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The Future of Regenerative Medicine: Urinary System
John W. Ludlow, Ph.D., Russell W. Kelley, Ph.D., and Timothy A. Bertram, D.V.M., Ph.D.

Regeneration of tissues and organs is now within the technological reach of modern medicine. With such
advancements, substantial improvements to existing standards-of-care are very real possibilities. This review
will focus on regenerative medicine approaches to treating specific maladies of the bladder and kidney, including the biological basis of regeneration and the history of regenerative medicine in the urinary system.
Current clinical management approaches will be presented within the context of future directions including cellbased regenerative therapies.

tion, thus rendering them partially or completely incapacitated and with a poor quality of life.3 The ability to
regenerate urinary system tissues and organs holds the potential to substantially improve existing standards-of-care
and patient quality of life. While this review focuses on the
bladder and kidney, it is important to realize that key
learnings from studies on urinary system regeneration may
be more broadly applied to regeneration of the lung, gastrointestinal tract, heart, liver, and the central nervous system
(reviewed in Refs.4,5). Fundamental to these applications is
the use of a synthetic or natural scaffold seeded with some
type of host cells, which upon implantation, facilitates tissue
regeneration.

Introduction

C

urrent technological advances with progenitor
cells have matured to the point that diseased or missing
organs can now be regenerated de novo in adults. Harnessing
the body’s ability to regenerate using regenerative medical
technologies can be contemplated at multiple levels:
 Cellular level regeneration—cell delivery to reconstitute

function.
 Tissue level regeneration—implantation of scaffold

materials (e.g., natural or synthetic) which frequently
contain an active biological component (e.g., cellular or
trophic biological molecule).
 Organ regeneration—implantation of complex biomaterial and biological component.

Biological Basis of Regeneration
Regeneration is a fundamental process of biological systems to replace damaged, lost, or failing tissues and organs.
There is, however, considerable variability in how much
function is restored in the damaged tissue dependent upon
the organ system. The molecular mechanisms that control
the functional restoration of tissue damage have only recently begun to unfold. The inductive signals that initiate
repair or regeneration, the cellular cues that control the activation and proliferation of cellular precursors, and finally
the regulators of differentiation and morphogenesis are
common to a specific regenerating cell or tissue. The ontogenic patterning of the tissue and the specific pathophysiologcial processes of the underlying disease also influence the
regenerative outcome. The degree of tissue repair ranges
from regeneration of a damaged cell, to the replacement of
selective cell populations, to organ hypertrophy, and finally
to the more complex structures that require intrinsic morphogenetic machinery (e.g., blastema) to replace a part or all
of an organ. Mistakenly, stem cells and regenerative medicine are often considered synonymous. Although stem cells
may well have a role in a regenerative process, any particular

Current standards-of-care for patients with upper urinary
tract damage, for example kidney failure, frequently depend
on extracorporeal dialysis devices or whole organ transplantation in the attempt to augment or replace the patients’
renal function. Unfortunately, these current renal replacement approaches are insufficient at fully replicating organ
function.1,2 Although transplantation technologies have
dramatically improved, challenges remain associated with
finite organ supplies, morbidities, and the cost burden associated with organ rejection and immune suppression.
In cases of lower urinary tract maladies, surgical procedures, many of which are over 100 years old, are frequently
used to reconstruct bladder and urethral tissues by using
parts of other organ systems. These procedures often rely
upon the use of gastrointestinal tract, oral mucosa, or even
skin to replace malformed, damaged, or cancerous urinary
organs. However, even under the most favorable conditions,
it is not unusual for the patient to have to endure multiple
surgical procedures, experience metabolic disorders, and
suffer from absorption of urine, stricture, and stone formaTengion, Inc., Winston-Salem, North Carolina.
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cell or constituent of a healthy tissue is insufficient to regenerate an organ. To this end, understanding components
of the healing process form the biological basis of regenerative medicine. Significant components include the mesenchymal elements consisting of a blood supply, nerves, and
intercellular stromal components of connective tissue and the
parenchymal components that compose the fundamental
active portion which provides specificity and organismal
need for that particular organ.
Tissue turnover is a normal homeostatic process accomplished by replacement of those components that are normally lost through cellular senescence–stem cells in bone
marrow replacing blood components and stem cells lining the
small intestinal crypts replacing lumen components are examples of stem cells that naturally replenish cellular constituents. Compared to this normal physiological tissue turnover,
regeneration is defined as the ability of a tissue to reconstitute
normal function after the impact of a disease process. Although more complex forms of regeneration associated with
blastema formation are well characterized in lower vertebrates (e.g., newt limb regeneration),6 epimorphic regenerative processes in the adult human are not as well understood.7
However, regenerative medicine therapies are highlighting
the plasticity of adult human tissues, such as the complex
structure and functional processes recently shown to underlie
the reparative regeneration in the urinary tract.8–10
Blood supply is paramount to successful tissue regeneration; the new tissue will require blood vessels to maintain
integrity. New vessels can form by differentiation and morphogenesis of precursor cells endogenous to the tissue or by
addition to a regenerative product. Stimulation of differentiation and morphogenesis most likely occurs by the action
of growth factors and angiogenic factors such as vascular
endothelial growth factor-A, fibroblast growth factor-2, and
transforming growth factor-beta.11,12 These angiogenic
cytokines can also induce tissue remodeling,13 another key
element in tissue regeneration.
Aspects of developmental biology, the process by which
progenitor cells specialize and organize into a three-dimensional
framework, also play a role in tissue regeneration. In this
regard, the kidney has proven to be a model developmental
system.14 Mutation of the Notch2 gene results in deletion of
all proximal cell types and structures of the kidney.15 The
Wnt gene family is arguably the most studied as its members function in a variety of biological processes including
embryonic development and pathogenesis16 and renal
regeneration. Mutations in Wnt genes result in aberrant
development of metanephric structures,17 mesenchymal to
epithelial transitions,18 and arresting of nephron patterning.19
While our understanding of the cytokines and genes involved in tissue remodeling and development is incomplete,
what is known may have profound influence on improving
regenerative medicine approaches to treating bladder and
kidney disease. One could envision a bioengineering approach, utilizing cells and a synthetic biomaterial that would
recruit stem and progenitor cells to an area in need of regeneration. This may be accomplished by selecting a specific
cell type that expresses cytokines involved in angiogenesis,
cell differentiation, and proliferation or stimulates neighboring cells to do so. Alternatively, using a biomaterial that
mimics extracellular matrix may influence cell migration and
differentiation.20
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Regenerative Medicine for the Urinary Tract
Commercial efforts to develop regenerative medical technologies have begun to address unmet medical needs for
patients suffering from various maladies of the urinary tract,
which we are defining here to include kidneys and bladder,
as illustrated in Figure 1. One currently available urinary
tract product for prostate cancer demonstrates the potential
of using autologous cellular components.21 This product not
only represents personalized medicine for cancer therapy,
but also the clinical utility of making biological therapies
using autologous cells to stimulate healing mechanisms that
include immune system activation. Providing improved patient outcomes helps alleviate some of the devastating consequences of prostate cancer, a strategy that highlights the
need for collection, transport, and use of autologous cells as a
potent biological active in harnessing the body’s ability to
heal.
Additional autologous cell-based products for urinary
tract healing and regeneration are also working their way
through clinical development, targeting neurogenic bladder22 and bladder cancer5 patient populations. These products catalyze the body’s ability to regenerate urinary tissue
and parts of the urinary bladder. Providing clinical benefit
by only partial replacement of diseased tissues indicates that
it is now possible to contemplate regeneration of entire organs such as the bladder. Such technologies have been developed to the point that they have been demonstrated to
work in large mammals–historically considered unable to
regenerate urinary tissue, let alone an entire organ.23,24
Regenerative medicine technologies currently in clinical
trials have emerged by understanding regenerative pathways
nascent in mammals that share many of the same innate
healing pathways as humans. The idea of inducing de novo
tissue and organ formation to regenerate form and function
was considered unrealistic not that long ago, yet regenerative
medical products are working their way toward commercialization. Such rapid progress elicits several questions:
 What types of regenerative products might today’s

medical students and practitioners anticipate routinely
using in practice?
 What changes in medical practice will likely occur
as regenerative medicine becomes more broadly
implemented?
 How might advances in regenerative medicine change
the infrastructure of and relationship between established fields of practice?
This review presents some answers to these questions by
looking at the development of regenerative medicine therapies for patients with conditions for which the standards-ofcare has not significantly improved for decades. Table 1
summarizes the more common intervention strategies. Early
successes in the field of regenerative medicine were gained in
relatively simple tissue structures such as flat surfaces (e.g.,
chondrocytes, or two-dimensional cellular structures) where
limited organ function was required. Autologous cell-based
regenerative technologies to augment or replace failing
three-dimensional internal hollow organs such as the bladder can avoid many of the serious morbidity complications
associated with using heterologous tissues such as the intestinal tract to reconstruct the urinary system.
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FIG. 1. Schematic diagram of kidney (solid organ)
and bladder (tubular organ) of the urinary tract
system. Upper inset shows the compartments of a
nephron, the functional unit of the kidney. Lower inset
depicts the epithelial and smooth muscle cellular
composition of the bladder wall.

The History of Urinary System Regenerative Medicine

Current clinical management approaches

Neurogenic bladder

Neurogenic bladder usually causes difficulty or full inability to pass urine without the use of a catheter or other
means of voiding assistance. Clinical management strategies
for neurogenic bladder patients vary depending on the cause
of nerve damage and the type of voiding dysfunction that
results.26 If the problem is urinary retention (the bladder
does not empty when full), it may be necessary to use a
catheter to empty the bladder at regular times. In the case of
urine incontinence, there are a range of treatments depending on the cause of leakage. If the bladder involuntarily
squeezes out urine at the wrong time, then drugs can help
the bladder stay relaxed and store urine longer; however,
many patients do not respond or respond with serious side
effects to these agents, including tachycardia, visual accommodation, and cognitive function.27 If urine leakage happens
because the sphincter is not working, a surgically-placed
artificial sphincter can help control leakage. However, for

An impairment of function involving the bladder and/or
external urethral sphincter results from congenital or traumatic damage to the nerves supplying the bladder leading to
a clinical condition referred to as neurogenic bladder.25 Patients with neurogenic bladder may suffer from inappropriate and involuntary bladder contractions during the filling
phase. For some patients, the urethral sphincter fails to relax
during bladder contraction (voiding phase), leading to
functional obstruction of the bladder outlet. As a result of
these dysfunctions, the bladder muscle hypertrophies, leading to high intravesical pressure, reduced bladder capacity,
and incontinence. Moreover, transmission of this high
intravesical pressure to the upper urinary tract may result in
hydronephrosis and/or vesicoureteral reflux that may
damage the kidney and lead to end-stage renal disease.

FIG. 2. Comparative renal
histopathology 24 weeks after
treatment with constitutive adult and
renal-specific cell populations.
Samples are from control rats which
were sham nephrectomized (sham), 5/
6 nephrectomized rats (NX), and 5/6
nephrectomized rats treated with
constitutive adult and renal-specific
cell populations delivered into the
remnant kidney (NX + NKA). Animals
were sacrificed at 24 weeks posttreatment and kidney tissue recovered
and prepared for histological
examination. Representative sections
(stain indicated) from nephrectomized
remnant kidney tissue show moderate
to marked glomerular and
tubulointerstitial injury, as evidenced by glomerulosclerosis, tubulointerstitial fibrosis (Trichrome), and accumulation of
protein casts in the tubular lumen (PAS), compared with samples taken from control and treated animals.
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Table 1. Intervention Strategies

Urinary Tract

Intervention

Bladder

Renal

Pharmacological
Device
Surgery
Regenerative

Anti-neoplastic Neurostimulation
Catheterization
Ileal-conduit diversion
Neo-Urinary Conduit

RAAS modulators
Dialysis
Kidney transplant
Renal assist device Neo-kidney augment

RAAS, renin-angiotensin-aldosterone system.

extensive damage or where a patient does not respond to less
invasive procedures, a long-time approach has been bladder
augmentation involving the surgical implantation of intestinal segments into the existing bladder. This procedure is
associated with multiple comorbidities including metabolic
disorders, stone formation, frequent infections, mucus in the
urine leading to outflow obstructions, and the risk of cancer
at the augmentation site.3,28
Bladder cancer
Another clinical challenge of the lower urinary tract is
bladder cancer which encompasses a broad spectrum of
malignancies of this organ. The most common type of
bladder cancer originates from the internal epithelial lining
of the bladder, the so-called transitional epithelium,29 is referred to as transitional cell carcinomas. Less common
bladder cancer types include squamous cell carcinoma, adenocarcinoma, sarcoma, and small cell carcinoma.30 While a
majority of patients present with superficial urothelial tumors that involve little to no metastasis of the smooth muscle
compartment, approximately 25% of all bladder cancers will
invade the detrusor musculature. Many of these patients will
initially present as invasive cancers with metastatic potential.
Invasive cancers often require multimodality therapy involving some type of chemotherapy, surgery (i.e., radical
cystectomy), and construction of urinary diversion after the
bladder is removed.31
Current clinical management
After bladder removal, a route for the safe exit of urine
from the body must be constructed. All currently available
surgical options for construction of urinary diversions involve the use of a segment of small or large intestine.32
Serious and common postoperative complications of radical
cystectomy result from the use of the gastrointestinal tract to
construct the urinary diversion and are similar to the comorbidities associated with using gastrointestinal tissue for
bladder augmentation.
Regenerative clinical management approach
to both neurogenic bladder and bladder cancer
Although neurogenic bladder and bladder cancer arise
from very different etiologies, they both can be treated by
using intestinal tissue as either a surrogate for urine storage
or a vessel for urine transport from the ureters to the outside
of the body. As mentioned above, use of such tissue in
managing these two pathologies is fraught with serious side
effects which negatively impact patient quality of life. As
such, one benefit of regenerative medicine approaches for
bladder augmentation/replacement or urinary diversion is

avoiding the use of gastrointestinal tract tissue. Regenerative
medical technologies for bladder augmentation include
composite cystoplasty, whereby cultured autologous urothelium sheets are combined with de-epithelialized bowel
or vascularized uterine smooth muscle at the time of surgery,33–38 and implanting a synthetic biocompatible scaffold
material seeded with autologous urothelial and smooth
muscle cells cultured from bladder tissue harvested by biopsy.8,9,22,39–41 In both approaches, since the bladder cells
came from the patient’s own tissue, graft versus host disease
and other complications that could arise from the use of allogeneic tissues or organs were not of concern.
Focusing on the aforementioned approach of implanting a
synthetic scaffold seeded with autologous bladder-derived
cells, de novo regeneration of partial bladder augments has
been successful in humans and animals8,9,22,39–41 and full
bladder replacement has been achieved in animals.23,24,42
Bladder augment and bladder replacement implants each
consisted of a synthetic biodegradable scaffold seeded with
autologous cells to form a Construct.8,9,22,23,39,40 Following
in vivo implantation, Constructs seeded with urothelial and
smooth muscle cells, or seeded with smooth muscle cells
only, elicited a regenerative response that reconstituted a
native-like multilayered bladder wall with vasculature.9,22,24,39 For bladder cancer patients, ex vivo expansion of
autologous cells from bladder biopsies carries the risk that
expanded cultures could contain cancerous urothelial cells;
therefore, even single-cell (smooth muscle cells only) strategies using bladder tissue as the source of autologous cells
still require a sensitive screening methodology to avoid reintroducing cancerous urothelium back into the patient at
Construct implantation. Although a screening methodology
with a lower limit of detection of one cancerous urothelial
cell in a mixture containing one million nontumor smooth
muscle cells exists,43 identifying an alternate source of
smooth muscle cells is a preferred course of action. Using
stem cells as the alternate source carries with it requirements
by regulatory agencies to monitor and control differentiation,
making them for now a less practical alternative.5 A strategy
that demonstrates sensitivity to these regulations was to
isolate fully differentiated and phenotypically uniform
smooth muscle cells from adipose tissue and use these cells
to seed Constructs. Following implantation, bladder tissue
regeneration was observed that resulted in tissue that was
histologically indistinguishable from native tissue.44
Acute and chronic kidney diseases
The elegant and elaborate renal architecture composed of
the nephron and surrounding parenchyma supports the diverse functions of the kidney, including metabolic waste
removal, elimination of foreign compounds, maintaining
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acid-base balance, blood and interstitial electrolyte homeostasis, erythropoietic and bone mineral regulation, and
maintaining blood pressure. Emerging scientific understanding indicates that solid organs of humans have the capacity to repair and in some cases regenerate.45 The capacity
for the injured kidney to replace denuded tubular epithelia
following an acute insult such as ischemia or sub-chronic
levels of nephrotoxins has been well described.46 Our understanding of the kidney’s reparative ability following
complex secondary causes of renal injury, such as diabetic
nephropathy, are incomplete. However, recent evidence
suggests that regenerative capacity exist within the native
diseased kidney.10,47
Current clinical management approaches
Patients with chronic kidney disease (CKD) ultimately
require renal replacement therapy including dialysis or kidney transplantation. Remarkably, pharmacological antagonism of the angiotensin II pathway (Angiotensin-converting
enzyme inhibitors and angiotensin-II type 1 receptor blockers) has been shown to preserve renal function by restricting
glomerular hypertension and protein trafficking in both diabetic and non-diabetic animal models.51 It remains to be
seen whether the handful of pharmaceuticals and biologics
in clinical development for CKD will significantly impact
survival. Regenerative therapy may well offer CKD patients
hope of maintaining stable renal function by delaying and
perhaps avoiding dialysis and the burden of immunosuppression following transplant.
Regenerative clinical management approach
for acute and CKD
The regenerative capacity of the kidney has been shown to
exist within constitutive cell populations and progenitor cells
of extrarenal origin.48–51 A recent study evaluating the delivery of constitutive adult and renal-specific cell populations
directly into the kidneys of terminally progressive CKD animals demonstrated not only significant improvement in
survival, but the treated animals also restored erythropoiesis,
electrolyte and mineral balance, and improvements to protein handling.10 Histological findings, as shown in Figure 2,
support the serological and survival benefits reported.
Follow-up studies in multiple animal models of CKD using
autologously-sourced cells support the regenerative potential of these bioactive cell populations (unpublished data).
One basis for considering progenitor cells as therapeutics
comes from an understanding of their role during embryonic
nephrogenesis.51,52 Mammalian nephron formation occurs
during gestation through interactions between two intermediate mesodermal populations, the epithelium of advancing ureteric tips and the cap mesenchyme, a condensed
population of self-renewing progenitor cells. The condensed
mesenchyme gives rise to the nephron, the functional unit of
the kidney, and the early ureteric tissue gives rise to the
collecting duct system. A specialized nephrogenic zone
persists in some adult vertebrate animals; a self-renewing
population of nephron progenitor cells allows the zebrafish
to regenerate nephrons de novo after injury throughout their
lifespan.53 Importantly, a self-renewing population of nephron progenitor cells does not appear to persist after birth in
humans. Nonetheless, renal-specific progenitor populations
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that persist into adulthood may be able to reinitiate some
aspects of this developmental program.48,52
Future direction
In addition to today’s standard-of-care that includes
pharmaceutical agents, biologics, and devices, treatment
choices for patients with CKD may soon include cell-based
regenerative therapies. Several companies are actively developing cell-based therapies and the hope for new therapeutic approaches that slow or reverse the sequelae of renal
disease or restore renal function is becoming a reality.
Translational studies are assessing the safety and efficacy of
bioactive cells in the context of comorbid diseases, such as
diabetes and hypertension. Future clinical studies will elucidate and potentially harness the clinical benefits of candidate
cell-based products that might include progenitor cell populations in the fight against chronic diseases of the kidney.
Conclusions
Inevitably, regenerative medical technologies will bring
important new classes of therapeutic options for physicians
facing the daunting challenge of organ failure in the urinary
system. With the potential to catalyze tissue and organ regeneration to address organ and tissue failure of the urinary
tract, today’s practitioner will be presented with new medical opportunities that may enable them to delay or even
eliminate the need for renal dialysis or replacing an entire
urinary bladder after cystectomy from such devastating
diseases like bladder cancer. These products will undoubtedly
change medical practice by bringing therapies to patients and
provide unimaginable benefit-a cure, not just a treatment.
Regenerative medicine products represent the ultimate in
personalized medicine and may well offer improved quality
of life by potentially eliminating co-morbidities and even
reducing mortality associated with diseases of the urinary
systems. By accessing regenerative medicine products, the
21st century physician, can replace outdated and century old
approaches with modern technologies that will not only heal
but also regenerate diseased and failing organs of the urinary
tract. As regenerative medical products make their way
through development and become commercially available,
disease diagnosis and treatment paradigms may well shift
from long-term management of organ failure to cure, thereby
achieving the dream of patients, physicians, and the regenerative medicine industry.
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