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Summary

Renal pericytes have been neglected for many years, but recently they have become an intensively
studied cell population in renal biology and pathophysiology. Pericytes are stromal cells that
support vasculature, and a subset of pericytes are mesenchymal stem cells. In Kidney, pericytes
have been reported to play critical roles in angiogenesis, regulation of renal medullary and cortical
blood flow, and serve as progenitors of interstitial myofibroblasts in renal fibrogenesis. They
interact with endothelial cells through distinct signaling pathways and their activation and
detachment from capillaries after acute or chronic kidney injury may be critical for driving chronic
kidney disease progression. By contrast, during kidney homeostasis it is likely that pericytes serve
as a local stem cell population that replenishes differentiated interstitial and vascular cells lost
during aging. This review describes both the regenerative properties of pericytes as well as
involvement in pathophysiologic conditions such as fibrogenesis.
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Pericytes, also called mural cells or Rouget cells, are extensively branched mesenchymal
cells that surround endothelial cells in the capillary bed and postcapillary venules.12
Embedded in the capillary basement membrane, pericytes form an extensive network around
microvasculature throughout the body, where they perform a variety of homeostatic
functions related in particular to angiogenesis, vessel maturation, and response to injury.

During kidney development, pericytes and other stromal cells derive from odd-skipped-
related 1 (Osr1)+ intermediate mesoderm.3 In other major organs such as heart, liver, and
gut, pericytes derive from the mesothelium.2 Osrl+ intermediate mesoderm gives rise both
to the Sine oculis homeobox homolog 2 (Six2)+ nephron progenitor population as well as
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the Forkhead box D1 (FoxD1)+ stromal progenitor population. These FoxD1+ cells
surround the cap mesenchyme and differentiate into pericytes, resident fibroblasts,
mesangial cells, and vascular smooth muscle cells.*® According to the accepted definition,
pericytes are distinguished from resident fibroblasts because they are completely or partially
embedded within the capillary vascular basement membrane.2° This definition is somewhat
impractical because it relies on electron microscopy, therefore pericytes also are defined
using a combination of other criteria such as gene expression, surface markers, location, and
morphology.2 Complicating the field, however, is the absence of any single marker that
identifies pericytes directly and distinguishes them from other mesenchymal cells.? Table 1
summarizes currently used markers to identify renal pericytes.

Interest in renal pericyte biology has increased recently because of evidence linking it to
kidney disease processes. Kidney pericytes regulate renal blood flow® and are emerging key
players in the development of renal fibrosis and chronic kidney disease (CKD). Pericytes
contribute to the renal myofibroblast pool in renal fibrogenesis via pericyte-myofibroblast
trans-differentiation, and their detachment of capillaries might trigger capillary rarefaction,
one of the hallmarks of acute kidney injury to CKD progression. "2 Pericytes recently were
linked to mesenchymal stem cells (MSCs) and a critical new question is whether a subset of
renal pericytes are MSCs, and contribute to kidney regeneration.10 In this review, we discuss
the function of renal pericytes during homeostasis, disease, and regeneration.

PHYSIOLOGIC ROLE OF PERICYTES

The density of pericytes from different tissues varies, with a relatively high number of
pericytes in the kidney.® Because they are linked so closely with endothelial cells, one way
to measure pericyte density is by comparing their frequency with that of the endothelial cells
they appose. The pericyte:endothelial cell ratio varies considerably between organs, with
ratios of 1:1 to 1:3 in brain, but ratios as low as 1:10 in other organs.1! There is regional
heterogeneity of pericyte frequency within the kidney as well. Pericyte distribution peaks in
the outer medulla, for example, where regulation of blood flow to match reabsorptive
demands is greatest.5-12 Figure 1 shows pericytes in the outer medulla and in the culture
dish, illustrating their extensively branched morphology.

One of the first functions suggested for pericytes was constriction of capillaries.2 Indeed,
studies have linked the renal pericyte as a regulator of renal medullary blood flow (recently
reviewed by Kennedy-Lydon et al). Pericytes of the vasa recta have been shown to regulate
both vasoconstriction and dilation in the isolated perfused vasa recta model.6:13.14 The free
radical nitric oxide has been proposed as one important regulator of pericyte-mediated
vasoconstriction in the kidney.12 Another mechanism regulating the pericyte-mediated
vascular tone might be the release of neuro-transmitters such as noradrenaline or
acetylcholine by medullary sympathetic nerve terminals.® Finally, pericytes may regulate
blood flow and permeability by varying the fraction of abluminal endothelial cell surface
covered by pericyte processes. Pericyte defficiency was shown to increase brain-vessel
permeability, therefore, by extension, pericytes in the kidney may be important for
peritubular capillary permeability.15:1 Intriguingly, there is increased pericyte coverage of
abluminal endothelial surface area in lower parts of the body, implying a role in controlling
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orthostatic blood pressure and reducing dependent edema.! However, most studies reporting
the role of pericytes in regulating renal blood flow have been performed in vitro and
convincing in vivo evidence still is lacking. Elucidating pericyte-dependent regulation of
renal blood flow is an important area for future research.

Additional critical functions for pericytes include regulating microvessel stability,
endothelial survival, and immunologic surveillance. Pericytes contribute to the synthesis of
the vascular basement membrane by secreting collagen 1V, fibronectin, and laminin.1’
Pericytes regulate angiogenesis and thus might be interesting targets for anti-angiogenic
therapies. Readers are directed to recent excellent reviews discussing the role of pericytes in
angiogenesis and as promising targets in angiogenic therapies.118 Macrophage-like
properties with phagocytosis in vitro and in vivo have been described for a subset of
pericytes and it has been hypothesized that this functionally defined pericyte subset may
originate from bone marrow mesenchymal progenitors.1® Another possible role for pericytes
in the immune defense system might be antigen presentation to T lymphocytes.120 For
human brain pericytes, a possible role in the extrinsic pathway of blood coagulation by
expression of procoagulant enzyme complexes has been reported.2! However, it is unclear
whether renal pericytes have similar functions in immunologic defense or activation of
blood coagulation.

ARE PERICYTES THE RENAL ERYTHROPOIETIN-PRODUCING CELLS?

The kidney produces approximately 90% of the body's total erythropoietin (EPO), with liver
contributing a minor amount.22 In response to anemia and hypoxia, EPO synthesis is
increased markedly, primarily via increased gene expression. Patients with advanced CKD
and end-stage renal disease suffer from a normocytic, normochromic, hypoproliferative
anemia caused predominantly by the reduced renal EPO production.23 One reason for this
reduced EPO synthesis might be a dysfunction of renal EPO-producing cells. Several
observations have indicated that EPO-producing cells are mesenchymal in origin, therefore
it is reasonable to postulate that during CKD progression, kidney pericytes become
activated, detach from the microvasculature, expand, and differentiate into myofibroblasts.
During this process they may lose their capability to produce EPO in response to increased
levels of hypoxia-inducible factor 2 a.

Several recent observations point toward pericytes as possible renal EPO-producing cells.
Obara et al?2 induced anemia in EPO—green fluorescent protein (GFP) mice via bleeding
and studied the renal GFP-expressing cells. They observed EPO-GFP+ cells primarily at the
medullary cortical border and described these cells as stellar or arboroid-shaped. These
EPO-GFP+ cells expressed neuronal markers such as microtubule-associated protein 2 and
neuro-filament light polypeptide, and co-stained positive for the pericyte/mesenchymal stem
cell marker CD73. Furthermore, the investigators showed that EPO-GFP+ cells were located
in close association to CD31+ endothelial cells but were negative for CD31 itself, and they
also did not express the macrophage marker Macl. This indirectly implicates a stromal cell
as the EPO-producing cell. Of note, several groups in the early 1990s also described that
EPO+ cells co-stain for CD73, using either immunostaining combined with in situ
hybridization in rat kidneys or a transgenic mouse model.24:25
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Two recent publications provided novel insight into the dynamics of renal EPO-producing
cells during fibrogenesis. First, Asada et al26 showed in fate-tracing experiments that the
majority of renal EPO-producing cells arise from myelin protein zero-Cre (PO-Cre+) cells.
During development, these PO-Cre+ cells first were detected in embryonic day 13.5 (E13.5)
in metanephric kidneys and located in the stroma around the cap mesenchyme. Although the
investigators described that these cells are neural crest—derived of extrarenal origin, the
localization and expression pattern (platelet-derived growth factor receptor [PDGFR]-p+) of
these cells suggests that they may in fact be identical to FoxD1+ progenitor cells. The
investigators convincingly showed that these PO-Cre+ cells express EPO using transgenic
PO-Cre;R26tdred fluorescent protein (RFP);Epo-GFP mice and that they differentiate into a-
smooth muscle actin (a-SMA)+ myofibroblasts after unilateral ureteral obstruction (UUO)
surgery. Further experiments in Epo-GFP mice suggested that myofibroblast differentiation
reduced the expression of EPO whereas a-SMA+ myofibroblasts still possess a reduced
capability to increase EPO production upon anemic stimuli.26

Souma et al?” recently reported related experiments using the inherited super anemic mouse
(a homozygous EPO-GFP knock-in resulting in EPO knockout, with lethality rescued by an
Epo-expressing transgene) in which EPO-producing renal cells become myofibro-blasts
after UUO while reducing EPO messenger RNA expression. Interestingly, the investigators
reported that the loss of EPO production by myofibroblasts was reversed by removing the
profibrotic stimuli (ie, ureteral ligation). These findings strongly suggest that EPO-
producing cells are critically involved in kidney fibrosis and that their differentiation toward
myofibro-blasts might reduce EPO production, causing anemia during CKD progression.
Importantly, however, it remains unclear whether the EPO-producing cells are interstitial
fibroblasts or pericytes. Further studies are needed to solve this fundamental question.

PERICYTES AS MESENCHYMAL STEM/ STROMAL CELLS

In 1990, a report was published regarding the osteogenic potential of bovine retinal
pericytes.28 In the following years it became apparent that pericytes also possess
chondrogenic and adipogenic differentiation capabilities, suggesting that pericytes fulfill the
trilineage differentiation criteria of mesenchymal stem/stromal cells (MSCs).2° The
chondrogenic and osteogenic differentiation capacity of pericytes points toward a possible
role in vascular diseases such as atherosclerosis and vascular calcification. Indeed, it has
been reported that pericyte-like a-SMA and 3G5-positive cells produce bone morphogenic
protein 2a and calcify.30-31 However, the precise role of pericytes in vascular disease
remains undefined. For example, in arteries, CD34+, Scal+ MSC-like progenitors that are
distinct from pericytes of the vasa vasorum have been reported in the adventitia.32:33
Interestingly, in culture, these adventitial MSCs can acquire a pericyte-like phenotype.34
Crisan et al3® reported that pericytes (NG2+, CD146+, PDGFRp+) purified from human
placenta, skeletal muscle, pancreas, and adipose tissue showed an osteogenic, chondrogenic,
adipogenic, and myogenic potential and showed expression of typical MSC surface markers
such as CD90, CD73, CD105, and CD44. Whether perivascular MSC might serve as a local
stem cell pool for pericytes is an open question, as discussed later.
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Possible links between kidney MSCs and pericytes have been suggested indirectly by
several reports over the past decade. Plotkin and Goligorsky3® isolated a fibroblast-like cell
clone (4E) from adult mouse kidney using a tyrosine kinase, endothelial (Tie-2)-GFP
mouse. These Scal+, CD44+, vimentin+, nestin+, CD45-, ckit- cells were able to
differentiate into osteoblasts, adipocytes, and myofibroblast (a-SMA+) upon short-term
treatment with transforming growth factor-p. Long-term treatment with transforming growth
factor-p resulted in a smooth muscle phenotype with expression of SM22-a and calponin.
Interestingly, the investigators also observed a macrophage-like differentiation (Monocyte/
Macrophage antibody, MOMA-2+) and an endothelial cell differentiation (Tie-2+, vascular
endothelial growth factor receptor [VEGFR]2+).36 Under hypoxic (2%) culture conditions a
vimentin+, a-SMA-subset of 4E cells expressed EPO whereas non—-EPO-expressing cells
showed characteristics of myofibro-blasts (vimentin+, a-SMA+).36 However, despite being
from one clone, the investigators clearly discuss that the 4E cell cultures are a heterogenous
mixture of cells and no single marker can identify these cells clearly in vivo. Chen et al3’
also reported that 4E cells, when cultured in Matrigel (Sigma-Aldrich, St. Louis, MO), form
capillary networks and partly differentiate toward the endothelial lineage (14.8% CD31+,
Tie-2-GFP+). Mice intravenously injected with 4E cells 24 hours after ischemia reperfusion
injury (IRI) showed reduced plasma creatinine levels at 2 to 3 days after ischemic injury,
with significantly increased tubular epithelial cell proliferation and a significantly reduced
degree of microvascular capillary rarefaction.3” Interestingly, at 30 days after injection, the
investigators described that fluorescent dye-labeled 4E cells predominantly differentiated
toward a myofibroblast phenotype (a-SMA+, 45%), whereas a minority of 4E cells showed
expression of Tie-2—GFP (9%).37

These interesting findings are hypothesis-generating and lead to three important questions:
(1) are renal MSC pericytes or a subset of pericytes, or do they serve as a pool of pericyte
progenitors? (2) Do renal MSCs have an endothelial differentiation capacity in vivo? (3) Are
renal MSCs myofibroblast progenitors? Although clearly more studies are needed to answer
these questions, it is important to note that Tie-2 is not a specific marker of endothelial cells.
De Palma et al3® showed that endothelial cells, hematopoietic cells, and mesenchymal
pericyte precursors express Tie-2 in mammary tumors. Adding to the controversy, Medici et
al3? performed lineage tracing using Tie-2 as an endothelial marker and reported that
endothelial cells differentiate into mesenchymal stem cell-like cells with trilineage
differentiation capacity. The fact that intravenously injected 4E cells ameliorate acute
kidney injury (AKI) might be explained by their paracrine effect, however, based on the
studies from the Goligorsky group, we also may speculate that the injected 4E cells stabilize
the renal microvasculature through pericyte-like functions.38:37

The notion that pericytes may harbor an MSC population suggests that this cellular niche
may play a much more important role in tissue homeostasis than previously suspected. A
very recent publication from Zhao et al*® showed a previously unappreciated lineage
hierarchy linking MSC and pericytes. These investigators determined that Glil expression
defined an MSC population in the mouse incisor. These cells were slow cycling and
localized in the perivascular space, a niche previously hypothesized to harbor an odontoblast
stem cell population. In genetic fate mapping experiments, they showed conclusively that
these Glil+ MSCs support both homeostatic replacement and regeneration of mouse incisor
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mesenchyme after injury. Moreover, Glil+ cells gave rise to Ng2+ and CD146+ pericytes,
indicating that these MSCs repre-sent a pericyte stem cell pool. One important implication
from this study is that Glil is a marker for MSCs in vivo. Traditionally, MSCs have been
defined by a loose set of functional and phenotypic criteria.*! Indeed, if this observation
holds in other organs, it should open up entirely new avenues of exploration into the roles of
MSC in vivo, areas that could not be investigated previously because of the lack of such a
marker. In addition, these findings define a novel lineage relationship between MSC and
pericytes, at least in mouse incisor. It will be important to investigate whether such a
relationship also exists in other solid organs.

PERICYTES AS EMERGING KEY PLAYERS IN KIDNEY FIBROSIS

It has been widely accepted that myofibroblasts are the scar-forming, extracellular matrix—
producing cells that drive fibrogenesis. However, the major source of these cells remains
controversial. In the past decade, the work of several groups has pointed toward pericytes as
key myofibroblast progenitors, however, this recently has been questioned as well 44243
Faulkner et al** reported that renal myofibroblasts might expand from a perivascular
location in an angiotensin 2—induced kidney fibrosis model. The study by Lin et al*® showed
that collagenlal-GFP+ pericytes co-express NG2 and PDGFRp and become a-SMA+
myofibroblasts after unilateral ureteral obstruction.

Our own genetic lineage tracing studies provide strong evidence for pericytes as the major
myofibro-blast progenitors in the kidney. We used an inducible CreERt2 driven by FoxD1
to genetically tag interstitial pericytes. During kidney development, FoxD1 is expressed by
the stromal cell population surrounding the cap mesenchyme, these stromal FoxD1+ cells
give rise to perivascular fibroblasts, pericytes, mesangial cells, and vascular smooth muscle
cells (Fig. 2).4647 Our studies showed that during kidney fibrosis, genetically tagged
pericytes and perivascular fibroblasts gain a-SMA and become myofibroblasts.*7:48
However, it remains unclear whether all FoxD1+ cells are pericytes or a mixture of pericytes
and resident fibroblasts. There is strong evidence that pericytes are a major source of
myofibroblasts in fibrogenesis of other major solid organs. It has been reported that stellate
cells, resident pericytes of the liver, are the major source of myofibroblasts after carbon
tetrachloride injection.® Hung et al°0 recently reported that FoxD1+ pericytes are a major
source of myofibroblasts in bleomycin-induced pulmonary fibrosis. Interestingly, these
investigators also reported that a collagenlal-expressing mesenchymal population of
distinct lineage with features of resident fibroblasts also contributes to the myofibro-blast
pool in lung fibrosis. After spinal cord injury, it has been shown that glutamate-aspartate
transporter (Glast)-expressing pericytes expand, gain a-SMA, and secrete extracellular
matrix and PDGFRa+, and ADAM12+ pericytes have been reported to be a major source of
myofibroblasts in fibrosis of muscle and dermis.51:52

Lebleu et al*3 recently questioned the contribution of pericytes to the myofibroblast pool in
kidney fibrosis. These investigators performed lineage tracing studies using NG2-yellow
fluorescent protein (YFP) and PDGRp-RFP mice and showed that NG2+ and PDGFRf+
cells expand after UUO. The investigators generated mice that express the viral thymidine
kinase under the control of a NG2 or PDGFRp promoter fragment, allowing ablation of
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proliferating NG2- or PDGFRp-expressing cells after ganciclovir injection. Ganciclovir
injection after UUO resulted in a signifi-cant reduction of PDGFRB+ and NG2+ cells,
however, the severity of fibrosis remained unchanged, prompting the investigators to
conclude that pericytes do not contribute to renal fibrosis.*3 Although the investigators were
able to show that ablation of proliferating a-SMA+ cells ameliorates fibrosis, their results
regarding the contribution of PDGFRp+ cells are difficult to reconcile with other studies
clearly showing that PDGFRp+ cells contribute to the renal myofibroblast pool.#43:45.53.54
In particular, the fact that Lebleu et al*3 reported that only 6% of PDGFRf+ cells co-express
a-SMA after UUO raises questions about the efficiency of transgene expression in their
random-integration promoter fragment mouse model. In our own experiments the vast
majority of renal a-SMA+ myofibroblasts co-express PDGFR.” In addition, it recently was
reported that extrarenal myelin protein zero-cre (PO-Cre) become myofibroblasts in the
kidney after UUO and co-label with a-SMA and PDGFRp.26

Given the current lack of a pericyte-specific marker to perform lineage-tracing studies and
the ongoing controversy in the field, more studies clearly will be required to better define
the role of renal pericytes in kidney fibrosis.

PERICYTES AND CAPILLARY RAREFACTION AFTER KIDNEY INJURY

Loss of the renal microvasculature is a key component in acute kidney injury to CKD
progression and renal fibrosis.82556 Capillary rarefaction after kidney injury has been
described in a variety of experimental animal models, and in human beings with CKD the
decrease of renal capillary density correlates with the severity of fibrosis (Fig. 3).56-62
Basile et al®® previously used silicone rubber injection to show that rats develop a signi-
ficant reduction of peritubular capillary density in kidney (cortex, -25%-30%; inner stripe
outer medulla, -35%-40%) at 4 to 40 weeks after IRI. Horbelt et al>8 subsequently identified
endothelium by immunostaining postischemic mice and also reported a 45% decrease of
microvascular density at 30 days after IRIl. We investigated capillary dynamics in response
to AKI using fluorescence microangiography and found a previously unappreciated
reduction not only in number but also the caliber of surviving peritubular capillaries.® In this
study, the initial severity of AKI was a strong predictor of the future development of
peritubular capillary loss and CKD, likely reflecting the absence of a significant regenerative
response in endothelium after severe damage.

The cellular basis for the link between AKI and future peritubular capillary loss is a subject
of intense investigation. Activation of pericytes after injury is likely to be a key component
leading to capillary destabilization and rarefaction.63 Activated pericytes migrate into the
renal interstitium, proliferate, gain a-SMA, and transdifferentiate into myofibroblasts, thus
leaving the endothelium of the renal peritubular capillary bed unstable. The toxic renal
microenvironment after AKI or during CKD progression promotes cellular death of the
unstable endothelium, with subsequent capillary rarefaction.>#:63-65

Pericytes and endothelial cells undergo continuous cross-talk, both through direct interaction
and via paracrine factors. Although a basal membrane separates both cell types, pericyte
processes protrude through the basement membrane, allowing direct contact through distinct
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types of cell-cell contact.2 More than 1,000 contacts between one pericyte and a single
endothelial cell have been reported.2 These contacts allow direct communication between
both cell types. Elegant co-culture experiments have identified some of the factors
regulating pericyte stabilization of endothelium. Endothelial recruitment of pericytes is
mediated in part by endothelial secretion of platelet-derived growth factor (PDGF)-BB.56
Subsequent pericyte contact with endothelial cells induces expression of endothelial
adhesion molecules, which regulate contact between the two cell types. Integrin a4p1
vascular cell adhesion molecule has been implicated in this kind of EC—pericyte interaction,
and is up-regulated with vascular stabilization.6” Pericytes also induce expression of
prosurvival factors in endothelial cells. For example, autocrine VEGF-A is expressed by
endothelium in coculture with pericytes. This in turn induces expression of anti-apoptotic
Bcl-w, promoting endothelial survival.58

Bidirectional signaling between endothelial cells and pericytes after injury also has been
described, including their involvement in capillary rarefaction after AKI. A study by Lin et
al®* showed that blocking PDGFRp on pericytes or VEGFR2 on endothelial cells by
circulating receptor ectodomains ameliorated perivascular rarefaction and renal fibrosis after
UUO. Interestingly, the investigators also reported that kidney injury resulted in a switch of
secreted VEGF-A isomers with reduced secretion of angiogenic VEGF164 and increased
dys-angiogenic VEGF iso-forms (VEGF 120/188).5* Such a switch would be expected to
cause capillary destabilization.

Schrimpf et al%® reported that kidney pericytes are able to stabilize an in vitro capillary tube
network of human umbilical cord endothelial cells whereas myofibroblasts from fibrotic
kidneys lack this stabilizing function after exposure to the vascular serine protease
kallikrein. After injury, kidney pericytes up-regulate the expression of a disintegrin and
metalloprotease with thrombospondin motifs-1 (ADAMTS1) and down-regulate its inhibitor
(tissue inhibitor of metalloproteinase 3).%° Tissue inhibitor of metalloproteinase 3 was able
to stabilize the three-dimensional human umbilical cord endothelial cell network, whereas
ADAMTSI destabilized it. Interestingly, the knockout of tissue inhibitor of
metalloproteinase 3 in mice resulted in a spontaneous kidney phenotype with decreased
capillary density and interstitial fibrosis.5® It recently was reported that renal ischemia
reperfusion injury leads to pericyte proliferation and transdifferentiation with decreased
pericyte expression of angiopoietin-1 and increased endothelial expression of
angiopoietin-2.89 Angiopoietin-1 is a strong agonist of the Tie-2 receptor, which is
responsible for suppressing vascular leakage and maintaining survival of the endothelium,
whereas angiopoietin 2 antagonizes angiopoietin-1.69

PERICYTE TRANSCRIPTOME AFTER INJURY

A powerful approach toward unraveling pericyte biology is to define transcriptomic changes
in pericytes and perivascular fibroblasts as they transition to activated myofibroblasts. Few
reports have tackled this question to date. Complicating this task, standard approaches for
isolation of kidney RNA are compromised by the low abundance of pericytes and stroma in
health, meaning that most RNA isolated from whole kidney derives from other cell types.
This limitation is exacerbated in disease states in which inflammatory cells invade and
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distort normal architecture. Fluorescence-activated cell sorting is one approach to solve this
problem, but it requires suitable antibodies and the process of kidney disaggregation itself
rapidly induces transcriptional stress responses confounding analysis. Laser capture
microdissection of frozen sections cannot resolve interstitial cell types that are intermixed
and closely apposed to noninterstitial cell types.

We recently reported a comprehensive gene expression analysis of pericyte-to-myofibroblast
transition in medullary kidney pericytes during fibrosis.”? To overcome the challenges in
isolating pericyte and myofibroblast-specific RNA, we applied a unique approach called
translating ribosome affinity purification.”! This involves the cell-specific expression of the
ribosomal subunit protein L10a fused in-frame to enhanced green fluorescent protein
(eGFP). The eGFP-L10a fusion allows affinity purification of polysomal messenger RNA,
which is bound to ribosomes by anti-GFP antibody affinity purification. This occurs in a
single-step procedure from whole-kidney lysate. To isolate pericyte-specific polysomes, we
created a transgenic mouse with heterologous expression of eGFP-L10a under control of the
collagenlal promoter. Collal-eGFP-L10a mice express the fusion protein in podocytes in
kidney cortex, and in pericytes in kidney medulla.*®72 During fibrosis, eGFP-L10a is
expressed specifically in a-SMA-—positive interstitial myofibro-blasts. In this way we could
isolate pericyte-specific RNA during homeostasis and at several time points in experimental
fibrotic disease.

Gene ontology analysis of early expression changes in pericytes after injury showed highly
significant up-regulated terms including cell proliferation, extracellular matrix binding, and
microtubule motor activity. These terms imply a proliferative pericyte response
characterized by cell shape change and matrix interactions. Similarly, top down-regulated
genes were characterized by the gene ontology terms cell junction and anchoring junction,
implying a loss of cell-cell contacts as pericytes detach from endothelial cells. A number of
novel secreted proteins may be useful as noninvasive biomarkers of renal fibrosis.”? The
signaling pathways most notably up-regulated include integrin PDGF signaling, and up-
regulated gene families include snail homologs as well as the Wnt modulating gene family,
secreted frizzled related proteins. These pathways comprise known important regulators of
myofibroblast function and kidney fibrosis, providing further internal validation of this
approach.

This analysis also identified several genes that were specifically and strongly up-regulated in
pericytes and myofibroblasts in fibrotic injury. Thrombospondin-2 is produced by the
THBS2 gene and it is an extracellular glycoprotein with antiangiogenic properties. THBS2 is
expressed during kidney development but is not expressed in adult kidney. It is up-regulated
in kidney interstitium in mouse models of glomerulonephritis and knock-out studies have
established that it regulates angiogenesis and inflammation in this context.”® We noted a 26-
fold up-regulation of THBS2 in myofibro-blasts during UUO, and circulating THBS2 has
been measured in human plasma, in which patients with the highest quartile of serum levels
have increased cardiovascular mortality.” The SerpinF1 gene produces the pigment
epithelium-derived factor (PEDF), a secreted multifunctional protease inhibitor that
regulates stem cell fate.”>76 In kidney, PEDF serves as a human urinary biomarker for
diabetic nephropathy and exogenous PEDF ameliorates glomerular disease.””:’8
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CONCLUSIONS

Accumulating evidence indicates that renal pericytes play a critical role in kidney
homeostasis, injury, and repair. Kidney pericytes are major contributors to the myofibroblast
pool after injury and their detachment from endothelial cells is a key event in the
pathophysiology of capillary rarefaction and chronic kidney disease progression. It will be
important to better define the lineage hierarchies of pericytes during kidney homeostasis and
aging to better inform regenerative medicine approaches to combat loss of kidney function
through aging or disease.
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Figure 1.
Renal pericytes associate closely with vasculature. (A) Collal-CreERt2 mice were crossed

against R26RtdTomato reporter mice, and pulsed with tamoxifen to induce recombination in
medullary pericytes. A high-power view of tdTomato+ pericytes is shown, note the
extensive branching processes emanating from the cell body. Endothelial cells were co-
stained green using fluorescein isothiocyanate FITC-CD31 antibodies, and the merged
image shows how tightly the pericytes associate with and wraparound peritubular
capillaries. Genetically tagged renal pericytes (left panel) surrounding peritubular capillaries
(middle panel, CD31). (B) Genetically labeled pericytes were dissociated from kidney by
enzymatic dissociation and purified by fluorescence activated cell sorting. Subsequently,
they were plated in a three-dimensional collagen gel, where long delicate processes extend
from the cell body, similar to the in vivo situation. DAPI, 4',6-diamidino-2-phenylindole.
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Figure 2.
Fate of FoxD1+ cells in kidney development. FoxD1-Cre mice were crossed against the

R26RtdTomato reporter line to genetically label FoxD1+ cells and all of their descendants.
(A) cells include thin branched stromal cells located in the interstitium (arrows). These cells
represent pericytes and perivascular fibro-blasts. In addition, the glomerular staining
indicates that both mesangial cells and podocytes express FoxD1 (arrowheads). However,
podocytes acquire FoxD1 expression later in development, so only mesangial cells have a
lineage relationship with FoxD1 precursors in development.83 (B) FoxD1+ lineage cells also
generate vascular smooth cells that line arteries and kidney arterioles (asterisks).
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Figure 3.
Capillary rarefaction after kidney injury. Sham kidneys were co-stained for peritubular

capillaries with CD31 antibodies (left panels). Before death, mice were perfused with FITC-
conjugated microbeads in agarose to generate a fluorescence microangiogram (FMA, middle
panels). The merged image illustrates luminal filling of CD31-positive capillaries with green
microbeads, providing a readout of vascular perfusion. In the lower panels, mice were
subject to severe AKI and allowed to recover for 8 weeks. They were subject to the same
protocol as the sham mice. The results show substantially reduced perfusion of peritubular
capillaries, as well as endothelial cell density. This capillary rarefaction strongly correlated
with the degree of kidney injury at day 1 after AKI, suggesting an inability of damaged
capillaries to repair.8 DAPI, 4',6-diamidino-2-phenylindole.
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Table 1

Pericyte Marker
PDGFR-$

Comment

Receptor tyrosine kinase that is expressed strongly in various other cell typesincluding
mesangial cellsand vascular smooth muscle cells, expression persistsin all kidney
myofibroblasts??

CD73 (ecto-5"-nucleotidase)

CD248 (endosialin)

a-SMA

21)62 (chondroitin sulfate proteoglycan

Desmin

p75 (low-affinity nerve growth factor
receptor)

Mesenchymal stem cell marker,”® which also is expressed in T lymphocytes,8® marks cortical stroma
but not medullary; in our hands not a reliable marker of kidney pericytes

C-type lectin transmembrane receptor, also expressed on vascular smooth muscle cells, fibroblasts,
myofibroblasts, and T cells?

Intracellular protein linked to cell contractility expressed by smooth muscle cells and myofibroblasts,
and not expressed by quiescent pericytes8!

Proteoglycan expressed by pericytes during early angiogenesis,* vascular smooth muscle cells,
adipocytes, and neuronal cells28!

Type 11 intermediate filament, also expressed by mesangial cells, cardiomyocytes, and skeletal
muscle cells282

Tumor necrosis factor—receptor superfamily member expressed on hepatic stellate cells and adult
pericytes®81
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