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Regenerative medicine is being heralded in a similar way as gene therapy was some 15 yr ago. It is an area of intense
excitement and potential, as well as myth and disinformation. However, with the increasing rate of end-stage renal failure and
limited alternatives for its treatment, we must begin to investigate seriously potential regenerative approaches for the kidney.
This review defines which regenerative options there might be for renal disease, summarizes the progress that has been made
to date, and investigates some of the unique obstacles to such treatments that the kidney presents. The options discussed
include in situ organ repair via bone marrow recruitment or dedifferentiation; ex vivo stem cell therapies, including both
autologous and nonautologous options; and bioengineering approaches for the creation of a replacement organ.
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Regenerative Approaches to Renal Disease
The term regenerative medicine straddles cell biology, matrix

biology, and bioengineering with the objective to regrow or
repair a damaged organ or tissue type. It can be defined as the
use of cells for the treatment of disease and encompasses both
organ repair and the de novo regeneration of an entire organ
(Figure 1). Organ repair can be delivered in situ or ex vivo. The
simplest and most pharmacologically attractive strategy for
organ repair in situ is the delivery of a soluble reparative factor
that improves the ability of the kidney to repair itself. Although
such an approach may involve the understanding of the factors
that are produced by stem cells, this is not a cellular therapy
and is not dealt with in this review. Other in situ possibilities
include the recruitment of stem cells to the kidney to elicit
repair and the induction of dedifferentiation of resident renal
cells. Whereas some regard in situ approaches as more likely to
be successful for an architecturally and anatomically con-
strained organ such as the kidney, the other approach is the ex
vivo culture of stem cells for redelivery to the damaged kidney.
This might involve autologous or nonautologous stem cells
from a variety of sources. Finally, a bioengineering approach
that relies on cells, factors, and matrix may be achievable.
Although seemingly the most difficult, it may be the more
feasible approach for genetic conditions such as polycystic kid-
ney disease. The matrix of options illustrated in Figure 1 could
be drawn up for almost any organ. This review investigates
each option and relates it to the function and the structure of
the kidney so as to examine its feasibility and identify the key
obstacles to delivery.

Setting the Stage: Normal Kidney
Development and Regeneration in
Vertebrates

Regenerative biology draws on an understanding of normal
developmental processes. Understanding the molecular basis
of kidney development will be the key to the development of
regenerative therapies for chronic renal disease. During mam-
malian development, three separate excretory organs develop:
The pronephros, the mesonephros, and the metanephros. In
mammals, it is the paired metanephroi that persist postnatally
and constitute the permanent kidney. The permanent kidney
arises via reciprocal interactions between two tissues, the ure-
teric bud (UB) and the metanephric mesenchyme (MM), the
latter arising from the intermediate mesoderm (IM) (1). The UB
gives rise to the collecting ducts and the ureter. The MM, which
shows much broader potential and gives rise to all other ele-
ments of the nephrons, the interstitium, and the vasculature, is
regarded as the renal progenitor population (2). As the UB
reaches the MM, signals from the tips of the branching UB
induce areas of adjacent MM to aggregate and undergo a
mesenchyme-to-epithelial (MET) transition. Each MET event
represents the birth of a new nephron with the first nephrons
“born” in the center of the MM. The peripheral MM, which has
not yet undergone induction, is referred to as the nephrogenic
zone. Nephrogenesis in humans is complete by week 36 of
gestation (3), whereas it continues for 1 to 2 wk after birth in the
mouse and the rat. At that time, it is assumed that the periph-
eral nephrogenic zone is exhausted.

Can the kidney regenerate? In simple vertebrates, including
fish and amphibians, metanephroi do not form and the perma-
nent excretory unit is the mesonephros. Elasmobranchs (sharks,
rays, and skates) constitute a unique example of “kidney”
regeneration; their mesonephroi can undergo accelerated
nephrogenesis after partial ablation to replace the missing parts
(4). In the mammal, partial nephrectomy stimulates hypertro-
phy of remaining tissue, even in the contralateral kidney, but
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not the generation of new nephrons (5). However, whereas the
resection of an adult kidney does not lead to the regeneration
achieved in the liver, the mammalian kidney shares with the
majority of organs the ability to repopulate and repair struc-
tures that have sustained some degree of injury. This process,
termed cellular repair, can be achieved by reentry into mitosis
and proliferation of neighboring cells. As a result, the kidney
can undergo significant remodeling in response to acute dam-
age. For example, obstruction of the ureter can result in the near
destruction of the kidney medulla, but once the obstruction is
removed, there is a rapid process of reconstruction and repair
that will regenerate the tubules of the medulla without forming
new nephrons (6). It has been proposed that the cells that elicit
such repair come from interstitial cell transdifferentiation (7),
tubular cell dedifferentiation and migration into the areas of
damage before redifferentiation (8,9), the recruitment of stem
cells from the bone marrow (10–14), or the generation of new
tubular cells from an endogenous renal stem cell population
(reviewed in reference [15]). Which of these is primarily respon-
sible for the cellular repair that is observed after acute damage
has not been proved definitively using lineage tracing. How-
ever, the mammalian kidney seems to have a very limited
potential for structural repair or true regeneration. While
nephrogenesis is occurring in the fetus, there is evidence that a
systemic humoral response to nephrectomy allows the en-
hanced nephrogenesis of the remaining organ (16). However,
nephrogenesis in mammals ceases just before or shortly after
birth (3), and the birth of new nephrons has never been re-
ported after this point in time. Chronic injury of the kidney,
which is responsible for the majority of cases of end-stage renal
failure, results in irreversible glomerular and tubular damage
and resultant loss of renal function. Hence, mammalian kid-
neys respond to chronic damage by fibrosis, scarring, and
irreversible functional loss.

Recruitment of Bone Marrow to the Kidney
Can we improve the capacity of the kidney for cellular re-

pair? The ability of cells that originate from bone marrow to
move into distant sites within the body, including the kidney, is
now well recognized. Reports have suggested that these cells
can transdifferentiate into tubular epithelial cells (12), mesan-
gial cells (11,13,14), glomerular endothelial cells (17,18), and
even podocytes (12). As in most organs, bone marrow–derived
cells (BMDC) appear in the kidney in response to damage. The
lineage of these cells is unclear, and their ability to elicit trans-
differentiation is controversial because the possibility of cell
fusion has not always been eliminated (19) (Figure 2). The use
of lineage tracing has been critical to differentiating these two
possibilities. In the case of the muscle, there is evidence from
studies in which bone marrow was derived from LysM-Cre
mice that it is the monocytic lineage that is recruited and fuses
with cells in the target organ (20). This lineage gives rise to the
macrophages, which express proteins that are involved in fu-
sion processes. This does not answer the question of the relative
value of this fusion process. In the brain, BMDC can fuse with
Purkinje cells (21), a cell type that is presumed to be unable to
divide, possibly leading to a “rejuvenation” of such terminally
differentiated cell types. Certainly, the functional outcome of
BMDC recruitment must always be assessed.

In the context of the kidney, several studies have examined
the recruitment of BMDC to kidney in response to damage
signals and their transdifferentiative and reparative capacity.
The injury models used include ischemia-reperfusion injury

Figure 1. Potential therapeutic options for the treatment of renal
disease. The options are presented as predominantly pharma-
ceutical to predominantly biotechnological from left to right.
Illustration by Josh Gramling—Gramling Medical Illustration.

Figure 2. Stem cells, whether recruited to the kidney from
distant organs or delivered to the kidney after ex vivo expansion
of an isolated stem cell population, may contribute to repair via
the production of specific cyto/chemokines or growth factors
(humoral response), transdifferentiation into specific renal cell
types, or cell fusion. It is not always clear which of these events
occurred or which event was of the greatest functional signifi-
cance. Although it has been shown to occur, the regulation of
stem cell recruitment to the kidney has not been elucidated.
There is increasing evidence for a humoral reparative role being
provided by introduced stem cells, but the nature of this re-
sponse also remains to be investigated. Illustration by Josh Gram-
ling—Gramling Medical Illustration.
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(22), folic acid–induced acute tubular injury (23,24), unilateral
ureteric obstruction (25), and anti-Thy1 antibody–mediated
glomerulonephritis (13). Bone marrow transplantation into
HIgA mice, which have glomerulonephritis, improved renal
function in these mice (26). In the studies in which careful
quantification of recruitment to the tubular epithelium has been
performed, donor-derived bone marrow has contributed be-
tween 0.06 and 11% of the epithelial cells (22–24). This level
does decline with time. An initial recruitment level of 11%
dropped to 0.67% at 28 d after ischemia with a concomitant
increase in recruitment to the interstitium (22). Two seminal
papers in this area (22,23) disagreed on whether there was
evidence for transdifferentiation, but both concluded that while
BMDC recruitment occurs, repair is predominantly elicited via
proliferation of endogenous renal cells. Duffield et al. (23) main-
tain that BDMC contribute a regenerative cytokine environ-
ment that may be important in the resulting functional repair
(Figure 2). If this process could be recapitulated pharmacolog-
ically, then repair may occur without the need for recruitment.
Pretreatment of animals with stem cell factor and granulocyte
colony-stimulating factor (granulocyte CSF) has been shown to
improve recovery from ischemic injury in the absence of trans-
differentiation of BMDC (27), and the combined pretreatment
with granulocyte CSF and macrophage CSF provides renopro-
tection from cisplatin-induced renal failure (28). It also may
prove valuable to improve recruitment. Held et al. (29) used a
genetically induced model of chronic tubular damage that in-
volved hereditary tyrosinemia (mutations in fumarylacetoac-
etate hydrolase) and mutations in homogentisic acid dioxyge-
nase and reported significant integration (50%) of introduced
BMDC. Hence, a drive for the selection of wild-type cells con-
siderably increases the regeneration process (29). More re-
cently, recruitment and apparent podocytic transdifferentiation
of male BMDC to the glomeruli of mice that lacked collagen4�3
has been reported (30). This is a model of Alport syndrome in
which there is considerable shedding of protein through the
damaged glomerular basement membrane. Whereas podocytes
have not been a reported site of bone marrow recruitment in
other experimental models, this study claimed a bone marrow
origin for 10% of the podocytes in these mice with a reduction
in protein shedding and evidence of collagen replacement
within the basement membrane. In this case, access may have
been increased as a result of the altered permeability of the
basement membrane, but BMDC from mutant mice were not
recruited to the glomeruli of mutant recipients, suggesting an
active selection for collagen-producing cells. In all of these
reports of bone marrow recruitment to damaged kidneys, the
lineage of the BMDC that were recruited has not been estab-
lished. However, adoptive transfer of macrophages into a
model of unilateral ureteric obstruction significantly reduced
fibrosis in the late stages of this damage state (25). This may
have involved transdifferentiation or an altered immunologic
response. What also has not been investigated is whether the
recruitment of BMDC is good or bad in cases of chronic renal
damage.

Controlled Dedifferentiation as a Treatment
of Renal Disease

Can we repair a kidney by recapitulating development?
Among vertebrates, certain amphibians show a unique ability
to regenerate completely complex organs or body parts (31).
Salamanders, newts, and axolotls can reconstitute various an-
atomic structures such as limbs, spinal cord, heart, tail, retina,
lens, and upper and lower jaws. In the case of the limb, this
process involves dedifferentiation (i.e., loss of a specialized
phenotype to return to a progenitor phenotype), proliferation
of the resulting primitive blastema, and then redifferentiation
of cells in the vicinity of the injury (32) as opposed to the
mobilization of a stem cell population per se. Muscle fibers,
Schwann cells, periosteal cells, and cells from the connective
tissue undergo dedifferentiation and then organize a blastema
from which the new limb arises (Figure 3A). Can this be ap-
plied in higher vertebrates? Regeneration within the skate me-
sonephros is a process that takes place in an identified neph-
rogenic zone using a persistent field of progenitors that can be
recruited for regeneration (Figure 3B). Whether these progeni-
tors represent stem cells, as defined as a long-term, self-renew-
ing cell population, has not been established. In mammals,
there is no persistent blastema in the adult (Figure 3C). In the
absence of such a persistent population of renal progenitors,

Figure 3. Different approaches to regeneration and repair within
vertebrates. (A) Regeneration in the salamander limb in re-
sponse to resection involves the dedifferentiation of muscle,
bone, and connective tissue elements to form an undifferenti-
ated mitotic blastema. This blastema re-patterns and re-differ-
entiates into a limb equivalent only to the region that has been
resected. (B) The development of nephrons within the skate
mesonephros involves an incorporation into the end of the
mesonephric tubules. The maintenance of a persistent blast-
emal population allows for structural repair via continued
nephrogenesis. (C) Development of nephrons in mammalian
metanephroi utilizes a mesenchyme-to-epithelial transition
from an exhaustible nephrogenic zone, preventing “structural”
regeneration after the cessation of nephrogenesis. Illustration by
Josh Gramling—Gramling Medical Illustration.
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could such a blastemal field be generated via dedifferentiation
in the mammalian kidney? In a recent review of the obstacles to
limb regeneration in the mammal (33), it was observed that
mammalian limb cells lack the response of reentry into S-phase
in response to thrombin (even though this response still would
be present if a mouse cell were fused with that of a
salamander), and their more complex immune systems respond
to damage via the production of fibrosis and the recruitment of
inflammatory cells. Possibly as a result of these differences, the
production of the blastema that is required for regeneration
does not occur, yet there are examples of cell types even in
humans that show enormous regenerative capacities, together
with more salamander-like properties such as an ability to
recommence cell division and dedifferentiate to regenerate.
Oligodendrocyte precursor cells have been reverted to multi-
potential neural stem cells that are able to proliferate and to
give rise to neurons, astrocytes, and oligodendrocytes (34).
More striking, highly specialized multinucleated muscle cells
have been induced to dedifferentiate into mononucleated mul-
tipotent progenitor cells that are able to adopt the osteogenic,
chondrogenic, adipogenic, and myogenic fates (35). In this case,
the dedifferentiation was induced by ectopic expression of the
transcriptional repressor Msx1 in combination with growth
factor stimulation. Finally, the mouse MRL strain has been
shown to have both a marked capacity not to scar and to restore
normal myocardial tissue without scarring through a process

the authors describe as similar to regeneration in amphibians
(36). How feasible is dedifferentiation as a therapy? Postnatal
cell turnover in the kidney has never been examined thor-
oughly, but the cellular complexity of this organ suggests that
a dedifferentiation into blastema followed by redifferentiation
for the purposes of regeneration would need to be as complex
as that seen in the salamander limb. Hence, we need to under-
stand the blastemal progenitors that give rise to the kidney and
to understand the process that long has been observed in the
kidney in response to short-term local damage: The epithelial-
to-mesenchymal transition of tubular cells. If able to be in-
duced, then dedifferentiation might be evoked in situ or ex vivo
(Figure 4). In situ dedifferentiation would require controllable
gene therapy to ensure a cessation of dedifferentiation and
subsequent induction of regeneration, or it runs the risk of
generating blastemal expansions as for a Wilms’ tumor.

Stem Cells and Stem Cell–Based Therapy
Can we elicit cellular repair in the kidney via the introduction

of stem cells? The development of stem cell therapies for kidney
is in its infancy primarily because of the complexity of the
organ involved, the degree of damage present at the time of
diagnosis, and the belief that kidney development ceases at
birth. Three sources of stem cells can be envisioned in the
development of such treatments: (1) Renal adult stem cells, (2)

Figure 4. Cellular therapeutic options for the treatment of renal disease include in vivo and ex vivo options and may utilize
autologous or nonautologous stem cells or the dedifferentiation of mature adult renal cells. These options currently are
hypothetical. Illustration by Josh Gramling—Gramling Medical Illustration.
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nonrenal adult stem cells, and (3) embryonic stem (ES) cells.
These options are depicted in Figure 4.

Renal Adult Stem Cells
The existence of multipotent adult stem cells that are critical

for the ongoing turnover of the skin, bone marrow, stomach,
intestine, and cornea have been known for a long time. There
now is strong evidence for the existence of adult stem cells with
a much greater degree of plasticity in many organs. The deri-
vation of cells that display apparent pluripotency has now been
reported from many adult organs, including brain, bone mar-
row, skin, and fat (37–41). Such observations suggest that “stem
cells” exist in all adult tissues. What does a renal adult stem cell
look like, and where is it? Although many attempts have been
made to identify such a population, no definitive data to date
establish the existence of a long-term, self-renewing cell popu-
lation with the capacity to generate distinct daughter cells with
renal potential in the adult kidney. However, many approaches
have been taken to look for such a population. Burrow and
Wilson (42) reported the culture of nephrogenic zone cells from
the developing human kidney in media from a Wilms’ tumor
cell line. They termed these cells nephroblasts. The critical com-
ponents of the conditioned medium were never identified, and
a similar cell type has never been cultured successfully from
postnatal kidney. Kitamura et al. (43) screened for stem cell
potential in various regions of the postnatal murine kidney via
dissection of various nephron segments and culture after dis-
sociation to single cell. In this way, they defined a cell line that
was derived from the S3 segment of the proximal tubules. This
could be maintained long term without transformation and
expressed Pax2, Wnt4, and WT1. These cells seemed to contrib-
ute to renal tubules in a model of ischemia/reperfusion injury,
but improvement in renal function was not assessed. Evidence
of clonogenic self-renewal was not presented. With the increas-
ing amount of literature on the expression profile of the devel-
oping kidney across time and subcompartment, it may become
possible to dissect better the compartments, such as the neph-
rogenic zone and the cap mesenchyme, and identify cell surface
marker combinations with which to search for a persistent fetal
renal progenitor. In an attempt to define the profile of a renal
progenitor population, expression profiling of the 10.5 d post-
coitus mouse MM versus adjacent IM was performed (44). This
identified the specific expression of transmembrane proteins
such as CD24a and cadherin11 that differentially marked the
MM at that time point. It remains to be shown whether a
CD24a�cadherin11� population persists in the adult kidney,
whether such cells self-renew, and whether they show any
renal capacity when isolated from adult tissue. On the basis of
reports that CD133 marked hematopoietic stem cells/endothe-
lial progenitors (45), Bussolati et al. (46) isolated CD133� cells
from the adult kidney to examine their potential as renal stem
cells. These cells did not seem to be derived from the blood
(CD34�CD45�), did express some mesenchymal stem cell
(MSC) markers (CD29�, CD44�, and CD73�), but showed only
limited differentiation capacity. However, they did express
Pax2, homed to kidneys that were damaged via intramuscular
glycerol injection, and gave rise to endothelial and tubular

epithelial cells within these kidneys. The clonogenicity of these
cells was not established, but the authors hypothesized that
these interstitial cells could act as a supply of replacement
tubular cells or assist in revascularization after damage.

One way of looking for stem cells in solid organs is a short
administration (pulse) of bromodeoxyuridine (BrdU) followed
by a long chase period. This approach is based on the premise
that stem cells cycle slowly and, having incorporated BrdU into
their DNA, will retain this label for a long time. Several groups
have used this approach to identify slow-cycling cells in the
kidney, which may represent renal stem cells. The timing of the
pulse, duration of the pulse, and length of the chase are impor-
tant to the interpretation of the results. Maeshima et al. (47)
identified BrdU-labeled cells in the renal tubules, which they
termed renal progenitor-like tubular cells. These cells reenter
mitosis in response to renal damage and turn into fibroblasts
(48). However, they also show the potential to become proximal
tubule and collecting duct cells and can form tubular structures
in vitro when cultured in collagen gel (49). The timing of the
pulse (postnatal) and the length of the chase (2 wk) suggest that
these cells are either differentiated tubular cells or tubular
progenitors of limited potential. Indeed, careful immunohisto-
logic analysis of cortical BrdU-labeled tubular cells suggests
that these cells are unlikely to represent stem cells because they
are identical to the surrounding terminally differentiated renal
tubular cells (50). Oliver et al. (51) identified a population of
BrdU label–retaining cells within the papilla of the kidney.
BrdU was pulsed during the first postnatal week, during which
nephrogenesis is continuing in the rodent, and the chase en-
dured for 2 mo, indicating long-term label retention. These cells
can be cultured under hypoxic conditions to form aggregates of
nestin-positive cells, a marker in other stem cells types. In
response to an ischemic insult, these cells seemed to reenter
mitosis rapidly, particularly within the outer medulla. Al-
though more likely to represent stem cells, clonogenicity was
not established and these cells also may represent a transiently
amplifying cell population that is recruited during injury rather
than true stem cells. Definitive markers for the isolation of these
cell types still are required. The above research justifiably has
generated a great deal of excitement but no rigorous proof of
the existence of a pluripotential adult renal stem cell with
long-term self-renewal capacity and clonogenicity.

The ability of hematopoietic stem cells to efflux dyes such as
Hoechst 33342 and Rhodamine 123 has been used as the basis
of a single-step hematopoietic stem cell (HSC) isolation proto-
col (52). The term side population (SP) is used to describe HSC
that are isolated in this way. The observation of cells with the
same efflux profile in solid organs has raised the possibility of
organ-based SP, which also may represent stem cells. Several
groups have reported the existence of an SP in the adult rodent
kidney (53–57). These data remain contradictory in terms of the
relative size, origin, and lineage capacity of the renal SP. Iwa-
tani et al. (55) showed no evidence for a capacity to transdiffer-
entiate into renal cells in vivo. Hishikawa et al. (54,56) reported
that these cells possess renal and multilineage capacity in cul-
ture. When assessing the effect of renal SP cell introduction into
a model of renal damage, they observed little evidence for
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transdifferentiation, with SP cells being located in the intersti-
tium of the recipient kidney. Challen et al. (57), using more
stringent isolation procedures, demonstrated that the renal SP
represented 0.1% of the kidney. These cells showed an immu-
nophenotype that was distinct from that of bone marrow SP,
and these cells demonstrated evidence for multilineage poten-
tial in vitro and in vivo. However, despite stringent selection,
this population remains heterogeneous with evidence of a
monocytic fraction, which may result in the apparent pheno-
typic plasticity. In both studies (56,57), the introduction of SP
cells into a model of acute experimental renal damage was
reparative, suggesting a paracrine role for this cell type that, if
characterized, may obviate the need for a cell at all. While SP
cells from the bone marrow do represent HSC, it is not correct
to assume that dye efflux activity alone indicates self-renewal
capacity (58). No studies of the renal SP have proved self-
renewal. Their reparative activity nevertheless warrants further
investigation, and the definition of a marker phenotype that
allows isolation without the assessment of dye efflux is needed.
Musculin/MyoR has been reported as a marker of renal SP cells
(54), but our own data do not support this (57), raising the
question of SP homogeneity and the reproducibility of current
isolation techniques.

Nonrenal Adult Stem Cells
With an increasing number of adult cells with seeming plu-

ripotency, can these cells be encouraged to turn into renal cell
types and assist in the treatment of renal damage? This review
concentrates on the MSC. The term MSC refers to an adult stem
cell that is present in the bone marrow in low numbers and has
a capacity to differentiate into a wide range of mesenchymal
tissue types, including cartilage, bone, muscle, stroma, fat, ten-
don, and other connective tissues. This term more recently has
been applied to plastic adherent fibroblastic cells that are iso-
lated from the bone marrow and other tissues that show mes-
enchymal multipotency. Few definitive markers identify these
plastic-adherent mesenchymal cells, and in most studies, there
is little definitive proof that these cells are true “stem cells.”
Hence, it has been proposed that these should be referred to
more properly as multipotent mesenchymal stromal cells (59),
although the acronym MSC can apply to both. Unlike HSC,
once isolated, these mesenchymal stromal cells can be grown in
culture for many population doublings and now have been
shown also to have a much broader potential, including neural
differentiation. In some studies, the surface phenotype of an
MSC has been investigated. They are negative for markers that
include CD34, CD45, and CD14 and positive for CD166, CD105,
CD29, and CD44 (60). Several groups have now investigated
the effect of delivery of MSC in models of acute renal damage.
Herrera et al. (61) induced damage using an intramuscular
injection of glycerol in C57/BL6 mice and monitored the fate of
green fluorescent protein–MSC that were introduced intrave-
nously. These cells homed selectively to damaged kidneys and
seemed to differentiate into tubular epithelial cells. There also
seemed to be evidence for a trophic role as shown by an
increase in proliferating cell nuclear antigen–positive tubular
cells throughout the kidney. A reduction in creatinine levels in

the green fluorescent protein–MSC–treated mice suggested that
a functional improvement was elicited by MSC. Morigi et al.
(62) investigated the renoprotective capacity of MSC using a
cisplatin model for acute renal damage and tracing the intro-
duced cells using Y-chromosome fluorescence in situ hybrid-
ization. They also reported MSC integration into tubular epi-
thelium and evidence for increased tubular proliferation that
was not elicited by the introduction of HSC. More recently,
another group using the ischemia/reperfusion model of acute
damage in the rat also showed evidence for improved renal
function after infusion of MSC. They attributed this renopro-
tective effect to a paracrine mechanism, because there was no
evidence of transdifferentiation (63,64). MSC were iron dex-
tran–labeled and then tracked using magnetic resonance imag-
ing, suggesting that they were located primarily in the glomer-
ular capillaries, as might be expected after an intravenous
infusion. In light of their ability to be cultured; their ready
accessibility from blood; and their apparent homing, transdif-
ferentiation, and paracrine protective activities, this seems to be
a very strong candidate for use as an adult stem cell in the
treatment of renal disease. A greater understanding of the
factors that regulate their homing and renoprotective activity
may prove equally fruitful in delivering a cell-free approach to
renal disease. To this end, Luttichaux et al. (65) have begun to
define the chemokine receptors that are expressed by MSC in
vivo and in culture. Togel et al. (64) highlighted a reduction in
the production of proinflammatory cytokines and a concomi-
tant increase in anti-inflammatory cytokines such as IL-10,
TGF-�, Bcl2, and basic fibroblast growth factor after infusion of
MSC into an ischemia/reperfusion model of acute damage.

Human ES Cells
The concept of stem cell–based therapy has grown rapidly

since the derivation of human ES cells (hESC). ES cells are
pluripotent cells that are derived from the inner cell mass of a
developing embryo and have the capacity to divide indefinitely
while retaining a pluripotent phenotype. Excitement about the
potential to use ES cells to repair or regrow organs has in-
creased since the derivation of ES cells or embryonic gonadal
stem cells from human tissue (66–68). What potential is there
for ES cells to develop into renal progenitors? Although more
difficult to maintain and propagate than their murine counter-
parts (69), hESC have the ability to develop along ectodermal,
mesodermal, and endodermal lineages. Cells of mesodermal
origin are found in spontaneously differentiating cultures of
hESC, and hESC now can be induced readily to undergo se-
quential hematopoietic (70) and cardiomyocyte differentiation
under the control of members of the TGF-� superfamily (re-
viewed in reference [71]). This potential to derive mesodermal
tissue bodes well for renal differentiation. The introduction of
undifferentiated ES cells into a tissue usually results in tera-
toma formation. Yamamoto et al. (72) used this approach to
provide evidence that murine ES cells had the potential to give
rise to mesonephric ducts and UB in teratomas. In contrast,
Steenhard et al. (73) reported 50% integration of undifferenti-
ated ES cells into the tubules of embryonic kidneys without
evidence for teratomas. Kobayashi et al. (74) created Wnt4-
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transformed murine ES cells and showed in vitro that these had
the capacity to form aquaporin 2–positive renal tubules. Kim
and Dressler (75) sought to direct renal differentiation of mu-
rine ES cells by relying on previous research on commitment to
early IM in Xenopus (76). They demonstrated that murine em-
bryoid bodies (EB) that were cultured in a combination of
activin A and retinoic acid expressed a number of markers of
IM (Eya1 and Lim1), early kidney development (Pax2, WT1,
Wnt4, Six2, and GDNF), and renal tubule–specific markers
(cadherin-6) in vitro. Using lacZ to trace their progress, EB that
were primed with retinoic acid, activin A, and bone morpho-
genic protein 7 when injected into embryonic kidney cultures
showed 100% incorporation into developing renal tubules.
There was no evidence that this process was occurring via cell
fusion, because not a single fusion event was observed when an
ES cell line that contained a loxP-flanked EYFP construct in the
Rosa26 locus was injected into kidney explants that were iso-
lated from a mouse line that expressed Cre recombinase in the
developing renal tubules (Ksp-Cre). While impressive, the de-
veloping kidney may better provide the full signals required to
direct onward renal tubular development than an adult kidney.
Yamamoto et al. (72) did not direct their murine ES cells in any
way. Conventional EB culture also induced the expression of
most of the markers that were seen by Kim and Dressler (75).
Indeed, these cells went on to form renal structures within the
peritoneum of nude mice, suggesting a level of spontaneous
renal induction in murine ES cells.

A number of obstacles would remain even once the directed
differentiation of hESC toward a renal progenitor fate were
achieved. The development of cell isolation techniques will be
required to ensure progenitor purity, thereby overcoming the
possibility of teratoma formation. Delivery remains an issue, as
for other stem cells. In addition, legal barriers and ethical
debate about the derivation of hESC remain. Without somatic
cell nuclear transfer to generate autologous hESC that are tai-
lored for individual patients, an hESC-based therapy is likely to
require immunosuppression, although the data discussed later
in this report showing the immunologic protection of embry-
onic material may mean that immune rejection is less of an
issue than expected. Conversely, there is considerable scientific
debate over the ability to derive hESC safely using somatic cell
nuclear transfer because of our lack of understanding and
inability to reprogram genomic imprinting (77). These are ob-
stacles to the adoption of hESC technology in all tissues.

De Novo Bioengineering: A Dream or a
Possibility?

Our kidneys filter our entire blood volume 30 times a day,
reabsorbing �95% of what is filtered to produce only 1 to 2 L of
urine. The kidneys also regulate pH and fluid balance and
maintain red blood cell count, BP, and bone density via the
production of key hormones. The architecture of the kidney is
such that the nephrons are aligned with the corresponding
tubular sections that are adjacent to each other. This arrange-
ment establishes the countercurrent mechanism that is essential
for urinary concentration and, in turn, fluid maintenance and
ion balance. These unique spatial constraints and the cellular

complexity of this organ make bioengineering a major chal-
lenge. A replacement “kidney” can be envisaged as either the
complete reengineering of the existing organ or the creation of
an alternative structure(s) that is designed to carry out one or
more kidney functions.

Bioartificial Glomeruli and Renal Tubules
The kidney was the first organ whose partial function was

replaced by an artificial device (78). However, extracorporeal
(outside of the body) hemodialysis replaces only the filtration
activity of the kidney and not very efficiently. There has been
considerable research into the adaptation of this approach via
the bioengineering of devices to replace filtration or reabsorp-
tion (78–83). In the case of filtration, microporous synthetic
biocompatible hollow fibers that were coated with MDCK cell
extracellular matrix and then seeded with autologous endothe-
lial cells that were harvested from the patient’s circulating
blood were shown to decrease albumin loss (78,79). For mim-
icking tubular function, notably resorptive capacity, a renal
assist device (RAD) in which renal parenchymal cells are har-
vested and seeded onto the internal surface of hemodialysis
hollow fibers was developed. Blood from the patient is passed
along the outside of such fibers. The viability of the seeded cells
is maintained via oxygen and substrates that are provided by
the passing blood and ultrafiltrate (79,84). When tested in ani-
mals, these bioartificial tubules provided 40% of normal resorp-
tive capacity. Initially, these two units were used in concert.
More recently, the production of a RAD with human cells has
been completed successfully and used on humans in an extra-
corporeal setting (84,85). Here, conventional dialysis was com-
bined with a RAD that contained 109 human renal proximal
tubular cells that were harvested from donated human kidneys
(85). The lack of direct contact between the blood of the patient
and these cells allowed a nonautologous cell source to be used.
After passing through the hemofilter, patient blood passed
through the RAD before being returned to the patient. Ultra-
filtrate from the hemofilter also was shunted partially through
the RAD to allow reabsorption. This now has been used in
phase I/II clinical trials on intensive care unit patients with
multiple organ failure, including acute renal failure (85). Such
patients normally show a �70% mortality rate even when
provided with dialysis. While proving to be safe and appar-
ently improving patient survival, cells within the RAD also
demonstrated metabolic and endocrine functions that were
appropriate for renal cells and presumably produced chemo-
kines that possibly were critical to patient response. This bioarti-
ficial approach using human renal epithelial cells now is referred
to by the developing company, RenaMed Biologics, as Renal
Bioreplacement Therapy (http://www.nephrostherapeutics.
com/) and is being moved into a phase III clinical trial. Could such
a unit be implanted for use in chronic renal disease? The chal-
lenges to this include the maintenance of patency, reaching a size
that is small enough for implantation, and providing the other
functions that normally are provided by the kidney. The last may
be overcome via gene therapy of the cells that are used to seed this
apparatus. Seeded cells may even be manipulated to produce their
own anticoagulant to assist in maintaining patency. Even if this
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challenge is not reached, the use of renal bioreplacement therapy
in an extracorporeal setting well may revolutionize the treatment
of intensive care unit patients with multiple organ failure.

Recapitulating Development to Create a Kidney De Novo
More than a decade of research already has been devoted to

the development of xenotransplantation as an alternative to
organ donation (86,87). If all immunologic obstacles could be
overcome, then this approach will have a significant impact on
the treatment of humans with chronic renal disease. More
recently, the use of fetal renal tissue for xenotransplantation has
revealed a surprising lack of rejection (88–90). Xenotrans-
planted embryonic kidney tissue seems to be immunologically
protected from the recipient. When transplanted into the ab-
dominal cavity, the embryonic kidney becomes vascularized
from the omentum (91,92) and development of functional
nephrons proceeds. Such material also can be transplanted
successfully into the renal subcapsular space (88,92). The vas-
cularization of such renal primordia is likely to be driven by the
expression of vascular endothelial growth factor, which nor-
mally acts to draw in developing vasculature from the adjacent
aorta during normal kidney formation (93). The immune pro-
tection that is afforded such embryonic kidneys seems to exist
across concordant (between rodents) or nonconcordant (pig to
rodent) barriers. Indeed, anephric rats that were supported by
the renal function of a single transplanted metanephros drained
by virtue of an ureteroureterostomy have been shown to sur-
vive (94). Observations of immune protection of fetal tissue also
have been made with liver and pancreas anlage (95). In earlier
studies, other groups experienced rejection when transplanting
embryonic metanephric slices from one animal to another
(96,97). This may be explained by the observation that lack of
rejection, subsequent vascularization, and lack of teratoma for-
mation of organ primordia is governed by the collection of that
primordia within a defined window of development (98,99).
Rogers et al. (100) reported that immune protection relates to
the absence of donor dendritic cells in early rat anlagen, al-
though immunosuppression is required for rejection to be pre-
vented when crossing more disparate immunologic barriers,
such as pig to human (101). Dekel et al. (92) investigated the
basis of this immune protection via expression profiling of adult
kidney versus fetal grafts. This suggested a reduced expression
of a variety of chemokines and proinflammatory factors, sug-
gesting a reduction or immaturity of the innate immune re-
sponse (90,92).

The knowledge that is gained from metanephric transplan-
tation will be critical for the bioengineering of a de novo replace-
ment organ. The advantage of using such fetal material as
opposed to stem cells is the inherent organ-specific identity of
this tissue, which obviates the need for directed differentiation.
Availability also is a significant advantage. However, the pos-
sibility of retroviral transmission remains as a question mark
over the adoption of such an approach. With the appropriate
cells and environment, could nephrogenesis be recapitulated so
as to create one or more de novo replacement organs in the
peritoneal cavity of the patient? Three components would be
required: Extracellular matrix, secreted factors, and cells. The

potential sources of cells would be the same as for ex vivo organ
repair with these cells needed to mimic very early MM or even
IM. The ability of MSC and undergo nephrogenesis during
development was demonstrated by Yokoo et al. (60) in whole
rodent embryo cultures. Human MSC, engineered to produce
GDNF and lacZ using a replication-defective adenoviral con-
struct, were injected into embryonic day 9.5 and 11.5 embryos
in the region of the IM that gives rise to the developing kidney.
After onward development ex vivo for up to 48 h, these cells
showed complete contribution to the developing kidney. Un-
derstanding how such MSC were directed along a renal devel-
opmental program would be needed for their successful use in
a de novo organ. Yoo et al. (102) reported the harvest of adult
renal cells that were expanded in culture and seeded onto
collagen-coated cylindrical polycarbonate membranes to create
an artificial renal tubule. This then was implanted subcutane-
ously in recipient animals with vascularization occurring from
the host. Silicone catheters were connected to these constructs,
and after 1 wk, a urine-like filtrate was seen collected in the
terminal reservoir. This approach, as anticipated, resulted in an
acute rejection. Whatever cell is used, an ability to manipulate
these cells genetically also may allow for the regulation of red
cell count and bone density. The onward development and
neovascularization of transplanted metanephroi can be en-
hanced via the addition of growth hormone, IGF1, hepatocyte
growth factor, and fibroblast growth factor 2 (90,103–105). Such
research starts to define growth factors that may assist in de
novo organ generation. The most optimal location for such an
organ would be the peritoneal cavity of the patient/recipient
with vascularization from the host as for metanephric xeno-
transplants. Metanephric transplantation vascularized from the
ventral body wall mesothelium has been established in the
mouse (106). This will enable the use of transgenic mice to
examine cell lineage and the relative contribution of recipient to
a mini-kidney.

The remaining obstacle to the viability and functionality of a
de novo peritoneal mini-kidney is the requirement for a ureter
plumbed into a bladder. The construction of ureters and blad-
ders is a considerably simpler bioengineering task. There al-
ready is a high demand for urinary organ replacements for
patients who undergo resections for bladder or ureteric cancer;
children who require surgery to repair congenital dysplasia;
and patients with urinary incontinence, vesicoureteral reflux,
congenital dysplasia, and erectile dysfunction (107). These pa-
tients traditionally have had sections of gut used for reconstruc-
tions. The use of such mucous-secreting, permeable tissues in
an organ such as the bladder creates problems. More recently,
silicone or polyglycolic acid–based scaffolds have been used to
create replacement parts (107). Replacement bladders have
been generated using premolded biodegradable polyglycolic
acid fiber matrices onto which urothelial cells and smooth
muscle cells have been cultured on the luminal surface
(108,109). Replacement bladders that are generated in this way
from autologous biopsies now have been implanted success-
fully in seven patients who required cystectomy for treatment
of myelomeningocele (110) (http://www.tengion.com). These
patients have been monitored for up to 60 mo and showed
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optimal bladder function in those whose implants had the
mentum wrapped around them. These patients also displayed
normal renal function, no evidence of mucus production, and
normal adjacent bowel function (110). A similar approach has
been applied to urethras in animal models (111).

Final Hurdles
Although there is excitement about the application of many

of these novel regenerative approaches, many hurdles remain,
some unique to this organ. These include research obstacles,
such as a paucity of assays for clonogenicity and renal poten-
tial, which hamper our ability to assess adequately potential
renal stem cell populations. The unique architecture of the
kidney creates substantial obstacles to the functional integra-
tion of a stem cell–derived nephron. Indeed, the functional
capacity of a bioengineered organ to provide anything like the
filtering and resorptive capacity of the endogenous kidney is
doubtful.

The final major obstacle is the degree of damage that is
present in a patient with chronic renal disease. It is unlikely
than any organ-based repair process will overcome the extent
of damage that is seen in a patient who has reached end-stage
renal failure. This has major implications for the adoption of
any autologous therapy. Even if an adult stem cell population
does exist in the adult kidney, would it remain in an end-stage
kidney? Indeed, the adoption of any organ-based cellular ther-
apy is likely to succeed only if chronic renal disease can be
diagnosed early and if such therapies are implemented well
before end-stage renal failure is reached. As we move closer to
that point in time, the ethical debate about whether trials can
proceed before ESRD will become critical. A lack of surrogate
end points with which to assess the success of a cellular therapy
in renal disease will make clinical trails long and expensive,
eroding the will of the developers to continue to support the
trials. However, the imperative to continue to forge such novel
approaches is clear from the rate at which the incidence of
chronic renal failure is rising in both the developed and the
developing world (112–114). In the end, it is unlikely that any
such therapies will produce a physiologic outcome that is
equivalent to that of a healthy kidney, but as patient numbers
inevitably increase the use of dialysis for treatment, a novel
therapy that creates an improvement over dialysis will become
not only a major achievement but also a necessity.
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