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Over the past 10 years, a great deal has been learned about the fundamental biology and therapeutic application
of bone marrow-derived human mesenchymal stem cells (MSCs). Intravenous administration of these cells is the
preferred route for therapeutic delivery of MSCs. Vascular endothelial cells (ECs) are the first cell type that MSCs
encounter following IV administration. However, little is known about the biological consequences of interac-
tions between MSCs and ECs, and if any therapeutic benefit results from this interaction. We show that MSCs
exert potent stabilizing effects on ECs using an in vitro coculture system. Such effects include decreased EC
proliferation and the reduction of EC vascular network formation in matrigel. Interestingly, these effects appear
to require EC-MSC contact and result in enhanced colocalization of VE-Cadherin and b-catenin at the cell
membrane. Disruption of the VE-Cadherin/b-catenin interaction abrogates the observed effects. As a functional
in vivo correlate, we show that intravenously administered MSCs strongly inhibit angiogenesis in a matrigel
plug assay. Taken together, these results identify a novel mechanism of action of MSCs that involves a contact-
dependent EC interaction. These findings are relevant to intravenous use of MSCs and provide insight into
further optimizing therapeutic strategies involving MSCs.

Introduction

Over the past decade, a number of laboratories, in-
cluding ours, have reported many novel therapeutic

applications of bone marrow-derived human mesenchymal
stem cells (MSCs) in a wide variety of disease states. Certain
unique properties of MSCs have inspired a number of pre-
clinical and clinical studies based upon features independent
of their capacity to differentiate into multiple cell types [1].
Such properties include their ability to home to sites of active
tissue injury and tumorigenesis [2], their ability to promote
vascular growth, and their diverse and complex immuno-
modulatory properties [3]. These properties have been used to
explain the beneficial effects of systemically infused MSCs in a

variety of disease models, including sepsis [4], acute renal
failure [5], graft versus host disease [6], acute lung injury [7],
and myocardial infarction [8].

The first cell types with which MSCs interact following
intravenous administration are the resident endothelial cells
(ECs) of the vasculature. Little is known about the biological
interactions between MSCs and ECs, and it has not been
investigated if this interaction exerts any beneficial effect. In
our earliest studies, we reported that systemically adminis-
tered MSCs exert potent antitumorigenic effects in a model of
Kaposi’s sarcoma (KS), a highly angiogenic tumor believed
to be of lymphatic EC origin [2,9].

It is notable that when MSCs are administered intrave-
nously, we and others have shown that although a few cells
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are found in the target tissue (e.g., the tumors), the vast
majority of infused cells home to and take residence adjacent
to the vascular endothelium of the lungs, liver, and spleen
[2,10]. Additionally, we have shown that MSCs, when grown
in close contact with ECs, produce soluble factors that inhibit
EC permeability in vitro and in vivo in a rodent model of
traumatic brain injury via modulation of endothelial ad-
herens junction proteins VE-Cadherin and b-catenin [11].
These findings led us to hypothesize that the potent dose-
dependent antitumorigenic effects found in our KS model
reflect a general inhibitory effect of MSCs on tumor angio-
genesis through paracrine and direct effects on the tumor
endothelium.

Here we report that in vitro MSCs potently decrease EC
proliferation and the angiogenic potential of ECs through a
mechanism mediated by MSC-EC contact and the produc-
tion of biologically active soluble factors. Our findings
demonstrate that this inhibitory effect may depend upon VE-
cadherin/b-catenin interactions at the EC cell surface, since
activation of the Wnt3a pathway abrogated this effect. Our in
vitro findings are recapitulated in vivo, where we find potent
inhibition of angiogenesis in matrigel after administration of
intravenous MSCs, with no MSCs found within the plug it-
self. Our findings suggest that intravenously delivered MSCs
could potentially alter the outcome in pathological processes,
where angiogenesis is dysregulated or necessary, and may
be of importance to our understanding of the therapeutic
benefits of MSCs seen preclinically.

Materials and Methods

Primary cells and cell lines

First passage human MSCs and HUVECs (ECs) were
purchased from Lonza. MSCs were cultured in MSC growth
media (MSCGM; Lonza), and ECs were cultured in EC
growth media (EGM-2; Lonza). MSCs and ECs were used at
passage 3–7 for all experiments.

Transwell and coculture

ECs were cocultured in contact with MSCs or with MSCs
in transwells (0.4-mm pore size PET membrane from BD
Biosciences). The ratio of ECs to MSCs was (5:1). In dose–
response experiments, the number of ECs was held constant
and increasing numbers of MSCs were added to the wells.
Cells were harvested 24 h after coculture. Cells were sorted
by magnetic activated cell sorting (MACs) using beads con-
jugated with CD44 antibodies (MiltennyiBiotec). The CD44-
(negative population) which was confirmed to be 100%
CD31-positive by flow cytometry, was used in subsequent
assays of endothelial function.

Matrigel in vitro assay of angiogenesis

Collagen-coated 0.4-mm pore size inserts were obtained
from BD Biosciences. Pulmonary endothelial cell (PEC)
monolayer permeability was tested by adding 10 mL of
10 mg/mL 40-kDa flouresceinisothiocyanate (FITC)-Dextran
(Sigma-Aldrich) as described previously [11]. 1 · 104 cells
were seeded and endothelial network formation was moni-
tored at 1, 2, 3, 6, and 8 h after seeding, and images were
captured on an Olympus CKX41 light microscope. Branch

length (arbitrary units) and branch point numbers were as-
sessed by manual measurements and branch point counts
were taken from 3 individual wells for each treatment group.

Plasmids and transfections

ECs or MSCs were transfected with plasmid constructs
using the AmaxaNucleofection system (Lonza) as per man-
ufacturer’s instructions. Transfection efficiencies were esti-
mated by transfection of a green fluorescent protein plasmid
(Green Lantern; Stratagene) to be between 80%–90%. The
human Wnt3a plasmid was a gift from Dr. Randall Moon
(University of Washington, Seattle).

Click it EDU flow cytometric cell proliferation

ECs were cocultured in contact with MSCs or with MSCs
in transwells. The ratio of ECs to MSCs was (5:1), a ratio
that has been demonstrated in our prior work to show
optimal cell–cell contact effects. Cells were harvested 24 h
after coculture. The CD31 antibody (BD Biosciences) was
used to target the EC population in mixed cultures. Using
the Click it EDU reagent from Invitrogen, cells were la-
beled with the thymidine nucleoside analog 5-ethynyl-2¢-
deoxyuridine as per the manufacturer’s instructions. The
read out determines the percentage of cells in S-phase, G1-
phase, and G2/M.

Matrigel plug assay of angiogenesis

NIH Swiss male athymic nude mice (nu/nu) were ob-
tained from the NCI. Growth factor-deprived matrigel was
mixed with recombinant bFGF (R&D) at a concentration of
500 ng/mL. Matrigel alone (without the basic fibroblast
growth factor [bFGF]) was used as a control. About 0.5 mL of
matrigel was injected subcutaneously in the right flank of
nude mice. To determine if the cells themselves could induce
vascular growth, we seeded 5 · 104 cells/pellet in one group.
Mice receiving MSCs were injected by the tail vein with
1 · 106 MSCs at the time of pellet implantation and 24 h later.
Control groups received normal saline. Pellets were har-
vested at 7 days, fixed in formaldehyde, and embedded in
paraffin (FFPE).

Microvessel density

Formalin-fixed, paraffin-embedded (FFPE) sections were
immunostained with the monoclonal Factor VIII (vWF) an-
tibody (Invitrogen) as described previously. Areas of
neoangiogenesis were then examined under higher magni-
fication (200 · ) and counted. Results of microvessel density
were expressed as the mean number of vessels per high-
power field (HPF). A total of 32 HPFs were examined and
counted from each treatment groups (n = 4/group).

Statistical analysis

For EC proliferation and tube formation measures, data
were analyzed using a Student’s t-test for 2 group com-
parisons. The one-way analysis of variance (ANOVA) was
also used for dose-response studies in proliferation and
permeability. In determining microvessel density in the
matrigel plug assay, values were compared using the
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one-way ANOVA followed by the Student-Newman-Keuls
(SNK) test.

Results

Contact between MSCs and ECs inhibits
proliferation by inducing a G1/S phase block

Human MSCs were obtained from 4 young, healthy do-
nors and were pooled for use in all experiments. As de-
scribed previously, we extensively characterized these cells
to show that they expressed the cell surface markers char-

acteristic of MSCs, including high levels of CD44 and CD105,
and lack of expression of CD31 [2]. These cell surface char-
acteristics allowed us to negatively or positively select MSCs
using flow cytometry and by MACs separation in coculture
experiments.

To determine whether MSCs enhance or reduce prolifer-
ation of ECs, we cultured ECs alone or in wells mixed with
MSCs for 24 h. ECs alone or ECs cultured with MSCs were
stained with the CD44 antibody (Fig. 1A), allowing us to
identify a pure population of CD44-negative ECs on which to
perform a cell cycle analysis using BrDU staining (Fig. 1B).
We found that MSCs inhibited EC proliferation as seen by a

FIG. 1. Mesenchymal stem cells (MSCs) in contact with endothelial cells (ECs) inhibit EC proliferation and S-phase cell cycle
progression in a dose-dependent fashion. (A) Antibody-based separation of MSCs from ECs using an antibody against CD44
(which is present on the surface of MSCs). After magnetic activated cell sorting (MACs) separation with negative selection, a
pure population of CD44-negative cells (ECs) is generated for use in our subsequent assays. (B) Two representative histo-
grams generated by flow cytometry from BrDU stained ECs alone and ECs + MSCs (with contact). ECs were costained with
CD31 antibodies and the histograms are representative of proliferation phase of the ECs. Red indicates S-phase cells, green
indicates G2/M phase cells, and blue indicates G1 phase cells. Quantitative representation of these findings is indicated in the
bar graphs. ECs cocultured in contact with MSCs demonstrate a significant decrease (*P < 0.05) in S-phase cells, which is not
the case for MSCs cultured in transwells (without contact) with ECs (ECs + MSC [TW]). MSCs in contact with ECs demon-
strate a slight increase in G1 phase cells, which is significant P < 0.05 indicated by( + ) between ECs and ECs + MSCs. MSCs
cultured in transwells with ECS (ECS + MSC [TW]) result in a significant increase (*P < 0.05) in G2/M phase cells. The ratio of
coculture in all of these experiments was 1:5 (MSCs: ECs). (C) MSCs in contact with ECs exhibit a dose-dependent inhibition
of EC proliferation. ECs were seeded at a fixed density into wells with increasing numbers (0.25–1.0 · 105) MSCs added to the
well. Decreases in S-phase were dose dependent and significant between treatment groups (*P < 0.05). Color images available
online at www.liebertpub.com/scd
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decrease in CD44-negative S-phase cells (from 17% to 11%)
compared with ECs cultured alone (Fig. 1B). This decrease
was accompanied by a concomitant increase in G1 phase
cells (from 72% to 78%) and no effect on G2/M suggesting
that MSCs in contact with ECs produce a G1/S block in
proliferation. The effect of MSCs on decreasing ECs in S-
phase was found to be dependent upon the percentage of
MSCs within the coculture (Fig. 1C). Interestingly, transwell
culture of MSCs with ECs (EC + MSC [TW]), which does not
permit direct cell–cell contact between MSCs and ECs, did
not affect the number of ECs in S-phase (Fig. 1B).

Contact between MSCs and ECs inhibits vascular
network formation in matrigel

To further characterize the effects of MSCs on EC function,
we studied the capability of cocultured ECs to form vascular
endothelial networks in matrigel. This assay encompasses
many of the characteristics needed for angiogenesis to occur
in vivo and is conventionally thought to measure the an-
giogenic potential of a population of cells. ECs were sepa-
rated from cocultured ECs + MSCs by an antibody-based
separation for CD44-negative cells as described above. ECs

FIG. 2. Coculture of MSCs in contact with ECs inhibits vascular network formation in vitro. (A) ECs cultured in contact
with MSCs for 2 days were separated by MACs using negative selection of CD44-positive cells and then seeded into matrigel.
(B) After 6 h of culture in matrigel, ECs cultured in contact with MSCs demonstrate a diminished ability to form vascular
networks. The ratio of coculture in all of these experiments was 1:5 MSCs:ECs. Cartoon depicts the separation process with
MSCs (green) and ECs (red) with subsequent seeding of the ECs into matrigel. (C) Coculture of MSCs and ECs without contact
in transwells enhances vascular network formation. ECs cultured with MSCs in transwells (without contact) for 2 days were
seeded into matrigel. After 6 h of culture in matrigel, ECs cultured in contact with MSCs demonstrate an enhanced ability to
form vascular networks. The ratio of coculture in all of these experiments was 1:5 MSCs:ECs. (D) Quantitation of capillary
branch length measured in 10 random-view fields for each condition. Data show ECs cultured with MSCs (ECs + MSCs) form
significantly shorter branches (P < 0.05 + ) in matrigel compared to ECs cultured alone, and ECs cultured with MSCs in
transwells ECs + MSCs(TW) form longer branches (P < 0.05*) compared to ECs alone. (E) Quantitation of capillary network
branch points counted in 10 random-view fields for each condition. Data show that ECs cultured with MSCs (ECs + MSCs)
form significantly fewer branch points (P < 0.05 + ) in matrigel compared to ECs cultured alone, and ECs with MSCs in
transwells ECs + MSCs(TW) demonstrate enhanced branch point formation (P < 0.05*) compared to ECs alone. Tube length is
designated as relative length in arbitrary units. Color images available online at www.liebertpub.com/scd
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were seeded into matrigel after separation and tube forma-
tion was assessed (Fig. 2A). ECs that had been cocultured in
contact with MSCs demonstrate a diminished ability to form
endothelial networks in matrigel (Fig. 2B). In contrast, when
ECs and MSCs were grown separately in transwell inserts,
ECs acquired an increased ability to form vascular tubes (Fig.
2C). Similar to the effects seen on proliferation, quantitation
of the total branch length and branch point counts (Fig. 2D, E)
demonstrates that MSCs significantly inhibit the angiogenic
capacity of ECs, but that this effect occurs only when the 2
cell populations are cultured under conditions that permit
direct cell contact.

Inhibition of EC angiogenesis by MSCs is mediated
by a soluble factor(s)

To further explore the biological interaction between ECs
and MSCs in angiogenesis, we cocultured ECs and MSCs in
transwells over ECs seeded into matrigel (MSC + EC [TW]).
This experimental set up allows us to determine the effects of
soluble factors produced by EC-MSC contact on EC network

formation in matrigel (Fig. 3A). Figure 3A depicts our ex-
perimental set up, and shows that cocultured MSCs and ECs
grown in contact significantly inhibit the angiogenic capacity
of ECs via a soluble factor(s) produced in EC-MSC-condi-
tioned media (CM). Quantitation of total branch length and
branch point counts (Fig. 3B, C) demonstrates this effect and
also shows that MSCs in transwell inserts not in contact with
ECs (MSC [TW]) enhance vascular tube formation compared
to ECs alone (EC). This result suggests that the EC-MSC
contact results in the release of certain soluble factors that act
on the EC angiogenic potential in a paracrine fashion.

VE-Cadherin–b-catenin interactions between ECs
are abolished by Wnt signaling and are necessary
for the inhibition of vascular network formation
by MSCs in vitro

Our laboratory has previously reported that VE-Cadherin/
b-catenin interactions between ECs are induced by MSC-EC
contact through the production of soluble factors [11]. These
effects were found to translate into a decrease in EC

FIG. 3. Coculture of MSCs in contact with ECs alters the release of a soluble factor(s) that affects EC angiogenic capacity. (A)
ECs cultured in contact with MSCs were placed in a transwell above ECs seeded into matrigel. After 6 h in matrigel, the ECs
in matrigel displayed a diminished ability to form vascular networks compared to ECs alone or MSCs in transwells alone.
Cartoon depicts this setup with MSCs (green) and ECs (red), along with representative fields for each condition. (B) Quan-
titation of capillary branch length measured in 10 random-view fields for each condition. Data show ECs in matrigel below
the EC-MSC coculture (MSC + EC [TW]) form significantly shorter branches (P < 0.05 + ) in matrigel compared to ECs cultured
alone, and ECs cultured with MSCs in transwells (MSC [TW]) form longer branches (P < 0.05*) compared to ECs alone. (C)
Quantitation of capillary network branch points counted in 10 random-view fields for each condition. Data show that ECs in
matrigel below the EC-MSC coculture (MSC + EC [TW]) form significantly fewer branch points (P < 0.05 + ) in matrigel
compared to ECs cultured alone, and ECs with MSCs in transwells (MSC [TW]) demonstrate enhanced branch point
formation (P < 0.05*) compared to ECs alone. Tube length is designated as relative length in arbitrary units. Color images
available online at www.liebertpub.com/scd
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permeability induced by the vascular endothelial growth
factor-A. To determine if EC-EC adherens junctions (VE-
Cadherin and b-catenin) interactions are involved in the
antiangiogenic effects of MSCs, we chose to see if exogenous
Wnt3a treatment of cultures would abrogate the noted ef-
fects. Wnt3a is one of the 19 members of the Wnt protein
family. Wnt3a has been shown to bind Frizzled receptors
and activate the canonical Wnt/b-catenin signaling pathway.
Wnt signaling results in the phosphorylation of b-catenin
and destabilization of EC membrane adherens junctions by
detachment of b-catenin from VE-Cadherin. Our study took
advantage of this effect by using Wnt3a as a biologically
relevant factor that would break VE-Cadherin connections
between ECs.

Thus, to determine if the VE-Cadherin pathway is in-
volved in the antiangiogenic effects of MSCs, we chose to
investigate whether Wnt3a-mediated disruption of the EC
adherens junction pathway would abrogate the noted effects
of MSCs on angiogenesis in vitro (Fig. 4E). MSCs were
transfected with a Wnt3a expression construct, and co-
cultured with the ECs. To control for the effects of Wnt3a
expression in MSCs, EC-MSC cultures were treated in par-
allel with the recombinant Wnt3a protein. Figure 4A shows
that ECs cultured in contact with Wnt3a-expressing MSCs

display diminished b-catenin at the membrane as seen with
control vector-transfected MSCs. ECs cultured in contact
with Wnt3a-expressing MSCs (Wnt3a-MSC) or with the re-
combinant Wnt3a protein and MSCs (rWNT3a + MSCs) re-
gained the capability to form EC networks in matrigel (Fig.
4B). EC network formation was in fact increased in com-
parison to the control ECs as depicted quantitatively by tube
length and branch point number counts (Fig. 4C, D). These
data suggest that the Wnt/b-catenin/VE-Cadherin signaling
pathway may be involved in the noted antiangiogenic effects
of MSCs (see schematic in Fig. 4E).

Intravenous administration of MSCs inhibits
angiogenesis in vivo

Taken together, our in vitro findings suggest that MSCs
exert profound stabilizing effects on ECs, characterized by a
reduction in EC proliferation and the angiogenic potential of
ECs in matrigel. Since each of these biological processes
represents a component of blood vessel disassembly that is
required for angiogenic sprouting to occur, we hypothesized
that systemically administered MSCs might exert anti-
angiogenic effects in vivo. To test this hypothesis, we chose
to use a matrigel plug assay, which is a widely used method

FIG. 4. Activation of the Wnt pathway abrogates EC adherens junctions and inhibits vascular network formation in
matrigel. (A) ECs cocultured with Wnt3a-transfected MSCs display diminished localization of b-catenin at the membrane,
which results in a restoration of vascular network formation in matrigel in vitro shown in (B). (B) also shows MSC-EC
cultures treated with the recombinant Wnt3a protein display the same effect as MSC transfected with a Wnt3a expressing
construct. Effect is quantitatively represented by changes in branch length (C) and branch point number (D). (E) Schematic
depicting effect of Wnt/b-catenin/VE-Cadherin signaling pathway on ECs. * indicates p < 0.05. Color images available online
at www.liebertpub.com/scd

MSCS INHIBIT ENDOTHELIAL PROLIFERATION AND ANGIOGENESIS 153



to measure angiogenesis in vivo. The schematic shown in
Fig. 5A depicts our approach. Vehicle control or 1 · 106 MSCs
were injected i.v. in 2 doses at 2 and 24 h after pellet inser-
tion. Pellets were harvested after 7 days and the in growth of
vessels (vessel density) in the pellet was visualized after
Masson’s Trichrome staining and quantified by staining with
an antibody to von Willebrand’s factor. We found that the
angiogenic growth of vessels induced by bFGF was mark-
edly reduced in mice that received intravenous MSCs, while
in mice in which MSCs were directly mixed with the im-
planted matrigel plug, there was no obvious visual differ-
ence in vascular in growth (Fig. 5B). Quantification of vessels
in matrigel plugs using an antibody against von Will-
ebrand’s factor demonstrated a marked inhibition of angio-
genesis in mice receiving systemically administered MSCs

compared with vehicle-treated mice or intriguingly, mice in
which MSCs were directly implanted within the matrigel
plugs (Fig. 5C).

Discussion

In the present study, we found that MSCs exert potent
inhibitory effects on the angiogenic potential of ECs both in
vitro and in vivo. This study is a follow-up to our previous
work demonstrating an antitumorigenic effect of intrave-
nously delivered MSCs to KS tumors [2]. In our current
study, we find that direct MSC-EC contact results in de-
creased EC proliferation and vascular network formation in
vitro (Figs. 1 and 2). The in vitro effects of MSCs on EC
function were recapitulated in vivo as was shown in the

FIG. 5. Intravenous MSCs inhibit angiogenesis in vivo in a matrigel plug assay. (A) Schematic showing experimental set up
of the plug assay. Briefly, matrigel plugs without basic fibroblast growth factor (bFGF) (control) or with bFGF (rest) were
implanted subcutaneously into C57bl mice and harvested after 7 days. (B) Shows representative photomicrographs of
matrigel plugs after Masson’s Trichrome staining. Compared with matrigel alone (top left panel), bFGF induces potent
angiogenesis in matrigel plugs (top right panel). Coinjecting 1 · 106 MSCs within the matrigel plugs at the time of implantation
had no effect on vessel formation (bottom left panel). However, administration of 2 dosages (1 · 106 MSCs) via tail vein injection
markedly reduced vessel formation (bottom right panel). (C) Shows quantification of vessels/high-power field (HPF) from each
of the treatment groups shown in (B) (n = 3 mice for control, 4 for all other groups). Staining with an antibody against vWF
was used to identify blood vessels for quantification. Formaldehyde fixed paraffin-embedded sections were immunostained
with monoclonal Factor VIII antibody as described in Materials and Methods section. Areas of neoangiogenesis were then
examined under higher magnification (200 · ) and counted as described in Materials and Methods section. 32 high-powered
fields were counted for each sample. * indicates p < 0.05. Color images available online at www.liebertpub.com/scd
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matrigel plugs (Fig. 5). Interestingly, the effect of MSCs may
be mediated through changes in a soluble factor(s) released
by the MSCs acting in a paracrine fashion on ECs (Fig. 3).
The net effect of production of a soluble factor(s) by MSCs
following contact with ECs is to stabilize the endothelium,
possibly through reinforcement of EC VE-Cadherin interac-
tions. Consistent with this conclusion is our finding that the
effects of MSCs on vascular network formation were abro-
gated by disruption of the VE-Cadherin/b-catenin pathway
in ECs via the addition of the exogenous Wnt3a (Fig. 4).
Figure 6 depicts our working biological model of how MSCs
alter EC angiogenic potential by preventing EC proliferation,
migration, and sprouting. Each of these factors is associated
with blood vessel disassembly, a detrimental process occur-
ring in pathological conditions such as cancer.

The effects of MSCs on EC function and vascular stability
are largely unknown and the predominant current thought
in this field is that MSCs enhance angiogenesis by secreting
trophic factors, which act in a paracrine fashion [12], al-
though more recent studies have shown that they do have
antiangiogenic potential [13]. This work has shown evidence
that MSCs may act on ECs through gap junction communi-
cation and mitochondrial transfer following intravenous
administration. Our finding that angiogenesis is inhibited by
contact between MSCs and ECs supports the mechanistic
findings by Bhattachariya and colleagues and is of consid-
erable interest from a therapeutic standpoint, since it is
contrary to the general thought that MSCs are proangiogenic
in all contexts [14–16]. Our studies indicate that the net effect
of MSCs on ECs is context dependent and defined by the
cells with which MSCs come into contact. This is supported
by the finding that in some tumor models MSCs enhance
angiogenesis and tumor growth, while in others they are
inhibitory [2,17,18].

It is possible that some of the therapeutic benefits reported
for MSCs may be due to stabilization of the vasculature and
prevention of disassembly, rather than to a directly proan-

giogenic effect [19]. Support for this concept is evident from
our recent work showing that MSCs modulate endothelial
permeability and junctions through modulation of the EC
VE-Cadherin/b-catenin pathway [11]. MSCs can also func-
tion as perivascular cells (pericytes) that stabilize nascent and
engineered blood vessels in vivo [20]. We have shown that
intravenous administered MSCs enhance pulmonary vascu-
lar pericyte presence in a model of acute lung injury induced
by hemorrhagic shock [21]. It is of interest to consider, as is
evident from our in vitro studies, that the effects of MSCs on
the vasculature may depend upon their route of adminis-
tration, which subsequently determines which cell type they
first contact. MSCs administered by a vascular route may
have very different and possibly opposing effects on vascular
function compared to MSC administered by direct injection
into an organ, which may account for some of the proan-
giogenic effects of MSCs found in diseases such as limb
ischemia.

The specific mechanism by which MSCs inhibit EC an-
giogenic capacity is unclear at this time. To our surprise, our
in vivo angiogenesis studies in matrigel revealed no cells in
the pellet or adjacent tissue. In our past work, we were one of
the first groups to show that intravenous delivery of MSCs
results in the majority of the cells in the vasculature of the
lungs and liver [2]. Many other groups have also confirmed
this finding [22]. This is reiterated in recent work demon-
strating that intravenous MSCs end up in the lung vascula-
ture, enhance production of interleukin-10 by alveolar
macrophages, and result in amelioration of LPS-induced
lung injury [4]. Although much of the current literature
suggests that the effect of MSCs to be due to their presence in
the injured organ, our findings support the possibility of a
systemic effect of MSCs, possibly through secreted soluble
factors induced by MSCs in contact with vasculature. Other
groups have found soluble factors produced by MSCs to be
key mediators of the effects found in multiple disease states
[23–25].

FIG. 6. MSCs enhance EC
stability through direct EC-
MSC interactions and the re-
lease of soluble factors.
Working biological model
showing how MSCs inhibit
EC proliferation, migration,
and sprouting via release
paracrine factors and direct
effects following EC-MSC
contact. Inhibition of these
processes stabilizes the endo-
thelium and may improve
outcome in pathological con-
ditions characterized by un-
regulated assembly or
disassembly of blood vessels.
Color images available online
at www.liebertpub.com/scd
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From a translational standpoint, it would be of obvious
interest to identify the factors produced by MSC adminis-
tration that act on the endothelium. There is a clear unmet
need for novel and effective anticancer therapeutics. If these
factors can recapitulate the effects of MSCs, they can poten-
tially be used as a cell-free therapeutic in diseases such as
cancer characterized by a vascular compromise.
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