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Abstract

Pericytes and other perivascular stem cells are of growing interest in orthopedics and tissue
engineering. Long regarded as simple regulators of angiogenesis and blood pressure, pericytes are
now recognized to have MSC (mesenchymal stem cell) characteristics, including multipotentiality,
self-renewal, immunoregulatory functions, and diverse roles in tissue repair. Pericytes are typified
by characteristic cell surface marker expression (including aSMA, CD146, PDGFRp, NG2,
RGS5, among others). Although alone no marker is absolutely specific for pericytes, collectively
these markers appear to selectively identify an MSC-like pericyte. The purification of pericytes is
most well described as a CD146"CD34-CD45™ cell population. Pericytes and other perivascular
stem cell populations have been applied in diverse orthopedic applications, including both ectopic
and orthotopic models. Application of purified cells has sped calvarial repair, induced spine
fusion, and prevented fibrous non-union in rodent models. Pericytes induce these effects via both
direct and indirect mechanisms. In terms of their paracrine effects, pericytes are known to produce
and secrete high levels of a number of growth and differentiation factors both in vitro and after
transplantation. The following review will cover existing studies to date regarding pericyte
application for bone and cartilage engineering. In addition, further questions in the field will be
pondered, including the phenotypic and functional overlap between pericytes and culture-derived
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MSC, and the concept of pericytes as efficient producers of differentiation factors to speed tissue

repair.
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1. Introduction

1.1.

The interest in pericytes and related perivascular cell populations for tissue engineering has
significantly increased over recent years. Just eight years ago, the MSC (mesenchymal stem
cell) identity of pericytes was reported (Crisan et al., 2008). The second perivascular
population with MSC characteristics was reported in 2012 (Corselli et al., 2012). The
umbrella term “perivascular stem cells (PSC)” has been proposed to broadly encompass
these bipartite cell population (James et al., 2012b; Murray et al., 2014). Since their initial
identification, multiple research groups have confirmed the MSC characteristics of pericytes,
and sought to leverage this cell type for tissue regeneration — both within and outside of the
orthopedic field. In the present review, we will summarize what is known regarding the
identity and characteristics of pericytes, as well as the studies to date in bone and cartilage
tissue engineering and regeneration.

Review criteria

For the current review, PubMed search terms were used to identify articles of interest,
including “pericyte, adventitial cell, perivascular stem cell” and “bone, cartilage.” Articles
were then filtered by relevance by the corresponding author. An effort was made to include
work published within the last 10 years, and include earlier works only when directly
relevant.

1.2. Conventional culture-derived mesenchymal stem cell

Historically MSC have been isolated in laboratory culture, being selected from total cell
suspensions based on their ability to adhere and proliferate for several weeks from primary
culture (Murray & Peault, 2015). Bone marrow represents the gold standard source of
culture-derived MSC, with the iliac crest being the most common site of harvest (Cox et al.,
2011). The aspirated marrow is typically centrifuged to separate mononuclear cells from
blood and fat. The mononu-clear cell layer is subsequently plated onto tissue culture plastic
and allowed to proliferate, during which time the MSC predominate and become the most
abundant cell type. Although these preparations are enriched for MSC, some residual
heterogeneity is inevitable and they can therefore not be considered purified populations.
Surface epitope characterization has demonstrated that a high number of culture-derived
MSC isolated from both adipose tissue and bone marrow express pericyte markers (Khan et
al., 2008, 2010).

Although, promising results have been achieved using MSC derived through culture in the
treatment of bone (Muschler et al., 2005; Kawate et al., 2006; Marcacci et al., 2007) and
cartilage lesions (Wakitani et al., 2002; Haleem et al., 2010), there are a number of clear
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challenges to widespread clinical application of cells isolated in this way. The selection and
expansion of cells through cell culture is time consuming, precluding use in emergency
scenarios, and often involves exposure to animal-derived culture products. Culture
introduces risks including infection (Murray & Peault, 2015), immunogenicity (Gad, 2008),
genetic instability (Dahl et al., 2008; Tonti & Mannello, 2008) and tumorogenicity (Rosland
et al., 2009; Ren et al., 2011) although the latter has been contested (Rosland et al., 2009).
Furthermore, increasing time in culture has been shown to reduce multipotentiality and
increase replicative senescence that may impair their clinical efficacy (Muraglia et al., 2000;
Baxter et al., 2004).

Strategies that utilize serum-free media supplemented with growth factors have been used to
minimize potential immunologic responses and the risk of contamination although these
approaches require further investigation. Production of clinically utilized MSC requires
facilities that comply with good manufacturing practices and culturing of cells has
considerable regulatory implications. Regulatory agencies in the United States qualify
laboratory culture as beyond “minimal-manipulation”, requiring that potential therapies
proceed through the arduous pathway 351 of the regulation covering “Human Cells, Tissues,
and Cellular or Tissue-based Products” (HCT/Ps) (Anz et al., 2014).

2. Introduction to pericytes and perivascular stem cells

2.1

In situ identification of pericytes

Pericytes had long been considered to have a limited role in simple blood pressure control.
However it is now known that pericytes play diverse physiologic and pathologic roles
throughout the human body (summarized in Table 1). The in situ identification of pericytes
as a tissue resident MSC population was first reported by Crisan et al. (2008). Prior to this,
scattered reports had described the possible multipotentiality of pericytes, including an
ability to undergo osteogenic, chondrogenic, fibrogenic, and adipogenic differentiation
(Doherty & Canfield, 1999; Farrington-Rock et al., 2004; Collett & Canfield, 2005) and with
high expression of growth and differentiation factors (Howson et al., 2005; Invernici et al.,
2007). Covas et al. (2005) had identified MSC-like cells within human veins, but did not
show in situ localization. It was not until Crisan et al. (2008) utilized a combination of
immunohistochemical and flow cytometry analysis that the mesenchymal stem cell (MSC)
identity of pericytes was fully appreciated. Using a combination of immunohistochemical
markers (including NG2, CD146, PDGFRB, and aSMA), the localization of pericytes was
performed. Additional pericytes markers are listed in Table 2. Across diverse human organs,
pericytes were ubiquitously identified around arterioles, capillaries and venules. Next,
Crisan et al. found that isolated pericytes express MSC markers, including CD73, CD90 and
CD105. They further identified the multilineage differentiation potential of FACS
(fluorescence activated cell sorting) purified pericytes, including an ability to differentiate
down muscle, bone, fat and cartilage lineages. This study was the first of its kind to identify
and confirm the MSC attributes of pericytes. Since this time, multiple independent
investigators have confirmed the pericytic/perivascular origins of MSC (see Murray et al.,
2014 for a review). In addition, several research groups have identified pericytes as native
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progenitor cells that are involved in endogenous tissue development and repair (Dellavalle et
al., 2007; Tang et al., 2008; Feng et al., 2011).

2.2. Purification of pericytes

Advances in multicolor flow cytometry have enabled the prospective identification and
purification of pericytes from heterogeneous cell preparations using fluorescence activated
cell sorting (FACS). Isolating homogenous populations of MSC in this way overcomes many
of the drawbacks of conventionally isolated MSC and unsorted populations, including issues
relating to purity, potency and availability. Given the relative abundance of progenitors
within adipose tissue, perivascular MSC can be isolated in sufficient quantities for direct
clinical application without requirement for culture expansion. Analyzing the frequency of
viable MSC purified by FACS from 60 consecutive donors of lipoaspirate, James et al.
(2012a) reported a mean yield of over 15 million purified PSC per 100 ml of lipoaspirate.
Importantly, from a clinical standpoint, the high number of autologous cells available means
that MSC can be purified and returned for clinical use in sufficient quantities to avoid culture
expansion and the necessity for a second surgical procedure. Purifying cells in this way has
its own practical challenges including the expenses and availability of GMP facilities and
reagents.

2.3. Adventitial cells: a second perivascular stem cell population

Prior studies have clearly shown that cells within the adventitia of larger vessels have MSC
characteristics. Hu et al. (2004) identified Sca-1 (Stem cell antigen-1) expression and other
MSC markers within the adventitia of the mouse aorta. Since then, investigators have
isolated CD34+ MSC progenitors from human arteries and veins (Pasquinelli et al., 2007;
Campagnolo et al., 2010). For example, Campagnolo et al. (2010) had previously
characterized a similar CD34+ cell multipotent cell population from the saphenous vein
(termed “saphenous vein-derived progenitor cells”). Likewise, Pasquinelli et al. (2007)
described a similar CD34+ MSC-like cell from the thoracic aorta. After isolation of adipose
tissue-derived pericytes, it became clear that within the blood vessels of adipose tissue there
was a non-pericyte fraction with MSC characteristics. This led to the identification of a
second (nonpericyte) perivascular cell with MSC characteristics (Corselli et al., 2012).
These cells (identified by expression of CD34 and negativity for CD146 and CD31) were
identified in the tunica adventitia of larger arteries and veins — and were thus named
adventitial cells. When combined, pericytes and adventitial cells represent all known cells
with MSC characteristics within human white adipose tissue (Corselli et al., 2012). By flow
cytometry and immunohistochemistry analysis, adventitial cells have been demonstrated to
express typical MSC markers including CD44, CD90, CD105, and CD73. By clonal
analysis, adventitial cells evidence a capacity for multilineage differentiation, including
osteogenesis, chondrogenesis, and adipogenesis (Corselli et al., 2012). Taken together,
pericytes and adventitial cells (collectively termed PSC) comprise ~40% of lipoaspirate
stromal tissues (James et al., 2012b). Unlike other MSC sources, PSC are prospectively
identified using fluorescence activated cell sorting (rather than retrospective isolation via cell
culture) (James et al., 2012b; Murray et al., 2014). These results were the first study to
demonstrate that PSC could be derived in clinically meaningful numbers for orthopedic
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applications. The combined use of pericytes and adventitial cells has been pursued for use in
bone and cartilage tissue engineering (Fig. 1).

3. Pericytes in bone tissue engineering

3.1. Pericytes in ectopic bone formation

Animal models of ectopic bone formation have been used to confirm the capacity for in vivo
osteogenic differentiation of implanted pericytes. First, a comparative study was performed
examining pericytes and adventitial cells derived from the same patient sample of white
adipose tissue. These studies were performed so as to determine the relative osteogenic
potential of perivascular stem cell subpopulations (pericytes and adventitial cells), and to
better justify the combining of these cell sources for bone tissue engineering application.
Results showed that both perivascular populations had a similar baseline osteogenic
potential (Fig. 2, unpublished data). These results were true of in vitro osteogenic
differentiation (Fig. 2A,B), as shown by alkaline phosphatase staining and quantification.
Moreover, when these same populations were tested in vivo in an intramuscular
environment, similar amounts of bone matrix were produced (Fig. 2C,D). This pilot study
demonstrated that pericytes and adventitial cells have a similar bone-forming potential, and
laid the framework for later studies in which these two cell populations were combined
(termed perivascular stem cells or PSC).

Next, the bipartite PSC population was again implanted in an intramuscular environment and
bone formation assessed overtime (Fig. 3, reproduced with permission from James AW, Zara
JN, Zhang X, Askarinam A, Goyal R, Chiang M, Yuan W, Chang L, Corselli M, Shen J,
Pang S, Stoker D, Ting K, Peault B, Soo C. Perivascular stem cells: a prospectively purified
mesenchymal stem cell population for bone tissue engineering. Stem Cells Transl Med. Jun
2012; 1(6):510-9. PMCID: PMC3659717). By both radiographic and histologic outcomes,
PSC were observed to spontaneously ossify overtime without additional osteogenic stimuli.
These studies demonstrated PSC to be an ‘osteocompetent’ cell population for further study.

Next, the relative bone-forming efficacy of PSC was compared to the unpurified stromal
vascular fraction (SVF) from the same patient’s adi-pose sample (Fig. 4, reproduced with
permission from James AW, Zara JN, Zhang X, Askarinam A, Goyal R, Chiang M, Yuan W,
Chang L, Corselli M, Shen J, Pang S, Stoker D, Ting K, Peault B, Soo C. Perivascular stem
cells: a prospectively purified mesenchymal stem cell population for bone tissue
engineering. Stem Cells Transl Med. Jun 2012; 1(6):510-9. PMCID: PMC3659717). Here, a
demineralized bone matrix scaffold was used for an additional osteoinductive stimulus.
Results showed that PSC intramuscular implantation led to larger particles of bone by
microCT imaging (Fig. 4A,B), increased quantitative metrics of bone formation by microCT
(Fig. 4C,D), and increased bone matrix accumulation by routine histology (Fig. 4E,F),
which was confirmed by immunohistochemical staining of bone-specific markers (Fig. 4G—
J). Increased bone formation among PSC treated groups was accompanied by a quantitative
increase in vascularity of the implant site, accompanied by increased VEGF (vascular
endothelial growth factor) elaboration (Askarinam et al., 2013). Overall, these studies
showed that pericytes and adventitial cells either alone or combined result in significant
ectopic bone formation. Moreover and for the first time it was observed that these FACS
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purified cell populations outcompete unpurified stroma from the same patient sample in
terms of bone-forming efficacy.

Pericytes in bone defect healing

The bone-forming advantage of purified PSC was next extended to a more clinically relevant
model of bone repair — a murine calvarial defect (Fig. 5, reproduced with permission from
James AW, Zara JN, Corselli M, Askarinam A, Zhou AM, Hourfar A, Nguyen A,
Megerdichian S, Asatrian G, Pang S, Stoker D, Zhang X, Wu B, Ting K, Peault B, Soo C.
An abundant perivascular source of stem cells for bone tissue engineering. Stem Cells Trans/
Med. Sep 2012; 1(9):673-84. PMCID: PMC3659737). Here, equal numbers of unpurified
SVF or PSC from the same patient were implanted in a 3 mm non-healing calvarial defect
centered in the parietal bone. A further acellular control was also used. Radiographic and
histo-logic analysis showed that (similar to the intramuscular implantation model) PSC led
to a significant increase in bony regenerate at the defect site with significant bone defect
healing overtime. In comparison, unpurified SVF from the same patient had no statistically
significant benefit in comparison to an acellular scaffold. PSC induced bone defect healing
in this model was observed to be a result of both direct ossification of PSC and indirect
paracrine effects exerted by PSC. Thus, across both ectopic and orthotopic bone models,
PSC showed significantly greater potential for bone formation in comparison to unpurified
stroma. Whether these findings correlated with the enrichment of osteogenic PSC, or
conversely the elimination of an inhibitory cell type within the heterogeneous stroma, is still
a matter of conjecture.

3.3. Other orthopedic applications

Perivascular stem cell populations have been examined in other orthopedic models,
including spinal fusion and atrophic non-union. Each will discussed sequentially below.

Spinal fusion models represent a tremendous biomedical burden. Spinal fusion procedures
are performed at an approximate frequently of 350,000 surgeries performed per annum in
the United States alone (Deyo et al., 2005; Gray et al., 2006; Katz, 1995; Lee & Langrana,
2004; Taylor et al., 1994). This represents an astounding 200% increase over the past decade
(Deyo et al., 2005; Gray et al., 2006; Katz, 1995; Lee & Langrana, 2004; Taylor et al.,
1994). Spinal fusion models represent a more functionally demanding environment for a
bone graft substitute that must withstand significant biomechanical stress. Chung et al.
(2015) examined the effects of PSC application in a rat posterolateral lumbar spinal fusion
model. Briefly, human PSC implantation was performed across three cellular densities in the
rat model, using a demineralized bone matrix scaffold as a carrier (Chung et al., 2015).
Results showed that PSC showed a dose-dependent increase in endochondral ossification,
increase in bone deposition, increase in theoretical measurements of bone strength, and
100% fusion between lumbar bone segments (Chung et al., 2015). Like other studies, new
bone regenerate was observed to be a product of both direct PSC osteodifferentiation as well
as host bone osteoblastogenesis (Chung et al., 2015). By species-specific
immunohistochemistry, the indirect effects of host bone seemed to predominate (Chung et
al., 2015). Later, Lee et al. (2015) extended these observations to rats rendered osteoporotic
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by gonadectomy. Here, greater numbers of implanted PSC were observed to surmount the
effects of systemic osteoporosis (Lee et al., 2015).

Atrophic non-union is associated with biological failure of fracture healing. A prospective
observational study performed in 41 trauma centers reported that the risk of delayed or non-
union in open fractures with a wound either less than 5 cm or, greater than 5 cm was
increased by 3.6 and 5.7 times respectively, when compared to fractures with no skin injuries
(Audige et al., 2005). Other factors predisposing to atrophic non-union have been described,
including smoking and vitamin D deficiency, among others. It has been thought that atrophic
non-unions occurs in the setting of impaired biological activity, especially blood supply.
Recent evidence does not, however, support this hypothesis. Reed et al. (2002) demonstrated
no difference in the number of blood vessels in human atrophic non-union tissue when
compare to hypertrophic non-union tissue. Animal studies have shown the pattern of change
in vascularity at different time points in normal fracture healing and in atrophic non-union.
The vascularity of atrophic non-unions was less in the first three weeks following injury but
reached the same level as that in normal healing bone at later time-points (Reed et al., 2003).
Bajada et al. (2009) successfully isolated MSC from atrophic non-union tissues; however,
the growth kinetic and the osteogenic ability of these cells were diminished. These findings
suggest that risk of atrophic non-union might be related to the number and functionality of
progenitor cells at the site of atrophic non-union.

To test the applicability of pericyte therapies for non-union, we examined a well-established
model of rat tibial atrophic non-union (Figs. 6,7) (Reed et al., 2003; Tawonsawatruk et al.,
2014). Pericytes were percutaneously injected 3 weeks after the procedure for establishing
fibrous non-union (Tawonsawatruk et al., 2016). Results showed that pericyte injection
increased fracture callus size, increased mineralization, eventually resulting in increased
osseous union (Tawonsawatruk et al., 2016). In contrast to the previously mentioned models,
pericyte injection in non-union did not show significant persistence of implanted cells when
defect sites were interrogated by species specific immunohistochemistry (Tawonsawatruk et
al., 2016). These data suggest that at least in the inhospitable microenvironment of atrophic
non-union, the benefit of pericytes primarily resides in their trophic abilities.

3.4. Mechanistic considerations for pericyte mediated bone formation

As previously mentioned, pericyte implantation likely results in improved bone healing by
both direct and indirect mechanisms. Clearly, evidence for direct ossification of implanted
perivascular cells has been found in vivo. For example, co-localization of labels of
mineralization (Calcein or Alizarin complexone) with human-specific antigens identified
foci of direct perivascular cell ossification (Lee et al., 2015). Nevertheless,
immunohistochemical detection of species-specific antigens shows that osteoblasts and
osteocytes within new bone are far more commonly of host rather than donor origin (Chung
et al., 2015). For example, in a human perivascular cell implantation into rat model, rat
derived osteoblasts outnumber human derived osteoblasts by a factor of 3.8 to 1 or more
(Chung et al., 2015). Thus, the majority of new-formed bone is not of perivascular cell
derivation, and an underlying paracrine mechanism was hypothesized. Supporting this
hypothesis, original descriptions showed that pericytes are robust cytokine sources (Chen et
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al., 2009). For example, human pericytes secrete 5-20 times more heparin-binding
epidermal growth factor (HB-EGF), fibroblast growth factor-2 (FGF-2), VEGF, and
keratinocyte growth factor than classically derived adipose tissue or cord blood MSC (Chen
et al., 2009). These initial observation have been confirmed by next generation sequencing
studies examining pericytes to unpurified stroma from the same patient sample. By RNA-
Seq, pericytes express 42 to 532 times higher expression of Bone Morphogenetic Protein
transcripts (including BMPZ, BMP4, and BMP?), as well as high expression of transcript
within the fibroblast growth factor and platelet derived growth factor families (unpublished
data). From this, it is clear that pericytes are both a rich source of a growth and
differentiation factors, as well as a cell type directly responsible for the in vivo process of
bone defect healing.

4. Pericytes in cartilage tissue engineering

4.1.

Need for cell-based cartilage repair

Damage and degeneration of articular, meniscal and intervertebral cartilage is a significant
problem with a large socio-economic burden. The end-stage treatment of deficient cartilage
in di-arthroidal joints is prosthetic replacement, most commonly for the hip and knee but
increasingly for the shoulder, ankle, elbow, intervertebral disks as well as for the small joints
of the hand and foot. Fusion can also be undertaken, typically in the spine and ankle, but
also in the small joints of the foot and hand. The economic burden of osteoarthritis has been
estimated to cost ~1-2.5% of GDP in western countries (March & Bachmeier, 1997). In the
US, this equates to more than $40 billion per year. Joint replacement and fusion both have
significant drawbacks and an ability to regenerate cartilage would reduce their use.

Current biological therapies include [1] microfracture for marrow stimulation, [2]
osteochondral autograft/allograft for replacement, and [3] cultured chondrocytes to generate
new matrix. None of these approaches has so far demonstrated long-term efficacy
(Vanlauwe, et al., 2011). Autologous chondrocytes lose their chondrogenic phenotype in
vitro (Tuan, 2007; Zeifang et al., 2010; Oldershaw, 2012), which represents a significant
barrier to use. Research has concentrated on the use of MSC for cartilage repair and
regeneration (Sekiya et al., 2015; Yu et al., 2015). Filardo et al. (2013) reviewed animal and
clinical studies into MSC and articular cartilage repair, and found that there was a very
heterogeneous mix of studies and outcome data. In some studies, MSC implantation results
in inappropriate ossification rather than cartilage formation (Hwang & Elisseeff, 2009;
Oldershaw, 2012). The lack of uniformity in outcome measures and control groups results in
substantial difficulty in drawing overarching conclusions.

Despite pericytes and other perivascular stem cells demonstrating increased bone-forming
potential as compared to other conventional MSC, little is known at this time regarding their
relative promise for cartilage formation.

4.2. Pericytes in cartilage development and pathology

The long bones and their synovial joints are formed from condensations of the apical
ectodermal ridge. Pericytes have been identified within the vascular channels of the
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developing fetal epiphyseal cartilage (Anderson et al., 2000; Su et al., 2015). The
development of the meniscal cartilages also has an association with pericytes. Osawa et al.
isolated cells from fetal menisci and demonstrated that the cells found in the vascular region
contained a greater proportion of perivascular cells compared to the relatively avascular part
of the menisci suggesting they may be involved in the development of meniscal cartilage
(Giurea et al., 2006; Osawa et al., 2013). Pericytes have also been found to be present in the
callus formation between fractured long bones and are associated with the formation of
chondroblasts and repair of the fracture (Brighton & Hunt, 1997). Strikingly, Matthews et al.
(2014) used an inducible pericyte reporter animal to show that SMA™ pericytes give rise to a
large portion of cells within a fracture callus.

As well as their association with the normal development and regeneration of cartilage,
pericytes have been implicated in pathological processes involving cartilage formation.
Angiogenesis and associated pericytes have been implicated in ectopic calcification of blood
vessels, heart valves and skeletal muscle (Collett & Canfield, 2005). In the musculo-skeletal
system they have been studied in osteoarthritis, but their functional role remains unclear. Su
et al. (2015) analyzed cells from osteoarthritic cartilage and demonstrated a CD146+
population of chondroprogenitor cells with increased chondrogenic potential compared to
chondrocytes or adipose derived MSC. This has been mirrored by an increase in Stro-1*
cells in the synovial tissue of patients with osteoarthritis (Giurea et al., 2006). In addition,
pericytes have also been found in the increased microvascular network within cartilage
tumors (Kalinski et al., 2009).

It is clear from the data above that pericytes have a functional role in normal development of
cartilage, repair of osteocartilaginous tissues, as well as pathological processes involving
cartilage formation.

4.3. Pericytes and cartilage regeneration

The majority of research has used chondrogenesis as a marker of the mesenchymal multi-
lineage potential of pericytes but have not quanti-fied or compared this potential to other cell
types (Brighton & Hunt, 1997; Anderson et al., 2000; Farrington-Rock et al., 2004).
Microvascular pericytes have been shown to express Aggrecan, a key constituent of cartilage
extra-cellular matrix (Diefenderfer & Brighton, 2000), as well as other proteins associated
with chondrogenesis (Canfield & Schor, 1991). It has also been demonstrated that Wnt/p-
catenin signaling enhances the chondrogenic differentiation of pericytes (Kirton et al., 2007;
Zhang et al., 2015).

Recently, Li et al. (2016) endeavored to optimize perivascular stem cell chondrogenesis in
vitro using a combination of growth and differentiation factors (GDFs). Here, a combination
of NELL-1 (NEL-like molecule-1), TGF-B3 (transforming growth factor beta 3), and
BMP-6 (bone morphogenetic protein 6) was observed to accelerate PSC chondrogenic
differentiation in pellet culture in comparison to other growth and differentiation factor
combinations, as shown by gene and protein markers of chondrogenesis. Interestingly,
markers of chondrocyte hypertrophy, fibrosis, or osteogenic differentiation were not
upregulated by this growth and differentiation factor combination, suggesting the potential
clinical utility in this approach.
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Zhang et al. investigated the ability of pericytes and adventitial cells to support chondrocytes
in pellet cultures. Their results pointed to differential effects of pericytes versus adventitial
cells in their support of chondrocytic differentiation. Specifically, adventitial cells were
observed to promote chondrocyte proliferation, while pericytes predominantly supported the
production of glycosaminoglycans and collagen Il (Hagmann et al., 2014; Zhang et al.,
2015). This enhancement of glycosaminoglycan production by pericytes was supported by
Hagmann et al. (2014), in comparison to unsorted MSC.

In a somewhat related set of studies, Wu et al. separated cultured MSC on their expression of
CD146 and found in vitro that the CD146+ MSC demonstrated increased chondrogenic
potential compared to CD146— MSC (Collett & Canfield, 2005; Hagmann et al., 2014).
They also found that the CD146+ MSC had a positive impact in their murine arthritis model
compared with CD146- cells. At this point, it is not clear the exact phenotypic overlap
between culture-derived CD146+ MSC and FACS derived pericytes.

5. Discussion

In summary, 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 (Fig. 8). The use of PSC to stimulate spinal fusion (as the cellular component of a
bone graft substitute) has previously documented preclinical efficacy (Chung et al., 2015).
Likewise, pericyte based stimulation of fracture healing (as an injectable cell suspension)
has recently shown proof of principle efficacy in a murine model (Tawonsawatruk et al.,
2016). There exist both pros and cons to an approach using a purified pericyte population for
orthopedic applications. Indeed, there are numerous broadly applicable advantages to using
a cell sorting rather than culture-based approach to cell purification. A cell sorting approach
bypasses the time, costs, and risks of cell culture, and confers a greater degree of
homogeneity to the cell population. Risks of cell culture range from actual to theoretical,
and include issues of immunogenicity, infection, and genetic instability (Dahl et al., 2008;
Rosland et al., 2009). Precise cell identity may also improve regulatory approval of a cellular
constituent for tissue engineering. As well, high expression of growth and differentiation
among purified perivascular cells may, from a pharmacologic perspective, exert greater
paracrine effects to speed tissue regeneration. For an ease of use standpoint, a cell sorting
approach allows for a one-time operative procedure, with the significant potential to reduce
operating room and hospitalization costs.

Conversely, there are several drawbacks for the use of a purified cellular constituent for
tissue engineering. First, the isolation of PSC is admittedly a complex procedure. For
example, PSC isolation requires identification of multiple cell surface antigens, each
requiring specific FACS antibodies. Each antibody used adds complexity to the regulatory
approval for eventual clinical translation of a PSC-based bone graft substitute. In contrast,
multiple companies already have SVF-based tissue engineering products in development
(e.g. IntelliCell Biosciences, Osiris Therapeutics), and so regulatory approval of an SVF-
based technology for orthopedic repair would have significant predicates.
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Pericytes and other perivascular stem cells have significant overlap with culture-based MSC.
In the field of bone tissue engineering, both PSC and other MSC sources have significant
potential for local bone repair. It is clear that PSC exert significant paracrine effects on
osseous regeneration, although a mixture of direct and indirect effects underlie their bone
healing capacity. All these findings are broadly applicable comparisons to culture-derived
MSC. In the case of adipose tissue, it is clear that PSC outperform unpurified stroma (SVF)
in bone forming capacity. Nevertheless, direct head-to-head comparisons of PSC to other
MSC sources has not yet been performed (e.g. BMSC or ASC). Our unpublished
observation show that PSC undergo more robust osteogenic differentiation in vitro in
comparison to other MSC cell types. Pericyte and adventitial PSC may compare favorably to
classically derived MSC for future bone repair and regeneration applications.

The field of pericyte application for cartilage regeneration and repair is in its relative
beginnings as compared to bone applications. Fascinatingly, pericytes and other perivascular
stem cells may play differential roles when it comes to supporting the process of
chondrogenic differentiation. Divergent effects of pericytes and other PSC have not been
observed in the context of bone tissue engineering. All in all, pericytes may have a role to
play in cell-based cartilage regeneration — where most cell-based therapies have yielded
disappointing results.
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Fig. 1.

chhematic overview of past studies involving orthopedic applications of pericyte and
perivascular stem cells (PSC). From left to right: Pericytes and perivascular stem cells are
most commonly derived from liposuction aspirate of human white adipose tissue. After
enzymatic digestion, an unpurified stromal cell population is obtained, termed ‘stromal
vascular fraction’ or SVF. Fluorescence activated cell sorting is performed to obtain
CD1467CD34-CD45™ pericytes and CD146-CD34+*CD45™ adventitial cells. Collectively,
these perivascular cell populations are termed “perivascular stem cell” or PSC. Pericytes
and/or PSC have been applied to diverse orthopedic models, including mouse calvarial
defects, mouse intramuscular implantation experiments, rat femoral fibrous non-union
defects, and rat lumbar transverse spinal fusion models.
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Human pericytes and adventitial cells undergo roughly similar osteogenic differentiation.
(A,B) Human pericytes and adventitial cells from the same patient sample were cultured

under osteogenic conditions (10% FBS, 100 pg/ml ascorbic acid, 10 mM -

glycerophosphate). (A) Representative image of alkaline phosphatase (ALP) staining at 5 d
differentiation. (B) Semi-quantification of ALP staining. (C,D) Human pericytes or
adventitial cells were implanted in the thigh complex of a SCID mouse using a collagen
sponge carrier (2.5 x 10° cells, sponge size 2.0 x 1.0 x 0.5 cm). (C) 3-Dimensional MicroCT
reconstructions. (D) MicroCT based quantification of bone mineral density (BMD) and bone

volume (BV).
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Fig. 3.

Human perivascular stem cells (hPSC) are an ‘osteocompetent’ cell population. (A,B) hPSC
were cultured under osteogenic conditions (10% FBS, 100 pg/ml ascorbic acid, 10 mM -
glycerophosphate). (A) Representative image of alkaline phosphatase staining at 5 d
differentiation. (B) Representative image of Alizarin red staining, 10 d differentiation. (C-F)
hPSC were implanted in the thigh complex of a SCID mouse using a collagen sponge carrier
(2.5 x 10° cells, sponge size 2.0 x 1.0 x 0.5 cm). (C) High resolution radiography at 2 and 4
weeks post-implantation. (D) 3-Dimensional MicroCT reconstructions at Th90. (E,F)
Pentachrome staining of histological sections. eb: ectopic bone, cb: cortical bone, m:
muscle. N = 5 implants, from N = 1 patient specimens. Reproduced with permission from
James AW, Zara JN, Zhang X, Askarinam A, Goyal R, Chiang M, Yuan W, Chang L,
Corselli M, Shen J, Pang S, Stoker D, Ting K, Peault B, Soo C. Perivascular stem cells: a
prospectively purified mesenchymal stem cell population for bone tissue engineering. Stem
Cells Transl Med. Jun 2012; 1(6):510-9. PMCID: PMC3659717.
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Fig. 4.

hPSC undergo more robust differentiation in comparison to human stromal vascular fraction
(hSVF). Equal numbers of viable hSVF cells or hPSC (2.5 x 10°) from the same patient
samples were implanted intramuscularly in the thigh of a SCID mouse. An osteoinductive
demineralized bone matrix (DBX®) putty was used as scaffold. Assessments were
performed at 4 weeks post-implantation. (A,B) MicroCT images of hSVF and hPSC-treated
samples. Representative 3-dimensional microCT reconstructions at Th90 (left) and
corresponding 2-dimensional axial slices (right). (C,D) Analysis of bone volume (BV) and
bone mineral density (BMD) among hSVF- and hPSC-treated samples. Th50-120. (E)
Representative H&E staining. (F) Representative histomorphometric quantification of bone
area per 100x field. (G) Representative bone sialoprotein (BSP) immunohistochemistry and
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(H) quantification of relative staining per 400x field. (1) Representative osteocalcin (OCN)
immunohistochemistry and (J) quantification of relative staining per 400x field.
Histomorphometric quantification calculated from N = 6 random microscopical fields. N =
12 implants per cell type, N = 3 patient specimens. *P < 0.05 in comparison to control as
assessed by a Student’s t-test. eb: ectopic bone; f: femur. Reproduced with permission from
James AW, Zara JN, Zhang X, Askarinam A, Goyal R, Chiang M, Yuan W, Chang L,
Corselli M, Shen J, Pang S, Stoker D, Ting K, Peault B, Soo C. Perivascular stem cells: a
prospectively purified mesenchymal stem cell population for bone tissue engineering. Stem
Cells Transl Med. Jun 2012; 1(6):510-9. PMCID: PMC3659717.
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Fig. 5.
Calvarial healing by microCT and histology. hSVF or hPSC were used to treat a 3 mm

diameter parietal bone defect in a SCID mouse. A custom-made hydroxyapatite coated
PLGA scaffold was used as a carrier. Defects were either treated with an empty scaffold, or
scaffold seeded with cells (scaffold + hSVF, or scaffold + hPSC). See Table S2 for details of
treatment groups. (A) 3 dimensional reconstructions of control, hSVF, or hPSC treated
calvarial defects shown at 8 weeks postoperative. CT threshold of 40 was used. (B) Relative
defect healing as assessed by 0, 2, 4 and 6 weeks post-operative by serial live microCT
scans. Relative defect area was calculated using a top-down view of the calvaria using
AMIDE software images, followed by Adobe Photoshop quantification of relative defect
size. (C) Representative H&E and Masson’s Trichrome images for the defect site. Images
are taken from the lateral defect edge to delineate old from new bone. N = 16—18 mice per
treatment group split equally between N = 4 separate patient samples. Black scale bar: 50
pum. Yellow scale bar: 25 pm. Reproduced with permission from James AW, Zara JN,
Corselli M, Askarinam A, Zhou AM, Hourfar A, Nguyen A, Megerdichian S, Asatrian G,
Pang S, Stoker D, Zhang X, Wu B, Ting K, Peault B, Soo C. An abundant perivascular
source of stem cells for bone tissue engineering. Sterm Cells Trans/ Med. Sep 2012; 1(9):
673-84. PMCID: PMC3659737.
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Fig. 6.
Atrophic non-union of the rat tibia. Atrophic non-unions are characterized by an absence of
callus and atrophic bone ends.
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Fig. 7.
Local percutaneous injection technique for pericyte delivery in an atrophic non-union model.
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CD146

CD34

Fig. 8.
Brief graphical illustration of potential clinical applications of pericytes. Among orthopedic

applications, the use to stimulate spinal fusion (as the cellular component of a bone graft
substitute), or fracture healing (as an injectable cell suspension) are the most promising.
Both indications have preclinical studies demonstrating efficacy of a pericyte/perivascular
cell based product.
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Table 1

Brief description of physiologic and pathologic roles of pericytes.

Function

Comments/reference

Physiological

Blood brain barrier

Vascular permeability

Vasoconstriction

Stem cell

Pathological

Fibrosis

Neurodegeneration

Cancer

Pericyte derived tumors

Diabetic retinopathy

The blood brain barrier serves to prevent the passive transport of cells, proteins and bioactive compounds from the
systemic blood to the vasculature of the CNS (Abbott, Patabendige, Dolman, Yusof, & Begley, 2010). Studies have
demonstrated that the brain has the highest coverage of pericytes and that they play a critical role in the maturation
and maintenance of the barrier. Deficiency of pericytes results in increased permeability to water and low and high
molecular weight compounds (Armulik et al., 2010).

Increased vascular permeability is seen in response to a number of pathological states including sepsis, trauma,
tumors and microangiopathy where pericytes have been observed to migrate from the vessels wall resulting in
increased permeability (Nag, Kapadia, & Stewart, 2011).

The role that pericytes play in capillary constriction was one of the first described functions of pericytes and has been
observed in vitro (Diaz-Flores et al., 2009), and in vivo (Fernandez-Klett, Offenhauser, Dirnagl, Priller, & Lindauer,
2010). This contraction facilitates variations in regional blood flow and contributes to the control of blood pressure.

Many studies have demonstrated that pericytes represent a population of MSC progenitor cells that express MSC
markers in vivo, and are capable of multilineage differentiation in vitro (Crisan et al., 2008). Subsequent in vivo
studies have demonstrated the role that pericytes play in the regeneration of white adipose tissue (Tang et al., 2008),
odontoblasts (Feng et al., 2011) and skeletal muscle (Dellavalle et al., 2011) among other tissues.

The myofibroblast is a critical cell in fibrosis and is responsible for the deposition of pathological extracellular
matrix. The pericyte has been demonstrated to be the progenitor of the myofibroblast in many solid organs including
liver, lung, heart (Kramann et al., 2015) and skin (Dulauroy, Di Carlo, Langa, Eberl, & Peduto, 2012).

Loss of pericytes from blood vessels in the brain has been shown to lead to increased vascular permeability and
promotion of neurodegeneration in a murine model of aging.

A significant proportion of a tumor’s bulk is the stromal component of which pericytes form a large part. The stroma
has key roles in tumor growth and progression and therefore pericytes represent a potential target for anti-cancer
therapies (Pietras & Ostman, 2010). The exact origin and role of pericytes in tumor biology remains relatively poorly
understood.

A group of related tumors demonstrates pericytes marker expression and may be derived from modified pericytes
(Shen et al., 2015a; Shen et al., 2015b).

Diabetic retinopathy is a common complication experienced by up to a third of adult diabetics. Pericyte death is the
first in a chain of events that leads to basement membrane thickening, capillary leakage, vessel occlusion and the
subsequent proliferative retinopathy (Barber, Gardner, & Abcouwer, 2011).
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Table 2

Summary of pericytes markers.

Surface  Positive (+), or  Pericyte reference
marker  negative (-)
expression

CD10 + Crisan et al., 2008

CD13 + Crisan et al., 2008

CD14 - Dar et al., 2012; Zannettino et al., 2007

CD29 + Dar et al., 2012

CD31 - Crisan et al., 2008; Dar et al., 2012; Psaltis, Harbuzariu, Delacroix, Holroyd, & Simari, 2011; Tallone et al., 2011;
Zannettino et al., 2007; Zimmerlin, Donnenberg, Rubin, & Donnenberg, 2013

CD34 - Crisan et al., 2008; Psaltis et al., 2010; Tallone et al., 2011; Zimmerlin et al., 2009, 2012

CD44 + Crisan et al., 2008; Dar et al., 2012; Psaltis et al., 2010; Zannettino et al., 2007

CD45 - Crisan et al., 2008; Dar et al., 2012; Psaltis et al., 2010; Zannettino et al., 2007; Zimmerlin et al., 2009, 2012

CD56 - Crisan et al., 2008; Psaltis et al., 2010

CD73 + Crisan et al., 2008; Dar et al., 2012; Psaltis et al., 2010; Zimmerlin et al., 2013

CD90 + Crisan et al., 2008; Dar et al., 2012; Psaltis et al., 2010; Tallone et al., 2011; Zannettino et al., 2007; Zimmerlin et
al., 2009, 2013

CD105 + Crisan et al., 2008; Dar et al., 2012; Psaltis et al., 2010; Zannettino et al., 2007

CD106 - Zannettino et al., 2007

CcD117 - Zimmerlin et al., 2009

CD133 - Crisan et al., 2008

CD140 + Crisan et al., 2008; Dar et al., 2012; Psaltis et al., 2010; Tallone et al., 2011

CD144 - Crisan et al., 2008

CD146 + Crisan etal., 2008; Dar et al., 2012; Psaltis et al., 2010; Tallone et al., 2011; Zannettino et al., 2007; Zimmerlin et
al., 2009, 2013

CD166  + Zannettino et al. (2007)

aSMA + Crisan et al., 2008; Psaltis et al., 2010; Tallone et al., 2011

NG2 + Crisan etal., 2008; Dar et al., 2012; Psaltis et al., 2010; Tallone et al., 2011

STRO-1 + Psaltis et al., 2010; Zannettino et al., 2007
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