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ABSTRACT

During fetal life, mesenchymal stromal/stem cells (MSCs) surround glomeruli and tubules and con-
tribute to the development of the renal interstitium by secretion of growth factors that drive nephron
differentiation. In the adult, an MSC-like population has been demonstrated in different compart-
ments of human and murine nephrons. After injury, these cells might provide support for kidney re-
generation by recapitulating the role they have in embryonic life. In this short review, we discuss the
evidence of an MSC presence within the adult kidney and their potential contribution to the turnover
of renal cells and injury repair. STEM CELLS TRANSLATIONAL MEDICINE 2014,3:1451-1455

INTRODUCTION

Multipotent mesenchymal stromal/stem cells (MSCs)
are defined, according to the International Society
for Cellular Therapy, on the basis of their ability to
adhere to plastic, self-replicate, differentiate into
mesodermal lineages (i.e., osteocytes, chondro-
cytes, adipocytes), and express specific surface
markers (CD105, CD73, and CD90) [1] and by their
immunomodulatory capacity and low immunoge-
nicity [2]. MSCs might have potential therapeutic
applications in regeneration after injury of differ-
ent organs (e.g., heart, kidneys, lungs, and liver),
and they are currently being used in clinical trials
for treating a wide range of diseases (available at:
http://www.clinicaltrials.gov). MSCs exhibit mul-
tidifferentiation capacity in vitro, and are able to
migrate to injured sites in vivo after systemic ad-
ministration [3]. Moreover, an increasing amount
of evidence has indicated that the beneficial effects
of MSC treatment on tissue/organ injury in dif-
ferent animal models can be mainly attributed
to paracrine activities [4].

Historically, MSCs were first isolated from the
bone marrow (BM), where they play a role in he-
matopoiesis [5, 6]. Subsequently, MSCs were also
isolated from other organs and tissues [7-9]. The
present review focused on MSCs identified in mu-
rine and human kidneys, in particular, from the
glomeruli.

MSCs RESIDENT IN THE MURINE KIDNEY

During embryogenesis, an MSC population can be
detected in the kidneys. This population, which
surrounds developing glomeruli and tubules,
secretes growth factors that drive nephron differ-
entiation [10]. Moreover, MSCs contribute to the

development of the renal interstitium [11]. In the
event of kidney injury, interstitial cells might pro-
vide support for kidney regeneration by assuming
an immature phenotype and, thus, recapitulating
the role performed during embryonic life [12]. Sev-
eral years ago, using a method developed for cul-
turing MSCs from the bone marrow, Plotkin and
Goligorsky were able to isolate a clone of MSCs
(termed “MSCs-E4”) from adult murine kidneys
with characteristics similar to embryonic stromal
cells [13]. This cell population was characterized
by a phenotype (CD44, CD73, Sca-1 positivity)
and a gene expression profile similar to that of
mesenchymal renal embryonic cells. MSCs-E4
were shown to support angiogenesis and tubulo-
genesis in vitro and were able to differentiate
along multiple mesodermal lineages, including
adipocytes, osteocytes, smooth muscle cells, and
endothelial cells. Moreover, in hypoxic conditions,
MSCs-E4 differentiated into fibroblast-produced
erythropoietin [13]. When MSCs-E4 were subcaps-
ularly injected afterischemia and reperfusion renal
injury (IRI), they were able to migrate throughout
the cortex and medulla and reached the papillary
compartment [13]. These adult renal MSCs had
the propensity to lodge at perivascular locations
in the cortex and medulla [14] and remained in
the interstitium without evidence of integration in-
to glomeruli or tubules. This type of stromal pop-
ulation capable of interacting with endothelial
and epithelial cells could be important for renal
homeostasis and repair after injury. When injected
intravenously into IRI mice, MSCs-E4 engrafted the
ischemic kidney and promoted tubular regenera-
tion and functional recovery [15].

Another group of researchers described a pop-
ulation of stem cells, resident in the renal intersti-
tial space in close proximity to tubules, that were

©AlphaMed Press 2014

G20z Aienuer go uo Josn oulo ] 1p 021UdaYIOd AG 0G868EY/LSY L/Z L/E/FIOIE/W OIS/ WO dNO"D1WSPED.//:SA)Y WOy PaPEOjUMO]


http://www.clinicaltrials.gov
mailto:giovanni.camussi@unito.it
mailto:giovanni.camussi@unito.it
http://dx.doi.org/10.5966/sctm.2014-0142
http://dx.doi.org/10.5966/sctm.2014-0142

1452

MSCs Resident in Kidney

specifically located at the renal papilla [16]. These so-called nontub-
ular multipotent stem/progenitor cells were isolated by cell sorting
using the Sca-1 antigen as a marker of stem cells and were CD45
negative. In addition, this cell population was positive for CD29
and vimentin and negative for cytokeratin. Although Sca-1+ cells
showed minimal expression of the surface markers typically
expressed by bone marrow MSCs, they were able to differentiate
into mesodermal cell lineages, such as osteocytes, chondrocytes,
adipocytes, and myocytes, and into neural cells. Moreover, when
the Sca-1+ cells were directly injected into renal parenchyma after
IRI, they differentiated into epithelial tubular cells, thus contribut-
ing to renal repair. Renal Sca-1+ cells displayed an immunomodu-
latory capacity in vitro, confirming their mesenchymal nature [16].
The presence of an MSC-like population with immunomodulatory
capacity was confirmed by another study [17]. The MSC-like pop-
ulation described in that study, named “kidney-derived stromal
cells” (KSCs), expressed Sca-1 antigen and MSC markers (i.e., CD29,
CD44, CD105, vimentin) and were negative for hematopoietic
(i.e., CD45, CD3, CD4, CD8) and tubular epithelial (i.e., cytokeratin,
Z0-1, epithelial cell adhesion molecule) markers. In vitro, they
had the capacity to differentiate into osteocytes and adipocytes
[17]. Moreover, KSCs significantly reduced T cell proliferation, ina
cell contact manner and were able to promote the differentiation
of BM precursor into dendritic cells (DCs) refractory to maturation
with lipopolysaccharide and producing increased interleukin-10
[17]. These cells were characterized by a phenotype with signifi-
cant reduction of major histocompatibility complex class Il and in-
creased CD80 expression [17]. KSCs seem to act early during the
differentiation of DCs from BM precursors to maintain DCs in an
immature or “semimature” state associated with an immune-
regulatory phenotype and self-tolerance induction [18].

More recently, Wang et al. reported the existence of renal
MSC-like cells in mice [19]. This cell population was first detected
by cytofluorimetric analyses of enzymatically digested murine
kidneys. Renal MSC-like cells coexpressed CD44, CD117, CD105,
and CD90 and represented about 5% of the total renal cells. After
isolation of CD44+ cells by cell sorting and in vitro culture, they
acquired the spindle-shape morphology typical of MSCs, lost
the expression of CD117, maintained the expression of specific
MSC markers (i.e., CD44, CD73, CD105, CD51) and expressed
metanephric mesenchyme markers (i.e., Sox11, Foxd1, Id2, Eya4).
Adult renal CD44+ MSCs were able to differentiate toward adi-
pogenic, osteogenic, and smooth muscle cell lineages [19]. Re-
markably, CD44+ MSCs were also able to differentiate into
juxtaglomerular cells that contained renin in cytoplasmic gran-
ules. When CD44+ MSCs were injected into the renal artery of
mice preconditioned with a sodium-deficient diet, they success-
fully engrafted in the kidneys, where they differentiated into
renin-producing cells [19].

Inthe cited studies [13—17, 19], the murine renal resident cells
with MSC characteristics were isolated by enzymatic digestion of
the whole kidneys, with no distinction between the glomerular
and tubular compartments. Investigations by da Silva Meirelles
et al. [20] reported the isolation and characterization of an MSC
population from isolated glomeruli deprived of Bowman'’s capsu-
les. Cells resembling the morphology of MSCs started outgrowth
from plating glomeruli from day 3 or 4 after the beginning of cul-
ture. Similar to MSCs obtained from entire kidneys and from other
organs and tissues, the murine glomerular MSC population (gl-
MSCs) expressed specific MSC markers, such as CD29, CD44, and
CD90, and were negative for hematopoietic markers (i.e., CD45,
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CD11b, CD13, CD19) and for the endothelial marker CD31. All
the MSC populations obtained from different murine tissues and
organs expressed a-smooth muscle actin («-SMA). Moreover,
the gl-MSC population described by da Silva Meirelles et al. [19]
was able to undergo osteogenic and adipogenic differentiation
and showed deposition of a calcium-rich mineralized matrixand ac-
quisition of intracellular lipid droplets. In particular, gl-MSCs were
able to differentiate more efficiently into the osteogenic lineage
than were the whole kidney-derived MSCs. gl-MSCs deposited a
rich mineralized matrix even after 1 week of culture with osteo-
genic medium.

MSCs RESIDENT IN THE HUMAN KIDNEY

Different populations of progenitors/stem cells have been iden-
tified in the adult kidney in humans. In particular, in human adult
kidneys, the presence of resident progenitors/stem cells express-
ing the CD133 stem cell marker has been detected in the tubular
compartment, in Bowman’s capsules, and, more recently, in the
papilla [21-24]. A possible role exists for neural-cell adhesion mol-
ecule 1 (NCAM1) expression in the identification and function of
human renal stem cells. NCAM1 has been shown to be expressed
during embryonic kidney development [25] but not in the adult
kidney. When human adult kidney epithelial cells were cultured,
they all expressed CD133 and CD24, and a particular subpopula-
tion (16% = 9% of the total population) also showed re-
expression of NCAM1 [26]. Sorted NCAM1-positive cells also
expressed early nephron progenitor markers (e.g., Pax-2, WT1)
and mesenchymal markers (e.g., vimentin) and displayed reduced
E-cadherin expression. When NCAM1+ cells were cultured in the
presence of conditioned medium produced by fetal renal cells,
they differentiated into mesenchymal (adipogenic and osteo-
genic) lineages and retained the capacity to generate epithelial
kidney spheres [26]. Depletion of NCAM1+ cells from kidney ep-
ithelial cells by specific anti-NCAM antibody treatment resulted in
the loss of stemness properties both in vitro and in vivo [26], in-
dicating the relevant role of NCAM1+ cells in renal regeneration.

To our knowledge, no research has described the isolation of
MSCs from the whole human kidney or from the tubular compart-
ment. Instead, the presence of an MSC population has been iden-
tified in the glomerular compartment of the human kidney [27].
We reported that adult human glomeruli deprived of Bowman’s
capsule by enzymatic digestion and mechanical passages (to
avoid contamination of Bowman’s capsule—associated CD133+
progenitors) contain a resident MSC population. In our culture
system, we found that cells outgrowing from the decapsulated
glomeruli at early passages were composed of two distinct pop-
ulations of CD133+CD146+ and CD133—CD146+ cells. The popu-
lation coexpressing CD133 and CD146 showed an endothelial
commitment and were also positive for the expression of specific
endothelial markers, such as CD31 and von Willebrand factor, and
were not able to give rise to a clonal population in vitro or to differ-
entiate into specific mesodermal lineages. The CD133—CD146+
cells were the only cells that were outgrown from the glomeruli
that had survived after four cell culture passages, and a subpopu-
lation of cells was able to generate clonal long-term cultures of
human glomerular MSCs (hgl-MSCs). This population expressed
typical MSC markers (i.e., CD29, CD44, CD166, CD73, CD90,
CD105, CD146, vimentin, and nestin) and did not express hema-
topoietic markers (i.e., CD34, CD45). Moreover, hgl-MSC expressed
typical markers of kidney stem cells, such as CD24 [22, 28] and Pax-2,
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Table 1. Characteristics and in vitro and in vivo properties of MSC-like populations obtained from human and murine adult kidney
In vitro
Variable Origin  Kidney part  Isolation technique Phenotype differentiation In vivo experiments References
MSC-E4 Murine Enzymatic Culture conditions CD44+, CD73+, Osteocytes, adipocytes, IRI mice: subscapular 13-15
digestion of  to obtain MSCs Sca-1+ smooth muscle cells, or intravenously
whole kidney from murine endothelial cells, injected MSCs favor
bone marrow EPO-producing cells renal regeneration
without integration
into tubules
or glomeruli
Nontubular Murine Enzymatic Sca-1+ cells isolated Sca-1+, CD29+, Osteocytes, chondrocytes, IRl mice: MSCs 16
Sca-1+ Lin— digestion of  with magnetic CD45—, vimentin+ adipocytes, myocytes, injected into renal
multipotent stem/ whole kidney microbeads neural cells parenchyma
progenitor cells differentiate into
epithelial tubular
cells
Kidney-derived Murine Enzymatic Sca-1+ cells Sca-1+, CD29+, Osteocytes, adipocytes Not tested 17
stromal cells digestion of  obtained from CD44+, CD105+,
whole kidney kidney-derived vimentin+
spheres
CD44+ MSCs Murine Enzymatic CDA44+ cells isolated CD44+, CD73+, Osteocytes, adipocytes, MSCs injected into 19
digestion of  with cell sorting CD105+, CD51+ smooth muscle cells, mice preconditioned
whole kidney juxtaglomerular cells with a sodium-deficient
diet differentiated into
renin-producing cells
Glomerular MSCs  Murine Glomeruli Plating glomeruli CD29+, CD44+, Osteocytes, adipocytes Not tested 20
deprived of CD90+, a-SMA+
Bowman’s capsules
hgl-MSCs Human Glomeruli Plating glomeruli CD146+, CD29+, Osteocytes, chondrocytes, Not tested 27

deprived of
Bowman’s capsules

CD44+, CD166+,
CD73+, CD90+,
CD105+, CD146+,

adipocytes, endothelial
cells, podocytes,
mesangial cells

CD24+, Pax-2+,
vimentin+, nestin+

Abbreviations: EPO, erythropoietin; hgl-MSC, human glomerular mesenchymal stem cell; IRI, ischemia reperfusion injury; MSC, mesenchymal stem cell.

a transcription factor expressed by stem cells present in the meta-
nephric mesenchyme [29].

Because one of the major defining characteristics of MSCs is
their ability to differentiate into multiple mesenchymal lineages,
the capacity of hgl-MSCs to differentiate into specific connective
tissue cells was evaluated. hgl-MSCs efficiently underwent oste-
ogenic differentiation and, when cultured in adipocyte medium,
were able to generate cells containing lipid droplets. In addition,
hgl-MSCs were able to differentiate into chondrocytes. After 28
days of culture in specific nonadhesive conditions in the presence
of transforming growth factor 33, hgl-MSC pellets were positive
to staining with safranin O and Alcian blue, which is characteristic
of chondrocytic differentiation [27].

The capacity of hgl-MSCs to differentiate, under appropriate
culture conditions, into specific cell populations present in the
glomeruli (i.e., endothelial cells, podocytes, mesangial cells) was
also evaluated. Endothelial differentiation was obtained by cultur-
ing hgl-MSCs in the presence of vascular endothelial growth factor.
After 3 weeks of culture in these conditions, hgl-MSCs had lost the
expression of mesenchymal markers and had started to express
specific endothelial markers, such as CD105, KDR, CD34, and
CD31, and to acquire the capacity to form capillary-like structures
in vitro in the presence of Matrigel (BD Biosciences, San Diego, CA,
http://www.bdbiosciences.com). When hgl-MSCs were culturedin
the presence of platelet-derived growth factor BB and transform-
ing growth factor 81, the cells acquired a mesangial-like phenotype
and expressed a-SMA and angiotensin-2 receptor 1. Moreover, in
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these conditions, hgl-MSCs acquired the ability to change their
shape when stimulated with angiotensin-2, compatible with cell
contraction. When hgl-MSCs were cultured for 3 weeks in the pres-
ence of transretinoic acid, they differentiated into podocyte-like
cells and expressed typical markers, such as cytokeratin, podocin,
nephrin, and synaptopodin (Table 1) [27].

The mesenchymal nature of hgl-MSCs was also confirmed
by a study that evaluated their immunomodulatory capacity
[27]. In particular, hgl-MSCs were able to inhibit proliferation
of phytohemagglutinin-stimulated peripheral blood mononu-
clear cells, similar to BM-MSCs.

Another important issue was demonstrating the renal origin
of theisolated hgl-MSCs. Therefore, a population of hgl-MSCs was
isolated from glomeruli of an explanted kidney from a male donor
transplanted into a female recipient [27]. To determine whether
the hgl-MSCs were derived from the bone marrow of the recipient
or were resident in the transplanted kidney, the presence of
the Y chromosome was detected at different culture passages.
No female karyotype was found at the various culture passages,
indicating that the hgl-MSCs were not derived from the bone mar-
row of the recipient (female) but, rather, represented a popula-
tion resident in the glomeruli of the donor kidney (male) [27].

These data have demonstrated the presence of a population of
resident multipotent progenitors in the adult human decapsulated
glomeruli, with mesenchymal characteristics and the potential to
contribute to the turnover of the different glomerular-specific cell
types.
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PERICYTES: MSCs RESIDENT IN CAPILLARY WALLS?

Pericytes are vascular mural cells that stabilize vessels by modu-
lating the endothelial phenotype and the extracellular matrix
composition. A single marker for pericyte isolation and character-
ization has not been found. Similar to MSCs, pericytes are also cur-
rently characterized by coexpression of different markers, such as
a-SMA, desmin, platelet-derived growth factor receptor-g3,
neuron-glial 2, CD146, CD73, and CD248 [30]. Some of these
markers (i.e., CD146, CD73) are also expressed by MSCs and/or
by endothelial cells (CD146). Pericytes and MSCs not only have
common markers, but pericytes also exhibit mesodermal multili-
neage differentiation potential [31]. In particular, pericytes can
differentiate into smooth muscle cells, adipocytes, chondrocytes,
and osteoblasts [31, 32]. Within the glomeruli of the kidney,
pericytes are known as mesangial cells and provide support
for glomerular capillaries, control for glomerular filtration, and
modulate the local injury response by proliferation and matrix
remodeling. In addition, mesangial cells, similar to MSCs, are able
to modulate innate and adaptive responses by acting as local im-
mune modulators [33].

MSCs have been tested in different animal models of acute
kidney injury (AKI) and chronic kidney disease (CKD). In AKI, MSCs
have shown protective and regenerative effects [34-36]. In CKD,
some experimental evidence has indicated that MSC treatment
reduced fibrosis and ameliorated renal function [37-41]. How-
ever, MSC therapy for CKD remains to be investigated in more de-
tail. In CKD rodent models, MSC treatment showed a beneficial
effect [37-41], but in large animal models (e.g., sheep with ische-
mia and reperfusion renal injury), MSCs did not exhibit reparative
or protective properties [42]. Pericytes/mesangial cells share
some important characteristics with MSCs and could potentially
be considered as resident renal stem/progenitor cells, although
pericytes/mesangial cells have not yet been tested in animal mod-
els of kidney injuries. Moreover, pericytes were recently identi-
fied as a source of collagen I-producing cells in kidney disease
[43], and pericytes can differentiate into myofibroblasts, causing
scar tissue with progressive fibrosis and deterioration of renal

function [44,45]. These dataindicate that pericytes might be atar-
get for antifibrotic therapy. Before developing possible clinical
interventions using pericytes as targets for therapy or as thera-
peutic agents, it is necessary to better understand the biology
and behavior of these cells. In particular, it is necessary to study
the capacity of pericytes to respond to tissue injury and to act as
progenitor cells, facilitating the regenerative process and not the
fibrotic response.

CONCLUSION

Different MSC-like populations have been demonstrated to be
present in both human and murine kidneys. These cells have been
found in the glomeruli and interstitium and have multipotent
characteristics similar to bone marrow-resident MSCs. In partic-
ular, human and murine renal MSCs shared with bone marrow
MSCs the multidifferentiation capacity toward specific mesen-
chymal lineages, such as the adipocytic, osteocytic, and chondro-
cytic lineages [13, 16, 19, 20] and immunomodulatory properties
[16, 17, 27]. Moreover, renal resident MSCs were shown to differ-
entiate, under appropriate culture conditions, into specific renal
cell types, such as erythropoietin-producing fibroblasts [13], jux-
taglomerular cells containing renin granules [19], podocytes, and
mesangial cells [27]. Although renal resident MSCs have been
shown to play a defined role in kidney development, little is
known about their contribution to cell turnover and repair in
the adult kidney.
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