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Abstract

Pericytes are the main cellular components of tiny arteries and capillaries. Studies
have found that pericytes can undergo morphological contraction or relaxation under
stimulation by cytokines, thus affecting the contraction and relaxation of microves-
sels and playing an essential role in regulating vascular microcirculation. Moreover,
due to the characteristics of stem cells, pericytes can differentiate into a variety of
inflammatory cell phenotypes, which then affect the immune function. Additionally,
pericytes can also participate in angiogenesis and wound healing by interacting with
endothelial cells in vascular microcirculation disorders. Here we review the origin,
biological phenotype and function of pericytes, and discuss the potential mechanisms
of pericytes in vascular microcirculation disorders, especially in pulmonary hyperten-
sion, so as to provide a sound basis and direction for the prevention and treatment of

vascular microcirculation diseases.
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1 | INTRODUCTION

Pericytes were discovered by the French scientist Charles Benjamin
Rouget in 1873, and were originally known as “Rouget's cells”.! They
are candidates for regulating microcirculatory blood flow because
they strategically cover 90% of the surface area of capillaries and
can respond quickly to neuronal stimulation.? In the nervous system,
pericytes are one of the main components of neurovascular units
and play an important role in regulating blood flow, blood-brain
barrier (BBB) penetration, neuroinflammation and neuronal activ-
ity.? In the spinal cord microvascular system, studies have shown
that platelet derived growth factor receptor p positive (PDGFRB™)
pericytes are involved in functional recovery, cicatricial fibrosis, and
inflammation reduction following spinal cord injury.* Pericytes are
a component of the pulmonary vascular unit, but compared with
endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts
their function in the pulmonary system remains unknown. Pericytes
play an important role in the occurrence and development of vas-
cular homeostasis in pulmonary hypertension (PH), but this is rarely
discussed in the existing literature. In the occurrence and develop-
ment of vascular homeostasis in PH, but this is rarely discussed in
the existing literature.

Pericytes are recognized as a type of mesenchymal stem cell or
neural crest cell.>® Because of their pluripotent stem cell character-
istics, they are involved in a variety of physiological and pathological
processes, such as regulating blood microcirculation, promoting an-
giogenesis, participating in the immune response, and communicat-
ing with other cells.

In this review, we primarily analyze the role of pericytes in vascu-
lar microcirculation, and review the morphology of pericytes in nor-
mal tissue, including their developmental sources, distribution, and
phenotypic structure. We also discuss the underlying mechanisms of

pericytes in vascular microcirculatory diseases.

2 | ORIGIN AND DISTRIBUTION OF
PERICYTES

Following their discovery, the German scientist Karl Wilhelm
Zimmermann renamed Rouget cells “pericytes”’; however, the
origin of pericytes remains controversial. Pericytes share several
characteristics with mesenchymal and adipose derived stem cells,
suggesting that they are derived from mesenchymal stem cells’ or
neural crest cells.® The morphology of pericytes revealed by elec-
tron microscopy indicates that the nucleus is more prominent and
oval in shape. There is a large amount of cytoplasm around the nu-
cleus and several large cytoplasmic branches.® The cell protrusions
are parallel to the long axis of the capillaries, and the protrusions
gradually bifurcate and become thinner, and the distal end sur-
rounds the capillaries.’?

Pulmonary vascular pericytes are present in precapillary arteri-

oles (<30pm), capillaries (about 10 um), and postcapillary venules.®

ECs are surrounded by the pericytes. They form a basement mem-
brane which acts as a barrier between the microvascular and
interstitial spaces. They directly interact with the microvascular en-
dothelium.!? Pericytes regulate vascular permeability and vascular
maturity, thus taking part in the formation, maturation, and stabili-
zation of the microvasculature.!?

Pericytes embed mainly on the surface of precapillary arterioles
and postcapillary collecting venules and contribute to maintaining
vascular homeostasis.**>'* There may be differences in the morphol-
ogy, plasticity, and function of pericytes in different organs. Even
within the same organ, there are different pericyte subsets.'® As de-
scribed above, the morphology of pericytes is closely related to the
barrier function of ECs. The highest density of pericytes is observed
in the central nervous system (CNS) and retina, where the ratio of
pericytes to ECs is as high as 1:1.%6

In the nervous system, pericytes are a major component of neu-
rovascular units. They may be divided into three subtypes accord-
ing to their different morphology and region-specific distribution,
namely ensheathing, mesh and thin-strand pericytes, which func-
tion as regulators of blood flow, blood-brain barrier penetration,
neuroinflammation, and neuronal activity.3 Unsurprisingly, peri-
cytes are also widely distributed around retinal capillaries, where
they regulate the diameter of retinal capillaries through their va-
somotor activity, and transmit vasomotor signals to neighboring
pericytes along the capillaries.’”*® In the microvascular system of
the spinal cord, studies have shown that PDGFR@" pericytes break
away from the vascular wall following spinal cord injury, transform
into fibroblasts, and form scars. Blocking the PDGF-BB/PDGFRf
signaling pathway with imatinib contributes to functional recov-
ery, fibrosis scars, and reduced inflammation following spinal cord
injury.**? In mouse models involving developed fibroblasts, the
primary source of scar-forming fibroblasts is a discrete subset of
perivascular cells known as type A pericytes.20

In addition to the nervous system and retina, cardiac tissue
is also rich in pericytes. Pericytes are the second most abundant
cell type in cardiac tissue.?Y?2 Cardiac pericytes are widely dis-
tributed around the microvascular in various regions of the heart.
Myocardial ischemia/reperfusion injury may inhibit pericyte con-
traction and reduce the microvascular pericyte reflow.” Pericytes
maintain cardiac homeostasis function by influencing vascular
shape and maturation, inhibiting EC proliferation, and regulating
microvascular permeability.?* Pericytes can also secrete vascular
endothelial growth factor (VEGF) and stromal cell-derived factor-1
(SDF-1), which can protect cardiomyocytes.?*?° Furthermore, they
induce fibrin gel contraction, which increases the contractility of
the heart, thereby reducing the burden on cardiomyocytes.26 The
ratio of pericytes to ECs in the lung is intermediate between that of
the nervous system and that of skeletal muscle. In pulmonary vein
of rat lung tissue, the ratio of ECs to pericytes is approximately
10:1.1° The pulmonary microenvironment plays a major role in
maintaining blood oxygen exchange and the homeostasis of the

lung environment.
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3 | PLURIPOTENCY OF CELLS

With the rapid development of science and technology, unex-
pected and remarkable progress has been made in understand-
ing the functions of pericytes in many microvascular diseases,
including hypoxia, hypertension, diabetic retinopathy, fibrosis,
inflammation, Alzheimer's disease, multiple sclerosis, and tumor
formation.'® Pericytes in different tissues are highly versatile,
functionally pluripotent cells with phenotypic plasticity (Figure 1).
They can differentiate into fat, muscle, cartilage, and bone cells,
as well as other cell types.9'16 Pericytes are versatile, which ena-
bles them to provide a strong physiological basis to maintain the

stability of the internal environment as well as regulate blood

vessel growth, immune function, and communication with other

cells.

3.1 | Maintaining homeostasis of the internal
environment

Pericytes are important to the formation and integrity of vessel walls
within the microcirculation.?” They have the ability to contract and
regulate microcirculatory perfusion and permeability, and to play a
key role in regulating microvascular morphogenesis and permeabil-
ity. 1628

1 can regulate pericyte contraction. f-adrenergic receptors cause

B-adrenergic receptors, thromboxane «-2, and endothelin-
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FIGURE 1 Pluripotency of pericytes. The pluripotency of pericytes includes maintaining the stability of the internal environment,
regulating of blood vessel growth, influencing the immune function and communicating with other cells.
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pericyte relaxation, whereas thromboxane «a-2 causes pericyte
contraction. The adhesion of pericytes to the extraluminal surface
of endothelial tubules is necessary for the formation of vascular
networks. Pericytes and ECs interact and participate in angiogen-
esis and wound healing by synthesizing and releasing the structural
substances that comprise the basement membrane and extracellular
matrix, among others, and promote the maturation of overall vas-
cular function. The abnormal contractility of pericytes is closely re-
lated to the progression of many diseases. For example, in the brains
of stroke patients, ‘no recirculation’ of cerebral ischemia has been
attributed to capillary constriction caused by pericytes. A similar
phenomenon was observed in pericytes, in which cardiac pericyte
contraction caused coronary capillary contraction and reduced mi-

crovascular blood flow after myocardial ischemia.?’

3.2 | Regulation of vascular growth

The angiogenesis process can be divided into three main steps:
initiation, vessel sprouting and migration, and maturation/termina-
tion.%° During angiogenic remodeling, ECs migrate outward from
the existing blood vessels. The sprouting is the basis of the vascular
network. As well as the proliferation of the ECs, pericyte coverage
of the vascular sprouts is required for angiogenesis and pericytes
are the main regulators affecting angiogenesis.27 The sprouting ECs
can communicate with the pericytes. ECs secrete various molecu-
lar cues to facilitate the recruitment of pericytes, such as PDGF-BB,
or heparin-binding epithelial growth factor (EGF) like growth fac-
tor (HB-EGF), which may increase the recruitment of pericytes.®!
Vascular endothelial growth factor (VEGF) also mediates the inter-
actions between pericytes and ECs during angiogenesis.13 Pericytes
regulate the expression of VEGFR1 by altering the expression of
VEGF, which results in blood vessel instability and induces angio-
genesis.32 In addition, the contractile capacity of pericytes is similar
to SMCs. Through this contractile capacity, pericytes can modulate
capillary diameters in vitro®® and regulate the size of blood flow in
microvessels.3*

3.3 | Impact on immune function

Pericytes caninfluence theimmune microenvironment. Following ac-
tivation by tumor cells, they can secrete a series of anti-inflammatory
cytokines such as leukemia inhibitory factor (LIF), cyclooxygenase 2
(COX-2), and heme oxygenase 1 (HMOX—l).35 Pericytes can also re-
lease chemokines, such as chemokine ligand 2 (CCL2), chemokine
ligand 3 (CCL3), growth-related oncogene a (CXCL1), in response to
pro-inflammatory stimuli.®® They also regulate the process of leu-
kocyte differentiation. Leukocytes migrate through the vascular
walls along specific pathways and pericytes affect the migration
pathway of leukocytes through ECs.%” CXCL1 secreted by pericytes
drives neutrophils to crawl through the pericyte process in vivo until
they reach a gap between adjacent pericytes. Pericytes are also

important regulators of T-cell activation,®® and have a significant
effect on tumor-associated macrophages.’**! They express a large
number of macrophage markers and perform functions similar to
macrophages.*° Following LPS-induced lung inflammation, activated
pericytes express proinflammatory cytokines and functional Toll-
like receptor.*! They secrete a great many adhesion molecules and
chemokines/cytokines that contribute to the recruitment and migra-
tion of monocytes, T cells, eosinophils, and neutrophils.*? Pericytes
also express pro-inflammatory markers such as IL-1p and TNFa,
which can induce a pro-inflammatory state in astrocytes, microglia,
and ECs, and help recruit leukocytes.*®

3.4 | Characteristics of stem cells

Pericytes can also behave as mesenchymal stem cells (MSCs).**
In almost all vascularized organs, pericytes express MSC markers,
including CD90, CD44, CD105, and CD73.%° Like other stem cells,
they repair the system while blood vessels remain stable.®° HiPSC-
derived pericytes have been shown to promote revascularization of
ischemic tissues, which demonstrates their direct use in cell therapy

and tissue engineering.

3.5 | Communication with other cells

3.5.1 | Pericytes and ECs
Pericytes are present in all vascularized tissues. They surround
ECs, and communicate through paracrine signaling and physical
contact. ECs and pericytes are the two main cell types in microves-
sels. Pericytes and ECs interact and participate in angiogenesis and
wound healing, as well as in the synthesis and release of structural
substances constituting the basement membrane and extracellular
matrix, etc. The interaction between them is important for maintain-
ing vascular hemostasis and microvascular stability. Cytokines se-
creted from ECs can induce pericyte proliferation. Pericytes can also
secrete cytokines to maintain hemostasis in the microenvironment.
Pericytes increase microvascular stability by transforming growth
factor-p (TGF-p) signaling pathway. One previous study indicated
that changes in the shape and distribution of pericytes occurred
before the initiation of capillary endothelial cell degeneration and
capillary regression in diabetic retinopathy, which further confirmed
the protective effect of pericytes on ECs.Y

Pericytes interact with ECs mainly through three types of in-
tercellular junctions: gap junctions, adhesive plaques, and peg-and-
socket junctions. Gap junctions are a form of direct connection in
which ionic currents and small molecules transmit between the
cytoplasm of two adjacent cells. Adherent plaques are mainly ex-
pressed on the cell membrane and mainly anchor pericytes to ECs.
Peg-and-socket junctions are where one cell binds to a depressed
site on another cell; these connections can also provide anchor-
ing. ‘Peg-socket’ interactions occur less frequently and seem to be
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concentrated in smaller areas. These three interactions of pericytes
with ECs provide further evidence that pericytes play a key role in
BBB stability through ECs and provides a direction for investigating
how ligands and receptors naturally interact to promote intercellular
signaling. It has been found that ECs may affect pericyte contraction
through several contact modes, as mentioned above, and lead to a
reduction in vascular lumen diameter, at least in some parts of the
capillary bed.3**%47 Individual pericytes often contact multiple ECs
through these specialized interactions, which can integrate with and

coordinate signals from neighboring ECs.!?

3.5.2 | Pericytes and SMCs

SMCs are highly located in arteries and veins. They regulate blood
flow through vasoconstriction and vasodilation. The unique location
of the pericytes makes them a focal point between ECs and SMCs or
between the intima and media of higher vascular branches. Pericytes
may differentiate into a series of specialized cells.*® They can also dif-
ferentiate into SMCs during coronary artery development.49 During
vascular development after the beginning of blood flow, Notch3 is
upregulated in pericytes at the site of arterial remodeling. If Notch3
is deficient, the differentiation process of pericytes into coronary
SMCs is disrupted.’® Pericytes isolated from idiopathic pulmonary
arterial hypertension (IPAH) exhibit high expression of C-X-C motif
chemokine receptor (CXCR)-7 and TGF-p receptors. Overexpression
of the TGF-$ receptor promotes the differentiation of pulmonary
vascular pericytes into SMCs, displaying a higher capacity to migrate
and proliferate.”®

3.5.3 | Pericytes and immune cells

Pericytes are important in assisting immune cell migration. They can
secrete a variety of adhesion molecules and chemokines and cy-
tokines, and promote the recruitment and migration of monocytes,
T-cells, eosinophils and neutrophils.*? Pericytes also promote mac-
rophage recruitment and polarization towards an M2-like phenotype
through the secretion of CXCL14. In the central nervous system,
pericytes regulate the immune system. Elimination of CD4+ T-cells
reduces pericyte coverage. In addition, retinal pericytes suppress
the activation of CD4+ T-cells.

4 | PERICYTES IN VASCULAR
CIRCULATION DISEASES

4.1 | Pericytesin pulmonary circulation disease

PH is a common and serious pulmonary circulation disease.
Therefore, here we mainly describe the impact of pericytes on

PH. PH is a major global health problem and the prevalence of
PH ranges from 1-3/million to 15-25/million.> The 5-year overall
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survival rates remain low for some age groups. The survival rates
were 63%, 56%, and 36% for patients in the age groups 46-64,
65-74, and 275years, respectively.53 The pathogenesis of PH re-

sults from the excessive proliferation of vascular wall cells (includ-
ing ECs, SMCs, and fibroblasts) leading to pulmonary endothelial
dysfunction and smooth muscle hypertrophy, and inflammation
infiltration resulting in progressive remodeling of the peripheral
pulmonary artery. Vasoconstriction and in situ thrombosis, which
impair lung flexibility and the hemodynamics of the vascular sys-
tem, result in right ventricular dysfunction, myocardial cell injury,
and death.>4¢°

Pericytes are known to influence the progression of PH through
multiple mechanisms and play an important role in regulating base-
line cellular activities involved in maintaining homeostasis.®* Also,
pericytes are supportive mesenchymal cells, which can differentiate
into numerous cell types, including SMCs.%% In pathological states,
the morphology and number of pericytes can change. The accumu-
lation of pericytes is one of the hallmarks of PH.%® Compared with
healthy subjects, the number of pericytes in the distal pulmonary
artery was significantly increased by two times in PH.®* An increase
in the number of pericytes was detected prior to detecting changes
in arterial pressure, suggesting that changes in pericytes occur be-
fore hemodynamic disturbances.®?> Coordination between pericytes
and ECs is critical for a properly organized microvascular network.%!
EC dysfunction is the most obvious manifestation of PH. ECs release
paracrine signals to communicate with the surrounding cells, and the
closest communication is with the pericytes, which collaborate to
maintain the integrity of the vascular walls.®%%°

Different cell lineages can arise when pericytes are exposed
to certain types of environmental stimulation. Several signaling
pathways are involved in the pathogenesis of PH (Figure 2), mainly
focused on the functions of cell differentiation, proliferation, mi-
gration, growth and communication. Firstly, TGF-p and ALK path-
ways may induce cell differentiation of pericytes. In PH, pericytes
undergo a unique differentiation to generate rich SMC-like clus-
ters, in which TGF-p promotes the differentiation of pericytes into
contractile-SMA cells.®® Another study indicated that TGF-p could
induce the differentiation of CD34*/PDGGFR" pericytes into
SMCs via ALK-5-induced phosphorylation of Smad2/3 by acting on
the TGF-B RII receptors.®® Therefore, pericytes from IPAH patients
are more responsive to TGF-p due to increased TGF-f RIl recep-
tors.>! An increase in the number of pericytes and differentiation
into a threshold number of SMCs further promotes pulmonary
vascular remodeling.®>%? Secondly, FGF-2 and stromal cell-derived
factor-1 (SDF-1) pathways promote the proliferation and migration
of pericytes. A previous study indicated that FGF-2 neutralizing
beneficial antibody could have an effect on PH-induced regenera-
tion of musle by decreasing recruitment of pericytes.®® Meanwhile,
they found that IL-6 could stimulate pericyte migration but not
proliferation nor differentiation towards contractile-SMA* cells.®®
Moreover, SDF-1 also induces CXCR7" pericyte proliferation and
migration in PH.! Thirdly, the Wnt pathway mediates communica-
tion between pericytes and other cells. Wnt5a as a key mediator in
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FIGURE 2 The major cell signaling pathways related to pericytes in PH. (1) Cell differentiation: TGF- and ALK pathways; (2) proliferation
and migration: FGF-2 and SDF-1 pathways; (3) cell communication: Wnt pathway; (4) cell growth and angiogenesis: VEGF and SLIT3

pathways.

the establishment of pulmonary vascular EC-pericyte interactions,
and Whnt signaling can inhibit the expressions of coiled-coil like re-
ceptor 7 (FZD7) and cell division cycle 42 (CDC42) in lung tissues,
which could contribute to PH by reducing the viability of newly
formed vessels.?”%® Finally, VEGF and slit guide ligand 3 (SLIT3)
pathways have been shown to play a central role in cell growth and
angiogenesis. SLIT3, integrin subunit a8 (ITGA8) and their homo-
logues nephronectin (NPNT) and PDGF-BB were found to be up-
regulated in pericytes of patients with IPAH, suggesting that they
may play an autocrine role in pericyte hypertrophy.®””72 In addition,
VEGF-A or PDGF-BB stimulates the coverage area of pericytes in-
creases, and affects the angiogenesis process.“*65 Taken together,
numerous studies have shown the important role of the above

pathways in controlling the function of pericytes. However, more
studies of the underlying mechanisms of pericytes contributing to

the pathogenesis of PH are needed.

4.2 | Pericytes in systemic circulatory diseases

There have been many reviews on the role of pericytes in sys-
temic circulation diseases, such as cardiocerebrovascular diseases
or other organ microvascular diseases. In our review, we just
briefly summarize current research. Through a succession of stud-
ies, it has been found that pericytes play an indispensable role in
various vascular diseases. For example, in the heart, pericytes, an
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abundant cell population, not only possess intrinsic plasticity, but
can also be modulated by drugs to promote vascular repair in the
ischemic heart.”® In neurological diseases mediated by neuroinflam-
mation such as Parkinson's disease, multiple system atrophy, and
dementia with Lewy bodies, pericytes communicate with glial cells
to affect the aggregation and diffusion of a-synuclein, thereby af-
fecting the development of diseases.”* In diabetic retinopathy (DR),
vascular pericyte degeneration is the main clinical manifestation.””
Nevertheless, several functions of pericytes such as capillary con-
tractility, neuroinflammation, and multipotent stem cell activity
remain still to be fully characterized. It is also unclear how each
pericyte subtype contributes to pericyte function.”®

5 | OUTLOOK

In summary, pericytes are multifunctional cells that have been
proven to act as a key element in vascular microcirculation, regula-
tion of blood vessel growth, and communication with ECs and SMCs,
in the pathogenesis of vascular diseases. However, there are rela-
tively few studies on pericytes and further studies on their function

is warranted.
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