Pericytes, mesenchymal stem cells and their contributions to tissue repair
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Abstract

Regenerative medicine using mesenchymal stem cells for the purposes of tissue repair has garnered
considerable public attention due to the potential of returning tissues and organs to a normal,
healthy state after injury or damage has occurred. To achieve this, progenitor cells such as pericytes
and bone marrow-derived mesenchymal stem cells can be delivered exogenously, mobilised and
recruited from within the body or transplanted in the form organs and tissues grown in the
laboratory from stem cells. In this review, we summarise the recent evidence supporting the use of
endogenously mobilised stem cell populations to enhance tissue repair along with the use of
mesenchymal stem cells and pericytes in the development of engineered tissues. Finally, we
conclude with an overview of currently available therapeutic options to manipulate endogenous

stem cells to promote tissue repair.
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Introduction

The concept of regenerative medicine and tissue repair has in recent years garnered considerable
public attention due to the potential of returning tissues and organs to a normal, healthy state after
injury or damage has occurred. This area of translational medical research draws on the fields of
molecular biology, cell biology and tissue engineering to devise methods of stimulating the natural
ability of the body to heal itself, with the end result of a return to full function in an organ that
would normally be beyond repair. This can be achieved through the delivery of culture-expanded
stem cells from a donor (the allogenic or exogenous route), through the mobilisation and
recruitment of stem cells from within the body of the patient (the autologous or endogenous route)
or through the transplantation of organs grown in the laboratory from stem cells (tissue

engineering).

Building on 50 years of success and knowledge in the field of haematopoietic stem cell transplants to
treat diseases such as lymphoma and leukaemia, advances have recently been made in efforts to
repair solid organs using mesenchymal stem cells (MSCs). Adult stem cells of the mesenchymal
lineage have been identified in a number of organs, such as the bone marrow, adipose tissue and
dental pulp (Main et al., 2014); moreover, there is evidence for an MSC niche associated with the
vasculature throughout the body in the form of pericytes (Birbrair et al., 2015). These cell types
display remarkable similarities in terms of their marker expression, their ability to self-renew, and
their potential to differentiate into multiple mesenchymal cell types such as adipocytes,
chondrocytes, osteocytes and myocytes in culture (Figure 1). As the use of cultured mesenchymal
stem cells in regenerative medicine has been exhaustively reviewed elsewhere, this review will
rather focus on endogenous mesenchymal stem cell populations, their recruitment to sites of injury,
their utility in tissue repair and tissue engineering and currently available pharmacological means to
support and enhance these processes. Moreover, given the recent publication of excellent review
articles describing the role of pericytes (Birbrair et al., 2015) or MSCs (Farini et al., 2014) separately
in tissue regeneration and repair, we have designed this review to include both of these cell types as
a side-by-side comparison in terms of their differentiation capacity, mechanisms of mobilisation and
contributions to the inflammatory response during tissue repair, as well as the availability of

pharmacological interventions targeting MSCs and pericytes to enhance tissue regeneration.

Bone marrow-derived mesenchymal stem cells and pericytes — definitions and characteristics



Mesenchymal stem cells are prime candidates in the field of regenerative medicine with
considerable interest in characterising these cells as well as optimising harvesting and expansion
techniques for their use in injury and tissue repair (Murray et al.,, 2014). While most of our
understanding of MSCs is based on ex vivo cultured cells, their in vivo counterparts, along with their
origin, localisation, potential and roles in disease have remained elusive (Pontikoglou et al., 2011).
The existence of non-haematopoietic stem cells in the bone marrow was first demonstrated by
Friedenstein et al. in the late 1960s and 1970s. In a series of publications, it was shown that these
cells are able to adhere to plastic and differentiate into osteoblasts and stromal cells. In addition,
these cells can give rise to colonies, with each colony arising from a single cell, termed a colony
forming unit-fibroblast, or CFU-F (Friedenstein et al., 1970; Friedenstein et al.,, 1974; Owen and
Friedenstein, 1988). These characteristics have since been used extensively to isolate MSCs from the
bone marrow as well as other tissues to further characterise and define these cells (Bouacida et al.,

2012).

The ability of MSCs to adhere to plastic has been essential in their isolation from bone marrow,
leading to extensive work on in vitro MSC cultures. However, due to the vast amount of research in
this area, a standard definition was required to enable the comparison of results from different
groups (Murray et al., 2014). In 2006, the International Society of Cellular Therapy (ISCT) developed
a minimum criteria of characteristics required to define human MSCs (Feng et al., 2010). This
definition states that MSCs must be plastic adherent, express the cell surface antigens CD105, CD73
and CD90 uniformly (in over 95% of the cell population), in the absence of CD45, CD34, CD14,
CD11b, CD79a, CD19 and HLA-DR. Lastly, to be considered a true MSC, isolated cells must be able to
undergo tri-lineage differentiation into osteoblasts, chondrocytes and adipocytes under the correct
culture conditions (Murray et al., 2014). While MSCs have been shown to express other markers and
to differentiate into other cell types, such as myocytes, these aspects are not considered
requirements to define cells as MSCs (Dimarino et al., 2013). Murine MSCs must fulfil similar criteria,
with positive expression of CD106 and Scal, and the absence of CD45, CD11b and CD31 (Li and
Ikehara, 2013).

Isolated bone marrow-derived MSCs remain a heterogeneous population due to the lack of in vivo
knowledge of these cells. In order to isolate a pure MSC population, several new markers have been
suggested to further define MSC. These markers include Stro-1, GD2, SSEA4, CD49a, CD146, CD200,
CD271, Scal, CD24, CD140a (PDGFRa) and CD140b (PDGFRB) (Pontikoglou et al., 2011). As well as
using these markers to define MSC as a whole, these will also be essential in understanding how this

heterogeneous population may be subdivided into discrete groups which fulfil specific roles. One



such example is the expression of CD146, which is now believed to be indicative of greater
pluripotency and self-renewal potential in MSC. Indeed, CD146+ cells have been isolated from the
bone marrow and shown to possess many MSC-like qualities, and when transplanted into mice,

could generate bone and support haematopoiesis, a known role for MSC (Sacchetti et al., 2007).

In recent years, there has been an increasing body of evidence to suggest that MSCs may reside in a
perivascular niche in vivo (Bautch, 2011; Crisan et al., 2012; Lin and Lue, 2013). The idea that MSC
are found near the vasculature explains why these cells can be isolated from most tissues around the
body. Furthermore, perivascular cells, namely pericytes, have been shown to possess stem cell-like
qualities, and have thus been hypothesised to be the in vivo counterparts, or perhaps precursors, of
MSCs (Caplan, 2008; Crisan et al., 2012; Feng et al., 2010). In contrast to research on MSCs, pericytes
have been predominantly studied based on their in vivo location and morphology. Pericytes form
close associations with endothelial cells (ECs) with essential roles in the maintenance of blood
vessels as well as angiogenesis (Diaz-Flores et al., 2009). In addition, pericytes have also been shown
to play a role in niche maintenance for haematopoietic stem cells in the bone marrow (Kunisaki et
al., 2013). Physical interactions, by way of adhesion plaques, ‘peg-and-socket’ and gap junctions are
key to maintaining pericyte-endothelium attachment. In addition, paracrine signalling from ECs
recruits pericytes by the secretion of platelet derived growth factor (PDGF)-BB, which binds to the
PDGFRP receptor expressed on pericytes (Bjarnegard et al., 2004). In addition, the secretion of
angiopoietin 1 (Ang-1) by pericytes mediates pericyte-endothelial attachment via the Tie2 receptor,
which is expressed by ECs (Cai et al., 2008; Sundberg et al., 2002). Disruptions in pericyte-endothelial
interactions can result in the loss of pericyte coverage from the vessels and lead to a leaky

vasculature, resulting in haemorrhage and oedema (Hellstrom et al., 1999; Soriano, 1994).

Pericytes are a heterogeneous population of mesenchymal cells associated with the
microvasculature which vary greatly in morphology and marker expression in different tissues. As
such, pericytes residing in different tissues have been termed according to their function and
morphology, such as hepatic stellate cells in the liver and glomerular mesangial cells in the kidney
(Lin et al., 2008; Mederacke et al., 2013). The morphology of pericytes can be stellate or spindle-like,
with finger-like projections surrounding the vessels which are now believed to have a role in
regulating blood flow (Hall et al., 2014) and inflammatory cell trafficking (Proebstl et al., 2012). The
phenotype of pericytes not only varies based on the resident tissue and vessel size, but also on
whether they are active or quiescent; active pericytes tend to shorten their processes and increase

their somatic volume (Diaz-Flores et al., 1992). Furthermore, pericytes are closely related to vascular



smooth muscle (VSM) cells, which are mural cells found on larger blood vessels, with a phenotypic

continuum existing between these cells (Armulik et al., 2005).

While there are several known markers of pericytes, these are not uniquely found on pericytes and
are often dynamically expressed (Armulik et al., 2005; Crisan et al., 2008). Furthermore, some
pericyte markers are also expressed on other cell types, most notably endothelial and smooth
muscle cells (Armulik et al., 2005). Research into the role of pericytes has therefore been hampered,
and only recently, with technological advances in the fields of microscopy, multi-coloured
fluorescence activated cell sorting (FACS) and genetic lineage tracing, has there been significant
insight into the identity and potential of pericytes (Crisan et al., 2008). The use of a combination of
exclusion markers for other cell types and positive expression of known pericyte markers has
enabled a more thorough understanding of these cells. As such, Crisan et al. have defined a FACS
gating strategy for human pericytes based on negative expression of haematopoietic and endothelial
cell markers (CD45 and CD31/CD34, respectively), and positive expression of CD146 (Crisan et al.,
2008). Additional markers commonly used to define pericytes include PDGFRPB, neural glial antigen 2
(NG2), desmin, regulator of GTPase signalling 5 (RGS5), 3G5, CD13, alkaline phosphatase and alpha
smooth muscle actin (aSMA) (Crisan et al., 2008). Immunohistochemical analysis of human samples
has revealed that expression of NG2 and aSMA on pericytes varies depending on the type of vessel
they surround. Pericytes surrounding capillaries are NG2+/aSMA-, on venules NG2-/aSMA+ and on
arterioles NG2+/aSMA+, with CD146 and PDGFRP expression found throughout (Crisan et al., 2012).
Identification of pericyte markers in mice is based on the use of lineage tracing techniques in
transgenic mice, including nestin-GFP, NG2-DsRed and coll1a1-GFP mice in models of tissue fibrosis
(Birbrair et al., 2013d; Johnson et al., 2015; Lin et al., 2008; Rock et al., 2011). These studies have
confirmed the validity of pericyte markers used in humans by showing co-localisation between
transgenic markers used and aSMA, PDGFRP and CD146 (Johnson et al., 2015; Lin et al., 2008; Rock
etal.,, 2011).

The identification of pericytes has been based on in vivo location while MSC isolation has been based
on ex vivo cultures, which could explain why it has only recently been hypothesised that these two
cell types may in fact be the same, or at least very closely related. In accordance with the ISCT
definition of MSC, Crisan et al. demonstrated that pericytes isolated from human skeletal muscle,
pancreas, adipose tissue, placenta and bone marrow all express CD105, CD73 and CD90 as well as
other known MSC markers, both in vivo and in long-term culture. In addition, these cells are plastic
adherent and could undergo the classic MSC tri-lineage differentiation into bone, cartilage and fat

(Crisan et al., 2008) as well as muscle (Birbrair et al., 2013a). Moreover, some studies have



demonstrated that pericytes are also neural cell precursors (Birbrair et al., 2013b; Dore-Duffy et al.,
2011; Montiel-Eulefi et al., 2012). Not only are known MSC markers expressed on pericytes, but
many pericyte markers, including NG2, 3G5, PDGFRP and aSMA, have been found to be expressed

on isolated MSC (Feng et al., 2010), highlighting the similarity between these two cell types.

As previously mentioned, a subset of bone marrow-derived MSC which are CD146+ have been
postulated to retain more stem cell-like potential, with a greater degree of pluripotency. CD146 is
one of the defining markers of pericytes, and thus could indicate that these cells are precursors to
MSCs throughout the body. In a study by Bouacida et al., bone marrow mononuclear cells were
harvested from patients and cultured in either mesenchymal cell medium or pericyte medium. Both
cell groups were similar in terms of proliferation, CFU-F numbers and could undergo tri-lineage
differentiation. However, cells cultured in pericyte medium showed greater potential to differentiate
into neuronal cells under neurogenic conditions, while this was not observed in mesenchymal cell
medium-cultured cells. Furthermore, pericyte-like cells showed greater stemness, with higher
expression of the stem cell markers OCT4 and SOX2 and markedly lower levels of proteins associated
with osteo-, chondro- and adipogenic differentiation (Bouacida et al., 2012). There is accumulating
evidence to support pericyte stem cell potential, with studies showing increased proliferation and

migration in response to hypoxic stress and injury in multiple tissues (Feng et al., 2010).

Due to the heterogeneity of MSC and pericytes, it is difficult to conclusively determine whether
these cells represent in vitro and in vivo counterparts of the same cell population. Pericytes fulfil the
criteria required to define an MSC, and show greater differentiation potential, and more stem cell-
like qualities and thus may represent a source of MSC which can be found throughout the body, with
reservoirs found in a perivascular niche (Diaz-Flores et al., 2009). While differences exist between
pericytes and bone-marrow derived MSC, this may be the result of tissue-specific influences, which

can also be observed within isolated pericyte and MSC populations themselves (Feng et al., 2010).

Mechanisms of MSC and pericyte recruitment to sites of injury

Mechanical, chemical or disease-mediated tissue injury is followed by a sequence of events to
restore tissue integrity and homeostasis. The site of injury produces a number of soluble mediators
that influence resident-cell fate and initiate tissue- and injury-specific immune responses. These
processes are critical for tissue regeneration and repair (Eming et al., 2007; Godwin and Brockes,
2006). In this section, we review the recruitment of MSCs and pericytes to the site of injury, and the

soluble mediators responsible for this process.



Studies reporting on the recruitment of endogenous BM MSCs are rare, whilst studies reporting on
the recruitment of culture-expanded BM MSCs are plentiful. This is due to the reliance of culture
methods to isolate and identify MSCs in early work, and their emerging use in cell therapy, as
described previously. Ex vivo expansion of MSCs has been shown to generate genetic, phenotypic
and morphological changes (Mosna et al., 2010; Wang et al., 2011) and thus result in questioning
whether cultured MSCs would behave the same way as endogenous MSCs. Despite this, studies on
the recruitment of cultured MSCs still provide valuable information. These studies subsequently
drove innovations in target modifications which aim to achieve enhanced recruitment during
therapy. MSCs express CXCR4, a chemokine receptor found predominantly on cells residing in the
bone marrow. The CXCR4/CXCL12 chemokine axis has been described as the main stem cell
retention system which ensures that stem cells are firmly held in the bone marrow (Rankin, 2012).
Numerous studies have investigated this relationship as the mechanism involved in the recruitment
of cultured BM MSCs to a site of injury. Almost all of these studies have shown upregulation of
CXCL12, in some form, in and around the site of injury. Some examples of injury include skin burns
(Hu et al.; Xu et al., 2013; Yang et al., 2013), brain lesions (Wang et al., 2008b) and skeletal fracture
injury (Kitaori et al., 2009). In one of these studies, CXCL12 production reached peak levels at day 7
post injury (Hu et al.), whilst in another, the chemokine displayed bimodal upregulation, with levels
peaking at day 1 and then again at day 5 post wounding (Xu et al., 2013). Despite differences in the
kinetics involved, blocking of CXCR4 on MSCs inhibits their recruitment and impaired wound healing
(Hu et al.; Xu et al., 2013). However, in vitro expansion of BM MSCs may result in the downregulation
of CXCR4 expression (Karp and Leng Teo, 2009). To guarantee robust recruitment of MSCs to the site
of injury for the most effective therapeutic results, several studies have genetically modified MSCs to
overexpress CXCR4, either by viral transfection (Liu et al., 2013; Yang et al., 2013) or through a
deficiency in negative transcription factor regulators (Xie et al., 2013). These studies reported

enhanced recruitment and improved tissue repair (Liu et al., 2013; Xie et al., 2013; Yang et al., 2013).

It is now generally accepted that endogenous bone marrow-derived stem cells circulate in the
peripheral blood after insult on a distant organ (Orlic et al., 2001; Takahashi et al., 1999). Whether
bone marrow (BM) MSCs circulate in humans has been the subject of debate (Hoogduijn et al., 2014;
Mansilla et al., 2006; Wang et al., 2006). Despite this, recent studies conducted in animal models of
injury have provided robust evidence that endogenous bone marrow-derived stromal cells can
circulate and localise in injured tissue (Chen et al., 2010; Gao et al., 2014; Hong et al., 2009; Shu et
al., 2013). In a study by Gao et al., endogenous Nestin+ MSCs were recruited to the lungs of Nes-
GFP-transgenic mice challenged intranasally with cockroach allergen. Histological studies showed

activated transforming growth factor (TGF)-B1 signalling in challenged airways, and TGF-B1 was



found to enhance the chemotactic activity of MSCs using in vitro chemotaxis assays (Gao et al.,
2014). The authors suggested that MSCs recruited to the site of injury would exert their anti-
inflammatory properties and alleviate pathogenesis. It is worth noting that this study failed to show
whether circulating Nes-GFP MSCs were present in peripheral blood, nor did the authors eliminate
the possibility that tissue resident MSCs simply proliferated, thereby contributing to MSC
accumulation (Gao et al., 2014). On the contrary, Chen and colleagues detected circulating MSCs in
the peripheral blood of mice that had undergone acute liver injury. To demonstrate the recruitment
of bone marrow-derived MSCs, the authors delivered cultured EGFP+ MSCs via intra-bone marrow
injection. Recruitment of EGFP+ MSCs was reported to be mediated by CXCR4/CXCL12, since CXCR4
neutralising antibody studies suppressed the migration of MSCs toward serum collected from mice
that had undergone liver injury. MSCs were thought to alleviate fibrosis by decreasing collagen |
deposition (Chen et al., 2010). In another study investigating fibrotic injury, MSC recruitment was
actually reported to assist in fibrogenesis. Studies were conducted in a parabiosis model where
GFP+/CD44+/CD45-/CD105+ MSCs originating from the saline-treated parabiont were detected by
flow cytometry in the lungs of the bleomycin/radiation treated parabiont. Robust upregulation in
serum and BAL CXCL12 levels following injury highlighted that the CXCR4/CXCL12 axis mediates MSC
recruitment. Contrary to the previous study, inhibition of MSC recruitment with a CXCR4 antagonist

attenuated radiation-induced fibrosis (Shu et al., 2013).

Another mediator of stem cell migration is the sphingolipid sphingosine-1-phosphate (Bendall and
Basnett, 2013; Christopherson, 2012). This molecule has been implicated in the recruitment of
cultured MSCs after chemically-induced liver injury. Li et al. showed that recruited MSCs supplied a
new source of myofibroblasts and thus supported the process of fibrosis (Li et al., 2009). Further
signalling studies by Kong and colleagues identified that S1P-mediated migration of MSCs occurred
via S1P receptor 1 and 3, initiating Gi-dependent activation of ERK1/2 signalling (Kong et al., 2014).
Other studies reporting on the recruitment of cultured MSCs in bleomycin-induced lung injury have
supported opposing roles of these cells in terms of promoting fibrosis (Rojas et al., 2005; Song et al.,

2010).

Unlike most published studies on MSCs homing to sites of injury, pericyte recruitment is based on in
vivo data, mainly in support of their recruitment from the local vasculature. It is interesting to note
that studies which report the bone marrow as the source of pericytes in recruitment may in fact be
replicating studies investigating BM MSCs (Pi et al., 2011). PDGFRB/PDGF-BB is the main signalling
pathway mediating pericyte recruitment during vessel development (Hellstrom et al., 1999). This
same pathway has been reported in the recruitment of pericytes to injured tissue, where they

eventually contribute to fibrosis in organs such as the lung (Hung et al.,, 2013) and kidney
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(Humphreys et al., 2010; Lin et al., 2011; Schrimpf et al., 2012). Activated pericytes have been shown
to detach from local capillaries, migrate to the site of injury and differentiate into myofibroblasts
(Goritz et al.,, 2011; Lin et al.,, 2011; Ren et al.,, 2013). However, the recruitment of pericytes
following injury and their collagen-producing capacity may be dependent on both the type of injury
and the tissue under investigation (Birbrair et al., 2014a; Nakagomi et al., 2011). Activated pericytes
have been shown to upregulate genes associated with migration, for example ADAMTS1 and TIMP3
(Hung et al., 2013; Schrimpf et al., 2012). Furthermore, the increased motility of these cells is
coordinated by the upregulation of ADAMTS1 peptidase and downregulation of TIMP3 (Schrimpf et
al., 2012). A study conducted by Lin et al. showed detachment of pericytes at day 1 post injury. In
the same study, VEGF was reported to work alongside PDGF-BB in regulating pericyte recruitment
(Lin et al., 2011). Another cytokine that has been identified to mediate pericyte recruitment in the
lung (Liu et al., 2010), retina (Pi et al., 2011) and kidney (Ren et al., 2013) in response to injury is
ciliary neurotrophic factor (CNTF). CNTF is a neurotrophic factor which primarily functions in the
differentiation, survival and regeneration of neurons (Sendtner et al., 1994). In a study investigating
kidney fibrosis, CNTF produced at the site of injury activated a migratory phenotype and recruited
pericytes via LRP-6/WNT ligand and JNK-dependent signalling (Ren et al., 2013). The mediators and
pathways responsible for pericyte recruitment may be targeted for treatment to prevent severe
fibrogenesis in a number of organs and tissues; for example, the scar formation and fibrosis seen in
spinal cord injury have been associated with pericyte recruitment. Goritz et al. observed that Type A
pericytes (PDGFRB+/CD13+/desmin-) detach from the vascular basal lamina, invade the surrounding
tissue and contribute to scar formation in spinal cord injury. Despite not showing the mediator
responsible in this recruitment, this study used powerful techniques such as genetic labelling as well
as electron and fluorescent microscopy to visualise the process of detachment, recruitment and

invasion (Goritz et al., 2011).

Promoting angiogenesis during tissue repair in vivo
Angiogenesis

While much research has been performed using exogenous sources of pericytes in artificial in vivo
models, the innate role played by pericytes in tissue regeneration and repair is still unclear (Crisan et
al., 2011). However, one indisputable function of pericytes is their contribution to angiogenesis in
early development, tissue regeneration and pathological conditions. Angiogenesis requires complex
coordination between anti- and pro-angiogenic growth factors, extracellular matrix proteins,

proteases and adhesion molecules interacting with multiple cells and tissues for vessel sprouting and



growth — processes in which pericytes play a leading role. ECs detach from the vasculature,
proliferate and migrate to line new blood vessels, while macrophages and other inflammatory cells
infiltrate tissues following hypoxia and, together with other cells such as fibroblasts, secrete VEGF,
PIGF, FGF2 and PDGF, which are well-known growth factors necessary for constructing new blood

vessels and restoring circulation (Figure 2).

Following injury, in the initial stages of angiogenesis, the hypoxic state activates pericytes and
pericytes develop a bulky cytoplasm with shortened cytoplasmic processes which lead to a highly
proliferative status with a pluripotent ability to differentiate into smooth muscle cells, matrix-
forming cells, adipocytes or other progenitors. Pericytes project into perivascular spaces, thereby
disrupting the basement membrane, and dissociate from the wall of the vasculature; thus, they are
the first cells to invade newly vascularised tissue. This activity is similarly observed in early
development where individual pericytes can be found at the tip of angiogenic sprouts, making
pericytes the first cells to invade the corpus luteum (Gerhardt and Betsholtz, 2003). The pericyte
located at the front of the growing vessel guides the endothelial sprout and determines the
formation and location of the new vessel, which in a damaged environment is thought to be guided
by a graded distribution of VEGF-A levels (Gerhardt and Betsholtz, 2005). As previously mentioned,
Ang-1 is produced by pericytes and smooth muscle cells, which activates endothelial Tie-2,
increasing the strength of the peg and socket interaction between EC and pericytes. Ang-2 is
expressed by ECs, particularly during tissue regeneration (Hu et al., 2014); it binds competitively with
Ang-1 for Tie-2 and acts as an opposing factor in pericyte-EC interactions. Furthermore, increased
Ang-2 expression dissociates pericytes from vessels (Ziegler et al.,, 2013). It has been shown
transgenic mice overexpressing Ang-2 develop dense vascular networks with drastically reduced

pericyte numbers (Feng et al., 2007).

In addition to anchoring and providing structural integrity to pericytes, the basal lamina has been
suggested to promote pericyte quiescence and control their function. When activated, pericytes
migrate through the basal lamina and it is suggested that this migration is necessary for pericytes to
activate their stem cell capacity (Dore-Duffy and Cleary, 2011). Pericytes then differentiate into
smooth muscle cells or other progenitor cells, which then suppresses the growth and migration of
endothelial sprouts which cease vessel tube formation (Gerhardt and Betsholtz, 2005). Strong
evidence shows that the newly formed microvessels are unstable without the formation of a
pericyte matrix and subsequent tight interactions including the peg and socket interactions and gap
junctions (containing N-cadherin, B-catenin and other adhesion molecules) between ECs with
pericytes that appear during vessel stabilisation (Ozerdem and Stallcup, 2003). The mechanisms by

which pericytes mediate vessel stability in injury are still unclear, but it is likely that both pericytes
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and endothelial cells contribute to influence vessel stability by the engagement with matrix
molecules such as fibronectin and integrins, and/or by the release and activation of PDGF-BB, VEGF-
A and Ang-1 that promote EC survival (Jain and Booth, 2003). As a strong indication of the necessity
for pericytes, depletion of pericytes in PDGFRB'/' animals leads to the rupture and collapse of newly
formed vessels (Bjarnegard et al., 2004). The sites of pericyte/endothelial interactions are altered in
pathological disease. In diabetes and cerebral oedema, gap junctions are substantially decreased in
the retina and disrupted in retinal pericytes (Yamanishi et al., 2006), indicating the importance of

pericyte- endothelial cell communication for adaptability to injury.

Using endosialin+ (CD248) pericytes (a marker associated with new sprouts but not mature
quiescent vessels), a recent study showed that the loss of endosialin+ pericytes results in EC
apoptosis and detachment in the retina and in tumours (Simonavicius et al., 2012). Whether or not
the loss of EC cells lead to vessel regression or vessel regression leads to EC apoptosis is still being
debated, although both scenarios are possible. In a human study using eccentric contractions to
cause skeletal muscle injury, early expression of NF-kB, a strong inducer of angiogenesis, was shown

to be induced primarily in muscle-residing pericytes (Hyldahl et al., 2011).

It is also known that the interaction of pericytes with ECs induces TGF-B1, which stimulates
perivascular cell proliferation (Jo et al., 2013). MSCs are also strong promoters of angiogenesis and
produce basic FGF and VEGF-A which further promotes proliferation, recruitment and stabilisation of
the microvasculature (Lozito et al., 2009b). BM-derived MSCs have been shown to enhance vascular
formation in vivo in many injury models and represent a promising target for stem cell therapies

(extensively reviewed elsewhere).

Recent studies have further investigated the role of pericytes in angiogenesis and showed a
distinction between pericyte populations by examining nestin-GFP-/NG2-DsRed+ (termed Type 1)
and nestin-GFP+/NG2-DsRed+ (termed Type 2) pericytes. While both subpopulations are present in
vessel vasculature, Birbrair et al. showed that only Type 2 pericytes induce ECs to form new blood
vessels in vivo and participate in tumour angiogenesis in vivo (Birbrair et al., 2014b). Ultimately, the
damaged environment determines the distinction process as to whether multipotent pericytes
become vascular smooth muscle cells, differentiate into progenitors or undergo both processes. In
disease states, pericyte differentiation into osteoblasts has been linked to ectopic calcification
(Collett and Canfield, 2005), and in fibrotic skin conditions, pericytes have been identified as the
primary source of scar-forming fibroblasts (Rajkumar et al., 2005). The end-point tissue required for
regeneration determines the quality and levels of specific inducers present or secreted in the tissue

for the differentiation process (Crisan et al., 2012).
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Muscle injury

Studies have shown that muscle-specific stem cells called satellite cells located between the basal
lamina and sarcolemma of individual myofibres participate in skeletal muscle repair in response to
injury, along with a range of other cells with myogenic potential, such as the muscle side population
cells, ECs, interstitial cells and pericytes (Birbrair et al., 2013a). There is controversy as to the origins
of satellite cells, and there are studies which suggest that they are completely distinct from pericytes
and do not share any phenotypic or functional similarities (Caplan, 2008). However, in vitro,
pericytes have been shown to be myogenic, and when delivered exogenously, they have been shown
to induce a higher regenerative muscle index (Crisan et al., 2008). The differences between these
studies may be due to quantitative results from the expansion of pericytes isolated from different
stages of life (early foetal or adult tissue), which may express different markers. Plausibly, pericytes
residing in the skeletal muscle have a bipotent capacity and contribute to both the smooth muscle
layer of blood vessels as well as to skeletal muscle fibres by forming satellite cells post-injury in adult
life (Dellavalle et al., 2011). Using tracking studies with alkaline phosphatase (AP) as a marker of a
subset of pericytes in the striated muscles of Cre-ER mice, Dellavalle et al. showed a dramatic rise in
the AP+ pericyte contribution to skeletal myogenesis, corresponding to about a five-fold increase in
the area of acute regeneration following cardiotoxin assault and a three-fold increase in dystrophic
muscle (Dellavalle et al., 2011). These results suggest that AP+ pericytes respond to skeletal muscle
regeneration in response to chemical injury and may be of interest in muscle repair therapies. With
regards to adipogenesis, Uezumi et al. showed that PDGFRa+ MSCs, completely distinct from
PDGFRP+ pericytes, are responsible for adipogenesis in skeletal muscles and a balance between
satellite cell-derived myofibres and PDGFRa+ cells maintain muscle homeostasis (Uezumi et al.,
2010). However, differentiation of pericytes into adipocytes has been documented (Birbrair et al.,
2013a; Farrington-Rock et al., 2004; Tang et al., 2008), and the differences between studies may well
be dependent on the muscle condition and the subsequent interaction between cell types in the

context of muscle injury.

Further work distinguishing pericyte populations by Birbrair et al. showed that Type 2, but not Type
1, pericytes form myotubes in culture, and only Type 2 pericytes contribute to muscle regeneration
by forming myofibres in vivo after injury, indicating that only Type 2 pericyte subpopulation is
myogenic and of use in stem cell therapy. Further studies investigating whether the absence of Type
2 pericytes may compromise skeletal muscle regeneration endogenously may be of use to advance
therapies utilising pericytes for tissue repair (Birbrair et al.,, 2013a). Of note, the host
microenvironment for cell therapy appears to be crucial as it has been shown that regenerative

capacity of pericytes decreases when transplanted into older recipients (Birbrair et al., 2013d).
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Neurological injury

The response of pericytes to neural injury is largely unclear, and currently a large amount of research
is dedicated to investigating the role of pericytes in neuromuscular junction denervation. The loss of
nerve supply due to trauma, injury, disease or ageing can cause significant progressive skeletal
muscle degeneration. It is known that peripheral nerves have the ability to regenerate due to the
capacity of peripheral axons to reoccupy neuromuscular junctions in denervated muscle fibres and
that even without injury, nerves are constantly renewed during the regeneration of muscles (Li and

Thompson, 2011).

To gain insight into the dynamics of the pericyte contribution to angiogenesis in a model of spinal
cord injury, R26R-YFP+ labelled pericytes were shown be increased in number at the lesion at days 3-
5 post injury with a correlated increased in the density of blood vessels (Goritz et al., 2011).
Activated pericytes upregulate NG2, and in human stroke, pericytes have also been shown to
upregulate RGS5 and co-express the macrophage/microglial marker galectin-3 (GAL-3) (Berger et al.,
2005). A recent paper by Ozen et al. showed that in mice subjected to focal brain ischaemia GFP+
pericytes (driven by the RGS5 promoter) migrate into the ischaemic brain parenchyma, adopt an
active morphology and express microglial markers IBA-1, CD11b and GAL-1 at one week post-
ischaemia. Consistent with this, human pericytes exposed to hypoxic conditions in vitro similarly
upregulate several microglial genes (CD11b, GAL-2, IBA1, TNF-a and MHC11), demonstrating the
ability of pericytes to acquire a microglial phenotype (Ozen et al., 2014). Further work has shown
that Type 2 pericytes form oligodendrocytes under in vitro culture conditions and differentiate into
mature oligodendrocytes and Schwann cells (Birbrair et al., 2013b), indicating that pericytes may
constitute a previously unknown vascular source of microglial cells in stroke and may therefore play
a role in the pathogenesis of tissue damage after injury (Ozen et al., 2014). Again, fate mapping
looking at both pericytes and satellite cells after skeletal muscle denervation would be helpful to
identify whether pericytes form peri-/endoneural cells and Schwann cells or whether satellite cells
are the ones that differentiate into Schwann cells, neural cells or even pericytes, ECs and smooth

muscle cells to replenish the damaged peripheral nerve niche.
Tissue fibrosis

Fibrosis is caused by an excessive accumulation of extracellular matrix components such as collagen
and occurs in injury and chronic disease. Fibrous tissues may prevent normal tissue recovery,
particularly in the muscle where fibrosis has been shown to lead to progressive skeletal muscle
injury, for example in Duchenne’s muscular dystrophy (Acuna et al.,, 2014). Previous work has

suggested that PDGFRB+ pericytes contribute to scar formation (Arimura et al., 2012) and express
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fibroblast-associated markers (such as collagen 1V, fibronectin and fibroblast surface proteins). Using
a collial (collagen-1, al) reporter mice to determine where scar-associated myofibroblasts
generate extracellular matrix collagen type 1, Lin et al. demonstrated that pericytes and perivascular
muscle cells are a major source of myofibroblasts in a unilateral ureteral obstruction (UUOQ) kidney
fibrosis model. The authors go on to show that the differentiation of pericytes into myofibroblasts is
driven by Snail and Id1 transcripts (Lin et al., 2008). Further studies employing fate mapping in
mouse models of UUO have established that pericytes, not ECs, undergo proliferative expansion and
differentiate into myofibroblasts during UUO (Humphreys et al., 2010). Further analysis into Type 1
and 2 subpopulations of pericytes show that pericytes react differently to injury depending on the
organ affected. In nestin-GFP/NG2+-DsRed transgenic mice, Type 1 pericytes are shown to
accumulate in surrounding blood vessels and produce collagen in the aging skeletal muscle and in
pulmonary fibrosis following bleomycin treatment, but do not in renal and cardiac fibrosis post-
injury (Birbrair et al., 2014a). Therefore, the potential for therapeutic use of pericytes will gain a
significant boost from understanding the roles of specific pericyte subsets in pathological conditions

and in aging.

In contrast, MSCs are known to be immunomodulatory once activated by the inflammatory
cytokines IFN-y, TNF-a and IL-1B, and their capability to regulate invading leukocytes and control T-
cell recruitment, proliferation and activity has been well-studied (Ren et al., 2008). There is also
evidence that MSCs suppress the proliferation of B cells and NK cells, thereby attenuating the acute
immune response in the injured environment. In contrast to pericytes, this would suggest that MSCs
would likely reduce the pro-fibrotic response in wound healing. In addition, MSCs have been shown
to upregulate paracrine factors such as integrin a7 and downregulate ICAM, VCAM and MCP11,
which would favour specific wound healing by resident dermal fibroblasts which more closely
represent the surrounding dermal tissue, thereby preventing fibrotic scar formation (Smith et al.,
2010). In vitro, MSCs have also been shown to differentiate into different dermal cell types in the
wound environment, such as epidermal cells, keratinocytes and microvascular ECs, which may

present an additional mechanism by which MSCs prevent fibrosis (Lozito et al., 2009a).

Pericytes have also been shown to play a role in the innate immune response by controlling
leukocyte trafficking to inflamed tissue (Stark et al.,, 2013). Following the induction of sterile
inflammation, NG2+ pericytes have been shown to express ICAM-1, allowing engagement with
monocytes and neutrophils, and to secrete chemoattractants such as MIF (macrophage migration-
inhibitory factor). The resulting change triggers the migration of neutrophils and macrophages from
postcapillary venules mediated by ICAM-1 and MIF (Stark et al., 2013). Using 4D real-time

microscopy, Proebstl et al. observed that pericytes actively support neutrophil migration by changes
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in morphology allowing for larger gaps whereby neutrophils enter into the circulation (Proebstl et
al.,, 2012). Furthermore, neutrophils were shown to crawl along pericyte processes towards the
spaces between pericytes. Inhibition of this crawling, by blockade of ICAM-1 and its leukocyte
integrin ligands Mac-1 and LFA-1, prevented breaching of neutrophils through the pericyte layer.
Again, the interaction between ECs and pericytes play a role where neutrophil adhesion to both cell
types was found to be Mac-1 dependent, and increasing neutrophil Mac-1 surface expression
increased the ability of neutrophils to transverse pericytes. In contrast, transduction of ICAM-1 alone
on pericytes increased neutrophil adhesion but not extravasation, indicating the importance of both
ECs and pericytes in the leukocyte trafficking cascade (Ayres-Sander et al., 2013). In a recent paper
using cultured pericyte-derived ECM, Sava et al. showed that pericytes respond by altering their
basement membrane composition, favouring neutrophil extravasation and increasing the ratio of
fibronectin to collagen | in response to inflammatory stimuli (Sava et al., 2015). In conclusion, the
importance of pericytes, their interactions with the ECM and their altered expression of adhesion
molecules and cytokines should be considered when investigating immunomodulation in tissue

injury.
Cancer

One of the most studied areas of angiogenesis is in cancer research. Here, focus has shifted to
pericytes and their interactions with ECs to better understand how to control angiogenesis with
regards to preventing tumourigenesis and metastasis (Raza et al.,, 2010). In healthy tissue, as
mentioned earlier, pericytes have a stellate morphology and an elaborate system of extensions
which protect ECs, providing mechanical stability to fragile blood vessels (Diaz-Flores et al., 2009).
Unlike those on corresponding normal vessels, pericytes on tumour vessels uniformly express aSMA
on capillary-size vessels, are loosely associated with ECs, have cytoplasmic processes that project
into the tumour parenchyma, and form a sleeve around endothelial sprouts that is longer than the
sprouts themselves (Morikawa et al., 2002). Indeed, pericyte deficiency may be responsible for the
abnormalities seen in tumour blood vessels and may contribute to increased tumour cell
permeability into the vasculature. To look into this further, depleting PDGFRB+ pericytes in a mouse
model led to the suppression of tumour growth but a corresponding increase in the metastatic
potential of the tumour due to leaky unstabilised vessels from poor pericyte coverage (Cooke et al.,
2012). Indeed there are concerns regarding targeting pericytes in cancer treatment, as pericyte
depletion triggers HGF/Met activation, a key promoter for EMT and metastasis, and is often a poor
prognosis in disease progression. Again, further understanding of the subpopulations of pericytes
might be beneficial, for example by only targeting Type 2 pericytes which have been shown to

contribute to angiogenesis in tumour models (Birbrair et al., 2014b). In other studies targeting
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pericyte-EC connections, Jain et al. used an anti-angiogenic therapy to destabilise pericyte-EC socket
junctions by targeting ECs using tyrosine kinase inhibitors to block PDGF receptor function and
enhance the inhibition of VEGF (Jain and Booth, 2003). Tumours were shown to regress and vessel
normalisation was demonstrated, indicated by normalised pericyte coverage, tumour perfusion and
increased chemotherapy sensitivity. The treatment both removed pericytes which were loosely
connected to the diseased vasculature, causing vessel collapse, while simultaneously did not affect
normal vessels, thereby enabling the delivery of cytotoxic drugs to the tumour (Baranowska-
Kortylewicz et al., 2005; Jain and Booth, 2003). Therefore, targeting pericyte-EC interactions by
inhibiting PDGF signalling with treatments such as Gleevec (imatinib) (Wilkinson-Berka et al., 2004)

have strong potential in cancer therapy by disrupting pericyte support of the tumour vasculature.

Contribution of MSCs and pericytes to ex vivo tissue engineering

Ultimately, tissue engineering aims to replicate the process of organogenesis. Commonly, cells are
cultured in vitro, seeded onto bio-scaffolds, and grafted into the site of injury, where the implanted
cells endeavour to repair and replace the damaged tissue. Efforts, very much in their infancy, are
also underway to generate entire organs in the laboratory that can be used for transplantation in the
clinic. Central to the success of both therapeutic strategies is the creation of a sufficiently
vascularised tissue; therefore, the main role of pericytes in tissue engineering is that of angiogenesis
and neo-vascularisation. Moreover, the progenitor cell potential and secretion of pro-repair factors

by pericytes means that their recruitment to sites of injury is highly desirable.

Repair occurs via two mechanisms: regeneration, where damaged cells are replaced, or repair
through granulation, where MSCs differentiate in conjunction with angiogenesis and macrophage
recruitment (Diaz-Flores et al., 2012). Generally, tissues with the capacity to repair via granulation
are located close to perivascular niches (Diaz-Flores et al., 2012). For in vivo bone and cartilage
repair, pericytes and/or MSCs are recruited to the site of injury, where they proliferate and
differentiate, produce matrix and growth factors, and integrate with native tissue (Diaz-Flores et al.,
2012). Generation of a clot induces angiogenesis and a wound healing response, stimulating

recruitment, proliferation and differentiation of perivascular MSCs (Diaz-Flores et al., 2012).

Previously, sources of MSCs for the regeneration of mesenchymal tissue have included the bone
marrow, adipose tissue and the stromal vascular fraction (SVF) of adipose tissue (Chung et al., 2014).
However, these cell types are fraught with disadvantages; it is necessary to expand bone marrow-

derived MSCs in culture, and they exhibit limited cellular activity in elderly patients; adipose MSCs
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are immunogenic, and genetically unstable; and SVF MSCs are notoriously heterogeneous, leading to
inefficient and unreliable tissue formation (Chung et al., 2014). Therefore, it is desirable to utilise
specific cells with MSC capacity from the perivascular niche which are, in theory, obtainable from

any microvascularised tissue.

As discussed earlier, pericytes can be isolated from tissue using culture-based methods, or using flow
cytometry-based sorting on the basis of CD146, NG2 and/or PDGFRPB expression. Pericytes can also
be differentiated from human induced pluripotent stem cells (hiPSC) by the generation of embryoid
bodies or, more reproducibly, by culturing in standardised mTesR1 medium, replacing with
mesoderm induction medium, and differentiating magnetically-isolated CD31- cells in 10% FBS
DMEM supplemented with TGF-B3 and PDGF-BB (Orlova et al.,, 2014b). Another perivascular
population located in the tunica adventitia of larger vessels (and therefore commonly referred to as
adventitial cells) are, unlike other MSC, CD34+, and have also been shown to participate in tissue
regeneration; many studies combine pericytes and adventitial cells for tissue engineering strategies
(Askarinam et al., 2013; James et al., 2012a; James et al., 2012b; James et al., 2012c). This section
reviews the current therapeutic potential for these perivascular populations in the fairly novel field

of cell-based tissue engineering.
In vitro tissue models

There is an onus to develop in vitro 3D models of tissues for drug toxicity and efficacy testing and to
mimic disease states, as an ethical alternative to animal models. Moreover, a significant hurdle with
generating tissue thicker than 200 um is the necessity for a microvascular system for molecular

transportation, as diffusion ceases to be a viable mechanism.

Pericytes co-cultured with HUVECs form tubular structures akin to blood microvessels, with pericytes
tightly associated on the abluminal surface, closely recapitulating the in vivo structure. This
phenomenon has been utilised in tissue-engineered microenvironment systems to develop
microfluidic-chip models of angiogenesis, the blood brain barrier and cancer cell extravasation
(Tourovskaia et al., 2014). In these models, EC-pericyte interactions form extracellular matrices,
demonstrate angiogenic sprouting, barrier function, and extravasation of migratory cells, suggesting
that they are functionally representative models. Endothelial cells and fibroblasts co-cultured in
endothelialised reconstructed connective tissue (ERCT) constructs lead to the formation of capillary-
like tubes, with NG2+/aSMA+ pericyte-like cells embedded in the capillary basement membrane
(Zehendner et al., 2013); these constructs could be used to model angiogenesis in cancer. These in
vitro models provide vital clues into the signalling pathways and molecules involved in

vascularisation, and pave the way for replicating these mechanisms in vivo.
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Vascularisation

As previously discussed, pericyte-EC crosstalk is paramount for angiogenesis; pericytes co-cultured
with ECs in vitro demonstrate endothelial sprouting (Orlova et al., 2014a) (co-culture study). This has
been demonstrated using pericytes derived from hiPSC and adventitial sorted cells from human
saphenous vein digests (Campagnolo et al., 2010; Orlova et al.,, 2014a). Recapitulation of these
phenomena in in vivo implantations would be highly advantageous. Promisingly, injection of
adventitial cells sorted from the human saphenous vein improved blood flow recovery following
mouse hind limb ischemia and led to the formation of a denser network of capillaries and arterioles
as compared to vehicle controls, suggesting the presence of a proangiogenic environment
(Campagnolo et al.,, 2010). In addition, type 2 (nestin+/NG2+), but not type 1 (nestin-/NG2+)
pericytes facilitated partial recovery following hind limb ischemia, and were found to form part of
the new vessel wall (Birbrair et al., 2014b). Furthermore, Matrigel implantation of human
endothelial and pericyte co-culture results in neo-formation of the microvasculature, with perfusion
and anastomoses with murine blood vessels (Dar et al., 2012). In this study, pericytes were derived
from differentiated human induced pluripotent stem cells (hiPSC) from embryoid bodies, and
defined, somewhat controversially as compared to traditional methods, as CD105+/CD31- cells (Dar

et al., 2012).

Neo-vascularisation is too protracted a process to allow for perfusion within implanted tissue;
therefore, implants containing pre-vascular constructs are desirable. Verrier’s group (Duttenhoefer
et al.,, 2013) have shown that human BM MSC isolated via density gradient separation and co-
cultured with human endothelial progenitor cells (EPC) (further sorted from BM MSC isolates on
basis of CD34 and CD133 expression) seeded on 3D polyurethane scaffolds form complex capillary-
like structures, with expression of endothelial markers (CD3, von Willebrand factor) and pericyte
markers (NG2, aSMA, CD146). This method of MSC isolation yields a highly heterogeneous
population, inclusive of the EPC population; indeed, only a portion of the MSC culture participated in
tube formation, and these cells were shown to be CD146+. Moreover, culture of MSCs alone did not
result in tube formation, suggesting that enrichment of the EPC population is necessary. Further
characterisation of MSC and EPC revealed expression of PDGFRB, aSMA, CD146 and NG2 mRNA, and
some expression of CD31 mRNA in both cell types. It seems that the phenotype of these EPC closely
mirrors that of adventitial cells described earlier in that they are CD34/CD133+, and also express
pericyte markers. It is possible that they are in fact one and the same, although adventitial cells
generally do not express CD146 (Loibl et al., 2014). During three days of culture, whilst PDGFRB
mRNA was downregulated, CD146 and NG2 expression increased (Loibl et al., 2014). These studies

suggest that MSCs in culture differentiate toward a pericyte-like phenotype and it is these pericyte-
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like cells that participate in vascularisation. Therefore, enrichment of EPC and pericyte-like MSC

might be advantageous for pre-vascularisation in tissue implants.

Pericyte-seeded scaffolds such as these have shown promise for use as vascular grafts following
implantation in immunocompetent Lewis rats. Cultured flow cytometry-sorted pericytes from
human skeletal tissue (CD146/NG2/PDGFRB+, CD45/CD56/CD34-) seeded onto poly(esterurethane)
urea (PEUU) scaffolds have been used to create small-diameter tissue engineered vascular grafts
(TEVG) (He et al., 2010). Following implantation, TEVG displayed vascular remodelling as evidenced
by collagen and elastin deposition, as well as the presence of aSMA and calponin (He et al., 2010).
Despite an intact immune system, implants were not rejected, supporting the notion that MSC-
derived implants are less immunogenic, perhaps due to the secretion of anti-inflammatory factors
(He et al., 2010). It was suggested that pericytes reduce obstruction in vascular grafts and show
promise for use in arterial conduits (He et al., 2010). Of concern however, the grafts did not seem to
fully integrate with the host, as the majority of the tissue was rat-derived, rather than human-
derived. A comprehensive understanding of the role of perivascular cells in angio- and
vasculogenesis as well as vascular stabilisation will provide crucial knowledge on the vascularisation

of engrafted tissue.
Bone, fat and cartilage

In vitro tri-lineage differentiation of pericytes into mesenchymal cell types has been well-
documented (Crisan et al., 2012; Crisan et al., 2008; Farrington-Rock et al., 2004), and efforts to
translate into in vivo transplantation models are underway. CD146+/CD34-/CD45-/CD56- pericytes
from human skeletal tissue have exhibited osteo-, adipo-, chondro- and myogenic potential.
Adventitial cells sorted from human saphenous vein digests, (PDGFRB+, CD146-) are also capable of
clonogenic growth, and osteo, adipo and myogenesis, but do not display chondrogenic potential. In a
separate study, adventitial cells that were CD146+ were found to be capable of chondrogenic
differentiation, although this might have simply been due to the tissue of origin, as the latter were
derived from the meniscus, and therefore may have chondrogenic properties prior to isolation

(Osawa et al., 2013).

Pericytes (CD146+/CD34-) and adventitial cells (CD146-/CD34+) comprise 40% of the stromal
vascular fraction (SVF) of adipose tissue, which is commonly used in tissue regeneration models.
These populations may be combined to increase cell yield, and have been shown to undergo
osteogenesis both in vitro as assessed by positive alkaline phosphatase staining and formation of
bone nodules, and in vivo, whereby intramuscular insertions of perivascular cells on collagen

sponges induced spontaneous mineralisation (James et al., 2012a; James et al., 2012c). Cultured,
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osteogenically-stimulated hiPSC—pericytes have also demonstrated mineral deposition and the
formation of bone-like structures when implanted in vivo (Dar et al., 2012). Perivascular cells
isolated from the SVF have been shown to generate greater ectopic bone formation in a human-
mouse xenograft using biological scaffolds as compared to unsorted SVF, suggesting that these are
the crucial SVF cells involved in osteogenesis (James et al., 2012a; James et al., 2012c). This is in line
with the literature claiming that the quintessential MSC derives from the perivascular niche (Crisan
et al., 2008). Their ability to contribute to osteogenic repair has been validated in four distinct
models: rat spinal fusion (Chung et al., 2014), murine muscle pouch, murine femoral segmental
defect and rat calvarial defect, the latter two of which will not display self-healing due to their
critical size (James et al., 2012b). However, although perivascular cells are capable of differentiation
into osteoblasts and osteocytes, the majority of neo-bone is of host origin, suggesting that they
contribute to bone formation via the secretion of trophic factors (Chung et al., 2014). Furthermore,
greater vascularisation occurs with the use of perivascular cells compared to SVF; they did not
differentiate into ECs, but rather resume their natural role as vascular mural cells (Askarinam et al.,
2013). Thus, the role of the perivascular cell seems three-fold: osteogenic differentiation resulting in

new bone formation, participation in vascular support, and secretion of osteogenic factors.

Studies prior to 2012 investigating MSC-based cartilage repair were reviewed by Diaz-Flores et al.
(Diaz-Flores et al., 2012). In brief, cultured MSC of a range of phenotypes have shown promise in
combination with type Il collagen hydrogel scaffolds and delivery of appropriate growth factors
(Diaz-Flores et al., 2012). Pericytes isolated using culture-based methods from bovine retina
(aSMA+) could be induced to an adipogenic and chondrogenic phenotype, exhibiting oil red O+
droplet formation and expression of PPAR-y2 mRNA or demonstrating expression of aggrecan, type
Il collagen and sox2 mRNA, and secreting a type Il collagenous matrix in vitro, respectively
(Farrington-Rock et al., 2004). When injected into athymic mice via a diffusion chamber, mineralised
and fibrocartilage were formed, suggestive of a cartilaginous matrix, and small clusters of adipocytes
were identified morphometrically (Diaz-Flores et al., 2012; Farrington-Rock et al., 2004). This early
study did not determine pericyte marker expression and therefore the pericyte subtypes involved
are not clear, although the crude method of extraction suggests a rather heterogeneous population.
In a rat model of meniscus tear, cultured adventitial cells (CD146+) from human foetal menisci
enhanced cartilage repair compared to PBS and CD34-/CD146- controls (Osawa et al., 2013). The
number of pericyte-specific studies in the field of cartilage and connective tissue engineering are
limited, and although the studies discussed suggest promising results, it will be necessary to
determine whether pericytes from all vascularised tissue can be utilised, or if better results are to be

obtained using pericytes derived from a cartilaginous environment.
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Skeletal muscle and cardiac repair

The myogenic potential of perivascular cells has been repeatedly demonstrated in vivo. As
mentioned previously, Birbrair et al. (Birbrair et al., 2013c) has demonstrated that Type 2 pericytes
(nestin+/NG2+/CD146+) are myogenic, whilst their nestin- counterparts are not. Induced pericytes
are also capable of myogenesis; in the presence of TGF-f and PDGF-BB, hiPSC-derived pericytes co-
cultured with hiPSC-derived ECs are capable of differentiation into contractile smooth muscle cells in
vitro, as demonstrated by expression of the contractile markers SM22 and CNN1 (Orlova et al.,
2014a). Moreover, CD105+ pericytes isolated from hiPSC-derived embryoid bodies have been found
to aid in ischemic muscle recovery and display direct myogenic differentiation, as indicated by
desmin expression, in addition to providing vascular support by integrating with the host vasculature

(Dar et al., 2012).

Adventitial cells from the human saphenous vein engrafted into infarcted mouse hearts retained
their pericytic phenotype, as suggested by expression of NG2 and PDGFRB and their perivascular
localisation along perfused vessels (Katare et al., 2011). Transplantation of CD146+/CD34-/CD45-
/CD56- pericytes isolated from human skeletal muscle into mice with ischemic heart disease has
been found to improve cardiac function, likely due to a combination of increased vascularity,
reduced fibrosis and immunomodulation (Chen et al., 2013). Moreover, pericytes integrated with
host cardiac tissue, surviving and proliferating in addition to differentiating into cardiomyocytes,

which was consistent with the loss of aSMA expression (Chen et al., 2013).

An advantage of using autologous cell therapy is of course the acceptance of the tissue by the host
immune system. However, use of autologous material carries an inherent limitation in that the
progenitor capacity of pericyte-like cells is compromised with age; therefore, in elderly populations,
tissue grafts composed of host tissue will require additional considerations. The use of polyethylene-
glycol (PEG)-fibrinogen scaffolds has shown promise in restoring myogenic and vasculogenic
potential, and pericytes isolated from adult pigs grafted into mice on PEG-fibrinogen scaffolds have
shown increased myogenic potential and promoted ectopic tissue formation comparable to similar

to changes driven by young pig-derived pericytes (Fuoco et al., 2014).

It is clear that pericytes from a range of sources, isolated in numerous ways, and of various
phenotypes, show bioengineering potential. However, lack of standardisation regarding perivascular
marker expression and that of their subtypes renders comparison between studies and overall
conclusions difficult. Common limitations seem to be the lack of integration of grafts with host
tissue, although further understanding of the roles of the various perivascular subtypes will help

overcome this issue. It is unclear whether perivascular cells from any tissue can contribute to the
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regeneration of bone, fat, muscle, cartilage and neuronal, or if, for a more specialised tissue, they
must be obtained from a similar niche. Further understanding of the various mechanisms by which
perivascular cells contribute to repair, such as direct differentiation, secretion of pro-angiogenic and
immunomodulatory growth factors, participation in vasculogenesis and stabilisation of

microvasculature, will propel this field forward.

Pharmacological interventions to enhance tissue repair

The concept of MSCs being present in the peripheral blood under normal physiological conditions is
divisive; some studies have identified low frequencies of MSCs within the circulation, whereas other
studies have been unable to detect their presence (He et al., 2007). However, in response to injury,
cytokines, chemokines and neuroendocrine modulators are released, initiating processes thought to
mobilise and recruit regenerative cells. This hypothesis is substantiated by an observed increase in
putative MSC mobilisation post-injury, correlating with an increase in VEGF and G-CSF levels in the
blood (Wang et al., 2008a). This artefact is presumed to reflect that the MSCs are en route to the site
of damage to promote tissue repair. Furthermore, injury-induced peripheral blood MSCs can be
cultured up to ten passages and can differentiate into osteocytes and adipocytes in vitro (Wang et

al., 2008a).

Several pre-clinical and clinical trials have looked at the therapeutic benefits of systemic infusion of
ex vivo isolated and expanded MSCs, but there are problems with the consistency, heterogeneity
and delivery of these cells (Main et al., 2014). Consequently, identifying the intrinsic signals involved
in MSC mobilisation could allow for targeted pharmacological intervention (Figure 3) to exploit this
system and induce the mobilisation of endogenous MSCs as a therapy, with the goal of improving
tissue regeneration and/or managing inflammation; unfortunately, there are currently few examples

of this phenomenon.

It is therefore of note that the exposure of rats to chronic hypoxia (3 weeks) increases peripheral
blood colony forming unit fibroblasts (CFU-Fs) by almost 15-fold (Rochefort et al., 2006).
Subsequently, it was discovered that there is a significant but comparatively low level CFU-F
mobilisation after only 2 days of hypoxia that steadily increases over time (Liu et al., 2011). These
hypoxia-derived blood CFU-Fs display tri-lineage differentiation capacity and express CD29, CD44,
CD54, CD73 and CD90, and are CD31, CD34 and CD45 negative; an expression profile directly
comparable to bone marrow-derived MSCs (Liu et al., 2011; Rochefort et al., 2006). Hypoxia-induced

MSC mobilisation is dependent on increased expression of hypoxia inducible factor 1 (HIF-1);
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consequently, the HIF-1a target genes VEGF and SDF-1a have been assessed. VEGF expression was
found to be elevated in the bone marrow and correlated with an increase in sinusoidal vessels. In
addition, VEGF is known to increase vascular permeability and blood flow, which may play a role in
MSC mobilisation. CXCL12 (SDF-1a) levels are also increased in the peripheral blood of hypoxic rats
and could stimulate MSC migration in vitro under hypoxic conditions, suggesting that MSCs react to
a CXCL12 gradient in vivo. Moreover, pre-treatment of mice under normoxic conditions with VEGF
for 4 days in combination with the acute CXCR4 inhibitor (AMD3100) treatment also mobilises CFU-
Fs, which were characterised as having an expression profile analogous to bone marrow-derived
MSCs and can undergo tri-lineage differentiation (Pitchford et al., 2009). This treatment programme
appears to mimic the physiological response observed in hypoxic conditions and reinforces the idea
that VEGF signalling and disruption of the CXCR4-CXCL12 axis are important factors for MSC

mobilisation.

It is well-known that granulocyte-colony stimulating factor (G-CSF) pre-treatment mobilises
haematopoietic stem and progenitor cells (HSPCs) and is used clinically for bone marrow
transplantation (Tatsumi et al., 2008); its effect can be further enhanced using a CXCR4 antagonist
(AMD3100). In addition, acute treatment with AMD3100 alone can mobilise HSPCs, although in
comparably fewer numbers. However, the ability of G-CSF or AMD3100 to also mobilise MSCs is
contentious, with several studies claiming to be able to demonstrate this, but there has been a
consistent failure to establish that mobilised peripheral blood cells fulfil the basic requirements to be
characterised as MSCs. In contrast, other studies have actively discounted the ability of G-CSF or
AMD3100 to mobilise bone marrow MSCs. Most notably, Pitchford et al. showed that, in uninjured
mice, there was no increase in the number of circulating CFU-Fs with either of these treatments

alone or in combination (Pitchford et al., 2009).

The complete mechanism of G-CSF HSPC mobilisation is still unclear, but G-CSF mediated disruption
of the CXCR4-CXCL12 axis appears to be an important step (Ehninger and Trumpp, 2011). Thus, the
presence of G-CSF and VEGF simultaneously, as observed post-injury, may synergise to promote MSC
mobilisation. Interestingly, the vitamin E analogue y-tocotrienol (GT3) induces the endogenous
production of both G-CSF and VEGF, and leads to mobilisation of CFU-Fs after 24 h with the effect
lasting for up to 72 h (Ray et al., 2013). CFU-F mobilisation was further enhanced when GT3
treatment was combined with the CXCR4 antagonist AMD3100. However, further studies are

required to properly characterise these CFU-Fs to demonstrate whether or not they represent MSCs.

Identification of other endogenous signalling factors released in response to injury will help further

delineate the complex mechanisms of MSC mobilisation. For instance, the concentration of
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substance P, a neuropeptide involved in pain perception, has been shown to increase in the
circulation in response to corneal injury (Hong et al., 2009). This was associated with the appearance
of stromal-like cells in the circulation, which was determined to be due to higher circulating levels of
substance P, since i.v. injection of substance P in uninjured mice, rats and rabbits elicited the same
response. The mobilised CD29-positive stromal cells were comparable to bone marrow MSCSs and
were able to differentiate into cartilage in vitro and bone when transplanted in vivo (Hong et al.,

2009).

Transforming growth factor B1 (TGF-B1) is a signalling molecule thought to act as a molecular sensor,
converting into its active form in response to injury to aid tissue regeneration. Using a model of
arteriole damage, stromal cells characterised as expressing Scal, CD29 and nestin that were CD11b
and CDA45 negative were mobilised post injury, correlating with an increase in the level of peripheral
blood TGF-B1. It was indirectly demonstrated that this cell expression profile selected for cells that
had mesenchymal tri-lineage differentiation potential. Accordingly, treatment of uninjured mice
with active TGF-B1 led to a ~2.5-fold increase in the circulation of these cells after 24 hours (Wan et
al., 2012). Since there is a lack of definitive MSC markers, subsequent research would benefit from
observing whether or not TGF-B1 treatment can increase the number of peripheral blood CFU-Fs,

which would allow for direct characterisation of individual clones from these cell colonies.

In the research field of pharmacologically induced MSC mobilisation, the data regarding the
characterisation of MSCs and the kinetics of their egress are not consistent, and in some cases may
need confirmation. Future studies need to focus on using consistent methods to establish the
existence of peripheral blood MSCs. In the absence of a clear expression profile with which to define
MSCs, it is crucial that at the very least they must meet the criteria for defining MSCs as proposed by
the International Society for Cellular Therapy (Dominici et al., 2006). This will allow for clear and easy

comparison between studies to establish a central dogma on MSC mobilisation.

Pharmacological modification of pericyte mobilisation has also been investigated in recent years. It is
well-understood that pericytes are mobilised in response to PDGF-BB during the process of
angiogenesis; PDFG-BB signalling via PDGFRP stimulates the p44/p42 MAP kinase, stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/JNK), P13-kinase and PKC pathways to induce vascular
smooth muscle cell/pericyte migration (Pukac et al., 1998; Zhan et al., 2003). Recently, it has also
been shown that PDGF-BB mediated pericyte migration can also be suppressed in vitro by inhibiting
adenosine monophosphate-activated protein kinase (AMPK); this strategy was applied both
pharmacologically and using siRNA to inhibit the activity of AMPK in cultured rat A10 pericytes.

Pharmacological inhibition was found to suppress pericyte migration in a Boyden chamber assay,
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while the compound AICAR, used to stimulate AMPK activity, was found to enhance pericyte
migration toward PDGF-BB in vitro, suggesting that exploiting this pathway could be a promising

target to manipulate pericyte migration (lida et al., 2013).

A number of therapeutic strategies have also been investigated in vivo to inhibit pericyte
mobilisation (Figure 4), most notably as a means by which to disrupt the blood supply in tumours
and induce tumour regression. Tyrosine kinase inhibitors such as sunitinib, nilotinib and imatinib
have been used to target PDGFRP signalling in pericytes in mouse models of cancer as a strategy to
inhibit pericyte migration to the developing tumour vasculature. Ruan et al. showed that treatment
of human lymphoma-bearing mice with imatinib inhibited pericyte proliferation and PDGF-BB
signalling, and led to the depletion of pericytes and endothelial cells in the tumour, with the end
results of decreasing tumour size (Ruan et al., 2013). Onoyama et al. expanded on this strategy by
combining a tyrosine kinase inhibitor (nilotinib) with an mTOR inhibitor (everolimus) in an orthotopic
gastric cancer mouse model, and demonstrated that this combined intervention was able to reduce
pericyte coverage of the tumour microvasculature and inhibited tumour growth, whereas treatment
with nilotinib alone had effects on tumour pericyte coverage without affecting tumour growth
(Onoyama et al.,, 2013). However, the success of targeting tumour pericytes may be highly
dependent on the characteristics of the tumour as well as the delivered dose, as shown by Welti et
al., who demonstrated that sunitinib treatment of mice injected with 4T1 and RENCA tumour cells,
which both form lung metastases, did not inhibit the growth of 4T1 lung metastases, but was able to
block the growth of RENCA lung metastases. The differential effect was related to the degree of
vascularisation of tumour nodules, as sunitinib treatment led to profound devascularisation of only
RENCA tumours. However, a high dose of sunitinib led to pericyte depletion in the lung, which
enhanced the seeding of metastases (Welti et al., 2012). Taken together, these studies support
further research into the use of drugs to impair pericyte mobilization in cancer therapy, with the
proviso that additional pathways may also need to be blocked, and keeping in mind that impairing

pericyte function in healthy tissues may have unexpected negative side effects.

The role of pericytes in driving tissue fibrosis has also been targeted therapeutically. In a recent
study, curcumin, a major component of the South Asian spice turmeric, was investigated as a means
by which to impair pathological tissue remodelling in a carbon tetrachloride-mediated rat model of
hepatic fibrosis. It was found that oral curcumin delivery in carbon tetrachloride-exposed rats was
able to dose-dependently inhibit organ fibrosis and vascularisation; the mechanism of action of
curcumin was postulated to be related to PDGFRP transrepression through the activation of
peroxisome proliferator-activated receptor gamma (PPAR-y) (Zhang et al., 2014). Pericytes have also

been targeted in a number of mouse models of kidney fibrosis, in which the pericyte-to-
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myofibroblast transition has been shown by several groups to contribute to tissue fibrosis (Lin et al.,
2008; Scharpfenecker et al.,, 2013). One recent study used thalidomide, known to have anti-
inflammatory and angiogenesis-modulating properties, in a radiation-induced mouse model of
kidney fibrosis in an attempt to normalise the kidney microvasculature and inhibit the development
of fibrosis. While this intervention was found to improve vessel perfusion, likely by promoting
pericyte retention on the vasculature due to increased expression of PDGFRp, thalidomide caused
significant tubular damage and was not able to inhibit tissue fibrosis (Scharpfenecker et al., 2014).
However, the most promising results suggesting that pericytes can be targeted in organ fibrosis have
focused on inhibiting growth factor receptor signalling in these cells. Using adenoviral vectors to
overexpress the soluble ectodomains of PDGFRP and VEGFR in the UUO model of kidney fibrosis, it
was shown that blocking either PDGFRp signalling in pericytes or VEGFR2 signalling in endothelial
cells attenuated tissue fibrosis and capillary rarefaction following kidney injury (Lin et al., 2011).
Despite these promising results, it is important to consider that targeting growth factor receptor
pathways to inhibit fibrosis in one organ may have unwanted effects on the healthy vasculature in

other organs.

Concluding remarks

It is hoped that further advances in the field of regenerative medicine will improve our ability to
control the function and differentiation of mesenchymal stem cells and pericytes, direct their
migration from the niche to sites of injury and harness their ability to build new organs to replace
damaged or exhausted tissues. To achieve the goal of replacing or regenerating damaged organs,
there are a number of roadblocks that need to be addressed and surmounted, such as the
integration of stem cells into the tissue, understanding the immunomodulatory effects of these cells
at the site of injury, determining the most suitable populations of stem cells for the repair of a given
tissue and optimizing the differentiation of stem cells following mobilisation or transplantation.
Furthermore, translation of preclinical data from animal and cell culture experiments into viable
treatments in humans will require considerable effort on the part of researchers, physicians,
pharmaceutical and biotech companies and regulatory bodies. Most importantly, the design and
reporting of clinical trials and rigorous post-treatment patient follow-up will be vital to reaching a

consensus on the therapeutic efficacy of mesenchymal stem cell therapies.
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Figure legends

Figure 1. The schematic diagram illustrates the capacity for MSC and pericyte differentiation into
separate lineages (grey and pink arrows) and for self-renewal (red arrows). The unique and shared

markers of both cell types are shown.

Figure 2. In a quiescent state (top), pericytes have a stellate morphology and a complex system of
extensions which protect ECs and reinforce the vasculature. The balance between ECs and pericytes
are tightly controlled by signalling pathways operating in a paracrine manner, such as PDGF-BB. In
injury, disruption of PDGF-BB expression dissociates pericyte-EC connections, which leads to
detachment of ECs and corresponding vessel collapse (bottom). Pericytes are then activated, such
that they develop a bulky cytoplasm with shortened processes which allow migration through the

basement membrane to invade newly vascularised tissue.

Figure 3. Therapeutic interventions to increase MSC mobilisation from the bone marrow niche have
primarily focused on inhibiting CXCR4 signalling on bone marrow MSCs, thereby releasing them from
their niche. This strategy can be combined with other systemic stimuli, such as hypoxia, VEGF and

substance P. The arrow indicates the gradient of CXCL12 expression.

Figure 4. Therapeutic interventions to modulate pericyte mobilisation have attempted to inhibit the
migration of these cells to the vasculature by impairing PDGFRp signalling through the use of soluble
receptors, tyrosine kinase inhibitors (sunitinib, nilotinib, imatinib, etc.), PPAR-y activation and AMPK

inhibition. The arrow indicates the gradient of PDGF-BB expression.
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Figure 1. The schematic diagram illustrates the capacity for MSC and pericyte differentiation into
separate lineages (grey and pink arrows) and for self-renewal (red arrows). The unique and shared

markers of both cell types are shown.
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Figure 2. In a quiescent state (top), pericytes have a stellate morphology and a complex system of
extensions which protect ECs and reinforce the vasculature. The balance between ECs and pericytes
are tightly controlled by signalling pathways operating in a paracrine manner, such as PDGF-BB. In
injury, disruption of PDGF-BB expression dissociates pericyte-EC connections, which leads to
detachment of ECs and corresponding vessel collapse (bottom). Pericytes are then activated, such
that they develop a bulky cytoplasm with shortened processes which allow migration through the

basement membrane to invade newly vascularised tissue.
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Figure 3. Therapeutic interventions to increase MSC mobilisation from the bone marrow niche have
primarily focused on inhibiting CXCR4 signalling on bone marrow MSCs, thereby releasing them from
their niche. This strategy can be combined with other systemic stimuli, such as hypoxia, VEGF and

substance P. The arrow indicates the gradient of CXCL12 expression.
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Figure 4. Therapeutic interventions to modulate pericyte mobilisation have attempted to inhibit the
migration of these cells to the vasculature by impairing PDGFR signalling through the use of soluble
receptors, tyrosine kinase inhibitors (sunitinib, nilotinib, imatinib, etc.), PPAR-y activation and AMPK

inhibition. The arrow indicates the gradient of PDGF-BB expression.
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