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ABSTRACT

The aim of the investigation was to detect the in vitro differentiation of mesenchymal stem cells (MSCs) into cells of
the endothelial lineage. MSCs were generated from mononuclear bone marrow cells from healthy donors separated
by density gradient centrifugation. Cells were characterized by flow cytometry using monoclonal antibodies and
were tested for their potential to differentiate various mesenchymal lineages. The isolated MSCs were positive for
the markers CD105, CD73, CD166, CD90, and CD44 and negative for typical hematopoietic and endothelial
markers. They were able to differentiate into adipocytes and osteocytes after cultivation in respective media.
Differentiation into endothelial-like cells was induced by cultivation of confluent cells in the presence of 2% fetal
calf serum and 50 ng/ml vascular endothelial growth factor (VEGF). Laser scanning cytometry analysis of the
confluent cells in situ showed a strong increase of expression of endothelial-specific markers like KDR and FLT-1.
The functional behavior of the differentiated cells was tested with an in vitro angiogenesis test kit where cells
formed characteristic capillary-like structures. These predifferentiated cells provide new options for engineering of
artificial tissues based on autologous MSCs and vascularized engineered tissues.
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INTRODUCTION

Adult bone marrow contains two types of stem cdlsmatopoietic stem cells (HSCs) and mesenchyreal sells
(MSCs) [1]. Both cell types can be isolated frora thononuclear cell fraction of bone marrow aspsaéed HSCs
can be further enriched by immunomagnetic isolatiased on specific surface antigens like CD34 ol D
MSCs lack a unique surface antigen that could leel fisr positive selection, and therefore the gdratrategy for
the enrichment of MSCs is based on the adherencellsf to plastic dishes in medium with low seruts3]. In
vitro MSCs grow as a homogenous population of adherelfld and express a set of marker proteins on their
surface, including CD105 and CD73 [1-3], sometiral® referred to as SH2 and SH3, CD44, CD90, abdC
[1-5]. Since these markers are not specific for iSBey are mainly characterized by their abilg@ydifferentiate
into multiple mesenchymal lineages, including osyees, chondrocytes, adipocytes, and skeletal musgdls under
controlledin vitro conditions [2].Bone marrow Stromal Cells are adit#tm cells typically found in bone marrow
stroma(structural tissue)and other locations thhoug the body[3,4].When we consider the variouss$ypf adult
stem cells ,an advantage of mesenchymal stem oe#s other types of adult stem cells, they areiddity
accessible and thus relatively easy to obtain ftoepatient[5,6]. Transplantation studies in severalise models
also showed an engraftment at ischemic lesion8][7Therefore, MSCs fulfill all criteria of stemIt® i.e., self-
renewal, multi lineage differentiation, aimdvivo reconstitution of tissue [9].

Progenitor cells for endothelial cells have bedemtified both in peripheral blood and in bone roatrPeripheral
blood endothelial progenitor cells (EPCs) can lmated by magnetic bead selection on the basihe®fGD34
antigen, and they were found to be positive for €D3D133, and vascular endothelial growth factoEQF)
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receptor 2, sometimes also referred to as KDR dK1F[10]. EPCs originate in the bone marrow and ban
mobilized either endogenously by tissue ischemiaxagenously by cytokine stimulation or HMG-CoA uethse
inhibitors [11, 12]. CD133-selected cells from péeral blood were also shown to have the capazitifterentiate
into endothelial cells under defined conditions,[13]. Multipotent adult progenitor cells (MAPCskeme isolated
from bone marrow by depleting hematopoietic celtarf the bone marrow cell fraction and plating thsutting
cells. MAPCs are positive for the VEGF receptorsEBnd FLT1 and dimly positive for CD44 and CD133,[1
16]. Besides their ability to differentiate in nuroes mesenchymal tissues, they were also showifféoeshtiate in
endothelial and neuronal cells vitro andin vivo [16, 17], indicating a greater developmental pti&of MAPCs
compared with MSCs. The aim of our study was td tesvitro if bone marrow MSCs isolated by density
centrifugation and positive for the markers CD1@12) and CD73 (SH4) were capable of differentiatinto
endothelial cells. We have therefore establish@dotocol based on low-serum culture supplemented WEGF.
We can show that under these conditions, MSCs exagiveral features of mature endothelium, inclgdime
expression of VEGF receptors, VE-cadherin, VCAMahd von Willebrand factor (VWF). They show also an
enhanced ability to form capillary structures imgsolid medium. MSCs may therefore be an altereasiource for
endothelial progenitors for clinical therapies likesue replacement or vascularization of artifidagans. In
addition, thein vitro differentiation of MSCs might be a useful model tbe elucidation of the role of VEGF for
differentiation and maturation of endothelial cells

MATERIALS AND METHODS

Isolation and Culture of Bone Marrow-Derived Human MSCs

Bone marrow samples were collected from healthyodofage 23-47 years) at The Bone Marrow Transgtiemt
Center of the University Hospital Carl Gustav CarbDsesden, after obtaining informed consent. Thstwas
approved by the local institutional review boardS®s were isolated and cultured according to matibos of
previously reported methods [1-3]. Briefly, 5-7 tmbne marrow aspirate was diluted 1:5 in phosphafteted
saline (PBS) containing 0.5% human serum albumin.

A 20-ml aliquot was layered over a Percoll solutand centrifuged at 909 for 30 minutes at room temperature.
Mononuclear cells at the interface were recovepegssed through a 1Q0n nylon cell strainer and washed twice in
PBS 0.5% HSA. All cells were seeded into 75- cnadik containing Dulbecco’s-modified Eagle’s Mediumw
Glucose, penicillin 10 U/ml, streptomycin 106/ml (both from Biochrom), and 10% fetal calf ser(iriCS).

MSC cultures grew at 37°C in 5% CO2. Nonadherelts eeere removed after 24 hours by washing with PER6
HSA. The medium was changed subsequently everyd. davo weeks later the culture reached 90% conflye
MSCs were recovered using 0.25% Trypsin- EDTA aplated at a density of 5,000-6,000 cells pef ahsurface
area as passage 1 (P1) cells [3].

Differentiation of M SCs into Osteocytes and Adipogtes

For osteogenic differentiation, a 70% subconfluemture of MSCs from passages P0-P2 was used. Gells
incubated in osteogenic medium with 10-7 M dexaamthe, 0.2 mM ascorbic acid, and 10 M
glycerophosphate. The medium was replaced twiceekwAfter day 15 in differentiation medium, cetll@nies
displayed bone-like nodular aggregates of matrirardlization. The mineral deposition could be \Vizea by
Kossa staining for calcium [1]. Briefly, cell layewere fixed with 10% formalin (Sigma) for 30 miest incubated
with 2% silver nitrate solution (weight/volume [W)\for 15 minutes in the dark, and developed with fiyrogallol.
The layer was washed thoroughly with deionized wakhe alkaline 379 Differentiation of MSCs into daihelial
Cells phosphatase in osteogenic differentiated eedls determined by using the histochemical, seaniipative kit
for alkaline phosphatase. For adipogenic diffesittn, MesenCult medium with adipogenic stimulatory
supplements was used. The medium was replaced 8&#days for 21 days.

Endothelial Cell Differentiation
Confluent cells were cultivated in the presenc%f FCS and 50 ng/ml VEGF for 7 days. Medium wasgkd
every 2 days.

Immunohistochemistry
For von Willebrand staining, cells were fixed wittethanol at -20°C for 10 minutes and rinsed wittsPBamples

were incubated with an antibody against vVWF formBibutes, rinsed with PBS, and incubated with a lkedbe
secondary goat anti-mouse antibody
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Flow Cytometry

Cells were trypsinized, washed with PBS, and intedbavith antibodies against CD34, CD45, CD44, CDGB90,
VE-cadherin, VCAM-1 (all Becton-Dickinson), CD10&D117 (Dianova), KDR and FLT-1 (both Sigma), and
CD133-1. Analysis was performed with a FACScalittow cytometer (Becton Dickinson).

Laser Scanning Cytometry Analysis of MSCs

Cells were grown in chamber slides; stained witlibadies against KDR, FLT-1, VCAM-1, and VE-cadmeri
rinsed with PBS; and stained with a secondary gotitmouse antibody labeled with fluorescein isotijanate
(FITC; Dianova). After that, cells were again ridsegith PBS and fixed with 4% paraformaldehyde (Sagymm PBS
for 15 minutes at room temperature. Cells wereragased with PBS and permeabilized with 0.1% Tri(8igma)
in PBS for 5 minutes at room temperature. Subsetyyeells were rinsed with PBS and stained with@/ml TO-
PRO-3 lodide (Molecular Probes; Eugene, OR; httpuli.probes.com) in PBS for 1 hour. Finally, cellere
rinsed and mounted on a microscopic slide and sulesely analyzed on a LSC 2 laser scanning cytanvéth an
air-cooled 15-mW 488-nm argon-ion laser for FITCQittion and with a 25-mW 633-nm helium-neon lafer
TO-PRO-3 lodide excitation using a 20x objectivel & signals were detected through a 505-530-nmngfitter
and TO-PRO-3 signal through a 650-nm long-passrfilontouring of cells was achieved by nucleanitg with
TO-PRO-3 lodide. Photomultiplier tube (PMT) setrfgr PMT voltage, offset, and gain were 30%, 2G#@ 255,
respectively, for green and 15%, 2070, and 25pews/ely for far-red. As minimal area 1n2 were defined and
12 pixels were added to cover the whole cell. Datee acquired and analyzed with WinCyte acquisitioftware.

In Vitro Angiogenesis

Analysis of capillary formation was performed usihg in vitro angiogenesis kit according to the ofanturer’s
instructions. Fifty microliters of gel matrix solah were applied into one well of a 96-well platelancubated for 1
hour at 37°C. Cells were then trypsinized and 50% cells were suspended in 50 of the DMEM containing
various concentrations of VEGF and plated ontogematrix and incubated for 2 hours. Cells wenented by eye
for the formation of capillary structures. The pmrtages of formed capillaries were calculated frowmo
independent experiments.

RESULTS

Cell Culture of MSCs

MSCs were isolated according to standard technidoeshe isolation of mononuclear cells from bonarrmw
using density gradient centrifugation. Phase cethiracroscopy from cells in passage PO demonstaaféxtoblast-
like, spindle- shaped morphology (Fig. 1). In lapessages (>P5), the spindle-shaped cells begadispptay a
broadened, flat morphology. Therefore, endoth&iqderiments were performed only on cells from PP%o Cells
were tested with flow cytometry for the presencalmsence of characteristic hematopoietic and ertiatimarkers.
MSCs typically expressed the antigens CD105 and3CWhich are also recognized by the SH2 and SHBa@dlies
described by Pittenget al., [2].

THE MESENGENIC PROCESS
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Fig 1: Over view of stem cell production

Furthermore, cells expressed CD166, CD90, and C{B4gt 2A). They were negative for typical lymphaocyt
markers like CD45 and CD14 and for the early hepwittic markers CD34 and CD133. Undifferentiated@8S
neither expressed VEGF receptors KDR and FLT-1Viercadherin and VCAM-1(Fig 3A). The ability of the
MSCs to differentiate into osteocytes and adipacytas tested in all cultures from various donoreWcultured
in osteogenic medium for 15 days, Oswald, Boxberdmrgensen et al. 380 the morphology changednA)ay 1, a
nearly confluent spindleshaped layer; B) day 5€llscare positive for APase (data not shown) amchfaodular
aggregates, and C) day 12-15, cells began to nlimetaeir matrix and were positive for Kossa sitain(Fig. 2a).
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They were also able to differentiate into adiposytnd cells accumulated different amounts of liduoles (Fig.
2b) after cultivation in adipogenic medium.

Differentiation of MSCs into Endothelial-Like Cells

We introduced differentiation into endothelial-likells by cultivating confluent MSCs in the presemd 2% FCS
and 50 ng/ml VEGF for 7 days. Cell morphology shdwm difference compared with undifferentiated MSCs
Immunohistochemical staining for vWF was chosen foe basal characterization of endothelial-likelscel
Undifferentiated MSCs showed almost no specifigngtg for VWF, but after 7 days of cultivationthevapall
fluorescence intensity of the differentiated MSCsswnarkedly enhanced. Also, Weibel-Palade bodies wisible

in differentiated MSCs (Fig. 3Ba). Fluorescencavated cell sorter (FACS) analysis confirmed th@ression of
VWF (Fig. 3Bb). The ability to form capillaries semisolid medium was tested with Bmvitro angiogenesis Kkit.
Undifferentiated and differentiated MSCs were tigjzed and seeded on top of the ECmatrix gel smhutCells
were cultivated in the presence of two differemaeantrations.

Fig 2A: FACS analysis of typical CD markers presenon MSCs.
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Fig2: B) 30x. a) After differentiation into osteocytes atr von Kossa staining. b) After adipogenic differatiation

Differentiation of MSCs into Endothelial Cells ofB&F and once without VEGF. The undifferentiated MSC
showed very few capillaries after 2 hours and naéshe cells stayed round in the medium. When eatéd in the
presence of VEGF, more tube-like structures wesibld. Undifferentiated MSCs showed a substantiahftion of
capillary structures when cultivated for 2 hourghe presence of 50 ng/ml VEGF. After differentiatimore than
80% of MSCs form capillary structures both in tmegence and in the absence of VEGF.

For the quantification of endothelial- specificnkexr expressiomn situ after immunophenotyping, a laser-scanning
cytometry (LSC)- based protocol was introduced. Li§&n alternative method to flow cytometry, espigifor the
analysis of small cell numbers. For contouring @fs; nuclear staining with the DNA stain TO-PR@e8ide was
chosen, and specific cellular antigens were staimigld an FITC-labeled antibody. LSC analysis offeliéntiated
MSCs showed expression of the VEGF receptors KDRRFUT-1 and also VE-cadherin and VCAM-1. These data
show a substantial increase of expression of eptlattspecific marker molecules on MSCs after difdiation
with VEGF. Taken together, our data indicate thaitivating in the presence of VEGF leads to a saftsal
expression of endothelial-specific markers on MSCs.
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Fig 3A: FACS analysis of typical hematopoietic an@ndothelial markers which are not expressed by MSCs

Fig 3B: a) von Willebrand staining of differentiated MSCs.
b) FACS analysis of differentiated MSCs stained wit Wf.
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DISCUSSION

The relative ease of isolating MSCs from bone maaad the great plasticity of the cells make thdeal tools for
an autologous or allogeneic cell therapy. Clinitadls for the treatment of osteogenesis imperfedid],
metachromic leukodystrophy, and Hurler syndrome] [i&e proven the therapeutic relevance of tramspth
MSCs. The use of autologous vascular endotheliabgmitor cells seems attractive for the developmaht
engineered vessels as well as for the vasculasizafi engineered tissues, and may also be usefulgment vessel
growth in ischemic tissue [5, 9]. Our study shows the first time that human bone marrow- derived1G5+
CD73+ MSCs are capable of differentiating into éhdbal cells in vitro, which make them attractiv@ndidates for
the development of autologous tissue grafts. Sanalysis of gene expression (SAGE) revealed tinglescell-
derived colonies of MSCs expressed mRNAs of mutgall lineages, including characteristic epitHelia

Oswald, Boxberger, Jgrgensen et al. 382 and enddth®lecules like Epican and Keratins 8 and 10][Z hese
data suggest that the in vitro differentiation p¢itd of MSCs is not restricted to mesodermal lges but also
transdifferentiation of MSCs into other lineagekeliendothelial could be realized in vitro and iwvovi The
formation of endothelial tissue (vasculogenesis) pgocess in which the embryo angioblasts arerdifitiated from
mesodermal cells and organized to form a primitrascular network [21]. Angiogenesis, the formatafnnew
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blood vessels by sprouting from pre-existing vessstcurs in many situations such as embryonicldpaeent and
pathological conditions like tissue ischemia. Aligb the molecular mechanisms responsible for vagenlesis and
angiogenesis are currently not fully understood, pivotal role of VEGF for both processes is evid@z, 23].
Hence, VEGF is part of all cocktails for the inrwitdifferentiation of either endothelial progenitoells or
hematopoietic stem cells into endothelial cellsvitno [10, 13-15]. Several populations of bone roarderived
cells have the potential to differentiate into eth@dial-like cells. CD133+ HSCs cultivated at higéllular density
and in the presence of endothelial growth factikes YEGF were shown to acquire endothelial feat(ii&s 14],
and CD34+ HSCs isolated from peripheral blood céferdntiate into endothelial cells in vitro [10ha contribute
to vascularization in animal models [7]. A distipzipulation of adult stem cells called MAPCs weesatibed by
the Verfaillie group [15]. They are capable of differentiatingoimndothelial cells in vivo and in vitro [16, 1Tt
this subset of multipotent cells is probably a atfiént population than the MSCs isolated by plaghieaence. All
cited model systems were derived of KDRpositivdscel at least KDR-dim cells, whereas MSCs in ogstem
were KDR negative and CD133 negative, which cleadparates them from the MAPCs used by\tadaillie
group and also from EPCs [10, 12]. The major achgmiof MSCs is the vast number of cells that caadbéeved
from one bone marrow aspirate. MSCs were shownetgédmetically stable over many passages [2]. Onjerma
criticism of studies describing plasticity of bomarrow stem cells is the heterogeneity of the pefiulation.

Differentiation of MSCs into Endothelial Cells adtigh we cannot rule out the possible existencellgbepulations

of committed cells, it appears unlikely since cedlitsnot proliferate during the differentiation irepence of 2% FCS
and VEGF. Differentiation experiments with singletalerived MSCs will ultimately prove the plasticiof MSCs.

In our differentiation system MSCs acquire majorreltteristics of mature endothelial-like expressidn/WF,
VEGF receptors 1 and 2 (FLT-1 and KDR), VEcadhesimj VCAM-1. Cells do not express CD31 and CD3draft
a 7-day differentiation, which indicates that thesarkers are obviously later expressed in endaheiaturation.
Elongation of differentiation time will probablysd lead to an upregulation of these markers. Aftéerentiation,
the formation of capillary-like structures in seolid medium was markedly enhanced when cells wealévated
without VEGF. Recent studies have shown that musinema cells can also be differentiated into visote-
forming cells under hypoxic conditions or when ga&radly transduced to express VEGF [24, 25]. We dtsund
that MSCs form tubelike structures when cultivatedemisolid medium; the presence of VEGF markedlyanced
this behavior. Interestingly, the numbers of capyitlike cells in this assay were strongly enhanded
predifferentiated MSCs. Hypoxia upregulates sevgeales involved in angiogenesis like basic fibreblgrowth
factor, VEGF, the VEGF receptors KDR and FLT-1, andmponents ofthe plasminogen system [26].
Differentiation of MSCs with VEGF also up regulatd®e expression of the VEGF receptors KDR and FLT-1
which play a major role in angiogenesis vivo and contribute together with matrix-metalloprotsago the
formation of capillary-like structurés vitro.

CONCLUSION

Our findings may support the development of tissungineered vascular grafts based on autologous MSCs
Differentiated MSCs could also be beneficial in #rggineering of complex tissues, where vasculaozadf the
tissue is an essential feature for the succesefylaftment. Clinical studies will have to prove s the systemic
application of predifferentiated endothelial MSCaynhave positive effects in patients with smallsetsliseases. In
addition, tissues derived from autologous MSCs méagigraft easier when the blood supply can be ingady
vascularization of artificial bone, cartilage, dher tissues.
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