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The effective delivery of bioactive molecules to wound sites hasten repair. Cellular therapies provide a means for
the targeted delivery of a complex, multiple arrays of bioactive factors to wound sites. Thus, the identification of
ideal therapeutic populations is an essential aspect of this approach. In vitro assays can provide an important first
step toward this goal by selecting populations that are likely suitable for more expensive and time-consuming
in vivo assays. In this study, bone marrow–derived mesenchymal stem cells (BM-MSCs) were integrated into a
three-dimensional coculture system that supports the development and stabilization of vascular tube-like
structures. The presence of a limited number of BM-MSCs resulted in their coalignment with vascular structures,
and it further resulted in increased tubule numbers and complexity. Thus, these studies suggest that BM-MSCs
functionally interacted with and were attracted to in vitro formed vascular structures. Further, these cells also
provided sufficient bioactive factors and matrix molecules to support the formation of tubular arrays and the
stabilization of these arrays. This in vitro system provides a means for assessing the function of BM-MSCs in
aspects of the angiogenic component of wound repair.

Introduction

Angiogenesis at wound sites provides a patent vas-
cular supply that can deliver diverse cellular popula-

tions and bioactive factors that initiate and support tissue
restoration.1,2 Our expanded understanding of the events
that occur during inflammation and repair has lead to the
concept that wound repair can be hastened and improved
through the ectopic delivery of specific growth factors such
as fibroblast growth factors (FGFs) and platelet-derived
growth factors (PDGFs).3–6 However, superior results have
been obtained through the application of multiple factors
rather than the introduction of a single factor.7 In this regard,
cellular therapy has been proposed as an effective means for
the delivery of multiple factors.8–12 The introduction of se-
lected cellular populations into wound sites would enable
these cells to interact in a paracrine manner with other cel-
lular residents. The consequent release of bioactive factors
should hasten vascular and tissue repair processes.8 The is-
sue then becomes, first, the identification of potential thera-
peutic cellular populations, second, the application of a
suitable experimental model to assess cellular effectiveness,
and, third, to develop efficient delivery methods.

In recent years, a number of studies have identified two
unique subpopulations of bone marrow–derived cells that
home to wound sites. The bone marrow–derived mesen-
chymal stem cell (BM-MSC) and the fibrocyte travel to

wound sites via the circulatory system, and both sets of these
cells have been proposed to influence repair processes.2,13–15

Both populations of cells express fibroblast-like characteris-
tics in that they produce type I collagen and presumably
other extracellular matrix molecules. However, they differ in
that fibrocytes also express hematopoietic cell markers and
also express major histocompatibility markers that make
them effective antigen-presenting cells.14 Both of these im-
migrant populations appear to influence repair events.16,17

The delivery of MSCs to wound sites has been shown to be
therapeutic for repair events in experimental animal mod-
els.9–12,18,19 Thus, this population of cells has been chosen for
this study. However, the mechanisms by which MSCs exert
their influence on repair are not yet fully understood.

In vitro systems cannot fully replicate the repertoire of
cellular and molecular events that constitute in vivo wound
repair. However, it is possible to devise approaches that
mimic essential elements of these repair processes.2,20,21 In
this study, an in vitro assay is introduced to assess cellular
interactions between MSCs and vascular elements to deter-
mine whether these cells might play an effective role in an-
giogenesis at wound sites. This coculture system consists of a
thin, self-assembled, three-dimensional supportive lawn of
fibroblasts onto which human umbilical vein endothelial
cells (HUVECs) are seeded.22,23 HUVECs attach to the lawn
matrix and rapidly begin to migrate, align end-to-end, and
subsequently form stable tube-like structures. These events
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occur in a culture medium that contains low serum levels
and which is not supplemented with the major angiogenic
factors vascular endothelial growth factor-A (VEGF-A) and
FGF-2.22 The second in vitro system was set up by seeding
human dermal microvascular endothelial cells (HDMVECs)
either alone or in combination with MSCs from bone marrow
or adipose tissue onto growth factor–depleted Matrigel.24,25

This model made it possible to assess direct interactions
between MSCs and vascular endothelial cells without the
additional influences provided by dermal fibroblasts.

The BM-MSCs coaligned with tube-like structures in both
in vitro systems in a pericyte-like manner,26 suggesting that
these cells may have been attracted to the vascular struc-
tures. In addition, some populations of BM-MSCs enhanced
the complexity and extent of tubule formation. This obser-
vation suggested that these BM-MSCs released angiogenic
factors or otherwise communicated in a paracrine manner
with vascular structures to regulate vessel formation. Thus,
these in vitro platforms provide a means to experimentally
assess critical interactions between BM-MSCs and other cel-
lular populations that are present at sites of wound repair
in vivo. These results also raise the possibility that at least one
of the functions of BM-MSCs is to home to wound sites and
function as pericytes.

Materials and Methods

Reagents

Anti-human monoclonal antibody to platelet and endothe-
lial cell adhesion molecule-1 (PECAM-1) was purchased from
Chemicon–Millipore (Temecula, CA). Anti-mouse antibody
conjugated with fluorescein isothiocyanate (FITC) was pur-
chased from Southern Biotechnology (Birmingham, AL). The
vital dye CM-DiI and 40,6-diamidino-2-phenylindole (DAPI)
were purchased from Molecular Probes–Invitrogen (Carlsbad,
CA). Growth factor–depleted Matrigel was purchased from
BD Biosciences (San Jose, CA). Murine anti-human type IV
collagen and laminin were purchased from Sigma Chemical
(St. Louis, MO). Anti-human FGF-2 was purchased from R&D
Systems (Minneapolis, MN). The CD44 antibody used in
this study recognizes all splice-variants and was a gift from
Dr. David Naor, Hebrew University Jerusalem. The 6B6 dec-
orin antibody produced for SeikagakuAmerica was purchased
from Cape Cod Associates (Falmouth, MA).

Cells

Fibroblasts. The fibroblasts, at fifth to ninth passages,
used for this study were established as explant cultures ob-
tained from the papillary dermis of normal adult human
skin as previously described.27 All dermal fibroblasts and
BM-MSCs were cultured in the same medium, Dulbecco’s
modified Eagle’s medium with low glucose (DMEM-lg)
containing 10% of a selected lot of fetal bovine serum (FBS)
purchased from Gibco–Invitrogen (Carlsbad, CA).28 This
medium also contained 1% of stock antibiotic–antimycotic
(catalog #15240; Gibco–Invitrogen). All fibroblasts used in
these studies were obtained from discarded surgical tissue.

BM-MSCs. The MSCs used for this study were obtained
from healthy adult human bone marrow donors as previously
described by Lennon et al.28 Briefly, bone marrow aspirates

obtained from the iliac crests were diluted with DMEM-lg
containing 10%of a selected lot28 of FBS. After centrifugation at
500 g for 5min, the pelleted cells were fractionated by centri-
fugation on a 63% solution of Percoll in Tyrode’s salt solution.
The top 25% of the centrifuge contents was harvested and
mixed with DMEM-lg and 10% FBS. The cells were pelleted by
centrifugation, resuspended in medium, and plated onto
plastic culture dishes. Cells at the first through fourth passages
were used for this study. Although the specific MSCs used in
this assay were not assayed for multilineage potential, this
procedure has previously been used to obtain MSCs that dif-
ferentiated into osteogenic and chondrogenic lineages.28 A list
of MSCs obtained from consenting donors and used in this
study can be found in Table 1.

Adipose tissue–derived MSCs. The 2008A and 2008B
cell lines used in these studies were obtained from Farshid
Guilak’s Laboratory, Duke University, Durham, NC.29 These
cells were culture expanded in a medium consisting of
DMEM-lg and F-12 Nutrient broth (1:1 mixture), 5 ng=mL
epidermal growth factor, 1 ng=mL FGF-2, 0.25 ng=mL
transforming growth factor (TGF)-b1, antibiotic–antimycotic,
and 10% growth selected FBS that was provided by the
Guilak Laboratory.29 After detachment from the culture plate
using trypsin, the cells were mixed with HDMVECs and
seeded onto Matrigel as described below.

Humanendothelial cells. HUVECswere purchased as fro-
zen pooled cell populations from Lonza Biologicals (Walk-
ersville, MD). Frozen cells were cultured in endothelial cell
basal medium (EBM)-2 medium supplemented with angio-
genic and other factors provided by Lonza Biologicals (hy-
drocortisone, FGF-2=heparin, VEGF-A, insulin-like growth
factor, ascorbate, epithelial growth factor, and gentamicin)
and with 5% endothelial cell growth-tested FBS that was
provided with the EBM-2 medium. HUVECs were employed
at the first to fourth passages for these studies. Adult
HDMVECs were also purchased from Lonza Biologicals and
cultured in the same medium used for HUVECs. The use of
human tissue and cells as described above was approved by

Table 1. BM-MSC Populations Used for the Study

Donor ID number Donor age in years Donor gender

1282 27 Male
1284 26 Male
1286 23 Female
1291 41 Male
1364 26 Female
1376 56 Female
1411 44 Male
1435 29 Male
1446 33 Male
1456 45 Female
1458 19 Male
1490 26 Female
1493 51 Male
1494 51 Male
1495 27 Female
1496 43 Male
1533 42 Male
1535 47 Male
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the Institutional Review Board of the University Hospitals of
Cleveland and Case Western Reserve University.

Labeling MSCs with CM-DiI

The CM-DiI was dissolved in dimethyl sulfoxide to give a
stock of 1mg=mL. The stock was aliquoted and frozen. This
stock was thawed and diluted immediately before use
1=1000 in Tyrode’s solution. The MSCs and, where relevant,
vascular endothelial cells were labeled while they were at-
tached to culture dishes. The attached cells were washed
twice with Tyrode’s solution, and the diluted dye was added
to the culture dish for 20–30min at 378C. The cells were
rinsed three times with the Tyrode’s solution, detached from
the culture with trypsin, and counted. Fibroblasts and MSCs
require a slightly longer labeling time than do endothelial
cells (30min compared to 20min for endothelial cells).

Coculture conditions

The coculture conditions have been previously reported.23

Briefly, the first step was the preparation of confluent multi-
layer human papillary dermal fibroblast lawns either on 24-
well culture plates or on 35-mm culture dishes (BD Falcon–BD
Biosciences, San Jose, CA). The fibroblasts were seeded at a
density of 37,500 cells=cm2 and were cultured in DMEM-lg
containing 10% FBS (Gibco–Invitrogen) for 4–5 days. At this
point, the culture mediumwas removed, and the cell layer was
washed with Tyrode’s solution. HUVECs were seeded onto
fibroblast lawns at a density of 10,000 cells=cm2. In studies
where HUVECs andMSCsweremixed, HUVECswere seeded
at the same density as above; however, MSCs were seeded at a

density of 2500 cells=cm2. This coculture systemwas incubated
at 378C with 5% CO2 in a medium that consisted of the EBM-2
base medium supplemented with 2% FBS (Lonza Biologicals,
supplied with the base medium as a kit). Epidermal growth
factor, ascorbate, and gentamicin were also added to the me-
dium at levels recommended by the manufacturer (Lonza
Biologicals). The angiogenic factors VEGF-A, FGF-2, and
insulin-like growth factor-1 were not included in the coculture
medium. Human BM-MSCs were treated in the same manner
as described above for dermal fibroblasts to create high-density
three-dimensional lawns onto which HUVECs were seeded.
Either human BM-MSCs at a density of (2500 cells=cm2) were
mixed with HUVECs (at a ratio of 1 BM-MSC to 4 HUVECs),
or, in some studies, the BM-MSCs were seeded 5 days after the
seeding of the HUVECs. The same EBM-2 culture medium as
described above was used in cocultures containing BM-MSCs.

Observation of cultures

Live cocultures were observed daily and photographed us-
ing an Olympus IX71 inverted tissue culture microscope
equippedwith phase contrast and fluorescent optics (Olympus
America, Melville, NY). Tube-like structures formed by the
HUVECs could be visualized by phase contrast optics at about
day 7 after the seeding of the HUVECs. The CM-DiI–labeled
BM-MSCs could be visualized using fluorescent optics. It was
possible to simultaneously visualize both the tube-like struc-
tures and MSCs by reducing the direct illumination to low
levels and using UV illumination. At the termination of the
cultures, typically at days 10–15 after the seeding of HUVECs,
the cells were fixed at room temperature for 15min using 60%
acetone in water, a procedure that does not affect tissue culture

FIG. 1. Fibroblast–HUVEC
coculture sections. Frozen
sections were cut from cocul-
tures lifted intact from culture
dishes. (A) PECAM-1 im-
munostaining shows tube-like
structures embedded in fibro-
blast lawns. (B) DAPI staining
of nuclei emphasizes the
three-dimensional nature of
the fibroblast lawns. (C) Type
IV collagen immunostaining
demonstrates the formation of
basement membrane around
tube-like structures (arrow-
head). (D) Laminin im-
munostaining demonstrates
the formation of basement
membrane around tube-like
structures (arrowhead). Scale
bars: (A, C, D) 200 mm and (B)
500mm.
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plastic. The acetone was removed, and the cultures were wa-
shed twice with Tyrode’s solution. The cultures were then
immunostained in situ for 1 h at room temperature using a
murine monoclonal antibody for human PECAM-1 (1=200
dilution of stock in 0.01M phosphate-buffered saline [PBS]
containing 0.05% bovine serum albumin [BSA]) and a second
anti-mouse antibody conjugated with FITC (1=500 dilution of
stock in 0.01M PBS containing 0.05% BSA) for 1 h at room
temperature. Nonfixed intact cultures were immunostained for
CD44 (undiluted hybridoma medium) and decorin (1=200 di-
lution of stock in 0.01M PBS containing 0.05% BSA) as de-
scribed above. Before taking photographs, a fluorescence
antifade solution30 was diluted 1:1 with Tyrode’s solution and
added to thewells. Photographswere taken using anOlympus
DP Controller image capture system and saved as RGB color
mode TIFF format images. Conversion to grayscale images and
image exposure adjustments were made using Adobe Photo-
shop CS3. Image labeling was performed using Adobe Illus-
trator CS3, and the finished product was saved in TIFF format.
Specificity for PECAM immunostaining was tested using
nonrelevant murine antibodies.

For some studies, cultures were gently detached from the
plastic dishes and snap frozen in O.C.T. compound (Sakura
Finetek USA, Torrance, CA) and sectioned at a thickness
of 8mm for immunohistochemical analyses. Negative con-
trols were incubated with nonimmune serum and FITC-
conjugated second antibody for the same time intervals
indicated above. Primary antibodies were diluted 1=100 and
the second antibody was diluted 1=500 in the buffer indi-
cated above. DAPI staining was performed on acetone-fixed
sections. A coverglass was mounted on both whole-mount
cultures and sections using a mounting medium that sup-
presses fading of fluorochromes.30 Digital photographs were
taken on a Leica DML Microscope (Wetzlar, Germany) using
SPOT Image Capture System (Diagnostic Instruments, Ster-
ling Heights, MI) and saved in RBG color mode TIFF format.
Color images were converted to grayscale images, and ex-
posure was enhanced using Adobe Photoshop. Labeled
composite images were created using Adobe Illustrator.

Matrigel assays

HDMVECs were seeded onto growth factor–depleted
Matrigel either alone or mixed with DiI-labeled MSCs at a
density of 10,000 cells=cm2 for the endothelial cells and
2500 cells=cm2 for MSCs. The HDMVECs seeded alone
where cultured in EBM-2 base medium supplemented with
2% FBS, the recommended complement of proangiogenic
factors provided by the manufacturer (Lonza Biologicals).
Cultures that contained mixtures of MSCs and endothelial
cells were cultured in EBM-2 base medium without proan-
giogenic factors.22,23 The cultures were monitored daily us-
ing an inverted tissue culture microscope with phase contrast
optics (HDMVECs alone) or with combined phase contrast
and fluorescence optics (mixed cell populations). Mixed
cultures were assayed for MSC alignment with tubules and
stability of these tubules.

Computer-assisted morphometric analyses

For analytical morphometric studies, cocultures were es-
tablished in wells of 35-mm culture plates. Endothelial cells
and tubular structures were visualized by fixing and im-

munostaining with antibody against PECAM-1. Digital im-
ages in the TIFF format were taken on a Leica microscope
equipped with fluorescent optics using a 5� objective lens.
Eight photographs were taken in different regions of the
culture dish. Quantitative measurements were restricted to
tube-like structures; undifferentiated endothelial cells that
were not part of tube-like structures were eliminated from
the analyses. The extent to which tube-like structures formed
was expressed in the terms of percent area occupied by these
structures that form within the extracellular matrix elabo-
rated by papillary dermal fibroblasts. These measurements
were determined using Image Pro Plus 5.0 software in each
of the eight fields. The percent areas occupied in the eight
fields were then averaged and presented along with the
standard deviation of the mean. The paired t-test was used to
determine statistical significance in comparing specific pa-
rameters. p-Values of 0.05 or less were considered significant.

Results

The studies reported here employed a coculture system in
which adult human papillary dermal fibroblasts were seeded

FIG. 2. Microenvironment of tube-like structures. (A) Frozen
sections of cocultures were immunostained using an antibody
against FGF-2. (B) Intact cultures were immunostainedwith an
antibody that recognizes all splice-variants of CD44. (C) Intact
cocultures were immunostained with an antibody that recog-
nizes the small proteoglycan decorin (DCN). Scale bars: (A)
40mm, (B) 300mm, and (C) 200mm.
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at high density to generate a multilayered, self-assembled
lawn. HUVECs seeded onto this lawn differentiated and
organized into tube-like vascular structures that matured
and persisted for up to 2 weeks.22,23 The three-dimensional
nature of these cocultures is evident from sections of these
cultures that were lifted from the culture dish (Fig. 1). Vas-
cular tube-like structures (Fig. 1A) were embedded in the
fibroblast lawn (Fig. 1B). Bishop et al.22 have previously
demonstrated by transmission electron microscopy the
presence of lumens in these tubules. These structures were
also surrounded by basement membrane proteins type IV
collagen (Fig. 1C) and laminin (Fig. 1D). The extracellular
matrix in the immediate vicinity of the tubules differed
substantially from the rest of the culture matrix. FGF-2 was
concentrated around tubules (Fig. 2A), presumably being
bound to elements of the basement membrane. In whole-
mount samples, the tubules, but not undifferentiated vas-
cular endothelial cells, expressed CD44 (Fig. 2B) and were
surrounded by a matrix enriched in the small dermatan
sulfate proteoglycan decorin (Fig. 2C).

Culture-expanded MSCs were labeled with CM-DiI be-
fore their seeding onto fibroblast lawns at a density of

5000 cells=well of a 24-well plate (2500 cells=cm2). The num-
ber of these cells was kept low to minimize random associ-
ations between these cells and tube-like structures. Although
cell counts were not performed, there was no indication of a
significant increase in the number of MSCs during their
residence in cocultures. HUVECs were seeded onto fibro-
blast lawns at a standard density of 10,000 cells=cm2.

In the first set of studies, MSCs were mixed with HUVECs
at a ratio of 1:4 and seeded randomly into wells that con-
tained fibroblast lawns. The distribution of MSCs was fol-
lowed in live cultures at daily intervals. However, it was not
until approximately day 7 that tube-like structures were
sufficiently large to be easily identified by phase contrast
microscopy. These cultures were followed until day 10. At
this point, one set of photographs was taken of live cultures
using combined phase contrast optics and fluorescent op-
tics. Labeled MSCs (Fig. 3A) were observed aligned with

FIG. 3. BM-MSCs and HUVECs seeded together at day 0.
(A) This photograph was taken using combined phase con-
trast and fluorescent optics on day 11. Arrows indicate CM-
DiI–labeled MSCs aligned with tube-like structures. The
circled cell is an example of a nonaligned BM-MSC. (B) This
is a merged image taken at day 14, which shows CM-DiI
(red)–labeled MSCs (arrows) aligned with PECAM-1 im-
munostained tube-like structures (green). Scale bars: (A)
500 mm and (B) 200 mm.

FIG. 4. BM-MSCs seeded on day 5. (A) Combined phase
and fluorescent optics show aligned MSCs on day 9 (arrows).
(B) The merged image for CM-DiI (red) BM-MSCs and
PECAM-1 (green) immunostained tube-like structures shows
alignment of BM-MSCs (arrows). Scale bars: (A) 500 mm and
(B) 200 mm.
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tube-like structures. Such cells were always elongated in the
axis of the tubule. Nonaligned cells tended to be rounded.
Because the CM-DiI label was restricted to the perinuclear
region, it was not possible to appreciate the full extent of
cellular interactions. At approximately 2 weeks, the cultures
were terminated and immunostained for PECAM-1 to visu-
alize the tube-like structures. Photographs were taken of
CM-DiI–labeled cells and PECAM-labeled cells, and these
images were merged to demonstrate cellular interactions
(Fig. 3B).

Live cultures observed daily gave no indication of physi-
cal interactions between coseeded HUVECs and BM-MSCs
during the first 5–7 days of culture, because the marrow cells
appeared to be distributed in a random manner during this
period. However, the possibility of interactions could not be
totally excluded because the unlabeled HUVECs were diffi-
cult to identify at these early time points. Therefore, a new
set of studies was set up to determine whether BM-MSCs
responded to organized vascular tubules. This was accom-
plished by seeding 5000 labeled BM-MSCs per well of 24-
well plates on day 5, which is the time that previous studies
have shown that tubules have begun to form.23 As shown in
Figure 4A, coalignment occurred, but only after a delay of
approximately 4 days. These cultures were terminated at day
13, and merged images were prepared to demonstrate the
association between BM-MSCs and tube-like structures (Fig.
4B). Thus, similar results were obtained for both early and
later seeding of BM-MSCs. This suggests that the MSCs may
be interacting with tubules rather than individual endothelial
cells.

Previous studies have shown that the number and com-
plexity of tube-like structures can be modulated by supple-
menting the culture medium with angiogenic factors.23,31

Thus, if BM-MSCs are producing significant amounts of
angiogenic factors, they may also influence tubule formation.
This was tested by seeding BM-MSCs from three different
donors at a density of 5000 cells=well in 24-well plates (as
described above) and quantifying the percent area occupied
by tubules in a photographic field on day 13. As shown in
Table 2, the presence of BM-MSCs from three different do-
nors significantly increased the percent areas occupied by
tubules. As shown for donor 1291, fewer tubules formed
(Fig. 5A) in the absence of MSCs than formed when these
cells were present (Fig. 5B). This effect on tubule formation
was mediated by a relatively small number of cells (Fig. 5C).

The results presented above suggest that BM-MSCs com-
municated with HUVECs. The nature of this communication
was assessed by creating dense BM-MSC lawns and seeding

Table 2. MSC Effect on the Formation

of Tube-Like Structures

Control Donor 1282a Donor 1286a Donor 1291a

Percent
areab

3.97 6.98 8.60 10.81

SD 1.02 0.78 2.37 1.41

aIndicates that the value is statistically different ( p< 0.05 by the
paired t-test) from the control value.

bThe mean value for the percent area occupied by tube-like
structures.

SD, the standard deviation of the mean values.

FIG. 5. Effect of BM-MSCs on the formation of vascular
tube-like structures. (A) Tube-like structures formed in the
absence of BM-MSCs (day 13). (B) Increased numbers of
tube-like structure formed when BM-MSCs were coplated
with HUVECs. There is also increased branching of tube-like
structures. (C) The merged image shows the presence of CM-
DiI–labeled MSCs in the culture photographed in (B). Scale
bars: (A, B) 500 mm and (C) 200mm.
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these lawns with HUVECs in the same manner as described
above for dermal fibroblasts. Figure 6A–C demonstrates that
tube-like structures formed on BM-MSC lawns established
from three separate donors. All BM-MSC lawns supported
tubule formation; however, there was substantial variability
for the different lawns. BM-MSCs for the same three donors
were also seeded onto papillary fibroblast lawns simulta-
neously with HUVECs (Fig. 6A’–C’). The presence of a lim-
ited number of BM-MSCs increased tubule formation on
these lawns compared with HUVECs seeded alone onto the
same lawn (Fig. 6D).

These results suggest that the MSCs provided factors that
stabilized the tubules. However, it is clear that the dermal
fibroblasts also provided similar factors. Therefore, the abil-
ity of MSCs to stabilize vascular structures was assessed on a
Matrigel model where dermal fibroblasts were not present.
This model has also been used by others to demonstrate
stabilization effects by putative pericyte populations.25,32

Vascular endothelial cells such as HDMVECs (Fig. 7A)
spontaneously organize into tubular structures when cul-
tured in the presence of potent proangiogenic factors such as
VEGF-A and FGF-2.24,25,32 These structures typically survive
2–3 days before disintegrating. However, the incorporation
of pericytes has been shown to prolong stability for 7 days or
longer.25 In this study, DiI-labeled MSCs that were derived
either from adult human adipose tissue or from bone mar-
row from different donors were mixed with HDMVECs at a

ratio of one MSC to four endothelial cells to assess the coa-
lignment of these cells with tubular structures and to assess
the effects of these cells on tubular stability. These mixed
populations of cells were cultured in a medium that lacked
VEGF-A and FGF-2.22,23 When HDMVECs were mixed with
adipose tissue–derived MSCs (AD-MSCs), only sparse, ru-
dimentary tubule formation occurred (Fig. 7B). The AD-
MSCs formed large clusters, but otherwise displayed poor
coalignment characteristics. The few vascular tubules that
formed on day 1 disintegrated by day 2. Thus, these AD-
MSCs failed to stabilize tubules. In contrast, BM-MSCs
coaligned with tubules by day 1. Further, these tubules
remained stable for 10 days in culture in the absence of
VEGF-A or FGF-2 in the culture medium (Fig. 7C, D). The
BM-MSCs frequently appeared at sites of tubule bifurcations
(Fig. 7C). In addition, larger clusters of these BM-MSCs ap-
peared at the hub of multiple branches (Fig. 7D). Thus, the
BM-MSCs stabilize tubules in a manner like that of pericyte-
like cells.25

Discussion

Cellular therapy models have been proposed as a means
for efficiently delivering a complex repertoire of bioactive
molecules to wound sites to hasten tissue restoration.8 This
raises the issue of identifying putative therapeutic cellular
populations and testing their effectiveness. To date, in vivo

FIG. 6. BM-MSC lawns support the formation and stability of tube-like structures. (A–C) Tube-like structures at day 13 on
BM-MSC lawns immunostained with PECAM-1. (A) Donor 1490; (B) donor 1494; (C) donor 1496. (A0–C0) Tube-like structures
formed at day 13 on papillary dermal fibroblast lawns seeded with mixtures of HUVECs and the same BM-MSC populations
used for (A–C). Panel (D) shows tube-like structures formed at day 13 when HUVECs were seeded alone onto papillary
dermal fibroblast lawns. Scale bars: 2mm.
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models have been primarily used for such identification
purposes.9,11,12,33–35 Such models, while necessary, are ex-
pensive and lengthy endeavors. Thus, it would be helpful to
develop in vitro models that would provide a preliminary
screen for cellular populations that are likely to exert an
in vivo effect.

At the minimum, a suitable in vitro model should provide
extracellular matrix molecules and angiogenic factors, both
of which are necessary for in vitro angiogenesis.24,36 Essential
extracellular matrix formats include type I collagen gels, fi-
brin gels, or Matrigel.24,36 However, matrix molecules alone
do not induce the differentiation events exhibited by vascu-
lar endothelial cells. Potent proangiogenic factors, such as
VEGFs and FGFs, are equally essential.36 Thus, a suitable
in vitro model should provide both essential matrix mole-
cules and proangiogenic factors.

The Matrigel model has been used extensively for in vitro
angiogenic assays because it provides essential extracellular
matrix molecules and required growth factors can be added
to the culture medium.24 The system can be further modified
through the inclusion of mesenchymal cells in lieu of growth
factors. Mesenchymal cells such as pericytes, MSCs, or fi-
broblasts coalign in this model.25 However, the critical issue
is whether these cells provide sufficient quantities and vari-
eties of growth factors to sustain vascular cords beyond 2–3
days. In this study, BM-MSCs, but not AD-MSCs, provided
this additional structural stability. The inability of AD-MSCs
to establish a perivascular phenotype is contrary to the ob-
servations of Zannetino et al.32 Clonal analyses of AD-MSCs

have shown that multiple phenotypes can be derived from
this population.29 Thus, the population used for this study
may represent one that is incapable of interacting with vas-
cular endothelial cells. In this study, BM-MSCs, but not AD-
MSCs, provided a stabilizing influence that lasted for up to
10 days in culture in a culture medium that lacked VEGF-A
and FGF-2. These results suggest that the BM-MSCs released
both angiogenic and stabilization factors.

Due to limitations imposed by the Matrigel assay such as
vascular instability and absence of tube-like structures,24 a
second in vitro model was employed. In this system, both
extracellular matrix molecules and required growth factors
were produced by adult human dermal fibroblasts,23 making
this system more akin to the in vivo situation. This three-
dimensional platform allowed individual HUVECs to as-
semble into tube-like structures that have been reported to
contain lumens22 in a period of 5–7 days.

Interactions between fibroblasts and vascular endothelial
cells resulted in the formation of a basement membrane
around tube-like structures,37 which again reprised a situa-
tion that occurs in vivo. The apparent association of FGF-2
with this basement membrane suggested the presence of
heparan sulfate proteoglycans because this factor is known
to bind heparan sulfate in tissues.38 In addition, FGF-2 also
binds to dermatan sulfate chains such as those attached to
the proteoglycan decorin39 that has been found in the peri-
vascular regions of tube-like structures. The concentration of
heparin-binding growth factors such as FGFs and PDGFs
near these structures could affect not only angiogenic events

FIG. 7. BM-MSCs stabilize
tubules formed on Matrigel.
(A) Adult HDMVECs spon-
taneously form tubules on
Matrigel when cultured in the
presence of medium that
contains proangiogenic fac-
tors, phase contrast optics,
day 2 postseeding. (B) AD-
MSCs coseeded with
HDMVECs failed to stabilize
tubules on Matrigel in the
absence of exogenous proan-
giogenic factors, day 2 post-
seeding. The MSCs formed
dense clusters on Matrigel
(circled region) and failed to
align. Combined phase con-
trast and fluorescence optics.
(C) BM-MSCs coseeded with
HDMVECs aligned with tu-
bules and stabilized these
structures when cultured in
medium that lacked proan-
giogenic factors, day 10 post-
seeding. Arrows indicate
BM-MSCs at sites of tubule
branching. Combined phase
contrast and fluorescence op-
tics. (D) Multiple branches occurred at sites of higher concentrations of BM-MSCs, day 10 postseeding (circled region).
Combined phase contrast and fluorescence optics. Scale bars: (A, B) 2mm and (C, D) 500mm.
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but also interactions between vascular structures and mes-
enchymal cells.40 Decorin, which does not interact with
hyaluronan, has previously been reported at sites of angio-
genesis during inflammation.41 Decorin interacts with
two proangiogenic growth factors, FGF-2 (Fig. 2A) and TGF-
b1.

42 Decorin binds and concentrates TGF-b1 in an inactive
form; however, once released, this factor becomes functional.
This factor has been proposed to play a role in the induction
of the pericyte phenotype.43 Thus, the peritubular domains
established in these cocultures create a microenvironment
that differs from the surrounding matrix.

Hyaluronan, which has been proposed to engender a stem
cell niche for both hematopoietic stem cells and MSCs, was
not assayed in this study. Others have shown that MSCs that
express CD44 migrate into regions with a high hyaluronan
concentration.44,45 However, tube-like structures expressed
the CD44 receptor that raises the possibility that hyaluronan
may be localized in this region.

For this study, a third population of cells was introduced
into the fibroblast–vascular endothelial cell coculture system.
The BM-MSCs were either mixed with HUVECs for seeding
on day 0, or they were seeded alone on day 5 after seeding
HUVECs. The two time points were chosen to assess possible
interactions between BM-MSCs and HUVECs that might
occur during the early migration and alignment events that
are typically completed by day 5. Other studies have shown
that pericytes respond to newly formed vascular tubules
rather than interact with individual vascular endothelial
cells.46 Thus, coalignment of BM-MSCs would be expected to
occur when these cells were added at both time points, and
the results confirmed this expectation.

The BM-MSCs used in these studieswere isolated fromadult
human bone marrow aspirates and cultured in exactly the
same manner as were cells previously shown to differentiate
along osteogenic, chondrogenic, and adipose lineages.13,28 This
population of cells was chosen for this study due to recent
reports in which similar cells have been shown to play a role in
wound repair in various organs.9,11,12,16,33–35,47,48 The mecha-
nisms by which MSCs accelerate wound repair are currently
under investigation. They may involve complex paracrine in-
teractions between the MSCs and various other cellular pop-
ulations at wound sites.8 The potential angiogenic association
of these cells may be related to their origin in the bone marrow
where Bianco and others49–54 have proposed that these cells
might arise from perivascular stromal cells. Consequently,
these cells might be expected to interact with vascular struc-
tures elsewhere in the body. Additional evidence indicates that
BM-MSCs can circulate and home to wound sites where they
may assume a perivascular orientation.51 In this study, a subset
of BM-MSCs elongated and coaligned in close proximity with
vascular tube-like structures. Other studies in this laboratory
(data not shown) have also indicated that these cells express a-
smooth muscle actin, which is one of the markers to define
pericytes.55,56 Au et al.54 have demonstrated that BM-MSCs
produce mRNAs for a-smooth muscle actin, desmin, calponin,
smoothelin, and the NG2 protein, all known pericyte markers.
Neither Ziegelhoeffer et al.57 nor Au et al.54 found evidence that
MSCs formed vascular endothelial cells. Likewise, no such
evidence was found in this study.

The bone marrow contains a second population of
fibroblast-like cells that have been shown to circulate and

home to wound sites. Fibrocytes differ from MSCs in that
they express hematopoietic markers such as CD34 and major
histocompatibility markers that make these cells resemble
antigen-presenting cells.2,14 Pericytes are mesenchymal cells
that reside along the abluminal surfaces of the microvascu-
lature where they form N-cadherin junctional complexes
with vascular endothelial cells.15,26,55 The origin of pericytes
is still obscure. This population may arise from multiple
cellular populations that include other pericytes, myofibro-
blasts, fibrocytes, and MSCs.15,49–54 In vivo studies indicate
that pericytes migrate to neovasculature subsequent to its
formation, and they prevent the regression of those vessels
that they contact.46 In this study, BM-MSCs appeared to be
attracted to vascular tube-like structures and a subset coa-
ligns with vascular structures. Au et al.54 recently found that
BM-MSC migration toward vascular cells was dependent
upon PDGF-BB signaling, a mechanism that has also been
proposed to direct pericyte migration. In vivo data suggest
that pericytes are attracted to newly formed vessels.46 This
evidence also indicates that migration occurred only after
tubule formation. In this study, coalignment occurred only
after tubule formation, suggesting that it was intact tubules
that attracted these cells.

The papillary dermal fibroblasts in this coculture system did
not coalign with vascular structures. Nevertheless, these der-
mal fibroblasts provided essential growth factors and matrix
molecules necessary for tubule formation and stabilization. The
observation of interactions between BM-MSCs and vascular
endothelial cells in both in vitro assays implies a level of com-
munication between these two cellular populations. The nature
of these communications remains to be determined. The release
of soluble factors byMSCs has been demonstrated in studies by
Gruber et al.,58 who demonstrated that gelatin sponges soaked
in MSC-conditioned medium enhanced vascular development
using a chick chorioallantoic membrane assay. Conditioned
medium from BM-MSCs has been shown to induce the
vascular-like organization of endothelial cells on Matrigel or
collagen substrates.59,60 Tille and Pepper59 also found that
murine MSCs produced factors other than VEGF-A or FGF-2
that were essential for angiogenesis. These studies indicate that
BM-MSCs fulfill at least one aspect of therapeutically delivered
cells in that they release multiple factors that may exert influ-
ences over angiogenic events. It is not clear in the current study
whether BM-MSCsmerely augment factors already releasedby
dermal fibroblasts or whether they release unique factors.

This study provides evidence that adult human BM-MSCs
act as facilitator cells with respect to the angiogenic process.
This raises the issue whether these cells might be employed
in a tissue-engineered setting to promote and stabilize in vitro
produced vasculature. Au et al.54 have recently published
evidence supporting this notion. This raises the possibility
that a variety of multicellular strategies might be developed
to help to promote a more rapid and effective vascularization
of grafted implants.
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