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Abstract 

Mesenchymal stromal cells derived from the amnion (hAMSC) currently play an 

important role in stem cell research, as they are multipotent cells which can be isolated 

using non-invasive methods and are immunologically tolerated in vivo. The objective of 

this study was to evaluate their endothelial differentiation potential with regard to a 

possible therapeutic use in vascular diseases. hAMSC were isolated from human term 

placentas and cultured in DMEM (non-induced hAMSC) or endothelial cell medium 

EGM-2 (induced hAMSC). Induced hAMSC changed their fibroblast-like morphology 

towards an endothelial-like morphology, and were able to take up acetylated LDL and 

form endothelial-like networks in the Matrigel assay. However, they did not express the 

mature endothelial cell markers vWF and VE-cadherin. Gene expression analysis 

revealed that induced hAMSC significantly downregulated pro-angiogenic genes such 

as tenascin C, Tie-2, VEGF-A, CD146 and FGF-2, while they significantly upregulated 

anti-angiogenic genes such as serpinF1, sprouty1 and angioarrestin. Analysis of protein 

expression confirmed downregulation of FGF-2 and Tie-2 (27±8% and 13±1% of non-

induced cells, respectively) and upregulation of the anti-angiogenic protein endostatin 

(226±4%).  

Co-culture with hAMSC promoted formation of vessel-like structures by endothelial 

cells in vitro. In addition, conditioned media collected from hAMSC enhanced viability 

of endothelial cells and had a stabilizing effect on endothelial network formation as 

shown by LDH and Matrigel assay, respectively. This suggests a pericyte-like function 

of hAMSC and we could further demonstrate that hAMSC express the pericyte marker 

NG2 in situ and in vitro. 

In summary, endothelial induced hAMSC acquired some angiogenic properties but 

resisted undergoing a complete differentiation into mature endothelial cells by 

upregulation of anti-angiogenic factors. Nevertheless, they had a survival-enhancing 

effect on endothelial cells which might be useful in a variety of cell therapy or tissue 

engineering approaches. 

 

 

 

 



 

Zusammenfassung 

Mesenchymale Stammzellen aus dem Amnion (hAMSC) spielen zurzeit eine wichtige 

Rolle in der Stammzellforschung, da sie ein hohes Differenzierungspotenzial aufweisen, 

nicht-invasiv isoliert werden können und beim Empfänger keine Immunreaktion 

hervorrufen. Das Ziel dieser Arbeit bestand darin herauszufinden, ob hAMSC in 

Endothelzellen differenzieren können, um so auf eine mögliche klinische Anwendung 

dieser Zellen im Bereich der Gefäßbiologie zu schließen. 

hAMSC wurden von reifen Plazenten isoliert und entweder in DMEM (nicht-induzierte 

hAMSC) oder in Endothelzellmedium EGM-2 (induzierte hAMSC) kultiviert. 

Induzierte hAMSC veränderten ihre spindelförmige, fibroblastenähnliche Morphologie 

und nahmen ein endothelzellähnliches Aussehen an. Sie konnten im Gegensatz zu nicht-

induzierten hAMSC acetyliertes LDL aufnehmen und Netzwerke auf Matrigel bilden, 

die denen von Endothelzellen ähnlich waren. Sie exprimierten jedoch keine Marker für 

reife Endothelzellen (vWF, VE-Cadherin). Genexpressionsanalysen zeigten, dass 

induzierte hAMSC pro-angiogene Gene wie Tenascin C, Tie-2, VEGF-A, CD146 und 

FGF-2 signifikant herrunterregulierten, während sie anti-angiogenge Gene wie 

SerpinF1, Sprouty1 und Angioarrestin hochregulierten. Diese Ergebnisse konnten auf 

Proteinebene bestätigt werden: FGF-2 und Tie-2 wurden herunterreguliert (27±8% bzw. 

13±1% bezogen auf nicht-induzierte Zellen), das anti-angiogene Protein Endostatin 

wurde hochreguliert (226±4%).  

In Kokultur mit Endothelzellen förderten hAMSC die Bildung von gefäßähnlichen 

Strukturen. Zusätzlich konnte mittels LDH-Messung bzw. Matrigelversuchen 

nachgewiesen werden, dass konditioniertes Medium von hAMSC die Vitalität von 

Endothelzellen erhöht und endotheliale Netzwerke stabilisiert. Dies lässt auf eine 

perizytenähnliche Funktion von hAMSC schließen, worauf auch hinweist, dass hAMSC 

den Perizytenmarker NG2 in situ and in vitro exprimieren.  

Zusammenfassend konnte gezeigt werden, dass hAMSC durch die endotheliale 

Differenzierung einige endotheliale Eigenschaften annehmen, einer vollständigen 

Differenzierung in reife Endothelzellen jedoch standhalten, indem sie anti-angiogene 

Faktoren hochregulieren. Dennoch wirken sie vitalitätssteigernd und stabilisierend auf 

Endothelzellen, was in der Zelltherapie oder der Geweberegeneration von Nutzen sein 

könnte. 
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1 Introduction  

The placenta begins to develop very early during pregnancy, namely upon implantation 

of the blastocyst into the maternal endometrium, and continues growing until delivery. 

This suggests that even at term, the placenta might harbor stem cell-like cells with the 

potential to differentiate towards other cell types. In addition, these cells might have 

special immunomodulatory properties, as the placenta plays an important role in the 

maintenance of immune tolerance during pregnancy. Therefore, the placenta has 

attracted a lot of attention in the field of regenerative medicine where immunologically 

tolerated cells with stem cell properties are needed for the repair of dysfunctional tissues 

and an optimal cell source has still not been found. 

Stem cells are generally defined by the ability of self-renewal through replication 

resulting in two identical stem cells, and the ability to differentiate into more specialized 

cells under appropriate physiological or experimental conditions. Depending on their 

origin, they are denominated as embryonic, postnatal/adult or induced pluripotent stem 

cells. 

 

1.1  Embryonic stem cells 

Embryonic stem cells have an unlimited self-renewing capacity and a pluripotent 

differentiation potential towards every cell of the three germ layers (endoderm, 

mesoderm, ectoderm). In 1998, Thomson et al. first succeeded in establishing a human 

embryonic stem cell line (Thomson et al., 1998). These cell lines can be used as model 

systems to investigate cellular differentiation processes and have raised new hope for 

treatments of degenerative diseases such as Alzheimer’s disease, multiple sclerosis, or 

diabetes (Thomson et al., 1998, Reubinoff et al., 2000). However, a medical application 

of embryonic stem cells is still limited due to the risk of uncontrollable teratoma 

formation after in vivo transplantation and the danger of immune responses in the 

recipient (Fong et al., 2010). In addition, as the isolation of the cells from the inner cell 

mass of the blastocyst requires the destruction of the early embryo, the isolation and use 

of human embryonic stem cells are ethically controversial.  

 

 



1 Introduction  2 

1.2  Induced pluripotent stem cells 

An ethical controversy can be avoided by the use of induced pluripotent stem cells 

which are adult cells that have been genetically reprogrammed to a pluripotent, 

embryonic stem cell-like state. They were first generated in 2006 by Yamanaka’s group 

by introducing four transcription factors (Klf4, Sox2, Oct4, and c-Myc) into mouse 

fibroblasts through retroviral transduction (Takahashi et al., 2006). Only one year later, 

induced pluripotent stem cells were obtained from adult human dermal (Takahashi et 

al., 2007) and foreskin fibroblasts (Yu et al., 2007). However, a clinical use of these 

cells is also not in sight yet due to difficulties such as poor efficiency, teratoma 

formation, and finding an alternative to viral transfection (Ben-David et al., 2011). 

 

 

1.3  Adult/postnatal stem cells  

Adult or postnatal stem cells are present in various tissues of adults and are thought to 

be part of the natural tissue repair system. Advantages of postnatal stem cells with 

regard to a clinical use are that they do not need to be genetically manipulated and that 

they can be used autologously. They are present in tissues with high regeneration 

potentials such as skin or intestinal epithelium (Alonso et al., 2003, Chia et al., 2010), 

but also in tissues with a low cell turnover such as the brain (Gage, 2000). Here they are 

responsible for the regeneration and supply of new cells as a substitute for damaged 

cells. 

The bone marrow is the so far most extensively investigated source of adult stem cells. 

It harbors the hematopoietic stem cells (HSC) and the mesenchymal stem or stromal 

cells (MSC). HSC are responsible for a lifelong production of blood cells, and one 

single HSC is able to generate all cell types of the blood system. They are currently the 

only cell type routinely used for the treatment of patients, where they are applied as 

transplants to treat hematologic and non-hematologic malignancies (Copelan, 2006).  
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1.3.1  Mesenchymal stem or stromal cells (MSC) 

MSC have first been described by Friedenstein et al. as plastic adherent, colony forming 

unit-fibroblasts (CFU-f) from the bone marrow (Friedenstein et al., 1976). Due to their 

capacity to differentiate into mesenchymal cells such as osteoblasts, adipocytes and 

chondroblasts they were later denominated as MSC (Caplan, 1991).  

MSC are promising candidates for tissue engineering and cell-based therapies not only 

because of their multipotent differentiation potential but also due to their low 

immunogenicity which allows an allogeneic application (Pittenger et al., 1999). A large 

number of clinical trials show that ex vivo expanded MSC can be safely administered 

without immune reactions in the recipient (Horwitz et al., 2002, Le Blanc et al., 2008). 

MSC have been successfully applied to improve the engraftment of HSC after 

transplantation (Koc et al., 2000), and for the treatment of graft-versus-host disease (Le 

Blanc et al., 2004) and osteogenesis imperfecta (Horwitz et al., 1999) without being 

tumorigenic. 

The occurrence of MSC is not restricted to bone marrow, and their existence has been 

demonstrated in other adult tissues such as adipose tissue (Gronthos et al., 2001), skin 

(Manini et al., 2011) or peripheral blood (Villaron et al., 2004). However, depending on 

the age and disease stage of the donors, proliferation and differentiation capacities of 

these cells may be impaired (Stenderup et al., 2003, Stolzing et al., 2006). Therefore, 

extracorporal fetal or postnatal tissues are an attractive alternative source, and indeed 

MSC have been isolated from umbilical cord and cord blood, placenta and fetal 

membranes (amnion, chorion laeve) (Erices et al., 2000, Barlow et al., 2008, Parolini et 

al., 2008, Hsieh et al., 2010, Kita et al., 2010, Parolini et al., 2010). 

 

 

1.4  The placenta and the fetal membranes 

The placenta 

The placenta is a fetal organ responsible for the exchange of nutrients, gas and waste 

between mother and fetus. In addition, it plays an important role in the fetomaternal 

tolerance and secretes specific pregnancy-related hormones such as human chorionic 

gonadotropin. The human term placenta has a discoidal shape with an average diameter 

of 22 cm, a thickness of 2.5 cm and a weight of about 470 g. It is composed of the 

chorionic plate and the basal plate enclosing the intervillous space (Figure 1). The 
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chorionic plate faces the amnionic cavity and is covered by the amnion. The fetal 

vessels originating from the umbilical cord branch radially into the chorionic plate from 

where they vertically insert into the villous tree. These tree-like arranged vascularized 

villi project into the intervillous space where they are in contact with the maternal blood 

and enable the fetal-maternal exchange. Some villi terminate freely in the intervillous 

space while others are anchored to the basal plate. 

The trophoblastic surface of the villi is composed of an outer continuous layer of 

multinucleated syncytiotrophoblast which is replenished by the underlying 

cytotrophoblast. The stroma of the villi contains the fetal vessels, which are embedded 

between connective tissue cells, macrophages and connective tissue fibers. The basal 

plate makes up the bottom of the intervillous space and represents the maternal, uterine 

part of the placenta. It is composed of a mixture of extravillous trophoblast cells, 

various endometrial stromal cells, decidual cells, uteroplacental vessels, and 

endometrial glands (Benirschke et al., 2006). 

 

 

Figure 1: Structure of the mature human placenta. Modified from (Kaufmann et al., 1992). 

BP: basal plate, CP: chorionic plate. IVS: intervillous space. 

 

 

The amnionic membrane  

The amnionic membrane forms the inner avascular layer of the fetal membranes 

(Figure 2), which cover the placenta and extend from the edges of the chorionic plate to 

enclose the fetus and the amnionic fluid in the amnionic cavity. At term, they are about 

1000-1200 cm
2 

in area, of which 30% cover the chorionic plate and 70% form the 

Amnion 

Chorion 

Umbilical cord 

Chorionic villi 
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Fetal vessels 

Myometrium 
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reflected membranes that are in contact with the decidua (Myatt et al., 2010). The 

amnion is composed of an epithelial cell layer (derived from the fetal ectoderm) which 

faces the amnionic fluid and forms a continuous single layer on top of a basal 

membrane. It is separated from the underlying mesenchyme (derived from the 

extraembryonic mesoderm) by an acellular compact layer. The amnionic mesenchyme 

consists of a more or less dense network of fibroblasts that are dispersed in a collagen 

matrix, and a few fetal macrophages (Benirschke et al., 2006). The amnion is only 

passively attached to the chorionic plate or the chorion laeve (reflected membranes). In 

contrast to the amnion, the chorionic plate contains fetal vessels (Figure 2B, arrows).  

During pregnancy, the fetal membranes presumably have barrier and signaling functions 

between the maternal and fetal compartments (Myatt et al., 2010), with the amnion 

providing most of the tensile strength against the risk of premature rupture (Rowe et al., 

1997). 

 

 

Figure 2: Cross-sectional H&E staining of amnionic membranes. (A) shows the typical 

structure of the amnion covering the chorionic plate. The amnion epithelium lies on top of the 

amnion mesenchyme which consists of an upper acellular and a lower layer with dispersed 

fibroblasts. (Parolini et al., 2008). (B) shows blood vessels (arrows) in the chorionic 

mesenchyme. AE: amnionic epithelium, AM: amnionic mesenchyme, CM: chorionic 

mesenchyme, CT: chorionic trophoplast.  

 

 

1.5  The amnionic membrane as a source of MSC 

The amnion is an especially promising source of cells for therapeutic use, as its 

feasibility in clinical applications has already been confirmed. Its first documented 

clinical use goes back to 1910, where it was applied as a surgical material in skin 

transplantation (Davis JW., 1910). Since then, it has been used in a variety of clinical 

settings such as treatment of chemical burns, skin ulcers, and ophthalmology. Its 
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beneficial effects are awarded to its anti-inflammatory, immunomodulatory and scar 

formation-reducing properties, amongst others (Dua et al., 2004). 

MSC isolated from the amnionic membrane (hAMSC) have phenotypic and functional 

similarities to bone marrow-derived MSC. They have been successfully differentiated 

towards cells of the classical mesodermal (osteogenic, adipogenic, chondrogenic), 

ectodermal (neurogenic) and endodermal (hepatogenic, pancreatic) lineages (Parolini et 

al., 2008). Similar to bone marrow derived MSC, they actively suppress T-lymphocyte 

proliferation (Wolbank et al., 2007, Magatti et al., 2008, Chang et al., 2010) and block 

differentiation and maturation of monocytes into dendritic cells in vitro (Magatti et al., 

2009). After xenogeneic transplantation into neonatal swine and rats, hAMSC engraft 

without immunosuppression (Bailo et al., 2004). Recently it was shown that amnionic 

membrane application reduces liver fibrosis in a bile duct ligation rat model (Sant'anna 

et al., 2010) and improves cardiac function of ischemic rat hearts (Cargnoni et al., 

2009a). In addition, isolated allo- and xenogeneic hAMSC could reduce bleomycin-

induced lung fibrosis in a mouse model (Cargnoni et al., 2009b).  

These studies suggest that hAMSC hold great promise for a potential use in cell therapy 

and tissue engineering. One of the major challenges in this field lies in the 

vascularization of engineered tissues and in finding a suitable cell population for the 

endothelialization of vascular grafts. MSC seem to be an interesting choice, however, 

their endothelial differentiation potential is still controversial. While some groups have 

reported the differentiation of MSC originating from bone marrow or adipose tissue into 

endothelial-like cells (Oswald et al., 2004, Liu et al., 2007), opposite results showed that 

MSC from bone marrow could not be differentiated towards the endothelial lineage 

(Zhang et al., 2007, Fan et al., 2011). As bone marrow and adipose tissue are highly 

vascularized, it is difficult to obtain cultures free of primary endothelial cells. It might 

be possible that the isolated MSC populations already contained some endothelial or 

endothelial progenitor cells before endothelial induction in vitro. Thus, instead of 

inducing endothelial differentiation of MSC, the chosen angiogenic culture conditions 

might have led to a selective proliferation of already existing endothelial cells. Here, the 

amnion shows an additional advantage: Being avascular, it allows an easy isolation of 

MSC cultures free of endothelial cells.  
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1.6  Objectives / Aims of the study 

Based on the current controversial reports, the objective of this study was to investigate 

the endothelial differentiation potential of hAMSC after excluding the presence of 

endothelial cells. In addition to applying phenotypic characterization and functional 

studies, the effect of angiogenic culture conditions on gene and protein expression of 

hAMSC was evaluated using microarray analysis and angiogenic protein arrays. 

Furthermore, direct and paracrine effects of hAMSC on the viability and network 

formation of endothelial cells were examined. 
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2 Materials and methods 

2.1  Isolation and culture of hAMSC  

Human term placentas of normal pregnancies (range 38 to 42 weeks, n=48) were 

obtained after spontaneous delivery or caesarean section with informed consent. 

Approval of the Ethical Committee of the Medical University of Graz was granted (No. 

21-079 ex 09/10).  

Isolation of hAMSC was performed according to the protocol of Soncini et al.
 
(Soncini 

et al., 2007). The amnion was manually separated from the chorion (Figure 3) and 

washed with sterile 0.9% saline (Fresenius Kabi, Bad Homburg, Germany) 

supplemented with 150 IU/ml penicillin, 150 µg/ml streptomycin (both from PAA 

Laboratories, Pasching, Austria) and 0.4 µg/ml amphotericin B (Gibco, Invitrogen, 

Paisley, UK).  

 

 

     Figure 3: Manual separation of the amnion from the underlying chorion. 

 

The amnion was cut into small pieces and incubated in 2.5 U/ml dispase (BD 

Biosciences, Bedford, USA) at 37°C for 9 min. Subsequently, the amnion was 

transferred to DMEM low glucose (Gibco, Invitrogen) supplemented with 15% FBS 

(FBS Gold, Gibco, Invitrogen), 100 IU/ml penicillin and 100 µg/ml streptomycin for 10 

min. Next, the amnion was incubated with 1.0 mg/ml Collagenase A and 0.01 mg/ml 

DNase (both from Roche, Penzberg, Germany) for 2 h. After centrifugation for 3 min at 

150 x g, the supernatant was poured over a 100 µm cell strainer (BD Biosciences) and 

Chorion 

Amnion 
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centrifuged for 10 min at 300 x g. The cell pellet was washed in PBS (Gibco, 

Invitrogen) and resuspended in either DMEM supplemented with 15% FBS, 100 IU/ml 

penicillin and 100 µg/ml streptomycin (non-induced hAMSC) or EGM-2 (Lonza, 

Walkersville, USA) for endothelial induction (induced hAMSC). EGM-2 contains 2% 

FCS, epidermal growth factor (EGF), hydrocortisone, vascular endothelial growth 

factor (VEGF), fibroblast-like growth factor-2 (FGF-2), insulin-like growth factor 1 

(IGF-1), ascorbic acid and heparin. Aliquots of the cell suspensions were spun down on 

slides immediately after isolation (cytospins). Remaining cells were grown on culture 

flasks coated with 1% gelatin (Sigma-Aldrich, St. Louis, MO, USA) and harvested with 

accutase (PAA Laboratories). Medium was changed every 2 to 3 d.  

For hypoxia studies, hAMSC were cultured in 2% oxygen using a hypoxia cell culture 

system (Xvivo Model G300C, Biospherix, Redfield, NY, USA). 

 

 

2.2  Isolation and culture of human amnionic epithelial cells (hAEC) 

Isolation of hAEC from human term placenta was performed according to Bilic et al. 

(Bilic et al., 2004). The amnionic membrane was prepared as described in the protocol 

for isolation of hAMSC. Then, enzymatic digestion was performed with 0.25% trypsin 

(PAA Laboratories) for 15 min at 37°C and the resulting suspension was centrifuged for 

5 min at 150 x g. The supernatant was poured over a 100 µm cell strainer and then again 

centrifuged for 10 min at 300 x g. The cell pellet was washed in PBS and resuspended 

in DMEM supplemented with 15% FBS, 100 IU/ml penicillin and 100 µg/ml 

streptomycin. The treatment with trypsin was repeated four times and cell suspensions 

were either combined or seeded separately in culture flasks after discarding the first 

supernatant due to a possible contamination with cell debris and blood. hAEC were 

cultured in DMEM supplemented with 15% FBS, 100 IU/ml penicillin and 100 µg/ml 

streptomycin. 

 

 

2.3  Isolation and culture of placental endothelial cells (PlEC) 

Endothelial cells from normal term human placentas were isolated as published earlier 

(Lang et al., 2008). Briefly, after removal of the amnion, arterial chorionic blood vessels 
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at the apical surface of the chorionic plate were resected. Vessels were washed with 

Hank’s balanced salt solution (HBSS, Gibco, UK) to remove residual blood. 

Endothelial cells were isolated by perfusion of vessels with HBSS containing 0.1 U/ml 

collagenase, 0.8 U/ml dispase (both from Roche), supplemented with 300 IU/ml 

penicillin and 300 µg/ml streptomycin, pre-warmed to 37°C. The perfusion time was 

limited to 7 min to avoid contamination with non-endothelial cells. The cell suspension 

was centrifuged (200 x g for 5 min), the pellet was resuspended with EGM-MV medium 

(Lonza) and the cells were plated on culture plates pre-coated with 1% gelatin. The 

endothelial identity was confirmed by positive staining for the classical endothelial 

marker von Willebrand factor (vWF, immunoglobulin fraction, rabbit anti-human, 

0.7 µg/ml, Dako, Glostrup, Denmark) and absence of markers against fibroblasts 

(CD90, clone ASO2, 0.1 µg/ml, mouse IgG1, Dianova, Hamburg, Germany) and smooth 

muscle cells (smooth muscle actin, clone 1A4, 0.2 µg/ml, mouse IgG2a and desmin, 

clone D33, 0.4 µg/ml, mouse IgG1, both from Dako). 

 

 

2.4  Scanning electron microscopy 

hAMSC were grown on gelatin-coated coverslips and fixed in a mixture of 2.5% 

glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) for 

15 min at room temperature. After washing in cacodylate buffer (15 min), the samples 

were postfixed in 2% OsO4 for 15 min and dehydrated in a graded series of ethanol 

followed by acetone 100%. After critical point drying the vessels were gold sputtered 

and viewed under a Zeiss DSM950. 

 

 

2.5  Flow cytometry analysis 

Flow cytometry analyses were carried out at the Flow Cytometry Core Facility at the 

Center for Medical Research (ZMF) and at the Institute of Cell Biology, Histology and 

Embryology of the Medical University of Graz. The surface marker expression of 

hAMSC was analyzed with a FACSLSRII
®

 instrument equipped with 355 nm and 

405 nm UV lasers, a 488 nm argon ion laser and a 635 nm red diode laser (Becton 

Dickinson, Franklin Lakes, NJ, USA). hAMSC were washed and labeled for 30 min at 
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4°C at concentrations according to individual titration with monoclonal antibodies from 

Table 1. Appropriate isotype-matched antibodies were used as negative controls (BD). 

Data from 10,000 viable cells were acquired. List mode files were analyzed with FCS 

Express Software (BD). 

 

Table 1: Antibodies used for flow cytometry 

 

Antigen 

 

Conjugation 

 

Clone 

 

Company 

 

Dilution 

 

CD14 

 

FITC 

 

MOP9 

 

BD 

 

1:100 

CD34 APC 8G12 BD 1:100 

CD44 PE 515 BD 1:33 

CD45 PE-Cy7 HI30 BD 1:100 

CD73 PE AD2 BD 1:20 

CD90 APC 5E10 BD 1:100 

CD105 PE SN6 Caltag
*)

 1:33 

HLA-DR PerCP L243 (G46-6) BD 1:100 

        

       *) Caltag Laboratories, Burlingame, CA, USA 

 

 

2.6 Immunohistochemistry/Immunocytochemistry 

Cryosections (5 µm) of human term placental samples were mounted on microslides 

(Assistent, Karl Hecht AG, Sondheim, Germany). hAMSC were grown on gelatin-

coated glass chamber slides (Lab-Tek II, Nalgene Nunc International, Naperville, IL, 

USA) and washed with PBS before harvest. Cryosections and cells on cytospins and 

chamber slides were air-dried for at least 4 h and stored frozen. Prior to 

immunostaining, tissue and cells were fixed in acetone for 4 min. Slides were 

immunolabeled using the UltraVision LP Detection System (Thermo Scientific, 

Fremont, CA, USA) according to the manufacturer’s instructions. The antibodies 

(Table 2) were diluted in antibody diluent (Dako) and applied for 30 min at room 

temperature. IgG controls and normal rabbit immunoglobulin fraction control (Dako) 

for vWF were used in the same concentrations as the respective antibodies. After three 

washing steps in PBS, slides were incubated with primary antibody enhancer for 

10 min, followed by HRP-polymer for 15 min. The slides were washed again three 
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times in PBS, and immunolabeling was visualized by a 5 min exposure to 3-amino-9-

ethylcarbacole (AEC, all from UltraVision kit, Thermo Scientific). The slides were 

counterstained with Mayer’s hemalum (Merck, Darmstadt, Germany), washed in 

distilled water and mounted with Kaiser’s glycerol gelatin (Merck). 

 

 

Table 2: Antibodies used for immunohistochemistry 

 

Antigen 

 

Host/Isotype 

 

Clone 

 

Company 

 

Concentration 

 

CD14 mouse IgG2a UCHM-1 Chemicon 1.0 µg/ml 

CD34 mouse IgG1 QBEnd-10 Dako 3.7 µg/ml 

CD44 mouse IgG1 DF1485 Dako 0.4 µg/ml 

CD45 mouse IgG1 T29/33 Dako 5.0 µg/ml 

CD73 mouse IgG1 AD2 BD Biosciences 1.7 µg/ml 

CD90 mouse IgG1 AS02 Dianova, Germany 0.03 µg/ml 

CD105 mouse IgG1 SN6 AbD Serotec, UK 0.7 µg/ml 

CD146 rabbit EPR3208 Millipore 1:1500 
#
) 

Cytokeratin-7 mouse IgG1 OV-TL 12/30 Neomarkers, USA 0.2 µg/ml 

HLA-DR mouse IgG1 MEM-12 ABR, CO, USA 0.2 µg/ml 

NG2 mouse IgG2a 9.2.27 BD Biosciences 1.0 µg/ml 

PDGFR-ß mouse IgG2b 28/CD140b BD Biosciences 0.3 µg/ml 

VE-cadherin mouse IgG1 F-8 Santa Cruz, USA 0.3 µg/ml 

VEGFR-2 mouse IgG1 FLT-19 Sigma-Aldrich 10 µg/ml 

Vimentin Ab-2 mouse IgG1 V9 Neomarkers, USA 0.2 µg/ml 

vWF rabbit  polyclonal Dako 0.7 µg/ml 

IgG1 control  mouse IgG1 MPOC-21 BD Biosciences *) 

IgG2a control  mouse IgG2a DAK-GO5 Dako *) 

IgG2b control mouse IgG2b DAK-GO9 Dako *) 

Ig control rabbit polyclonal Dako 0.7 µg/ml 

 

 

#
 no concentration available; *applied in the same concentration as the respective antibodies 
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2.7 Immunofluorescence 

Cryosections, cytospins and chamber slides were prepared as described in the previous 

paragraph. Primary antibodies and the respective IgG controls (see Table 3) were 

applied for 30 min at room temperature. After three washing steps in PBS, slides were 

incubated with fluorescence-labeled secondary antibodies Cy2 (donkey anti rabbit, 

1:100) and Cy3 (goat anti mouse, 1:100, both from Jackson ImmunoResearch, PA, 

USA) for 30 min at room temperature. Slides were counterstained with DAPI 

(4’,6-diamidino-2-phenylindole, 2.5 µg/ml, Invitrogen, Eugene, OR, USA) for 5 min at 

room temperature. Slides were rinsed in PBS, mounted with ProLong® Gold antifade 

reagent (Invitrogen) and analyzed by fluorescent microscopy using an Axiophot 

microscope connected to an AxioCam HRc digital camera (Zeiss, Germany) or a Leica 

DM6000B microscope connected to an Olympus DP72 digital camera (Olympus, 

Austria). For the quantification of vimentin and cytokeratin-7 positive cells, 5 randomly 

selected microscopic fields of each time point (n=3) were analyzed using newCAST 

software (Visiopharm, Hoersholm, Denmark). 

 

Table 3: Primary antibodies used for immunofluorescence 

 

Antigen 

 

Host/Isotype 

 

Clone 

 

Company 

 

Concentration 

 

Cytokeratin-7 

 

rabbit  

 

KRT7 

 

Acris Antibodies 

 

5.0 µg/ml 

Vimentin mouse IgG1 Ab-2 V9 Neomarkers 3.7 µg/ml 

NG-2 mouse IgG2a 9.2.27 BD Biosciences 1.0 µg/ml 

vWF rabbit polyclonal Dako 0.7 µg/ml 

IgG1 control mouse IgG1 MPOC-21 BD Biosciences 3.7 µg/ml 

IgG2a control  mouse IgG2a DAK-GO5 Dako 1.0 µg/ml 

Ig control rabbit polyclonal Dako *) 

 

 *) applied in the same concentration as the respective antibodies 
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2.8 Osteogenic and adipogenic differentiation 

To induce osteogenic differentiation, cells were cultured on 2-well-chamber slides in 

DMEM/F12 (Gibco, Invitrogen) supplemented with 0.1 µM dexamethason, 100 µM 

L-Ascorbic acid 2-phosphate, 10 mM glycerol-2-phosphate, and ITS (ITS+1, insulin-

transferrin-sodium selenite liquid media supplement, all from Sigma). Control cells 

were grown in DMEM/F12 with 10% FBS. After two and three weeks, cells were 

assessed for alkaline phosphatase activity with a leukocyte alkaline phosphatase kit 

(Sigma) following the manufacturer’s instructions. In addition, calcium deposits were 

stained for with Alizarin Red S (Sigma) after fixation in 100% ethanol. Alizarin Red 

was prepared according to the manufacturer’s instructions (0.01 g/ml in distilled water 

containing 2% ethanol).  

For adipogenic induction, cells were grown on 2-well-chamber slides in DMEM/F12 

supplemented with 10% FBS, 1 µM dexamethason, 200 µM indomethacin, 500 µM 

3-isobutyl-1-methylxanthine (IBMX), and 10 µg/ml insulin (from bovine pancreas, all 

from Sigma). Control cells were cultured in DMEM/F12 with 10% FBS. To visualize 

lipid droplets, cells were fixed in 60% 2-propanol and stained with Oil Red O (stock: 

0.5% Oil Red O in 2-propanol, 3:2 dilution in distilled water) for 10 min.  

Sclerotic arteries (ethical approval: no. 19-293 ex 07/08) were used as positive controls 

for Alizarin Red and Oil Red O stainings.  

 

 

2.9 Cumulative population doublings of hAMSC 

hAMSC were either cultured under standard conditions in DMEM supplemented with 

15% FBS on gelatin coated plates or under different endothelial induction conditions, 

consisting of culture in EGM-2 in the absence or presence of additional 50 ng/ml VEGF 

(VEGF165, ReliaTech, Wolfenbuettel, Germany), and on gelatin or fibronectin 

(1 µg/cm
2
, R&D Systems, Minneapolis, USA) coated plates. Cells were seeded in 

triplicates with a density of 10
4
 cells/well in 6-well-plates and harvested after 5 d. Cells 

were counted by automatic cell counting (Casy® Model TT, Schärfe Systems, 

Reutlingen, Germany), reseeded in a density of 10
4 

cells/well and again harvested after 

4 d. Cumulative population doublings were calculated according to the formula 

(lnN - lnN0) / ln2, with N = amount of harvested cells and N0 = amount of seeded cells. 
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For the determination of the cumulative population doublings over several passages, 

cells were harvested at 90% confluence. 

 

 

2.10   DiI-Ac-LDL-uptake assay 

hAMSC were seeded on gelatin-coated glass chamber slides and cultured in DMEM 

with 15% FBS (non-induced hAMSC) or in EGM-2 (induced hAMSC) for at least 7 d. 

Subsequently, cells were incubated with 10 µg/ml acetylated low-density lipoprotein 

labeled with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindo-carbocyanine perchlorate (DiI-

Ac-LDL, BTI Biomedical Technologies, Stoughton, MA, USA) for 4 h according to the 

manufacturer’s instructions. Cells were fixed with 4% paraformaldehyde, stained with 

DAPI and observed with a Leica DM6000B fluorescent microscope (Leica, Wetzlar, 

Germany) connected to an Olympus DP72 digital camera (Olympus, Tokyo, Japan). 

Placental endothelial cells served as positive controls. 

 

 

2.11   Semi-quantitative RT-PCR 

hAMSC were isolated from five different placentas and aliquots were cultured either in 

DMEM + 15% FCS (non-induced hAMSC) or EGM-2 (induced hAMSC) on gelatin-

coated culture flasks until cells reached 90% confluence (about 5-8 d). Then cells were 

reseeded and cultured in the respective media for 7 and 14 d before RNA isolation. 

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA from 

placental endothelial cells was used as control. The integrity of each RNA sample was 

determined using an Agilent 2100 Bioanalyzer (Agilent, Foster City, CA, USA) and 

only RNA samples with integrity values of 9.5-10 were used. Primers (Table 4) for 

vWF, VE-cadherin and VEGFR-2 were purchased from Invitrogen, primers for the 

internal control ribosomal protein L30 (RPL30) were purchased from MWG Biotech 

AG (Ebersberg, Germany). Total RNA (200 ng) was used for the one-step RT-PCR kit 

(Qiagen, Germantown, USA) which was performed according to the manufacturer’s 

instructions. 
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Table 4: Primers used for RT-PCR 

 

Gene 

 

Forward primer 

 

Reverse primer 

 

vWF (NM_000552) TTTGATGGCATCCAGAACAA AGTCCCCAATGGACTCACAG 

VE-cadherin (NM_001795) CCTACCAGCCCAAAGTGTGT GACTTGGCATCCCATTGTCT 

VEGFR-2 (NM_002253) TGATCGGAAATGACACTGGA TGCTTCACAGAAGACCATGC 

RPL30 (NM_000989) CCTAAGGCAGGAAGATGGTG AGTCTGTTCTGGCATGCTT 

 

The following numbers of cycles were applied in a thermo cycler Gene Amp® PCR 

System 9700 (Applied Biosystems) with an annealing temperature of 60°C: 32 cycles 

for vWF, 28 cycles for VE-cadherin, 28 cycles for VEGFR-2, and 24 cycles for L30. 

Samples were loaded on a 1.5% agarose gel and band intensity was detected by 

Multimage III (Cell Bioscience, Santa Clara, USA). Gene expression was quantified 

with RPL30 using AlphaView software (Cell Bioscience). 

 

 

2.12    Matrigel assay 

hAMSC were cultured under standard (non-induced) or angiogenic (induced) conditions 

for at least 10 d. Then cells were seeded in a 96-well plate pre-coated with 40 µl 

Matrigel (BD Biosciences) according to the manufacturer’s instructions at a density of 

10
4 

cells/well in 100 µl EGM-2. Cells were observed using a Cell-IQ Analyzer 2004-01 

(Chip-Man Technologies, Tampere, Finland). Placental endothelial cells served as 

positive controls.  

 

 

2.13    Immunofluorescence staining of Matrigel networks 

For immunofluorescence staining of networks, induced hAMSC and placental 

endothelial cells were seeded in 4-well chamber slides coated with 250 µl Matrigel per 

well (7x10
4 

cells/well in 500 µl EGM-2). After 24 h, cells were fixed with 

DMSO:Methanol (20:80) at 4°C overnight. Then slides were washed with PBS and 

treated with Triton X 100 (0.5% in PBS, 7 min at 4°C). After a 90 min blocking step 

with 3% BSA in PBS, cells were washed with Tween 20 (3% BSA in PBS) for 5 min. 

The primary antibody against vWF (Dako, 2.9 µg/ml) was applied overnight at 4°C. 
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Cells were washed twice in PBS, once in PBS with 3% BSA and once in PBS with 

3% BSA and 0.1% Tween 20, followed by incubation with the secondary antibody 

(Alexa488, goat anti rabbit, 1:200) for 1 h at 37°C. Slides were again washed in PBS, 

mounted with ProLong® Gold antifade reagent (Invitrogen) and analyzed by 

fluorescent microscopy using an Axiophot microscope connected to an AxioCam HRc 

digital camera (Zeiss, Germany).  

 

 

2.14   RNA isolation and design of microarray experiments 

hAMSC were isolated from three different placentas and aliquots were cultured either in 

DMEM + 15% FCS (non-induced hAMSC) or EGM-2 (induced hAMSC) on gelatin-

coated culture flasks until cells reached 90% confluence (about 5-8 d). Then cells were 

reseeded and cultured in the respective media for 14 d before RNA isolation. Total 

RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). The integrity of 

each RNA sample was determined using an Agilent 2100 Bioanalyzer (Agilent, Foster 

City, CA, USA) and only RNA samples with integrity values of 9.5-10 were used for 

hybridization. 

 

 

2.15   Hybridization and data analysis of microarrays 

Total RNA was labeled using the Affymetrix GeneChip® Whole Transcript Sense 

Target Labeling Assay and hybridized to GeneChip Human 1.0 ST arrays as described 

by the manufacturer (Affymetrix, Santa Clara, CA, USA). Hybridizations were carried 

out at the Molecular Biology Core Facility at the Center of Medical Research at the 

Medical University of Graz. Briefly, 100 ng of total RNA were reverse transcribed to 

cDNA using random hexamers tagged with a T7 promoter sequence. Double stranded 

cDNA was subsequently used as a template in an in vitro transcription reaction followed 

by cDNA synthesis, fragmentation and labeling through a terminal deoxynucleotidyl 

transferase. The hybridization cocktail was incubated overnight at 45°C while rotating 

in a hybridization oven. After 16 h of hybridization, arrays were washed and stained in 

an Affymetrix GeneChip fluidics station 450, according to the Affymetrix-

recommended protocol. Arrays were scanned on an Affymetrix GeneChip scanner. CEL 
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files were imported into Partek Genomic Suite v6.4 software (Partek Inc, St Louis, MO) 

and robust multi-chip average normalized (including background correction, quantile 

normalization across all arrays, median polished summarization based on log 

transformed expression values). For statistical analysis a paired-sample t-test was 

performed between the treatment groups. Differentially expressed genes were selected 

by p <0.005 (heat map, Tables 7+8) or p <0.05 (Venn diagram) and a fold change ≥2. 

Expression of genes above background was determined by a signal intensity level >5 

after background correction. 

The according data has been deposited in NCBI's Gene Expression Omnibus (GEO) 

(Edgar et al., 2002) and is accessible through GEO Series accession number GSE28385 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE28385). 

 

 

2.16   Protein isolation and angiogenic protein array analysis 

hAMSC were isolated from five different placentas and either cultured in DMEM with 

15% FBS (non-induced hAMSC) or in EGM-2 (induced hAMSC) on gelatin-coated 

culture flasks until cells reached 90% confluence (about 5-8 d). Then cells were 

reseeded and cultured in the respective media for 14 d. Before protein isolation, cells 

were washed twice in PBS and lysed with RIPA-buffer (Sigma-Aldrich, St. Louis, MO, 

USA) containing 4% complete protease inhibitor cocktail (Roche, Mannheim, 

Germany) for 5 min. Lysates were clarified by centrifugation at 300 x g for 10 min at 

4°C. Supernatant was used immediately or stored at -80°C for further analysis. Total 

protein concentration was determined by Lowry protein assay. Protein of 5 hAMSC 

isolations was pooled and a total of 250 µg was applied to the Human Angiogenesis 

Antibody Array C1000 (RayBiotech, Norcross, GA, USA). This array contains 43 

different angiogenic proteins spotted in duplicates onto two membranes. Membranes 

were processed according to the manufacturer’s instructions. Chemiluminescent 

imaging was performed using the FluorChemQ system. Signal densities were analyzed 

with AlphaView software version 2.0.1.1 (both from AlphaInnotech, Cell Biosciences, 

Santa Clara, CA, USA) and ratios of the respective protein and internal standard 

densities were determined. Protein expressions by induced hAMSC are presented as 

percentages of the expression of non-induced cells (set to 100%). 
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2.17   Co-culture of hAMSC and placental endothelial cells 

For co-culture assays on Matrigel, endothelial cells were allowed to form networks for 

5 h. Non-induced and induced hAMSC were labeled with CellTrackerTM Green 

CMFDA (1:1000, Invitrogen) for 30 min at 37°C and added to the endothelial networks 

in different ratios (2:1, 3:1, 4:1 – EC:hAMSC). Alternatively, green-fluorescent labeled 

hAMSC were applied to the Matrigel together with the endothelial cells from the 

beginning. Cells were observed using Cell-IQ Analyzer 2004-01 (Chip-Man 

Technologies). 

For co-culture assays on gelatin-coated chamber slides, non-induced or induced 

hAMSC were co-cultured with endothelial cells in EGM-MV or EGM-2 in the absence 

or presence of additional 50 ng/ml VEGF for 7 to 14 d. Again, different ratios were 

applied (1:5, 1:1, 5:1 – EC:hAMSC). Upon harvest, cells were visualized using 

immunocytochemistry or immunofluoresecence. 

 

 

2.18   Preparation and application of hAMSC-conditioned media 

(CdM)  

To prepare hAMSC-CdM, confluent non-induced and induced hAMSC were washed 

with PBS and then incubated with EGM-2 for 48 h. Control medium (EGM-2) was 

prepared in parallel in culture flasks without cells. Upon harvest, hAMSC-CdM and 

control medium were centrifuged at 300 x g for 10 min and then stored at -80°C.  

For determining the effect of hAMSC-CdM on endothelial cell viability, LDH activity 

was analyzed in supernatants of placental endothelial cells that were cultured in 96-well 

plates for 96 h either in CdM or in the respective control medium. LDH activity was 

measured using a LDH Cytotoxicity Detection Kit (Takara Bio Inc., Shiga, Japan) 

according to the manufacturer’s instructions. Experiments were performed with non-

induced and induced hAMSC from 2 and 4 different isolations, respectively, using 

triplicates per experiment. Statistical analysis was performed using paired Student’s 

t-test. Data were expressed as mean ± SD. p values of <0.001 were considered 

statistically significant. 

To test the effect of hAMSC-CdM on network formation of endothelial cells, placental 

endothelial cells were resuspended in hAMSC-CdM or in control medium EGM-2 and 



2 Materials and Methods  20 

 

cultured on Growth Factor Reduced Matrigel (BD Biosciences) according to the 

manufacturer’s instructions. Cells were observed using Cell-IQ Analyzer 2004-01 

(Chip-Man Technologies). 
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3 Results 

3.1 Characterization of hAMSC  

3.1.1 Isolation of hAMSC 

Treatment of the amnionic membrane with collagenase A/DNase releases hAMSC 

without disturbing the epithelial layer (Figure 4).  

 

Figure 4: Amnion before (A) and after (B) treatment with collagenase A/DNase. 

         AE: amnionic epithelium, AM: amnionic mesenchyme. Scale bar: 50μm. 

 

3.1.2 Morphology of hAMSC 

After a few days in culture, hAMSC show a typical mesenchymal morphology 

(Figure 5A) which clearly distinguishes them from amnionic epithelial cells (hAEC, 

Figure 5B). hAEC can be released by digestion with trypsin and grow in cobblestone-

like colonies. 

 

Figure 5: Morphology of hAMSC (A) and hAEC (B) after isolation. Scale bar 100 µm. 

A B 
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AE  

AM  

AE  
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Morphological analyses of hAMSC after passage 1 by phase-contrast microscopy 

(Figure 6A) and scanning electron microscopy (Figure 6B,C) show the mesenchymal 

phenotype of cultured hAMSC: The cells have a smooth surface with a varying density 

of microvilli and grow in loose arrangements. They are connected by thin cytoplasmic 

projections (arrows) and filament-rich pseudopodial-like extensions (arrowheads). The 

central zone contains the nucleus (n) and most of the organelles. The peripheral margins 

are characterized by low cytoplasmic density.  

 

 

Figure 6: Morphology of isolated non-induced hAMSC. Presented as phase-contrast 

micrograph (A) and scanning electron micrographs (B,C). Arrows in C show thin cytoplasmic 

projections, arrowheads point to filament-rich pseudopodial-like extensions. n: nucleus.  

Scale bar: 50μm. 

 

 

 

n 

 
A B C 
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3.1.3 Expression of vimentin and cytokeratin-7 

To confirm the absence of epithelial cells in culture, immunostaining with the 

mesenchymal marker vimentin and the epithelial marker cytokeratin-7 was performed. 

 

                  Vimentin    Cytokeratin-7             Vimentin-Cytokeratin-7 

 

Figure 7: Expression of vimentin and cytokeratin-7. A-C: Amnion in situ. Arrows in A point 

to vimentin-positive epithelial cells. D-F: hAMSC in vitro after passage 1. Double fluorescence 

(C,F) shows expression of vimentin (red) and cytokeratin-7 (green) at the single cell level. 

Scale bar: 50µm.  

 

In situ, vimentin not only stains amnionic mesenchymal cells but also some epithelial 

cells (Figure 7A, arrows), whereas cytokeratin-7 is specifically expressed by the 

amnionic epithelium (Figure 7B). Figure 7C shows the co-expression of vimentin and 

cytokeratin-7 on amnionic epithelial cells in situ.  

After the first passage, hAMSC are concordantly positive for vimentin (Figure 7D) and 

the number of cells that additionally express cytokeratin-7 strongly increases to about 

50% (Figure 7E). The fluorescence staining (Figure 7F) shows the co-expression of 

vimentin and cytokeratin-7 on the single cell level. 

Quantitative analysis (Figure 8) shows that after 1 d in culture, 91.9% (±6.6%) of the 

isolated cells express only vimentin and not cytokeratin-7, while 1.8% (±1.4%) express 

only cytokeratin-7, and 5.0% (±4.0%) co-express cytokeratin-7 and vimentin. After 5 d 

in culture, the amount of double positive cells slightly increases to 7.1% (±2.9%), while 

exclusive expression of cytokeratin-7 or vimentin remains the same (1.1% ±1.5% and 

91.7% ±1.3%, respectively). Following the first passage, 100% of the cells are positive 

B C 

D E F 

A 
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for vimentin, and 54.1 ± 8.8% additionally co-express cytokeratin-7. Cells positive for 

only cytokeratin-7 cells cannot be detected anymore.  

 

              

Figure 8: Expression of vimentin and cytokeratin-7 of isolated cells at different time 

points. Percentage of positive cells was determined 1 d and 5 d after isolation and 3 d after 

passage 1 (8-11 d in total). n = 3. Vim: vimentin, CK7: cytokeratin-7, Vim-CK7: co-expression 

of vimentin and cytokeratin-7. 
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3.1.4 Expression of common MSC markers 

Characterization of the hAMSC in situ and in vitro by immunohistochemistry, revealed 

the expression of the common MSC markers CD73, CD105, CD90, and CD44 but also 

of CD14, CD45, HLA-DR, and CD34.  

 

Table 5: Expression of common MSC markers 

 

Marker 

 

Description 

 

Positive cells 

  Amnion in situ hAMSC in vitro 

CD73 Ecto-5´-nucleotidase <100%  100%  

CD105 Endoglin 100%  100%  

CD90 Thy-1 100%  100%  

CD44 Receptor for hyaluronic acid 100%  100%  

CD14 on monocytes/macrophages 50%  0-10%  

CD45 on hematopoietic cells 50%  0-10%  

HLA-DR MHC-II, on antigen presenting cells 50%  0-10%  

CD34 on HSC and endothelial cells 20%  0% 
 

HSC: hematopoietic stem cells 

 

Especially in situ, the amnionic mesenchyme contains many hematopoietic cells. 

However, only a small subpopulation (0-10%) of these cells adheres to the tissue culture 

flasks (Table 5, Figure 9). After 2-3 weeks in culture, their amount decreases to clearly 

less than 1% of the total cells (data not shown). CD34-positive cells could not be 

detected in vitro at all (Table 5).  
 

 

    Figure 9: Expression of hematopoietic markers. Scale bar in situ: 20µm, in vitro: 100µm. 
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In addition, cultured cells were analyzed using flow cytometry. hAMSC were positive 

for CD90, CD73, CD105, and CD44 while being negative (or only slightly positive) for 

CD14, CD45, HLA-DR, and CD34 (Figure 10, Table 6). 

 

 

Figure 10: Immunophenotypic characterization of hAMSC by flow cytometry. hAMSC 

express CD90, CD73, CD105, and CD44 and show low or no expression of CD14, CD45, 

HLA-DR, and CD34. Analyses were carried out at the Flow Cytometry Core Facility at the 

Center for Medical Research (ZMF) of the Medical University of Graz. 

 

 

Table 6: Expression of common MSC markers by flow cytometry (% positive cells) 

 

# 

 

CD90 CD73 CD105 CD44 CD14 CD45 HLA-DR CD34 
 

1 97,7 95,5 98,8 99,0 0,5 9,3 2,3 6,4 

2 100,0 96,7 98,8 99,9 0,0 0,0 0,8 2,1 

3 100,0 94,8 98,7 100,0 1,4 7,0 0,8 1,0 
 

Representative isolations # 1-3. 

 

 



3 Results  27 

 

3.1.5 Osteogenic and adipogenic differentiation potential 

hAMSC barely differentiated towards the osteogenic lineage as shown by almost 

negative staining with Alizarin Red which detects calcium deposits (Figure 11A). 

Adipogenic induction led to accumulation of lipid droplets detected with Oil Red O 

staining (Figure 11D). hAMSC cultured in DMEM/F12 + 15% FBS served as 

undifferentiated negative controls (Figure 11B,E) and sclerotic arteries as positive 

controls (Figure 11C,F) for the respective staining.  

 

 

Figure 11: Osteogenic and adipogenic differentiation potential of hAMSC. Cells cultured 

under osteogenic (A) or adipogenic (D) culture conditions were stained for calcium deposits 

(A: Alizarin Red staining) or lipid droplets (D: Oil Red O staining), respectively. hAMSC 

cultured in DMEM + 15% FBS served as undifferentiated, negative controls and were stained 

accordingly (B: Alizarin Red, E: Oil Red O). Sclerotic arteries served as positive controls 

(C: Alizarin Red, F: Oil Red O). Scale bar 50 µm. 
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3.1.6 Expression of endothelial markers by hAMSC in situ and in vitro 

hAMSC did not express the mature endothelial cell markers vWF and VE-cadherin in 

situ (tissue sections), directly after isolation (cytospins), or in vitro (cells in culture), 

which confirms the amnion to be an avascular tissue. However, a subpopulation of 

hAMSC expressed the endothelial precursor cell marker VEGFR-2. Placental 

endothelial cells served as positive controls (Figure 12). 

 

 
 

Figure 12: Expression of endothelial markers. hAMSC do not express vWF or VE-cadherin 

in situ (tissue sections) and in vitro (cells in culture). However, a subpopulation shows 

expression of VEGFR-2 in situ (see arrows) and in vitro (see insert for higher magnification). 

Placental endothelial cells served as positive controls. Scale bar: 50 µm. 
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3.2  Endothelial differentiation potential 

3.2.1  Proliferation of hAMSC upon endothelial induction 

We tested the effect of different endothelial culture conditions on the proliferation of 

hAMSC to evaluate optimal culture conditions. Non-induced hAMSC (cultured in 

DMEM + 15% FBS on gelatin) showed cumulative population doublings of 2.5 ± 0.1 

after 5 d and 2.9 ± 0.8 after 9 d. Endothelial culture conditions highly increased the 

proliferation potential of hAMSC. The mean cumulative population doublings under 

endothelial conditions were 7.3 ± 0.2 and 13.1 ± 0.3 after 5 and 9 d, respectively. There 

were no distinct effects amongst the different endothelial conditions consisting of 

culture on fibronectin or gelatin and in the presence or absence of 50 ng/ml VEGF in 

EGM-2 (Figure 13).  

 

 

Figure 13: Cumulative population doublings of hAMSC. Cells were either cultured in 

DMEM + 15% FBS on gelatin or under different endothelial conditions (EGM-2 +/- 50 ng/ml 

VEGF on gelatin or fibronectin coating).  

 

For further studies on endothelial induction, the use of gelatin-coating and EGM-2 

medium without additional VEGF was chosen. Figure 14 shows that under these 

conditions the cumulative population doublings of hAMSC were clearly higher over 

several passages compared to non-induced hAMSC.  
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Figure 14: Cumulative population doublings of hAMSC over several passages. Cells were 

cultured under endothelial conditions (EGM-2) or in DMEM + 15% FBS from passage (P) 1 

through 5 (both on gelatin coating). n=3. 
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3.2.2  Change of morphology and uptake of DiI-Ac-LDL 

Non-induced hAMSC showed a fibroblast-like morphology (Figure 15A). After 

culturing the cells in EGM-2 for a minimum of 5 d, they changed their morphology to a 

cobblestone-like phenotype (Figure 15B), similar to placental endothelial cells 

(Figure 15C). 

The uptake of DiI-Ac-LDL is specific for endothelial cells and macrophages and occurs 

via a scavenger receptor. Non-induced hAMSC did not take up DiI-Ac-LDL 

(Figure 15D). After induction with EGM-2, hAMSC internalized DiI-Ac-LDL with 

varying intensity (Figure 15E). Placental endothelial cells served as positive control 

(Figure 15F). 

 

 

 

Figure 15: Morphology and DiI-Ac-LDL uptake by non-induced and induced hAMSC 

compared to placental endothelial cells. Non-induced hAMSC show a fibroblast-like 

morphology (A). After endothelial induction for a minimum of 5 d, they change their 

morphology to a cobblestone-like phenotype (B), similar to placental endothelial cells (C). Non-

induced hAMSC do not take up DiI-Ac-LDL (D). Induced hAMSC show uptake of DiI-Ac-

LDL with varying intensity (E). Placental endothelial cells served as positive control (F). Scale 

bar: 100 µm. 
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3.2.3 Expression of endothelial markers upon endothelial induction 

Endothelial culture conditions did not result in the appearance of vWF or VE-cadherin 

positive cells, even when EGM-2 was supplemented with concentrations of VEGF of up 

to 100 ng/ml and cells were grown on fibronectin. Furthermore, neither extension of the 

induction period to three weeks nor culturing the cells under low oxygen concentrations 

(2%) could induce expression of vWF or VE-cadherin proteins. VEGFR-2 expression 

did not increase noticeably (Figure 16).  

 

 

 

Figure 16: Expression of endothelial proteins by induced hAMSC. Immunocytochemical 

staining shows absent protein expression of vWF (A) and VE-cadherin (B) and expression of 

VEGFR-2 (C) by induced hAMSC. Placental endothelial cells (EC) served as positive controls 

(D-F). Scale bar 100 µm. 

 

 

 

RT-PCR data (Figure 17) shows that after 14 d of culture, non-induced hAMSC express 

low levels of vWF mRNA. In 4 of 5 cases endothelial induction led to a down-

regulation of vWF mRNA, while in one case, no change occured (isolation no. 4). 

Neither non-induced nor induced hAMSC expressed VE-cadherin mRNA. Expression 

of VEGFR-2 did not change considerably under endothelial induction after 14 d.  
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Figure 17: Expression of endothelial genes by hAMSC. RT-PCR shows mRNA expression of 

vWF, VE-cadherin, VEGFR-2, and RPL30 (ribosomal protein L30) by endothelial cells (EC) 

and non-induced (n.i.) and induced (i.) hAMSC from isolations 1-5. hAMSC were cultured in 

DMEM (n.i.) or EGM-2 (i.) for 14 d after passage 1. n.t.c: non-template control.  

 

 

 

 

Semiquantitative analysis of mRNA expression after 7 and 14 d (Figure 18) shows that 

induced hAMSC express significantly less vWF mRNA than non-induced hAMSC after 

7 d. After 14 d, no vWF mRNA expression can be detected anymore by induced 

hAMSC, while non-induced hAMSC still express small amounts.  

VEGFR-2 expression after 7 d by non-induced hAMSC is significantly higher than by 

induced hAMSC. After 14 d, VEGFR-2 expression by non-induced hAMSC decreases 

significantly, while the increase of VEGFR-2 mRNA expression by induced hAMSC 

from 7 d to 14 d is not significant. 
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Figure 18: Semiquantitative analysis of vWF and VEGFR-2 mRNA expression by 

hAMSC. hAMSC were cultured in DMEM (non-induced, white bars) or EGM-2 (induced, 

black bars) for 7 or 14 d after passage 1. mRNA expressions are normalized to RPL30 

(ribosomal protein L30, internal control) and presented as mean ± SD (7 d: n = 4, 14 d: n = 5). 

** p <0.05, * p <0.01. 

 

 

 

3.2.4 Gene expression changes upon endothelial induction 

To identify the effect of endothelial culture conditions on gene expression changes of 

hAMSC, a microarray was performed. Of the 28,870 transcripts analyzed, 16,761 genes 

were expressed (signal level >5 after background correction). After filtering with 

p<0.005, 200 genes were found to be differentially regulated with a fold change >2, of 

which 92 were upregulated and 108 downregulated upon endothelial induction (Figure 

19A). Genes were ranked by fold change (FC) and screened for angiogenic functions. 

The first 25 genes that were up- and downregulated under angiogenic conditions are 

shown in Table 7 and 8. Selected genes of interest are displayed in a Venn diagram 

(Figure 19B). The according data has been deposited in NCBI’s Gene Expression 

Omnibus (GEO) and is accessible through GEO Series accession number GSE28385 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE28385). 

Interestingly, induced hAMSC significantly downregulated typical pro-angiogenic 

genes such as tenascin C (FC -27.9), Tie-2 (-16.8), VEGF-A (-5.7), CD146 (-3.8) and 

FGF-2 (-2.2, p <0.05), while they upregulated genes with anti-angiogenic functions 
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such as serpin peptidase inhibitor F1 (serpin F1, FC 31.4, p <0.01), the FGF-2 signaling 

antagonist sprouty1 (FC 10.6) and angioarrestin (angiopoietin-like 1, 8.2). The only 

factor with a possible pro-angiogenic function we found to be upregulated was platelet-

derived growth factor-D (PDGF-D, 26.6). 

The genes of the MSC markers CD90, CD73, and CD105 were expressed equally by 

non-induced and induced hAMSC (FC >-2 and <2, signal level >5). In addition, both 

expressed VEGF-B and -C, placental growth factor (PlGF), VEGFR-1 & 2, 

angiopoietin-1, neuropilin 1 & 2, tissue inhibitors of metalloproteinases 1 & 2 

(TIMP1 & 2), and the pericyte markers NG2 and platelet-derived growth factor 

receptor-ß (PDGFR-ß). The expression of vWF was below background. 
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Figure 19: Gene expression changes upon endothelial induction. A: Heat map showing the 

differential gene expression of induced vs. non-induced hAMSC (fold change >2, p<0.005). 

Red color stands for high and blue for low signal intensity. Cell preparations were obtained 

from three placentas (1, 2, 3). B: Venn diagram showing the up- and downregulation of 

angiogenesis-associated genes after endothelial induction. Genes listed in the overlapping area 

(equally expressed) are expressed with a fold change >-2 and <2 and a signal level >5 after 

background correction. Up- and downregulated genes are expressed with a fold change >2 

(upregulated) or <-2 (downregulated). p<0.05. The according data has been deposited in NCBI’s 

Gene Expression Omnibus and is accessible through GEO Series accession number GSE28385 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE28385). 
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Table 7: Upregulated genes under angiogenic conditions 

Gene Symbol FC p-value 

 

Known angiogenic 

function 

 

Dermatopontin (TRAMP) 

 

DPT 

 

78.1 

  

0.0010 

 

- 

H19, imprinted maternally expressed transcript 

(non-protein) 
H19 62.4 0.0036 - 

Prolactin receptor PRLR 53.1 0.0033 - 

Delta-like 1 homolog (Drosophila) DLK1 50.2 0.0048 - 

FK506 binding protein 5 FKBP5 36.1 0.0011 - 

Absent in melanoma 1 AIM1 30.8 0.0010 - 

Monoamine oxidase A  MAOA 29.9 0.0004 - 

Adenomatosis polyposis coli downregulated 1 APCDD1 27.3 0.0044 - 

Platelet derived growth factor D PDGFD 26.6 0.0047 
pro-angiogenic  

(Li et al., 2003)
 

Signal peptide, CUB domain, EGF-like 2 SCUBE2 17.7 0.0035 - 

Interleukin 1 receptor, type I  IL1R1 16.4 0.0025 - 

LIM domain only 3 (rhombotin-like 2) LMO3 16.1 0.0009 - 

Interleukin-1 receptor-associated kinase 3 IRAK3 15.8 0.0046 - 

Serum amyloid A1 SAA1 14.4 0.0028 - 

Laminin, gamma 3 LAMC3 11.1 0.0025 - 

Family with sequence similarity 180, member A FAM180A 10.6 0.0027 - 

Sprouty 1 SPRY1 10.6 0.0019 
anti-angiogenic

  

(Lee et al., 2010) 

Interferon-induced protein 44-like  IF144L 10.3 0.0017 - 

Zinc finger and BTB domain containing 16 ZBZB16 10.1 0.0031 - 

Nidogen 1 nidogen1 10.0 0.0003 - 

BTB (POZ) domain containing 3 BTBD3 9.2 0.0008 - 

Phosphoinositide-3-kinase, regulatory subunit 1 

(alpha) 
PIK3R1 8.9 0.0016 - 

Prostaglandin E receptor 2 (subtype EP2) PTGER2 8.7 0.0039 - 

Interleukin 1 receptor, type II IL1R2 8.6 0.0012 - 

Angioarrestin/Angiopoietin-like 1 ANGPTL1 8.2 0.0040 
anti-angiogenic

 

(O'Reilly et al., 1994) 
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Table 8: Downregulated genes under angiogenic conditions 

Gene Symbol FC p-value 
Known angiogenic 

function 

 

Carboxypeptidase A4 

 

CPA4 

 

-34.3 

 

0.0029 

 

- 

Tenascin C TNC -27.9 0.0029 
pro-angiogenic 

(Schenk et al., 1999)  

Claudin 11 CLDN11 -25.2 0.0028 - 

Microfibrillar associated protein 5 MFAP5 -25.1 0.0044 
pro-angiogenic

  

(Albig et al., 2008)
 

Kallmann syndrome 1 sequence KAL1 -19.9 0.0021 - 

KIAA1199 KIAA1199 -18.2 0.0043 - 

Tie-2/TEK tyrosine kinase, endothelial TEK -16.8 0.0048 
pro-angiogenic

 

(Huang et al., 2010)
 

Adenylate cyclase-associated protein, 2 (yeast) CAP2 -13.3 0.0046 - 

Retinol dehydrogenase 10 (all-trans) RDH10 -12.9 0.0039 - 

Bone marrow stromal cell antigen 1 BST1 -12.7 0.0001 - 

V-kit Hardy-Zuckerman 4 feline sarcoma viral 

oncogene homolog 
KIT -11.6 0.0006 - 

Secretogranin II (chromogranin C) SCG2 -11.6 0.0020 
pro-angiogenic

 

(Kirchmair et al., 2004) 

Heparin-binding EGF-like growth factor HBEGF -10.6 0.0011 

pro-angiogenic
 

(Abramovitch et al., 

1998) 

Lysophosphatidylcholine acyltransferase 2 LPCAT2 -8.8 0.0022 - 

ATPase type 13A3 ATP13A3 -7.3 0.0001 - 

NCK-associated protein 5 NCKAP5 -7.0 0.0040 - 

Cysteine rich transmembrane BMP regulator 1 

(chordin-like) 
CRIM1 -6.9 0.0032 - 

Sorting nexin 25 SNX25 -6.9 0.0001 - 

Integrin, alpha 2 (CD49B, alpha 2 subunit of 

VLA-2 receptor) 
ITGA2 -6.8 0.0026 - 

Glutamate receptor, ionotropic, kainate 2 GRIK2 -6.5 0.0018 - 

LOC652811 // similar to adlican LOC652811 -5.8 0.0040 - 

Keratin 19 KRT19 -5.7 0.0024 - 

Vascular endothelial growth factor A VEGFA -5.7 0.0043 
pro-angiogenic

 

(Ferrara et al., 2003)
 

CD9 molecule CD9 -5.2 0.0000 
pro-angiogenic

 
(Klein-

Soyer et al., 2000) 

Prostaglandin F2 receptor negative regulator PTGFRN -5.2 0.0045 - 
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3.2.5 Expression of angiogenic proteins by hAMSC  

hAMSC were analyzed for the presence of angiogenic proteins using the Human 

Angiogenesis Antibody Array C1000 (Figure 20). Non-induced cells expressed high 

levels of the pro-angiogenic factor FGF-2. Endothelial induction decreased its 

expression to 27 ± 8% compared to non-induced cells. Additional angiogenic factors 

which were downregulated include interleukin-8 (IL-8, 21 ± 5%), matrix 

metalloprotease-1 (MMP-1, 31 ± 1%), Tie-2 (13 ± 1%), and uPAR (urokinase-type 

plasminogen activator receptor, 23 ± 1%). On the contrary, the expression of the anti-

angiogenic protein endostatin increased to 226 ± 4% as a result of angiogenic induction. 

In addition, epidermal growth factor (EGF) was upregulated to 236 ± 99%.  

 

 

Figure 20: Expression of angiogenic proteins. A: Human Angiogenesis Antibody Array. 

Protein of non-induced and induced hAMSC from 5 different placentas was pooled and 

incubated with two membranes, onto which 43 angiogenic proteins are blotted in duplicates. 

The rectangles highlight proteins of interest. B: Arrays were analyzed by densitometry and 

normalized to the internal positive control. Protein expressions by induced hAMSC are shown 

as percentages of protein expression by non-induced cells (set to 100%).  
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3.2.6 Angiogenesis assay – network formation 

The Matrigel assay is a commonly used method to evaluate network formation by 

endothelial cells and was applied to investigate if induced hAMSC were also able to 

form networks. 

After culture under standard (non-induced) or endothelial (induced) conditions for at 

least 10 d, hAMSC were seeded on Matrigel in EGM-2. Non-induced hAMSC formed 

network-like structures within 6 h, however, these networks disintegrated fast (Figure 

21A-D). Induced hAMSC (Figure 21E-H) formed networks similar to placental 

endothelial cells (Figure 21I-L). While the endothelial networks remained static, 

networks of induced hAMSC became more wide-spread over time. In addition, 

branches formed by placental endothelial cells showed signs of degeneration (dark cell 

clusters in Figure 21K-L) already after 24 h, while networks formed by induced 

hAMSC remained viable for about 48 h. However, cells within these networks remained 

negative for vWF (Figure 21M-N). Placental endothelial cells served as positive control 

(Figure 21O-P). 
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Figure 21: Network formation on Matrigel. hAMSC were cultured under standard (non-

induced) or endothelial (induced) conditions for at least 10 d. Then they were seeded on 

Matrigel in EGM-2. Pictures were taken at different time points (6 h, 12 h, 24 h, 48 h). Placental 

endothelial cells (PlEC) served as positive control. Networks of induced hAMSC cultured on 

Matrigel for 24 h do not express vWF (M: fluorescence, N: phase contrast). PlEC served as 

positive control (O: fluorescence, P: phase contrast). Scale bar: 100 µm. 
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3.3 Effect of hAMSC on placental endothelial cells 

3.3.1 Co-culture of hAMSC and endothelial cells on Matrigel 

 

Figure 22: Placental endothelial cells (EC) in co-culture with hAMSC on Matrigel. EC 

were seeded on Matrigel and allowed to form networks (A-C). After 5 h, green fluorescent 

labeled induced hAMSC (i. hAMSC, D-F) or non-induced (n.i. hAMSC, G-I) were added in a 

ratio of 3:1 (EC : hAMSC). Pictures were taken at different time points (6 h, 12 h, 24 h).  

 

In specific cases, endothelial cells showed poor network formation on Matrigel 

(Figure 22A-C). In these cases, cells underwent cell death already after 12 h (Figure 

22B) and networks had disintegrated after 24 h (Figure 22C). Green-fluorescent labeled 

induced hAMSC added to the endothelial networks after 5 h in a ratio of 3:1 

(EC : hAMSC) rapidly incorporated into pre-existing networks and stabilized them 

(Figure 22D-F). Non-induced hAMSC also migrated to networks of endothelial cells, 

however, these networks disintegrated fast (Figure 22G-I). Equivalent results were 

obtained when hAMSC were co-seeded with endothelial cells on Matrigel from the 
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beginning instead of being added after 5 h and when they were added in different ratios 

(2:1 and 4:1 – EC : hAMSC, data not shown). 

 

 

3.3.2 Co-culture of hAMSC and endothelial cells on gelatin-coated culture 

flasks 

Co-culture of placental endothelial cells and induced hAMSC on normal gelatin-coated 

tissue culture flasks resulted in the formation of vessel-like structures by the endothelial 

cells (Figure 23A). Additional supplementation of the culture medium (EGM-MV) with 

50 ng/ml VEGF during co-culture enhanced endothelial sprouting (Figure 23B). Co-

culture of placental endothelial cells with non-induced hAMSC resulted in the 

formation of big clusters by endothelial cells without noticeable sprout formation 

(Figure 23C). 

 

 

Figure 23: Co-culture of placental endothelial cells (EC) and hAMSC on gelatin. Induced 

(A,B) and non-induced (C) hAMSC were co-cultured with EC in the absence (A,C) or presence 

(B) of 50 ng/ml VEGF for 8 d. PlEC are stained in red with antibodies against vWF (A) or VE-

cadherin (B,C). Scale bar: 200 µm. 

 

 

3.3.3 Expression of pericyte markers in situ and in vitro 

Different antibodies against pericyte markers were tested in situ (human term placenta) 

and in vitro (isolated cells). In situ, the antibody against NG2 was the most suitable to 

detect pericytes and other mural cells (Figure 24A-B). Interestingly, cells in the 

amnionic mesenchyme also expressed NG2 (Figure 24C).  
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Figure 24: NG2 expression of human term placenta. A: NG2 (red) is expressed by pericytes 

and mural cells surrounding endothelial cells which are stained for with antibody against vWF 

in green. B: Arrow points to a pericyte (red) lining a small vessel (green). C: Cells in the 

amnionic mesenchyme (AM) also express NG2 (red). Nuclei were counterstained with DAPI in 

blue. Scale bar: 50 µm. AE: amnionic epithelium, AM: amnionic mesenchyme. 

 

 

In vitro, NG2 is expressed by both non-induced and induced hAMSC, thus the pericyte-

like phenotype of hAMSC is not changed by endothelial induction (Table 9). In co-

culture with endothelial cells, induced hAMSC consistently express NG2, independent 

of their proximity to the endothelial vessel-like structures (Figure 25).  

 

 



3 Results  45 

 

 

Figure 25: NG2 expression of induced hAMSC in co-culture with endothelial cells (EC) 

after 7 d (A) and 11 d (B,C) in a ratio of 80:20 (EC : hAMSC). NG2 (red) is expressed by 

hAMSC independent of their proximity to endothelial cells (EC), which are stained with 

antibody against vWF in green. Nuclei were counterstained with DAPI in blue.  

Scale bar: 100 µm.  

  

In vitro, hAMSC expressed PDGFR-ß in addition to NG2 but were negative for CD146 

(Table 9).  

 

Table 9: Expression of pericyte markers in vitro 

 
 

hAMSC EC 

 non-induced induced  

 

NG2          +                       + - 

PDGFR-ß         -/+*                   -/+*    - 

CD146          -                        - + 
        

       EC: Endothelial cells, * ICC negative, IF positive. 

 

 

 

3.3.4 Effect of hAMSC conditioned medium (CdM) on endothelial cells 

To investigate if hAMSC influence endothelial network formation via direct cell-cell 

contact or via paracrine factors, the effect of CdM collected from hAMSC on 

endothelial cells was examined.  

Lactate dehydrogenase (LDH) is an enzyme which is released into the culture medium 

by damaged cells (Decker et al., 1988). When placental endothelial cells were cultured 

in the presence of CdM collected from induced hAMSC, the activity of LDH in the 

culture supernatants was significantly reduced to 48.7 ± 14.9% of control, thus, 
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endothelial cell viability was clearly enhanced (Figure 26A). The addition of induced 

hAMSC-CdM to placental endothelial cells supported the formation of network-like 

structures in the Matrigel assay. While networks formed by endothelial cells in control 

medium had disintegrated after 72 h (Figure 26B), networks formed by cells cultured 

with induced hAMSC-CdM were still stable (Figure 26C). Under the same conditions, 

CdM collected from non-induced hAMSC neither enhanced endothelial cell viability 

(Figure 26D) nor supported endothelial network formation (Figure 26E-F).  

 

 

 

Figure 26: Effect of hAMSC-conditioned medium (CdM) on endothelial cells (EC). 

Induced hAMSC-CdM significantly reduces LDH activity in placental EC supernatants, shown 

as percentage of control after 96 h of culture (A). n = 4. *** p <0.001. After 72 h on Matrigel, 

networks formed by placental EC in control medium have already disintegrated (B), while 

networks formed by cells cultured with CdM from induced hAMSC are still stable (C). Under 

the same conditions, hAMSC-CdM collected from non-induced hAMSC neither enhanced 

endothelial cell viability (D) nor supported endothelial network formation (E-F). n = 2. n.s.: not 

significant. Data presented in this figure was collected by Gregor Weiß. 

 

 



4 Discussion   47 

 

4 Discussion 

4.1   Characterization of hAMSC 

hAMSC were carefully tested for the expression of epithelial and endothelial markers to 

exclude a possible contamination with these cell types. Further, to assure an MSC 

phenotype, hAMSC were characterized for the expression of common MSC markers in 

addition to evaluating their adipogenic and osteogenic differentiation potential.  

 

4.1.1  Co-expression of vimentin and cytokeratin-7 

Generally, cells originating from the epidermal layer are positive for cytokeratins but 

negative for vimentin, while mesoderm-derived cells are positive for cytokeratins but 

negative for vimentin. Analysis of hAMSC cultures led to the detection of cells 

expressing both vimentin and cytokeratin-7. Even though in situ hAMSC are negative 

for cytokeratin-7, a subpopulation of the isolated cells (about 50%) starts to express this 

epithelial marker in addition to vimentin after the first passage. Thus, we conclude that 

under culture, hAMSC adopt a hybrid mesenchymal-epithelial phenotype. This would 

be in line with ultrastructural investigations showing epithelial features of hAMSC 

(Pasquinelli et al., 2007). 

A similar phenomenon has actually been demonstrated for hAEC, which co-express 

cytokeratin and vimentin already in situ (Cremer et al., 1981, Regauer et al., 1985) and 

adopt a mesenchymal-like phenotype during culture (Portmann-Lanz et al., 2006, Bilic 

et al., 2008, Stadler et al., 2008).  

Therefore, the vimentin-cytokeratin-7 double-positive cells present in the cultures one 

day after isolation are probably either hAEC as a by-product of hAMSC isolation or 

hAMSC that already underwent mesenchymal-epithelial transition. Regardless of their 

identity, they barely proliferate until day 5. Only after the first subculture, the number of 

double-positive cells increases noticeably. Even though we cannot exclude the 

possibility that this happens due to an overgrowth of double-positive epithelial cells, 

this is very unlikely as hAEC have low growth rates in vitro, need high seeding 

densities to obtain proliferative cultures and undergo a growth retardation during the 

epithelial-mesenchymal transition (Portmann-Lanz et al., 2006, Bilic et al., 2008).  
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It is however plausible that the cultures contain a mixture of both: Mesenchymal cells 

that adopt epithelial properties and to a smaller amount epithelial cells that adopt 

mesenchymal properties. In order to avoid contamination of hAMSC cultures with 

hAEC it is essential to carefully examine them microscopically in the first days after 

isolation when they can still be distinguished by their morphology. 

 

4.1.2   Expression of MSC markers 

As hAMSC have been described to be phenotypically similar to MSC from other 

sources such as bone marrow, cultured cells and term placental cryosections were 

characterized for the expression of commonly known MSC markers. As a specific 

marker for these cells has not been found yet, the International Society of Cellular 

Therapy (ISCT) suggests a panel of surface markers to identify MSC (Dominici et al., 

2006): MSC from whichever source should express CD73, CD105 and CD90, and at the 

same time, they should lack the expression of the hematopoietic marker CD45, the 

monocyte and macrophage marker CD14, and of HLA-DR, which is expressed by 

antigen presenting cells such as B-lymphocytes and macrophages. In addition, they 

should be negative for CD34 which is expressed by endothelial and hematopoietic 

progenitor cells. In accordance with these criteria, hAMSC used in our study expressed 

CD73, CD105, and CD90, both in situ as well as in vitro. In addition, they expressed 

CD44, a receptor for hyaluronic acid, which has also been described as a marker for 

MSC (Pittenger et al., 1999). Immunohistochemistry revealed the presence of 

monocyte/macrophage-like cells expressing CD14, CD45, and HLA-DR in the 

amnionic mesenchyme, however, only a small subpopulation was detected in hAMSC 

cultures. Magatti et al. could show that these cells are of fetal origin and that they were 

capable of providing co-stimulatory signals to primed T-cells, which indicates that there 

exists a stimulatory cell subpopulation within the amnion (Magatti et al., 2008). 

However, with regard to a potential clinical application it is important to note that many 

studies have shown that hAMSC do not provoke immune reactions neither in vitro 

(Bailo et al., 2004, Wolbank et al., 2007) nor in vivo (Bailo et al., 2004, Cargnoni et al., 

2009b). In addition, the amount of these putative immunostimulatory cells decreases to 

clearly less than 1% after 2-3 weeks in culture.  
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4.1.3   Osteogenic and adipogenic differentiation potential 

Several studies have described a multipotent differentiation potential of hAMSC 

towards different cell types (Parolini et al., 2008). In our hands, hAMSC were capable 

of differentiation towards the adipogenic but barely towards the osteogenic lineage. 

This is in line with a study from Stadler et al. showing that in 4 out of 4 cases hAMSC 

did not differentiate along the osteogenic lineage when standard osteogenic 

differentiation protocols were applied (Stadler et al., 2008). In their study, only a special 

osteogenic stimulatory kit (O-kit, Stem Cell Technologies) was able to induce 

osteogenic differentiation of hAMSC. Adipogenic differentiation, however, was 

successful in 2 out of 4 cases using standard protocols.  

The discrepancies in the described differentiation potentials of hAMSC might be due to 

different isolation and induction protocols used. 

  

 

4.1.4   Expression of endothelial markers  

We could show that the amnionic mesenchyme is free of mature endothelial cells as 

documented by the absent staining with the classical endothelial markers vWF and 

VE-cadherin. Careful immunocytochemical analysis for these markers on freshly 

isolated cells was performed to exclude a contamination with endothelial cells before 

endothelial induction. All isolations in this study were free of endothelial cells. 

Interestingly, a subpopulation of hAMSC in situ and in vitro is positive for VEGFR-2. 

Together with its ligand VEGF, VEGFR-2 plays an important role during early 

placental and embryonic vascular development. Its expression has been documented in 

vasculogenic and angiogenic precursor cells found in placental villi (Demir et al., 2004). 

Mice deficient in VEGFR-2 (VEGFR-2
-/-

) died in utero as a result of an early defect in 

the development of hematopoietic and endothelial cells (Shalaby et al., 1995). 

Therefore, the presence of VEFGR-2 in the amnionic mesenchyme suggests an 

endothelial progenitor potential of hAMSC.  
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4.2   Endothelial induction and angiogenic properties of hAMSC 

The main objective of this study was to investigate the effect of endothelial induction on 

hAMSC. In addition, direct and paracrine effects of hAMSC on endothelial cells were 

examined. 

 

4.2.1   Endothelial differentiation potential 

Upon endothelial induction with EGM-2 containing 2% FCS, EGF, hydrocortisone, 

VEGF, FGF-2 and IGF, hAMSC showed some endothelial-like characteristics: They 

changed their fibroblast-like to a more endothelial cell-like morphology and acquired 

the ability to take up Ac-LDL. In addition, only induced hAMSC were able to form 

long-lasting networks similar to endothelial cells in the Matrigel assay. Non-induced 

hAMSC cultured in DMEM with 15% FBS for at least ten days initially also formed 

network-like structures in Matrigel. This could be explained by the fact that before the 

application in the Matrigel assay, these cells were resuspended in EGM-2. Therefore, 

the network formation may be due to a short-term stimulatory effect of abundant growth 

factors present in both the Matrigel and in EGM-2. However, these networks were very 

unstable and disintegrated within 6 h.  

Even though hAMSC were responsive to the angiogenic factors present in EGM-2, they 

did not differentiate into mature endothelial cells. Induced hAMSC still expressed the 

common MSC markers CD90, CD73, and CD105. None of the angiogenic conditions 

used by previous studies (Oswald et al., 2004, Liu et al., 2007) or addition of high 

concentrations of VEGF (100 ng/ml) and the use of fibronectin, an extracellular matrix 

protein known to promote endothelial differentiation (Wijelath et al., 2004) led to an 

expression of vWF or VE-cadherin on the protein level. Even cells forming the 

network-like structures in the Matrigel assay remained negative for vWF. Also 

endothelial induction under 2% oxygen did not promote endothelial differentiation, 

although low oxygen conditions are known to induce angiogenesis
 
(Pugh et al., 2003) 

and have a pro-angiogenic effect on MSC (Hu et al., 2008). 

Surprisingly, non-induced hAMSC showed a low expression of vWF mRNA, which 

was, however, downregulated upon endothelial induction. Gene expression of 

VEGFR-2 remained unchanged. 

So far, only one other study has investigated the endothelial differentiation potential of 

hAMSC (Alviano et al., 2007). This study reported that culture in DMEM supplemented 
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with 2% FBS and 50 ng/ml VEGF led to a slightly increased expression of VEGFR-2 as 

well as appearance of vWF-positive cells. The discrepancies between the results of this 

previous study and our data might be due to differences in cell isolation protocols. In 

contrast to our findings, in this former study also non-induced hAMSC formed stable 

networks in Matrigel. Thus, maybe a subset of endothelial-like cells was present within 

the primary isolated cell population, possibly caused by an incomplete separation of the 

amnion from the underlying vascularized chorion. This hypothesis is supported by our 

Matrigel data which clearly showed that non-induced hAMSC cultures devoid of 

endothelial cells did not generate stable networks. 

 

 

4.2.2   Gene and protein expression array data 

Our microarray analysis did not reveal upregulation of endothelial-specific genes in 

angiogenic-induced hAMSC. Under standard conditions, hAMSC express a variety of 

pro-angiogenic genes. Tenascin C, a large extracellular glycoprotein, has been shown to 

promote endothelial cell elongation and sprouting in bovine aortic endothelial cells and 

human umbilical vein endothelial cells (Schenk et al., 1999, Martina et al., 2010). Tie-2 

(or TEK) is a tyrosine-kinase transmembrane receptor that is predominately expressed 

by endothelial cells. Its ligands are the angiopoietin family members ANGPT1, 2, and 4, 

which are secreted proteins with different functions in angiogenesis (Huang et al., 

2010). VEGF-A and FGF-2 are both very potent inducers of angiogenesis. VEGF-A is 

part of the VEGF/PDGF growth factor family and strongly induces angiogenesis, 

vasculogenesis and endothelial cell growth (Ferrara et al., 2003) FGF-2 acts on many 

cell types and also greatly promotes angiogenesis (Szebenyi et al., 1998). However, 

these pro-angiogenic genes were downregulated upon endothelial culture conditions, i.e. 

in the presence of abundant angiogenic growth factors. Instead, genes with anti-

angiogenic functions were upregulated: Serpin F1, angioarrestin and sprouty1. Serpin 

F1, or pigment epithelium-derived factor (PEDF), is one of the most effective natural 

angiogenesis inhibitors (Dawson et al., 1999). Angioarrestin, also known as 

angiopoietin-like 1, has been shown to inhibit angiogenic processes, including 

endothelial cell proliferation, migration, and tube formation in human umbilical vein 

endothelial cells (HUVEC) (O'Reilly et al., 1994). Sprouty1 acts as an antagonist of 

FGF signaling, and upregulation of sprouty1 in HUVEC inhibited FGF- and 
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VEGF-induced endothelial cell proliferation and network formation on Matrigel 

(Impagnatiello et al., 2001, Lee et al., 2010).  

The gene expression results were confirmed on the protein level using an angiogenic 

protein antibody array. Again, FGF-2 and Tie-2 were downregulated upon endothelial 

induction, while the anti-angiogenic protein endostatin was clearly upregulated 

compared to non-induced controls. The expressions of VEGF-A and angioarrestin in 

this array were too low compared to the internal positive control to allow reliable 

quantification. 

It seems as if hAMSC use this upregulation of anti-angiogenic and concomitant 

downregulation of pro-angiogenic genes and proteins as an autoregulatory mechanism 

to protect them against a differentiation into mature endothelial cells.  

We assume that hAMSC resist a differentiation into mature endothelial cells which 

would be in accordance with the fact that amnionic membrane is one of the few 

avascular tissues that maintains its avascularity even though it is next to a highly 

vascularized tissue (the chorion) (Hao et al., 2000). 

 

 

4.2.3   Angiogenic effects of amnionic membrane in clinical use  

The gene and protein expression data might not only explain how hAMSC resist a 

differentiation into mature endothelial cells by upregulation of anti-angiogenic factors, 

but also gives some insight into the conflicting reports concerning the angiogenic 

properties of amnion in clinical use. 

In the case of corneal reconstruction, it is essential that the implant remains avascular. 

Amnionic membrane transplantation has been shown to suppress corneal 

neovascularization and inflammation. Hence, the amnion was reported to have anti-

angiogenic properties (Jiang et al., 2006) (Kim et al., 1995). However, for settings of 

wound healing and tissue engineering a sufficient vascularization of the affected tissue 

is crucial. Amnion application in leg ulcers resulted in improved formation of 

granulation tissue and vessel development. Thus, an angiogenesis inducing effect was 

ascribed to the amnionic membrane (Faulk et al., 1980). Several groups have looked 

into the factors responsible for these effects and again, controversial results were 

reported. Wolbank et al. and Marvin et al. identified mostly pro-angiogenic factors 

secreted by amnionic membrane and cells derived thereof (Marvin et al., 2002, 
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Wolbank et al., 2009). On the contrary, Hao et al. reported the expression of anti-

angiogenic mRNA in human amnionic membrane (Hao et al., 2000).  

Angiogenesis, or neovascularization, is a finely balanced process controlled by pro- and 

anti-angiogenic factors. Even though this is only speculative and needs to be further 

investigated using appropriate disease models, it might be possible that hAMSC can 

sense a pro-angiogenic environment and act as regulators between abundant and 

insufficient angiogenesis. This might explain the controversial angiogenic effects when 

applying amnion in different clinical settings and may account for a functional 

flexibility of hAMSC in response to environmental cues of the surrounding tissue.  

 

 

4.2.4   Effect of hAMSC on endothelial cells 

Even though hAMSC are capable of upregulating anti-angiogenic factors, they do not 

adopt actual anti-angiogenic properties towards endothelial cells. On the contrary, they 

supported endothelial network formation in the Matrigel assay and have a stabilizing 

effect on those networks. Also in a normal co-culture setting without Matrigel, induced 

hAMSC promoted the formation of vessel-like structures by endothelial cells.  

These results are consistent with studies showing that MSC from bone marrow 

enhanced angiogenesis and supported blood vessel formation (Chen et al., 2003, 

Kinnaird et al., 2004, Gruber et al., 2005, Hung et al., 2007, Wu et al., 2007, Verseijden 

et al., 2010). Au et al. could demonstrate that MSC stabilized engineered blood vessels 

and kept them functional for 130 days in vivo. The authors showed that the MSC did not 

differentiate into endothelial cells but instead acted as pericyte-like cells (Au et al., 

2008).  

Pericytes are mural cells that closely encircle endothelial cells of arterioles, venules and 

capillaries, while larger vessels are usually invested by smooth muscle cells. They are 

involved in angiogenesis and vasculogenesis and play an essential role in the 

stabilization of vessels. Proposed modes of actions include matrix deposition and 

regulation of endothelial differentiation, blood flow and permeability (Gerhardt et al., 

2003). So far, no specific marker to identify a pericyte has been agreed on. Most 

commonly they are characterized by the expression of NG2, PDGFR-ß and CD146 and 

the concomitant absence of hematopoietic and endothelial markers (Crisan et al., 2008). 
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In our study, the proteoglycan NG2 seemed to be one of the more reliable markers. It 

identified pericytes but also other mural cells in the vasculature of human term placenta 

and was expressed by hAMSC in situ. The expression of NG2 by hAMSC in vitro 

points to a possible pericyte-like function of these cells, similar to what has been shown 

for bone marrow-derived MSC (Au et al., 2008). In contrast to the expression of the 

previously described endothelial and angiogenic genes and proteins, NG2 expression 

did not change upon endothelial induction of hAMSC. 

The endothelial cell-stabilizing effect of hAMSC is not restricted to direct cell-cell 

contact. Conditioned medium collected from induced hAMSC also stabilized network 

formation and enhanced viability of endothelial cells. The paracrine factors involved in 

these processes are currently under investigation. 
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5   Conclusion and outlook 

Even though hAMSC do not differentiate into mature endothelial cells and are thus not 

ideal as a substitute for endothelial cells, they might be valuable in a variety of cell 

therapeutic or tissue engineering approaches where they can promote the survival of 

endothelial cells, the stabilization of pre-existing vessels and the revascularization of 

ischemic tissues.  

From our results we conclude that an endothelial induction of hAMSC is advantageous 

for an application of these cells in therapeutic treatments, as it promotes a survival-

enhancing effect on endothelial cells. Furthermore, careful analyses of primary cell 

isolations are mandatory to exclude misleading results due to contamination with 

endothelial cells. 

In an upcoming study we will determine how a co-application of placental endothelial 

cells and hAMSC could be used in vascular therapies. In practice, we will investigate 

the endothelialization of vascular grafts in a bioreactor, where placental endothelial 

cells will be used for the seeding of the luminal surface. hAMSC will be applied as 

supporting stromal or mural cells to test if they enhance the viability of the endothelial 

cells and therefore the patency of the vascular graft.  

Further, hAMSC and placental endothelial cells will be investigated both separately and 

combined for their potential to form vessels in a mouse model. 

In the future, banking of both cell types may provide a convenient source for autologous 

therapy and for matching recipients with histocompatible donors. 
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7 Abbreviations 

 

Non-standard Abbreviations and Acronyms 
 

AEC 3-amino-9-ethylcarbacole 

ANGPT angiopoietin 

BSA bovine serum albumin 

CD cluster of differentiation 

cDNA complementary deoxyribonucleic acid 

CPD cumulative population doubling 

DAPI 4’,6-diamidino-2-phenylindole 

DiI-Ac-LDL 
1,1’-dioctadecyl-3,3,3’,3’ tetramethylindocarbo-cyanine perchlorate 

labeled acetylated low density lipoprotein 

DMEM Dulbecco’s modified eagle’s medium 

EC endothelial cells 

EGF epidermal growth factor 

EGM endothelial growth medium 

FBS fetal bovine serum 

FC fold change 

FGF fibroblast growth factor 

hAMSC human amnion-derived mesenchymal stromal cells 

hAEC human amnion-derived epithelial cells 

HBSS hank’s balanced salt solution 

HLA human leukocyte antigen 

HUVEC human umbilical vein endothelial cells 

HRP horseradish peroxidase 

HSC hematopoietic stem cells 

Ig immunoglobulin 

IGF insulin-like growth factor 

IL interleukin 

ISCT International Stem Cell Society 

ITS insulin-transferrin-sodium selenite 

LDH lactate dehydrogenase 

MMP matrix metalloproteinase 



7 Abbreviations  65 

 

 

mRNA 

 

messenger ribonucleic acid 

MSC mesenchymal stromal cells 

NG2 chondroitin sulfate proteoglycan 

PBS phosphate buffered saline 

PDGF platelet derived growth factor 

PDGFR platelet derived growth factor receptor 

PlEC placental endothelial cells 

PlGF placental growth factor 

RIN ribonucleic acid integrity 

RIPA radioimmunoprecipitation assay buffer 

RNA ribonucleic acid 

RPL30 ribosomal protein L30 

RT-PCR reverse transcriptase - polymerase chain reaction 

Tie tyrosine kinase with immunoglobulin-like and EGF-like domains 

TIMP tissue inhibitors of metalloproteinases 

uPAR urokinase-type plasminogen activator receptor 

VE-cadherin vascular endothelial-cadherin 

VEGF vascular endothelial growth factor 

VEGFR vascular endothelial growth factor receptor 

vWF von Willebrand Factor 
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