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In humans, renal resident stem cells were identified within the interstitium, the tubular cells, and the Bowman'’s
capsule. The aim of the present study was to investigate whether multipotent stem cells are present also in the
adult human-decapsulated glomeruli and whether they represent a resident population. We found that human
glomeruli deprived of the Bowman’s capsule contain a population of CD133"CD146" cells and a population
of CD133-CD146" cells expressing mesenchymal stem cell (MSC) markers and renal stem cell markers CD24
and Pax-2. The CD133"CD146" cells differed from those previously isolated from Bowman'’s capsule as they co-
expressed endothelial markers, such as CD31 and von Willebrand factor (vWF), were CD24-negative and were
not clonogenic, suggesting an endothelial commitment. The glomerular mesenchymal CD133-CD146* popu-
lation (GI-MSC) exhibited self-renewal capability, clonogenicity, and multipotency. In addition to osteogenic,
adipogenic, and chondrogenic differentiation, these cells were able to differentiate to endothelial cells and epi-
thelial cells expressing podocytes markers such as nephrin, podocin, and synaptopodin. Moreover, GI-MSC
when cultured in appropriate conditions, acquired mesangial cell markers such as alpha-smooth muscle actin
(a-SMA) and angiotensin II (AT-II) receptor L. The expression of the embryonic organ-specific PAX-2 gene and
protein and of donor sex identity when isolated from glomeruli of a renal allograft suggested these cells to be
a tissue resident population. In conclusion, these results indicate the presence of a multipotent mesenchymal
cell population resident in human glomeruli that may have a role in the physiological cell turnover and/or in
response to glomerular injury.

Introduction

TISSUE-SPECIFIC/SOMATIC STEM CELLS ARE considered to be
critical for the growth of the organs during development
as well as for their physiological cell turnover. These cells
may represent a remnant of embryonic stem cells in the adult
tissue, or populations of stem cells homed within the tissues
and modified by the local microenvironment. Recently, dif-
ferent populations of progenitors/stem cells have been iden-
tified in the adult kidney in rodents and humans [1-5]. In the
human adult kidney, the presence of resident progenitors/
stem cells expressing the CD133 as a stem cell marker has
been detected in the interstitial-tubular compartment and in
the Bowman'’s capsule [1,2]. In rats, by exploiting the retention
of BrdU, multipotent stem cells were detected in the papilla
whereas committed progenitor cells were detected in tubules
[3,4]. Moreover, cells expressing embryonic markers, such as

Pax-2, Wnt4, and Wntl, and the Oct-4 stem cell marker were
detected in the tubular compartment [5]. Recently, a popula-
tion of resident stem cell expressing a mesenchymal pheno-
type has been isolated in glomeruli of mice [6].

Mesenchymal stem cells (MSC) are characterized by
their ability to differentiate into different cell lines of mes-
enchymal origin [7]. The major reservoir of MSC is the bone
marrow (BM) [8]; however, recent data in a murine model
have demonstrated that the MSC compartment is more
widely distributed. In fact MSC have been detected virtually
in all murine adult tissue (spleen, muscle, kidney, lung, liver,
brain, thymus) in association with the vessel walls [6].

In human, MSC have been isolated from circulating
blood as well as from several tissues such as synovium, ad-
ipose tissue, trabecular bone, dental pulp, dermis, and lung
[9-16]. However, the presence of MSC in human glomeruli
has yet to be investigated.
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The aim of the present study was to investigate whether
MSC are present in human adult glomeruli and whether
they represent a resident population. Moreover, we evalu-
ated the differentiative potential of MSC derived from glo-
meruli with particular regards to glomerular cell types, such
as podocytes, endothelial cells, and mesangial cells.

Materials and Methods

Isolation and culture of mesenchymal stem cells
derived from human glomeruli and from bone marrow

Approval of the study was obtained from the Center for
Molecular Biotechnology Institutional Review Board. MSC
populations from glomeruli (GI-MSC) were obtained from
the normal portion of cortex from surgically removed kid-
neys (15 different preparations) from patients with informed
consent obtained in accordance with the Declaration of
Helsinki. After dissection of the cortex, the glomerular sus-
pension was collected using a standard established tech-
nique [17,18]. Briefly after passage through a graded series of
meshes (60 and 120 meshes), glomeruli were recovered at the
top of the 120 meshes sieve. Glomeruli were then collected
at the bottom of a conical tube by spontaneous precipitation
(10 min at room temperature) and were devoid of the vis-
ceral layer of the Bowman’s capsule mechanically, by sev-
eral rounds of aspiration/expulsion using a 10-mL pipette,
and enzymatically, by digestion for 2 min with Collagenase
I (Sigma, St. Louis, MO). The removal of the Bowman’s cap-
sule by glomeruli and the absence of tubular contamination
were confirmed by light microscopy. Glomeruli were then
collected at the bottom of a conical tube by spontaneous
precipitation in order to remove cells and Bowman’s cap-
sules, and were transferred to fibronectin-coated T25 flasks
(Falcon; BD Bioscience, Two Oak Park, Bedford, MA). Several
culture media were compared. RPMI (Sigma) with 10% fetal
calf serum (FCS) (Euroclone, Wetherby, UK), in the pres-
ence of 1X ITS (Sigma) and Hepes (free acid, 10 mM) (Sigma)
(expansion medium), yielded the achievement and the best
amplification of the GI-MSC and therefore was used in sub-
sequent experiments. Cells were achieved to reach conflu-
ence prior to passaging; the interval between passages varied
(37 days) until passage 4, and from then on was established
at around 7 days. The number of population doubling (PD)
was calculated by the following equation: n of PD = log2
(N/N,), where N is the number of cells yielded and N, is the
number of cells plated.

Human MSC were isolated from BM and cultured as
previously described [7].

Characterization of glomerular-derived
mesenchymal stem cells

Cytofluorimetric analysis was performed as described
[1] and the following antibodies, all phycoerythrin (PE)- or
fluorescein isothiocyanate (FITC)-conjugated were used:
anti-CD105, -CD29, -CD31, -CD146, -CD44, -CD24, -CD90
(Dakocytomation, Copenhagen, Denmark); -CD73, -CD34,
-CD45, -CD80, -CD86, -CD166, HLA-I (Becton Dickinson
Biosciences Pharmingen, San Jose, CA); -CD133 (Miltenyi
Biotec, Auburn, Alabama); KDR (R&D Systems, Abington,
UK); -HLA-II (Chemicon International, Temecula, CA);
-CD40 (Immunotech, Beckman Coulter); -CD154 (Serotec,
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Raleigh, NC) monoclonal antibodies. Mouse IgG isotypic
controls were from Dakocytomation. All incubations were
performed in 100 pL of phosphate-buffered saline (PBS) con-
taining 0.1% bovine serum albumin (BSA) and 0.1% sodium
azide, at 4°C. For each sample, 10,000 cells were analyzed
on FACSCalibur cytometer (BD Biosciences Pharmingen).
Gating was constructed based on negative controls and com-
pensation controls were included in all analyses performed.
Population percentages and numbers were generated for
gated populations from each experiment using Cell Quest
software (BD Biosciences Pharmingen).

Indirect immunofluorescence was performed on
GI-MSC, undifferentiated or differentiated, cultured on
chamber slides (Nalgen Nunc International, Rochester,
NY), fixed in 4% paraformaldehyde containing 2% sucrose
and when needed, permeabilized with Hepes-Triton X-100
buffer (Sigma). The following monoclonal antibodies were
used: anti-vimentin (Sigma), anti-cytokeratin (Biomeda,
Foster City, CA), anti-E-Cadherin (Dakocytomation), alpha-
smooth muscle actin (a-SMA) (Dakocytomation), anti-
synaptopodin (Progen Biotechnik, Heidelberg, Germany).
Anti-von Willebrand factor (vWF) (Dakocytomation), anti-
Nestin (Chemicon International), anti-Pax-2 (Covance,
Princeton, NJ), anti-Nanog, anti-Oct-4, anti-Musashi
(AbCam, Cambridge, Science Park Cambridge, UK), anti-
podocin, anti-Angiotensin II Receptor 1 (AT1) (Santa Cruz
Biotechnology, Santa Cruz, CA) rabbit polyclonal antibodies
and pig polyclonal anti-Nephrin (Progen Biotechnik) were
used. Omission of the primary antibodies and substitu-
tion with nonimmune rabbit, rat, or mouse IgG were used
as controls where appropriated. Alexa Fluor 488 anti-rabbit
or anti-pig IgG and Texas Red anti-mouse IgG (Molecular
Probes, Leiden, The Netherlands) were used as secondary
Abs. Confocal microscopy analysis was performed using a
Zeiss LSM 5 Pascal Model Confocal Microscope (Carl Zeiss
International, Germany). Hoechst 33258 dye (Sigma) were
added for nuclear staining.

FISH studies

GI-MSC were isolated from glomeruli of an explanted
kidney from a male donor transplanted into a female recip-
ient. The patient, a female of 45 years, was transplanted with
a male graft. The graft was explanted after 9 months due to
recurrence of severe nephritic syndrome resistant to therapy
with a bioptic diagnosis of focal glomerulosclerosis.

The cultures at subconfluence (70%) underwent an over-
night incubation period (16-18 h) with Velbe, 0.01 ug/mL
final concentration. The cells were pelleted and the pellet
resuspended in hypotonic solution (0.2 g KCI + 0.2 g Na
citrate/100 mL). After an incubation at 37°C for 20 min, the
cells were fixed in 3:1 methanol-acetic acid and stored for 18
h at -20°C. The metaphase chromosome were prepared by
dropping about 50 pL of suspension into clean glass slides
and allowed to air-dry before visualization using contrast
microscopy.

FISH studies were performed using commercial X (green)
and Y (red) chromosome centromeric probes and Y classi-
cal satellite III heterochromatic probe (Aquarius Cytocell,
Cambridge, UK). Probes were prepared and denatured
according to the manufacturer’s direction. Prepared probes
were applied on slide containing denatured metaphases and
nuclei (145 min in 70% formamide /2X SSC at 70°C) under
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a coverslip. Hybridization was performed overnight at 37°C.
Then slides were washed once in 0.4X SSC at 72°C for 2 min
followed by a second wash of 4X SSC+Tween 20 (Sigma) at
room temperature for 5-10 min. Chromosomes and nuclei
were counterstained with DAPI and mounted in antifade
solution. Samples were analyzed for the identification of
male (XY)/female (XX) nuclei and metaphases with a di-
rect microscopic visualization (Nikon epifluorescent micro-
scope). Digital images were obtained using the Cytovision
Cytogenetics Image Analysis System.

Immunomagnetical separation, cell sorting,
and cell cloning

Cells were immunomagnetically separated from fresh
decapsulated glomeruli or from cell cultures at the second or
third passage. After dissection and passage through a graded
series of meshes, suspension of decapsulated glomeruli was
digested for 8 min with Collagenase I (Sigma) and CD133*
cells were isolated by magnetic cell sorting, using the MACS
system (Miltenyi Biotech, Bergisch Gladbach, Germany).

CD133*CD146" and CD133-CD146" cells from the popu-
lation outgrown from the glomeruli at second and third pas-
sages of culture in the expansion medium, were separated
by cell sorting (MoFlo; Dakocytomation) and both popula-
tions were characterized, cultured, and cloned by seeding of
single-cell suspensions in 96-well plates by cell sorting. The
number, morphology, and kinetics of resulting clones were
analyzed, and some of them were selected for subcloning
and differentiation assays.

In vitro differentiation

The adipogenic, osteogenic, and chondrogenic differenti-
ation ability of GI-MSC or of derived primary and secondary
clones was determined as previously described [7]. Briefly,
GI-MSC were cultured with Adipogenic medium (Lonza,
Basel, Switzerland) for 3 weeks. To evaluate the differentia-
tion, cells were fixed with 4% paraformaldehyde for 20 min at
room temperature and stained with 0.5% Oil Red O (Sigma)
in methanol (Sigma) for 20 min at room temperature.

Osteogenic differentiation was assessed by culturing the
GI-MSC in Osteogenic medium (Lonza). The medium was
changed two times per week for 3 weeks. To evaluate the
differentiation, cells were fixed with 4% paraformaldehyde
for 20 min and stained with Alizarin Red, pH 4.1 (Lonza) for
20 min at room temperature.

For chondrogenic differentiation, 2.5 X 10° GI-MSC were
centrifuged in 15-mL conical polypropylene tube (Falcon
BD Bioscience) at 150 g for 5 min and washed twice with
Dulbecco’s modified Eagle medium (DMEM). The pellets
were cultured in Chondrogenic medium (Lonza) supple-
mented with 10 ng/mL of Transforming Growth Factor 83
(Lonza). Medium were changed every 3 days for 28 days.
Pellets were fixed in 4% paraformaldehyde overnight,
and the paraffin-embedded sections were stained for gly-
cosaminoglycans using 0.1% safranin O (Sigma) and for sul-
fated proteoglycans with 1% alcian blue.

Endothelial cell differentiation was obtained by cul-
turing the GI-MSC in the presence of Endothelial Basal
Medium (Lonza) with Vascular Endothelial growth factor
(VEGF, 10 ng/mL; Sigma) for 3 weeks, as previously de-
scribed [19]. Capillary-like structure formation on Matrigel
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(BD Biosciences Pharmingen) was performed as previously
described [1].

Podocyte differentiation was obtained by culturing the
GI-MSC for 3 weeks, in the expansion medium plus all-trans
retinoic acid (ATRA, Sigma, 20 pmol/L) [20]. The differen-
tiations were performed in the chamber slides coated with
type IV collagene [21] (Sigma).

Mesangial differentiation was obtained by culturing
GI-MSC for 6 days, in DMEM high glucose, in the presence of
10% ECS, transforming growth factor (TGF)-g1 (2.5 ng/mL;
Sigma) [22], and platelet-derived growth factor (PDGF)-bb (5
ng/mL Sigma) [23]. The differentiations were performed in
the chamber slides coated with fibronectin. Mesangial-like
cell contraction was evaluated as cell shape change induced
by angiotensin II (AT-II). Cell shape change was studied
over 2-h period under a Nikon Diaphot inverted microscope
with a 20X phase-contrast objective. Cell shape change was
recorded using a JVC-1CCD video camera. Image analysis
was performed with a Microlmage analysis system (Cast
Imaging srl, Venice, Italy) and an IBM-compatible system
equipped with a video card (Targa 2000; Truevision, Santa
Clara, CA). Image analysis was performed by digital saving
of image compared before stimulation and then at 5-min
intervals for 2 h. The cell planar surface was calculated by
the Microlmage software. The reduction of the planar cell
surface >15% was used as a parameter of cell shape change
compatible with a cell contraction. The mean cell contraction
was indicated. Between 10 and 25 cells were analyzed for
each experimental condition and repeated at least four times.
Values are given as mean * SE. Mesangial-like cells, seeded
in small Petri dishes (35-mm diameter) coated with Matrigel,
in DMEM with 0.25% BSA, were kept in an attached, hermet-
ically sealed plexiglass Nikon NP-2 incubator at 37°C. Cells
were stimulated with AT-II (10”7 mol/L) (Sigma Aldrich).

Real-Time PCR

Quantitative reverse transcription PCR was performed
as described previously [24]. First-strand cDNA was pro-
duced from total RNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA
94404). Briefly, 1 or 2 ng of mRNA, 2 uL of RT buffer, 0.8 uL
of dNTP mixture, 2 uL of RT random primers, 1 uL of Multi-
Scribe reverse transcriptase, and 4.2 uL of nuclease-free
water were used for each cDNA synthesis. After the reverse
transcription, cDNA was stored at -20°C.

Relative quantitation by real-time PCR was performed
using SYBR green detection of PCR products in real time
using a 48-well StepOne™ Real Time System (Applied
Biosystems). Sequence-specific oligonucleotide primers
(purchased from MWG-Biotech AG, Ebersberg, Germany)
were: human nephrin: forward, 5-CAC GGT CAG CAC
AAC AGA GG-3' and reverse, 5-GAA ACC TCG GGA ATA
AGA CAC CT-3' [24]; human PAX-2: forward, 5'-CCC AGC
GTC TCT TCC ATC A-3’ and reverse, 5-GGC GTT GGG
TGG AAA GG-3; and human B-actin: forward, 5-TGA
AGA TCA AGA TCA TTG CTC CTC-3' and reverse, 5'-CAC
ATC TGC TGG AAG GTG GAC-3' [1]. Power SYBR Green
PCR Master Mix was purchased from Applied Biosystems.
Thermal cycling conditions were as follows: activation of
AmpliTaq Gold DNA Polymerase LD at 95°C for 10 min, fol-
lowed by 45 cycles of amplification at 95°C for 15 s and 60°C
(for nephrin, Pax-2, and B-actin) for 1 min. To detect the log
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phase of amplification, the fluorescence level (quantification
of product) was determined at each cycle. The cycle at which
the fluorescence reached threshold was recorded, averaged
between triplicates, and normalized to the averaged cycle of
threshold value for B-actin. Fold change in expression with
respect to control was calculated for all samples.

Allogenic peripheral blood mononuclear cell-MSC
cocultures

In modified mixed cell cultures, peripheral blood mono-
nuclear cells (BPMC) from healthy volunteers were fraction-
ated on Histopaque-1077 (Sigma) and used as responder
cells and allogenic MSC were used as stimulator cells, as
described [25,26]. Briefly, GI-MSC were plated in triplicate
onto 96-well plates at 5 X 10° cells/mL in 100 pL of com-
plete media and were allowed to adhere to the plastic for
1-2 h. PBMC were resuspended at 5 X 10* cells/mL and
were added to wells (100 uL of volume) either containing
or not GI-MSC, in the presence or absence of the mitogen
Phytohemagglutinin (PHA, Sigma) at the final concentration
of 2.5 pg/mL. The GI-MSC to PBMC ratio was 1:10. Human
MSCs from BM were used as controls. The culture was
maintained for 16-48 h, after this period of culture lympho-
cyte proliferation was evaluated.

Cell proliferation was studied by DNA synthesis that
was detected as incorporation of 5-bromo-2'-deoxyuridine
(BrdU) into the cellular DNA using an enzyme-linked im-
munosorbent assay kit (Chemicon International) according
to the manufacturer’s instructions. The data are presented
as stimulation index (SI) values calculated as described [25].
The experiments were performed at least three times for
each point described.

Statistical analysis

Data were presented as the mean * the standard devia-
tion from three or more experiments. The statistical signifi-
cance was assessed by two-tailed Student’s ¢-test.

Results

Characterization of the cell populations outgrowing
from glomeruli

Previous studies demonstrated the presence of CD133*/
CD24* stem cells in the Bowman’s capsule [2]. In order to
evaluate whether stem cells are present within the glomeru-
lar tuft, human adult glomeruli were devoid of the Bowman’s
capsule, as described in Materials and Methods (Fig. 1A).
Decapsulated glomeruli were placed in culture onto fibro-
nectin in the presence of expansion medium composed of
RPMI, 10% FCS, 10 mM Hepes, and ITS. Within 7 days, a
glomerular outgrowth of adherent cells was observed (Fig.
1B). Confluence was achieved by days 12-14 when the cell
monolayer was detached by trypsin—-EDTA treatment. The
glomerular remnants were removed by low-speed centrifu-
gation and cells were expanded in the same medium. During
the initial culture period there was a morphological hetero-
geneity in the cell culture (Fig. 1C), but after 3 weeks (fourth
passage) the culture became monomorphic with spindle-
shaped cells (Fig. 1D). The growth rate was slow during the
five early passages, and increased with serial subculture
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until the 20th passage when the cells were no longer capa-
ble of proliferation (100 days of culture, 2025 PDs). The cell
karyotype was studied at the 6th, 10th, and 13th passages
without evidence of cytogenetic abnormalities.

At the early passages (first to third) the cells outgrowing
from glomeruli were a mixed population containing 31%
+ 11% CD133" and 74% = 26% CD133" cells (n = 15 prep-
arations) as detected by flow cytometry. Both cell popula-
tions expressed CD146 (Fig. 2B). The CD133*CD146" and
CD133-CD146" cells were sorted by FACS at the second or
third passage and the sorted populations were character-
ized and cloned. CD133"CD146" cells co-expressed CD31
and vWF (Fig. 2E, 2F), indicating an endothelial phenotype.
This CD133" population did not co-express nestin (data not
shown), CD24 and the MSC markers vimentin (Fig. 2G),
CD73 and CD166 (data not shown). The same phenotype
was observed when the CD133" cell population was immu-
nomagnetically sorted by the cell suspension of the freshly
isolated, digested, decapsulated glomeruli (data not shown).
When the cells outgrowing from glomeruli were character-
ized after the fourth passage in the presence of expansion
medium CD133* cells were no longer detectable.

Sorted CD133-CD146" cells were positive for surface
markers characteristic of MSC [27], including CD29, CD44,
CD73, CD90, CD105, CD166, and were negative for CD133
and specific hematopoietic markers (CD45 and CD34) as well
as for endothelial markers (CD31) (Fig. 3A). By immunofluo-
rescence, cells exhibited the expression of the specific MSC

FIG. 1. Morphology of cells outgrowing from glomeruli.
Representative micrographs of human adult glomeruli,
devoid of Bowman’s capsule by collagenase I treatment after
(A) 24 h, (B) 7 days, (C) 2 weeks, and (D) 3 weeks of culture
(200X magnification).
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Characterization of the cells outgrowing from glomeruli at the early passages of culture. Representative FACS anal-

yses of cells outgrowing from glomeruli at second passage of culture: (A and C) isotype controls, (B) analyses of CD133 and
CD146 co-expression, and (D and E) FACS analyses of sorted CD133* showing the co-expression of CD146 and CD31. (I and
J) FACS analysis showing the absence of CD 24 (I) and CD 73 (J) by CD133+ sorted cells. Dotted lines indicate the isotypic
control. Representative confocal immunofluorescence micrographs showing co-expression of CD133 (Texas Red) and von
Willebrand factor (vWF) (Alexa 488, green) (F) but absence of vimentin staining (Alexa 488, green) (G and H) isotypic con-
trols. Nuclear staining was performed with Hoechst dye 33258 (600X magnification).

marker vimentin and of nestin, a marker for neural and liver
resident stem cells [28-30] presenting a cytoplasmic filamen-
tous pattern (Fig. 3B). This cell population did not express
epithelial markers (cytokeratin and E-cadherin) and other
markers normally expressed by specialized glomerular cells
as a-SMA that is expressed by mesangial cells, or nephrin
that is expressed by podocytes (data not shown), indicat-
ing the absence of contaminating glomerular cell. We also
evaluated the expression of Nanog, Oct-4, and Musashi tran-
scription factors known to be involved in self-renewal and
pluripotency of embryonic and adult stem cells [31-35]. This
population that we identified as GI-MSC showed nuclear—
cytoplasm expression of both Nanog and Musashi (Fig. 3B)
whereas they did not express Oct-4 (data not shown). GI-MSC
constitutively expressed MHC class I antigens (Fig. 3A) but
were negative for class II antigens and for the adhesion mol-
ecule CD154 as well as the costimulatory molecules CD80,
CD86 and CD40 (Fig. 4A) as described for BM-MSC [36]. In
addition, as BM-MSC, which are known to inhibit PHA-
induced PBMC proliferation, GI-MSC induced a significant
reduction of PHA-induced PBMC proliferation (Fig. 4B).

To demonstrate the self-renewal capacity of the popula-
tions obtained from glomeruli, we carried out experiments
of clonogenicity of the sorted CD133*CD146" and CD133-
CD146" cells, by seeding single-cell suspensions in 96-well
plates by cell sorting (see gating strategy in Fig. 2B) of cells
outgrown from the glomeruli at the third passage of culture
in the expansion medium. The cloning efficiency of CD133~
CD146" was 25.3% = 5.1%, whereas CD133*CD146* were not
clonogenic (Fig. 4C). Seeding of single-cell suspensions that
were generated from primary clones of CD133-CD146" cells
generated secondary clones, and seeding of single cells that

were generated from secondary clones led to the generation
of tertiary clones (Fig. 4C). These data indicated that glo-
merular CD133-CD146" cells were clonogenic and exhibited
self-renewal capacity in vitro, whereas CD133*CD146" cells
were unable to generate clones in these culture conditions.
CD133-CD146" clones were analyzed by flow cytometry and
immunohistochemistry and showed the same mesenchymal
phenotype of GI-MSC derived from the uncloned popula-
tion (data not shown). When the unsorted cells outgrowing
from glomeruli were characterized after the fourth passage
in the presence of expansion medium, they all showed a
mesenchymal phenotype, indicating that the culture condi-
tion was selective for the expansion of GI-MSC.

Origin of GI-MSC

We investigated whether GI-MSC were a resident renal
population rather than a BM-derived MSC localized within
the glomeruli. For this purpose, we first tested the pres-
ence of markers differentially expressed by resident and
BM-derived stem cells. GI-MSC expressed CD24 (Fig. 5A),
thatis negative in the BM-derived MSC (Fig. 5B), and it is con-
sidered a marker of renal resident stem cells [2,37]. Moreover,
the renal origin of GI-MSC was suggested by the expression
of the organ-specific embryonic Pax-2 protein and gene (Fig.
5C and 5E). Pax-2 was not expressed by BM-MSC (Fig. 5D
and 5E). Pax-2 is a transcription factor that is expressed by
stem cells present in the metanephric mesenchyme [38] as
well as by stem cells isolated from adult rat and human kid-
ney [1,5]. Moreover, we isolated GI-MSC from glomeruli of
an explanted kidney from a male donor transplanted into
a female recipient. GI-MSC derived from the transplanted
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FIG. 3. Characterization of GI-MSC. (A) Representative FACS analyses shows that GI-MSC were positive for surface
markers characteristic of MSCs (CD29, CD44, CD73, CD90, CD105, and CD166), and were negative for CD133 and specific
hematopoietic markers (CD45 and CD34) and for endothelial markers (CD31). Dotted lines indicate the isotypic control. (B)
Representative immunofluorescence micrographs of GI-MSC stained with antibodies against vimentin, nestin, Nanog, and
Musashi (600X magnification). All developed GI-MSC lines exhibited the same phenotype.

kidney exhibited the same phenotype of GI-MSC derived
from normal kidney (data not shown). To define whether
GI-MSC derived from the BM of the recipient or from the
transplanted kidney, the presence of the Y chromosome in
GI-MSC was analyzed at the second and sixth passages.
Totally 914 nuclei and 48 metaphases were analyzed, at
the second (478 nuclei; 23 metaphases) and at the sixth (436
nuclei; 25 metaphases) passages. The examination in FISH
of the hybridization pattern of the dual color X (green)/Y
(red) centromeric probes showed 90% of the nuclei with
a male red/green pattern (Fig. 5F) and 10% with only one
green spot. Probably the nuclei with one green spot derived
from male nuclei that loss Y chromosome, an event that fre-
quently occurs in culture. No female nuclei were found (two
green spots). The karyotype detected in all 48 metaphases of
GI-MSC was male. The metaphase chromosomes, observed

with DAPI used for FISH counterstained, appeared normal
(Fig. 5G). These data suggest that GI-MSC were not derived
from the BM of the recipient but rather represent a popula-
tion resident in the glomeruli of the donor kidney.

The presence of CD133-/CD146" co-expressing CD24
in glomeruli was investigated by immunofluorescence. As
shown in Figure 6, CD146" cells co-expressing CD24 were
detectable in glomeruli (mean 2.22 + 0.2/glomerulus n = 60)
and were CD133 negative. Moreover, CD146 was expressed
within the glomerular tuft by endothelial cells. CD133* cells
were mainly observed in the Bowman’s capsule.

Multilineage differentiation capacity of GI-MSC

As the major defining characteristic of MSC is their abil-
ity to differentiate into multiple mesenchymal lineages, we
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FIG. 4. Immunomodulatory properties of GI-MSC and

cloning efficiency. (A) Representative FACS analyses show-
ing that GI-MSC were negative for class II antigens and the
adhesion molecule CD154, as well as for the costimulatory
molecules CD80, CD86, and CD40 (dark lines). Dotted lines
indicate the isotypic control. (B) Addition of BM-MSC or
GI-MSC inhibits PBMC proliferation induced by phytohe-
magglutinin (PHA). PBMCs (5 X 10*/mL) were cultured for
48 h in the presence of 2.5 ng/mL PHA with or without 5
X 10°/mL BM- or GI-MSC. The data are expressed as mean
+ SD of triplicates of four separate experiments. *P < 0.05
(Student’s f-test). (C) Clonogenic efficiency is expressed as
percent of clones formed in each culture passage.

determined the ability of GI-MSC to differentiate into spe-
cific connective tissue cells. The CD133*CD146* population
sorted at the second or third passage was unable to differen-
tiate into adipogenic, osteogenic, and chondrogenic lineages
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under defined culture conditions (data not shown). In con-
trast, GI-MSC lines from 15 patients (at passages 4-10) and
four primary and four secondary clones showed the same
multipotent differentiative ability.

GI-MSC efficiently underwent osteogenic differentiation
after 14 days in osteogenic medium as shown by the Alizarin
Red staining of calcium deposits (Fig. 7A). When cultured
for 21 days in adipocyte medium, GI-MSC generated cells
containing lipidic droplets (Fig. 7C). In undifferentiated con-
trols, we did not observe any evidence of mineralization or
lipidic droplets (Fig. 7B and 7D). Differentiation of GI-MSC
into chondrocytes was obtained using chondrocyte-selective
medium [7]. Differentiated pellets harvested at 28 days of
treatment stained with safranin O and alcian blue (Fig. 7E
and 7F) characteristic for chondrocytic differentiation [7].

We also tested the capacity of GI-MSC to differentiate,
under appropriate culture conditions, in specific cell popu-
lations present into the glomeruli, such as endothelial cells,
podocytes, and mesangial cells.

To obtain endothelial differentiation, we cultured
GI-MSC for 3 weeks in EBM in the presence of VEGF. Flow
cytometric analyses showed the expression of specific endo-
thelial markers, such as CD105, KDR, CD34, and CD31
(Fig. 8A). In addition, when cultured in Matrigel endothelial-
differentiated GI-MSC, and not undifferentiated cells,
formed the characteristic capillary-like organization (Fig. 8B).

In the presence of PDGF-bb and TGFp1, GI-MSC cells
acquired a mesangial-like phenotype as they acquired the
expression of a-SMA and of angiotensin 2 receptor 1 (AT1)
(Fig. 8C). Shape change, compatible with a cell contraction,
was evaluated in response to AT-II. As shown in Figure 8D,
differentiated cells underwent contraction after stimulation
with AT-II, as it induced a transient reduction of the cell
planar surface that was maximal after 20 min of incubation
(Fig. 8E).

When cultured for 3 weeks in the presence of 20 uM/L of
ATRA, GI-MSC acquired the expression of specific epithelial
markers expressed by podocytes such as cytokeratin, podo-
cin, nephrin, and synaptopodin (Fig. 9A). Nephrin expres-
sion was confirmed by Real-Time PCR studies showing that
the nephrin transcript was present in GI-MSC after the dif-
ferentiation into podocytes and not in GI-MSC maintained
in the expansion medium (Fig. 9B).

In all the experimental conditions the differentiated cells
lost the stemness-related markers, such as Nanog, Musashi,
vimentin, nestin, CD90, CD146, CD73, with the excep-
tion of mesangial- and endothelial-differentiated cells that
maintained CD90 and CD146 (data not shown), typically
expressed by mature cells. All the GI-MSC cell lines and
clones showed the same differentiation ability.

BM-derived MSC in the same culture condition of GI-MSC
differentiated into endothelial cells or muscle-like cells but
not into podocytes-like cells (data not shown).

Discussion

In the present study, we report that adult human glo-
meruli deprived of the Bowman’s capsule contain a resident
MSC population. This population exhibited self-renewal ca-
pability, clonogenicity, and multipotency. The expression of
the embryonic organ-specific Pax-2 gene and protein, and of
donor sex identity when isolated from glomeruli of a renal
allograft, suggested to be a tissue resident population.
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Several studies addressed the presence of stem cells in
the adult kidney. Oliver et al. [3] identified slow cycling
stem cells in the papilla of adult rodent kidneys, based on
BrdU retention. Using the same approach, Maeshima et al.
[4] identified BrdU-labeled cells in the renal tubules of adult
rats and showed the potential of these cells to generate prox-
imal tubules and collecting duct cells or fibroblasts when
transplanted into the metanephric kidney. Kitamura et al.
established and characterized a distinct population of renal
progenitor cells from the S3 segment of the nephron in the
rat adult kidney [39]. These cells were shown to be able to
self-renewal and to express renal embryonic markers such
as Pax-2, Wnt4, and Wntl. Based on the ability to extrude
Hoechst dye, the so-called “side population” with multipo-
tent potential has been identified in mouse embryonic and
adult kidney [40]. Recently, Gupta et al. demonstrated the
presence in the adult rat kidney of a renal resident population

BRUNO ET AL.

FIG. 5. Origin of GI-MSC. Representative FACS
analyses showing that GI-MSC (A), but not BM-MSC
(B), are positive for CD24 (dark lines). Dotted lines
indicate the isotypic control. Representative immu-
nofluorescence micrographs showing that GI-MSC
(C), but not BM-MSC (D), are positive for Pax-2
nuclear staining. (E) Pax-2 mRNA expression by
quantitative real-time PCR of three GI-MSC and two
BM-MSC preparations. CD133* tubular progenitor
cells were used as positive control. (F) Representative
micrographs of FISH analysis of GI-MSC isolated
from sex-mismatched kidney transplant recipi-
ent performed to distinguish cells of donor (male)
versus recipient (female) origin. Hybridization pat-
tern of the dual color X (green)/Y (red) centromeric
probes showed donor origin (male) of GI-MSC. (G)
The karyotype detected in metaphases of GI-MSC
was male. The metaphase chromosomes, observed
with DAPI used for FISH counterstained, appeared
normal (600X magnification).

CHROMOSOME X

of multipotent renal progenitor cells expressing embryonic
stem cell markers such as Oct-4 and Pax-2 [5].

In the human adult kidney, we demonstrated the presence
of resident progenitors/stem cells using CD133 as a stem cell
marker [1]. The CD133-positive cells were found as rare cells
in the interstitium in proximity of proximal tubules and glo-
meruli, or within tubules and they were shown to undergo
renal epithelial and endothelial differentiation both in vitro
and in vivo. Recently, Sagrinati et al. isolated and character-
ized a population of multipotent CD1337CD24" cells from
the Bowman’s capsule of adult [2] and embryonic human
kidneys [41].

In the present study, we investigated the presence of
stem cells within human glomeruli decapsulated to avoid
the presence of Bowman’s capsule-associated stem cells.
We found that cells outgrowing from decapsulated glomer-
uli at the early passages were composed of two population
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A CD146 CD24

Merge

FIG. 6. Immunofluorescence detection of CD146*/CD24*
cells in human glomeruli. Representative confocal micro-
graph showing: (A) co-expression of CD146 and CD24 in a
glomerolus (arrows); (B) expression of CD133 within the pa-
rietal cells of Bowman’s capsule (arrow) and in an epithe-
lial cell of a proximal tubule (*); and (C) absence of CD133
expression in glomerular CD146"/CD24" cells (arrows).
Original 630X magnification.

of CD1337CD146" and CD133-CD146" cells. CD133* cells
sorted from outgrowths of glomeruli or isolated from freshly
decapsulated glomeruli were different from those described
by Sagrinati et al. in the Bowman’s capsule as they did not
express the renal stem cell markers CD24 and nestin, were
not clonogenic, and co-expressed endothelial markers sug-
gesting their origin from endothelial progenitors. Moreover,
CD133*CD146" cells did not survive after the third passage.
In contrast, the CD133-CD146" population that we isolated
and cloned from decapsulated human glomeruli was found
to be a multipotent population of cells with mesenchymal
characteristics similar to the MSC population previously
described in glomeruli of mice by da Silva Meirelles et al.
[6] or in tubules by Gupta et al. [5]. Recently, Crisan et al.
[42] demonstrated a perivascular origin for MSC in multiple
human organs using CD146 expression. The expression of
CD146 by stem cells associated with vessels may therefore
represent a relevant marker for the identification of tissue
resident stem cells belonging to the mesenchymal linage.
In the present study, we demonstrate that few cells in glo-
meruli co-express CD146 and CD24, which is considered a
renal stem cell marker, but not CD133. Therefore, one can
speculate that MSC of perivascular origin are present in the
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FIG. 7. Multilineage differentiation of GI-MSC. (A and B)
Representative micrographs of osteogenic differentiation
shown by calcium deposition detected by Alizarin Red
after culturing GI-MSC for 14 days in specific osteogenic
medium (see Materials and Methods) (A), but not in expan-
sion medium (B). (C and D) Representative micrographs of
adipogenic differentiation showing the presence of lipid
droplets (C) after 21 days in adipogenic differentiating
medium, but not in expansion medium (D) (200X magni-
fication). (E and F) Representative micrographs of chondro-
genic differentiation shown by formation of a pellet positive
for safranin O (E) and alcian blue (F) after culturing GI-MSC
in chondrogenic medium for 28 days (100X magnification).
Fifteen different lines and four clones were studied with
similar results.

glomerular vasculature and may contribute to the homeo-
stasis of the glomerular tuft.

Being aware of the limitations of the in vitro method on
isolation and characterization of stem cells, this remains for
the MSC types the main tool for their identification due to
their limited number in tissues and by the absence of a selec-
tive and specific marker. In this study, GI-MSC were the only
cells outgrown from glomeruli surviving after four cell cul-
ture passages and were able to generate long-term cultures.
GI-MSC shared with MSC isolated from human BM and from
other adult tissues [9-16,28-30] the expression of CD29, CD44,
CD166, CD73, CD90, CD105, CD146, vimentin, and nestin, and
the lack of CD34 and CD45 as well as the ability to undergo
mesodermal differentiation (osteocytes, chondrocytes, and
adipocytes). In addition, the cells expressed the Nanog and
Musashi embryonic markers involved in cell maintenance. As
BM-derived MSC, GI-MSC inhibited the PHA-induced prolif-
eration of PBMC. A similar immunomodulatory effect was
shown for nontubular Sca-1+lin-multipotent stem/progenitor
cells from adult mice [43] and for human MSC derived from
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entiated GI-MSC. Magnification: 200X. (C) Representative immunofluorescence micrographs of GI-MSC, before (Day 0) and
after (Day 14) culture in mesangial differentiation medium, stained for alpha-smooth muscle actin (a-SMA) and angiotensin
2 receptor 1 (AT1). (D) Micrographs representative of differentiated mesangial-like cells seeded in Petri dish coated with
Matrigel, before (left) and after (right) 30 min of stimulation with angiotensin II (AT-II) (107 mol/L). Morphological changes
(arrows) of differentiated cells, consistent with cell contraction, were observed (200X magnification). (E) Kinetics of change
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evaluated before stimulation. Values are given as mean * SD of three different experiments.
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FIG. 9. GI-MSC differentiation toward po-
docyte phenotype. (A) Representative immu-
nofluorescence micrographs of GI-MSC
before (Day 0) and after (Day 14) culture in
the presence of all-trans retinoic acid (ATRA),
stained for cytokeratin (CK), podocin, neph-
rin, and synaptopodin. Nuclear staining was
performed with Hoechst dye 33,258 (600X
magnification). Fifteen different lines and
four clones were studied with similar results.

(B) Nephrin mRNA expression by quanti-
tative real-time PCR: representative plot of
undifferentiated GI-MSC (green), podocytes
differentiated GI-MSC (black), and a control
immortalized podocyte cell line (blue). Three
cloned cell lines were tested with similar
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heart, spleen, and perirenal fat [44]. Recent studies focused on
the relevance of these immunomodulatory properties of MSC
in different clinical settings [45].

The origin of MSC within adult organs has been debated.
In the presence study, we found that GI-MSC presented the
phenotypic characteristics of resident renal stem cells. In fact,
GI-MSC, at variance of BM-MSC, expressed the CD24 that
is considered a marker of renal resident progenitors [2,37]
and the Pax-2 embryonic organ-specific transcription factor
[1,5,38]. The expression of Pax-2 has been previously shown
to be a marker of renal resident stem cell populations [1,5,38].
Moreover, the presence of GI-MSC of donor sex identity in a
renal allograft provided evidence for the presence of a MSC
population that resides locally within the adult human glo-
meruli. This result is in agreement with previous evidence
for tissue resident MSC provided in human lung from stud-
ies of lung transplantation [16]. GI-MSC may be an embry-
onic residue or BM-derived cells localized in the kidney and
modified by the local environment to acquire characteristics
of resident stem cells.

The renal commitment of GI-MSC is shown by their
ability to differentiate into endothelial cells and into specific
glomerular lineages such as podocyte and mesangial-like
cells under appropriate culture conditions. Indeed, GI-MSC,
a variance of BM-MSC, when cultured in the presence of
ATRA and type IV collagen, were able to differentiate in
epithelial cells expressing markers specific for the slit dia-
phragm of podocytes such as nephrin, synaptopodin, and
podocin. Concerning the differentiation of GI-MSC into

glomerular mesangial cells, this was obtained by culturing
the cells in the presence of a TGFB1 and PDGF-bb combi-
nation, which has been reported to induce smooth muscle
cell differentiation in multipotent adult progenitor cells
derived from BM [22]. Moreover, GI-MSC showed immu-
nomodulatory properties as they inhibited proliferation of
PHA-stimulated PBMC, similar to the BM-MSC [25-27]. The
immunomodulatory activity of GI-MSC could be relevant
for inflammatory glomerular diseases.

In conclusion, the results of the present study demonstrate
the presence in adult human decapsulated a population of
resident multipotent progenitors expressing a mesenchymal
phenotype with the potential to contribute to the turnover of
the different glomerular specific cell types. Further studies
are needed to evaluate whether GI-MSC may be exploited in
regenerative therapy of glomerular diseases.
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