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Abstract Strategies to facilitate repair or generate new neph-
rons are exciting prospects for acute and chronic human renal
disease. Repair of kidney injury involves not just local mech-
anisms but also mobilisation of progenitor/stem cells from
intrarenal niches, including papillary, tubular and glomerular
locations. Diverse markers characterise these unique cells,
often including CD24 and CD133. Extrarenal stem cells
may also contribute to repair, with proposed roles in secreting
growth factors, transfer of microvesicles and exosomes and
immune modulation. Creating new nephrons from stem cells
is beginning to look feasible in mice in which kidneys can be
dissociated into single cells and will then generate mature
renal structures when recombined. The next step is to identify
the correct human markers for progenitor cells from the fetus
or mature kidney with similar potential to form new kidneys.
Intriguingly, development can continue in vivo: whole foetal
kidneys and recombined organs engraft, develop a blood
supply and grow when xenotransplanted, and there are new
advances in decellularised scaffolds to promote differentia-
tion. This is an exciting time for human kidney repair and
regeneration. Many of the approaches and techniques are in
their infancy and based on animal rather than humanwork, but
there is a rapid pace of discovery, and we predict that therapies
based on advances in this field will come into clinical practice
in the next decade.
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Introduction

Current treatments for end-stage kidney disease (chronic kidney
disease stage 5; CKD5) are limited to dialysis or, if the patient is
fortunate, renal transplantation. Quality of life (QOL) of patients
with CKD5 is compromised at whatever age, but it is particularly
hard for children, who should be growing and developing with-
out fluid and dietary restrictions on the one hand and medication
and time-consuming treatments on the other. There are 870
children in the UK under the age of 18 years with CKD5 [1].
Many have congenital kidney or lower urinary tract
malformations, such as renal dysplasia and reflux nephropathy
(32.6 %) or obstructive uropathy (17.3 %), and there has been a
50 % rise in these in children <2 years in the last decade. Adult
CKD5 numbers are much higher: around 8,000 individuals are
on the renal waiting list for a transplant in the UK, but only
around a quarter receive one each year. There were 110,000
adults on US transplant registries in 2011, but only 13,430
transplants were performed. Renal costs now account for 3 %
of the annual budget of the UK National Health Service, and
CKD costs were estimated at US $41 billion for Medicare
patients alone in the USA [2]. There is an urgent need for better
treatment to prevent or improveCKD in children and adults. One
long-term hope, explored in this review, is that it may become
possible to deliver progenitor cell therapies that either repair or
help regenerate existing structures or generate completely new
nephrons. It is highly unlikely that we will ever be able to
generate perfect kidneys with hundreds of thousands of func-
tioning nephrons, but any therapy that safely delays progression
to CKD5 would be welcome. The challenge will be to find the
correct cells to use and timing the therapy for maximal effect.

Repair/regeneration of existing structures

Acute and chronic kidney injury have different aetiologies and
affect different cells but can perhaps be regarded as a
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continuous spectrum of damage, as repeated acute insults
often progress to chronic disease. Acute injury often high-
lights the proximal tubule, which is particularly metabolically
active and may reabsorb/concentrate toxins or the glomerulus,
which is not only exposed to high vascular shear forces but is
also a common site for immune-mediated pathology; in con-
trast, chronic disease tends to bemore widespread (albeit often
patchy), with interstitial fibrosis, tubular atrophy and micro-
vascular loss [3, 4]. Cell turnover is low in the normal mature
kidney but dysregulated in injury/disease [5], and the key to
maximising repair/recovery and preventing CKD progression
must be to target the correct cells to the correct place within
the correct time. Most renal injury is repaired by intrarenal
cells, either local neighbouring cells of the same type or, more
controversially, stem-like cells [6–8]. Organs such as skin and
gut definitely contain stem cells that contribute to tissue main-
tenance and repair, but it is only over the last few years that
similar cell types have been recorded in the kidney [6, 7, 9–11].
Totipotent cells parallel true embryonic stem cells in that they
are: (i) undifferentiated, (ii) able to self-renew repeatedly and
(iii) can give rise to cell lineages from all three germ layers.
Kidney stem/progenitor cells have been identified that can
specifically regenerate renal tissues by functional and expres-
sion studies documenting a low intrinsic proliferative rate (until
stimulated) with label retention, extrusion of fluorescent dyes
and high aldehyde dehydrogenase (ALDH) activity; plus ex-
pression of cell-surface markers, such as CD24, CD133 and
others (see Table 1 and [12]). Three renal progenitor niches
have been reported: renal papilla, tubules and parietal layer of
Bowman’s capsule in the glomerulus (Fig. 1).

Oliver and colleagues reported label-retaining cells in the
mouse papilla [9]: they identified slowly cycling cells using a
pulse of bromodeoxyuridine (BrdU) in mice and rat pups,
followed by a prolonged 2-month chase; the only area with
numerous labelled cells was the papilla. These cells entered the
cell cycle and moved out of the papilla following renal injury
and formed spheres in vitro as well as potential differentiation
towards other lineages [9]. The niche was subsequently refined
to the upper papilla [13], and a different group demonstrated
similar cells in the mouse papilla. The authors found expression
of the developmental marker Pax2, persistent self-renewal and
potential for differentiation into diverse renal lineages [14].
Comparable cells reside in human kidneys: Ward el al. demon-
strated double nestin and CD133/1+ cells in papillae that
displayed integration into tubular structures in 3D culture and
after transplant into developing mouse kidneys [15].

Label-retaining cells can also be found in proximal tubules
[16]. These cells proliferate after renal injury and divide
asymmetrically, generating different populations, some of
which remained undifferentiated (progenitors for the future
perhaps?), whereas others generated epithelia. Multipotent
progenitor cells have been isolated from rat kidneys with
spindle-shaped morphology, prolonged self-renewal for

>200 passages and expression of vimentin, CD90 (thy1.1),
Pax-2 and Oct4, but not more differentiated markers such as
cytokeratin or major histocompatibility complex (MHC) class
I or II [10]. These are able to differentiate into renal tubules
after subcapsular or intra-arterial injection. CD133+ cells can
be found in the tubular fraction of normal adult kidneys,
coexpressing PAX2 [11]. These can also contribute to differ-
ent lineages, including renal tubule epithelia and endothelia. A
recent study has further highlighted a triple CD24, CD133 and
vimentin-positive subpopulation of cells scattered throughout
the proximal tubule; this population expanded in rat unilateral
ureteral obstruction, reiterating possible roles in tubular regen-
eration [17]. Similarly, triple CD24, CD133 and CD106+ cells
from human cortical tubules and glomeruli have the potential
to engraft in to regenerating tubules in experimental renal
injury [18]. Other candidate markers for human progenitor
cells are summarised in Table 1, and include ALDH [19] and
toll-like receptor 2 (TLR2) [20, 21].

Potential podocyte and proximal nephron progenitors lo-
calise to parietal epithelial cells of Bowman’s capsule: a subset
of parietal epithelial cells express CD133 and CD24; more-
over, they exhibit clonal self-renewal and generate lineages
with features of both proximal and distal tubule epithelia [22].
CD133+CD24+ cells are in the renal vesicles and S-shaped
bodies in developing human kidneys but were later restricted
to the urinary pole of Bowman’s capsule [23]. Other markers
distinguish subsets within these double-positive cells, with a
key factor appearing to be podocalyxin: CD24+CD133+
podocalyxin-negative cells localise close to the urinary pole,
whereas triple-positive cells concentrate towards the vascular
pole; only the former have significant potential to generate
tubular cells or podocytes or improve adriamycin-induced
podocyte damage [24, 25].

Despite the evidence that the bulk of cells involved in the
normal processes invoked to repair renal injury are intrarenal [6,
7], there is emerging data that exogenous stem/progenitor cells
might add to future therapeutic options: bone marrow cells
migrate to the kidney and participate in normal tubular epithelial
cell turnover and repair after acute kidney injury [26]; mesen-
chymal stem cells improve renal recovery in models of injury
[27]; endothelial progenitor cells may also contribute to repair
[28]. Amniotic-fluid-derived cells may also be therapeutic in
experimental renal injury [29, 30], whereas induced pluripotent
stem (IPS) cells can differentiate towards renal lineages in vitro
and in vivo [31]. Progenitor/stem cells not only replace damaged
kidney cells; they secrete growth factors, cytokines and
chemokines; release microvesicles or exosomes that can trans-
duce regenerative signals and even mitochondria into target cells
[32] and modulate the immune response; alter the balance from
apoptosis to proliferation of target cells and promote angiogen-
esis [32]. Infused mesenchymal stem cells are removed from the
body within 24 h, so positive effects must initiate early in injury
and be renal targeted for maximal effects [33].
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Generation of nephrons de novo

There may be too few nephrons to repair in bilateral congen-
ital malformations or towards the end stage; hence, we need a
different strategy to avoid CKD5, namely, generating new
nephrons. The ideal plan would be to grow kidneys from
patient-derived cells, such as renal progenitor/stem cells iso-
lated after kidney biopsy, or reprogrammed IPS or amniotic-
fluid-derived cells. It is important to understand the processes
and molecules involved in kidney development in order to

produce appropriate cells to generate nephrons. The kidney is
derived from intermediate mesoderm, and the key interactions
needed to build the organ are repeated interactions between
two cell types: epithelia in the ureteric bud, and mesenchyme
in the metanephric blastema. In humans, the permanent kidney
(the metanephros) initiates at 5 weeks of gestation, when the
ureteric bud invades themetanephric mesenchyme (Fig. 1). The
ureteric bud branches multiple times to generate the collecting
duct system, whereas induced mesenchyme around the tips of
the ureteric bud condenses into aggregates that epithelialise and

Table 1 Stem/renal progenitor cells isolated from human kidneys

Study Stage Site Method of
isolation

Expressed
markers

Functional
experiment

Price et al.,
2007 [39]

Fetal (8- to
12-week
gestation)

Whole kidney Explant
culture

WT1,
GDNF,
PAX2

Limited differentiation potential in monolayer
in response to LIF induction

Lazzeri et al.,
2007 [23]

Fetal (8.5- to 17-
week gestation

Whole kidney MACS CD133,
CD24

Rhabdomyolysis-induced acute renal failure:
CD24+CD133+ incorporated into tubules and
expressed specific markers of different portions
of the nephron

Harari-Steinberg
et al., 2013 [44]

Fetal (15- to
23-week
gestation)

Whole kidney FACS NCAM 5/6 nephrectomy: NCAM+ population halted
disease progression, through regeneration of
injured kidney tissue

Buzhor et al.,
2013 [45]

Adult Normal border
of renal cell
carcinoma

FACS NCAM Glycerol-induced acute kidney injury: administration
of both NCAM+ and NCAM− populations improved
renal function

Bussolati et al.,
2005 [11]

Adult Cortex – tubular
fraction

MACS CD133,
PAX2

Glycerol-induced acute kidney injury: administrated
CD133+ integrated into tubular structures and
improved renal function

Bruno et al.,
2009 [25]

Adult Cortex – decapsulated
glomeruli

MACS CD133,
CD146

Glomerular specific CD133+ demonstrated potential to
differentiate in vitro to a variety of glomerular cell types,
in particular endothelia, mesangium and podocyte

Sagrinati et al.,
2006 [22]

Adult Cortex – glomeruli MACS CD133,
CD24

Treatment of rhabdomyolysis-induced acute renal failure
with CD24+CD133+ significantly ameliorated the
morphologic and functional kidney damage

Ronconi
et al.,2009 [24]

Adult Cortex MACS CD133,
CD24,
PDX

Administration of CD133+CD24+PDX- cells to
adriamycin-injured mice reduced proteinuria and
glomerular and tubulointerstitial injury

Angelotti et al.,
2012 [18]

Adult Cortex – glomerular
and tubular
fractions

MACS CD133,
CD24,
CD106

Rhabdomyolysis-induced acute renal failure:
CD133+CD24+CD106− cells engrafted into
the regenerating tubules

Lindgren et al.,
2011 [19]

Adult Cortex – tubular
fraction

FACS ALDH ALDHhigh cells demonstrated elevated CD133 expression
and displayed anchorage-independent growth and sphere
formation

Ward et al.,
2011 [15]

Adult Papilla MACS CD133/1 CD133/1+ papillary cells localise to the loops of Henle.
Intercalated in tubules of developing mouse kidney
in ex vivo organ cultures

Sallustio et al.,
2010 [20]

Adult Cortex – glomerular
and tubular fraction

MACS CD133 Stimulation CD133+ cells via TLR2 promoted epithelial
cell differentiation, branching morphogenesis and
formation of tubule-like structures in vitro

Sallustio et al.,
2013 [21]

Adult Cortex – glomerular
and tubular fraction

MACS CD133,
CD24,
CD106

CD133+CD24+CD106− tubular subpopulation reversed
cisplatin-induced injury in renal proximal tubular
epithelial cells in vitro. mediated through TLR2

Illustration of the increasing number of human renal studies demonstrating stem/progenitor like properties and functional investigations.

LIF, leukaemia inhibitory factor; FACS, flow activated cell sorting; MACS, magnetic cell sorting; PDX, pancreatic and duodenal homeobox factor-1;
NCAM, neural cell adhesion molecule; TLR2, toll-like receptor 2; ALDH, aldehyde dehydrogenase
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then elongate to form the nephron from glomerulus to distal
tubule. The first human glomeruli are observed at about 9weeks
of gestation. Proliferation, branching and differentiation cycles
continue until 32–36 weeks gestation, when nephrogenesis
finishes (i.e. before birth in humans). Numerous groups have
isolated ureteric buds/lines and demonstrate branching and
collecting-duct development [34, 35], but most research has
focussed on the mesenchyme, particularly the inducers needed
to force epithelial conversion.

It has been known for many years that the spinal cord
induces epithelial conversion of metanephric mesenchyme, as
do other cultures that stimulate Wnt signalling [36]. However,
little was known about factors that promote conversion until
two groups identified leukaemia inhibitory factor (LIF) as the
critical component in this process [37, 38]. These studies dem-
onstrated tubule formation in lumps of isolated rat mesen-
chymes, and our group set out to investigate whether similar
conditions worked for human progenitor cells [39] (Fig. 2). We
explanted sections of 8- to 12-week human metanephroi, anon-
ymously collected with full consent and ethical approval, and
allowed cells to grow out. Colonies were initially of mixed
epithelial and mesenchymal phenotype, but the latter grew

much faster and populations became entirely mesenchymal in
appearance and gene expression by the second passage, remain-
ing viable for >20 passages (the furthest we cultured). The cells
expressed classical mesenchymal markers (Fig. 2) but did not
epithelialise with the combination of LIF/fibroblast growth
factor 2 (FGF2)/transforming growth factor alpha (TGFα) suf-
ficient to induce rat epithelial transformation, although we did
observe a number of novel gene-expression changes in factors
such as matrix metalloproteinase 1, stanniocalcin and the neural
stem cell marker Nestin [39]. Culturing the cells longer in our
standard serum-free media led to clump formation and detach-
ment by 7 days, which was reversed by further culture in
normal medium, suggesting that this effect was not a sign of
toxicity, and even restoration of 5 % serum did not help differ-
entiation (Fig. 2 and unpublished data). These findings raise
intriguing questions about potential differences between human
and rodent kidney development, which must be borne in mind
with much of the murine work described below.

A longstanding question concerns which markers delineate
the mesenchyme that is committed to forming nephrons versus
that destined to become stroma. The latter lineage seems clearly
marked by expression of BF2/Foxd1 [40], but a series ofmarkers

Fig. 1 Kidney development and sites of intrarenal stem cells. a–c
Nephrogenesis. a Outgrowth of the ureteric bud (ub) from the Wolffian
duct (wd) into the metanephric mesenchyme (mm) at 5 weeks of human
gestation. b Branching of the bud (bb) with each ampullary tip stimulating
the mesenchyme to condense around it (cm) and begin to undergo mesen-
chymal–epithelial conversion; 6 weeks gestation. c Further branching and

stages of nephron formation from renal vesicle (v), through comma shapes
(c) to maturing glomeruli. d, e Labeled for potential sites of stem/progen-
itor cells, such as the tips of the ureteric bud branches and early condensed
mesenchyme (d) and the papillary region, parietal epithelial glomerular
cells and diffuse tubular cells particularly in proximal tubules (e)
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have been linked to nephron precursors at early stages of com-
mitment, including Cited1, Osr1, Sall1 and Six2 [41, 42]. In an
ideal therapy, one might isolate human cells expressing these
markers, combine them with potential ureteric bud epithelia and
await kidney development, but these are transcription factors
rather than cell-surface markers, which makes specific isolation
difficult. Therefore, different markers have been sought, particu-
larly by Dekel and his group [43–45]: suggested keymarkers are
NCAM, EpCAM and FZD7, whereas CD24 and CD133 are
seen in more differentiated cells. A recent paper suggested that
mouse embryonic stem cells expressing kidney-specific protein
(KSP) have a similar molecular profile to kidney progenitors and
generate tubular structures in 3D culture conditions [46]; selec-
tion via KSP may be useful for IPS cells, also.

Isolating appropriate precursors is only the first step; other
questions are: (i) Can the progenitors generate nephrons/a
whole kidney de novo? (ii) Will they develop and work
in vivo? (iii) Can we improve structure using a preformed
renal scaffold? Generating a new kidney from individual cells
seemed fantastical only 5 years ago, but a number of groups

have now reported this based on original work from the
laboratory of Jamie Davies in Edinburgh: Unbekandt dissoci-
ated early foetal mouse kidneys into single-cell suspension
and then centrifuged them into a pellet that was then cultured;
too many cells were lost for successful nephrogenesis until a
new step was introduced: that of blocking apoptosis using an
inhibitor of Rho kinase (ROCK) during the first 24 h of
culture. Typical renal structures were then formed, including
nephrons and collecting ducts [47]. This simple recombina-
tion’ experiment allows the renal developmental potential of
any cells to be assessed without requiring exogenous tissues
or inducers, and it has been refined to promote better ureteric
tree and loop of Henle development [48]. In recent work in our
laboratory, we used the same strategy for human foetal kidney
cells; preliminary results suggest that primary cells from early
foetal stages have the potential to generate tubular and
glomerular structures following recombination, but the supply
of such tissues is rare, so we are now attempting to replicate
and refine this process using established cell lines (unpub-
lished data).

Line 1   Kidney

E-CAD

RET

WNT11

β-actin

309bp

220bp

237bp

839bp
GDNF 18kDa

β-actin 42kDa

WT1 52kDa

48kDa
46kDa

PAX2

HGF 80kDa

Line 1   Line 2   Line 3A B

D E

C

F

Control 7d no serum 7d with serum
Fig. 2 Isolation and characterisation of potential progenitor cells from
human foetal kidneys. a Explant slices of a 10-week-gestation human
kidney showing outgrowth of cells. b , c Mesenchymal cell lines express
characteristic markers of induced mesenchyme, such as WT1 and PAX2;
produce mesenchymal-derived growth factors, such as hepatocyte growth
factor (HGF) and glial-cell-line-derived growth factor (GDNF); and lack
epithelial markers, such as E-cadherin (E-CAD), rearranged during trans-
fection (RET) or wingless-related MMTV integration site 11 (WNT11).

d–f) Human cells do not respond to leukaemia inhibitory factor (LIF) by
epithelialising, unlike rat mesenchymes [37, 38]: d Classic mesenchymal
phenotype in control cultures without LIF. e Cells form abnormal clumps
after 7 days of LIF in serum-free culture medium; these fall off the plate
but regrow when LIF is removed and serum reintroduced. f No morpho-
logical effect of LIF after 7 days of culture in normal medium that
includes 5 % serum
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There are limits to kidney growth in vitro because of the
lack of blood supply and reliance on diffusion for nutrient and
oxygen supply. Hence, the next test of potential is whether the
neo-organs will develop in vivo. Xenotransplantation of
whole metanephric kidneys has been reported for rats, which
showed kidney growth, vascularisation by host vessels and
some degree of excretory function [49]; even early human
foetal kidneys will develop in experimental hosts [50]. Xinaris
recently extended this experiment with the recombination
kidney technique [51]: neo-organs were cultured for 1 or
5 days, then implanted through a catheter beneath the renal
capsule of unilaterally nephrectomised athymic rats and left to
grow for 3 weeks; only organoids comprising large numbers
of cells survived, and these only contained rudimentary
glomerular-like structures initially; in this case, local and
systemic vascular endothelial growth factor (VEGF) rescued
nephrogenesis, generating a decent host-derived blood supply
and maturing glomeruli. Neither of these experiments docu-
mented long-term growth of the neo-organs, but both indicat-
ed vascularisation, which is a prerequisite for onwards devel-
opment and may be an additional area to be considered in
future therapies for CKD5 [52].

Finally, might it not be easier to start with a partially built
kidney rather than developing the entire structure from
scratch? This is the concept used in other, less complex,
organs, such as the trachea [53], but will it work for the kidney,
which has complex 3D anatomy and cellular specialisation?
Initial reports are promising using a strategy in which normal
kidneys are decellularised using prolonged flushing with de-
tergent to clear cells whilst retaining structure- and segment-
specific matrix proteins, such as the collagens, laminin, fibro-
nectin and glycosaminoglycans. Ross and colleagues
decellularised rat kidneys and then perfused them with mouse
embryonic stem cells either through the artery or ureter;
precursor cells populated and proliferated, expressing some
immunohistochemical markers for differentiation [54]. Other
scaffolds have derived from rhesus monkey and surplus hu-
man kidneys. The most compelling results reported thus far,
however, come from Song and colleagues, who implanted a
rat scaffold populated with human umbilical venous endothe-
lial cells (HUVECs) through the renal artery and rat neonatal
kidney cells (NKCs) through the ureter [55]. The neo-organ
picked up a vascular supply from the host and produced urine,
albeit of low quantity and quality. Taking the scaffold concept
one step further, it may even be possible to print a kidney
scaffold and populate it with segment-specific cells [56].

Conclusion

This is an exciting time for kidney repair and regeneration.
Almost every month there are new markers identified for
kidney stem/progenitor cells. Our ability to manipulate cell

phenotype and fate is advancing rapidly, and progress in neo-
organ recombination and biomaterials is breathtaking. These
advances are important because there is an urgent need for new
therapies in both congenital and acquired kidney diseases, but
wemust inject an element of caution, asmuch of the data comes
from animal work, and human studies are clearly more complex
and difficult. Nevertheless, we predict a bright future for
targeted nephron repair and neonephrogenesis; it is our hope
that therapies based on these principles will be developed for
clinical practice within the next decade.
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