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Abstract

Background—Pericytes surround endothelial cells at the perivascular interface. Signaling
between endothelial cells and pericytes is crucial for capillary homeostasis, as pericytes stabilize
vessels and regulate many microvascular functions. Recently it has been shown that pericytes are
able to detach from the vascular wall and contribute to fibrosis by becoming scar-forming
myofibroblasts in many organs including the kidney. At the same time, the loss of pericytes within
the perivascular compartment results in vulnerable capillaries which are prone to instability,
pathological angiogenesis, and, ultimately, rarefaction.

Aims—This review will give an overview of pericyte-endothelial cell interactions, summarize the
signaling pathways that have been identified to be involved in pericyte detachment from the
vascular wall, and present pathological endothelial responses in the context of disease of the
kidney.
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Introduction

Fibrogenesis is one of the key processes in all organs and it is closely associated with loss of
organ function during chronic human disease. Matrix depaosition in the interstitial space,
including the pathological accumulation of collagen I, 111, and V, fibrillin, and other matrix
proteins that are normal constituents of basement membranes, is one of its characteristic
features. The cell type responsible for fibrillar matrix deposition is predominantly
myofibroblast [1-3]. Fibrosis occurs not only in chronic kidney disease, where it is linked to
the decline of kidney function and hypertension [4], but also during remodeling processes
after an injury of any kind, e.g. in liver cirrhosis, heart failure, idiopathic lung fibrosis, and
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pancreatic disease [5-8], as well as following a stroke or a central nervous system trauma
[9]. In addition, one of the initial steps in atherosclerosis is the formation of a fibrous cap
and matrix deposition of collagen and elastin into the media of the vascular wall [10].
Recent studies using conditional fate mapping in mice have identified perivascular
mesenchymal cells or pericytes as a major source of scarforming myofibroblasts in multiple
organs including the kidney [6, 9, 11-16]. Although others have reported contributions to
myofibroblasts by leukocytes, epithelial cells, and endothelial cells [17], a consensus is
emerging that these latter cell types contribute to fibrogenesis predominantly via indirect
mechanisms, at least in the animal models studied, and that most myofibroblasts arise from
mesenchymal cells embedded in the organ connective tissue (known as resident fibroblasts)
or attached to capillary walls (known as pericytes) [9-15]. The study of pericytes is
complicated by the lack of specific markers, the lack of a consensus on the definition, tissue-
specific variations in morphology, and the requirement for electron microscopy to validate
microvascular wall integration. In some studies pericytes are referred to as perivascular
cells, yet in others they are named mesenchymal stromal cells [18]. While in the brain
markers such as RGS5 and NG2 are useful for marking most pericytes, in other tissues such
as the skin, kidney, or lung these markers only label a subpopulation of pericytes [17-19].
At this time, it remains unclear whether there are discrete subpopulations of mesenchymal
cells attached to capillaries serving as pools of myofibroblast precursors or one population
exhibits plasticity. These controversies have recently been reviewed in some detail and will
not be discussed further [16].

While pericytes stabilize the microvasculature in health [20, 21], their detachment from the
vascular wall and differentiation into myofibroblasts under pathological conditions not only
leads to interstitial fibrosis but also leaves the vascular wall unprotected and vulnerable [18,
22, 23]. Therefore, it is not surprising that the onset of interstitial fibrosis is often
accompanied by simultaneous disease of the microvasculature [22]. In this review, we will
focus on processes at the microvascular interface and their consequences for the capillary.
We will provide updates on the current understanding of pericyte function and interaction
with the endothelium in health and disease in the kidney and then summarize the identified
mechanisms involved in the separation of both cell types leading to pathological
angiogenesis and ultimately to vascular rarefaction, which in turn promotes ischemia,
inflammation, and further fibrogenic responses. Although this review will focus on the
pathological mechanisms detected during kidney disease, similar microvascular changes
occurring in other organs such as the lung and heart implicate perivascular cell detachment
in microvascular disease and simultaneous fibrogenesis in multiple organs [9, 19, 24, 25].

Pericyte Nomenclature

The discovery of pericytes dates back to Rouget [26] in 1873, when he described the
existence of perivascular cells surrounding the endothelium of small blood vessels in the rat.
Fifty years later, Zimmerman [27] reported a perivascular cell, first called a ‘Rouget cell’,
essential for the ultrastructural composition of capillaries. Due to the close apposition of this
cell type to neighboring endothelial cells, he called them ‘peri-cytes’ (“‘peri’ is Greek for
‘around’ and ‘cyte’ is New Latin for ‘cyta’ from the ancient Greek ‘kutos’ meaning ‘vessel’
but is used as a suffix for ‘cells”) and coined the nomenclature that is still used today. This

J Vasc Res. Author manuscript; available in PMC 2015 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schrimpf et al.

Page 3

nomenclature made the localization of these cells quite clear, defining a pericyte as a cell of
the periendothelial compartment (fig. 1). Today it is known that this periendothelial
compartment is not exclusively occupied by pericytes but rather other cell types, i.e.
vascular smooth muscle cells, fibroblasts, and resident macrophages, may reside within this
space [28]. In the kidney, pericytes were first described by Courtoy and Boyles [29] in 1983.

Pericyte Structure and Interaction

Constituting the smallest unit within the vascular system, pericytes interact with endothelial
cells (fig. 1). They can be found on capillaries but also on small precapillary arterioles and
postcapillary venules. Together with endothelial cells, pericytes form the microvasculature,
a system responsible for hydrostatic balance, the delivery of nutrition, and metabolic
exchange. As pericytes originate from the mesenchyme of each organ, the functions of
pericytes are specialized/adapted to their specific needs depending on their surroundings,
making it unlikely that a single type of pericyte exists. More likely, pericytes show organ-
specific functions and properties. Hepatic stellate cells in the liver are considered a
specialized form of pericytes [30]. In the brain, it has been described that pericytes are
essential for maintenance of the blood-brain barrier, inducing the polarization of astrocyte
end feet [31]. In the glomerulus of the kidney, mesangial cells and podocytes are considered
specialized forms of pericytes [32].

A ubiquitous pericyte feature, regardless of the residing organ, is that they interact closely
with endothelial cells. In the kidney, pericytes and endothelial cells share a capillary
basement membrane (CBM). Components of the CBM are produced by pericytes as well as
by endothelial cells [33]. A lack of CBM coverage between pericytes and endothelial cells
can be found in specialized locations, where pericytes are able to directly interact with
endothelial cells [34]. Those specialized areas where direct cell-cell interaction takes place
sometimes appear as ‘peg-and-socket’ junctions. They form when endothelial cell cytoplasm
invaginations are filled with a pericyte process and vice versa in a ‘key-and-lock’-like
manner and direct signaling via tight, gap, and adherence junctions occurs [29, 34] (fig. 1).
In addition, long processes of pericytes make it possible for a pericyte not only to interact
with one endothelial cell exclusively but also to span and signal with several endothelial
cells, leading to a uniform endothelial cell reaction upon stimulation [35]. Observations
from the kidney suggest that pericytes also signal to other cell types such as epithelial cells
and coordinate endothelial and epithelial cell actions [36, 37]. By comparison, observations
of the brain, where pericytes in combination with endothelial cells and astrocytes form the
blood-brain barrier, have shown bicellular signaling of pericytes, leading to astrocyte end
foot polarization [31], and recently an important role of pericytes in leukocyte migration was
identified [38].

Pericyte Function

Coordination of tissue repair after injury is of utmost importance for the prevention of
impairments in organ function and integrity. A hallmark of functional remodeling is
sufficient angiogenesis. The initial step in this process is endothelial tube formation [39].
Shortly, vascular guidance tunnels appear within the extracellular matrix and guide the
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sprouting of an endothelial tube formed by tip and stalk cells [40]. This vascular sprout at
the beginning is highly proliferative but unstable and prone to regression. Stabilization
occurs when mural cells such as pericytes or vascular smooth muscle cells are recruited to
the abluminal surface [41]. It is not surprising that for decades the endothelium has been the
main target of vascular research, as endothelial cells build the inner layer of each blood
vessel regardless of the size or the organ. Research focusing on the perivascular
compartment has been relatively neglected by comparison. Part of the reason is that the
extent of pericytes throughout the microvasculature of essentially all organs has only
recently been appreciated through the identification of better markers and higher-resolution
imaging of the microvasculature and because there are no truly specific pericyte markers
[42] (table 1).

Among the most important homeostatic functions of pericytes are stabilization of the
vascular wall and maintenance of vascular quiescence and vascular integrity [34, 41, 43-47].
This stabilization occurs via bidirectional signaling between pericytes and endothelial cells
and by deposition of basement membrane. The signaling systems involved in pericyte/
endothelial cell homeostasis have been investigated and reviewed in detail [28, 34].
Additional functions of pericytes include contraction of the vascular diameter and bridging
of endothelial gaps [48-50] as well as leukocyte attraction and guidance [38]. It has been
postulated that pericytes not only perform vascular stabilization functions but may also act
as mesenchymal stem cells with the potential to differentiate in vitro into adipogenic,
chondrogenic, or osteogenic cells [51, 52]. In bone marrow, it has been shown that
mesenchymal stem cells reside in a vascular niche [53]. Crisan et al. [51] proposed that
mesenchymal stem cells exist in other organs, and several groups have shown MSC
potential within organ-specific pericyte cultures, placing pericytes as a central target in
regeneration [12, 52] and promoting a ‘research renaissance’ for pericytes.

Pericytes Regulate Vessel Growth

Pericytes are involved in vasculogenic (new vessel formation from angioblasts — during
organ development), angiogenic (new vessel formation from existing vessels — in adults
during growth), and pathological angiogenic processes such as vessel remodeling/formation
after injury [21]. The angiogenic processes can be divided into 3 major steps: (a) initiation,
(b) vascular sprouting and migration, and (c) maturation/termination. Initiation takes place
when endothelial cells and pericytes are exposed to proangiogenic stimuli, leading to
diminished contact of the pericyte and its processes with the CBM. Simultaneously, vascular
sprouting and pericyte migration are started [54]. A common feature of sprouting is the
diminished coverage of the vascular sprout by pericytes, a process that enables endothelial
cell proliferation [21]. Only when angiogenesis is terminated do pericytes relocate to
endothelial cells. Such coverage is associated with maturation and termination of the growth
of the newly formed vessel [21, 55]. This maturation is accompanied by the deposition of
basement membrane between endothelial cells and pericytes [33]. In other settings, such as
corpus luteum growth or tumor microvessels, migratory pericytes pave the way for the
developing vascular sprout by forming tunnels through the matrix [56, 57].
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To conclude, the migration of pericytes from the vascular wall is permissive of endothelial
cell sprouting and new vessel formation and can therefore be considered proangiogenic in
many regenerative processes.

Pericyte Detachment, Vascular Rarefaction, and Interstitial Fibrosis Are
Interrelated Processes

Fibrosis occurs as a reaction to chronic injuries [58]. Many hypotheses have been proposed
to explain the appearance of myofibroblasts in the interstitial compartment [58]. One of the
major models which has recently evolved is that pericytes give rise to myofibroblasts in the
kidney and other organs (fig. 2). Lin et al. [15] used a classical fibrosis model (UUO:
unilateral urethral obstruction) to provoke fibrosis in the kidney in a mouse with the
Coll1lal-GFP transgene. In that mouse, each cell producing collagen I(a)1 protein (a major
component of the fibrillar extracellular matrix in fibrosing processes) was labeled by the
GFP protein. They identified cells in a normal kidney expressing GFP, and colabeling for
CD73 as well as PDGFR-, which under physiological conditions were in close apposition
to peritubular capillaries and fulfilled the criteria of pericytes. Just 9 h after the initiation of
kidney injury via unilateral urethral obstruction, these perivascular cells did not stay in a
steady state within the vascular wall but became activated. This activation led to detachment
of the pericytes from the perivascular compartment, as well as spreading and migration into
the interstitial space. There, activated pericytes proliferated and produced mature
pathological extracellular matrix components [15] typical of myofibroblasts (fig. 2). The
results indicated that this process potentially results in a loss of pericyte function through the
detachment of pericytes and functional transition to scar-forming cells. In addition, it is
possible that not all pericytes that detach from the vascular wall will differentiate into
myofibroblasts but they will undergo apoptosis, a common phenomenon seen in diabetic
retinopathy [59, 60]. In experiments from our laboratory, pericytes purified from kidneys
migrated to capillary tubes in 3-D cultures, integrated partially into the endothelial wall,
stimulated the deposition of an organized CBM, and regulated the vascular diameter [22,
23]. When the stability of the capillaries was assessed by stressing them with serine protease
treatment, pericytes promoted vascular stability [22, 23, 41]. These capacities were lost
when pericyte-derived myofibroblasts from diseased kidneys were applied to the same
assays. In preliminary studies, myofibroblasts may in fact promote vascular leakage and the
death of capillaries. Therefore, for many reasons, pericyte detachment is deleterious to
capillaries.

Another possible outcome at the pericyte-endothelial interface is the transdifferentiation of
injured endothelial cells into myofibroblasts. Although this remains a controversial topic, a
consensus appears to be evolving. Initial reports in which the lineage of endothelial cells
was traced using Cre/Lox systems relying on promoters to the angiopoietin receptor TIE1 or
TIE2 suggested that as many as 100% of myofibroblasts were derived from the endothelium
[61, 62]. However, closer examination of these studies has shown that very few
‘endothelium-restricted’ genes are truly restricted to the endothelium. TIE-1 and TIE-2 are
both transiently expressed by myeloid lineages and stromal/smooth muscle lineages
including pericytes and resident fibroblasts of the kidney [62]. More recently, this process of
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endothelial transdifferentiation was reassessed by the same authors using the VE-cadherin-
Cre transgene. Those studies suggested that a more modest 15% of myofibroblasts were
derived from the endothelium [17]. However, our laboratories have never identified an
endothelial cell in transition in vivo or hallmark proteins such as CD31 or VE-cadherin in
myofibroblasts. Since the authors did not use conditional Cre systems to map the fate of a
cohort of endothelial cells, the contribution of endothelial cells to myofibroblasts remains
unclear.

The loss of capillaries (known as microvascular rarefaction) is closely associated with
chronic kidney disease and interstitial scarring and is likely to be an underappreciated
central cause of chronic kidney disease progression as a result of the consequent tissue
ischemia and loss of nephron function [63-65]. Following the discovery that pericytes not
only migrate away from the vascular wall but are also a major source of myofibroblasts,
further studies have been undertaken to identify the molecular mechanisms that regulate the
loss of protective pericytes from the capillary wall. Such experiments have focused on the
hypothesis that impaired pericyte-endothelial cross talk might lead to vascular instability.
The next section will review the identified signaling pathways involved in microvascular
homeostasis at the onset of Kidney fibrosis.

PDGF-B and VEGF-A Signaling

Cross talk between endothelial cells and pericytes via PDGF-B and VEGF-A signaling has
been shown to promote angiogenesis under physiological conditions [66, 67]. In this regard
endothelial cell-derived PDGF-B can attract various mural cells including pericytes through
PDGFR-f signaling. This is important during angiogenesis, when stalk cells express more
PDGF-B than tip cells, making sure that after sprouting processes pericytes are attracted
back to the vascular sprout to terminate this process and initiate maturation [54]. Failure of
pericyte attraction can lead to instability and regression [21]. Furthermore, mice lacking
PDGFB showed microvascular defects and were not viable [21, 68], underlining the
importance of this signaling cascade during development and physiological angiogenesis. In
contrast, VEGF produced by pericytes induces endothelial cell proliferation, migration, and
sprouting through VEGFR-2 signaling [44]. In 2008, Greenberg et al. [44] were able to link
both signaling pathways. The authors found that, under PDGFB-mediated angiogenesis,
VEGEF led to a lack of pericytes at the vascular sprout and induced vessel destabilization
through VEGFR-2 signaling. Activation of VEGFR-2 suppressed PDGFR-p signaling
through the induction of a VEGFR-2-PDGFR-S complex [44]. Inhibition of VEGFR-2 could
restore angiogenesis [44], and treatment with VEGF inhibitors in the tumor vasculature
showed pericytes that were closely associated with the surviving tumor vessel [69, 70].
While VEGF/VEGFR-2 signaling can be regarded as proangiogenic in endothelial cells, it
negatively influences pericyte coverage and pericyte-mediated vessel stabilization [44].

Under pathophysiological conditions in the kidney, pericytes migrate from the vascular wall
and therefore might influence homeostasis in PDGF and VEGF signaling between both cell
types (fig. 3). By blocking VEGFR-2 on endothelial cells and PDGFR-f on pericytes during
the early phase of fibrosis (UUOQ), vascular rarefaction and interstitial fibrosis was
attenuated. These observations highlight a link between pericyte detachment from the
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vascular wall and the appearance of myofibroblasts [71]. Furthermore, Lin et al. [71]
provided evidence that the differentiation of pericytes into myofibroblasts was accompanied
by a switch from VEGF164, which is proangiogenic to its isoforms VEGF120 and
VEGF188 that lack the usual angiogenic properties.

Metalloproteinase Activity

An important feature of angiogenesis is the ability of endothelial cells to dissolve basement
membrane and local tissue structures to form tunnels (invasion) for new vessel formation.
Regulation of matrix metalloproteinase (MMP) activity has been shown in several distinct
assays to be important for this process [33, 40, 72-74]. At the interface of endothelial cells
and pericytes, MMP are involved in the disruption of tight junctions, promoting pericyte
detachment and proangiogenic endothelial cell proliferation [75]. At the same time, growth
factors and cytokines with complementary effects are activated [76]. The current
understanding of this process involves integrin-mediated recruitment of MMP to the
endothelium-pericyte interface [75]. There, degradation of the extracellular matrix results in
the activation of growth factors like TGF-$ and VEGF165 [76, 77] and initiates
proangiogenic as well as antiangiogenic signaling cascades [76].

Besides being a source of matrix metalloproteinases [78], pericytes contribute to the
production of tissue inhibitor of matrix metalloproteinase 3 (TIMP3) which stabilizes
vascular tubes in combination with endothelial cells [41].

To investigate pericyte detachment at the onset of kidney fibrosis, the capacity of primary
kidney pericytes and myofibroblasts to stabilize endothelial cell tubes in a 3-D tube
formation assay was tested [22, 79]. While primary kidney pericytes completely prevented
the collapse of the vascular network and were shown to have migrated to and attached to the
capillary wall, primary kidney myofibroblasts did not prevent gel regression, indicating that
myofibroblasts lose their capillary-stabilizing functions [22]. Microarray analysis of isolated
cells showed that pericytes expressed TIMP3. The TIMP3 gene expression was
downregulated in diseased cells, while the expression of a disintegrin and metalloproteinase
with thrombospondin motifs 1 (ADAMTS-1), a metalloproteinase involved in cell migration
and cleavage of CBM, was rapidly and highly upregulated [22]. While the addition of
recombinant TIMP3 into the regression assay prevented gel regression, mimicking the
stabilizing effect of pericytes, recombinant ADAMTS-1 accelerated regression.
Furthermore, the addition of pericytes in the presence of recombinant ADAMTS-1 no longer
prevented regression. The molecular mechanisms involved in pericyte stabilization of the
capillary network were downregulation of VEGFR-2 signaling on endothelial cells and
blockade of MMP activity in endothelial cells, strongly suggesting that the pericyte-
stabilizing functions in kidney injury depend on the local regulation of MMP and VEGFR-2
activity. While ADAMTS-1 marks activated pericytes/myofibroblasts unable to stabilize
vascular tubes, other members of the ADAMTS family are involved in myofibroblast
transition in kidney disease [80]. ADAMTS-2 and ADAMTS-12 are highly upregulated in
myofibroblasts. Although Grgic et al. [80] did not link both proteins to vascular rarefaction,
ADAMTS-2 and ADAMTS-12 are involved in cleavage of extracellular collagen I and both
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are inhibited by TIMP3 [81]. It will be interesting to investigate their role in vascular
rarefaction during kidney fibrosis in more detail.

EphrinB2 Signaling at the Microvascular Interface

A further mechanism identified in kidney pericyte-endothelial interaction and pericyte
activation in combination with vascular rarefaction is signaling via ephrinB2 [23]. EphrinB2
reverse signaling is known to regulate VEGFR2 activity, and pericyte-restricted ephrinB2
deficiency leads to vascular instability with hemorrhaging during development [82],
highlighting the importance of this receptor for normal microvascular pericyte coverage
[83]. Furthermore, ephrinB2 is involved in the regulation of migration, spreading and
adhesion of mural cells during vascular wall assembly [84]. EphrinB2 signaling can be
mediated via tyrosine phosphorylation and/or PDZ domain-dependent signaling.

In kidney research, primary kidney pericytes from PDZ-/- mice showed enhanced
proliferation and migration due to an overactivated pericyte status [23]. In contrast, primary
microvascular endothelial cells proliferated less and were less migratory due to impaired
VEGFR-2 function, pointing to ephrinB2 on microvascular endothelial cells as a regulator of
VEGFR-2 activity [23]. In addition, ephrinB2 PDZ domain-deficient pericytes showed an
impaired capillary-stabilizing capacity and contributed less to capillary basement protein
synthesis [23]. EphB4-ephrinB2 bidirectional signaling had an impact on endothelial cell
integrity through endothelial-endothelial interactions but not through pericyte-endothelial
cell cross talk. Mice deficient in ephrinB2 phosphotyrosine signaling also showed a mildly
impaired capillary stabilization capacity, emphasizing the predominance of PDZ-dependent
signaling in pericyte-endothelial cell homeostasis. Collectively, these studies indicate that
ephrinB2 is an important regulator of microvascular quiescence during kidney fibrosis (fig.
3) [23].

WNT Signaling

In kidney injury, WNT/B-catenin signaling pathways have been shown to be involved in
tissue regeneration [85] as well as disease progression [14]. Studies not focusing on
myofibroblasts and pericytes respectively showed that the WNT pathway is overactivated in
kidney diseases [14], and transcriptional analysis indicated that myofibroblasts showed the
highest levels of WNT signaling activity [86]. Dickkopf-related protein 1 (DKK1) is a
ligand for the WNT coreceptors low-density lipoprotein receptor-related proteins 5 and 6
(LRP5, 6), believed to block WNT pathway activation by displacing WNT ligands from the
LRP5/6 binding sites [87]. Systemic delivery of DKK1 to the kidney blocked the
proliferation of preexisting myofibroblasts, stopped the progression of fibrosis, and
attenuated capillary rarefaction in vivo [88]. In addition, it inhibited pericyte activation and
detachment and the transition to myofibroblasts in vitro. When pericytes were tested in vitro
for their response to profibrogenic cytokines, PDGF-B TGF- or connective tissue growth
factor, DKK1 markedly blunted the cell responses to these cytokines, though not to another
factor, i.e. Cyr61 [88]. By dissecting the cell surface protein interactions and intracellular
signaling, Ren et al. [88] suggested that the WNT/LRP6 signaling complex interacts with
other receptor pathways, enabling effective signaling of cellular activation by stress kinase
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cascades rather than by canonical pathways. These findings suggest that DKK1 is potently
protective against excessive myofibroblast activation via inhibition of noncanonical
signaling pathways in pericytes (fig. 3). DiRocco et al. [89] also showed a role of WNT
signaling in the onset of kidney fibrosis. They generated a mouse model in which they could
activate WNT/B-catenin signaling in interstitial pericytes and fibroblasts, and kidneys
showed spontaneous myofibroblast differentiation in the absence of injury. Others have
shown that WNT/B-catenin signaling stimulates the chondrogenic differentiation and inhibits
the adipogenic differentiation of pericytes [90]. These latter studies do not link WNT
signaling to vascular regression but do show a direct effect on pericyte differentiation,
making changes in endothelial pericyte interaction likely and worthy of investigation. Other
studies in humans have shown an involvement of WNT signaling in epithelial-to-
mesenchymal transition [91]. Therefore, WNT receptor blockade may have beneficial
effects on the epithelium directly. It is worth noting that WNT inhibition may be associated
with bone disease, and recent studies have suggested that antibodies against DKK1 may
prevent some of the skeletal changes associated with chronic kidney disease progression
[92].

Angiopoietin 1, Angiopoietin 2, and Cognate Receptor Tie2 Signaling

Recent work by Ziegler et al. [93] showed that microvascular pericyte coverage can be
influenced by angiopoietin 2 (ANGPT2). The angiopoietin/Tie2 system has two principal
ligands, i.e angiopoietin 1 (ANGPT1), which is vasculoprotective and is produced by
pericytes [94], and ANGPT2, the antagonist of ANGPT1 produced in endothelial cells [95].
Both ligands compete for their receptor Tie2 [96, 97]. In sepsis, hANGPT1 treatment
improves a number of sepsis-induced organ dysfunctions [98] including capillary leakage.
Taking this into account, Ziegler et al. [93] designed a mouse in which they could induce
ANGPT2 overexpression in endothelial cells (until 12 weeks of age) and switch off the
overexpression via doxycycline. Indeed, those mice showed vascular rarefaction and
pericyte loss in the heart. The switch-off of overexpressed ANGPT2 to normal ANGPT2
states prevented pericyte loss and vascular rarefaction at 24 weeks of age. In addition,
pericyte loss at the microvascular locus was associated with increased capillary leakage,
hypotensive hypercirculation, and pathological cardiac hypertrophy. Cardiomyocyte-specific
ANGPT2 overexpression altered the cardiac microvascular architecture but did not cause
any changes in peripheral pericyte-endothelial cell interactions. The addition of ANGPT1 or
PDGFB at week 12 increased the endothelial coverage with pericytes at 24 weeks of age and
normalized the permeability in ear capillaries. Furthermore, in 2 sepsis models
(lipopolysaccharide injection and cecal puncture and ligation) the addition of an ANGPT2-
blocking antibody decreased the pericyte loss and increased the microvascular integrity.
These experiments demonstrate that the balance of ANGPT1 and ANGPT?2 is essential for
pericyte-endothelial cell integrity and links capillary leakage directly to the absence of
pericytes at the microvascular locus (fig. 3).

Conclusion

Although the research focusing on injury-related alterations in pericyte-endothelial
interactions is still in its infancy, it is clear that the appearance of myofibroblasts and
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fibrosis is intimately associated with capillary instability which may result in microvascular
rarefaction. Pericytes with mesenchymal stem cell properties and the capacity to
differentiate into myofibroblasts play a central role both in fibrogenesis and in the
maintenance of vascular quiescence. While pericytes stabilize the microvasculature in
health, their differentiation into myofibroblasts leads to a lack of pericytes at the
microvascular interface, resulting in vulnerability and endothelial destabilization. The
pathways involved in pericyte-endothelial cell disassembly include the VEGF and PDGF
signaling pathways, WNT signaling, ephrinB2 signaling, and the ANGPT1/ANGPT2 Tie2
signaling cascade but also include pathways involved in metalloproteinase activity (TIMP3
and ADAMTS-1). It will be the aim of further research to target these pathways and find
new treatment options to prevent pericyte detachment and maintain a functioning
perivascular environment.
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Fig. 1.

a,% Immunofluorescent micrograph of an uninjured kidney section in a collagen 1algfp
transgenic mouse. In the interstitium of the kidney, peritubulary capillaries (CD31-cy3
staining) are in close apposition to colllalgfp-expressing cells. In most places, both cell
types are separated by basal lamina (blue laminin staining) marked by arrows (a), while in
some places no separation can be found (arrows in b). Note that long colllalgfp-positive
processes can be found throughout the pericapillary compartment (scale bars = 10 um). ¢
Schematic of b representing pericyte (green)-endothelial cell (red) interaction; blue
represents the CBM. Peg-and-socket junctions can be found in places where no separation
via the CBM occurs.
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Fig. 2.

Schematic of pericyte detachment upon a disease stimulus followed by microvascular
rarefaction and the occurrence of myofibroblasts and extracellular matrix within the
interstitium, representing fibrosis.
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Fig. 3.
Schematic illustration of the pathways identified to be involved in pericyte detachment and

vascular rarefaction at the pericyte-endothelial interface. ADAMTS-1/TIMP3 signaling [22],
PDGF-B VEGF-A signaling [71], WNT signaling [88], ephrinB2 signaling [23], and
ANGPT1/ANGPT2 signaling [93].
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Table 1

Identified pericyte markers

Marker Other cell typeswith References
marker expression
PDGFR-  Myofibroblasts, neurons and progenitors, mesenchymal cells, mesenchymal stem cells ~ Hirschi and Amore [99]
Diaz-Flores et al. [100]
Lin et al. [15]
PDGFR-a  Mesenchymal cells, neural stem cells/B cells Takakura et al. [101]
Jackson et al. [102]
NG2 vSMC, adipocytes, neuronal progenitors, glial cells, developing bone, muscle skin Armulik et al. [31]
Bergers and Song [103]
Ruiter et al. [104]
Huang et al. [105]
Desmin Skeletal muscle cells, cardiac smooth muscle cells, mesangial cells Nehls et al. [106]
Diaz-Flores et al. [100]
a-SMA vSMC, myofibroblasts Armulik et al. [31]
Strutz and Zeisberg [107]
RGS5 vSMC Bondjers et al. [108]
Endosialin  Myofibroblasts, fibroblasts, vSMC MacFadyen et al. [109]
Smith et al. [110]
CD73 Mesenchymal stem cells Diaz-Flores et al. [100]
CD13 vSMC, epithelial cells in the kidney, tumor endothelial cells Dermietzel and Krause [111]
Kunz et al. [112]
Stefanovic et al. [113]
CD146 Mesenchymal stem cells Crisan et al. [51]
CD105 Mesenchymal stem cells, endothelial cells, hematopoietic stem cells Crisan et al. [51]
Nassiri et al. [114]
Pierelli et al. [115]
CD44 Mesenchymal stem cells, lymphocytes, hematopoietic stem cells Sackstein et al. [116]
Jalkanen and Jalkanen [117]
Dimitroff et al. [118]
ANGPT1 Hematopoietic progenitor cells, glioblastoma tumor cells, mast cells Sato et al. [119]
Stratmann et al. [120]
Nakayama et al. [121]
VEGF-A Tumor cells, macrophages Berse et al. [122]
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