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Abstract Pericytes have crucial roles in blood-brain barrier function, blood vessel
function/stability, angiogenesis, endothelial cell proliferation/differentiation, wound
healing, and hematopoietic stem cells maintenance. They can be isolated from fetal
and adult tissues and have multipotential differentiation capacity as mesenchymal
stem cells (MSCs). All of these properties make pericytes as preferred cells in the
field of tissue engineering. Current developments have shown that tissue-engineered
three-dimensional (3D) systems including multiple cell layers (or types) and a sup-
porting biological matrix represent the in vivo environment better than those mono-
layers on plastic dishes. Tissue-engineered models are also more ethical and cheaper
systems than animal models. This chapter describes the role of pericytes in tissue
engineering for regenerative medicine.
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Introduction

Mesenchymal stem cells (MSCs) have attracted considerable attention as therapeu-
tic cells for regenerative medicine although they are heterogeneous population. It has
been described that MSCs originate from two types of perivascular cells, namely,
pericytes and adventitial cells, which contain the in situ counterpart of MSC in
developing and adult human organs, which can be purified using defined cell

B. Celebi-Saltik (x7)
Department of Stem Cell Sciences, Hacettepe University Graduate School of Health
Sciences, Ankara, Turkey

Center for Stem Cell Research and Development, Hacettepe University, Ankara, Turkey
e-mail: betul.celebi @hacettepe.edu.tr

© Springer Nature Switzerland AG 2018 125
A. Birbrair (ed.), Pericyte Biology - Novel Concepts, Advances in Experimental
Medicine and Biology 1109, https://doi.org/10.1007/978-3-030-02601-1_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02601-1_10&domain=pdf
https://doi.org/10.1007/978-3-030-02601-1_10
mailto:betul.celebi@hacettepe.edu.tr

126 B. Celebi-Saltik

surface markers [26]. The French physiologist, Charles-Marie Benjamin Rouget
identified pericytes as “non-pigmentary adventitial cells” or “intramural pericytes”
in 1873, while the German anatomist Karl Wilhelm Zimmermann renamed them as
“pericytes” in 1923 [3, 51]. By these expression patterns, pericytes can be separated
from other perivascular cells like adventitial cells that are negative for CD146 and
positive for CD34 [24]. The majority of pericytes are derived from mesoderm,
whereas those found in the retina and brain are derived from the neural crest [48].
These cells are found in capillaries, arterioles, and venules as well as in the suben-
dothelial regions of large-diameter blood vessels (Fig. 10.1) [2]. They engage with
endothelial cells through special linkage units and paracrine signals and can increase
the proliferation and provide effective endothelialization [35]. They are responsible
for the regulation of vascular development, maturation, stabilization, blood flow,
and pressure located in the periphery of the vessel wall [29]. Morphologically, peri-
cytes are fibroblast-like cells with prominent nuclei, narrow cytoplasm, and many
extensions [48]. Similarities have been described to exist between MSC and peri-
cytes in terms of phenotype and gene expression, suggesting that MSCs indeed
represent a progeny of the perivascular cell compartment [25]. Moreover, if one
sorts culture expanded human pericytes for the in vivo marker CD146 or smooth
muscle actin, the cells obtained have all of the classic markers for human MSCs
(CD105, CD90, CD73) [27]. Most pericytes express neural/glial antigen 2 (NG-2)
and platelet-derived growth factor receptor beta (PDGFR-f) and lack the expression
of hematopoietic and endothelial markers, such as CD45 and CD31 [10, 19].
Although no marker is specific for pericytes, collectively these markers appear to
selectively identify an MSC-like pericyte. The purification of pericytes is described as
a CD146+CD34-CD45- cell population [42]. Caplan mentioned that these cell sorts
clearly documented the equivalency of MSCs with pericytes. These observations lead
him to speculate that “all” MSCs are derived from pericytes [11]. Similar to their
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Fig. 10.1 Localization of the pericytes in the vessel
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diverse morphology, expression of pericytes phenotypic markers is dynamic and
changes at different developmental stages, in addition to being highly variable in
different tissues and organs [63].

The production of an engineered tissue in vitro requires the use of cells to popu-
late matrices and produce matrix resembling that of the native tissue [40]. The main
successes in this field have come from the use of primary cells taken from the patient
and used them with scaffolds to produce tissue for reimplantation. However, this
strategy has some limitations, because of the invasive nature of cell collection and
the potential for cells to be in a diseased state [40]. The use of embryonic stem cells,
MSCs, fetal stem cells (umbilical cord, placenta-derived stem cells), and induced
pluripotent stem cells began to become widespread after the development of stem
cell field. In addition to these stem cell types, recently, pericytes have become
important cell sources for tissue engineering applications [49].

Pericytes in Tissue Engineering

The term “tissue engineering” was officially used at a National Science Foundation
workshop in 1988 to mean “the application of principles and methods of engineer-
ing and life sciences toward the fundamental understanding of structure-function
relationships in normal and pathological mammalian tissues and the development of
biological substitutes to restore, maintain or improve tissue function” [52]. However,
while the field of tissue engineering may be relatively new, the idea of replacing
tissue with another goes as far back as the sixteenth century [50]. Tissue engineer-
ing applications consist of (1) scaffolds for providing proper three-dimensional
(3D) shape of tissue construct and structural support, (2) cells for forming tissues
in vitro/within the body, and (3) growth factors for signaling and determining cell
fate. Evidence shows that the injected cells do not contribute to the reconstitution of
the damaged tissue, highlighting the urgency of new solutions for organ/tissue
replacement. Based on these considerations, clinicians and biologists are develop-
ing new techniques in the attempt to generate biological tissues “grafts” in vitro,
developing the new field of tissue engineering [4]. The reconstruction of tissues can
be achieved by the combination of a support material “scaffold” with cells and/or
bioactive factors such as growth factors, cytokines, or chemokines (Fig. 10.2)
[12, 14, 17]. The scaffold can be of natural or synthetic origin and is meant to pro-
vide support to the forming tissue and a matrix for cell retention and controlled
bioactive factors release. Natural matrices are made of biologically-derived poly-
mers, such as electrospun collagen, elastin, fibrin, fibronectin, alginates or hydro-
gels [12—-14]. Alternatively, they can consist of entire decellularized tissues,
commonly xenografts of porcine or bovine origin [39]. Conversely, synthetic
matrices are composed of synthetic polymers like poly-glycolic acid, poly-lactide-
co-glycolic acid (PLGA), poly-L-lactic acid, polycaprolactone, and polyurethane
[17,28,55].
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Pericytes in Bone Tissue Engineering

In vitro tri-lineage differentiation of pericytes into mesenchymal cell types has been
well documented [32, 34]. The application of pericytes for orthopedic indications is
a significant and growing field of study. Among orthopedic indications, the two
most promising clinical applications are use in a bone graft substitute for spinal
fusion and stimulation of fracture repair. The use of pericytes to stimulate spinal
fusion has previously documented preclinical efficacy [22]. Chung et al. confirmed
that implanted adipose tissue-derived human pericytes differentiated into osteo-
blasts and osteocytes; however, the majority of the new bone formation was of host
origin. These results suggest that implanted pericytes positively regulate bone for-
mation via direct and paracrine mechanisms [22]. Likewise, pericyte-based stimula-
tion of fracture healing has recently shown proof of principle efficacy in an atrophic
nonunion murine model [59]. Animal models of ectopic bone formation have been
used to confirm the capacity for in vivo osteogenic differentiation of implanted peri-
cytes by James et al. [42]. Pang et al. investigated mouse incisor tips as a model for
the role of dental pulp stem cells in a continuous natural repair/regeneration pro-
cess. They demonstrated that NG2-expressing perivascular cells (pericytes) differ-
entiated into odontoblast-like cells and facilitated the production of reparative
dentine in experimentally damaged mouse incisors [53]. Another research con-
ducted by James et al. revealed that human adipose tissue pericytes seeded onto a
PLGA scaffold increased healing of mouse critical-size calvarial defects within
2 weeks of delivery [43]. This is yet another example showing human pericytes
potential in skeletal regenerative medicine.
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Pericytes in Cartilage Tissue Engineering

Differentiation of stem cells to chondrocytes in vitro usually results in a heteroge-
neous phenotype. This is evident in the often detected overexpression of collagen
type X which, in hyaline cartilage structure, is not characteristic of the mid-zone but
of the deep-zone ossifying tissue [1]. In regenerative medicine, methods to better
match cartilage developed in vitro to characteristic in vivo features are therefore
highly desirable. The number of pericyte-specific studies in the field of cartilage and
connective tissue engineering is limited. Zhang et al. co-cultured the articular chon-
drocytes with pericytes and adventitial cells, respectively, and showed more promi-
nent effects on glycosaminoglycans production and collagen type II synthesis than
the adventitial cells [66]. Another research, pericytes from the infrapatellar fat pad
(IFP), have been investigated. These cells demonstrated increased chondrogenic
potential compared with those from subcutaneous by generating more extracellular
matrix (OL2A1, ACAN, and SOX9) than IFP MSCs [38]. The high expression of
extracellular matrix by pericytes than culture-derived MSCs makes pericytes as
alternative therapeutic agents for cellular therapy and regenerative medicine. It has
beendiscussed by Wuetal. that CD 146+ subpopulationrepresented achondrolineage-
restricted subpopulation of skeletal stem cells and may therefore act as a valuable
cell source for cartilage regeneration [62]. Alakpa et al. demonstrated the pheno-
typic characteristics of human adipose tissue pericytes that cultured on diphenylala-
nine/serine peptide hydrogels with the more widely used chemical-induced method
for chondrogenesis. High levels of collagen type II were noted when pericytes
undergo chondrogenesis in the hydrogel without induction media. They suggested
also that there was also a balanced expression of collagen relative to aggrecan pro-
duction, a feature which was biased toward collagen production when cells were
cultured with induction media. The study highlighted how material and chemical
alterations in the cellular microenvironment have wide-ranging effects on resultant
tissue type [1].

Pericytes in Dermal Tissue Engineering

Dermal tissue engineering has revolved around using different cell types for the
treatment of cutaneous wounds by direct injection or scaffold-based delivery sys-
tem. The process of wound healing is a complex and dynamic process involving
various players for secretion of soluble mediators and deposition of extracellular
matrix along with migration of various cell types, including fibroblasts, keratino-
cytes, macrophages, leukocytes, endothelial cells, and pericytes [9]. Human umbili-
cal cord pericytes have recently been shown to have great potential for the treatment
of skin wounds [65]. The application of human adipose-derived pericytes (alpha-
smooth muscle actin (ae-SMA)+, PDGFR+, NG2+, and Angl+) on wounded skin of
the rats had beneficial effects due to the increased angiogenesis, extensive collagen
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deposition, and reepithelialization [64]. Studies by Rajkumar et al. showed that
PDGFR- inhibition in vivo was accompanied by abnormal microvascular morpho-
genesis reminiscent of that observed in PDGFR-B—/— mice with significantly
reduced immunostaining of the pericyte marker NG2 implying the importance of
PDGFR-f signaling during the early phases of wound healing [56]. In systemic
sclerosis fibrotic lesions, pericytes showed markers of activation such as PDGFR-f
and high-molecular-weight melanoma-associated antigen [41]. Strong evidence
showed convergence of microvascular pericytes and resident fibroblasts to a myofi-
broblast lineage and thereby contributing to systemic sclerosis by synthesizing
excessive extracellular matrix components [46]. Laminin alpha (a) 5 (LAMADY), a
subunit of the extracellular matrix component laminin-511/laminin-521 (LM-511/
LM-521), promoted skin regeneration both in vitro and in vivo [54]. Analysis using
immunogold localization revealed that pericytes synthesized and secreted
LAMAS in human skin. Consistent with this observation, co-culture with pericytes
enhanced LM-511/LM-521 deposition in the dermal-epidermal junction of organo-
typic cultures [54].

Pericytes in Vascular Tissue Engineering

Platelets release various factors such as PDGF and transforming growth factor
(TGF)-B that promotes pericytes detachment from endothelial cells and migration
into the parenchyma. Activated pericytes can express tissue factor to promote acti-
vation of the extrinsic coagulation pathway. Platelet activation of pericytes may
facilitate or regulate neovascularization. Pericytes can facilitate also angiogenesis
through secretion of matrix metalloproteinases (MMPs) (driven in part by the
hypoxic environment) to degrade the basement membrane allowing endothelial
cells to migrate into the provisional matrix. The dissociation of pericytes from the
vasculature allows for destabilization of the endothelial tube, which can promote
endothelial migration and proliferation [47]. In particular, pericytes express key
adhesion molecules (e.g., intercellular adhesion molecule (ICAM)-1, vascular cell
adhesion molecule (VCAM)-1), chemokines (e.g., human and murine C-X-C motif
chemokine ligand (CXCL)-1, CXCL-8, macrophage inhibitory factor (MIF)), and
receptors for proinflammatory molecules (tumor necrosis factor receptor (TNFR)-1,
TNFR-II, interleukin-1 receptor (IL-1R), toll-like receptors (TLRs), NOD-like
receptors) [16, 58]. In the concept of vascular tissue engineering, the secretory pro-
file of pericytes is important.

Vascular tissue engineering approaches aim to mimic vascular layers using natu-
ral or synthetic materials with vascular cell. Current clinically approved polymer-
based grafts such as Dacron and polytetrafluoroethylene have shown promising
results as large vessel substitutes but perform poorly for small-diameter vessel
bypass (<6 mm) [44]. He et al. cultured human skeletal muscle pericytes with bilay-
ered elastomeric poly(ester-urethane) urea scaffolds. The seeded scaffolds were
implanted into rats as aortic interposition grafts for 8 weeks. Results showed
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pericytes populated the porous layer of the scaffolds and maintained their original
phenotype after the dynamic culture. After implantation, pericyte-seeded vascular
grafts showed a significant higher patency rate than the unseeded control [37].
Chong et al. generated biphasic vascular model containing synthetic polymer (poly-
acrylic acid was grafted onto biaxially-stretched polycaprolactone) seeded with
human umbilical cord vein pericytes in the media layer and endothelial cells in the
intima layer [21]. They reported that this construct would be suitable not only for
vascular applications but for the engineering of layered tissue such as the skin, cor-
nea, or myocardium. Synthetic scaffolds have many disadvantages, so in recent
years vascular constructs made from cellularized natural scaffolds were seen to be
very promising, but the number of studies comprising this area is very limited. Van
der Meer et al. constructed micro-engineered 3D vascular tissue by mixing human
umbilical cord vein endothelial cells (HUVECsS), pericytes, and the rat tail collagen
type I. This is the only study that highlights the interaction of pericytes with colla-
gen type I as a model of vascular graft [60]. We suggested that human umbilical
cord vein CD 146+ pericytes may be good candidates for generating three-layered
small-diameter vascular constructs when combined with human collagen type I,
fibrin, elastin, dermatan sulfate, heparin, and fibronectin constituting the human
natural vascular components [36]. We recently generated triple-layered vascular
construct with natural human extracellular matrix proteins/glycosaminoglycans
mixed with smooth muscle cells and fibroblasts differentiated from human umbili-
cal cord vein pericytes and with HUVECs in assistance with cell sheet engineering
method. For the treatment of coronary artery diseases, this vascular construct is an
important step for generation of fully natural small-diameter (<5 mm) vascular
graft that has the structure closest to the native blood vessel [36].

Pericytes in Cardiac Tissue Engineering

Heart failure, particularly myocardial infarction, is one of the leading causes of
morbidity and mortality in the world. Stem cell transplantation therapy has emerged
as a popular strategy to treat heart dysfunction. The myogenic capacity and the pro-
angiogenic ability of skeletal pericytes were harnessed by organizing them in a
poly-ethylene glycol hydrogel-based construct for the repair of ischemic muscle
[33]. Wendel et al. produced a cardiac patch by embedded human brain pericytes
and human-induced pluripotent stem cell-derived cardiomyocytes into a fibrin gel
[61]. Once transplanted onto the infarcted myocardium of a rat, this pericytes/car-
diomyocytes patch survived, improved cardiac function, and reduced infarct size
[61]. Avolio et al. reported that cardiac pericytes seeded onto clinically approved
xenograft scaffolds had penetrated into the graft and colonized after 3 weeks incu-
bation in a bioreactor system and that cells within the graft are viable. Moreover,
cells maintain the original antigenic phenotype [5]. Exploiting the paracrine activity
of tissue-specific cells rather than using cells isolated from a different tissue becomes
attractive for regenerative medicine. In this respect, cardiac stem cells and pericytes
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may be uniquely suited to produce paracrine factors instrumental to cardiac and
vascular repair and regeneration [31]. Pericyte-like cells isolated and expanded
from the adult saphenous vein produce large amounts of angiogenic factors such as
vascular endothelial growth factor (VEGF)-A, VEGF-B, angiopoietin (Ang)-1, and
miR-132, which are delivered to neighboring endothelial cells through the estab-
lishment of integrin-mediated interactions [45]. Secretion of VEGF-A, Ang-1, and
miR-132 is further augmented by hypoxia, which mimics in vitro the environment
encountered by cells upon transplantation into ischemic tissues [45]. Chen et al.
investigated the therapeutic potential of human skeletal muscle pericytes for treat-
ing ischemic heart disease and mediating associated repair mechanisms in mice.
They found that pericyte transplantation attenuates left ventricular dilatation and
myocardial fibrosis and improves cardiac contractility in infarcted mouse hearts.
In line with findings in saphenous vein-derived pericytes, hypoxia induced the
expression of VEGF-A, PDGF-f, TGF-f1, and corresponding receptors, while
expression of basic fibroblast growth factor, hepatocyte growth factor, and Ang-1
was repressed [18].

Pericytes in Blood Tissue Engineering

Hematopoietic stem cells (HSCs) are a rare subpopulation of cells residing in the
bone marrow with a well-defined phenotype, lymphoid and myeloid lineage devel-
opmental potential, the capacity to reconstitute irradiated host recipients over the
long-term in vivo [6]. HSC maintenance, behavior and trafficking are dependent
upon information they receive from the niche in which they are localized. The con-
cept of the niche was initially suggested after the work of Schofield and has been
defined as a small functional compartment with a specific anatomical position
within an organ that homes and regulates stem cell activity, quiescence, self-renewal,
and differentiation for healthy tissue maintenance and repair [57]. MSCs have
increasingly been implicated in HSC support as major components of the hemato-
poietic niche [15, 16, 30]. As pericytes were shown to be a reservoir of MSCs in vivo
and in addition proximal to HSCs, recent studies have focused on their role in HSC
regulation and blood tissue engineering [8]. It has been shown by Chin et al. that a
subset of cells differentiated from human pluripotent stem cell defined as
CDI146"CD73" expressed genes associated with the hematopoietic niche and sup-
ported the maintenance of functional hematopoietic progenitors ex vivo, while
CD146"°CD73" cells supported differentiation. They discussed that stromal support
of hematopoietic progenitors was contact dependent and mediated in part through
high JAG1 expression and low WNT signaling. Molecular profiling revealed signifi-
cant transcriptional similarity between human pluripotent stem cell-derived
CD146++ and primary human CD146++ perivascular cells [20]. Primary immuno-
deficient recipients were engrafted at long-term when injected with CD45+ donor
hematopoietic cells from CD146+ co-cultures and could further repopulate second-
ary recipients. CD 146+ cells were able to activate Notch signaling in hematopoietic
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progenitors [23], in agreement with previous reports suggesting that Notch signaling
regulates the growth and differentiation of hematopoietic progenitors via the micro-
environment or niche [7].

Future Perspective

Several preclinical and clinical trials have looked at the therapeutic benefits of sys-
temic infusion of ex vivo isolated and expanded MSCs, but there are problems with
the consistency, heterogeneity, and delivery of these cells. Pericytes represent com-
mon ancestor cells giving rise to MSCs in the adult. It is clear that pericytes from a
range of sources, isolated in numerous ways, and of various phenotypes, show bio-
engineering potential. However, lack of standardization regarding perivascular
marker expression and that of their subtypes renders comparison between studies
and overall conclusions difficult. Although recent publications mentioned the
proteome and transcriptome profile of pericytes, these cells need to be well defined
to be used clinically in the concept of the tissue engineering approach.
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