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ABSTRACT
The kidneys serve a number of important roles that are required to maintain normal human physiologic
function. Chronic kidney disease is a leading cause of mortality and morbidity, and a substantial number of these
patients progress to end-stage renal disease. End-stage disease involves multiple organ systems and requires
renal replacement therapy. Currently, the gold-standard treatment for this condition is renal transplantation,
which can restore complete kidney function. However, renal transplantation is limited by the critical shortage
of transplant organs and by complications that can result from chronic immunosuppressive therapy and graft
failure. Recent advances in cell technologies have allowed for development of cell-based approaches for kidney
tissue regeneration. Efforts are ongoing to identify reliable cell sources, develop ideal growth environments
and innovative differentiation factors, and discover synthetic and naturally-derived materials for use as an ideal
support structure for tissue regeneration. However, numerous challenges must be met in order to translate these
techniques into clinically relevant therapies.

INTRODUCTION
The kidneys serve a number of important roles that are
required to maintain normal human physiologic function. They
are the primary organs for maintaining fluid and electrolyte
balance, and they play a large role in maintaining acid-base
balance. They produce renin, which is vital to controlling blood
pressure, and erythropoietin (EPO), which regulates red blood
cell production. They affect calcium metabolism, particularly
calcium absorption, by converting a precursor of vitamin D to
the most active form of 1,25-dihydroxyvitamin D [1].

When renal tissue is extensively damaged, tubular atrophy
and glomerulosclerosis develop; these eventually lead to
loss of functional nephron units and fibrosis [2]. Chronic
kidney disease (CKD) is a leading cause of mortality and
morbidity in Western countries. It affects approximately 11%
of the adult population and a substantial number of these
patients progress to end-stage renal disease (ESRD), which
currently has no cure [3,4]. ESRD is a devastating condition
that involves multiple organ systems in affected individuals
and requires renal replacement therapy [3,5-10]. Currently,
the most common form of renal replacement therapy used
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in ESRD is dialysis. However, dialysis neglects the resorptive,
homeostatic, metabolic, and endocrinologic functions of the
kidney and only partially replaces its filtration properties [1115]. Renal transplantation is the only definitive treatment that
can restore complete kidney function, including filtration,
production of EPO, and production of 1,25 dihydroxyvitamin
D3. However, renal transplantation also has limitations, such
as a critical shortage of transplant organs, complications due
to chronic immunosuppressive therapy, and graft failure [1113;16-19].
The limitations of current therapies for renal failure have
led investigators to explore the development of alternative
therapeutic modalities that can improve, restore, or replace
renal function. The emergence of cell-based therapies using
tissue engineering and regenerative medicine strategies has
presented alternative possibilities for the management of
pathologic renal conditions [11,20-24]. Kidney cell expansion for
cell transplantation using tissue engineering and regenerative
medicine techniques has been proposed as a method to
augment either isolated or total renal function. Despite the
fact that the kidney is one of the more challenging organs to
regenerate due to its complexity, investigative advances made
to date have been promising [21-23].

FUNDAMENTALS OF RENAL TISSUE REGENERATION
The kidney is a complex organ with multiple cell types and a
complex functional anatomy that renders it one of the most
difficult to reconstruct [26-32]. The system of nephrons and
collecting ducts within the kidney is comprised of multiple
functionally and morphologically distinct segments. Thus,
techniques in regenerative medicine are directed toward
providing appropriate conditions for the long-term survival,
differentiation, and growth of many types of cells. Moreover,
optimal growth conditions have been extensively investigated
to provide adequate enrichment for achieving stable renal cell
expansion systems [33-37].
Isolation of particular cell types that produce specific factors,
such as EPO, may be a good approach for selective cell
therapies. However, total renal function would not be achieved
using this approach. To create kidney tissue that would deliver
full renal function, a culture containing all of the major cell
types comprising the functional nephron units should be used.
Optimal culture conditions to nurture renal cells have been
extensively studied, and the cells grown under these conditions
have been reported to maintain their cellular characteristics.
Furthermore, when these cultured renal cells were placed in
a 3-dimensional (3-D) culture environment, they were able to
reconstitute renal structures [38].
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Investigative efforts designed to identify a reliable cell source
have also been expanded to include stem and progenitor cells.
The use of these cells for tissue regeneration is attractive due
to their ability to differentiate and mature into specific cell
types that are required for regeneration. This is particularly
useful in instances where primary renal cells are unavailable
due to extensive tissue damage. Bone marrow-derived
human mesenchymal stem cells (MSCs) have been shown
to be a potential source, and these cells have the ability to
differentiate into several cell lineages [39-41]. These cells have
been shown to participate in kidney development when they
are placed in a rat embryonic niche that allows for continued
exposure to a repertoire of nephrogenic signals [42]. However,
it has been shown that bone marrow MSCs contribute mainly
to regeneration of damaged glomerular endothelial cells after
injury. Instead, the major cell source for kidney regeneration
was found to originate in the intrarenal cells in an ischemic
renal injury model [39,43]. Recently, the isolation of a side
population of cells in the adult human kidney was described.
These authors previously showed that side population cells from
a mouse kidney can differentiate into multiple lineages [44].
Circulating stem cells have also been shown to transform into
tubular and glomerular epithelial cells, podocytes, mesangial
cells, and interstitial cells after renal injury [40,45-50]. Another
promising stem cell source for renal tissue regeneration is
human amniotic fluid-derived stem cells (hAFSCs). These cells
are capable of contributing to the development of primordial
kidney structures, including the renal vesicle and C-shaped
and S-shaped bodies [22]. These observations suggest that
controlling stem and progenitor cell differentiation could lead
to successful regeneration of kidney tissues.
Although isolated cells have the ability to remodel and tend
to form appropriate tissue structures in vitro, they can do so
only to a limited degree. In addition, tissue particles cannot be
implanted in vivo in large volumes without a support substance.
If they are located more than a few hundred micrometers from
the nearest capillary, cells will not survive due to diffusion
limitations [51]. Thus, a cell-support matrix is necessary to allow
the diffusion of nutrients across short distances. The construct
would become vascularized in concert with the expansion of
the cell mass [11].
Authors have studied a variety of synthetic and naturally derived
materials for the detection of ideal support structures for the
regeneration [52-56]. Biodegradable synthetic materials, such
as polylactic and polyglycolic acid polymers, have been used
to provide structural support for cells. Synthetic materials can
be easily fabricated and configured in a controlled manner,
which makes them attractive options for tissue engineering.
However, naturally derived materials, such as collagen, laminin,
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and fibronectin, are more biocompatible and provide cells with
an extracellular matrix environment that is similar to normal
tissue. For this reason, collagen-based scaffolds have been used
increasingly for many applications [57-60].

APPROACHES FOR RENAL TISSUE REGENERATION
Developmental Approaches
Transplantation of kidney precursors such as the metanephros
into a diseased kidney has been proposed as a possible method
for achieving functional restoration. In a study by Dekel et al
[61], human embryonic metanephroi transplanted into the
kidneys of an immunodeficient mouse model developed into
mature kidneys. The transplanted metanephroi produced
urine-like fluid but failed to develop ureters. The results of
this study suggest that development of an in vitro system in
which metanephroi can be grown may lead to transplant
techniques that produce a small replacement kidney within
the host. On the other hand, Steer et al [62] showed that the
metanephros was divided into mesenchymal tissue and ureteral
buds, and each of the tissue segments was cultured in vitro.
After 8 days in culture, each portion of the tissue had grown to
the size of the original mesenchymal tissue from which it was
derived. A similar method was used for ureteral buds, which
also propagated. These results indicate that if the mesenchyme
and ureteral buds were placed together and cultured in vitro,
a metanephros-like structure would develop. The results also
suggest that the metanephros could be propagated under
optimal conditions.
In a different study, transplantation of metanephroi into
the omentum of a nonimmunosuppressed rat was also
performed. The implanted metanephroi were able to undergo
differentiation and growth that was not confined by a tight
organ capsule [63]. When metanephroi with an intact ureteric
bud were implanted, the metanephroi enlarged and became
kidney-shaped within 3 weeks. In addition, they were able to
develop a well-defined cortex and medulla. Mature nephrons
and collecting system components taken from these kidney-like
structures were shown to be indistinguishable from those of
normal kidneys by light and electron microscopy. Moreover, these
structures became vascularized via arteries that originated at
the superior mesenteric artery of the host [64]. The transplanted
metanephroi survived for up to 32 weeks post-implantation [65].
Rosines et al [66] recently devised a method based on the stages
of metanephric kidney development. The method was used to
engineer in vitro kidney-like tissue containing functional tubular
transporters and glomeruli with apparent early vascularization.
The Wolffian duct was isolated from timed-mated Holtzan rats
at embryonic day 13 and induced to bud in vitro. Then, each
isolated bud was induced to undergo branching. The branched
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ureteric buds were recombined with metanephric mesenchyme
that had been isolated from rat kidney rudiments. After 4 to
6 days of mutual induction, the recombined tissue resembled
a late-stage embryonic kidney that was implanted into a host
animal. After 14 days, renal structures such as glomeruli and
evidence of early vascularization were observed. These studies
show that the developmental approach may be a viable option
for regenerating renal tissue for functional restoration.
One of the key factors for successful tissue regeneration
is controlling kidney differentiation. In another study by
Rosines et al [67] hyaluronic acid was shown to possess the
ability to simultaneously modulate ureteric bud branching,
promote mesenchymal-to-epithelial transformation, and
promote differentiation of both metanephric mesenchyme
and the ureteric bud depending on its concentration and
molecular weight. These findings suggest that hyaluronic acid
might be useful for creating a 3-D scaffold for in vitro kidney
engineering and for promoting tubule regeneration in injured
or cryopreserved kidneys, based on the biocompability and
crosslinking capability of this compound. Some groups have also
described the formation of specific kidney structures in vitro. In
particular, a new method for creating kidney tubules has been
reported. Using micromachined molds, channels were formed
in extracellular matrix gels and subsequently filled with MadinDarbin canine kidney epithelial cells. Upon cell adherence, a
second layer of extracellular matrix gel was introduced. After
gelation of the second gel layer, the samples were placed into
a 12-well plate filled with culture media to allow the cells to
assemble into tubular tissue. After 3 to 5 days, the epithelial
cells self-assembled into tubular structures of up to 1 cm.
These structures developed a lumen lined by a monolayer of
polarized epithelial cells at 7 days. Kidney epithelial cells are
characterized by their polarization, which is represented by the
establishment of specific basolateral and luminal surfaces. The
authors conclude that this method is feasible for generating
kidney epithelial tubules with natural shape and dimensions in
a short time [68].
Interesting methods of creating kidney structures in vitro
that may optimize in vivo growth and differentiation of renal
stem cells have been recently studied. Perin et al [22] used
nongenetically modified stem cells derived from human amniotic
fluid to demonstrate the development and differentiation into
de novo kidney structures during organogenesis in vitro. Human
AFSCs were isolated from human male amniotic fluid obtained
between 12 and 18 weeks of gestation. Green fluorescent
protein and lac-Z-transfected hAFSCs were microinjected into
murine embryonic kidneys (12.5-18 days gestation) and were
maintained in a special coculture system in vitro for 10 days.
The hAFSCs were characterized during their integration and
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differentiation in concert with the growing organ. The hAFSCs
were capable of contributing to the development of primordial
kidney structures including renal vesicle and C-shaped and
S-shaped bodies. Reverse transcriptase polymerase chain
reaction (RT-PCR) confirmed expression of early kidney markers
for zona occludens-1, glial-derived neurotrophic factor, and
claudin. The results of this study showed that human amniotic
fluid-derived stem cells may represent a potentially limitless
source of ethically neutral, unmodified pluripotential cells
for kidney regeneration. Similarly, Hu et al [69] mounted
embryonic renal tissue containing stem and progenitor cells
within a perfusion culture container at the interface of an
artificial interstitium made from polyester. The space between
the inner wall and the growing tissue was filled with an
artificial interstitium made of a polyester fleece to reduce the
dead volume space. During the entire culture period, the fleece
was in contact with the mounted tissue. In this way, the culture
medium flowed through the fleece as it would in natural
capillaries and ensured an equally distributed liquid exchange.
Thus, the dead space volume was minimized and a constant
fluid environment was created within the culture container.
Moreover, mechanical protection was provided to the growing
tissue. Renal tubules developed in chemically defined Iscove’s
modified Dulbecco’s medium without serum and without
coating with extracellular matrix proteins.

Regenerative Medicine Approaches
One of the essential requirements for renal tissue engineering
is the ability to grow and expand renal cells. The feasibility
of achieving renal cell growth, expansion, and in vivo
reconstitution using tissue engineering techniques has been
investigated [52]. In this study, donor rabbit kidneys were
dissociated, culture-expanded, and seeded onto biodegradable
polyglycolic acid scaffolds followed by implantation in athymic
mice. Histological examination of the implants demonstrated
progressive formation and organization of nephron segments
within the polymer fibers over time. Renal cell proliferation in
the cell-polymer scaffolds was detected by in vivo labeling of
replicating cells with the thymidine analog bromodeoxyuridine
(BrdU). These results established that renal-specific cells can be
successfully harvested and cultured, and can subsequently attach
to biodegradable substrates. Although initial experiments
showed that implanted cell-polymer scaffolds facilitated the
formation of renal tubular structures, it was unclear whether
the tubular structures reconstituted de novo from dispersed
renal elements, or if they merely represented fragments of
donor tubules that survived the original dissociation and
culture processes intact. Fung et al [70] further investigated
this topic using mouse renal cells that were harvested and
expanded in culture. Subsequently, single isolated cells were
©2010 UroToday International Journal / Vol 3 / Iss 3 / June
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seeded on biodegradable polymers and implanted into
immune-competent syngeneic hosts. Sequential analyses of the
retrieved implants over time demonstrated that renal epithelial
cells first organized into a cord-like structure with a solid center.
Subsequent canalization into a hollow tube could be seen after
2 weeks. Histological examination with nephron segmentspecific lactins showed successful reconstitution of proximal
tubules, distal tubules, loops of Henle, collecting tubules, and
collecting ducts. These results confirm that single suspended
cells are capable of reconstituting into tubular structures, with
homogeneous cell types within each tubule.
The kidneys play a major role in body homeostasis because
of their excretory, regulatory, and endocrine functions. The
excretory function is initiated by filtration of blood at the
glomerulus, and the regulatory function is provided by the
tubular segments. Although the prior studies demonstrated
that renal cells seeded on biodegradable polymer scaffolds
are able to form some renal structures in vivo, complete renal
function could not be achieved. A subsequent study was
designed to create a functional artificial renal unit that could
produce urine [71]. Mouse renal cells were harvested, expanded
in culture, and seeded onto a tubular device constructed from
polycarbonate [72]. The tubular device was connected at one
end to a silastic catheter that terminated into a reservoir.
The device was implanted subcutaneously in athymic mice.
Histological examination of the implanted device demonstrated
extensive vascularization as well as formation of glomeruli and
highly organized tubule-like structures. Immunocytochemistry
using specific antibodies (including osteopontin, alkaline
phosphatase, and fibronectin) confirmed the structures. The
fluid collected from the reservoir was yellow and contained
66 mg/dL uric acid (as compared with 2 mg/dL in plasma),
suggesting that the tubules were capable of unidirectional
secretion and concentration of uric acid. The creatinine assay
performed on the collected fluid showed an 8.2-fold increase
in concentration when compared with serum. These results
demonstrated that single cells from multicellular structures can
become organized into functional renal units that are able to
excrete high levels of solutes in a urine-like fluid [71].
Nuclear transplantation (therapeutic cloning) to generate
histocompatible tissues was performed to determine whether
renal tissue could be formed using an alternative cell source, and
the feasibility of engineering autologous renal tissues in vivo
using these cloned cells was investigated [38]. Nuclear material
from bovine dermal fibroblasts was transferred into unfertilized,
enucleated donor bovine oocytes. Renal cells from the cloned
embryos were harvested, expanded in vitro, and seeded onto
3-D scaffolds. These devices were implanted into the back of
the same steer from which the cells were cloned and retrieved
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12 weeks later. This process produced functioning renal units.
Urine-like fluid production and viability were demonstrated
after transplantation back into the nuclear donor animal.
Chemical analysis of the excreted fluid suggested unidirectional
secretion and concentration of urea, nitrogen, and creatinine.
Microscopic analysis revealed the formation of organized
glomeruli and tubular structures. Immunohistochemical and RTPCR analysis confirmed the expression of renal messenger RNA
(mRNA) and proteins, whereas delayed-type hypersensitivity
testing and in vitro proliferative assays showed that there was
no rejection response to the cloned cells. The results of this
study indicate that the cloned renal cells were able to organize
into functional tissue structures that were genetically identical
to the host. Therefore, the generation of immune-compatible
cells using therapeutic cloning techniques is technically feasible
and could be useful for the engineering of renal tissues for
autologous applications.
Although renal cell therapy has been demonstrated in several
studies in which implanted, culture-expanded cells show the
formation of renal structures, the efficiency of the process
of structural reconstitution could not be assessed upon
implantation in vivo. Reconstitution of renal structure during
the culture-expansion stage followed by implantation was
proposed to provide a more controlled assessment of renal
tissue in vivo [10]. A 3-D collagen-based culture system was
developed to facilitate the formation of 3-D renal structures
in vitro. After 1 week of growth, individual renal cells began
to form renal structures resembling tubules and glomeruli.
Histologically, these structures show phenotypic resemblance
to native kidney structures. The reconstituted tubules stained
positively for Tamm-Horsfall protein, which is expressed in the
thick ascending limb of Henle’s Loop and distal convoluted
tubules. This study shows that renal structures can be
reconstituted in a 3-D culture system that may be used for renal
cell therapy applications.
Although many studies have been conducted to achieve
improvements in total function, investigations have also been
directed toward augmenting selective kidney functions. In one
study, cultured renal cells were examined to determine whether
EPO-producing cells derived from kidney tissue could be used for
the treatment of renal failure-induced anemia [74]. Renal cells
from 7-10 day old mice were culture-expanded. The cells were
characterized for EPO expression using immunohistochemistry,
fluorescence activated cell sorting (FACS), and Western blot
analysis at each subculture stage. The levels of EPO expression
were analyzed from renal cells incubated under normoxic and
hypoxic conditions. The cultured renal cells expressed EPO at
each subculture stage tested. Results of this study indicate that
EPO-producing cells may be developed as a possible treatment
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option for anemia that is caused by chronic renal failure.
There has also been considerable progress in the development
of stem cell-based therapies for renal failure. For instance, the
existence of nontubular cells in the adult mouse kidney that
express stem cell antigen-1 (Sca-1) has been reported. This
population of small cells includes a CD45-negative fraction that
lacks hematopoietic stem cell lineage markers and resides in
the renal interstitial space. Moreover, these cells are enriched
for ß1-integrin, are cytokeratin negative, and show minimal
expression of surface markers that typically are found on
bone marrow–derived MSCs. Clonally derived lines can be
differentiated into myogenic, osteogenic, adipogenic, and
neural lineages. These renal Sca-1 cells were injected directly
into the renal parenchyma of C57BL/6 wild-type mice, shortly
after ischemic or reperfusion injury. After 1 month, the injected
cells had adopted a tubular phenotype and populated the
renal tubule after ischemic injury. These adult kidney-derived
cells may potentially contribute to kidney repair and may be
important in the development of future regenerative medicine
strategies [61].
Sagrinati et al [75] demonstrated that parietal epithelial cells
(PEC) in the Bowman’s capsule exhibit coexpression of the stem
cell markers CD24 and CD133 and expression of the stem cellspecific transcription factors Oct-4 and BmI-1. Lineage-specific
markers are absent. This population, which was purified
from cultured encapsulated glomeruli, revealed self-renewal
potential and a high cloning efficiency. Under appropriate
culture conditions, individual clones of CD24+CD133+ PEC could
be induced to generate mature, functional tubular cells with
phenotypic features of proximal and distal tubules, osteogenic
cells, adipocytes, and neuronal cells. These cells were injected
into severe combined immune-deficient (SCID) mice following
rhabdomyolysis-induced acute renal failure. This treatment
resulted in the regeneration of the tubular structures of
different portions of the nephron, and it significantly
ameliorated morphologic and functional kidney damage.
Results from this study demonstrated the existence of resident
multipotent progenitor cells in the adult kidney and suggested
a possible therapeutic use for these cells.

SUMMARY
The devastating effects of ESRD, along with the increasing
demand for renal transplantation and the critical shortage
of donor organs, has accelerated the search for alternative
treatment modalities. Recent advances in cell technologies
have allowed for development of cell-based approaches
for kidney tissue regeneration. Various tissue-engineering
and regenerative-medicine approaches that aim to achieve
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functional kidney support have been investigated and are
continuously being improved. These approaches seem to hold
promise; however, clinical application of these technologies
is still distant. Although it has been demonstrated that renal
cells are able to reconstitute into functional kidney tissues in
vivo and that the concept of cell transplantation is possible,
numerous challenges must be met in order to translate these
techniques into clinical therapies. Some of these challenges
include: (1) the generation of a large tissue mass that would
augment systemic renal function, (2) the integration of
engineered renal tissue that includes adequate vascularization
and excretory systems into the host, and (3) the development
of reliable renal failure model systems for testing the efficacy of
cell-based technologies.
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