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TLR2 plays a role in the activation of human resident
renal stem/progenitor cells

Fabio Sallustio,1 Luca De Benedictis,1 Giuseppe Castellano, Gianluigi Zaza,
Antonia Loverre, Vincenzo Costantino, Giuseppe Grandaliano, and
Francesco P. Schena2

Nephrology, Dialysis and Transplantation Unit, Department of Emergency and Organ
Transplantation, University of Bari, Bari, Italy

ABSTRACT In the past few years, adult renal progen-
itor/stem cells (ARPCs) have been identified in human
kidneys, and particularly in Bowman’s capsule and
proximal tubules. They may play an important role in
the kidney regenerative processes and might prospec-
tively be the ideal cell type for the treatment of both
acute and chronic renal injury. In this study, microarray
analysis identified 6 gene clusters that discriminated
normal human glomerular and tubular ARPCs from
renal proximal tubular epithelial cells and mesenchy-
mal stem cells. The top-scored pathway in the ARPC
gene expression profile contained growth factor recep-
tors and immune system-related genes, including toll-
like receptor 2 (TLR2). Stimulation of TLR2 by ligands
that mime inflammatory mediators or damage associ-
ated molecular pattern molecules induced secretion of
elevated amounts of monocyte chemoattractant pro-
tein-1 (MCP-1), IL-6, IL-8, and C3 via NF-�B activation.
TLR2 stimulation also increased the ARPC prolifera-
tion rate, suggesting a role for TLR2 in ARPC activation
via autocrine signaling. Moreover, TLR2 stimulation
improved ARPC differentiation into renal epithelial
cells and was responsible of ARPC branching morpho-
genesis and tubule-like structures formation. For the
first time, this study provides a genomic characterization
of renal multipotent progenitor cells and shows that TLR2
found on ARPCs might be responsible for their activation
in the kidney, orchestrating the activation of crucial
signaling networks necessary for renal repair.—Sallustio,
F., De Benedictis, L., Castellano, G., Zaza, G., Loverre,
A., Costantino, V., Grandaliano, G., Schena, F. P.
TLR2 plays a role in the activation of human resident
renal stem/progenitor cells. FASEB J. 24, 514 –525
(2010). www.fasebj.org
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Kidney, like skin and gut, has excellent regenerative
potential. After injury, the renal tubules can regenerate
to preserve functional integrity. Kidney regeneration is
sustained by renal proximal tubular epithelial cells
(RPTECs), which are known to dedifferentiate, migrate
into the areas of damage, and redifferentiate, thereby
generating new tubular cells (1, 2). However, the
normal repair program of the kidney may not be

sufficient to respond to major renal pathologies. Re-
cent studies (3, 4) have indicated that resident adult
renal stem/progenitor cells (ARPCs) could participate
in this repair process and could find clinical application
in the treatment of acute renal failure. A considerable
amount of research has focused on the use of stem/
progenitor cells to improve regeneration in progressive
kidney disease (5, 6). Hematopoietic stem cells (HSCs)
have been demonstrated to actively participate in renal
regeneration in animal models of acute renal injury (2,
7, 8) but not participate directly in the repair process
(9–11).

To date, two apparently distinct populations of mul-
tipotent ARPCs have been isolated from human kidney:
the first by Bussolati et al. (12), from the tubule/
interstitium, and the second by Sagrinati et al. (13),
from the Bowman’s capsule. These cells exhibited
multipotent differentiation ability by generating tubu-
lar epithelial-like, osteogenic-like, adipocyte-like, and
neuronal-like cells. When injected into mice with glyc-
erol-induced acute renal injury, these CD133�/CD24�

ARPCs contributed to tubular regeneration; however,
the origin and the characteristics of these ARPCs
remain controversial. They may represent a remnant of
embryonic stem cells (SCs) in the adult tissue or be
populations of bone marrow-derived SCs homed within
the kidney and modified by the local microenviron-
ment. Whether resident SCs contribute to the repair of
injured kidney under pathophysiological conditions
directly or by orchestrating tubular regeneration re-
mains to be determined, but preclinical studies (14)
suggest that the administration of exogenous mesen-
chymal stem cells (MSCs) can ameliorate renal injury
and accelerate repair. Recently, Humphreys et al. (15)
showed that papillary interstitial cells do not directly
contribute to renal epithelial cells in a model of unilat-
eral ischemia-reperfusion injury, even if these studies
do not rule out a paracrine effect of such cells on the
repair process, and it has been demonstrated that
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CD133�/CD24� renal progenitors can generate podo-
cytes (16).

Here, our aim was to obtain genomic characteriza-
tion of multipotent CD133�/CD24� ARPCs from glo-
meruli and tubules of adult human kidney. From this
characterization emerged a major role of the evolution-
arily conserved toll-like receptor 2 (TLR2) as a sensor
of tissue damage. Damaged tissue is thought to release
molecules called “damage-associated molecular pattern
molecules” that activate TLRs and trigger downstream
activation of transcription factors that regulate expres-
sion of survival genes or proinflammatory cytokines and
chemokines (17–19). We show, for the first time, that
TLR2 is expressed in ARPCs, suggesting a role for this
receptor involved in tissue repair.

MATERIALS AND METHODS

Renal tissue-derived primary cell cultures

Fresh human renal cortical tissue was harvested from patients
diagnosed with renal carcinoma. All patients gave signed
consent for the use of their tissue for research purposes at the
time of radical nephrectomy. Portions of normal-appearing
cortex were isolated surgically and examined histologically to
exclude presence of carcinoma. Isolation of renal fractions
was achieved as reported elsewhere (12, 13) but recovering
both glomerular and tubular fractions. Briefly, the samples
were reduced to very small fragments using surgical scalpels
and forced through a 60-mesh (250-�m) steel sieve to remove
the fibrous component. Filtration was facilitated by frequently
washing the sieve with Hanks’ balanced salt solution (Sigma-
Aldrich, St. Louis, MO, USA). The cellular fraction was then
passed through a 120-mesh (125-�m) steel sieve to isolate the
capsulated glomeruli from the tubular fraction. After several
washes, the 2 isolated fractions were cultured separately in
EGM-MV medium (Lonza, Valais, Switzerland) supplemented
with 20% FBS (Sigma-Aldrich). After 4–5 d, tubular fraction
cultures were washed twice with Hanks’ buffer to remove
nonadherent cells and were checked to exclude the presence
of glomeruli. After 1 wk in culture, both the fractions were
examined by phase-contrast microscopy. If a sufficient num-
ber of adherent capsulated glomeruli released cellular out-
growth, the remainder were removed by washing with Hanks’
buffer. In the tubular fraction, cell viability and number were
checked before proceeding with magnetic cell separation
technology (MACS).

Other cell cultures

MSCs and RPTECs were purchased from Lonza and main-
tained in the recommended medium, REGM and MSCGM,
respectively (Lonza).

CD133 isolation and expansion

The cells of both the glomerular and tubular fractions were
detached by trypsin/EDTA digestion and washed twice with
ice-cold MACS buffer (PBS pH 7.2 with 0.5% BSA, and 2 mM
EDTA). After being passed through a 30-�m filter to remove
cell clumps, the cells were counted and incubated for 30 min
at 4°C in MACS buffer with the same volume (1 �l/105 cells)
of FcR blocking reagent and CD133Ab-conjugated magnetic
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Cells were then washed, as recommended by the manufac-

turer, and passed through an MS column (Miltenyi Biotec)
under the effect of a magnetic field generated by the Mini
MACS Separation Unit (Miltenyi Biotec). The CD133-positive
cells retained inside the column were washed 3 times and
then eluted once the magnetic field was removed. The eluted
cells were resuspended in EGM-MV with 20% FCS and
incubated at 37°C with 5.0% CO2.

Cytofluorimetric determination

ARPCs (105/determination) were washed with the manufac-
turer-recommended buffer before staining. The following
antibodies were used: PE-conjugated anti-CD133/2 (293C3),
FITC-conjugated anti-CD34, and FITC-conjugated anti-CD45
(all from Miltenyi Biotec); FITC-conjugated anti-CD105 and
FITC-conjugated anti-CD24 (all from Serotec, Oxford, UK);
and FITC-conjugated anti-CD44 (from Instrumentation Lab-
oratory, Milan, Italy). FITC-conjugated mouse IgG1 (Serotec)
was used as an isotype control. In all cytofluorimetric deter-
minations performed using Miltenyi antibodies, nonspecific
sites were blocked with the FcR blocking reagent (Miltenyi
Biotec). Each determination was performed on 105 cells.
Cytofluorimetric analysis was performed using a Partec Flow-
Max cytofluorimeter (Partec, Münster, Germany).

Cell immunofluorescence and confocal laser scanning
microscopy

The expression of CD133, Pax-2, CD24, CD105, CD44, BMI-1,
Oct-4, ACRP30, BSP, Zonula occludens 1 (ZO-1), cytokeratin 19
(CK-19), and von Willebrand factor, Lotus tetragonolobus lectin
(Lotus), aminopeptidase A, laminin, and NF-�B nuclear local-
ization were evaluated by indirect immunofluorescence and
confocal microscopic analysis on ARPCs fixed in 4% paraform-
aldehyde. The cells were blocked for 1 h (BSA in PBS, pH 7.4)
and then incubated with monoclonal or polyclonal primary
antibodies overnight at 4°C or for 2 h at room temperature,
respectively. The immune complexes were identified after the
incubation of the cells with the specific secondary antibodies for
1 h at room temperature. The cells were washed in PBS after
each step, counterstained with To-pro-3 (Molecular Probes,
Eugene, OR, USA), mounted in Gel/Mount (Biomeda, Milano,
Italy), and sealed with nail varnish. Negative controls were
obtained by incubating cells with the blocking solution and then
omitting the primary antibody. The stained cells were viewed
under the Leica TCS SP2 (Leica, Wetzlar, Germany) confocal
laser-scanning microscope using �40 and �63 objective lenses.
The protein expression of CD133 and CD24 in vivo was evalu-
ated by indirect immunofluorescence and confocal microscopy
analysis on 7-�m-thick sections from paraffin-embedded human
renal biopsies. Immunofluorescence experiments were performed
using the following primary antibodies: mouse anti-human
CD133/1 mAb (clone AC133; Miltenyi Biotec), mouse anti-
human CD133/2 mAb (Miltenyi Biotec), rabbit anti-human
Pax-2 pAb (Covance, Princeton, NJ), mouse anti-human CD105
mAb (Abcam, Cambridge, UK), mouse anti-human CD24 mAb
(Dako, Glostrup, Denmark), mouse anti-human CD44 mAb
(Chemicon, Temecula, CA, USA), mouse anti-human Bmi1
mAb (Upstate Biotechnology, Lake Placid, NY, USA), rabbit
anti-human Oct-4 pAb (Abcam), rabbit anti-human adipocyte
complement-related protein of 30 kDa (ACRP30) polyclonal
Ab (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
mouse anti-human bone sialoprotein mAb (Chemicon), rab-
bit anti-human ZO-1 polyclonal Ab (Santa Cruz Biotechnol-
ogy), rabbit anti-human CK-19 mAb (Novus Biologicals,
Littleton, CO, USA), mouse anti-human von Willebrand
factor mAb (Santa Cruz Biotechnology), rabbit anti-human
NF-kB p65 subunit mAb (Santa Cruz Biotechnology), goat
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anti-human aminopeptidase A polyclonal Ab (Santa Cruz
Biotechnology), rabbit anti-human laminin polyclonal Ab
(American Laboratory Products Company, Windham, NH,
USA), and mouse anti-human TLR2 mAb (Hycult Biotech-
nology BV, Uden, NH, USA). The following secondary anti-
bodies were used: Alexa Fluor 555 goat anti-mouse IgG, Alexa
Fluor 488 goat anti-rabbit IgG, and Alexa Fluor 488 goat
anti-mouse IgG1 (all from Molecular Probes). Staining with
FITC-labeled Lotus tetragonolobus lectin (Vector Laborato-
ries, Burlingame, CA, USA) was performed following the
manufacturer’s instructions. The positive control for NF-kB
nuclear translocation analysis consisted of HK2 cells stimu-
lated with CD154 and enhancer for 60 min (Alexis Biochemi-
cals, Lüufelingen, Switzerland).

Cell cloning

Cell cloning was performed by the limiting dilution tech-
nique. For each experiment, a minimum of five 96-well
culture plates were coated with 20 �g/ml fibronectin. Follow-
ing trypsin digestion, ARPCs were collected and counted. A
volume of cell suspension containing 300 cells was diluted in
EGM-MV with 20% FBS such that all wells received 50 �l/well.
The plates were then incubated for 60 min at 37°C in 5%
CO2, to allow cells to seed, and wells containing a single-cell
were identified. After �1 wk, the formation of clonal colonies
was evaluated. ARPCs clones have been collected from a total
of 25 different donors and were then expanded for the

subsequent analyses. Each experiment was done on distinct
donor-derived clones.

Differentiation

Epithelial and endothelial differentiation experiments were
carried out as specified elsewhere (12, 13). The undifferen-
tiated cells were used as negative controls, while HK-2 cells
and EA.hy cells were used as positive controls. The extrarenal
differentiation experiments were performed using the adipo-
genic induction/maintenance medium and osteogenic differ-
entiation medium (Lonza), according to the manufacturer’s
instructions. For adipogenic differentiation, 3 cycles of induc-
tion/maintenance were performed. Each cycle consisted of
culturing ARPCs in induction medium for 3 d and in main-
tenance medium for 1–3 d. After 3 complete cycles, the cells
were cultured for seven more days in adipogenic mainte-
nance medium, replacing the medium every 2–3 d. For
osteogenic differentiation, the cells were grown in osteogenic
differentiation medium for 2–3 wk, and the medium was
replaced every 3–4 d. The undifferentiated ARPCs were used
as negative controls; MSCs were used as positive controls.

Tubular cells were identified by the expression of CK-19
and ZO-1. Endothelial cells were detected by cytofluorimetric
analysis for CD105 and through immunostaining for von
Willebrand factor. Adipocytes were detected by immunofluo-
rescent staining for ACRP30. Osteoblasts were detected by
immunofluorescent staining for sialoprotein.

Figure 1. Characterization of isolated ARPCs. A–I) Immunofluorescence and cytofluorimetric analysis showed the expression of
CD133 (A), Pax-2 (B), CD24 (C), Bmi-I (D), Oct-4 (E), CD44 (F), CD34 (G), CD105 (H), and CD45 (I). Cell nuclei were
visualized using To-pro-3 (blue; A, F). J–L) Double-label immunofluorescence showing coexpression of CD24 (green) and
CD133 (red) by a subset of parietal epithelial cells isolated from tubular fractions. Original view: �63 (A, D–F, J–L); �40 (B).
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Microarray hybridization

Total RNA was extracted from a minimum of 106 cells/line
cultured in quiescence medium (without FBS and growth
factors) using the SV Total RNA Isolation Kit (Promega,
Madison, WI, USA). Total RNA was quantified by NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA), and its quality was assessed by 1% agarose gel
electrophoresis.

From each cell line, 1.5 �g of total RNA was processed and
hybridized to the GeneChip Human Genome U133A oligo-
nucleotide microarray (Affymetrix, Santa Clara, CA, USA).
The chip contains 22283 gene probe sets, representing 12357
human genes, plus �3800 expressed sequence tag clones with
unknown function. We used the default settings of Affymetrix
Microarray Suite software version 5 (MAS 5.0; Affymetrix) to
calculate scaled gene expression values. The data discussed in
this publication have been deposited in the National Center
for Biotechnology Information’s Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessi-
ble through GEO Series Accession Number GSE8611.

Expression data analysis

Expression values for the gene probe sets, scaled to the target
intensity of 2500, were log transformed, and ANOVA, distinc-

tion calculation (DC), and the Kruskal-Wallis test were used
to select probe sets discriminating the 4 cell lines. Gene probe
sets were ranked according to their discriminating power
(e.g., P values in ANOVA and Kruskal-Wallis test contribute to
the discriminating component in DC). To further establish
whether the selected discriminating gene probe sets were not
obtained by chance, we estimated the significance and the
false discovery rate using an empirical Bayesian approach
based on permutations (n�500) and Storey’s q value. R 2.0.1
statistical software was used to perform the above analyses.
Principal component analysis (PCA) and 2-dimensional (2-D)
hierarchical clustering were performed using Spotfire Deci-
sionSite 9.0 (http://www.spotfire.com).

Real-time PCR

Quantitative real-time PCR reactions were performed using
Sybr Green I Nucleic Acid Gel Stain (Molecular Probes),
Fluorescein Calibration Dye (Bio-Rad laboratories, Hercules,
CA), and Platinum Quantitative PCR SuperMix-UDG (In-
vitrogen, Carlsbad, CA). For IL-8, WNT7B, DKK3, TLR2, and
SMAD3 genes, Quantitect primers (all having annealing
temperature of 55°C) were purchased from Qiagen. For
PAX8 and HOXA9, the following primer pairs were used
(with annealing temperatures of 58°C and 60°C, respec-
tively): PAX-8: forward 5�-ATGGTGGCAGGAAGTGAAT-3�

Figure 2. CD133�/CD24� progenitor cells localize in tubules. A) CD133� (red) cells were localized in tubules. B) Double-label
immunofluorescence showing expression of CD133 (red) by cells in tubules (laminin, green) of an adult human kidney.
C) CD133� progenitor cells were localized in proximal segment (Lotus, green) of some tubules. Progenitor cells were visible also
in distal tubules not stained by Lotus. To-pro-3 counterstains nuclei (blue). D, E) Double-label immunofluorescence showing
expression of CD24 (green) and CD133 (red) by a subset of parietal epithelial cells in some tubules. Merged image
demonstrates colocalization of CD24 and CD133 in the cytoplasm and on the membrane of parietal epithelial cells of some
tubules. F) High-power magnification of a double-label immunofluorescence shows CD24 (green) and apical and lateral
membrane CD133 (red) staining in a tubule. Original view �40 (A–E); �7200 (F).
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and reverse 5�-GGCCTTGATGTGGAACTGTA-3�; HOXA9:
forward 5�-CAATAACCCAGCAGCCAACT-3� and reverse 5�-
ATTTTCATCCTGCGGTTCTG-3�. The reaction program in-
cluded preincubation at 50°C for 3 min; denaturation at 95°C
for 5 min; and 40 cycles consisting of denaturation (95°C for
1 min), annealing (annealing temperature for 30 s), and
elongation (72°C for 1 min). Melting curves were generated
through 100 additional cycles (50°C for 10 s with an incre-
ment of 0.5°C/cycle). An iCycler iQ Thermal Cycler (Bio-
Rad) was used to perform the reactions.

Pathway analysis

To assess the biological relationships between genes and to
obtain maps of cellular pathways, we used Ingenuity software
(Ingenuity System, Redwood City, CA, USA; http://www.
ingenuity.com), a web-delivered application to discover, visu-
alize, and explore relevant networks of experimental microar-
ray results. Each gene identifier was mapped to genetic
networks available in the Ingenuity Pathways Knowledge Base.
Genes included in the pathways were not weighted by expres-
sion levels, only on biological interactions. The resulting
networks were represented in graphic format and adapted for
publication.

Detection of secreted cytokines and chemokines

For cytokine/chemokine measurements, 5 � 104 cells were
plated in 6-well plates and stimulated with 10 �g/ml lipotei-
choic acid (LTA) and 2 �g/ml zymosan. Stimuli were main-
tained for 24 or 48 h. Subsequently, supernatants were

collected after centrifugation at 10,000 g for 10 min at 4°C.
IL-6, IL-8, and monocyte chemoattractant protein-1 (MCP-1)
levels were measured in supernatants using commercial
ELISA kits (R&D Systems, Minneapolis, MN, USA), according
to the manufacturer’s instructions. The concentration of C3
in cell culture supernatants was determined by ELISA: 96-well
polystyrene plates were coated with polyclonal rabbit anti-
human C3 (Dako, Milan, Italy) diluted 1:500 in carbonate
buffer (0.1 M pH 9.6) and incubated for 2 h at 37°C. After
blocking with 2% BSA, each diluted supernatant was added in
triplicate wells (100 �l/well) and incubated for 2 h. Plates
were washed and incubated with horseradish peroxidase-
conjugated rabbit anti-human C3c (1:2000 dilution; Dako).
The linked enzyme was then developed with ophenylenedi-
amine and incubated at room temperature for 10 min.
Optical density was determined at 490 nm. A standard curve
was generated using dilutions of a human serum protein
standard (Dade Behring, Marburg, Germany). Concentra-
tions of cytokines and chemokines in supernatants were
normalized to total cellular protein as determined by Brad-
ford assay.

Transfection with siRNA

siRNA was purchased from Qiagen (Valencia, CA, USA) in 3
formulations. A nonsilencing siRNA sequence, shown by
Basic Local Alignment Search Tool (BLAST) search to not
share sequence homology with any known human mRNA and
tagged with Alexa Fluor 488 (AllStars Negative Control
siRNA; Qiagen), was used to determine uptake transfection
efficiency. For in vitro delivery, siRNA (50 nM) was incubated

Figure 3. ARPC differentiation. A) ARPCs differentiated in renal tubular cells and stained positively for CK-19 (top), negative
control (middle), and CK-19 quantization (bottom). B) ARPCs differentiated in renal tubular cells stained positively for ZO-1
(top), negative control (middle), and ZO-1 quantization (bottom). C) BSP expression observed after osteogenic induction of
ARPCs (top), negative control (middle) and BSP quantization (bottom). D) ACRP30 was detected after adipogenic
differentiation of ARPCs (top), negative control (middle), and ACRP30 quantization (bottom). Original view �63. *P � 0.005,
**P � 0.0007 vs. nondifferentiated cells.
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with 6 �l HiPerFect Transfection Reagent (Qiagen) for 10
min at room temperature and added to cells in culture at 80%
confluence in 12-well plates. All procedures were performed
according to the manufacturer’s instructions. Silencing was
confirmed by real-time PCR. Functional effects were observed
when inhibition of TLR2 expression was �40% and higher.

Proliferation analysis

Two-day proliferation assays were performed to evaluate the
in vitro proliferation of ARPCs in response to stimuli. Cells
were plated at 5 � 103 cells/well in flat-bottomed 96-well
plates (Costar Corning Inc., Life Sciences, Acton, MA, USA)
in EGM-MV (Lonza) supplemented with 20% FCS (Sigma-
Aldrich). After 24 h, ARPCs were stimulated for 24 h with 10
�g/ml and 20 �g/ml zymosan or 0.5 and 1 �g/ml LTA. Cell
proliferation was measured by bromodeoxyuridine (BrdU)
incorporation during last 6 h of a 2 d culture by a colorimetric
immunoassay, according to the manufacturer’s guidelines
(Roche Diagnostics, Mannheim, Germany). BrdU absorbance
of 1 corresponded to �6000 cells, whereas BrdU absorbance
of 1.4 corresponded to �35,000 cells. Values were expressed
as mean 	 se absorbance at 450 nm 
 absorbance at 690 nm.
All experiments were performed in quadruplicate.

Statistical analyses

We analyzed data with statistical software (GraphPad Prism;
GraphPad, San Diego, CA, USA). All data are expressed as
means 	 se. We accumulated the data for each condition
from �3 independent experiments. We evaluated statistical
significance with the Student’s t test for comparisons between

2 mean values. We carried out multiple comparisons between
�3 groups with an ANOVA followed by Tukey-Kramer test.

RESULTS

Isolation and characterization of CD133� renal cell
populations

We used magnetic cell sorting to isolate CD133� cell
populations from tubular and glomerular fractions of
healthy sections of kidney removed during resection for
renal carcinoma from 25 donors. Spindle-shaped cells
were plated in EGM-MV with 20% FBS and expanded in
vitro. The cell lines were homogeneously positive for
CD133 antigen by both immunofluorescence (Fig. 1A)
and cytofluorimetric (data not shown) analysis. The
expression of the renal embryonic transcription factor
PAX2 (Fig. 1B) and the kidney-specific membrane
marker CD24 (Fig. 1C) was demonstrated by immuno-
fluorescence and cytofluorimetric analysis, respectively.
To exclude the bone marrow as the origin of CD133�

cells, the absence of expression of CD34, CD105, and
CD45 membrane proteins was confirmed by cytofluori-
metric analysis (Fig. 1G–I). Immunofluorescence anal-
ysis also confirmed the absence of CD105 expression
(data not shown). Finally, we demonstrated that these
CD133� cells expressed the adult SC marker BMI-1
(Fig. 1D), the blastocyst SC marker Oct-4 (Fig. 1E), and
the hyaluronic acid receptor CD44 (Fig. 1F). We found

Figure 4. A) Two-dimensional hierarchical clustering identified 2134 gene probe sets that discriminated the 4 cell populations
(P�0.0001; false discovery rate �5%). GARPCs, glomerular adult renal stem/progenitor cells; TARPCs, tubular adult renal
stem/progenitor cells. Six gene clusters were identified on the basis of differential gene expression. B) Principal component
analysis 3-D diagram showing a spatial representation of the differential gene expression. GARPCs and TARPCs are situated
close together, having no significant differences in gene expression patterns; RPTECs and MSCs are transcriptionally distant cell
populations.
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coexpression of CD133 and CD24 markers in a subset
of epithelial cells isolated from both glomerular (data
not shown) and tubular fractions (Fig. 1J–L), showing
that we were dealing with renal progenitor cells. We
confirmed, in vivo, the localization of CD133�/CD24�

progenitor cells on the tubular epithelium (Fig. 2).
Progenitor cells were found on both distal and proxi-
mal tubular segments (Fig. 2C).

Cell cloning and differentiation

Homogenous clonal populations, positive for CD133
and CD24 by cytofluorimetry, were obtained using the
limiting dilution technique (data not shown). Three
individual clones, of glomerular and tubular origin,
were evaluated for their ability to differentiate into
renal and nonrenal cell types, and all showed the same
differentiation potential. When exposed to tubular cell
differentiation medium, the clones expressed CK-19
and ZO-1 in contrast to undifferentiated cells main-
tained in expansion medium (Fig. 3A, B). Incubation

with osteogenic differentiation medium led to the
expression of the bone sialoprotein antigen (Fig. 3C).
After exposure to adipocyte differentiation medium,
the clones showed specific positivity for the adipose
tissue marker ACRP30, which was not observed in
control cells (Fig. 3D).

Tubular and glomerular ARPCs have the same gene
expression profiles

Cell lines isolated from 3 randomly selected patients
were used for large-scale gene expression profiling by
oligonucleotide microarray. For each patient, both
tubular and glomerular CD133� populations were in-
cluded in the study. Expression of the markers CD133,
Pax-2, CD24, and Oct-4 in the 6 cell lines was confirmed
by immunofluorescence before microarray analysis. To
highlight the similarities and the differences with
known stem populations and with terminally differenti-
ated renal cells, 3 subcultures of the MSC line and 3
subcultures of the RPTEC line were included in the

Figure 5. TLR2 stimulation by zymosan and LTA induces NF-�B nuclear translocation in ARPCs. A–H) Immunocytochemical
analysis of the cellular localization of NF-�B (green, arrows) in ARPCs cultured in the absence (A, D) and presence of TLR2
agonists for 60 and 120 min. Cells were treated with 2 �g/ml of LTA (B, C) or 10 �g/ml of zymosan (E, F) or positive control
treatment (G, H). I) Nuclear/cytoplasmic ratios of NF-�B in ARPCs cultured in the presence of LTA (top) or zymosan (middle)
and in controls (bottom); n � 3. *P � 0.01, **P � 0.005, ***P � 0.0007 vs. unstimulated cells.
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analysis. Statistical analysis identified 1742 genes that
discriminated ARPCs from RPTEC and MSC (P�0.0001,
false discovery rate�5%; Supplemental Table 1). Hierar-
chical clustering (Fig. 4A) and 3-dimensional (3-D) PCA
(Fig. 4B) demonstrated that the gene expression profiles
of glomerular and tubular multipotent ARPCs were not
statistically different from one another (P�0.70). Thus,
from this point onward, we refer to glomerular and
tubular multipotent ARPCs by the common designation
of multipotent ARPCs.

The 2-D hierarchical clustering identified 149 up-
regulated (cluster F) and 71 down-regulated (cluster B)
gene probe sets in ARPCs when compared with the
MSCs and RPTECs (Fig. 4A). Interestingly, 607 gene
probe sets (clusters C and D) distinguished the glomer-
ular and tubular ARPCs and MSCs from RPTECs,
indicating a possible role for these genes in SC func-
tions. Finally, clusters A (535 gene probe sets) and E
(771 gene probe sets) discriminated MSCs from the
renal cell lines (Fig. 4A; Supplemental Table 2).

Top-scored pathways in the ARPC gene expression
profile contain growth factor receptors and immune
system-related genes

Pathway analysis was performed on the genes in clusters
F and C. The software algorithm identified 12 statisti-
cally significant networks related to cluster F (score�1;
range, 2–34). The pathway with the highest score
included genes involved in proliferative signal trans-
duction (EGFR, IGF1R, LIF, WNT7A, and WNT7B) and
immunoresponse activation (IL-6, IL-8, and TLR2; Sup-
plemental Fig. 1). The genes from both groups were

linked by numerous regulatory relationships. The path-
way analysis software mapped out 26 differently scored
networks in cluster C, 14 of which were statistically
significant. These networks included genes involved in
various cellular activities: cell commitment (JAG1,
NOTCH2, and WNT5B); cell growth (FGF2, FGF6, CTGF,
IGFBP2, IGFBP3, OSM, and RUNX1); TGF-� signaling
(SMAD3 and INHBA); extracellular matrix degradation
(MMP19 and ADAM12); and cell cycle regulation
(FOSL1, JUND, CSE1L, and CCND1; Supplemental
Table 3).

Validation of microarray analysis

Gene expression data were validated by quantitative
real-time PCR. Six differently regulated genes were
selected from within the different clusters: IL-8,
WNT7B, DKK3, SMAD3, PAX8, HOXA9, and TLR2.
Each gene was confirmed to possess the previously
described differential regulation (all P � 0.05; Sup-
plemental Fig. 2).

TLR2 agonists activate the NF-�B pathway in ARPCs

Double-label immunofluorescence experiments con-
firmed TLR2 expression in ARPCs in vivo, as well as in
culture (Supplemental Fig. 3). TLR2 activity usually
leads to activation of NF-�B, which migrates to the
nucleus and binds to DNA, thereby initiating transcrip-
tion and inducing expression of various genes involved
in apoptosis regulation, response to multiple stresses,
and the inflammatory response. To assess whether

Figure 6. TLR2 stimulation by zymosan and LTA induces C3 and MCP-1 secretion by ARPCs. ARPCs were cultured for 12 and
48 h in the absence or presence of 10 �g/ml zymosan or 2 �g/ml LTA. Levels of C3 (A) and MCP-1 (B) in the culture
supernatants were determined by ELISA. Box plots represent triplicate cultures in 4 experiments; n � 4. *P � 0.05, **P � 0.01
vs. unstimulated cells; 1-way ANOVA.
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TLR2 stimulation caused NF-�B activation in ARPCs,
we analyzed NF-�B p65 localization by immunocyto-
chemical analysis. ARPCs were treated with 2 �g/ml of
LTA or 10 �g/ml of zymosan for 60 and 120 min. At
baseline, NF-�B was localized mainly within the cyto-
plasm (Fig. 5A), whereas in the presence of LTA, NF-�B
translocated from the cytoplasm to the nucleus at 60
min (Fig. 5B) and to a greater extent at 120 min (Fig.
5C). In zymosan-stimulated ARPCs, nuclear transloca-
tion of NF-�B was observed but was less pronounced
than in LTA-treated cells and peaked at 60 min as
opposed to 120 min (Fig. 5E, F). These results confirm
the functionality of TLR2 in ARPCs.

TLR2 stimulation induces secretion of C3 and MCP-1

To test whether translocation of NF-�B, induced by
TLR2 stimulation, led to the release of proinflamma-
tory factors in ARPCs, we investigated the production
and release of 2 NF-�B-dependent factors, C3 and
MCP-1, in response to TLR2 activation. Cells were
stimulated with 10 �g/ml LTA or 2 �g/ml zymosan for
24 or 48 h, after which culture media were assayed by
ELISA. ARPCs showed a significant increase in C3 and
MCP-1secretion following stimulation for both 24 and
48 h relative to unstimulated cells (Fig. 6A, B, respec-
tively). Suppression of TLR2 expression, using TLR2-
targeted siRNA, yielded a dramatic decrease of chemo-
kines secretion (Supplemental Fig. 4).

TLR2 stimulation induces IL-6 and IL-8 secretion and
ARPC proliferation

To investigate proinflammatory cytokines known to
participate in the inflammatory response associated
with kidney injury, we measured cytokine secretion by
ARPCs in response to stimulation by LTA and zymosan.
Both stimuli were maintained for 24 or 48 h. As shown
in Fig. 6A, there were significant increases in IL-6 levels
following TLR2 stimulation for 24 (P�0.01) or 48 h
(P�0.05). Stimulation with LTA, but not zymosan, for
24 h also significantly increased IL-8 levels (P�0.05).
Forty-eight hours of stimulation by both LTA and
zymosan provoked significant increases in IL-8 levels
(P�0.05; Fig. 7A). Suppression of TLR2 expression,
using TLR2-targeted siRNA, yielded a dramatic de-
crease of cytokines secretion (Supplemental Fig. 4).

The relationship between the overexpression of TLR2
and its potential function in ARPCs could indicate a role
for TLR2 in modulating the proliferation rate of ARPCs
and therefore their capacity for self-renewal. To investi-
gate whether TLR2-dependent signaling influenced the
proliferation rate of ARPCs, cells were stimulated for 24 h
with 10 and 20 �g/ml zymosan and with 0.5 and 1 �g/ml
LT, and cell proliferation was measured by BrdU incor-
poration. Both zymosan and LTA significantly increased
ARPC proliferation (P�0.05; Fig. 7B), supporting the
hypothesis that TLR2 stimulation induces activation of
multipotent ARPCs, thereby significantly accelerating
their rate of replication.

**

**
*

*
*

*

*

*
**

*

Figure 7. TLR2 stimulation by zymosan and LTA
induces IL-6 and IL-8 secretion by ARPCs and pro-
liferation of ARPCs. A) ARPCs were cultured for 24
and 48 h in medium alone, medium with 10 �g/ml
zymosan, or medium with 2 �g/ml LTA. Levels of
IL-6 (left panels) and IL-8 (right panels) in the
culture supernatants were determined by ELISA.
Data were pooled from 3 independent experiments.
B) TLR2 stimulation by zymosan and LTA induces
proliferation in ARPCs. ARPCs were cultured in the
absence or presence of increasing concentrations of
zymosan and LTA for 2 d. Proliferation was mea-
sured by BrdU incorporation during the last 6 h of
a 2-d culture. BrdU absorbance correlates with cell
numbers. BrdU absorbance of 1 corresponds to
�6000 cells; BrdU absorbance of 1.4 corresponds to

�35,000 cells. Values are expressed as mean 	 se absorbance at 450 nm 
 absorbance at 690 nm for quadruplicate wells
from 4 separate experiments; n � 4. *P � 0.05, **P � 0.01 vs. unstimulated cells.
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TLR2 stimulation improves ARPC differentiation into
renal tubular cells

To investigate the role of TLR2 in ARPC differentiation
processes, 3 individual ARPC clones, of glomerular and
tubular origin, were evaluated for their ability to differ-
entiate into epithelial cell types in the presence or in
absence of 10 �g/ml LTA or 2 �g/ml zymosan for 5,
10, 15, and 25 d. When exposed to epithelial cell
differentiation medium in the presence of zymosan or
LTA, the clones expressed ZO-1 and Lotus after only
10 d of culture, with respect to 25 d needed without
TLR2-agonist stimulation. They arranged to form an
epithelial carpet, in which epithelial cells are packed
tightly together, with almost no intercellular spaces and
only a small amount of intercellular substance. In
contrast, cells maintained in differentiation medium
without TLR2-agonist stimulation were more inter-
spersed, with poor expression of ZO-1 marker and no

expression of Lotus (Fig. 8A–F). Enhanced ARPC dif-
ferentiation was also manifested in an increased per-
centage of cells expressing the epithelial markers at
25 d (data not shown).

Moreover, when subjected to TLR2 stimuli, ARPCs
were able to undergo branching morphogenesis and
form tubule-like structures after 10 d of culture (Fig.
8G–H), unlike cells without TLR2-agonist stimulation that
did not form these structures not even after 25 d of
culture. ARPCs forming tubule-like structures expressed
laminin, ZO-1, and aminopeptidase A, which are epithe-
lial, basement membranes, and glomeruli and proximal
tubular epithelial cell markers, respectively (Fig. 8I–L).

DISCUSSION

ARPCs may play an important role in the kidney
regenerative processes, and because they display the

Figure 8. TLR2 stimulation enhances ARPC differentiation into renal epithelial cells. A, B) Expression of ZO-1 (A) and Lotus
(B) at d 0. C, D) Cells maintained in differentiation medium for 10 d without LTA are interspersed, with poor expression of ZO-1
(C) and no expression of Lotus (D). E, F) In the presence of 10 �g/ml LTA, ARPCs express ZO-1 (E) and Lotus (F) and arrange
to form an epithelial carpet. G, H) Representative micrographs showing ARPCs undergoing branching morphogenesis and
forming tubule-like structures after 10 d of culture in the presence of LTA. I) Expression of aminopeptidase A by ARPCs
undergoing epithelial branching morphogenesis following TLR2 stimulation. J, K) Expression of laminin (J) and ZO-1 (K) in
tubule-like structures formed by ARPCs in the presence of LTA. L) High-power magnification of immunofluorescence showing
ZO-1 junctions in tubule-like structures formed by ARPCs. To-pro-3 counterstains nuclei (blue). Original view: �63 (A–F); �20
(G); �10 in (H); �40 (I–K); �7200 (L).
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potential to differentiate into multiple renal cell types
(3, 4, 14), they could be an ideal tool for treating both
acute and chronic renal injury.

We isolated CD133� cell lines from glomeruli and
tubules of human kidneys. The coexpression in these
cells of renal progenitor cell markers CD133 and CD24
and of embryonic renal factor PAX2, their clonogenic
multipotency, and self-renewal ability demonstrate that
these cells are resident ARPCs. We showed that ARPCs
were localized also in renal tubules.

Microarray analysis revealed no significant differ-
ences in the gene expression patterns of glomerular
ARPCs and tubular ARPCs. The 6 cell lines indeed
segregated in an interspersed order in the unsuper-
vised hierarchical clustering and the PCA diagram
clearly confirmed these data. Therefore, it is conceiv-
able that tubular and glomerular ARPCs represent a
genetically homogeneous population.

Interestingly, in the expression analysis, we observed a
cluster of genes that discriminated ARPCs from MSCs and
normal tubular cells, as well as a cluster of genes that were
up-regulated in both SC lines as compared with normal
tubular cells. The first cluster included genes involved in
proliferative signal transduction (EGFR, IGF1R, and LIF)
and immunoresponse activation (IL-6, IL-8, and TLR2).
The up-regulation of EGFR and IGF1R is interesting, since
both of these growth factors are known to play important
roles during the recovery of the kidney from acute tubular
necrosis (20, 21). The second cluster, or the “staminality
cluster,” included a group of genes whose expression
profile was shared by renal and nonrenal stem/progeni-
tor cells. The most significant pathway emerging from this
cluster showed the activation of genes involved in cell
commitment, cell growth, TGF-� signaling, extracellular
matrix degradation, and cell cycle regulation.

The up-regulation of TLR2, a pattern-recognizing re-
ceptor involved in innate immune activity, was intriguing
because TLR2 could function as a damage sensor in
ARPCs (22), which led us to consider a potential role of
immune mediators in SC therapy and the treatment of
renal failure. The presence of TLR2 in MSCs (23) and
adipose-derived stromal cells (24) has already been estab-
lished, but its presence in ARPCs is novel. However, the
role that the receptor plays in SCs, especially in the case of
damage, has yet to be established.

Within the kidney, TLR2 is constitutively expressed and
plays a crucial role in the induction of acute inflammation
and early tubular injury in a reversible model of acute
renal injury (25). TLR2 in renal cells contributes to the
innate immune response in renal infection, but the
recognition of endogenous molecules released from in-
jured cells, such as biglycan or heat shock proteins, may
contribute to acute tubular injury and seem to provide
adjuvant activity for renal inflammation (26, 27). Recent
studies (28) showed that TLR2 initiates a renal inflamma-
tory response but does not play an essential role in the
development of progressive renal injury and fibrosis dur-
ing obstructive nephropathy.

We found that ARPCs secreted MCP-1 and C3, plausibly
via NF-�B activation (29, 30), in response to TLR2 stim-
ulation. Furthermore, we found that TLR2-agonist stimu-
lation increased the amount of IL-6 and IL-8 cytokines
secreted by ARPCs and induced proliferation of ARPCs.

Interestingly, innate immunity and cleavage fragments
of C3 play important roles in mobilizing hematopoietic
stem/progenitor cells and complement cascade activation
products have been found to differentially modulate SC
trafficking (31, 32).

Studies have demonstrated that IL-8, a chemoattractant
and neutrophil activating factor, can rapidly induce HSC
mobilization in primates and in mice (33, 34). In addi-
tion, it has been found that MCP-1 activates the migration
capacity of rat-derived neural SCs (35), is necessary for
homing/recruitment of MSCs (36), and has a dose-
dependent migratory effect on human periosteum-
derived progenitor cells (37). In addition, MCP-1 may
induce the epithelial-to-mesenchymal transition of RPT-
ECs (38, 39). TLR2 stimulation increased the ARPC
proliferation rate, suggesting a role for TLR2 in ARPC
activation via autocrine signaling. Moreover, we showed
that TLR2 stimulation improved ARPC differentiation
into renal epithelial cells. ARPCs were able to undergo
branching morphogenesis and form tubule-like structures
exclusively following TLR2 stimulation.

Together, the results from this and our previous
studies (14, 40) suggest that ARPCs, following damage
sensed by TLR2, could work as directors of the renal
regenerative process, controlling the 3 main kidney
repair pathways: proliferation and differentiation of
resident ARPCs, dedifferentiation and subsequent pro-
liferation of surviving tubular cells (1, 40, 41), and
recall of bone marrow SCs (41–42). This study also
shows the localization of CD133�/CD24� progenitor
cells in the tubular epithelium, provides the first
genomic characterization of populations of resident
multipotent progenitor cells in adult human renal
glomeruli and tubules, and shows that TLR2 found on
adult ARPCs might be responsible for their activation
in repair processes in the kidney.
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