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This study demonstrates that a CD34-, vascular endothelial cadherin- (VE-cadherin-), AC133*, and
fetal liver kinase* (Flk1*) multipotent adult progenitor cell (MAPC) that copurifies with mesenchy-
mal stem cells from postnatal human bone marrow (BM) is a progenitor for angioblasts. In vitro,
MAPCs cultured with VEGF differentiate into CD34", VE-cadherin*, Flk1* cells — a phenotype that
would be expected for angioblasts. They subsequently differentiate into cells that express endothe-
lial markers, function in vitro as mature endothelial cells, and contribute to neoangiogenesis in vivo
during tumor angiogenesis and wound healing. This in vitro model of preangioblast-to-endotheli-
um differentiation should prove very useful in studying commitment to the angioblast and beyond.
In vivo, MAPCs can differentiate in response to local cues into endothelial cells that contribute to
neoangiogenesis in tumors. Because MAPCs can be expanded in culture without obvious senescence
for more than 80 population doublings, they may be an important source of endothelial cells for cel-
lular pro- or anti-angiogenic therapies.

J. Clin. Invest. 109:337-346 (2002). DOI:10.1172/JCI1200214327.

Introduction

Vasculogenesis, the in situ differentiation of the prim-
itive endothelial progenitors known as angioblasts into
endothelial cells that aggregate into a primary capillary
plexus, is responsible for the development of the vas-
cular system during embryogenesis (1). In contrast,
angiogenesis, defined as the formation of new blood
vessels by a process of sprouting from preexisting ves-
sels, occurs both during development and in postnatal
life (1-3). Until recently, it was thought that blood ves-
sel formation in postnatal life was mediated by sprout-
ing of endothelial cells from existing vessels. However,
recent studies have suggested that endothelial stem
cells may persist into adult life, where they contribute
to the formation of new blood vessels (4-7). This in
turn suggests that, as during development, neoangio-
genesis in the adult may depend at least in part on a
process of vasculogenesis. Precursors of endothelial
cells have been isolated from bone marrow (BM) and
peripheral blood (1, 2). The ontogeny of these endothe-
lial progenitors is unknown.

We describe for the first time the in vitro generation
of vast numbers of endothelial cells, that engraft in vivo
and contribute to neoangiogenesis, from a nonen-
dothelial BM stem cell, which also differentiates into
other mesodermal cell types and neuroectodermal cell
types. We have termed this cell a multipotent adult pro-
genitor cell (MAPC). MAPCs can be expanded in culture
for more than 80 population doublings, and endothe-

lial cells generated from MAPCs can be expanded for at
least an additional 20 population doublings. MAPCs
may therefore be an ideal source of endothelial cells for
clinical therapies. In addition, because MAPCs are onto-
genically less mature than the angioblast, this model
should be useful for the characterization of endothelial
commitment and differentiation.

Methods

MAPC cultures. BM was obtained from 55 healthy vol-
unteer donors (2-45 years of age) after obtaining
informed consent per the guidelines of the University of
Minnesota Committee on the Use of Human Subjects
in Research. MAPCs were generated as previously
described (3). Briefly, BM mononuclear cells were
depleted of CD45* and glycophorin A* cells using
micromagnetic beads (Miltenyi Biotec, Sunnyvale, Cal-
ifornia, USA). Cells (5 x 103) that were negative for
CD45 and glycophorin A were diluted in 200 pl expan-
sion medium consisting of 58% low-glucose DMEM
(Invitrogen Corp., Grand Island, New York, USA) and
40% MCDB-201 (Sigma Chemical Co., St. Louis, Mis-
souri, USA), supplemented with 1X insulin-transferrin-
selenium, 1x linoleic acid-BSA, 10-8 M dexamethasone,
104 M ascorbic acid 2-phosphate (all from Sigma
Chemical Co.), 100 U penicillin, and 1,000 U strepto-
mycin (Invitrogen Corp.); along with 0-10% FCS
(HyClone Laboratories, Logan, Utah, USA), 10 ng/ml
EGF (Sigma Chemical Co.), and 10 ng/ml PDGF-BB
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(R&D Systems Inc., Minneapolis, Minnesota, USA).
Cells were then plated in wells of 96-well plates that had
been coated with 5 ng/ml of fibronectin (Sigma Chem-
ical Co.). Cells were fed every 4-6 days. Once cells were
more than 40-50% confluent, adherent cells were
detached with 0.25% trypsin-EDTA (Sigma Chemical
Co.) and replated at 1:4 dilution, in bigger culture ves-
sels coated with 5 ng/ml fibronectin and MAPC expan-
sion medium, to maintain cell densities between 2 X 103
and 8 x 103 cells/cm?.

Differentiation conditions and characterization. To induce
differentiation into endothelial cells, MAPCs were replat-
ed at 1 X 10* to 2 X 10* cells/cm? in fibronectin-coated
culture vessels or chamber slides, in 60% low-glucose
DMEM (Invitrogen Corp.) and 40% MCDB-201 (Sigma
Chemical Co.), supplemented with 1x insulin-transfer-
rin-selenium, 1x linoleic acid-BSA, 108 M dexametha-
sone, 10 M ascorbic acid 2-phosphate (all from Sigma
Chemical Co.), 100 U penicillin, and 1,000 U strepto-
mycin (Invitrogen Corp.), plus 10 ng/ml VEGF (a kind
gift from S. Ramakrishna, University of Minnesota). In
some instances, FCS (HyClone Laboratories) was added.
Cultures were maintained by media exchange every 4-5
days. In some instances, cells were subcultured after day
9 ata 1:4 dilution under the same culture conditions for
more than 20 population doublings.

Recipient mice. A breeding colony of NOD/SCID mice
was established using mice obtained from The Jackson
Laboratory (Bar Harbor, Maine, USA). Mice were kept
in specific pathogen-free conditions, and maintained
on acidified water and autoclaved food. Trimethoprim
(60 mg/ml water) and sulfamethoxazole (300 mg/ml
water) (Hoffmann-La Roche Inc., Nutley, New Jersey,
USA) were given twice weeKkly.

Transplantation of MAPC-derived endothelial cells to an ani-
mal model for tumor and wound neoangiogenesis. Three
Lewis lung carcinoma spheroids were implanted sub-
cutaneously in the shoulder of each mouse. Three days
and 5 days after tumor implantation, mice were inject-
ed with 0.25 X 10° human MAPC-derived endothelial
cells or human foreskin fibroblasts via tail vein injec-
tion. After 14 days, animals were sacrificed, and tumors
were removed and cryopreserved using OCT com-
pound (Sakura Finetek USA Inc., Torrance, California,
USA) at -80°C. In addition, we removed the ears that
had been clipped to tag each mouse; these were cryop-
reserved using OC compound at -80°C. Sections of the
tissues (5 um thick) were mounted on glass slides, and
were fixed and stained as described below.

Undifferentiated MAPCs (10°) were injected intra-
venously into 6-week-old NOD-SCID mice. Animals were
maintained for 12 weeks and then sacrificed. In one ani-
mal, a thymic tumor was found. The thymus was
removed and cryopreserved in OCT compound at-80°C.
Tissue sections (10 um thick) were mounted on glass
slides, and were fixed and stained as described below.
FACS analysis. MAPCs, or MAPCs induced to differenti-
ate into endothelial cells for 2-21 days, were detached
using 0.25% trypsin-EDTA (Sigma Chemical Co.). Cells

were stained with Ab’s against Tie, Tek, Flk1, Flt1, vWE
(all from Santa Cruz Biotechnology Inc., Santa Cruz,
California, USA), CD13, CD31, CD34, CD36, CD44,
CD49b, AC133, HLA class I, HLA class IT, B2-microglob-
ulin, cKit (all from Becton Dickinson Immunocytome-
try Systems, Mountain View, California, USA), VCAM,
ICAM-1, VE-cadherin, CD62E, CD62L, CD62P, or
MUCI18, recognized by the Ab H1P12, (all from Chemi-
con International USA Inc., Temecula, California) at sat-
urating concentrations. Cells were washed and labeled
with FITC, phycoerythrin (PE), or APC-conjugated sec-
ondary goat anti-mouse, goat anti-rabbit, or sheep anti-
goat Ab’s (Sigma Chemical Co.), then washed and ana-
lyzed using a FACSCalibur flow cytometry system
(Becton Dickinson Immunocytometry Systems).
Immunofluorescence. For in vitro cultures, undifferen-
tiated MAPCs, or MAPCs induced to differentiate into
endothelium by plating in fibronectin-coated chamber
slides with VEGF for 2-18 days, were fixed with 4%
paraformaldehyde (Sigma Chemical Co.) for 4 minutes
at room temperature and stained for surface markers.
Alternatively, for cytoskeleton staining, chamber slides
were fixed with methanol for 2 minutes at -20°C. For
nuclear ligands, cells were further permeabilized with
0.1% Triton X-100 (Sigma Chemical Co.) for 10 min-
utes. Slides were incubated for 30 minutes with pri-
mary Ab, then incubated with FITC-, PE-, or Cy5-cou-
pled anti-mouse IgG, anti-goat IgG, or anti-rabbit IgG
ADb. After each incubation step, slides were washed with
PBS containing 1% BSA. Primary Ab’s against CD31,
CD34, CD36, CD44, HLA class I, HLA class II, and
B2-microglobulin were used at a 1:50 dilution. Prima-
ry Ab’s against VCAM, ICAM-1, VE-cadherin, H1P12,
Z0-1,MUC18, 0,3, 0.Ps, B-catenin, y-catenin (all from
Chemicon International USA Inc.), Tek, Tie, and vWF
(all from Santa Cruz Biotechnology Inc.) were used at
a 1:50 dilution. Stress fibers were stained with Ab’s
(used at 1:200 dilution) against the 20 k-Da myosin
light chain (Sigma Chemical Co., clone no. MY-21).
Secondary Ab’s were purchased from Sigma Chemical
Co., and were used at the following dilutions: anti-goat
IgG-Cy3 (1:40), anti-goat IgG-FITC (1:160), anti-
mouse IgG-Cy3 (1:150), anti-mouse IgG-FITC (1:320),
anti-rabbit FITC (1:160), and anti-rabbit Cy3 (1:30).
TOPRO-3 was purchased from Sigma Chemical Co.
Cells were examined by fluorescence microscopy using
a Zeiss Axiovert scope (Carl Zeiss Inc., Thornwood,
New York, USA) and by confocal fluorescence
microscopy using a confocal microscope (Olympus
AX70; Olympus Optical Co. Ltd., Tokyo, Japan).
Samples of normal tissue or tumor were sectioned
using a cryostat, into sections 5-10 um thick. Sections
were fixed with acetone for 10 minutes at room tem-
perature and permeabilized with 0.1% Triton X-100 for
5 minutes. Slides to be analyzed for vWF, Tie, or Tek
were incubated overnight, followed by secondary incu-
bation with FITC-, PE-, or CyS-coupled anti-mouse IgG,
anti-goat IgG, or anti-rabbit IgG Ab’s, and sequential
incubation with Ab’s against mouse CD45-PE, human
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CD45-FITC, human B2-microglobulin-FITC, mouse
CD31-FITC, and TOPRO-3 for 60 minutes. After each
step, slides were washed with PBS containing 1% BSA.
Slides were examined by fluorescence microscopy using
a Zeiss Axiovert scope, and by confocal fluorescence
microscopy using a confocal microscope. Three-dimen-
sional reconstruction consisted of the acquisition of
sequential 0.5-um confocal photos from 35 slides of
5-um-thick sections to a total of 350 photos. Slides were
stained with vWF-Cy3, and alternately double-stained
with human p2-microglobulin-FITC or mouse
CD31-FITC Ab’s. The photos from each slide were
aligned with the next slide in MetaMorph software
(Universal Imaging Corp., West Chester, Pennsylvania,
USA), and the 3D reconstruction was made in 3D Doc-
tor software (Able Software Corp., Lexington, Massa-
chusetts, USA). The volume of the relative contributions
of human (green) and murine endothelial cells (false
colored as blue) to the 3D vessel were calculated as cubic
pixels of each color. The area of each color was also cal-
culated as square pixels in four tumor vessels appearing
in each of the 35 slides to obtain an accurate percentage
of contribution. The area of each color was also calcu-
lated in alternate slides of four different tcumors.

Hypoxia studies. MAPCs and MAPC-derived endothe-
lial cells were incubated at 37°C in 20% or 10% O for
24 hours. Cells were stained with Ab’s against FIk1,
Flt1, Tek, and IgG control, fixed in 2% paraformalde-
hyde, and analyzed by flow cytometry. In addition,
VEGEF concentrations in the culture supernatants were
measured using an ELISA kit (Amersham Biotech, Pis-
cataway, New Jersey, USA).

Histamine-mediated release of yWF. MAPCs and MAPC-
derived endothelial cells were incubated with 10 uM
histamine (Sigma Chemical Co.) in serum-free medium
for 25 minutes. Untreated and treated cells were fixed
with methanol at -20°C for 2 minutes, stained with

Figure 1

FACS analysis of undifferentiated MAPCs and MAPCs cultured with
VEGF. MAPCs (after 40 population doublings; donor age, 28 years)
were replated at 2 x 104 cells/cm? in fibronectin-coated wells in serum-
free defined medium without EGF or PDGF-BB, but with 10 ng/ml
VEGF. Undifferentiated MAPCs at day 0, or VEGF-induced cells recov-
ered after short trypsinization after 3, 9, or 14 days of culture, were
stained with Ab’s against B2-microglobulin, HLA class I, MUC18, Flk1,
Fle1, VCAM, CD62P, CD62E, vWWF, CD31, CD34, CD36, AC133, VE-
cadherin, or control IgG. Cells were analyzed by FACS. Plots show iso-
type control IgG staining profile (thin line) versus specific Ab staining

Ab’s against vVIWF and myosin, and analyzed using flu-
orescence and/or confocal microscopy.

IL-1a treatment. MAPCs (10°) and MAPC-derived
endothelial cells (10%) were incubated with 75 ng/ml
IL-10 (R&D Systems Inc.) in serum-free medium for 24
hours. Cells were fixed in 2% paraformaldehyde and
stained with Ab’s against HLA class I, HLA class II,
B2-microglobulin, vWF, CD31, VCAM, CD62E, and
CDG62P, or with control Ab’s, and analyzed using FACS.

In vitro vascular tube formation: Extracellular matrix
(Sigma Chemical Co.) was added to a 24-well plate at
0.5 ml per well, and incubated for 3 hours at 37°C.
MAPCs and MAPC-derived endothelial cells (10 per
well) were added in 0.5 ml of serum-free medium con-
taining 10 ng/ml VEGF and incubated at 37°C.

a-LDL uptake. The Dil-Ac-LDL staining kit was pur-
chased from Biomedical Technologies (Stoughton,
Massachusetts, USA). The assay was performed per the
manufacturer’s recommendations.

Results

Human MAPCs differentiate into cells with phenotypic char-
acteristics of endothelium. MAPCs were generated as
described from BM of donors 2-45 years old (3). Undif-
ferentiated MAPCs did not express CD31, CD34,
CD36, CD44, CD4S, CD62E, CD62L, CD62P, HLA
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class I, HLA-DR, cKit, Tie, Tek, a,f;, VE-cadherin,
VCAM, or ICAM-1. MAPCs expressed low or very low
levels of f2-microglobulin, oBs, AC133, Flk1, and Fle1,
and high levels of CD13 and CD49b (Figure 1a).

To induce endothelial differentiation, MAPCs
obtained after 20-80 population doublings were replat-
ed at 2 X 10* cells/cm? in fibronectin-coated wells in
serum-free defined medium without EGF or PDGF-BB,
but with 10 ng/ml VEGF. We have previously reported
that these conditions allow differentiation of MAPCs
into CD31-, CD34-, and vWF* endothelial cells (3).
Here we defined endothelial differentiation from
MAPCs more extensively by FACS and immunohisto-
chemical analysis of cells after 3-18 days. Expression of
Flk1 and Flt1 on undifferentiated MAPCs was low (Fig-
ure la). Expression was maximal after day 9, and per-
sisted after day 14 (Figure 1, b and c). VE-cadherin,
present on endothelial progenitors found in BM and
blood (1, 4), was not expressed on undifferentiated

Figure 3

Differentiation into endothelial cells requires absence of serum and
high density of MAPCs. (a) MAPCs (after 65 population doublings;
donor age, 22 years) were replated at 2 X 104 cells/cm? in fibronectin-
coated wells in serum-free medium with 10 ng/ml VEGF in the pres-
ence or absence of serum (2% FCS). After 9 days, cells were fixed with
paraformaldehyde, permeabilized with Triton X-100, and stained with
Ab’s against VWWF and CD34. Representative example of three experi-
ments, one from each of three different donors. (b) MAPCs (after 65
population doublings; donor age, 22 years) were replated at 2 x 104
cells/cm? or <1 x 104 cells/cm? in fibronectin-coated wells in serum-
free defined medium with 10 ng/ml VEGF. After 9 days, cells were
fixed with paraformaldehyde, permeabilized with Triton X-100, and
stained with Ab’s against VWF and CD34. Representative example of
three experiments from three donors. (¢) MAPCs (after 45 population
doublings; donor age, 28 years) were replated at 2 X 10 cells/cm? in
fibronectin-coated wells in serum-free defined medium with 10 ng/ml
VEGF. After 9 days, endothelial cells were further expanded in 10%
FCS with 10 ng/ml VEGF for more than 20 population doublings.
Representative example of six experiments from six donors.

Figure 2

Immunohistochemical evaluation of MAPC-derived
endothelial cells. (a) MAPCs (after 65 population dou-
blings; donor age, 22 years) were replated at 2 X 10*
cells/cm? in fibronectin-coated wells in serum-free
defined medium with 10 ng/ml VEGF. After 14 days,
cells were fixed with paraformaldehyde, permeabilized
with Triton X-100, and stained with Ab’s against o.Bs
(scale bar = 50 um), ZO-1, B-catenin, and y-catenin.
Cells were then evaluated by confocal fluorescence
microscopy. Typical membrane staining is seen for the
adhesion, 0,5, and for the adhesion junction proteins
ZO-1, B-catenin, and y-catenin. Representative example
from one of three total donors. Scale bar = 50 um. (b)
Morphology of MAPCs at day O (upper panel) and day
21 (lower panel) after VEGF treatment in bright-field
microscopy. Scale bar = 25 um.

MAPCs, but was expressed after 3 days of culture with
VEGF, and persisted after day 14 (Figure 1b). MAPCs
expressed low levels of AC133 (Figure la), which is
found on endothelial progenitors as well as hematopoi-
etic progenitors (1, 5), but AC133 was no longer
detectable after day 3 (Figure 1, b and c). CD34, also
present on endothelial progenitors and hematopoietic
progenitors (1, 6, 7), was not present on undifferenti-
ated MAPCs (Figure 1a), but was expressed from day 9
until day 18 following addition of VEGF (Figure 1b).
MUC18 has been used to purify endothelial progeni-
tors from blood (8). Although undifferentiated MAPCs
did not stain with H1P12 (Figure 1a), MAPCs treated
with VEGF for 9 days were MUC18*; however, expres-
sion of MUC18 was lost by day 18 (not shown).

VEGF } Q

0 100 100 10° 10°  10°

CD34

VEGF +
Serum

10° 10" 10> 10® 10* 10° 10" 10> 10° 10¢

2 x 10* cells/
cm?

<1 x 10 cells/
cm?

C 100
100 -

Cell number .

10°

10°

20 40 60 80
Days after differentiation

3
3
3
3
3
3
3

102 10° 10*

102 10° 10

3
3
3
3
3
3
3

340 The Journal of Clinical Investigation |

February 2002

| Volume109 | Number3



The endothelium-specific integrin o35 (9) was not
present on undifferentiated MAPCs, whereas o5 was
expressed at very low levels (not shown). Expression of
both integrins increased progressively during differen-
tiation, and was maximal by day 14 (Figure 2). The tyro-
sine kinase receptors Tiel and Tek, which are important
for angiogenesis but not endothelial cell differentiation
(10), were not expressed on MAPCs (not shown). Expres-
sion of Tek could be seen after day 3, and Tiel after day
7 (Figure 1c). MAPCs also do not express vWF, but vWF
was expressed from day 9 on (11, 12). Markers of more
mature endothelial cells, including CD31, CD36,
CD62P (13) (Figure 1, a and b), and the adhesion junc-
tion proteins ZO-1, B-catenin, and Y-catenin (Figure 2)
were detected after day 14 (14-16). Neither VCAM nor
CDG62E was expressed at high levels at any timepoint
during differentiation (Figure 1b), unless endothelium
was activated with IL-10, as described below. Differen-
tiation to endothelium was associated with acquisition
of B2-microglobulin and low levels of HLA-class I anti-
gens, but not HLA-class II antigens (Figure 1b). Differ-
entiation to endothelial cells was similar when MAPCs
from donors 2-45 years old were used. In addition, dif-
ferentiation of MAPCs to endothelium occurred in a
similar fashion in both MAPCs used after 20 (n = 30)
population doublings, and in MAPCs used after more
than 50 (n = 25) population doublings.

We have reported previously that endothelial differ-
entiation can be obtained only from MAPCs expanded
with 2% FCS or less, not from those expanded with 10%
FCS (3), because higher concentrations of FCS support

Figure 4

Functional characterization of MAPC-derived endothelial cells.
MAPCs (after 45 population doublings; donor age, 28 years) were
replated at 2 X 104 cells/cm? in fibronectin-coated wells in serum-
free defined medium with 10 ng/ml VEGF for 14 days. (a) Hista-
mine-mediated release of VWF from MAPC-derived endothelium.
MAPC-derived endothelial cells were plated at 104 cells/cm? in
fibronectin-coated chamber slides. After 24 hours, cells were treat-
ed with 10 UM histamine in serum-free medium with VEGF for 25
minutes. Cells were then stained with Ab’s against VWF (FITC) and
myosin (Cy3). vWF staining is found throughout the cytoplasm in
untreated cells, but decreased and was detectable only in the perin-
uclear region following treatment with histamine. Staining with Ab’s
against myosin shows cytoskeletal changes with increased numbers
of myosin stress fibers, and widening of gap junctions. Representa-
tive example of three experiments from three donors. Scale bar = 60
um. (b) MAPC-derived endothelium takes up a-LDL. MAPCs
induced to differentiate with VEGF for 3, 7, and 9 days with VEGF
were incubated with Dil-Ac-LDL. Cells were colabeled with Ab’s
against Tek, Tie1, or vWF, and analyzed by confocal microscopy.
After 3 days, we detected expression of Tek, but no uptake of a-LDL.
After 7 days, cells expressed Tiel, but again did not take up a-LDL.
However, acquisition of expression of VWF on day 9 was associated
with uptake of a-LDL. Representative example of ten experiments
from six donors. Scale bar = 100 um. (c) Vascular tube formation
by MAPC-derived endothelium. MAPC-derived endothelial cells were
replated in Matrigel with VEGF. After 6 hours, typical vascular tubes

growth of classical mesenchymal stem cells that differ-
entiate only into osteoblasts, chondroblasts, and
adipocytes (3, 17). We now also demonstrate that when
FCS was present during the initial 9 days of differenti-
ation, endothelial differentiation could not be induced
(Figure 3a). Further, when nonconfluent MAPCs (10*
or fewer cells/cm?) were treated with VEGF, no
endothelial differentiation was seen (Figure 3b). When
MAPCs were subcultured 9 days after exposure to
VEGEF using serum-free medium with 10 ng/ml VEGF,
cells could undergo at least an additional 12 popula-
tion doublings. When 10% FCS and 10 ng/ml VEGF
were added to the medium for subculturing, MAPC-
derived endothelial cells could undergo an additional
20+ population doublings, regardless of the number of
population doublings that undifferentiated MAPCs
had undergone (Figure 3c).

Functional characteristics of MAPC-derived endothelium.
We next tested whether progeny of MAPCs that had
been induced to differentiate with VEGF had func-
tional characteristics of endothelial cells. Functional
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Figure 5

Further functional characterization of MAPC-derived endothelial cells. (a) Hypoxia upregulates FIk1 and Tek expression on MAPC-derived
endothelial cells. MAPC-derived endothelial cells (after 30 population doublings; donor age, 33 years) were incubated at 37°C in 20% or 10%
O, for 24 hours. Cells were recovered by trypsinization and stained with Ab’s against Flk 1, Tek, and IgG control, and were analyzed by flow
cytometry. Plots show isotype control IgG staining profile (thin line) versus specific Ab staining profile (thick line). Representative example of
more than three experiments from three donors. Number above plots shows mean fluorescence intensity (MFI) for the control IgG staining and
the specific Ab staining. (b) Hypoxia upregulates VEGF production by MAPC-derived endothelial cells. MAPCs (after 30 population doublings;
donor age, 45 years) and MAPC-derived endothelial cells were incubated at 37°C in 20% or 10% O for 24 hours. Medium was collected, and
VEGF levels were measured by ELISA. Results are shown as mean + SEM of six experiments from three donors. (c) IL-1a induces expression of
HLA-DR, a type of HLA class Il antigens and increases expression of adhesion receptors. MAPC-derived endothelial cells (after 40 population
doublings, donor age = 31 years) were incubated with 75 ng/ml IL-1ot in serum-free medium for 24 hours. Cells were stained with Ab’s against
HLA-class I, HLA class I, B2-microglobulin, vWF, CD31, VCAM, CD62E, CD62P, or control Ab’s, and analyzed using FACS. Plots show isotype
control IgG staining profile (thin line) versus specific Ab staining profile (thick line). Representative example of three experiments from three
donors. Numbers above each plot show MFI for the control IgG staining and the specific Ab staining. NI, normal; IL-1 induced populations.
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characteristics were indistinguishable between MAPC-
derived endothelial cells from donors 2-45 years old
and endothelial cells derived from MAPCs maintained
for 20-65 population doublings.

Endothelial cells contain vWF, stored in Weibel-
Palade bodies, that is released in vivo when endotheli-
um is activated (12). This can be induced in vitro by
stimulating cells with histamine (11), which also results
in activation of the cell cytoskeleton (18). MAPC-derived
endothelial cells were plated at high confluence (2 x 10*
cells/cm?) in fibronectin-coated chamber slides. After 24
hours, cells were treated with histamine and stained
with Ab’s against vWF and myosin. vWF was present
throughout the cytoplasm of untreated endothelial
cells. Cytoplasm of endothelial cells treated with hista-
mine contained significantly less vIWF, and vWF was
detectable only in the perinuclear region, likely repre-
senting vVWF present in the endoplasmic reticulum (Fig-
ure 4a). Histamine treatment caused widening of gap
junctions, and cytoskeletal changes with increased
numbers of myosin stress fibers (Figure 4a).

Another characteristic of endothelial cells is that they
take up LDL (19). This was tested by incubating MAPCs
induced to differentiate with VEGF for 2, 3,5,7,9, 12,
5,and 21 days with Dil-Ac-LDL. Cells were colabeled
with either anti-Tek, anti-Tiel, or anti-vWF Ab’s. After
3 days, we detected expression of Tek, but no uptake of
a-LDL. After 7 days, cells expressed Tiel, but did not
take up significant amounts of a-LDL. However, acqui-

sition of expression of vVWF on day 9 was associated with
uptake of a-LDL (Figure 4b).

We next tested whether endothelial cells would form
“vascular tubes” when plated on Matrigel (Becton Dick-
inson and Co., Franklin Lakes, New Jersey, USA) or extra-
cellular matrix (20). As shown in Figure 4c, culture of
MAPC-derived endothelial cells on extracellular matrix
resulted in vascular tube formation within 6 hours.

Endothelial cells respond to hypoxia by upregulating
expression of VEGF, as well as the VEGF receptor Flk1
and the angiogenesis receptor Tek (21). MAPC-derived
endothelial cells and undifferentiated MAPCs were
exposed to hypoxic conditions for 24 hours compared
with normally oxygenated cultures. Expression of Flk1
and Tek was significantly increased on MAPC-derived
endothelial cells exposed to hypoxia (Figure 5a),
whereas the levels of these receptors remained
unchanged on undifferentiated MAPCs (not shown).
In addition, levels of VEGF in culture supernatants of
hypoxic endothelial cultures were increased by four-
fold (Figure 5b), compared with normoxic cultures,
whereas VEGF levels in MAPC cultures exposed to
hypoxia remained unchanged (not shown) compared
with normoxic cultures.

Finally, we tested whether MAPC-derived endothelial
cells would upregulate expression of HLA antigens and
cell adhesion ligands in response to inflammatory
cytokines such as IL-10 (22, 23). When undifferentiated
MAPCs or MAPC-derived endothelial cells were exposed
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to 75 ng/ml IL-1a for 24 hours, significantly increased
levels of HLA class I, HLA class II, B2-microglobulin,
VCAM, vWF, CD31, CD62E, and CD62P were seen by
FACS analysis of endothelial cells (Figure Sc). In con-
trast, on undifferentiated MAPCs, upregulation of only
Flk1 was seen (not shown).

MAPC-derived endothelial cells contribute to tumor angio-
genesis in vivo. MAPC-derived endothelial cells or human
foreskin fibroblasts (0.25 x 10°) were injected intra-
venously into NOD-SCID mice 3 days and 5 days after
implantation of murine Lewis lung carcinoma sphe-
roids near the shoulder blades (n = 5). Computer-aided
analysis of the length and number of branches count-
ed on five sections of each tumor showed that tumors
in mice that received human MAPC-derived endothe-
lial cells had a 1.45 + 0.04-fold greater vascular mass
than tumors in control mice that did not receive
endothelial cells, or that received fibroblasts. All
tumors were stained with anti-human B2-microglobu-
lin or HLA class I Ab’s, combined with anti-mouse
CD31. Ab’s and anti-vWF, anti-Tek, or anti-Tiel Ab’s,
which recognize both human and mouse endothelial
cells. These initial studies showed that some blood ves-

sels in the tumors contained anti-human B2-micro-
globulin or HLA class I-positive cells that colabeled for
either vWF, Tie, or Tek, but not for mouse CD31, indi-
cating that human MAPC-derived endothelial cells
contributed to tumor neoangiogenesis in vivo. To bet-
ter address the degree of contribution, we obtained 35
sequential 5-um slides that were stained in an alternate
fashion with either anti-human B2-microglobulin-
FITC or anti-mouse CD31-Cy5 and anti-vWF-Cy3. All
slides were examined by confocal microscopy. The dif-
ferent images were then assembled in 3D to determine
the relative contribution of human and murine
endothelial cells to the tumor vessels. When we ana-
lyzed tumors obtained from animals injected with
human MAPC-derived endothelial cells, approximate-
ly 35% of the tumor vessels were positive for anti-
human B2-microglobulin as well as vWF, whereas
approximately 40% of endothelial cells stained positive
with anti-mouse CD31 Ab’s (Figure 6, a-g). Tumors in
animals that did not receive endothelial cells, or
received human fibroblasts, did not contain endothe-
lial cells that stained positive with the anti-B2-
microglobulin or anti-HLA class I Ab’s (not shown).

Figure 6

Contribution of human MAPC-derived endothelial cells to
neoangiogenesis in tumors and wound healing. (a-g)
MAPC-derived endothelial cells (0.25 x 10°) (after 30-65
population doublings before differentiation) were injected
intravenously into NOD-SCID mice after implantation of
murine Lewis lung carcinoma spheroids (n = 5) from three
donors, aged 19, 28, and 31 years). After 2 weeks, animals
were sacrificed, and tumors were removed, sectioned, and
stained with either anti-human B2-microglobulin-FITC or
anti-mouse CD31-FITC and anti-vWF-Cy3. Shown are
the 3D reconstructed figures of 350 images for either
anti-human B2-microglobulin-FITC (c) or anti-mouse
CD31-FITC (false colored as blue) (d), and merging of the
two (e); anti-vWF-Cy3 (f); and merging of the three stain-
ing patterns (g). (aand b) Scale bar = 100 um. (h) Wound
healing. Ears of NOD-SCID mice used in the studies
described in a were punched 3 and 5 days prior to intra-
venous injection of human MAPC-derived endothelial cells
(a-c) or human foreskin fibroblasts (d-f). After 14 days,
animals were sacrificed and ears were obtained and cryo-
preserved. Five-micrometer slides were stained with anti-
human B2-microglobulin-FITC and anti-vWF-Cy3. Scale
bar = 20 um. C, cartilage; D, dermis. (i) Tumor angiogen-
esis is derived from endothelial cells generated in vivo from
MAPCs. MAPCs (10°) (after 45 population doublings;
donor age, 28 years) were injected intravenously into a
NOD-SCID mouse (n = 1). After 12 weeks, the animal was 1
sacrificed, at which time a thymic tumor was detected.
Ten-micrometer slides were stained with anti-human
B2-microglobulin-FITC and anti-vWF-Cy3. Shown is a

highly vascularized area in the tumor stained with Ab’s

against B2-microglobulin-FITC, vWF, and TOPRO-3 (not

shown). Scale bar = 20 um.

2-microglobulin [B2-microglobulin/CD31 A

TOPRO-3

32-microglobulin B2-microglobulin VWF
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We also performed analysis to determine whether
MAPC-derived endothelial cells contribute to wound-
healing angiogenesis. We examined the area of the ear
that had been clipped to tag the mouse. Neoangiogen-
esis in the ear wounds was in part derived from the
MAPC-derived endothelial cells. Similar to blood vessels
in the analyzed tumor sections, human endothelial cells
made up 30-45% of the healed skin wound (Figure 6h).

Undifferentiated human MAPCs differentiate into endothe-
lial cells in vivo. Undifferentiated MAPCs (10°) were
infused intravenously into 6-week-old nonirradiated
NOD-SCID mice. Animals were maintained for 12
weeks and then sacrificed. In one animal, a host-cell
thymic lymphoma developed, which is commonly seen
in aging NOD-SCID mice (24). All hematopoietic cells
stained positive for mouse CD45 but not human CD45,
indicating that they were murine in origin. We then
stained the tumor with an anti-human §2-microglobu-
lin-FITC Ab and an anti-vWF-Cy3 Ab that recognizes
both human and mouse endothelial cells. Approxi-
mately 12% of the vasculature was derived from human
MAPCs (Figure 6i). These studies further confirmed
that the hematopoietic elements were not of human ori-
gin, as no human B2-microglobulin was detected out-
side the vascular structures.

Discussion

The central finding of this study is that cells that cop-
urify with mesenchymal stem cells from BM have the
ability to differentiate into endothelial cells that have
in vitro functional characteristics that are indistin-
guishable from those of mature endothelial cells. We
also show that such endothelial cells contribute to
neoangiogenesis in vivo in the setting of wound heal-
ing and tumorigenesis, and that undifferentiated
MAPCs can respond to local cues in vivo to differenti-
ate into endothelial cells, contributing to tumor angio-
genesis. Since the same cell that differentiates into
endothelium also differentiates into other mesodermal
cell types (3), as well as into cells of nonmesodermal ori-
gin (Reyes et al., unpublished observations), the cell
defined here precedes the angioblast, and even the
hemangioblast, in ontogeny.

During development, endothelial cells are derived
from mesoderm. Flk1 (also known as VEGF receptor 2)
characterizes the hemangioblast, a bipotent stem cell
found in the aorto-gonad-mesonephros region (25-27)
and in fetal liver (26); and commitment of embryoid
bodies to hemangioblasts is accompanied by expression
of Flk1 (28, 29). Whether hemangioblasts persist in
adulc life is not known, and only hematopoietic stem
cells (HSC) and endothelial progenitors have been iden-
tified in adult life. Like hemangioblasts, endothelial
progenitors express Flk1 (1), and one report has sug-
gested that HSC in postnatal life express Flk1 (30). Dur-
ing embryology, commitment of the hemangioblast to
the endothelial lineage is characterized by the sequen-
tial expression of VE-cadherin, CD31, and (shortly after-
ward) CD34 (31, 32). In postnatal life, endothelial pro-

genitors have been selected from BM and blood using
Ab’s against AC133, Flk1, CD34, and the MUC18 (1, 5,
8). AC133 has also been found on other cells, including
neural stem cells (33) and gastrointestinal epithelial
cells (34). Upon differentiation to mature endothelium,
the AC133 receptor is quickly lost (1, 5). Another recep-
tor found on circulating endothelial progenitor cells is
MUC18 (8). MUC18 is lost upon differentiation of
endothelial progenitors to endothelium. CD34 is
expressed on endothelial progenitors, as well as on
hematopoietic progenitors (1, 35) and hepatic oval cells
(36). This antigen is also lost upon differentiation of
endothelial progenitors to endothelium. Most mature
endothelial cells, except for microvascular endothelial
cells, no longer express CD34.

Like hemangioblasts and endothelial progenitors,
undifferentiated MAPCs express low levels of Flk1 and
AC133. In contrast to endothelial progenitors, MAPCs
do not express VE-cadherin, CD31, cKit, or CD34.
When cultured with VEGF, MAPCs differentiate into
endothelial cells, and after 14-21 days, more than 90%
of cells express markers of mature endothelial cells. The
low level of expression of Flk1 and AC133 seen by FACS
analysis may indicate that the starting population is not
homogeneous, and that endothelial cells are derived
from the Flk1*/AC133*endothelial-committed meso-
dermal cells. However, there is no obvious cell loss dur-
ing differentiation, suggesting that even Flk1-/AC133-
cells may differentiate into endothelium. However, we
cannot exclude the possibility that a fraction of MAPCs
undergo apoptosis during differentiation, whereas the
Flk1/AC133" cells proliferate. The other possibility is
that all cells express low levels of Flk1 and AC133, which
is consistent with what we observed by immunohisto-
chemistry analysis (not shown). This observation,
together with our observation that the same single cell
that differentiates into endothelium also differentiates
into other mesodermal cell types (3) as well as neuroec-
todermal cells (Reyes et al., unpublished observations),
leads us to speculate that the multipotent cell present
in MAPC cultures expresses low levels of Flkl and
AC133. We further speculate that this cell is the prede-
cessor of the Flk1*, AC133*, CD34*, PECAM®*, and cKit*
endothelial progenitor described by others (1, 5, 8).

As we have shown for other lineages (3), differentiation
from MAPCs to endothelium required that differentia-
tion be induced in high-density cultures. This may be
needed to inhibit cell proliferation and allow cell differ-
entiation. This may explain not only why differentiation
could not be induced when cells were plated at low den-
sity, but also why differentiation was not seen when
FCS, which is known to contain a number of mitogens
(37), was added to the differentiation cultures. Although
VEGEF plays an important role in vasculogenesis and
angiogenesis, other factors are required for these
processes, including signaling via bFGF (38) and TGF-f3
(39). Because MAPCs themselves produce bFGF as well
as TGF-B (data not shown), it is possible that these
cytokines serve as paracrine factors in high-density
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cultures. Additional receptors, including Notch-4 (40)
and ephrins (41) are important regulators of vasculoge-
nesis and angiogenesis. Whether these receptors are
present on MAPCs is currently under investigation.

We not only showed that MAPCs differentiate into
cells that express markers of endothelial cells, but
proved that VEGF induced MAPCs to function like
endothelial cells. Endothelial cells modify lipoproteins
during transport in the artery wall (41), and they main-
tain a permeability barrier through intercellular junc-
tions that widen when exposed to hemodynamic
forces or vasoactive agents, such as histamine (11, 14,
15,22). Endothelial cells release prothrombotic mole-
cules such as vWF, tissue factor, and plasminogen acti-
vator inhibitor to prevent bleeding (22), and regulate
egress of leukocytes by changing expression levels of
adhesion molecules in response to inflammation (19,
20). Endothelium also reacts to hypoxia by producing
VEGF and expressing VEGF receptors to increase vas-
cular density (18). We demonstrated that endothelial
cells generated from MAPCs can perform all of these
tasks when tested in vitro.

Finally, we found that in vitro-generated MAPC-
derived endothelial cells respond to angiogenic stimuli
by migrating to tumor sites and contributing to tumor
vascularization, and by participating in wound healing
in vivo. This finding confirms that endothelial cells
generated from MAPCs have all the functional charac-
teristics of mature endothelium. The degree of contri-
bution of endothelial cells to tumor angiogenesis and
to neoangiogenesis was 35-45%, levels similar to those
described for other sources of endothelial cells (42, 43).
In addition, we found that angiogenic stimuli in vivo
provided in a tumor microenvironment are sufficient
to recruit MAPCs to the tumor bed and induce their
differentiation into endothelial cells that contribute to
the tumor vasculature. These studies therefore extend
studies reported by other groups demonstrating that
cells present in marrow can contribute to new blood
vessel formation (1, 5, 7, 8) in a process similar to vas-
culogenesis, since we have identified the precursor
responsible for this process.

As MAPCs can be expanded in culture without obvious
senescence for more than 80 population doublings, they
may be a very useful source of endothelial cells for cellu-
lar pro- or anti-angiogenic therapies. Furthermore,
MAPCs precede the angioblast and even the heman-
gioblast in ontogeny. Therefore the model of CD34-, VE-
cadherin-, AC133*, and Flk1* MAPC differentiation to a
CD34*, VE-cadherin*, AC133-, and Flk1* “angioblast,”
and subsequently to a mature endothelial cell, should
prove very useful in the study of cellular commitment to
the angioblast and beyond.
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