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Pericyte, a kind of pluripotent cell, may regulate the irrigation flow and permeability of microcirculation.
Pericytes are similar to the smooth muscle cells, which express several kinds of contractile proteins and
have contractility. The dysfunction of pericytes is related to many microvascular diseases, including
hypoxia, hypertension, diabetic retinopathy, fibrosis, inflammation, Alzheimer's disease, multiple scle-
rosis, and tumor formation. For a long time, their existence and function have been neglected. The

distribution, structure, biomarker, related signaling pathways as well as the roles of pericytes on vascular
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diseases will be introduced in this review.
© 2020 Chinese Medical Association. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Pericytes, embedded in the vascular basement, have recently
come into focus as regulators of vascular permeability, develop-
ment, and maturation. Pericytes are implicated in the development
of diabetic retinopathy, microvascular dysfunction and inflamma-
tion. In this review, we will summarize the currently available data
describing the distribution, ontogeny, and identity of pericytes and
its function in normal physiology and the pathogenesis of vascular
diseases.

Distribution and structure of pericyte

Capillary wall consists of two types of cells, endothelial cells
(ECs) and pericytes. Pericytes are encapsulated within the base-
ment membrane and ensheathe the capillary endothelium
throughout the body. The pericytes envelop the endothelial wall of
the microcirculation including pre-capillaries, capillaries, post-
capillary venules, venules, and arterioles.””> Moreover, the
coverage of pericytes is more extensive in post-capillary venules
than in capillaries. Expressed by EC/pericyte ratio, pericyte density
is different in different tissues, which might indicate specialized
functions in different organs. Pericyte density and coverage appear
to correlate with endothelial barrier properties
(brain > lungs > muscle). Interestingly, pericyte density is the

* Corresponding author.
E-mail address: liangmingliu@yahoo.com (L.-M. Liu).
Peer review under responsibility of Chinese Medical Association.

https://doi.org/10.1016/j.cjtee.2020.02.006

highest in the central nervous system (CNS) and retina (1:1 EC/
pericytes ratio®> >) compared to the vasculature of other organs and
tissues (2.5:1 EC/pericyte ratio in the kidney, 7:1-9:1 EC/pericyte
ratio in the lung, 10:1 EC/pericyte ratio in the skin and liver, 100:1
EC/pericyte ratio in skeletal muscle®®). The density of pericytes
appears to correlate positively with endothelial barrier selectivity
and stringency,” suggesting that pericytes may have a certain
functional role just in the CNS and retina. Nees et al® also found that
the pericyte density of the cardiac microvasculature was thought to
be closer to that of the cerebral vasculature with endothelial-
pericyte ratios of 2:1-3:1. It is estimated that there are approxi-
mately 3.6 x 107 pericytes/cm’ in left ventricular tissue and the
number of pericytes is more than the number of myocytes in unit
volume of left ventricular tissue.

Transmission electronic microscopy (TEM) observation found
that pericytes have a large, round nucleus, less cytoplasm, and
much rough endoplasmic reticulum. They embrace endothelial wall
of the vessel and may extend to the neighboring vessels. The
cytoplasm of a pericyte forms cytoplasmic processes, which con-
tains many myofilament, actin, myosin and tropomyosin, no VIil
factor. The mature capillary pericytes have discoid nucleus con-
sisted of heterochromatin and electron density around the nucleus
is surrounded by a small amount of cytoplasm containing protein-
producing organelles, glycogen particles, liposome, dictyosome,
endoplasmic reticulum and mitochondria. Depending on the
vascular bed and their differentiation state, pericytes exhibit
various morphologies ranging from typical flat and stellate shape in
the CNS to a more round shape in kidneys. So the morphological
characteristics of pericytes are different in different
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microcirculation and even different regions in the same microcir-
culation.'® For example, the mid-capillary pericytes are sparse with
slender and spindle-shaped cytoplasmic processes, and do not
express alpha-smooth muscle actin (a-SMA), whereas the pre- and
post-capillary pericytes were large with thick and star-shaped
processes, and are rich in ¢-SMA expression.

The majority of the pericyte-endothelial interface is separated
by a basement membrane (BM), a feature that makes it possible to
identify pericyte by TEM.!" Pericytes have numerous finger-like
cytoplasmic processes that extend longitudinally spanning the
abluminal surface of several endothelial tube and occasionally
bridge neighboring capillary branches. At capillary branch points,
which commonly harbor a pericyte soma, primary processes are
often found to extend along each branch. These primary processes
extending along the length of the capillary give rise to secondary
processes that run perpendicular to the primary processes, partially
encircling the capillary with tips of secondary processes making
connections with endothelial cells.'> So far as know, pericytes are
connected to the endothelial cells by 3 major types of intercellular
junctions: peg-socket type, gap junctions and adhesion plaques.'
In the areas lacking a BM, pericyte cytoplasmatic elongations (the
so-called pegs) are embeded in endothelial invaginations of the
endothelial membrane (the sockets), including N-cadherin, the
adherens junction protein and gap junctions (connexin-43/30) that
allow direct chemical communication between the neighboring
cells through the diffusion of nutrients, metabolites, secondary
messengers, ions and various molecules.'* At some points of con-
tact, the spot-like adherence junctions called adhesion plaques
consist of predominately of fibronectin mediating the connection of
the basement membrane to the plasma membrane via integrins,
which attach cells to each other and to the extracellular matrix and
underli]eSactin cytoskeletal networks of pericytes and endothelium
(Fig. 1).

Origin of pericytes

Pericytes were first characterized in the 19th century by Rou-
get as a mural cell population.'® Due to their perivascular position,
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Fig. 1. Ultrastructural characteristics of pericytes and pericyte-endothelial interactions.

Rouget cells were renamed as pericytes by Zimmermann.'” The
source of pericytes has long been controversial. Initially, pericytes
expressed myogenic phenotypes are believed to be similar to
smooth muscle cells. Pericytes contain contractile filaments
composed of vimentin and a-SMA, and are capable of vasomotion
function.'® Probably, the majority of pericytes in the CNS are both
mesoderm-derived mesenchymal stem cells and neuroectoderm-
derived neural crest cells, as demonstrated in chick-quail chi-
meras.'” Recent studies on thymus, retina, choroid and aortic
outflow tract showed that pericytes are also derived from differ-
entiated neural crest-derived cells.”’ On the other hand, the ori-
gins of pericytes from coelomic organs, such as the gut, lung, and
liver, have been mapped to the mesothelium derived. Coronary
vessel pericytes in the heart appear to have a similar develop-
ment.”! Here, the cardiac pericytes are derived from the epicardial
mesothelium.”> However, coronary pericytes developed from
endocardial cells undergoing endothelial-to-mesenchymal tran-
sition. Recent publications showed that B cells derived from bone
marrow may be the progenitor cells pools of pericytes, and
endothelial cells and fibroblasts could be induced to pericytes.
However, most scholars believed that pericytes capable of dif-
ferentiation are similar to mesenchymal stem cells.” It is clear that
there is still a lack of understanding regarding pericyte ontogeny
and development. More work to identify the origin of a type of
pericyte could help identify their potential functions for particular
pathological processes.

Identification markers of pericyte

Pericytes express a range of antigenic markers, which is similar
to their morphological and structure diversity and helps their
identification. No single pericyte specific marker is known, so their
identification is based on the combination of multiple markers.
Membrane bound markers for pericytes include platelet-derived
growth factor receptor-beta (PDGFR-p),>> 2> neural/glial antigen 2
(NG-2),23%6-28 CD146,2324 alanine aminopeptidase
(CD13),14?3?429 and endoglin, together with mesenchymal stem
cell markers, such as CD90 and CD105.2>?%~28 Commonly, cytosolic
markers for pericyte identification include «-SMA, non-muscle
myosin, desmin, nestin and vimentin, etc,'4?32426.30.31

A new cytosolic marker that promises for specific pericyte
identification is the regulator of G protein signaling 5 (RGS5).!%>2
RGS5 acts as a GTPase activating protein, which plays a role in the
proliferation and recruitment of pericytes during vascular devel-
opment and wound healing. Other cell surface antigens expressed
by pericytes are SUR2 (ATP-binding cassette transporter subfamily
C member 9 or ABCC9),>> Kir 6.1 (potassium inwardly rectifying
channel subfamily ] member 8),>> delta-like non-canonical Notch
ligand 1 (DLK1),>® and alkaline phosphatase (ALP).>4 36

It is important to emphasize that pericytes represent a hetero-
geneous population with identifiable subsets when characterized
beyond a population level. For instance, pericytes on venules ex-
press desmin and o-SMA, whereas those on capillaries express
desmin but are negative for a-SMA.?*!37 Chen et al.>® showed that
adventitial pericytes on the cardiac express CD34+/CD31-/CD146-,
whereas microvascular cardiac pericytes express CD146-+/CD34-/
GATA-4/CD56-/CD117-. Park et al.>° found that cerebral pericytes
express CD13+/CD73+/CD90+/CD105+/CD45-/CD31-.

It is important to clear that marker expression for pericytes
however may be labile. For instance, pericyte a-SMA may be hardly
expressed in both normal skin and brain, but may be increased
obviously after tumorigenesis. Knowledge about pericyte subsets
and their roles remains limited, more cell surface markers are
identified and more pericyte subsets with diversity function can be
expected to be found.
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Pericyte function
Contribution to microvascular barrier function

Recent studies have shown that pericytes play an important role
in endothelial barrier development and maintenance of integrity.
The most stringent endothelial barriers are found in the vasculature
of CNS and retina. In CNS, pericytes contact with microglia cells,
neurons, ECs, and astrocyte end-feet that together form the so-
called functional neurovascular unit (NVU).*° The role of astro-
cytes in blood brain barrier (BBB) regulation in NVU is well
demonstrated and the importance of NVU pericytes has also been
reported. Daneman et al.*! showed that pericyte recruitment was
important to BBB formation during embryogenesis a week before
astrocytes were recruited. They also showed that pericyte coverage
was a decisive role in vascular permeability.

Pericytes are further shown in vitro to regulate the BBB at the
level of endothelial junctions. In pericyte co-cultures with ECs and
astrocyte, the presence of pericytes increases the trans-endothelial
electrical resistance in comparison with single cultured ECs. Re-
searchers found that pericytes and astrocyte could all increase the
endothelial barrier integrity; however, pericytes had better pro-
tective effect on endothelial barrier than astrocyte after hypoxia.*>
Studies further showed that loss of pericytes could damage the BBB
in vivo. In PDGFRP + mice with hypomorphic alleles of PDGFRp that
renders these animals pericyte deficient, tight junction (T]) protein
like claudin-5, occludin, and zonula occludens-1 and adherent
junction protein like cadherin were reduced in the microvascula-
ture of the CNS.**! This coincided with BBB breakdown and
vascular leakage. Further studies found that paracrine signaling
between pericytes and ECs mediated by transforming growth fac-
tor-f (TGF-B) and angiopoietin-1 (Ang-1) contributed to endothe-
lial barrier maintenance.”” Pericyte could secrete TGF-B, a
multifunctional cytokine, to support BBB integrity through stabi-
lizing the structure of actin filaments in ECs. Pericytes derived Ang-
1 could activate Tie-2 receptor to promote the expression of
occludin in ECs.** Taken together, these studies point out an
essential role for pericytes in endothelial barrier function
regulation.

Contractile function

Subcellular structural pericyte marker proteins such as a-SMA,
desmin, vimentin and cyclic guanosine monophosphate (C-GMP)
associated with constriction contribute to the actin filament bun-
dles located near the EC side, and regulate cell contractility."” Per-
icytes were detected in vitro to response to the vasoconstrictors like
angiotensin-II(Ang-II), serotonin and vasodilators like nitric oxide,
cholinergic agonists, adenosine by measuring the surface area of
the collagen lattice.*> Previous studies have shown that the
contraction of pericytes participated in the developments and ad-
vances of many diseases, such as cardiopathy and CNS diseases.
Peppiatt et al.*® found that retinal pericytes given by electrical
stimulation could activate the microvascular constriction. Re-
searches showed that some factors-induced contraction of peri-
cytes had biphasic effects. Hyperoxic condition has been shown to
induce pericyte contraction, whereas hypoxia condition can trigger
pericyte relaxation.”’ Studies found that some signaling pathways
such as Rho guanosine triphosphatase (GTPase) and calpain path-
ways played an important role in regulation of the contraction of
pericytes. Because of the staggering complexity of the environment
in vivo, the contraction of pericytes in vitro cannot be equated with
the contraction in vivo. So research on the contraction of pericytes
has long been difficult. Recent studies confirmed that pericytes
were capable of constringency function by some new techniques

such as diaminofluorescein-2 diacetate (DAF-2DA) and two-photon
microscopy.*®4° These data are related to the concept that pericyte
contractility plays a role in the regulation of the blood flow in the
microvasculature.

Angiogenesis function

Pericytes play an important role in forming and stabilizing the
angiogenesis. Recruited pericytes settle into the new vessels to
release paracrine factors, such as PDGFR-B, to promote vascular
maturation.”® Ramsauer et al.’! found that pericytes stabilized the
formation of capillary-like structures by co-cultured with endo-
thelial cells and astrocytes. Persidsky et al.’> have shown that
pericytes could regulate endothelial cell migration, proliferation,
and differentiation. Studies reported that pericytes participated in
new blood vessels formation and sprouting by some signaling
molecules such as PDGFR-B, TGF-f, vascular endothelial growth
factor (VEGF), Ang-1 and S1P.>° Pericytes release VEGF to promote
endothelial cell maturation.”®> TGF-B derived by pericytes can
induce mesenchymal cell around blood vessels to differentiate into
pericytes and smooth muscle cells.”* PDGF-p derived by endothelial
cell can recruit pericytes to stabilize the blood vessels and promote
pericytes migration and proliferation.”® Ang-1 released by peri-
cytes binds to Tie-2 in endothelial cells, which increases the
expression of heparin binding epidermal growth factor-like growth
factor (HB-EGF) and plays an important role in vascular stability.

Stem cell potential

Research has shown that pericytes separated from different
tissues are capable of differentiating into mesenchymal cells, such
as smooth muscle cells, fibroblasts, adipose cell and so on. Crisan
et al’! found that pericytes expressed some stem cells markers,
including CD44, CD73, CD90, CD105. In fact, the characteristics of
the brain pericytes are similar with mesenchymal stem cells
(MSCs). For example, brain pericytes and MSCs derived from
mesoderm have common immunogenicity and differentiation po-
tential.”® Further studies showed that brain pericyte can regenerate
itself and be able to differentiate into neurons, astrocytes, and oli-
godendrocytes. Present studies have shown that pericytes trans-
planted into the severe combined immunodeficient (SCID) mice
could generate skeletal muscle fiber.>” In short, pericytes have the
characteristics of mesenchymal stem cells, which may participate
in various diseases such as nervous system and leads to new drug
targets for therapies.’®

Immune regulation function

The high expression of acid phosphatase of lysosome that
increased with age and injury in pericytes has the function of
phagocytosis. Pericytes can intake the small molecules or soluble
substances in blood or brain parenchyma by phagocytosis, pino-
cytosis and endocytosis.>® Once BBB breakdown, pericytes can
phagocytose the exudation of the red cells.®® Monteiro et al.’!
found that pericytes separated from basement membrance could
differentiate into perivascular microglial cells to play phagocytosis
in brain injury conditions. In the physiological condition, brain
pericytes express adhesion molecules at a lower level, including
intercellular adhesion molecule-1, vascular cell adhesion molecule-
1 and major histocompatibility complex (MHC) class I. However, in
pathologic conditions, pericytes influenced by inflammatory cyto-
lines such as TNF-a, IFN-y generate MHC class Il and presents them
to T lymphocytes.®? In addition, even after induction of class I and II
MHC molecules, pericytes are unable to stimulate allogeneic CD4 T
cell proliferation and in fact rendered the T cells unresponsive to
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endothelial cells of the same donor.®® This behavior of pericytes
indicates the possibility of pericytes in allogenic stem cell therapy.

Pericytes in diseases
BBB maintenance

Pericytes wrapped in the tightly bound endothelial cells on
capillaries are an important constituent of neurovascular unit and
BBB. Studies showed that pericytes participated in the regulation of
cerebral blood flow, neurovascular growth, steady neural network
and blood-brain barrier integrity. Several studies have already
demonstrated that loss of pericyte coverage resulted in the break-
down of the BBB and endothelial barrier function. Pericytes main-
tained the function of BBB by releasing the Ang-1 and TGF-§1. Ang-
1 secreted by pericytes increased the expression of the occludin in
ECs; however, occludin at a lower level induces the breakdown of
the tight junction and causes vascular permeability.** Many studies
also identified that the loss of pericytes was associated with the
breakdown of the endothelial tight junction in the pathogenesis of
stroke, multiple sclerosis, cerebral infection, epilepsy, and Parkin-
son's disease.® Dohgu et al.** found that TGF-$1 derived by peri-
cytes could directly regulate BBB function. Transwell co-cultures of
brain capillary ECs and brain derived pericytes, the presence of
pericytes increased the trans-endothelial electrical resistance in
comparison with single cultured ECs.%> TGF-p1 activated mitogen-
activated protein kinase (MAPK) signaling increases the expres-
sion of TJ proteins and P-gp efflux in ECs to improve the BBB
function. However, Shen et al.%° found that TGF-p1 increases the
tyrosine phosphorylation of VE-cadherin and claudin-5 in ECs and
aggravates the paracellular permeability. Thus, the effect of TGF-f1
derived from pericytes remains to be further studied in health and
disease. Yemischi et al®” showed that pericytes remained
contraction despite the no-reflow phenomenon in brain
ischemia—reperfusion rat model. This is mediated by the excessive
production of the reactive oxygen species, which activates intra-
cellular Ca* levels. Furthermore, Dore-Duffy also found that the
upregulation of ET-1, which stimulated the expression of a-SMA
pericytes, caused the inappropriate vasoconstriction of the peri-
cytes and reduced the vessel diameter.

Loss of pericyte in diabetic retinopathy

With the diabetes mellitus course being longer, the diabetic
retinopathy (DR) is one of the serious complications. The marked
characteristic of this course is severe microangiopathy, which
eventually results in blindness. Loss of pericyte coverage of the
retinal capillaries results in endothelial cell proliferation, thickened
basal membrane and retinal barrier breakdown, which develop into
the stricture of the vascular lumen, the changes of blood flow dy-
namics, the occlusion of the retinal capillaries and severe hemor-
rhage and retinal detachment. So pericytes play an important role
in the regulation of the pathological angiogenesis. The early
changes of diabetic retinopathy are related with the loss of retinal
capillary pericytes stimulated by chronic hyperglycemia, which
indicates that pericyte apoptosis is an important cause of patho-
logical angiogenesis in diabetes.®>’° Shin et al.”! found that the
increased expression of phosphorylated signal transducer and
activat of transcription 1 (STAT 1) upregulated the expression of
Bim on the retinal pericytes of rat with diabetes mellitus. Current
study findings suggest that oxidative stress is one of the main
causes of pericyte apoptosis.”> Ang-1/Tie-2 and PDGF/PDGFRp
signallings appeared to play an important role in the pericyte-
mediated pathogenesis of DR. For example, Ang-2 related with
higher levels of pro-fibrotic factors was 30-fold upregulated in the

retina of diabetic rats.”> While treatment with Ang-1 in a diabetic
retinopathy rat model could reduce endothelial injury and endo-
thelial barrier breakdown in the retina.”* Studies in PDGFR-B
knockout mice reported that PDGFR-B deficiency caused severe
pericyte dissipation in the retinal capillaries, which resulted in the
vascular malformation during the processing of the vascular for-
mation.”> Many studies on pericytes were still restricted on ex-
periments in vitro. The exact mechanisms about the retinal pericyte
lesion and the development of DR are still remained to be clarified.

Pericytes in inflammation

Recent studies have proved that pericytes play an important role
in inflammatory response.”>”” Proebstl et al.”® found that once
neutrophils derived from venule migrated to the endothelial cells
or endothelial cells wall of the inflamed tissues, the junctional
intercellular gap between pericytes and endothelial cells enlarged.
They also found that pericytes had high sensitivity in the inflam-
matory signaling, and as precursor of immune cell, pericytes drived
leukocytes to the inflammatory site. Researches in vitro showed
that pericytes stimulated by TNF-a, could generate a series of im-
mune responses. Pericytes could enhance the endothelial cell in-
teractions by increasing the macrophage recruitment.”” The animal
experimental results showed that the desquamation of pericytes
could lead to the damage of blood-brain barrier in LPS-induced
sepsis of rats.’? Ziegler et al.®! also found that Ang-2 antagonist
improved the apoptosis of pericytes, the permeability of blood
vessel and the changes of hemodynamics in septic rats. Addition-
ally, studies found that cytokines derived by pericytes, such as
sphingosine-1-phosphate (S1P), VEGF, BDNF, upregulated the
adhesion molecules and the tight junction proteins on EC to
enhance the vascular endothelial barrier function.®? Recent re-
searches showed that pericytes, when stimulated with LPS or TNF-
a, secreted large amounts of pro-inflammatory molecules, anti-
inflammatory molecules, cytokines and chemokines. LPS-
stimulated pericytes displayed IL-12, IL-13, IL-9 and increased
protein expression of chemokines and adhesion molecules such as
CCL-3/4, ICAM-1, VCAM-1 and E-selectin.®

Pericytes in cardiovascular diseases

The function of pericytes in the myocardial vasculature has been
attracted an increasing attention. Nees et al.®* identified that larger
myocardial arterioles and coronary arteries contained significant
quantities of pericytes, while larger venules and veins only existed
smaller amounts of pericytes. Others also demonstrated that peri-
cytes played a significant role in the formation of the BM. High
levels of type IV collagen expressed by pericytes contributed to the
myocardial basement membrane formation.®> These studies indi-
cated that pericytes play an important role in maintaining vascular
homeostasis in heart.

Research showed that loss of pericytes exposed to tyrosine ki-
nase inhibitors (sunitinib) in the cardiac microvasculature lead to
coronary flow reserve impairing, interstitial permeability increase
and cardiac microvascular dysfunction.®® Dysregulation of peri-
cytes control of myocardial tissue resulted in ischemic heart dis-
ease. Juchem et al®’ demonstrated that abnormal pericyte
contractions were the major causes of coronary no-reflow. Cardiac
microvasculature stimulated by the inflammation released the
tissue factor and activated the coagulation cascade, which lead to
fibrin crosslinking, thrombus formation and lumen occlusion.®® It
has been implicated that the increased level of endothelin-1 is the
main reason for the phenomenon of coronary no-reflow in patients
with acute myocardial infarction, which is related with an increase
in a-SMA positive pericytes and a reduction of the vessel
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diameter.’® A great number of studies have showed that pericytes
participated in the development of cardiovascular diseases, such as
aortic valve sclerosis, ischemic cardiomyopathy. Meanwhile, peri-
cytes also have the potential for treatment of cardiovascular dis-
ease. Chen et al® showed that pericytes derived from human
skeletal muscle significantly improved the left ventricular
myocardial contractility, reduced myocardial fibrosis and inflam-
matory infiltrate in the infarct area. Avolio et al.°° found that per-
icytes on the great saphenous vein improved the infraction area
and fibrosis with myocardial infarction. In addition to the cardio-
vascular disease, other researchers in the field have already used
pericytes as a source of therapeutic cells to treat multiple diseases.

Perspective

An iterated concern in pericyte biology is the identification of
the cell type. Investigators have started to appreciate the impact
and characteristic pericytes of various regions in different organs.
So, further efforts must be made to characterize the specific
markers for pericyte subpopulations so as to better establish their
roles in health and diseases.

In regard to clinical applications, the mesenchymal stem cells
are currently the most widely explored. Although pericytes have
similar properties to MSC. The use of pericytes for regenerative
medicine is still a relatively new area of research and novel thera-
peutic approaches are continually emerging. One such approach is
that delivery of exogenous pericytes for regenerative therapy. The
secretory capacities of different cell types are now explored as such
possible therapeutic regenerative agents in a variety of diseases.
More considerations should be addressed about the secretome of
pericytes and its potential implications for tissue regeneration.
Pericytes represent an obvious candidate product for improving
vascular growth and perfusion of ischemic tissues.
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