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Preface

This book’s initial title was “Pericyte Biology: Development, Homeostasis and
Disease.” However, due to the current great interest in this topic, we were able to
assemble more chapters than would fit in one book, covering pericyte biology under
distinct circumstances. Therefore, the book was subdivided into three volumes enti-
tled Pericyte Biology - Novel Concepts, Pericyte Biology in Different Organs, and
Pericyte Biology in Disease.

This book Pericyte Biology in Different Organs presents contributions by expert
researchers and clinicians in the multidisciplinary areas of medical and biological
research. The chapters provide timely detailed overviews of recent advances in the
field. This book describes the major contributions of pericytes to different organs’
biology in physiological and pathological conditions. Further insights into the biol-
ogy of pericytes will have important implications for our understanding of organ
development, homeostasis, and disease. The authors focus on the modern method-
ologies and the leading-edge concepts in the field of cell biology. In recent years,
remarkable progress has been made in the identification and characterization of
pericytes in several tissues using state-of-the-art techniques. These advantages facil-
itated the identification of pericyte subpopulations and definition of the molecular
basis of pericytes’ role within different organs. Thus, the present book is an attempt
to describe the most recent developments in the area of pericyte behavior which is
one of the emergent hot topics in the field of molecular and cellular biology today.
Here, we present a selected collection of detailed chapters on what we know so far
about the pericytes in various tissues and under distinct pathophysiological condi-
tions. Thirteen chapters written by experts in the field summarize the present knowl-
edge about the roles of pericytes in different organs.

Herbert A. Reitsamer and colleagues from Paracelsus Medical University/SALK
discuss the role of pericytes in the retina. Limor Landsman from Tel Aviv University
describes pericytes in the pancreas. Lynn M. Schnapp and colleagues from the
Medical University of South Carolina compile our understanding of pericyte biol-
ogy in the lung. Jyoti Gautam and Yao Yao from the University of Georgia update us
with what we know about skeletal muscle pericytes. Mercedes Fernandez and col-
leagues from the University of Barcelona summarize current knowledge on gut
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pericytes. Yuya Kunisaki from Kyushu University Hospital addresses the impor-
tance of pericytes in the bone marrow. Martin Canis and Mattis Bertlich from the
University Hospital Munich focus on cochlear pericytes. Maria Angelica Miglino
and colleagues from the University of Sdo Paulo introduce our current knowledge
about placental pericytes. Enis Kostallari and Vijay H. Shah from the Mayo Clinic
discuss the roles of pericytes in the liver. Motohiro Komaki from Kanagawa Dental
University introduces what we know about pericytes in the periodontal ligament.
Linda L. Lee and Vishnu Chintalgattu from Amgen Inc. talk about pericytes in the
heart. Clifford L. Librach and colleagues from the University of Toronto focus on
umbilical cord pericytes. Finally, Michail S. Davidoff from the University Medical
Center Hamburg-Eppendorf gives an overview of pericytes in the testis.

It is hoped that the articles published in this book will become a source of refer-
ence and inspiration for future research ideas. I would like to express my deep grati-
tude to my wife Veranika Ushakova and Mr. Murugesan Tamilsevan from Springer,
who helped at every step of the execution of this project.

This book is dedicated to the memory of my grandfather Pavel Sobolevsky, PhD,
a renowned mathematician, who passed away during the creation of this piece.

My grandfather Pavel Sobolevsky z”’l, PhD (March 26, 1930-August 16, 2018)

New York, NY, USA Alexander Birbrair
Belo Horizonte, MG, Brazil
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Chapter 1 )
Pericytes in the Retina b

Andrea Trost, Daniela Bruckner, Francisco J. Rivera,
and Herbert A. Reitsamer

Abstract Pericytes (PCs) are specialized cells located abluminal of endothelial
cells (ECs) on capillaries, embedded within the same basement membrane. They are
essential regulators of vascular development, remodeling, and blood-retina-barrier
(BRB) tightness and are therefore important components to maintain tissue homeo-
stasis. The perivascular localization and expression of contractile proteins suggest
that PCs participate in capillary blood flow regulation and neurovascular coupling.
Due to their ability to differentiate into various cell types in vitro, they are regarded
as potential cells for tissue repair and therapeutic approaches in regenerative medi-
cine. Altered function or loss of PCs is associated with a multitude of CNS diseases,
including diabetic retinopathy (DR). In this chapter, we will provide a short over-
view of retinal vascular development, the origin of PCs, and focus on PCs in reti-
nopathy of prematurity (ROP) and in the diabetic retina. Further, animal models to
study the fate of PCs and the potential role of (retinal) PCs in regeneration and
wound healing will be discussed.

Keywords Pericyte - Retina - Origin - Pericyte marker - PDGFRb - NG2 - tbx18 -
Diabetic retinopathy (DR) - Retinopathy of prematurity (ROP) - Wound healing -
Regeneration
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Abbreviations

Angs Angiopoietins

BBB Blood-brain barrier

BM Bone marrow

BRB Blood-retina barrier

CNS Central nervous system

DME Diabetic macular edema

DR Diabetic retinopathy

ECs Endothelial cells

INL Inner nuclear layer

IPL and OPL  Inner and outer plexiform layer
MSCs Mesenchymal stem cells

NG2 Neuron-glial antigen 2

NVU Neurovascular unit

ON Optic nerve

ONL Outer nuclear layer

PO Postnatal day 0

PCs Pericytes

PDGFRb PDGF-receptor beta

RPE Retinal pigment epithelial cells
tbx 18 T-box family transcription factor 18
TGF-b Transforming growth factor beta
VEGF Vascular endothelial growth factor
vSMCs Vascular smooth muscle cells

1.1 Retinal Structure and Function

The human eye is composed of three different layers. The outermost layer is formed
by the cornea and sclera. The middle layer is divided into an anterior part (iris and
ciliary body) and a posterior part (choroid). The light-sensitive organ, the retina,
forms the innermost layer and lines the inner surface of the eye, extending from the
papilla to the ora serrata. In the center of the retina, axons of the ganglion cells are
bundled within the optic nerve (ON) running to the visual cortex in the brain. In
addition to cells of the oligodendroglial lineage, the ON contains incoming blood
vessels, that vascularize the inner retina. Temporal of the ON, the blood vessel free
fovea, the sharpest point of vision and most essential part of the retina for human
vision, is located (Fig. 1.1a). The retina can be divided into the neurosensory retina
and the retinal pigment epithelium. The neurosensory retina is composed of three
layers of nerve cell bodies and two layers of synapses. The outer nuclear layer
(ONL) contains cell bodies of the rods and cones. Bipolar, horizontal, and amacrine
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Fig. 1.1 (a) Schematic drawing of an eye cross section. (b) Schematic drawing of a retinal cross
section: the neurosensory retina is composed of three layers of nerve cell bodies and two layers of
synapses. The outer nuclear layer (ONL) contains cell bodies of the rods and cones. Bipolar, hori-
zontal, and amacrine cells are located in the inner nuclear layer (INL). The innermost layer, the
ganglion cell layer, contains cell bodies of ganglion cells and displaced amacrine cells. Within the
inner and outer plexiform layer (IPL and OPL), located between the nerve cell layers, synaptic
contacts occur. Nutrition to retina is provided by the choroid and the inner retinal vasculature: the
three retinal vascular plexi are located in the GCL (superficial), in the IPL (intermediate), and in
the OPL (deep)

cells are located in the inner nuclear layer (INL). The innermost layer, the ganglion
cell layer contains cell bodies of ganglion cells and displaced amacrine cells. Within
the inner and outer plexiform layer (IPL and OPL), located between the nerve cell
layers, synaptic contacts occur (Fig. 1.1b) (Kolb 1995). One of the main functions
of the retina is the conversion of light into an electric impulse, the first stage of
image processing. The light passes through the entire retina, to reach the pigment
molecules in the photoreceptors. The light signal is converted into an electrical
impulse and transmitted to the bipolar cells and the ganglion cells where the signal
is finally sent through the ON to the visual cortex. Photoreceptor cell metabolism
and functioning of the visual cycle is maintained by a monolayer of retinal pigment
epithelial cells (RPE), located in direct contact to the ONL.

1.2 Retinal Vascular Development

Nutrition of the metabolically highly active neural retina is provided by two vas-
cular beds: the outer retina, including photoreceptors and RPE cells, is supplied by
diffusion from the choriocapillaries. The inner retina is nourished by retinal blood
vessels (Fig. 1.1b). During embryonal development, the inner retina is metabolically
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supported by the hyaloid vasculature, an arterial network in the vitreous. In humans,
the hyaloid vasculature is replaced by retinal vasculature around 15 weeks of gesta-
tion and by the formation of the primary plexus. This remodels into three parallel
connected vascular networks located in the nerve fiber layer and the inner and outer
plexiform layer, until retinal vascularization is completed by 38—40 weeks of gesta-
tion (Lutty and McLeod 2017). In mouse, however, retinal vascular development
starts by sprouting of vessels out of the optic nerve head at birth (P0O). At this time
point, a cellular network of astrocytes, already developed, provides a template for
blood vessel sprouting and for the establishment of the primary vascular network.
Within the first 3 postnatal weeks, the three vascular plexi are developed (Dorrell
et al. 2002; Fruttiger 2002, 2007; Selvam et al. 2017): the vessels spread along the
inner retinal surface to the ora serrata until the inner vascular layer is completed at
postnatal day 7 to 10 (P7-P10). They subsequently spread into the retina and form
the deep capillary layer. Finally, the intermediate capillary is formed from P14-P21.

The mammalian retina is dedicated to the central nervous system (CNS) since it
derives from the neural tube and is formed through evagination from the diencepha-
lon. Like in other CNS tissues, paracellular and transendothelial transport from the
vasculature to the surrounding retinal tissue is highly regulated by the BRB, ensur-
ing an optimal chemical composition of the neuronal microenvironment. The BRB
is composed of the inner BRB (retinal capillary endothelial cells) and the outer BRB
(retinal pigment epithelial cells). Although BRB tightness is mainly mediated by
tight and adherent junctions between ECs, PCs have been proven to be an essential
constituent of the BRB and blood-brain barrier (BBB). The contribution of PCs to
the BRB/BBB is discussed in the subheading entitled: “Pericytes and their impact
on the blood-retina barrier (BRB).”

1.3 Identification of (Retinal) Pericytes (PCs)

Currently, there is an urgent need to study and determine the role of retinal PCs in
health and disease. To achieve this goal, the proper identification of this barely
explored cell type is essential. However, following the gene and protein expression
pattern, an identification of a specific PC molecular signature has been quite chal-
lenging. Up to now, no unique PC marker has been identified. Currently, the estab-
lished marker panel for PC characterization comprises PDGF-receptor beta
(PDGFRB), neuron-glial antigen 2 (NG2, Cspg4, Fig. 1.2a), CDI3 (brain PCs),
Desmin, Vimentin, and RGS5 (Armulik et al. 2011). More recently, additional
markers like Glil (Kramann et al. 2015) and Tbx18 (Guimaraes-Camboa et al.
2017) were proposed to identify PCs. A recent comparative single-cell transcripto-
mal study identified genes specifically expressed in (brain) PCs: in addition to the
known markers Pdgfrb, Cspg4, Rgs5, and Anpep, Kcnj8, Cd248, Abcc9, Vin, and
S1pr3 were identified (Vanlandewijck et al. 2018). Of note, many markers used to
identify PCs (e.g., NG2/Cspg4, PDGFRD) are also positive in vascular smooth
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Fig. 1.2 (a) NG2-specific labeling of pericytes (PCs, green, arrowheads) on capillaries and
vSMCs (green, open arrowheads) on arterioles and arteries in the ganglion cell layer (GCL) of a
retinal whole mount preparation. (b) Schematic drawing of PCs (green) on capillaries, showing
also a capillary cross section comprising PCs and endothelial cells. (¢) Retinal whole mount, show-
ing retinal ganglion cells (RGCs, labeled with Brn3a in red), axons of RGCs (labeled with
NF200 in white), and PCs/vSMCs (green) in the GCL

muscle cells (vSMCs); therefore the localization of PCs on microvessels is an
important identification criteria. Further, alpha-SMA allows for discrimination of
PCs and vSMCs, being negative in PCs on capillaries, but positive in vSMCs on
arterioles/arteries in vivo. Therefore, a combination of NG2 and PDGFRb with
a-SMA and their capillary localization can be recommended for the identification of
retinal PCs (Trost et al. 2013). Depending on their differentiation stage and tissue
localization, PCs may exhibit a heterogeneous morphology. However, in general,
PCs located on microvessels show a spherical-shaped soma with a prominent
nucleus and processes that extend longitudinal on and around the vessel wall, cover-
ing several ECs (Armulik et al. 2011; Shepro and Morel 1993). As a part of the
CNS, the retina exhibits a high PC density with a PC to EC ratio of about 1:1 to 1:3
(Armulik et al. 2011; Frank et al. 1990), which is constant in healthy conditions.

1.4 Origin of (Retinal) PCs

PCs are generated during embryonic and postnatal life (Winkler et al. 2011). During
developmental stages two different primary sources have been described, a neuro-
ectodermal and a mesodermal origin. Quail chick transplantations and a multitude
of reporter mouse models have been used to investigate and discriminate neuroecto-
dermal and mesodermal origin of PCs in different organs. Neuroectodermal or neu-
ral crest origin of PCs and vSMCs has been demonstrated by quail chick
transplantations of brain anlagen and mesoderm in cerebral blood vessels (Korn
et al. 2002) or in brain surface vessels by using Foxs1*5S% mice (Heglind et al.
2005). Using a Wnt-1-Cre mouse model, neural crest origin was proven for PCs of
embryonic hyaloid blood vessels (Gage et al. 2005), however without providing PC
characterization by additional markers. Along this line, a neural crest origin was
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demonstrated for the majority of retinal and choroidal PCs and vSMCs using a
Sox10-Cre mouse model (Trost et al. 2013) and of cortical grey matter PCs using an
inducible Sox10-CreER™ mouse (E7.5 induction) (Simon et al. 2012). These find-
ings were recently confirmed in the brain, eye, and thymus PCs and vSMCs using
Cre-driven Sox10 and Wntl mouse models (Wang et al. 2017). To keep in mind,
Wnhntl is a strict marker for neural crest cells and is not detected after migration of
neural crest cells; however, Sox10 is expressed in postmigratory neural crest cells,
as well as in glial cells of the developing nervous system and during adulthood. To
distinguish in the adult tissue, cells with an embryonic neural crest origin vs. cells
that derived from a postnatal Sox10-expressing tissue source, tamoxifen induction
around E8.5-E12.5 in an inducible Sox10-CreER™ mouse model (Hong and Saint-
Jeannet 2005), would be desirable.

In addition to a neural crest origin of PCs and vSMCs (forebrain) (Etchevers et al.
2001), also a mesodermal origin has been described for PCs and vSMCs in the mid-
brain, brainstem, spinal cord, and peripheral organs (Korn et al. 2002). These experi-
ments highlight that PCs and vSMC of both, neural crest and mesodermal origin,
coexist within the same organ. Using an XlacZ4 reporter under the control of an
adipose tissue-specific promoter, mesodermal origin was demonstrated in PCs and
vSMCs throughout the vascular bed (Tidhar et al. 2001). Recent studies suggest a
heterogeneous mesodermal origin of PCs: Yamamoto et al. described CD31*F4/80*
macrophages as potential source for a subset of cerebrovascular NG2* PCs
(Yamamoto et al. 2017), however lacking verification with a second PC marker. In
line with this, tissue myeloid progenitor cells are suggested to differentiate into a
subset of dermal PCs in embryonic skin vasculature through transforming growth
factor-B signaling (Yamazaki et al. 2017): using a Vav-iCre mouse model to label
hematopoietic cells, one third of NG2* and PDGFRb* PCs revealed reporter expres-
sion in the embryonic skin (E15.5). Further investigations on the subtype of hema-
topoietic cells revealed that tissue localized myeloid cells contributes to PC
development in the skin vasculature (CD11b-Cre mouse model). The depletion of
the respective cells [myeloid lineage (PU.17-, Ncx177) and macrophages (Csf1°
°P)] resulted in a defective PC development in skin and brain. In addition, the authors
concluded a limited contribution of neural crest cells to PC development in the skin
(E15.5) using a Wnt-1-Cre reporter mouse and further suggested a minimal contri-
bution of ECs (Tie2-Cre mouse model) (Yamazaki et al. 2017). In contrast, endocar-
dial ECs have been demonstrated to give rise to a subset of cardiac PCs in the murine
embryonic heart through endothelial-mesenchymal transition (Chen et al. 2016):
using EC-specific reporter mice (cdh5-CreER™, Tie2-Cre, Nfatcl1-CreER™),
reporter-specific expression was detected in PDGFRb* NG2* cardiac PCs.

Postnatally, PCs can be recruited by proliferative expansion of preexisting PCs
or from the bone marrow (BM) during vasculature remodeling, e.g., under ischemic
conditions (Kokovay et al. 2006) or in tumors (Song et al. 2005). In line with this,
BM-derived neovascular PCs were also reported following bFGF-induced corneal
neovascularization (Ozerdem et al. 2005).

A multitude of studies investigated the origin of PCs and vSMCs, which is of
great interest in developmental biology and further for the diagnosis and treatment
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of diseases associated with PC dysfunction. Up to now, these cells revealed hetero-
geneous origins, even within the same tissue. As recent data suggest that the dif-
ferentiation potential of PCs is limited depending on their origin and tissue
localization (Herrmann et al. 2016), knowledge about the origin may be crucial for
the use of distinct PCs in regenerative approaches. In line with this, several PC
subtypes have been identified, participating in tissue repair and regeneration. Since
both PCs and vSMCs express the respective reporter, a common ancestor as well as
a morphological and biochemical continuum from vSMC to PCs can be assumed.
Indeed, an evolutionary conserved gradual phenotype change along the arteriove-
nous axis was proposed between PCs and (venous) SMCs as well as SMCs form
arteries and arterioles applying single-cell transcriptomal analysis (Vanlandewijck
et al. 2018). However, the authors detected no evidence for the existence of brain
PC subtypes, but they clearly demonstrated an organotypicity, between PCs isolated
from the brain and the lung (Vanlandewijck et al. 2018).

1.5 Animal Models to Study PCs

The contribution of PCs to angiogenesis, vessel stabilization, and BBB has been
studied in mouse models targeting signaling pathways essential for PC-EC interac-
tion and communication. Several molecules, like platelet-derived growth factor
beta (PDGF-B), transforming growth factor beta (TGF-b), vascular endothelial
growth factor (VEGF), and angiopoietins (Angs) (Armulik et al. 2011; Ribatti et al.
2011), are involved in the modulation and control of PC-EC interaction. ECs and
PCs are interdependent; defects or impaired signaling in one cell type affect the
other cell type.

1.5.1 PDGFRb/PDGFB

PDGFRbD is expressed on PCs and vascular SMCs, and PDGFRb positive PCs/
vSMC are recruited via endothelial bound PDGF-B to angiogenic sprouts (Betsholtz
2004; Gerhardt and Betsholtz 2003). The PDGF-B/PDGFRb pathway is crucial for
PC proliferation, migration, and recruitment to angiogenic active sites. Disruption
of PDGF-B/PDGFRb signaling components lead to impaired PC recruitment,
reduced PC coverage, dilated capillaries, microaneurysm, and BBB breakdown
(Bell et al. 2010; Lindahl et al. 1997; Tallquist et al. 2003; Winkler et al. 2010).
Finally, impaired PDGFRD signaling and subsequent PC loss results in pathologi-
cally altered blood vessels and impaired tissue homeostasis in these mice. PDGFRb
or PDGF-B knockout mice are not viable and die as embryos, displaying a loss of
PC coverage on brain capillaries and showing evidence of lethal hemorrhages
(Leveen et al. 1994; Lindahl et al. 1997; Soriano 1994).
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Cre recombinase under the control of the PDGFRb promoter fragment
(—=4.7/+0.1 kb) crossed with a reporter strain was used to label PCs and vSMCs
in vivo (Cuttler et al. 2011), showing a close correlation between the endogenous
PDGFRD staining and the transgenic reporter (Cuttler et al. 2011). However, during
embryonic development, PDGFRD is expressed broadly throughout the embryo and
therefore not suitable to trace selectively the fate of PCs (Guimaraes-Camboa et al.
2017). However, in adult animals, PDGFRb expression is confined to PCs and
vSMCs. To trace the fate of PCs, an inducible PDGFRb-CreER™ mouse model has
been generated (Sheikh et al. 2015), revealing distinct PC labeling in the retina after
tamoxifen induction at P5, P6, and P7 (Park et al. 2017). A second inducible
PDGFRb-P2A-CreER™ mouse model was established, labeling 84.17 + 3.48% of
NG2*/PDGFRb* PCs after P1/P2/P3 tamoxifen induction via the lactating mother if
combined with the reporter line Rosa-tdtomato (Cuervo et al. 2017). Interestingly, a
significantly reduced labeling of NG2* PCs (41.94 + 18.67%) was detected by
crossing PDGFRb-P2A-CreER™ with the reporter line Rosa-mT/mG (Cuervo et al.
2017). These discrepancies between the recombination efficiency of different mouse
reporter lines were reported previously (Liu et al. 2013) and should be taken into
consideration if using reporter lines.

1.5.2 NG2 Proteoglycan

In 2001, NG2 proteoglycan (neural glial antigen 2, CSPG4) was first described as a
PC-specific marker (Ozerdem et al. 2001), showing its impact on angiogenesis by
reduced proliferation of both PCs and ECs in the retina of NG2 null mice (Ozerdem
and Stallcup 2004). Until now, NG2-based mouse models have been used predomi-
nantly in the oligodendroglial lineage and myelin research fields; nevertheless sev-
eral reports exist using these particular animal models to study PCs. For instance,
Schallek et al. imaged retinal PCs noninvasively in the living eye using the NG2-
dsRed mouse model (Schallek et al. 2013). This model was also used to investigate
cerebral blood flow (Hall et al. 2014). Furthermore, inducible and non-inducible
NG2-Cre reporter mouse models were used to study regional blood flow in brain
(Hill et al. 2015). Similarly, the EYFP-NG2 mouse model was used to perform live
cell imaging of PCs (Zehendner et al. 2013). Tamoxifen induction at different reti-
nal vascular developmental stages in a NG2-CreER™ reporter mouse revealed spe-
cific PC and vSMC labeling in all retinal vascular layers, although the recombination
efficiency (15%) was rather low (Bruckner et al. 2018).
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1.5.3 Tbx18

The T-box family transcription factor tbx 18 has been shown to be essential in kid-
ney vascular development, being expressed in vSMCs and PCs (Xu et al. 2014).
Recently, the specific expression of tbx18 in PCs and vSMCs was identified in the
adult mouse and an inducible reporter mouse model established (tbx 18-CreER™) to
trace the fate of PCs and vSMCs. The authors verified a specific reporter expression
in 90-95% of PDGFRb*/NG2*/CD146* PCs and vSMC:s in different tissues, includ-
ing the retina using the Rosa26'°m*° reporter mouse line (Guimaraes-Camboa et al.
2017), following 3x i.p. tamoxifen injections to adult animals (8-week-old).

Currently, three powerful fate mapping models, the PDGFRb-CreER™, PDGFRb-
P2A-CreER™, and the tbx 18-CreER"?, labeling specifically the majority of PCs and
vSMC following tamoxifen induction in the adulthood, are available. Combining
the NG2-CreER™ mouse with a more efficient reporter mouse may also increase the
applicability of this fourth model. In general, these models allow to investigate the
in vivo behavior of PCs under healthy conditions as well as their response and cell
fate upon injury or under other pathological conditions. Of note, all these models
label both, PCs and vSMCs, therefore being not able to distinguish between these
two cell types based on the reporter expression. Nevertheless, taking the vascular
diameter into consideration, PCs can be only identified on microvessels, the
capillaries.

1.6 PCs and Their Impact on the Blood-Retina Barrier
(BRB)

CNS homeostasis is maintained by a highly coordinated neurovascular unit (NVU),
composed of ECs, PCs (capillaries), vSMC (arteries), glial cells, and neurons. The
interrelation of these cells provides the formation and maintenance of the BRB/
BBB, ensuring a tightly regulated barrier function and tissue/CNS homeostasis. In
the last decades, PCs have been proven to be a substantial component of the BRB
and BBB. Loss or dysfunction of PCs and disrupted BRB/BBB is associated with a
variety of neuropathological diseases, like DR (Eshaq et al. 2017), Alzheimer’s dis-
ease (Sweeney et al. 2018), multiple sclerosis, or CADASIL (Ghosh et al. 2015).
The impact of PC on BBB function has been studied in mouse models with modi-
fied PC-EC cell signaling, drawing emphasis on the PDGFB/PDGFRb signaling
pathway. The use of PDGFRb signaling-deficient mice demonstrated that reduced
PC coverage in brain results in BBB breakdown and an accumulation of plasma-
derived proteins, resulting in secondary neuronal degenerative alterations (Bell
et al. 2010). In line with this, PC deficiency was associated with increased BBB
permeability in further studies in adult (Armulik et al. 2010) and embryonic tissue
(Daneman et al. 2010). PCs’ contribution to the formation of the BRB in the devel-
oping retinal vasculature was demonstrated by the increased expression of the tight
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junction protein ZO-1 after direct contact of ECs and PCs and further astrocytes
(Kim et al. 2009), however with the limitation that the authors used aSMA to iden-
tify PCs. A recent study emphasized that PC loss during embryonic development
differs in its impact on BBB stability from adult PC loss: a reduction of PC coverage
during vascular maturation, by PDGF-B depletion at P5, resulted in severe hemor-
rhage, disrupted vascular plexus formation, and macrophage infiltration (Park et al.
2017). PC dropout in capillaries of adult PDGFRb-Cre-ERT2 mice via diphtheria
toxin resulted in a pronounced ablation of PDGFRb+ and NG2+ PCs and SMA+
vSMCs in retinal vessels, however without apparent changes in vascular remodeling
or leakage in the retina and brain (Park et al. 2017). These results indicate that PC
loss from stabilized (retinal) vessels is not sufficient to induce alterations in BRB
and retinal vessel integrity, although adequate PC coverage is essential for BRB
formation and maturation during vascular development. Nevertheless, in many age-
related diseases, the breakdown of BBB and/or BRB is discussed as one of the main
disease contributing factors.

1.7 PCs in Retinal Diseases

Pathological retinal neovascularization is a main factor of sight-threatening dis-
eases, including diabetic retinopathy (DR), retinopathy of prematurity (ROP), and
age-related macular degeneration (AMD). Therefore, understanding angiogenic
mechanisms in the physiological as well as pathological retina is essential to iden-
tify involved cells, being potential targets for therapeutic interventions. The poten-
tial role of PC in the course of ROP and DR will be discussed.

1.7.1 PCs in Retinopathy of Prematurity (ROP)

The impact of PCs in neovascularization in ROP as well as the interaction of EC and
PC in pathologic neovascularization is poorly understood. Contradictory reports,
regarding the presence of PC on neovascular vessels/tufts in ROP, are published and
will be discussed. ROP affects prematurely born babies, receiving intensive neona-
tal care, including oxygen therapy. Excess oxygen and subsequent hypoxia mainly
contributed to ROP development, however, in case of controlled oxygen supple-
mentation other risk factors get more prominent (gestational age, lack of growth
factor, low birth weight, pre—/postnatal growth). The normal growth of blood ves-
sels is directed by low oxygen in non-vascularized retinal areas and is completed by
38—40 weeks of gestation (see retinal vascular development). In utero, the partial
pressure of oxygen is rather low (50 mmHg), which is increased at ambient room air
(160 mmHg) and even further in case of oxygen supply during neonatal care.
Subsequently, vascular development is reduced or even ceased resulting in avascu-
lar, thus hypoxic retina. This in turn leads to excess production of oxygen-sensitive
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growth factors, e.g., VEGF, resulting in neovascularization, including pathological
vessels, also growing into the a-vascular vitreous [reviewed in Liegl et al. (2016)].
Although these vessels may regress during retinal development, fibrous scar tissue
may remain and cause traction to the retina, potentially resulting in retinal detach-
ment and blindness. Furthermore, due to impaired BRB, these pathological vessels
are often leaky. In case of retinal neovascularization, laser photocoagulation and
anti-VEGF therapies are used to treat infants, whereas the latter is discussed contro-
versially regarding dosage and long-term safety and efficacy (Sankar et al. 2018).
The aim to find a balance between low oxygen tension to minimize ROP and high
oxygen tension to prevent brain hypoxia and death remains challenging as shown by
a meta-analysis study (Askie et al. 2011). Another important factor will be the sup-
plementation of IGF-1 in preterm infants to increase very low serum levels, enabling
normal postnatal growth. First animal studies supported the role of supplemental
IGF-1 in preventing ROP (Vanhaesebrouck et al. 2009). Pharmacokinetic and dos-
ing studies of IGF-1/IGFBP-3 were performed in preterm infants (Lofqvist et al.
2009), and its impact on ROP investigated in a phase II study (NTC01096784),
showing no effect on ROP, but reduction in bronchopulmonary dysplasia and intra-
ventricular hemorrhage (Hansen-Pupp et al. 2017).

As retinal vasculature in rodents develops after birth, animal models are used to
study pathologies in retinal vascular development postnatal. To gain insight into
mechanisms of ROP, neovascularization following oxygen-induced retinopathy
(OIR), mimicking the neovascular response in ROP, is analyzed in a multitude of
studies. An established OIR model involves hyperoxia (75% oxygen) from postna-
tal day (P)7 to P12, inducing capillary regression in central retina. Following return
to room air at P12, hypoxia triggers neovascularization which peaks around P17
(Smith et al. 1994). Lee et al. analyzed the impact of CCN1 expression on angio-
genic processes under OIR. CCNI1, an extracellular matrix protein active during
angiogenesis, is expressed in ECs during vascular development. However, under
ischemic conditions, CCN1 expression is detected on PCs. Following OIR-induced
retinal neovascularization, retinal tufts, growing toward the vitreous, are formed and
covered by PCs. PC-specific deletion of CCN1 under ischemic conditions results in
reduced angiogenic signals and reduced neovascular outgrowth (Lee et al. 2017),
that was associated with reduced expression of Wnt5a. The authors emphasized a
change in EC-PC communication in angiogenesis under ischemic conditions. In
line with the study of Lee et al., a recent study reported regular PC coverage in the
three-layered vascular plexus as well as in neovascular tufts at P17 following OIR
(Choi et al. 2018). Further, N-cadherin, essential for the maintenance of the BRB
and EC-PC interaction, was detected in neovascular tufts, indicating an intact
EC-PC interaction under ischemic conditions (Choi et al. 2018). However, whether
this EC-PC interaction is intact and sufficient to mediate BRB tightness remains to
be elucidated. In contrast, previous studies suggested a loss of NG2+ PCs following
OIR in rats; however, PC specificity is hard to assess with the presented pictures
(Saito et al. 2007). In line with them, Hughes et al. reported impaired mural cell
differentiation and loss in the neovasculature of an obliterative as well as the surviv-
ing vasculature of a nonobliterative OIR model, both resulting in reduced mural cell
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coverage and enlarged vessels (Hughes et al. 2007). The authors suggested impaired
perfusion and EC cell death as possible causes for mural cell changes. Reduction of
mural cells in the hypoxic phase, through the application of a PDGFR inhibitor
(STI571), increased neovascularization in ROP rats and was further correlated with
an increase in VEGF and VEGFR-2 mRNA (Wilkinson-Berka et al. 2004).
Concordantly, PDGF-B+/— mice, showing a 30% reduction in PC coverage at P7,
developed twice as many new blood vessels as wild-type littermates under ROP
(Hammes et al. 2002). This indicates that PC deficiency results in reduced inhibition
of EC proliferation, especially under high VEGF levels in hypoxic conditions,
resulting in the formation of new, potential pathologic blood vessels. In contrast, a
more recent study suggested that the development of the deep capillary network
rather than the recruitment of PCs to the vessel sprouts is important to mediate resis-
tance to vascular regression processes induced by hyperoxia (Hoffmann et al. 2005).
Regarding the tightness of neovascular vessels, increased BRB permeability was
demonstrated in newly formed vessels by HRP leakage in the hypoxic phase of a cat
ROP model; however, these newly developed vessels matured and became tight
(Chan-Ling et al. 1992).

Although contradictory results are published regarding the impact of PC cover-
age on newly formed vessels in hypoxic retina, the presence of PCs seems to be vital
for the maintenance of normal angiogenesis by controlling EC proliferation. While
more recent studies report an intact PC-EC interaction and PC coverage (Choi et al.
2018; Lee et al. 2017), the physical contact may not be sufficient to prevent neovas-
cularization in ROP/OIR. Further, the tightness of these neovascular tufts has not
been tested in these studies and remains to be elucidated and compared to previous
studies reporting BRB leakage in neovasculature after OIR. All together, these find-
ings suggest an important role of PCs in neovascularization in OIR, rendering PCs
as potential targets in therapeutic approaches to treat ROP.

1.7.1.1 Cell-Based Therapy Approaches in ROP

Cell-based therapies to ameliorate and repair retinopathic insults were studied in
models of OIR. First attempts to ameliorate ischemia-induced neovascularization
were performed using adult bone marrow-derived myeloid progenitor cells. Upon
intravitreal injection during the hyperoxia or normoxia phase (P9-P12), these
HIF-1a positive cells migrated to avascular regions of the OIR damaged retina and
accelerated vascular repair and normalization. An even better effect was obtained
injecting BM cells prior to exposure to hyperoxia (P2-P7) (Ritter et al. 2006).
Detailed characterization of transplanted cells did not reveal NG2 or CD31 expres-
sion, and the authors excluded a differentiation into PCs or ECs. However, trans-
planted cells were positive for microglial/macrophagic marker and their
differentiation into microglial cells concluded, improving and stabilizing the
response of retinal vessels to hypoxia (Ritter et al. 2006). In contrast, EC-specific
IGFBP-3 expression increased the differentiation of hematopoietic stem cells into
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PCs and astrocytes and resulted in increased PC coverage and reduced PC apoptosis
in OIR mice, followed by normalization in vessel morphology (Kielczewski et al.
2011). Further, the authors suggested a beneficial effect of reducing the number of
activated microglial cells by IGFBP-3 expression, which is opposed to findings of
Ritter et al. suggesting a benefit of differentiated microglial cells. The IGFBP-3
mediated reduction in preretinal neovascularization is already under investigation in
clinical ROP studies as discussed above. Besides endothelial progenitor cells,
adipose-derived stem cells, or bone marrow-derived cells, the transplantation of
mesenchymal stem cells (MSCs) is considered beneficial for tissue repair and thera-
peutic angiogenesis (Sieveking and Ng 2009). In line with this, a TGF-81-mediated
suppression of excessive neovascularization in an OIR mouse model was demon-
strated after i.p. injection of human placental amniotic membrane-derived MSCs
(AMSCs). The cells migrated to the retina; however, the lack of integration into the
vascular network suggested absence of differentiation of AMSCs into ECs or PCs
and therefore a regulation of angiogenesis through paracrine mechanisms (Kim
et al. 2016b). Adipose-derived stem cells (ASCs) are able to differentiate into PCs
and were tested for their ability to stabilize retinal vessels in models of retinal vas-
culopathy. Following OIR, intravitreally injected, differentiated ASCs were able to
integrate into retinal vasculature and accelerated recovery from OIR through
enhanced vessel regrowth. Further, injection of these cells before OIR vessel desta-
bilization resulted in reduced retinal capillary dropout. Additionally, injection of
ASCs prevented capillary dropout in a DR model (Akimba mouse) (Mendel et al.
2013). Additional approaches using cell-based therapies for therapeutic revascular-
ization of ischemic injury is reviewed in Trinh et al. (2016). Although many studies
report a beneficial effect following transplantation of diverse cells on OIR pathol-
ogy, the precise mechanisms of neovascularization need additional investigations.
Further, administration routes, mobilization/homing, time points, and appropriate
cell numbers or survival and differentiation of transplanted cells need to be evalu-
ated preclinical to achieve optimized therapeutic use in neovascularization.

1.7.2 PCs in Diabetic Retinopathy (DR)

The second pathology including retinal neovascularization and involvement of PCs
is diabetic retinopathy (DR). DR is a major complication of diabetes leading to
visual impairment and ultimately blindness (Yau et al. 2012). DR is characterized
by increased vascular permeability and microaneurysms, which is most likely
caused by PC loss (Frank 2004; Hammes et al. 2002). This PC loss and formation
of microaneurysms are hallmarks of an early disease state, leading to decreased reti-
nal microcirculation and subsequent hypoxia. Progressive retinal hypoxia, loss of
retinal capillaries, and oxidative stress activate the release of inflammatory cyto-
kines and hypoxia-induced expression of angiogenic growth factors (e.g., vascular
endothelial growth factor, VEGF), resulting in retinal neovascularization: new
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blood vessels develop, which now extend into the normally a-vascular vitreous and
anterior chamber angle, causing loss of vision and neovascular glaucoma, respec-
tively. Neovascularization can be considered as a central element in the progression
of DR. In a recent review, the effects of reactive metabolites, transient and chronic
hyperglycemia in correlation to neurodegeneration, edema, and neovascularization
are summarized (Hammes 2018).

DR has long been considered a vascular disease based on vascular pathologies
detected in diabetic patients during ophthalmologic examinations. Increasing
reports demonstrating dysfunction and degeneration of nonvascular cells [reviewed
in Kern and Barber (2008)] changed the classification of DR to a neurodegenerative
disease. The exact pathomechanisms for the development and progression of DR
are still unclear, and the mechanism of PC loss in DR remains controversial. PC loss
through apoptosis and destructive pathways under hyperglycemic conditions has
been suggested (Behl et al. 2008). Altered glutamate excitation, reduced trophic
factor signaling, oxidative stress, deposition of hyperglycemia-induced advanced
glycation end products, alterations in intracellular pathways, dysregulation of
endogenous neuroprotective factors, and neuroinflammation are among many
potential causes for an increased apoptosis [reviewed in Barber et al. (2011), Eshaq
et al. (2017) and Hernandez et al. (2016)]. Others suggest active PC depletion by
non-apoptotic mechanisms via growth factor systems like angiopoietin-2/Tie-2
(Pfister et al. 2008). Further, the impact, interdependence, and chronology of neuro-
nal and vascular degeneration in DR are still unclear and discussed controversially.

1.7.2.1 BRB Breakdown in DR

The breakdown of BRB in DR has been reviewed in an excellent article (Klaassen
et al. 2013). Although the molecular mechanisms of PC loss and vascular leakage
have been studied in different DR mouse models [e.g., Enge et al. (2002) and Huang
et al. (2011)], PC loss and subsequent BRB breakdown are not fully understood.
Disruption of endothelial-specific PDGF-B and subsequent reduced PC coverage
resulted in a loss of neuronal layers and folding of the photoreceptor layer in the
retina, resembling signs of DR (Enge et al. 2002; Lindblom et al. 2003). In line with
this, a mutation in PDGFRD resulted in a CNS restricted reduced PC coverage,
impaired vascular permeability, and aberrant BRB development, associated with
retinal ganglion cell (RGC) apoptosis, mimicking features of non-proliferative DR
(Jadeja et al. 2013). Consistently, transient inhibition of PC recruitment by an i.p.
injection of anti-PDGFRb antibody (APB5) to developing retinal vessels (P1)
resulted in BRB breakdown in adult mouse retina (Ogura et al. 2017), resembling
DR pathology with sustained vascular abnormalities and autonomous disease pro-
gression. Furthermore, a clear correlation of APB5 concentration and retinal col-
lapse could be demonstrated. However, APBS5 injection in adult mice failed to
induce PC loss from mature vessels, indicating that PDGFRD signaling is not essen-
tial for the maintenance of EC-PC associations. On the other hand, retinal
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overexpression of Ang-2 induces PC migration and vascular pathology, suggesting
that Ang-2 plays an important role in diabetic vasoregression via PC destabilization
(Pfister et al. 2010). The mouse model Ins2***VEGF*~, mimicking signs of
advanced clinical DR (diabetic macular edema, proliferative DR), was established
to study molecular mechanisms at later stages of DR (Wisniewska-Kruk et al.
2014). As the mechanisms of PC loss and BRB breakdown are not fully resolved
until now and (PC-) specific treatment strategies are missing, current therapeutic
interventions aim to reduce neovascularization in proliferative DR.

1.7.2.2 Current Treatments in DR and Potential Therapeutic Strategies

As poor glycemic control is the most relevant risk factor for DR development, tight
blood glucose and blood pressure control are inevitable. In case of proliferative DR,
surgical interventions like laser photocoagulation (Hammes 2005), vitrectomy
(Newman 2010), and intravitreal anti-VEGF injections (Krebs et al. 2013) are cur-
rent approaches to slow down the progression of DR. Although anti-VEGF thera-
pies mediate the desired anti-angiogenic effect and significantly lower the incidence
of vision loss, they also block the neuroprotective and neurotrophic VEGF effects,
which may result in a decreased RGCs survival as demonstrated in rat ischemia-
reperfusion experiments (Nishijima et al. 2007). Nevertheless, the preventive impact
of an intravitreal ranibizumab (anti-VEGF(—A)) injection was tested in early dia-
betic rats, showing an amelioration in PC loss and increased RGC survival (Xiao
et al. 2017). However, as anti-VEGF treatments in many patients do not inhibit
disease progression (Ip et al. 2015), blocking of different angiogenic factors
(PDGFRD, bFGF, HGF, CTGF) is necessary to target VEGF-independent pathways
when aiming for a more effective therapy.

To date, a multitude of substances has been tested in animal models for their
neuro- and vascular protective properties in DR progression, e.g., growth factors
like insulin-like growth factor, pigment epithelium-derived factor, brain-derived
neurotrophic factor, and nerve growth factor (Hernandez et al. 2016). Focusing on
anti-inflammatory therapy approaches, in addition to corticosteroids, several agents
are in preclinical testing and clinical trials: intravitreal injection of infliximab, a
TNF-a inhibitor, showing positive effects on visual acuity in human patients with a
diabetic macular edema (DME) (Sfikakis et al. 2010), or topical application of
nepafenac, a potent cyclooxygenase inhibitor, revealing a reduction of DME devel-
opment after cataract surgery in patients with DR (Pollack et al. 2016).

1.7.2.3 Cell-Based Therapy Approaches in DR

Endothelial progenitor cells (EPCs) are discussed for their use in therapeutic revas-
cularization and potential vascular repair in diabetic patients [reviewed in Shaw
et al. (2011)]. The beneficial effect of the intravitreal injection of outgrowth
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endothelial cells (OECs) in ischemic retina (OIR model) was demonstrated by
decreased avascular areas and reduced pathologic neovascularization, due to the
incorporation of OECs in the resident vasculature (Medina et al. 2010). In line with
this, CD34+ cells are regarded as important therapeutic option for revascularization
of ischemic vascular areas and have been tested successfully in clinical trials
(Mackie and Losordo 2011). The use of CD34+ cells isolated from diabetic patients
revealed impaired ability to attach and assimilate into the retinal vasculature after
transplantation, highlighting that the diabetic environment alter EPC phenotype and
function (Caballero et al. 2007). The transplantation of diabetic, transient TGF-83-
inhibited peripheral CD34+ cells resulted in retinal vascular repair in a retinal isch-
emia reperfusion injury mouse model, suggesting the potential use of (dysfunctional)
cells of diabetic patients for autologous transplantation following ex vivo treatment
(Bhatwadekar et al. 2010). A different cell-based therapeutic approach in DR was
performed by intravitreal injection of TGF-BI-preconditioned mouse adipose-
derived stem cells (mASCs) into a model of DR (Akimba mouse). Injection of Dil-
labeled mASCs at 5 weeks of age revealed retinal microvasculature integration of
these cells 4 weeks later, suggesting their differentiation into PCs. Additionally, reti-
nal stabilization was further suggested by Dil-labeled mASCs without direct incor-
poration on retinal vessels, by conditioning the retinal microenvironment (Mendel
etal. 2013). The ability of mASCs to prevent diabetic retinal microvascular dropout
was tested by their injection at P9 and resulted in reduced capillary loss 2 months
later (Mendel et al. 2013). A similar approach was performed by intravitreal injec-
tion of adipose-derived mesenchymal stem cells (MSCs) into diabetic mice.
Although an increase in intraocular neurotrophic factors and reduced retinal oxida-
tive damage was detected, the cells remained in the vitreous and did not differentiate
into neural- or perivascular-like cells (Ezquer et al. 2016). Therefore, the benefit of
MSC administration in this model was mediated by the generation of a neuroprotec-
tive, anti-apoptotic microenvironment, thereby reducing RGC loss. Recently, human
embryonic stem cells were differentiated into cells revealing similar phenotypic and
functional characteristics of PCs. These cells (hHESC-PVPCs) were intravitreally
injected into one eye of diabetic rats and an amelioration in vascular leakage
detected in comparison to the contralateral vehicle-injected eyes (Kim et al. 2016a).
Whether these cells compensate for early PC loss or additionally stabilize the vas-
culature remains to be elucidated. Further, whether an equal amelioration can be
achieved by injecting (retinal) PCs instead of hESC-PVPCs will be of high interest.
An important parameter for the survival and integration of transplanted cells is the
microenvironment in the recipient tissue, being rather inhospitable under diabetic
conditions. In line with this, Ingram et al. demonstrated diminished vasculogenesis
of diabetic versus nondiabetic cord blood-derived progenitor cells upon implanta-
tion (Ingram et al. 2008). In general, the combination of two or more cell popula-
tions for transplantation may result in superior neovascularization and regeneration,
replacing different cell types of a vessel. However, absence of standard cell isolation
protocols and the use of heterogeneous cell populations without detailed character-
ization impair the possibility to compare beneficial effects in animal and clinical
studies, even within the same cell population.
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Although some of these substances and cells revealed promising therapeutic
potential, counteracting neuronal and vascular degeneration, ameliorating DR
progression in experimental and clinical studies, their safe and efficient future thera-
peutic application in the clinic is uncertain. Even though great efforts and improve-
ments in understanding DR pathogenesis and mechanisms have been achieved, DR
development and progression seem to be a multifactorial, complicated process, and
thus, the development of new therapeutic approaches remains challenging.

1.8 Potential Role of PCs in Tissue Regeneration and Wound
Healing

The capacity of PCs to differentiate into mesenchymal cell types (e.g., osteoblasts,
chondrocytes, adipocytes) has been confirmed in a multitude of studies, and the
contribution of in vitro differentiated PCs to tissue repair and regeneration after
transplantation has been demonstrated in several injury models. The osteogenic
potential of retinal PCs has been proven in vitro and in a diffusion chamber assay
in vivo, also demonstrating formation of cartilage, adipose, and fibrous tissue
(Doherty et al. 1998; Farrington-Rock et al. 2004). Apart from retinal PCs, the dif-
ferentiation potential of PCs isolated from the microvasculature of human muscle
into skeletal muscle was demonstrated in vitro and also in vivo after transplantation
in dystrophic mice (Dellavalle et al. 2007). The contribution of a PC subpopulation
to fiber development was further confirmed in an alkaline phosphatase-based
lineage-tracing mouse model, during postnatal growth and during acute and chronic
tissue regeneration (Dellavalle et al. 2011). In line with this, PCs purified from dif-
ferent tissues exhibited myogenic potential and regenerated myotubes in cardiotoxin-
injured skeletal muscle after transplantation (Crisan et al. 2008). The cells further
exhibited osteogenic, chondrogenic, and adipogenic potentials and expressed MSC
markers. Comparing CD34-/CD146* PCs isolated from human adipose tissue and
bone marrow, differences in the trilineage differentiation potential were detected,
suggesting a tissue-dependent regenerative potential of PCs in vitro (Herrmann
et al. 2016). Tissue dependency was also demonstrated for myocardial PCs, which
were not able to differentiate into the myogenic lineage, as proven for skeletal mus-
cle PCs (Chen et al. 2015). Furthermore, the ability of CNS PCs to differentiate into
non-mesenchymal cells was proven by their differentiation into cells of the neural
and glial lineage (Dore-Duffy et al. 2006; Paul et al. 2012). In addition, the multi-
lineage potential of PCs isolated from ischemic brain was demonstrated, suggesting
their potential repair capacity at the site of brain injuries (Nakagomi et al. 2015).
However, beside tissue-dependent differences, the lack of a commonly used isola-
tion and cultivation protocol (culture conditions like media, serum, cultivation/dif-
ferentiation time period) impedes comparison of experimental findings. Nevertheless,
this in vitro multilineage potential raised expectations that endogenous PCs may
contribute to wound healing and regeneration by replacing specific cells types lost



18 A. Trost et al.

due to injury or disease. As the unequivocal identification of PCs is hampered by its
differing morphological phenotype and protein expression according to the tissue
located in and the differentiation state, a multitude of PC subtypes has been
described and characterized until now. A subpopulation of PCs was shown to give
rise to scar-forming stromal cells in an injured spinal cord (SCI) model using a
Glast-CreER transgenic mouse (Goritz et al. 2011). In line with this, the participa-
tion of PCs in scar formation was described for Nestin”/NG2* PCs (Birbrair et al.
2014) and PDGFRb* PCs (Matsushita et al. 2015) after SCI. Further, PCs have been
described to differentiate into myofibroblasts in two kidney fibrosis models, using
an inducible FoxD1-CreER™ mouse model (Humphreys et al. 2010). Identifying
PCs as potential precursors of myofibroblast and collagen producing cells high-
lighted them as target for anti-fibrotic therapies. Recently, PDGFRb* brain PCs have
been proposed as potential source of perivascular neural stem cells following tran-
sient brain ischemia/reperfusion injury (Nakata et al. 2017). To confirm these find-
ings, the use of a fate-mapping mouse models, like the PDGFRb-P2A-CreER™
(Cuervo et al. 2017), will be desirable.

Whether PC heterogeneity is present within the same tissue is under debate, the
distinct responsiveness of subpopulations of PCs to injury/stimuli, however, argues
in favor of this hypothesis (Santos et al. 2017). In contrast, a recent work suggested
the lack of brain PC subtypes but clearly demonstrated a difference between PCs
isolated from the brain versus the lung (Vanlandewijck et al. 2018). The existence
of retinal PC subtypes, however, remains unknown. Recent studies using fate-
mapping mouse models (PDGFRDb, tbx18) reported a > 85% efficiency in targeting
retinal PC, verified by co-labeling with additional PC markers (Cuervo et al. 2017,
Guimaraes-Camboa et al. 2017; Park et al. 2017), suggesting a quite homogeneous
PC population in the retina regarding marker expression. Whether labeling of just a
subpopulation of PCs in other reporter models [e.g., NG2 Hill et al. (2015)] is due
to a specific lower recombination efficiency or due to the presence of distinct sub-
types remains to be elucidated. The expression of different markers as well as the
presence of additional cell types with perivascular location may hamper a confident
identification of proper PCs, emerging the concept of PC subtypes.

Although a multitude of publications describe a potential contribution of PC
(subtypes) to tissue repair and regeneration, in vivo (trans-) differentiation using
fate mapping mouse models has not been proven until now. The recently established
tbx18-CreER™ mouse model, labeling ~90% of PDGFRb*/NG2*/CD146* PCs and
vSMCs, was used to investigate the in vivo transdifferentiation potential of PCs
(Guimaraes-Camboa et al. 2017). The authors tested five conditions, revealing no
significant contribution of tbx18* cells to other cell lineages but retaining PDGFRb
expression. Comparing the brain, heart, skeletal muscle, and brown and white adi-
pose depots of 8- and 87-week-old reporter animals, absence of transdifferentiation
was detected. In line with this, tbx18*-PCs did not transdifferentiate following
trans-aortic constriction (fibrosis model), high-fat diet (adipogenic progenitors),
myofiber degeneration (myogenic potential), or cortical stab wound (neuronal
transdifferentiation or scar tissue formation) (Guimaraes-Camboa et al. 2017).
Although FACS sorted tbx 18* PCs displayed lineage plasticity in vitro, they did not
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reveal adipogenic, fibrogenic, myogenic, or neuronal progenitor potential in vivo in
the injury models tested. Hence, plasticity observed in vitro or following transplan-
tation in vivo might be a result of the artificial cell culture environment. Nevertheless,
whether the lack of in vivo transdifferentiation potential of PCs holds true in differ-
ent injury models has to be tested. Importantly, this study highlights the use of
inducible reporter mouse models to perform lineage-tracing studies. And, although
PCs have been excluded as endogenous progenitors for regeneration in these tis-
sues, the use and beneficial effect of in vitro cultivated PCs in regeneration
persists.

1.9 A Commentary on Likely Future Trends or Directions

In addition to their central role in vascular development and maintenance, the mul-
tipotency of PCs emphasizes their role in tissue repair and regeneration. The poten-
tial of PC-associated applications seems to be continuously increasing, ranging
from anti-fibrotic therapies, anti-angiogenic therapies to transplanted PCs for regen-
erative approaches. The identification of PCs remains challenging; however, the use
of inducible fate-mapping models promises facilitation to gain insight into PC func-
tion and mechanism under physiological and pathological conditions. Whether PCs
can be stimulated endogenously to participate in tissue regeneration and replace-
ment of damaged cells remains elusive. In case of effective transdifferentiation of
PCs into damaged cells in vitro or in vivo, their integration into the existing (neuro-
nal) cell network will be essential for successful tissue regeneration, repair, and
function. In fact, we need a deeper understanding of (retinal) PC function, interac-
tion, and differentiation capacity in order to translate findings obtained from animal
models to humans.
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Chapter 2
Pancreatic Pericytes in Glucose
Homeostasis and Diabetes

Limor Landsman

Abstract Glucose homeostasis relies on tightly regulated insulin secretion from
pancreatic beta-cells, and its loss in diabetes is associated with the dysfunction of
these cells. Beta-cells reside in the islets of Langerhans, which are highly vascular-
ized by a dense capillary network comprised of endothelial cells and pericytes.
While the requirement of the endothelium for the proper pancreatic function is well
established, the role of pancreatic pericytes has only recently begun to unveil.
Recent studies described multiple roles for pancreatic pericytes in glucose homeo-
stasis, highlighting their function as both regulators of islet blood flow and as a
source of critical signals that support proper beta-cell function and mass.
Furthermore, recent findings point to the contribution of pericytic abnormalities to
beta-cell dysfunction in type 2 diabetes, implicating the involvement of pancreatic
pericytes in both the initiation and the progression of this disease. This newly gained
data implicate pancreatic pericytes as critical components of the cellular network
required for glucose regulation.
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2.1 Introduction

2.1.1 The Pancreas and Its Role in Glucose Regulation
and Diabetes

The pancreas is required for both food digestion and blood glucose regulation. The
pancreas is frequently described as “two organs in one,” as it comprises of two dif-
ferent cellular compartments, the exocrine and the endocrine, each is responsible
for a distinct pancreatic function. Pancreatic exocrine cells, which produce and
transport digestive enzymes to the gut, consist of the majority of the adult pancreatic
tissue (Longnecker et al. 2018). Pancreatic endocrine cells, which produce and
secrete hormones to regulate blood glucose levels, are organized in islets of
Langerhans, structures that are embedded in the exocrine pancreas (Mastracci and
Sussel 2012). Cells of both the exocrine and the endocrine compartment are epithe-
lial cells of endoderm origin (Gittes 2009).

The islets of Langerhans comprise multiple endocrine cell populations, primarily
insulin-producing p-cells, glucagon-producing a-cells, and somatostatin-producing
o-cells (Mastracci and Sussel 2012). Both - and f-cells are equipped with a sophis-
ticated mechanism allowing them to sense minute fluctuation in blood glucose levels
and respond by accurately secreting hormones to the bloodstream. An increase in
blood glucose levels prompts insulin secretion from p-cells, in a process termed “glu-
cose-stimulated insulin secretion.” In response to insulin, glucose is being uptaken by
the liver, muscles, adipose tissues, and other tissues, lowering its levels in the blood.
In contrast, glucagon acts to break glucose storages, to ensure sufficient glucose lev-
els in the blood for proper brain function. Thus, pancreatic a- and p-cells cooperate
to maintain tightly regulated blood glucose levels (Mastracci and Sussel 2012).

Diabetes is a chronic disease, now reaching pandemic proportions (DeFronzo et al.
2015). It is characterized by hyperglycemia due to insufficient B-cell function and
mass, either alone or accompanied by insulin resistance. Type 2 diabetes, the most
predominant form of this disease, was regarded for many years as a disease of insulin
resistance. However, there is now a widespread recognition that -cell failure is a criti-
cal factor in this disease (Ashcroft and Rorsman 2012). p-Cell failure could result
from their insufficient mass, impaired function, or combination of the two (Costes
et al. 2013; Dor and Glaser 2013). Loss of the pB-cell mature phenotype, in a process
named “B-cell dedifferentiation,” was recently shown to contribute to p-cell dysfunc-
tion during type 2 diabetes (Talchai et al. 2012; Cinti et al. 2016). However, the under-
lying cause(s) of p-cell failure in diabetes is yet to be uncovered (Cerasi 2011).

2.1.2 The Islet Vasculature

The pancreas vasculature integrates this organ’s endocrine and exocrine compart-
ments, allowing both intra-islets and the islet-acinar interactions (Bonner-Weir
1993). While the islets comprise only 1-2% of the pancreatic volume, they receive
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approximately 10% of its blood flow. Islet capillaries are highly permeable, and
their endothelial cells are highly fenestrated to facilitate a quick pancreatic response
to fluctuations in blood glucose levels (Bonner-Weir 1993; Richards et al. 2010).
Each fB-cell is in contact with a capillary to allow proper sensing of blood glucose
and the subsequent hormone secretion to the bloodstream (Bonner-Weir 1993;
Granot et al. 2009). In addition to transporting hormones and nutrient to and from
the peripheral circulation, the islet vasculature is required for proper pancreas devel-
opment and function (Lammert et al. 2001; Nikolova et al. 2006; Reinert et al. 2013;
Brissova et al. 2014; Kragl et al. 2016; Hogan and Hull 2017). Similar to capillaries
of other organs, the islet vasculature constitutes of endothelial cells and pericytes.
While the role of endothelial cells in pancreas function has been extensively studied
(Richards et al. 2010; Hogan and Hull 2017), the role of pericytes has only recently
begun to unveiled.

2.1.3 Pancreatic Pericytes

Together with endothelial cells, pericytes make the islets dense capillary network
(Armulik et al. 2011; Tang et al. 2013; Sasson et al. 2016) (Fig. 2.1). Similar to
pericytes of other organs, pancreatic pericytes are contractile cells that extend pri-
mary cytoplasmic processes along the endothelial tube (Armulik et al. 2011; Tang
et al. 2013; Sasson et al. 2016) (Fig. 2.1). Pericytes constitute less than 3% of the
islet cell population and cover around 40% of their capillary area (Almaca et al.
2018). These cells express the pericytic markers PDGFRp (platelet-derived growth
factor receptor ), NG2 (neural/glial antigen 2), aSMA (a-smooth muscle actin),
and desmin (Armulik et al. 2011; Tang et al. 2013; Sasson et al. 2016). Pericytes of
the adult pancreas originate from the embryonic pancreatic mesenchyme, a multi-
cellular layer surrounding the developing pancreatic epithelium (Harari et al., 2019).

In addition to the islets, pericytes are found around capillaries of the exocrine
pancreas (Morikawa et al. 2002; Sakhneny et al. 2018). Although the vasculature of
the endocrine and the exocrine display distinct characteristics (Bonner-Weir 1993),
whether islet pericytes differ from these reside in the exocrine pancreas awaits
investigation. Although pancreatic stellate cells, which reside in the exocrine pan-
creas and contribute to the pathology of pancreatitis and pancreatic cancer, have
pericytic characteristics (Apte et al. 2015), the relation between these two cell popu-
lations is unclear. Together with vascular smooth muscle cells (vSMCs) that encir-
cle large blood vessels, pericytes make up the pancreatic mural cell population
(Armulik et al. 2011).

While the role of endothelial cells in supporting -cell function and mass has been
vastly investigated (Richards et al. 2010; Hogan and Hull 2017), the understanding of
the role of pericytes in these process lags behind. In recent years, work by us and oth-
ers pointed to pericytes as critical players in pancreatic function. Here, I review cur-
rent knowledge on the contribution of these cells to glucose regulation and its loss in
diabetes, highlighting the role of pancreatic pericytes as both regulators of islet blood
flow, and as a source of critical signals that support proper f-cell function and mass.
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Fig. 2.1 Pancreatic
pericytes are associated
with islet of Langerhans.
Mouse pancreatic section
is stained with NG2 to
label pericytes (green),
insulin to label p-cells
(red), and DAPI to label
nuclei (blue)

2.2 Pancreatic Pericytes and Glucose Homeostasis

Proper fp-cell function and mass have been shown to depend on cells of the islet
microenvironment, including endothelial, neuronal, and immune cells (Nikolova
et al. 2006; Eberhard and Lammert 2009; Tarussio et al. 2014; Brissova et al. 2014;
Riley et al. 2015; Hogan and Hull 2017). Recent studies pointed to a role of pericytes
in glucose homeostasis, implicating the direct and indirect roles of these cells in
glucose-stimulated insulin secretion (Sasson et al. 2016; Houtz et al. 2016; Epshtein
et al. 2017; Sakhneny et al. 2018; Almagca et al. 2018) (Illustrated in Fig. 2.2).

2.2.1 Pancreatic Pericytes and p-Cell Function
2.2.1.1 Pancreatic Pericytes and 3-Cell Maturity

The ability of -cells to properly secrete insulin depends on their mature phenotype.
While mature f-cells are capable of precise glucose-stimulated insulin secretion,
secretion of insulin from immature p-cells is not tightly linked to blood glucose
levels (Bonner-Weir and Aguayo-Mazzucato 2016). The p-cell mature phenotype is
maintained through the activity of an array of transcription factors (i.e., MafA,
Pdx1, Unc3, and NeuroD1) (Bramswig and Kaestner 2014). These factors regulate
the expression of functional genes required for glucose-stimulated insulin secretion,
including insulin, the glucose transporter Glut2, the ATP-sensitive potassium
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Fig. 2.2 Pancreatic pericytes regulate multiple aspects of glucose-stimulated insulin secretion.
Right, pericytes regulate f-cell function through promoting both their mature phenotype and
glucose-stimulated insulin exocytosis. Upper left, pericytes further regulate B-cell mass by stimu-
lating their proliferation in the neonatal period. Lastly, pericytes modulate local blood flow in the
islet through adjusting capillaries dilation and constriction (lower left)

channel Kir6.2, and the sulfonylurea receptor Surl. In addition to cell-intrinsic fac-
tors, proper p-cell maturity and function rely on their appropriate interactions with
cells in their microenvironment, including endocrine and non-endocrine cell popu-
lations (Eberhard and Lammert 2009). Loss of the p-cell mature phenotype, due to
their dedifferentiation, contributes to the loss of glycemic control during type 2
diabetes (Dor and Glaser 2013).

We recently showed that pancreatic pericytes are required for proper glucose
regulation (Sasson et al. 2016). To determine their role in vivo, we combined the use
of transgenic mouse lines to selectively ablate pericytes in the pancreas (Sasson
et al. 2016). Of note, other cell populations, such as pancreatic endothelial cells and
pericytes outside of the pancreas, were not targeted by this manipulation. Shortly
after ablation of pancreatic pericytes, mice became glucose intolerant due to
diminished glucose-stimulated insulin secretion (Sasson et al. 2016). This data point
to the requirement of pancreatic pericytes in supporting glucose homeostasis.

Depletion of pancreatic pericytes resulted in the loss of the mature f-cell pheno-
type, as evident by both their impaired function and the reduced levels of genes and
proteins associated with p-cell maturity and function (Sasson et al. 2016). Islets
lacking their pericytes displayed decreased levels of components of the glucose
sensing and insulin secretion machinery, including insulin, Glut2, Kir6.2, and Surl.
Pericyte-depleted islets also exhibited diminished expression of transcription fac-
tors required for B-cell maturity, including MafA and Pdx1, pointing to -cell dedif-
ferentiation (Sasson et al. 2016). Loss of B-cell maturity was further observed when
pericytes were depleted ex vivo in isolated islets, indicating that pericytes act within
the islets to support p-cell function, independently of their role as regulators of
blood flow (Sasson et al. 2016). These observations indicate that the mature p-cell
phenotype, required for glucose-stimulated insulin secretion, depends on proper
interactions of these cells with islet pericytes (Sasson et al. 2016).

Thus, pancreatic pericytes directly regulate [-cell maturity, in a blood flow inde-
pendent manner; to control proper glucose regulation (Fig. 2.2).
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2.2.1.2 Pancreatic Pericytes and Insulin Secretion

B-Cells store insulin in granules and release it in a tightly regulated manner in
response to glucose. To ensure tight control of glucose levels, the regulation of insu-
lin exocytosis is multilayered and involves complex signaling events (Rorsman and
Braun 2013; Prentki et al. 2013).

Recently, the neurotrophin signaling pathway was implicated in pericyte-
dependent p-cell function, through regulating glucose-stimulated insulin exocyto-
sis. Houtz et al. showed that nerve growth factor (NGF) acutely regulates
glucose-stimulated insulin secretion from f-cells (Houtz et al. 2016). The NGF
receptor TrkA is expressed by p-cells, and its NGF-mediated activation promotes
the release of insulin from its granules. Accordingly, selective loss of TrkA expres-
sion in B-cells leads to loss of glucose regulation (Houtz et al. 2016). Houtz et al.
further showed that NGF is expressed by pancreatic pericytes and vSMCs when
high glucose levels stimulate its secretion from these cells (Houtz et al. 2016).
Transgenic mice lacking expression of NGF in their pericytes and vSMCs were
glucose intolerant and displayed impaired glucose-stimulated insulin secretion
(Houtz et al. 2016). Thus, this study showed that through glucose-dependent NGF
secretion, pericytes directly promote insulin secretion from p-cells (Fig. 2.2).

2.2.2 Pancreatic Pericytes and the Expansion of f-Cells

After birth, the primary route of B-cell generation is their replication (Dor et al.
2004; Georgia and Bhushan 2004; Meier et al. 2008). p-Cell replication rates decline
with age, and it is significantly higher during the neonatal period than during adult-
hood (Finegood et al. 1995; Gregg et al. 2012; Wang et al. 2015). While p-cell rep-
lication is primarily restricted to the neonatal period, the evidence is accumulating
that adult B-cells maintain a proliferative capacity even as they age (Chen et al. 2009;
Salpeter et al. 2010; Stolovich-Rain et al. 2012). For example, B-cells display com-
pensatory proliferation during increased metabolic demand (Ouaamari et al. 2016).

B-Cell replication rate is regulated by both intrinsic and extrinsic cues, when
cells of the islet microenvironment, including endothelial, neuronal, and immune
cells, have been shown to promote this process (Nikolova et al. 2006; Eberhard and
Lammert 2009; Tarussio et al. 2014; Brissova et al. 2014; Riley et al. 2015).
Recently, we showed that pancreatic pericytes promote p-cell proliferation during
the neonatal period (Epshtein et al. 2017). Depletion of pancreatic pericytes in vivo
was sufficient to reduce the rate of f-cell replication in neonatal mice, pointing to
the requirement of these cells for physiological expansion of f-cells (Epshtein et al.
2017) (Fig. 2.2).

Vascular basement membrane, a specialized extracellular matrix produced by
endothelial cells and pericytes, is located within and around islets (Nikolova et al.
2006; Otonkoski et al. 2008; Kragl and Lammert 2010; Armulik et al. 2011;
Stratman and Davis 2012). Components of the islet vascular basement membrane
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promote fB-cell proliferation, through their binding to integrins expressed on these
cells and the initiation of downstream signaling (Nikolova et al. 2006; Kragl and
Lammert 2010; Diaferia et al. 2013). We recently showed that conditioned media of
cultured neonatal pericytes stimulate p-cell proliferation (Epshtein et al. 2017).
Furthermore, pericyte-stimulated p-cell replication was dependent on integrin activ-
ity (Epshtein et al. 2017). These findings suggest that pericytes produce basement
membrane components to promote p-cell proliferation.

To conclude, pancreatic pericytes promote fB-cell proliferation during the neona-
tal period to establish proper f-cell mass, likely through the production of vascular
basement membrane components.

2.2.3 Pancreatic Pericytes in the Regulation of Blood Flow

In addition to their direct role in regulating pB-cell function and mass, pancreatic
pericytes may contribute to glucose homeostasis through regulating islet blood
flow. The islet vascularization adapts to hormone secretion from endocrine cells,
likely to facilitate the distribution of these hormones into the bloodstream
(Schaeffer et al. 2011). In addition to this short-term response, islet vascularization
adapts to prolonged metabolic demand, such as during insulin resistance, through
capillaries dilation (Dai et al. 2013). However, whether the increase in islet blood
flow promotes the lowering of blood glucose levels remains unclear (Hogan and
Hull 2017).

The intra-islet density of pericytes is increased in response to insulin resistance
and obesity, suggesting a role for these cells in the adaptation of the islet vasculature
to high metabolic demand (Tang et al. 2013; Dai et al. 2013). Recently, pericyte-
dependent dilation of islet capillaries was linked to a short-term increase in glucose
levels, providing a potential mechanism through which increased demand for insu-
lin facilitates its circulation (Almaga et al. 2018) (Fig. 2.2). As suggested by Almaca
et al., glucose metabolism increases the levels of ATP and its metabolite adenosine,
when the latter promotes the relaxation of islet pericytes, resulting in capillaries
dilation (Almaga et al. 2018). Whereas this study implicated p-cells as the source of
adenosine in the pancreas (Almaca et al. 2018), other cell types, including pericytes
(Mandarino et al. 1994), are capable of metabolizing glucose and thus represent a
potential source for this metabolite. Thus, glucose-dependent pericytes relaxation
may represent a pericyte-autonomous or a nonautonomous mechanism through
which these cells respond to the demand for insulin by increasing blood flow. In
contrast to glucose, noradrenaline, produced by sympathetic innervation to the
islets, promotes pericytes contraction and capillaries constriction to reduce blood
flow (Almaga et al. 2018). These observations suggest that pericyte-dependent cap-
illary dilation is a highly regulated process, which depends on proper cell-cell inter-
actions within the islets of Langerhans. How pericyte-regulated local changes in
islet blood flow influent glucose homeostasis remain to be elucidated.
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To conclude, dilation of islet capillaries characterizes both prolonged and acute
increase in insulin demands and is associated with changes in pericytes density and
contractility.

2.3 Pericytes in the Loss of Pancreatic Function during Type
2 Diabetes

The clinical onset of type 2 diabetes occurs when p-cells fail to secrete sufficient
amounts of insulin to maintain normoglycemia during insulin resistance (Costes
etal. 2013; Dor and Glaser 2013; DeFronzo et al. 2015). The evidence is accumulat-
ing that abnormal pericyte function contributes to -cell failure and disease develop-
ment, whereas chronic hyperglycemia leads to loss of pancreatic pericytes (Hayden
et al. 2007; Hayden et al. 2010; Sakhneny et al. 2018; Almaca et al. 2018) (Fig. 2.3).
Thus, pancreatic pericytes potentially play a role in both the initiation and progres-
sion of type 2 diabetes.

2.3.1 Pancreatic Pericytes as Contributors to f-Cell
Dysfunction and Type 2 Diabetes

While type 2 diabetes is influenced by several lifestyle factors, including age, preg-
nancy, and obesity, this disease has a strong genetic component (DeFronzo et al.
2015; Fuchsberger et al. 2016). Linkage and genome-wide association studies have
identified more than 80 genes associated with an increased risk of type 2 diabetes,
many of which are thought to be essential for f-cell function, development, or mass
(Ashcroft and Rorsman 2012; Fuchsberger et al. 2016). In particular, polymorphism
in TCF7L2 (TCF4) is associated with an increased risk of diabetes (Grant et al.
2006). This gene encodes a member of T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors family, which functions downstream of the canoni-
cal Wnt signaling pathway by recruiting f-catenin to target genes (Clevers and
Nusse 2012). Polymorphism in TCF7L2 has a strong correlation to type 2 diabetes
in humans, when carriers of diabetes-associated single nucleotide polymorphism
(SNP) display reduced basal and glucose-stimulated insulin secretion but maintain
normal hepatic function (Grant et al. 2006; Helgason et al. 2007; Lyssenko et al.
2007).

Recently, we showed that Tcf712 is expressed at high levels by pancreatic peri-
cytes (Sakhneny et al. 2018). Inactivation of this transcription factor specifically in
these cells leads to glucose intolerance of transgenic mice, which was further aug-
mented upon obesity. The impaired glucose regulation in Tcf712-deficient mice was
due to compromised f-cell function and diminished glucose-stimulated insulin
secretion (Sakhneny et al. 2018). Inactivation of pericytic Tcf712 was associated
with impaired expression of genes required for B-cell function and maturity, includ-
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Fig. 2.3 Pancreatic pericytes can both contribute to and be affected by type 2 diabetes. Lefft,
Impaired pericyte function leads to p-cell dysfunction and a blunted glucose-stimulated insulin
secretion, thus contributing to diabetes progression. Right, type 2 diabetes leads to loss of pericyte
coverage of islet capillaries, potentially due to the associated chronic hyperglycemia

ing transcription factors (MafA, Pdx1, and NeuroD1) and functional genes (Glut2,
Kir6.2, and Surl) (Sakhneny et al. 2018). Thus, loss of pericytic Tcf712 activity is
sufficient to cause f-cell dysfunction and impaired glucose regulation.

Tcf712 is a transcription factor, and its inactivation in pancreatic pericytes alters
their transcriptome (Clevers and Nusse 2012; Sakhneny et al. 2018). In particular,
our analysis revealed the reduced expression of secreted factors in pericytes lacking
Tcf712 (Sakhneny et al. 2018). Among these factors is the known Tcf712 target gene
BMP4 (bone morphogenetic protein 4) (van de Wetering et al. 2002). p-Cells were
shown to depend on the activity of the BMP4 receptor, BMPRI1A, for their proper
function and gene expression in vivo (Goulley et al. 2007). Treating mice lacking
pericytic Tcf712 activity with exogenous BMP4 was sufficient to rescue their
impaired glucose-stimulated insulin secretion. Thus, impaired activation of the
BMP4/BMPR1A pathway represents a potential mechanism through which
abnormal pericytic Tcf712 activity leads to p-cell dysfunction and type 2 diabetes
progression.

To conclude, diabetes-associated genetic changes in pancreatic pericytes are
sufficient to cause f-cell dysfunction and loss of glycemic control (Fig. 2.3), sug-
gesting the abnormalities in pancreatic pericytes contributes to the development of
type 2 diabetes.

2.3.2 Hpyperglycemia and Loss of Pancreatic Pericytes

One of the significant complications of diabetes is diabetic retinopathy, which is a
leading cause of vision loss and visual disability (DeFronzo et al. 2015; Hammes
2017). Pericytes are considered the primary trigger of vascular damage in the dia-
betic retina, and diabetic retinopathy occurs when these cells are lost (Hammes
2017). Similar to pericytes in the retina, pancreatic pericytes were shown to be
sensitive to chronic hyperglycemia that characterizes diabetes (Almagca et al. 2018).
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The morphology of islet vasculature is abnormal in individuals with type 2 dia-
betes (Hogan and Hull 2017). This disease is further associated with morphological
and phenotypical changes in islet-associated pericytes, resulting in widening of the
islet exocrine interface (Hayden and Sowers 2007; Hayden et al. 2010). Islet capil-
laries of individuals with type 2 diabetes display significantly reduced coverage of
pericytes (Almaca et al. 2018). More so, the decline in the coverage of islet capillar-
ies by pericytes correlates with the duration of diabetes, pointing to a progressive
loss of pancreatic pericytes in this disease (Almaga et al. 2018).

Considering their requirement for proper f-cell function and insulin secretion,
the progressive loss of pancreatic pericytes may contribute to further deterioration
in glucose regulation (Fig. 2.3).

2.4 Conclusions

The role of pericytes in proper pancreatic function has only recently begun to unveil.
Recent studies by us and others showed that pancreatic pericytes play multiple roles
in glucose regulation, including support of proper p-cell mass and function and
adjustment of local blood flow in the islets. Evidence began to accumulate that type
2 diabetes is associated with functional changes in pancreatic pericytes. Furthermore,
the progressive loss of these cells during diabetes may contribute to further deterio-
ration in glycemic control. Additional study is required to elucidate the molecular
basis of pericytes function, their interactions with other pancreatic cell types, and
the contribution of pericyte dysfunction to diabetes progression. Nevertheless, the
newly gained data implicate pancreatic pericytes as key components of the cellular
network required for glucose regulation and potential targets for therapeutic
intervention.
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Chapter 3
Pericytes in the Lung

Chi F. Hung, Carole L. Wilson, and Lynn M. Schnapp

Abstract The lung has numerous roles, including gas exchange, immune surveil-
lance, and barrier function. Being a highly vascularized organ, the lung receives
dual blood supply from both the pulmonary and bronchial circulation. Therefore,
pericytes likely play a prominent role in lung physiology given their localization in
the perivascular niche. New genetic approaches have increased our understanding
of the origin and the diverse functions of lung pericytes. Lung pericytes are myofi-
broblast progenitors, contributing to development of fibrosis in mouse models.
Lung pericytes are also capable of responding to danger signals and amplify the
inflammatory response through elaboration of cytokines and adhesion molecules. In
this chapter, we describe the molecular, anatomical, and phenotypical characteriza-
tion of lung pericytes. We further highlight their potential roles in the pathogenesis
of lung diseases including pulmonary fibrosis, asthma, and pulmonary hyperten-
sion. Finally, current gaps in knowledge and areas of ongoing investigation in lung
pericyte biology are also discussed.
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3.1 Introduction

A critical but vastly understudied cell in the lung is the pericyte. Pericytes are mes-
enchymal cells defined by their anatomical association with endothelial cells
(Armulik et al. 2011; von Tell et al. 2006). Pericytes directly interact with microvas-
cular endothelium, including capillaries, precapillary arterioles, postcapillary, and
collecting venules, and are critical to blood vessel maturation and stability. However,
it is increasingly clear that lung pericytes play important roles not only in vascular
homeostasis but in lung injury and repair. In this chapter, we will review what is
known about lung pericytes in normal lung homeostasis, including their develop-
mental origins, discuss characterization of these cells in vitro and in vivo, and high-
light current knowledge of lung pericytes in lung diseases, such as pulmonary
fibrosis and pulmonary hypertension. Finally, we will speculate on the potential role
of pericytes as a regenerative niche in the lung.

3.2 Definition of Lung Pericytes

Anatomic Characterization Pericytes are classically defined by ultrastructural
localization demonstrating direct contact with microvascular endothelial cells
through gaps in the shared basement membrane. Using transmission electron
microscopy, Epling was the first to observe pericytes as “filament-containing cells”
in bovine and porcine lungs (Epling 1966), and Weibel confirmed the presence of
pericytes in capillaries of the lungs of humans and other mammals (Weibel 1974).
Compared to organs such as the heart or pancreas, pericytes are more rare in the
lung, and their frequency correlates with body size. For example, pericytes were
readily detected in human and dog lungs but were sparser in rodent lungs and could
not be found in lungs of the Etruscan shrew, the smallest mammal known (Weibel
1974). Pericytes are sensitive to oxygen levels and thus are less abundant in areas of
gas exchange (Shepro and Morel 1993). The pericyte-to-endothelial ratio in the
lung has been estimated to be about 1:10 (Shepro and Morel 1993), less than that in
the retina and central nervous system (~1:1 to 1:3), where barrier function is para-
mount and pericytes play a key role in regulating permeability. By genetically trac-
ing pericytes in mice, Kato et al. found a pericyte-to-endothelial ratio from 1:7 to
1:9 (Kato et al. 2018). Coverage of the abluminal surface of capillaries also varies
by organ and ranges between 18 and 26% in bovine lungs, depending on develop-
mental stage of the animal (Sims and Westfall 1983).

Perivascular stromal cells are found along all levels of the bronchovascular bun-
dle. Classically, lung pericytes are defined at the level of the alveolar capillary bed
(Armulik et al. 2011). Electron microscopy lungs show pericytes embedded within
the capillary basement membrane of alveoli in humans, mice, and other mammals
(Hung et al. 2013) (Epling 1966; Weibel 1974). In human lung samples, Weibel
observed that while most of the pericyte cell body and its large cellular processes
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are separated from endothelial cells by the intervening basement membrane, finer
processes penetrate the basement membrane and make contacts with the endothelial
cells in capillaries (Weibel 1974). Some pericytes were even seen to bridge separate
capillary segments (Weibel 1974). The nature of pericyte interactions with endothe-
lial cells in larger microvessels (i.e., the arterioles and venules) of the lung has not
yet been described at the ultrastructural level.

Developmental Origins Current understanding of lung pericytes indicates that
they primarily originate from the mesoderm and mesothelium (Que et al. 2008). In
the mouse, a multipotent cardiopulmonary progenitor positive for the transcription
factors Glil and Isll and the signaling molecule Wnt2 gives rise to mesodermal
lineages in the lung, including pericytes (Peng et al. 2013). We showed that the
forkhead transcription factor FoxDl1 is transiently expressed in pulmonary mesen-
chymal progenitors as they infiltrate the lung buds during mouse embryogenesis
between days 11.5 and 12.5 (Hung et al. 2013). Expression of FoxD1 is then silenced
by day 15.5 once the progenitors differentiate into mature mesenchymal cells, mak-
ing this factor a useful marker for fate mapping these progenitors in the mouse lung
(see section on Molecular Identification below). For most organs, including the
lung, the PDGF-B-PDGFR} signaling axis is critical in recruiting pericytes to their
proper anatomical niche within the microvascular environment during embryogen-
esis (Armulik et al. 2011). Disruption of this axis by knockout of PDGFRf or
PDGE-B results in virtually total absence of pericytes in the mouse embryonic lung
(Hellstrom et al. 1999). The developmental origin of human lung pericytes is not
known, but we presume that they derive from a mesodermal precursor as well. As
discussed below, PDGFR is a key, robust marker of lung pericytes.

Molecular Identification and Pericyte Subtypes Whereas identification of peri-
cytes in early studies of lung tissue specimens used electron microscopy to define
the cells at the ultrastructural level, this method is cumbersome and difficult to carry
out in most laboratories. Advances in molecular characterization of pericytes and in
fate-mapping transgenic models have enabled investigators to study lung pericytes
with greater ease and flexibility than in the past. Nevertheless, lack of a truly
pericyte-specific marker means that researchers need to use multiple criteria includ-
ing location relative to endothelial cells in situ, morphology, and genetic markers to
identify pericytes.

Only in the last decade or so have a limited number of studies been undertaken
to isolate and characterize pericytes from “normal” human lung (typically from
failed donor organs or tissue adjacent to carcinoma). The commonalities in these
studies were that pericytes were selected from dissociated lung cells using magnetic
bead-linked antibodies against one or two markers and then expanded in commer-
cial medium especially designed for growth of pericytes. In culture, isolated lung
pericytes have a stellate or elongated morphology with long extensive cellular pro-
cesses (Yuan et al. 2015; Wilson et al. 2018) (Fig. 3.1). In addition, lung pericytes
form primitive tubelike structures on the basement membrane preparation Matrigel
(Wilson et al. 2018; Bagley et al. 2006) (Fig. 3.1).
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Matrigel

Fig. 3.1 Cell morphology and characteristics of isolated human lung pericytes. Representative
phase-contrast light microscopic images of pericytes from normal lungs after plating on plastic (a)
or Matrigel™ (b). Note the extensive number of elongated cellular processes emanating from the
cells on plastic. On Matrigel™, pericytes assemble into primitive networks composed of nodes of
cells from which cellular processes project and connect with other nodes (b). Human lung peri-
cytes are positive for PDGFR (¢) and NG2 (d) by immunofluorescence. Scale bar = 500 pm in (a),
(¢), and (d) and 100 pm in (b)

Table 3.1 summarizes the markers that were used for isolation of human lung
pericytes and the other markers that were detected in these cells in different studies.
Expression of the proteoglycan neural glial antigen-2 (NG2 or chondroitin sulfate
proteoglycan 4) (Yuan et al. 2015; Wilson et al. 2018; Bagley et al. 2005; Bichsel
et al. 2015; Ricard et al. 2014) was reported in all the studies (Fig. 3.2). NG2+ cells
localized to perivascular regions in human lung tissue by immunofluorescence
(Sava et al. 2017; Rock et al. 2011). Most studies showed that lung pericytes are
PDGFRf+, as expected (Fig. 3.2), and we used this marker in our own work for cell
selection from both human and mouse lungs (Wilson et al. 2018; Hung et al. 2017a).

Other prominent mesenchymal markers found in isolated human lung pericytes
include CD73 (ecto-5'-nucleotidase), CD90 (Thyl, also a fibroblast marker), and
the hyaluronan receptor CD44, although not all studies examined the cells for
these markers. Expression of endoglin (CD105) and PDGFRa is also characteristic
of human lung pericytes. The monoclonal antibody 3G5-defined ganglioside anti-
gen has emerged as a useful pericyte marker for the lung as well as the skin



Table 3.1 Gene markers of isolated human lung pericytes

Yuan et al. Bichsel et al. | Wilson et al.
(2015) Bagley et al. | Ricard etal. |(2015) (CD73/ |(2018)
Markers (3G5) (2006) (NG2) | (2014) (3G5) | CD90) (CD140b)
CDh44 ND ND ND + +
CD73 ND ND ND + +
CD90 + + ND + +
CD105 (endoglin) | ND + ND + ND
CD140a (PDGFRa) | ND ND ND + +
CD140b (PDGFRp) | + + ND ND +
CD146 + ND ND - -
NG2 (CSPG4) + + + + +
3G5 + + + ND ND
aSMA + + - - -
Desmin ND + ND ND ND

Marker(s) used for cell selection shown in parentheses. ND not done
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Fig. 3.2 Fate-mapping of Foxdl progenitor-derived pericytes identifies them as a major source of
myofibroblast precursors in lung injury. (a, b) Confocal images showing fibrotic foci on d7 and
d14 after bleomycin lung injury in FoxdI-Cre; Rs26-TdT-R mice stained for the myofibroblast
marker aSMA (green). Co-expression of myofibroblast marker ®SMA and the tdTomato fate
marker of Foxd1-derived pericytes indicated by (#). Graph indicating proportion of tdTomato+
cells co-expressing aSMA+ in fibroblastic foci at indicated time points after bleomycin injury
(mean = SEM, n = 3). (¢, d) Confocal images showing fibrotic foci on d7 after bleomycin lung
injury in triple transgenic mouse FoxdI-Cre; Rs26-TdT-R; Coll-GFP' and graph summarizing
proportion of tdTomato cells co-expressing Coll-GFP in fibrotic foci (mean = SEM, n = 3)
(Bar = 50 pm). Modified and reprinted with permission of the American Thoracic Society.
Copyright © 2018 American Thoracic Society (Hung et al. 2013). The American Journal of
Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society
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(Helmbold et al. 2001a, b) and was used by two investigator teams to isolate these
cells (Yuan et al. 2015; Ricard et al. 2014). There are discrepant reports on CD146
(also known as MCAM or melanoma cell adhesion molecule) expression: one study
found that the cells are positive for CD146 (Yuan et al. 2015), whereas two others
did not (Wilson et al. 2018; Bichsel et al. 2015). The lack of significant CD146
expression is surprising as it is a typical marker of pericytes from other organs, such
as the placenta and brain (Crisan et al. 2008), and was detected in mouse lung peri-
cytes (Hung et al. 2013). Potential explanations for these conflicting data on CD146
positivity include the presence of subpopulations of lung pericytes, differences in
underlying pathology of donor lung tissue, and/or differences in culture conditions.
Also, while a-SMA has been described as a pericyte marker, in general, only mural
cells associated with precapillary arterioles and postcapillary venules express this
contractile protein, whereas quiescent capillary pericytes do not (Nehls and
Drenckhahn 1991). Further complicating interpretations, while pericytes on arteri-
oles and capillaries are NG2+, venular pericytes are NG2—, at least in rat mesenteric
and subcutaneous tissue and skeletal muscle (Murfee et al. 2005). NG2 is induced
in venular pericytes during angiogenesis and vascular remodeling (Murfee et al.
2006). Although this differential expression of NG2 has not yet been established in
the microvasculature of the human lung, it raises the possibility that a cell selection
strategy based on NG2 may not include the entire spectrum of pericytes. Because
the markers are not pericyte specific [e.g., CD146 is expressed by endothelial cells
(Bardin etal. 2001) and 3G5 by mast cells (Gushi et al. 2008)], it is equally important
to exclude expression of other cell-specific markers such as CD31 and CD144
(endothelial cell markers PECAM and VE-cadherin, respectively), CD45 (pan leu-
kocyte marker), and CD326 (EpCAM, an epithelial cell marker).

Animal Models Much of our knowledge on the origin and fate of lung pericytes
comes from genetic approaches in mouse models, mostly using Cre-LoxP technol-
ogy (Table 3.2). In these models, Cre recombinase expression is driven by a pro-
moter selective for pericytes or pericyte progenitors, and the recombinase activates
expression of a reporter allele by targeting LoxP sequences that flank a transcrip-
tional stop site upstream of the reporter. This technique irreversibly labels cells with
active promoter expression and their progeny. We showed that expression of the
transcriptional factor FoxD1 marks progenitors destined to become pericytes in the
lung (Hung et al. 2013). Using triple transgenic mice expressing Cre recombinase
from the FoxD1 promoter and GFP from the collagen I promoter (Yata et al. 2003),
in conjunction with a tdTomato reporter allele at the ROSA locus, we found that
FoxD1-derived progenitors give rise to vascular smooth muscle cells and two popu-
lations of pericytes. The major population does not express collagen I or a-SMA
and is positive for PDGFR; a second, minor population expresses collagen I and
PDGFRa rather than PDGFRf (Hung et al. 2013). In this study, all FoxD1-derived
cells were negative for CD31, an important distinction given that a group has
reported that FoxD1 positivity also marks endothelial progenitors in the mouse lung
(Sims-Lucas et al. 2013).
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Table 3.2 Transgenic mice for identifying and tracking lung pericytes

Major findings in uninjured

Promoter | Insert Type lung References

FoxD1 GFP-Cre Knock-in Cells are PDGFRf+, Hung et al. (2013)
CD146+, 60% NG2+,
aSMA-; variable expression
of collagen I and PDGFRa

FoxDl1 GFP- Knock-in, Promoter active between Hung et al. (2013)

CreERT2 TAM days 11.5 and 15.5 in
inducible embryogenesis
FoxJ1 CreER Transgenic, | Expressed in NG2+ cells Rock et al. (2011)
TAM
inducible
NG2 DsRedBAC | Transgenic Cells are PDGFR+, Ricard et al. (2014),
CD146+, aSMA— Chow et al. (2013)
and Akamatsu et al.
(2013)
NG2 CreER™BAC | Transgenic, Only 15% recombination Rock et al. (2011)
TAM efficiency; cells are
inducible PDGFR{+, aSMA—

PDGFRp | Cre Transgenic PDGFRp expressed in other | Guimaraes-Camboa
lineages in addition to et al. (2017)
pericytes during
embryogenesis

PDGFRp | CreER Transgenic, Cells are NG2+ Kato et al. (2018)

(BAC) TAM

inducible

TAM tamoxifen

One important limitation in lung pericyte research using lineage tracing animal
models is the lack of a definitive marker for pericytes. Commonly recognized mark-
ers such as PDGFR, NG2, and CD146 are not uniformly expressed in all pericytes.
Moreover, their expression may be spatially and temporally dynamic throughout
development and after injury. For example, PDGFRf promoter is active in multiple
cell lineages during embryogenesis and is not specific to pericytes (Guimaraes-
Camboa et al. 2017). Furthermore, activated myofibroblasts derived from non-
pericyte populations following lung injury may upregulate expression of PDGFRf
(Henderson et al. 2013; Hung et al. 2018).

Pulse labeling of pericyte populations circumvents the dynamic expression of
pericyte markers that are observed in other cell lineages during development and
with physiologic stress. Modification of Cre recombinase to make its activity induc-
ible allows temporal control in labeling pericytes. For example, a tamoxifen-
inducible PDGFRp-CreER transgenic animal enables postnatal marking of
PDGFRp+ cells; tamoxifen administration at days 1 through 3 after birth labeled
cells tightly juxtaposed to endothelial cells in the lung (Kato et al. 2018). Isolated
labeled cells were positive for expression of PDGFRp and NG2 and were negative
for markers of endothelial and epithelial cells (Kato et al. 2018).
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There are important limitations to Cre-loxP models. As discussed previously,
promoter activity driving Cre recombinase expression may not be restricted to peri-
cytes, depending on the developmental stage and the presence of physiologic stress.
Secondly, Cre recombinase activity is rarely 100% efficient. Promoter activity,
accessibility of the target loxP sequences in the genome, and experimental condi-
tions used to induce Cre activity in inducible models can all influence labeling effi-
ciency. In one report, postnatal tamoxifen administration labeled only ~15% of the
NG2+ lung cells in NG2-CreER mice (Rock et al. 2011), highlighting a potential
drawback of these types of models. Furthermore, bioavailability of tamoxifen can
influence labeling efficiency in tamoxifen-inducible Cre models. Some investiga-
tors have leveraged this property to study lineage-labeled single cells distributed
throughout the lung by administering low-dose tamoxifen (Kato et al. 2018;
Barkauskas et al. 2013). Finally, there is currently no single marker that identifies
the entire lung pericyte population. The commonly used markers do not completely
overlap, suggesting heterogeneity within the lung pericyte population. We showed
that only a subset of PDGFR+ cells (~60%) express NG2 (Hung et al. 2013), sug-
gesting that NG2 may not be an all-inclusive marker of mouse lung pericytes.
Indeed, NG2 has been described as a marker of pericytes in angiogenesis and tissue
remodeling rather than homeostasis (Murfee et al. 2006). Interestingly, Rock et al.
found that a FoxJ1-CreER transgene also marks NG2+ pericytes in the lung (Rock
et al. 2011), although there have been no further reports in the literature using this
transgenic mouse for pericyte fate mapping. Our group investigated NG2 and
CD146 expression in human pericytes. We found that PDGFR+ human lung peri-
cytes have low CD146 expression unlike mouse lung pericytes (Hung et al. 2017a,
b). Taken together, the studies suggest that the lung pericyte population is heteroge-
neous. Understanding functional differences in lung pericyte subpopulations is an
area of ongoing investigation.

Cre-loxP technology can also induce specific gene deletions in pericyte-lineage
lung cells. A cross of mice with loxP-flanked Yap/ and Wwtrl (encoding TAZ pro-
tein) alleles to PDGFRp-CreER mice generated pericyte-specific inducible dele-
tions of these genes in postnatal lung (Kato et al. 2018). The disruptions in YAP1
and TAZ signaling in pericytes altered postnatal lung morphogenesis. Another novel
application of Cre-loxP technology involves targeted ablation of pericytes within
the lung. Mice are inherently insensitive to diphtheria toxin (DT) as they lack its
receptor (DTR). We crossed ROSA26iDTR mice, in which the expression of the
simian diphtheria toxin receptor (iDTR) is Cre inducible, to FoxD1-Cre mice to
generate the double transgenic FoxD1-Cre;ROSA26iDTR model. In this mouse
model, iDTR is expressed in FoxD1-derived cells, rendering them sensitive to
ablation upon exposure to DT. Conventional delivery of DT by intraperitoneal injec-
tion resulted in neurologic side effects such as seizures within 72 hours of DT
administration (unpublished data). This observation reflected the critical role of
brain pericytes in the regulation of blood-brain barrier (Hung et al. 2017b). To cir-
cumvent this limitation, we administered low-dose DT by oropharyngeal aspiration.
Using this method, we achieved approximately 40% ablation of PDGFRf+ stromal
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cells in the lung at 7 days after DT delivery (Hung et al. 2017b). Long-term ablation,
however, remains elusive as progenitor populations replenish ablated cells.

3.3 Pericytes During Lung Homeostasis and Repair

The exact roles of pericytes in lung homeostasis remain largely uncharacterized.
Functional studies that disrupt the pericyte-endothelial signaling axis (e.g., PDGF-
PDGFRB) result in early embryonic lethality due to abnormal vasculogenesis. Most
models that induce pericyte loss focus on developing vessels rather than fully
mature pericyte-endothelial units. In one study, pericytes were depleted by admin-
istering a PDGFRf-blocking antibody in postnatal pups, which caused abnormal
retinal capillary formation (Ogura et al. 2017) and demonstrated a critical role of
pericytes in retinal angiogenesis. However, administration of the same antibody in
adult mice did not result in pericyte coverage loss, suggesting the PDGF-PDGFRf3
signaling axis is dispensable in the developed microvascular unit. Akt/Jagged! sig-
naling maintains perivascular stromal cell coverage in homeostasis in the heart and
retina as disruption of endothelial Akt production led to pericyte apoptosis and
breakdown of perivascular matrix (Kerr et al. 2016). Whether blockade of the Akt/
Jagged1/Notch signaling axis results in similar findings in the lung remains
unknown. When retinal pericytes were ablated with DT in adult mice, microangi-
opathy developed, suggesting that maintenance of vascular integrity is a critical
function of retinal pericytes (Valdez et al. 2014). In our model of lung pericyte abla-
tion with DT, we did not observe changes in lung permeability (Hung et al. 2017b),
suggesting that lung pericytes may not be as critical to normal barrier function as in
other organs. Thus, our understanding of pericyte biology in mature lungs under
homeostatic conditions is limited.

The Iung has limited ability to regenerate compared to skin and gut epithelium.
Acute lung injury from a variety of insults leads to denudement of damaged alveolar
epithelium and a concurrent local inflammatory response. This is normally followed
by resolution of inflammation, transient scarring, and repopulation of the lost epi-
thelial barrier. In some instances, a pathological response results in persistent scar-
ring or fibrosis, leading to distortion of normal architecture and impairment of lung
function. The precise cellular mechanisms that control regenerative versus patho-
logical responses in the lung remain an area of intense interest.

Accumulating evidence suggests pericytes are important in regulating lung repair
as progenitors of myofibroblasts and mesenchymal progenitor cells. The multidrug
resistance transporter ATP-binding cassette G (ABCG2) was identified as a marker
in lineage-tracing experiments that labeled mesenchymal progenitor cells (MPCs)
that give rise to pericytes (Jun et al. 2011; Marriott et al. 2014; Chow et al. 2013;
Gaskill et al. 2017). Differentiation of ABCG2-lineage cells to mature pericytes was
important in attenuation of bleomycin-induced lung fibrosis and restoration of nor-
mal vascular function following injury (Gaskill et al. 2017). Overexpression of the
Whnt/B-catenin pathway in ABCG2-lineage cells led to increased pericyte specifica-
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tion without maturation. These mice developed worse lung fibrosis and increased
microvascular dysfunction, suggesting MPC differentiation into mature, functional
pericytes is integral to normal repair in the lung. There may be other pools of pro-
genitors that give rise to renewal of pericytes in different physiologic contexts such
as aging and apoptosis. Identification of the progenitor pool and understanding the
molecular signals that direct regeneration will greatly advance the field’s under-
standing of normal and abnormal repair in the lung interstitium, with relevance to
many chronic pulmonary diseases such as COPD and interstitial lung diseases
where effective medical therapy continues to be lacking.

One aspect of the regenerative response that has garnered significant attention is
the identity of adult progenitor cells that are capable of self-renewal or even renewal
of other cell lineages (multipotency). These elusive adult progenitor cells are
thought to be of mesenchymal origin and are often referred as mesenchymal stem
cells (MSCs). Pericytes have been postulated to be a source of MSCs in multiple
organs (Crisan et al. 2008). MSCs are marked by expression of the transcription
factor Glil and ABCG2 and comprise a small subset of the PDGFRf+ cells in the
lung (Marriott et al. 2014; Chow et al. 2013; Kramann et al. 2015). Although these
MSCs have been called “pericytes,” this term primarily reflects their anatomical
location, as they do not express other markers associated with mature pericytes in
the mouse, such as NG2 and CD146. Using a genetic tracing approach to isolate
ABCG2+ cells, Chow et al. showed that lung MSCs can differentiate into NG2+
pericytes and endothelial cells in vitro (Chow et al. 2013). In contrast, a study using
the transcription factor Tbx18 as a marker of pericytes found that Tbx18-lineage
cells did not exhibit multipotency in vivo (Guimaraes-Camboa et al. 2017).
Likewise, we did not detect expression of MSC markers on human lung pericytes
(defined by NG2+ PDGFRB+) in vitro (Wilson et al. 2018). One possibility to
account for the conflicting reports on pericyte multipotency is that cell culture envi-
ronments often introduce non-physiologic cues that may induce phenotypic changes
in pericytes, cues that are not representative of the native tissue environment where
pericytes reside. To date, there is no evidence to suggest lung pericytes possess
multipotent cell fate plasticity in vivo.

3.4 Pericytes in Lung Disease

Lung Inflammation and Injury Historically, focus on pericytes has been limited
to their functions as structural mural cells that support vascular maturation and
endothelial homeostasis. Accumulating evidence, however, suggests these
specialized cells may have broader biological functions. One area that has captured
the interest of investigators is the potential role of pericytes in immunity. Much of
the evidence for pericytes in inflammation comes from studies in the central ner-
vous system where pericytes elaborate chemoattractants, adhesion molecules, and
paracrine signaling to amplify local inflammation (Jansson et al. 2014; Rustenhoven
et al. 2017).
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Similar to findings in other organs, our group has shown that mouse lung peri-
cytes respond to pro-inflammatory signaling. Murine lung pericytes possess multi-
ple functional TLRs and elaborate cytokines in response to specific TLR agonists
in vitro (Table 3.3) (Hung et al. 2017a). Similarly, cultured human lung pericytes
respond to inflammatory cues and upregulate cytokine expression. Compared to
mouse lung pericytes, human lung pericytes exhibited a narrower range of TLR
responses, with TLR 2/6 and TLR 4 signaling leading to the most robust pro-
inflammatory responses (Table 3.3). We showed that depletion of pericytes by DT
exposure attenuated the acute inflammatory response in a sterile lung injury model
(Hung et al. 2017a, b). How lung pericyte ablation affects the inflammatory profile
in other models of sterile lung injury and infectious models is yet to be defined.
Based on our experience, we speculate that pericytes play an important supportive
role in mediating local lung inflammation. Their perivascular position in the alveoli
suggests they may play important roles in the activation of the endothelium through
paracrine signaling and direct contact during inflammation. Furthermore, they
reside in a prime location to sense pro-inflammatory alveolar components and may
be one of the very first responders to alveolar damage. Beyond the production of
inflammatory cytokines, pericytes may also direct trafficking of inflammatory cells
that exit systemic circulation through upregulation of adhesion molecules as well as
modification of the extracellular matrix in the perivascular space and the lung
interstitium.

Pulmonary Fibrosis During pulmonary fibrosis, the main effector cell for matrix
production is the lung myofibroblast. However, the origin of lung myofibroblasts
remains controversial. In our transgenic mouse model work, we found that FoxD1-

Table 3.3 Inflammatory response of lung pericytes®

Inflammatory cytokines and adhesion
Species Stimulus molecules
Mouse IL-1r CXCLI, CXCL2, CXCL10, CCL2,
ICAMI
TLR2/1 CXCLI, CXCL2, CXCL10, CCL2,
TNFa, ICAM1
TLR2/6 CXCLI, CXCL2, CXCL10, CCL2,
TNFa, ICAM1
TLR4 CXCLI, CXCL2, CXCL10, CCL2,
TNFa, ICAM1
TLRS ICAM1
TLR7 CXCLI, CXCL2, CXCL10, CCL2,
TNFa, ICAM1
TLR9 CXCL2, TNFa
Human TLR2/6 CXCL1, CXCL2, CXCLS8, CCL2,
ICAM1
TLR4 CXCL1, CXCL2, CXCLS8, CCL2,
ICAM1

Pericytes were selected based on PDGFR} positivity
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derived cells express common markers used to identify pericytes such as PDGFRS,
NG2, and CDI146, while they lack expression of endothelial-, epithelial-, or
hematopoietic-specific markers. In addition, FoxD1-derived cells are located adja-
cent to endothelial cells, suggesting they are indeed pericytes (Fig. 3.2) (Hung et al.
2013). Importantly, they contributed to >50% of a-smooth muscle actin (aSMA)-
positive myofibroblasts in the bleomycin model of lung fibrosis (Hung et al. 2013)
(Fig. 3.2). Our study and Rock et al. (Rock et al. 2011) found other cell types con-
tribute significantly to the myofibroblast pool in the lung. In contrast, in both kidney
and liver models of fibrosis, pericytes were the predominant source of myofibro-
blasts (Lin et al. 2008; Humphreys et al. 2010; Mederacke et al. 2013). These find-
ings establish the novel concept that pericytes are key effectors and potential
therapeutic targets in pulmonary fibrosis.

Pulmonary Arterial Hypertension Pulmonary Arterial Hypertension (PAH),
defined by elevated mean arterial pressure > 25 mmHg at rest, is characterized by
progressive remodeling of the distal pulmonary arterials with resultant increase in
pulmonary vascular resistance, leading to right heart failure and ultimately death.
Pulmonary endothelial dysfunction is a key feature of PAH pathogenesis. The pul-
monary artery wall includes a secondary layer of vascular smooth muscle cells
(SMCs) or smooth muscle-like pericytes (Hemnes and Humbert 2017). Pericytes
isolated from PAH lungs had impaired association with endothelial cells (Yuan et al.
2015). Another study showed increased number of pericytes (defined by 3GS5 stain-
ing) surrounding pulmonary vessels of all sizes in explanted human PAH lungs and
in rodent models of pulmonary hypertension (Ricard et al. 2014). Furthermore, the
increased number of pericytes was detected before changes in arterial pressures
were detected, suggesting the changes in pericyte were not secondary to hemody-
namic derangements. Their data suggested that dysregulated FGF2 and IL-6 signal-
ing from endothelial cells drive pericyte proliferation during PAH and contribute to
pathogenesis.

Interestingly, there were two case reports of infants with Adams-Oliver syn-
drome, a rare genetic disorder characterized by congenital scalp defects and limb
defects of unknown pathogenesis, who developed severe infantile pulmonary hyper-
tension, intracranial bleeding, and cutis marmorata telangiectatica congenita (Patel
et al. 2004). At autopsy, lack of pericyte coverage was found areas of vascular dila-
tation, while increased pericyte coverage and proliferation were found in associa-
tion with vessel stenosis. They hypothesized that aberrant pericyte recruitment
caused pulmonary hypertension in this syndrome (Patel et al. 2004). These studies
support the role of pericyte recruitment and proliferation in the pathogenesis of
pulmonary arterial hypertension.

Hereditary Hemorrhagic Telangiectasia Hereditary Hemorrhagic Telangiectasia
(HHT) also known as Osler-Weber-Rendu syndrome is an autosomal dominant dis-
order characterized by arteriovenous malformations (AVM) affecting major organs,
particularly the lung, liver, and brain. Lung AVMs are more commonly seen in
HHT1 patients. Most HHT1 patients have mutations in ENG encoding endoglin
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(McAllister et al. 1994), a receptor for transforming growth factor-p (TGFf)/bone
morphogenetic protein (BMP) expressed primarily in endothelial cells and peri-
cytes. Impaired communication between endothelial cell and pericyte, including
loss of normal TGFp activation and signaling, is postulated to lead to impaired
pericyte differentiation and vessel maturation in HHT (Thalgott and Lebrin 2015).
One group reported that thalidomide increased pericyte number, a-SMA expres-
sion, and their recruitment to blood vessels in a mouse model of HHT, leading to
vasculature stabilization (Thalgott and Lebrin 2015). A speculated mechanism was
a thalidomide-induced increase of PDGF-B expression by endothelial cells.

Pericytes and Asthma Asthma is a common disease characterized by recurrent
inflammatory episodes with airway and vascular remodeling. The airway remodel-
ing includes myofibroblast accumulation, collagen deposition, and increased
smooth muscle mass leading to subepithelial fibrosis and airway narrowing. Our
understanding of the contributions of pericytes in asthma is limited. In a murine
model of chronic house dust mite (HDM) exposure, investigators noted decreased
capillary-associated pericyte coverage (defined by NG2 positivity) and increased
subepithelial (peribronchial) pericytes. These findings were exaggerated when mice
were treated with a PDFGRJ inhibitor and resulted in worsened airway hyperre-
sponsiveness and airway smooth muscle thickening (Johnson et al. 2015). Given
evidence supporting pericyte transition to myofibroblast in other conditions, it is
interesting to speculate that pericytes likewise contribute to subepithelial fibrosis in
asthma. However, more studies are needed to define a role of pericytes in asthma
pathogenesis.

3.5 Conclusion

We are only beginning to appreciate the multiple roles pericytes play in lung disease
pathogenesis. Studies in animal models suggest lung pericytes exhibit a degree of
biological plasticity that was previously underappreciated. They participate in
inflammation and fibrosis, and they also regulate microvascular permeability and
stability (Fig. 3.3). Clinically, some disorders such as pulmonary hypertension and
HHT are associated with changes in pericyte coverage. So are pericytes beneficial
or harmful in disease? To date, there is not enough information on lung pericytes to
answer this question. The timing of pericyte activation during disease, the interac-
tion of pericytes with their cellular neighbors and their microenvironmental niche
when homeostasis is disturbed, and the environmental cues that activate pericytes
are some of the important knowledge gaps in lung pericyte biology that require
further study. Refining methods to identify, isolate, and manipulate lung pericytes in
the laboratory will be essential to advancing knowledge on these cells in pulmonary
health and disease.
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Fig. 3.3 Schematic of potential roles of pericytes in the lung
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Chapter 4
Pericytes in Skeletal Muscle

Jyoti Gautam and Yao Yao

Abstract Skeletal muscle regeneration is a highly orchestrated process and
involves the activation of many cellular and molecular pathways. Although satellite
cells (SCs) are the major cell type responsible for muscle regeneration, pericytes
show remarkable myogenic potential and various advantages as cell therapy in mus-
cular disorders. This chapter first introduces the structure, marker expression, origin,
and category of pericytes. Next, we discuss their functions in muscular dystrophy
and/or muscle injuries, focusing on their myogenic, adipogenic, fibrogenic,
chondrogenic, and osteogenic activities. Understanding this knowledge will pro-
mote the development of innovative cell therapies for muscle disorders, including
muscular dystrophy.

Keywords Pericytes - Satellite cells - Mesoangioblasts - Myogenesis -
Adipogenesis - Fibrosis - Chondrogenesis - Osteogenesis - Ossification - Muscle
injury - Muscular dystrophy - Muscle regeneration - Differentiation

4.1 Introduction

Skeletal muscle, which constitutes around 40% of body weight in humans (Yin et al.
2013), is composed of a heterogeneous collection of muscle fibers. During develop-
ment, myofibers are formed via fusion of mesoderm progenitors called myoblasts
(Yablonka-Reuveni 2011). In neonatal/juvenile stages, the number of myofibers
remains constant, but each myofiber grows in size through fusion with SCs and
postnatal muscle stem/progenitor cells (Yin et al. 2013; Yablonka-Reuveni 2011).
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Fig. 4.1 Anatomical locations of pericytes and satellite cells in skeletal muscle. Pericytes are
associated with capillaries in skeletal muscle, while satellite cells are located between the plasma
membrane of myofiber (sarcolemma) and the basal lamina

SCs are located between the plasma membrane of myofiber (sarcolemma) and the
basal lamina (Mauro 1961; Muir et al. 1965) (Fig. 4.1). These cells normally remain
in the quiescent state but become activated in response to injury. Activated SCs
proliferate and differentiate along the myogenic pathway to repair and/or replace
damaged myofibers (Yin et al. 2013; Relaix and Zammit 2012; Dumont et al. 2015;
Verdijk et al. 2014). As the primary myogenic cells in skeletal muscle, SCs have
been tested for their therapeutic potential in a variety of muscular disorders, includ-
ing muscular dystrophy. Although SCs are able to undergo myogenic differentiation
and promote muscle regeneration (Collins et al. 2005; Montarras et al. 2005; Sacco
et al. 2008; Boldrin et al. 2009), a few disadvantages limit their potential clinical
use. First, cultured SC-derived myoblasts gradually lose their myogenic activity/
regenerative property. Compared to freshly isolated SCs, cultured SCs induce
regeneration with much lower efficiency after transplantation (Montarras et al.
2005; Gilbert et al. 2010; Hashimoto et al. 2004). Second, SCs have a low survival
rate in vivo. It has been shown that less than 1% of SC-derived myoblasts survive
the first day after transplantation (Beauchamp et al. 1999; Fan et al. 1996).
Third, SCs are unable to cross the endothelial lining of blood vessels if given
intravenously, which makes them only suitable for intramuscular delivery. Due to
these drawbacks, alternative myogenic cells in skeletal muscle have been
investigated.

In addition to SCs, many other cell populations in skeletal muscle have myo-
genic potential. These cells include pericytes, pericyte-like mesoangioblasts,
muscle-derived stem cells, side population cells, and CD133* stem cells (Ten Broek
et al. 2010; Asakura et al. 2002; Torrente et al. 2004; Galvez et al. 2006; Peault et al.
2007; Negroni et al. 2009; Dellavalle et al. 2007). Among them, we mainly focus on
pericytes and pericyte-like mesoangioblasts owing to their unique features and
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promising therapeutic potential. Similar to SCs, pericytes demonstrate strong myo-
genic capability in vitro (Birbrair et al. 2013a, 2013b) and in vivo after muscle
injury and/or during muscular dystrophy (Dellavalle et al. 2007, 2011; Birbrair et al.
2013b; Kostallari et al. 2015; Yao et al. 2016). Ablation of muscle pericytes has been
shown to result in both myofiber hypotrophy and impaired establishment of stem
cell quiescence (Kostallari et al. 2015). Unlike SCs, pericytes maintain high myo-
genic activity after in vitro amplification (Dellavalle et al. 2007; Costamagna et al.
2016; Quattrocelli et al. 2014; Bonfanti et al. 2015). In addition, pericytes can be
delivered systemically. It has been shown that pericytes colonize host skeletal mus-
cle and generate dystrophin-positive muscle fibers after intra-arterial injection into
dystrophin-null mdx mice, a mouse model of Duchenne muscular dystrophy (DMD)
(Dellavalle et al. 2007). Additionally, injected pericytes can also replenish the SC
pool in dystrophic mice (Dellavalle et al. 2011). Furthermore, transplanted pericytes
are incorporated into the vasculature and muscle and promote their regeneration in
a limb ischemia model (Dar et al. 2012). These results suggest a great therapeutic
potential of pericytes in muscular dystrophy and other muscle disorders. Here in
this chapter, we first introduce pericyte physiology (structure, marker, origin,
and category), followed by their functions (myogenesis, adipogenesis, fibrosis,
chondrogenesis, osteogenesis, and others) in skeletal muscle.

4.2 Pericyte Physiology

4.2.1 Pericyte Structure and Density

Unlike SCs, pericytes are associated with capillaries in skeletal muscle (Cappellari
and Cossu 2013; Attwell et al. 2016) (Fig. 4.1). At ultrastructural level, pericytes
make numerous direct contacts with endothelial cells (Armulik et al. 2005, 2011;
Sims 1986). It should be noted that the basement membrane is often absent at places
where pericytes and endothelial cells are in close juxtaposition (Tilton et al. 1979).

Pericyte density varies greatly in different tissues/organs. The ratios of pericyte
to endothelium have been estimated to be as high as 1:1 in the retina and CNS and
as low as 1:100 in the capillary bed of skeletal muscle in the upper extremities
(Armulik et al. 2005; Bodnar et al. 2016; Shepro and Morel 1993; Daneman and
Prat 2015; von Tell et al. 2006). Quantitative analysis in rat and human skeletal
muscle shows around 21-24% pericyte coverage/distribution around the capillaries
(Sims 1986; Sims et al. 1994). The difference in pericyte coverage and density
implies that pericytes may exert distinct functions in different tissues/organs. In
skeletal muscle, pericytes have been shown to contribute to muscle development/
homeostasis and muscle regeneration after injury.
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4.2.2 Pericyte Markers

Many cellular markers have been used to identify pericytes. The most commonly
used ones include neural-glial antigen 2 (NG?2), platelet-derived growth factor
receptor p (PDGFR), smooth muscle a-actin (a-SMA), desmin, CD13, regulator
of G protein signaling 5 (RGS5), CD146, and nestin (Armulik et al. 2011; Birbrair
etal. 2011; Kumar et al. 2017). In addition, alkaline phosphatase (AP) has also been
reported as a pericyte marker in skeletal muscle (Dellavalle et al. 2007; Crisan et al.
2008). It should be noted, however, that none of these markers are pericyte-specific.
They either also label other cells or only mark a subpopulation of pericytes. For
example, NG2 is also expressed in macrophages and oligodendrocyte progenitor
cells (Polito and Reynolds 2005; Moransard et al. 2011). PDGFRp, a-SMA, and
CD13 also label smooth muscle cells (Kumar et al. 2017; Hellstrom et al. 1999; Jin
et al. 2008; Owens et al. 2004; Wang et al. 2015; Chen et al. 2016). Similarly, RGS5
expression is also found in smooth muscle cells and tumor-derived endothelial cells
(Crisan et al. 2008; Silini et al. 2012), and CD146 is detected in endothelial cells
(Chen et al. 2017). Nestin marks neural stem/progenitor cells and cancer stem cells,
in addition to a subpopulation of pericytes (Birbrair et al. 2013a, 2011, 2014a;
Neradil and Veselska 2015; Suzuki et al. 2010). Pericyte-specific markers are
urgently needed and will significantly advance this field.

4.2.3 Pericyte Origins

Numerous lineage-tracing experiments show that pericytes have different embry-
onic origins in different organs (Armulik et al. 2011; Majesky 2007; Majesky et al.
2011). For example, pericytes in the CNS and thymus are derived from neural crest
(Foster et al. 2008; Muller et al. 2008; Bergwerft et al. 1998; Etchevers et al. 2001;
Korn et al. 2002), whereas pericytes in the gut, lung, and liver are derived from
mesothelium (Wilm et al. 2005; Que et al. 2008; Asahina et al. 2011). Pericytes in
the aorta have multiple developmental origins, including neural crest, somite, and
secondary heart field (Armulik et al. 2011; Majesky 2007; Majesky et al. 2011). A
recent study demonstrates that mesodermal mural cells originate from a clonal pre-
cursor mesenchymoangioblast (MB) (Kumar et al. 2017). These MBs differentiate
into primitive PDGFRB*CD271*CD73~ mesenchymal progenitors, which give rise
to proliferative pericytes, smooth muscle cells, and mesenchymal stem/stromal cells
(Kumar et al. 2017). MB-derived PCs can be further specified to CD274* capillary
and DLKI1" arteriolar PCs with a proinflammatory and contractile phenotype,
respectively (Kumar et al. 2017). Furthermore, constitutive activation of Notch-1
has been shown to be critical for the conversion of mesoderm-derived somite cells
and neural crest-derived frontonasal mesenchyme to a perivascular cell fate (Miller
et al. 2017). The developmental origin of pericytes in skeletal muscle, however,
remains not fully clear.
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4.2.4 Pericyte Subtypes

As a heterogeneous population, various subtypes of pericytes have been identified.
These subpopulations have been speculated to exert different functions. In earlier
studies, pericytes have been categorized into three subtypes: precapillary, midcapil-
lary, and postcapillary pericytes, based on their location and morphology (Krueger
and Bechmann 2010; Nehls and Drenckhahn 1991). Precapillary pericytes have sev-
eral circular branches, which tend to wrap around blood vessels. Midcapillary peri-
cytes are spindle-shaped highly elongated cells, which extend mainly in the long
axis of the vessels and have many short secondary processes. Postcapillary pericytes
are shorter stellate-shaped cells that cover the abluminal surface of postcapillaries
and postcapillary venules (Nehls and Drenckhahn 1991). These pericytes differ in
their expression of a-SMA. Midcapillary pericytes show lack of a-SMA, while pre-
and postcapillary pericytes are a-SMA* (Nehls and Drenckhahn 1991).

In addition, pericytes are also categorized into different subtypes according to
their expression of cellular markers. For example, two subtypes of pericytes, named
type 1 and type 2, have been described in skeletal muscle (Birbrair et al. 2013a;
Majesky 2007). In the Nestin-GFP/NG2-DsRed double transgenic line, type-1 and
type-2 pericytes are defined as Nestin-GFP~/NG2-DsRed* and Nestin-GFP*/NG2-
DsRed* cells, respectively (Birbrair et al. 2013a, 2013b, 2014a, 2013c). It has been
shown that type-1 pericytes generate a-SMA™ classical pericytes, contributing to fat
accumulation and fibrosis in skeletal muscle and other tissues (Birbrair et al. 2013a,
2013b, 2014a, 2013c). Type-2 pericytes, on the other hand, can give rise to either
Tuj1* cells or a-SMA* classical pericytes and participate in muscle regeneration and
normal angiogenesis (Birbrair et al. 2013a, 2013b, 2014b). Both type-1 and type-2
pericytes also express PDGFRp and CD146 and are associated with capillaries
(Birbrair et al. 2013a, 2013b).

4.3 Pericytes in Skeletal Muscle Injury and Muscular
Dystrophy

4.3.1 Myogenesis

Skeletal muscle has the capability to regenerate itself in response to injury and/or
degenerative diseases, such as muscular dystrophy. SCs, postnatal muscle progeni-
tor cells, play an important role in this process. In addition, there is evidence show-
ing that pericytes and pericyte-like cells also contribute to muscle regeneration/
repair (Fig. 4.2). For example, like SCs, pericytes can express myogenic markers
upon in vitro differentiation, although with different expression patterns and dynam-
ics (Dellavalle et al. 2007). When transplanted into immunodeficient mdx mice,
pericytes undergo myogenesis in vivo, increase dystrophin-positive fibers, and ame-
liorate muscle injury (Dellavalle et al. 2007). Next, it has been demonstrated that
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Fig. 4.2 Differentiation plasticity of skeletal muscle pericytes. In vitro and/or in vivo studies show
that pericytes are able to differentiate into myoblasts, adipocytes, myofibroblasts, chondrocytes,
osteoblasts, and possibly Schwann cells

AP* pericytes can generate SCs in early postnatal period and contribute to myogen-
esis in both cardiotoxin-induced acute muscle injury and chronic muscular dystro-
phy (Dellavalle et al. 2011). Consistent with these reports, we have demonstrated
that skeletal muscle PDGFRp* pericytes can differentiate along either myogenic or
adipogenic pathway depending on the availability of laminin signaling (Fig. 4.2),
and that their myogenic differentiation contributes to muscle development and
regeneration (Yao et al. 2016; Gautam et al. 2017). Further studies show that it is
type-2 but not type-1 pericytes that have myogenic potential (Birbrair et al. 2013a,
2013b; Gautam et al. 2017). It has been reported that transplanted type-2 rather than
type-1 pericytes undergo myogenesis, contributing to muscle regeneration in BaCl,-
induced muscle injury model (Birbrair et al. 2013b). In addition, intraperitoneal
injection of human adipose tissue-derived pericytes significantly increased the life
span of dystrophin/utrophin double knockout (mdx/utrn=-) mice (Valadares et al.
2014), another DMD model (Grady et al. 1997; Deconinck et al. 1997), suggesting
a beneficial role of pericytes in DMD. It should be noted, however, that this benefi-
cial effect is due to immune modulation rather than muscle regeneration.
Mesoangioblasts, multipotent cells that reside in the dorsal aorta of the develop-
ing embryo, are pericyte-like cells (Pierantozzi et al. 2016; Vezzani et al. 2016).
Accumulating evidence shows that mesoangioblasts can improve muscle regenera-
tion in various types of muscular dystrophy in mice, dogs, and humans (Galvez
et al. 2006; Berry et al. 2007; Sampaolesi et al. 2003, 2006; Cossu et al. 2015). First,
intra-arterial delivery of mesoangioblasts is able to reverse the dystrophic phenotype
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both morphologically and functionally in a-sarcoglycan-null mice, a limb-girdle
dystrophy model (Galvez et al. 2006; Sampaolesi et al. 2003). Next, intra-arterial
delivery of wild-type canine mesoangioblasts substantially enhances dystrophin
expression and improves muscle morphology and function in dogs with golden
retriever muscular dystrophy, which mimics the DMD in humans (Sampaolesi et al.
2006). Similar beneficial effects are observed in mdx/utrn™~ mice after administration
of aorta-derived mesoangioblasts (Berry et al. 2007). Furthermore, the therapeutic
effect of intra-arterial transplantation of mesoangioblasts in DMD has been tested in
humans and found to be relatively safe and effective (Cossu et al. 2015).

4.3.2 Adipogenesis

Intramuscular adipose tissue (IMAT) deposition is the accumulation of adipocytes
between muscle cells and beneath the muscle fascia (Pagano et al. 2015; Vettor et al.
2009). It is often seen after skeletal muscle injury or in muscular dystrophy
(Lukjanenko et al. 2013) and has been shown to negatively affect skeletal muscle
regeneration. Fibro/adipogenic progenitors (FAPs), muscle-resident mesenchymal
stem cells that express platelet-derived growth factor receptor alpha (PDGFR«), are
a major source of adipocytes in skeletal muscle (Uezumi et al. 2010; Motohashi
et al. 2008). It has been reported that FAPs proliferate and differentiate into adipo-
cytes in a DMD model, contributing to the accumulation of IMAT (Vettor et al.
2009; Takegahara et al. 2014), which correlates with a decrease in SC number
(Heslop et al. 2000; Blau et al. 1983).

In addition to FAPs, pericytes also contribute to adipogenesis and fat accumula-
tion in skeletal muscle (Fig. 4.2). For example, pericytes isolated from various tis-
sues, including skeletal muscle, are able to undergo adipogenic differentiation
in vitro (Crisan et al. 2008). Using lineage-tracing technique, we have demonstrated
that PDGFRf* pericytes are able to differentiate into perilipin* adipocytes in skele-
tal muscle in vivo in a congenital muscular dystrophy model (Yao et al. 2016).
Further studies show that type-1 but not type-2 pericytes undergo adipogenesis,
contributing to IMAT deposition and skeletal muscle fatty degeneration (Birbrair
et al. 2013a, 2013b; Gautam et al. 2017).

4.3.3 Fibrosis

Fibrosis is a pathological condition characterized by excessive deposition of extra-
cellular matrix and formation of fibrous connective tissue in an organ (Wynn 2008).
It is observed in both pathological conditions and normal aging and generally
referred to as “scarring” when induced in response to injury. Under chronic disease
conditions, such as DMD, progressive fibrosis leads to skeletal muscle dysfunction
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(Morales et al. 2013; Mann et al. 2011; Acuna et al. 2014). During normal aging,
increased infiltration of fibrous tissue results in skeletal muscle stiffness, weakness,
and atrophy (Ryall et al. 2008; Thompson 2009; Kragstrup et al. 2011; Walston
2012). Moreover, formation of fibrous tissue also affects the regeneration potential
of skeletal muscle due to diminished innervation and contractile properties (Juhas
and Bursac 2013; Birbrair et al. 2014c¢). The major cell type responsible for fibrosis
is myofibroblasts, which are derived from a variety of cell types (Wynn 2008; Willis
et al. 2006; Quan et al. 2006; Zeisberg et al. 2007; Duffield et al. 2013; Lin et al.
2008; Humphreys et al. 2010).

Recent studies suggest that pericytes may serve as a source of myofibroblasts
during skeletal muscle fibrosis (Fig. 4.2). For example, ADAM12 (disintegrin and
metalloproteinase domain-containing protein 12), which labels PDGFRB*/NG2*
pericytes, has been shown to participate in the formation of fibrotic scar in skeletal
muscle after acute injury (Dulauroy et al. 2012), suggesting that ADAM12 identifies
a myofibroblast progenitor lineage with pericyte features. Additionally, type-1 but
not type-2 pericytes are fibrogenic in vitro and in vivo and contribute to fibrous tis-
sue deposition in skeletal muscle and many other organs (Birbrair et al. 2014a,
2013c). Furthermore, GLAST* pericytes have been found to participate in the for-
mation of scar tissue in a spinal cord injury model, although GLAST does not label
pericytes specifically (Goritz et al. 2011).

4.3.4 Chondrogenesis and Osteogenesis/Ossification

Heterotopic ossification is the formation of lamellar bone in non-osseous tissues,
such as skeletal muscle, after traumatic injury or in pathological conditions. The
general process of ossification involves an initial formation of ectopic cartilage and
a subsequent formation of endochondral bone (Shimono et al. 2013). Skeletal mus-
cle ossification has been observed following muscle injury due to aberrant activa-
tion of the chondrogenic and osteogenic pathways (Shimono et al. 2013; Bosse
et al. 1994). There is evidence showing that pericytes have chondrogenic and osteo-
genic potential and contribute to skeletal muscle ossification (Fig. 4.2). First, osteo-
progenitor cells isolated from human skeletal muscles express high levels of pericyte
markers, including AP (Levy et al. 2001). Next, pericytes (CD146*CD34-CD45-C
D56"AP*NG2*PDGFRp* cells) isolated from human adult skeletal muscle show
chondrogenic and osteogenic potential in vitro (Crisan et al. 2008). Like skeletal
muscle pericytes, pericytes from retina also have chondrogenic potential in vitro
(Farrington-Rock et al. 2004). Consistent with these reports, various studies have
demonstrated that pericytes can undergo chondrogenic and osteogenic differentia-
tion in vitro (Birbrair et al. 2013b, 2014c; Zhang et al. 2011; James et al. 2012).
Whether pericytes contribute to skeletal muscle ossification in vivo, however,
remains unknown.

Ossification of fibrous tissue, including skeletal muscle, is observed in fibrodys-
plasia ossificans progressiva (FOP) (Ramirez et al. 2014; Shore and Kaplan 2010),
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a genetic disorder caused by an autosomal dominant mutation of BMP receptor—
activin-like kinase 2 (ALK?2) (Shore et al. 2006). These findings suggest that ALK2
ligands (e.g., BMPs) may be primary inducers of heterotopic ossification. Consistent
with this speculation, BMP-2, BMP-4, and BMP-9 are highly expressed in human
lesions with heterotopic ossification (Gannon et al. 1997; Grenier et al. 2013) and
promote osteogenesis when mixed with Matrigel and injected into skeletal muscle
(Shimono et al. 2013; Chen et al. 2012; Nishimura et al. 2012). In addition, we have
demonstrated that type-1 pericytes express both BMP-2 and BMP-4 in vitro
(Gautam et al. 2017), again suggesting a possible role of BMP signaling in pericyte
osteogenic differentiation.

4.3.5 Nerve Injury

Motor nerves innervate skeletal muscle (Carlson 1981). It has been shown that
nerve innervation is essential for the mass and function of skeletal muscle (Delbono
2003, 2011). Upon denervation, which usually results from aging, trauma, or immo-
bility, skeletal muscle undergoes reinnervation. Although the molecular mechanism
underlying reinnervation remains largely unclear, Schwann cells, which cover nerve
terminal branches with their processes, have been shown to play a critical role in
this process. It has been shown that Schwann cells from denervated synaptic sites
form a “bridge” to guide the growth of nerve terminal sprouts (Love and Thompson
1999; Sugiura and Lin 2011). There is evidence supporting that pericytes may con-
tribute to skeletal muscle reinnervation via differentiating into myelinating Schwann
cells (Fig. 4.2). For example, under optimized skeletal muscle culture conditions,
type-2 pericytes are able to differentiate into oligodendrocyte progenitor cells
(Birbrair et al. 2013a), which generate mature oligodendrocytes and Schwann cells
(Zawadzka et al. 2010).

4.4 Conclusions

Pericytes are an alternative stem/progenitor population with myogenic potential in
skeletal muscle. Recent studies show that pericytes actively affect muscle regenera-
tion after injury or in muscular dystrophy through their myogenic and non-myogenic
activities. It is hypothesized that enhancing pericyte myogenesis and inhibiting their
non-myogenic differentiation have a therapeutic potential in muscle disorders.
Future studies should focus on addressing the following key questions on pericytes.
First, what determines the fate of pericytes in their differentiation (myogenesis,
adipogenesis, fibrosis, osteogenesis, and others)? Second, what are the key signal-
ing pathways that regulate pericyte differentiation and fate determination? Third,
what is the difference between pericytes and other stem/progenitor cells in term of
myogenic differentiation? Fourth, what are the molecular markers specific for
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pericytes and/or subtypes of pericytes? Fifth, do different subtypes of pericytes have
distinct differentiation capability? Sixth, how are different pericyte subpopulations
distributed in the vasculature in skeletal muscle? Answers to these questions will
significantly enrich our knowledge in pericyte biology and promote the develop-
ment of effective therapies for various muscle disorders, including muscular
dystrophy.
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Pericytes in the Gut b

Marta Ramirez, Nuria Pell, Marc Mejias, and Mercedes Fernandez

Abstract This review chapter describes the current knowledge about the nature of
pericytes in the gut, their interaction with endothelial cells in blood vessels, and
their pathophysiological functions in the setting of chronic liver disease. In particu-
lar, it focuses on the role of these vascular cell types and related molecular signaling
pathways in pathological angiogenesis associated with liver disease and in the
establishment of the gut-vascular barrier and the potential implications in liver
disease through the gut-liver axis.

Keywords Chronic liver disease - Pathological angiogenesis - Gut-vascular
barrier - Portosystemic collateral vessels - Mesenteric vascular bed - Intestinal
circulation

5.1 Introduction

This chapter reviews our current understanding of the role of pericytes and endothelial
cells in the gut vasculature during homeostasis and in disease. Specifically, we high-
light the function and importance of these cell types as key components of the major
vascular beds involved in the pathophysiology of chronic liver disease, which are
leading causes of death and liver transplantation worldwide. These vascular beds
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include not only the intrahepatic circulation but also the intestinal and mesenteric
microvasculature, as well as the portosystemic collaterals and gastroesophageal
varices. All these vessels are active structures affected by the dynamic interplay of
distinct pathophysiological events and complex signals capable of increasing vaso-
dilation, vascular remodeling, angiogenesis, vasculogenesis, and hemodynamic
pressure stress in this pathological setting. We also describe here our current knowl-
edge on the gut-vascular barrier and the potential implications in liver disease
through the gut-liver axis. Another important focus of this chapter relates with the
use of pericytes and endothelial cells as novel therapeutic targets to improve the
outcome in patients suffering from chronic liver disease. This is of particular signifi-
cance due to the lack of effective treatment options beyond liver transplantation,
which is also not the cure since many patients die on the waiting list due to a short-
age of organ donors.

5.2 Pericytes in Blood Vessels

Blood vessels are composed of two interacting cell types. Endothelial cells form the
inner lining of the vessel wall, while pericytes envelop the surface of the vascular
tube. For many years, pericytes have been thought to exclusively provide structural
support to the vessel tube. However, we now know that these cells are functionally
significant and play important roles in microvascular physiology, capillary blood flow
regulation, and angiogenesis (Hirschi and D’ Amore 1996; Bergers and Song 2005).
Pericytes are enveloped in a vascular basement membrane that is continuous
with the endothelial basement membrane. At distinct points in the basement mem-
brane, pericytes and endothelial cells form specialized junctions with each other.
These sites are thought to play an anchoring role (Armulik et al. 2011). The number,
distribution, and structure of pericytes vary among different organs and vascular
beds, suggesting that they may have vascular bed- or tissue-specific roles (Hirschi
and D’ Amore 1996). Common pericyte molecular markers include platelet-derived
growth factor receptor beta (PDGFRp), neuron-glial antigen 2 (NG2), alpha smooth
muscle actin (xSSMA), or desmin, but no single entirely pericyte-specific marker is
known given that expression of all of them can change depending on developmental
states or pathological reactions (Armulik et al. 2011; Bergers and Song 2005).

5.2.1 |Interaction with Endothelial Cells

Pericytes maintain active communication with the underlying endothelial cells, via
direct contact or paracrine signaling. In addition, each pericyte can contact several
endothelial cells at a time, even from different capillaries, and thus integrate coordi-
nate signals between them (Armulik et al. 2011). Pericytes play an important role in
regulation of endothelial cell proliferation and differentiation, contractility and
tone, and stabilization and permeability.
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Several molecular signaling pathways have been described to be involved in the
cross talk between pericytes and endothelial cells. Platelet-derived growth factor-B
(PDGFB), angiopoietins, and transforming growth factor beta (TGFp) are the best
described factors that paracrinely regulate the interactions between both cell types
and will be further discussed below, but also other signaling pathways are impli-
cated, like heparin-binding epidermal growth factor (HB-EGF), which is expressed
by endothelial cells to recruit mural cells, or Notch and Ephrin signaling, which
have been described to be implicated in mural cell association to the endothelium
(Armulik et al. 2011; Gaengel et al. 2009).

5.2.2 Functions

The location of pericytes in capillaries and their muscle cell characteristics point at
arole of these cells in the regulation of capillary blood flow through the contraction
of the endothelium, but their functions are more diverse, including regulation of
sprouting tubes for new capillary growth or maturation and stability of blood vessels
(Bergers and Song 2005).

Direct in vivo evidence of pericyte contraction is limited since very subtle nar-
rowing of capillaries would be sufficient to reduce blood flow and thus this contrac-
tion may be below the level of resolution of any morphological method. However,
the presence of a contractile machinery in pericytes, which express aSMA, suggests
that they could function in a way similar to vascular smooth muscle cells, being able
to produce vasodilation and vasoconstriction. It has also been found that pericytes
express tropomyosin and muscle myosin, besides cyclic-GMP-dependent protein
kinase, which is involved in the contraction of smooth muscle cells. Receptors for
both cholinergic and adrenergic responses are expressed in pericytes, and also mol-
ecules like angiotensin II and endothelin-1 have been reported to bind to pericytes
and paracrinely regulate capillary vascular tone (Hirschi and D’Amore 1996;
Armulik et al. 2011).

Pericytes also have an important role in angiogenesis and in the maturation of the
newly formed vessels (Bergers and Song 2005; Stapor et al. 2014). In vessel sprout-
ing, endothelial cells are stimulated by vascular endothelial growth factor (VEGF)
and other angiogenic factors to degrade basal membrane, migrate, and proliferate
(Gerhardt et al. 2003; Jakobsson et al. 2010). In this stage, pericytes contribute to
the production of VEGF and to the establishment of VEGF gradients which guide
the sprouting process (Bergers and Song 2005). After the microvessel forms a
lumen, endothelial cells secrete growth factors, such as PDGFB, to attract pericytes,
which express the PDGFRp receptor (Potente et al. 2011). Pericyte attachment to
the endothelial wall stabilizes the nascent vessel and induces endothelial differen-
tiation and growth arrest once the angiogenic process is completed (Bergers and
Song 2005; Armulik et al. 2011).

The angiopoietin-Tie2 axis has also been described to be important in the peri-
cyte coating of blood vessels. The receptor Tie2 is expressed in the endothelial cells,
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and it induces pericyte recruitment and vessel stabilization, while its ligands,
angiopoietin-1 and angiopoietin-2, are predominantly expressed in perivascular
cells and endothelial cells, respectively. The former, Ang-1, is mainly an agonistic
ligand of Tie2, so it is believed to promote vessel maturation, while the latter, Ang-2,
is considered a destabilizing factor in blood vessels, and its expression is mainly
associated with sites of vascular remodeling (Bergers and Song 2005; Armulik et al.
2011).

TGFp has been described as an important factor in stabilization of newly formed
blood vessels. Once pericyte precursors begin the coating of a forming endothelial
tube, TGFp is activated, leading to inhibition of endothelial cell proliferation and
migration and induction of differentiation of perivascular precursors into pericytes
(Bergers and Song 2005; Armulik et al. 2011).

Summarizing, pericytes are essential components of microvessels, not only giv-
ing structural support to endothelial cells but also contributing to capillary blood
flow and angiogenesis through mechanical and signaling roles. Thus, many studies
have pointed at the benefits of targeting both pericytes and endothelial cells as an
angioregulatory therapy in different pathologies, including chronic liver disease, as
described later on in this chapter (Kelly-Goss et al. 2014; Bergers et al. 2003;
Fernandez et al. 2007).

5.3 Blood Supply of the Intestines

The intestines are the main components of the lower part of the gastrointestinal
tract, and they have the essential function of digestion and absorption of all the
ingested food and water. For that purpose, a sufficient amount of tissue oxygenation
is mandatory. Therefore, the gastrointestinal circulation delivers the required oxy-
gen for the secretory, absorptive, and motor activity of the intestines allowing the
posterior delivery of nutrients and water to all the organs of the body using both the
blood and the lymphatic vasculature. The anatomy and physiology of the intestinal
tissue are complex and so is the blood supply that allows its homeostasis and vital
functions, describing that complexity is the aim of this section.

5.3.1 Macroscopic Anatomical Considerations

The intestines are the last part of the continuous passageway that conforms the
entire gastrointestinal tract, and they are divided into two main sections which are
the small and the large intestine. The small intestine is subdivided into duodenum,
jejunum, and ileum macroscopically but has also a microscopically division as
named previously. The large intestine begins after the ileum and starts with the
cecum and the vermiform appendix and continues with the ascending, transverse,
descending, and sigmoid colon to end with the rectum and the anus (Gray and Lewis
2000) (Fig. 5.1).
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Fig. 5.1 Blood supply to the gastrointestinal tract. Intestinal tissues are written in gray, while
vascular components are written in black. Gastrointestinal tract blood supply comes from three
aortic branches called celiac trunk and superior and inferior mesenteric arteries. Each one of those
branches has additional branches that allow blood irrigation of the whole tissue from the duode-
num to the transverse colon. Modified from Gray’s Anatomy: superior mesenteric artery (2015)

Blood supply for the intestines comes from different vessels, but all of them
derive from the aorta which is divided into celiac trunk, superior mesenteric artery,
and inferior mesenteric artery (Kachlik et al. 2010) (Fig. 5.1). The first branch is the
celiac trunk, which subdivides into three branches and provide blood irrigation for
the pylorus of the stomach and the duodenum by the branch named gastroduodenal
artery. Below that ramification and also coming from the aorta, there is the superior
mesenteric artery (Fig. 5.2), which branches into five major ramifications that pro-
vide blood to the small intestine and the proximal large intestine. The distal end of
the duodenum is irrigated by the inferior pancreaticoduodenal artery, the smallest
branch, and then there are the intestinal arteries divided into those providing blood
to the ileum (ileal arteries) and the jejunum (jejunal arteries) (Matheson et al. 2000).
All those interconnected branches are supported by the mesentery, and there are
arches helping the continuous blood flow and preventing interruptions that would
lead toward tissue death. Following those branches, there are the ileocolic artery
feeding the terminal ileum, the cecum, and the appendix and the right colic artery
providing for the ascending colon, and finally, the transverse colon receives blood
from the middle colic artery (Fig. 5.1). The last aortic branch irrigating intestines is
the inferior mesenteric artery which provides blood to the large intestine by the fol-
lowing branches: the left colic artery for the descending colon, the sigmoid artery
for the sigmoid colon, and the superior rectal artery for the rectum. However, the
blood flow oxygenating the anus comes from lower rectal arteries branched from
the ileal arteries (Harper and Chandler 2016). Arterial vessels go into the villus giv-
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Fig. 5.2 Superior and inferior mesenteric arteries. Intestinal tissues are written in gray, while vas-
cular components are written in black. The hand-fan-like structure of the mesentery and the vascu-
lature going through it allows the formation of a very stable and organized mesh. Notice that most
of the intestinal structures are supplied by the superior mesenteric artery ant its branches. The
inferior mesenteric artery irrigates the last segment of the intestines beginning at the descendant
colon. Modified from Anatomy and Physiology web site: http://cnx.org/content/coll 1496/1.6/
(2013)

ing rise to capillary networks that will drain intro the venous channel. The venous
system draining the whole gastrointestinal tract is almost parallel to the blood sup-
ply system even at the arcade points. The superior and inferior mesenteric veins will
drain into the portal vein sending it to the liver and subsequently back to the heart
(Kvietys 2010).

5.3.2 Microscopic Anatomical Considerations

The intestinal layers are interconnected by its microvasculature. It conforms a
branched network made of arterioles, venules, and capillaries that go all over the
three main tissue layers: mucosa, muscularis, and submucosa (Granger et al. 2015).
The blood supply enters the intestine by the surface of the serosa which is in contact
with the mesentery (structure that gives support to the vasculature in the perito-
neum). The first-order arterioles are found in the submucosa coming from the mus-
cular layer and from them derive the second-order arterioles that will end up with
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the third order that will get into the mucosa and go down to the tip of the villi where
they become capillaries and form a mesh-like structure (Thorburn et al. 2018)
(Fig. 5.3). The morphology of the villi microcirculation at the small intestine is
generally in an eccentrical manner having a single arteriole that goes up to the tip
from which capillaries derive making up a network with numerous anastomoses. In
contrast, the microvasculature at the colon is more similar to the stomach in which
branches of arterioles and capillaries pass along the luminal surface of the mucosa
and form a network around the glands being much closer to the epithelium than in
the small intestine (Kvietys 2010). For the draining of the products of the chime and
the collection for the posterior distribution of all the nutrients, there are the venules.
They start at the villi and pierce the submucosa where they will become submucosal
collecting venules and bring all the absorbed products to the portal circulation.
Further details on this microvasculature and its physiological and pathological role
as intestinal vascular barrier will be described later on in this chapter.

5.3.3 Functional Considerations

The blood passing through the intestines account for approximately 20-25% of the
whole cardiac output in a non-fed state, but once the digestion is done and absorp-
tion takes place, the blood flow of each artery is increased up to 200% creating a
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Fig. 5.3 The villi vasculature. (a) Cut of an intestine fragment with the lumen and the tissue layers
visible: muscle, mucosa, and submucosa (inside de villi). Veins and arteries pierce the tissue in a
parallel manner. (b) Villi amplification. The submucosa contains the first-order arterioles that will
become second-order arterioles and subsequently capillaries that will carry on the absorption func-
tion. It also contains glands for mucus and enzyme secretions. Modified from Anatomy and
Physiology web site: http://cnx.org/content/coll1496/1.6/ (2016)
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state of hyperemia as all the nutrients pass over the mucosal surface and enter inside
the villi (Matheson et al. 2000). That increase will depend uniquely on the chime
composition and will later decrease when interluminal pressure is raised (Granger
et al. 2015). Depending on the functional importance of the tissue layer, it will
receive more or less blood flow (Sparks 2011). The intestinal mucosa, which is full
of capillaries and is the first layer of interplay between nutrients and vasculature as
previously described, is essential for proper nutrient absorption and thus is the one
receiving more blood input. The submucosa is the one preceding the submucosa and
has the first-order arterioles that will allow the blood supply required at the villi.
Besides, it contains glandular cells that produce serous and mucous secretions and
immature enterocytes which will play a valuable role in nutrient absorption
(Fig. 5.3). Finally, the muscular layers provide the ability to contract and thus allow
the mixing and the movement of the chime, they are pierced by the vasculature com-
ing from the mesentery and the serosa. Those two layers receive the rest of the blood
addressed to the intestine.

There are several metabolic factors that maintain homeostasis of intestinal tissues
such as decreased or increased PO,, pH, osmolarity, or adenosine (Matheson et al.
2000). The gastrointestinal circulation contributes also to the defense against ingested
toxins or noxious agents protecting intestine tissue from excessive tissue damage by
a profound and complex vasoregulation (Granger et al. 2015). The nature of the
blood flow in the gastrointestinal tract makes it essential for the proper perfusion and
function of all the vital organs therefore becoming a compelling subject of study.

5.4 Blood Supply of the Mesentery

The mesentery is a double layer of peritoneum composed of mesothelium, connec-
tive tissue, and adipocytes that surrounds, holds, and gives support to the intestines,
allowing blood and lymphatic vessels and nerves to supply them (Fig. 5.2). It was
previously thought to be a discontinuous collection of discrete structures separately
attached into the posterior wall, but recent research has found the mesentery to be one
contiguous structure, which has led to proposals for its reclassification as an organ.
The mesentery of the small intestine emerges from the back of the abdominal
cavity, the area known as “root region,” which corresponds to the attachment of the
superior mesenteric artery to the aorta (Coffey and O’Leary 2016). The mesentery
spans the entire gastrointestinal tract, being classified into different areas depending
on the intestinal region that it covers. There are six flexures in the gastrointestinal
tract: duodenojejunal, ileocaecal, hepatic, splenic, and those between the descend-
ing and sigmoid colon and the sigmoid and rectum. These flexures are used to
delimitate the different portions of the mesentery: small intestine mesentery; right,
transverse, and left mesocolon; mesosigmoid area; and mesorectum, respectively
(Coffey and O’Leary 2016). The mesentery is compactly folded within the perito-
neal cavity, combining mobile regions, like the small intestinal mesentery, and other
regions flattened against the abdominal wall. This structure prevents intestines col-
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lapsing into the pelvis by its attachment points to the posterior abdominal wall,
specifically at the right and left mesocolon, and by its connection with the pelvic
wall at the mesosigmoid regions (Coffey and O’Leary 2016).

As mentioned before, the mesentery is essential for blood supply to the intes-
tines. It holds the superior and inferior mesenteric arteries (SMA and IMA) and
veins (SMV and IMV) that will irrigate and drain the gastrointestinal tract, respec-
tively (Drake et al. 2015) (Fig. 5.2). The SMA and IMA arise from the abdominal
aorta and travel in the mesentery to irrigate the splanchnic organs, including the
mesentery itself. The SMV and IMV, which both run alongside their associated
arteries, drain the blood to the portal vein.

Focusing in the mesenteric microcirculation, the capillaries between arterioles
and venules are responsible for the exchange of O, and nutrients with the paren-
chyma. Besides, the arterioles are responsible for most of the resistance to blood
flow, so the regulation of blood flow in the mesentery takes place mainly on the
walls of the arterioles through contraction or dilation (Jacobson 1982).

The mesentery is a key piece in chronic liver disease as it is affected by excessive
vasodilatation and pathological angiogenesis (Fig. 5.4), which work together to pro-
mote and perpetuate the increased splanchnic blood flow and portal hypertension, as
described below. However, it is also important in other abdominal and non-
abdominal pathologies such as colorectal cancer, diverticular disease, cardiovascu-
lar disease, inflammatory bowel disease, obesity, and the metabolic syndrome
(Coffey and O’Leary 2016).

5.5 Vascular Alterations in Chronic Liver Disease

Chronic liver diseases, including cirrhosis of the liver, are leading causes of death
and liver transplantation worldwide. They are accompanied by profound circulatory
disturbances that are not limited to the intrahepatic circulation but involve also the
splanchnic and systemic vascular beds. These hemodynamic disturbances are
responsible for the development of a hyperdynamic circulatory state and portal
hypertension, which are major complications of chronic liver diseases.

5.5.1 Portal Hypertension

The portal hypertensive syndrome is characterized by a pathological increase in
blood pressure in the portal vein. It is initiated by an increase in vascular resistance
to portal blood flow at a presinusoidal (portal vein thrombosis), sinusoidal (cirrhosis
of the liver, chronic hepatitis, alcoholic liver disease, and hepatic schistosomiasis),
or postsinusoidal level (Budd-Chiari syndrome). The dominant cause of portal
hypertension relates to liver cirrhosis, which increases resistance through the hepatic
sinusoids due to distortion of the liver vascular architecture caused by fibrosis,
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Fig. 5.4 The mesenteric vascular bed. Angiogenesis and vasodilation are markedly increased in
the mesenteric vascular bed during portal hypertension and cirrhosis, as demonstrated using immu-
nofluorescence for the endothelial cell marker CD31 and hematoxylin and eosin histological
staining

scarring, and nodule formation, as well as by hepatic sinusoidal cellular alterations,
with imbalance between vasodilators and vasoconstrictors, promoting sinusoidal
constriction (Gupta et al. 1998; Rockey and Chung 1998; Schuppan and Afdhal
2008). Another major driver of portal hypertension locates extrahepatically and is
an increase in blood flow in splanchnic organs, as described below.

5.5.2 Increased Splanchnic Blood Flow

The increase in blood flow in splanchnic organs draining into the portal vein and the
subsequent increase in portal venous inflow represents a significant factor maintain-
ing and worsening portal hypertension (Fig. 5.5). It perpetuates and exacerbates
portal pressure elevation, promotes ascites and spontaneous bacterial peritonitis,
and is associated with the formation of an extensive network of portosystemic col-
lateral vessels (i.e., vascular channels linking portal and systemic venous
circulations).
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Fig. 5.5 Pathophysiology of portal hypertension in chronic liver disease. The portal hypertensive
syndrome is characterized by a pathological increase in blood pressure in the portal vein. In cir-
rhosis, portal hypertension is initiated by an increased hepatic resistance to portal blood flow
caused by the distortion of liver vascular architecture associated with fibrogenesis and angiogen-
esis and by an increased hepatic vascular tone due to intrahepatic vasoconstriction secondary to an
imbalance between decreased endogenous dilators and increased vasoconstrictor stimuli. Portal
hypertension is aggravated by an increased blood flow in splanchnic organs draining into the portal
vein due to enhanced vasodilation and angiogenesis and hypocontractility to endogenous vasocon-
strictors, with subsequent elevation in portal venous inflow. Such increased portal venous inflow is
a significant factor maintaining and worsening portal pressure elevation. Increased splanchnic
blood flow also leads to systemic hyperdynamic circulation. Another characteristic feature of por-
tal hypertension is the formation of portosystemic collateral vessels responsible for life-threatening
consequences like gastroesophageal variceal bleeding, portosystemic encephalopathy, and sepsis

The development of splanchnic hyperdynamic circulation with increased
splanchnic blood flow and portal venous inflow in chronic liver disease is mainly
due to mesenteric arteriolar vasodilation, decreased vascular responsiveness to
endogenous vasoconstrictors, and neovascularization, including angiogenesis and
vasculogenesis (Fernandez 2015). This feature also highlights the potential clinical
relevance of applying combination therapies acting both on prevention/regression
of new splanchnic vessels by antiangiogenic agents and on modulation of vasomo-
tor dynamics by vasoactive substances.
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5.5.3 Portosystemic Collaterals

The most common and clinically threatening collateral vessels are the gastroesopha-
geal varices, which are fragile and particularly prone to leak blood and even rupture,
causing upper gastrointestinal tract bleeding (Fig. 5.6). This hemorrhage is often
torrential and difficult to staunch, and, despite many advances made in this field, it
continues to be the most dramatic and lethal complication of portal hypertension
(Garcia-Tsao et al. 2007; Garcia-Tsao and Bosch 2010; Sharara and Rockey 2001).
Furthermore, because portosystemic venous shunts bypass the liver, several sub-
stances normally metabolized by the liver, such as drugs, toxins, hormones, and
bacteria, can escape from collaterals to the systemic circulation, leading to other
potentially lethal consequences, such as portosystemic encephalopathy, spontaneous
bacterial peritonitis, or systemic infections (Fernandez 2015; Iwakiri et al. 2014).
The current understanding is that portosystemic collateralization is a highly
complex multifactorial process that involves two different but complementary
mechanisms: the opening, dilation, and remodeling of preexisting collaterals and

Liver with
cirrhosis

Esophagus —

Esophageal varices

Portal vein

Stomach

Fig. 5.6 Gastroesophageal varices. VEGF-dependent angiogenesis plays a crucial part in the for-
mation of portosystemic collateral vessels and gastroesophageal varices. These varices are fragile
and particularly prone to leak blood and even rupture, causing upper gastrointestinal tract bleeding.
This hemorrhage is often torrential and difficult to staunch, and, despite many advances made in
this field, it continues to be the cause of significant morbidity and mortality in patients. Furthermore,
because portosystemic venous shunts bypass the liver, noxious substances that are normally
metabolized by the liver can escape from collaterals to the central venous system, leading to other
potentially lethal consequences, such as portosystemic encephalopathy, spontaneous bacterial
peritonitis, or systemic infections
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also the de novo formation and maturation of new collateral vessels, through active
neoangiogenesis (Reiberger et al. 2009, 2013; Van Steenkiste et al. 2009; Fernandez
et al. 2007). Both mechanisms may be driven by similar environmental variables
and work in a coordinated manner with the final common goal of developing more
abundant and more functional collateral vessels capable of conducting blood effi-
ciently, to accommodate the sustained portal pressure elevation and the greatly
increased portal venous flow. Worthy of note is that advanced portal hypertension is
typically associated with an extensive network of high-flow portosystemic collater-
als that may carry over even 90% of the blood entering the portal system.

5.5.4 Pathological Angiogenesis

As described above, angiogenesis represents a critical and clinically important path-
ological hallmark and driving force in the processes of hyperdynamic splanchnic
circulation and portosystemic collateralization during chronic liver disease
(Fernandez et al. 2007, 2009; Fernandez 2015) (Fig. 5.7). It also promotes the estab-
lishment and maintenance of the abnormal angioarchitecture distinctive of the cir-
rhotic liver, being functionally linked with fibrogenesis and inflammation (Tugues
etal. 2007; Fernandez et al. 2009; Mejias et al. 2009; Fernandez 2015). Accordingly,
growing evidence suggests that therapeutic inhibition of angiogenesis could be a
valuable treatment strategy with multiple beneficial effects, reducing the develop-
ment of new collaterals and ameliorating portal hypertension and liver cirrhosis
(Fernandez et al. 2009; Fernandez 2015).

5.5.4.1 Vascular Endothelial Growth Factor

VEGEF is the main proangiogenic growth factor implicated in angiogenesis during
cirrhosis. VEGF and its signaling pathway are switched on very early during the
natural history of chronic liver disease, preceding the increase in splanchnic blood
flow and, therefore, occurring prior to shear stress augmentation (Fernandez et al.
2004, 2007; Abraldes et al. 2006; Calderone et al. 2016). Interestingly, we have
recently demonstrated that this early VEGF overexpression in portal hypertension
and cirrhosis is posttranscriptionally regulated by cytoplasmic polyadenylation ele-
ment binding proteins (CPEB), which are in turn activated by Aurora kinase-A
(Fig. 5.8), as described later on (Calderone et al. 2016).

VEGEF signaling pathway promotes an extensive neovascularization in the cir-
rhotic liver and the mesenteric vascular bed during cirrhosis, increasing the splanch-
nic blood flow and contributing to the development of portosystemic collateral
vessels, intrahepatic fibrosis, and inflammation (Fernandez et al. 2009; Fernandez
2015). An important consideration is that VEGF not only is involved in neovessel
formation but also has an active role in hemodynamic processes, inducing sys-
temic, splanchnic, and portocollateral hyperdynamic circulation by stimulation of
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Fig. 5.7 Pathological angiogenesis. Pathological neovascularization stimulated mainly by VEGF
represents a critical and clinically important hallmark in portal hypertension. Neovessel formation
in the mesentery contributes to increase splanchnic blood flow draining into the portal vein, which,
in turn, augments portal venous inflow. Such increased portal venous inflow perpetuates and exac-
erbates portal pressure elevation during chronic liver disease. Angiogenesis also plays a pivotal
role in the development of an extensive network of portosystemic collateral vessels, which include
gastroesophageal varices. These varices are particularly prone to rupture, causing massive, life-
threatening gastroesophageal bleeding. Collateral vessels are also responsible for other major con-
sequences of chronic liver disease, including portosystemic encephalopathy and sepsis.
Neovascularization has also been implicated as a crucial player in the establishment and mainte-
nance of the abnormal angioarchitecture distinctive of the cirrhotic liver, being intimately linked to
the progression of fibrogenesis and inflammation and playing a major contribution to the aggrava-
tion of portal hypertension

vasodilating agents such as endothelial nitric oxide synthase (eNOS) (Abraldes
et al. 2006). This hyperdynamic circulation, in turn, enhances vascular shear stress,
further stimulating the production of VEGF and NO and perpetuating and aggravat-
ing the portal hypertensive syndrome.

Several studies have shown that the blockade of VEGF or its receptor (VEGFR?2),
using several angiogenesis inhibitors with different modes of action and prophylac-
tic and therapeutic strategies, effectively decreases portal pressure and mesenteric
neoangiogenesis, reduces splanchnic blood flow and portosystemic collateralization,
and attenuates liver fibrosis (Fernandez et al. 2004, 2005, 2007; Mejias et al. 2009;
Gallego et al. 2017) (Figs. 5.9 and 5.10).
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Fig. 5.8 Molecular pathophysiology. Portal hypertension activates Aurora kinase-A, which is a
well-known activator of CPEB1. Then, CPEB1 and CPEB4 sequentially lead to increased VEGF
protein, which induces angiogenesis and also stimulates nitric oxide (NO) production. In the cir-
rhotic liver, angiogenesis is intimately linked to liver fibrogenesis, contributing to increase intrahe-
patic vascular resistance. Extrahepatically, angiogenesis works together with vasodilation and
hypocontractility to increase splanchnic blood flow and portosystemic collateral formation. And
the combination of all these factors perpetuates portal hypertension

5.5.4.2 Platelet-Derived Growth Factor

Besides VEGF, the expression of platelet-derived growth factor (PDGF) and its
cognate receptor PDGFR] is also markedly upregulated during chronic liver dis-
ease and portal hypertension in mesentery and cirrhotic liver and plays a signifi-
cant role in the excessive neovascularization of these vascular beds. Thus, during
angiogenesis, endothelial cells secrete PDGF and, thereby, paracrinically stimu-
late the recruitment of PDGFR-positive pericytes, which, in turn, act as support-
ive vascular smooth muscle cells, intervening in neovessel stabilization and
maturation, as described above. Binding of PDGF to its PDGFRJ is also an essen-
tial step in the conversion of quiescent hepatic stellate cell, a liver-specific peri-
cyte, into myofibroblasts and the ensuing recruitment of these cells to sites of liver
fibrosis.
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Fig. 5.9 Multiple beneficial effects of angiogenesis inhibition. Splanchnic neovasculature gener-
ated by angiogenesis during portal hypertension is functional, has vascular integrity, is perfused,
and contributes to increase splanchnic blood flow. Accordingly, inhibition of angiogenesis using
different strategies translates into marked decrease in splanchnic blood flow, portal pressure, and
portosystemic collateral vessels. These beneficial effects are more efficient when using a combined
antiangiogenic treatment directed against pericytes and endothelial cells. This is due to the fact that
in the formation of a new blood vessel, there is first the production of an angiogenic factor, which
activates endothelial cells; these cells proliferate, migrate, and form an endothelial tube. This tube
is then covered by pericytes that provide stabilization and maturation to the newly formed vessel.
The first steps of this angiogenic process are mainly modulated by VEGF, whereas the stabilization
and maturation of the neovessel are mainly modulated by platelet-derived growth factor (PDGF).
Therefore, simultaneous targeting of the VEGF signaling pathway, that is the endothelial cells, and
the PDGEF signaling pathway, that is the pericytes, gives a greater vascular destabilization and a
better vascular regression than the targeting of either alone. This is what we found using a combi-
nation of rapamycin (to inhibit the VEGF pathway) and Gleevec (to inhibit the PDGF pathway) or
a multikinase inhibitor such as sorafenib

5.5.4.3 Combined Antiangiogenic Treatment Directed against Pericytes
and Endothelial Cells

As mentioned before, in the process of neovascularization, VEGF plays a predomi-
nant role in the initial stages of formation of new blood vessels, activating the pro-
liferation of endothelial cells and the subsequent formation of an endothelial tubule,
while maturation of the newly formed vessels is mainly modulated by the proangio-
genic growth factor PDGF, which regulates the investiture of the endothelial tubule
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Fig. 5.10 Gene therapy with cell-targeted molecule-targeted liposomal siRNAs. We have recently
used siRNAKPR Tipoplexes to efficiently and specifically target the kinase insert domain receptor
KDR (also known as VEGF receptor-2) in vascular endothelial cells in vivo after systemic intrave-
nous administration. This therapy markedly ameliorates the development of portosystemic collat-
eral vessels and impairs the pathological angiogenic potential of endothelial cells in a murine
model of portal hypertension

with mural cell and pericyte populations, thereby stabilizing the vascular architec-
ture of the nascent vessel. Based on these considerations, it was hypothesized that
the simultaneous targeting of the VEGF and PDGF signaling pathways, which is the
simultaneous targeting of endothelial cells and pericytes, could provide a greater
vascular destabilization and a better vascular regression than targeting either alone.
Indeed, combined antiangiogenic treatment directed against endothelial cells and
pericytes, using VEGF and PDGEF inhibitors simultaneously, provides a synergistic
benefit in reducing circulatory abnormalities in portal hypertension (Fernandez
et al. 2007). This is due to the fact that removal of pericyte coverage by anti-PDGF
molecules leads to exposed endothelial tubes, making endothelial cells much more
susceptible to anti-VEGF treatment (Fig. 5.9). In this regard, concurrent targeting of
VEGFR-2 and PDGFR-f signaling pathways using low doses of the multikinase
inhibitor sorafenib, used in clinical practice for the treatment of hepatocellular car-
cinoma (Llovet and Bruix 2009), significantly reduces portosystemic collateraliza-
tion, hyperdynamic splanchnic circulation, intrahepatic fibrosis, and portal pressure
in experiments in rats with portal hypertension and cirrhosis (Reiberger et al. 2009;
Mejias et al. 2009; Tugues et al. 2007), with potential beneficial effects also in
humans (Pinter et al. 2012). In addition, the continued administration of the VEGF
signaling inhibitor rapamycin plus the PDGF signaling inhibitor Gleevec markedly
decreased the splanchnic neovascularization and the pericyte coverage of neoves-
sels in portal hypertensive rats (Fernandez et al. 2007). This combined treatment
also resulted in a virtually complete reversal of the increased portal pressure (40%
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reduction) and the increased portal venous blood inflow of these animals. This is
important since clinical studies have shown a dramatic reduction of the risk of portal
hypertensive complications and improved survival in patients achieving a decrease
in portal pressure of at least 20% under drug therapy. Notably, the magnitude of the
effects of the combination treatment was superior than the addition of the effects of
either drug alone, suggesting a synergistic regulatory interaction between the VEGF
and PDGF signaling pathways in mediating the maintenance of the vascular and
hemodynamic abnormalities observed in portal hypertensive rats. These findings
further suggest that in the absence of proliferating pericytes (i.e., after PDGF signal-
ing inhibition), the endothelium is more vulnerable to antiangiogenic therapies tar-
geting endothelial cells, such as VEGF signaling blockade.

5.5.4.4 Endogenous Angiogenesis Inhibitors

Several lines of evidence support the critical role of endogenous angioinhibitors in
the pathophysiology of chronic liver disease and the therapeutic benefit of interven-
tions aimed at augmenting the expression of these naturally occurring molecules.
Thus, we have found that the powerful endogenous angiogenesis inhibitor pigment
epithelium-derived factor (PEDF) is unidirectionally upregulated together with
VEGTF, in an attempt to counteract the proangiogenic activity of VEGF (Fig. 5.11).
Exogenous PEDF overexpression by adenovirus-mediated gene transfer moves the
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Fig. 5.11 Antiangiogenic and antifibrogenic activity of pigment epithelium-derived factor.
Pigment epithelium-derived factor (PEDF) is an endogenous angiogenesis inhibitor that is unidi-
rectionally upregulated together with VEGF in portal hypertension in an attempt to counteract the
proangiogenic activity of VEGF. Exogenous overexpression of PEDF moves the balance in favor
to inhibition of angiogenesis, translating into beneficial effects
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balance between VEGF and PEDF in favor of inhibition and angiogenesis, translat-
ing into portal pressure decrease and partial correction of excessive angiogenesis in
experimental portal hypertension (Mejias et al. 2015; Vespasiani-Gentilucci and
Rombouts 2015).

Another novel approach for halting chronic liver disease progression could be
disruption of the negative feedback loop between VEGF and vasohibin-1, which is
a protein that is normally present in the organism and has antiangiogenic activity.
This therapeutic strategy is a good way to bring VEGF levels back to normal, but
not below normal, preserving the baseline VEGF levels necessary for homeostasis
of healthy vessels and other angiogenic physiologic events and translating into ame-
lioration of hemodynamic disturbances and reduction of liver fibrosis and portal
pressure in portal hypertension (Coch et al. 2014; Chatterjee 2014) (Fig. 5.12).

5.5.4.5 Cytoplasmic Polyadenylation Element Binding Proteins
We have recently identified a new mechanism of regulation of pathologic VEGF

expression and angiogenesis through sequential and nonredundant functions of two
members of the family of cytoplasmic polyadenylation element binding proteins,
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Fig. 5.12 Disruption of negative feedback loop between vasohibin-1 and VEGF decreases portal
pressure, angiogenesis, and fibrosis in cirrhotic rats. Vasohibin-1 is an endogenous protein with
antiangiogenic activity implicated in a negative feedback loop with VEGF. Disruption of this nega-
tive feedback loop in portal hypertension brings VEGF levels back to normal, but not below nor-
mal, preserving the physiological VEGF required for vascular homeostasis of healthy vessels and
for physiologic angiogenic processes. And that translates into amelioration of several portal
hypertension-associated abnormalities
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Fig. 5.13 Sequential functions of CPEB1 and CPEB4 regulate pathologic expression of VEGF
and angiogenesis in chronic liver disease. CPEB proteins are RNA-binding proteins that bind to
and regulate the expression of a specific group of mRNAs, which have, on their 3’untranslated
regions, some sequences, call CPEs, cytoplasmic polyadenylation elements. One of these mRNAs
is VEGF. The binding of CPEBI to VEGF mRNA promotes alternative 3’UTR processing of
VEGF mRNA in the nuclei. And subsequently, CPEB4 promotes the cytoplasmic polyadenylation
of VEGF mRNA in the cytoplasm, which activates translation and generation of high levels of
VEGF proteins. Importantly, this regulatory mechanism operates only in pathologic conditions,
when CPEB1 and CPEB4 are overexpressed, as we have seen in portal hypertension

CPEB1 and CPEB4 (Figs. 5.8 and 5.13). Importantly, this regulatory mechanism
operates only in pathologic conditions, when CPEB1 and CPEB4 are overexpressed,
as we have seen in portal hypertension and cirrhosis (Calderone et al. 2016). CPEB
proteins are RNA-binding proteins that bind to and regulate the expression of a
specific group of mRNAs, which have, on their non-coding 3’-untranslated regions
(3’UTR), some sequences named cytoplasmic polyadenylation elements (CPEs)
(Bava et al. 2013; Fernandez-Miranda and Mendez 2012; Pique et al. 2008). We
have found that one of these CPEB-regulated mRNAs is VEGF mRNA. Upon portal
hypertension and cirrhosis induction, there is a rapid upregulation and activation by
autophosphorylation of the serine/threonine kinase Aurora kinase-A in the mesen-
tery and the liver. Activated Aurora kinase-A, in turn, phosphorylates and activates
CPEBI1 (Mendez et al. 2000a, b; Sarkissian et al. 2004). Activation of CPEB1 then
promotes alternative nuclear processing within 3’UTRs of VEGF and CPEB4
mRNAs, resulting in deletion of translation repressor elements. The subsequent
overexpression of CPEB4 promotes cytoplasmic polyadenylation of VEGF mRNA,
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increasing its translation and generating high levels of VEGF (Calderone et al.
2016). In addition to promoting pathologic angiogenesis and remodeling in splanch-
nic, portocollateral, and intrahepatic circulations (Fernandez et al. 2009; Fernandez
2015), excessive VEGF production also contributes to the splanchnic vasodilation
and hypocontractility that characterizes portal hypertension through augmentation
of NO production (Abraldes et al. 2006). These pathogenic processes synergisti-
cally contribute to increase splanchnic blood flow and portosystemic collateraliza-
tion, sustaining and aggravating portal hypertension.

Importantly, this CPEB-mediated regulatory mechanism is essential for patho-
logic angiogenesis but dispensable for physiologic neovascularization. Thus, tar-
geting CPEBs could lead to safer treatment outcomes by specifically reducing
excessive pathologic VEGF production instead of indiscriminately perturbing both
pathologic and physiologic VEGF synthesis, minimizing potential adverse side
effects. Consistent with this notion, CPEB depletion reduced portosystemic col-
lateralization and mesenteric neovascularization and attenuated the progression of
the portal hypertensive syndrome in portal vein-ligated mice, without affecting the
normal vasculature or physiological angiogenesis (Calderone et al. 2016). It is
worth mentioning that CPEBs could also play a role in pathological angiogenesis
during cancer (Ortiz-Zapater et al. 2011), and we have recently demonstrated an
important role of these RNA-binding proteins in hepatic steatosis as well (Maillo
et al. 2017).

5.5.5 Pathological Postnatal Vasculogenesis

Most research in the neovascularization field has focused on angiogenesis, the for-
mation of neovessels from activation and proliferation of mature endothelial cells in
existing vasculature. However, it is now evident that alternative vascularization
mechanisms may occur postnatally, including vasculogenesis, the de novo forma-
tion of vessels out of vascular stem/progenitor cells, which historically was thought
to occur exclusively during embryological development. Indeed, recent studies
from our group have identified vascular stem/progenitor cells residing dormant in
the vascular wall of postnatal mesenteric vessels under normal conditions but pos-
sessing sphere-forming ability and proliferative potential, producing large numbers
of daughter cells (i.e., proliferative progenitors or transit-amplifying cells) that dif-
ferentiate toward either endothelial cells or smooth muscle cells when activated by
injury stimuli, such as upon portal hypertension and cirrhosis induction (Garcia-
Pras et al. 2017). Importantly, these cells structurally and functionally contribute to
abnormal neovessel formation (Fig. 5.14), indicating that abnormal neovasculariza-
tion in this pathological setting might conceivably be a heterogeneous process, aris-
ing through a combination of both angiogenesis and vasculogenesis. Mechanistically,
we also found that the RNA-binding protein CPEB4 is an important factor respon-
sible for the proliferative activity of stem/progenitor cell progeny, adding therefore
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Fig. 5.14 Vascular stem cells: new culprits uncovered. Recent studies from our lab highlight the
functional significance of pathologic neovascularization derived from vascular stem/progenitor
cells as an important mechanism of formation of new blood vessels in adults, in the setting of
chronic liver disease, and identify these stem cells as potential new therapeutic targets. Thus, we
have demonstrated the existence in the vascular wall of adult mesenteric blood vessels of a distinc-
tive population of vascular stem/progenitor cells. These cells display some of the most widely
accepted criteria for stem cell recognition, including quiescence and slow-cycling properties, high
proliferative potentiality, capability of growing as cellular spheres in suspension culture, expres-
sion of specific biomarkers of stem cells, and the ability to self-renew and generate daughter cells
in response to liver disease induction. This vascular stem cell progeny is able to differentiate into
endothelial and smooth muscle cell lineages and readily contribute physically and functionally to
neovascularization in vivo during chronic liver disease. Hence, chronic liver disease-associated
abnormal neovascularization might conceivably be a heterogeneous process, arising through a
combination of both neoangiogenesis and neovasculogenesis. Accordingly, therapeutic targeting
of both vascular stem cell-derived neovascularization (vasculogenesis) and new vessel growth
mechanisms that utilize non-stem cell constituents (angiogenesis) may effectively block abnormal
neovessel formation and improve antiangiogenic therapeutics
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another facet to the “proangiogenic” activity of CPEB4, namely, regulation of cell
proliferation in vascular stem/progenitor cell descendants, which could coordinately
act with the recently demonstrated VEGF-dependent function (Calderone et al.
2016). These findings may also have direct translational implications. Thus,
therapeutic targeting of both vascular stem cell-derived neovascularization (vascu-
logenesis) and new vessel growth mechanisms that utilize non-stem cell constitu-
ents (angiogenesis) may effectively block abnormal neovessel formation and
improve antiangiogenic therapeutics.
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5.6 Gut-Vascular Barrier in Chronic Liver Disease

In the intestine, the epithelial lining separates internal organs from the enteric envi-
ronment loaded with various foreign substances, including microbiota and its meta-
bolic products as well as nutrients and wastes (Garrett et al. 2010) (Fig. 5.3). The
lamina propria lying beneath the enterocytes in the intestinal villi especially that in
the lower part houses a largest pool of macrophages for maintaining mucosal
homeostasis against the gut microbiota and for the constant need of epithelial
renewal (Bain and Mowat 2014). The lamina propria contains microvessels as well
as a central lacteal (lymph vessel) and lymphoid tissue, in addition to immune cells.
The portal venous system ensures that substances absorbed in the intestine transit
first through the liver, where they can be further metabolized and detoxified.

5.6.1 Gut-Liver Axis

It was in the early 1950s when a relationship between liver disease and intestine was
first recognized, after hepatic coma was associated with the absorption of nitroge-
nous metabolites from the intestine (Phillips et al. 1952). Following it, Volta et al.
(1987) described for the first time the so-called gut-liver axis being critical in the
progression of chronic liver disease. From there on, many advances have been done
in clarifying the role of the gut in chronic liver disease.

Both quantitative and qualitative changes in the intestinal microbiota have been
associated with liver disease, even though the causes and/or consequence is still
unknown (Schnabl and Brenner 2014; Usami et al. 2015; Bhat et al. 2016). For
instance, in cirrhotic patients, gut dysbiosis is characterized by an overgrowth of
pathogenic bacteria that would favor an increase of bacterial translocation, systemic
inflammation, and systemic infection characteristic of liver cirrhosis. Furthermore,
it is widely known that the portal venous system is another key component in ensur-
ing that substances absorbed in the intestine transit through the liver. In this regard,
many studies have also supported a role of the endotoxemia from gut-derived bacte-
rial translocation in the hyperdynamic circulation characteristic of cirrhotic patients.
In a study conducted by Guarner et al. in the early 1990s, endotoxemia was corre-
lated with nitrite serum levels of cirrhotic patients (Guarner et al. 1993). After treat-
ment with colistin, cirrhotic patients had both nitrite and endotoxin levels reduced
suggesting a lineal relationship between the intestine and liver. A series of recent
studies have further demonstrated that translocation of bacteria and their products
across the intestinal barrier is a common place in patients with liver disease
(Tsiaoussis et al. 2015).

The mainly growing attention in the last years on the gut-liver axis has been in
the microbiota recirculation through the lymphatics during liver pathologies, focus-
ing on the epithelium barrier and leaving rather unexplored the possible role of
blood circulation in this scenario. The normal intestinal protection system against
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pathogens depends on both non-specific mechanisms and specific immunological
responses (Jankowski et al. 1994; Alverdy 1990). As it has been extensively reported,
gut epithelium acts as the first barrier against the bacterial translocation of gut
microbiota into the lymphatics (Artis 2008; Backhed et al. 2005), together with
luminal and submucosal factors. When normal microbiota from the gut, present in
the mucus layer, suffers alterations both in number and composition, viable bacteria
from the lumen go through the intestinal wall and translocate to extraintestinal sites
promoting immunological responses. Upon liver disease, tight and adherent junc-
tions present in attaching epithelial cells get deregulated, allowing selective migra-
tion of microorganisms and bacterial products. Thus, how bacteria participate or are
excluded from the blood circulation was completely unexplored for many years
even though the location of the intestinal capillaries under the epithelial layer
suggested an important role.

5.6.2 Gut-Vascular Barrier

In the year 2015, Spadoni et al. described for the first time a new anatomical struc-
ture in the murine and human intestines, called the gut-vascular barrier (GVB)
(Spadoni et al. 2015). The GVB plays a critical role in health and disease by limiting
systemic dissemination of microbes and toxins while allowing nutrients to access
the circulation. Therefore, in addition to the epithelial barrier, the GVB presents a
second, independent barrier that regulates the translocation of luminal bacteria and
their ligands, as well as innocuous food antigens.

The GVB shares many key morphological and functional characteristics with the
well-known blood-brain barrier, which separates circulating blood from the brain’s
extracellular fluid. It is composed of closely interacting intestinal vascular endothe-
lial cells, pericytes, and enteroglial cells. Endothelial cells in the GVB develop
elaborate junctional complexes that include tight junction and adherens junction,
which strictly control paracellular trafficking of solutes and fluids. Pericytes associ-
ated with GVB microvasculature seem to be necessary for the stabilization and
maintenance of the vascular barrier (Armulik et al. 2010; Daneman et al. 2010).

Spadoni et al. proposed how bacteria can disrupt the GVB, allowing their pas-
sage into the bloodstream (portal vein) and spread to the liver, spleen, or other
peripheral tissues (Spadoni et al. 2015) (Fig. 5.15). They found that the expression
of the plasmalemma vesicle-associated protein-1 (PV1) was upregulated in blood
capillaries upon infection with bacterial pathogens, such as Salmonella typhimurium.
This correlated with increased barrier permeability, with dissemination of the bac-
terium to the liver and the spleen, and with liver damage. In addition to PV1, the
Whnt/B-catenin signaling pathway seems to play a role in regulating GVB and pre-
venting the translocation of bacteria under homeostatic and pathological conditions
(Liebner et al. 2008; Spadoni et al. 2016). Other pathways found upregulated in a
transcriptome analysis (Spadoni et al. 2016), such as SHH signaling pathways,
could also be altered after pathogen infection.
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Fig. 5.15 Gut-vascular barrier. In a steady state, pericytes and glial cell surround the vascular
endothelial cells forming the barrier that regulates the diffusion of molecules of 4 kD from the
intestine to the bloodstream and liver. Under bacterial infection, both epithelium and vascular
barriers become leaky, allowing and promoting bacterial spreading through the portal vein

Importantly, disruption of the GVB in the human gut may lead to liver damage,
as observed in patients with celiac disease (Spadoni et al. 2016). The microvascular
endothelium of the gut barrier also plays a crucial role during inflammation in
inflammatory bowel disease. Understanding mechanistically how alterations of the
GVB may disrupt systemic immune homeostasis and promote liver damage warrants
investigation in different pathological settings. This knowledge may also open a new
window of therapeutic treatments to block the entrance of undesirable pathogens.
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Chapter 6
Pericytes in Bone Marrow

Yuya Kunisaki

Abstract Bone marrow environments are composed of multiple cell types, most of
which are thought to be derived from mesenchymal stem cells. In mouse bone mar-
row, stromal cells with CD45~ Tie2~ CD90~ CD51* CD105* phenotype, Nestin-
GFP*, CXCL12-abundant reticular (CAR) cells, PDGFRa* Sca-1* or CD51*
PDGFRa*, and Prx-1-derived CD45" Ter119- PDGFRa* Sca-1* populations select
for MSC activity. There is evidence that these stromal cell populations display some
significant overlap with each other and comprise important cellular constituents of
the hematopoietic stem cell niche. Moreover, these mesenchymal cell populations
share characteristics in their location as they all are found around bone marrow ves-
sels (can be called “pericytes”). In this chapter, with reviewing the recent literatures,
how the pericytes relate to physiological and pathological hematopoiesis is argued.

Keywords Pericytes - Perivascular cells - Hematopoietic stem cells - Niche -
Mesenchymal stem cells - Skeletal progenitor - Microenvironments - Bone marrow
vessels - Leukemia - Cancer - Cancer microenvironments - Cytokine niche

6.1 Introduction

Somatic stem cells self-renew to maintain tissue homeostasis for the lifetime of
organisms through tightly controlled proliferation and differentiation (Orkin and
Zon 2008; Li and Clevers 2010; Hsu et al. 2011). Hematopoietic stem cells (HSCs)
are essentially required for the hematopoietic homeostasis. Therefore, they do not
only ensure lifelong replenishment of all blood lineages but also keep their pool
constant. Recent studies have highlighted the importance of bone marrow microen-
vironments that regulate HSC functions (HSC niches) (Kunisaki and Frenette 2012;
Morrison and Scadden 2014). In the HSC biology, there has been a considerable
interest and debate regarding whether or not quiescence and proliferation of HSCs

Y. Kunisaki ()
Kyushu University Hospital, Center for Cellular and Molecular Medicine, Fukuoka, Japan
e-mail: kunisaki@cancer.med.kyushu-u.ac.jp

© Springer Nature Switzerland AG 2019 101
A. Birbrair (ed.), Pericyte Biology in Different Organs,

Advances in Experimental Medicine and Biology 1122,
https://doi.org/10.1007/978-3-030-11093-2_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11093-2_6&domain=pdf
mailto:kunisaki@cancer.med.kyushu-u.ac.jp

102 Y. Kunisaki

are regulated by distinct niches (Orford and Scadden 2008). Recent studies have
revealed that bone marrow perivascular cells, “pericytes,” have mesenchymal stem
cell (MSC) activity and that two types of vessels, arterioles and sinusoids, are
accompanied with distinct pericytes that are associated with quiescent and prolif-
erative HSCs, respectively (Kunisaki et al. 2013; Asada et al. 2017).

6.2 What Does Bone Marrow Do?

Bone marrow is the main organ that maintains the number of circulating leukocytes
and HSCs by controlling their release and recruitment. HSCs self-renew and differen-
tiate into all blood types in response to various demands during life (Orkin and Zon
2008). Functions of HSCs are finely regulated by specialized microenvironments
commonly referred to as “niches” in bone marrow (Kunisaki and Frenette 2012;
Morrison and Scadden 2014; Mendelson and Frenette 2014). In addition, HSCs are
constitutively present at low level in the circulation and constantly released into
peripheral blood and home to bone marrow during homeostasis (Laird et al. 2008).

HSCs are released into peripheral blood in a circadian manner, which is con-
trolled by the sympathetic nervous system through the regulation of CXCL12 levels
in bone marrow (Mendez-Ferrer et al. 2008; Scheiermann et al. 2013). Vessels bor-
der blood circulation in all organs and are important to recruit leukocytes to the
specific organs by expressing adhesion molecules and secreting chemokines accord-
ing to the situations (Druzd et al. 2017; Scheiermann et al. 2012). Endothelial selec-
tins (P-selectin and E-selectin) and vascular cell adhesion molecule-1 (VCAM-1)
are constitutively expressed in bone marrow and have been shown to be important
for the rolling and homing process of the HSCs (Scheiermann et al. 2012). E-selectin,
an adhesion molecule constitutively expressed in certain BM sinusoid microdo-
mains, promotes HSC proliferation, and blockade of E-selectin protects HSC fol-
lowing chemotherapy or irradiation, suggesting that sinusoids represent a
proliferative niche for HSCs (Winkler et al. 2012). Therefore, vessels are structur-
ally and functionally an important constituent of bone marrow.

6.3 Bone Marrow Vascular Structure

In bone marrow, there is an even distribution of the sinusoidal network that occupies
~30% of bone marrow volume, and individual sinusoidal vessels are regularly
spaced and draining into the central vein. In addition to sinusoids, there are small-
caliber (~20 pm) arterioles, which comprise a much smaller volumetric fraction
~1% of bone marrow. The vessels are distinguished from sinusoids in respect to
their pronounced Tie-2-GFP and CD31 expression (Li et al. 2009), absence of
in vivo staining with the sinusoid-specific Dil-Ac-LDL (Li et al. 2009), and strong
staining with the artery-specific dye Alexa Fluor 633 (Shen et al. 2012). Bone mar-
row vasculature, hence, is composed of distinct vascular components, arterioles and
sinusoids (Fig. 6.1a, b) (Kunisaki et al. 2013).
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Fig. 6.1 Bone marrow vessels and pericytes. (a) Immunofluorescence images of mouse sternal
bone marrow stained with anti-VE cadherin and PECAMI1 antibodies (left). Two vessel types,
arterioles and sinusoids, are ensheathed by distinct pericytes, Nestin-GFP"&" and Nestin-GFPd™
cells, respectively (right). Scale bar: 100 pm. (b) Immunofluorescence images of cross-sectioned
mouse femoral bone marrow stained with anti-VE cadherin and PECAM1 antibodies (left, right).
Nestin-GFPY™ cells are not appreciated due to the contrast to Nestin-GFP"&" cells. Nestin-GFP"ish
cells exist an outer layer wrapping endothelial cells forming a vascular lumen (right)

6.4 Mesenchymal Precursor and Osteoprecursor Cells
as Bone Marrow Components

Recent studies have highlighted the critical importance of bone marrow stromal
cells as essential constituents for the HSC niche through the production of factors
such as CXCL12 and SCF. Bone marrow stromal cells are derived from mesenchy-
mal stem cells (MSCs) (Caplan 1991; Rodda and McMahon 2006; Frenette et al.
2013). Stromal progenitor activity in bone marrow was initially isolated from clonal
populations of fibroblastic colony-forming units (CFU-F) that exhibit self-renewal
and capacity to differentiate into the major mesenchymal lineages (Zhou et al.
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2010). In mouse bone marrow, the cell populations exhibiting the mesenchymal
stem/progenitor activity are isolated as Nestin-GFP* (Mendez-Ferrer et al. 2010),
CD45- Tie2~ CD90- CD51* CD105* phenotype (Chan et al. 2009), CXCL12-
abundant reticular (CAR) cells (Omatsu et al. 2010; Sugiyama et al. 2006), leptin
receptor-positive cells (Ding et al. 2012), PDGFRo* Sca-1* (Morikawa et al. 2009)
or CD51" PDGFRa* (Pinho et al. 2013), and Prx-1-derived CD45~ Ter119-
PDGFRa* Sca-1* populations (Greenbaum et al. 2013). Recent lineage tracing anal-
yses using tamoxifen-inducible Osx-cre (Osx-creP*™?) have revealed that expression
of Osx is not restricted in osteoblasts and that Osx-expressing cells at the neonatal
stage are bone marrow stromal precursors (Mizoguchi et al. 2014). Owen and
Friedenstein predicted 25 years ago that the differentiation tree of stromal cells of
the bone marrow is as complex as their hematopoietic counterparts (Owen and
Friedenstein 1988). However, the hierarchical organization of stromal cells remains
unknown. In addition, stromal cells marked by various genetic reporter mouse
strains, e.g., Prx-1-cre, Osterix-cre, NG2-cre®™ ™, leptin receptor-cre, and NG2-cre,
have been reported as important niche constituents (Kunisaki et al. 2013; Omatsu
et al. 2010; Greenbaum et al. 2013; Ding and Morrison 2013). There is evidence
that these stromal cell populations display some significant overlap with each other
and comprise important cellular constituents of the HSC niche, suggesting that
MSCs organize the bone marrow environment. Moreover, these mesenchymal cell
populations share characteristics in their location as they all are found around bone
marrow vessels (can be called “pericytes”).

6.5 Developmental Origins of the Pericytes

Developmental origins of pericytes in bone marrow have still been under investiga-
tions. There are several studies reporting that mesenchymal cells arise from the
neural crest or mesoderm. The neural crest stem cells (NCSCs), which exhibit the
potentials to self-renew and differentiate into neurons, glial cells, and myofibro-
blasts (Morrison et al. 1999), have been described in various adult tissues. Okano’s
group report the presence of NCSCs in bone marrow (Nagoshi et al. 2008) and sug-
gest the possibility that NCSCs might have overlap MSCs in bone marrow. Another
study from Yamazaki’s group examined the origins of bone marrow stromal cells by
using the genetically labeled mouse models as Mespl-cre for mesoderm-derived
cells and PO-cre for neural crest-derived cells and showed their presence in bone
marrow (Komada et al. 2012). These studies demonstrate that bone marrow NCSCs
exhibit mesenchymal activity as they differentiate into osteo-, chondro-, and adipo-
lineages in vitro as do bone marrow MSCs, suggesting that there are two stromal
cell types exhibiting MSC activity that are derived from distinct origins in bone
marrow. However, whether NCSCs overlap the pericytes, such as Nestin-GFP+,
LepR+, and CAR cells that comprise the HSC niches, is yet known.
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6.6 Arterioles and Sinusoids Are Ensheathed by Distinct
Mesenchymal Pericytes

One study using the genetic mouse model, where GFP is expressed under nestin
promoter (Nestin-GFP), shows anatomical relationships of pericytes and distinct
vascular structures, arterioles and sinusoids (Kunisaki et al. 2013). Nestin-GFP*
pericytes contain all bone marrow mesenchymal stem cell activity (Mendez-Ferrer
et al. 2010) and two distinct subsets that are associated with distinct vessel types:
rare Nestin-GFP cells expressing the NG2 antigen (~10% of Nestin-GFP* cells) but
not leptin receptor are exclusively associated with arterioles, whereas NG2~ and
LEPR* Nestin-GFP cells (~90% of Nestin-GFP* cells) are associated with sinusoids
(Fig. 6.1a, b) (Kunisaki et al. 2013).

6.7 Arteriolar Pericytes Are Quiescent and Protected
from Myeloablation

The Nestin-GFP* pericytes associated with arterioles are more quiescent than the
sinusoidal pericytes, as expression of the nuclear proliferation markers, Ki-67 and
proliferation cell nuclear antigen (PCNA), in arteriolar pericytes was significantly
lower than in sinusoidal pericytes and other stromal cells. As the arteriolar pericytes
are largely preserved structurally and numerically as compared to the sinusoidal
pericytes after 5-fluorouracil (5FU), a drug that kills cycling cells, the quiescent
status of the arteriolar pericytes is functionally demonstrated (Kunisaki et al. 2013).

6.8 HSC Niches

The “niche” concept has been validated by numerous studies since Schofield postu-
lated its presence in 1978 (Schofield 1978). Most of the HSCs divide infrequently and
are quiescent in the niche (Kiel et al. 2007). They, however, are reversibly activated in
response to hematopoietic stresses (Wilson et al. 2008). Cell cycle quiescence is a key
behavior of stem cells, which protects them from being exhausted by exogenous
insults and is also assumed to prevent them from acquiring genetic mutations that
potentially result in consequent malignant transformations (Lobo et al. 2007).

The identification of cellular constituents of the HSC niche has recently been the
subject of intense investigations. Osteoblasts have been proposed to promote HSC
quiescence via direct contact (Sugimura et al. 2012) and the secretion of angiopoi-
etin-1 (Arai et al. 2004) or osteopontin (Nilsson et al. 2005; Stier et al. 2005). On
the other hand, an emerging role of bone marrow vasculature has recently gained
support and interest (Kiel et al. 2007, 2005; Takakura 2012) as other studies have
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found that most HSCs are localized adjacent to blood vessels (sinusoids), near peri-
vascular cell populations characterized as CXCL12-abundant reticular (CAR) cells
(Omatsu et al. 2010; Sugiyama et al. 2006), Nestin-GFP* mesenchymal progenitors
(Mendez-Ferrer et al. 2010), and leptin receptor (LEPR)* cells (Ding et al. 2012).
The proximity of HSCs to sinusoidal vessels has been reported in many previous
studies. The relationship between HSCs and arteries also has been well documented
in the emergence of HSCs during development as definitive hematopoiesis is begin-
ning in the aorta-gonad-mesonephros (AGM) region (Mikkola and Orkin 2006).

6.9 Assessment of Spatial Relationships by Computational
Simulation

Unbiased assessment by computational simulation is useful to evaluate the signifi-
cance of the association between HSCs and bone marrow structures observed in situ
(Kunisaki et al. 2013; Chen et al. 2016; Acar et al. 2015). In a null model, HSCs are
randomly placed on the unoccupied regions of binary spatial maps of bone marrow
structures, sinusoids, arterioles, and bone lining osteoblasts, defined from the
images of whole-mount prepared bone, and Euclidean distance of the random HSCs
to the structures is measured. The means of 1000 simulations define a distribution
of mean distances one would observe for non-preferentially localized HSCs in rela-
tion to the respective structures. If the in situ distance measurements are not statisti-
cally different from those obtained by a random placement of HSCs on the same
structures in silica, this will indicate a non-preferential spatial HSC distribution.

In one study using this modeling (Kunisaki et al. 2013), the mean distance
observed in situ to sinusoids could not be statistically differentiated from that of
randomly placed HSCs. By contrast, the observed mean distance to arterioles was
highly statistically different from that of randomly placed HSCs. The analyses using
the combination of high-quality imaging and the computational simulation have
revealed that quiescent HSCs are specifically associated with small-caliber arteri-
oles (arteriolar niches) (Fig. 6.2).

6.10 Contributions by Distinct Pericytes to HSC
Maintenance

There are two types of Nestin-GFP* pericytes expressing different surface markers,
nerve/glial antigen 2 (NG2) and leptin receptor (Lepr) that are associated with arte-
rioles and sinusoid, respectively, in bone marrow (Kunisaki et al. 2013). Both arte-
riolar and sinusoidal pericytes show high gene expression of cytokines essential for
HSC maintenance such as CXCL12 and stem cell factor (SCF) (Asada et al. 2017).

To investigate contributions of arteriolar and sinusoidal pericytes, we can utilize
genetic mouse models with a cre/flox targeted gene deleting system in which
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Fig. 6.2 A computational modeling of the HSC localization in relation to bone marrow arterioles
or sinusoids. (a) Computational simulation of randomly distributed HSCs on images of whole-
mount prepared sterna. To establish the null-model, binary spatial maps of the sinusoids, arterioles
were defined from the images of whole-mount prepared sterna. To simulate a null model in which
HSCs are not preferentially localized in the marrow, we randomly placed 20 HSCs (to reflect the
mean HSCs/sternum observed in situ) on the unoccupied regions of the spatial maps and measured
the Euclidean distance of HSCs to the nearest vascular structure. Scale bar: 100 pm. (b) The means
of 1000 simulations defined a distribution of mean distances one would observe for non-
preferentially (random) localized HSCs in relation to the respective structures. If the in situ dis-
tance measurements are not statistically significantly different from those obtained by a random
placement of HSCs on the same structures in silica, this would indicate a non-preferential spatial
HSC distribution. The cumulative probability of observing the in situ mean was calculated based
on the normal distribution obtained from our simulation on a map of each bone marrow structure

CXCL12 or SCF (e.g., CXCL12-flox or SCF-flox animals) can be deleted in spe-
cific cell types (e.g., NG-2 cre®*™ or leptin receptor cre) (Asada et al. 2017; Ding
etal. 2012; Greenbaum et al. 2013; Ding and Morrison 2013). CXCL12 deletions in
sinusoidal pericytes by using Lepr-cre/Cxcl12%~ mice mobilize HSCs but have no
effect on bone marrow HSC numbers (Asada et al. 2017; Ding and Morrison 2013).
To examine further a role of CXCL12 produced by NG2* arteriolar pericytes on
HSC maintenance, tamoxifen-inducible NG2-cre®*™/Cxcl12%~ mice are used.
Deletion of CXCL12 postnatally in NG2* arteriolar niche cells significantly reduces
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Fig. 6.3 Hematopoietic stem cell niches in bone marrow. Hematopoietic stem cells, HSCs, reside
in a specialized microenvironment called the niche. A variety of cells, osteoblasts, endothelial
cells, pericytes, non-myelinating Schwann cells, and megakaryocytes, have been reported as niche
components. Arterioles and sinusoids that are ensheathed by distinct perivascular NG2* Nestin-
GFPieht or Leprt Nestin-GFPY™ cells, respectively, comprise distinct cytokine niches for HSCs as
the arteriolar niche promotes quiescence of HSCs, whereas sinusoids form another niche, which
play major roles in HSC proliferation

the number of HSCs in bone marrow. Deletion of SCF in Lepr-cre targeted cells
shows a significant reduction of HSC numbers in bone marrow (Ding et al. 2012),
whereas no significant change is observed in NG2-cre®®™/SCF"~ mice, suggesting
that Lepr* vascular niches rather than NG2* arteriolar niches are the most important
source of SCF in bone marrow. These results highlight distinct contributions of
pericytes primarily located in separate vascular niches, arteriolar and sinusoidal, in
HSC maintenance (Fig. 6.3).

6.11 Bone Marrow Pericytes in Pathological Conditions

6.11.1 Bone Marrow Microenvironments Remodeled
by Leukemia Cells

In recent years, there have been several studies reporting that leukemia cells remodel
bone marrow microenvironments to favor leukemia progression. These changes
suppress normal hematopoiesis that could lead to myelosuppression in leukemia.
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Passegue’s group reported that BCR-/ABL-positive leukemia cells in the mouse
chronic myelogenous leukemia model promote bone marrow pericytes (=mesen-
chymal progenitor cells) to differentiate into bone lineages that suppress normal
hematopoiesis (Schepers et al. 2013). Hong’s group, likewise, demonstrated that
leukemia precursor cells reconstruct bone marrow that helps the leukemia cells
escape from chemotherapy (Duan et al. 2014). In the study from Frenette’s group,
Nestin-GFP-positive mesenchymal pericytes are induced to proliferate and differ-
entiate into osteo-lineages in mice transplanted with MLL-AF9 AML cells, result-
ing in altered distribution of normal HSCs apart from the arteriolar niche with
reduction in their number (Hanoun et al. 2014).

Furthermore, the group of Mendez-Ferrer reported that in the myeloproliferative
disorder model mice induced by the human JAK2 (V617F) mutant gene, tumor cells
impair nerves by producing IL-1f and transform bone marrow microenvironments
that promote tumor development. These changes induce apoptosis of pericytes,
resulting in suppressed HSC functions (Arranz et al. 2014). Nowak et al. also
reported that human myelodysplastic syndrome cells facilitate patient-derived
xenografts in mice by transplanting simultaneously with mesenchymal stromal cells
derived from the same patient (Medyouf et al. 2014). These results collectively sup-
port the notion that cancer cells hijack bone marrow microenvironments to support
cancer growth by involving the pericytes.

6.12 Leukemia Development and Pericytes

Studies using genetic modification mouse models show that hematopoietic tumors
can occur by dysfunction of bone marrow microenvironments. Two studies from the
groups of Orkin et al. and Purton et al. demonstrated that deficiency of the retinoic
acid receptor y gene or Rb oncogene causes myeloproliferative disorders (Walkley
et al. 2007a, b). More recently, using the tissue cell-specific mouse genetic modifi-
cation model, Scadden’s group shows that spontaneous development of myelodys-
plastic syndrome by deletion of a microRNA processing enzyme, Dicer 1,
specifically in bone precursor cells (Raaijmakers et al. 2010). In addition, the group
of Kousteni reported that acute myeloid leukemia develops by constitutively activat-
ing B-catenin specifically in osteoblasts (Kode et al. 2014).

6.13 Metastatic Bone Cancer and Pericytes

Recent studies have revealed that environmental cues regulate not only primary
tumor growth but also the establishment and progression of metastasis (Yoneda and
Hiraga 2005). Bones are preferred for metastases in various malignancies including
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malignant melanoma and breast and prostate cancer. The metastatic processes
highly depend on the vasculature that provides a route for cancer cell to disseminate
into the sites and access oxygen and nutrients. Tumor vessels are also embedded
with pericytes, which are reported to play important roles in capturing circulating
tumor cells at the metastasized tissues (Caplan 2017). One study from Caplan’s
group shows that bone marrow pericytes attract the circulating melanoma cells by
releasing their “fingers” through the fenestrations in the endothelial layers. These
processes are enhanced by platelet-derived growth factor (PDGF)-BB released from
broken platelets(Correa et al. 2016). Collectively, the vasculature wrapped with
“pericytes” from metastatic niches for cancer not only for leukemia in bone
Marrow.

6.14 Concluding Remarks

“Pericytes,” synonymous to perivascular mesenchymal progenitors in bone marrow,
border vascular endothelial cells and bone marrow cavities and play important roles
in supporting hematopoiesis as niches as well as in organ regeneration and
angiogenesis.

HSCs are essentially required for hematopoietic homeostasis, for that signals
from the HSC niche are critical. Studies herein report that such selected microenvi-
ronment exists and highlight the possibility of heterogeneity among niche factor-
producing pericytes. As oligopotent HSCs are identified (Notta et al. 2016;
Sanjuan-Pla et al. 2013; Yamamoto et al. 2013; Pinho et al. 2018), further studies
will determine the extent by which HSC heterogeneity is matched by niche
heterogeneity.

Recently, cellular heterogeneity within a tumor has been highlighted, and among
aggressively proliferating tumor cells, a small fraction is found in quiescent status,
termed “cancer stem cells,” causing refractoriness to anticancer therapy and relapsed
diseases. Even in cancer cells that appear to proliferate in an unlimited manner,
environmental cues are believed to control their cell cycle status, quiescence, or
proliferation. Therefore, “decision” whether symmetric or asymmetric division is
essential for hematologic tumors such as leukemia to maintain “leukemic stem cell
(LSC)” clones. The anatomical and functional interactions between hematopoietic
cells or leukemia and their microenvironments are essential to efficiently control
normal and pathological hematopoiesis (Fig. 6.4). The outcome that further studies
will achieve with the niche is expected to add new concept as “anticancer niche” to
cancer therapy.
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Fig. 6.4 Leukemia microenvironments as a therapeutic target. In steady state, the fate of HSCs,
quiescence, proliferation, or differentiation, is determined by their special microenvironments
(HSC niche). Arteriolar niches keep HSCs to be quiescent, whereas sinusoidal niches rather
enforce them to be actively proliferated or mobilized. With gaining our knowledge about environ-
mental cues for pathological hematopoiesis, a new concept “anticancer niche therapy” will be
emerging
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Chapter 7
Cochlear Capillary Pericytes

Martin Canis and Mattis Bertlich

Abstract Capillary pericytes in the cochlea of mammals are—compared to peri-
cytes in other tissues, like the CNS—relatively poorly researched. To begin with,
there is still a considerable debate as to whether the very last precapillary arterioles
should—due to their contractile properties—may be considered to be pericytes.

However, cochlear capillary pericytes have shifted into the center of attention in
the past decade. Most mammals show a considerable number of pericytes in the
stria vascularis of the cochlea—up to 1300 in a mouse alone. This high number may
be explained by the observation that cochlear capillary pericytes may be differenti-
ated into different subgroups, depending on the immune markers that are expressed
by them. Corresponding with these subpopulations, cochlear pericytes fulfill three
core functions in the physiology of the cochlea:

e Formation of the intrastrial blood-fluid barrier—Pericytes monitor the ion, fluid,
and nutrient household and aid in the homeostasis thereof.

e Regulation of cochlear blood flow—By contraction on relaxation, pericytes con-
tribute to the regulation of cochlear blood flow, a paramount function parameter
of the cochlea.

e Immune response—Pericytes actually contribute to the immune response in
inflammation of the cochlea.

Due to these central roles in the physiology of the cochlea, pericytes actually
play a major role in numerous cochlear pathologies, including, but not limited to,
sudden sensorineural hearing loss, acoustic trauma, and inflammation of the cochlea.
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7.1 Introduction

Pericytes in the cochlea are generally considered to be those cells that adhere to the
outer wall of capillaries of the stria vascularis or the spiral ligament. While pericytes
in many other tissues have been characterized relatively well, the function of
cochlear capillary pericytes remains widely unclear.

In the cochlea, there are two distinct subpopulations of pericytes—those that
adhere to the capillaries of the stria vascularis and those that adhere to the capillaries
of the spiral ligament. Both show remarkable differences in terms of cellular mark-
ers these express—while the pericytes of the stria vascularis are very rich in the
structural protein desmin, those of the spiral ligament show a rich expression of
contractile proteins such as smooth muscle actin and tropomyosin. It is probable
that while those pericytes that are rich in desmin fulfill a structural purpose, those
rich in contractile proteins may take an active part in regulating cochlear
microcirculation.

In the following chapter, we therefore discuss the role of cochlear capillary peri-
cytes in various pathologies of the cochlea, like physical or acoustic trauma, bacte-
rial inflammation, or sudden sensorineural hearing loss. Moreover, we discuss the
signaling pathways involved and the role each pericyte subpopulation plays in these
pathologies.

Finally, we will discuss the pharmacological properties of pericytes in the
cochlea and give an outlook as to where research on cochlear capillary pericytes
may head in the following years.

7.2 Main Text

7.2.1 What Is a Cochlear Pericyte?

Generally speaking, pericytes are cells that adhere to the external walls of capillar-
ies and postcapillary venules; they appear in most tissues when energy demand is
high and a dense net of capillaries is present, e.g., the central nervous system (CNS)
or the kidneys. Knowing this, it is not surprising that pericytes also appear in the
stria vascularis as well as the spiral ligament of the cochlea.

However, as the recent debate about the pericytes of the CNS has pointed out
(Hill et al. 2015; Attwell et al. 2016), there is no black-and-white line as to what is
already or still a pericyte and what is a functionally or morphologically similar cell,
but not yet a pericyte. For example, while some authors have decided to already
consider the precapillary arteriolar cells to be pericytes (Attwell et al. 2016), many
authors do not agree with this division (Hill et al. 2015; Fernandez-Klett et al. 2010).
However, this is not so much the case in the cochlea, where a relatively common
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Fig. 7.1 Capillary pericytes in the stria vascularis of a guinea pig, visualized by in vivo fluores-
cence microscopy; pericytes were marked with topical application diaminofluorescein-
2-diacetate; vessels of the stria vascularis were contrasted by i.v. injection of
fluorescein-isothiocyanate-dextran

definition has been agreed upon: pericytes are commonly considered to be those
cells that explicitly adhere to the outer walls of the capillaries of the stria vascularis
or the spiral ligament and express a defined set of cellular markers (Fig. 7.1) (Dai
et al. 2009; Shi et al. 2008).

7.2.2 Blood Supply of the Cochlea

Blood supply to the cochlea is of paramount importance for the function of the
organ; in particular the endocohlear potential (Lamm and Arnold 2000) and the
subsequent production of endolymph directly correlate to steady blood flow in the
stria vascularis (Shi 2011). The entire blood supply to the cochlea makes up 107 of
the entire cardiac output (Nakashima et al. 2003) and derives from the anterior infe-
rior cerebellar artery, from which the spiral modiolar artery branches off, radiating
over the scala vestibuli and across the spiral lamina. During its course, the spiral
modiolar artery has numerous radial branches that eventually form the capillaries of
the stria vascularis and the spiral ligament (Shi 2011).
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7.2.3 Morphology and Cellular Markers

Cochlear pericytes are found numerously (up to 1300 in the cochlea of a C57/BL6
mouse) (Neng et al. 2015) and exhibit a very heterogeneous range in terms of mor-
phology and function in the cochlea. Generally speaking, pericytes of the cochlea
commonly express platelet-derived growth factor receptor 3, desmin, neural proteo-
glycan 2, and CD90. However, those pericytes that are commonly found in the spi-
ral ligament typically express connexin 40, a gap junction protein, a-smooth muscle
actin («-SMA), and tropomyosin, while those present at capillaries of the stria vas-
cularis regularly show a rich expression of desmin without any expression of «t-SMA
or tropomyosin (Shi 2011). This is a defining difference between these different
subpopulations of cochlear capillary pericyte and may be indicative of different
functions of the cochlear pericytes.

7.2.4 Physiological Functions of Cochlear Capillary Pericytes

Cochlear pericytes form part of the intrastrial blood-fluid barrier that controls the
exchange between the intrastitial space and blood. The main objective of this highly
specialized network is to shield intrastitial space from any toxins and other poten-
tially harmful substances that might be dissolved in the blood, just like the blood-
brain barrier. Precise regulation of the transport into and out of the intrastrial space
is also paramount for maintaining exact composition of the inner ear fluids (Juhn
et al. 2001) and therefore, ultimately, the ability to hear. Impairment of the integrity
of the blood labyrinth barrier has been associated with numerous inner ear patholo-
gies, including suppurative labyrinthitis (Zhang et al. 2015), acoustic trauma (Shi
2009), and age-related hearing loss (Neng et al. 2015).

The intrastrial blood-fluid barrier is mainly formed by endothelial cells, which
are connected by tight junctions, and the underlying basement membrane. However,
pericytes do contribute in a large number to the formation of the barrier (Shi et al.
2008; Shi 2009). By means of close biochemical and anatomical linkage, pericytes
monitor the ion, fluid, and nutrient household of the stria vascularis and may respond
accordingly (Peppiatt et al. 2006; Hall et al. 2014; Shi 2016).

Additionally, cochlear pericytes seem to be directly involved in the regulation of
cochlear microcirculation in the stria vascularis. Since these pericytes evidently
show the ability to contract (Dai et al. 2009) and may even do so upon presentation
of a physiological stimulus (Dai et al. 2009; Bertlich et al. 2017a) as well as express-
ing contractile proteins(Dai et al. 2009), a role in the local regulation of blood flow
in the stria vascularis seems very likely. Fittingly, a very similar phenomenon has
been reported with the capillary pericytes of the central nervous system, where peri-
cytes may locally increase or decrease cochlear blood flow according to local
demand (Peppiatt et al. 2006).
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Additionally, pericytes may actually contribute to the immune response in the
stria vascularis. Pericytes have been reported to show very close interlinking with
perivascular-resident macrophage-like melanocytes (Zhang et al. 2013), cells that
contribute to the immune reaction of the stria vascularis. Since pericytes, like the
perivascular-resident macrophage-like melanocytes, show a considerable reaction
after stimulation with bacterial lipopolysaccharide (Zhang et al. 2013, 2015), a con-
tribution of pericytes to the immune response seems likely.

7.2.5 Pathophysiology of Cochlear Pericytes

It has been established that cochlear capillary pericytes contribute to the regulation
of cochlear blood flow; however, (permanent) impairment of cochlear blood flow
has repeatedly been discussed as the final common pathological pathway in numer-
ous entities. Among those are acoustic trauma, where longtime exposure to noise
may lead to increased oxygen demand of the cochlea, eventually causing a relative
lack of oxygen (Arpornchayanon et al. 2013). A longer-lasting lack of oxygen even-
tually activates the TNF pathway, which is known to cause pericytes to contract and
eventually reduce cochlear blood flow (Bertlich et al. 2017a; Arpornchayanon et al.
2013).

In addition to this, the pericytes alter their physical configuration after longer-
lasting exposure to loud noise—they migrate from the endothelial wall and express
significantly elevated levels of the structural protein desmin (Shi 2009). This migra-
tion of pericytes from the endothelial cells is known to decrease the integrity of the
blood-fluid barrier of the cochlea (Shi 2016).

In addition to this, impairment of cochlear blood flow has been discussed to be
the leading cause for sudden sensorineural hearing loss (SSNHL). It has been
observed that fibrinogen, a serum protein that is part of the plasmatic coagulation
system, is both a risk factor for and a potential treatment target for SSNHL (Suckfull
2002). Since increased fibrinogen levels have been shown to impair hearing thresh-
olds as well as microcirculation (Ihler et al. 2012a) [and thus partial oxygen pres-
sure (Lamm and Arnold 2000)], a contribution of cochlear capillary pericytes is
very probable.

Fittingly, it has been shown that capillary pericytes of the CNS typically exhibit
a rigor mortis-like state after continuous insufficient partial oxygen pressures and
thus continuously impair cochlear blood flow (Hall et al. 2014). Assuming that the
cochlear capillary pericytes exhibit similar properties, this could also explain why
when causal treatment is administered, hearing thresholds may return to basal val-
ues without any permanent alterations (Weiss et al. 2017).

Cochlear capillary pericytes also play a major role in bacterial suppurative laby-
rinthitis, a severe complication of inflammation of the middle ear. Inflammation of
the middle ear is commonly caused by gram-positive bacteria such as Streptococcus
pneumoniae or Streptococcus pyogenes—bacteria which are known to secrete
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exotoxins called streptolysin or pneumolysin. In addition to this, the gram-negative
bacteria that regularly cause otitis media, like Escherichia coli, Haemophilus influ-
enzae, and Pseudomonas aeruginosa, are known to contain an endotoxin, lipopoly-
saccharide, which is known to be set free during an immune response. In suppurative
labyrinthitis, a transition of these toxins into the cochlea has repeatedly been
hypothesized (Ishihara et al. 2016; Buckiova et al. 2012). Since both the exotoxin
and the endotoxin are well known to activate the tumor necrosis factor alpha path-
way, impairment of cochlear blood flow (Ihler et al. 2013) by pericyte contraction is
most likely. Moreover, there is also a second role which pericytes play in suppura-
tive labyrinthitis. Capillary pericytes significantly contribute to the upkeep of the
blood-fluid barrier of the inner ear. In otitis media that has been caused by injection
of lipopolysaccharide into the tympanic cavity, pericytes show significant migration
from the vessel wall, their original site, and thus destabilize the blood-fluid barrier
(Zhang et al. 2015). This observation is similar to those made in acoustic trauma
(Shi 2009) as well as other tissues like the retina (Pfister et al. 2008).

Finally, cochlear capillary pericytes probably also contribute in the immune
response to physical trauma to the cochlea. This is of particular importance since the
insertion of an electrode during the surgical implantation of a cochlear implant is a
procedure that is becoming more and more common in otorhinolaryngology (Wang
et al. 2014). Surgical placement of the electrode of the cochlear implant inside the
cochlea commonly causes direct damage to the basilar membrane (Roland and
Wright 2006) as well as causing a local, abacterial inflammation. Together, both
pose a risk for residual hearing in patients undergoing cochlear implants. However,
it has been shown that application of etanercept, a fusion protein inhibiting the TNF
pathway, is effective in preserving residual hearing under cochlear electrode implan-
tation in an animal model (Thler et al. 2014). Thus, an involvement of cochlear peri-
cytes seems very probable. Fittingly, similar changes in pericyte morphology have
been described in the central nervous system reacting to physical trauma (Dore-
Duffy et al. 2000).

Overall, it seems evident that both the impairment of cochlear blood flow and the
breakdown of the cochlear blood-fluid barrier play a major role in the pathophysiol-
ogy of numerous pathologies of the inner hear. However, it is unlikely that both
mechanisms are separate reactions to different stimuli. It is much more likely that
both reactions—impairment of cochlear blood flow and breakdown of the blood-
fluid barrier of the cochlea—are distinct reactions to inflammatory stimuli. Due to
the considerable heterogeneity of the pericytes (Dai et al. 2009; Shi et al. 2008), it
seems probably that different subpopulations that are present in the stria vascularis
or the spiral ligament react to the same stimulus in a different manner, according to
each subpopulation specification. This would be in line with the different immuno-
histochemical markers that have been described for these populations and would
make both reactions that have been described different sides of the same medal.

Bearing this in mind, it is more than likely that pericytes are involved in numer-
ous more pathologies of the inner ear, like radiation-induced hearing loss (Mujica-
Mota et al. 2014), chemotoxicity (Sheth et al. 2017; Jeong et al. 2007), and also
possibly hereditary hearing impairments.
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7.2.6 Pharmacological Features of Cochlear Capillary
Pericytes

The aforementioned properties make pericytes valid targets for pharmacotherapy of
numerous inner ear pathologies. For example, the neutralization of tumor necrosis
factor alpha by the use of etanercept seems to be a promising treatment for many of
the aforementioned diseases; in addition to this, testing of various other remedies is
still undergoing both in vitro (Jeong et al. 2007) and the animal model (Bertlich
etal. 2017b; Sharaf et al. 2016). In addition to this, it has been hypothesized that the
blood flow-promoting effect of betahistine on cochlear microcirculation (Ihler et al.
2012b; Bertlich et al. 2014) is mediated by pericytes. However, it has been shown
that this is not the case, as this effect seems to be mediated by precapillary arterioles
(Bertlich et al. 2017c). However, several authors do already consider these cell pop-
ulations to be pericytes in other tissues (Attwell et al. 2016).

7.3 Outlook and Future Trends

When it comes to where research in cochlear capillary pericytes is heading, the most
important findings are the differences but more importantly the similarities to the
capillary pericytes of the central nervous system. Many functions of the pericytes of
the central nervous have been described, and it will be crucial to see of the pericytes
of the cochlea behave the same or in a different manner.

The most important aspect in this respect will be the role of pericytes in the dam-
age to the stria vascularis and the spiral ligament. This includes proliferation and
migration in response to injury—in particular in the long term—as well as regenera-
tive and in particular stem cell properties of pericytes, since all these are consider-
ably better described in pericytes of the central nervous system. A better
understanding of the role of pericytes in the (patho)physiology of the cochlea will
lead to a better understanding of cochlear homeostasis and function overall.

In addition to this, the selective pharmacological targeting of relevant structures
within the cochlea—and this explicitly includes pericytes—will also see a steady
increase.
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Abstract The placenta is the most variable organ, in terms of structure, among the
species. Besides it, all placental types have the same function: production of viable
offspring, independent of pregnancy length, litter number, or invasion level. The
angiogenesis is a central mechanism for placental functionality, due to proper
maternal-fetal communication and exchanges. Much is known about the vasculature
structure, but little is known about vasculature development and cellular interac-
tions. Pericytes are perivascular cells that were described to control vasculature sta-
bility and permeability. Nowadays there are several new functions discovered, such
as lymphocyte modulation and activation, macrophage-like phagocytic properties,
tissue regenerative and repair processes, and also the ability to modulate stem cells,
majorly the hematopoietic. In parallel, placental tissues are known to be a particu-
larly immune microenvironment and a rich stem cell niche. The pericyte function
plethora could be similar in the placental microenvironment and could have a cen-
tral role in placental development and homeostasis.
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8.1 Introduction

The eutherian mammals had a common ancestor that had the placenta with hemot-
rophic and histiotrophic bipotential (Vogel 2005). From this ancestor, all phyloge-
netical clades evolved. In the lower clades (Afrotheria and Xenarthra), there are
only mammals with hemotrophic placentation or the ones whose mothers have low
or no control of blood support to the fetus (Murphy et al. 2001; Vogel 2005; Carter
and Mess 2007). However, in the upper clades (Euarchontoglires and Laurasiatheria),
there are also mammals with histiotrophic placentation, where maternal blood ves-
sels remain intact and the mother controls the blood supply (Murphy et al. 2001;
Vogel 2005; Carter and Mess 2007). The appearance of less invasive placentas in
upper clades, an evolutionary response, maybe to produce a more efficient placenta,
by means of maternal blood control (Mess and Carter 2007), maternal-fetal transfer
(Leiser and Kaufmann 1994), and increasing immune system barrier (Moffett and
Loke 2006). The mechanisms that lead to the eutherian diversification are still not
completely known; however, the genes that control the early embryo and placental
development are largely phylogenetically conserved (Knox and Baker 2008).
Regarding placenta-specific gene expression, human and cattle are more genetically
similar than human and mouse, even with several morphological differences in
between (Barreto et al. 2011). The plethora of the placenta’s gross and fine morpho-
logical characteristics is distributed in mammals, although in all of them the same
general function is achieved: production of healthy offspring. Then, in this chapter,
we will discuss the placental diversity and speculate some possible roles of peri-
cytes in placental development.

8.2 Placental Variability

In several mammals, placental morphology was thoroughly revised by Mossman
(1987) and more recently by Wooding and Burton (2008a); also an actualization of
nomenclature was made by Leiser and Kaufmann (1994). Herein, we will focus on
some general morphological differences and afterward, in more detail, on the pla-
cental vascularization.

The placenta could be classified by the (1) arrangement of extraembryonic mem-
branes, (2) gross morphological shape of maternal-fetal communication, (3) fine
arrangement of maternal-fetal interdigitation, (4) number of tissue layers between
maternal and fetal bloodstreams, and (5) arrangement of maternal and fetal vessels
(Leiser and Kaufmann 1994).

The four extraembryonic membranes could be in contact with the uterus and
arranged in several ways. The amnion, the non-vascularized and in close contact
with the fetus. The yolk sac is transitory in some species and well developed in oth-
ers, arising from the midgut as an endothelial and hematopoietic stem cell niche.
The allantois arises from the hindgut and is the analogous extraembryonic urinary
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bladder, being also highly vascularized. And the chorion, which is derived from the
trophectoderm, initially has its own capillary system, later fusing with allantois ves-
sels, in several species, and it is the outer membrane being the first barrier (Leiser
and Kaufmann 1994).

The arrangement of those four membranes could produce four models:

1. Chorionic placenta, present in early phases of all eutherians, with the chorion in
major contact with the uterus.

2. Choriovitelline placenta, showing the chorion connected to vitelline vasculariza-
tion, i.E., parts of Perissodactyla and carnivore placenta.

3. Chorioallantoic placenta, where the chorion is connected to allantoic vascular-
ization, i.E., the predominant area in several eutherians.

4. Vitelline placenta, with the fetal circulation connected to the vitelline vessels,
i.E., the area of rodent placenta, fish, and amphibia (Mossman 1987; Leiser and
Kaufmann 1994; Wooding and Flint 1994; Wooding and Burton 2008a).

The maternal-fetal communication units could be spread across all the uterine
wall extension or restricted to some area(s), forming an intense and deep contact or
only a tenuous apposition of tissues. In the diffuse placenta, the maternal-fetal com-
munication is spread (or diffused) by the entire uterine wall and just with apposition
of maternal-fetal tissues, i.e., in pigs, dolphins, Perissodactyla, and some lower pri-
mates. In the cotyledonary placenta, the communication is organized in specialized
areas intercalated by smooth areas and distributed along almost all the uterine wall,
i.e., ruminants. In the zonary placenta, the communication is organized in a belt sur-
rounding all the uterine wall inner circumference, i.e., most carnivores. Being more
restricted, in the bidiscoidal placenta, the communication is organized in only two
discs in close contact, i.e., some lower and higher primates. The highest concentra-
tion of communication is reached with the discoidal placenta, where only one disc
is apparent, i.e., rodents, lagomorphs, great apes, and humans (Mossman 1987,
Leiser and Kaufmann 1994; Wooding and Flint 1994; Wooding and Burton 2008a).

Microscopically, the maternal-fetal communication units could be arranged as:

1. Folded, when the uterine wall and chorion are folded, the simplest one, i.e., mar-
supials and some lower primates.

2. Lamellar, with the uterine wall and chorion forming some branched folds, i.e.,
carnivores.

3. Villous, in which the chorion forms inverted tree shape inside the uterine wall,
i.e., ruminants, horses, higher primates, and humans.

4. Trabecular, a mixture of lamellar and villous types, i.e., some new-world
monkeys.

5. Labyrinthine, most complex, where the chorion is bathed in channels or lacunas
of the maternal bloodstream, i.e., rodents, lagomorphs, and some lower primates
(Mossman 1987; Leiser and Kaufmann 1994; Wooding and Flint 1994; Wooding
and Burton 2008a).

In the maternal-fetal communication, six tissue layers could be present, three on
the fetal side (trophoblast, mesenchyme, and fetal endothelium) and three others on
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the maternal side (endometrial epithelium, endometrial stroma, and maternal endo-
thelium). Moreover, different invasive deepness also happens between placental
types, resulted by losing maternal tissue layers. In the noninvasive epitheliochorial
placenta, all six tissue layers are preserved forming a complete barrier, i.e., lower
primates, horses, and pigs. A specialization of this type, synepitheliochorial, pres-
ents migratory cells that detach from trophoblast and fuse with endometrial epithe-
lium, conferring tenuous invasive behavior (Pereira et al. 2013), i.e., ruminants.
Going deeper, in the endotheliochorial placenta, the chorion stays in contact with
maternal endothelium, i.e., carnivores. The most intimate contact is made by hemo-
chorial placenta, in which the chorion is directly batched by maternal blood,
although one to three trophoblast layers could be present in hemomonochorial, i.e.,
caviomorph rodents, great apes, and humans at term; hemodichorial, i.e., lago-
morphs and human; and hemotrichorial, i.e., some rodents, respectively (Mossman
1987; Leiser and Kaufmann 1994; Wooding and Flint 1994; Wooding and Burton
2008a).

The arrangement of maternal and fetal blood at arterial and venous levels (mac-
roflow) is countercurrent, with some rare exceptions, where maternal and fetal ves-
sels are in parallel and flow in opposite directions. However, at capillary level
(microflow), the arrangement of maternal and fetal capillaries varies. It could be
also countercurrent, efficient for passive diffusion, and present in small placentas,
i.e., rodents and lagomorphs. Also, two other arrangements are possible, the cross-
current flow, in which the maternal and fetal capillaries are arranged in transversal
directions, i.e., carnivores and lower primates, and the multivillous flow which is a
mixture of countercurrent and crosscurrent flows, i.e., ruminants, higher primates,
and humans (Mossman 1987; Leiser and Kaufmann 1994; Wooding and Flint 1994;
Wooding and Burton 2008a).

8.3 Placental Blood Flow

As discussed above, the placental morphology has a plethora of differences among
species; consequently, the structure of maternal and fetal blood capillaries in the
communication units varies in accordance with other morphological variations to
maintain the efficiency of gas, nutrient, and waste exchanges (Mossman 1987,
Leiser and Kaufmann 1994; Wooding and Flint 1994; Wooding and Burton 2008a).
On the fetal side, the capillary bed is formed by non-fenestrated capillaries supplied
by a fetal arteriole (Wooding and Burton 2008a). However, the phylogenetical evo-
lution of eutherians modified majorly the maternal tissue arrangement, generating
four different contact levels between trophoblast and maternal blood, resulting in
significant differences in maternal blood flow organization and control. From the
most distant to the closest contact, the epitheliochorial placenta is formed by two
complex capillary beds (Enders et al. 1998). In the synepitheliochorial and
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endotheliochorial, there is modification or elimination of the endometrial epithe-
lium, whereas in the hemochorial, observed in humans and rodents, the endometrial
epithelium, the connective tissue, and endothelium are no longer present, and mater-
nal blood is delivered in maternal blood spaces (Heinrich et al. 1988; Kaufmann
et al. 1988).

In addition, in hemochorial, maternal arteries are reminiscent; however, their
endothelium is replaced by migratory and invasive trophoblast cells. In humans,
those arteries end abruptly at maternal blood spaces without channels to carry to the
fetal surface (Wooding and Flint 1994). In hemochorial placentas, no exact control
of maternal blood flow is possible, due to the absence of maternal arterial precapil-
lary sphincters regulated by vasoactive compounds (i.e., estrogen, NO, prostacyclin,
relaxin, and calcitonin) that are present in other placental types (Wooding and Flint
1994; Thornburg et al. 2006). Also, as other placental types, no neural innervation
is present to control vasoconstriction or dilatation (Lachenmayer 1971a; Nikolov
and Schiebler 1973; Myatt 1992), maybe by myometrial axon degeneration medi-
ated by estrogen (Moénica Brauer and Smith 2015). Then, metabolic factors proba-
bly control the vascular walls (Lachenmayer 1971b; Heinrich et al. 1988), and
myometrial contractility could reduce the blood flow in intervillous spaces in hemo-
chorial placentas (Ramsey et al. 1967).

Throughout the pregnancy, both the placenta and fetus increase in size, and, as a
result, more nutrients are needed for development and maintenance of those tissues
(Baur 1977). Firstly, the mother increases her blood volume, blood flow, and cardiac
output to be able to perfuse the developing placenta (Wooding and Burton 2008a).
In humans, the blood volume increases around 1.5 to 2.0 L, and the cardiac output
is around 50% (Thornburg et al. 2006); however, hemochorial placenta presents
lower maternal blood rates than epithelio- or synepitheliochorial placentas (Wooding
and Burton 2008a). As another mechanism, in some primates at late pregnancy,
anastomoses are present between ovarian and uterine arteries to increase the mater-
nal placental blood influx (Wehrenberg et al. 1977), such as in viscacha, a South
American rodent (unpublished data). On the other side, umbilical blood flow needs
to increase to supply the blood channels that occupy around 50% of fetal placental
volume (Wooding and Flint 1994), but no relation of umbilical flow rate with pla-
cental type is observed (Wooding and Burton 2008a). The villous surface-placental
volume ratio also varies (i.e., from 300 cm? kg™" in the mare to 10,400 cm? kg™" in
the cat) and is lower in large animals than in small ones and higher in species with
compact placentas (cattle, rats, cats, humans) than in diffuse ones (horses, pigs)
(Baur 1977).

Altogether, placental blood flow, transport capacity, villous surface area, and
several other parameters vary greatly between eutherian species, and none of them
have direct influence in fetal growth rate (Wooding and Flint 1994), indicating that
each type of placenta has its own control mechanisms.
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8.4 Placental Vascular Architecture

In comparative aspects, the vascular architecture is not well explored in the litera-
ture. Also, in the capillary system, the formation during placental development and
establishment is performed by different mechanisms and involves different placen-
tal cell population and regions (Mossman 1987; Leiser and Kaufmann 1994;
Wooding and Flint 1994; Wooding and Burton 2008a). Herein, we will discuss the
vascular architecture and formation of the capillary systems, or microvasculature, in
four different placental models: human chorioallantoic, discoidal, villous, hemo-
monochorial, and multivillous flow; mouse choriovitellinic, discoidal, labyrinthine,
hemotrichorial, and countercurrent flow; bovine chorioallantoic, cotyledonary, vil-
lous, synepitheliochorial, and multivillous flow; and feline chorioallantoic, zonary,
labyrinthine, endotheliochorial, and crosscurrent flow.

8.4.1 Human Model: Hemochorial Villous Placenta

A detailed description of the fetal vasculature in the human placenta was made by
Kaufmann et al. (1988) and could be observed in Fig. 8.1. The two umbilical arter-
ies ramify in several chorionic arteries and enter the chorionic plate. From the cho-
rionic plate, the fetal villous tree shape of communication is formed. The stem villi
(supplied by chorionic arterioles) are ramified in intermediated villi (supplied by
arterioles) and finally in terminal villi; the last have around 30 to 80 pm and are sup-
plied only by fetal capillaries that occupy half of their stroma (Kaufmann et al.
1988). In the intermediated villi, the arterioles are surrounded by only one or two
smooth muscle cell layers; however, some venules are surrounded only by pericytes
(Rhodin 1968; Kaufmann et al. 1988). Also, precapillary sphincters, or structures
with similar function, are absent, and then the arteries continue to capillaries by
reducing their luminal diameters and losing the smooth muscle cell layers. The
capillaries in the terminal villi form loops and sinusoids (only at mature placenta)
near to villi tip; those sinusoids possess continuous endothelial wall and basement
membrane, without fenestrations or pores. Functionally, those sinusoids decrease
the blood flow, favoring the fetal-maternal exchange (Arts 1961; Kaufmann et al.
1988). As terminal villi development is sensitive to oxygen concentrations, in some
hypoxia conditions (i.e., preeclampsia, intrauterine growth restriction, diabetes,
etc.), there is an increase of development of those villi and, consequently, sinusoids
(Firth and Leach 1996; Macara et al. 1996; Zygmunt et al. 2003; Kaufmann et al.
2004; van der Heijden et al. 2005; Resta et al. 2006; Burton et al. 2009; Dubova
et al. 2013). In summary, the fetal microvasculature is formed by branching of
umbilical arteries until the sinusoid in the tip of terminal villi.

However, the maternal microvasculature formation is more complex and
involves different cell populations, such as from the maternal immune system and
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even fetal trophoblast cells. Firstly, branches of uterine artery enter the uterine wall
to form the arcuate artery in the myometrium, branching again the radial artery,
and basal artery enters the endometrium to form the spiral arterioles (1955). The
spiral arterioles have no muscular and elastic tissue throughout the wall, and the
lumen is dilated and tortuous. The blood flow from spiral arterioles goes directly
to the placental bed, forming the blood lakes that are drained by openings in the
basal plate and flow by the venous system until the uterine vein (Kaufmann et al.
1988). During the progress of the pregnancy, the spiral arteriole wall is remodeled
by fetal cells with the interference of maternal immune system cells. Some migra-
tory trophoblast cells, the extravillous trophoblast (EVT), secrete human leukocyte
antigen (HLA)-G directly in the maternal blood lakes (Jiang et al. 2015) that
attracts and activates uterine natural killer (uNK) cells. Then, uNK attract EVT
cells to replace the spiral arteriole endothelium; once there, this mechanism of
chemoattraction of EVT and uNK is increased (Arck and Hecher 2013; Tilburgs
et al. 2015), having an important role in maternal immune system regulation.
Therefore, defects in EVT cell migration to spiral arterioles cause deficiency both
in vascular and immune placental systems at the maternal side (Cecati et al. 2011).
In addition, during early pregnancy, EVT is known to invade the maternal
venules that drain the blood lakes (Moser et al. 2017); however, this migration is
more related to fetal-maternal recognition than to vascular system remodeling
(He et al. 2017).

8.4.2 Mouse Model: Hemochorial Labyrinthine Placenta

The general structure of the mouse placenta was reviewed by Croy et al. (2015).
Differently from human, no villous tree is formed, and then the fetal umbilical
artery enters the chorionic plate, branched in innumerous chorionic arterioles, newly
branching in the labyrinth into a dense capillary bed (Adamson et al. 2002; Murrant
2014). The uterine artery branches in the arcuate artery and then in several radial
arteries that enter the uterine wall and branch now in spiral arterioles in the decidua
(Murrant 2014). In mice, the intravascular invasion by trophoblast giant cells (TGC)
is more discrete than what was observed in humans (Murrant 2014). Then, in the
central junctional zone, the spiral arterioles are connected to one to four trophoblast
tubes, named as arteriolar channels, that branch again forming the sinusoid mesh-
work layered by labyrinthine trophoblast cells (Adamson et al. 2002). Finally, the
maternal blood in the labyrinthine sinusoids bath the trophoblast in the maternal
spaces of the labyrinth and are drained through several venulous channels located in
the junctional zone until the decidual venous sinusoids, a conditioned chronic
hypoxia region (Leno-Durdn et al. 2010). This condition may explain the glycogen-
rich cells in the junctional zone, probably to deliver the substrate to permit
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glycogenolysis in nearby cells (Abrahamsohn and Zorn 1993). Almost similarly to
humans, uNK cells also have a role in trophoblast invasion into maternal vessels
(Yamada et al. 2014).

8.4.3 Cattle Model: Synepitheliochorial Villous Placenta

The umbilical artery is branched in several arteries to form the allantochorionic
arterial system. Each branch enters the cotyledon and branches again into stem
artery to irrigate each stem villus (Leiser et al. 1997b). Then, from the stem artery
branches terminal arteriole to follow the villi ramification until the capillaries in the
terminal villi of the arcade zone. The capillaries are initially tightly arranged, and
then convolutions are made by capillaries coiling and anastomosing to create the
sinusoids (Leiser et al. 1997a; b). After capillarization, terminal venules rise to form
a tubelike venous system in the stem villi. This tubelike venous system converges to
the allantochorionic venous system intended to the umbilical vein (Leiser et al.
1998).

Branches of the uterine artery penetrate the uterine wall, and in the caruncular
stalk, they become vigorously spiraled, just after branching to form the less spiraled
septal arterioles, which finally ramify to form the capillary complexes in the arcade
zone (Leiser et al. 1997a). After capillarization, venules are formed, converging
successively to create the stem veins and ultimately the uterine vein (Fig. 8.2).

8.4.4 Feline Model: Endotheliochorial Lamellar Placenta

The umbilical artery enters the chorioallantoic membrane in the placental girdle
region and branches in stem arteries, which in turn branch in arterioles that overlay
the funnel-like maternal system. Those arterioles branch to form the lamellar capil-
lary system, from which are formed venules, which converge to the umbilical vein
(Leiser and Kohler 1984).

The uterine artery penetrates the myometrium stablishing a network-like pattern.
From this network, only one branch of the stem artery enters the endometrium in the
girdle region that is larger than other stem arteries that irrigate the para- or interpla-
cental regions. In direction of endometrial lamellae, the stem artery branches around
five more times, forming a funnel-like system of arterioles. From those arterioles,
one or two branches form the septal capillary network. The vascular connections in
the funnel-like systems are performed by anastomosis with peripheral arterioles of
each system. The capillary network continues forming venules and then converges
to the stem vein in the junctional zone until the umbilical vein (Leiser and Kohler
1983; Dantzer 2002; Wooding and Burton 2008a) (Fig. 8.3).



134 R. S. N. Barreto et al.

umbilical
artery
umbilical
arteriole

caruncular
artery

mesenchyme
caruncular

vein

endometrium

uterine vein

uterine artery myometrium

#

C B Fefal D

septal
artery

terminal stem vein

stem artery
stem

== i
arteriole tarming}

arteriole

sinusoid

Fig. 8.2 Schema of bovine placental vascularization. In (a), bovine fetus and placenta. In (b),
squared area of (a), showing layers and maternal and fetal vascularization inside the placentome.
In (c¢), squared area of (b), showing maternal (or caruncular) microvascularization. In (d), squared
area of (b), showing fetal (or cotyledonary) microvascularization



8 Pericytes in the Placenta: Role in Placental Development and Homeostasis 135

A
umbilical
artery B
umbilical
stem venule

stem arteriole

mesenchyme

stem vein

uterine artery

uterine vein

Fig. 8.3 Schema of cat placental vascularization. In (a), cat fetus and placenta. In (b), squared
area of (a), showing layers and maternal and fetal macro- and microvascularization inside the
placental girdle

8.5 Pericytes in the Placenta

As discussed in other chapters of this book, pericytes were firstly defined by their
anatomical localization, i.e., adhered in the endothelium around the blood vessel
wall with a general function related to vascular stability (Rouget 1873). However,
other pericyte functions have been described, such as vascular permeability and
blood flow control (Pallone et al. 1998, 2003; Pallone and Silldorff 2001); vascular
development, maturation, and remodeling (Levéen et al. 1994; Soriano 1994;
Lindahl et al. 1997; Hellstrom et al. 2001; Enge et al. 2002); blood-brain barrier
integrity (Cuevas et al. 1984; Nakagawa et al. 2007; Nakamura et al. 2008; Shimizu
et al. 2008; Krueger and Bechmann 2010; Bell et al. 2010; Armulik et al. 2010;
Danemanetal.2010;AlAhmadetal. 2011; Kamouchietal. 2011; Thanabalasundaram
et al. 2011); and regulation of blood coagulation (Bouchard et al. 1997; Kim et al.
2006; Fisher 2009). In addition, in the last decade, new functions related to the
immune system (Armulik et al. 2011; Hellerbrand 2013; Pfister et al. 2013; Nees
et al. 2013; Hurtado-Alvarado et al. 2014; Pan et al. 2014) have been also described,
i.e., lymphocyte modulation and activation (Fabry et al. 1993; Verbeek et al. 1995;
Balabanov et al. 1999; Tu et al. 2011), macrophage-like phagocytic properties
(Jeynes 1985; Hasan and Glees 1990; Balabanov et al. 1996; Thomas 1999; Castejon
2011), and dendritic cell modulation (Krautler et al. 2012). Besides those functions,
the pericytes could also participate in several regenerative tissue and repair
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processes, i.e., formation of skeletal muscle cells (Crisan et al. 2008; Dellavalle
et al. 2011), dental tissues (Feng et al. 2011; Zhao et al. 2014), adipocytes (Crisan
et al. 2008), cartilage (Farrington-Rock et al. 2004), and bone (James et al. 2012),
increasing heart function after infarct (Katare et al. 2011; Chen et al. 2013), healing
(Zebardast et al. 2010), and fibrous tissue formation (Dulauroy et al. 2012; Duffield
et al. 2013).

Pericytes can also modulate stem cells (Crisan et al. 2008; Bandeira et al. 2017),
majorly the hematopoietic (Méndez-Ferrer et al. 2010; Ding et al. 2012; Corselli
et al. 2013; Kunisaki et al. 2013). In parallel, placental tissues are known to be a rich
stem cell niche, and those stromal cells have several applications similar as described
for pericytes [reviewed by Antoniadou and David (2016) and Oliveira and Barreto-
Filho (2015)]. So, this diverseness of pericyte function could be similar in the pla-
cental microenvironment. Therefore, pericytes could be important for placental
development and homeostasis. Then, due to the absence of pericyte function knowl-
edge in placenta-specific tissue, we will discuss what is known and speculate some
possible functions including hypothesis from deficient or diseased models.

8.5.1 Major Genes Involved in Pericyte Angiogenesis Signaling

During the vasculogenesis in early human pregnancy (around the third week), it is
possible to find two different cell groups directly derived from mesenchymal cells.
Most of those cells are flattened, they stay in contact with the luminal surface of the
forming vessel wall, and during this period, the basement membrane is absent. The
second group of cells is in contact with the outer surface that is more polygonal and
arranged in a weblike shape. Those cells are in contact with other mesenchymal
cells, and they are surrounding the forming vessel wall and had been considered
pericytes. Instead of intimate contact with flattened luminal cells (endothelium), the
processes do not reach the lumen (Demir et al. 1989). This second group of cells,
pericytes, could be differentiated directly from mesenchymal stem cells, or neural
crest, by tumor growth factor (TGF)-p1 signaling (Chen and Lechleider 2004; Ding
et al. 2004). In more mature placenta, it is possible to find decidual (Maier and
Pober 2011) and placental (Robin et al. 2009) pericytes that apparently are hetero-
geneous [as in others (Prazeres et al. 2017)], and both participate in the angiogene-
sis processes (Bergers and Song 2005).

The vascular endothelial growth factor (VEGF) is expressed in the placental peri-
cytes and induces angiogenesis (Aronoff et al. 2017). A hypoxia-induced prolifera-
tion could be influenced by autocrine VEGF signaling (Nomura et al. 1995; Yamagishi
et al. 1999a) to promote angiogenesis (Yonekura et al. 1999). It can also influence
pericyte proliferation and migration (Yamagishi et al. 1999b). In the placenta, pla-
cental growth factor (PGF) also participates in this process (Yonekura et al. 1999).

Together with VEGEF, the platelet-derived growth factor B (PDGF-B), a potent
mitogenic agent for connective tissue cells, is involved in the angiogenesis (Moreau
et al. 2014). PDGF-B can be produced by several cells, like megakaryocytes/
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platelets, monocytes/macrophages, and villous cytotrophoblast cells, and can
control pericyte recruitment (Holmgren et al. 1991; Bjarnegard 2004). In addition,
non-endothelial source of PDGF-B may have long-range effects on pericyte growth
and recruitment (Bjarnegard 2004). The PDGF-B expression could be controlled by
several factors, such as hypoxia (Herrmann et al. 2016), similar to VEGF.

The PDGF signaling is important to attract pericytes by PDGF receptor
(PDGFRp) and control pericyte recruitment, proliferation, and differentiation
(Moreau et al. 2014). Apparently, PDGFR is also expressed in mice sinusoidal
trophoblast giant cells (Moreau et al. 2014). The PDGF-B/PDGFRp signaling
between endothelium and pericytes controls the pericyte recruitment. The lack of
this signaling, by knockout of those genes or in some placental diseases (that will be
discussed later in this chapter), could decrease pericyte number and coverage and
increase capillary diameter and permeability, and it also interferes in trophoblast
development. Likewise, Cited2 is involved in pericyte recruitment, proliferation,
and differentiation, acting directly on capillary formation (Moreau et al. 2014);
however, the mechanism is still unknown.

In swine placenta, an epitheliochorial model, the PDGF receptors in the endothe-
lial/perivascular areas of the subepithelial layer from day 24 to 40 of swine preg-
nancy show stronger expression compared to earlier stages (Rodriguez-Martinez
et al. 1992; Persson and Rodriguez-Martinez 1997) suggesting that PDGF plays
also a role in stroma reorganization, particularly during maternal angiogenesis.

After maturation of the vessels, the maternal-fetal interface is composed by the
capillary system at the fetal side and another capillary system of blood space at the
maternal side. Then, the arterioles before maternal-fetal interface are surrounded by
only one or two smooth muscle cell layers; however, some venules after maternal-
fetal interface are surrounded only by pericytes (Rhodin 1968; Kaufmann et al.
1988). Moreover, maternal precapillary sphincters, before blood spaces in hemo-
chorial placentas, due to the absence neural innervation to control vasoconstriction
or vasodilatation (Lachenmayer 1971a; Nikolov and Schiebler 1973; Myatt 1992)
could be controlled by pericytes, as in neural capillary beds, by alpha smooth mus-
cle actin (a-SMA) and some cholinergic and adrenergic receptors (Rucker et al.
2000).

8.5.2 Pericytes in Knockout-/Null-Induced Placental
Abnormalities or Diseases

It is a consensus that pericytes participate in capillary wall formation also in the
placenta (Challier et al. 1999). For decades, in some hemochorial placenta types,
pericytes were described to form an incomplete layer adjacent to the endothelial
cells (Heinrich et al. 1988). However, in late human pregnancy, during angiogene-
sis, the capillaries sprouted by the proliferation of endothelial cells and pericytes are
evolved by thick layers of basement membrane (Demir et al. 1989). Nevertheless,
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knowledge about the distribution and function of placental pericytes still needs
more investigation. Something is known about the pericyte ultrastructure (Challier
et al. 1997; Ohlsson et al. 1999; Bjarnegard 2004; Kucera et al. 2010; Jones and
Desoye 2011; Maier and Pober 2011; Deveci et al. 2013; Kim et al. 2015), their
perivascular localization in the capillaries, and the presence of vesicles nearby
(Jones and Desoye 2011). Those vesicles are probably delivery by pericytes in the
direction of the trophoblast basement membrane and some macrophages (Jones and
Desoye 2011).

Even though the placental pericytes are poorly characterized, it is known that
they express a-SMA and NG2 (Ohlsson et al. 1999; Sims 2000; Looman et al.
2007), and pericyte dysfunction, coverage, and distribution may be modified in rela-
tion to pregnancy abnormalities (Maier et al. 2010). In high-altitude pregnancies
that have higher blood pressure, the placental capillaries have lower pericyte cover-
age and increased diameter than in lowlands (Zhang et al. 2002). In pregnancies
complicated by type I diabetes mellitus, no differences in pericyte coverage in pla-
cental vessels were observed (Kucera et al. 2010). In complete hydatidiform mole
pregnancies, a lack in pericyte recruitment is evident, with no association of peri-
cytes and the villi stroma vessels, spaces in between endothelial cells, and no basal
lamina that results in an immature vasculature (Kim et al. 2015). Similarly, lesions
of villous capillary (such as chorangioma, chorangiomatosis, and chorangiosis) also
decrease pericyte number in the capillaries; however, they form a more continuous
and preserved layer (Ogino and Redline 2000).

Pericytes are the most permissive cell for congenital human cytomegalovirus
(HCMYV) infection in the villi, such as in the blood-brain barrier and blood-retinal
barrier. This results in the decrease of pericytes due to infection and could interfere
in the placental vascular permeability and increase placental inflammation, angio-
genesis, and microvascular abnormalities (Aronoff et al. 2017).

On the other side, in the mice model of pregnancy-associated hypertension, the
small vessels have abnormal diameter and number and also were not lined by a
basement membrane and poorly covered by pericytes, majorly in the labyrinth,
showing immature vascular network (Furuya et al. 2008). A similar phenotype is
observed in Cited2 null mice, where pericytes around embryonic vessels were dis-
organized (Moreau et al. 2014).

In turn, the PDGF-B, a mitogenic agent that can be produced by several cells
(Holmgren et al. 1991), controls the proliferative potential of extravillous tropho-
blast (Holmgren et al. 1991, 1992). A deficiency in PDGF-B, or its receptor, could
lead to a perinatal death in mice with several malformations due to lack of micro-
vascular pericytes and rupture of microvasculature (Ohlsson et al. 1999). On the
other hand, it induces dilated blood vessels; and it reduces the number of pericytes,
the trophoblast layer, and the surface area of maternal blood spaces in mice laby-
rinth; and it increases hemorrhage due to microvasculature rupture (Ohlsson et al.
1999).
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8.5.3 Pericytes in Placental Immune Cell Regulation

It is known that the placental mesenchymal stem cells from the maternal origin are
more responsible to immunomodulatory stimulus than fetal ones. Those maternal
cells regulate the induction of tolerogenic dendritic cells and regulatory T cells (Zhu
et al. 2014), having a better immunomodulatory potential than cells from the umbil-
ical funiculus (Talwadekar et al. 2015). Such stem cells too can increase the survival
of skin grafts (Zhu et al. 2014). Mesenchymal stem cells are stromal cells, and they
can be localized perivascularly in placental tissues [reviewed by Lobo et al. (2016)
and Favaron and Miglino (2017)], and they share some markers with pericytes
(Crisan et al. 2008; Mufioz-Fernandez et al. 2018). In parallel, human decidual stro-
mal cells are also perivascular cells distributed in the endometrium and decidua
(Wynn 1974) and recently are described as decidual pericytes, due to the expression
of pericyte-associated antigens (such as a-SMA, nestin, PDGF-B, and PDGFRp),
expression of angiogenic factors, cytokine-induced contraction, and attraction of
peripheral blood NK cells (Mufioz-Fernandez et al. 2018). Then those cells may be
pericytes specialized and involved in immune responses during the pregnancy.

Placental pericytes, like other stromal or mesenchymal cells, decrease T cell pro-
liferation by cytokine signaling. Besides that, placental pericytes have low stimula-
tion of T cell; however, MHC-II molecules from pericytes are recognized by and
desensitize T cell through induction of T cell anergy by TCR-dependent mechanism
after IFN-y stimulation (Maier and Pober 2011). Placenta-derived pericytes, such as
brain pericytes, caninduce the formation of putative Ty, cells (CD4*CD25"s"FOXP3*)
with suppressive activity and reduce effector T cells, and this pericyte phenotype
was repressed using TGF-f inhibitor (Domeyv et al. 2014).

Abnormal interaction between extravillous trophoblast and decidual NK cells
could be observed in impaired pseudovasculogenesis in early human preeclamptic
placenta (Furuya et al. 2008). And pericytes from microvasculature are important in
guiding leukocytes to inflammation site (Stark et al. 2013).

The extravillous trophoblast (EVT) downregulates the expression of MHC class
Ia (MHCl1a) (Helige et al. 2008; Jiang et al. 2015) to inhibit maternal immune rejec-
tion by inhibition of uNK, macrophages, and other immune cell receptors (Caumartin
et al. 2007; Li et al. 2009). However, EVT overexpresses MHC1b that active uNK
cells against fetal tissues, altogether works to activate T,, cells (CD4*CD25*FOXP3*)
that inhibits effector T cells (Djurisic et al. 2014; Tilburgs et al. 2015). The T, cells
have a bidirectional signaling with dendritic cells (DC) (Guerin et al. 2009). When
the CTLA4 in the T, surface stimulates the CD80/CD86 in DC surface (Aluvihare
et al. 2004), the DC produces indoleamine 2,3-dioxygenase (IDO) (Sato et al. 2003)
that is metabolized and induces FOXP3 production in CD4 + CD25+ T cell, induc-
ing the generation of more T,, cells (Mezrich et al. 2010). As pericytes could induce
dendritic and T, cells (Zhu et al. 2014), probably by a unknown signaling to DC
and in consequence increase T, cells. Also, decidual pericytes could be related to
the attraction of peripheral blood NK cells to the decidua (Mufioz-Ferndndez et al.
2018). As the decrease of uNK (CD56*CD16-) could reduce EVT migration
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(Lash et al. 2010) and cause defects in maternal spiral arteries (Leonard et al. 2006)
resulting in miscarriage increase (Rizzo et al. 2015). Then, indirectly, pericytes
could be related to EVT recognition by the maternal immune system and spiral
arteries formation, as hypothesized in Fig. 8.4.

Fig. 8.4 Schema of human
spiral arteriole. During
spiral arteriole formation,
there is interaction between
trophoblast cells and some
immune cells. In the
terminal villi (TV), some
cells with migratory
profile, the extravillous
trophoblast (EVT), migrate
to spiral artery replacing
endothelial cells. EVT
have downregulation of
MCH 1a that could activate
uterine natural killer (uUNK)
cells. However, EVT
upregulates MHC1b that
activates regulatory T (T.,)
cells. T,., and dendritic
cells (DC) activate each
other, and this inhibits the
attack of EVT by

uNK. Also, the pericytes
(PC) from spiral arteriole
wall can interact with some
DC (by unknown
mechanism) and help in
immune cell activation and
trophoblast cell migration.
Dark blue arrow
(activation), red arrow
(inactivation), and light
blue arrow (activation by
unknown mechanism)
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8.5.4 Pericytes in Placental Cell Differentiation

The pericyte function and plasticity potential are tissue dependent, i.e., skeletal
muscle pericytes have better ability to differentiate to myogenic lineage than
myocardial-derived ones (Chen et al. 2015). Besides that, pericyte heterogeneity
could be present even inside the same tissue (Prazeres et al. 2017). However, little
is known about specific pericyte differentiation in the placenta.

In general, mesenchymal stem cells can be localized perivascularly [reviewed by
Lobo et al. (2016) and Favaron and Miglino (2017)] such as in placental tissues.
Besides mesenchymal stem cells, placental tissues are a niche of hematopoietic
stem cells (Lee et al. 2010; Dzierzak and Robin 2010), since their early differentia-
tion from hemangioblast during yolk sac formation (Ueno and Weissman 2010;
Golub and Cumano 2013), in the labyrinth development in mice placenta [reviewed
by Ottersbach and Dzierzak (2010)], or in the major vessels of the chorionic plate
(Gekas et al. 2010). Therefore, the placenta is a niche of hematopoietic stem cells
acting in the generation, renewal, and maintenance of undifferentiated status (Gekas
et al. 2010), with stem cell factor (a pericyte-related marker) as a central molecule
to maintain this function (Khodadi et al. 2016).

Endometrial stromal cells have pericyte phenotype with immunogenic profile
(Mufioz-Ferndndez et al. 2018), as cited before. Also, pericytes that support hema-
topoiesis are present in small number in maternal tissue as early as week 3, but it
increases considerably at the fetal side in week 6 (Robin et al. 2009), suggesting that
maternal pericytes support initial hematopoiesis, and just after fetal pericytes
assume this function in the growing and development placenta. In addition, one
should consider the existence of different populations of pericytes, evidenced by the
distinct functions performed by these cells within the same tissue (Prazeres et al.
2017). A similar event happens in mice, where at E11 low pericyte amount is recov-
ered; however, between E12 and E13, they reach the highest number (Gekas et al.
2010; Ottersbach and Dzierzak 2010), on the same period of higher influx of uNK
and trophoblast hyperplasia (Wooding and Burton 2008b).

The ERK/MAPK pathway in pericytes must be required for self-function main-
tenance and allow differentiation and formation of syncytiotrophoblast layers. Then
a deficiency in this pathway affects syncytiotrophoblast layer formation that impli-
cates in reduced maternal labyrinthic vascularization due to a decrease in interac-
tion with neighbor trophoblast, but without interfering in pericyte migration (Nadeau
and Charron 2014).

The endothelial cell hyperplasia, hypervariable diameter, abundant microaneu-
rysm, abnormal endothelial ultrastructure, and altered permeability could be
observed in the microvasculature of PDGF-B or PDGFRp null mice. Probably by
reduction of pericytes recruitment in the placenta. Withal, reduction of trophoblast
development and proliferation was observed in these mice null model and in endo-
thelial PDGF-B-deficient mice (Bjarnegard 2004).
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8.6 Final Remarks

Despite the variability of placental morphology among species and even more in the
maternal-fetal interface, the gestational goal is acquired—the production of viable
offspring. Also, the placental microenvironment is unique, due to the interaction
between maternal and fetal tissues, constant cell differentiation, peripheral maternal
immune cell influx, and maintenance of stem cell niche. In parallel, pericytes have
a plethora of functions that meet placental homeostasis. Pericytes have been associ-
ated with some placental function, such as vascular control, immune cell activation,
and trophoblast differentiation; however, the detailed mechanisms are still unknown.
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Chapter 9
Pericytes in the Liver

Enis Kostallari and Vijay H. Shah

Abstract Liver pericytes, commonly named hepatic stellate cells (HSCs), reside in
the space between liver sinusoidal endothelial cells (LSECs) and hepatocytes. They
display important roles in health and disease. HSCs ensure the storage of the major-
ity of vitamin A in a healthy body, and they represent the major source of fibrotic
tissue in liver disease. Surrounding cells, such as LSECs, hepatocytes, and Kupffer
cells, present a significant role in modulating HSC behavior. Therapeutic strategies
against liver disease are being currently developed, where HSCs represent an ideal
target. In this chapter, we will discuss HSC quiescence and activation in the context
of healthy liver and diseases, such as fibrosis, steatohepatitis, and hepatocellular
carcinoma.

Keywords Liver - Hepatic stellate cells - Pericytes - Healthy liver - Regeneration -
Fibrosis - NASH - NAFLD - Hepatocellular carcinoma - Hepatocytes - Sinusoidal
endothelial cells - Kupffer cells

9.1 Introduction

The liver-specific pericytes are called hepatic stellate cells (HSCs). They reside in
the subendothelial space of Disse, defined as the space between the liver sinusoidal
endothelial cells and the parenchymal cells. HSCs were first described in 1876 by
the German anatomist Carl von Kupffer who visualized them using gold chloride
preparations of human liver. He called these cells “sternzellen” meaning stellate
cells due to their shape (Kupffer 1876). In 1952, Toshito Ito described perisinusoi-
dal cells as fat-storing cells based on their capacity to accumulate lipid droplets (Ito
and Nemoto 1952), also called later lipocytes or Ito cells. The term HCS was reused
in 1971 by the Japanese Kenjiro Wake (Wake 1971), who also described the storage
of vitamin A in rat quiescent HSCs (Wake 1974) and who opened the era of their
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characterization. The existence of many names describing the same cell, such as Ito
cell, fat-storing cell, lipocyte, and perisinusoidal or parasinusoidal cell, prompted
the investigators of the field in 1996 to standardize the term HSC when referring to
these cells (Hepatology 1996;23:193). In this chapter, we will discuss the origin of
HSCs, their role in the adult healthy liver, and finally their implication in liver dis-
eases where HSCs are designated as the main mediators of fibrosis.

9.2 The Origin of HSCs During Development

The developmental origin of HSCs has been debated since they express both neuro-
nal and mesenchymal cell markers, such as nestin, glial fibrillary acidic protein
(GFAP), p75 neurotrophin receptor (p75N™®), desmin, type 1 collagen, and vimen-
tin. For this reason, it has been thought that HSCs derive from neural crest and from
the mesenchyme (Asahina 2012). To investigate the neural crest origin of HSCs,
yellow fluorescent protein (YFP)* neural crest descendants were obtained by cross-
ing wingless-type MMTYV integration site family member 1 (Wntl)“™ mice with
Ro0sa26Y™ reporter mice (Cassiman et al. 2006). In this model, HSCs failed to
express the YFP leading to the conclusion that they do not derive from the neural
crest (Cassiman et al. 2006). Nevertheless, a more recent study shows that in zebraf-
ish, HSCs express heart and neural crest derivatives expressed 2 (hand2), a meso-
derm and neural crest marker suggesting a link between HSCs and neural crest (Yin
et al. 2012). This controversy may be explained by interspecies differences and
needs further investigation.

The most accepted developmental origin for HSCs is a sheet of mesoderm that
develops along the foregut endoderm near the cardiac mesoderm, called the septum
transversum (Asahina et al. 2009, 2011; Loo and Wu 2008; Pérez-Pomares et al.
2004; Toi et al. 2018). The septum transversum is also important for the prenatal
development of the liver by secreting bone morphogenetic proteins (BMPs) and
fibroblast growth factors (FGFs) (Zaret 2002). To test whether septum transversum
contributes to HSC population in mice, Wilm’s tumor 1 (WT1) was used as a marker.
Before liver development, WT1 is only expressed in the septum transversum, while
in later stages of liver morphogenesis, WT1 is expressed in mesothelial and subme-
sothelial cells. These cells give rise to WT17/B-galactosidase* HSCs (Asahina et al.
2011). The septum transversum origin of HSCs is also demonstrated in rats and in
developing human liver (Toi et al. 2018; Loo and Wu 2008). Moreover, in human
fetuses a cell population expressing hematopoietic stem cell markers (CD34 and
cytokeratin 7/8) and HSC markers [desmin and a-smooth muscle actin (aSMA)]
was identified suggesting a link between hematopoietic and hepatic systems
(Suskind and Muench 2004). In addition to these studies, further investigation is
necessary to understand the developmental origin of HSCs in different species and
whether there exist several subpopulations of HSCs deriving from different
precursors.
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9.3 Role of HSCs in Healthy Liver

In a healthy adult liver, quiescent HSCs represent ~10% of total resident cells
(Tsuchida and Friedman 2017). They are mainly recognized for their role in storage
and controlled release of vitamin A. Storage of retinols or vitamin A in cytoplasmic
lipid droplets is the most distinctive feature of quiescent HSCs. These lipid droplets
are routinely used for HSC isolation and are autofluorescent when excited with the
light of ~328 nm (Popper 1944) (Fig. 9.1). In a healthy liver, 50-80% of total body
retinol is stocked in the liver (Blomhoff et al. 1990), of which 80-90% is stored in
HSCs (Hendriks et al. 1985). While it remains unknown how retinol is transferred
to HSCs, more studies exist regarding retinol metabolism in HSCs. Upon entering
in HSCs, retinol is esterified and mostly stored as retinyl esters by lecithin retinol
acyltransferase (LRAT) (Friedman 2008). Retinyl esters constitute 30-50% of the

Quiescent Activated

Fig. 9.1 (Left) Primary quiescent HSCs isolated from mouse liver presenting autofluorescent lipid
droplets (day 1 after isolation). (Right) Primary activated HSC isolated from mouse liver (day 10
after isolation). It presents several processes, and lipid droplets are absent. (Upper panels)
Autofluorescent lipid droplets. (Lower panels) Bright-field capture of the cells merged with the
autofluorescent lipid droplets. Scale bar: 10 pm
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lipids of HSC lipid droplets (Senoo 2004). Vitamin A is important for maintaining
HSCs in quiescence since treatment of cultured HSCs with vitamin A induced its
accumulation in cytoplasmic lipid droplets and decreased the expression of HSC
activation markers (Yoneda et al. 2016). Moreover, all-trans-retinoic acid, a derivate
of vitamin A, was demonstrated to reduce HSC activation (Shimizu et al. 2018).
However, the absence of lipid droplets in LRAT-deficient mice was not associated
with liver fibrosis (Kluwe et al. 2011). This controversy raises the question whether
vitamin A loss is the cause or the consequence of HSC activation, leading to the
need of further studies to elucidate this question.

HSCs also secrete molecules that act in an autocrine or paracrine manner, part of
which are lipoproteins, growth factors, and cytokines (Friedman 2008). As other
quiescent perivascular cells, HSCs secrete apolipoprotein E (ApoE) (Ramadori
et al. 1989). At basal level, ApoE-deficient mice showed increased transforming
growth factor beta (TGFf), monocyte chemoattractant protein-1 (MCP-1), and tis-
sue inhibitor of metalloproteinase-1 (TIMP-1) expression in the liver when com-
pared to wild-type (WT) mice (Ferré et al. 2009), suggesting a role for ApoE in
maintaining liver homeostasis. It would have been interesting to investigate whether
HSC-specific ApoE deletion would have an incidence on liver injury. Follistatin and
interleukin 10 (IL-10) are other molecules secreted by HSCs that have shown anti-
fibrotic effects (Friedman 2008). Indeed, treatment of carbon tetrachloride (CCl,)-
exposed rats with follistatin reduced liver fibrosis and constrained HSC proliferation
(Patella et al. 2006). Nevertheless, another study showed that follistatin is expressed
only by activated HSCs and could be a marker of liver fibrosis (Boers et al. 2006).
HSCs can also secrete IL-10, a hepatoprotective cytokine recognized for its role in
reducing liver injury (Thompson et al. 1998a, b; Byun et al. 2013). Indeed, IL-10-
deficient mice develop more severe liver fibrosis following CCl, administration
(Thompson et al. 1998a, b). The anti-fibrotic molecules produced by HSCs deserve
more elucidation as they have a therapeutic potential.

HSCs have also been shown to have an important role in liver regeneration
following a partial hepatectomy (Preziosi and Monga 2017). In the earlier phase of
liver regeneration, they regulate matrix degradation by secreting matrix metallopro-
teinase and several proteoglycans and induce hepatocyte proliferation by secreting
pleiotrophin and the potent mitogen hepatocyte growth factor (HGF) (Asahina et al.
2002; Taub 2004; Preziosi and Monga 2017). When HSC death was caused by glio-
toxin 24 hours before partial hepatectomy, hepatocyte proliferation was signifi-
cantly impaired due to a lack of HGF (Nejak-Bowen et al. 2013). At later phases of
liver regeneration, HSCs secrete the mitoinhibitory TGFp to inhibit hepatocyte pro-
liferation (Preziosi and Monga 2017). When gliotoxin was administered 5 days after
partial hepatectomy, hepatocyte proliferation was prolonged due to decreased HSC-
derived TGFp and collagen deposition (Nejak-Bowen et al. 2013). An increasing
interest has been shown on the aspect of HSCs as progenitor cells. Several groups
have demonstrated that HSCs can differentiate in hepatocytes during liver regenera-
tion (Yang et al. 2008b; Kordes et al. 2014), suggesting a mesenchymal stem cell
role. All these studies show that HSC presence is essential for normal liver function
and regeneration. Nevertheless, further investigation is needed to elucidate the
existing controversy on the role of HSC-derived signaling in healthy liver.
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9.4 Role of HSCs in Liver Disease

HSCs have mainly been studied in liver diseases, due to their capacity to transdif-
ferentiate in myofibroblasts, the major source of collagen deposition during fibro-
genesis. In this sub-chapter, the HSC behavior will be discussed in the context of
liver fibrosis, steatohepatitis, and hepatocellular carcinoma.

9.4.1 HSCs and Liver Fibrosis

Liver fibrosis is the deposition of excessive scar tissue in response to a chronic
injury. The identification of HSC activation in hepatic fibrosis has been a significant
discovery in the understanding of liver’s response to injury. HSC activation refers to
the passage from a quiescent vitamin-rich cell to a proliferative, contractile, migra-
tory, and fibrogenic cell (Friedman 2008) (Fig. 9.1). Some of the most studied sig-
nals that activate HSCs are platelet growth factor (PDGF), TGFp, Fas cell surface
death receptor (Fas), apoptotic bodies, extracellular vesicles, and stiffness (Friedman
2008; Kostallari and Shah 2016; Dou et al. 2018). These signals derive from several
cell types, such as sinusoidal endothelial cells (SECs) (Kostallari and Shah 2016),
Kupfter cells (Bilzer et al. 2006), injured hepatocytes (Canbay et al. 2002, 2003),
and HSCs (Kostallari et al. 2018) (Fig. 9.2).

In liver injury, SECs become activated or capillarized by losing their fenestrae
(Brunt et al. 2014). Defenestrated SECs increase endothelin-1 (ET-1) secretion and
decrease nitric oxide (NO) release, which contribute to HSC contraction (Kostallari
and Shah 2016; Tsuchida and Friedman 2017). ET-1 is found to also be secreted by
HSCs and to act in an autocrine manner (Pinzani et al. 1996). SECs stimulate HSC
migration by producing stromal-derived factor-1 (SDF-1)/C-X-C motif chemokine
ligand 12 (CXCL12) (Kordes and Hiussinger 2013) and releasing sphingosine
kinase (SK)-1-containing EVs (Wang et al. 2015). Moreover, in liver fibrogenesis,
SECs upregulate fibroblast growth factor receptor 1 (FGFR1) and C-X-C motif che-
mokine receptor 4 (CXCR4) expressions, enforcing the fibrogenic phenotype of
HSCs (Ding et al. 2014). Another cell type influencing HSC behavior is the Kupffer
cell. Kupffer cells are the liver resident macrophages lying in the sinusoids and
penetrating between the hepatocytes during liver injury. They have an important
role in HSC migration through PDGF secretion and HSC differentiation into myo-
fibroblasts through TGFp and reactive oxygen species (ROS) release (Tsuchida and
Friedman 2017; Kiagiadaki et al. 2018). Moreover, Kupffer cells secrete MCP-1 in
a SK-1-dependent manner (Lan et al. 2018). MCP-1 binds to C-C motif chemokine
receptor 2 (CCR2), which is expressed by both HSCs and Kupffer cells, leading to
their respective migration (Marra et al. 1999; Lan et al. 2018) and ultimately to liver
fibrosis (Seki et al. 2009). Treatment of mice with a specific inhibitor of SK-1 pre-
vented liver fibrosis in CCl,- and bile duct ligation (BDL)-induced liver injuries
(Lan et al. 2018). Hepatocytes, which constitute 70-85% of the liver mass, also
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Fig. 9.2 Cross-talking between HSCs and the surrounding cells in the context of liver fibrosis.
Defenestrated LSEC upregulates the expression of CXCR4 and FGFR1 and secretion of ET-1,
SDF-1, and SK-1-containing EVs (small red circles), which induce HSC activation. Kupffer cells
participate in this process by secreting PDGF, TGF, ROS, and MCP-1. ROS are also released by
injured hepatocytes. HSCs secrete PDGF, TGF collagen 1, and PDGFRa-enriched EVs (small
purple circles) which act in an autocrine manner. In addition, activated HSCs release IFNp that
induces hepatocyte apoptosis and hepatocyte-derived apoptotic bodies (pink circles) implicated in
HSC further activation

have a role in HSC activation. In a healthy liver, hepatocytes are polarized cells
presenting microvilli, which contribute to the absorption of proteins and other
molecules coming from the blood. Injured hepatocytes lose their microvilli and can
participate to HSC activation (Canbay et al. 2003; Tsuchida and Friedman 2017).
Indeed, injured hepatocytes underwent apoptosis through a Fas-dependent mecha-
nism and released apoptotic bodies, which were engulfed by HSCs (Canbay et al.
2002, 2003). This induced HSC fibrogenic activity by increasing collagen ol,
TGFp1, and aSMA expression (Canbay et al. 2003). Moreover, damaged hepato-
cytes release ROS, which activate HSCs and lead to liver fibrogenesis (Jiang et al.
2010; Tsuchida and Friedman 2017).

Besides SECs, Kupffer cells, and hepatocytes, activated HSCs can also release
signals in a paracrine manner, which contribute to fibrosis. Activated HSCs are well
recognized to secrete the canonical pro-fibrogenic molecules such as collagen 1al,
TGFp, and PDGF-BB (Drinane et al. 2017; Friedman 2008). Moreover, a decrease
of retinoic acid signaling in HSCs is associated with induction of TGFf1 expression
and activation of HSCs, suggesting a role for retinoic acid in HSCs quiescence
(Ohata et al. 1997). The presence of bacterial lipopolysaccharide (LPS), due to
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increased gut permeability in liver disease, has been shown to have a significant role
in retinoic acid signaling decrease by inducing the autophagy of HSC lipid droplets
and leading to HSC activation (Chen et al. 2017). LPS-dependent activation of
HSCs induces interferon beta (IFNf) release, which promotes hepatocyte apoptosis
(Dangi et al. 2016). In turn, apoptotic hepatocytes participate to further activation of
HSCs (Canbay et al. 2002, 2003). Moreover, activated HSCs and myofibroblasts
secrete vascular endothelial growth factor (VEGF), a potent angiogenic molecule
that binds to VEGF receptor (VEGFR) expressed by SECs, and induce fibrosis-
associated angiogenesis (Das et al. 2010). In a recent study, activated HSCs also
secrete PDGFRa-enriched EVs, which have a paracrine effect in promoting in vitro
cell migration and in vivo fibrogenesis (Kostallari et al. 2018). The PDGFRa enrich-
ment in HSC-derived EVs is SHP2 dependent, and treatment of mice with SHP2
inhibitor, SHP099, reduced significantly liver fibrosis (Kostallari et al. 2018).
Interestingly, G protein-coupled receptors (GPCRs) are emerging as new targets in
liver fibrosis. Indeed, protease-activated receptor-2 (PAR2) is expressed in activated
HSCs. Inhibiting PAR2 by PZ-235 decreased HSC proliferation and collagen depo-
sition (Shearer et al. 2016).

Another interesting stimulator of HSC activation is liver stiffness. Indeed, when
plated on a soft substrate, freshly isolated HSCs maintain their lipid droplets and
high levels of PPARYy. However, when plated on a stiff substrate, HSCs lose their
lipid droplets and upregulate ®SMA and collagen 1 expression (Guvendiren et al.
2014). Moreover, in a recent study, it has been demonstrated that substrate stiffness
induces HSC activation through translocation into the nucleus of histone acetyl-
transferase p300, which upregulated transcription of HSC activation genes
(Dou et al. 2018). In line with these studies and in a therapeutic perspective, it could
be of interest to further investigate the cause of the stiffness in order to modulate it
in vivo and to explore the role of other GPCRs in liver fibrosis.

9.4.2 HSCs and Steatohepatitis

Steatohepatitis is one of the leading causes of liver diseases in the United States. It
can occur due to a high consumption of alcohol leading to alcoholic steatohepatitis
(ASH) or a high-fat diet leading to nonalcoholic steatohepatitis (NASH). Despite
the different etiologies, these two entities have similar pathogenic mechanisms.
They usually start with steatosis, which is the fat accumulation within the hepato-
cytes (ballooned hepatocytes), followed by hepatocyte cell death response, inflam-
mation, and ultimately fibrogenesis (Greuter et al. 2017; Ibrahim et al. 2018). HSCs
have a significant role in driving inflammation and fibrogenesis in ASH and NASH
by receiving and emitting signals. Lipotoxicity-induced hepatocyte-derived extra-
cellular vesicles promote HSC activation, proliferation, and migration by inhibiting
the quiescence marker peroxisome proliferator-activated receptor gamma (PPARYy)
through miR-128-3p (Povero et al. 2015). Lipotoxicity-induced hepatocyte can also
secrete sonic hedgehog (Shh), which is an activator of HSCs (Yang et al. 2008a;
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Rangwala et al. 2011). In turn, activated HSCs can increase the inflammatory reac-
tion by secreting pro-inflammatory cytokines such as MCP1, IL6, TGFf, and neural
cell adhesion molecules (Friedman 2008; Lee and Jeong 2012).

In alcoholic and nonalcoholic liver disease, intestinal epithelial permeability is
increased, which can be detected by a high level of bacterial LPS in the liver. LPS
can stimulate HSCs through Toll-like receptors (TLRs) (Tsuchida and Friedman
2017). HSCs express several TLRs, such as TLR2, TLR3, TLR4, TLR7, and TLR9
(Seki et al. 2007; Gébele et al. 2008; Chou et al. 2012; Miura et al. 2013; Byun et al.
2013). In some mouse models of steatohepatitis, activation of TLR4 induces Kupffer
cell chemotaxis and inflammation (Seki et al. 2007; Guo et al. 2009). Moreover
TLR activation in HSCs induces liver fibrosis (Huang et al. 2007; Seki et al. 2007).
HSC nuclear receptors, such as farnesoid X receptor (FXR), peroxisome proliferator-
activated receptor (PPAR), or vitamin D3 receptor (VDR), are other factors involved
in liver disease. Indeed, deficiency of FXR in HSCs promotes hepatic inflammation
and fibrosis (Kong et al. 2009). Furthermore, a dual PPARa-PPARS agonist,
GFT505, which may target both hepatocytes and HSCs, protects liver from steato-
sis, inflammation, and fibrosis in several mouse models (Staels et al. 2013). In line
with this, inhibition of VDR signaling by sequestosome 1 (SQSTM1/p62) knockout
attenuates liver inflammation and fibrosis in experimental steatohepatitis (Beilfuss
et al. 2015; Duran et al. 2016).

The interaction between HSCs and neutrophils also seems to play an important
role in the establishment of steatohepatitis through HSCs. Indeed, neutrophils stim-
ulate the secretion of HSC-derived GM-CSF and IL-15, which in turn prolong neu-
trophil survival and may serve as a positive forward loop to promote liver damage
and fibrosis (Zhou et al. 2018). Cholesterol, a component of high-fat diet, is another
factor that can accumulate in HSCs and induce their activation (Tomita et al. 2014).
Cholesterol-lowering drugs, such as ezetimibe or statins, attenuate steatohepatitis
and fibrosis in a mouse model of NASH (Van Rooyen et al. 2013). Nevertheless,
the effect of activated HSCs on recruiting pro-inflammatory cells is not fully
understood and deserves further investigation.

9.4.3 HSCs and Hepatic Metastases

The combination of the unique microenvironment and its hemodynamics character-
istics makes the liver one of the most targeted organs of cancer metastasis.
Furthermore, liver metastases are dependent on the interactions between the tumor
cells and the hepatic stromal cells, such as HSCs. HSCs have several important roles
in liver tumors, such as promoting tumor growth, releasing growth factors and cyto-
kines, regulating extracellular matrix (ECM) turnover and tumor-associated angio-
genesis, and suppressing antitumor immune response (Kang et al. 2011). In 130
cases of hepatocellular carcinoma, peritumoral activated HSCs independently con-
tributed to high recurrence or death rates (Ju et al. 2009). Similar to liver fibrosis,
tumor-stimulated HSCs differentiate into myofibroblasts, upregulate aSMA
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expression, proliferate, migrate, and contribute significantly to collagen deposition
(Vidal-Vanaclocha 2008). This behavior is stimulated by tumor cells through para-
crine signaling, including secretion of TGFP (Kang et al. 2011). In turn, activated
HSCs induce tumor cell proliferation, migration, and invasion through secretion of
several secreted growth factors and cytokines, such as TGFp, HGF, PDGF, SDF-1,
VEGEF, and CXCL12 (Okabe et al. 2009; Amann et al. 2009; Zhao et al. 2011; Kang
etal. 2011; Yaqoob et al. 2012; Dou et al. 2018), and by downregulating other mol-
ecules such as endosialin (Mogler et al. 2017). Indeed, conditioned media of acti-
vated HSCs promoted tumor cell invasion and proliferation in vitro (Okabe et al.
2009; Amann et al. 2009) and in vivo (Dou et al. 2018). Furthermore, HSCs cultured
on a stiff environment induced a higher tumor growth than HSCs cultured on soft
matrix (Dou et al. 2018), suggesting a role for stiffness in tumor progression.

Activated HSCs at the invasive front of liver metastasis can regulate the ECM by
producing matrix metalloproteinase 2 (MMP2), TIMP2, and a disintegrin and
metalloproteinase 9 (ADAMY) allowing cancer cells to increase their invasive
behavior (Musso et al. 1997; Mazzocca et al. 2005). Furthermore, HSC-derived
ECM components, such as collagen, fibronectin, laminin, and CCN family member
1 (CCN1), regulate adhesion, migration, and survival of tumor cells by activating
the integrins on tumor cell surface (Kang et al. 2011; Azzariti et al. 2016; Li et al.
2018). For example, inhibiting a3 integrin on HCC cells abrogated the anti-apoptotic
effect of laminin-332 (Azzariti et al. 2016). Moreover, the expression of neuropilin-
1 by HSC-derived myofibroblasts promoted the secretion of fibronectin and there-
fore the increase of tumor microenvironment stiffness leading to a greater tumor
growth (Yaqoob et al. 2012).

Activated HSCs can also promote tumor-associated angiogenesis since they
release VEGF, angiopoietins, and IL-8 (Semela et al. 2008; Taura et al. 2008; Das
etal. 2010; Zhu et al. 2015). Indeed, IL-8 derives mainly from activated HSCs, and
IL-8 inhibition with a blocking antibody significantly reduced angiogenesis (Zhu
et al. 2015). Moreover, activated HSCs protect the hepatic tumor by inhibiting anti-
tumor cytotoxic T cells (Xia et al. 2017). Indeed, tumor-associated HSCs induce
dendritic cell-derived immunoglobulin receptor 2 (DIgR2) in dendritic cells, which
in turn inhibit the inflammatory response of T cells (Xia et al. 2017). It could be of
interest to better understand the role of activated HSCs on the inflammatory cell
behavior in the context of HCC.

9.5 Conclusion

In this chapter, we have identified HSCs as a crucial cell for liver development,
homeostasis, and disease through paracrine and autocrine signaling, which includes
growth factors, cytokines, and extracellular vesicles. While most of the studies
describe HSC-dependent ECM regulation in response to microenvironment stimuli,
less attention is brought to the understanding of other HSC-derived signals and their
effect on the surrounding cell types. The HSC-derived signaling study remains
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incomplete, especially in the context of HSC heterogeneity. The isolation of differ-
ent HSC subpopulations and specifically targeting the most fibrogenic ones are
essential for developing novel therapies. Several encouraging anti-fibrotic strategies
aiming at the prevention or reversal of HSC-induced liver fibrosis have been or are
being developed (Schuppan et al. 2018). Recently, a dual C-C chemokine receptor
type 2 and 5 (CCR2/CCRS) antagonist, cenicriviroc, is in phase 2 clinical trial and
is being evaluated in liver inflammation and fibrosis in the context of NASH
(Friedman et al. 2016). This is the first prospective study of an oral agent in patients
with exclusively NASH and liver fibrosis, which aims to assess correlations between
inflammation and fibrosis (Friedman et al. 2016). In parallel, other clinical trials are
ongoing (clinicaltrials.gov) and throw a glimmer of hope in finding treatments for
liver diseases.
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Chapter 10
Pericytes in the Periodontal Ligament

Motohiro Komaki

Abstract Teeth are exposed to hundreds of oral bacteria and also challenged by the
mastication forces; because teeth are situated in oral cavity, the entrance of the
digestive tract, and penetrates through the oral epithelium. The periodontal ligament
is a noncalcified tissue that possesses abundant blood vessels, which exist between
tooth root and alveolar bone. The ligament is thought to play an important role in
absorbing the impact of mastication, in the maintenance of periodontal homeostasis,
and in periodontal wound healing. We succeeded in isolating mesenchymal stem
cells (MSCs), so-called periodontal stem cells (PDLSCs), with self-renewability
and multipotency from the periodontal ligament. We also demonstrated that PDLSCs
share some cell surface markers with pericytes and that PDLSCs distribute them-
selves to stay with the endothelial cell networks and that PDLSCs maintain the
endothelial cell networks when added to endothelial cell network formation sys-
tems. Pericytes are located in the proximity of microvascular endothelial cells and
thought to stabilize and supply nutrients to blood vessels. Recently, it was also
reported that pericytes possess multipotency and can be the source of tissue stem
cells and/or progenitor cells. This review explores the distinctive features of the
periodontal ligament tissue and PDLSCs as well as the puzzling similarities between
PDLSCs and pericytes.
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10.1 Anatomy, Function, and Distinctiveness
of Periodontal Tissue

Teeth not only pulverize food brought to the mouth through mastication but also
enable a person to perceive the texture of food through the periodontal ligament. It is
also believed that mastication plays important role in the maintenance of periodontal
ligament homeostasis. Teeth penetrate through the oral epithelium into the oral cav-
ity. The root does not directly bind to the alveolar bone, rather it is drawn into the
alveolar bone like a hammock by predominately collagen fibers of periodontal liga-
ment. Periodontal ligament is situated in a space of approximately 0.25 mm between
two calcified tissues, tooth root and alveolar bone. Thickening of the cementum due
to aging gradually decreases this size; however, this space sustains the uncalcified
zones throughout one’s lifetime. Thus far, the inhibitory mechanism of periodontal
ligament’s calcification through homeobox protein Msx2 and extracellular matrix
protein PLAP-1/asporin has been reported (Yamada et al. 2007; Yoshizawa et al.
2004). We also have reported the expression of Twist, a basic helix-loop-helix
(bHLH) transcription factor and also known as a causal factor of Saethre-Chotzen
syndrome, which causes the premature closure of cranial sutures, within the peri-
odontal ligament (Komaki et al. 2007). Twist is also known as a regulatory factor of
periostin that is involved in the maintenance of integrity of periodontal tissue in
response to occlusal load. We demonstrated that Twist suppressed osteoblastic dif-
ferentiation of periodontal ligament cells as a possible inhibitory mechanism in peri-
odontal ligament (Komaki et al. 2007). Another feature of the periodontal ligament is
abundant blood vessels that cover the root’s surface akin to a bird’s nest (Fig. 10.1).
Periodontal ligament is a noncalcified tissue predominately composed of collagen
fiber types I and III as well as small amounts of oxytalan fibers. A different type of
gene expression in the periodontal ligament as compared to that of dermal connective
tissue has been reported (Lallier et al. 2005). Compared to general connective tissue,
which has a vascular volume of 5%, periodontal ligament has an abundant supply of
blood vessels of ~20% (Lew 1987). The blood vessels of the periodontal ligament
consist of routes that branch from the inferior alveolar artery inside the alveolar bone
and reach the periodontal ligament through Volkmann’s canal in alveolar bone, routes
where anastomosis occurs with blood vessels of the gingiva near the tooth cervix, and
routes where blood vessels, which diverge near the apex into the tooth pulp and peri-
odontal ligament, diverge into the periodontal ligament (Berglundh et al. 1994;
Matsuo and Takahashi 2002). The network of blood vessels formed a double-layered
mesh on the root surface is made of terminal arterioles, capillaries, and postcapillary
venules. Few valves that staunch regurgitation of blood are seen among the veins in
the alveolar bone. Blood vessel system in periodontal ligament dissipates intermit-
tently occurring occlusal loads because blood flows freely in and out between the
periodontal ligament and alveolar bone. Fenestrated capillaries observed around the
root apex enable efficient gas and substance exchange between blood vessels and
surrounding tissues in response to high metabolic turnover of periodontal ligament
(Lew 1987). It has been reported that vascular network in periodontal ligament can
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Fig. 10.1 Vascular
network of the molar. The
vascular network of
periodontal ligament is
supplied from three
directions: (1) bifurcated in
the alveolar bone (AB), (2)
anastomosis with the
gingival blood vessels, and
(3) bifurcated into the
apical area. (G) vascular
network of gingiva [figures
from Matsuo and
Takahashi (2002)]

be influenced by external force including orthodontic tooth movement or local
inflammation such as periodontitis (Rygh et al. 1986; Murrell et al. 1996; Zoellner
et al. 2002). The compression of blood vessels due to orthodontic tooth movement
causes local ischemia, which leads to angiogenesis via hypoxia inducible factor-1a
(HIFlo) induction and alveolar bone resorption. The compression of the periodontal
ligament due to orthodontic tooth movement and, in contrast, hypofunction of tooth
due to the lack of adequate occlusal load may indirectly affect blood vessels via the
temporarily altered expression of periostin (Wilde et al. 2003; Afanador et al. 2005;
Lindner et al. 2005; Rios et al. 2008; Li et al. 2010). Besides, infections caused by
periodontal pathogen such as Porphyromonas gingivalis (P.g.) cause disruption of
blood vessels leading to local hypoxia via the production of protease, and chronic
periodontitis further increases in the proportion of anaerobic bacteria. However, this
mechanism is not fully understood.

10.2 The Importance of Periodontal Ligament in Periodontal
Tissue Regeneration

Previous in vivo studies have indicated that the periodontal ligament has an
important function in the restoration of periodontal tissue and the maintenance of
homeostasis. In 1976, Melcher proposed that it is important to restore all periodontal
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tissue, not only the bone, when treating periodontal tissue destroyed by periodonti-
tis, and that the periodontal ligament is important for that very purpose (Melcher
1976). In 1980, Nyman and Karring et al. conducted fervent in vivo research based
on this hypothesis by Melcher and reported that the periodontal ligament plays an
important role in the regeneration of periodontal tissue (Karring et al. 1980; Nyman
et al. 1980). In other words, connective tissue attachment occurs continuing from
the remaining periodontal ligament if there is any remaining healthy periodontal
ligament on the surface of the tooth root, similar to that observed in normal tissues.
In addition, it has been demonstrated that when periodontal ligament-derived cells
are cultured in vitro and transplanted with decalcified tooth root, they restore the
periodontal ligament (Boyko et al. 1981). In addition, even in tooth replantation
studies on monkeys, it has been shown that root resorption does not occur when
there is healthy periodontal ligament remaining on replanted teeth (Andreasen
1981). By contrast, when bone or gingival connective tissue contacts a root surface
where the periodontal ligament is completely gone, tooth root resorption or ankylo-
sis can take place due to the difference in adjacent tissues. In this regard, it is
believed that the periodontal ligament can form collagen fibers that connect cemen-
tum to the alveolar bone called Sharpey’s fibers, which are a supporting tissue of the
teeth; in short, it may have the ability to regenerate periodontal tissue. In the 1990s,
much research was published on the characteristics of fibroblastic cells derived
from the periodontal ligament. According to Nojima and Basdra et al., fibroblasts
derived from the periodontal ligament show osteoblast-related marker expression
in vitro, and periodontal ligament fibroblasts possess mineralization capabilities
similar to those of osteoblasts and can differentiate into cementoblasts or osteo-
blasts, the cells that form two hard tissues that flank the periodontal ligament,
cementum, and alveolar bone (Nojima et al. 1990; Basdra and Komposch 1997).
However, at this point, osteogenic activity of cells is derived from the periodontal
ligament, but they are not described as being stem cells.

10.3 Periodontal Ligament Stem Cells

MSCs were first identified from bone marrow cells as plastic culture dish adhesive,
colony-forming unit-fibroblastic (CFU-f). In the 1970s, Friedenstein et al. reported
that CFU-f exist in bone marrow from low-density cultures of a bone marrow extract
in vitro and demonstrated osteogenicity of the cells and that when the cells were
transplanted into sub-renal capsule, fibrous tissue, bone, and bone marrow were
formed where the recipient hematopoietic stem cells (HSCs) were homing, suggesting
multipotency of CFU-f (Friedenstein et al. 1970). In the 1980s and 1990s, Pittenger
et al. indicated that this cell type has the multipotency to differentiate into adipo-
cytes, chondroblasts, and osteoblasts, suggesting that stem cells widely known as
MSC:s exist in postnatal adult tissue and bone marrow (Pittenger et al. 1999).

In the 1990s, it was shown that fibroblasts derived from the periodontal ligament
possess osteogenic capacity (Nojima et al. 1990; Basdra and Komposch 1997).
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Subsequently, it was confirmed from the results of gene expression analyses in
fibroblasts by Lallier et al. that the gene expression of fibroblasts derived from the
periodontal ligament is closer to that of osteoblasts than dermal fibroblasts (Lallier
et al. 2005); however, the function or origin was not fully comprehended long after-
ward. McCulloch, using experiments involving mice with pulse labeled with H*-
thymidine, published results indicate that stem cells that have a slow rate of
proliferation exist near the blood vessels in the periodontal ligament of mouse
molars (McCulloch 1985). Chen et al., using antibodies against STRO-1, CD146,
and CD44, investigated the localization of possible MSCs in healthy human teeth
and periodontitis-affected teeth and reported the localization of putative MSCs near
the blood vessels (Chen et al. 2006). In 2004, the first report came out regarding the
existence of stem cells being implicated in the importance of periodontal ligament
in the repair and maintenance of periodontal tissue homeostasis (Seo et al. 2004).
This event happened 30 years after Friedenstein et al.’s quest for the discovery of
bone marrow stem cells in the 1970s. MSCs were first identified as CFU-f from
bone marrow. Currently, the minimum criteria of MSCs are (1) colony formation on
plastic culture plates; (2) positive for mesenchymal cell markers such as CD73,
CD90, and CD105 and negative for hematopoietic cell markers, such as CD11b,
CD14, and CD45; and (3) differentiation capability into osteoblasts, chondrocytes,
and adipocytes in vitro (Dominici et al. 2006). Seo et al. reported in vitro differen-
tiation (into osteoblasts and adipocytes) of cells harvested from human periodontal
ligaments using anti-STRO-1 antibodies that bind to an epitope on the cellular
membrane of bone marrow MSCs; they reported the periodontal restorative ability
in transplantations of these cells mixed with hydroxyapatite/tricalcium phosphate
ceramic particles into periodontal tissue defects of immunocompromised rats (Seo
et al. 2004). The anti-STRO-1 antibodies bind to CFU-f on plastic culture plates,
one of minimum criteria for MSCs, but not to hematopoietic progenitor cells from
human bone marrow. Therefore, compared to using whole bone marrow cells with-
out fractionation, it is possible to increase the emergence rate of CFU-f 100-fold.
Besides, it has been demonstrated that 50-70% of these cells bind to antibodies
specific to smooth muscle actin (SMA) (Simmons and Torok-Storb 1991). Recently
it has been reported that anti-STRO-1 antibodies cross-reacts with both heat shock
cognate (HSC) 70 and heat shock protein (HSP) 70 and that STRO- 1"/ HSP70~
cell population demonstrates clonogenicity (Fitter et al. 2017). However, the func-
tion of HSC70 in the mesenchymal stem cell is still not fully understood. Nagatomo
et al. demonstrated the presence of MSCS in the human periodontal ligament that
are positive for markers of bone marrow stem cells, including STRO-1, and have
colony-forming ability and differentiation capability into osteoblasts and adipocytes
(Nagatomo et al. 2006). However, with this approach, the harvested MSCs represent
a group of heterogeneous cells; and cells with clonogenicity and multipotency con-
stitute a very small percentage of the cell group’s population. Whether or not they
are identical to stem cells that exist in tissues, their distribution in the adult organism
and their origin are still not fully understood. With great changes in the notion that
MSCs originate from fibroblasts due to their resemblance to clonogenic fibroblasts,
along with reports that pericytes (which are localized near blood vessels and are
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instrumental for blood vessel nutrition and stabilization) possess mineralization
activity (Doherty et al. 1998), multipotency (Pierantozzi et al. 2015), and tissue-
reparative activity (Morgan and Muntoni 2007), it is now thought that MSCs also
originate from pericytes (da Silva Meirelles et al. 2008; Lv et al. 2014; Sorrentino
et al. 2008). It is believed that, because of their clonogenic properties and multipo-
tency, MSCs are engaged in maintaining tissue homeostasis and restoration, but
their true role in tissues remains unclear. It is unclear whether MSCs are involved in
the repair process of periodontal tissue destruction associated with periodontitis. It
is difficult to imagine, however, that MSCs dominantly contribute to the restoration
of severe tissue loss because of the small number of cells isolated from the peri-
odontal ligament. It is assumed that there is possibly another more biologically
effective mechanism available to repair local tissue destruction in vivo. Sahara et al.
demonstrated, using murine mechanically injured blood vessel models, that bone
marrow-derived cells repair blood vessels via the blood circulation (Sahara et al.
2005). In murine spleen-injured model, it was reported that bone marrow cells enter
peripheral blood and are mobilized to the wound site (Chen et al. 2010). We con-
ducted an observational study using chimeric mice with green florescence protein
(GFP)-labeled bone marrow cells (Fig. 10.2). The results showed that bone marrow-
derived cells are present around the blood vessels of intact periodontal ligament.
Furthermore, we demonstrated that the number of bone marrow-derived cells
increases when the periodontal tissue is mechanically lesioned and that bone

Fig. 10.2 Localization of GFP-positive cells in intact periodontal tissue. Visualization of bone
marrow cells in vivo on periodontal tissue by using chimeric mice with GFP-labeled bone marrow
cells. Arrows indicate osteoclast-like multinucleated giant cells (a) and macrophage-like cells in
gingival epithelium (b) were GFP-positive, implying that GFP-positive images were confirmed to
match bone marrow cells. GFP-positive cells were also observed at the periodontal ligament (c),
blood vessels (d), and dental pulp (e). (a) Multinucleated giant cells in resorption lacunae of alveo-
lar bone; (b) gingival epithelium; (¢) periodontal ligament; (d) blood vessels in periodontal liga-
ment; (e) dental pulp. (g), gingiva; AB alveolar bone, P periodontal ligament, DP dental pulp, D
dentin
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marrow-derived cells mobilize upon damage to the periodontal ligament tissue. In
addition, we extract cells from bone marrow by enzymatic digestion and determine
stem cell quantity using PDGFRa*Sca-1*CD45"TER119~ cell numbers according
to Houlihan et al. method and realized that the number of MSCs in bone marrow
decreases when the periodontal tissue is lesioned (Kimura et al. 2014). Although
these results do not prove that they are pericytes, this evidence demonstrates that
bone marrow cells are localized near the periodontal ligament’s blood vessels and
bone marrow cells, reacting to tissue destruction, are mobilized to the periodontal
ligament as well (Fig. 10.3). Using FACS to compare the antigens on the surface of
periodontal ligament cells with those of bone marrow stem cells and dermal fibro-
blasts, in addition to the mesenchymal marker expression, it was shown that PDLSCs
have an expression pattern of marker CD34 similar to that of dermal fibroblasts and
an expression pattern of marker CD166 similar to that of bone marrow stem cells
(Iwasaki et al. 2013). This finding may suggest that stem cells harvested from the
periodontal ligament may partly originate from bone marrow stem cells. Zhou et al.
intravenously injected mice with GFP-labeled bone marrow cells and investigated
the involvement of bone marrow cells in periodontal tissue regeneration. They
reported that bone marrow stem cells are observed in periodontal reparative tissue
and that stromal-derived factor 1 (SDF-1, also known as CXCL12) is involved in the
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Fig. 10.3 Mobilization of bone marrow cells to periodontal ligament. Using chimeric mice with
GFP-labeled bone marrow cells, we found that bone marrow cells are located around blood vessels
in intact periodontal ligament. When periodontal lesion was mechanically made, hypoxia and/or
inflammation was observed in periodontium, and the number of bone marrow cells increased in
periodontal ligament. We found that bone marrow cells express SDF-1 receptor, CXCR4, and that
bone marrow cells mobilize toward SDF in chemotaxis chamber. Taken together, the results imply
that bone marrow cells were recruited to periodontal ligament via SDF-1 signal
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mobilization of these cells (Zhou et al. 2011). This information is the essential proof
needed for demonstrating that bone marrow cells are involved in the restoration of
periodontal tissue. We also confirmed that bone marrow stem cells express SDF-1
receptor, CXCR4, and in experiments with a chemotaxis chamber to test cell migra-
tion, bone marrow stem cells migrate toward SDF-1 (Kimura et al. 2014).

10.4 Application of Mesenchymal Cell in Regenerative
Periodontal Therapy and Related Findings

Based on in vitro functional assessments, MSCs have been harvested from various
tissues including somatic tissues [bone marrow, fat, synovium (Hatakeyama et al.
2017), and cartilage (Xue et al. 2016)] and tooth and its surrounding tissues (dental
pulp, periodontal ligament, gingiva), as well as fetal appendage [umbilical cord
(Pirjali et al. 2013), cord blood (Zhang et al. 2011), and placenta (Komaki et al.
2017; Tooi et al. 2016)]. Stem cells are expected to find applications in tissue regen-
erative therapy because of their self-proliferation and differentiation potential.
Various experimental evaluations of their ability to restore periodontal tissue have
been conducted, and some clinical tests are being carried out (Monsarrat et al.
2014). However, there is some disparity seen in the restorative effect of stem cells,
and it is still not safe to say at present whether they yield an adequate quantity of
restored tissue or an adequate tissue regeneration efficiency. Currently, there is not
a single marker to identify MSCs, and the cells are extracted according to in vitro
functional evaluations. It is known that the phenotype of MSCs change easily
depending on the tissue extraction method and culture condition such as cellular
density, serum batch, and culture time. This situation may cause considerable varia-
tion in the regenerative effect of stem cells. Tanaka et al. used the enzymatic diges-
tion and cell outgrowth methods to extract cells from the periodontal ligament to
conduct a comparison. The periodontal ligament cells extracted via the enzymatic
digestion method have higher colony-forming and cell differentiation potentials
(Tanaka et al. 2011). Using the cell outgrowth and enzymatic digestion methods, we
extracted cells from the periodontal ligament and obtained MSCs in accordance
with conventional methods. Using commercial bone marrow MSCs as the control,
we checked their cell surface markers again by FACS analysis after incubating these
cells in a differentiation culture medium. We confirmed that there is no change in
mesenchymal cell marker expression, even after differentiation of the stem cells due
to incubation conditions. This experiment at least demonstrates that cell surface
markers CD73, CD90, and CD105, used during in vitro identification of MSCs, are
not affected by the cell differentiation (unpublished data). The heretofore seen peri-
odontal tissue restoration via mesenchymal cells extracted from various sources
[bone marrow (Kawaguchi et al. 2004; Li et al. 2009; Simsek et al. 2012), fat (Tobita
and Mizuno 2013), or periodontal ligament (Dogan et al. 2002, 2003; Akizuki et al.
2005; Iwasaki et al. 2014)] has been demonstrated. We would like to cite an
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outstanding systematic review that presents a detailed comparison of periodontal
ligament stem cells and bone marrow stem cells for periodontal tissue regeneration
(Monsarrat et al. 2014; Yan et al. 2015). Tsumanuma et al. have conducted histo-
logical evaluations of MSCs extracted from bone marrow, synovium, and the peri-
odontal ligament and transplanted them into experimentally created canine
periodontal tissue defects. Cell sheets were manufactured before transplantation by
taking cells incubated on temperature-responsive culture plates in a mineralization-
inducing medium supplemented with ascorbic acid, f-glycerophosphate, and dexa-
methasone. Although no significant results were obtained with stem cells when used
for alveolar bone regeneration, Tsumanuma et al. have reported superior results
from the periodontal ligament stem cell transplantation, when using them to restore
cementum, which makes up supporting dental tissue, and the periodontal ligament
compared to stem cells derived from another tissue (Tsumanuma et al. 2011). This
result may suggest tissue specificity of MSCs when they are used for regenerative
therapy and/or the necessity to consider the histological idiosyncrasies of the lesion
that is to be repaired.

MSC:s taken from adults tissues are thought to include cells at varying stages of
division and stemness depending on the local environmental factors such as inflam-
mation or tissue metabolism. The establishment of a harvesting method that allows
for the isolation of mesenchymal stem cell clones that retain their stemness, such as
a single specific marker is expected.

It has been reported that stem cells in the periodontal ligament and bone marrow
exist near blood vessels (McCulloch and Melcher 1983; Shi and Gronthos 2003).
Furthermore, bone marrow cells have been observed near the blood vessels of the
periodontal ligament (Kimura et al. 2014). Dohdrty et al. have found that bovine
pericytes express osteoblastic markers and STRO-1 and can induce mineralization
(Doherty et al. 1998). Although mesenchymal cells derived from avascular tissue
such as cartilage have also been discovered (Xue et al. 2016), based on the previ-
ously discussed localization of periodontal ligament stem cells near blood vessels
and stem cells being reported in the various vascular tissues (da Silva Meirelles
et al. 2006), it is surmised that PDLSCs originate from pericytes and/or bone mar-
row stem cells located near capillaries. There are extremely small amounts of infor-
mation regarding pericytes in the periodontal ligament tissues, and it remains
unclear whether periodontal ligament stem cells and such cells near the blood ves-
sels (e.g., pericytes) are identical.

10.5 Similarities Between Pericytes and Periodontal
Ligament Stem Cells

It is thought that pericytes, along with endothelial cells, anatomically constitute the
blood vessels of microvasculature including the terminal arterioles, capillaries, and
postcapillary venules and are providing nutrient and stabilizing blood vessels. As
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with MSCs, there is no single marker that identifies pericytes; several markers such
as alpha smooth muscle actin (aSMA), neuron-glial 2 (NG2), CD140a and CD140b
also known as platelet-derived growth factor receptor (PDGFR) a and f3, and CD146
are used in conjunction (Dore-Duffy and Cleary 2011). There are recent reports that
pericytes possess multipotency, drawing focus to creating a new role for them
(Yamazaki and Mukouyama 2018; Markovic et al. 2018). Shi et al. reported that
STRO-1* bone marrow MSCs and dental pulp stem cells (DPSCs) express the mark-
ers widely used as pericyte markers: a smooth muscle action (aSMA) and CD146
(Shi and Gronthos 2003). As mentioned, thus far, MSCs and pericytes are localized
near blood vessels and possess differentiation potentials. There is still debate about
these cells’ identities, their origins, their biological distribution, and their frequency.
Meirelles et al. have conducted long-term incubation of MSC-like cells from vari-
ous organs and tissues including the brain, pancreas, liver, bone marrow, and mus-
cles to investigate their distribution in the adult organism. MSCs were observed in
large and small blood vessels; thus, they concluded that MSCs exist in vascular
niche (da Silva Meirelles et al. 2006). Xu et al. have conducted a review of studies
on whether stem cells can differentiate into functional pericytes. Their criteria were
(1) the study has an appropriate control; (2) it involves pericyte markers such as
PDGFRp, aSMA, NG2, and desmin; (3) the study functionally evaluates pericytes;
and (4) it involves a differentiation efficiency protocol. They concluded that stem
cells are the origins of pericytes (Xu et al. 2017). In contrast, based on the concept
that the blood vessels in internal organs are reservoir for stem cells, Corselli et al.
have isolated endothelial and perivascular cells by FACS and reported that micro-
vascular pericytes and adventitial cells of large vessels express MSC markers
(Corselli et al. 2010).

The periodontal ligament, supportive tissue for the teeth, is a connective tissue rich
with blood vessels, but there is little information in relation to pericytes. Gould et al.
conducted a cell kinetic analysis and cytology of murine injured molar model and
reported that dividing cells can be observed around the blood vessels and on the out-
side of the blood vessel’s basal lamina after wounding. Besides, they allude to the fact
that accompanying wounding, the origins and functions of the dividing cells in the
periodontal ligament are possibly different from those of classical pericytes (Gould
etal. 1977, 1980). In 1985, McCulloch demonstrated, in autoradiographic investiga-
tion of mitotic cells with H3-thymidine, that cells showing characteristics of stem
cells exist perivascularly in the periodontal ligament in uninjured mice (McCulloch
1985). In 1986, Lew conducted a detailed study on the blood vessels of periodontal
tissues in rats using scanning electron microscopy (SEM). There are three types of
blood vessels in the periodontal ligament: terminal arterioles, capillaries, and the
postcapillary venules. Using morphometry, Lew showed that the total vascular vol-
ume of the periodontal ligament root apex was approximately 20%: abundance of
blood vessels compared to the 5% of general connective tissue. We found that MSCs
in the periodontal ligament that form colonies are STRO-1-, CD105-, and CD166-
positive and differentiate into osteoblasts, adipocytes, and chondrocytes (Nagatomo
et al. 2006). We conducted additional experiments to test our hypothesis that bone
marrow-derived cells were situated in periodontal ligament by using GFP transgenic
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mice to create bone marrow-substituted chimeric mice, during examination of the
periodontal ligament tissue in both intact and injured sites, and found that GFP-
positive cells were localized perivascularly in the intact periodontal ligament tissue,
while damage leading to increase in the quantity of GFP-positive cells in the peri-
odontal ligament. On the contrary, it was discovered that the number of MSCs
(PDGFR-a*Sca-1* and CD45-TER1197) extracted from bone marrow decreased
(Kimura et al. 2014). These results possibly suggest that bone marrow stem cells are
one source of the MSCs that exist in the periodontal ligament at least when the tissue
was injured. Zhou et al. have shown that bone marrow MSCs are involved in peri-
odontal ligament repair tissue via the chemotaxis of bone marrow stem cells toward
SDF-1. Recently, it was reported that pericytes express CXCR4 much like bone mar-
row cells (Armulik et al. 2011); therefore, precaution is necessary when investigating
the involvement of pericytes and bone marrow MSCs. We tested whether PDLSCs
express stem cell and pericyte markers NG2, CD146, and CD140b (PDGFRp),
whether NG2- and CD146-positive cells can be observed near the vascular endothe-
lium in rat periodontal ligament tissue, and whether periodontal ligament stem cells
maintain and/or stabilize blood vessels formed by endothelial cells as do pericytes in
the endothelial cell network formation assay or on cell pattern substrates we have
reported previously (Akahori et al. 2010; Mukai et al. 2008). The results showed that
PDLSCs express both stem cell and pericyte markers, including NG2, CD146, and
CD140b and participate in the maintenance of blood vessel-like structures (Fig. 10.4).
Furthermore, NG2- and CD146-positive cells are situated near the vascular endothe-
lium in rat periodontal ligament (Iwasaki et al. 2013). There is a study stating that the
blood vessels of the dental root apex are predominately postcapillary venules and that
there is a full coverage of pericytes (Lew 1987). In contrast, there is a paper stating
that pericytes exist in the periodontal ligament’s blood vessels (Rhodin 1968). The
content is not presented here because the paper is unobtainable. Whether or not
PDLSCs and pericytes are the same must be investigated in more detail. Koike et al.
have three-dimensionally cultured vascular endothelial cell with or without murine
fetus-derived fibroblasts, 10 T1/2 cells in vitro, and then transplanted them into mice
to investigate whether 10 T1/2 cells are involved in the maintenance of vascular net-
work. They demonstrated that 10 T1/2 cells contribute to a long-term maintenance
(56 days) of blood vessel density (Koike et al. 2004). The 10 T1/2 cells are a hetero-
geneous cell population whose phenotype can only be maintained under strict culture
conditions. Some reports show their multipotency, and Koike et al. used 10 T1/2 cells
as mesenchymal progenitor cells. The ontogenetic relation between fibroblasts and
mural cells, including pericytes, is known (Armulik et al. 2011). The relation of bone
marrow stem cells and pericytes needs to be clarified.

Cells that constitute the periodontal tissue are embryologically derived from the
neural crest. We have shown that cells derived from bone marrow exist around the
blood vessels of the periodontal ligament in 8- to 12-week-old mice. Using the lin-
eage tracing method, Takashima et al. have revealed that MSCs in fetal mouse trunk
are partially generated from the neuroepithelium through the intermediate stages of
the neural crest but not from the mesoderm (Takashima et al. 2007). Subsequently,
it was demonstrated that some of the MSCs within adult murine bone marrow come
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Fig. 10.4 Chronologic changes in capillary formation in co-culture of Human Umbilical Vein
Endothelial Cells (HUVECs) with fibroblasts, PDLSCs, BM-MSCs, and brain pericytes. (a)
PKH26-labeled fibroblasts, PDLSCs, BM-MSCs, and brain pericytes were co-cultured with GFP-
HUVECS (cell-HUVEC ratio, 20:1) on a gel matrix. Photographs of red and green merged images
from each experimental group are shown. Pictures in the leftmost column are from HUVECs
alone. The capillary-like structures of HUVECs began to lose their shape at 9 hours after co-
culture, and most of the structures had disappeared at 24 hours. However, the capillary structures
were stably observed at 24 hours in the PDLSC, BM-MSC, and brain pericyte groups.
Representative pictures from more than three independent experiments are shown. Scale bar = 300
um (original magnification x 2) The time course changes in branching point (b) and mesh (c)
counts are also indicated. (Asterisk) Statistically significant differences from the fibroblast group
(P <0.05)
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from the neural crest, in which they were transiently observed during the develop-
mental stage (Morikawa et al. 2009). From this information, it follows that the ori-
gin of MSCs in the adult organism is varied, much like that of pericytes.
Unfortunately, there is no description regarding pericytes in any of the relevant
reports. We must wait for more research to reveal the whole picture of the origins of
MSCs and pericytes as well as their function in the adult organism.

10.6 Possibility of Treatments Targeting Pericytes

The blood vessels constitute a closed system that circulates throughout the body,
and its length is two and a half that of the outer circumference of the Earth. It is
known that blood vessels play both a physiologically and pathologically important
role in tissues. Blood vessels are lined with a single layer of vascular endothelial
cells along their lumen and are specialized according to the needs of the organs to
which they deliver nutrients and oxygen (organ-specific endothelial cell differentia-
tion). It is known that smooth muscle cells and pericytes join around the lumen
formed by endothelial cells and work together with endothelial cells to stabilize and
contract the blood vessels through receptors, including ephrin-B2, platelet-drived
growth factor receptors, and epidermal growth factor receptor 2, and their ligands.
Their diversity in abnormalities such as inflammation and their organ specificity are
acknowledged (Armulik et al. 2011; Tomlinson and Topper 2003; Yoshida and
Owens 2005; Sims 2000; Potente and Makinen 2017). In the adult, rapid metabolic
turnover is known in tissues that face constant challenges, for example, the peri-
odontal tissues, which are exposed to oral bacteria and mastication. The blood ves-
sels in which pericytes and MSCs are believed to be localized are diversified as well.
For this reason, it is thought that there are PDLSCs with various degrees of differen-
tiation in the periodontal ligament. Currently, trials have been conducted using all
sorts of cell surface antigens, including STRO-1, SSEA-4, CD271, and CD146, as
indicators for enrichment of PDLSC subpopulations with high self-proliferation and
multipotency (Lv et al. 2014). If pericytes and MSCs are tissue-specific cells that
maintain and repair tissues, and if these cells ceaselessly self-proliferate and differ-
entiate in response to a constantly changing environment, current MSC extraction
protocols make highly efficient and stable extraction for clinical application diffi-
cult. Additionally, the quantity and quality of MSCs taken from the adult organism
decrease with inflammation (Yang et al. 2013) and age (Zhang et al. 2012; Zheng
et al. 2009). It is extremely difficult to maintain the phenotype of the obtained cells,
in addition to securing the cell numbers needed for treatment, all the while avoiding
senescent deterioration. Although still vague, expert use of lineage tracing is eluci-
dating the true origin of pericytes and MSCs. On the basis of the plethora of infor-
mation about pericytes and MSCs, if one could create pericytes or MSCs from
induced pluripotent stem (iPS) cells (Fukuta et al. 2014; Chijimatsu et al. 2017), this
advance would bring us closer to using these cells, which boosts such effective treat-
ment results in various diseases and in periodontal regeneration.
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10.7 Conclusion

MSCs and pericytes are cells thought to be harvestable from the adult organism and
have multipotency. They have been used in research on disease models and have seen
partial clinical application. On the other hand, the origin, the distribution in the adult
organism, and the function of these perplexing cells are still not fully understood.
There are still mixed results regarding the therapeutic effects, but the feasibility of the
application of MSCs and pericytes to cell therapy has been demonstrated. Safe, stable,
high-efficiency, and cheap cells will possibly be developed because of the abundance
of accumulated information about them, leading to their application to therapy.
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Chapter 11
Pericytes in the Heart

Linda L. Lee and Vishnu Chintalgattu

Abstract Mural cells known as pericytes envelop the endothelial layer of microves-
sels throughout the body and have been described to have tissue-specific functions.
Cardiac pericytes are abundantly found in the heart, but they are relatively under-
studied. Currently, their importance is emerging in cardiovascular homeostasis and
dysfunction due to their pleiotropism. They are known to play key roles in vascular
tone and vascular integrity as well as angiogenesis. However, their dysfunctional
presence and/or absence is critical in the mechanisms that lead to cardiac patholo-
gies such as myocardial infarction, fibrosis, and thrombosis. Moreover, they are
targeted as a therapeutic potential due to their mesenchymal properties that could
allow them to repair and regenerate a damaged heart. They are also sought after as
a cell-based therapy based on their healing potential in preclinical studies of animal
models of myocardial infarction. Therefore, recognizing the importance of cardiac
pericytes and understanding their biology will lead to new therapeutic concepts.

Keywords Cardiac pericyte - Heart - Cardiovascular physiology - Cardiovascular
pathophysiology - Myocardial infarction - Myocardial ischemic disease - Vascular
stem cell - Perivascular cell - Mural cell - Vascular tone - Vascular integrity -
Vascular biology
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11.1 Introduction

Pericytes are perivascular cells that are present throughout various vascular beds of
the body including the heart. Pericytes are found on small blood vessels including
arterioles, venules, and capillaries where they are known to have tissue-specific
functions. Pericyte number also differs in different tissue beds, and their number
appears to determine the tissue-specific endothelial barrier function. For example,
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the brain and retina need stringent barrier integrity as compared to other tissues like
skeletal muscle. The ratio of pericytes to endothelial cells in the brain is found as
high as 1:1 compared to places like the skeletal muscle which is found to be as low
as 1:100 (Sims 1986; Armulik et al. 2011). Moreover, pericyte dysfunction and/or
absence has been implicated in the development of fibrosis, atherosclerosis, osteo-
genesis, tumor angiogenesis, dementia, and Alzheimer’s disease (Armulik et al.
2011, 2010; Hellstrom et al. 2001; Sengillo et al. 2013; Sagare et al. 2013; Collett
and Canfield 2005; Fang and Salven 2011; Henderson et al. 2013; Matthews et al.
2016). Despite these critical roles in various tissue physiology and disease, rela-
tively little is known about cardiac pericytes. Roughly 1 in every 5000 cardiac-
related publications mentions pericytes. Due to this gap in the literature and
emerging importance of the vascular system in pathophysiology of cardiovascular
diseases, cardiac pericyte biology has recently gained momentum and attention in
the cardiac field.

This chapter will first focus on the current known properties of cardiac pericytes
(cPC) in terms of origin, location, structure, and characterization. Next, we will
discuss their physiological function and their role in cardiac homeostasis. Through
their intimate relationship with endothelial cells, cPC participate in angiogenesis,
are important in vascular integrity and perfusion, and promote vessel stability and
vessel maturation. Cardiac pericytes have also been shown to play a part in hemo-
dynamics by altering vascular tone (O’Farrell and Attwell 2014; O’Farrell et al.
2017). We will also dive into the cardiac pericyte’s role in cardiovascular patho-
physiology. Various cardiovascular diseases such as myocardial ischemia, fibrosis,
calcification, atherosclerosis, and thrombosis all involve cPC at different stages of
disease progression. From there, we will discuss their plasticity as they have been
shown to be part of the regeneration and reparative process of a diseased heart as
well as their use in cell therapy. Understanding cPC biology and their role under
pathophysiological conditions could pave a path for development of novel therapies
for various forms of cardiovascular diseases.

11.2 Properties of Cardiac Pericytes

11.2.1 Origin

Due to the vascularization of the heart, it has been said that pericytes are the second
most abundant cell type after endothelial cells in the heart where the ratio of peri-
cyte to endothelial cells is 1:2 or 1:3 (Nees et al. 2012a). Others have said that they
occupy 5% of the total non-myocyte population (Pinto et al. 2016). Cardiac peri-
cytes are of mesothelial origin and are derived from the mesenchymal angioblast
during development (Kovacic et al. 2012; Kumar et al. 2017). Due to their origin,
they are seen as vascular stem cells (Nees et al. 2012a). Through linage studies, Cai
et al. elegantly showed that cPC originate from the epicardium (Cai et al. 2008a).
However, the mechanism to how they are recruited to the heart is currently unknown.
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11.2.2 Anatomical Location

Anatomical location is one of the main properties that distinguish pericytes from the
closely related smooth muscle cells where both are mural cells derived from the
mesenchymal angioblast (Kumar et al. 2017; Feng et al. 2011). As the heart pumps
blood to feed the tissues of the body, the heart also feeds itself through its coronary
arteries, and it is here where the bulk of the cPCs lie. There are adventitial pericytes
that are found in the intima of arterioles (where the microvessel widens to the arter-
ies) and venules (where the microvessels widens to the veins), and there are peri-
cytes that are found on the capillaries (Campagnolo et al. 2010; Nees et al. 2012b;
Klein et al. 2011; Corselli et al. 2012; Avolio et al. 2015a). In the heart, endocardial
endothelial cells have been shown to be progenitors for cPCs and smooth muscle
cells (Chen et al. 2016). Also specific to the heart, smooth muscle cells derive from
pericyte progenitors (Volz et al. 2015). Smooth muscle cells sit on the higher arter-
ies and veins where they regulate blood flow through vasoconstriction and vasodila-
tion. Pericytes sit on the abluminal side of a vessel and envelop a single layer of
endothelial cells. The unique location of the pericytes allows them to be the liaison
between the endothelium and myocytes and the liaison between the intima and
media in the higher vascular branches (Nees et al. 2012b).

11.2.3 Characterization

Morphologically, pericytes have a single round nucleus with extended processes
that reach out and wrap around endothelial cells. Visually, one can spot a pericyte as
a small “bump-on-a-log” on a microvessel. In culture, they are quite flat and less
spindle-like compared to their smooth muscle cell counterpart. Their cellular archi-
tecture has been defined, but there is currently no one marker that can unequivocally
identify pericytes; rather, multiple pericytic markers must be used. Phenotypically,
the most popular and accepted markers are neural glial-2 (NG2), platelet-derived
growth factor receptor beta (PDGFRp), and alpha-smooth muscle actin (dSMA)
(Armulik et al. 2010). These markers are expressed ten times higher in pericytes
compared to smooth muscle cells which also express the same markers (Nees et al.
2013). Microvascular pericytes are usually NG2* aSMA™; venular pericytes are
NG2~ aSMA*; arteriolar pericytes are NG2* aSMA~ (Wanjare et al. 2013). However,
a recent study showed that microvascular pericytes are also xSMA*; they were pre-
viously undetected due to the quick depolymerization of F-actin (Alarcon-Martinez
et al. 2018). Other markers include tissue factor (TF), ganglioside 3g5 (3g5), vimen-
tin, desmin, calponin, caldesmon, and alkaline phosphatase (Alk-p) (Nees et al.
2012a; Avolio et al. 2015a; Shepro and Morel 1993; Hughes and Chan-Ling 2004;
Crisan et al. 2008; Juchem et al. 2010; Chen et al. 2015). Most recently, glioma-
associated oncogene 1 (Glil) and T-box protein 18 (Tbx18) have also been
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identified as molecular markers for pericytes (Kramann et al. 2015a, 2017,
Guimaraes-Camboa et al. 2017). They have been reported to express stemness
markers such as CD44, CD90, and CD105 (Chen et al. 2015; Covas et al. 2008) and
genetically express homeobox transcription factor Nanog (NANOG), sex-
determining region box (SOX2), and octamer-binding transcription factor 4 (OCT4)
(Avolio et al. 2015a). They are also negative for endothelial markers such as CD31
and von Willebrand factor (vWF) as well as for hematopoietic markers such as
CD45 (Nees et al. 2012a; Avolio et al. 2015a; Juchem et al. 2010; Chen et al. 2015).
Regulator of G protein signaling 5 (RGS5) has been described as a specific marker
for brain pericytes, but the progress of research in the heart is behind (Cho et al.
2003; Mitchell et al. 2008; Nisancioglu et al. 2008).

The homogeneity of pericytes in the heart (as well as in other tissues) is under
debate. Pericytes have been isolated and characterized from different species and
tissues, and their marker expression varies (Dias Moura Prazeres et al. 2017). To
further complicate their characterization, their marker expression is also dynamic
within the same tissue as an indication of their activation state and/or maturity
(van Dijk et al. 2015). However, their functional characteristics are more homoge-
neous within the tissues. Functional characteristics of pericytes include migration
toward endothelial platelet-derived growth factor bb (PDGFbb) signaling and the
ability to mediate tubule formation in co-culture with endothelial cells (Chen et al.
2015; Zhou et al. 2016). Cardiac pericytes are pro-angiogenic and procoagulatory
(Juchem et al. 2010). Cardiac pericytes will also connect quickly with other cells
(endothelial or other pericytes) via gap junctions like connexin-43 (Cx43) as
shown by cell dye transfer studies (Nees et al. 2012a). Enzymatically, they have
been shown to have alkaline phosphatase activity (Juchem et al. 2010). However,
few groups have been able to isolate and characterize cPCs, and each group found
a different subtype. They all varied in origin, location, and molecular markers.
Nees et al. used NG2, PDGFRf, aSMA, calponin, Cx43, and 3g5 as molecular
markers as well as functional characterization to identify their isolated pericyte
population from eight different species (Nees et al. 2012a). Couple of years later,
Chen et al. followed up with their primary isolation from human fetal and adult
hearts. They isolated a population that was NG2* CD146* CD34~ CD45- CD56~
CD117- (Chen et al. 2015). They claim that this population can be cultivated in
homogeny by FACS. Around the same time, Avolio et al. were also able to isolate
and characterize isolated primary pericytes from human neonatal hearts. Their
unique population consisted of pericytes expressing CD34* NG2* CD146~ cKit™.
This population was found on both the arterioles and capillaries (Avolio et al.
2015a). Table 11.1 provides all of the markers that can be used to identify cPCs.
Work remains to identify a cPC-specific marker that is homogenously expressed in
all cPC subtypes. For now, identification of pericytes requires immunogenic mark-
ers, gene and protein expression profiles, functional characteristics, and localiza-
tion in situ.
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Table 11.1 Markers for cardiac pericytes (table adopted from Murray et al. 2017)

Gene

symbol Gene name References

3G5 3g5-defined ganglioside Nees et al. (2012a)

aSMA Alpha-smooth muscle actin Chen et al. (2015) and Crisan et al.
(2008)

ALPL Alkaline phosphatase Juchem et al. (2010)

CD10 Neural endopeptidase Crisan et al. (2008)

CD13 Alanine aminopeptidase Crisan et al. (2008)

CD29 Integrin beta Dar et al. (2012)

CD34 CD34 molecule Chen et al. (2013)

CDh44 Receptor for hyaluronic acid Chen et al. (2015) and Crisan et al.
(2008)

CD73 5'nucleotidase, ecto Chen et al. (2015) and Crisan et al.
(2008)

CD90 Thy-1 Chen et al. (2015) and Crisan et al.
(2008)

CD105 Endoglin Chen et al. (2015) and Crisan et al.
(2008)

CD108 Sema L Chen et al. (2015) and Crisan et al.
(2008)

CD109 Platelet activation factor Crisan et al. (2008)

CD140b Platelet-derived growth factor beta Chen et al. (2015) and Crisan et al.

(PDGFRB) (2008)
CD140a Platelet-derived growth factor alpha Psaltis et al. (2010)
(PDGFRa)

CD142 Tissue factor Juchem et al. (2010)

CD146 Melanoma cell adhesion molecule Chen et al. (2015) and Crisan et al.
(2008)

CDl164 Sialomucin core protein 24 Crisan et al. (2008)

CD166 ALCAM Crisan et al. (2008)

CD318 CUB domain-containing protein 1 Crisan et al. (2008)

CD340 Human epidermal growth factor receptor 2 | Crisan et al. (2008)

CD349 Frizzled-9 Crisan et al. (2008)

CNNI1 Calponin Nees et al. (2012a)

Cx43 Connexin-43 Nees et al. (2012a)

Glil Glioma-associated oncogene 1 Kramann et al. (2015b, 2017)

HLA-CLI Human leukocyte antigen class 1 Crisan et al. (2008)

NG2 Neurol/glial antigen 2 Chen et al. (2015) and Crisan et al.
(2008)

SM-MHC | Smooth muscle myosin heavy chain Chen et al. (2015)

SSEA-4 Stage-specific embryonic antigen-4 Crisan et al. (2008)

STRO-1 N/A Psaltis et al. (2010)

Tbx18 T-BOX protein 18 Guimaraes-Camboa et al. (2017)

VIM Vimentin Avolio et al. (2015a)
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11.3 Role in Cardiac Homeostasis

11.3.1 Vascular Integrity and Perfusion

To help maintain cardiac homeostasis, cPCs contribute to the integrity of the endo-
thelial layer by regulating vascular permeability (Armulik et al. 2005). Pericytes
and endothelial cells have an intimate relationship and together they form a func-
tional intercommunicating unit. They share a basement membrane where multiple
intracellular connections are made. The two cell types form gap junctions, tight
junctions, and peg-socket contacts to communicate and strengthen the barrier
(Fig. 11.1). These gap junctions are formed by proteins such as connexins, cadher-
ins, occludins, and claudins that are integrated into the cytoskeletal structure
(Winkler et al. 2011). In cell culture models, co-culture models of pericytes and
endothelial cells show a decrease in barrier permeability compared to endothelial
cells alone (Al Ahmad et al. 2009; Nakagawa et al. 2009). PDGFR§{ is not only used
as a pericyte molecular marker, it is also part of a signaling pathway essential to
pericyte survival. As shown by Kaminski et al., PDGFRB~~ mice are embryonically
lethal. The embryos have vascular malformations and hemorrhaging (Hellstrom
et al. 2001; Kaminski et al. 2001). In a conditional adult PDGFRB~~ mouse, the
mice exhibit high vascular permeability and leakage, and their perfusion is compro-
mised (Bell et al. 2010; Winkler et al. 2010). Bjarnegard et al. showed that deletion
of endothelial-derived PDGFbb causes pericyte loss and cardiac deficits (Bjarnegard
et al. 2004). While studying the cardiotoxicity of cancer drugs, sunitinib malate
decreased the number of pericyte coverage of vessels on the heart, caused microvas-
cular dysfunction, decreased cardiac function (coronary flow), and induced hyper-
trophy (Chintalgattu et al. 2013). Interestingly, using an anticancer agent thalidomide
reversed the physiological effects that they found. All together, these observations
demonstrate that cPCs play a critical role which is vascular function and homeosta-
sis in the heart.

11.3.2 Angiogenesis

Another physiological aspect is that pericytes participate in is angiogenesis
(Gerhardt and Betsholtz 2003). They do so by presenting growth factors that stimulate
the formation of new vessels (Stapor et al. 2014; Matsuki et al. 2015; Caporali et al.
2017). Under angiogenic conditions, the cross talk between endothelial cells and
pericytes allows for both cell types to migrate and proliferate (Darland et al. 2003;
Bergers and Song 2005; Ribatti et al. 2011; Fuxe et al. 2011). There have been sev-
eral key processes that have been identified. First, angiopoietin-1/2 (angpt-1/2) sig-
naling from endothelial cell binding to Tie-2 receptors on pericytes causes
dissociation and aids in survival of pericytes from the vessels (Benest et al. 2006;
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Wakui et al. 2006; Cai et al. 2008b; Maisonpierre et al. 1997; Dewi et al. 2018).
Matrix metalloproteinases (MMPs) and proteases alter the extracellular matrix
(ECM) to allow for pericyte migration (Stratman et al. 2010; Stratman and Davis
2012; He and Spiro 1995). Pericyte-derived vascular endothelial growth factor A
(VEGF-A) binding to endothelial VEGF receptor 2 (VEGFR2) allows for endothe-
lial proliferation and survival and leads to sprouting and formation of new vessels
(Darland et al. 2003; Benest et al. 2006; Wakui et al. 2006; Franco et al. 2011).
Next, pericyte-derived transforming growth factor beta (TGFp) is secreted to inhibit
continuous proliferation of endothelial cells (Winkler et al. 2011; Bergers and
Song 2005). Lastly, endothelial-derived PDGFbb and heparin-binding epidermal
growth factor (HB-EGF) recruit pericytes back to stabilize the new vessels (Stratman
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et al. 2010; Magnusson et al. 2007; Nadal et al. 2002). Jagged! expression and
Notch-1 signaling are required for vessel maturation for both the newly proliferated
endothelium and pericytes (Boscolo et al. 2011; Tattersall et al. 2016; Tao et al.
2017).

N-cadherin is an adhesion molecule that is required for maturation and stabiliza-
tion of the newly sprouted vessel due to its interaction with pericytes (Tillet et al.
2005). To induce the expression of adhesion molecules such as N-cadherin where its
absence would impede pericyte recruitment, pericyte sphingosine-1-phosphate
(S1P) signaling is required to bind to the SIP receptor on endothelial cells (Paik
et al. 2004; McGuire et al. 2011). Blocking N-cadherin expression decreased endo-
thelial barrier properties. Found at the edges of sprouting vessels, pericyte-derived
angpt-1 binds to the endothelial Tie-2 receptor to signal vessel stabilization, and
pericytes spatially regulate sprouting due to their expression of VEGFRI1 (Zeng
et al. 2016; Eilken et al. 2017; Teichert et al. 2017). Once the vessels are stabilized,
endothelial brain-derived neurotrophic factor (BDNF) binds to tropomyosin recep-
tor kinase B (TrkB) on the pericytes for vessel maturation; however, the down-
stream signaling cascade is currently unknown. In the heart, only pericytes and
smooth muscle cells express TrkB. Anastasia et al. showed that in trk=~ mice are
embryonically lethal (Anastasia et al. 2014). The mice also had cardiac vascular
abnormalities, increased vascular permeability, and compromised vascular integ-
rity. Lastly, pericytes signal through chemokine receptor 3 (CXCR3) to regulate
angiogenesis by inhibiting vessel formation and mediate vessel dissociation (Bodnar
et al. 2013). As evidenced by the pathways discussed above, cross talk between
endothelial and pericytes is required for angiogenesis in the heart (Fig. 11.1).

11.3.3 Vascular Tone

Scientists have hypothesized that pericytes can control capillary function and act as
pre- and postcapillary sphincters due to their anatomical location and expression of
contractile proteins similar to their close relatives—the smooth muscle cells.
Multiple studies have investigated the contractile function of pericytes. Using opti-
cal and atomic force microscopy, retinal pericytes have been shown to generate
contractile forces that can wrinkle elastomeric substrata in vitro studies (Lee et al.
2010). Renal pericytes have been shown intravitally that they regulate blood flow
and pressure through endothelial-derived C-type natriuretic peptide (CNP) (Spiranec
et al. 2018). Moreover, renal smooth muscle cells and pericytes have been shown to
have calcium signals that are integrated across the vascular bed and control vascular
tone (Borysova et al. 2013). Under in vitro conditions, brain pericytes in culture
have been shown to contract by measuring their impedance changes due to dose-
dependent responses to contraction and relaxation stimulants such as endothelin-1
and adenosine (Neuhaus et al. 2017). Calpain and talin are proteins that have been
shown to play a part in pericyte contraction and stiffness (Kotecki et al. 2010).
Multiple groups have contributed to showing that brain capillary pericytes do
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contract post-ischemia (Hamilton et al. 2010; Mazzoni et al. 2015; Hall et al. 2014;
Mishra et al. 2014; Yemisci et al. 2009; Peppiatt et al. 2006; Fernandez-Klett et al.
2010). Using state-of-the-art intravital and ex vivo imaging techniques on the brain,
they showed that pericytes contract during ischemia and even after reperfusion, the
pericytes do not relax and they prevent flow back into the ischemic area (Hamilton
et al. 2010; Mazzoni et al. 2015; Hall et al. 2014; Mishra et al. 2014; Yemisci et al.
2009; Peppiatt et al. 2006; Fernandez-Klett et al. 2010). This phenomenon is known
as no-reflow (O’Farrell and Attwell 2014; Watanabe et al. 2004). Due to their tissue-
specific properties, it was unknown if cPCs behave the same way during a myocar-
dial infraction (MI) or under ischemic conditions. Most recently, O’Farrell et al.
showed that pericytes can alternate vascular tone and cardiac hemodynamics by
constricting capillaries post-MI and reperfusion (O’Farrell et al. 2017). Adenosine
is known as a pericyte relaxant (Matsugi et al. 1997). Treating the mice with adenos-
ine showed a 30% improvement in reperfusion in the infracted area. However, the
mechanism to this no-reflow phenomenon in the heart remains to be elucidated. Due
to the evidence provided by the study from O’Farrell et al., we are left wondering if
cPCs have the ability to alter vascular tone under normal physiological conditions
and not just under ischemic conditions (Fig. 11.1).

11.4 Role in Cardiovascular Pathophysiology

We have discussed how cPC help maintain cardiac homeostasis under normal physi-
ological conditions, but what about their role in cardiac pathophysiology? Because
cPC play multiple roles in cardiac homeostasis, their dysfunction could also con-
tribute to cardiovascular pathologies. Cells respond to their environment such as
mechanical and chemical stimuli, and any perturbations and/or stress can alter their
molecular and biological functions that govern their normal physiological function.
Reformation of their cell biology can render the cell to transform into subsidies
contributing to cardiac pathogenesis. Dysfunctional cPC have been implicated in
many cardiovascular diseases and pathologies such as myocardial infarction (MI),
atherosclerosis, fibrosis, calcification, thrombosis, and inflammation (Fig. 11.2).

11.4.1 Mpyocardial Ischemic Disease

Myocardial ischemic disease develops when there is an occlusion to the coronary
arteries most likely due to a blockage in the lumen of the vessel that is built up over
time. The heart is deprived of oxygen, and the surrounding muscle becomes isch-
emic and eventually necrotic. Post-MI, the heart will remodel to try to compensate
for the damaged tissue and this will eventually lead to a failing heart. As discussed
earlier in their ability to control vascular tone under ischemic conditions, cPC play
a role in the no-reflow phenomena during ischemia/reperfusion injury. Pericytes
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contract and close off the microvessels that could potentially reperfuse the oxygen-
deprived area due to the acute MI. Because of cPC constriction, inadequate blood
flow is prevented from being reestablished (O’Farrell et al. 2017; Costa et al. 2018).
Under hypoxic conditions, hypoxia-induced long noncoding RNAs were identified
in pericytes, and HypERInc was characterized to regulate pericyte cell proliferation,
viability, and endothelial interaction. They also found that HypERInc expression
was significantly decreased in human cardiac tissue from heart failure patients
(Bischoff et al. 2017). Moreover, in a human and mouse study, they found that
pro-nerve growth factor (pro-NGF), an inflammatory cytokine, accumulates at the
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site of a MI secreted by cardiomyocytes and binds to neurotrophin receptor (p75
NTR) and sortilin-related VPS10 domain-containing receptor 2 (SorCS2) on cPCs
which mediates a proapoptotic pathway (Siao et al. 2012). This eventually leads to
the downstream effects of rescinded pericyte processes and increased vascular per-
meability. In mouse models of ischemia-reperfusion injury studies, genetic ablation
of Notch-3 and sirtuin 3 (SIRT3) decreased the ability of the heart to recover post-
MI because the proteins are important in microvascular homeostasis and function
(Tao et al. 2017; He et al. 2016). Notch-3 knockout mice, which have been shown
to be essential in vessel stability and maturation, showed a significant reduction in
cPC vessel coverage leading to larger infarct sizes and higher mortality rate post-
MI. The knockout mice also had a significant difference in cardiac function post-MI
recovery compared to their wild-type counterparts due to their vascular dysfunction
predisposed by their Notch-3 mutation (Tao et al. 2017). In another study utilizing
a SIRT3 knockout mouse model, they also show that the genetic manipulation
caused microvascular dysfunction where there was a decrease of cPC coverage of
capillaries and exacerbated the MI injury. This study also showed that cardiac func-
tion post-MI in the KO was decreased compared to the WT animals (He et al. 2016).
These studies in mouse model of ischemia-reperfusion injury demonstrate that cPCs
contribute to microvascular dysfunction in myocardial ischemic disease.

11.4.2 Atherosclerosis

Atherosclerosis is defined as the narrowing and hardening of the vessel walls caused
by fatty depositions in form of plaques which impede blood flow to tissues. In the
heart, complete blockage in the coronary arteries leads to a MI, and cPCs have been
implicated in the development and/or progression of atherosclerosis (Ivanova and
Orekhov 2016). The atherosclerotic process causes changes in adhesion molecule
expression during the different stages of lesion progression. T-cadherin is a surface
adhesion molecule found in endothelial cells, smooth muscle cells, and pericytes of
the aorta. The expression of T-cadherin in smooth muscle cells and pericytes is
directly correlated with the severity of disease development (Ivanov et al. 2001).
Secondly, human aortic endothelial cells and smooth muscle cells produce hepato-
cyte growth factor (HGF) (Nakamura et al. 1995). HGF has been implicated in the
atherosclerotic process and shown to mediate pericyte migration in vitro. A study in
human femoral atherosclerotic arteries shows that c-Met receptor expression on
pericytes is activated by endothelial-derived HGF (Liu et al. 2007). Activation of
c-Met by HGF triggers the PI3K/Akt pathway which mediates pericyte migration
and recruitment to atherosclerotic lesions. Moreover, microvessels within the ath-
erosclerotic lesions co-localized expression of c-Met with smooth muscle cells and
pericytes (Liu et al. 2007). Finally, a mutation in the low-density lipoprotein
receptor-related protein 6 (LRP) causes early atherosclerosis. This mutation
increases the proliferation of smooth muscle cells by activating the PDGFRf
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pathway, whereas in the normal functioning LRP6, PDGFR is targeted for degra-
dation (Keramati et al. 2011). Because pericytes have high expression of PDGFR,
they can be targeted by the same mechanism to cause early atherosclerosis. These
studies taken together implicate cPCs in atherogenesis.

11.4.3 Calcification

Another cardiovascular pathology where dysfunctional pericytes contribute to its
calcific vasculopathy, which is also known as vascular calcification, has been well
reviewed (Collett and Canfield 2005; Canfield et al. 2000; Bardeesi et al. 2017;
Leszczynska and Murphy 2018). There are two types: intimal vascular calcification
which contributes to the complicated pathology of atherogenesis or medial vascular
calcification which contributes to vascular stiffness (Wu et al. 2013). Under patho-
logical conditions, pericytes can utilize its ability to secrete ECM proteins and its
alkaline phosphatase activity to cause calcification by mirroring what osteoblasts do
during bone formation (Murshed and McKee 2010). Under normal physiological
conditions, pericytes synthesize and release pyrophosphatase that will inhibit calci-
fication. Therefore, a dysfunctional pericyte can contribute to calcification by
becoming chondrogenic (Collett and Canfield 2005; Crisan et al. 2008; Murshed
and McKee 2010; Farrington-Rock et al. 2004). Furthermore, a mechanism has
been described for pericyte chondrogenic differentiation involving the Wnt/f--
catenin pathway in retinal pericytes (Kirton et al. 2007). Pericytes have been shown
to express several Wnt receptors such as LDL-related receptor 5 and 6 (Keramati
et al. 2011; Kirton et al. 2007). The TGFf3 ligand activates the Wnt/p-catenin sig-
naling pathway and induces chondrogenic characteristics such as accumulation of
collagen and SOX-9 expression (Kirton et al. 2007). In the heart, TGFp3 has been
implicated in aortic atherosclerotic lesion development since several of the cell
types (smooth muscle cells, foam cells, and macrophages) in the lesions have been
found to secrete high levels of the TGFf3 ligand (Bobik et al. 1999; Toma and
McCaffrey 2012). Not only are pericytes chondrogenic, but they can also differenti-
ate into osteoclasts (Collett and Canfield 2005; Crisan et al. 2008; Farrington-Rock
et al. 2004; Kirton et al. 2006; Davaine et al. 2014). Glucocorticoid therapy such as
treatment with dexamethasone enhances osteogenic differentiation and decreases
the inhibition of mineralization in pericytes (Kirton et al. 2006). A novel gene, vas-
cular calcification-associated factor (VCAF), is found to be upregulated during vas-
cular calcification and during the osteogenic differentiation of pericytes in femoral
arteries (Alexander et al. 2005). Calcified arterial lesions contain VCAF, while their
non-calcified counterpart did not. On the other hand, knockdown of VCAF in cul-
tured pericytes increased the amount of calcified lesions and the time it took for the
mineralization to occur (Alexander et al. 2005). Together, these studies thus provide
evidence where cPC can behave similarly in the development of calcific vasculopa-
thy in the heart.
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11.4.4 Cardiac Fibrosis

Cardiac fibrosis is defined as a reduction in cardiac muscle compliance due to an
excessive deposition of ECM proteins which leads to myocardial stiffness and
decreased cardiac function. Resident fibroblast maintains ECM homeostasis, but
upon injury, they convert into myofibroblast and contribute to cardiac fibrosis.
Cardiac fibrosis is necessary post-MI to help preserve cardiac structure, the scarring
process, and healing (van Amerongen et al. 2008). However, if the process is not
governed, it becomes pathogenic and consequential. How do pericytes contribute to
cardiac fibrosis? The exact role and mechanism of pericytes in fibrosis still remain
to be determined; however, recent studies in the heart and studies from other organs
such as the kidney have shed some light (Travers et al. 2016). Most recently, a
mouse model of spinal cord injury demonstrated that a subtype of pericytes was
responsible for fibrosis and scar tissue formation. Inhibiting pericyte proliferation
and their contribution to the ECM showed a reduction in fibrosis and facilitated
healing (Dias et al. 2018). Under pathological conditions, dysfunctional pericytes
can detach from the endothelium, migrate, differentiate into myofibroblasts, and
compromise the integrity of the vasculature (Schrimpf and Duffield 2011;
Greenhalgh et al. 2013). Cardiac pericytes have already been shown to secrete ECM
proteins (Nees et al. 2012a). Under culture conditions, pericytes can become
fibroblast-like cells by induction of type-1 collagen mRNA and protein expression
as well as protein expression of connective tissue growth factor (CTGF/CCN2) and
fibroblast marker ASO2 (Shiwen et al. 2009). Shown in vitro, fibroblast-like cells
are derived from pericytes (Ivarsson et al. 1996). Moreover, studies have shown that
pericytes can differentiate into fibrotic cells that secrete collagen-1 under inflamma-
tory and wound healing conditions in vivo including the heart (Sundberg et al. 1996;
Lin et al. 2008; Weiss et al. 2013). Galectin-3 is secreted by macrophages in inflamed
myocardial tissue. This protein has been shown to stimulate pericyte proliferation
and secrete procollagen I which can thus lead to fibrosis (McCullough et al. 2011).
Conversely, type-1 pericytes accumulate at the site of injury in multiple organs, but
they do not secrete collagen-I in the heart (Birbrair et al. 2014). Moreover, Glil*
cells were identified as a subpopulation pericytes in the mouse heart where they dif-
ferentiate into myofibroblast and are a source of fibrotic tissue (Kramann et al.
2015b, 2017; Kim and Braun 2015). Interestingly, genetic ablation of Gli* pericytes
decreased the observed fibrosis and recovered organ function. Future studies are
required to resolve the conflicting results found in the heart.

11.4.5 Thrombosis

The development of a blood clot that can occlude and impede blood flow through
the vascular system is known as a thrombosis, and a thrombosis usually happens
when a vessel is injured. The blood clot is formed by thrombocytes to prevent fur-
ther blood loss. The role of pericytes has yet to be elucidated in not just the heart but
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other organs as well. In the heart, a subset of pericytes discovered by Juchem et al.
secrete high levels of TF which is a key initiator in coagulation (Juchem et al. 2010).
Interestingly, pericytes are the only cells in the vascular wall secreting TF, whereas
smooth muscle cells and monocytes that migrate to the area of plaques don’t secrete
TF unless activated (Osterud and Bjorklid 2006). Endothelial cells also do not
secrete TF. This study suggests that pericytes can secrete procoagulatory factors that
can create a thrombotic environment and can lead to plaque formation (Juchem
et al. 2010). Saphenous veins are used in the transplantation of coronary artery
bypass grafting. However, there is a high rate of acute occlusion post-surgery due to
the treatment of the grafts that leaves them de-endothelialized and causes an increase
in the release of TF (Weiss et al. 2009). Therefore, grafted vessels fail due to pro-
thrombosis environment that is created partially due to intimal pericytes.

11.5 Therapeutic Potential

11.5.1 Repair and Regeneration

During a MI, the coronary artery is blocked. This will cause a deprivation of oxygen
to the area; the myocytes and vessels downstream of the blockage will experience
ischemia and die. The heart will therefore have to work harder to compensate for the
damaged muscle. In order to heal this damage, first there needs to be repair—mean-
ing myofibroblast needs to perform fibrosis to help retain structure by replacing the
necrotic tissue. As discussed previously, pericytes can differentiate into myofibro-
blasts to aid in preserving structure (Crisan et al. 2008; Kramann et al. 2015b, 2017,
Sundberg et al. 1996; Lin et al. 2008; Kim and Braun 2015). Next, there needs to be
revascularization to perfuse the ischemic zones as the ischemic vessels are no longer
able to deliver oxygen and nutrient. As discussed above, pericytes play a central role
in angiogenesis and, in this case, even collateralization. Lastly, there needs to be
regeneration because new muscle mass needs to be formed to keep the heart from
becoming hypertrophic due to ventricular remodeling triggered by the acute
MI. Pericytes can differentiate into myoblast and provide the foundation for new
muscle development (Crisan et al. 2008; Dellavalle et al. 2007; Stallcup 2013;
Cappellari et al. 2013). Therefore, pericytes are able to address all of the above
requirements for cardiac repair and regeneration and have high therapeutic potential.

11.5.2 Mesenchymal Properties

Mesenchymal stem cells (MSCs) are at the forefront of regenerative therapy.
Pericytes share several characteristics with MSCs, and their plasticity toward other
cell phenotypes implies great healing potential. In addition to pericytes being of
mesenchymal origin and the characterized subpopulations of isolated pericytes
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expressing “stemness” markers (CD44, CD73, CD90, CD105), pericytes are highly
proliferative and have multilineage capabilities as discussed in previous sections
(Volz et al. 2015; Crisan et al. 2008, 2012; Covas et al. 2008; Tintut et al. 2003).
Interestingly, pericytes are also integral to stem cell niches and hematopoietic stem
cells (Crisan et al. 2008; Sa da Bandeira et al. 2017). This brings us to the pericyte-
MSC conundrum. Some believe that all MSCs are pericytes as it has been shown
that human pluripotent stem cells gave rise to pericytes (Dar et al. 2012). Pericytes
have also been referred to as a vascular stem cell or vascular progenitor cells.
Whether they are pluripotent or progenitors or both have yet to be elucidated, but
their potential has been rigorously reviewed and discussed (Geevarghese and
Herman 2014; Wong et al. 2015; Murray et al. 2017). Another way pericytes have
healing potential is their secretome which is also similar to stem cells. Many ways
that pericytes contribute to vascular remodeling and stabilization are through their
paracrine signaling rather than their direct physical contact (Ellison-Hughes and
Madeddu 2017). Their secretome has been found to contain pro-angiogenic factors
and anti-inflammatory cytokines as well as a plethora of other enzymes and factors
that can contribute to healing and regeneration (Juchem et al. 2010; Chen et al.
2015). More specifically, pericytes are targeted for angiogenic therapies because
they are bi-directional (Stallcup 2013; Kelly-Goss et al. 2014). In diseases such as
cancer, inhibition of angiogenesis would be beneficial, while in cases like MI, pro-
moting angiogenesis would help improve cardiac function. However, Guimaraes-
Camboa et al. reported the opposite—pericytes in vivo do not behave like MSCs
under normal physiological nor pathophysiological conditions (Guimaraes-Camboa
et al. 2017).

11.5.3 Cell-Based Therapeutics

There have been several studies using pericyte-like cells and pericytes as cell-based
therapeutics for regenerative medicine. Many of these studies were done by a group
based in the United Kingdom led by Paolo Madeddu where they utilized leftover
human saphenous vein grafts from coronary bypass surgeries to isolate pericyte-like
progenitor cells. The first study used human saphenous vein-derived pericyte pro-
genitor cells (SVPs) injected into the ischemic limb of immunodeficient mice, and
they showed improvement in blood flow due to reparative angiogenesis (Campagnolo
etal. 2010). Several years later, they transplanted human adventitial progenitor cells
and showed improved reperfusion in the same ischemic limb model along with an
epigenetic expression profile (Gubernator et al. 2015). The same group also trans-
planted SVPs into the infract zone of mouse MI model. The study showed that the
transplantation reduced scarring, apoptosis, and fibrosis; it also increased angiogen-
esis through a mechanism involving microRNA-132 as well as improved overall
cardiac function (Katare et al. 2011; Katare and Madeddu 2013). Due to the com-
plexity of the heart, the group also did a study using a combined therapy of SVPs
and cardiac stem cells to see if they could optimize their treatment. They found the
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combination therapy to be complimentary by stimulating repair of vessels and mus-
cle. As previous studies, they saw improvement in cardiac function and perfusion,
increased angiogenesis, and reduced infarct size (Avolio et al. 2015b). In a study
where human pluripotent stem cells were transformed into pericytes and injected
into an ischemic limb mouse model, they found that the pericytes significantly
improved limb perfusion and vascular density (Dar et al. 2012). Next, Chen et al.
investigated the therapeutic potential of purified human skeletal pericytes on mouse
model of MI. They found that their transplantation improved cardiac contractility,
increased angiogenesis, reduced fibrosis, decreased inflammation at the infract
zones, and attenuated left ventricular dilation (Chen et al. 2013). Within that same
year, Yannarelli et al. came out with a study showing the reparative ability of human
umbilical cord perivascular cells improving cardiac function in an immunodeficient
mouse model of MI (Yannarelli et al. 2013). Most recently, a study was published
where they intramyocardially injected both human and swine allogeneic pericytes
post-acute MI in a swine model. They found that transplantation of human pericytes
only decreased fibrosis and no other endpoints they measured due to an immuno-
logical response. As an alternative, the transplantation of swine allogeneic pericytes
resulted in an increase in angiogenesis and decrease in fibrosis, but did not improve
overall cardiac function (Alvino et al. 2018). The first and only study using cPC as
a therapy was done by Chen and colleagues. They isolated human cPCs and injected
them into mouse models of MI, and they found that the cPCs demonstrated cardio-
myogenic potential (Chen et al. 2015). This could be because the cells are derived
from a cardiac source. As the popularity of using pericytes as cell-based therapies
for cardiovascular regenerative medicine continues to grow, the findings from the
studies above are encouraging and demonstrate its feasibility.

11.6 Future Directions

In the past 15-20 years, research on cPCs have accelerated. With the latest knowl-
edge gained from recent studies, the compilation of cPC biology is beginning to
unravel. We know that cPCs play a fundamental role in vascular integrity, stability,
and remodeling, and their dysfunction proves consequential to global cardiac func-
tion. However, plenty of questions remain to be answered. As we saw in Table 11.1,
there are numerous markers found in cPCs but with no specificity. The current pub-
lications that have isolated cPCs have different expression profiles. Under in vivo
conditions, this difference in expression profile could be due to their localization
along the vessel, whether they are microvascular, arteriole, or venular. This begs us
to answer “What is a cardiac pericyte?” In order to truly understand cPC biology as
a whole and differentiate among the subtypes, we need to rigorously define them.
There are plenty of functions pericytes have been described to participate in, but
do they have a main role? Most of the signaling and functions have translated well
across different tissues. Because of their heterogeneity, do the subtypes interact with
endothelial cells and influence cardiac homeostasis differently? It’s possible that
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each subtype has a different role due to where they are found in the vascular bed. We
have discussed how pericyte dysfunction and/or lack of pericytes can disrupt and
decrease cardiac efficiency and function and contribute to cardiac pathophysiology.
However, different subtypes of cPCs can contribute to each pathology differently.
For example, type-1 pericytes in the heart do not secrete collagen-1 and contribute
to cardiac fibrosis, but perhaps another subpopulation does. Moreover, the pericyte-
MSC conundrum needs to be resolved. Although studies have started on targeting
pericytes as a cell-based therapeutic agent and have seen improvements in the isch-
emic limb and MI mouse models, we wonder if the regenerative capabilities are
different among the different subtypes, tissue they are derived from, or species they
are derived from. For example, most studies have used pericytes derived from
human saphenous vein grafts and transplanted into the hearts of mice. Would we see
a bigger difference if the cells came from mice or cardiac derived? In the swine
model, there was an immunoreaction to the human cells. In the study where they
transplanted human cPCs into the heart, they showed that the pericytes had myo-
genic potential. It is possible that this subpopulation of pericytes was prepro-
grammed to gravitate toward a myogenic phenotype. We briefly mentioned that the
regenerative potential of pericytes come from their paracrine signaling. Perhaps
instead of transplanting pericytes themselves, therapies can just include the secre-
tome of pericytes. It’s possible that this could restore the signaling pathways that
were disrupted due to pericyte dysfunction or death associated with a particular
disease. There are many directions where the field of cPC biology can take, but we
believe that we must first critically and rigorously define cardiac pericytes and their
subpopulations before we are able to truly draw any conclusions on their capabili-
ties as a therapeutic agent.
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Abstract The structural components of the umbilical cord, including two arteries
and one vein, the stromal region/Wharton’s jelly, and amniotic epithelial membrane,
are well described at various time points of gestation. Over the last two decades,
evidence has emerged that multipotent cells sharing properties of mesenchymal
stromal cell and pericytes/mural cells can be isolated from multiple regions of the
umbilical cord, including the perivascular region of the umbilical cord arteries and
vein, Wharton’s jelly, and subamnion. These cells have increasingly gained interest
for their potential use in regenerative and immunomodulatory medicine. Recent
studies suggest that obstetrical complications including gestational diabetes melli-
tus and preeclampsia may alter the yield, properties, and potency of mesenchymal
stromal cells isolated from the umbilical cord. The role that pericytes or pericyte-
like cells play in the development of the human umbilical cord and associated
pathologies, however, remains to be investigated.
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12.1 Introduction

In placental mammals, the umbilical cord is a vital structure that forms early during
fetal development, allowing for oxygen- and nutrient-rich blood to pass from the
placenta to the fetus and for the return of waste and oxygen-depleted blood back to
the placenta. Normally, human umbilical cords at term are composed of one vein
and two arteries that are embedded in Wharton’s jelly, a connective tissue consisting
of a network of myofibroblasts and collagen that protect the blood vessels from
compression. Wharton’s jelly is abundant in mucopolysaccharides that provide the
jellylike substance and is covered by an amniotic epithelial cell membrane
(Fig. 12.1). An understanding of pericytes and related perivascular cells in the
human umbilical cord, the focus of this chapter, necessitates an understanding of
how this seemingly simple organ, and especially the vasculature and perivascular
tissue within it, develop and change during gestation. How mesenchymal cells or
pericyte-like cells in the umbilical cord tissue and cord blood participate in the
growth, maintenance, and pathological aspects of the umbilical cord structures and
fetal development throughout gestation remains largely unclear. However, these
cells with demonstrated plasticity have increasingly gained interest in the field of
regenerative medicine and immunomodulatory medicine, as they represent one of
the youngest and richest known sources of mesenchymal stromal cells. In this chap-
ter, we will review:

e The development of the umbilical cord, focusing on vascular structures and peri-
vascular connective tissue.

 Insitu analyses of pericyte-like cells and perivascular cells in the umbilical cord.

e Analyses of pericyte-associated markers in cells isolated from various regions of
the perivascular regions of the umbilical cord as sources of stem cells for regen-
erative and immunomodulatory medicine.

e The potential involvement of pericytes/perivascular cells in umbilical cord
pathologies as well as the impact of obstetrical complications on perivascular
cells isolated from the umbilical cord.

12.2 Development of the Umbilical Cord, Focusing
on Vascular Structures and Connective Tissue

Early embryonic processes involved in the formation of the human umbilical cord
are described and illustrated in detail in eminent textbooks (Cullen 1916; Benirschke
and Kaufmann 1995) and have been summarized in recent scientific reviews
(Spurway et al. 2012; Corrao et al. 2013; Davies et al. 2017). The following is an
overview of early human umbilical cord development described in these references,
with the inclusion of occasional references to studies performed in animal models,
as these have improved our knowledge of umbilical cord vascularization (Inman
and Downs 2007). The connective tissue of the umbilical cord is derived from the
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First Trimester Umbilical Term Umbilical Cord
Cord (9-10 weeks) (38-40 weeks)

Arteries - ~

Vein

Overview

Fig. 12.1 Structural regions of the umbilical cord during the first trimester (FTM) (left panels) and
at term (right panel). In both stages, the umbilical cord is mainly comprised of two arteries (shown
for each stage in the second row) and one vein (shown for each stage in the third row). Additional
structures, including the second vein which normally atrophies during the first trimester and rem-
nants of the allantois, can also be observed, as shown here in FTM (fourth row). E epithelium, SA
subamnion, C clefts, WJ Wharton’s jelly, PV perivascular zone, M media, / tunica intima. Slides
used to illustrate umbilical cord regions were stained with OCT4 and counterstained with hema-
toxylin (Librach lab, unpublished). One can appreciate the expansion of the media (M), perivascu-
lar zone (PV), and intervascular WJ between FTM and term cords. OCT4+ cells are found in FTM,
mainly in the subendothelial regions of the arteries and vein, with occasional cells staining positive
for OCT4 in W], but are not observed prevalently in term cords
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extraembryonic mesoblast, the layer of mesoderm that surrounds the amniotic ves-
icle and primary yolk sac in the 2- to 3-week-old embryo, shortly after trophoblastic
invasion of the maternal endometrium. The earliest sign of the umbilical cord can be
seen at 18 days post coitum (p.c). in the form of the connecting stalk (also referred
to as the body stalk) that is formed by the invasion of the transitory allantois, form-
ing a duct-like extension of the primary yolk sac linking the chorionic mesoderm
and the primitive embryo (Fig. 12.2). This mesenchyme tissue connection is in fact
the primitive extraembryonic urinary bladder. The cord itself forms between 28 and
40 days p.c. when the expanding amniotic cavity compresses the connecting stalk,
the allantois, and the yolk sac, thereby covering them with the amniotic epithelium.
The connecting stalk becomes supplied with fetal blood vessels originating from the
allantois around the third week p.c. The blood vessels are formed through de novo
vasculogenesis (Downs 1998; Downs et al. 1998) and invade the placenta at the
distal end of the cord, becoming connected to the villous vessels and conveying
placental blood to and from the embryo. It remains poorly understood how this is
orchestrated and how allantoic vasculature at the proximal end (at the caudal part of
embryo) fuses with the embryonic and yolk sac vessels (Downs 1998; Inman and
Downs 2007). How the primitive vasculature develops into the mature umbilical
cord vessels observed during the remainder of gestation and at birth is also poorly
described. During the first trimester, the omphalomesenteric duct (also known as the
vitelline duct), the precursor to the gastrointestinal tract derived from the yolk sac,
also passes through the cord (Fig. 12.2b). The cord lengthens as the embryo pro-
lapses backward into the amniotic sac. The full fusion of the amniotic membrane
with the chorionic membrane/mural trophoblasts takes place at approximately
12 weeks of fetal development. The allantois and vitelline duct typically recede
within the umbilical cord during this period, thinning out and losing their patency
(Fig. 12.3). The allantois and yolk sac are important structures in the formation of
the cord as they form the initial link with the body through the connecting stalk and
are the source of vascularization. However, while the allantois-derived ducts recede
in the cord as they form the intra-abdominal bladder and gut, the blood vessels
originating from the allantois persist and grow with the umbilical cord.

The umbilical cord tissue is composed of six structural and functional regions:
from outer to inner UC, we find (1) the surface epithelial membrane (amniotic epi-
thelium), (2) subamniotic stroma, (3) clefts, (4) intervascular stroma (WJ), (5) peri-
vascular stroma, and (6) blood vessels, where regions (2-5) are often, and some
would argue ambiguously, referred to collectively as the umbilical cord stromal
region or WJ (Figs. 12.1 and 12.4) (Nanaev et al. 1997; Can and Karahuseyinoglu
2007; Corrao et al. 2013; Davies et al. 2017). There are several ways in which
human umbilical cord vessels differ from major vessels in the body. First, the umbil-
ical cord vessels’ structure includes an arterial and venous tunica intima (layer of
endothelial cells) and tunica media (cell-dense layers of vascular smooth muscle
cells) but lacks a distinct tunica adventitia and external elastic lamina (Blanco et al.
2011), which provide contractile and vascular support functions in corporal blood
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A
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Primary yolk sac
Stem of umbilical vesicle
Body stalk
Extraembryonic mesoblast f——

Fig. 12.2 TIllustrations describing early development of the umbilical cord and structures. (a)
Body stalk and stem of umbilical vesicle are identified as primitive components of the developing
umbilical cord. Continuity and invagination of chorionic and amniotic cavities are illustrated.
Amniotic cavity surrounds the developing cord structure on the fetal side, while the chorionic cav-
ity surrounds it on the yolk sac side. (b) Hand-drawn illustration of early embryonic and umbilical
cord development from Cullen (1916). Illustration by Max Brodel, reprinted from Cullen, T. S.
(1916). Embryology, anatomy, and diseases of the umbilicus, together with the diseases of the
urachus. Philadelphia, and London, W. B. Saunders company
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Fig. 12.3 Drawings and illustration of FTM umbilical cord structures. (a) Internal structure of the
developing umbilical cord during the first trimester. Amniotic cavity surrounds the developing cord
structure. Tubular structures within the cord include umbilical arteries, umbilical vein, omphalo-
mesenteric duct, and allantois, the latter two of which normally regress toward the fetus and lose
their patency by the end of the first trimester. (b) Hand-drawn illustration by Max Brodel, reprinted
from Cullen, T. S. (1916). Embryology, anatomy, and diseases of the umbilicus, together with the
diseases of the urachus. Philadelphia and London, W. B. Saunders company
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Fig. 12.4 Illustration of in situ and in vitro cell phenotypes in structural regions of the umbilical
cord. Schematic representation of the umbilical cord tissue structures illustrating cell density and
localization around a blood vessel. Concentric layers starting from the umbilical cord epithelium
toward the umbilical blood vessel are as follows: E epithelium, SA subamnion, W.J Wharton’s jelly,
PV perivascular region, M tunica media, and / tunica intima. A non-exhaustive list of markers
associated with mesenchymal and pericyte-like cells (pericyte-associated markers are bolded)
from each structural region in cells in situ or in culture is presented

vessels. From placental to fetal ends, the umbilical cord is largely considered not to
be innervated (Hoyes 1969). A few controversial studies, however, have reported the
presence of neural elements supplying the umbilical arteries at the proximal end
(Pearson and Sauter 1970; Ellison 1971). Wharton’s jelly or umbilical stroma, the
perivascular mucoid connective tissue described by Thomas Wharton in 1656, and
its dispersed myofibroblasts and collagen fibers are thought to fulfill the roles of the
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adventitia. This source of perivascular cells will be discussed in the next section.
Umbilical cord endothelial and perivascular cells also differ from those of typical
blood vessels, with changing characteristics throughout gestation (Parry and
Abramovich 1972; Sexton et al. 1996; Nanaev et al. 1997; Stehbens et al. 2005).
Umbilical cord vessel endothelial cells are rich in organelles such as mitochondria,
endoplasmic reticulum, and Golgi and, in the sheep at least, have been described as
resembling those of growing or of regenerating tissues (Sheppard and Bishop 1973).
Finally, unlike blood flow and exchange in other tissues, oxygen- and nutrient-rich
blood passes from the placenta to fetal circulation through one vein (which goes to
the liver), and depleted blood/waste is returned to the placenta through two large
arteries that are branches of the internal iliac arteries, with anastomosis about 3
centimeters from the placental insertion site (Cullen 1916, Benirschke and
Kaufmann 1995, Spurway et al. 2012). It is important to note that in some cords,
there are deviations from this most often described structure and that other struc-
tures can be observed in first trimester or even second trimester umbilical cords
(Figs. 12.1, 12.2 and 12.3). The human umbilical cord initially contains two veins,
the right and the left, where the left normally disappears during the second month of
pregnancy. However, two veins (four vessels) or one artery (two vessels) or, in rare
cases, five vessels (Singh et al. 2012) can be observed in about one percent of human
umbilical cords at term. In twenty percent of umbilical cords at term, short and typi-
cally non-patent remnants of allantois containing epithelial cells can be observed at
the distal end of the cord and would be expected to be located between the two
arteries during earlier stages of gestation, as it normally regresses by the eighth
week of gestation (Cullen 1916, Spurway et al. 2012). Similarly, as other umbilical
cord lengthens, the omphalomesenteric duct and the umbilical coelom regress by
the tenth and 12th week of gestation, respectively (Khati et al. 1998).

The human umbilical cord is generally described as lacking microvessels (Hoyes
1969). Transmission electron microscopy studies of developing human umbilical
arteries and veins at various time points of gestation suggest that human umbilical
cord blood vessels are devoid of vasa vasorum (Sexton et al. 1996), networks of
smaller blood vessels that supply the walls of large blood vessels such as arteries
and veins in many other tissues and where classically defined pericytes would be
found as discussed below. However, the intra-abdominal part of the umbilical cord
artery and vein do contain vasa vasorum, and these appear to increase in number
between the first trimester and term (Clarke 1965; Malas et al. 2003). It should be
noted that in many mammals, including sheep, cow, horses, and the dromedary
camel, the umbilical cord contains four blood vessels, including two umbilical
veins, two umbilical arteries, and a large allantoic duct. In the sheep umbilical cord,
vasa vasorum, including fenestrated endothelial cells and pericytes, were described
in the outer layers of the media of the artery in electron microscopy studies (Sheppard
and Bishop 1973). There have been at least two published reports of microvessels in
the umbilical cord. Montemurro et al. reported the presence of venules and arteri-
oles with diameters ranging from 10 to 100 pm in umbilical cords resected from
23-32-week preterm births but not in term umbilical cords (Montemurro et al.
2011). In addition, Blanco et al. reported the frequent finding of one or two scarcely
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developed but erythrocyte-filled vessels in Wharton’s jelly, away from the three
major vessels, in segments of cord isolated specifically approximately 2 centimeters
from the placental insertion site (29—41 weeks gestational age) (Blanco et al. 2011).
It is important to note that our understanding of the structural organization of the
human umbilical cord has been developed from ultrastructural and histological
assessments of short segments of the cord (representing less than ten to twenty-five
percent of the total length) that are accessible after resection of the cord at birth
(from both distended and collapsed specimens) or from abortions. Furthermore, the
proximal, medial, and distal distance of these segments to the fetus are almost never
specified in publications. Specifically, vascular structures at the proximal and intra-
abdominal regions of the umbilical cord as well as the rostral region that links to the
placenta throughout fetal development have not been extensively studied. This,
however, may be relevant to our understanding of potential sources of pericyte-like
cells throughout umbilical cord development.

In a manner that is crucial to proper fetal development and offspring health, the
length and diameter of the human umbilical cord increase from a few millimeters in
the first weeks of pregnancy to an average length of 40—65 cm and 1-2 cm girth at
birth. The steepest growth curve of the umbilical cord, including vascular structures,
occurs before the end of the second trimester (Cullen 1916; Malas et al., 2003). This
implies the presence and regulation of a rich source of active progenitors that supply
the growth of the amniotic epithelium, of endothelial cells, as well as of the suben-
dothelial smooth muscle and connective tissue, which will be the focus of the next
section. Many assumptions have been made, but not empirically tested, with regard
to the types of cells that act as progenitors and feed the growth of the perivascular
and vascular components of the cord and with regard to the source of mitogenic
factors. However, these and the mechanisms regulating progenitors are of great rel-
evance, both for the understanding of the development and pathologies of the
umbilical cord, as well as for the application of umbilical cord-derived cells in many
areas of regenerative and immunomodulatory medicine. For example, cords that are
abnormally short or too long and defects in umbilical vasculature or connective tis-
sue can each result in inadequate nutrient and oxygen delivery to the fetus, leading
to fetal demise or neurological and other severe birth defects (Benirschke and
Kaufmann 1995). As discussed at the end of this chapter, the potential association
between pericyte-like cells in the umbilical cord and these umbilical cord patholo-
gies remains largely unexplored.

12.3 In Situ Analysis of Pericytes and Related Perivascular
Cells in the Umbilical Cord

Pericytes have been classically defined as contractile cells that wrap around endo-
thelial cells in venules, capillaries, and arterioles throughout the body. Over the last
two decades, the definition of pericytes has been extended to include a heteroge-
neous, specialized population of multipotent mural cells residing in the
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subendothelial layer, adventitia, and vasa vasorum of the vasculature, including in
small, medium, and large arteries and veins (Andreeva et al. 1998). Pericytes are
now thought to function not only as hemostasis regulators but also as a source of
cells for repair and maintenance of the tissues in which they reside. For instance,
pericytes can differentiate into osteoblasts, chondrocytes, adipocytes, fibroblasts,
myofibroblasts, and smooth muscle cells (Diaz-Flores et al. 2009). Pericytes or
pericyte-like cells have thus emerged as critical components of the vascular bed in
blood vessels of all sizes, not only covering endothelial cell junctions to regulate
cellular processes such as inflammation but also as a mesenchymal progenitor cells
with metabolic, signaling, and mechanical roles to support endothelial cells and tis-
sue hemostasis as well homeostasis (Sims 2000).

In addition, many perivascular cell types across the vascular wall, including
smooth muscle cells found in the intima and myofibroblasts found in the stroma/
adventitia, are thought to have close relationships with pericytes, and as such the
reference to pericytes, mural cells, adventitial cells, and perivascular cells has
become somewhat fluid in the literature. These cells may represent a continuum of
cell phenotypes along growing and maturing vasculature (Holm et al. 2018).
Immunophenotypically, pericytes are defined by their anatomical localization in
subendothelial layers of vessels and the expression of at least one of the following
markers, neither one of which is specific to, or representative of, all pericytes and
may be associated with their quiescent or activated states: CD146 (MCAM),
platelet-derived growth factor receptor beta (PDGRf, CD140b), alkaline phospha-
tase (AP), regulator of G protein signaling (RGSS5), alpha-smooth muscle actin
(aSMA), desmin, and CD271 and the absence of CD31, CD34, and von Willebrand
factor (VWF) and CD144 or CD45 which are endothelial and pan-hematopoietic
markers, respectively (Andreeva et al. 1998, Diaz-Flores et al. 2009). Adventitial
cells in turn are typified as CD34+, CD31—, CD146—, and CD45—. In vitro, adven-
titial cells can acquire a pericyte-like cell phenotype, suggesting that adventitial
cells may be a source of pericyte progenitors (Corselli et al. 2012).

In a groundbreaking research study, Crisan et al. showed that the perivascular
region of blood vessels in many tissues, including the umbilical cord, harbors a
reservoir of CD146+, NG2+, and PDGRf+ progenitor cells that may be the source
of mesenchymal stromal cells (MSCs) in all vascularized bodily tissues (Crisan
et al. 2008). This has led MSC researchers to conclude that at least a subset of MSCs
are pericytes (Caplan 2008). MSCs are currently defined as plastic adherent cells
that express CD90, CD73, and CD105; do not express CD45, CD34, CD14, CD11b,
CD79a, CD19, and HLA-DR; and can differentiate into osteocytes, adipocytes, and
chondrocytes in appropriate culture conditions (Dominici et al. 2006). The co-
expression of pericyte-associated markers in a subset of cells expressing MSC-
associated markers is well described in various sources of MSCs including the
umbilical cord, both in vivo (as discussed in this section) and in vitro (as discussed
in the next section).

With regard to the study of perivascular cells in situ in the developing and term
human umbilical cord, ultrastructural and histological studies have been performed
on tissue sections of term human umbilical cord (both distended and collapsed) fol-
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lowing their resection in preterm or term births (Parry 1970; Takechi et al. 1993;
Nanaev et al. 1997; Schugar et al. 2009; Coskun and Can 2015). Additional studies
have been performed on umbilical cords spanning fetal development (Parry and
Abramovich 1972; Sexton et al. 1996; Stehbens et al. 2005; Montemurro et al.
2011; Spurway et al. 2012; Hong et al. 2013).

It was noted a long time ago that cells in the subamnion, Wharton’s Jelly, and
perivascular regions of the arteries and veins differ from each other phenotypically
and that the perivascular cells had increased proliferative activity (Parry and
Abramovich 1970; Nanaev et al. 1997, Friedman et al. 2007). The umbilical cord
epithelium is characterized by epithelial-like cells expressing various cytokeratins,
while the stromal regions include mesenchymal cells expressing vimentin, desmin,
and alpha-smooth muscle actin (aSMA). Here, we will specifically discuss the
pericyte-like properties of umbilical cord stromal cells identified in the perivascular
compartments and Wharton’s jelly.

Pericyte-associated markers NG2, CD146, and PDGFRp have been detected
exclusively in perivascular cells of the umbilical cord arteries and vein in first tri-
mester (FTM), second trimester (STM), and term umbilical cords (Sarugaser et al.
2005; Baksh et al. 2007; Crisan et al. 2008; Schugar et al. 2009; Montemurro et al.
2011; Hong et al. 2013). CD146 (MCAM, S-Endo 1) is expressed by some peri-
cytes, but endothelial, smooth muscle cells, and stromal and perivascular stem cells
are also known to express this antigen. A subpopulation of cells surrounding the
large umbilical arteries and vein as well as small vessels in mid-gestation fetal
cords co-express CD146 and oaSMA, as well as MSC-associated markers
(Montemurro et al. 2011). These cells, consisting mainly of vascular smooth mus-
cle cells, form the intima media, a layer around the endothelial cells that becomes
more prominent during the second trimester (Nanaev et al. 1997; Stehbens et al.
2005). In term cords, the two arteries present a similar expression pattern for these
markers, but only rare CD 146" and aSMA-positive cells were detected around the
vein, where the vSMCs are aSMA-positive (Schugar et al. 2009; Montemurro et al.
2011). Moderate CD146 expression (relative to the high expression in endothelial
cells) was detected in perivascular zone cell (outside of media) of term but not first
trimester umbilical cord (Davies et al. 2017) (Fig. 12.5a). The multipotency-associ-
ated marker, Oct4A, however was detected in the perivascular region of FTM and
second trimester human umbilical cord perivascular cells (HUCPVCs), but not in
term (Hong et al. 2013, 2013; Montemurro et al. 2011) (Fig. 12.1). Flow cytometric
analysis of freshly isolated fetal versus term umbilical cord cells suggest that there
is a higher frequency of perivascular cell populations with pericyte-like properties
(described as either CD146+ CD34— CD45— CD56—; CD146+ PDGFRb+; or
CD146+) in early gestation (Montemurro et al. 2011; Hong et al. 2013). While the
exact proportion of such cells varies across studies based on tissue digestion and
immunophenotyping methods used, this suggests that a perivascular cell population
with increased multipotential is present in the fetal umbilical cord perivascular
region. The functional significance of these cell phenotypes during fetal develop-
ment is unclear but likely contributes to the growth of the blood vessels and expan-
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Fig. 12.5 Comparison of FTM and term human umbilical cord perivascular cells (HUCPVCs).
Expression of pericyte-associated markers and physical interaction with endothelial cells in tube
formation assay. (a,b) CD146 immunostaining in first trimester (FTM) and term perivascular
regions, respectively. This image was obtained with permission from Davies, J. E., J. T. Walker and
A. Keating (2017). “Concise Review: Wharton’s Jelly: The Rich, but Enigmatic, Source of
Mesenchymal Stromal Cells.” Stem Cells Transl Med 6(7): 1620—-1630. (¢) Flow cytometry-based
cell surface expression levels of PDGFRP and CD146 in perivascular cell populations isolated
from FTM and term cords (n = 4, passage 4-5). Marker levels are expressed as mean fluorescence
intensity. Both markers show higher expression in FTM-derived cell population compared to term.
(d): Aortic endothelial cell co-cultures demonstrating a pericyte-like characteristic of FTM
HUCPVC in the extent of adhesion and elongation of these cells in endothelial networks. FTM
HUCPVC exhibits higher endothelial adhesion and network coverage than term HUCPVCs, in
agreement with the pericyte-associated immunophenotype corresponding to each cell type (c)
(obtained from unpublished data from C Librach laboratory)

sion of perivascular cells (Holm et al. 2018). The properties of these HUCPVCs
when isolated and propagated in culture will be discussed in more details in the next
section.
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The intervascular or distal perivascular stromal region or Wharton’s jelly (WJ),
which can be distinguished from the proximal perivascular region by a reduction in
cell density, with highest density near perivascular region and lower density near
the subamniotic region, is another compartmentalized source of cells with MSC-
like properties in the umbilical cord (Fig. 12.4). W1 is largely composed of myofi-
broblasts (Parry 1970; Takechi et al. 1993), and occasional mast cells dispersed in
a mucoid substance composed of water (90%), sulfated glycosaminoglycans, (HA)
proteoglycans (decorin, biglycan), and collagens in which the blood vessels are
embedded. WJ is a crucial structure, with contractile function and elasticity which
protects the vessels from compression, allowing for adequate blood flow from the
maternal placenta to fetus. Electron microscopy studies of WJ cells and smooth
vascular cells first described WJ cells as “unusual fibroblasts,” displaying partial
morphological similarities with fibroblasts and smooth muscle cells. A stellate cell
morphology and extended inter-cell connections were described in collapsed cord
segments, with cells on the outer periphery displaying longer processes (Takechi
et al. 1993; Ryu et al. 2013). In general, these cells resemble fibroblasts, with
organelle-rich cytoplasm, with well-developed ER, abundant mitochondria, and
Golgi, suggestive of active biosynthesis and secretory activity. Myofibroblasts are
thought to produce the extracellular matrix molecules of the WJ. Small elongated
and indented nuclei, with prominent nucleoli, were observed. Gap junctions are
observed between interconnecting cell processes. Unlike fibroblasts which are not
covered by basal lamina, and smooth muscle cells which are fully covered by basal
lamina, WJ cell surfaces are partially covered by basal lamina. Unlike fibroblasts,
W1 cells express contractile proteins actin and non-muscle myosin, as well as cyto-
skeletal protein desmin and vimentin. Furthermore, unlike WJ cells, vSMCs
express muscle-associated myosin. It has been suggested, but not demonstrated,
that WJ myofibroblasts are derived from either vSMC or fibroblasts. Multiple
immunohistological studies have shown that, in the first trimester, second trimes-
ter, and term umbilical cord, the bulk of WJ myofibroblasts are CD146-negative
but do stain positive for MSC-associated markers and other pericyte-associated
markers such as aSMA, desmin, and PDGFR (Takechi et al. 1993; Baksh et al.
2007; Schugar et al. 2009; Montemurro et al. 2011; Ryu et al. 2013; Coskun and
Can 2015). In the term umbilical cord at least, CD34 and CD144 only mark the
endothelial cell layer; the perivascular and WJ regions are negative for these mark-
ers (Schugar et al. 2009).

Altogether, these data suggest that at least two cell populations expressing MSC-
associated markers and differential expression of pericyte-associated markers are
present in the umbilical cord. The origin and function of these cells remain unclear,
and lineage tracing studies using animal models with tagged pericyte markers have
not been performed on the umbilical cord. The differential expression of pericyte
marker CD146 between perivascular and W1 cells could be attributed to the proxim-
ity of perivascular cells to endothelial cells, as it was shown that direct MSC-
endothelial cell contact induces the upregulation of pericyte genes (CD146, NG2,
PDGFRB) (Loibl et al. 2014).
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12.4 Analysis of Pericyte-Associated Markers in Cells
Isolated from the Perivascular Regions of the Umbilical
Cord as Sources of Mesenchymal Stromal Cells
for Regenerative Medicine

Early microscopy studies focusing on describing the ultrastructural properties of
stromal cells in the umbilical cord have improved our understanding of the cellular
mechanisms associated with umbilical cord anomalies. Scientific interest in the cel-
lular composition of each structural region of the umbilical cord was re-ignited in
the last 20 years when it was found that they contained stem cell-like cells that could
be propagated in vitro. Cells exhibiting stem cell-like properties can be derived
from many compartments in the cord including amniotic epithelial membrane
(AM), subamnion (SA) or “cord lining”, intervascular Wharton’s jelly (WJ), and
perivascular region (PV) surrounding the three blood vessels, as well as cord blood.

It seems apparent, based on the description of cell phenotypes observed in the
defined structural regions of the umbilical cord tissue at different developmental
time points, that the compartment of umbilical cord tissue included during cell iso-
lation would yield cells with the molecular phenotypes and biological functions
associated with those regions, as described above (Fig. 12.4). MSC-like cells have
been isolated and propagated from whole umbilical cord or using protocols that
include the subamnion, W1J, perivascular region, and vessels, suggesting that there
is a close and plastic relationship, at least in culture, between myofibroblast, peri-
cytes, and smooth muscle cells in the umbilical cord. According to the description
of cells in the umbilical cord in situ, protocols which include the harvest of cells
from the whole cord or perivascular regions (and these are not consistently described
as discussed in detail in Davies et al. 2017), as opposed to removing blood vessels
and isolating cells from Wharton’s jelly, would yield corresponding proportions of
CD146+ cells. Published isolation protocols vary based on the inclusion/exclusion
of epithelial membrane, Wharton’s jelly and vessels, enzymatic digestion, or explant
culture methods. Schugar et al. demonstrated that the protocol used to isolate cells
from whole umbilical cord can have a significant impact on cell yield, morphology,
and immunophenotype. Collagenase digestion yielded an increased proportion of
freshly isolated cells expressing MSC-associated markers (CD44, CD105, CD73,
CD90) where about half of the cells expressed moderate levels of CD146 (CD146™)
and decreased proportion of endothelial cell-associated markers (CD34, CD144,
and CD146"¢") when compared to dispase digestion, which yielded an increased
proportion of cells with an endothelial phenotype and decreased proportion of cells
with an MSC phenotype. These differences in immunophenotype persisted in cul-
ture for 1 to 3 weeks, and only the collagenase-isolated population showed the abil-
ity to differentiate in vitro toward the osteogenic and chondrogenic lineage (Schugar
et al. 2009). This group used fluorescence-activated cell sorting (FACS) technology
to enrich CD146+ cells in the collagenase digestion population and found that
within 48 hours, the proportion of CD146+ cells returned to fifty percent of the total
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cells, suggesting that CD146+ cells may give rise to a CD146-negative population
of cells expressing MSC markers. This also suggests that the distinct in situ cell
phenotypes observed between Wharton’s jelly myofibroblasts and perivascular tis-
sue pericytes/vascular smooth muscle cells persist following isolation and propaga-
tion in culture (at least in the early passages). This will be discussed further below.

MSC-like cells were first isolated from the umbilical cord stroma, by focusing on
protocols that removed the blood vessels, thereby presumably varying amounts of
the perivascular tissue (McElreavey et al. 1991; Karahuseyinoglu et al. 2007,
Subramanian et al. 2015). A few of these studies have demonstrated that when WJ
cells are isolated and plated in culture, they generally maintain the ultrastructural
and molecular properties of myofibroblasts, including stellate-shaped cells with
filopodia, small nuclei in situ (relatively larger in culture), prominent nucleoli,
numerous Golgi apparatus and filaments, and cytoplasmic filopodia. Differences in
the arrangements of myofilaments (random in culture) and lipid inclusion (not
observed in culture) were however observed. The cells maintain expression of
vimentin, xSMA and PDGFR, and CD10 but were desmin-positive in early pas-
sages only (Ryu et al. 2013). Comparison of MSC derived from proximal, middle,
and distal segments of the umbilical cord WJ using explant cultures yielded cells
expressing a similar immunophenotype, morphology, and tri-lineage differentiation
potential, in addition to the ability to transdifferentiate toward osteocytes and
hepatocyte-like cells following induction in culture, suggesting that WJ cells with
similar therapeutic potential can be isolated throughout the length of the cord (Ishige
et al. 2009). An independent study, where an enzymatic digestion protocol was
used, showed similar findings, with the exception of decreased differentiation
potential in cells derived from the middle segment when compared to those derived
from maternal and fetal ends of the cord (Lim et al. 2016). Neither of these studies
investigated pericyte-like properties in WJ-derived MSC.

When plated in culture, cells isolated from the perivascular region using a method
that excludes Wharton’s Jelly, subamnion, and epithelium have a fibroblast-like
appearance with a stellate shape and long cytoplasmic processes that extend 100—
300 pm. In vitro, HUCPVCs express alpha-actin, desmin, and vimentin and can be
stained with the 3G5 antibody (used to mark pericytes). In addition, they are posi-
tive for MSC markers but negative for hematopoietic markers, and a subpopulation
of HUCPVC expresses low levels of CD177 (c-kit) and HLA-A, HLA-B, and
HLA-C (Sarugaser et al. 2005). The bulk population of these cells shows tri-lineage
differentiation potential in vitro and in vivo. When compared to cord blood or bone
marrow, and whole cord tissue, the perivascular-targeted isolation of cells allowed
for a higher frequency of MSC-like cells and CFU-F (1:200 million vs 1:100,000 vs
1:300, respectively) (Sarugaser et al. 2005), making the perivascular region of the
umbilical cord one of the richest sources of MSC. Importantly, and in contrast to
other studies, Davies’ group used clonal experiments, starting from single cells, to
demonstrate that HUCPVCs represent a heterogeneous, hierarchical population of
self-renewing MSCs where 1:3 cells have self-renewing and multi-differentiation
capacity toward five mesenchymal lineages including myofibroblast and fibroblast
(Sarugaser et al. 2009). A comparison of in vitro passaged first trimester-derived
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(FTM) umbilical cord cells isolated with collagenase (representing all cells of the
developing umbilical cord) and term HUCPVC showed that a similar proportion of
cells isolated from each of these sources expresses the pericyte-associated markers
CD146, NG2, and PDGFRf and multipotency-associated marker SSEA-4 in cul-
ture. However, Oct4A and Sox17 expression was restricted to FTM HUCPVC, and
these cells also showed increased proliferative capacity and in vitro differentiation
capacity toward both mesenchymal and all three germ cell lineages when compared
to term HUCPVC (Hong et al. 2013; Szaraz et al. 2016; Shlush et al. 2017). In
in vitro (Igbal et al. 2017) and in vivo (under review Igbal et al.) angiogenesis
assays, FTM HUCPVC showed increased levels of CD146 and PDGFRf expres-
sions and increased angiogenic activity and pericyte-like interactions with endothe-
lial cells of developing vasculature when compared to term HUCPVC or bone
marrow MSC (Fig. 12.5b, c). Altogether, the results discussed here and in the previ-
ous section, and the fact that vascular maturation and perivascular/connective tissue
growth are significant in the first and second trimester, suggest that a more primitive
source of pericyte/MSC resides in the early gestation umbilical cord and might
function as progenitors for myofibroblasts and vascular smooth muscle cells in the
cord. This could have important implications for their use in regenerative medicine.
In keeping with the idea that ontologically younger sources of MSC have increased
plasticity, it was also shown that term HUCPVCs have higher proliferative capacity
and multi-differentiation potential than bone marrow-derived MSC and that this
multi-differentiation potential is maintained in CD146-sorted HUCPVC (Baksh
et al. 2007).

Indirect evidence for a source of pericytes or pericyte progenitors in the umbili-
cal cord arterial perivascular region arises from the human aortic ring (hAR) assay.
In this angiogenic assay, angiogenic sprouts from a denuded artery form capillary-
like structures in vitro where NG2-positive pericyte-like cells associate with endo-
thelial cell tube formations (Seano et al. 2013). Covas et al. showed that MSCs
isolated from the subendothelial layer of the umbilical cord vein (UCV) or umbili-
cal cord arteries (UCA) and passaged three to five times in culture were CD146+
and showed considerable morphological, immunophenotypical, and ultrastructural
similarity to CD146-sorted human fetal or adult retinal pericytes. This included the
observation of large nuclei with prominent nucleoli, abundant ER, and mitochon-
dria that are characteristic of metabolically active cells. In addition, gene expression
analysis of many cell types showed closest clustering between UCV-derived MSC,
bone marrow MSC, and human retinal pericytes (Covas et al. 2008). WJ cells were
not compared to perivascular cells in this study.

At least two studies systematically compared MSC isolated from various com-
partments of the cord (Ishige et al. 2009; Subramanian et al. 2015). Ishige et al.
compared the proliferative, CFU-F, immunophenotype, and in vitro tri-lineage dif-
ferentiation potential of cells isolated from umbilical cord Wharton’s jelly (UCW]I),
umbilical vein perivascular area (UCV), and umbilical artery perivascular area
(UCA) using an explant outgrowth method. While all three cell populations showed
similar immunophenotype with regard to the usual MSC and non-MSC markers,
cells derived from the UCV exhibited the highest colony-forming unit frequency
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(CFU-F) and the slowest proliferation rate. All three cell populations were able to
differentiate toward the chondrogenic and adipogenic lineages; however, UCW]J
showed reduced effectiveness toward osteogenic differentiation in this study.
Surprisingly, UCA cells showed increasing alkaline phosphatase activity after a
week in culture, even in the absence of osteogenic induction conditions. Although
the tri-lineage differentiation capacity was not demonstrated in clonal experiments,
these results suggest that MSC-like cells can be harvested from all compartments of
the umbilical cord but that the CD146+ population in UCV/UCA may provide a
better source.

Subramanian et al. used previously established enzyme digestion and explant
protocols to isolate cells from mixed cords (MC) and three compartments includ-
ing the amnion (AM), subamnion (SA), Wharton’s jelly (WJ), and perivascular
zone (PV). They further demonstrated that, although W1J gave the highest cell num-
bers in primary culture, cells derived from each of the regions including AM and
SA, and passaged 1-10 times in culture, were positive for signature MSC markers.
W1I cells showed increased expression levels (mean fluorescent intensity) for
CD29, CD44, and CD73 and for CD24 and CD108, markers thought to distinguish
stem cell MSCs from non-stem cell mesenchymal cells in bone marrow and adi-
pose MSC cultures (Wetzig et al. 2013). Interestingly, in this study, greater than
90% of the cells isolated from all regions were positive for pericyte-associated
marker CD146, with increased expression levels in WJ and PV. WJ and PV cells
also showed increased expression of another pericyte marker CD271, while
PDGFRp (CD140b), CD49d (integrin alpha 4), and CD40 (a marker associated
with non-stem cell MSC or contaminating cells) were detected in increased pro-
portions of SA-, AM-, and MC-derived cells (approximately 40%) and at higher
levels when compared to WJ and PV. Early passaged cells showed similar telom-
erase activity, but WJ cells showed increased levels by passage 10. While all com-
partments showed detectable mRNA expression of pluripotency-associated genes
such as OCT4A, NANOG, and SOX2 by qRT-PCR (cycle threshold values were
not specified), levels appeared significantly reduced in SA and AM when com-
pared to WIJ. Fibroblast-associated genes showed the opposite pattern. Finally,
while cultures derived from all UC compartments could undergo tri-lineage dif-
ferentiation, here the authors concluded that the WJ, followed by PV, had increased
levels of osteogenic and adipogenic differentiation. Although in vitro cell pheno-
types are somewhat incongruous with the description of cell phenotypes in situ,
this study and many described here illustrate a major issue in umbilical cord MSC
research. There is very little consistency with regard to cell isolation methods,
definition, and selection of umbilical cord compartments, and there are no stan-
dardized culture conditions, immunophenotyping, and differentiation assays.
While it is difficult to make definitive conclusions as to the source of MSC and
pericyte-like cells in the umbilical cord, this study suggests that multiple subpopu-
lation of MSC/pericytes may exist in the umbilical cord and umbilical cord-derived
cell cultures (Fig. 12.4).
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12.5 Pericytes/Perivascular Cells and Umbilical Cord
Pathologies and Gestational Complications

While structural deficits in the umbilical cord have been described and associated
with obstetrical complications involving the umbilical cord, the involvement of
pericytes and perivascular mesenchymal cell progenitors in such pathologies or as
an endogenous source of cells that could participate in potential repair mechanisms
in vivo has not been explored. Common umbilical cord pathologies including
abnormally short or long cords, abnormal number of blood vessels or vessel struc-
ture, and reduced stromal tissue are reviewed in detail in other textbooks (Cullen
1916; Benirschke and Kaufmann 1995).

Reduced volume of the stromal tissue or Wharton’s jelly (WJ) around the vein
and/or absence of WJ around the umbilical cord arteries (Fig. 12.6), the latter of
which is very rare and has never been observed with regard to the umbilical vein, is
associated with poor fetal outcomes, intrauterine growth restriction, preterm deliv-
ery, and perinatal death. This is presumably because a lack of WJ protection leaves
the vessels susceptible to compression and torsion, leading to impaired placental
and fetal blood flow (Cole and Israfil-Bayli 2016). While the cellular and molecular
mechanisms for such anomalies are unclear, it has been suggested that progenitors
in the UC may play a role in the degeneration or malformation of the WJ around the
vessels as a result of improper early umbilical cord development and mesenchymal

Fig. 12.6 Image of umbilical cord pathology showing absence of Wharton’s jelly around arteries.
Lack of sufficient stromal tissue renders cord axially disintegrated. Umbilical arteries are detached
and form loops along the cord—risking entanglement and insufficient blood flow. Reprinted with
permission from Cole, J. and F. Israfil-Bayli (2016). “Wharton’s jelly: The significance of absence.”
J Obstet Gynaecol 36(4): 500-501. www.tandfonline.com
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structures (Kulkarni et al. 2007). Progenitors in the umbilical cord, which likely
include pericyte-like cells described in previous sections and which potentially give
rise to myofibroblasts, may therefore play a role in protecting against umbilical cord
and fetal pathologies by fueling the matrix that ensures adequate placental blood
flow to the fetus.

Pericytes or pericyte progenitors in the umbilical cord may play additional roles
in protecting against pathologies. MSCs derived from WJ have been shown to have
tumoricidal properties, and, because of this, it has been suggested that WJ cells act
as a natural defense against the migration of cancer cells between fetus and mothers
with ovarian, placental, or mammary cancers (Yang and Chao 2013). As discussed
in the previous section, MSC/pericytes with in vitro and in vivo multipotential dif-
ferentiation capacity and paracrine properties can be isolated from either the peri-
vascular or WJ compartments of the umbilical cord and expanded in culture. Over
the last 15 years, MSCs derived from the umbilical cord as well as those from other
sources such as bone marrow, adipose tissue, and other fetal sources have gained
increasing interest in the field of regenerative and immunomodulatory medicine.
MSCs, including those derived from the umbilical cord, have been studied as cell
therapy candidates in many areas of regenerative medicine (Guadix et al. 2017;
Samsonraj et al. 2017). MSCs were initially isolated and characterized from the
bone marrow (BM) (Friedenstein et al. 1970), but it is now well established that
various types of MSC can be isolated from vascularized tissues throughout the body
(Crisan et al. 2008; Corselli et al. 2012). MSCs are well characterized as multipo-
tent cells that can be expanded in culture and are capable of differentiation toward
bone, cartilage, adipose, fibrous, and muscle tissue. They are best known for their
capacity to secrete bioactive molecules that promote immunomodulation, anti-
fibrosis, angiogenesis, as well as cell survival and proliferation (Meirelles Lda et al.
2009; Shende et al. 2018). There are currently greater than 100 registered clinical
trials (www.clinicaltrials.gov) investigating umbilical cord-derived MSC for multi-
ple indications including neurological, hematological, immunological, liver, car-
diac, endocrine, musculoskeletal, pulmonary, skin, and ophthalmological diseases
(Can et al. 2017).

While the involvement of pericytes in pathologies of the umbilical cord has not
been shown empirically, there is evidence that obstetrical complications and pathol-
ogies can, in turn, impact the in vitro phenotype and behavior of mesenchymal stro-
mal cells isolated from the umbilical cord. UC-MSCs (W1J) derived from gestational
diabetes mellitus (GDM) patients show premature senescence and upregulation of
senescence genes, decreased proliferative potential, and mitochondrial dysfunction
(Kim et al. 2015). Similarly, in an independent study, decreased cell yield of and
growth of HUCPVC in early passages (but recovery in later passages under low
glucose conditions) were reported, along with altered paracrine-mediated wound
healing properties in vitro (An et al. 2017). These findings were not surprising given
that exposure to hyperglycemia causes a production and reactive oxygen species
and inflammation which, at least in other tissues, induces the accelerated loss of
pericytes in capillaries (Manea et al. 2015). Adverse effects of GDM were also
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observed on the growth, angiogenic, and anticancer properties of Wharton’s jelly
MSC (Wajid et al. 2015).

Similarly, changes in gene and protein expression of Wharton’s jelly MSC have
been described in samples derived from preeclamptic patients (Bankowski et al.
1996, 2004; Jurewicz et al. 2014; Joerger-Messerli et al. 2015). Bankowski described
“aging” of Wharton’s jelly in preeclampsia (PE), but it is unclear whether changes
in perivascular and Wharton’s jelly cells reflect an adaptation to PE or participate in
the development and symptoms of PE. In addition, a thicker smooth muscle cell
layer has been reported in PE when compared to normal gestation umbilical cord
arteries. This may reflect a functional adaptation of the umbilical cord arteries to
altered hemodynamic conditions in PE (Junek et al. 2000) which may well involve
regulation of pericyte or vSMC progenitors. Altogether, these studies suggest that
obstetrical complications may impact the quality and therapeutic efficacy of umbili-
cal cord-derived MSC.

12.6 Future Trends and Directions

Our understanding of the role of umbilical cord pericyte-like cells in the develop-
ment and maintenance of the cord, umbilical cord pathologies, and as a source of
MSC is incomplete. There are currently over 100 early phase clinical trials under-
way to test the safety and efficacy of umbilical cord-derived MSC for the treatment
of various medical indications (Can et al. 2017), yet there is still no consensus on
methods to isolate and expand umbilical cord MSC, or subpopulations of MSC,
with the greatest quality and efficacy to treat each of these indications. Our under-
standing of pericyte-like cells in the umbilical cord could be improved by system-
atic histological analyses of pericyte-associated markers in all regions of normal
and abnormal cords during development and at term, and by use of inducible
pericyte-associated gene knockout mouse models and cell fate tracing tools. To our
knowledge, this has not been done but could increase our understanding of the con-
tribution of pericyte-like cells to umbilical cord development and pathologies. The
emergence of single-cell sequencing technologies will enable researchers to com-
plement previous histological findings by fully characterizing the phenotypes and
intercellular interactions of the pericyte-like cell populations that reside in the
umbilical cord throughout gestation, both in normal pregnancies and those with
obstetrical complications.
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Chapter 13
The Pluripotent Microvascular Pericytes
Are the Adult Stem Cells Even in the Testis

Michail S. Davidoff

Abstract The pericytes of the testis are part of the omnipresent population of peri-
cytes in the vertebrate body and are the only true pluripotent adult stem cells able to
produce structures typical for the tree primitive germ layers: ectoderm, mesoderm,
and endoderm. They originate very early in the embryogenesis from the pluripotent
epiblast. The pericytes become disseminated through the whole vertebrate organism
by the growing and differentiating blood vessels where they remain in specialized
periendothelial vascular niches as resting pluripotent adult stem cells for tissue gen-
eration, maintenance, repair, and regeneration. The pericytes are also the ancestors
of the perivascular multipotent stromal cells (MSCs). The variable appearance of
the pericytes and their progeny reflects the plasticity under the influence of their
own epigenetic and the local environmental factors of the host organ. In the testis
the pericytes are the ancestors of the neuroendocrine Leydig cells. After activation
the pericytes start to proliferate, migrate, and build transit-amplifying cells that
transdifferentiate into multipotent stromal cells. These represent progenitors for a
number of different cell types in an organ. Finally, it becomes evident that the peri-
cytes are a brilliant achievement of the biological nature aiming to supply every
organ with an omnipresent population of pluripotent adult stem cells. Their fasci-
nating features are prerequisites for future therapy concepts supporting cell systems
of organs.
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13.1 Introduction

Until shortly the view existed that single organs or tissues possess its own tissue-
specific (typical) adult stem cells (Soncin and Ward 2011; Rolandsson et al. 2014).
Presently three main cell populations are supposed to be adult stem cells, namely,
the stromal (mesenchymal) stem cells, the neural crest stem cells, and the
pericytes.

We already evidenced that pericytes are the ancestors of the neuroendocrine
Leydig cells of the testes (Davidoff et al. 1993, 2004, 2009; Davidoff 2017). We
applied in vivo the chemical ablation experiment with EDS (ethane dimethanesulfo-
nate) for adult Leydig cell destruction and subsequent full regeneration and suc-
ceeded to verify the individual developmental stages, to identify and localize the
Leydig stem cells, and to follow up the fate of regenerating Leydig cell progenitors
(Kerr et al. 1985, 1986, 1987a, b; Molenaar et al. 1985; Benton et al. 1995; Teerds
1996; Teerds et al. 1999, 2007; Teerds and Rijntjes 2007; Davidoff et al. 2004, 2009).

The most important conclusions obtained in our previous studies are the
following:

1. At the beginning we provided evidence that the Leydig cells are neuroendo-
crine cells (Davidoff et al. 1993).

2. We performed an in vivo experiment. This is important because as known any
in vitro manipulation of the stem cells, inclusive isolation, and putting them in
a cell culture lead to changes of their original status and move away the in vivo
features, as this is the case with the artificial embryonic stem cells (Rossant
2001; Smith 2001; Buehr and Smith 2003; Zwaka and Thomson 2005).

3. The stem cells (ancestors) of the testicular Leydig cells are the pericytes and the
smooth muscle cells of the microvasculature. Both cell types share the same
lineage.

4. The pericytes are distributed during embryogenesis throughout the organism by
the developing cardiovascular system that is the first functioning organ system
during the embryonal development.

5. The pericytes remain the whole life within the authentic microvascular niches
as reserve stem cell population for tissue and organ repair and regeneration.

6. The pericytes are pluripotent cells, such as the epiblast (De-Miguel et al. 2010).
They possess ectodermal, endodermal, and mesodermal lineage progeny which
underlines their plasticity and heterogeneity.

7. The testis pericytes behave as authentic stem cells (Davidoff et al. 2004, 2009).
After activation they start to proliferate, self-renew, and migrate out from the
vascular niche to the perivascular space and the interstitium in form of transit-
amplifying (intermediate) cells which transdifferentiate and generate multipo-
tent stromal (mesenchymal) cells, resp., immature committed cells. The
resulting cells, under the influence of the existing local factors, differentiate
further as typical for an organ or cell culture mature cell phenotype (Leydig
cells, smooth muscle cells, peritubular myoid cells, macrophages, fibroblasts,
germ cells—DeFalco et al. 2015; Yoshida et al. 2007) characteristic for the
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organ or tissue in which they are situated. This illustrates the high plasticity of
and how the pericytes adopt their phenotype when transplanted in another place
or organ and provides evidence that the pericytes are true stem cells.

8. The impossibility to observe the fast transdifferentiation of the transit-
amplifying stem cells caused misrecognition of some structures and misinter-
pretation of the results obtained in a lot of previous studies.

9. The pericytes are the ancestors of the multipotent adult stromal cells and the
only authentic adult stem cell (ASC) phenotype of the vertebrate organism.
Thus, the migrating transit-amplifying pericyte descendants represent the mul-
tipotent mesodermal (until shortly mesenchymal stem) stromal cells.

10. Definitively, the applied ethane dimethanesulfonate (EDS) experiment provides
evidence that the testis pericytes are authentic (adult) stem cells which are plu-
ripotent and are able to produce structures characteristic for the tree embryo-
logic germ layers, namely, ectoderm, mesoderm, and endoderm. Thus, the
pericytes of the testis are not organ-specific adult stem cells, but rather they are
part of the common for the whole organism omnipresent pericyte population.
The neuroendocrine qualities of the Leydig cells allowed the presumption that
pericytes may derive from the neural crest cells or from a common stem cell
population segregated early in embryogenesis with progeny for both the neural
crest and the mesoderm lineage.

11. The pericytes are the adult stem cells of the vertebrate organism inclusive in the
testis.

This chapter synthesizes current knowledge on the features of the microvascular
pericytes in the testes. Part of this chapter is the continuation of our earlier work
(Davidoff et al. 2004, 2009; Friedrich et al. 2012). We will mainly use the term
pericytes while it’s proven that the pericytes and the vascular smooth muscle cells
share a common lineage (Etchevers et al. 2001). Because the pericytes of the testis
belong to the whole body pericyte population, we try to present evidence that the
testis pericytes are actually member of the omnipresent (pan-organ stem cells;
Péault et al. 2007) pluripotent adult stem cell family of the vertebrate organism,
partly by comparing the data from the testis with these of other organs, especially
the pericytes of the nervous system. The testicular pericytes possess all features of
the pericytes in other organs. Their heterogeneity and differences depend on the fac-
tors existing in the microenvironment of the host organ and the stage of differentia-
tion and activity. This is why if transplanted into another organ, the pericytes
differentiate into typical for the host organ cells (Dar et al. 2012; Tang et al. 2008 b;
Bhagavati 2008; Dellavalle et al. 2011; Bouacida et al. 2012). This is a typical fea-
ture of the pericytes as adult stem cells and explains their great plasticity and ability
to transdifferentiate (Bjornson et al. 1999; Brazelton et al. 2000; Abedin et al.
2004—MSCs in vascular walls; Millner et al. 2008; Diaz-Flores et al. 2006, 2009—
in the nervous system; Wang et al. 2012; Jiang et al. 2003; Hermann et al. 2016). For
example, in a series of publications, Birbrair et al. (2013a, b, 2014) and Birbrair and
Delbono 2015) established even in the skeletal musculature the existence of two
major pericyte subpopulations: Type I and Type II, which possess differing features.
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Probably this fact could be explained with the different maturation stages of the
pericytes under study.

During the last decades, evidence was provided which leads to changes of some
views and interpretations on the pericytes in the testis. These comprise the origin of
the pericytes, the relationship between pericytes and mesenchymal stem cells, and
their contribution in the development of the testicular structures as well as their
behavior during some experimental and pathological conditions (see for details,
pericytes and stem cells in the testis, Davidoff et al. 2004, 2009; Ge et al. 2006;
Chikhovskaya et al. 2012, 2014; Chen et al. 2010, 2017; Stanley et al. 2012;
Kilcoyne et al. 2014; Makala et al. 2015; Pericytes in other organs, predominantly
in the nervous system, Dore-Duffy 2008; Le Douarin et al. 2008; Krueger and
Bechmann 2010; Dore-Duffy and Cleary 2011; Sa-Pereira et al. 2012; Kurtz 2016).

13.1.1 Short Repetition of the Testis Structure
and Nomenclature

The testes and epididymides are paired organs located in the scrotal sac of the exter-
nal male genital system (Fig. 13.1). The testis consists of 200—400 lobules contain-
ing seminiferous tubules and the interstitium situated between them (Brennan and
Capel 2004). The testicular interstitium contains connective tissue (fibroblasts,
tissue-resident macrophages, and compartmentalizing co-cells), Leydig cells, nerve
fibers, blood vessels, and lymphatics (Fawcett et al. 1973; Holstein and Davidoff

ol
«

Fig. 13.1 (/) Semi-schematic drawing of longitudinal sectioned structural components of the tes-
tis and epididymis (E). Arrangement of the seminiferous tubules in the human testis and of the
excurrent ductular system of the epididymis. Tunica albuginea (T), lobulus (L) of seminiferous
tubule in a space bordered by two testis septa. x 2.5. (2) Cross section of a seminiferous tubule of
a fertile man 32 years of age. Drawing of a semithin section showing the tunica albuginea (T), a
lobulus (L), and the rete testis (R), x 300 (from Holstein et al. 2003)



13 The Pluripotent Microvascular Pericytes Are the Adult Stem Cells Even in the Testis 239

1997; Holstein 1999; Holstein et al. 2003; DeFalco et al. 2014, 2015; Bhushan and
Meinhardt 2017). The seminiferous tubules are enclosed by a layer peritubular
myofibroblast cells (PMCs) and extracellular matrix produced by the cooperation
between the Sertoli cells and the testicular peritubular cells (Holstein et al. 1996;
Skinner et al. 1985) and are compartmentalized in lobules by testicular septa
(Figs. 13.1 and 13.2). The testis cords and extracellular matrix are covered by a
thick protective cap [a connective tissue testicular capsule named tunica albuginea
(Leeson and Cookson 1974)] to build an oval-shaped organ (Figs. 13.1 and 13.2).
The tunica albuginea of the human testis contains abundantly contractile elements
and is also distinguished by extraordinarily high concentrations of cyclic GMP
(cGMP)-dependent protein kinase I, known to mediate cGMP-dependent relaxation
(Leeson and Cookson 1974; Holstein et al. 1996; Middendorff et al. 2002).These
contractile elements are of importance for the movement of the non-motile sperma-
tozoa from the testis to the epididymis.

The testes have important functions in the origin, maintenance, and functions of
the male organism. They produce the sperm and the male hormones (androgens) in
vertebrates (Russell and de Franca 1995; Svingen and Koopman 2013). As men-
tioned, the testis cords comprise coiled seminiferous tubules with germinal epithe-
lium and peritubular tissue (lamina propria). The germinal epithelium consists of
cells that include different developmental stages of germ cells, namely, spermatogo-
nia, primary and secondary spermatocytes, and spermatids. These are located within
invaginations of Sertoli cells (Fig. 13.3).The spermatogenesis takes part within the
seminiferous tubules (Holstein 1999; Holstein et al. 2003), and the steroid hor-
mones are produced by the neuroendocrine Leydig cells (see Davidoff et al. 2009)

Fig. 13.2 (3) Cross section of a seminiferous tubule of a fertile man 32 years of age. Drawing of
a semithin section. (a) Peritubular tissue (lamina propria of seminiferous tubule). (b)
Spermatogonium. (¢) Primary spermatocyte. (d) Immature spermatids. (e) Mature spermatids
%300 (from Holstein et al. 2003)
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Fig. 13.3 (4 and 5) Schematic drawing of a testis segment presenting on the bottom a section of
the germinal epithelium with basal lamina propria and below a cluster of Leydig cells surrounding
a capillary. Arrows indicate different influences of secreted hormones and growth factors. On the
top the main processes of spermatogenesis are shown. (5) Demonstrates an enlarged drawing of the
top part in (4). Visible are different stages of the germ cells development. The germ cells are situ-
ated in deep invaginations of a Sertoli cell (from Holstein et al. 2003)

which are situated within the interstitium (Holstein and Davidoff 1997) surrounding
the blood vessels and the seminiferous tubules (Fig. 13.3).

13.1.2 Testis Vasculature

It must be emphasized that the pericytes of the testis, similar to the pericytes of all
vertebrate organs, show close relationships with the microvasculature. The associa-
tion of stem cell-like progenitors and blood vessels occurs early in the embryogen-
esis of the testis (cf. Brennan and Capel 2004). The relationship reaches a level in
which the microcirculatory (endothelial) cells direct the testis cord formation and
determine their course during embryonic development (Combes et al. 2009). The
pericytes themselves are structural component of the microvascular wall.

The testis is a well-vascularized organ that contains (1) “intertubular” arteries
and veins running parallel to the tubules and (2) their ramifications building a micro-
circulatory network consisting of transversally or obliquely running “peritubular”
small arterioles, precapillaries, capillaries, postcapillary venules, and small veins
(Fig. 13.4; see Miiller 1957; Weerasooriya and Yamamoto 1985; Suzuki and Nagano
1986; Murakami et al. 1989; Yoshida et al. 2007; Svingen and Koopman 2013). In



13 The Pluripotent Microvascular Pericytes Are the Adult Stem Cells Even in the Testis =~ 241

Fig. 13.4 (6) Schematic
presentation showing the
relationship between the
testicular blood vessels and
the seminiferous tubule.
ITV intertubular vessels,
PTV peritubular vessels.
The oval blood vessel
components illustrate the
pericytes. Note the close
relationship between the
blood vessels/pericytes and
the tubule wall and that
parts of the tubule surface
are devoid of blood vessels
(from Davidoff 2017)

Fig. 13.5 (7) Visualization
of Bromodeoxyuridine
(BrdU) in rat pericyte
nuclei 2 days after EDS
injection. The capillary is
designated by the arrows.
Note the close relationship
between the vessel/
pericytes and the tubules
(T) walls. In the lower
tubule, single
spermatogonia also show
BrdU immunoreactivity.
%550 (from Davidoftf 2017)

the wall of the microvasculature, numerous pericytes and smooth muscle cells
(periendothelial cells, mural cells) are included (Fig. 13.4). The pericytes and the
vascular smooth muscle cells share a common lineage (Etchevers et al. 2001). The
peritubular microvessels and the seminiferous tubules are in close spatial contact
(Fig. 13.5). This fact is the reason that numerous scientists determine inaccurately
the lamina propria of the seminiferous tubules as the site of origin of the testicular
Leydig cells. These cells are in contact with the endothelial cells and are covered by
their common basal membrane that build spaces called vascular niches (Fig. 13.6,
electron micrograph; see Yoshida et al. 2007; Scadden 2006; Nikolova et al. 2007).
In the human testis, occasionally single capillaries run within the lamina propria and
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Fig. 13.6 (8) This is an
electron microscopic
picture of a human
peritubular segment. At the
top the basal part of the
tubule is seen (T), followed
by the multilayered lamina
propria (LP) and at the
outside surface a part of
the interstitium with a
capillary (C),
periendothelial pericyte (P)
in the vascular niche,
surrounded by the bright
basal lamina, and a Leydig
cell (LC). x4800 (from
Davidoft et al. 2009)

are surrounded by processes of the myofibroblasts. The intramural microvessels
within the lamina propria possess a partly fenestrated endothelial segment and a
continuous basal lamina in which pericytes are included (Ergiin et al. 1994, 1996).

13.2 The Pericytes

13.2.1 Short Overview on the History of the Pericytes

The history of the pericyte discovery is presented to some extent contradictory in
the literature (Ribatti et al. 2011; Armulik et al. 2011; Attwell et al. 2016).

It was Eberth (1871) who in the small capillaries of the frog eye hyaloid mem-
brane discovered and described stellate “adventitial cells” with wall encircling pro-
cesses, whereas in the larger capillaries, arteries and veins of the human brain,
spinal cord, and retina, these cells he called “outer vessel epithelium” or
“perithelium.”

Two years later Rouget (1873, 1879) provided a more detailed description (he
observed heavily ramified cells that with their processes build perivascular rings at
the capillary walls) and observed the gradual transition of these cells into the vascu-
lar smooth muscle cells. Rouget expressed the presumption that these “perivascular
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cells” are contractile structures. In fact, he recognized two types of perivascular
cells, namely, amoeboid migratory cells and fusiform contractile cells.

Later Vimtrup (1922) offer a more detailed description of the perivascular cell
features and renamed the “adventitial cells” in “Rouget cells” with the argumenta-
tion that the first discoverer of these cells was Rouget.

In this respect, Sims (1986) wrote: “Rouget (1873, 1879) is often credited with
discovering the pericyte, although Bensley and Vimtrup (1928) acknowledge that
Eberth (1871) had previously described a capillary adventitial cell. In 1922, Vimtrup
described pericytes in somewhat greater detail. Subsequently, Krogh (1919, 1929),
who was one of the original investigators of capillary recruitment (Palm et al. 1983),
employed the name “Rouget cell” to describe what had been previously referred to
as adventitial cell” (p. 153).

That is not a precise description, because Krogh (1922) writes that he has took
over the name “Rouget cells” from Vimtrup. He wrote: “As there can be no doubt
that the richly ramified muscle cells on the capillary wall are the same as those origi-
nally found by Rouget in the hyaloid membrane, Vimtrup has named them after the
first discoverer, and we shall speak of them henceforward as Rouget cells” (p. 54).

It was Zimmermann (1923) who renamed the Rouget cells in pericytes including
their transitional forms to smooth muscle fibers. He describes tree pericyte types,
namely, precapillary pericytes, capillary pericytes, and postcapillary pericytes.
Zimmermann (1923) emphasized that the cells described by Eberth (1871)with
minor exceptions are other cells than these described by Rouget (1873). This is not
absolutely correct because as later detected, the pericyte population is heteroge-
neous and can be observed in variable morphological forms depending on the stage
of their development and activity (Attwell et al. 2016). Thus, Eberth (1871) was the
first who described and depicted these cells that he designated “adventitial cells.”
According to his description, these adventitial cells are anastomosing stellate cells
that with their ramifications wrap the wall of the blood vessels.

In the following years, different single and combined terms were used: “Rouget-
Mayer cells” in the human skin (Gtlinther 1917), “adventitial (Rouget) cells” (Clark
and Clark 1925a), “Rouget cells” (Dogiel 1899; Mayer 1902; Krogh 1922; Florey
and Carleton 1926; Benninghoff 1926; Bensley and Vimtrup 1928; Clark and Clark
1925b; Cervés-Navarro 1963), “Rouget cells (Pericytes)” (Michels 1936), as well
as “mural cells,” “periendothelial cells,” “histiocytes,” and “deep cells” (Zimmermann
1923; Hirschi and D’Amore 1996; Bergers and Song 2005; Dore-Duffy 2008;
Bergers 2008; Krueger and Bechmann 2010; Armulik et al. 2011; Zouani et al.
2013; van Dijk et al. 2015; see Collett and Canfield 2005, for review).

13.2.2 The Origin of the Pericytes

Early studies refer to different sources of the pericyte origin such as the mesenchy-
mal stem cells (Huhtaniemi and Pelliniemi 1992; Gondos 1980; Sbanti et al. 2007;
Dore-Duffy 2008) or, in relation to their neuroectodermal properties, the neural
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crest stem cells (NCSCs; Davidoff et al. 2004, 2009; Calloni et al. 2007; Le Douarin
et al. 2008; Dore-Duffy 2008) as well as the peritubular myoid cells (Ariyaratne
et al. 2000). There is also a proposal that all pluripotent stem cells of the organism
belong to the germ lineage (Ratajczak et al. 2007). However, Brons et al. (2007)
provide evidence that the epiblast stem cells are not derivatives of the primordial
germ cells. Also the human testis-derived multipotent stem cells do not arise from
germ cells (Chikhovskaya et al. 2012, 2014). Gonzalez et al. (2009) termed cells
isolated from human testis as gonadal stem cell (GSC) which express pluripotent
stem cell markers Oct4, Nanog, and SSEA-4. These GSCs have growth kinetics and
marker expression similar to MSCs and differentiate into mesodermal lineage cells.
In the testis were found also embryonic cell-like cells (Mizrak et al. 2010). Most
likely this cell variability reflects the transit-amplifying cells of the pericyte ances-
tors in different stages of their maturation and differentiation (Nakagawa et al.
2007).

Concerning the origin of the pericytes, there is actually no consensus beside that
they originate from stem cells. However, it became strongly evident that the most
possible pericyte ancestor is the early pluripotent embryonal epiblast. In the follow-
ing some arguments for this conclusion will be presented.

13.2.2.1 Relationship Between the Pericytes and the Multipotent Stromal
Cells

The pericytes are the ancestors of the multipotent stromal cells and the only true
adult stem cell phenotype of the vertebrate organism.

One main problem is that numerous authors do not make difference between
pluripotent pericytes and multipotent stromal cells (MSCs) (Ozen et al. 2012;
Gokcinar-Yagei et al. 2015; Guimaraes-Camboa et al. 2017; but see Cano et al.
2017; see Wong et al. 2015). As Skinner et al. (1985) noted, pericytes are often
mixed up with adjacent cell types of the vascular wall, the perivascular space, and
the juxtavascular parenchyma. This is important because the most experimentally
isolated and cultured mesenchymal stem cells consist of a mixture of both: pericytes
and adventitial stem/progenitor cells.

As mentioned, the pericytes have a periendothelial position, whereas the MSCs
are situated perivascularly (Rolandsson et al. 2014). Numerous studies postulate
that pericytes and multipotent stromal cells (MSCs; until now dubbed mesenchymal
stem cells) are the same cells or that all mesenchymal stem cells are pericytes
(Bianco et al. 2008; Crisan et al. 2008a; Caplan 2008; Diaz-Flores et al. 2009;
Collas 2010; da Silva Meirelles et al. 2013). This view is partially correct, but there
is now strong evidence that the pericytes are the ancestors of stromal cells (Caplan
2008; Crisan et al. 2008a; Ratajczak et al. 2008; Lindner et al. 2010; Collas 2010;
Zimmerlin et al. 2010, 2012; Murray et al. 2014; Trost et al. 2016), because espe-
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cially the earlier MSCs—descendants share close similarities with their pericyte
ancestors (Ochs et al. 2013).

Pericytes are highly undifferentiated pluripotent cells (De-Miguel et al. 2010;
Dar et al. 2012), whereas the MSCs as more differentiated are multipotent. For
example, cultured bone marrow-derived pericytes showed stem cell properties, with
higher plasticity (Kucia et al. 2005) and immaturity state than standard MSCs
(Bouacida et al. 2012).

Furthermore, a lot of authors interpret the existence or the absence of one or two
marker substances as enough to define or deny a different lineage of cells, which are
in fact pericyte daughter cells in various stages of differentiation. There are results
showing that the MSCs (APCs, adventitial progenitor cells) in cell culture condi-
tions possess the capability to dedifferentiate into pericytes: “centripetal” relation-
ship (Pacini and Petrini 2014; Rowley and Johnson 2014; Chen et al. 2017). The
reason for such events is the great plasticity of the stem cells appearing especially
during experimental or pathological conditions.

As mentioned, pericytes are also the ancestors of the adult perivascular multipo-
tent mesodermal cells that represent the migrating transit-amplifying descendants
of the periendothelial pericytes. Crisan et al. (2008b) found that pericytes and vas-
cular smooth muscle cells express mesenchymal stem cells (MSCs) markers in
human tissues and behave as MSCs in vivo as well as after heterogeneous transplan-
tation. The pericytes contribute to tissue-specific lineages in vivo through the trans-
differentiation of their transit-amplifying mesodermal progeny which is primarily
located perivascularly (Sbanti et al. 2007; Dellavalle et al. 2007; Tang et al. 2008;
Traktuev et al. 2008; Chen et al. 2015) .

Outside the vascular niche, the progeny of the pericytes behave as multipotent
stromal stem cells. These cells undergo genetic changes (Stanley et al. 2011) and
obtain different morphology and function in comparison with their ancestors. This
is an important event that caused numerous investigators to be not able to recognize
the fast transdifferentiation of the pericytes and to define the transit-amplifying cells
not as progenitor cells but as stem cells. This fact leads to the contradictory interpre-
tations of a number of results in the literature and the determination of the lineage
relationship between the ancestors and the progeny of a cell type (Davidoff et al.
2009; Davidoff 2017). Especially in the testis, the pluripotent pericytes are Leydig
stem cells, and their migrating progeny in the interstitium are the multipotent stro-
mal cells or mesodermal stromal cells with spindle-shaped form. It is also possible
that the peritubular myoid cells (PMC) of the lamina propria of the seminiferous
tubules represent differentiating multipotent PMC progenitor cells. The same is true
for the testis tissue pericyte-macrophages (Thomas 1999).

There is also strong evidence that adipocytes arise from progenitor cells (mural
cells, pericytes) of the adipose vasculature (Kahn 2008; Tang et al. 2008).
Moreover, the pericytes have the most potent adipogenic potential (Zimmerlin
et al. 2010). In addition, the combination of endothelial progenitor cells with adi-
pose stem cells in ischemic tissues shows a distinct higher neovascularization
capacity in comparison to a single stem cell application (Traktuev et al. 2008).
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Wang et al. (2012) were able to perform induced differentiation of human adipose-
derived stem cells into Leydig cells.

13.2.2.2 The Pericytes and the Peritubular Myofibroblast Cells

There is strong evidence that during normal development and after EDS treatment
(between days 20 and 30), new Leydig cells were observed in peritubular position
as sheaths surrounding the seminiferous tubules (Davidoff et al. 2009; Fig. 13.7). A
number of authors presume that these Leydig cells arise from the peritubular myoid
stem cells (Maekawa et al. 1996; Ariyaratne et al. 2000; Ge et al. 2006; Stanley et al.
2012). However, some of the authors designate these cells as Leydig cell progeni-
tors (PDGF-A positive) which is more accurate (Fecteau et al. 2006). Studies con-
cerning the testis development describe that the peritubular myoid cells are
interstitial stromal cells that are attracted by the Sertoli cells, both building the basal
membrane and extracellular matrix which stabilize the differentiating seminiferous
tubules (Skinner et al. 1985; Svingen and Koopman 2013). We presume that the
peritubular myoid cells are also pericyte progeny (see Hall 2006; Diaz-Flores et al.
2012). It is well known that the activated pericytes generate myofibroblasts under
different physiological and pathological circumstances (Ribatti and Vacca 2008;
Kennedy et al. 2014; Hosaka et al. 2016; Rowley and Johnson 2014). After the
seminiferous tubules become created, developing Leydig cells in form of transit-
amplifying cells become attracted, to build an additional fetal-type Leydig cell
sheath around the tubules. These Leydig cells provide the tubules and the peritubu-
lar myoid cells with hormones necessary for the final differentiation of the tubular
structures.

EDS treatment of adult rats also leads to damage of the seminiferous
epithelium.

Fig. 13.7 (9)
Immunoreactivity for
Cytochrome P450
cholesterol side chain
cleavage enzyme
(CytP450scc) in young rat
Leydig cells on day 21
after EDS treatment. Note
the massive peritubular
accumulation. Over some
tubules fragments a lower
number or no Leydig cell
are seen (arrow), probably
at sites where the
spermatogenesis in the
tubules became restored.
%450 (from Davidoff et al.
2004)
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The fact that early Leydig cells accumulate around tubules with impaired sper-
matogenesis suggests that Sertoli cell- or germ cell-derived factors promote the
increase in number and activity of adult-type Leydig cells (Kerr and Sharpe 1985;
Paniagua et al. 1988; Sharpe 1994; Teerds 1996). It is known that Leydig cell num-
bers can change in adult species depending on the stages of spermatogenesis
(Paniagua et al. 1988). In addition, there is strong evidence for a narrow relationship
between Leydig cells and Sertoli cells with respect to the regulation of their number
and functional activity (Sharpe 1994).

The close relationship between the blood vessels and the seminiferous tubules
provides the best conditions for exchange and influence of substances. Thus, the
migrating pericyte progeny move along the peritubular vessels and remain in con-
tact with the tubular surface after being attracted and linked by the Sertoli cells and
the peritubular myofibroblasts. In this respect, the Sertoli cells, the peritubular
myoid cells, and the Leydig progenitor cells exchange signals that regulate these
events. The most important among them are the PDGF proteins and their receptors,
the androgen receptors, and some other factors. For example, Fecteau et al. (2006)
report that in the rat, fetus PDGF-A expression corresponds with the rapid prolifera-
tion (Basciani et al. 2002—fetal and adult human testis) and the testosterone expres-
sion of the Leydig cells. PDGFs were demonstrated in rat Sertoli cells which attract
aSMA-expressing peritubular myoid cells (PMCs) in close proximity to the semi-
niferous tubules (Gnessi et al. 1995, 2000). Mariani et al. (2002) found that PDGF--
B/o-B interactions may be involved in the proliferation and migration of peritubular
myoid cell (PMC) precursors from the intertubular space to the peritubular. Ergiin
et al. (1994, 1999) provide evidence that endothelin produced in Leydig and Sertoli
cells can act in a paracrine manner via ET-B receptors in the human testicular micro-
vasculature and the peritubular myofibroblast. In addition, Ergiin et al. (1996) found
in the lamina propria of the human testis intramural vessels which are partly fenes-
trated and possess pericytes. This seems to be partially true for the rat testis in which
accumulation of peritubular regenerating Leydig cells in capillaries closely running
peritubularly has been observed (Fig. 13.6; Davidoff et al. 2004, 2009). Earlier
study by Ge et al. (2006) provide evidence that the testicular pericytes are PDGFR-a
and PDGFR-8 positive and that at 1 week of postnatal development spindle-shaped
cells in the testicular interstitium, positive for PDGFR-«a, differentiate into adult
Leydig cells which become immunoreactive for all PDGFs and their receptors.

Concerning the androgen receptors (AR), it was shown that testicular AR mRNA
exists in Leydig cells, pericytes, peritubular myoid cells, and Sertoli cells (Shan
et al. 1995). The Leydig cells are maximally sensitive to androgen during puberty,
which is consistent with the hypothesis that androgens facilitate their differentia-
tion. As mentioned, Kilcoyne et al. (2014) found that the interstitial Leydig cell
progenitors express androgen receptors (Shan and Hardy 1992). In addition, it was
established that the androgen action via testicular peritubular myoid cells (PMC) is
essential for normal testis function, spermatogenesis, and fertility in males (Welsh
et al. 2009). Moreover, the androgen action via testicular arteriole smooth muscle
cells is important for Leydig cell differentiation, function, vasomotion, and fluid
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dynamics (Welsh et al. 2010, 2011). There is no convincing proof that the PMCs are
the Leydig stem cells.

In conclusion, the peritubular myofibroblasts may be also derived by the pericyte
transit-amplifying cells. In combination with the Sertoli cells, the PMC becomes
peritubular cells that are important for the differentiation of the seminiferous tubules
and the steroidogenesis of the newly arising Leydig cells as well as for the fetal
microcirculation. Important significance for these processes seems to have PDGFs
and their receptors, the androgen receptors (ARs) and the COUP-TFII, and its
receptor H3K27me3 (Haider et al. 2007; Kilcoyne et al. 2014). The PTM-AR sig-
naling is important for normal development, ultrastructure, and function of the adult
LCs (Shan and Hardy 1992; Shan et al. 1995, 1997; Welsh et al. 2009, 2010;
Takamoto 2005; Shibata et al. 2001—- in human adrenals). COUP-TFII plays impor-
tant role in progenitor Leydig cells formation and early testis organogenesis. In
addition, it plays a major role in differentiation but not maintenance of Leydig cells
(You et al. 2005).

In addition, new findings established that testicular macrophages play essential
roles in normal testis homeostasis and fetal testicular development (Bhushan and
Meinhardt 2017). Testicular macrophages are closely involved in regulating ste-
roidogenesis of Leydig cells and in maintaining homeostasis within the testis
(Goluza et al. 2014). Concerning the macrophages it has to be clarified what kind of
macrophages (pericyte-macrophages; originating from pericytes, Ling and Wong
1993; Balabanov et al. 1996; Thomas 1999; Mori and Leblond 1969; Barén and
Gallego 1972) or resident tissue macrophages (mesodermal cells from the yolk sac)
are responsible for these events (DeFalco et al. 2014).

The EDS destruction of the newly formed peritubular Leydig cells leads to sig-
nificant lowering of their number, but the new building of interstitial Leydig cells
remains not affected. As Stanley et al. (2012) found that after EDS treatment, the
adult testis peritubular Leydig cells originate from stem cells that are not macro-
phages, pericytes, and smooth muscle cells of vessels. At the same time, they estab-
lished that the removal of newly differentiated, testosterone-producing LCs from
the tubule surfaces did not result in the depletion of the precursor cells. Rather, new
Leydig cells were able to form repeatedly. It is also interesting to note that when
progenitor Leydig cells acquire LH receptors, they are located partially away from
the peritubular region of the testis. In addition, they are definitely rounder in shape,
in contrast to their original spindle-shape configuration. These findings suggest that
in cells committed to the Leydig cell lineage, acquisition of LH receptors occurs
during a stage of development later than that at which they first gain the steroido-
genic enzymes. Accordingly, these findings suggest that the function of LH in
Leydig cell differentiation occurs subsequent to formation of the progenitor cells
(i.e., transformation of progenitors to immature and then mature Leydig cells;
Stanley et al. 2012). According to our hypothesis, these results confirm that the
progenitor cells of these new Leydig cells are transit-amplifying pericyte progeny
which after activation migrate toward the tubules surface. The pericyte ancestors
become activated through the lowering of the testosterone production and eventually
the hypoxia arising under these conditions. The authors were unable to notice the
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fast transdifferentiation process to found the important relationship between the
pericyte stem cells and their transit-amplifying cells, the Leydig cell progenitors. As
mentioned above, the transit-amplifying cells in their further differentiation undergo
changes and start to produce factors such PDGFR-a. We would like to underline
that during testis development, the new arising Leydig cells remain probably the
whole life in direct contact with the testis vasculature through their long branches
(Figs. 13.8 and 13.9).

There is strong evidence that the pericyte progeny change the biochemical com-
position during its commitment to immature and further differentiation to adult,

Fig. 13.8 (/0) Nestin immunoreactivity in activated pericytes 14 days after EDS application. Note
the spindle-shaped form of the pericytes on the capillary wall (thick arrows). The migrating peri-
cytes form aggregates in the vicinity of the vessels. Some pericytes have still contact with the
vessel wall (thin arrow). X950 (from Davidoff et al. 2004)

Fig. 13.9 (/1) Photo
montage of Rat testis
interstitium.
Immunoreactivity for
CytP450scc on day 60 of
postnatal development.
Numerous positive young
(immature) Leydig cells
possess spindle-shaped
form (large arrows). Their
outgrowths show contacts
with the vessel walls or
cover the walls over long
distances. The bodies of
cross-sectioned Leydig
cells in contact with the
vessel (asterisk) are round
or oval (small arrows). T
tubules. x380 (from
Davidoff 2017)
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mature Leydig cells (Stanley et al. 2011). The leading event is the process of fast
transdifferentiation (Tosh and Slack 2002, p. 128; Shen et al. 2004a, b; Tavazoie
et al. 2008) in which the early progeny of the pericytes become transformed into
transit-amplifying cells, immature and mature Leydig cells that lose their similari-
ties with the stem cell ancestors. This process affects also the potency of the stem/
progenitor cells. The process of transdifferentiation of the transit-amplifying stem
cell progeny, under the existing environmental factors, has led to misrecognition of
some structures and to misinterpretation of the results obtained in a lot of previous
studies (de Souza et al. 2016—MSCs produce pericytes?). For example, Klein et al.
(2011, 2014) and Chan-Ling (1997) show that CD44+ multipotent stem cells dif-
ferentiate into pericytes and smooth muscle cells. In addition Klein et al. (2014)
show that Nestin+ tissue-resident multipotent stem cells stimulate tumor progres-
sion by differentiating into pericytes and smooth muscle cells. On the other hand,
Stanley et al. (2012) informed that the peritubular cells that are immunoreactive for
PDGFR-a and negative for 3-BHSD are stem Leydig cells. In similar cells 6 days
after EDS treatment, Kilcoyne et al. (2014) found COUP-TFII immunoreactivity. In
other studies the PDGFR-a-positive spindle-shaped interstitial cells of 1 week post-
partum rats were called putative SLCs (Ge et al. 2006) or correctly designated as
peritubular progeny of Leydig stem cells (Landreh et al. 2013, 2014) in 8, 20, 40,
and 69 dpp rats.

It seems very likely that one of the earliest changes of the pericyte progeny in the
testis is the expression of the PDGFR-« (see Brennan et al. 2003; Stanley et al.
2012), followed by the expression of other factors such as Coup—TFII, CD51,
CD90, 3B3-HSD, and additional enzymes involved in the process of steroidogenesis.
These cells are correctly to be defined as progenitor Leydig cells (Chen et al. 2017,
Ye et al. 2017) because these are certainly migrating transit-amplifying cells in pro-
cess of maturation. However, in numerous publications they are qualified as adult
Leydig stem cells produced, for example, from COUP-TFII-expressing, undifferen-
tiated, spindle-shaped interstitial cells, that do not express adult Leydig cell markers
(see Kilcoyne et al. 2014). However, the authors of these studies neglect the fact that
COUP-FMII is actively involved in the formation of the microcirculation of an
organ, and that between the stem cells and the first differentiating Leydig cells, no
genetic similarity was found. The reason for this is that the differentiated Leydig
cells appear after their transdifferentiation from the pluripotent pericytes and via
multipotent transit-amplifying cells that further develop to differentiate into adult
cells. This means that the transit-amplifying cells differentiate as progenitors of the
LCs and are descendants of the pericytes. The transit-amplifying cells develop also
as mesenchymal stem cells in the different organs. Thus, the described cells are
Leydig cell progenitors, the progeny of the stem cell pericyte that represent the
epiblast pluripotent cells in the mature organism.

It is important to note that Kilcoyne et al. (2014) established that the Coup-TFII
cells express also androgen receptors. This result provides additional evidence that
the cells under study are differentiating progenitor cells and not stem cells.
Furthermore, the spindle shape of the interstitial cells is not a solid argument, while
pericytes as well as their progeny, the transit-amplifying and immature (young)
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Leydig cells have the same shape (Figs. 13.8 and 13.9). As mentioned above, the
COUP-TFII protein appears to some extent later than the PDGFR-«, which is the
first marker that appear in the pericyte progeny.

13.2.2.3 Pericytes and the Neural Crest

The pericytes and the Leydig cells are not progeny of the neural crest (Breau et al.
2008; Weston et al. 2004; Weston and Thiery 2015; Gilbert 2000; Lee et al. 2013a, b).

The neural crest cells (NCCs) are transient appearance that originate at the neural
plate border and reside within the elevating neural folds and dorsal neural tube after
its closure (Shyamala et al. 2015). Because of its neuroectodermal (Davidoff et al.
2009) and multipotent qualities (neural and mesodermal progeny), the neural crest
was designated by a number of scientists as “the fourth germ layer” (Hall 1998,
2000; Gilbert 2000; Le Douarin et al. 2008; Shyamala et al. 2015; Bronner and
Simdes-Costa 2016). In this respect Davidoff et al. (2009) presumed that the peri-
cytes may derive from neural crest cells or from a common stem cell population
segregated early in embryogenesis with progeny for both the neural crest and the
mesoderm lineage (mesectoderm, mesenchymal-neural).

However, it becomes evident that the neural crest stem cells (NCSCs) originate
later from the ectoderm than the early from the epiblast occurring pericytes
(Fig. 13.10). Already Kastschenko (1888) announced that many cells of the neural
crest in the head of the Salachian embryo do not take part in the formation of the
nervous system but give rise to reticular mesoderm or mesenchyme. New results
also show that the authentic NCSCs do not possess mesenchymal properties and are
not able to produce cells with mesenchymal features (Hill and Watson, 1958;
Nichols, 1981; Weston et al. 2004; Breau et al. 2008; Lee et al. 2013a, b; Kennedy
etal. 2014). As Donoghue et al. (2008) reported, an epithelial-to-mesenchymal tran-
sition undergoes a second distinct population of cells within the neural fold. These
cells have mesectodermal (ectomesenchyme) lineage potency and are termed meta-
blast (non-neural epithelial domain) that in the neural fold (NF) differentiate in the
vicinity of the authentic NCSCs and are responsible for the regulation of the migra-
tion and fate of the authentic cranial neural crest-derived cells (Weston et al. 2004,
Weston and Thiery 2015).The mouse cranial NF epithelium is heterogeneous, and a
sharp boundary exists between the lateral non-neural epithelium and the thickened
neural epithelium in the dorsomedial ridge (see also Thiery et al. 1984; Newgreen
et al. 1997; Denham et al. 2015). These observations raise the possibility that at
least some PDGFR-o ectomesenchyme originates from the lateral non-neural
domain of the neural fold epithelium. Previously Lee et al. (2013a, b) and Nichols
(1981, 1986) presumed that mesenchymal cells emerge precociously from an epi-
thelial neural fold domain resembling the primitive streak in the early embryonic
epiblast, and therefore Weston et al. (2004) propose the name “metablast” for this
non-neural epithelial domain to indicate that it is the site of a delayed local delami-
nation of mesenchyme similar to involution of mesoderm during gastrulation. Breau
et al. (2008) further propose the hypothesis that neural crest and ectomesenchyme
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Fig. 13.10 (/2) Represents the very early stages of the zygote and blastocyst differentiation. Note
that the first cell populations derived from the epiblast are the primordial germ cells, the hemato-
poietic stem cells, and the pericytes, whereas the neural crest originates a bit later from the one of
the primitive embryonic germ layers, the ectoderm (epiblast/ectoderm)

are developmentally distinct progenitor populations and that at least some ectomes-
enchyme is metablast-derived rather than neural crest-derived tissue.

To explain some events with the pericytes and keeping in mind that the Leydig
cells possess neural properties, we used information concerning the situation in the
central nervous system. As mentioned above there is a great similarity between the
biology of the developing and adult Leydig cells and the progenitors/immature/
mature nerve and glial cells. Also in the nervous system until recently, the brain
vasculature/pericytes were neglected. However, the first evidence was provided by
Palmer et al. (2000) who found that adult neurogenesis occurs within an angiogenic
niche (see Louissaint et al. 2002; Shen et al. 2004a, b). Later it becomes evident that
subventricular in the telencephalon, a very well-developed vascular plexus exists
(Tavazoie et al. 2008, Shen et al. 2008).

According to Itoh et al. (2011), pericytes and astrocytes play important role for
the maintenance of the cerebral microvasculature. In this respect, it seems very
probable that the brain microvascular pericytes possess the capability to transdif-
ferentiate into radial astroglia (Alvarez-Buylla et al. 2002; Filippov et al. 2003; Hill
et al. 2004; Sild and Rithazer 2011). Thus the conclusion can be made that the
pericytes of the subventricular plexus are the neural stem cells (Doetsch 2003)
which generate the B progenitors (GFAP+ astrocytes; radial glia), from which the C
(transit amplifying) cells and the A (neuroblast) cells that are surrounded by an glial
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tunnel that lead them toward the olfactory bulb (see Gonzalez-Perez 2012; Jiang
et al. 2003; Morshead 2004) differentiate. This hypothesis is also supported by the
observation that Nestin and NG2-positive cells are precursors of neurons, oligoden-
drocytes, and astrocytes in the gray matter (Wei et al. 2002; Zhu et al. 2008). Similar
conditions were reported for the subgranular zone of the hippocampal dentate gyrus
(Filippov et al. 2003; Bischofberger and Schmidt-Hieber 2006; Hara et al. 2010).

The similarity between the NCSCs and the pericytes is an unequivocal fact
(Schulze et al. 1987; Angelova and Davidoff 1989; Angelova et al. 1991; Chiwakata
et al. 1991; Davidoff et al. 1993, 1996, 2001; Middendorff et al. 1993; Benton et al.
1995). This fact allowed us and others to determine the Leydig cells as neuroendo-
crine cells and lead to the presumption that the pericytes, resp., the Leydig cells are
of neural crest origin (see Davidoff et al. 2004, 2009; Diaz-Flores et al. 2009).
However, we were convinced by new results that the reason for this similarity is the
close embryologic timing in arising of these cell types (Fig. 13.8).

Consequently, the neural crest cells arise at the border of the neural plate and the
epidermis at the time of neural tube closure (Le Douarin and Dupin 2003;
Barembaum and Bronner-Fraser 2005; Shyamala et al. 2015). As new data show, in
the embryonic ectoderm of the neural folds, two different cell populations coexist:
authentic neural crest cells and mesectodermal stem cells (Weston et al. 2004; Breau
et al. 2008; Weston and Thiery 2015).The neural crest cells, derived from the epi-
blast/ectoderm, possess some restricted multipotent characteristics and represent a
migratory cell population that generates diverse cell types during vertebrate devel-
opment (Trainor et al. 2003; Trainor 2005; Crane and Trainor 2006). In comparison,
the pericytes originate something earlier direct from the epiblast in contrast to the
neural crest stem cells that arise a bit later from the primary germ layer, the
ectoderm, which is also a derivate of the epiblast (epiblast/ectoderm; Fig. 13.8). In
this respect Kojima et al. (2014) reveal that the epiblast cells possess different tran-
scriptomes in comparison with the epiblast/ectoderm cells. Thus, the NCSCs arise
indirectly from the epiblast, and as recent results show they are not pluripotent but
multipotent and are able to produce different cell types with neural qualities, but not
mesenchymal cells (Brennan et al. 2003; Ortega et al. 2004a; Yao and Barsoum
2007; Breau et al. 2008; Kennedy et al. 2014).

There is also evidence that the neural crest cells cannot produce pericytes (Brennan
et al. 2003; Joseph 2004; Weston et al. 2004; Breau et al. 2008; Griswold and
Behringer 2009; Makala et al. 2015). Therefore the only possibility that remains is
that the pericytes are the progeny of the epiblast, whereas the neural crest is the
daughter structure of the a bit later arising epiblast/ectoderm (De-Miguel et al. 2009).

It has to be noted that the neural crest cells arise and migrate after the origin of
the developing vasculature and use the blood vessels and the associated extracellu-
lar matrix as leading structures (Spence and Poole 1994). Accordingly, the pericytes
are disseminated before the migration of the neural crest stem cells and are not
produced by them. Thus, the pericytes, resp., the Leydig cells, are not neural crest
derivatives.
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13.2.2.4 The Pericyte Progenitors Arise Very Early
During Embryogenesis from the Epiblast

The fact that the mesenchymal stem cells are progeny of the pericytes and the
authentic neural crest cells and the peritubular myofibroblasts of the lamina propria
of the seminiferous tubules are not able to produce mesectoderm allows the conclu-
sion that only the embryonic epiblast can be ancestor of the pericytes. This is sup-
ported also by the results which provide evidence that only the epiblast stem cells
are pluripotent, whereas the other two cell types are multipotent.

It becomes evident that the pericytes represent the only true pluripotent adult
stem cell in the mature vertebrate organism. In accordance, De-Miguel et al. (2009,
2010) and Nichols and Smith (2012) showed that pluripotency is confined to the
epiblast, a transient structure that persists for only few days. Only the pericytes (as
epiblast progeny) are able in vivo and in vitro to produce structures related to the
three main germ layers: ectoderm, mesoderm, and endoderm. The other candidates,
namely, the multipotent stromal cells and the neural crest stem cells are multipotent
cells (Chikhovskaya et al. 2012, 2014). They are partially committed and with lim-
ited potency. In this respect Dore-Duffy (2008) wrote: “We propose that once the
pericyte has migrated into the perivascular space it makes functional and pheno-
typic adjustments or adaptations that may include differentiation along multiple
lineages and that this is the basis for their pluripotentiality.”

Thus, in the vascular niche, the pericytes remain as resting pluripotent stem cells.
After their activation, proliferation, and migration, they become transit-amplifying
cells that transdifferentiate to give different multipotent progenitors. With the con-
tinuation of the differentiation, the progenitor cells lose their multipotency and
become oligopotent and unipotent.

There are numerous publications which presume that the adult stem cells are of
multiple origins and correspondingly show different chemical content (markers)
and other features (see Davidoff et al. 2009; Davidoff 2017). However, these differ-
ences reflect most probably the great plasticity of the pluripotent adult stem cells
depending on their position in the niches, stage of differentiation, and their behavior
under the influence of various local biophysical and biochemical factors.

As noted, recent studies provide evidence that the true adult stem cells must be
the progeny of the epiblast. The epiblast is the product of the inner cell mass at the
early blastocyst stage of embryogenesis (Kaufman 1992; Kucia et al. 2006;
Ratajczak et al. 2008, 2012a, b; Montiel-Eulefi et al. 2009), and the SSEA-1-positive
mesenchymal stem cells are thought to be the most primitive progenitors in the
murine bone marrow mesenchymal compartment (Anjos-Afonso and Bonnet 2007,
Ratajczak et al. 2008). There is strong evidence that the epiblast is also the ancestor
of the primordial germ cells (PGCs; McLaren 2003; Brons et al. 2007; Montiel-
Eulefi et al. 2009; Ratajczak et al. 2007; De-Miguel et al. 2009) and the hematopoietic
stem cells (HSCs). Brons et al. (2007) emphasized that the epiblast stem cells are
not derivatives of the PGCs. Yoshimizu et al. (2001) established that during gastru-
lation (De-Miguel et al. 2009, 2010), the epiblast cells undergo epithelial-to-
mesenchymal transition and delaminate to become the loose mesenchyme of the
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primitive streak. Epiblast stem cells become also included as pericytes within spe-
cific vascular niches (Nikolova et al. 2007; Scadden 2006) of the developing and
growing blood vessels with which they become disseminated through the whole
body. As already mentioned the cardiovascular system is the first functional organ
system in the vertebrate embryo (Flamme et al. 1997). This is important to note
while it evidenced that pericytes as stem cells are present very early during the
embryo development in the emerging tissues and organs where they can participate
in the vascularization, origin, and organization of the corresponding structures and
in addition remain as omnipresent adult stem cells in the vascular niches for tissue
maintenance, repair, and regeneration (Dore-Duffy 2008).

The pluripotency of the pericytes is the reason for both the mesenchymal and
neural qualities of the Leydig cells of the testis. As mentioned above the pericytes
are not produced by the neural crest stem cells. By means of the pericyte ancestors,
they get their own neuroendocrine quality. This is also true for the determination
that the pericytes originate from mesoderm. The brain pericytes are stem cells
immunoreactive for aSMA, y-glutamyl transpeptidase, alkaline phosphatase, nes-
tin, vimentin, and PDGFR-f (Fisher 2009). These markers are also expressed in the
testicular pericytes.

13.3 Conclusion

It becomes evident that the pericytes are periendothelial pluripotent stem cells
which can differentiate into cells, tissues, and organs of all three main embryonic
germ layers. They arise in the early embryogenesis from the pluripotent epiblast,
become disseminated with the differentiating vasculature of the embryo, and stored
in true vascular niches as reserve pluripotent adult stem cells for tissue generation,
maintenance, repair, and regeneration of the structures in the vertebrate organism.
The pericytes are really the adult stem cells and the ancestors of a number of vari-
able progenitor cells. Pericytes are authentic stem cells only until the moment they
leave the vascular niche.

After the formation of the seminiferous tubules, the peritubular immature Leydig
cells reduce in number or disappear. In some publications this phenomenon is
explained with a back migration of these cells toward the interstitial space of the
testis where they accumulate in close vicinity of the blood vessels. However, a more
plausible explanation is that at this time of the fetal development, fewer hormones
are needed for the composition, maintenance, and functioning of the seminiferous
tubules which lead to the disappearance of the unnecessary cells. This event resem-
bles the involution of the fetal Leydig cells during the testis development (Orth and
Weisz 1980). As consequence the interstitial perivascular cells increase in number
and become enlarged. They remain in contact with the blood vessel wall and supply
hormones for the male design of the organism. This phenomenon is well known for
other organs, especially for the nervous system. During the creation and regenera-
tion of the nervous system for insurance, an excess number of nerve cells get
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formed. With it, only cells that succeeded to make contacts with a target structure
remain alive. The other cells die and disappear.

The described features of the testicular pericytes provide enough evidence that
these cells belong to the omnipresent pericyte population of a vertebrate organism.
There is a great variability of the pericyte descendants comprising these cells in dif-
ferent migration position, developmental stages, and contacts with structures in
their environment. All this explained the great plasticity of the whole pericyte popu-
lation of an organism and the difficulties in the recognition, lineage determination,
and definition of the pericyte progeny (Hermann et al. 2016).

The pericytes are a brilliant achievement of the biological nature aiming to sup-
ply every organ with an omnipresent population of pluripotent adult stem cells.
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