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Introduction
Regenerative medicine refers to the process of creating functional tissues to augment or
replace organs lost to age, disease, damage, or congenital defects1. Several technologies
brought to bear on this challenge have had notable results. In gastroenterology and
hepatology in particular, recent publications have demonstrated pre-clinical success in the
transplantation of engineered liver tissue, augmentation of enteric sphincter function by
transplantation of smooth muscle, and transplantation of enteric neurons. We will begin by
reviewing the basic techniques that underlie these advances, specifically stem cell biology,
gene therapy, and engineered biomaterials. We will describe some promising applications of
regenerative medicine in dermatology, pulmonology, cardiology, neurology, and urology.
And finally we will describe the state of basic scientific and pre-clinical research in
regenerative gastroenterology.

The Tools
Stem Cells

Although the concept of regenerative medicine is as old as the myth of Prometheus, its
modern era began with seminal discoveries in stem cell biology in the last couple of
decades. Stem cells are defined by the capacity for unlimited self-renewal and the ability to
differentiate into mature end-organ cells. They are conveniently categorized by provenance
(adult, embryonic, fetal, or induced) and according to their developmental potential
(totipotent, pluripotent, multipotent). Unipotent cells, or adult progenitor cells, retain the
capacity for self-renewal or differentiation into a single cell type (e.g., hepatocytes, skeletal
myocytes). In general, in vitro propagation, expansion, and differentiation of these cells
remain difficult.

Initial attempts at tissue regeneration focused on naturally occurring stem cells. Although
embryonic stem cells (ESC) received great popular attention, and are technically attractive
due to their pluripotency, legal and ethical objections have diminished the enthusiasm for
their use. Other difficulties include the immunogenicity of transplanted ESC or ESC-derived
tissues3,4 and the potential for teratoma formation in vivo5. Although there has been recent
progress in defining the molecular basis for this tumor risk6, it is clear that there are
significant technical hurdles before human ESC will be ready for clinical use.
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Among the promising candidates for regenerative therapy are mesenchymal stem cells, a
class of multipotent cell found in several mature and immature organs, including adult
adipose tissue and bone marrow, Wharton's jelly, and tooth bud. Their relative
developmental flexibility, together with their availability in postnatal (even adult) mammals,
lends them unique clinical promise. Yet at present we lack standardized protocols for
differentiating these cells into target tissues7,8.

Safety and technical issues with naturally occurring stem cells have prompted the
examination of other approaches to regeneration. Somatic cell nuclear transfer (SCNT) and
induced pluripotent stem cells are two of the most exciting and revolutionary developments
in this field. SCNT entails removing the nucleus from a recipient oocyte and fusing the
enucleated oocyte with a mature donor cell, typically a fibroblast. The product is a
pluripotent cell containing cytoplasm and mitochondrial DNA from the recipient oocyte and
nuclear DNA from the mature donor cell9. SCNT has been used in reproductive cloning of
several species (e.g., Dolly the sheep), and as such has been subject to significant
controversy and legal debate, particularly with respect to humans. Therapeutic, or
“research,” cloning, intended to yield cells or tissues but not whole organisms, has not been
free of controversy, but research continues. Nuclear transfer remains a technically
challenging procedure with a very low yield (< 1%)9. Some have also raised concerns about
the possibility of exploitative sourcing of oocytes should therapeutic cloning find clinical
applications10.

The reprogramming of mature somatic cells to assume the behavior of embryonic stem cells
is a major scientific breakthrough, suggesting that pluripotent cells might be derived from a
patient's own mature tissue, even an easily accessible biopsy site such as the skin. With such
an origin, these cells, termed induced-pluripotent stem cells (iPSC), offer a way to bypass
most ethical objections to regular embryonic stem cells. The original reprogramming
approach by Takahashi and Yamanaka in 2006 used retrovirus-induced expression of
transcription factors (Oct3/4, Sox2, c-Myc, and Klf4) first in mouse11, and later in human
fibroblasts12. Similarly, Yu et al showed that retroviral expression of OCT4, SOX2,
NANOG, and LIN28 induces pluripotency in human fibroblasts13. Concern over the
oncogenic potential of retroviruses14–16 has led to a refinement in techniques. It is now
possible to produce iPSC without any stable genomic modification to the target cells in both
mouse17,18 and human19,20 models. Further exciting developments in the last year include
the discovery of induced pluripotency. The original approach to producing iPS cells
attempted to return a differentiated cell, such as a fibroblast, to an undifferentiated,
pluripotent state (“de-differentiation”) and then “re-differentiate” it into the desired
phenotype. However, in 2010 Vierbuchen and colleagues succeeded in bypassing the de-
differentiation step and converting mouse fibroblasts directly into neurons having excitable
membranes and functional synapses21.

While iPSC developmental reprogramming undoubtedly has immense scientific and clinical
potential, there are major challenges to translating current research into therapies. It has
become clear that there are differences between the iPSCs produced by retroviral induction
and ESCs. Further, the nature of the reprogramming process is still obscure, and the
developmental potential of iPSCs derived by different methods, from different tissues, is
unknown22.

Materials Engineering
While stem cells can assume a desired cellular phenotype under the appropriate conditions,
their organization into functional tissues also requires the proper spatial architecture and
integration with their environment. Mammalian cells depend on biological and mechanical
interaction with the extracellular matrix (ECM). For tissue regeneration, various
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biomaterials can replicate the effects of native ECM and form a 3-D scaffold to maintain
proper functional shape and cell-cell orientation, and can be loaded with bioactive factors,
e.g., adhesion peptides and growth factors. To be suitable for tissue engineering applications
a scaffolding material should provide an appropriate three-dimensional structure for the
deposition and growth of cells, mimic normal cell-cell interactions, have limited
immunogenicity, and allow for diffusion of oxygen and other nutrients. Collagen23 and
alginate24–26 are commonly used, though as with other materials derived from biologic
sources, there have been concerns about infectious risk and immunogenicity of these
products27. Synthetic materials such as poly(ethylene glycol) (PEG), poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), and poly(lacti-co-glycolic acid) (PLGA) have the
advantages of industrial production, lack of infectious risk, and decreased immunogenicity.
They can also be molded or shaped by advanced fabrication techniques such as
electrospinning to allow greater control over the small-scale structure of biomaterials28,
which may enhance mechanical properties and mimicry of normal extracellular matrix29.
Synthetic modifications to the basic polymer structure can include cross-linking peptides
degradable by proteases from migrating cells and protein ligands for cell-surface
receptors30,31.

Another source of scaffolding for engineered or regenerative tissue is decellularized natural
tissue. A natural animal or cadaveric explant is washed with detergent or otherwise treated
to remove cells, DNA, and other antigenic material32,33, and then seeded with cells capable
of migrating into the residual matrix. In animal models the technique has been applied to
liver34, lung35,36, heart37, and intestinal submucosa38. Probably the most mature clinical
area of tissue engineering is skin grafting, with decellularized skin commercially available
(e.g., AlloDerm, LifeCell Corporation, Branchburg, NJ).

An exciting alternative to scaffold-based tissue engineering has emerged in “bioprinting,” a
collection of processes for depositing living cells into a defined pattern using computer-
controlled machines analogous to three-dimensional rapid-prototyping technology. Boland,
et al, describe using thermal ink jet printing to deposit neurons in a two-dimensional
pattern39. And the Forgacs group has demonstrated bioprinted structures composed of
human endothelial cells with chicken cardiomyocytes40, as well as complex, branched
tubular structures having concentric layers of fibroblasts and smooth muscle cells41.

Progress in Other Specialties
Cellular transplantation is becoming a clinically important technology. For example,
autologous cultures of keratinocyte stem cells (holoclones) have now been used for more
than two decades to restore defects in the skin, mucosa and cornea42–44. Most recently,
epidermal stem cells from an adult patient with junctional epidermolysis bullosa were
transduced with a functional copy of the laminin 5–b3 gene, mutation of which is
responsible for the disease phenotype. Epidermal grafts prepared from these cells were then
transplanted onto the patient's legs and resulted in a local cure45. South Korean regulators
have recently approved the first stem cell-based therapy for clinical use, injecting bone
marrow-derived mesenchymal stem cells into the coronary arteries of patients with coronary
ischemia46 A trial of a similar treatment has been reported in the United States46. And there
appears to be some promise regarding transplantation of neurons into the CNS. In 1995,
Kordower and colleagues reported on a 59-year-old patient with Parkinson's disease in
whose brain they implanted fetal brain tissue from several donors47. After 18 months they
showed significant survival of neurons expressing tyrosine hydroxylase within the engrafted
areas. Wernig, et al, induced iPS cells to differentiate into neurons in vitro, and implanted
them into the cerebral ventricles of fetal mice, where they were found to have migrated into
widespread areas of the developing brain. Subsequently, the same group injected
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dopaminergic neurons derived from iPS cells into the brains of Parkinsonian mice and
showed survival of the engrafted neurons four weeks after surgery48. Yet risks loom large,
as when a 13-year-old boy whose CNS was injected with stem cells derived from fetal brain
developed a malignancy of donor origin49.

The tissue engineering approach, while still very much in the pre-clinical stage, has also
made remarkable advances. For example, two separate groups, in Boston and New Haven,
have constructed engineered lungs. Ott and colleagues perfused decellularized rat lungs with
both fetal rat lung cells and human umbilical vein endothelial cells.35 Petersen, et al,
likewise perfused a decellularized rat lung with rat lung epithelial and endothelial cells via
the pulmonary artery and trachea, respectively36. After maturing the reperfused organs ex
vivo, both groups found that the gross histology resembled normal lung, with intact alveoli
and capillaries. Furthermore, they were able to transplant the newly formed lungs into
recipient rats and demonstrate gas exchange over a period of hours (Figure 1). Lanza and
colleagues succeeded in growing a primitive kidney-like structure in cattle50. A somatic cell
nucleus was transferred into a donor oocyte using SCNT to create a cloned bovine embryo.
Renal cells were isolated from cloned embryos and grown in culture, then seeded into a
polycarbonate tube coated with collagen. The devices were implanted into the subcutaneous
space and drained into an external reservoir. Histologically, organized tubular structures
were observed emanating from the implanted tubes, and terminating in vascular tufts
resembling glomeruli. These “neo-kidneys” produced fluid which was relatively
concentrated in urea and creatinine. Atala and colleagues have reported on a series of
patients in whom they performed bladder augmentation using engineered tissue51. In several
patients, decellularized bladder submucosal tissue was used as scaffolding, and in several
others a composite scaffold of PGA and collagen was formed to fit the specific patient. In all
cases, the scaffold was seeded with the patient's own bladder smooth muscle cells and
urothelial cells, and after maturation ex vivo was anastomosed to the native bladder. They
were able to document long-term viability of the grafts with preservation of normal three-
layer bladder histology, and clinical outcomes similar to those achieved by augmentation
with colon.

Regenerative Medicine and Neurogastroenterology
Several neuromuscular diseases of the gastrointestinal tract offer potential targets for
regenerative therapies, because the clinical impairment is related to loss or dysfunction of
neurons, smooth muscle, or other tissues within the anatomically intact bowel. These include
GERD and fecal incontinence, which are often myopathic; neuropathic diseases such as
achalasia and Hirschsprung's disease; and problems such as diabetic gastroparesis, which
has been associated with loss of interstitial cells of Cajal (ICC). Congenital and acquired
forms of intestinal pseudoobstruction result from either neuropathic or myopathic processes,
and in some cases appear related to a loss of ICC. In all these diseases, pharmacologic
therapies have been relatively unsuccessful, probably because, in the absence of a functional
enteric nervous system, a systemically delivered drug cannot stimulate the complex pattern
of muscular contraction required for effective peristalsis or other motor programs in the GI
tract. In addition, these agents have so far not been targeted with sufficient specificity and
have been fraught with toxicity.

Current Status
Initial attempts at regeneration focused on neural stem cells. Nitric oxide (NO) is an
important neurotransmitter in the relaxation of normal enteric smooth muscle, and knockout
mice lacking the neuronal isoform of nitric oxide synthase (nNOS) have hypertrophic antral
musculature, impaired gastric emptying, and dilated stomachs52. Micci, et al, showed that
this phenotype could be partially rescued by transplantation of neuronal stem cells (NSCs).
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NSCs were isolated from the subventricular zone (SVZ) of the CNS of embryonic mice
without the nNOS knockout. These NSCs were injected into the pylorus of nNOS−/− mice.
Transplanted cells differentiated into both glia and neurons after one week, and nNOS
expression was found in the pylori of recipient but not control animals. In an ex vivo
preparation, the relaxation induced by electrical field stimulation was enhanced in recipient
muscle. Prior to sacrifice, recipient mice were shown to empty a liquid meal from the
stomach more completely than controls53.

Recent studies have also demonstrated promising results in animal models of myopathic
disease. Pasricha and colleagues used cultured cells derived from skeletal muscle (MDCs) in
both rats and beagles54. Beagle LES was injected by endoscopic approach with MDCs; after
four weeks the injected cells appeared well integrated into the native muscle. Every dog
individually had an increase in LES pressures. One dog found to have gastroesophageal
reflux prior to injection appeared improved afterward.

On the tissue-engineering front, Bitar's group has demonstrated a technique for construction
of internal anal sphincters (IACs) using isolated IAC smooth muscle cells. Smooth muscle
cells were isolated from human IAC surgical specimens, and grown in an annular culture
dish coated with fibrin gel55. Over several weeks in culture, SMCs grew into a dense ring
and spontaneously aligned along the circumferential lines of force. Their biochemical
phenotype resembled native IAS smooth muscle. More recently, this group has shown that
bioengineered human IAS tissue can be innervated with immortal neurons and, after
subcutaneous transplantation, preserves the integrity and physiology of myogenic and
neuronal components56.

While these studies demonstrate the promise of both the tissue-engineering and cell-
transplantation approaches to regeneration in the GI tract, much work remains to optimize
the methods. Two active areas of investigation are protocols for optimizing survival and
differentiation of transplanted cells, and the best source of neural progenitor cells. Neural
transplantation trials have been dogged by poor graft survival57, both because of
immunologically mediated rejection58 and also because of non-immune promotion of
apoptosis in the implanted neurons59. In the context of the gut, Micci, et al, found that
inhibition of apoptosis, but not immunosuppression, significantly increased graft survival 1
week after implantation60.

Post-migratory enteric neural precursor cells (ENPs), which can be isolated from adult
bowel, are presumably more committed to an enteric neural fate and may be more
responsive to the environmental cues that normally act on developing enteric neurons.
Kruger, at al, formed an enriched population of multipotent neural progenitors by sorting
cells of the outer muscle layer and myenteric plexus and selecting for high p75 expression61.
Stem cells were identified in both immature and adult rats, though the yield of colony-
forming cells declined significantly from P22 to adulthood, and furthermore the
developmental potential appeared to become more restricted with age, with a bias toward the
formation of glia rather than neurons. In humans, Metzger and colleagues were able to
obtain proliferating neural progenitors from endoscopic mucosal biopsies. When implanted
into aganglionic chick embryo or aganglionic bowel from patients with Hirschsprung's
disease, these cells migrated into and colonized the recipient bowel. This very exciting
demonstration raises the hope that we are not far from the ability to harvest, proliferate in
culture, and re-transplant autologous neural stem cells in a clinical setting.

The Future: Rebuilding the Gut
Malabsorption from short-gut syndrome or intestinal pseudo-obstruction due to neuronal
and/or muscle failure are among the most intractable problems in gastroenterology. While
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intestinal transplantation is an option for some patients, an even more attractive approach
would be to use bioengineering to reconstruct entire segments of the gastrointestinal tract.
Kuwahara and colleagues have shown that murine ES cells, differentiating in vitro, can form
a structure having a lumen, possessing an inner columnar epithelial layer and an outer layer
of smooth muscle, separated by an intermediate layer of connective tissue62. These
structures also contain c-Kit-immunoreactive cells resembling ICC, which form an
interconnected network, and what appear to be ganglia composed of PGP9.5-
immunoreactive cells, consistent with neurons. Ueda, et al, have similarly shown that
murine iPSCs form gut-like structures in culture, having both neurons and ICC, and
engaging in coordinated rhythmic contractions similar to peristalsis63. Thus there is the
intriguing possibility that we may ultimately be capable of recapitulating intestinal
organogenesis in vitro using pluripotent cells of human, and perhaps autologous, derivation.

Conclusion
Recent years have seen an explosion in the science of stem cells, biomaterials, and tissue
engineering. Novel clinical applications will follow, perhaps within the next five years,
possibly even regeneration of the enteric neuromuscular system in motility disorders, for
which treatments have so far been unsatisfactory. Neural stem cell trials will expand from
the CNS to the enteric nervous system. We also expect to see trials of myocyte injection and
the implantation of engineered sphincters, initially for such conditions as achalasia,
gastroesophageal reflux disease and fecal incontinence. In the future we may see functional
bowel segments engineered for implantation.

Despite these exciting possibilities, fundamental questions remain in both basic and clinical
science. What processes underly the re-induction of pluripotency in differentiated cells?
What will be the best source of cells for implantation and organ regeneration: tissue banks,
autologous iPS, autologous adult stem cells, or directed donors? How do we optimize cell
survival and developmental fate after transplantation? What are the best biomaterials and
how do we standardize production of scaffolding and other structural components? How do
we mitigate the risk of neoplasia associated with the use of pluripotent cells?
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Fig. 1.
Schema for lung tissue engineering. (A) Native adult rat lung is cannulated in the pulmonary
artery and trachea for infusion of decellularization solutions. (B) cellular lung matrix is
devoid of cells after 2 to 3 hours of treatment. (C) Acellular matrix is mounted inside a
biomimetic bioreactor that allows seeding of vascular endothelium into the pulmonary artery
and pulmonary epithelium into the trachea. (D) After 4 to 8 days of culture, the engineered
lung is removed from the bioreactor and is suitable for implantation into (E) the syngeneic
rat recipient36. From Petersen TH, et al. Science 2010 Jul;329(5991):538–541. Reprinted
with permission from AAAS.
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