be associated with morphological changes during 

MSC derivation (also discussed in section 5.4.3.). CD271 (low-affinity nerve growth factor 

receptor, NGFR, p75NTR) is involved in the development of peripheral neurons by 
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supporting axon outgrowth (Lee, 1994; Lee, 1992). Similarly, CD271 may be involved in 

filopodia formation by AdSC.  

Transcriptome analysis further extended the immunophenotyping insights: at day 0, VCAM1 

and CLDN5 were expressed, whereas cultured AdSC were positive for CLDN11, N-Cadherin 

and ALCAM (Fig. 33). 

Claudins are a family of transmembrane proteins that establish tight junctions (Steed, 2010). 

Expression of CLDN5 and CLDN11 at day 0 and day 14, respectively, reflects that AdSC both 

in vivo and in vitro form tight junctions to neighboring cells, but with changing binding 

partners. The formation of tight junctions was not expected in vitro, since loose monolayers 

were formed. However, colony-like structures are present and occupy denser areas where 

cells may connect by tight junctions. 

MSC are in general be negative for VCAM1 (Vascular cell adhesion molecule-1, CD106), with 

exception of lineage-committed MSC and MSC from elderly donors (Lepperdinger, 2011). 

Yet, VCAM1 was recently shown to inhibit the migratory potential of MSC under high cell 

density conditions (Nishihira, 2011). Thus, in our experiment AdSC may have not reached a 

sufficiently high cell density at day 14. In addition, the migratory potential of AdSC may have 

increased after VCAM1 downregulation. 

ALCAM (activated leukocyte cell adhesion molecule, CD166) mediates homophilic and 

heterophilic (with CD6) cell adhesions and was reported to be expressed by MSC (Gronthos, 

2001; Weidle, 2010). ALCAM is also involved in neurite extension by neurons, and interacts 

with CD271 to modulate nerve growth factor (NGF) signaling (Wade, 2012). The exact 

function of ALCAM on MSC remains to be elucidated; however, similar to CD271, ALCAM 

may be involved in filopodia formation of MSC. 

In summary, immunophenotype kinetic and microarray analysis revealed downregulation of 

CD34 and Vcam1 as well as upregulation of CD105, CD146, CD271 and ALCAM during MSC 

derivation. 

 

5.4.4. Morphological changes during MSC derivation 

We investigated the morphological development during MSC derivation in detail and in 

general observed a pronounced change from a round-shaped to a spindle-shaped 

morphology around day 4 to day 6, irrespective of the culture condition (Fig. 20). This 

transition was accompanied by increase in cell size. Yet, differences in morphologies 
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between culture conditions were observed. Besides increased proliferation rates, higher cell 

numbers were yielded at confluence under ECcult (Fig. 18, 19). MSC form discrete 

monolayers without overgrowing spheroid clusters, implying that higher cell densities under 

ECcult are responsible for higher cell counts at confluence. Under MScult, AdSC developed a 

more flattened-out morphology, whereas a very lean spindle-shaped morphology was 

observed under ECcult (Fig. 20). Hence, the difference in cell numbers at confluence 

between MScult and ECcult can hence also be ascribed to a leaner cell morphology allowing 

for higher cell densities.  

The factors involved in the formation of these different morphologies are of interest. 

Differences in surface marker expression correlated with morphological differences between 

culture conditions. Under MScult, CD271 was upregulated by AdSC, but downregulated 

under ECcult, and similarly, also PC downregulated CD271 under ECcult (Fig. 23). In addition, 

CD146 upregulation was less pronounced under ECcult, but PC maintained their CD146 

expression. Finally, the expression intensity of CD105 and CD146 was lower at the end of 

early culture under ECcult.  

CD271 was shown to be involved in axon outgrowth, and hence, may be also involved in 

filopodia formation by MSC (Lee, 1994). In line with this assumption, we observed less 

prominent cell body extensions under ECcult, together with a lower expression of CD271.  

All in all, it seems obvious that factors in the ECcult medium, EGM-2 – together with gelatin-

coating – modulate morphology to a leaner spindle-shaped cell body. 

 

By transcriptome analysis, genes involved in cytoskeletal rearrangement and morphology 

were found enriched at day 14 (Fig. 32, 40), such as Cytokeratins (KRT7, KRT18), 

Tropomyosin (TPM1), Myosin X (MYO10), Smoothelin (SMTN) and Pleckstrin-2 (PLEK2). In 

addition, αSMA was upregulated during MSC derivation (Fig. 41) which is associated with 

increased motility and stress fiber formation. Cytokeratins are intermediate filaments that 

locate to the cell membrane and provide stability against mechanical strains (Kirfel, 2003; 

Magin, 2007).  Myosin X is associated with intrafilopodial transport and filopodia formation 

(Berg, 2002).  Tropomyosin is involved in smooth muscle cell contraction and increases 

cellular motility (Webb, 2003; Zheng, 2008). Smoothelin is specific for smooth muscle cells 

and involved in formation of filamentous structures such as stress fibers (van Eys, 1997). 
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Pleckstrin-2 is associated with morphological spreading and induced downstream of PI3K 

(Bach, 2007).  

Kinetic experiments and monitoring of morphology revealed that the MSC-typical 

fibroblastoid morphology develops during early culture, and is associated with changes in 

surface marker expression. Differences between culture conditions were observed with 

ECcult culture resulting in leaner spindle-shaped cell bodies. Expression analysis revealed 

KRT7, KRT18, TPM1, MYO10, SMTN, PLEK2, αSMA and PODXL to be putative candidates 

being involved in the morphological changes during MSC derivation. 

 

5.5. Regulation of MSC derivation 

The expression data gave insights into signaling pathways and transcription factors regulated 

during MSC derivation. Active signaling mainly occurs by rapid chemical modifications of 

different pathway components, e.g. by phosphorylation, and not necessarily by transcription 

regulation. Thus, from the microarray results only the expression of signaling pathway 

mediators can be determined.  

 

5.5.1. Early inflammatory response as a trigger of Egr1 expression 

Gene sets “Immune Response” and “Response To Wounding” were enriched at day 0 (Fig. 

35), since different chemokines were exclusively expressed ex vivo in comparison to cultured 

AdSC (Fig. 35B). These chemokines are all involved in early inflammatory responses as well 

as recruitment and activation of lymphocytes. For example, TNFSF13B/BAFF regulates B cell 

proliferation and differentiation, and acts as a T cell co-stimulator (Huard, 2001; Schneider, 

1999). TNFRSF13B was shown to be expressed by MSC at low levels and increased after 

adipogenic differentiation (Wang, 2011). Moreover, CXCL9 is a chemoattractant induced by 

Interferon-γ (Rotondi, 2003), and in BM-MSC induced after TNF-α stimulation (Shin, 2010). 

Finally, CCL2 is associated with early inflammation upon injury-induced tissue trauma and 

results in monocyte, T cell and dendritic cell (DC) recruitment (Carr, 1994; Xu, 1996). Thus, 

these findings suggest that the harvested ex vivo cells already responded towards tissue 

damage evoked by cell isolation with upregulation of pro-inflammatory cytokines. 

Consequently, the observed downregulation of pro-inflammatory cytokines during MSC 

derivation implies that AdSC may acquire low immunogenicity during early culture. 
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Moreover, ex vivo MSC progenitors do not represent the in vivo state of MSC progenitors, 

but rather a pre-activated state. 

MSC in vitro are characterized by absence of MHC class II (Dominici, 2006). Yet surprisingly, 

MHC class II receptors were expressed at day 0 and downregulated at day 14 (Fig. 35C). It 

was reported that MHC class II expression by MSC in vitro is stimulated by IFN-γ or TGF-β 

signaling, mediators of acute inflammatory responses (Romieu-Mourez, 2007). Hence, the 

low MHC class II expression may be the result of IFN-γ or TGF-β stimulation and reflect the 

early activated state after cell isolation. 

Supporting this line of argumentation, we found Egr1 (Early Growth Response 1) upregulated 

already at day 0, and maintained until day 14, albeit at lower levels (Fig. 35). Egr1 is a major 

pro-proliferative factor and was shown to be rapidly induced upon inflammatory signals 

(Cho, 2006). In passaged MSC, Egr1 induces production and secretion of other growth 

factors and receptors (Tamama, 2013). Thus, induction of Egr1 after early immune response 

may lead to AdSC activation and proliferation as well as expression of growth factors later 

during MSC derivation.  

These results indicate that MSC progenitors are already activated ex vivo, probably as a 

result of tissue damage. Isolation of cells from solid tissues may always trigger inflammatory 

cascades and it appears hence almost impossible to isolate an “untouched”, not activated 

MSC progenitor for expression analysis, neither from BM nor AT.  

The hypothesis of inflammation-induced AdSC activation may however be challenged by the 

recent discovery that follicular DCs (fDC) arise from perivascular fDC progenitor cells that 

express PDGFR-B and VCAM1 (Krautler, 2012) and lack expression of CD45 (Schriever, 1989). 

PDGFR-B and VCAM1 were expressed in AdSC ex vivo (Fig. 33, 37) making the presence of 

fDC progenitors possible. The low expression of MHC class II further supports the notion that 

antigen-presenting cells contaminate the AdSC population. Moreover, CXCL9 and CCL19 

were expressed in CD271+ AdSC, and not in CD271- AdSC (Fig. 35B). Both CXCL9 and CCL19 

are produced by latent or activated DCs (Muthuswamy, 2010; Ohtani, 2009; Padovan, 

2002). Furthermore, fDC isolated from tonsils and cultured in fibroblast medium, were also 

reported to grow plastic adherently and besides showing typical fDC functions, also 

exhibited MSC-like traits (Munoz-Fernandez, 2006). Together, these facts imply that fDC 

progenitors may be contained in the AdSC compartment and are responsible – at least in 

part – for the detection of immune response-like signatures ex vivo. fDC progenitors may 
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also represent MSC progenitors. Future work will identify fDC progenitors in SVF cells and 

determine their potential role as MSC progenitors. Greatest care must be taken to exclude 

unwanted cell fractions in future expression analyses. 

 

5. 5.2. Extracellular matrix production and turnover  

Expression of ECM compounds decreased during MSC derivation, especially of Laminins and 

components that are involved in matrix maturation such as Tenascin XB, Lumican and 

Fibulin. MMP expression was increased at day 14 (Fig. 34), promoting ECM turnover and 

modulation as well as migration (Alberts, 2002). Collagen expression was mainly maintained, 

with COL8A2 and COL13A1 being the only collagens expressed only at day 0 and day 14, 

respectively. Furthermore, upregulation of Fibronectin-1 (FN1) occurred during culture. 

Early attachment to the tissue culture surface is mediated by Integrin-binding to FN1 that 

stems from serum and binds to TCPS by negative charges (mainly hydroxyl groups) (Curtis, 

1983; Steele, 1992).  The FN1 film then serves as attachment matrix and as scaffold for 

collagens (McDonald, 1982). The upregulation of FN1 may reflect that serum does not 

provide sufficient FN1 for proliferating AdSC or additional FN1 is needed after matrix 

degradation by MMPs. FN1 is also essential for MSC migration in vitro (Veevers-Lowe, 2011). 

 Probably great differences in ECM component transcription can be observed when AT-MSC 

progenitors at initial early culture, e.g. day 2, are compared with later time points around 

confluence. AdSC may first increase ECM synthesis, and after an intact and functional ECM 

has been formed, AdSC reduce ECM production.  

De novo production of ECM by AdSC in vitro may reflect the generation of a desired niche, 

which is necessary for long-term culture. However, this niche may not be identical to the in 

vivo niche, since communication with neighboring cells and appropriate growth factor 

signaling are missing in the in vitro niche, which may support activation of MSC progenitors 

and an altered immunophenotype. 

 

5.5.3. Dkk1 suppresses WNT signaling  

According to the GSEA results, WNT signaling appeared more active at day 0. Ligand 

expression switched from WNT11 to WNT5A, and receptor expression shifted from FZD4 and 

FZD5 to FZD2 and FZD6 (Fig. 36). Most importantly however was the upregulation of the 
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WNT signaling inhibitor, Dkk1 (Dickkopf-1) occurring already early during MSC derivation 

(Fig. 41).  

Previous studies have shown that Dkk1 is necessary for MSC expansion in vitro (Gregory, 

2003; Horwitz, 2004). Prockop and colleagues have intensively investigated the role of Dkk1 

during MSC expansion in later passages. They have identified Dkk1 as pivotal for 

undifferentiated expansion of MSCs by inhibiting the canonical Wnt/b-catenin signaling 

pathway that would otherwise induce differentiation (Larson, 2008). Dkk1 interacts with 

Lrp5/6 and Kremen1/2 to antagonize WNT signaling (Bao, 2012). These Dkk1 binding 

partners were indeed downregulated by AdSC. Supporting this observation, Prockop et al. 

have also demonstrated downregulation of Lrp5/6 and Dkk1 during expansion of MSC 

(Gregory, 2003). Accordingly, Dkk1 is expressed during the early and intermediate phase 

together with its receptor Lrp6. Near confluence, Dkk1 and Lrp5/6 were not expressed but 

WNT-5a was upregulated to suppress proliferation. Our results confirm this kinetic of Dkk1 

expression, but for the first time, directly during initial culture of ex vivo AT-MSC 

progenitors.  

 

5.5.4. Autocrine PDGF signaling 

PDGF signaling signatures were more enriched at day 0 of MSC derivation (Fig. 37). However, 

both PDGF-receptors PDGFR-A and PDGFR-B were expressed constantly, yet slightly 

downregulated at day 14, and neither PDGF-A nor PDGF-B were expressed by AdSC. More 

obvious was a shift from PDGF-D to PDGF-C expression.  

The family of platelet-derived growth factors consists of four different types, namely PDGF-

A, PDGF-B, PDGF-C and PDGF-D that form homo- and heterodimers (AA, BB, CC, DD, AB). 

PDGF-A and PDGF-B are intracellularly processed and secreted. In contrast, PDGF-C and 

PDGF-D are secreted with a CUB domain that renders them inactively bound to the ECM 

(Andrae, 2008). The CUB domain is cleaved off by e.g. tissue plasminogen activator (TPA) 

which was expressed constantly by AdSC (not shown) and reportedly by MSC (Neuss, 2010). 

Thereby, AT-MSC are enabled for autocrine/juxtacrine PDGF signaling. PDGF-C induces 

proliferation in murine embryonic palatal mesenchymal cells (Han, 2006). In addition, PDGF-

C was shown to be induced via an Egr1-mediated pathway (Midgley, 2004). We have already 

described that Egr1 may play a pivotal role in regulating growth factor secretion during MSC 

derivation. Thus, the induction of PDGF-C may be a result of Egr1 activity.  
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In contrast to our results, Caplan et al. suggested PDGF-BB as a major trigger for MSC 

activation (Caplan, 2011b). PDGF-BB was expressed neither by MSC progenitors nor by MSC 

at confluence, which excludes autocrine signaling by PDGF-BB, but PDGF-BB might be 

present in the serum.  

 

5.5.5. CD105 upregulation and TGF-β signaling  

We have also investigated the role of TGF-β signaling during MSC derivation (Fig. 38). The 

major components of the TGF-β signaling cascade were only marginally regulated. Yet, we 

observed upregulation of CD105 which has a complex role in TGF-β signaling. As a co-

receptor of the TGF-β type II receptor, CD105 can antagonize the TGF-β-mediated 

suppression of cell proliferation (Li, 2000). Thereby, the upregulation of CD105 may change 

the effect that the constantly active TGF-β signaling has on AdSC proliferation.  

 

5.5.5. Sprouty may inhibit FGF signaling in vivo  

FGF signaling signatures were enriched at day 14 of culture (Fig. 39). FGF2 was constantly 

expressed which may be correlated with its pivotal function in maintaining multipotency in 

MSC (Tsutsumi, 2001). Growth factor signaling in vivo was probably inhibited by SPRY1/2 

(Sprouty-1 and Sprouty-2) expression. SPRY1/2 are intracellular regulators of Ras-dependent 

MAPK signaling and inhibit the recruitment of Grb2 or Shp2 to the receptor (Hanafusa, 

2002), resulting in suppression of proliferation (Lee, 2010). Consequently, Sprouty-1 plays a 

major role in the regulation of reversible muscle satellite cell quiescence (Shea, 2009). 

Similarly, by blocking FGF signaling in vivo, Sprouty-1 may keep AdSC quiescent. 

FGF5 was upregulated at day 14. FGF5 is a potent monogenic and antigenic growth factor 

(Clase, 2000) and also induces connective tissue fibroblast expansion (Clase, 2000). FGF1 

signaling via FGFR1 was implicated in early adipogenesis and involved in maintaining the pre-

adipocyte progenitor pool (Widberg, 2009). Hence, FGF1 and FGF5 expression may be 

upregulated by AdSC as response to activation, and to preserve the pre-adipocyte 

characteristics and plasticity in vitro. 

 



  D I S C U S S I O N  

86 | P a g e  
 

5.5.7. Gremlins may suppress BMP signaling during MSC derivation 

Expression of different BMP signaling ligands, receptor and mediators was also detected by 

microarray, but not taken into account, since no BMP-related gene set was clearly enriched 

during MSC derivation. However, looking at BMP genes in detail revealed that BMP receptor 

1 and 2 were expressed throughout MSC derivation. As ligands only BMP8 was expressed 

constantly whereas BMP4 was only weakly present at day 0 (data not shown). Gremlin-1 and 

Gremlin-2 (Grem1, Grem2), potent antagonists of BMP signaling, were upregulated early 

during MSC derivation (Fig. 41). Grem1 specifically inhibits BMP4 signaling (Gazzerro, 2006).  

Furthermore, Grem1-dependent inhibition of BMP signaling was pivotal for FGF induction 

and fibrosis (Farkas, 2010). Most interestingly, however, Grem1 is overexpressed in a variety 

of cancers and induces proliferation and increases invasiveness of cancer cell lines in a BMP-

independent manner (Kim, 2012; Namkoong, 2006). In other words, Grem1 induces 

epithelial-to-mesenchymal transition in cancer cells. 

BMPs are in general involved in induction of differentiation (Gazzerro, 2006). However, due 

to Grem1 and Grem2 expression during MSC derivation, BMP signaling was inhibited, 

enabling undifferentiated expansion of MSC progenitors. 

 

In summary, our analysis revealed pivotal roles for WNT, PDGF, TGF-β, and FGF signaling 

during AT-MSC derivation. WNT signaling is repressed by Dkk1 to allow for induction of 

proliferation and migration by PDGF, TGF, and FGF signaling in vitro. Egr1 expression may 

link early activation to changes in growth factor signaling. 

Kuznetsov et al. have determined which growth factors are necessary for efficient BM-MSC 

derivation (Kuznetsov, 1997). A mix of five growth factors including TGF-β, PDGF-AB, EGF, 

FGF-2 and IGF-1 in serum-free medium stimulated MSC derivation of mouse marrow cells, 

but not of human marrow cells. This implicates that other factors, maybe PDGF-C as we 

suggest here, are involved in human MSC derivation. Determination of the different 

temporal roles of growth factors during MSC derivation will be the aim of future 

investigations.  

 

5.5.8. Transcription factors regulated during MSC derivation 

Several transcription factors were regulated during MSC derivation, as determined by 

microarray and confirmed by qPCR (Fig. 41). Gata6 was the only GATA family member 
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expressed. Gata6 is associated with proliferation arrest and hypertrophy in cardiomyocytes 

(Liang, 2001; Morrisey, 2000). Notably, Gata6 also represses Dkk1 expression (Zhong, 2011). 

Thus, Gata6 may play a role in proliferation arrest ex vivo and in MSC derivation. On the one 

hand, during MSC derivation, Gata6 was transiently downregulated at day 5, the time point 

where Dkk1 was induced and proliferation commenced. On the other hand, Gata6 was again 

upregulated when proliferation ceased and subsets of AdSC acquired huge and flattened out 

morphologies, resembling hypertrophic cells. Yet, the precise role of Gata6 in MSC 

derivation has to be analyzed further. 

Sox17 was downregulated during MSC derivation already at day 5. Sox17 was discovered as 

a marker for vascular stem cells (Tang, 2012) and is a transcriptional repressor of Cyclin D1 

and other cell cycle-promoting genes (Chew, 2011).Hence, AdSC may be retained in a 

quiescent state in vivo by Sox17 expression. Conversely, FoxM1 was upregulated early during 

MSC derivation. FoxM1 acts as a transcriptional activator of proliferation by inducing several 

S/G2-phase transition-promoting genes (Laoukili, 2005). In addition, FoxM1 was reported to 

be capable of inducing EMT in tumor cells (Bao, 2011). FoxO1A was transiently 

downregulated but returned to initial values.  FoxO1 is expressed in the major insulin-

responsive tissues, such as liver, adipose tissue and pancreas, and was associated with 

prevention of adipogenesis in pre-adipocytes (Nakae, 2003). Moreover, FoxO1 induces p21 

(Nakae, 2003), a cell cycle inhibitor also upregulated in confluent AdSC. This suggests that 

FoxO1 is also involved in cell cycle regulation during MSC derivation.  

Finally, we found Rex1 to be upregulated already at day 5 and then maintained during MSC 

derivation. Rex1 (Reduced Expression Gene 1; ZFP42, Zinc Finger Protein 42) is expressed in 

ES cells and associated with, yet dispensable for pluripotency (Masui, 2008; Scotland, 2009). 

Furthermore, Rex1 was shown to be expressed by MSC and was critical for MSC proliferation 

(Bhandari, 2010). In addition, Rex1 may play a role in epigenetic setting during 

spermatogenesis and early embryogenesis (Kim, 2011).  

We speculate that Rex1 upregulation during MSC derivation is associated not only with 

positive regulation of proliferation, but also with epigenetic modifications. These would be 

necessary to endow AdSC with stem cell-like traits. In other words, Rex1 may be the 

mediator of de-differentiation of AdSC into MSC-like cells during MSC derivation. 
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5.5.9. Epithelial-to-Mesenchymal-Transition 

Epithelial-to-mesenchymal-transition (EMT) is defined as the transition from an epithelial to 

a mesenchymal cell phenotype. EMT is an evolutionary conserved process centrally involved 

in embryogenesis of vertebrates and invertebrates, and in cancer metastasis (Cano, 2000; 

Thiery, 2006). In principal, EMT endows a previously epithelial cell with the potential to 

migrate and invade into other regions and tissues. Epithelial cells are characterized by an 

apical-basolateral polarization with strong intercellular connections, e.g. tight junctions, and 

strong contact to the basal lamina. In contrast, mesenchymal cells are not rigidly embedded 

in the surrounding tissue, but contact neighboring cells and extracellular matrix by flexible 

formation of focal adhesions (Potenta, 2008). 

During EMT, E-cadherin and other epithelial-specific cell-adhesion molecules and structural 

proteins, such as Claudins, Occludins and Cytokeratin-8, -9 and -18 are downregulated 

(Zeisberg, 2009). Simultaneously, mesenchymal transcripts are upregulated such as N-

cadherin, Fibronectin, Vimentin, Smooth muscle actin and FGF-Receptors. Main transcription 

factors of EMT are Snail (SNAI1), Slug (SNAI2) and Twist. EMT can be induced by several 

extracellular signals, including WNT, BMP and TGF-β signaling. 

 

MSC derivation was overall reminiscent of EMT including the transition from an epithelial to 

a mesenchymal morphology accompanied by the onset of proliferation. Furthermore, the 

EMT-related genes N-Cadherin and αSMA were upregulated (Fig. 40, 41). In contrast, the 

central EMT transcription factors Snail (SNAI1) and Slug (SNAI2) exhibited an unclear 

expression pattern, being either up or downregulated during MSC derivation. This aspect has 

to be further validated. Nonetheless, we wanted to discuss EMT and its role in stem cell 

biology in detail. 

 

Involvement of EMT and its reversion, mesenchymal-epithelial transition (MET) in stem cell 

biology was already reported. On the one hand, MET occurs early in the generation of iPS 

cells by ectopic expression of Oct-4, Sox2, KLF4 and c-Myc, as proven by Snail 

downregulation and E-cadherin upregulation; accordingly, pluripotent cells are considered 

rather epithelial than mesenchymal (Samavarchi-Tehrani). In other contexts, EMT endows 

epithelial cells with stem-like properties, as reported for murine mammary epithelial cells 

(Mani, 2008). 
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With the perivascular origin of MSC progenitors in mind, a recent report by Medici et al. 

focusing on Fibrodysplasia ossificans progressiva (FOP) is of high interest. The FOP-typical 

ectopic bone formations were demonstrated to be derived from endothelial cells in a murine 

model. In vitro, endothelial cell lines differentiated into chondrogenic or osteogenic cell 

types after EMT (Medici, 2010). Similarly, transfection of endothelial cell lines with SNAI1-

expressing vectors induced EMT and  a conversion towards an MSC-like cell type with full 

differentiation potential (Battula, 2010). Concerning our results, it might be that fibroblast-

like MSC progenitors undergo partial EMT, accompanied by e.g. REX1 upregulation, which 

endows them with greater plasticity.  

 Together, in line with previous studies, our data underscore a potential role of EMT during 

MSC derivation and the acquisition of stem cell-like traits by MSC progenitors.   
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5.6. Summary and Conclusion 

This study was conducted to understand how MSC progenitors adapt to in vitro culture 

conditions and develop into MSC. We identified two subsets of AT-MSC progenitors, namely 

CD34+ CD31- CD271+/- AdSC and CD34- CD31- CD146+ CD271+/- PC.  The MSC derivation phase 

was investigated for the first time in great detail focusing on immunophenotype, 

morphology, and gene expression regulations of especially AdSC. Transcriptome analysis was 

conducted using microarray to compare ex vivo AdSC and derived AT-MSC. Thereby, we 

confirmed observations from the kinetic analyses and identified different cellular processes 

and growth factor signaling pathways governing MSC derivation.  

The key findings are summarized in the following: 

 

 Culture-dependence of MSC derivation 

The two MSC progenitor cell types, AdSC and PC gave rise to equally potent MSC with 

similar proliferation and differentiation capacity. However, MSC derivation from PC 

was restricted to ECcult. In contrast, AdSC proliferated under MScult and even faster 

under ECcult, and can thus be regarded as the more clonogenic MSC progenitor cell 

type.   

 

 Immunophenotype changes and proliferation during MSC derivation 

Our kinetic analysis of the early culture phase revealed that CD34 downregulation 

and CD105, CD146 and CD271 upregulation coincided with the first round of cell 

division. According to the microarray results, ex vivo cells exhibited features of 

quiescent cells and proliferation-related transcripts were induced during culture. 

Thus, CD34 may mark quiescent cells in vivo, while CD105 may serve as an activation 

marker for MSC progenitors in vitro. 

 

 Morphological changes during MSC derivation 

MSC progenitors ex vivo are small and round-shaped, and develop into fibroblastoid 

cells around day 4 to day 6 of culture.  Cytoskeletal components were identified as 

candidate genes involved in the development of this MSC-typical morphology. 

Moreover, ECcult culture resulted in cells with leaner spindle-shaped morphology, 

whereas MScult-cultured MSC exhibited more filopodia and a more spread-out 
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morphology. These differences may correlate with differences in expression of 

adhesion molecules CD105, CD146 and CD271. 

 

 Early response to injury 

Microarray results indicated that MSC progenitors ex vivo expressed injury / cell 

isolation-induced chemoattractants for lymphocytes and progenitor cells. This initial 

trigger may lead to expression of Egr1, the putative major mediator of proliferation 

and growth factor expression during MSC derivation. 

 

 Modulation of ECM production  

Production of extracellular matrix is altered during culture.  Basal lamina-specific 

Laminins were downregulated, while fibronectin, required for adhesion in vitro, was 

upregulated. These changes probably represent the generation of an adequate 

matrix for in vitro culture, resembling the formation of a novel niche in vitro. 

 

 Modulation of growth factor signaling 

Involvement of different signaling cascades was suggested by the expression analysis. 

In particular, FGF signaling in vivo may be suppressed by expression of Sprouty, but 

takes over an essential role in vitro as represented by Sprouty downregulation and 

Fgf-1 and Fgf-5 upregulation. BMP signaling may be active in vivo, but following quick 

induction of Gremlin, a potent BMP inhibitor, is suppressed in vitro. CD105 

upregulation during MSC derivation may alter the responsiveness to TGF-β signaling. 

Finally, WNT signaling maintains AdSC in a dormant state in vivo, but is inhibited in 

vitro by increased expression of Dkk1.  

 

 Transcription factors involved in MSC derivation 

Transcription factor FoxD1 and Sox17 characterized AdSC ex vivo and negatively 

regulate cell cycle progression. In contrast, FoxM1, Egr1 and Rex1 may be the 

essential drivers of proliferation during MSC derivation. Last but not least, the 

upregulation of Rex1 may implicate that epigenetic modifications occur that are 

associated with de-differentiation. 
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Based on these findings, we want to propose a model for the MSC derivation process, here 

described for bulk SVF cells cultured under MScult (Fig. 43):  

Firstly, isolation of EC, PC and AdSC from adipose tissue mimics tissue injury and results in 

inflammatory responses followed by Egr1 induction. Egr1 is a potent trigger of cell 

proliferation, migration and growth factor production, and thus, may play a pivotal role in 

MSC derivation. 

Secondly, as the next step, SVF cells are plated and a minor fraction of bulk-cultured SVF 

cells attach as round-shaped cells with small diameters.  At day 2, more AdSC and PC can be 

detected compared to EC and CD45+ lymphocytes. Attached cells further reduce in number 

until d4. This initial cell loss represents the functional selection of cells capable to attach to 

tissue culture plastic. This adhesion potential requires ECM production by individual cells, 

but in return attachment also regulates ECM production.  

 

 

Thirdly, at day 4 and later, AdSC acquire a spindle-shaped morphology with increased cell 

diameters, and upregulate CD105 and CD146. This coincidence of morphological changes 

and upregulation of especially CD105 can be interpreted as a sign of cellular activation. This 

activation may be a result of the initial inflammatory respose but may be further regulated 

by a multitude of signals. For example, TGF-β signaling via CD105 and PDGF signaling 

induced by Egr1 may further promote cell cycle entry, i.e. activation; WNT and BMP signaling 

suppression by Dkk1 and Gremlin, respectively, may enable undifferentiated proliferation. 

Figure 43: Proposed model for the MSC derivation process.  
The scheme depicts the central events in the MSC derivation process under MScult between d0 to d8. 
Detailed explanation provided in the text. Hypothetical processes concluded from microarray are 
depicted in blue. Scheme modified from (Braun, 2012). 
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Finally, from day 6 on, AdSC proliferate vigorously, daughter cells downregulate CD34, and 

thus eventually exhibit the typical MSC immunophenotype. At confluence, MSC undergo cell 

cycle arrest. 

This model is based on our kinetic and microarray analysis, however, different aspects of this 

model will have to be verified by future experiments, e.g. by knock-down of different genes 

like Dkk1, Gremlin, etc. 

 

This study provides the first detailed analysis of the early in vitro culture phase, the MSC 

derivation phase of MSC progenitors, in particular AT-MSC progenitors. We identified 

phenotypic conversions of MSC progenitors during early culture which are associated with 

activation and proliferation.  

Activation of MSC progenitors was preceded by inflammatory response-like signatures ex 

vivo which may be triggered by cell isolation. In recent publications, Caplan et al. have 

postulated for the in vivo situation that activation upon injury or inflammation may be the 

essential, initial trigger for perivascular cells to become ‘medicinal signaling cells’, MSC 

(Caplan, 2011a, b). Referring to Caplan et al., we speculate that the in vitro processes mimic 

in vivo activation of perivascular cells upon wounding or inflammation. Yet, appropriate 

controlling signals provided by the healing surrounding are lacking in vitro, which may lead 

to a partly artificial in vitro cell type. 

In the course of the MSC derivation process, multipotency may also be acquired. The 

upregulation of the transcription factor Rex1 suggests that epigenetic modifications occur, 

which may be associated with de-differentiation of stromal vascular cells into their 

mesenchymal progenitors (Roobrouck, 2011). Previous works have described higher 

adipogenic differentiation efficiencies for SVF cells cultured ex vivo in the absence of FBS 

(Entenmann, 1996; Hauner, 1989) suggesting that growth factors contained in FBS might 

further promote de-differentiation. 

 

The MSC derivation process can be assumed to be similar for MSC from different tissues, 

since they are all derived from perivascular cells (Crisan, 2008). Different tissue-specific 

stem/progenitor cells reside in perivascular niches, and for example, especially the 

adventitia in adipose tissue harbors several types of progenitor cells such as smooth muscle 

cell progenitors, adipocyte progenitors and fDC progenitors (Tallone, 2011).  Hence, MSC 
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may be derived from some of these progenitors, and therefore MSC in culture exhibit vast 

heterogeneity concerning differentiation potential and proliferative capacity (Bianco, 2008).  

 

All in all, different hypotheses exist about the origin of MSC in different tissues, based on 

evidences favoring either MSC progenitors as true stem/progenitor cells or MSC as in vitro 

artifacts. Our data indicate that both may be true: tissue-specific progenitor cells undergo 

culture-dependent de-differentiation, thereby acquire a broader differentiation spectrum 

and develop into MSC-like cells with tissue-specific minor differences.  

 

This new perspective offers also new strategies for therapeutic applications. As before can in 

vitro cultured MSC be used in cell therapies, but the tissue-specific differences should now 

be considered as well. In the one clinical setting, it may be advantageous to utilize MSC from 

BM or AT, whereas MSC from placenta may have better effects in treatment of another 

disease. In addition, our findings suggest that also ex vivo cells may be useful in therapies. 

Application of less potent, tissue-specific progenitors may lead to improved clinical 

outcomes. It may even be possible to isolate one specific progenitor type needed in a 

respective condition. However, to this end, characterization of tissue-specific progenitors 

will have to be further improved, and a clear comparison of their potencies will be needed. 
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