
Summary. Chronic Kidney Disease affects
approximately 8% of the population and contributes
considerably to premature morbidity and mortality.
Recently reported studies have highlighted an important
role for resident microvascular pericytes in the
pathogenesis of kidney fibrosis. Pericytes are emerging
as the predominant source of the activated, matrix
depositing, stromal cell population seen in progressive
fibrosis. Further, pericyte activation leads to their
detachment from the vasculature, triggers unstable
microvasculature and leads to rarefaction. Strategies to
modulate pericyte function in these processes are
therefore therapeutically attractive. In this review we
will first describe our current understanding of the
structure and function of the pericyte and the role these
cells play in angiogenesis and the pathogenesis of renal
fibrosis. Novel therapeutic approaches targeting
pericytes in murine models of renal disease will then be
considered.
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Introduction

Chronic Kidney Disease (CKD) affects up to 8% of
the population and contributes considerably to premature
morbidity and mortality (Hallan et al., 2009). Current
therapies for this condition are extremely limited and, at

best, partially effective. The dominant processes that
promote progressive kidney disease, irrespective of the
initiating trigger(s), occur in the tubulointerstitium
where the deposition of non-functioning fibrotic matrix
and microvascular rarefaction are considered hallmarks
of progressive disease (Bohle et al., 1996; Hewitson,
2009). The origin of activated kidney myofibroblasts,
the primary cell responsible for the deposition of fibrotic
matrix, is both controversial and complex (Strutz, 2008;
Humphreys et al., 2010). Recently reported studies by
our laboratories have highlighted a central role for
resident pericytes of the peritubular capillaries (PTCs) in
the pathogenesis of renal fibrosis (Lin et al., 2008, 2011;
Humphreys et al., 2010; Duffield and Humphreys, 2011;
Kida and Duffield, 2011; Schrimpf and Duffield, 2011;
Smith et al., 2011). Until recently, pericytes were a
neglected and poorly described cell population in the
renal literature but are now emerging as a major
precursor of the activated, matrix depositing,
myofibroblast seen in progressive fibrosis. In addition,
detachment of renal pericytes from the microvasculature
drives dysangiogenesis, which can lead to rarefaction of
the microvasculature and tissue hypoxia that are
associated with CKD (Bohle et al., 1996; Mayer, 2011).
Strategies to control and modulate pericyte function in
these processes are therefore potentially therapeutically
attractive.

In conducting this review we will first describe our
current understanding of the structure and function of the
pericyte and the role these cells play in angiogenesis.
Technical challenges to studying this cell population in
vitro and in vivo will be discussed; and the evidence to
support the role of perciytes in development of renal
fibrosis will then be summarised. Finally, in conclusion
potential novel therapeutic approaches targeting
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pericytes in murine models of renal disease will be
described.
Structure and function of pericytes

Pericytes are contractile cells of mesenchymal origin
that wrap around and support the microvasculature.
Pericytes, also known as perivascular or Rouget cells
were first described as early as 1873 (Dore-Duffy and
Cleary, 2011) but it was not until 1983 that renal
pericytes were described in detail by Courtnoy and
Boyle following a series of elegant studies using electron
microscopy (Courtoy and Boyles, 1983). In the kidney,
pericytes are found attached to the peritubular capillaries
(PTC) and within the glomerulus, they are more
commonly called mesangial cells, and are attached to the
overlying glomerular endothelial cells (Humphreys et
al., 2010; Kida and Duffield, 2011; Smith et al., 2011).
Recent studies of podocytes of the glomerulus have
shown that they share overlapping functions with
pericytes. Podocytes are therefore a modified or
specialized form of pericyte, their processes do not
attach directly with endothelial cells

Functionally, pericytes are crucial to the stability and
integrity of the microvasculature. Detachment of
pericytes or failure of investment of pericytes into the
vascular wall during angiogenesis leads to collapse,
aneurysm or haemorrhage of the vessel. Pericytes can
synthesise basement membrane matrix proteins (Diaz-
Flores et al., 2009) and are involved in regulating vessel
tone (Diaz-Flores et al., 2009). They are also known to
play a role in the immune response to injury and display
macrophage-like properties such as phagocytosis (Diaz-
Flores et al., 2009). In the brain they are a key mediator
of the immune response and are recognised to function
as antigen presenting cells for primed T cells (Guillemin
and Brew, 2004). Intriguingly, in vitro pericytes have the
capacity to differentiate into chondrocytes, osteoblasts,
fibroblasts and adipocytes (Crisan et al., 2008c). This
pluripotency suggests that pericytes may be a type of
mesenchymal stem cell and thus the perivascular
location of the pericyte is a tissue stem cell niche (Crisan
et al., 2008a-c). If it can be established that pericytes
truly represent a tissue resident progenitor cell
population this would have significant implications for
the development of targeted therapies to promote the
repair of damaged tissue. 

In vivo pericytes can be identified by their extensive,
branched processes that partially surround the abluminal
side of endothelial cells (Courtoy and Boyles, 1983;
Diaz-Flores et al., 2009) (Fig. 1). Classically, pericyte
foot processes are recognised to be sheathed within a
duplication of the underlying vessel’s basement
membrane, whilst the cell body is often exposed. Gaps
in the basement membrane thus allow direct cytoplasmic
contact and therefore intercellular crosstalk between
pericytes and the underlying endothelial cells (Kida and
Duffield, 2011). Cellular communication between
pericytes and endothelial cells is thought to be via peg

and socket contacts. These contacts form gap and tight
junctions that allow direct transfer of factors and
electrical signals between endothelium and pericytes.
Thus, the extensively branched structure of the pericyte
provides an extended surface area, which enables an
individual cell to communicate with multiple endothelial
cells (Fig. 1) (Armulik et al., 2005). 
Challenges to studying pericytes

Identifying pericytes in vivo is challenging and early
studies have relied on electron microscopy (EM) making
detailed studies of pericyte function in vivo laborious.
Further, EM is more difficult during angiogenesis and
vascular remodelling as the basement membrane is often
not fully developed (Baluk et al., 2003). Critical to the
distinction between cells that have been called ‘resident
fibroblasts’ and pericytes is the relationship to
endothelial cells. Whereas resident fibroblasts are
defined as mesoderm-derived cells of connective tissue,
pericytes are defined as mesoderm-derived cells attached
to capillaries. The relationship between pericytes and
endothelium can be readily appreciated by confocal
microscopy (Fig. 1).

Surface markers for pericytes are increasingly
recognised but none are entirely specific. A selection of
the markers, including the archetypal marker platelet-
derived growth factor receptor-ß (PDGFRß), which have
previously been used to identify pericytes in vivo are
summarised in Table 1. These markers suffer from
several limitations. They are differentially expressed at
different developmental stages (Lin et al., 2008), across
species (Armulik et al., 2005), in different organs (Diaz-
Flores et al., 2009) and in response to micro-
environmental stimuli (Lin et al., 2008; Simonavicius et
al., 2008). Improved novel pericyte markers and further
refinement of the approaches used for the study of
pericytes are therefore desirable. 

CD248 (Endosialin, TEM1) is a novel 175 KDa type
I transmembrane glycoprotein whose expression is
restricted to pericytes (Simonavicius et al., 2008).
Antibodies against CD248 have recently been used to
localize pericytes in human and murine kidney (Smith et
al., 2011) and we have demonstrated that CD248 is
upregulated in human kidney disease (Smith et al.,
2011). Moreover CD248 expression level is a
determinant of human kidney disease progression. As
with all the described pericyte markers, CD248 is
expressed by kidney stroma during embryonic
nephrogenesis and in the adult is restricted to mesangial
cells and pericytes (Fig. 2) (Armulik et al., 2005, 2010;
MacFadyen et al., 2007; Lin et al., 2008). In the kidney
at postnatal day 12 NG2, αSMA and PDGFRß are
expressed by all pericytes but, as the organ matures,
expression of NG2 and αSMA is lost as pericytes
become less active (Lin et al., 2008). PDGFRß and
CD248 expression persists. As a consequence of the
changing expression of typical pericyte markers, one
approach to identifying pericytes in vivo is to combine
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Fig. 1. Pericytes in the kidney: definitions functions, and response to cytokines. A. Schema of pericyte attached to endothelial cells and partially
embedded in a duplication of capillary basement membrane. Note specific attachment of pericyte processes and cell body to endothelial cell at a
number of different sites. B. Electron microscopy of normal human kidney cortex in 3 panels showing peritubular capillaries (PTC) where endothelial
cells (EC) and Pericytes (PC) or pericyte processes (Pp) can be seen. Tubule basement membrane (TBM) is clearly visible. Note peg and socket
process (arrowhead), upper left panel. C. Pericytes seen attached to endothelial cells in normal mouse kidney, but only 24h (prior to mitosis) after onset
of obstructive injury pericytes have detached, spread, and migrated from endothelial cells. D. Pericytes in 3D collagen gel exhibiting long cytoplasmic
processes extending the length of more than 10 cell bodies. E. Pericytes in 3D collagen gel, home to and bind with attachments specifically to capillary
tubes composed of endothelial cells. F. Panels showing kidney pericytes cultured on gelatin matrix, stained for αSMA, note in control conditions PCs
show weak αSMA expression and many long fine processes and elongations, but 24h after TGF‚ exposure PCs change shape, spread, lose long
cytoplasmic processes, upregulate αSMA and show distinct cytoplasmic filaments. Bars: 25 µm



multiple surface markers (Hellberg et al., 2010). The
development in recent years of transgenic mice
(reviewed in detail by Duffield et al (Duffield and
Humphreys, 2011) has taken this approach a step further.
Transgenic animals allow genetic fate tracking and
tagging of pericytes which can be used to facilitate not
only the in vivo localisation of pericytes, but also their
ex vivo isolation (Lin et al., 2008), and phenotyping.
Isolated cells can also be used for in vitro co-culture
models (Hirschi and D’Amore, 1996). The studies

described below in murine kidney would not have been
feasible without access to this technology.
The role of pericytes in angiogenesis

Angiogenesis involves the growth and stabilisation
of new blood vessels from pre-existing blood vessels and
pericytes play a key role in this process (Carmeliet,
2003). Angiogenesis provides microvascular networks
with the ability to adapt to their surrounding
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Table 1. Pericyte markers. 

Marker/Comments

CD73
Pericyte and mesenchymal stem cell marker (Diaz-Flores et al., 2009).
Expression is regulated by tissue hypoxia (Synnestvedt et al., 2002).
Expression also seen on erythropoietin producing peri-tubular fibroblasts of the kidney (Diaz-Flores et al., 2009).

CD248 (TEM1, Endosialin)
Recognisies pericytes and fibroblasts (MacFadyen et al., 2005).
Temporal expression with high levels in development and low levels in adult tissue (Lax et al., 2007, 2010; MacFadyen et al., 2007).
Expression is increased in renal biopsy samples from patients with IgA nephropathy. Expression correlates with known determinants of renal

progression and can be used to predict renal outcome (Smith et al., 2011).
Implictaed in PDGFRß mediated pericyte proliferation in vitro (Demoulin, 2010; Tomkowicz et al., 2010).
Potential therapeutic target.

A disintegrin and metalloproteinase with ThromboSpondin motifs-1 (Adamts-1)
Recently identified using microarray analysis to be upregulated by pericytes of the kidney in response to injury. Can be used to identify pericyte-

myofibroblast transition (Schrimpf et al., 2012). 

Alpha smooth muscle actin (αSMA)
Intracellular marker widely described in pericytes (Diaz-Flores et al., 2009; Armulik et al., 2010).
Restricted to expression by activated pericytes at sites of vascular remodelling(Bergers and Song, 2005).
Also expressed by smooth muscle cells and myofibroblasts (Strutz and Zeisberg, 2006).

Desmin
Intracellular marker expressed on intermediate filament proteins (Diaz-Flores et al., 2009).Can be used as an ensheathment marker to estimate

vessel stability(Chan-Ling et al., 2004).
Expressed on pericytes in direct contact with the underlying endothelium (Hirschi and D’Amore, 1996, 1997).Proposed as an
indicator of pericyte ensheathment in underlying basement membrane (Bergers and Song, 2005).
Expressed by pericytes (mesangial cells) of the glomerulus (Strutz et al., 2001).

NG2 chondroitin sulphate proteoglycan  (NG2)
A transmembrane proteoglycan expressed on pericytes but also widely expressed on glial cells of the central nervous system (Armulik et al., 2010).
Expressed by nascent pericytes during the early stages of angiogenesis and perists in newly formed blood vessels (Bergers and Song, 2005).

Platlet derived growth factor beta receptor (PDGFRß)
One of the most widely used pericyte markers.
Plays a key role in pericyte recruitment, investment and maturation of the microvasculature (Hirschi and D’Amore, 1996, 1997

Diaz-Flores et al., 2009).
Cellular expression persists following pericyte-myofibroblast transition (Lin et al., 2008).

p75 (Low-affinity nerve growth factor receptor)
Member of the tumor necrosis factor receptor family. Functions as a neurotrophin receptor helping to modulate neuronal cell survival and

differentiation.
Immunoreactivity for p75 is found present in adult pericytes and perivascular fibroblasts, 
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Fig. 2. Temporal
and developmental
expression of the
pericyte marker
CD248 Murine
tissue from 129SvEv
mice is shown.
CD248 (brown), as
with most pericyte
markers is
temporally regulated
during development.
A. Embryonic day
16(E16). CD248 is
expressed
throughout the
interstitium and
within early
mesangial cells of
the developing
glomeruli. B, C and
D. High power
manification of panel
A. E. At postpartum
day 2 CD248
expression is
downregulated in
the kidney. F, G.
Adult murine tissue.
CD248 expression
is low and limited to
mesangial cells of
the glomerulus and
pericytes of peri-
tubular capillaries.
Bars: A, E, F, 200
µm; B, 100 µm; C,
D, G, 50 µm.
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Fig. 3. Results of Fate mapping of Foxd1 progenitors in adult and injured kidney using the Foxd1-Cre;Rosa26-tdTomatoR mouse. A. Schema showing
the cross of Foxd1-Cre recombinase allele with TdTomato reporter allele driven by the universal promoters at the Rosa26 locus. Bigenic mice
recombine genomic DNA at the Rosa locus only in cells that have activated Foxd1 gene in nephrogenesis. B. Confocal images of kidney cortex
showing in normal adult kidney large numbers of perivascular cells, which all co-express Pdgfrß. VSMCs of the kidney arterioles are also derived from
Foxd1-progenitors and co-express αSMA intermediate filament, but none of the Foxd1-derived pericytes (arrowheads) or perivascular fibroblasts
(arrows) express αSMA. In kidney injury (shown here is UUO d7) the pericyte and perivascular fibroblast populations expand and continue to express
Pdgfrß. However, now all of the expanded population of interstitial Foxd1-progenitor derived cells co-express αSMA, the marker which defines these
cells as myofibroblasts. Bars: 50 µm.
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Fig. 4. Pericytes are readily identifiable attached to peritubular capillaries and human kidney biopsies with interstitial fibrosis show loss of pericyte
attachment to peritubular capillaries. A. Electron micrographs of human kidney cortical pertitubular capillaries showing lumen (L), endothelial cell (EC),
pericyte (PC), pericyte processes (Pp), capillary basement membrane (CBM) and tubular basement membrane (TBM). Arrows identify areas of
cytoplasmic contact, arrowheads identify peg & socket junctions. B. Immunofluorescence staining for endothelium (CD34, blue, or CD31, green),
Pericytes (PDGFRß or aSMA red) and basement membranes (laminin green) in normal kidney cortex and cortex with interstitial fibrosis. Tubules have
weaker brown or green autofluorescence and nuclei are blue or white. Arrowheads identify areas of attachment of pericytes or pericyte processes to
endothelium. C. Quantification of % PTCs with pericytes attached to them, assessed in EM images from patients with fibrosis and those with no fibrosis
(n=6/group). D. Quantification of % circumferential coverage of PTCs by pericyte body or pericyte processes in EM images. E. Quantification from
immunofluorescence studies of % circumferential coverage of PTCs by pericyte body or pericyte processes from patients with fibrosis or no fibrosis.
*P<0.05, **P<0.01. Bars: A, 2 µm; B, 25 µm.



microenvironment and represents a major physiological
response to ischemia, and wound healing (Lerman and
Chade, 2009). Angiogenesis can also be pathological.
Nascent vascular networks formed in response to injury
may be disorganised with impaired function and
permeability (Lerman and Chade, 2009), and these
immature networks lead to poor blood flow and
ineffective oxygen transport, thus simply increasing the
number of blood vessels present alone may not be
beneficial. 

In the early stages of angiogenesis activated
pericytes in parent vessels shorten their cytoplasmic
processes, increase their volume and proliferate (Ribatti
et al., 2011). They then begin to project into the
perivascular space, the basement membrane becomes
disrupted and pericytes detach from the underlying
vessel (Diaz-Flores et al., 2009). The detached pericytes
localise to the tip of angiogenic endothelial cell sprouts
and help to direct the growth of the developing vessel
(Carmeliet, 2003). As nascent endothelial tubes are
formed pericytes invest in the vessel wall stabilising the
emerging microvascular architecture (Armulik et al.,
2005, 2010). Complex pathways of endothelial-pericyte
crosstalk are required for successful angiogenesis.
Consequently, pericyte coverage of endothelial cells is
highly controlled and varies widely across vascular beds.
Coverage of the abluminal surface of endothelial cells is
reported to range between 10-50% (Armulik et al., 2005)
and the ratio of pericytes to endothelial cells is 1:1, 1:2.5
and 1:100 for the retina, kidney and skeletal muscle
respectively (Shepro and Morel, 1993; Armulik et al.,
2005; Humphreys et al., 2010) suggesting that
mechanical factors, in addition to soluble autocrine and
paracrine growth factors, help to control pericyte
numbers in vivo. Multiple growth factors have been
implicated in endothelial-pericyte crosstalk, including
Transforming Growth Factor-ß, Angiopoietins,
Sphingosine-1-phosphate, lysophosphatidic acid and
Ephrins, but here platelet derived growth factor (PDGF)
and vascular endothelial growth factor (VEGF) will be
considered.

PDGF is a chemotractant and mitogen for stromal
cells, comprising four isoforms (PDGF-A,-B,-C and-D)

(Floege and Johnson, 1995; Floege et al., 2008). PDGF-
A and -B are secreted as homo- or heterodimers and bind
to ECM. PDGF-C and -D are secreted only as
homodimers. Similarly, PDGF receptors (PDGFR) are
dimers composed of α and/or ß chains. PDGF-A can
bind the α domain only but PDGF-B binds all receptor
types. PDGF-C binds PDGFR-αα or-αß whilst PDGF-D
binds PDGFRßß. Binding to the PDGFR by its cognate
ligand leads to phosphorylation of the receptor and
activation of tyrosine kinase dependent transcription
factors. Endothelial production of PDGF-B is required
for pericyte recruitment and investment into blood
vessels. Endothelial cells express PDGF-B that signals to
pericytes through the PDGFR-ß (Levéen et al., 1994).
Studies conducted in mice demonstrate that loss of
PDGFRß or PDGF-BB results in defective pericyte
recruitment and investment in the microvasculature and
subsequent vascular leakage and haemorrhage
(Hellstrom et al., 1999,  2001; Lindblom et al., 2003).
The mice die during embryonic development with
widespread microvasculature dilatation and
microaneurysms. Further, in PDGF-B deficient mice
sprouting capillaries were unable to recruit pericyte
progenitors (Ribatti et al., 2011)

VEGF functions as an endothelial cell mitogen
involved in promoting angiogenesis, vascular stability
and permeability (Mayer, 2011) and is known to be
upregulated in response to hypoxia, a process that occurs
rapidly to drive adaptive angiogenesis (Mayer, 2011).
The VEGF family includes five members (VEGF-A, -B,
-C, -D and placental growth factor (PIGF)) that exist as
hetero and homodimers. Each member binds and
differentially activates one or more of 4 receptors.
Additionally, there are an extensive number of VEGF
splice variants. VEGF induces proliferation and
migration of pericytes under hypoxic conditions
(Yamagishi et al., 1999). VEGF can also function as a
negative regulator of pericyte function and maturation
by abolishing coverage of vascular sprouts and
destabilising vessels (Greenberg et al., 2008).
Conversely, more recently VEGF signalling in
specialised pericytes of the kidney, known as podocytes,
has been shown to be crucial for vessel stabilisation
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Fig. 5. Model of pericytes in health vs disease
of kidney peritubular capillaries. Schema of
pericyte activation by a disease stimulus. In
response to injury pericytes become activated
and detach from capillaries. This process
requires bi-directional signaling between
endothelial cells and pericytes. Epithelial cells
can also signal to pericytes, and it is currently
unknown whether pericytes signal to epithelial
cells. In the presence of persistent injury,
activated pericytes proliferate, migrate and

activate genes that give them the myofibroblast phenotype, including upregulated expression of pathological matrix genes, contractile machinery, and
immune response genes. This results in i) pathological matrix deposition in the virtual interstitial space, ii) recruitment of inflammatory cells, and iii) the
loss of pericyte coverage of the endothelial cells results in an unstable endothelium leading to dysangiogenesis and potentially rarefaction.



(Eremina et al., 2008).
Renal pericytes are the major source of activated
myofibroblasts in renal fibrosis

Pericytes have long been recognised to play a role in
the biology of the kidney but early reports focused on
their morphology and functional role in regulating
medullary blood flow (Chou et al., 1984; Pallone and
Silldorff, 2001; Crawford et al., 2011). The more
detailed investigations into their function in renal
fibrosis that Lin et al undertook in 2008 employed
transgenic mouse technology to tag and track activated
stromal cell populations in vivo in the murine kidney
(Lin et al., 2008). Models were constructed to study
kidney function and response at rest and in response to
injury. The studies used mice that express green
florescent protein (GFP) under regulation of the collagen
1α1 promoter. In response to injury collagen1α1+
pericytes were observed to upregulate classical pericyte
markers (PDGFRß, NG2, p75, αSMA), upregulate
collagen deposition and migrate away from the
underlying endothelium to form activated stromal cells
(myofibroblasts). Further, all pericytes in the healthy
adult kidney expressed PDGFR‚ and expression was
seen to persist in all myofibroblasts (Lin et al., 2008).
This study was the first to suggest from the use of
kinetic modelling techniques that the peritubular
capillary pericyte represented the major source of
activated stromal cells in renal fibrosis. Crucially,
despite severe renal injury, epithelial cells did not
express collagen transcripts, thus challenging the long
proposed theory that myofibroblasts, the primary cell
type implicated in depositing pathological matrix in
renal fibrosis, were derived through the
transdifferentiation of resident renal epithelial cells.
Additional fate tracking studies were therefore
performed to confirm these initial studies (Humphreys et
al., 2010). Again transgenic mice were employed to
genetically tag kidney epithelial cells using Six2-cre and
HoxB7-cre drivers; mesenchymal cells were labelled
using a FoxD1-cre driver. Thus, Six2 and HoxB7
labelled the interstitial and collecting duct epithelium
respectively and FoxD1 was expressed by mesenchymal
cells that would then be traceable on all cells destined to
become pericytes. Tagged mice were backcrossed with
appropriate reporter mice strains and the fate of the renal
epithelium and pericytes in response to renal injury was
observed in two different models (Lin et al., 2008;
Humphreys et al., 2010). The experiment demonstrated
that the FoxD1+ cells represent the same population of
cells as the collagen1α1 tagged cells identified
previously; this population expanded rapidly to form the
vast majority of the αSMA+ myofibroblasts seen in
response to injury. Therefore the perivascular cells of the
kidney derived from FoxD1 embryonic kidney
progenitors, which express PDGFRß, CD248, CD73, are
the source of myofibroblasts (Fig. 3). None of the tagged
epithelial cells were seen in the interstitial space and

none were seen to co-express αSMA or the EMT marker
fibroblast specific protein 1 (FSP-1) within the
interstitium in response to injury. In contrast, the
experimental results showed that in vitro Six2 tagged
epithelial cells isolated from these animals could be
induced to express αSMA and FSP-1 and downregulate
the expression of E-cadherin in response to stimulation
with the pro-fibrotic growth factor transforming growth
factor beta (TGFß). This latter finding suggests that
EMT represents an in vitro phenomenon (Humphreys et
al., 2010; Schrimpf and Duffield, 2011) since EMT was
not observed to generate myofibroblasts. The studies
described above have led to an extensive debate in the
academic literature (Zeisberg and Duffield, 2010; Kriz et
al., 2011; Quaggin and Kapus, 2011), and these
experimental findings have now been replicated by
several independent groups (Koesters et al., 2010; Li et
al., 2010). Furthermore, they are supported by recent
studies reported by Asada and colleagues that employ
similar fate mapping techniques to those described
above (Asada et al., 2011). These experiments track the
neural crest cell protein, myelin protein zero (P0). 

P0 is expressed in migrating neural crest cells in the
early embryonic stage and it is also expressed by
Schwann cells. P0-cre labelled cells were tracked and
isolated using a variety of reporter strains. Asada et al
show that the majority of erythropoietin producing
fibroblasts in the adult murine kidney are derived from
P0+ neural crest cells that infiltrate the embryonic kidney
during nephrogenesis from E13.5 onwards. These P0
expressing cell populations overlap with the FoxD1-
PDGFRß+ population of cells we have previously
identified to be important in the development of renal
fibrosis. In three different models of renal fibrosis these
P0+ fibroblasts cells were found to lose the ability to
produce erythropoietin and to transdifferentiate into
myofibroblasts in response to injury. Again,
myofibroblasts were not seen to originate through EMT
of the tubular epithelium. Given the origin of P0+ cells a
trial of the administration of neuroprotective agents was
attempted following renal injury and, intriguingly,
erythropoietin production could be restored and fibrosis
attenuated.
Renal pericyte detachment from endothelium in
response to injury leads to microvascular rarefaction

The observation that pericytes are the source of
myofibroblasts in renal fibrosis and that pericytes are
intimately involved in vessel stabilisation and
angiogenesis served to focus our attention on the role
played by the microvasculature in renal disease.
Microvascular rarefaction is widely reported at renal and
non-renal sites in response to ischemia and chronic
inflammation and may be central to the progression of
CKD (Bohle et al., 1996; Eardley et al., 2008; Lin et al.,
2011). We asked whether pericytes, being lost from the
vasculature to become myofibroblasts following renal
injury, could be promoting microvascular rarefaction.
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Using the cell fate tracking techniques described
above renal pericytes were seen to detach from the
interstitial capillary following induction of injury. This
was observed to take place within hours of the
precipitating insult (Lin et al., 2008). Similarly, Lin et al
observed endothelial cells of the peritubular capillaries
to enter cell cycle 24 hours after injury. Their
proliferation peaked 4 days following the induction of
injury and thereafter returned to baseline levels. 

Histomorphometric analysis of the renal
microvasculature demonstrated an early angiogenic
response to injury. Capillary density increased from 48
hours following injury and accompanied pericyte
detachment and migration away from the endothelium.
The initial angiogenic response persisted up to day 7, but
microvascular rarefaction then developed by day 10,
suggesting there was a failure of the angiogenic response
(Lin et al., 2011). This failure of the angiogenic response
may be due to VEGFA isotype switching (Lin et al.,
2011). Pericytes purified from diseased kidney
demonstrated a down regulation of the pro-angiogenic
VEGF164 isoform and an upregulation of the anti-
angiogenic VEGF120 and VEGF188 isoforms.

These observations are further supported by human
studies (Fig. 4). Electron micrographs of human renal
tissue samples demonstrated a significant reduction in
peritubular capillary coverage by pericytes when
interstitial fibrosis was present, suggesting that murine
renal pericytes function similarly to human renal
pericytes in vivo. Similarly, co-culture models using
human endothelial cells and murine kidney pericytes
demonstrated that pericytes are essential for maintenance
of capillary tubular architecture (Schrimpf et al., 2012)
(and See Fig. 1). In contrast, myofibroblasts derived
from pericytes were unable to stabilize tubular networks
in this model. Microarray analysis of pericytes from
fibrotic tissue suggested that this stabilising effect is
mediated in part by the balance of synthesis of A
disintegrin and metalloproteinase with Thrombospondin
motifs-1 (Adamts1) and its inhibitor tissue inhibitor of
metalloproteinase-3 (Timp3) (Schrimpf et al., 2012).
Thus, pericytes activate expression of Adamts1 and
downregulate Timp3 in response to injury and Adamts1
could therefore be used as a marker of pericyte
activation
Targeting endothelial-pericyte crosstalk to treat renal
fibrosis

Pericyte detachment has a double impact for kidney
disease. Not only do pericytes become myofibroblasts
that deposit matrix leading to fibrosis, but their
detachment from the endothelium also exacerbates tissue
hypoxia and damage. Modulating endothelial-pericyte
crosstalk in renal fibrosis may therefore be found to be
an effective therapeutic strategy. 

PDGF signalling is an attractive target to treat CKD
and has previously been reviewed in detail (Floege et al.,
2008). PDGF isoforms and receptor expression increases
rapidly in response to renal injury. Chen et al have

demonstrated that PDGF receptor signalling activates
pericyte-myofibroblast transition following obstructive
or ischemic damage to the kidney and these receptors are
exclusively expressed by pericytes and myofibroblasts
(Chen et al., 2011; Lin et al., 2011). Administration of
anti-PDGFRα or anti-PDGFRß specific antibodies
following injury resulted in reduced pericyte
proliferation and differentiation, reduced macrophage
infiltration, reduced fibrosis and reduced rarefaction of
capillaries, three of the hallmarks of CKD. An identical
renal phenotype can be achieved with the administration
of soluble ectodomains raised against PDGFRß or
VEGFR2 following the induction of injury. Again, this
highlights the importance of endothelial-pericyte
crosstalk. Similar results can also be replicated using the
commercially available tyrosine kinase inhibitor,
imatinib mesylate. 

Novel pericyte markers, such as CD248, are found to
be upregulated in response to renal injury (Smith et al.,
2011) and therefore may be functionally important, and
may, as a result, represent viable treatment targets. The
downstream signalling pathways of CD248 are linked to
PDGF signalling (Demoulin, 2010; Tomkowicz et al.,
2010). Tomkowicz et al. have demonstrated that CD248
regulates pericyte proliferation in vitro through PDGF
receptor signalling. Knock down of CD248 using siRNA
reduced PDGF-BB mediated proliferation. Indeed, the
application of monoclonal antibodies against these are
already in human clinical trials for treatment of
pancreatic cancer and could easily be piloted for further
study in murine models of kidney disease.
Conclusion

Pericytes are an important cell population involved
in the pathogenesis of CKD. Recent advances in
transgenic animal models that allow the genetic labelling
and tracing of cells in vivo have helped to resolve a
number of early difficulties in studying the function and
role played by pericytes. Detachment of pericytes from
blood vessels facilitates the expansion of activated
stromal cell populations and destabilises the vasculature
that leads to rarefaction (Fig. 5). Targeted therapy aimed
at modulating growth factor signalling involved in
endothelial-pericyte crosstalk promises to help lead to
the development of novel treatments for renal fibrosis.
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