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One of the primary challenges in translating tissue engineering to clinical applicability is adequate, functional
vascularization of tissue constructs. Vascularization is necessary for the long-term viability of implanted tissue
expanded and differentiated in vitro. Such tissues may be derived from various cell sources, including mes-
enchymal stem cells (MSCs). MSCs, able to differentiate down several lineages, have been extensively
researched for their therapeutic capabilities. In addition, MSCs have a variety of roles in the vascularization of
tissue, both through direct contact and indirect signaling. The studied relationships between MSCs and vas-
cularization have been utilized to further the necessary advancement of vascularization in tissue engineering
concepts. This review aims to provide a summary of relevant relationships between MSCs, vascularization, and
other relevant cell types, along with an overview discussing applications and challenges related to the roles and
relationships of MSCs and vascular tissues.

Introduction

Complete vascularization of engineered tissues is
currently a major hurdle in the field of tissue engi-

neering, inhibiting successful postimplantation viability.
Several strategies have been investigated to overcome this
problem, often involving overexpression of angiogenic and
vasculogenic factors, such as vascular endothelial growth
factor (VEGF),1,2 or combining bioactive scaffolds with
encapsulated cells.3–5 In addition to molecular signals,
several other environmental factors have been considered
to play an important role in promoting vascularization in
the presence of mesenchymal stem cells (MSCs). These
include environmental effects and interactions with various
cell populations. Still, complete vascularization of tissue-
engineered constructs and subsequent host integration for
clinical applications has yet to be fully realized.

To overcome these challenges, research has focused on
optimizing culturing conditions in vitro in preparation for
clinical applications. MSCs have become a standard cell
population to be cultured with vascular cell types due to
their ability to act as support cells and accelerate vascu-
larization and angiogenesis. The availability and differ-
entiation potential of MSCs makes them a popular choice
in many developing technologies designed for clinical
applications.

To further illustrate the importance of the role of MSCs in
vascularization, a survey was conducted by querying leaders
in the field of tissue engineering to compile and rank

strategies for achieving the clinical development of tissue
engineering technologies.6 The analysis of the survey results
identified key strategic concepts in the future development
of the field. The two most important strategies were found to
be angiogenic control and stem cell science. Thus, in the
spirit of these findings, we present current concepts and
strategies that focus on the interactions of MSCs and vas-
cularization. The interactions between MSCs and the
process of tissue vascularization are intimately related,
revealing interdependent roles in the goal of developing
functional tissue constructs with MSCs. This review will
evaluate current strategies used to improve vascularization
of engineered constructs using MSCs and a variety of vas-
cular cell types. The individual roles of these various cells in
vascularization have been extensively characterized and
reviewed, as illustrated by Table 1, and we present how
environmental conditions and these cell types influence
vascularization.

Vascularization Interactions with MSCs

Hypoxia

The optimal culturing conditions for MSCs have long
been studied, with oxygen tension being one major char-
acteristic.7 It has been determined that developing embryos
have much lower oxygen tension than most normal adult
tissue, while tissues known to contain stem cells have even
lower oxygen.8 This low oxygen tension has been shown to
maintain the undifferentiated state of MSCs as well as
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prolong their lifespan and proliferation capabilities.9 How-
ever, differentiation into adipocytes and osteocytes was
hindered at such low oxygen levels and required subsequent
stimulation at higher oxygen concentrations. This discovery
highlights the importance of oxygen levels as a critical in-
fluence on MSC growth and differentiation. Therefore, these
culturing conditions have been widely investigated in order
to optimize vascularization in engineered tissues.10–12

The molecular mechanism of hypoxia has been closely
examined, for the purpose of neovascularization as well as
angiogenesis for cancer metastasis. It has been found that
hypoxia-inducing factor 1 (HIF-1) is one of the major reg-
ulators that orchestrates the cellular response to hypoxia.10

As a transcription factor, it is able to modulate vasculari-
zation through activation of endothelial growth factors and
transcription factors. Under hypoxic conditions, HIF-1’s
alpha subunit is upregulated exponentially, triggering a se-
ries of downstream transcription cascades that result in in-
creased expression of vascular proteins such as VEGF.12

MSCs have been found in close association with blood
vessels in a wide variety of tissues.13,14 Even though MSCs
are located very closely to vascular structures, they are often
still found in a relatively low oxygen environment, which
further supports the finding that a hypoxic surrounding may
be necessary in order to maintain the cells’ undifferentiated
state.7 Hypoxia leads to decreased adipogenic and osteo-
genic differentiation,15,16 triggering the release of angio-
genic factors as well as promoting the expression of
vasculogenic characteristics and functions in MSCs.17,18

With physiological conditions in mind, there are pro-
liferation benefits for cells cultured in low oxygen envi-
ronments. The effects on MSCs’ behavior include better
survival, proliferation, and differentiation capabilities. More
specifically, hypoxia can stimulate proangiogenic factors in
MSCs. For example, VEGF and interleukin-6 show in-
creased expression after hypoxic stimulation. In addition,
MSCs that were cultured under physiologically relevant
hypoxia (2% oxygen) in a three-dimensional (3D) environ-
ment saw longer proliferation periods as well as an increase

in MSC gene expression compared to those cultured at
normoxic (20%) conditions.8

The level of hypoxia, as well as the time of application,
has also shown to be important for in vivo vascularization
applications. Preculturing of MSCs in hypoxic conditions
has demonstrated improved angiogenic function once
transferred into an in vivo environment.19–21 MSCs were
shown to have enhanced migration rates and a number of
upregulated growth factors and corresponding receptors,
such as hepatocyte growth factor, which is responsible for
MSC recruitment to damaged and ischemic tissues.19 These
results demonstrate the sensitivity of MSCs to their culturing
conditions and the potential to fine-tune their environment to
enhance vascularization in tissue constructs as well as in vivo
transplantations. MSC tissue constructs cultured with 2%
oxygen demonstrated a switch in metabolic pathways and
exhibited increased proliferation potential compared with
those cultured at normal oxygen tensions.22 Changes in total
protein levels and extracellular matrix (ECM) expression
suggest that hypoxia altered the MSC tissue development
processes. Further, hypoxic conditions are able to better
maintain the stemness of undifferentiated MSCs, preserving
their multilineage differentiation ability. These findings in-
dicate that oxygen tension may be an important culture pa-
rameter in developing in vitro tissues using MSCs.

Nevertheless, while considerable work with hypoxia has
been done in the field of tissue engineering, there is no
convincing evidence that a preculture of cells under hypoxic
conditions alone will be sufficient to sustain tissue-
engineered constructs larger than a few millimeters after
implantation long term. Therefore, a combination of vas-
cularization techniques may be required to complete vas-
cularization in vivo.

Physical blood flow

While paracrine and endocrine signals play a large role in
controlling MSC behavior, mechanical forces and stimuli
may also have an important impact on vascularization.

Table 1. Mesenchymal Stem Cells and Other Relevant Cell

Types Involved in Vascularization of Tissues

Cell type Function Common markers Relevant reviews

MSC Nonhematopoietic stromal cells CD34 - , CD106, CD166,
CD146, SH2, Stro-1

106–109
Can differentiate into bone,

cartilage, fat, or muscle lineages
Homing ability for tissue regeneration

EC Innermost layer of blood vessels CD31, VE-cadherin, VEGFR-1,
VEGFR-2, vWF

110–112
Performs crucial regulatory roles
Enables nutrient and waste transfer

EPC Express VEGF
Support new vessel formation

Early EPCs: CD14, CD31, CD34,
CD45, VEGFR-2, VE-cadherin, vWF

94,113,114

May differentiate into ECs Late EPCs: CD31, CD133, VEGFR-2,
VE-cadherin, vWF

Pericyte Wrap around EC layer a-SMA, PDGFRb, NG2-proteoglycan,
annexin A5 (markers dependent
on resident tissue)

59,95,115
Initiate vessel maturation
Regulate microvessel integrity,

structure, and function

EC, endothelial cell; EPCs, endothelial progenitor cells; MSC, mesenchymal stem cell; PDGFRb, platelet-derived growth factor receptor-
beta; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; a-SMA, alpha-smooth muscle actin; vWF, von Willebrand Factor.
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Specifically, shear stress, a mechanical force generated by
fluid flow, has been shown to induce MSC differentiation
and activation of vasculogenic pathways.23–25 In the body,
shear stress is generated by blood flow through the endo-
thelium, which applies physical tension to cells. To mimic
this type of mechanical stress in vitro, a flow chamber can
supply steady fluid shear stress ranging from 5 to 30 dyn/
cm2. Results after dynamic culturing have indicated an in-
crease in genetic vascular markers and a decrease in MSC
characteristics, demonstrating endothelial differentiation of
MSCs for potential use in tissue engineering applications.26

More specifically, molecular blood vessel formation
pathways can be triggered by shear stress. It was observed
that in some cells, levels of transforming growth factor
(TGFb) and monocyte chemoattractant protein-1 (MCP-1)
greatly increased in response to shear stress, while VEGF
expression remained unaffected. Similarly, studies have
identified shear stress receptors on the surface of MSCs that
may be involved with molecular events related to vascu-
larization. For example, CD31 receptors activated by shear
stress have been shown to increase the recruitment of neu-
trophils and expression of tumor necrosis factor-a (TNF-a),
both indicators of early vascularization.27 Several other
studies have shown that ion channels, specifically Ca2 +

channels, are sensitive to shear stress and can induce an-
giogenesis via VEGF receptor-2 (VEGFR-2) activation and
resulting in phosphorylation of p38 and increased expression
of VEGF.28 The applied force of fluid flow has also led to
remodeling of the actin cytoskeleton, which regulates im-
portant intracellular processes and protein expression, indi-
cating the important role that mechanotransduction induced
by shear stress plays in MSCs’ vascularization pathways.29

Different flow patterns also have an effect on MSC dif-
ferentiation. Laminar flow has shown increased VEGF
production by MSCs but no change in cell morphology,30

while dynamic rotational seeding resulted in vascular tube
formation of MSCs.31 The use of shear flow has also be-
come especially popular in tissue-engineered vascular
grafts. Using pulsatile flow on a 3D graft, MSCs were
successfully differentiated into endothelial cells (ECs) as
seen through an increase in endothelial markers, such as
platelet-endothelial cell adhesion molecule-1 (PECAM-1)
and VE-cadherin. In order to withstand a range of shear
stress to induce endothelial differentiation of MSCs in vivo,
tissue-engineered scaffolds have been modified with a va-
riety of different bioactive molecules to improve cell ad-
hesion and ensure immobilization in flow environments.32

Several different factors have been combined in order to
promote endothelial differentiation for the purpose of vas-
cularization. For example, cultured MSCs under shear flow
conditions as well as hypoxia have shown increased pro-
duction of angiogenic factors and formation of microvas-
culature.25 Such applications validate the complex in vivo
culturing environment experienced by MSCs. Therefore, the
use of flow stimulation may be a crucial step in advancing
the field of vascularization in tissue engineering because it is
able to imitate the dynamic in vivo environment most closely.

Interactions with ECs

MSCs are known to adopt a supporting role when mixed
with cells derived from tissues, such as muscle, skin, en-

dothelial, and renal epithelial layers.33 It has been demon-
strated that MSCs can promote tumor growth by increasing
the secretion of proangiogenic factors, which enhance blood
vessel formation in the surrounding areas.34 With a higher
blood and oxygen supply, tumor cells are able to proliferate
much faster resulting in increased tumor size.

The interaction between MSCs and ECs has shown to be
highly regulated and requires precise spatial and temporal
control. For example, formation of microvasculature is most
successful after a delayed addition of MSCs to ECs encap-
sulated in collagen scaffolds and cocultured in an in vitro
environment.35 This setup emulates the in vivo environment
most accurately because MSCs are recruited to the site of
vascularization after the ECs have begun the initial forma-
tion of nascent microstructures.35,36

The interaction between ECs and MSCs has been most
pronounced in the application of wound healing. MSCs near
the location of the wound secrete paracrine factors, such as
VEGF, to recruit macrophages and ECs, accelerating the
wound healing process. This process requires a complex
series of molecular events, including cell migration, ECM
deposition, angiogenesis, and remodeling.37 At the same
time, damaged ECs are able to recruit MSCs for the same
purpose of tissue repair via chemokine receptors found on
the surface of MSCs. These MSCs were then able to aid in
the wound healing process through growth factor release as
well as differentiation into ECs.38

Direct cell-to-cell contact between ECs and MSCs has
been investigated to understand their signaling pathway
and complex interactions. Utilizing a parallel-plate flow
chamber to mimic blood flow conditions, MSCs and hu-
man umbilical vein ECs were cocultured with the objec-
tive to study the initial steps of contact.39 Results showed
rapid extension of the podia, followed by rolling and firm
adhesion of MSCs to ECs. These results were enhanced
when TNF-a was added to the culture, or suppressed
when treated with anti-P-selectin or anti-vascular cell
adhesion protein 1 (VCAM-1), indicating that binding is
both selectin and integrin dependent. Additionally, com-
bining any of those parameters would vary the degree of
adhesion of MSCs to endothelial progenitor cells (EPCs).
These collaborative pathways indicate that MSCs and
ECs are capable of coordinating their rolling and adhesion
behaviors.38

While ECs and MSCs may interact closely in vivo, their
coculture has been less successful in vitro, with many mi-
crovessels turning out to be leaky and unstable once im-
planted.40 An improved coculturing system with a higher
ratio of supporting MSCs, for example, may accelerate the
maturation of blood vessels. Additionally, a mixed popula-
tion of vascular cell types will also closely represent the
native populations necessary for vascularization.

Interactions with EPCs

EPCs circulate the bloodstream and promote neovascu-
larization in places of injury, ischemia, hypoxia, and tu-
morigenesis.41,42 Beneficial interactions between MSCs and
EPCs promote the development of tubular structures and
vascular networks.43,44 Such vascularization and vascular
structure formation has been observed in vitro and in vivo,
lending insight into the mechanisms underlying this
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process.44–47 MSCs interact with EPCs both directly through
gap junctions and indirectly through paracrine signaling,
with major pathways highlighted in Figure 1.47 Direct
contact between MSCs and EPCs may lead to induced en-
dothelial phenotypes, without the addition of exogenous
growth factors, in both cell types.47,48 These cell–cell in-
teractions elicit dynamic, temporal changes in cocultured
EPCs and MSCs. Initially, adhesion protein, growth factors,
and signaling cytokines are upregulated.47 Proteins, such as
CDh-5 and PECAM-1, present in vascular cell junctions and
regulators of vessel permeability are upregulated.47,49

VEGF, IGF1, and angiopoietin-1 (ANG-1), responsible for
vessel formation, pericyte recruitment, and EC differentia-
tion, also experience early, increased expression.47,50,51 In
addition to these changes in RNA expression, MSCs have
been observed to participate with EPCs in forming tube-like
structures,47 further supporting the synergistic relationship
between MSCs and EPCs in neovascularization.

In EPC and MSC interactions, bone morphogenetic pro-
tein-2 (BMP-2) appears to have an important influence on
EPCs through chemotactic effects.52 Such effects are bol-
stered by the elution of angiogenic growth factors from
MSCs. Secretion of these growth factors from MSCs was
found to be dependent on MSC exposure to BMP-2.52 These
secreted factors include placental growth factor, which is a
cytokine associated with the recruitment of EPCs.53 Im-
portantly, paracrine signaling between MSCs and EPCs is
strongly dependent on the interplay between VEGF and
BMP-2. BMP-2 plays an integral role in the osteogenic
differentiation and function of MSCs. However, BMPs have
also been shown to stimulate VEGF production. As VEGF
stimulation drives angiogenesis, BMP-stimulated VEGF
promotes angiogenesis.54 Particularly, BMP-2 has been shown
to stimulate angiogenesis in fracture-healing models.55,56

These pathways have been explored in functional as-
sessments of EPC and MSC interactions. EPC and MSC
synergistic interactions have been studied in critical bone
defect repair in rats.44 The bone defects were repaired with
one of the following treatments: autologous bone, b-tri-
calcium phosphate (b-TCP) as a scaffold, MSCs seeded on
b-TCP, EPCs seeded on b-TCP, and a coculture of MSCs
and EPCs seeded on b-TCP. The coculture of MSCs and

EPCs produced the highest amount of vascularization, dem-
onstrating the combined effects of MSCs and EPCs in bone
repair. Cotransplantation of EPCs and MSCs shows good bone
regeneration and vascularization potential.45 In addition to the
enhanced vascularization demonstrated with the coimplanta-
tion of EPCs and MSCs, it is thought that coimplantation leads
to MSCs acting as perivascular mural cells.57 When cocultured
with EPCs, MSCs have also shown a committed differentia-
tion toward smooth muscle cell and pericyte phenotypes.58

Differentiation appeared to occur due to direct cell-to-cell
contact and extracellular signal-regulated kinase signaling,
demonstrating the various pathways influencing the reciprocal
interactions between EPCs and MSCs.

Pericytes, MSCs, and vascularization

Pericytes are embedded within capillaries, wrapping
around ECs within the basement membrane.59,60 While it
has been shown that some pericytes, also known as mural
cells, represent a subpopulation of MSCs, pericytic behavior
is not characteristic of all cells classified as MSCs.61 Still,
this particular subpopulation of MSCs appears to interact
with ECs much like bone-marrow-derived MSCs, utilizing
paracrine and direct-contact signaling, and has been exten-
sively reviewed.62 Pericytes utilize a variety of signaling
mechanisms that act on ECs, influencing vascularization and
vessel maturation. Like ECs, pericytes are capable of TGFb
signaling. TGFb has been directly implicated in pericyte
proliferation and differentiation, as well as in the regulation
of EC differentiation and proliferation. In pericytes, TGFb
acts on two receptors: Alk-1 and Alk-5. Alk-1 appears to
induce cell proliferation and migration, while Alk-5 leads to
vessel maturation through differentiation and ECM forma-
tion.59 Similar to TGFb signaling, angiopoietin secreted by
mural cells act on Tie receptors expressed by ECs.62 An-
giopoietins, acting on Tie receptors, are secreted by peri-
cytes and are crucial to vascular development and
remodeling.50,62 These signaling loops have been implicated
in vascular remodeling, vascular development, and the ad-
hesion of the ECs, MSCs, and ECM.63,64

Several pathways appear to influence perivascular cell
recruitment to ECs, as illustrated by Figure 1. On the surface

FIG. 1. Several cell types are involved in angiogenesis and vascularization. Signaling pathways, indicated by thin arrows,
between these cell types direct vascularization and differentiation. Differentiation is shown through bold, solid arrows.
Dashed lines show endothelial progenitor cells’ (EPCs’) method of rolling and attachment to endothelial cells (ECs).
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of pericytes, platelet-derived growth factor receptor-beta
(PDGFRb) is expressed, which binds soluble PDGF-BB
produced by ECs. This particular signaling pathway plays a
significant role in pericyte recruitment to ECs and has been
regarded as the major pathway of pericyte recruitment in
physiological angiogenesis. In undifferentiated mesenchy-
mal cells, PDGF-BB induces mural cell fate.65,66 By regu-
lating PDGFRb expression, Notch signaling has been
suggested to possess a role in mural cell recruitment.67,68

Notch signaling is also crucial for angiogenic sprouting and
plays a role in endothelial–pericyte interactions.67,69,70

Demonstrating the possibility of other pathways associated
with pericyte recruitment, stromal-derived factor 1-a (SDF-1a)
has been recently implicated in pericyte recruitment, along
with its role in endothelial tube formation and maturation.60,71

Still, pericyte recruitment associated with SDF-1a may be due
to crosstalk between SDF-1a and PDGF-BB pathways.71

Another pathway involved in pericyte recruitment is through
heparin-binding epidermal growth factor (HB-EGF).72 HB-
EGF, implicated in cardiovascular development, has also been
found to have protective effect on pericytes by supporting
pericyte proliferation and minimizing the effects anoxia-
induced apoptosis.73 Several studies have demonstrated that
HB-EGF pathways may experience crosstalk with PDGF
pathways.60,74 Because of the varied pathways affecting peri-
cyte recruitment and function, opportunities to affect change in
MSC function as pericytes are numerous.

Direct endothelial-like differentiation

While much of the MSC’s influence on vascularization is
primarily through paracrine and endocrine effects on other
cells, MSCs may also have a direct role in vascularization
through direct endothelial differentiation. Through endothelial
differentiation, MSCs have been used in a variety of models,
in vitro and in vivo to enhance vascularization.75–78 In vitro,
MSCs exhibited endothelial-specific markers, such as
VEGFR-1, VEGFR-2, and von Willebrand Factor (vWF), after
incubation with 2% fetal calf serum and 50 ng/mL VEGF.79

While VEGF may be crucial to inducing arterial fate, VEGF
alone has also been shown to be ineffective at enhancing or
accelerating the endothelial differentiation of MSCs.80 Still,
further angiogenesis tests demonstrated the functional behav-
ior of conduits formed by the MSCs.75 Conversely, ECs have
been found to differentiate into MSCs.81,82 EC-derived MSCs
have displayed the capability to differentiate into adipocytes,
chondrocytes, and osteoblasts.82 Such differentiation could be
induced by TGFb2 or BMP-4. The relationship between EC
and MSC differentiation pathways provides alternative ap-
proaches to study and solve issues of vascularization in tissue-
engineered constructs.

In addition to utilizing natural growth factors, researchers
are investigating synthetic chemicals and drugs to induce
endothelial differentiation of stem cells. Chemical small
molecules have been used to induce mouse embryonic stem
cell (ESC) differentiation into ECs. For example, the com-
pound R-ABO effectively induced ESC differentiation into
ECs via upregulation of a molecule acting upstream of fi-
broblast growth factor 2 (FGF-2).83 Another study used a
DNA methyltransferase inhibitor to induce endothelial dif-
ferentiation of ESCs via epigenetic activation more ef-
ficiently than traditional VEGF treatment strategies.84

Extending these strategies to MSCs, one study treated adi-
pose-derived MSCs with an epigenetic drug, BIX-01294.85

Treatment resulted in significantly increased expression
of several markers and factors associated with ECs and
blood vessel formation, including VCAM-1, PECAM-1,
vWF, VEGFR-2, PDGF, and ANG-1. Continued research
into synthetic-chemical-induced EC differentiation could
improve the efficiency of differentiation and thereby reduce
the costs of therapeutic MSC differentiation strategies.

In addition to soluble natural and synthetic chemicals,
microenvironmental effects are critical to MSC behavior
and fate. Substrate topology and mechanical properties are
crucial determinants of cell function and fate.86–88 For ex-
ample, MSCs differentiation along neural, myogenic, and
osteogenic lineages was dependent on the modulus of two-
dimensional substrate gels on which MSCs were cultured.89

MSCs cultured using either vasculogenic or nonvasculogenic
media and seeded on 3D tubular collagen scaffolds experi-
enced EC and smooth muscle cells (SMC) differentiation.90

Thus, it is apparent that the 3D microenvironment can ef-
fectively induce differentiation even without the influence of
soluble growth factors. MSCs have also been seeded on 3D
nanofiber matrices with elastic moduli tuned to ranges that
corresponded with the intima and media layers of blood
vessels.91 The tuned nanofiber matrix moduli enabled control
of MSC differentiation into ECs or SMCs. Controlling MSC
differentiation into ECs has also been tuned by modification
of fibrinogen with various polyethylene glycol (PEG) deriv-
atives to achieve a range of mechanical and physical prop-
erties.92 Adjusting the properties of these substrates resulted
in drastic alterations in cell morphology, gene expression, and
overall transdifferentiation of MSCs to an EC-like phenotype.
Thus, when inducing differentiation of MSCs to an endo-
thelial phenotype, it is crucial to consider both chemical
and physical microenvironmental conditions for therapeutic
applications.

In an example of therapeutic benefit, researchers utilized
MSCs’ ability to differentiate into ECs in an in vivo canine
chronic ischemia model.78 Injected MSCs were found to have
differentiated into SMCs and transdifferentiated into ECs, as
suggested by the luminal location of the MSCs and their ex-
pressed factor VIII.78 Such transdifferentiation may have led to
the higher capillary density observed in the MSC-treated ca-
nines. Canine MSCs have also been seeded on decellularized
arterial matrices and cultured in pulsatile flow bioreactors.93

These MSCs cultured on the matrices expressed vWF and
oriented themselves in the flow direction. Endothelial differ-
entiation of MSCs can be promoted by growth supplements
and shear force.75 While growth supplement administration
and shear force exposure were not sufficient alone to differ-
entiate MSCs, the cells produced an endothelial gene expres-
sion profile, including CD31, KDR, and vWF, and exhibited
morphology consistent with ECs, when seeded in Matrigel. In
addition, these MSCs, after growth supplement and shear force
priming, were capable of forming a functional capillary net-
work in 3D culture environments, both in vitro and in vivo.
These results demonstrate the complex environment that leads
to MSC to EC differentiation, which may be difficult to rep-
licate in an in vitro experiment. Still, these studies validate the
potential capability of MSCs to be used as a cell source for not
only supporting vascular cells, but also directly vascularizing
tissue constructs.
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Applications

As with most developing tissue engineering obstacles,
several challenges remain in translating the fundamental
relationship between MSCs and vascularization into clinical
applications. There is a need to define and develop opti-
mized culture and 3D microenvironmental conditions for
MSCs and any vascular cells that may be included in order
to promote healthy tissue development and vascularization.
Utilizing these cells in a clinical environment must involve a
careful understanding of the safety issues involved with the
biomaterials chosen, source of the cells, and any modifica-
tion (genetic or otherwise) to the cells. While much work
has been performed in applying MSCs and vascularization
in in vivo experiments, a complete understanding of the
signaling pathways and cell types involved has yet to be
elucidated. Clarifying these more basic fundamental ques-
tions will provide greater insight into the results and ad-
vancements made in therapeutic in vivo applications. For
example, considerable debate still remains regarding the
precise identities and subtypes of EPCs and pericytes, and,
as such, their functional relationship with MSCs must be
more closely examined.94,95 To complement the growing
understanding of these relationships, a variety of strategies
have been utilized to take advantage of both MSCs’ influ-
ence on vascularization and vascular cells’ influence on
MSCs. Many of these concepts directly incorporate one or
more signaling pathways, various vascular cell types, and
deliberate cellular microenvironment design to reach these
ends.

MSC 3D microenvironment

MSCs may be seeded onto scaffolds, injected, or im-
planted on their own to improve tissue vascularization. To
examine the perivascular therapeutic potential of MSCs,
MSCs were embedded in alginate beads and the beads were
implanted in ischemic mice.96 Beads were implanted in the
perivascular space around the femoral artery. The implan-
tation of beads containing MSCs activated proangiogenic
signaling pathways leading to the activation of VEGF-A.
Through these mechanisms, the perivascular MSCs ap-
peared to support neovascularization, significantly improved
blood flow, increased tissue oxygenation, and reduced toe
necrosis. In another application, bone-marrow-derived
MSCs were seeded into pullulan-collagen hydrogels and
implanted in a murine model simulating an excisional
wound.97 MSCs seeded on the hydrogels best secreted an-
giogenic factors compared with those grown in standard
culture conditions. Once implanted, the seeded MSCs were
discovered to have differentiated into fibroblasts, ECs, and
pericytes, while also demonstrating significantly increased
angiogenesis in wounds treated with the MSC-seeded
hydrogels.

To bolster cell–cell communication, the 3D microenvi-
ronment must be considered. Such an environment may
directly affect cell–cell signaling, survival, proliferation,
and differentiation. For example, MSCs aggregated into 3D
spheroids produce higher amounts of VEGF and FGF-2.98

Because of these effects, 3D MSC spheroids were seeded
onto porous polyurethane scaffolds.99 Compared with non-
seeded scaffolds and scaffolds seeded with individual
MSCs, MSC-spheroid-seeded scaffolds demonstrated im-

proved scaffold vascularization and higher microvessel
functionality. In the absence of biomaterial scaffolds, simply
encouraging 3D organization of MSCs also enhances MSC
survival and, subsequently, vascularization. For example, in
both in vitro and in vivo environments, MSCs transplanted
in spheroids produced by a hanging-drop method improved
the viability of the MSCs.100 MSC spheroid transplantation,
compared with MSCs from monolayer, resulted in increased
microvessel formation and reduced limb loss and necrosis in
ischemic mice. While the 3D environment may increase
paracrine signaling and function in the MSCs, the spheroids
may also have allowed for longer MSC residency in the
tissues compared with MSCs transplanted from monolayer.

Culturing and implanting MSCs in a 3D microenviron-
ment appears to improve MSCs’ promotion of angiogenesis
and neovascularization. These strategies appear to work well
on small implant sizes and when used in a more supportive
role, like perivascular delivery to ischemic tissues, instead
of a direct role, such as osteogenesis in a critical-sized
bone defect. For larger structures, culturing unmodified
MSCs alone has not been sufficient for promoting tissue
vascularization.

Genetic modification of MSCs

To bolster the natural influence of MSCs on vasculari-
zation, MSCs have been genetically modified to expedite
and improve vascularization and tissue formation. Bmp2-
gene-modified MSCs and EPCs were delivered in injectable
calcium sulfate/alginate scaffolds, providing drastic in-
creases in osteoblast differentiation and endothelial dif-
ferentiation, resulting in increased bone and vascular
formation.101 Another genetic modification strategy in-
volved modifying MSCs to express VEGF.102 The increased
expression of VEGF led to a threefold increase of vascular
density compared with control MSC-seeded grafts. How-
ever, the increased VEGF levels resulted in decreased
quantities of bone formation and increased osteoclast pop-
ulations. Such information demonstrates the importance of
carefully weighing the benefits of methods to improve
vascularization, while ensuring minimal deleterious effects
of MSC contributions to bone formation and homeostasis.
Relying on genetic modifications of MSCs introduces ad-
ditional safety concerns, increasing the barriers to clinical
applicability.

Combinatorial cell seeding and scaffold incorporation

Besides utilizing MSCs alone, a variety of strategies have
incorporated the implantation of ECs, EPCs, and pericytes
to better improve engineered vascularization. One group
seeded MSCs and EPCs in macroporous polycaprolactone-
TCP scaffolds that were subsequently cultured within a bi-
axial bioreactor.103 Interestingly, scaffolds cultured within
the bioreactor did not demonstrate vessel formation as
shown in static controls, despite greater mineralization.
Despite these in vitro results, dynamically cultured scaffolds
displayed both earlier vasculogenesis and increased bone
formation in vivo compared with statically cultured con-
structs. Dynamically cultured scaffolds yielded 1.2- and 2.3-
fold more capillary formation than static and acellular
controls, respectively. Prevascularization of tissue-engineered
bone constructs through the insertion of a vascular bundle
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has been found to augment both new bone formation and
vessel formation once implanted in b-TCP scaffolds seeded
with MSCs.104 In scaffolds with MSCs and inserted vascular
bundles, VEGF levels were markedly increased over control
constructs. Combinatorial cell seeding appears to be a good
potential strategy for ensuring adequate vascularization in
implanted tissue constructs. Prevascularization of tissue
constructs, though, could take considerable time and effort
before implanting the scaffold in a clinical application, in
addition to the safety concerns associated with autologous
cell seeding.

Combining strategies

Scaffold design and modification, genetic modification,
combinatorial cell seeding, and other vascularization tech-
niques are often not uniquely applied. For example, the
close relationship between MSCs and pericytes was used to
design a scaffold-free construct of MSCs, ECs, and peri-
vascular-like cells.105 The perivascular-like cells were dif-
ferentiated from MSCs and seeded onto an MSC monolayer,
along with ECs. ECs and perivascular-like cells self-
assembled into colonies in vitro and vascularized the oste-
ogenic tissue sheets when implanted in vivo when seeded by
themselves. Using MSCs for perivascular-like and osteo-
genic functions proved to stabilize the vascular network
formed in vivo, demonstrating the importance of crosstalk
between all these cells during the vascularization process.
Likely, successful tissue-engineered constructs to support
vascularization will necessarily incorporate multiple strate-
gies discussed here.

Conclusions

While tremendous strides have been made in under-
standing the complex interactions between MSCs and vas-
cularization, the need for vascularizing MSC-derived tissue
constructs still demands the continued development of
current and future strategies to enhance the clinical potential
of MSC-based therapies. Such strategies will not only entail
incorporating vascular cells to support MSCs, successful
strategies will likely utilize MSCs’ beneficial paracrine and
autocrine effects on vascular cells to further improve and
expedite vascularization. Vasculogenic MSC pathways can
be bolstered through methods such as careful scaffold de-
sign, growth factor immobilization, or genetic modification.
The optimal construct will incorporate the synergistic ef-
fects of MSCs and vascularization.
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39. Rüster, B., Göttig, S., Ludwig, R.J., Bistrian, R., Müller,
S., Seifried, E., et al. Mesenchymal stem cells display
coordinated rolling and adhesion behavior on endothelial
cells. Blood 108, 3938, 2006.

40. Tsigkou, O., Pomerantseva, I., Spencer, J.A., Redondo,
P.A., Hart, A.R., O’Doherty, E., et al. Engineered vas-
cularized bone grafts. Proc Natl Acad Sci U S A 107,
3311, 2010.

41. Hill, J.M., Zalos, G., Halcox, J.P.J., Schenke, W.H.,
Waclawiw, M.A., Quyyumi, A.A., et al. Circulating en-
dothelial progenitor cells, vascular function, and cardio-
vascular risk. N Engl J Med 348, 593, 2003.

42. Balbarini, A., Barsotti, M.C., Di Stefano, R., Leone, A.,
and Santoni, T. Circulating endothelial progenitor cells
characterization, function and relationship with cardio-
vascular risk factors. Curr Pharm Des 13, 1699, 2007.

43. Kolbe, M., Xiang, Z., Dohle, E., Sc, M., Tonak, M.,
Kirkpatrick, C.J., et al. Paracrine effects influenced by cell
culture medium and consequences on microvessel-like
structures in cocultures of mesenchymal stem cells and
outgrowth endothelial cells. Tissue Eng Part A 17, 2199,
2011.

44. Seebach, C., Henrich, D., Wilhelm, K., Barker, J.H., and
Marzi, I. Endothelial progenitor cells improve directly and
indirectly early vascularization of mesenchymal stem cell-
driven bone regeneration in a critical bone defect in rats.
Cell Transplant 21, 1667, 2012.

45. Zigdon-Giladi, H., Bick, T., Lewinson, D., and Machtei,
E.E. Co-transplantation of endothelial progenitor cells and
mesenchymal stem cells promote neovascularization and
bone regeneration. Clin Implant Dent Relat Res 2013
[Epub ahead of print]; DOI: 10.1111/cid.12104.

MESENCHYMAL STEM CELLS AND VASCULARIZATION 225



46. Amini, A.R., Laurencin, C.T., and Nukavarapu, S.P.
Differential analysis of peripheral blood- and bone mar-
row-derived endothelial progenitor cells for enhanced
vascularization in bone tissue engineering. J Orthop Res
30, 1507, 2012.

47. Aguirre, A., Planell, J.A., and Engel, E. Dynamics of bone
marrow-derived endothelial progenitor cell/mesenchymal
stem cell interaction in co-culture and its implications
in angiogenesis. Biochem Biophys Res Commun 400,
284, 2010.

48. Rahbarghazi, R., Nassiri, S.M., Khazraiinia, P., Kajbaf-
zadeh, A.-M., Ahmadi, S.H., Mohammadi, E., et al. Jux-
tacrine and paracrine interactions of rat marrow-derived
mesenchymal stem cells, muscle-derived satellite cells,
and neonatal cardiomyocytes with endothelial cells in
angiogenesis dynamics. Stem Cells Dev 22, 855, 2013.

49. Dejana, E., Tournier-Lasserve, E., and Weinstein, B.M.
The control of vascular integrity by endothelial cell
junctions: molecular basis and pathological implications.
Dev Cell 16, 209, 2009.

50. Thomas, M., and Augustin, H.G. The role of the Angio-
poietins in vascular morphogenesis. Angiogenesis 12, 125,
2009.

51. Cao, Y. Positive and negative modulation of angiogenesis
by VEGFR1 ligands. Sci Signal 2, re1, 2009.

52. Raida, M., Heymann, A.C., Günther, C., and Nie-
derwieser, D. Role of bone morphogenetic protein 2
in the crosstalk between endothelial progenitor cells
and mesenchymal stem cells. Int J Mol Med 18, 735,
2006.

53. Iwasaki, H., Kawamoto, A., Tjwa, M., Horii, M., Hayashi,
S., Oyamada, A., et al. PlGF repairs myocardial ischemia
through mechanisms of angiogenesis, cardioprotection
and recruitment of myo-angiogenic competent marrow
progenitors. PLoS One 6, e24872, 2011.

54. Deckers, M.M.L., Van Bezooijen, R.L., Van Der Horst,
G., Hoogendam, J., Van Der Bent, C., Papapoulos, S.E.,
et al. Bone morphogenetic proteins stimulate angiogenesis
through osteoblast-derived vascular endothelial growth
factor A. Endocrinology 143, 1545, 2002.

55. Date, T., Doiguchi, Y., Nobuta, M., and Shindo, H. Bone
morphogenetic protein-2 induces differentiation of multi-
potent C3H10T1/2 cells into osteoblasts, chondrocytes,
and adipocytes in vivo and in vitro. J Orthop Sci 9, 503,
2004.

56. Carano, R.A.D., and Filvaroff, E.H. Angiogenesis and
bone repair. Drug Discov Today 8, 980, 2003.

57. Koob, S., Torio-Padron, N., Stark, G.B., Hannig, C.,
Stankovic, Z., and Finkenzeller, G. Bone formation and
neovascularization mediated by mesenchymal stem cells
and endothelial cells in critical-sized calvarial defects.
Tissue Eng Part A 17, 311, 2011.

58. Goerke, S., Plaha, J., Hager, S., Strassburg, S., Torio-
Padron, N., Stark, B., et al. Human endothelial progenitor
cells induce ERK-dependent differentiation of mesen-
chymal stem cells into smooth-muscle cells upon cocul-
tivation. Tissue Eng Part A 18, 2395, 2012.
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