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Abstract

Mesenchymal stem cell therapy show great optimism in the treatment of several diseases. MSCs
are attractive candidates for cell therapy because of easy isolation, high expansion potential giving
unlimited pool of transplantable cells, low immunogenicity, amenability to ex vivo genetic
modification, and multipotency. The stem cells orchestrate the repair process by various
mechanisms such as transdifferentiation, cell fusion, microvesicles or exosomes and most
importantly by secreting paracrine factors. The MSCs release several angiogenic, mitogenic, anti-
apoptotic, anti-inflammatory and anti-oxidative factors that play fundamental role in regulating
tissue repair in various vascular and cardiac diseases. The therapeutic release of these factors by
the cells can be enhanced by several strategies like genetic modification, physiological and
pharmacological preconditioning, improved cell culture and selection methods, and biomaterial
based approaches. The current review describes the impact of paracrine factors released by MSCs
on vascular repair and regeneration in myocardial infarction, restenosis and peripheral artery
disease, and the various strategies adopted to enhance the release of these paracrine factors to
enhance organ function.
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Introduction

Mesenchymal stem cells (MSCs) offer great promise in the treatment of vascular diseases.
They are present in various organs, including bone marrow, adipose tissue [1], liver [2],
dental pulp [3], amniotic fluid [4] and umbilical cord blood [5]. The International Society of
Cellular Therapy defined MSCs as plastic adherent population, expressing cell surface
markers such as CD73, CD90, and CD105, and lack expression of other markers including
CD45, CD34, CD14, or CD11b, CD79a or CD19 and HLA-DR surface molecules, and
showing trilineage differentiation potential to osteocytes, chondrocyte and adipocytes under
in vitro conditions [6]. MSCs have also been reported to differentiate into endothelial cells
[7,8], haematopoiesis supporting stromal cells [9], cardiomyocytes [10] and even into cells
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of non-mesodermal origin, including hepatocytes [11] and neurons [12]. The potent
immunosuppressive functions of MSCs have been demonstrated both in vitro and in vivo
[13,14].

MSCs can cause tissue regeneration and repair through several processes: a)
transdifferentiation of MSCs into the specific cell type, b) fusion of stem cells with the
resident cells, c) through the release of microvesicles or exosomes and most importantly, d)
through the release of paracrine factors. Transdifferentiation of MSCs into specific cell type
was initially thought to be the principal mechanism underlying their therapeutic action.
MSCs were capable of engrafting in the site of injury and differentiating into
cardiomyocyte-like cells expressing typical cardiomyocyte markers in a mouse model of
myocardial infarction (MI) [10]. Another rare phenomenon affecting cell repair is cell
fusion, where MSCs spontaneously fuse with somatic cells in vivo, and the fusion products
are capable of tissue-specific function or proliferation depending on the microenvironment
[15]. The heterologous cell fusion of adipose derived stem cells to cardiomyocytes promoted
cardiomyocyte reprogramming back to a progenitor like state, with the resulting hybrid cells
showing early cardiac commitment and proliferation markers [16]. Recent evidence showed
that MSC cardiomyocyte fusion includes mitochondrial exchange, which is essential for
somatic reprogramming [15]. Another recently reported mechanism of cell repair is through
exosomes or microvesicles, which are small, spherical membrane fragments shed from the
cell surface or secreted from the endosomal compartment.

MSCs release a significant amount of microvesicles containing mRNA with specific
multiple differentiative and functional properties, as well as selected patterns of mature
micro RNAs. These nucleic acids can be transferred via microvesicles to recipient cells,
inducing functional and phenotypic changes [17]. The extracellular vesicles can act directly
through the interaction ligand/receptor or indirectly on angiogenesis by modulating soluble
factor production involved in endothelial cell differentiation, proliferation, migration, and
adhesion; by reprogramming endothelial mature cells; and by inducing changes in levels,
phenotype, and function of endothelial progenitor cells [18]. Extracellular vesicles released
by the MSC under hypoxia stimulation were uptaken by endothelial cells and promoted
neoangiogenesis in vitro and in vivo [19]. However, reports suggest that frequency of cell
engraftment and differentiation either by transdifferentiation or cell fusion, appear too low to
explain the significant improvement [20]. Recent studies have shown that the key
mechanism by which MSCs enhance tissue function is through its paracrine functions. In the
current review we discuss the role of paracrine factors released by MSCs on vascular repair
and regeneration in restenosis, peripheral artery disease, and myocardial infarction. We
further review the diverse strategies adopted to enhance the release of these paracrine factors
to enhance organ function.

Angiogenic MSC Paracrine Factors

The important angiogenic factors secreted by MSCs include vascular endothelial growth
factor (VEGF) [21,22], fibroblast growth factor-2 (FGF-2), Angiopoetin-1 (Ang-1) [23],
insulin-like growth factor (IGF-1) [24], hepatocyte growth factor (HGF) [22], transforming
growth factor (TGF)-p, monocyte chemoattractant protein (MCP-1)[25, 26], interleukin
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(IL)-6 [25, 26] and SDF-1a [27]. These paracrine factors function to trophically assist
vascular 1 (Ang-1) [23], insulin-like growth factor (IGF-1) [24], hepatocyte growth factor
(HGF) [22], transforming growth factor (TGF)-f3, monocyte chemoattractant repair and
regeneration process at sites of severe tissue ischemia or damage. In addition, MSCs also
secrete several anti-apoptotic factors- (VEGF, HGF, IGF-1, staniocalcin-1, transforming
growth factor (TGF-B), and granulocyte macrophage derived growth factor (GM-CSF);
immunomodulatory factors (inducible nitric oxide (NO), prostaglandin E2 (PGE2), 2,3-
dioxygenase, the non-classical major histocompatibility antigen HGF, TGF-B, leukemia
inhibitory factor (LIF), and IL-10); factors supporting of tissue stem and progenitor cell
proliferation (stem cell growth factor (SCF), LIF, macrophage derived growth factor (M-
CSF), stromal cell derived factor-1 (SDF-1) and Ang-1); factors inhibiting fibrosis and
scarring in ischemia (HGF, FGF-2, adrenomedullin); and chemoattractants (MCP-1, the
macrophage inhibiting protein (MIP-1), chemokine (CC motif) ligand 5 (CCL) 5, IL-8, and
SDF-1) (Reviewed by Meirelles Lda et al., 2009 [28]).

VEGF and FGF-2 are most potent inducers of angiogenesis [29]. They regulate many
functions of endothelial cells including proliferation, migration, extracellular proteolysis,
and tube formation activity [30,31]. Blocking the effects of VEGF and FGF2 in MSC
conditioned media partly attenuated the mitogenic effects of the MSC conditioned media on
endothelial cells demonstrating the importance of these cytokines in paracrine factor
mediated angiogenesis [21]. In another study, bone marrow MSCs contributed angiogenic
ligands (FGF2, VEGF, Ang-1) and cytokines (IL-1p and TNF-a), and effectively induced
neovascularization in ischemic myocardium [23]. Multiple cytokines secreted by MSCs have
additive or synergistic effects on endothelial cell proliferation. VEGF and FGF2
synergistically improved neovascularization in a rabbit hind limb ischemia model [32].
Another important MSC paracrine factor is Ang-1. Ang-1 is a strong inducer of endothelial
cell sprouting, which is the first step in both angiogenesis and neovascularization [33].
Ang-1 reduces endothelial permeability and enhances vascular stabilization and maturation
[34]. Ang-1 signaling promotes angiogenesis and remodeling of blood vessels through its
receptor tyrosine kinase Tie2, expressed on endothelial cells. Coadministration of Ang-1 and
VEGF enhanced collateral vascularization in a rabbit ischemic hindlimb model [35].

HGF is a potent angiogenic factor which stimulates endothelial cell motility and growth
[36]. HGF gene transfer in a rat MI model resulted in significantly preserved myocardial
function, and was associated with significant angiogenesis and a reduction in apoptosis [37].
Tomita et al. [38] demonstrated that HGF stimulated the expression of MMP-1, VEGF, HGF
itself, and HGF putative receptor, c-met in human endothelial cells and vascular smooth
muscle cells. Upregulation of angiogenesis related genes was largely dependent on the
induction of transcription factor ets-1. HGF putative receptor, c-Met, was also identified on
murine MSCs. The MSCs successfully achieved MSC commitment towards cardiac
phenotype through HGF stimulation [39]. In this study, HGF activity in MSCs was shown to
activate the ras-ERK1/2 and p38 MAPKSs as well as the PI3K/Akt pathways. Another factor,
IGF-1 plays a role in endothelial cell migration and angiogenesis [40], as well as in the
activation of endogenous stem cells. The local delivery of both the IGF-1 and HGF in the
infarcted heart resulted in the migration of c-kit+ cardiac stem cells toward the injured area
and the regeneration of dead portions of the myocardium [41].
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TGF-p is another potent angiogenic factor released by MSCs [22]. TGF-B maintains
endothelial cell quiescence and induces vessel maturation, promotes basement membrane
deposition, and enhances the interactions between endothelial cells and mural cells [42,43].
In addition, TGF-B regulates angiogenesis by influencing the expression and the activities of
other angiogenic factors VEGF and PDGF, which are the direct target genes of TGF- via
Smad proteins [44,45]. TGF-B is also reported to promote angiogenesis at least in part via
the secretion of the survival factors TGF-a and VEGF, which activate PI3K/Akt and MAPK
pathways [25].

MSC secretes significant levels of MCP-1 and IL-6 [26]. Kwon et al [25] found significant
levels of these cytokines in human MSC conditioned media and demonstrated their
angiogenic activity using specific neutralizing antibodies. MCP-1 modulates angiogenesis
by inducing endothelial cell migration and sprouting. In addition, MCP-1 participates in
VEGF-mediated angiogenesis and increases vascular permeability [46] and upregulates
VEGF expression [47]. MCP-1 is also suggested to induce chemotaxis of endothelial cells
[48] or upregulate the expression of hypoxia inducible factor 1a., which in turn induces
VEGF-A [47]. Studies by Ma et al. showed that MCP-1 mediates the angiogenic effect of
TGF-p by recruiting vascular smooth muscle cells and mesenchymal cells toward
endothelial cells thus promoting the maturation of new blood vessels [42]. MCP-1 is a direct
gene target of TGF-B, and Smad 3/4 can bind to the MCP-1 promoter and increase its
activity. Another paracrine factor, IL-6 is a potent proangiogenic cytokine which stimulates
endothelial cell and smooth muscle cell proliferation and migration in vitro, as well as,
promotes neovascularization [49]. Shabbir et al. [50] demonstrated that MSC-derived IL-6-
type cytokines activate the skeletal muscle JAK-STAT3 axis and increase the levels of VEGF
and HGF in the cardiac tissue, when injected into the skeletal muscles of a hamster model of
cardiomyopathy.

Another important trophic factor released by MSCs is SDF-1a [27]. SDF-1a is an
important chemoattractant for progenitor cells and plays a critical role in endogenous stem
cell migration, adhesion, homing, and recruitment from bone marrow. The homing and
migration of stem cells is affected through activation of a G protein—coupled receptor,
CXCR4 [51]. Moreover, SDF-1 pretreatment can protect the resident cardiomyocytes from
apoptosis and improve their survival by paracrine secretion of FGF2 and VEGF. SDF-1/
CXCR4 also plays a pivotal role in the biologic and physiologic functions of MSCs [52,53].
Moreover, the local delivery of SDF-1a into injured tissue promotes the recruitment of
circulating mesenchymal stromal and progenitor cells to lesions in the heart [54,55].

Vascular repair by MSC paracrine factors in Restenosis

Endothelial denudation and intimal hyperplasia are two of the prime mechanisms leading to
restenosis. MSCs are reported to reduce neointimal formation by immunomodulation at the
area of injury and by their paracrine effect of stimulation of endogenous stem cells from
bone marrow in situ, rather than the direct integration into the endothelial layer (Figure 1).
MSC:s effectively reduced surgically induced stenosis in rat carotids 30 days following
systemic intravenous administration [56].
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The lumen area in MSC-treated carotids was 36% greater than in control arteries and inward
remodeling was limited in MSC-treated carotids. The injected MSCs caused the reduction in
the mRNA expression levels of inflammation related genes IL-1p and MCP-1 after 7 days of
MSC treatment. The levels of TGF-B, an immunosuppressive cytokine, increased at injury
site in MSC-treated arteries, which could have induced a suppression of local immune
response. In this study, MSC did not contribute to endothelial cell recovery and the
improvement was mostly attributed to the immunomodulatory and paracrine role of MSCs
[56]. A follow up study showed increased expression of VEGF at the injury site and
decrease in the serum levels of inflammation related molecules, CXCL1, ICAM-1, L-
Selectin, LIX/CXCL5 and CCL5/RANTES, possibly leading to the rapid repair of the
injured vessel wall. The immuno-modulatory activity of MSCs was confirmed by the
decreased expression of Toll like receptor (TLR)2 and TLR4 in injured carotids [57].

The paracrine effect of MSCs was also observed in another study where MSCs inhibited
neointimal hyperplasia in a carotid artery ligation model by decreasing the initial
inflammation at the lesion area. There was decreased macrophage infiltration into the ligated
artery, as well as, decreased serum levels of MCP-1 and 3, seven days after the
administration of MSCs [58]. However, here also there was no indication of MSC
incorporation into the lesion. This lead the authors to hypothesize that the effect might also
be due to the mobilization of endogenous stem cells from the bone marrow to the peripheral
circulation, and the mobilized cells accumulate at the area of vascular injury which may
modulate the systemic and local inflammatory responses [58]. Similar results were obtained
in a wire injury model of rat femoral artery where the adipose derived MSCs potently and
significantly inhibited neointimal formation without being integrated in the endothelial layer.
In vitro studies demonstrated the cells release Ang-1, which might have stimulated the
migration of endothelial cells in situ and the repair of the endothelial layer in vivo [59].
MSCs also produce NO which is involved in the suppression of T cells as well as in vascular
remodeling [60].

Vascular injury can increase the levels of blood VEGF, GM-CSF, SDF-1a, SCF
concentrations which can mobilize MSCs from the bone marrow into the circulation [61].
The mobilized cells accumulate at the area of vascular injury which may modulate the
systemic and local inflammatory responses. The inflammatory cytokines, tumor necrosis
factor (TNF)-a., and IL-6 released at the injury site mobilized endogenous bone-marrow-
derived cells which played an important role in the process of neointimal hyperplasia after
vascular injury [62]. Another important early target for the paracrine influence of exogenous
MSC transfer are the resident stem cells [63]. Pericyte-like cells or MSCs from the
adventitia are reported to contribute to restenosis, and these cells are found to be higher in
injured arteries [64]. However, whether paracrine factors influence the proliferation or
differentiation of these cells war-rants further investigation.

Neovascularization by MSC paracrine factors in Peripheral Artery Disease

Peripheral vascular disease of the lower extremities comprises a clinical spectrum that
extends from asymptomatic disease to presentation with critical limb ischemia (CL1I) [65].
An impairment in function of endothelium and inhibition of neovascularization are the main
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factors for development of peripheral artery disease [66]. Neovascularization is a complex
process, involving degradation of the basement membrane by proteases, proliferation and
migration of EPCs, lumen formation, basement membrane assembly, recruitment of
pericytes or vascular smooth muscle cells, vascular maturation and finally blood flow. These
processes are mediated by several growth factors like VEGF, FGF and PDGF [67].

Accordingly, the concept of transplanting MSCs, capable of replenishing the ischemic tissue
with new vessels and preventing ischemic tissue damage, was visualized by many
researchers as a potent therapeutic modality [68,69]. In the first clinical trial using
intramuscular transplantation of bone marrow mononuclear cells in patients with hind limb
ischemia, beneficial effects were observed 24th week post cell injection [68]. Kinnaird et al.
were the first to demonstrate the potential of stromal cells to augment collateral flow to
ischemic tissue through paracrine mechanisms [70]. In this study, MSC injection into the
adductor muscles of the ischemic hindlimb improved limb function, reduced the incidence
of auto-amputation, and attenuated muscle atrophy and fibrosis. However, the injected MSCs
were seen dispersed between muscle fibers and were not seen incorporated into mature
collaterals. Injection of MSCs increased adductor muscle levels of FGF2 and VEGF protein
compared with controls and colocalization of VEGF and transplanted MSCs were observed.
In vitro studies showed the release of VEGF, FGF2, placental growth factor, and MCP-1 in
MSC conditioned media. In another study, systemic infusion of bone marrow derived cells
enriched for high aldehyde enzyme activity induced transient homing to the ischemic region
and the transplanted cells triggered collateral vessel formation or stabilization, resulting in
improved perfusion. However, these transplanted cells did not permanently integrate into
limb vasculature, suggesting the role of paracrine factors released by the ALDHbhi cells in
increasing blood vessel density and improving limb perfusion [71].

One of the novel approaches is the perivascular delivery of genetically modified cell
encapsulated beads to enhance functional neovascularization in ischemic femoral artery in
an immunocompetent mouse model [72]. Glucagon-like peptide-1 (GLP-1) is a major
incretin hormone that functions to regulate blood glucose homeostasis, and also has also
been demonstrated to exhibit anti-apototic and pro-angiogenic effects. However, the short
half-life of GLP-1 in vivo limits its clinical usefulness. MSCs genetically modified with
GLP-1 were encapsulated to miniature beads made of a permeable biocompatible alginate
which allowed diffusion of inherent paracrine factors like VEGF. The cell viability was
ensured by inherent shell to core ratio. Cell beads in the perivascular space enhanced
collateralization and neo-angiogenesis through secretion of a variety of paracrine factors that
may act directly or indirectly by inducing the upregulation of pro-angiogenic chemokines
and downregulation of anti-angiogenic genes. There was a marked increase in genes
associated with angiogenesis, such as endoglin, VEGF-A, sphingosine kinase 1, Ang 4,
IL-8, and heparanase, in ischemic muscles of microbead-MSC and microbead-MSC-GLP
treated mice compared with the control. The expression of several anti-angiogenic genes,
such as tissue inhibitor of metalloproteinase 2, tissue inhibitor of metalloproteinase 3, and
thrombospondin 2, and proinflammatory genes associated with T lymphocytes induction of
MSC apoptosis, including interferon-y and TNF-a decreased. Investigation of interaction of
differentially regulated genes indicated that transplantation of micro bead-MSCs interferes
with a molecular network centered on VEGF-A, IL-6, interferon-y, and TNF-a, leading to
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changes in the balance between angiogenic mediators (the chemokines CXCL3 and CCL2/
MCP1, the membrane glycoprotein endoglin, and the S1P activator sphingosine kinase 1,
stabilizers of vascular growth (Ang 4 and thrombospondin 1), and enzymes implicated in
activation (heparanase) or inhibition (tissue inhibitor of metalloproteinases) of extracellular
matrix degradation. There was reduced expression of p2-microglobulin, which is a
biomarker of peripheral vascular disease after the treatment. This study represents a
significant improvement over conventional intramuscular cell therapy, which disperses cells
and therapeutic mediators in an unpredictable manner. Encapsulation of human MSCs
prevents rapid inactivation of transplanted cells providing a potential means of treating
patients with severely debilitating limb ischemia with a single off-the shelf cell product [72].

MSC paracrine factors in Myocardial Infarction

Vascular repair mechanisms constitute an important means to reduce myocardial injury and
to improve cardiac function following MI. MSCs are known to secrete soluble paracrine
factors that have been postulated to contribute to endogenous cardiomyogenesis and
angiogenesis. Proposed mechanisms of paracrine action of MSCs in Ml include the
enhancement/modulation of neovascularization, cytoprotection, inhibition of fibrosis and
stimulation of differentiation of tissue specific stem cells. The cardiovascular repair is
modulated by the signaling and growth factors released by MSCs, SDF-1 (SDF-1/CXCL12),
VEGF, HGF, IGF-1, FGF-2, hypoxia inducible factor-1 (HIF-1a)), Ang-1, MCP-1, IL-1 and
6, placental growth factor, plasminogen activator, TNF-a. [73]. MSCs significantly
expressed Hypoxia-inducible factor 1-alpha (HIF-1a), and increased the capillary density,
angiogenic cytokine levels, Ang-1 and VEGF-A levels in mouse MI model [74]. There was
also an increased expression of chemotactic factor granulocyte chemotactic protein-2
(GCP-2), neutrophil-activating protein-2 (NAP-2) as well as the chemokine receptors CCR2,
CCR3 and CCR5 demonstrating the chemotactic potential of these cells. In another study,
the presence of angiogenic (VEGF, endothelin, and epiregulin), anti-apoptotic (Galectin-3,
Smad-5, sRFP-1, and sRFP-4) and anti-remodeling factors (TIMP-1 and TIMP-2) were
detected in the tissue seven days following the intracoronary infusion of concentrated MSC-
derived growth factors [75].

Genetically modified bone marrow—derived MSCs overexpressing the Aktl gene, release
paracrine factors that exert cytoprotective effects on cardiomyocytes exposed to hypoxia
[76]. Concentrated conditioned medium was injected into five different sites in the heart at
the infarct border zone 30 min after left coronary artery occlusion in rodent model. A
marked antiapoptotic effect was observed after the injection of Akt concentrated medium,
yielding a 69% reduction of TUNEL-positive cardiomyocytes as compared with the control
concentrated medium group. Several genes coding for VEGF, FGF-2, HGF, IGF-I, secreted
by the MSCs and known to exert pro-angiogenic, cardioprotective, and inotropic actions, are
upregulated in hypoxic Akt-MSCs, and these factors could mediate the functional
improvements observed [77]. Secreted frizzled related protein2 was identified as a major
paracrine mediator of Akt-MSCs myocardial survival and reparative effects, and it is known
to modulate cell function through wnt signaling [78]. Hypoxia and Akt induced Stem cell
Factor (HASF) is another novel factor secreted by MSCs which promotes cardiomyocyte
proliferation and also have a cytoprotective effect on ischemia induced cardiomyocyte death.
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HASF induces cardiomyocyte proliferation via a phosphoinositide 3-kinase—protein kinase
B-cycle-dependent kinase 7 pathway [79]. The cytoprotective effect was regulated through
the activation of protein kinase C e (PKCe) [80].

In a rat model of MI, delivery of MSCs overexpressed for SDF-1a or CXCL12, chemotactic
factor for stem cells, enhanced MSC survival and paracrine function in the transplanted area,
promoted angiogenesis in the infarcted hearts, and transcriptionally inhibited type I and Il
collagen, MMP-2, and MMP-9 gene expression. HGF was one of the paracrine factors
involved in the process [81]. The adenovirus mediated overexpression of cGMP-dependent
protein kinase type 1 a (PKG1 a) transgene, a critical mediator of cGMP signaling in
cardiovascular system in MSCs, significantly enhanced their resistance to ischemic stress in
the infarcted heart via an antiapoptotic mechanism and a coordinated increase of
angiogenesis by paracrine factors in ischemic hearts [82]. mMRNA expression of pro-survival
and angiogenic factors including HGF, FGF2, SDF-1 and Ang-1, and protein expression of
antiapoptosis proteins, pAkt, pGSK3p and Bcl-2 significantly increased before and after
oxygen glucose deprivation. The secreted paracrine factors were prominent within 72 h after
transplantation and affected the cellular milieu for stem cell retention and survival. At 4
weeks after transplantation, compared to the control group, PKG1la MSCs group showed
increased blood vessel density in infarct and periinfarct areas.

Another possible mechanism in which MSC exerts it paracrine effect is through mobilization
of endogenous cardiac stem cells (CSCs) to the injured site. MSC-conditioned medium
induced increased migration of resident stem cells from human cardiac tissue and PDGF
receptor a played an important role in the migration process [83]. The results from this
study definitely designate the relevance for future in vivo models examining the migrating
behavior of cardiac progenitors after administration of MSC-conditioned medium, and
growth factors like PDGF-AA.

MSC paracrine factors can also induce transdifferentiation of MSCs to cardiomyocytes
which can enhance cardiac function. Transplantation of MSC engineered with Wnt protein,
Whntl1 into the border of ischemic myocardium contributed to cardiac function recovery
from acute ischemic injury and protected cardiomyocytes at risk in rat model via paracrine
manner. Identification of the factors responsible for MSCWnt11-mediated cardioprotection
showed significant increase in TGFP2. Furthermore, function-blocking antibodies to Wntl11
and TGFB2 compromised the cardioprotective effect of cardiomyocytes differentiated from
MSC-Wnt11 [84]. In vitro studies showed significant increase in the potential trans-
differentiation of Wnt11-MSC into cardiac phenotype after co-culture with native
cardiomyocytes for 7 days. The differentiation rate was significantly increased from 17.1%
in MSCNull to 26.1% in MSCWnt11. A possible mechanism stated was the Wnt11
upregulation of GATA-4 in MSC, which has been documented to upregulate the expression
of growth factors, prosurvival factors (eg, Bcl-2), and several heat shock proteins, and
cytokines any of these could have mediated the cytoprotective effects [84].

The therapeutic benefits of MSCs could be enhanced in vivo by encapsulating them in
selectively permeable biocompatible microbeads before delivery (Figure 2) [51,52]. Similar
to the study previously described in peripheral artery desease [72], GLP-1 modified MSC
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encapsulated in selectively permeable biocompatible microbeads were used to enhance
therapeutic benefits of MSCs in M1 [85,86]. Approximately 3500 human MSCs were
embedded alginate beads of 600um diameter. The beads were selectively permeable which
allowed passage of oxygen and nutrients to enable MSC survival while also protecting
MSCs from host immune response [85]. Approximately 1900 cell beads were infused via a
single intracoronary injection to coronary artery branches of a porcine model of early
ischemic LV dysfunction. The cell beads provided a prolonged supply of GLP-1 and
paracrine stem cell factors, which improved LV function and reduced epicardial infarct size.
This was associated with increased angiogenesis and an altered remodeling response.
However, an increased initial inflammatory response was observed which could partly be
explained by human factors being detected by the host animal, creating a xenogenic
response. The use of collagen tissue patches incorporated with MSCs is another effective
solution to treat chronic MIl. MSC-patch can promote reverse remodeling of the infarcted
area through paracrine mechanisms, and a functional myo-cardial improvement [87].

Strategies to enhance the release of paracrine factors by the MSCs

Genetic modification

Genetic modification of MSCs improve survival, metabolic characteristics, contractility,
proliferative capacity, or differentiation and also enhance the release of paracrine factors
[88]. Heat-shock proteins (Hsps) have been shown to render cardioprotection from stress-
induced injury [89]. MSCs adenovirally transduced with Hsp-20 showed enhanced release of
growth factors VEGF, FGF-2, and IGF-1 on exposure to oxidative stress [90]. There was an
80% increase in the secretion of VEGF, 55% increase of FGF-2 and a 39% increase of
IGF-1 in Hsp20-MSCs compared to that of control GFP-modified MSCs upon H202
treatment for 5 hours. Therefore, transplantation of Hsp20-MSCs could provide adequate
magnitude and duration of VEGF, FGF-2, and IGF-1 release in the ischemic myocardium,
which would provide cardio protective effects and induce revascularization in ischemic
heart.

Rat MSCs retrovirally transduced to overexpress the prosurvival gene murine Aktl (MSC-
Akt), were more resistant to apoptosis and improved cardiac function when injected into
ischemic myocardium [91]. MSC-Akt improved early repair despite transient engraftment,
low levels of cellular fusion, and differentiation. Early paracrine mechanisms mediated by
MSCs were responsible for enhancing the survival of existing myocytes and Akt could alter
the secretion of various cytokines and growth factors. Analysis of expression profiles of
MSC-Akt versus MSC-GFP has observed an enhanced expression of numerous secreted
proteins having cardioprotective and/or angiogenic properties especially under hypoxic
conditions [92]. VEGF overexpressed MSCs using adenoviral vector contributed to
myocardial tissue repair by releasing SDF-1a which then induced mobilization and
migration of cardiac stem cells (CSCs) into infarcted areas [27]. The differentiation of CSCs
to endothelial cells by the stimulation of VEGF and SDF-1a lead to the enhanced
angiogenesis in infarcted myocardium. The newly formed blood vessels and stem cells-
differentiated cardiomyocytes worked together to restore the damaged myocardial tissues
and improve the function of injured heart.
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Hypoxia

MSCs transiently transfected with a Notch1 intracellular domain (NICD)-expressing
plasmid secreted increased levels of angiogenin, Ang-2, Heparin-binding epidermal growth
factor-like growth factor (HB-EGF), and VEGF levels compared to the corresponding
parental MSCs [93]. The cell-secreted angiogenic factors promoted several 9 aspects of
angiogenesis, which likely contributed to promoting recovery in the injured brain. MSCs
lentivirally transduced with GM-CSF produced larger vessels in mouse ischemic limbs when
compared to that of MSCs alone, which is an important long-term advantage since larger
vessels are more efficient in the reperfusion of ischemic tissues physiologically [94].

Hypoxia has been shown to enhance paracrine release of angiogenic factors from MSCs
which can improve its therapeutic benefit both in vitro and in vivo. Conditioned media from
hypoxic MSCs produce higher amounts of antiapoptotic and angiogenic factors, such as
IL-6, VEGF, FGF2, IGF-1, or HGF [95-97]. Conditioned media from hypoxic MSCs
reduced apoptosis and enhanced tube formation in human endothelial cells when compared
to one from normoxic MSCs. The hypoxic MSC-conditioned medium activated the PI3K-
Akt pathway in endothelial cells and thereby inhibited hypoxia-induced endothelial
apoptosis and increased angiogenesis of endothelial cells in vitro [98].

Hypoxia preconditioned MSCs had a greater capacity to engraft ischemic tissue and induce
neoangiogenesis in a murine limb ischemia model. Wnt4 signaling was an important factor
in this hypoxia induced tissue regeneration, as well as vessel formation and stabilization
[99]. MSC cultured in hypoxia induced expression of cMet, the major receptor for HGF, and
enhanced cMet signaling, suggesting a mechanism by which hypoxia enhances the homing
and tissue-repairing capacity of MSC [100].

In vitro hypoxic preconditioning enhanced the capacity of MSCs to repair infarcted
myocardium. There was increased expression of pro-survival and pro-angiogenic factors
including hypoxia-inducible factor 1, Ang-1, VEGF, FIk-1, erythropoietin, Bcl-2, and Bcl-
XL in mice MI model following hypoxic preconditioning [101]. In another study, the
conditioned media from hypoxic MSCs when tested in a rodent model of MI caused a
significant reduction in left ventricular end-diastolic pressure and improvement of cardiac
contractility and relaxation compared to non-conditioned medium 19-21 days after medium
injection [102].

Preconditioning with TLR-agonists

Adult MSCs express functional Toll-like receptors (TLRS), including TLR (1-9) except
TLR8 [103]. MSCs employed in therapy can be potentially exposed to TLR ligands, which
may modulate their therapeutic potential in vivo. TLR3 activation augmented the release of
trophic factors by MSCs and enhanced their therapeutic potency [104]. MSC-
preconditioning using 4 pg/ml TLR3 agonist, Polyinosinic-polycytidylic acid (poly(l:C)) for
24 h, induced IL-6, IL-10, IL-11, LIF, VEGF, SDF1, and HGF without induction of the
inflammatory cytokines. Preconditioning of MSCs with LPS (TLR4 agonist) could promote
expression of cytokines, such as FGF2, IGF-1, and HGF [105]. TLR 2/6 agonist,
Macrophage-activating lipopeptide of 2kDa (MALP-2) could be used to stimulate MSCs in
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order to promote angiogenesis in vitro and in vivo [106]. MALP-2 is a bacterial lipopeptide
which naturally occurred in mycoplasma species and is recognized by a heterodimer of
TLR2 and TLR6 [107]. Conditioned medium from MALP-2-stimulated human MSCs
enhanced migration, proliferation and tube formation of endothelial cells in vitro. Among
the strongest induced factors identified were VEGF, GM-CSF, MCP-3, MCP-4 and platelet
endothelial cell adhesion molecule (PECAM)-1 [106].

Preconditioning with Phospholipids

Lysophosphatidic acid (LPA, 1-acyl-2-lyso-sn-glycero-3-phosphate), as a simple
endogenous bioactive phospholipid, is present in most tissues and biological fluids at nM to
UM concentrations and has diverse effects on cell function [108,109]. LPA promotes VEGF
secretion by human MSCs and this effect is enhanced under hypoxia, making LPA a natural
target for stimulating trophic factor secretion and endothelial cell recruitment in ischemic
defects [110]. LPA upregulated angiogenic growth factor production by MSCs under two-
and three-dimensional in vitro models of serum deprivation and hypoxia (SD/H), and that
these factors significantly enhanced endothelial cell migration [110]. Transplantation of LPA
treated MSCs increased capillary density in the myocardium and improved myocardial
function in the ischemic heart. In vitro experiments showed that LPA-induced VEGF
secretion of MSCs occurred at the post-transcriptional levels and was mediated through the
classical ER/Golgi-dependent protein secretory route. LPA also increased ORP150, a
chaperone in ER, protein expression [108].

Improved cell selection methods

Selective enrichment of immature mesenchymal precursor cells (MPC) in the culture based
on their expression of cell surface antigens is another strategy to improve the release of
growth factors. Prospective immunoselection of STRO-1+ or STRO-3+ MPCs have reported
to be advantageous in maintaining an immature mesenchymal precursor population during
ex vivo expansion [111,112]. Enrichment for STRO-1 increased the expression of
cardiovascular-relevant cytokines and enhanced trophic activity [111]. STRO-1-MPC
exhibited higher expression of CXCL12 and HGF, which are crucial in endothelial tube
formation and cardiac cell proliferation. The culture-expanded progeny of STRO-3+ MPCs
demonstrated therapeutic potential in the post-MI heart, attributable at least in part, to the
secretion of pro-angiogenic and cardioprotective factors [112]. Compared to MSCs
conventionally isolated by plastic adherence, STRO-3+ MPCs demonstrated increased
proliferative capacity during culture expansion, expressed higher levels of early ‘stem cell’
markers and various pro-angiogenic and cardioprotective cytokines, and exhibited greater
trilineage developmental efficiency [112].

Improved cell culture methods

The culturing of hMSCs as three-dimensional cellular aggregates provides a method to
concentrate proangiogenic factors secreted by hMSCs and allows for reduction of serum
concentration in conditioned medium [113]. Analysis of paracrine factors in medium
conditioned by a monolayer of hMSCs and hMSC spheroids demonstrated 5-20 times
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increase in the concentrations of VEGF, FGF-2, angiogenin, procathepsin B, IL-11, and
bone morphogenic protein 2 in medium conditioned by hMSC spheroids. The conditioned
medium by hMSC spheroids were more effective in stimulation of umbilical vein endothelial
cell proliferation, migration, and basement membrane invasion than medium conditioned by
a monolayer of hMSCs. This medium also promoted endothelial cell survival in vitro.

Biomaterial based approach

The use of instructive biomaterial-based scaffolds with cues to direct increased secretion of
paracrine factors is another approach. This method can potentially mitigate the use of
preconditioning strategies, as well as, the prolonged in vitro culture required to generate
genetically modified cells that over express growth factors. Biocompatible matrices like
alginate and fibrin gels have been incorporated with proteins or peptides to promote cell
adhesion and to instruct cell phenotype to enhance the release of trophic factors.
Conjugation of the proangiogenic tripeptide, Glycine-Histidine-Lysine (GHK), to alginate
hydrogels significantly increased MSC trophic factor secretion [114]. The localized
presentation of GHK would enhance trophic factor secretion by MSC and that this signal
was covalently incorporated into alginate gels to drive production of these factors by
entrapped cells [114]. Fibrin gels incorporated with Lysophosphatidic Acid (LPA) were used
as carriers of MSCs to enhance revascularization in hindlimb ischemia. Adipose derived
MSCs responded to LPA when incorporated to fibrin gels without any preconditioning
regimens [110].

The diverse microenvironments for example, the substrate elasticity also influences the
secretory profile of MSC-derived trophic factors. IL-8 was up-regulated as much as 90-fold
in MSCs cultured for 2 days on hard substrates, whereas levels were consistently low on soft
substrates [115]. Tailoring the composition of the scaffold has also an influence on the
trophic factor release. Controlling the mass ratio of hydoxyapatite to polymer Poly(Lactide-
Co-Glycolide) (PLG) composite scaffold could modulate the trophic factor secretion by
human MSCs [116]. Eight weeks after implantation, scaffolds with higher HA:PLG ratios
exhibited greater vascularization and more mineralized tissue.

Conclusion

There is mounting evidence that paracrine factors released by the MSCs contribute to the
vascular repair and regeneration. The use of MSC conditioned media which contains a
cocktail of growth factors and cytokines provides an easy alternative to cell-based therapy.
Several concerns regarding the application of MSCs in vasculature, such as the possibility of
embolization of MSCs in the small vessels, smooth muscle cell differentiation of the MSCs,
chance of pro-fibrotic effect on the vessel wall, and their ability to promote deleterious
expansion of adventitial vasa vasorum due to angiogenesis, could be avoided by the
application of direct application of stem cell paracrine factors in the vessel wall. The use of
preconditioned, genetically engineered and physically modulated MSCs will enhance the
release of the growth factors and significantly advance this therapy. However, care should be
taken that the MSCs also secrete inflammatory cytokines such as TNF-a and IL-6, which
can be deleterious to the tissue. The micro-environment in which the MSC factors are
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injected also regulates the activity of these factors. The nature of the MSC secretome from
MSC:s of different sources and different passage should be extensively characterized before
clinical use. Nevertheless, this cell free therapy holds great promise in that the identification
of key molecules in the MSC-CM that mediate different aspects of angiogenesis will allow
development of efficient drug therapies to treat ischemic diseases in the future.

Acknowledgments

The ongoing work in our laboratory related to this review is supported by Nebraska Cancer and Smoking Disease
Research grant (LB506) 2014-28 to Dr. Pankajakshan and NIH grant RO1HL 112597 to Dr. Agrawal.

References

1. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, et al. Human adipose tissue is a source of
multipotent stem cells. Mol Biol Cell. 2002; 13:4279-4295. [PubMed: 12475952]

2. Kuo TK, Hung SP, Chuang CH, Chen CT, Shih YR, et al. Stem cell therapy for liver disease:
parameters governing the success of using bone marrow mesenchymal stem cells. Gastroenterology.
2008; 134:2111-2121. [PubMed: 18455168]

3. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem cells
(DPSCs) in vitro and in vivo. Proc Natl Acad Sci U S A. 2000; 97:13625-13630. [PubMed:
11087820]

4. In ‘t Anker PS, Scherjon SA, Kleijburg-van der Keur C, Noort WA, Claas FH, et al. Amniotic fluid
as a novel source of mesenchymal stem cells for therapeutic transplantation. Blood. 2003;
102:1548-1549. [PubMed: 12900350]

5. Bieback K, Kern S, Kluter H, Eichler H. Critical parameters for the isolation of mesenchymal stem
cells from umbilical cord blood. Stem Cells. 2004; 22:625-634. [PubMed: 15277708]

6. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, et al. Minimal criteria for
defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy
position statement. Cytotherapy. 2006; 8:315-317. [PubMed: 16923606]

7. Oswald J, Boxberger S, Jorgensen B, Feldmann S, Ehninger G, et al. Mesenchymal stem cells can
be differentiated into endothelial cells in vitro. Stem Cells. 2004; 22:377-384. [PubMed: 15153614]

8. Pankajakshan D, Kansal V, Agrawal DK. In vitro differentiation of bone marrow derived porcine
mesenchymal stem cells to endothelial cells. J Tissue Eng Regen Med. 2013; 7:911-920. [PubMed:
22605545]

9. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science. 1997;
276:71-74. [PubMed: 9082988]

10. Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human mesenchymal stem cells

differentiate to a cardiomyocyte phenotype in the adult murine heart. Circulation. 2002; 105:93—
98. [PubMed: 11772882]

11. Ishii K, Yoshida Y, Akechi Y, Sakabe T, Nishio R, et al. Hepatic differentiation of human bone
marrow-derived mesenchymal stem cells by tetracycline-regulated hepatocyte nuclear factor 3beta.
Hepatology. 2008; 48:597-606. [PubMed: 18666263]

12. Dezawa M, Kanno H, Hoshino M, Cho H, Matsumoto N, et al. Specific induction of neuronal cells
from bone marrow stromal cells and application for autologous transplantation. J Clin Invest.
2004; 113:1701-1710. [PubMed: 15199405]

13. Ghannam S, Bouffi C, Djouad F, Jorgensen C, Noel D. Immunosuppression by mesenchymal stem
cells: mechanisms and clinical applications. Stem Cell Res Ther. 2010; 1:2. [PubMed: 20504283]

14. Ghannam S, Pene J, Moquet-Torcy G, Jorgensen C, Yssel H. Mesenchymal stem cells inhibit
human Th17 cell differentiation and function and induce a T regulatory cell phenotype. J
Immunol. 2010; 185:302-312. [PubMed: 20511548]

15. Kouris NA, Schaefer JA, Hatta M, Freeman BT, Kamp TJ, et al. Directed Fusion of Mesenchymal
Stem Cells with Cardiomyocytes via VSV-G Facilitates Stem Cell Programming. Stem Cells Int.
2012:414038. [PubMed: 22701126]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pankajakshan and Agrawal Page 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

33.

34.

35.

Acquistapace A, Bru T, Lesault PF, Figeac F, Coudert AE, et al. Human mesenchymal stem cells
reprogram adult cardiomyocytes toward a progenitor-like state through partial cell fusion and
mitochondria transfer. Stem Cells. 29:812-824.

Biancone L, Bruno S, Deregibus MC, Tetta C, Camussi G. Therapeutic potential of mesenchymal
stem cell-derived microvesicles. Nephrol Dial Transplant. 2011; 27:3037-3042.

Martinez MC, Andriantsitohaina R. Microparticles in angiogenesis: therapeutic potential. Circ Re.
2011; 109:110-1109.

Bian S, Zhang L, Duan L, Wang X, Min Y, et al. Extracellular vesicles derived from human bone
marrow mesenchymal stem cells promote angiogenesis in a rat myocardial infarction model. J Mol
Med (Berl). 2014; 92:387-397. [PubMed: 24337504]

Gnecchi M, Zhang Z, Ni A, Dzau VJ. Paracrine mechanisms in adult stem cell signaling and
therapy. Circ Res. 2008; 103:1204-1219. [PubMed: 19028920]

Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, et al. Marrow-derived stromal cells express
genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro and in vivo
arteriogenesis through paracrine mechanisms. Circ Res. 2004; 94:678-685. [PubMed: 14739163]
Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ, et al. Secretion of angiogenic and
antiapoptotic factors by human adipose stromal cells. Circulation. 2004; 109:1292-1298.
[PubMed: 14993122]

Kamihata H, Matsubara H, Nishiue T, Fujiyama S, Tsutsumi Y, et al. Implantation of bone marrow
mononuclear cells into ischemic myocardium enhances collateral perfusion and regional function
via side supply of angioblasts, angiogenic ligands, and cytokines. Circulation. 2001; 104:1046—
1052. [PubMed: 11524400]

Togel F, Weiss K, Yang Y, Hu Z, Zhang P, et al. Vasculotropic, paracrine actions of infused
mesenchymal stem cells are important to the recovery from acute kidney injury. Am J Physiol
Renal Physiol. 2007; 292:F1626-35. [PubMed: 17213465]

Kwon HM, Hur SM, Park KY, Kim CK, Kim YM, et al. Multiple paracrine factors secreted by
mesenchymal stem cells contribute to angiogenesis. Vascul Pharmacol. :S1537-1891.

Boomsma RA, Geenen DL. Mesenchymal stem cells secrete multiple cytokines that promote
angiogenesis and have contrasting effects on chemotaxis and apoptosis. PLoS One. 2012;
7:€35685. [PubMed: 22558198]

Tang JM, Wang JN, Zhang L, Zheng F, Yang JY, et al. VEGF/SDF-1 promotes cardiac stem cell
mobilization and myocardial repair in the infarcted heart. Cardiovasc Res. 91:402-411.

Meirelles Lda S, Fontes AM, Covas DT, Caplan Al. Mechanisms involved in the therapeutic
properties of mesenchymal stem cells. Cytokine Growth Factor Rev. 2009; 20:419-427. [PubMed:
19926330]

Seghezzi G, Patel S, Ren CJ, Gualandris A, Pintucci G, et al. Fibroblast growth factor-2 (FGF-2)
induces vascular endothelial growth factor (VEGF) expression in the endothelial cells of forming
capillaries: an autocrine mechanism contributing to angiogenesis. J Cell Biol. 1998; 141:1659-
1673. [PubMed: 9647657]

Risau W. Mechanisms of angiogenesis. Nature. 1997; 386:671-674. [PubMed: 9109485]
Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ. Vascular-specific growth factors and
blood vessel formation. Nature. 2000; 407:242—248. [PubMed: 11001067]

Asahara T, Bauters C, Zheng LP, Takeshita S, Bunting S, et al. Synergistic effect of vascular
endothelial growth factor and basic fibroblast growth factor on angiogenesis in vivo. Circulation.
1995; 92:11365-71. [PubMed: 7586439]

Wu Y, Chen L, Scott PG, Tredget EE. Mesenchymal stem cells enhance wound healing through
differentiation and angiogenesis. Stem Cells. 2007; 25:2648-2659. [PubMed: 17615264]
Zacharek A, Chen J, Cui X, Li A, Li Y, et al. Angiopoietinl/Tie2 and VEGF/FIk1 induced by MSC
treatment amplifies angiogenesis and vascular stabilization after stroke. J Cereb Blood Flow
Metab. 2007; 27:1684-1691. [PubMed: 17356562]

Chae JK, Kim I, Lim ST, Chung MJ, Kim WH, et al. Coadministration of angiopoietin-1 and
vascular endothelial growth factor enhances collateral vascularization. Arterioscler Thromb Vasc
Biol. 2000; 20:2573-2578. [PubMed: 11116055]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pankajakshan and Agrawal Page 15

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Bussolino F, Di Renzo MF, Ziche M, Bocchietto E, Olivero M, et al. Hepatocyte growth factor is a
potent angiogenic factor which stimulates endothelial cell motility and growth. J Cell Biol. 1992;
119:629-641. [PubMed: 1383237]

Jayasankar V, Woo YJ, Bish LT, Pirolli TJ, Chatterjee S, et al. Gene transfer of hepatocyte growth
factor attenuates postinfarction heart failure. Circulation. 2003; 108(Suppl 1):11230-6. [PubMed:
12970238]

Tomita N, Morishita R, Taniyama Y, Koike H, Aoki M, et al. Angiogenic property of hepatocyte
growth factor is dependent on upregulation of essential transcription factor for angiogenesis, ets-1.
Circulation. 2003; 107:1411-1417. [PubMed: 12642363]

Forte G, Minieri M, Cossa P, Antenucci D, Sala M, et al. Hepatocyte growth factor effects on
mesenchymal stem cells: proliferation, migration, and differentiation. Stem Cells. 2006; 24:23-33.
[PubMed: 16100005]

Shigematsu S, Yamauchi K, Nakajima K, lijima S, Aizawa T, et al. IGF-1 regulates migration and
angiogenesis of human endothelial cells. Endocr J. 1999:S59-62. [PubMed: 12054122]

Urbanek K, Rota M, Cascapera S, Bearzi C, Nascimbene A, et al. Cardiac stem cells possess
growth factor-receptor systems that after activation regenerate the infarcted myocardium,
improving ventricular function and long-term survival. Circ Res. 2005; 97:663-673. [PubMed:
16141414]

Ma J, Wang Q, Fei T, Han JD, Chen YG. MCP-1 mediates TGF-beta-induced angiogenesis by
stimulating vascular smooth muscle cell migration. Blood. 2007; 109:987-994. [PubMed:
17032917]

Pepper MS. Transforming growth factor-beta: vasculogenesis, angiogenesis, and vessel wall
integrity. Cytokine Growth Factor Rev. 1997; 8:21-43. [PubMed: 9174661]

Taylor LM, Khachigian LM. Induction of platelet-derived growth factor B-chain expression by
transforming growth factor-beta involves transactivation by Smads. J Biol Chem. 2000;
275:16709-16716. [PubMed: 10828062]

Sanchez-Elsner T, Botella LM, Velasco B, Corbi A, Attisano L, Bernabeu C. Synergistic
cooperation between hypoxia and transforming growth factor-beta pathways on human vascular
endothelial growth factor gene expression. J Biol Chem. 2001; 276:38527-38535. [PubMed:
11486006]

Yamada M, Kim S, Egashira K, Takeya M, Ikeda T, et al. Molecular mechanism and role of
endothelial monocyte chemoattractant protein-1 induction by vascular endothelial growth factor.
Acrterioscler Thromb Vasc Biol. 2003; 23:1996-2001. [PubMed: 14500291]

Hong KH, Ryu J, Han KH. Monocyte chemoattractant protein-1-induced angiogenesis is mediated
by vascular endothelial growth factor-A. Blood. 2005; 105:1405-1407. [PubMed: 15498848]
Salcedo R, Ponce ML, Young HA, Wasserman K, Ward JM, et al. Human endothelial cells express
CCR2 and respond to MCP-1: direct role of MCP-1 in angiogenesis and tumor progression. Blood.
2000; 96:34-40. [PubMed: 10891427]

Fan'y, Ye J, Shen F, Zhu Y, Yeghiazarians Y, et al. Interleukin-6 stimulates circulating blood-
derived endothelial progenitor cell angiogenesis in vitro. J Cereb Blood Flow Metab. 2008; 28:90-
98. [PubMed: 17519976]

Shabbir A, Zisa D, Lin H, Mastri M, Roloff G, Suzuki G, et al. Activation of host tissue trophic
factors through JAK-STAT3 signaling: a mechanism of mesenchymal stem cell-mediated cardiac
repair. Am J Physiol Heart Circ Physiol. 2010; 299:H1428-38. [PubMed: 20852053]

Liu X, Duan B, Cheng Z, Jia X, Mao L, et al. SDF-1/CXCR4 axis modulates bone marrow
mesenchymal stem cell apoptosis, migration and cytokine secretion. Protein Cell. 2:845-854.
Wynn RF, Hart CA, Corradi-Perini C, O’Neill L, Evans CA, et al. A small proportion of
mesenchymal stem cells strongly expresses functionally active CXCR4 receptor capable of
promoting migration to bone marrow. Blood. 2004; 104:2643-2645. [PubMed: 15251986]

Dar A, Goichberg P, Shinder V, Kalinkovich A, Kollet O, et al. Chemokine receptor CXCR4-
dependent internalization and resecretion of functional chemokine SDF-1 by bone marrow
endothelial and stromal cells. Nat Immunol. 2005; 6:1038-1046. [PubMed: 16170318]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pankajakshan and Agrawal Page 16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Abbott JD, Huang Y, Liu D, Hickey R, Krause DS, et al. Stromal cell-derived factor-1alpha plays a
critical role in stem cell recruitment to the heart after myocardial infarction but is not sufficient to
induce homing in the absence of injury. Circulation. 2004; 110:3300-3305. [PubMed: 15533866]

Ma J, Ge J, Zhang S, Sun A, Shen J, et al. Time course of myocardial stromal cell-derived factor 1
expression and beneficial effects of intravenously administered bone marrow stem cells in rats
with experimental myocardial infarction. Basic Res Cardiol. 2005; 100:217-223. [PubMed:
15754085]

Forte A, Finicelli M, Mattia M, Berrino L, Rossi F, et al. Mesenchymal stem cells effectively
reduce surgically induced stenosis in rat carotids. J Cell Physiol. 2008; 217:789-799. [PubMed:
18690654]

Forte A, Rinaldi B, Sodano L, Berrino L, Rossi F, et al. Stem cell therapy for arterial restenosis:
potential parameters contributing to the success of bone marrow-derived mesenchymal stromal
cells. Cardiovasc Drugs Ther. 26:9-21.

Shoji M, Oskowitz A, Malone CD, Prockop DJ, Pochampally R. Human mesenchymal stromal
cells (MSCs) reduce neointimal hyperplasia in a mouse model of flow-restriction by transient
suppression of anti-inflammatory cytokines. J Atheroscler Thromb. 2011; 18:464-474. [PubMed:
21307612]

Takahashi M, Suzuki E, Oba S, Nishimatsu H, Kimura K, et al. Adipose tissue-derived stem cells
inhibit neointimal formation in a paracrine fashion in rat femoral artery. Am J Physiol Heart Circ
Physiol. 2010; 298:H415-423. [PubMed: 19940081]

Sato K, Ozaki K, Oh I, Meguro A, Hatanaka K, et al. Nitric oxide plays a critical role in
suppression of T-cell proliferation by mesenchymal stem cells. Blood. 2007; 109:228-234.
[PubMed: 16985180]

Wang CH, Cherng WJ, Yang NI, Kuo LT, Hsu CM, et al. Late-outgrowth endothelial cells attenuate
intimal hyperplasia contributed by mesenchymal stem cells after vascular injury. Arterioscler
Thromb Vasc Biol. 2008; 28:54-60. [PubMed: 17991877]

Shoji M, Koba S, Kobayashi Y. Roles of bone-marrow-derived cells and inflammatory cytokines in
neointimal hyperplasia after vascular injury. Biomed Res Int. 2014:945127. [PubMed: 24551856]
Psaltis PJ. Mechanistic insights into arterial repair with mesenchymal stromal cells :editorial to:
“Stem cell therapy for arterial restenosis: potential parameters contributing to the success of bone
marrow-derived mesenchymal stromal cells” by A. Forte et al. Cardiovasc Drugs Ther. 2012;
26:1-3. [PubMed: 22160790]

Tigges U, Komatsu M, Stallcup WB. Adventitial pericyte progenitor/mesenchymal stem cells
participate in the restenotic response to arterial injury. J Vasc Res. 2013; 50:134-144. [PubMed:
23258211]

Gupta PK, Chullikana A, Parakh R, Desai S, Das A, et al. A double blind randomized placebo
controlled phase 1I/11 study assessing the safety and efficacy of allogeneic bone marrow derived
mesenchymal stem cell in critical limb ischemia. J Transl Med. 2013; 11:143. [PubMed:
23758736]

Behrendt D, Ganz P. Endothelial function. From vascular biology to clinical applications. Am J
Cardiol. 2002; 90:40L-48L.

Lasala GP, Minguell JJ. Vascular disease and stem cell therapies. Br Med Bull. 2011; 98:187-197.
[PubMed: 21586448]

Tateishi-Yuyama E, Matsubara H, Murohara T, lkeda U, Shintani S, et al. Therapeutic angiogenesis
for patients with limb ischaemia by autologous transplantation of bone-marrow cells: a pilot study
and a randomised controlled trial. Lancet. 2002; 360:427-435. [PubMed: 12241713]

Shintani S, Murohara T, Ikeda H, Ueno T, Sasaki K, et al. Augmentation of postnatal
neovascularization with autologous bone marrow transplantation. Circulation. 2001; 103:897-903.
[PubMed: 11171801]

Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, et al. Local delivery of marrow-derived
stromal cells augments collateral perfusion through paracrine mechanisms. Circulation. 2004;
109:1543-1549. [PubMed: 15023891]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pankajakshan and Agrawal Page 17

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Capoccia BJ, Robson DL, Levac KD, Maxwell DJ, Hohm SA, et al. Revascularization of ischemic
limbs after transplantation of human bone marrow cells with high aldehyde dehydrogenase
activity. Blood. 2004; 113:5340-5351.

Katare R, Riu F, Rowlinson J, Lewis A, Holden R, et al. Perivascular delivery of encapsulated
mesenchymal stem cells improves postischemic angiogenesis via paracrine activation of VEGF-A.
Avrterioscler Thromb Vasc Biol. 33:1872-1880.

Psaltis PJ, Zannettino AC, Worthley SG, Gronthos S. Concise review: mesenchymal stromal cells:
potential for cardiovascular repair. Stem Cells. 2008; 26:2201-2210. [PubMed: 18599808]

Kim SW, Zhang HZ, Kim CE, Kim JM, Kim MH. Amniotic mesenchymal stem cells with robust
chemotactic properties are effective in the treatment of a myocardial infarction model. Int J
Cardiol. 2013; 168:1062-1069. [PubMed: 23218573]

Nguyen BK, Maltais S, Perrault LP, Tanguay JF, Tardif JC, et al. Improved function and
myocardial repair of infarcted heart by intracoronary injection of mesenchymal stem cell-derived
growth factors. J Cardiovasc Transl Res. 2010; 3:547-358. [PubMed: 20559784]

Gnecchi M, He H, Liang OD, Melo LG, Morello F, et al. Paracrine action accounts for marked
protection of ischemic heart by Akt-modified mesenchymal stem cells. Nat Med. 2005; 11:367—
368. [PubMed: 15812508]

Gnecchi M, He H, Noiseux N, Liang OD, Zhang L, et al. Evidence supporting paracrine hypothesis
for Akt-modified mesenchymal stem cell-mediated cardiac protection and functional improvement.
Faseb J. 2006; 20:661-669. [PubMed: 16581974]

Alfaro MP, Vincent A, Saraswati S, Thorne CA, Hong CC, et al. SFRP2 suppression of bone
morphogenic protein (BMP) and Wnt signaling mediates mesenchymal stem cell (MSC) self-
renewal promoting engraftment and myocardial repair. J Biol Chem. 2010; 285:35645-35653.
[PubMed: 20826809]

Beigi F, Schmeckpeper J, Pow-Anpongkul P, Payne JA, Zhang L, et al. C30rf58, a novel paracrine
protein, stimulates cardiomyocyte cell-cycle progression through the PI3K-AKT-CDK?7 pathway.
Circ Res. 2013; 113:372-380. [PubMed: 23784961]

Huang J, Guo J, Beigi F, Hodgkinson CP, Facundo HT, et al. HASF is a stem cell paracrine factor
that activates PKC epsilon mediated cytoprotection. J Mol Cell Cardiol. 66:157-164.

Tang J, Wang J, Guo L, Kong X, Yang J, et al. Mesenchymal stem cells modified with stromal cell-
derived factor 1 alpha improve cardiac remodeling via paracrine activation of hepatocyte growth
factor in a rat model of myocardial infarction. Mol Cells. 2010; 29:9-19. [PubMed: 20016947]
Wang L, Pasha Z, Wang S, Li N, Feng Y, et al. Protein kinase G1 alpha overexpression increases
stem cell survival and cardiac function after myocardial infarction. PLoS One. 2013; 8:e60087.
[PubMed: 23536905]

Windmolders S, De Boeck A, Koninckx R, Daniels A, De Wever O, et al. Mesenchymal stem cell
secreted platelet derived growth factor exerts a pro-migratory effect on resident Cardiac Atrial
appendage Stem Cells. J Mol Cell Cardiol. 2014; 66:177-188. [PubMed: 24326234]

Zuo S, Jones WK, Li H, He Z, Pasha Z, et al. Paracrine effect of Wnt11-overexpressing
mesenchymal stem cells on ischemic injury. Stem Cells Dev. 2012; 21:598-608. [PubMed:
21463175]

Wright EJ, Farrell KA, Malik N, Kassem M, Lewis AL, et al. Encapsulated glucagon-like
peptide-1-producing mesenchymal stem cells have a beneficial effect on failing pig hearts. Stem
Cells Transl Med. 2012; 1:759-769. [PubMed: 23197668]

Houtgraaf JH, de Jong R, Monkhorst K, Tempel D, van de Kamp E, et al. Feasibility of
intracoronary GLP-1 eluting CellBead infusion in acute myocardial infarction. Cell Transplant.
22:535-543.

Maureira P, Marie PY, Yu F, Poussier S, Liu Y, et al. Repairing chronic myocardial infarction with
autologous mesenchymal stem cells engineered tissue in rat promotes angiogenesis and limits
ventricular remodeling. J Biomed Sci. 2012; 19:93. [PubMed: 23146158]

Dzau VJ, Gnecchi M, Pachori AS. Enhancing stem cell therapy through genetic modification. J
Am Coll Cardiol. 2005; 46:1351-1353. [PubMed: 16198854]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pankajakshan and Agrawal Page 18

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

Fan GC, Ren X, Qian J, Yuan Q, Nicolaou P, et al. Novel cardioprotective role of a small heat-
shock protein, Hsp20, against ischemia/reperfusion injury. Circulation. 2005; 111:1792-1799.
[PubMed: 15809372]

Wang X, Zhao T, Huang W, Wang T, Qian J, et al. Hsp20-engineered mesenchymal stem cells are
resistant to oxidative stress via enhanced activation of Akt and increased secretion of growth
factors. Stem Cells. 2009; 27:3021-3031. [PubMed: 19816949]

Mangi AA, Noiseux N, Kong D, He H, Rezvani M, et al. Mesenchymal stem cells modified with
Akt prevent remodeling and restore performance of infarcted hearts. Nat Med. 2003; 9:1195-1201.
[PubMed: 12910262]

Noiseux N, Gnecchi M, Lopez-llasaca M, Zhang L, Solomon SD, et al. Mesenchymal stem cells
overexpressing Akt dramatically repair infarcted myocardium and improve cardiac function
despite infrequent cellular fusion or differentiation. Mol Ther. 2006; 14:840-850. [PubMed:
16965940]

Dao M, Tate CC, McGrogan M, Case CC. Comparing the angiogenic potency of naive marrow
stromal cells and Notch-transfected marrow stromal cells. J Transl Med. 2013; 11:81. [PubMed:
23531336]

da Cunha FF, Martins L, Martin PK, Stilhano RS, Paredes Gamero EJ, et al. Comparison of
treatments of peripheral arterial disease with mesenchymal stromal cells and mesenchymal stromal
cells modified with granulocyte and macrophage colony-stimulating factor. Cytotherapy. 2013;
15:820-829. [PubMed: 23660332]

Tsai CC, Yew TL, Yang DC, Huang WH, Hung SC. Benefits of hypoxic culture on bone marrow
multipotent stromal cells. Am J Blood Res. 2012; 2:148-159. [PubMed: 23119226]

Liu L, Gao J, Yuan Y, Chang Q, Liao Y, et al. Hypoxia preconditioned human adipose derived
mesenchymal stem cells enhance angiogenic potential via secretion of increased VEGF and bFGF.
Cell Biol Int. 2013; 37:551-560. [PubMed: 23505143]

Das R, Jahr H, van Osch GJ, Farrell E. The role of hypoxia in bone marrow-derived mesenchymal
stem cells: considerations for regenerative medicine approaches. Tissue Eng Part B Rev. 2010;
16:159-168. [PubMed: 19698058]

Hung SC, Pochampally RR, Chen SC, Hsu SC, Prockop DJ. Angiogenic effects of human
multipotent stromal cell conditioned medium activate the PI3K-Akt pathway in hypoxic
endothelial cells to inhibit apoptosis, increase survival, and stimulate angiogenesis. Stem Cells.
2007; 25:2363-2370. [PubMed: 17540857]

Leroux L, Descamps B, Tojais NF, Seguy B, Oses P, et al. Hypoxia preconditioned mesenchymal
stem cells improve vascular and skeletal muscle fiber regeneration after ischemia through a Wnt4-
dependent pathway. Mol Ther. 18:1545-1552.

. Rosova |, Dao M, Capoccia B, Link D, Nolta JA. Hypoxic preconditioning results in increased
motility and improved therapeutic potential of human mesenchymal stem cells. Stem Cells. 2008;
26:2173-2182. [PubMed: 18511601]

Hu X, Yu SP, Fraser JL, Lu Z, Ogle ME, et al. Transplantation of hypoxia-preconditioned
mesenchymal stem cells improves infarcted heart function via enhanced survival of implanted
cells and angiogenesis. J Thorac Cardiovasc Surg. 2008; 135:799-808. [PubMed: 18374759]
Fidelis-de-Oliveira P, Werneck-de-Castro JP, Pinho-Ribeiro V, Shalom BC, Nascimento-Silva JH,
et al. Soluble factors from multipotent mesenchymal stromal cells have antinecrotic effect on
cardiomyocytes in vitro and improve cardiac function in infarcted rat hearts. Cell Transplant.
2012; 21:1011-1021. [PubMed: 22305373]

Delarosa O, Dalemans W, Lombardo E. Toll-like receptors as modulators of mesenchymal stem
cells. Front Immunol. 2012; 3:182. [PubMed: 22783256]

104. Mastri M, Shah Z, McLaughlin T, Greene CJ, Baum L, et al. Activation of Toll-like receptor 3

amplifies mesenchymal stem cell trophic factors and enhances therapeutic potency. Am J Physiol
Cell Physiol. 2012; 303:C1021-33. [PubMed: 22843797]

105. Crisostomo PR, Wang Y, Markel TA, Wang M, Lahm T, et al. Human mesenchymal stem cells

stimulated by TNF-alpha, LPS, or hypoxia produce growth factors by an NF kappa B- but not
JNK-dependent mechanism. Am J Physiol Cell Physiol. 2008; 294:C675-82. [PubMed:
18234850]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pankajakshan and Agrawal Page 19

106. Grote K, Petri M, Liu C, Jehn P, Spalthoff S, et al. Toll-like receptor 2/6-dependent stimulation of
mesenchymal stem cells promotes angiogenesis by paracrine factors. Eur Cell Mater. 26:66—79.

107. Takeuchi O, Kaufmann A, Grote K, Kawai T, Hoshino K, et al. Cutting edge: preferentially the R-
stereoisomer of the mycoplasmal lipopeptide macrophage-activating lipopeptide-2 activates
immune cells through a toll-like receptor 2- and MyD88-dependent signaling pathway. J
Immunol. 2000; 164:554-557. [PubMed: 10623793]

108. Wei H, Wang F, Wang X, Yang J, Li Z, et al. Lysophosphatidic acid promotes secretion of VEGF
by increasing expression of 150-kD Oxygen-regulated protein (ORP150) in mesenchymal stem
cells. Biochim Biophys Acta. 1831:1426-1434.

109. Aoki J, Inoue A, Okudaira S. Two pathways for lysophosphatidic acid production. Biochim
Biophys Acta. 2008; 1781:513-518. [PubMed: 18621144]

110. Binder BY, Sondergaard CS, Nolta JA, Leach JK. Lysophosphatidic acid enhances stromal cell-
directed angiogenesis. PLoS One. 2013; 8:e82134. [PubMed: 24312635]

111. Psaltis PJ, Paton S, See F, Arthur A, Martin S, et al. Enrichment for STRO-1 expression enhances
the cardiovascular paracrine activity of human bone marrow-derived mesenchymal cell
populations. J Cell Physiol. 2010; 223:530-540. [PubMed: 20162565]

112. See F, Seki T, Psaltis PJ, Sondermeijer HP, Gronthos S, et al. Therapeutic effects of human
STRO-3-selected mesenchymal precursor cells and their soluble factors in experimental
myocardial ischemia. J Cell Mol Med. 2011; 15:2117-2129. [PubMed: 21155976]

113. Potapova IA, Gaudette GR, Brink PR, Robinson RB, Rosen MR, et al. Mesenchymal stem cells
support migration, extracellular matrix invasion, proliferation, and survival of endothelial cells in
vitro. Stem Cells. 2007; 25:1761-1768. [PubMed: 17395769]

114. Jose S, Hughbanks ML, Binder BY, Ingavle GC, Leach JK. Enhanced trophic factor secretion by
mesenchymal stem/stromal cells with Glycine-Histidine-Lysine (GHK)-modified alginate
hydrogels. Acta Biomater. 2014; 10:1955-1964. [PubMed: 24468583]

115. Seib FP, Prewitz M, Werner C, Bornhauser M. Matrix elasticity regulates the secretory profile of
human bone marrow-derived multipotent mesenchymal stromal cells (MSCs). Biochem Biophys
Res Commun. 2009; 389:663-667. [PubMed: 19766096]

J Biomed Technol Res. Author manuscript; available in PMC 2017 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pankajakshan and Agrawal Page 20

Mobilization of stem cells
immunomodulation from bone marrow

_—

- T
e

W -_—
o — "
w5 l 1.3 .y
W g et o @
—— -u:_ L e S (o
\ ] ! J
A B
G O
| ”u.. o |
so
C2in — -
tis, —
O = Y- ———— *
R — - \ J
= D
Figure 1.

Mechanisms of vascular repair and regeneration by MSCs during restenosis: A)
Immunomodulation by the paracrine factors released at the injury site B) Mobilization of
stem cells from the bone marrow by the paracrine factors released by the MSCs C)
Activation of resident stem cells in the blood vessel by the paracrine factors released by
MSCs D) Transdifferentiation of MSCs to endothelial cells.
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Figure 2.
Microencapsulation approach to enhance therapeutic angiogenesis:
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