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*Department of Molecular Biotechnology and Health Sciences, Molecular Biotechnology Center, and ‡Department of
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Department of Medical Sciences, San Giovanni Battista Hospital and University of Torino, Torino, Italy

ABSTRACT
Spermatogonial stem cells reside in specific niches within seminiferous tubules and continuously generate
differentiating daughter cells for production of spermatozoa. Although spermatogonial stem cells are
unipotent, these cells are able to spontaneously convert to germline cell–derived pluripotent stem cells
(GPSCs) in vitro. GPSCs have many properties of embryonic stem cells and are highly plastic, but their
therapeutic potential in tissue regeneration has not been fully explored. Using a novel renal epithelial
differentiation protocol, we obtained GPSC-derived tubular-like cells (GTCs) that were functional in vitro,
as demonstrated through transepithelial electrical resistance analysis. In mice, GTCs injected after ische-
mic renal injury homed to the renal parenchyma, and GTC-treated mice showed reduced renal oxidative
stress, tubular apoptosis, and cortical damage and upregulated tubular expression of the antioxidant
enzyme hemeoxygenase-1. Six weeks after ischemic injury, kidneys of GTC-treated mice had less fibrosis
and inflammatory infiltrate than kidneys of vehicle-treatedmice. In conclusion, we show that GPSCs can be
differentiated into functionally active renal tubular-like cells that therapeutically prevent chronic ischemic
damage in vivo, introducing the potential utility of GPSCs in regenerative cell therapy.

J Am Soc Nephrol 25: 316–328, 2014. doi: 10.1681/ASN.2013040367

AKI is a common complication characterized by a
rapidreductioninkidney functionthatresults in failure
tomaintainfluid.AKI is apotentially reversibledisease.
However, some patients recover incompletely from
AKI, and these patients either continue undergoing
dialysis or progress toCKD.Moreover, developmentof
CKDcan lead to ESRD.One of themain causes of AKI
is ischemia/reperfusion injury (IRI).1 IRI is a patho-
logic condition characterized by an initial restriction of
blood supply followed by the subsequent restoration
of perfusion and concomitant reoxygenation that is
frequently associated with an exacerbation of tissue
injury and a strong inflammatory response.2 The cells
within the renal parenchyma that suffer themost dam-
age upon kidney ischemia are the proximal tubular
cells. This is likely due to the presence of a brush bor-
der on these cells that increases cell surface area and
sensitizes them to damage.

The recent discovery of the ability to reprogram
adult cells into pluripotent stem cells (iPSCs) has

profound therapeutic implications for diseases involv-
ing tissue damage and degeneration. Derivation of
pluripotent stem cells from an adult source avoids
several ethical concerns of obtaining such cells from
embryos. However, efficient generation of iPSCs
typically requires transduction of cells with repro-
gramming factors, including potent proto-oncogenes
that can limit their therapeutic uses.3 The existence of
inherent epigeneticdifferences between iPSCs and reg-
ular embryonic stem cells (ESCs) can adversely affect
iPSCs functionality.4,5

Received April 10, 2013. Accepted August 19, 2013.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Fiorella Altruda, Via Nizza 52, 10126 Torino,
Italy. Email: fiorella.altruda@unito.it

Copyright © 2014 by the American Society of Nephrology

316 ISSN : 1046-6673/2502-316 J Am Soc Nephrol 25: 316–328, 2014

D
ow

nloaded from
 http://journals.lw

w
.com

/jasn by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 06/10/2024

http://www.jasn.org
mailto:fiorella.altruda@unito.it


We explored alternative sources for therapeutically relevant
adult pluripotent stemcells, inparticular, fromgermcells of the
testis. Spermatogonial stemcells (SSCs) from themouse can be
cultured for the long term in vitro while maintaining stem cell
potential.6,7 Under specific culture conditions, the unipotent
SSCs spontaneously convert at low frequency into pluripotent
embryonic-like stem cells, known as germline cell–derived
pluripotent stem cells (GPSCs).8–11 This conversion occurs
spontaneously without transduction of reprogramming fac-
tors, and thus GPSCs can be a valuable adult source of plurip-
otent stem cells for therapy.

GPSCs share many features with ESCs9 and show great plas-
ticity, being able to differentiate in vitro into functional cardio-
myocytes,12 neurons,13 hematopoietic cells,14 hepatocytes,15 and
vascular cells,16 although the therapeutic potential of GPSCs in
tissue regeneration has not been extensively studied. It was also
demonstrated that the unipotent SSCs were able to transdiffer-
entiate into renal cells once injected directly in the parenchyma of
kidney.17 In addition, studies performed on ESCs and iPSCs18–23

have provided evidence of expression of markers associated with
early stages of embryonic kidney development.

Here we demonstrate that GPSCs can differentiate into
functional renal tubular-like cells in vitro. We also tested the
functional capabilities of these tubular-like cells derived from
GPSCs (GTCs) in treatment of an in vivo model of kidney
ischemia and demonstrate that they protect against both acute
and chronic kidney damage.

RESULTS

GPSCs Differentiate into Renal Tubular Cells In Vitro
GPSCs were obtained as previously described.15 To induce differ-
entiation ofGPSCs into renal tubular cells, embryoid bodies (EBs)
were formed by static culture and a new, specific protocol was
designed to induce renal tubular differentiation (Figure 1). EBs
were assessed at various differentiation days for the expression of
genes involved in kidney development.20 The
genes were analyzed by real-time PCR and
immunofluorescence, as listed: brachyury
and goosecoid as markers of mesodermal
layer; vimentin as marker of mesenchymal-
derived cells; cadherin-16/kidney-specific
protein (KSP), Tamm-Horsfall protein
(THP), and mineralocorticoid receptor as
markers of tubular epithelial cells, and podo-
calyxin, nephrin, Wt1, and aquaporin-2 as
markers of podocytes, glomerular cells, and
collecting duct cells, respectively. After 6 days
in suspension, EBs start to develop the meso-
dermal layer, as confirmed by the expression
of brachyury (Figure 2A) and goosecoid. The
expression of goosecoid dropped at day 14
(Figure 2C), whereas brachyury was ex-
pressed until day 35 (Figure 2B). Vimentin

(Figure 2D) was highly expressed from day 14 and remained
stable. Because vimentin is usually not expressed in differentiated
tubular cells, the stable expression of this marker (Figure 2, D and
H) in our culture highlights that these cells are not fully differen-
tiated and that they are closer to progenitor cells. At day 21, we
detected the expression of cadherin-16/KSP by real-time PCR
(Figure 2F) and immunofluorescence analysis24 (Figure 2I). Cad-
herin-16 is expressed specifically in renal tubular cells, and in vivo
its expression starts at the S-shaped body stage, around E14.5 in
mice.25 THP, themost abundant protein secreted in the urine,was
detected by immunofluorescence (Figure 2J) starting fromday 28.
Mineralocorticoid receptor was expressed consistently from day
21 (Figure 2E). During differentiation, GPSCs underwent a pro-
cess of tubulogenesis stimulated by collagen type IV, a component
of the renal basal membrane, that was used to coat the culture
plates. Epidermal growth factor (EGF) is another key factor in-
volved in this process. The EGF added to the culture medium not
onlywas able to stimulate cell proliferation butwas also crucial for
formation of tubular-like structures.26 Tubular-like structures
started to appear at day 21 (Figure 2G). Similar structures were
formed by baby mouse kidney epithelial cells in tridimensional
culture.26

Furthermore, we investigated by real-time PCR analysis the
expression of podocalyxin, nephrin, Wt1, and aquaporin-2.
Thesemarkerswere expressedonlywithin thefirst twoweeksof
culture and dropped after the treatment of EBs with the
conditioned medium (Supplemental Figure 1), with the ex-
ception of aquaporin-2, which was undetectable (data not
shown). Thus, we demonstrated that GTCs express only
markers specific for renal tubular cells.

To obtain a pure population of tubular-like cells, we isolated
KSP+ cells from EBs at day 35 of differentiation. The cells
were sorted, taking advantage of themagnetic-activated cell sort-
ing (MACS) method. The KSP+ cells strongly expressed KSP
(Figure 2L), mineralocorticoid receptor (Supplemental Figure
2A) but not oct4, Wt1, goosecoid, and podocalyxin (Supple-
mental Figure 2, B–E). KSP+ cells expressed vimentin at a very

Figure 1. Experimental plan shows that GPSCs are differentiated toward renal tubular
cells and injected in IRI mice after 35 days. FGF, fibroblast growth factor; GDNF, glial
cell–derived neurotrophic factor.
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low level (Figure 2K), indicating that this fraction of cells rep-
resents the most differentiated cells in EBs. Two days after
MACS isolation, the KSP+ cells started to dedifferentiate, as
demonstrated by the re-expression of vimentin. This highlights
the importance of the EB environment in supporting the dif-
ferentiation process of tubular-like cells.

Transepithelial Electrical Resistance Measurement
Confirms That GTCs Are Functional Epithelial Cells
To assess functionality of the GTCs, wemeasured transepithelial
electrical resistance (TEER),which indicates thepresence of tight
junctions that are typical structuresof epithelial cells.27–29Similar
results were obtained from three independent experiments. Dif-
ferent fractions of cells were analyzed: (1) the “unsorted” frac-
tion, representing the trypsinized and replated EBs, and thus

composed of both the KSP+ and KSP2 cells; (2) KSP+ fraction,
composedof cells recovered fromMACS; (3)KSP2 fraction, com-
posed of unbound cells collected from MACS; (4) undifferenti-
ated GPSCs as negative control; and (5) mouse primary renal
tubular cells as positive control.

In KSP+ cells fraction and mouse primary tubular cells
TEER measurement was similar (Figure 3). The high level of
TEERmeasurement found in the KSP+ fraction was a result of
their ability to form tight junctions as confirmed by the im-
munofluorescence analysis for Zonula Occludens protein-1
(ZO-1) (Supplemental Figure 3), a marker of tight junction.

Teratoma Formation Assay
Atday42of differentiation,GTCswere assessed for their ability
to induce teratomas. To test teratoma development, mice were

Figure 2. GTCs show a renal tubular epithelial phenotype. RNA was extracted at different time points, and real-time PCR analysis (A–F) was
performed. The mesodermal marker Brachyury began to be expressed after 6 days in suspension (A) and decreased during the culture (B).
Goosecoid, another mesodermal marker, is undetectable starting from day 21 (C). Vimentin, a marker of mesenchymal-derived cells, is
stably expressed for the whole duration of the culture (D). Mineralocorticoid receptor (E) and cadherin-16/KSP (F) are expressed consistently
from day 21 until day 35 of the EB culture. Each column refers to three independent samples. Tubular-like structures (G) appear spon-
taneously after 21 days in culture (original magnification 3100). We assessed the expression of vimentin (H), KSP (I), and THP (J) through
immunofluorescence staining. Nuclei were counterstained in DAPI. (Original magnification: THP 3400, vimentin/KSP 3630.) Finally, we
evaluated the expression pattern of KSP+ cells. After 2 days in the absence of EB environment, cells start to dedifferentiate, as demon-
strated by the decrease of cadherin-16/KSP (L) and the increase of vimentin (K) expression. (KSP+ d0: RNA was extracted immediately after
isolation; KSP+ d2: RNA was extracted 2 days after cells isolation.) Data are presented as mean 6 SEM.

318 Journal of the American Society of Nephrology J Am Soc Nephrol 25: 316–328, 2014
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injected under left renal capsule with 13106 GTCs or undif-
ferentiated GPSCs, as positive control. After 6 weeks, all kid-
neys injected with undifferentiated GPSCs showed prominent
teratomas (Figure 4A), visible by eye inspection.9,10,30 The
analysis of hematoxylin and eosin–stained sections showed
the presence of structures derived from mesodermal, ectoder-
mal, and endodermal layers (data not shown). On the con-
trary, kidneys injected with GTCs did not show teratoma
formation (Figure 4B).

GTCs Protect against AKI
ToinvestigatewhetherGTCscouldprotectagainstAKI,wechosea
model of IRI based on unilateral nephrectomy followed by left
kidney ischemia. After damage, we injected GTCs in femalemice
through the tail vein. GTCs labeled with Vybrant CFDA SE Cell
Tracer Kit (CFSE) (Molecular Probes, Leiden, The Netherlands)
were detected in renal parenchyma 48 hours after injection,
showing their capacity to home injured kidney (Figure 5). The
homing ability of GTCs was confirmed by in situ analysis of Y
chromosome. GTCs positive for Y chromosomewere detected in
renal parenchyma 2 days after injection (Figure 6B) and repre-
sented 1.5% of the total number of nuclei. Six weeks after IRI,
the number of Y+ cells, mostly located in the tubular structures
(Figure 6C), was 2% of total number of nuclei. This percentage
was slightly higher than that of Y+ cells after 48 hours (Supple-
mental Figure 4E). Double staining for Y chromosome and BrdU
48 hours after IRI revealed that although Y+ cells were able to
proliferate, the number of BrdU+/Y+ was lower than the total
number of proliferating cells (Supplemental Figure 4, C and D).

Ischemized mice injected with GTCs showed significant
reduction in BUN (P,0.01) and creatinine (P,0.05) levels
compared with control mice injected with PBS (Figure 7A).

Histologic analysis of IRI kidneys revealed a marked reduction
of tissue damage in GTC-injected mice with respect to that of
PBS-injected mice (Figure 7B). The number of CASTs (hyaline
material inside the tubular lumen that block and impair the
tubular functionality) and necrotic tubules in the renal cortex
of mice treated with GTCs was significantly lower (P,0.001)
compared with PBS-injected mice (Figure 7C). Moreover, apo-
ptotic cells were reduced in IRI mice treated with GTCs
(P,0.05), suggesting an antiapoptotic effect of GTCs on tubular
cells (Figure 7G). In association with this result, we found that
the number of tubules expressing hemeoxygenase-1 (HO-1), a
well known protective enzyme that exerts an activity against

Figure 3. GTCs are functional epithelial cells. The panel (A) shows
the measure of TEER among different fractions of cells. It is rep-
resentative of three independent experiments (n=4 each column).
The asterisks represents the statistical difference between every
fraction and undifferentiated GSPC (NT) fraction. a represents sta-
tistically relevant difference among cells fractions with the excep-
tion of NT fraction. Data are presented as mean6 SEM. KSP+, cells
recovered from MACS; KSP2, unbound, negative fraction re-
covered from MACS; try, whole EBs trypsinized and replated.

Figure 4. GTCs do not form teratomas in vivo. Representative
hematoxylin and eosin staining of teratoma formation assay in the
left kidney of mice injected with GPSCs (A) and GTCs after 42
days of differentiation (B). The images show the lack of teratoma
formation in mice injected with GTCs, whereas mice injected with
undifferentiated GPSCs show a prominent teratoma. *Same re-
gion of the two kidneys. (Original magnification 340.)

J Am Soc Nephrol 25: 316–328, 2014 Testis Stem Cells in Renal Damage 319
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oxidative stress,31 was increased in GTC-
treated mice (Figure 7F) compared with
mice injected with PBS (P,0.01), and this
result was also confirmed by real-time PCR
analysis (P,0.05) (Supplemental Figure
5A). Cell proliferation and CD18+ infiltra-
tion did not show any difference in GTCs or
PBS injectedmice (Supplemental Figure 5, B
and C).

To evaluate the contribution of GTCs to
the repair process, undifferentiated GPSCs
or KSP+ cells 4 days after MACS isolation
were injected after IRI. Injection of GPSCs
did not affect renal functionality or HO-1
expression (Supplemental Figure 6),
whereas KSP+ cells up-regulated HO-1
(Supplemental Figure 7) albeit less mark-
edly versus differentiated GTCs.

Taken together, these results demon-
strate that GTCs can protect against AKI
caused by ischemic damage.

GTCs Protect against CKD
It is known that AKI can trigger CKD.32,33

To test the possibility that the treatment
with GTCs could protect against chronic
disease progression, we evaluated kidney
functionality and histology in mice injec-
ted with GTCs 6 weeks after IRI-AKI. We
scored the percentage of mice in the groups
of GTC/PBS-injected mice that developed
chronic renal damage. The scoring of CKD
highlighted that GTC-injected mice were
less prone to develop a chronic disease
(Figure 8A).

To confirm the damaging of left kidney
after ischemic insult, we analyzed BUN
and creatinine levels after 48 hours (data
not shown). Six weeks after IRI, BUN and
creatinine levels were decreased in both
groups compared with levels measured
48 hours after IRI. We did not find any
significant difference between mice treated
with GTCs and those injected with PBS
alone (Figure 8, C and D). In fact, it is
known that BUN and creatinine levels are
normal until 60% of total kidney function
is lost. On the other hand, measurement of
cystatin C, a more accurate marker of renal
functionality, revealed that serum cystatin
C was significantly lower (P,0.01) in mice
treated with GTCs than those injected with
PBS alone (Figure 8E). As expected, the
relative kidney weight did not differ signif-
icantly between ischemized mice treated

Figure 5. GTCs are able to reach the injured kidney andmigrate in the renal parenchyma.
GTCs labeled with CFSE are present in renal parenchyma 48 hours after ischemia. CFSE+

cells are found to be localized among the tubules. No signal is detected in PBS-injected
mice. *Tubules. CFSE+ cells are revealed with a secondary antibody Alexa 565; nuclei are
counterstained with DAPI. (Original magnification 3630.)

Figure 6. GTCs Y+ cells are detected in different site of renal parenchyma in acute
and chronic experiments. The upper panel (A) shows a positive control on the left and
a negative control on the right, demonstrating that the probe for Y chromosome is
specific. After 48 hours (acute damage), the cells are mostly in the glomeruli and in the
interstitial space between tubules (B). *Tubules; **glomeruli. Six weeks after ischemia
(chronic damage), GTCs Y+ cells are detected in the tubular structures (C), indicating
that GTCs are able to home and engraft the damaged renal tubules. Ischemized fe-
male mice injected with PBS do not show any positive signal. (Original magnification,
31000; nuclei are counterstained with DAPI.) Red triangles indicate the red spot of the
Y chromosome.

320 Journal of the American Society of Nephrology J Am Soc Nephrol 25: 316–328, 2014
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with GTCs or with PBS.34 Whereas the relative kidney weight
was significantly decreased in ischemized mice injected only
with PBS compared with the control nonischemized mice
(P,0.05) (Figure 8B). Tubular dilation/cyst analysis indicated
that tubular dilation type I (P,0.01) andmicrocysts (P,0.01)
formationwere significantly lower inmice injected with GTCs
than in PBS-injected mice (Figure 9, B and C). In addition,
cyst formation could be detected only in mice injected with
PBS but not in mice treated with GTCs (P,0.01) (Figure 9C).
Because persistent infiltration is a factor linked to fibrogenesis
and chronic disease development, we evaluated the inflamma-
tory infiltrates in ischemized and control kidneys. The per-
centage of infiltrating cells (CD18+ cells) was significantly
(P,0.01) lower in mice injected with GTCs than in mice in-
jected with PBS (Figure 10, C and D). Moreover, picrosirius red
staining35–37 revealed that mice injected with GTCs developed

less fibrosis than mice injected with PBS (Figure 10, A and B).
This result was confirmed by the quantification of fibrotic area
in renal sections of mice injected or not injected with GTCs
(P,0.05) stained with Masson trichrome (Figure 10G). Fi-
nally, the incidence of glomerular sclerosis and tubular atrophy
was lower (P,0.05) inmice injectedwithGTCs comparedwith
mice injected with PBS (Figure 10, E and F). Together, these
results demonstrate that treatment with GTCs protect the kid-
ney against IRI-induced chronic disease.

DISCUSSION

Adult stem cells have great plasticity, providing an opportunity
for the treatment of awide range of diseases,38–40 representing an
alternative to ESCs in regenerative cell therapy. In particular,

Figure 7. GTCs protect kidney from AKI through HO-1 upregulation. BUN and creatinine (A) levels in the blood of mice injected with GTCs are
significantly lower than those in mice injected with PBS. GTC-injected mice show a reduction of cortical damage (B), as shown by periodic
acid–Schiff staining (original magnification,3200) compared with PBS-injected mice. GTC-treated mice also show a lower incidence of tubular
necrosis (C) than PBS-injected mice; the left chart indicates incidence of CAST formation, and the right chart represents the total number of
necrotic tubules (tubules undergoing necrosis plus CAST). HO-1 is upregulated in GTC-treated mice compared with PBS-injected mice (D), and
apoptotic ratio is decreased (E) (original magnification: HO-1, 3100; TUNEL staining, 3630). The lower panel represents the quantification of
HO-1+ (F) tubules and apoptotic cells (G). Data are presented as mean 6 SEM. (GTC-injected mice, n=8; PBS-injected mice, n=8.)
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GPSCs have aroused a growing interest in the recent years.41–44

Murine GPSCs resemble ESCs in colony morphology, in their
ability to form all the three germ layers and teratomas in vivo.8–10

In this study, we demonstrate the differ-
entiation of murine GPSCs, in vitro, into re-
nal tubular-like cells and their ability, in vivo,
to restore kidney function after AKI. After 6
days in culture, EBs start to express mesoder-
mal genes. Then, as a result of the treatment
with the conditioned medium, a small frac-
tion of EBs shifts toward a more differenti-
ated state, expressing genes such as KSP and
mineralocorticoid receptor. KSP is a cadherin
expressed exclusively in renal tubular epithe-
lial cells.45 The number of cells expressing
KSP protein is about 10% of the total cell
population (data not shown). More specific
differentiating factors in the medium are
needed to increase the number of KSP+ cells.

GTCs stably express vimentin-like im-
mature progenitor tubular cells. Vimentin,
normally not present in the adult renal
tubular cells, starts to be expressed at a high
level within the first days after severe injury,
during the repair process. In this process,
renal tubular cells recapitulate gene expres-
sion patterns typical of the developing
nephron.1,46 This observation may have
important implications in the use of
GTCs in kidney repair.

To test the functionality of the GTCs in
vivo, we chose the renal IRI as a model of
renal failure. After damage induction, we
injected GTCs at day 35 of differentiation
into the tail vein of female mice. In situ
analysis of Y chromosome on the renal pa-
renchyma of female mice demonstrates
that transplanted male GTCs are able to
reach the injured kidney and migrate in
the renal parenchyma. Y+ cells are present
in renal parenchyma 48 hours after ische-
mia, mostly in the interstitial area or inside
the glomeruli. After 6 weeks, cells positive
for the Y chromosome persisted in tubules,
indicating a long-term engraftment of
these cells in renal parenchyma. We found
that the percentage of engrafted cells is in-
creased 6 weeks after IRI compared with 48
hours after IRI. Although 48-hour IRImice
display a small amount of double-positive
staining for both Y chromosome and BrdU,
we could not detect any adjacent Y+ cells or
Y+/BrdU+ cells 6 weeks after IRI. These re-
sults indicate that GTC proliferation is not a
prominent event involved in kidney repair.

Renal ischemic injury permanently damages peritubular
capillaries, causing hypoxia, which may be involved in the
progression of CKD after AKI.47 HO-1 is an inducible enzyme

Figure 8. Mice injected with GTCs are protected against CKD development. The score
(A) shows that ischemized mice injected with PBS are more prone to develop a chronic
disease. The relative kidney weight (B) does not differ between mice treated with GTCs
and those treated with PBS, but it is decreased in mice injected only with PBS com-
pared with the control nonischemizedmice. The relative percentage of kidney weight is
evaluated on the total body weight of the mice. BUN (C) and creatinine (D) analysis
shows no difference between mice injected or not injected with GTCs 6 weeks after
ischemia. BUN returns to normal level whereas creatinine remains slightly higher.
Cystatin C (E) is downregulated in mice injected with GTCs compared with mice in-
jected with PBS (PBS-injected mice, n=10; GTC-injected mice, n=10; nonischemized
mice, n=4). Data are presented as mean 6 SEM.
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that protects against oxidative stress, regulating cellular respira-
tion and oxygen availability,48 and its upregulation is linked to a
decrease in the apoptotic ratio.31,49 The expression of HO-1 is
always correlated with a better prognosis after ischemic dam-
age.50–52We found thatmice injectedwithGTCs showed a strong

upregulation of HO-1 2 days after renal
damage induction. This finding suggests
that HO-1 upregulation induced by
GTCs could be involved in kidney protec-
tion from IRI. A high level of expression of
HO-1 after ischemic insult is related to less
impairment of renal parenchyma and
fewer apoptotic cells because of the antia-
poptotic role of HO-1. Our results support
the hypothesis that the upregulation of
HO-1 in mouse kidneys treated with
GTCs may be the mechanism involved in
functional kidney protection. Interestingly,
the intravenous injection of KSP+ cells
helped protect against AKI, resulting in
an intermediate phenotype compared
with that of GPSCs and differentiated
GTCs. This result confirmed that the effect
is specific because the injection of undif-
ferentiated GPSCs cannot protect kidneys
against IRI.

After a single kidney ischemic event,
patients can develop CKD.32,33 Chronic
damage is accompanied by loss of kidney
weight, tubular dilation, and persistent in-
flammation that lead to the release of pro-
fibrogenic factors.32,35 Usually the kidney
is able to restore normal functionality,35

and themain challenge is to prevent fibro-
sis progression. Six weeks after ischemia,
fibrosis, together with tubular dilation,
glomerular sclerosis, and tubular atro-
phy, was almost absent in the renal pa-
renchyma of mice injected with GTCs.
These factors are important hallmarks
of chronic disease, and their absence
confirm the role of GTCs in protecting
kidney from CKD progression.

We did not detect any differences
in kidney weight between ischemized
mice injected or not injected with
GTCs. The explanation could reside in
the strong compensative hypertrophic
stimulus consequence of the presence
of a single kidney,34 as dictated by our IRI
model.

In conclusion, these data show that
GTCs can be derived fromGPSCs and that
they are functionally active in vivo for the
repair of renal damage in a murine model

of IRI. These findings open the possibility to repair damage in
acute renal disease, with the advantage of using GPSCs directly
isolated from patients. Furthermore, because of the high plas-
ticity displayed by GPSCs, the hope is that these cells could be
applied to other diseases.

Figure 9. Mice injected with GTCs do not showtubular dilation. Representative hematoxylin
and eosin staining (A) of kidney cortical sections of ischemized mice 6 weeks after ischemia and
of a healthymouse (original magnification, 3200). The charts below show the quantification of
tubular dilation (B and C). In particular, the amount of microcysts and cysts in mice injected with
GTCs is similar to that in nonischemized healthy mice (PBS-injected mice, n=10; GTC-injected
mice, n=10; nonischemized mice, n=4). Data are presented as mean 6 SEM.
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CONCISE METHODS

Culture of Undifferentiated GPSCs and EB Formation
GPSCs were maintained in DMEM (Invitrogen), 15% FBS (HyClone

FBS characterized; Thermo Scientific), with 1000 U leukemia in-

hibitory factor per liter.9 EB formation was induced by seeding 500

cells/50 ml in an ultra-low-attachment 96-well plate (Corning,

Lowell, MA). EBs were maintained in 1:1 DMEM/F12:RPMI (Invi-

trogen) containing 0.01 mM nonessential amino acid (Gibco), 1 mM

sodium pyruvate (Gibco), 100 U/ml penicillin (Gibco), 100 mg/ml

streptomycin (Gibco), 0.1% BSA fraction V (Gibco), 0.05 mM 2-b

mercaptoethanol (Sigma-Aldrich) (basal medium composition), and

10% FBS for 6 days in suspension, allowing mesoderm induction;

medium was added every 2 days.

Figure 10. GTCs injection in mice prevent renal fibrogenesis. The upper panel (A) shows three representative pictures of fibrotic tissue in
ischemized mice and healthy nonischemized mice, stained with picrosirius red. The lower panel (C) shows, for the same mice, the
presence of infiltrating CD18+ cells and quantification of infiltrating cells per field (D). (Original magnification: picrosirius red, 340;
CD18+, 3100.) The quantification of fibrogenesis (B) is performed through MetaMorph software, and results are expressed as the mean
ratio of the stained area to the total tissue area. Evaluation of renal fibrotic area on Masson trichrome staining (G) confirms the result
obtained with picrosirius red staining. Glomerular sclerosis (E) and tubular atrophy are also evaluated (F). The number of sclerotic
glomeruli and atrophic tubules is significantly decreased in the ischemized mice injected with GTCs compared with PBS-injected mice.
(PBS-injected mice, n=10; GTC-injected mice, n=10; nonischemized mice, n=4.) Data are presented as mean 6 SEM. CD18+ is the
marker for all the infiltrating cells.
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Renal Tubular Differentiation of GPSCs In Vitro
After mesoderm induction, EBs were plated on collagen 10 mg/cm2

(collagen type IV from human placenta; Sigma-Aldrich).53 EBs were

cultured from day 6 to day 16 in 1:1 DMEM/F12:RPMI (Invitrogen)

containing the basal medium components, a “nephrogenic cocktail”54

of fibroblast growth factor-2 (50 ng/ml; Voden), TGF-b (4 ng/ml;

PeProtech), leukemia inhibitory factor (20 ng/ml), and low serum con-

centration (1%). Starting from day 16, EBs were stimulated with a con-

ditionedmedium collected from primary renal tubular cells cultured as

described below. Several factors were added to the medium: 1% FBS,

EGF (10 ng/ml; PeProtech)26; a cocktail of insulin, transferrin, and

sodium selenite 10 mg/ml, 5.5 mg/ml, and 5 ng/ml, respectively; ITS

1003; Sigma-Aldrich); hydrocortisone (36mg/ml; Sigma-Aldrich); glial

cell line–derived neurotrophic factor (50 ng/ml; PeProtech)22; retinoic

acid (1027 M; Sigma-Aldrich); glucose (0.15 g; Sigma-Aldrich)55; and

all components of the basal medium (Figure 1).

Culture of Mouse Primary Renal Tubular Cells
Primary renal tubular cells were isolated under sterile conditions from

kidneys of 129sv mice (8 weeks old) by a modification of previously

described methods.56 Renal cortex was sliced with surgical scalpel and

then passed in three different filters to achieve tubular cells isolation (50

mesh, 70mm, 40mm). Primary tubular cells were maintained in DMEM

to which 15% serum was added. When the cells reached 60%–70% of

confluence, they were rinsed with PBS and then starved for 24 hours in

DMEM containing only 0.1% BSA. The conditioned medium was col-

lected 24 hours after starvation and centrifuged at 3000 rpm for 10 mi-

nutes to remove thedebris. Twocollectionswereperformed for eachplate.

Analysis of mRNA Expression
Total RNA was extracted from EBs at days 2, 4, 6, 7, 14, 21, 28, and 35

according to the manufacturer’s instruction (PureLink RNAMini Kit; In-

vitrogen). Primary renal tubules andkidneyswere used as positive controls.

For the analysis of HO-1 mRNA, total RNA was extracted from

kidneys 48 hours after ischemia, according tomanufacturer’s instruc-

tion (TRI Reagent; Ambion). cDNA was synthesized starting from

500 ng of RNA, as previously described.15 Quantitative real-time-

PCR was performed using primers listed in Table 1.

Immunofluorescence Staining
EBs were fixed with 4% paraformaldehyde for 10 minutes; all the

primary antibodies were diluted in 1% BSA (Sigma-Aldrich) and

incubated for 1 hour at room temperature. The following antibodies

were used: goat polyclonal anti-KSP (cadherin-16; Santa Cruz Bio-

technology), rabbit polyclonal anti-THP (Uromodulin; Santa Cruz

Biotechnology), goat polyclonal antivimentin (Santa Cruz Biotech-

nology), rabbit polyclonal anti–ZO-1 (Invitrogen). Nuclei were

counterstained with DAPI (Sigma-Aldrich).

Isolation of KSP+ Cells
KSP+ cells were isolated from EB culture using MACS (Miltenyi Bio-

tec). The cell suspensionwas incubated with KSP (cadherin-16; Santa

Cruz Biotechnology) primary antibody, 1 ml of antibody/106 cells,

then washed in buffer. Two-cell suspensions were obtained: the la-

beled fraction (KSP+ cells) and the unlabeled fraction (KSP2 cells).

In Vitro Functional Analysis
KSP+ and KSP2 sorted cells fractions, undifferentiated GPSCs, and

primary renal tubules were plated on 24-transwell (polycarbonate

membrane; Corning). TEER analysis was performed 7 days after cells

plating using an STX2 electrode (EVOM2; World Precision Instru-

ments, Inc.); this allowed the formation of tight junction. Electrical

resistance can be derived continuously and measured with an ohm-

meter. TEER values were expressed in ohm 3 cm2.

Production of Biotinylated Probe for In Situ Analysis of
Y Chromosome
Theprobewassynthesizedstarting fromabacterialartificial chromosome

(RP24–418C24; Children’s Hospital Oakland Research Institute) that

cover a specific telomeric region of Y chromosome, the RBMY gene. A

biotinylated probe was produced by using the random priming method

to insert biotinylated deoxyuridine triphosphates (dUTPs) (BioPrime

DNA Labeling System; Invitrogen). Probes were purified by passing

through purification columns (Illustra Microspin G-50 Columns;

GE Healthcare Life Science). In situ analysis was performed on par-

affin-embedded sections (3.5 mm). Antigens were retrieved using a

SPOT-Light Tissue Pretreatment kit (Invitrogen). Sections were de-

natured at 70°C for 5 minutes and then hybridized at 37°C for 19

hours. The biotinylated dUTPs were revealed with Cy3-conjugated

streptavidin (Jackson ImmunoResearch Laboratories, Inc.). We

scored the percentage of cells capable of kidney homing by counting

10 sections 10 mm apart. The number of Y+ chromosomes was cal-

culated on the total number of nuclei.

Animal Model
Studies were conducted in accordance with National Institutes of

Health Guide for Care and Use of Laboratory Animals. All experi-

ments were performed with 8-week-old female 129sv/C57; mice were

allowed free access to water and standard mouse chow. Renal IRI was

Table 1. Primers used for PCR

Transcript Sequence (59-39) Bases

Brachyury GAGCCTGGGGTGATGGTA 20
CAGCCCACCTACTGGTCTTA 20

Cadherin-
16/KSP

GGTTGTCCACCATGATACCC 20

TGCAGCGACACACAATCAC 19
Goosecoid GAGACGAAGTACCCAGACGTG 21

GCGGTTCTTAAACCAGACCTC 21
HO-1 GGTCAGGTGTCCAGAGAAGG 20

CTTCCAGGGCCGTGTAGATA 20
Mineralocorticoid

receptor
CAAAAGAGCCGTGGAAGG 18

TTTCTCCGAATCTTATCAATAATGC 25
Nephrin AACATCCAGCTCGTCAGCAT 20

AGGGCTCACGCTCACAAC 18
Podocalyxin TCCTTGTTGCTGCCCTCT 18

CTCTGTGAGCCGTTGCTG 18
Vimentin CCAACCTTTTCTTCCCTGAA 20

TGAGTGGGTGTCAACCAGAG 20
Wt1 CAGATGAACCTAGGAGGAGCTACCTTAAA 26

TGCCCTTCTGTCCATTTCA 19
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modified frommethods previously described.57,58 In brief, mice were

anesthetized by intraperitoneal injection with Zoletil 100 (Virbac),

2 mg/kg body weight. The left renal artery and vein were clamped for

40 minutes with a nontraumatic microaneurysm clamp, and right ne-

phrectomy was performed. During the period of ischemia, body tem-

perature wasmaintained at 37°C by placing themice on awarming pad.

After clamp removal, reperfusion was confirmed by visual inspection.

To test the effect of GTCs, mice were divided in two groups. In the

treated group (n=8), soon after IRI, 2.53105 GTCs, at day 35 of differ-

entiation, were infused intravenously through the tail vein. In the un-

treated group (n=8), mice were given only vehicle. Both groups were

euthanized 2 days after IRI. In the chronic damage model, the same

experimental procedure was performed but mice (n=10 treated/

untreated group) were euthanized 6 weeks after ischemia.

Identification of CFSE-Labeled Cells
To detect GTCs in renal parenchyma, cells were labeled before injection

with CFSE. The cells were injected after IRI in mice tails. Two days after

injection, mice were euthanized and kidneys were embedded in optimal

cutting temperature compound (VWRDBH Prolabo) and snap-frozen

in liquid nitrogen. Tissue slides were stained with an anti-fluorescein/

Oregon green polyclonal antibody (Molecular Probes) to detect CFSE-

positive cells. DAPI (Sigma-Aldrich) was used to stain nuclei.

Renal Morphology and Tubular Dilation/Cystic Index
For all histologic analyses, kidneys were fixed overnight in 10%

formalin and then embedded in paraffin. Renal histology

was evaluated by staining kidney sections with periodic acid-Schiff

reagents according to the manufacturer’s instructions (Bio-Optica).

Luminal hyaline CASTand tubular necrosis were assessed in 20 non-

overlapping fields using a 203 objective (Olympus BH2 RFCA). For

tubular dilation/cyst formation, sections were stained with hematox-

ylin and eosin (Bio-Optica). Numbers of CAST and tubular profiles

showing necrosis were recorded in a blinded fashion. Tubular dila-

tion/cyst quantification was performed using a screen with dots dis-

tant one from another by 13.625 microns. The degree of tubular

dilation was defined by the number of dots in the lumen, following

previously suggested criteria.59

In the chronic damage experiment, kidney sections (3.5 mm) were

stained with picrosirius red (Sigma-Aldrich) to assess the amount of

fibrosis.60 The quantification of fibrosis extension was evaluated with

MetaMorph software (Molecular Devices, LLC); results were expressed

as the mean ratio of the stained area to the total tissue area. Glomerular

sclerosis was defined as the presence of dense abundant deposition of

periodic acid Schiff–positive material at the glomerular tuft, with oc-

clusion of capillary loops and segmental hyalinization in 100 consecu-

tive glomeruli, by determining the percentage of glomeruli exhibiting

sclerotic lesion.Masson trichrome (Bio-Optica) stainingwas performed

according tomanufacturer’s instruction to evaluate tubular atrophy and

interstitialfibrosis. The numberof atrophic tubules were evaluated in 10

nonoverlapping fields using a 203 objective (Olympus BH2 RFCA).

The quantification of fibrosis was evaluated as the extension of fibrotic

area to the total tissue area with MetaMorph software. The scoring of

CKD was carried out by a blinded observer through a semiquantitative

evaluation, based on arbitrary score onMasson trichrome sections. The

score ranged from 0 to 3+ as follows 0: no changes; 1+: damage to

,25%of the interstitial area; 2+: damage to 25%–50%of the interstitial

area; and 3+: damage to.50% of the interstitial area. Kidney and mice

were weighed 6 weeks after ischemia; the relative percentage of kidney

weight was evaluated on the weight of mice total body.

In Vivo Apoptosis, Proliferation, Cell Infiltration, and
HO-1 Expression
To determine the degree of infiltrating cells and HO-1 expression,

renal sections of 3.5 mm were analyzed. Anti-CD18 antibody (BMA

Biomedicals; clone YTS 213.1) was used as a marker of inflammatory

infiltrates, and anti-HO-1 antibody (Enzo Life Sciences) was used to

evaluate the level of HO-1 expression.

To evaluate the proliferation rate, mice were injected intraperi-

toneallywithBrdU(BDPharmigen), 100mg/kgbodyweight, 24hours

after IRI (or24hoursbeforeeuthanasia in thecaseofCKD)and50mg/kg

body weight 36 hours after IRI (12 hours before euthanasia for CKD

experiment).61 Kidney sections were deparaffinized and boiled for

15 minutes in 6 mM sodium citrate buffer (pH, 6.0) for HO-1 and

BrdU staining (DAKO; clone Bu20a). Antigen retrieval for CD18 stain-

ing was accomplished through digestionwith 0.005% trypsin for 30min-

utes. Nonspecific binding and endogenous peroxidase activity were

blocked using 3% hydrogen peroxidase.

Apoptosis was measured by terminal deoxynucleotidyl trans-

ferase–mediated dUTP nick-end labeling performed on paraffin-em-

bedded tissue sections using the fluorescein-based In Situ Cell Death

Detection kit (Roche) according to the manufacturer’s instruction.

BrdU+ and CD18+ cells were scored by counting the number of pos-

itive cells per field in 20 randomly chosen sections of kidney cortex

using a 203 objective (Olympus BH2 RFCA). TUNEL+ cells were

scored in 10 randomly chosen sections of kidney using 403 objective

(ApoTome, Zeiss). The number of BrdU+ cells and TUNEL+ cells was

normalized on the number of total nuclei.

Renal Functionality Assessment
To assess renal functionality, serum was collected. Blood samples were

incubated at 37°C for 30 minutes to allow blood clotting. Serum was

then isolated from the supernatant by centrifugation of blood samples

(3000 rpm, 10 minutes). Creatinine level was measured using a color-

imetric assay based on the Jaffe reaction (Quantichrom Creatinine As-

say; BioAssay Systems, Hayward, CA). BUN was measured by direct

quantification of serum urea with a colorimetric assay kit according to

the instruction protocol (QuantichromUrea Assay; BioAssay Systems).

Cystatin C level was assayed by ELISA according to the manu-

facturer’s instruction (Abcam).

Teratoma Formation Assay
To assess teratoma formation, after 42 days of differentiation in

culture, GTCs were injected under renal capsule. A total of 13106

GTCs or undifferentiated GPSCs, both from two independent cul-

tures, were resuspended in 100 ml of PBS. The 129sv/C57 mice were

anesthetized by an intraperitoneal injection with zoletil 100 (Vir-

bac), 2 mg/kg body weight, and cell suspensions were injected under

the left renal capsule. Mice were euthanized after 6 weeks, and

the left kidneys were removed to check teratoma formation. Right
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kidneys were used as positive controls. Kidney sections (3.5 mm)

were stained with hematoxylin and eosin to analyze teratoma

composition.

Statistical Analyses
Values were reported as the mean 6 SEM. Statistical analyses were

performed by using the two-tailed t test (*P,0.05; **P,0.01;

***P,0.001) for the graphs comparing only two variables. For anal-

ysis of more than two categories, statistical significance was calculated

with one-way ANOVA and Bonferroni post-tests (*P,0.05;

**P,0.01; ***P,0.001). All analyses were performed with PRISM5

(GraphPad Software, Inc., La Jolla, CA).
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