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Versatile subtypes of pericytes and their roles in spinal cord
injury repair, bone development and repair

Sipin Zhu'*3, Min Chen’, Yibo Ying', Qiuji Wu', Zhiyang Huang', Wenfei Ni', Xiangyang Wang', Huazi Xu', Samuel Bennett?,

Jian Xiao®"?™ and Jiake Xu@®'>™

Vascular regeneration is a challenging topic in tissue repair. As one of the important components of the neurovascular unit (NVU),
pericytes play an essential role in the maintenance of the vascular network of the spinal cord. To date, subtypes of pericytes have
been identified by various markers, namely the PDGFR-3, Desmin, CD146, and NG2, each of which is involved with spinal cord injury
(SCI) repair. In addition, pericytes may act as a stem cell source that is important for bone development and regeneration, whilst
specific subtypes of pericyte could facilitate bone fracture and defect repair. One of the major challenges of pericyte biology is to
determine the specific markers that would clearly distinguish the different subtypes of pericytes, and to develop efficient
approaches to isolate and propagate pericytes. In this review, we discuss the biology and roles of pericytes, their markers for
identification, and cell differentiation capacity with a focus on the potential application in the treatment of SCl and bone diseases in

orthopedics.
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INTRODUCTION

The pericyte (also called the Rouget cell or parietal cell) was first
discovered by Rouget in 1873, and was named the pericyte by
Zimmermann in 1923." The cytoplasm of the pericyte regularly
forms an asteroid protuberance, and pericytes characteristically
reside within the vascular basement membrane (which is usually
continuous with the endothelial basement membrane), in
proximity to, and often encircling, endothelial cells. Pericytes
communicate with endothelial cells directly via gap junctions,
tight junctions, focal adhesions, and soluble factors.*® For
instance, the connection between the pericyte and the micro-
vascular endothelium of the spinal cord is crucial in maintaining
the tight junctions between endothelial cells and the structural
integrity of the blood spinal cord barrier.* Endothelial cells
enclose the endothelial tubules, and pericytes abut the endothe-
lial cells. Although the basement membrane mostly separates
pericytes and endothelial cells, direct intercellular contacts
between the two cell types occur at ‘peg-socket’ occlusions and
adhesion plaques.' The cell junction and basement membrane-
like substance interweave the pericyte, endothelial cells, and the
end-feet of the astrocyte (Fig. 1).° Research suggests that
pericytes are crucial for blood vessel growth and maturation via
the activation of transforming growth factor-f (TGF-B) signaling,
and the production of endothelial cell survival factor, angiopoie-
tin 1 (Ang1), as well as by co-occupying endothelial tubules to
provide physical stability and support for endothelial tubule
function during the initial stage of angiogenesis.® Therefore, the
role of pericytes in the formation of the vasculature is of vital
significance and is closely related to the form and function of
endothelial cells.

; https://doi.org/10.1038/s41413-022-00203-2

Recent research points to the essential role of pericytes in
angiogenesis and in the maintenance of vascular supply in SCl and
bone fracture healing. Given the broad similarities in potential
mechanisms of action of perivascular stem cells (PSC), including
direct contribution to cellular regenerate, vasculogenic effects,
fibrotic and anti-fibrotic activities, other paracrine effects in the
spinal cord and in bone, we survey these two systems to discuss
the role and potential application of PSC in the repair of SCI and
bone fracture or defect. This review comprehensively defines the
subtypes of pericytes, including their potential of stem cells,
relationship with vascular homeostasis, and the unique function of
the common subtypes of pericytes in the spinal cord and in bone,
thereby providing a deeper theoretical basis for the processes of
repair following spinal cord injury (SCl) and bone fracture or
defect.

PERICYTES HAVE THE POTENTIAL OF STEM CELLS

PSC is a term that includes both pericytes and other perivascular
progenitor cells with properties of mesenchymal stem cells
(MSCs).” The true nature of pericytes, described by characteristics
such as their various sources, phenotypes, multipotency, and
versatility, remains a controversial area of discussion. The
similarities between pericytes and vascular smooth muscle cells
are well documented, and whilst together they form the mural
cells supporting blood vessels, selective markers, such as CD146,
are used to identify phenotypic differences between the two cell
types®'® For example, brain pericytes originate from the
mesoderm and neural crest, and can differentiate into neural
lineage cells and regulate the neurovascular network.'" Pericytes
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Fig.1 Pericytes in SCI. Schematic representation of the localization, morphology, and coverage of common subtypes of pericytes and vascular

endothelial cells in normal spinal cord (a) and injured spinal cord (b)

also demonstrate the capacity to differentiate into osteoblasts,
chondrocytes, and adipocytes, providing evidence of their
mesenchymal lineage differentiation potential.'>'® Pericytes
and other cell types such as adventitial cells and vascular
smooth muscle cells are thought to be responsible for ectopic
calcification of blood vessels, heart valves, and skeletal mus-
cle.">' Pericytes are also considered to be a potential source for
cell-based therapeutic applications for the treatment of diseases,
and of vital significance is the tissue-specific function and
capacity for multilineage differentiation of pericytes."® For
instance, recent research is focused on identifying pericyte
subsets with the capability to regenerate their tissue micro-
environment, and/or maintain a heterologous differentiation
potential.’® Research has shown that owing to their potential for
myogenic differentiation, pericytes may be used to treat
Duchenne muscular dystrophy.'” In line with this, skeletal
pericytes have a greater osteogenic capacity than soft-tissue
pericytes.16 Moreover, among soft-tissue pericytes, cells expres-
sing CXCR4 were found to be osteoblastic, non-adipocytic
precursor cells.'® Additional research identified a novel role for
pericytes as stem cells capable of modifying the extracellular
matrix microenvironment and promoting epidermal tissue
regeneration. Pericytes were able to detach from the capillary
basement membrane, differentiate into fibroblasts, and form
collagen stroma during wound healing.®'® Conversely, the
collagen stroma can be fibrotic in chronically inflamed tissue
and may form a fibrous stromal tumor, whereby pericytes may
be therapeutically targeted.'®?° Taken together, the pericyte has
stem cell potential, and alteration of the microenvironment will
induce pericytes to differentiate towards a particular lineage, to
attain various morphological features, and functional proper-
ties.'> On the other hand, studies of the multipotency of Tbx18-
expressing pericytes appear to be inconsistent.??? Tbx18 was
found to be expressed in vascular smooth muscle cells, pericytes,
and glomerular mesangial cells, which appear to play a role in
the vasculature development of the kidney.”® Whilst Tbx18-
expressing cells exhibit differentiation properties of MSCs
in vitro, they do not appear to function as stem cells in vivo in
cell lineage-tracing experiments, such as transgenic mouse
models, which indicates that Tbx18-expressing pericytes might
not have significant regenerative and fibrogenic properties for
therapeutic application.?'?* Nevertheless, exploring the source
and differentiation cues of pericytes in depth, including the
differentiation processes of subtypes of pericytes, are prime
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areas of research in vascular regenerative medicine as a potential
source of the therapeutic cells across many disease entities.

THE SUBTYPES AND HALLMARKS OF PERICYTES

Pericytes share biological functions similar to stem cells and there
are several subtypes of pericytes.! Scientists have attempted to
find pericyte-specific markers for the classification of the subtypes
of pericytes, which has proven challenging. There are several
reasons for the difficulty in the classification of pericytes: (1) the
isolation of pericytes is difficult; (2) dissociation in the somatic
environment may lead to changes in pericyte phenotypes; (3) the
differentiation of pericytes makes it difficult to identify the
subtypes, and (4) multiple markers can be present on one
pericyte. For example, Desmin~ pericytes lose CD13-expression
during migration away from the blood vessels, so it is speculated
that CD13 pericytes and Desmin™ pericytes may switch to each
other when the microenvironment changes.?*

Although it is difficult to classify the pericytes, one might
attempt to distinguish the different pericyte markers, and their
expression levels, by methods, such as immunofluorescence
labeling. In this way, one can describe the pericyte subtypes
according to their characteristic markers to evaluate their
various properties of the function, location, source, and
differentiation.

According to the existing research, pericytes express a-smooth
muscle actin (SMA), smooth muscle myosin, tropomyosin, nestin,
vimentin, desmin, neuron glial antigen 2 (NG2), connexin 43
(Cx43), CD146, endosialin, y-glutamyl transpeptidase, alkaline
phosphatase, protein kinase G (PKG), aminopeptidase A, regulator
of G protein signaling 5 (RGS5), platelet-derived growth factor
receptor-f (PDGFRp), ATP-sensitive potassium Kir6.1, CD13,
CD248, SUR2, Tbx18, and delta-like 1 homolog (DLK1); but do
not express the endothelial cell marker, von Willebrand factor, nor
the astrocyte marker, glial fibrillary acidic protein (GFAP).'2>2%

As pericytes and other cells could express similar biomarkers,
how to distinguish between pericytes and other cells using
immunofluorescence staining remains a challenging issue in
pericyte research. Most of the existing studies use a variety of
pericyte markers to co-stain the pericytes to determine their
source, and to distinguish the pericyte subtypes. For example,
pericytes could be identified and studied in relation to tissue-
specific injury and angiogenesis using differential nestin/
NG2 staining. Meanwhile, PDGFR-B, NG2, and CD146 have also
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been applied to immunofluorescence staining to distinguish

. 27,28 . . .
pericytes from other cells. Therefore, it is feasible to
distinguish between subtypes of pericytes by differential co-
staining with multiple pericyte markers.

PERICYTE REGULATION OF VASCULAR HOMEOSTASIS
Pericytes are vital to vascular stability and to the regulation of
vascular structure. Many reports show that the different subtypes
of pericytes have different effects on the structure and function of
blood vessels. It appears that PDGFR-B-type pericytes are derived
from MSCs and differentiate into smooth muscle cells.2293°
PDGFR{ serves as a major pericyte marker and is involved in
neurovascular functions, neuronal development, and aging.'™**
It regulates the development of cerebral microcirculation and the
blood-brain barrier (BBB) and is associated with vascular
disorders of the CNS.>??*%3% (D146 is an endothelial biomarker
as well as a pericyte marker.'*?> CD146 type pericytes can be
derived from CD146™" cells in bone marrow aspirates,36 or from
neural precursor cells.>* Deletion of CD146 in pericyte caused an
impairment in pericyte recruitment and the breakdown of
BBB.>*?7 Interestingly, CD146 coregulates with PDGFRB in
pericytes, which is required for pericyte recruitment, BBB
development, and formation.>*3” It was revealed that the
dimerization of CD146 is required for its association with PDGFR{,
which facilitate the auto-phosphorylation of PDGFR, the recruit-
ment of PI3K-p110 to the p-PDGFRB, and the downstream
signaling of PDGFRB, leading to pericyte recruitment and BBB
integrity.>*3” CD146 also appears to be an orchestrator of the
vascular niche that is involved in ischemic and atherosclerotic
heart conditions.’>>%3° Desmin-type pericytes are derived from
hematopoietic precursor cells and differentiate into fibro-
cytes.***! Like other pericyte markers, desmin is also involved
in the atherosclerotic process via its regulation of stem cells and
endothelial cells.**** NG2" cells were identified in glia of the
central nervous system (CNS),** and NG2 is detected in arteriolar
pericytes but not venular pericytes in the mesenteric micro-
vascular system.**% In addition, NG2 is expressed in arterioles,
capillaries, and venules pericytes in the retinal microvascular
segments.”’” NG2-type pericytes can also be derived from
adipose-derived stem cells and differentiate into specialized
adipose cells.*®*° Collectively, pericytes play a critical role in the
formation and repair of the structural integrity of blood vessels.
Pericyte deficiency or pathological alterations in pericytes could
lead to dilated and hemorrhagic blood vessels, and is associated
with disease processes.°

DEFICIENCY OF EXISTING CLASSIFICATION

To date, a single specific marker that could be used solely to label
pericytes is undefined. The expression of pericyte makers varies
between the different stages of pericyte development, and
according to various pathological processes as well as in the cell
culture environment. Therefore, the effective and accurate
identification of pericytes is an important issue to be resolved.
At present, pericytes are distinguished by a means of a
combination of morphology, the relationship to endothelial cells,
and labeling by greater than two pericyte markers. These criteria
provide a basis by which to promote further research on the
classification of pericyte subtypes.

In addition, different names of pericytes have been used and
the controversies of pericyte identity remain to be fully addressed
including specific versus non-specific markers. Herein, we have
summarized some commonly described names and their putative
biomarkers in neural and spinal cord as well as in bone systems
(Table 1). Further, we have provided an update on various Cre
lines generated and their usefulness for pericyte studies relevant
to SCI and bone (Table 2).>'~7?
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THE ROLE OF PERICYTES IN SCI

SCl is a devastating and traumatic insult to the spinal nervous
system, which is a population-health burden by the characteristics
of high incidence, high morbidity, high cost, and presents a
significant challenge for patients, care workers, and clinicians.”®
The microcirculatory disturbance that occurs during the early
stage of SCl causes localized edema, ischemia, and hypoxia, which
leads to secondary injury, including anaerobic metabolism, tissue
acidosis, free radical reaction, ion pump disorders, and a series of
biochemical reactions, which further exacerbates the deterioration
of spinal cord tissue.”””® Meanwhile, vascular lesions, inflamma-
tion, and other factors will result in the formation of a necrotic
cavity, spinal cord tissue softening, and possibly the formation of a
glial scar, leading to the permanent loss of the spinal cord
function.”?8% Although several methods, such as surgical anasto-
mosis and physical rehabilitation, have relieved the pathological
changes of SCI by varying degrees, none of these methods has a
curative clinical effect and the prognosis of SCl is poor.?'

Cell transplantation has been proposed as a potential treatment
of SCI. However, due to the damage of local blood vessels, lack of
oxygen and nutrients, and the apoptotic death of neural cells, the
survival of the transplanted cells for the treatment of SCl is
jeopardized without the support of the local blood vasculature.
Thus, vascular regeneration is an important and challenging topic
of SCI treatment. The neurovascular unit (NVU) of the spinal cord
consists of the spinal cord vascular endothelial cells, vascular
basement membranes, pericytes, glial cells, and adjacent neurons.
Coordinated intercellular communication among neighboring
cells is required to maintain the functional and structural stability
of the NVU, which is mediated by autocrine and paracrine
signaling mechanisms. Pericytes are favorably positioned in the
NVU between endothelial cells, neurons, and astrocytes, to
facilitate the coordination of intercellular communication, such
as pericyte-endothelial signaling and pericyte-astrocyte signaling,
which are involved with the regulation of vital functions of the
CNS. Pericyte-signaling systems can regulate the integrity of the
BBB, angiogenesis, phagocytosis, cerebral blood flow (CBF),
capillary diameter, neuro-inflammation, and multipotent stem cell
activity.>> The NVU is possibly the most fundamental structure
maintaining the blood spinal cord barrier in the spinal micro-
environment.®® The pericyte is a fundamental cell of the NVU, and
performs vital functions, including neuroprotection, maintaining
the pluripotency of stem cells, regulation of the BBB, and the
promotion of angiogenesis and vessel maturation.?*2¢ The role of
pericytes in the regulation of CBF, neurovascular coupling, and
neurodegenerative conditions remain debatable. To date, the
pericyte has been found to play an important role in maintaining
the blood spinal cord barrier and vascular regeneration®
Following SCl, new blood vessels are required to restore blood
supply to damaged areas, relieve localized hypoxia, and reduce
nerve apoptosis. To repair damaged blood vessels, the number
and location of pericytes must also be restored. At present, owing
to the absence of specific markers, there is considerable ambiguity
of the distribution, number, and function of different subtypes of
pericytes. Several subtypes of pericytes might have the potential
for neural cell differentiation and are able to contribute to tissue
repair and regeneration of SCI (Fig. 2). Further, the proper
arrangement among subtypes of pericyte could provide a novel
therapeutic basis to promote angiogenesis and axon regeneration
following SCI.

Pericytes are thought to regulate blood flow within the
microvessels by constriction, and the flow of some particles in
the blood vessel across the BBB, for the maintenance of the
function of the nervous system and the integrity of the BBB.*°
Without pericytes, large proteins can cross the spinal cord barrier
by transcytosis, and affect the proliferation and differentiation of
endothelial cells, leading to vascular malformations.2*#” Micro-
vascular pericytes directly contact endothelial cells by gap
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Table 2. Cre mouse lines and their usefulness for pericyte studies

Cre mouse lines Targets

Their usefulness for pericyte studies References

In neural and SCl system

(eYfp)

Foxg1(cre/+);Tgfbr2(flox/flox) (Tgfbr2-cKO)
Glial fibrillary acidic protein (GFAP)-cre
Nestin-Cre

Ko of Tgfbr2

Ko of CLEC-2
Whnt1-cre

NG2-CreERT:R26R-tdTomato Ko of Ninj1 gene

Zeb2 (Sip1/Zfhx1b) Ko with Tie2-Cre and Vav- Ko of Zeb2 (Sip1/Zfhx1b)
iCre

R26R with SM22alpha-Cre
In skeletal system

Ko of BMPR1A or MMP2

Tie2-Cre mice with R26Rosa-lox-Stop-lox-LacZ
Ocn-Cre, Dmp1-Cre and Cxcl12(gfp)

Rosa26-YFP-Sox10-Cre
and vSMCs

Rosa26R-LacZ
precursors

Wnt1-Cre-Tom and GLAST-CreERT2-Tom
Msx1(lacZ), Msx2(lox) and Sm22alpha-Cre

PDGFRalpha or PDGFRbeta Ko with
SM22alpha-Cre

Bmp2 floxed/3.6Col1a1-Cre [Bmp2-cKO(od)]

Ko of Msx1(CreERT2)

Alpha-SMA-GFP transgenic
Other pericyte-related systems
Myh11-Cre(ERT2)tdTomato
LysM-Cre

Foxd1-Cre; Rs26-tdTomato

Ko of KLF4
Ko of NG2

Wnt1-Cre, Sox10-Cre mice crossed to Rosa26 Tagging of Neural crest-derived MSC Neural crest-derived perivascular cells

Ko of betal-integrin (betal-itg)

Ko of Ctnnb1 (beta-catenin)

Tagging of endothelial cells
Tagging Cxcl12(gfp) expressing cells Cxcl12-abundant reticular cells and arteriolar

Tagging of YFP-positive PCs
Osterix-expressing osteoblast

GLAST' Wntl-traced pericytes

Ko of PDGFRalpha or PDGFRbeta
Ko of Bmp2 gene in odontoblasts

Bone marrow stromal cells

Foxd1 progenitor-derived pericytes

61

Brain vessel development 64

Perivascular astrocyte, blood-brain barrier 7

Maturation and integrity of the developing 67

vasculature

Pituitary vasculature, neural crest-derived 60

pericytes

Schwann cells and microvasculature 69

Pericyte coverage of the cephalic vasculature 63

Brain microvessels “

Endothelial cells &

74

pericytes

PCs, vascular smooth muscle cells (vSMC) 70

Coupled vascular and osteogenic transformation ®®

Bone marrow pericytes 7

Vascular smooth muscle cells (vSMC) in arteries ~ ©

Vascular smooth muscle cells (vSMC) development 62

Odontoblasts on vascular bed and associated
pericytes

Vascularization in bone microenvironment 58

Smooth muscle cells or pericytes in adipose tissue >’

Tumor vascularization 59

65

Myofibroblast precursor

junctions, thereby regulating endothelial cell proliferation and
thus restricting vascular malformations.®® Accordingly, the peri-
cyte is an important cell to help maintain the homeostasis of the
vascular microenvironment following SCI. To date, relative to
endothelial cells, our understanding of the roles and functions of
pericytes is limited.

THE FUNCTIONS OF THE SUBTYPES OF PERICYTES IN SCI

The above common subtypes of pericytes participate in angio-
genesis and functional protection from SCl. Previous research
indicates that pericytes play an important role in several aspects of
SCI (Fig. 3), including (1) nerve regeneration: CD146 type pericytes
can differentiate into neurocyte and replace neurons in damaged
areas; (2) microenvironment: the inhibition of pericyte contraction
could effectively alleviate local tissue hypoxia after SCI;%° (3) post-
SCl angiogenesis: NG2-type pericytes promote revascularization,
vascular stability, and tissue healing;’® (4) fibrotic scar: PDGFR-B
type pericytes are the source of the scar-forming cells and NG2-
type pericytes promote scar formation.”’ Although there are
reports indicating that fibrotic scarring has a negative role in the
repair of SCl, some pericyte-induced fibrotic scarring may have a
positive effect on the recovery and tissue healing of SCI. Excessive
inhibition or activation of certain types of pericytes can lead to an
open tissue defect, whereas moderate pericyte proliferation
contributes to wound closure and reduction of the fibrotic scar.”
Therefore, the pericyte is potentially a new target for the

Bone Research (2022)10:30

treatment of SCI. Determination of and promoting the therapeutic
activation of the specific pericyte subtype ratio conducive to the
recovery of SCI, represents a promising and challenging aim for
future research. The promotion of angiogenesis following pericyte
transplantation, and improvement of the microenvironment of the
damaged zone during functional recovery are fundamental areas
that must be solved for the application of pericyte-based
treatments for SCI.

PERICYTE COVERAGE OF BLOOD VESSELS IN SPINAL CORD

Pericytes are localized on the surface of the capillary, and play an
important role in angiogenesis, vascular remodeling, and stabi-
lity.'>® Pericytes are relatively abundant in the spinal tissues as
the coverage of pericytes in the spinal microvasculature is higher
than that in the peripheral tissues. This phenomenon suggests
that spinal cord pericytes may have a tissue-specific function. The
decrease of pericyte coverage is accompanied by the decrease of
vascular density in the peripheral tissues. The abnormal patholo-
gical changes of blood vessel characteristics, such as increased
diameter, tortuosity, reduced perfusion, and depression may be
the result of the changes that occur in the spinal cord
microenvironment during the early stage of SCI.3° The coverage
rate of pericytes is ~39.77% in ventral horn blood vessels and
13.34% in dorsal horn blood vessels.>* However, the proportion in
the microvasculature of striated muscle is estimated at 1:100%°.
Our recent data also suggest that the locations and morphologies

SPRINGER NATURE
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Fig. 3 Relationships between different types of pericytes and the SCI microenvironment

of common subtypes of pericyte vary in the normal spinal
environment, as seen by immunofluorescence staining of spinal
cord vessels and capillaries (unpublished observation). There
appears a certain proportion and close physical connection
among common subtypes of pericyte in the spinal cord. The size
ratio of pericyte and vascular endothelial cells is ~1:2. In other
words, the size of a pericyte is approximately equal to that of two
vascular endothelial cells.?**° This quantitative ratio might help us
determine the total number of pericytes based on the number of
endothelial cells in pericyte transplantation. By using the optimal
number of transplanted cells with subtypes of pericytes, the goal
of restoring the microenvironment of the SCI and recovering the
function of the injured spinal cord can be achieved.

APPLICATION POTENTIAL OF PERICYTES IN NEUROLOGIC
DISEASES AND SCI REPAIR

At present, there are two potential methods for treating diseases
using the stem cell potential of pericytes: (1) exogenous pericyte
cell transplantation, and (2) mobilization of endogenous pericyte

SPRINGERNATURE

cell migration. Current research mainly uses exogenous pericyte
transplantation to repair tissue damage, and the endogenous
pericytes mobilization method is still in the theoretical stage.”
Most pericyte transplantation mediates therapeutic effects by the
secretory mechanism of pericytes to repair damaged nerve tissue.
For instance, the therapeutic effects and mechanistic targets of
saphenous vein-derived pericyte progenitor cells were investi-
gated in an infarcted heart model, and found that the delivered
cells could signal through a paracrine mechanism to reduce
myocardial scarring, apoptosis, and fibrosis, while increasing
vascular stability and attenuating permeability.”® Pericytes can
promote the activation of stationary satellite cells by secreting
insulin-like growth factor-1 or Ang1, and activated satellite cells
may subsequently differentiate into myoblasts with tissue
regenerative potential.>®

Further, the repair and reconstruction of vascular tissues also
depend on post-natal adult MSCs. There are many similarities
between pericytes and stem cells. The pericyte is a source of
precursor cell which has broad potential therapeutic applications
and is an important member of the stem cell family, and has the

Bone Research (2022)10:30



capabilities of self-renewal, multi-directional differentiation, and
immune suppression.?®°

Research has revealed that pericytes play a significant role by
enhancing the structural integrity and functionality of the new
blood vessels, particularly for the regulation of neurovascular
function.'® MSC-derived pericytes appear to have potential in the
treatment for Alzheimer's disease by their ability to decrease
amyloid-B-related pathology through protease-mediated degra-
dation and to restore cerebral circulation.”” Consistently, pericytes
appear to have an established protective role against neuronal
damage in neurodegenerative diseases, via promoting a less
aggressive neuronal environment and regulating neurovascular
function in the CNS.%®%° These findings suggest that pericytes play
a significant role in vascular regeneration and the regulation of
neurovascular protection in the CNS. The widespread distribution
of pericytes provides an adequate source of cells for the clinical
application of autologous pericytes. At present, specific identifica-
tion and isolation of pericytes have not been well established and
the clinical application of pericytes is limited.

The microcirculatory disturbance in the early stage of SCI causes
localized edema, ischemia, and hypoxia, leading to secondary
injury including anaerobic metabolism, tissue acidosis, free radical
reaction, and ion pump failure. This series of reactions give rise to
ischemia and hypoxia in the spinal cord microenvironment,
resulting in apoptosis and phagocytosis of spinal cord cells.'®
The failure of endogenous angiogenesis directly limits the
therapeutic effect of SCI treatments because new blood vessels
are deprived of necessary and appropriate subsets of peri-
cytes.”>"°" Therefore, the pericyte has become a new target for
SCl repair. Through gaining the knowledge and understanding of
neuro-pathophysiology and the function of pericytes, the single
subtype of pericyte transplantation appears to be the most
common treatment of SCI and vascular regeneration.

The transplantation of pericytes may be ineffective owing to the
low survival rate of transplanted pericytes in the transplant site
where there is a lack of vascular support.'® The survival rate of
transplanted pericytes has been shown to be independent of the
cell density, and >80% of pericytes might die after transplantation
for SCI'® Therefore, methods to promote the survival and
differentiation of the transplanted pericytes in the SCI micro-
environment remains a challenge for the clinical application of
pericyte-based therapies. At present, the survival rate of pericyte
cell transplantation might be improved by combining pericytes
with biological materials for delivery. For example, pericytes
transplantation may be applied using a tissue scaffold for the
treatment of spinal disease of the Ilumbar vertebra, and
transplantation of a collagen matrix containing pericytes and
endothelial cells may be effective for the promotion of angiogen-
esis during epidermal tissue regeneration.®

CONTROVERSY OF PERICYTES IN THE FORMATION OF
SCARRING OF sCi

Contrary to the potential beneficial effect on SCl, pericytes were
found to promote the formation of fibrotic scars and worsen spinal
cord injuries.'® For instance, the number of new pericytes after SC
is twice that of astrocytes, whereas there are ten times as many
astrocytes as pericytes in normal spinal tissue.?® These findings
indicate that the PDGFR-B" pericytes are a source of scar-forming
cells in spinal cord lesions and inhibit axon regeneration in the
adult spinal cord.®® Research also indicates that inhibiting the
proliferation of the PDGFR-B' pericytes reduces fibrotic scar
formation by fibroblasts that are derived from pericytes, which
promotes axon regeneration and functional recovery following
SCI>? Both studies used the Glast promoter-based transgene to
select pericytes. However, the Glast gene is also expressed in other
cell types, including astrocytes, Bergmann glia cells, Muller cells, and
neural stem cells.'® % Therefore, use of the Glast promoter-based
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transgene appears to be inconclusive and warrants further
investigation. Immunofluorescence imaging shows that astrocytes
have a greater basement membrane association as compared to
the PDGFR-B" pericytes.?°! Furthermore, it appears that the mice
in which the pericyte function is impaired, might sustain further
CNS damage because of open SCI lesions. Moreover, pericytes are
important for the formation of the BBB and vascular network, and
removing pericytes from the damaged area might result in brain
damage.”’ The fibrotic scarring may help to isolate the inflamma-
tory areas to maintain the integrity of the nerve tissue.”’ Other
evidence indicates that PDGFR-B" pericytes play a positive role in
sealing the lesion core following SCI, akin to the well-established
protective role of reactive astrocytes.'® Recent research shows that
the scar formation by pericytes occurs at the center of the injury,
while scar formation by astrocytes is located at the periphery of the
injury, indicating that when pericytes fail to proliferate, an open
tissue defect may develop.'®

THE ROLE OF PERICYTES IN BONE DEVELOPMENT AND
FRACTURE REPAIR

Vascular regeneration is essential in bone development and repair,
which is mediated by endothelial cells and pericytes.''®"'"2
Endothelial cells are major components of the vasculature and
form a crucial network between the bone system and blood
circulation system. Pericytes, also known as mural cells, are
perivascular cells surrounding blood vessel capillaries and
endothelial cells, which facilitate the formation, maturation, and
maintenance of the vascular network in bone."'*""> Pericytes also
act as a stem cell source that is important for bone tissue
regeneration, with several studies demonstrating their osteogenic
potential.'"®''®"1'® Recent research has focused on defining
biomarkers that typify pericytes with the greatest potential for
osteoblast formation.'® Importantly, CD146" pericytes derived
from skeletal tissue appear to have the most potential for
osteoblast formation in vitro and skeletogenesis in vivo in
comparison to pericytes derived from soft tissues, such as adipose
or dermal tissue, suggesting the tissue-specific function of various
pericyte populations.'® Nonetheless, pericytes derived from soft-
tissue sources, such as adipose, have also shown a tremendous
capacity for bone regeneration in clinical models.”'"9"'%”

The role of perivascular progenitor cells in bone development
and repair is emerging in vitro and in vivo. Early studies have
shown that Gli-1-positive perivascular cells act as an innate
osteogenic potential of perivascular progenitors involved in
ischemia-induced vascular remodeling.'*'?® During the process
of embryonic endochondral ossification, Osx1 positive osteopro-
genitor cells from limb mesenchyme with attachment to the
blood vessels were able to invade the cartilaginous anlagen of
long bones, indicating a role of MSCs-like cells, in bone
development.’®® In addition, endothelial and perivascular cells
labeled with intravascular dyes were tracked to be present within
new bone and cartilage in animal studies.**'*? Further, using
lineage-tracing experiments, SMA tracked by an inducible reporter
animal was found to act like osteochondroprogenitor cells."** In
this study, inducible SMA reporter mice were used to show that
SMA-expressing cells were present in long bone fracture callus.'
Although SMA is not a definitive marker of pericytes (as it was also
expressed in other cell types such as osteoblasts precursor cells,
smooth muscle cells, and myofibroblasts), it is suggested that
pericyte like cells play an important role in the early development
of the skeletal system.'**

More recently, pericytes have been identified as a cell source
with osteogenic properties for bone fracture repair.'’® In this
study, pericytes were isolated from mouse embryos at
14.5-16.5 days post-coitus using CD146 as a cell surface marker.
An enriched homogenous population of pericytes was also
isolated by using dual markers of CD146 and NG2 with a lack of
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expression of CD31, CD45, and Ter119. These pericytes were also
found to express high levels of PDGFR, which is not expressed in
MSCs. Interestingly, all NG2, CD146, and PDGFRp-positive peri-
cytes showed osteogenic, adipogenic, and chondrogenic differ-
entiation ability. Further, lineage-tracing experiments using the
NG2-Cre or tamoxifen-inducible NG2-CreER mouse line showed
that pericytes could differentiate into osteogenic cells in mice.''®
In a bone fracture model, pericytes labeled with tdTomato-
expressing were found to be recruited to the newly developed
callus of the fractured femurs, which showed positive expression
of Runx2 and type | collagen, in line with observed improved bone
fracture repair.''®

The therapeutic potential of pericytes in non-union fracture was
also investigated using a rat tibial atrophic non-union model, in
which pericytes were injected by a percutaneous route 3 weeks
after the fibrous non-union procedures.'® It was revealed that
injection of pericytes increased fracture callus size, accompanied
by mineralization and osseous union. Taken together, it is likely
that local injection of pericytes is useful for the repair of a delayed
union or non-union bone fracture.'?

THE ROLE OF PERICYTES IN BONE FORMATION AND DEFECT
HEALING

The skeletal regenerative potential of exogenous PSCs derived
from adipose tissue has been reported.'”' The bone-forming
capacity of purified PSCs was investigated using a murine calvaria
defect model of bone healing.'?! In this study, PSCs were isolated
from a patient and implanted in @ 3mm non-healing calvaria
defect centered in the parietal bone. Radiographic and histologic
analysis showed that PSCs led to a significant increase in bony
regeneration at the defect site with significant bone defect
healing over time. In comparison, the unpurified stromal vascular
fraction from the same patient had no statistically significant
benefit in comparison to an acellular scaffold control.’?' PSCs
appear to have the potential to prevent atrophic non-union
during fracture healing and could provide therapeutic benefit for
a developing non-union.'®

Consistently, ectopic bone formation has been demonstrated in
implanted pericytes.'?® For example, recent research showed that
pericytes derived from human white adipose tissue with positive
expression of alkaline phosphatase and bone matrix have
osteogenic potential in an intramuscular mouse model.'?® Further,
PSCs have synergistic effects on ectopic bone formation when
jointly used with bone morphogenetic protein 2 (BMP2).
Similarly, in heterologous xenograft models, CD146" pericytes
derived from human adipose tissue were transplanted into
animals and found to promote bone formation."®> In contrast,
CD31" endothelial cells were shown to suppress osteogenic
differentiation.'3%13”

Collectively, pericytes or PSCs showed significantly greater
potential for bone formation in comparison with unpurified
stroma in both ectopic and orthotopic bone models. However,
whether PSCs might induce bone defect healing through direct
ossification of PSCs or indirect paracrine effects exerted by PSCs,
or via the elimination of an inhibitory cell type within the
heterogeneous stroma, remains to be elucidated. Further research
is required to enrich tissue-specific PSCs that are optimized for
skeletal tissue regeneration.

THE ROLE OF PERICYTES IN OSTEONECROSIS

Pericytes could be an optimal source of stem cells in the treatment
of osteonecrosis (avascular necrosis), the in situ death of a
segment of bone, often affecting the femur or humerus.'3®'3°
Although the loss or reduction of blood supply is necessary for
osteonecrosis to occur, the pathogenesis of osteonecrosis remains
incompletely understood.'*®'*® Osteonecrosis frequently affects
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younger patients aged 30-40 years, whereas its onset and
progression are unpredictable.”®®'*" Osteonecrosis might be a
disease initiated at a cellular level from bone marrow stromal cells
and, therefore, stem cell therapy represents a promising treatment
strategy.'®'*? A recent systematic review and meta-analysis
found that early autologous MSC implantation could attenuate
disease progression, thereby alleviating the need for joint
surgery.'® Additional studies suggest the potential benefit of
stem cell therapy for the treatment of osteonecrosis.'* %
Despite the supporting evidence, further research is required to
improve the effectiveness of stem cell therapy for osteonecrosis,
specifically relating to optimal cell sources, number, and transla-
tion.”** Purified MSC-like pericytes (CD146", CD34~, CD45")
represent a promising population in orthopedics and tissue
engineering owing to their osteogenic, angiogenic, and paracrine
activity for the secretion of vital growth and differentiation
factors."'%'® Very little is known about the role of pericytes in
osteonecrosis pathogenesis or treatment. Pericytes could be
important cells for regulating the balance of physiological bone
remodeling, with a loss of pericyte function implicated in
osteonecrosis progression.'*® Future research is necessary to
further characterize tissue-specific pericytes that could both
illuminate the pathogenesis of osteonecrosis and be an optimal
stem cell source for therapeutic applications of osteonecrosis.

THE ROLE OF PERICYTES IN SPINAL FUSION
Spinal fusion has become a major orthopedic procedure with a
need for improved efficacy of various fusion techniques for
various indications.'*” Interestingly, PSCs were found to facilitate
bone formation in a spinal fusion model and could potentially be
applied for tissue regeneration using technologies, such as bone
graft substitute or scaffold.”** Specifically, human PSCs were
seeded in a demineralized bone matrix scaffold and tested in a rat
posterolateral lumbar spinal fusion model, and found to increase
endochondral ossification, bone deposition, and bone strength.'**
Human PSCs were also found to have greater bone-forming
potential in a posterolateral lumbar spinal fusion,'** as compared
with the acellular control group in an athymic rat model. Using
species-specific immunohistochemistry, PSCs were present within
and around the newly formed bone tissue.'®* Further, in a rat
model of gonadectomy-induced osteoporosis, implanted PSCs
showed protective effects on systemic osteoporosis.'?> When PSCs
were applied to a spinal fusion model in rats that had osteoporotic
pathology induced ovariectomy, they showed a protective effect
on bone-forming ability with a higher density of PSCs required.'*
Despite recent progress showing the potential of pericytes in
bone development, bone fracture, and bone defect repair, the
isolation or purification of pericytes is still changing as many
markers used are not pericyte-specific. For instance, CD146 used
for pericytes is also expressed in MSCs,'*® whereas NG2 used for
pericytes is not expressed in MSCs,'>'*° resulting in different
subsets of PSCs. It remains a challenge to isolate and culture PSCs
by avoiding the biologic property shift and regulatory measure-
ments under cell culture conditions. Further, there were several
subtypes of pericytes with different biomarkers. It will be
important to use more specific markers to directly identify and
isolate each specific subtype of perivascular progenitors, and to
compare them individually and in combination for their ther-
apeutic benefits in bone formation and tissue regeneration.

FUTURE DIRECTION: PROPORTIONAL ARRANGEMENTS OF
PERICYTES FOR SCI REPAIR AND BONE REPAIR

It is speculated that the proportional arrangement of common
subtypes of pericyte, such as PDGFR-B type, Desmin type, CD146
type, and NG2 type is of great significance for the stability of the
spinal cord microenvironment. For instance, the PDGFR-B type
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Fig. 4 Schematic diagram proposing the role of pericytes in angiogenesis and bone repair. a Pericytes, located in the basement membrane of
blood vessels, are the cells that surround endothelial cells in the capillary and veins of the body. b Pericytes communicate with endothelial
cells through physical contact and paracrine signals, monitoring and stabilizing the maturation of endothelial cells. ¢ Pericytes promote
angiogenesis, which has an important role in maintaining intravascular homeostasis. d-k Pericytes are also an important source of stem cells
for bone regeneration with osteogenic potential. d Mediating the differentiation of perivascular stem cells (PSCs) into osteoprogenitor cells.
e Promoting the migration of osteoprogenitor cells. f Inducing the proliferation of osteoprogenitor cells. g Inducing the differentiation of
osteoblasts via paracrine mode. h-k The proposed role of PSCs in bone development and fracture repair (h), bone formation and defect
healing (i), osteonecrosis (j), and spinal fusion (k) as discussed in the manuscript

pericytes may have the potential to close and seal lesions, thus
preventing further damage to the CNS;’"'*° the CD146 type
pericyte may be able to secrete cell adhesion molecules and help
pericytes to attach to endothelial cells;">" the NG2 type pericytes
could possibly promote angiogenesis and vascular structural
stability.”® Reports indicate that the different types of pericyte
have different functions and that the intercellular communication
among subtypes of pericyte may be of great significance,
however, the specific mechanisms have not been clearly
elucidated.?®%°" Hypothetically, when the ratio of these pericytes
is abnormal, CNS dysfunction might adversely occur. Similarly, it is
postulated that different arrangements of pericytes will delay or
facilitate bone repair. Further quantitative assessment on the
proportional arrangements of subtypes of pericytes in a tissue-
specific manner, will help to elucidate their approximate ratio for
optimal vascular network and tissue regeneration. Collectively, we
have highlighted common pericyte subtypes and their progeni-
tors, and introduced a novel concept of the importance of
maintaining proper pericyte subtype ratios in SCl and bone repair.
This concept provides a theoretical basis for a potential new
treatment method for SCI and bone fracture or defect, aiming to
restore the number and proportion of the common pericyte
subtypes through pericyte transplantation.

CONCLUSIONS

We summarize the current knowledge concerning the roles of
common subtypes of pericytes in relation to the repair of SCl and
bone defects. The heterogeneity in pericyte marker expression
reflects the heterogeneity in function and differentiation poten-
tial of these cells. Advanced techniques are to be further
employed to explore the function of pericytes in SCl, and to
dissect the role of pericytes in scarring, angiogenesis, and axon
regeneration. We have further outlined the lineages and
differentiation paths of pericyte subtypes. We have raised an
interesting and novel idea that optimal proportional ratios of
different pericyte subtypes exist in spinal cord tissue, and thus
may play a role in SCl recovery. Pericytes are also key components
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of the basic multicellular unit including endothelial cells,
osteoclasts, osteoblasts, osteocytes, and bone lining cells of the
skeletal system (Fig. 4). Understanding the role of pericytes in the
bone microenvironment may help to develop novel therapeutic
targets and diagnostic biomarkers for bone diseases, such as
osteoporosis, osteonecrosis, osteoarthritis, and delayed fracture
healing. Further unraveling the subtypes and functions of
pericytes, developing approaches for pericyte isolation using
specific cell surface markers, as well as the quantitative relation
among subtypes are urgent issues to be solved in the potential
clinical application of pericytes.
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