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Abstract 

The renal disease is a common problem in modern society. The adult stem cell differentiation remains a focus of debate, and evidence for stem cell contributions to renal repair has been challenged. The search for adult renal stem cells appears to be narrowing. The use of embryonic tissue in research continues to provide valuable insights but will be the subject of intense societal scrutiny and debate before it reaches the stage of clinical application. Embryonic stem cells, with their ability to generate all, or nearly all, of the cell types in the adult body and a possible source of cells genetically identical to the donor, hold great promise but face ethical and political hurdles for human use. Immunoisolation of heterologous cells by encapsulation creates opportunities for their safe use as a component of implanted or ex vivo devices. 
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I. Introduction 

Total United States expenditure on end-stage renal disease (ESRD1) therapy topped $25 billion in 2002, an increase of 11.5% on the previous year (U.S. Renal Data System, 2004


), representative of a trend extending back to the early 1970s and projected to continue into the foreseeable future (Lysaght, 2002

). This reflects not only a steady increase in patient numbers (431,284 on December 31, 2002, up 4.6% from 2001) (U.S. Renal Data System, 2004

) but also rising costs of treatment and extended therapy periods as survival rates improve. Morbidity and mortality rates associated with maintenance dialysis, however, remain high, with a dialysis patient in their early 20s having the same expected remaining lifespan as a 70-year-old in the general population (U.S. Renal Data System, 2004

). Outcomes are considerably improved following transplantation—a transplant patient in their early 20s can expect to survive as many years as a member of the general population in their early 40s—but organ supply lags far behind demand, with only around one-quarter of the extant ESRD population having benefited from a transplant (U.S. Renal Data System, 2004

). 
The statistics for patients suffering from acute renal failure (ARF) are even worse. Affecting up to 200,000 people in the United States annually, or approximately 5% of all long-term hospital patients, the current mortality rate of around 50% has remained unchanged since the advent of dialysis 30 to 40 years ago (Thadhani et al., 1996

; Lieberthal and Nigam, 2000

; Nigam and Lieberthal, 2000

). ARF develops predominantly due to the injury and necrosis of renal proximal tubule cells (RPTCs) as a result of ischemic or toxic insult (Lieberthal and Nigam, 1998

). The cause of death subsequent to ARF is generally the development of systemic inflammatory response syndrome, frequently secondary to bacterial infection or sepsis, resulting in cardiovascular collapse and ischemic damage to vital organs, culminating in multiple organ failure (Breen and Bihari, 1998

). 
There is growing recognition that the disease state arising from renal failure is the result of more than just the loss of blood volume regulation, small solute, and toxin clearance that are replaced by conventional dialysis therapy (Humes, 2000

). The kidney's role in reclamation of metabolic substrates, synthesis of glutathione, and free-radical scavenging enzymes, gluconeogenesis, ammoniagenesis, catabolism of peptide hormones and growth factors, and the production and regulation of multiple cytokines critical to inflammation and immunological regulation are not addressed by current treatment modalities (Kida et al., 1978

; Tannen and Sastrasinh, 1984

; Deneke and Fanburg, 1989

; Maak, 1992

; Frank et al., 1993

; Stadnyk, 1994

). 
Thus, there is considerable drive to develop improved therapies for renal failure with the capacity to replace a wider range of the kidney's functions, thereby reducing morbidity, mortality, and the overall economic impact associated with this condition. Such an ambition lies beyond the reach of conventional medicine, with its mainly monofactorial approach to the treatment of disease. Into this breach steps the nascent and expanding field of cell therapy, which offers the promise of harnessing the native abilities of the cell, endowed to it by a billion years of evolution (Humes, 2003

). 
Cell therapy, as a blanket term covering the disciplines of regenerative medicine, tissue, and bioengineering, is dependent on cell and tissue culture methodologies to expand specific cells to replace important differentiated functions lost or deranged in various disease states. Central to the successful development of cell-based therapeutics is the question of cell sourcing, and advances in stem cell research have a vital impact on this problem. 
"Stem cell" is itself a blanket term that covers a number of separate entities, although, as discussed below, there is at present a great deal of speculation over the extent to which stem cell populations traditionally considered distinct may in fact be interchangeable. As an in-depth treatment of the biology of stem cells and their relationship to more general aspects of regenerative medicine lies outwith the scope of this paper; the reader is directed to several recent reviews (Alison et al., 2002

; Rosenthal, 2003

; Grove et al., 2004

; Rippon and Bishop, 2004

). 
Briefly, stem cells are characterized by their capacity for self-renewal and ability to differentiate into specialized cell types. Levels of competence form the basis of their classification as totipotent (giving rise to all three embryonic germ layers as well as extraembryonic tissues), pluripotent (able to contribute to all three germ layers of the embryo), and multipotent (with the potential to differentiate into multiple cell types, but not derivatives of all three germ layers). Progenitor cells are more lineage-restricted than stem cells but retain the proliferative capacity lacking in terminally differentiated cells. 
ES cells, pluripotent derivatives of the inner cell mass of the blastocyst, are the most primitive cell type likely to find application in cell therapy. Their potential to generate any given cell type of the embryo makes them in some ways the most attractive stem cell for cell therapy but also the one with the greatest challenges to surmount in the laboratory. The political and ethical questions that surround the use of human ES cells have added a further layer of complexity to research aimed at bringing their potential benefits into the clinical arena (Daley, 2003

; de Wert and Mummery, 2003

; Drazen, 2003

; Phimister and Drazen, 2004

). These factors have combined to intensify the focus on multipotent adult stem cells such as hematopoietic stem cells (HSCs) and neural stem cells as sources for cell-based therapeutics. 
In this review, we consider several potential cell-based therapies for renal failure that are currently under development and which provide a route, direct or indirect, for the application of stem cell technology. The direct route is exemplified by simple administration of stem cells to the diseased or injured organ and relies on their inherent capabilities for differentiation, organization, and integration into existing tissues to restore function. Indirect routes include the bio- and tissue-engineering approaches, which are based on in vitro differentiation of stem cells and the organization of their derivatives within matrices or in association with biomaterials to augment or replace function following implantation or as part of an extracorporeal circuit. 
II. Direct Application of Stem Cells 

The main strength of strategies involving the introduction of supplementary cells into a damaged adult kidney to aid in repair and regeneration is that they are rooted in the natural healing process. Numerous studies have shown that renal cell repair and regeneration following ARF follows a program of de-differentiation, migration and proliferation, and restoration of differentiated function (reviewed in Safirstein, 1999

; Nony and Schnellmann, 2003

). The rationale, therefore, is that accelerating and augmenting this process through cellular supplementation can only improve the prognosis for sufferers of acute renal injury. 
This approach has received considerable attention over the last few years, as reports emerged of direct and significant contributions of bone marrow-derived stem cells (BMSCs) to renal tissue by transdifferentiation. The initial excitement generated by these findings has somewhat waned following the publication of results that suggest some revision of the early conclusions may be required. 
A. Transdifferentiation 

The main attraction of the transdifferentiation approach is that it offers the possibility of avoiding complications from immunogenicity of introduced cells by obtaining the more easily accessible stem cells of another tissue type from the patient undergoing treatment, expanding them in vitro, and reintroducing them as a therapeutic agent. This is based on the findings of a number of groups who showed that adult stem cells, long thought to be highly restricted in their differentiative potential, may possess a considerable degree of plasticity. This posited plasticity of adult stem cell populations has not gone unchallenged, however, with results having been published by other researchers more supportive of the traditional viewpoint. The data have been recently reviewed from both perspectives (Anderson et al., 2001

; Weissman et al., 2001

; Forbes et al., 2002

). The debate centers over the question, as yet unresolved, of whether stem cells are irreversibly committed to a particular lineage during development or whether the apparent restrictions are imposed on them by their environment and are therefore mutable. Compelling evidence supporting the latter possibility has come from work demonstrating that adult stem cells, when exposed to the right environments, are capable of contributing to several embryonic lineages, both in vitro and in vivo. 
Making use of neural stem cells derived from ROSA26 mice, which constitutively express bacterial [image: image31.png]


-galactosidase in all cell types (Friedrich and Soriano, 1991

), Clarke et al. (2000

) were able to show first in vitro, by coculture with embryoid bodies followed by immunostaining for tissue-specific markers, and subsequently in vivo, by injection into the amniotic cavity of stage 4 chick embryos as well as morula aggregation and blastocyst injection of adult neural stem cell-derived cells, contributions to muscle, mesonephros, notochord, and epithelia of the liver and intestine, representing all three germ layers. Their analysis included the use of clonally derived neural stem cell populations, thus demonstrating that the progeny of a single cell could give rise to all the tissue contributions observed. 
Similarly, Jiang et al. (2002

), studying a rare subpopulation of bone marrow-derived mesenchymal stem cells designated MAPCs (multipotent adult progenitor cells), were able to demonstrate multilineage differentiation in vitro, following blastocyst injection, and by infusion into adult animals. The progeny of single MAPCs in culture, following the addition of requisite growth factors, displayed characteristics of endothelial, neuronal, and hepatic tissues. Blastocyst injection of single cells gave rise to chimeric animals with donor cell contributions to many tissues, including brain, retina, lung, myocardium, skeletal muscle, liver, intestine, kidney, spleen, bone marrow, blood, and skin. Although infusion of MAPCs into adult nonobese diabetic severe combined immunodeficient (NOD/SCID) (unirradiated or sublethally irradiated) mice led to engraftment of the hematopoietic system, liver, intestine, and gut, no contribution was seen to skeletal or cardiac muscle, skin, kidney, or brain. This serves as a reminder of the unique nature of the embryonic environment, as these tissues do show MAPC progeny contribution following blastocyst injection. Intense interest in the potential of BMSCs to transdifferentiate and contribute to the regeneration or repair of diverse organ/tissue types was generated by publications demonstrating their ability to regenerate infarcted myocardium (Orlic et al., 2003

) and rescue a metabolic liver defect (Lagasse et al., 2000

). 
BMSCs are a many-faceted population made up of (at least) HSCs, marrow stromal cells [or mesenchymal stem cells (MSCs)], MAPCs, and side population cells (Ratajczak et al., 2004

). HSCs have been estimated to be present in mouse bone marrow at a frequency of 1 in 105 cells (Spangrude et al., 1988

; Harrison et al., 1990

; Morrison et al., 1997

). Crude cell extractions from bone marrow may be enriched for HSCs by sorting based on expression of cell surface markers such as Sca-1 and c-kit, dye exclusion, and depletion of cells expressing numerous lineage-specific markers (Morrison et al., 1997

), but functional assays remain an important means of characterizing stem cells. The functional assay for presence of HSCs is their ability to long-term repopulate all the hematopoietic lineages of a lethally irradiated host. 
Orlic et al. (2003

) experimentally induced an area of infarction in the left ventricle of female mouse hearts and 3 to 5 h later, injected enhanced green fluorescent protein (GFP)-expressing HSCs (two injections of 0.15-1 x 105 Lin-c-kit+ cells) into adjacent healthy tissue. Nine days following this procedure they were able to show, by GFP expression, presence of the Y-chromosome, and expression of tissue specific markers, that donor cells were present throughout the infarcted area and that these cells assumed the morphology and expressed those molecular markers examined consistent with myocyte identity. Hemodynamic assays also revealed improved function in HSC-injected animals and these effects were found to be specific to treatment with HSCs, as the injection of Lin-c-kit- cells did not produce similar results (Orlic et al., 2003

). 
Lagasse et al. (2000

) used the powerful approach of cell-autonomous rescue from a genetic metabolic liver defect (the FAH-/-mouse) to demonstrate contributions of purified (c-kit+ThyloLin-Sca-1+) HSCs to the liver. Lethally irradiated adult female FAH-/- mice were repopulated with HSCs isolated from male ROSA26/BA mice. To select for hepatic engraftment of donor HSC-derived cells 2 months following transplantation, the drug required to treat FAH deficiency was withdrawn twice during a 4-month period and restarted when total body weight had decreased by 30%. The livers of animals surviving this treatment were examined for engraftment of donor-derived cells. By [image: image45.png]


-galactosidase activity, presence of the Y-chromosome, FAH expression, and expression of hepatocyte-specific molecular markers, the authors were able to show that donor HSC-derived cells had engrafted into the host liver and taken on characteristics of mature hepatocytes (Lagasse et al., 2000

). 
It has, however, since been shown that this regenerative effect is achieved through fusion of transplanted HSCs with hepatocytes rather than by pure transdifferentiation (Vassilopoulos et al., 2003

). Vassilopoulos et al., working with GFP-marked male HSC-repopulated animals, found that GFP-positive, Y-chromosome-containing, FAH-expressing liver nodules actually contained a greater component of FAH- than FAH+ alleles. Mathematical analyses revealed the proportions of wild-type versus mutant alleles to be consistent with fusion-based models of engraftment, and this was supported by immunohistochemistry (IHC) showing that FAH+ hepatocytes coexpressed the host allele of [image: image48.png]


2-microglobulin (Vassilopoulos et al., 2003

). The authors also noted that the donor cell nuclei must have undergone epigenetic reprogramming subsequent to fusion with hepatocytes, as the expression FAH and down-regulation of the pan-hematopoietic surface marker CD45 are not characteristics of hematopoietic cells, and that the mechanism of transdifferentiation through cell fusion does not necessarily invalidate the potential for clinical application of BMSCs in this context. These results are consistent with the findings of several groups who demonstrated the ability of neural stem cells and BMSCs to cross-lineage boundaries through cell fusion both in vitro (Terada et al., 2002

; Ying et al., 2002

; Spees et al., 2003

) and in vivo (Alvarez-Dolado et al., 2003

). 
Ying et al. (2002

) cocultured central nervous system (CNS) cells, derived from the forebrain of 14.5 days post coitum mouse embryos, with ES cells either directly or following neurosphere derivation. The donor CNS cells were derived from embryos marked either by constitutive expression of neomycin resistance and [image: image55.png]


-galactosidase activity or by puromycin resistance and GFP expression driven by the regulatory sequences of the Oct4 gene. The ES cells carried the hygromycin phosphotransferase/herpes simplex virus thymidine kinase fusion gene, rendering them hygromycin-resistant and sensitive to the thymidine analog ganciclovir. Selection (G418 or puromycin) was applied to eliminate the ES cells from coculture, and following a further 2 to 4 weeks in culture, the authors observed the emergence of proliferating cells with undifferentiated ES cell morphology expressing the markers appropriate to the donor cells ([image: image56.png]


-galactosidase or GFP). This was particularly interesting in the case of the GFP-marked cells, as marker expression under the control of the Oct4 regulatory sequences is expressed only in germline and pluripotent cells (Pesce and Scholer, 2001

) and is thus suggestive of epigenetic reprogramming of the CNS cells. Although these cells possessed ES cell-like characteristics, including the ability to form embryoid bodies generating multiple differentiated cell types and generation of chimeric embryos following blastocyst injection (with contributions to intestine, kidney, heart, and liver), they were also found to be tetraploid and to have arisen from fusion events between ES and CNS cells (Ying et al., 2002

). This phenomenon was found to be repeatable with adult brain cells, and in both cases, the frequency of hybrid generation was estimated at 10-4 to 10-5 per brain cell plated. 
Similarly, Terada et al. (2002

) found that mouse bone marrow cells, which expressed GFP and puromycin resistance, cocultured with ES cells prior to the application of puromycin selection, could give rise to GFP-expressing ES cell-like populations. These cells were shown to express undifferentiated ES cell markers (Oct3/4 and UTF1) and, following withdrawal of leukemia inhibitory factor, to form embryoid bodies and differentiate into disparate cell types. Genetic analyses, however, revealed that the ES cell-like populations were actually tetraploid or even occasionally hexaploid fusion products of bone marrow and ES cells (Terada et al., 2002

). In this case, the rate of spontaneous cell fusion was estimated at 2 to 11 clones per 106 bone marrow cells. The relatively infrequent occurrence of these fusion events in vitro (of the order of one event per 105 cells) (Terada et al., 2002

; Ying et al., 2002

) led to objections from the proponents of BMSC transdifferentiation that such a mechanism was unlikely to account for their observations in vivo. 
Spees et al. (2003

) went some way toward addressing this in their study of bone marrow-derived human mesenchymal stem cell (hMSC) differentiation in response to epithelial injury in vitro. Their work involved the addition of GFP-expressing hMSCs to monolayer cultures of small airway epithelial cells, following heat shock injury to the monolayer. After 1 week of coculture, 4% (1 in 25) of the GFP+ cells recovered were also found to be positive for the epithelial-specific cell surface marker CD24. Approximately one-quarter of these were observed to be multinucleate, and some mononuclear examples were found to be polyploid, giving an approximate cell fusion frequency of 10-2 in the absence of selection pressure (Spees et al., 2003

). In this study, differentiation of hMSCs was found to occur in a single-cell manner and via cell fusion at a considerable rate. Differentiated identity was assessed by expression of multiple epithelial-specific markers. Interestingly, hMSCs added to nonheat-shocked cultures showed little sign of transdifferentiation (Spees et al., 2003

), highlighting the potential role of tissue injury in the recruitment of heterologous stem cells. 
As with all tissue culture-based studies, these come with the caveat that in vitro results may be artifactual and do not necessarily reflect the in vivo situation. However, an in vivo role for cell fusion in the liver is supported by the work of Vassilopoulos et al. (2003

) (described above) and additionally in the brain and heart in a study carried out by Alvarez-Dolado et al. (2003

). The latter study made use of a simple yet sensitive Cre/lox reporter system to detect fusion events between transplanted Cre-expressing bone marrow cells and somatic cells of [image: image68.png]


-galactosidase reporter mice (R26R). R26R mice bear the ROSA26 lacZ reporter flanked by a floxed stop cassette (Mao et al., 1999

) so that fusion of a Cre-expressing cell with an R26R cell will result in Cre-mediated excision of the stop cassette and expression of [image: image70.png]


-galactosidase in the fusion product and its progeny. Lethally irradiated R26R mice were injected with Cre-/GFP-expressing whole bone marrow (1-2 x 107 cells, intraperitoneally). Two or 4 months later, brain, liver, heart, gut, kidney, lung, and skeletal muscle tissues from engrafted animals were serially sectioned and stained for the presence of [image: image71.png]


-galactosidase. [image: image72.png]


-Gal-positive cells were found, but only within the brain, heart, and liver (Alvarez-Dolado et al., 2003

). Electron microscopy analyses of cellular morphology and expression of tissue-specific markers confirmed the presence of [image: image74.png]


-gal-positive hepatocytes in the liver, Purkinje cells in the cerebellum, and cardiomyocytes in the heart. Transdifferentiated cells (i.e., GFP-positive, [image: image75.png]


-gal-negative, and not of hematopoietic origin) were not observed, although GFP+ [image: image76.png]


-gal- cells with characteristics of microglia, Kupffer cells, and macrophages (all of hematopoietic origin) were observed in brain, liver, and heart tissues, respectively, suggesting that cell fusion is the predominant mechanism by which bone marrow cells contributed to these organs (Alvarez-Dolado et al., 2003

). 
B. Bone Marrow-Derived Stem Cell Contribution to Kidneys 

The functional contributions of BMSCs to heart and liver regeneration described above raised hopes that circulating stem cell populations derived from the bone marrow might be capable of widespread organ repair. The studies that have looked at BMSC contributions to renal parenchymal maintenance or repair have, however, generated a good deal of conflicting evidence. As discussed below, some results appear to show that bone marrow-derived cells contribute significantly to daily turnover of renal tissue and to a high degree during recovery from tissue damage, whereas others indicate that this is a rare event, seen only to a very limited extent following injury. 
Poulsom and colleagues (Poulsom et al., 2001

) examined kidney biopsies from male patients who had received transplants from female donors, as well as female mice that had received a male bone marrow transplant. In both cases, they identified Y-chromosome-containing (and therefore host or donor-derived, respectively) cells within both tubules and glomeruli. Cellular phenotype in human subjects was assigned on the basis of immunostaining for epithelial markers (CAM 5.2 and the lectin Ulex europaeus) for tubules and by position and morphology for glomeruli. In murine subjects, this assignation was made based on immunostaining for the tubular epithelial markers Ricinus communis and Lens culinaris as well as a specific cytochrome P450 enzyme (CYP1A2), to give some indication of functional capacity in the donor-derived cells (Poulsom et al., 2001

). To avoid mistakenly identifying cells of macrophage or leukocyte lineages as renal cells, costaining was carried out for the mouse macrophage marker F4/80 antigen and leukocyte common antigen (CD45). 
The authors reported that 3.8 to 7.9% of cortical tubular epithelial cells in the female recipients, 13 weeks following male bone marrow transplantation, contained a Y-chromosome (Poulsom et al., 2001

). Although recipients were lethally irradiated prior to bone marrow transfer, the authors note that nephric damage induced by this treatment is minimal, and they considered therefore that this figure represents a basal turnover level of contribution by circulating stem cells to the renal parenchyma. Although bone marrow-derived cells were observed within the glomeruli with a position, morphology, and vimentin staining profile consistent with podocyte phenotype as well as in the tubules and glomeruli of the human subjects, percentage contributions were not reported (Poulsom et al., 2001

). 
Lin et al. (2003

) examined the ability of HSCs, purified by cell sorting on the basis of dye-exclusion, lineage depletion, and expression of Sca-1 and c-kit antigens as well as CD45.2 expression (to exclude bone marrow-derived mesenchymal cells), to contribute to the regeneration of renal tubules following ischemia/reperfusion injury. HSCs (2 x 103) isolated from male ROSA26 mice were administered to lethally irradiated nontransgenic female mice following induction of ischemic injury by clamping of the renal artery for a 15-min period. Their results appear to show a striking contribution of donor-derived cells to renal proximal tubules, 4 weeks after transplantation, in the recovering kidney and no contribution in animals where transplantation was carried out without concomitant induction of ischemic injury (Lin et al., 2003

). In this study, the regenerating kidneys were found to contain 8.3 ± 3.2% of Y-chromosome-positive cells, spread throughout approximately 80% of proximal tubules that contained some cells coexpressing [image: image84.png]


-galactosidase and proximal tubule-specific markers (Na/Pi2 or Fx1A, which mark the brush border of proximal tubule cells). No [image: image85.png]


-galactosidase expressing cells were observed within the distal tubules, collecting ducts or glomeruli. The authors considered that donor-derived macrophages and leukocytes did not represent a significant proportion of the [image: image86.png]


-galactosidase expressing cells found in recovering kidneys (Lin et al., 2003

). This assertion was based on comparisons of macrophage (revealed by staining with macrophage-specific antibody F4/80) and leukocyte (by expression of the common leukocyte antigen CD45.2) numbers between uninjured kidneys and kidneys 4 weeks following ischemia/reperfusion injury. Although inflammatory cell infiltration has previously been shown to continue increasing for at least 3 months following severe ischemic injury (Ibrahim et al., 1996

), it is conceivable that this may depend on the extent of injury. 
These findings are broadly in agreement with those of Kale et al. (2003

), who also used the renal ischemia/reperfusion injury model, although with some differences in experimental design. In the study of Lin et al. (2003

), mice were lethally irradiated, subjected to renal ischemia/reperfusion injury, and received BMSC transplant all within hours of each other. In the Kale study, mice were subjected only to sublethal radiation, followed by transplantation and a 16-week engraftment period prior to the induction of ischemic injury (Kale et al., 2003

). Accordingly, in an examination of sections from kidneys harvested 7 days postinjury, they found that 20.9% of tubules contained some [image: image92.png]


-galactosidase-positive, donor-derived cells. When the engraftment period was reduced to 2 weeks, this figure dropped to 8.5%, presumably reflecting a correspondingly lower percentage of [image: image93.png]


-galactosidase-positive cells in the bone marrow at this time point (3.3% versus 24.5 ± 6%). In control animals not subjected to ischemic injury, no [image: image94.png]


-gal-positive cells were observed in the kidney 3 weeks posttransplantation. When this period was extended to 12 weeks, however, approximately 2 to 5% of tubules were found to contain [image: image95.png]


-gal-positive cells. These results were obtained following injection of whole bone marrow (5 x 106 cells). Repeating the experiment with Lin-Sca-1+c-kit+ cells (5 x 103) yielded similar results. Approximately 22% of outer medullary tubules contained some [image: image96.png]


-galactosidase-positive cells by 1 week after induction of ischemic injury, following a 5-week engraftment period. 
In an effort to correlate these results with functional/physiological aspects of ischemic injury, Kale et al. (2003

) also examined the numbers of Lin-Sca-1+ cells in peripheral blood 24 h after the induction of injury. Interestingly, they found that Lin-Sca-1+ cells made up 20 to 24% of the nonerythrocyte circulating population in those subjects that had undergone ischemic injury, although they were undetectable above background levels in sham-operated mice. In addition, a comparison was made of blood urea nitrogen levels in mice that had been lethally irradiated with or without stem cell transplantation prior to the induction of ischemic injury and in a third group that underwent ischemia/reperfusion in the absence of bone marrow ablation. The results appear to show that stem cell transplantation ameliorated the effects of ischemic injury, as blood urea nitrogen levels in the group that received transplantation were indistinguishable from unirradiated controls and lower than those of animals that did not receive stem cells over a 7-day period following injury (Kale et al., 2003

). Although these results are suggestive and encouraging, repetition and examination of additional physiological parameters is essential to confirm the conclusions. 
The three studies described above, if considered in isolation, would certainly lead one to the conclusion that BMSCs make a significant contribution to the regeneration of renal tubules following acute injury and may even be involved in daily turnover of parenchymal cells. There are, however, several studies that have produced evidence to the contrary. 
Szczypka and colleagues transplanted whole bone marrow (5 x 106 cells) from male ROSA26 mice into lethally irradiated female recipients and examined the kidneys of otherwise healthy animals in addition to subjects with folic acid (FA)-induced renal injury (Szczypka et al., 2005

). Their choice of the FA injury model was based on the rational that this gives rise to chronic as well as acute damage and should therefore maximize the opportunity for stem cells of whatever origin to be recruited and participate in renal regeneration. Mice were FA-treated either 1 or 9 months following transplantation and sacrificed 2, 4, or 8 weeks after injection. Detection and characterization of donor-derived cells was by [image: image100.png]


-galactosidase activity, Y-chromosome detection by fluorescent in situ hybridization (FISH), and IHC for Lotus tetragonolobus lectin (proximal tubule-specific) and the pan-hematopoietic marker CD34. According to these criteria, the authors found no donor-derived tubule cells in kidney sections of experimental animals, although some donor-derived cells were detected in the glomeruli (Szczypka et al., 2005

). Most [image: image102.png]


-gal+/Y-chromosome+ cells observed within the kidney were seen to express CD45. In a parallel experiment, Szczypka et al. isolated and cultured proximal tubule cells from control and experimental animals. Of approximately 4 x 106 proximal tubule cells isolated, a single cluster of seven [image: image103.png]


-gal+ cells were found, which were also CD45-, AT1+ (a central cilliary component), and ZO1+ (an epithelial tight junction protein). Taken together, their results indicate that it is possible for bone marrow-derived cells to adopt proximal tubule cell fate but that this is an extremely rare event, even in response to FA-induced injury. 
This conclusion is supported by the work of Gupta et al., who examined kidney biopsies from male patients who had received transplants from female donors. They found only rare (affecting <1% of tubules) instances of Y-chromosome-positive cells within the tubular epithelia in patients recovering from acute tubular necrosis and none at all in cases without resolving acute tubular necrosis (Gupta et al., 2002

). 
Krause et al. (2001

) developed a functional purification step to enrich for HSCs by introducing male bone marrow cells, marked with a membrane-bound dye (PKH26), into lethally irradiated female recipients and then reisolating those labeled cells that specifically homed to the host bone marrow over a 2-day period. This led to an estimated 500- to 1000-fold enrichment of long-term repopulated cells. The authors went on to examine engraftment of epithelial tissues by the progeny of single, bone marrow-homed cells. Donor-derived cells in the host were identified by FISH for the Y-chromosome and tissue type determined based on morphological criteria and IHC for epithelial-specific cytokeratin markers. Five months following transplantation, engraftment was observed in the epithelia of all tissues examined (bronchi, alveoli, esophagus, stomach, small intestine, large intestine, skin, and bile duct), with the exception of kidney (Krause et al., 2001

). 
Wagers et al. (2002

) repopulated lethally irradiated hosts with single, GFP-marked, c-kit+Thy1.1loLin- Sca-1+ HSCs. The authors looked for GFP-positive, potentially transdifferentiated cells based on any or all of the following properties: morphology, tissue-specific marker expression, and lack of expression of the hematopoietic marker CD45. Of all the tissues examined (brain, liver, kidney, gut, skeletal muscle, cardiac muscle, and lung), cells meeting the authors' criteria for being considered as transdifferentiated were observed only in brain (a Purkinje cell) and liver (hepatocytes) (Wagers et al., 2002

). In light of the findings of Alvarez-Dolado et al. (2003

) (see above), it seems likely that these instances may have been due to cell fusion events. Nearly all of the GFP-positive cells in all tissues were found to express CD45 (Wagers et al., 2002

). 
In a parallel experiment, Wagers et al. (2002

) generated parabiotic pairs of animals (surgically joined with common blood circulation, leading to chimerism of the hematopoietic system) consisting of GFP+ and GFP- littermates, to study circulating HSC engraftment without the complications of lethal irradiation. Extensive engraftment was observed within the hematopoietic system following a period of several months, but the authors were unable to detect partner-derived nonhematopoietic cells in any of the tissues (see above) examined. The results of these two experiments together led to the conclusion that transdifferentiated HSC progeny are unlikely to have a significant role in the maintenance of other tissues, although this does not exclude possible involvement in tissue repair following severe injury (Wagers et al., 2002

). Although the results of Krause et al. (2001

) and Wagers et al. (2002

) are at odds over the extent of the plasticity of HSCs, they agree regarding the lack of contribution to renal tissue, thus supporting the conclusion that BMSCs are not involved in kidney maintenance, but leaving open the possibility of a role in repair. 
C. Transdifferentiation Summary 

The disparate results generated by the overtly similar studies described above are difficult to reconcile but can likely be ascribed to four main factors: 1) differing detection methods of donor-derived cells, 2) differing methods and/or degrees of rigor in excluding donor-derived hematopoietic cells from analysis, 3) different starting populations of donor cells, and 4) different injury models. In the studies of Poulsom et al. (2001

) and Krause et al. (2001

), identification of donor-derived cells relied exclusively on Y-chromosome detection by FISH, a method that can lead to the identification of false positives (Szczypka et al., 2005

). Although Krause et al. used IHC with a specific marker (CD11b) to exclude macrophages, use of the pan-hematopoietic marker CD34, by Wagers et al. (2002

), would appear to be the more thorough approach to identifying hematopoietic cells. Kale et al. (2003

) identified donor-derived cells in the kidney by [image: image120.png]


-galactosidase activity but did not confirm their identity by coexpression of kidney-specific markers, or eliminate from analysis [image: image121.png]


-gal+ cells expressing hematopoietic markers. Lin et al. (2003

) also failed to specifically exclude [image: image123.png]


-gal+ cells expressing hematopoietic markers, although they did identify some cells with [image: image124.png]


-galactosidase activity that expressed proximal tubule-specific markers. 
Starting populations of donor cells ranged from whole bone marrow (Poulsom et al., 2001

; Kale et al., 2003

; Szczypka et al., 2005

) through RholoLin-Sca-1+c-kit+CD45.2+ (Lin et al., 2003

) and Lin-Sca-1+c-kit+ fractions (Kale et al., 2003

) to single bone-marrow homed (Krause et al., 2001

) and c-kit+Thy1.1lo-Lin-Sca-1+ (Wagers et al., 2002

) cells. This leaves open the possibility that subtly different stem cell populations were being evaluated in the different studies. However, it should be pointed out that Kale et al. obtained the same results using whole bone marrow or the Lin-Sca-++c-kit+ fraction, and they, Poulsom et al., and Szczypka et al. all observed different outcomes when starting with whole bone marrow, suggesting that the main reason for the discrepancies lies elsewhere. Finally, Lin et al. (2003

) and Kale et al. (2003

) both saw a significant contribution of BMSCs to regenerating renal tubules following ischemia/reperfusion injury, whereas Szczypka et al. (2005

) found only a very limited contribution following FA-induced injury, leaving open the possibility that BMSCs may respond only to specific types of injury. 
In any case, the very lack of an emerging consensus during the expansion of this field has served to dampen the initial optimism over results that appeared to indicate a short journey to the clinic for transdifferentiating BMSCs. Further work is certainly required to settle the controversy. One possible experiment would be to use whole bone marrow transplantation in conjunction with ischemia/reperfusion injury and, most importantly, a specific, sensitive, and reliable method to detect transdifferentiated progeny. Donor cells obtained from a double-transgenic mouse for a [image: image135.png]


-gal or GFP Cre reporter (as, for example, the R26R strain) (Mao et al., 1999

) and a proximal tubule-specific Cre expresser (Rubera et al., 2004

) would likely satisfy these criteria. Thus, donor bone marrow-derived cells would only express the reporter gene following induction of Cre expression following transdifferentiation into the tissue of interest. 
D. Renal Stem Cells 

One reason for the intense interest in using BMSCs in cell therapy for renal failure has been the lack of an identified adult kidney stem cell population. This emphasis may be about to change, following the recent discovery of cells residing in the renal papilla with characteristics suggesting that they may represent the elusive adult kidney stem cell (Oliver et al., 2004

). 
Metanephric development in the mouse is initiated on the 11th day postfertilization as the ureteric bud (UB), an offshoot of the nephric duct, invades the metanephric mesenchyme (MM) and morphogenesis proceeds by reciprocal induction events between these two tissues (Saxén, 1987

). Prior to induction by the UB, the MM consists of a few thousand morphologically indistinguishable mesenchymal cells which, together with the UB, give rise to the 26 or so cell types that make up the mature kidney (Al-Awqati and Oliver, 2002

). It remains unclear whether these cell types are derived from multiple distinct progenitor populations within the MM or if they are generated by multipotent stem cells. Evidence supporting the latter hypothesis, however, has emerged from several studies. 
Single cells within the MM were initially shown to have the potential to generate all the epithelial elements of the nephron, with the exception of the collecting duct (which is UB-derived) (Herzlinger et al., 1992

). Subsequently, evidence of a broader differentiation potential for the progeny of individual MM cells was reported, with the expression in vitro of markers suggestive of smooth muscle cell, myofibroblast, and endothelial fates (Oliver et al., 2002

). 
Most recently, Oliver et al. (2004

) identified a population of slow-cycling cells residing in the papilla of the adult kidney that commence proliferating in response to ischemia/reperfusion injury and may migrate to the medulla. In vitro, these cells were shown to possess similarities to cultured MM cells, with coexpression of epithelial and mesenchymal markers. 
Further characterization of this potential stem cell population is essential and will likely intersect with work such as that of Challen et al. (2004

) whose approach has been to identify specific genetic markers of the MM by cDNA microarray analysis, comparing gene expression in the MM with that of neighboring uninduced mesenchyme. It is hoped that the identification of a combination of cell-surface markers specific to renal progenitor cells will assist in their isolation and analysis throughout nephrogenesis and provide further clues about the putative adult renal stem cells. The existence of such a cell type, should they prove amenable to in vitro manipulation, would have an immediate impact on the development of cell therapies for kidney disease, both by the direct approach (discussed above) and by the various indirect approaches (discussed below). 
III. Tissue and Bioengineering Approaches 

The tissue and bioengineering approaches are, in general, based on in vitro manipulation of the cells of interest and their association with biomaterials, which may be either biodegradable or permanent in nature, to produce a device for implantation or incorporation into an extracorporeal circuit. At the more modest end of the scale are strategies such as the implantation of a single differentiated cell type to replace a metabolic or catabolic function, whereas at the far (as yet theoretical) end of the spectrum sits the goal of "growing" a functioning organ for transplantation. These functions range from add-ons aimed at improving conventional therapy to complete renal replacement, which should ultimately make long-term maintenance dialysis and even cadaveric transplants obsolete. The role of stem cells in these technologies is yet in its infancy, but together they will make a powerful combination. The examples discussed below represent promising cell-based therapeutic approaches in the renal field. At present, some of these have more direct stem cell involvement than others, but all have the potential to act as a conduit for the translation of stem cell science into clinical benefits. 
Cell-based therapies rely on the expansion of large cell populations that are uniform in activity and pathogen-free. Current tissue/bioengineering methods of satisfying these requirements typically depend on progenitor or transformed cell types, although the emphasis is likely to shift more and more to stem cells, with advantages to be gained in scalable production without the safety concerns attached to transformed cell lines. 
Two of nine patients who received successful gene therapy for the correction of X-linked severe combined immunodeficiency disease by retrovirally mediated transfer of the [image: image145.png]


c gene into their own HSCs, subsequently developed acute leukemia (Hacein-Bey-Abina et al., 2003

). This was due to the unintended and unforeseen transformation of some of the genetically manipulated stem cells by insertion of the retrovirus near the promoter of a known proto-oncogene (LMO2). Even the use of nontransformed cells may carry safety concerns as, for example, in a few patients (5:33) receiving transplantation of embryonic dopamine neurons for the treatment of Parkinson's disease who went on to develop uncontrollable dyskinetic side effects (Dunnett et al., 2001

) or in the occurrence of cardiac arrhythmias following implantation of myoblasts into the heart (Menasche et al., 2002

). These examples highlight the importance, not only of protecting transplanted cells from possible immune attack, but also of being able to protect the host from implant malfunction. 
A. Cellular Implants to Remove Toxins and Deliver Therapeutic Agents 

Low molecular weight proteins represent a class of uremic toxins insufficiently cleared from the blood by dialysis or hemofiltration (Clark and Gao, 2002

). Examples of this diverse class of molecules include parathyroid hormone, complement factor D, leptin, and [image: image150.png]


2-microglobulin ([image: image151.png]


2M) (Clark and Gao, 2002

). In the case of [image: image153.png]


2M, accumulation in ESRD patients at up to 40 times the normal serum concentration often leads to the development of debilitating arthritis, as amyloid deposits of [image: image154.png]


2M build up in their joints (Gejyo, 2000

). Saito et al. (2003

) have demonstrated the feasibility of using a cellular implant for continuous degradation of low molecular weight proteins such as [image: image157.png]


2M. Working in nude mice, they first implanted a collagen sponge impregnated with basic fibroblast growth factor to promote vascularization and subsequently introduced megalin-expressing cells into the newly vascularized structure. The cells (L2), derived from a rat yolk sac carcinoma, were shown to take up and degrade circulating [image: image158.png]


2M, leading to a 40% reduction in the steady-state level of this uremic toxin in nephrectomized animals (Saito et al., 2003

). It should be noted that this result was only achieved with an estimated 7 x 109 cells in the implant, representing approximately 30% of the mouse body weight. This is, however, an issue of cell-sourcing, and cells with higher megalin expression should be able to deliver the same effects at more realistic numbers. The use of a tumor cell line in such a setting is obviously a clinical impossibility, although the fact that stem cells share many features with cancerous cells (Reya et al., 2001

) serves as a reminder that their substitution with cells expanded and differentiated in a controlled manner would carry this approach much closer to the clinic. 
One strategy to overcome other problems associated with cell implants, such as host immune response (when heterologous tissue is used) and recoverability of the implant (a key fail-safe condition if unwanted events should arise), is encapsulation. Encapsulation within a semipermeable polymeric membrane offers the advantage of immunoisolating allogenic or xenogenic cells and allows a greater degree of control over their destination within the body while still allowing their contact with the bodily fluid required to elicit the desired physiological response (Orive et al., 2004

). 
Cells may be encapsulated within sodium alginate beads as, for example, in the work of Chang and Prakash (1998

) on degradation of urea by orally administered microcapsules containing genetically modified bacteria expressing the urease enzyme. Rats were made uremic by unilateral nephrectomy and partial ligation of the remaining kidney, resulting in substantially increased urea levels without disturbing water and electrolyte balances. Daily oral administration of 11.15 ± 2.25 mg/kg b.wt. of microencapsulated genetically modified bacteria for a 21-day period led to a reduction in plasma urea level from 52.08 ± 2.06 to 9.10 ± 0.71% mg (within the normal range) (Chang and Prakash, 1998

). The equivalent dose for a 70-kg human patient would be 4 g of microencapsulated cells per day. 
Alternatively, cells may be encapsulated within hollow fibers incorporated into an implantable device. Erythropoietin (EPO) production in response to reduced oxygen tension represents a possible direct application of this technique for treatment of renal failure. Cells of the human hepatoma cell line HepG2 are known to display oxygen-regulated EPO production (Goldberg et al., 1987

). Incorporation of such cells within the hollow fibers of an intravascular implanted device (Humes, 1998

) represents a promising alternative to the administration of recombinant human EPO (Humes, 2000

). 
B. Renal Augmentation 

In the sense that developing nephrons or whole metanephroi contain/are derived from renal stem cells (see above), transplantation of fetal kidneys may be thought of as a therapeutic stem cell application. In addition, these studies provide insights into the immune response to immature tissue with relevance to transplantation of engineered tissues generally. The work in this field has recently been comprehensively reviewed by Hammerman (2003

). 
Briefly, it has been shown that the severity of the immune response to implantation of allogenic or even xenogenic renal tissue is ameliorated when prevascularization embryonic donor tissue is used (Foglia et al., 1986

; Rogers and Hammerman, 2001b

), although, in the latter case, costimulatory blockade (administration of anti-CD154, anti-CD45RB and CTLA4Ig, or anti-CD11a) is still required to prevent rejection (Rogers and Hammerman, 2001b

; Rogers et al., 2003

). Several mechanisms are thought to account for this observation (Hammerman, 2003

), including absence of antigen-presenting cells within the metanephros prior to a certain stage in development (Foglia et al., 1986

; Velasco and Hegre, 1989

), reduced expression levels of major histocompatibility class I and II antigens (Statter et al., 1989

; Dekel et al., 1997

), and altered expression levels of cytokines, chemokines, and cytolytic effector molecules relative to adult tissue (Dekel et al., 2000

). Additionally, vascularization of transplanted metanephroi is accomplished, at least in part, by host blood vessels, resulting in the generation of a chimeric organ shielded to some degree from circulating immune-cell surveillance (Rogers and Hammerman, 2001b

). 
In rats and mice, metanephroi transplanted beneath the capsule of adult kidneys or into tunnels fashioned in the renal cortex of neonates have been shown to give rise to nephrons with vascularized glomeruli and mature tubules (Woolf et al., 1990

; Rogers et al., 1998

). By intravascular administration of fluorescently labeled dextran shortly before sacrifice of metanephric-transplant recipients, Woolf et al. (1990

) were able to demonstrate glomerular filtration by donor-derived nephrons. It was not, however, determined whether integration with the host's collecting duct system had been achieved. 
A more promising approach, from a therapeutic standpoint, has been the transplantation of metanephroi into the omentum (a folded membrane within the abdominal cavity attached to the bottom edge of the stomach and the transverse colon) (Hammerman, 2003

). Rogers et al. (1998

) and Hammerman (2003

) have shown that E15 rat metanephroi transplanted into the omentum of adult hosts grow to approximately one-third the diameter of native kidneys, develop mature glomeruli and tubules, and are vascularized by arteries originating from the omentum. Inulin clearance in bilaterally nephrectomized hosts, following anastomosis between the ureters of the implanted metanephros and native kidney, has been measured at [image: image185.png]


0.2% of the mean per single kidney from normal rats expressed as microliters per minute per 100 g of rat weight and 9% of those measured per single kidney of normal rats expressed as microliters per minute per gram of kidney weight (Rogers et al., 2001

). Furthermore, it has been shown that exposure of explanted metanephroi, prior to implantation, to a cocktail of growth factors (insulin-like growth factor I and II, transforming growth factor [image: image187.png]


, hepatocyte growth factor, vascular endothelial growth factor, basic fibroblast growth factor, nerve growth factor, retinoic acid, corticotropin-releasing hormone, Tamm Horsfall protein, prostaglandin E1, and iron-saturated transferrin) leads to increased urine production and inulin clearance by the implant (Rogers and Hammerman, 2001a

). 
Dekel et al. (2002

) carried out transplantation of 70-day human metanephroi into NOD/SCID mice. Metanephroi implanted intra-abdominally (onto the testicular fat) were found to take up increasing amounts of dimercaptosuccinic acid from the host circulation with the passage of time following transplantation from 3 to 10 weeks, indicative of functional maturation of the implant. Following subcapsular implantation, Dekel et al. also investigated gene expression in the transplanted metanephroi. cDNA microarray analysis showed the expression profile to be similar (although at lower levels) to that seen during normal kidney development (Dekel et al., 2002

). 
Should it prove possible through growth factor treatments (Rogers and Hammerman, 2001a

) and/or optimization of transplantation methodology (Dekel et al., 2002

) to increase the functionality of transplanted metanephroi to physiologically significant levels, this approach may become clinically useful. Safety concerns over xenotransplantation, however, would likely restrict possible sources of donor tissue to aborted human fetuses. This, of course, would have considerable political implications, although an ethical/legal framework for the use of human embryonic tissue in the treatment of neurodegenerative diseases has been worked out (Boer, 1994

). Even assuming these hurdles could be overcome, the extent of embryonic donor organ availability would be highly limiting, although the development of techniques for expansion and propagation of metanephroi in vitro may mitigate, or ultimately overcome, this factor (Steer et al., 2002

). It seems probable, therefore, that not until stem cell technology has progressed to the point where renal precursor cells can be generated, differentiated, and organized into a functional kidney precursor in vitro, will this strategy have a serious impact on the treatment of renal failure. 
C. Full Renal Replacement 

There are currently two main bioengineering programs with the aim of producing a device providing full renal replacement therapy in the short to medium term. Both employ biomaterial scaffold structures to overcome the as yet insurmountable difficulties inherent in marshalling cells into organized three-dimensional structures capable of coordinated filtration, resorption/meta-/catabolism/secretion, collection, and disposal of waste. Atala and coworkers have approached this problem by expanding renal cells in culture and seeding them onto collagen-coated cylindrical polycarbonate membranes, relying on the cells' innate morphological/organizational properties to reconstitute functional nephron units (Amiel et al., 2000

; Lanza et al., 2002

; Koh and Atala, 2004

). 
Initial experiments involved adult rabbit renal cortex harvested and fractionated into glomeruli, distal, and proximal tubules, expanded separately in vitro, and seeded onto biodegradable polyglycolic acid sheets for subcutaneous implantation into syngenic hosts (Amiel et al., 2000

). Retrieval and histological examination of the scaffolds at 1 week, 2 weeks, and 1 month postimplantation revealed evidence of vascularization and identifiable nephronal elements. Glomeruli and tubular segments of various identities were observed, including proximal tubules, distal tubules, loops of Henle, collecting tubules, and collecting ducts, identified on the basis of morphology and IHC with nephron segment-specific lectins (Amiel et al., 2000

). It does not, however, appear that these elements were continuous, or that they displayed any higher-order organization into potentially functional nephrons. 
In an attempt to address the issue of functionality, further experiments were carried out with cells seeded onto a section of cylindrical polycarbonate membrane connected at one end to a silastic catheter, which terminated in a reservoir (Amiel et al., 2000

). Devices were implanted in athymic mice and subsequently retrieved following 1, 2, 3, 4, or 8 weeks for histological and immunocytochemical examination. The investigators reported "extensive vascularization and the formation of glomeruli and highly organized tubule-like structures" (Amiel et al., 2000

), although it is not clear what factors are responsible for the increased level of structural organization relative to their earlier experiments. It was noted that the tubular structures stained positively for osteopontin (secreted by proximal and distal tubule cells, as well as the thin ascending loop of Henle) and that proximal tubule-like structures stained positively for alkaline phosphatase. It was not specified whether these structures were contiguous (Amiel et al., 2000

). A yellow fluid collected from the reservoir was shown to have uric acid and creatinine levels of 66 mg/dl and 27.91 ± 7.56 mg/dl (versus normal plasma concentrations of 2 mg/dl and 4.49 ± 0.08 mg/dl), respectively, raising the possibility that the reconstituted nephronal units may possess some level of functional capacity. 
These results were confirmed and extended by subsequent experiments in which Lanza et al. (2002

) further explored the potential of their renal construct. Of particular interest, embryonic renal cells for the device were derived from the metanephros of a 56-day-old bovine embryo generated by nuclear transfer (also referred to as therapeutic cloning), to provide donor tissue histocompatible with the host. Nuclear transfer enables the generation of cells genetically identical to an adult animal by the transfer of a somatic cell nucleus (in this case from a skin fibroblast) into an enucleated oocyte to generate a cloned embryo (reviewed by Hochedlinger and Jaenisch, 2003

). The cells of this cloned metanephros were dissociated and expanded in culture where they were shown to possess normal renal cell characteristics, including expression of renal-specific proteins (synaptopodin, aquaporin-1, aquaporin-2, and Tamm-Horsfall protein) and production of 1,25-dihydroxyvitamin D3 and EPO (Lanza et al., 2002

). EPO production was further shown to be responsive to changes in oxygen tension. 
The devices used in these experiments were similar to that described above (Amiel et al., 2000

) but with three collagen-coated (coating thickness 2 mm) cylindrical polycarbonate membranes (3-cm long, 10-µm thick, 2-µm pore size, 1.4-mm internal diameter) catheterized at one end to a 2-ml collecting reservoir and sealed at the other (Lanza et al., 2002

). The cultured cells were seeded onto the coated membranes (at a density of approximately 2 x 107 cm-2) and the constructs implanted into the flank subcutaneous tissue of the same animal from which the cloned fetus was derived, followed by recovery and analysis after 12 weeks. As controls, units seeded with cells isolated from an allogenic fetus as well as cell-free units were implanted on the contralateral side. 
Upon recovery, the reservoirs were found to contain small amounts of fluid, with the greatest volumes seen in the cloned-cell devices (600 ± 40 versus 100 ± 10 and 130 ± 40 µl for the allogenic and unseeded control groups, respectively) (Lanza et al., 2002

). Unique to the cloned-cell devices, this fluid was yellow in color with elevated urea and creatinine and a profile of physical/chemical properties (electrolyte levels, specific gravity, pH, glucose concentrations, and mineral content) similar to that of bovine urine (Lanza et al., 2002

). These observations support the conjecture that the implanted renal cells may possess filtration, reabsorption, and secretory functions. 
Examination of the tissue itself revealed extensive vascularization and the presence of glomeruli and tubule-like structures which expressed aquaporin-1, aquaporin-2, synaptopodin, and Factor VII (confirmed by IHC and reverse transcription-polymerase chain reaction) (Lanza et al., 2002

). No evidence of immune rejection was observed in the cloned-cell devices, whereas the allogenic-cell controls were observed to be extensively necrotic. In at least some cases, continuity was noted between glomeruli, their tubules, and the polycarbonate membrane (Lanza et al., 2002

). It will be fascinating to learn with what frequency this remarkable level of spontaneous organization occurs and what its physiological relevance may be. A demonstration of inulin clearance from the circulation into the reservoir and/or fluorescently labeled dextran into the reconstituted tubules, for example, would be most welcome. The results reported so far are encouraging and more is to be hoped for in the future from this approach. 
The strategy adopted by Humes and colleagues has been to start with the clinically proven method of hemofiltration as a working substitute for glomerular filtration and add to it specifically the functionality of proximal tubule cells in the form of the renal tubule assist device (RAD) to increase the scope and efficacy of extracorporeal renal replacement therapy. This approach has shown considerable promise following testing in animal models and in Phase I/II clinical trials on human patients with ARF. Progress has recently been reviewed by Humes and Szczypka (2004

) and Fissell and Humes (2003

). 
The method has its foundation in the ability to isolate and expand in culture tubule cells from adult kidneys (Humes and Cieslinski, 1992

; Humes et al., 1996

), which are then grown along the inner surface of the fibers in a standard hemofiltration cartridge (MacKay et al., 1998

; Humes et al., 1999b

; Nikolovski et al., 1999

). Cell attachment to the membrane is promoted by first coating it with extracellular matrix molecules. Matrix selection varies, depending on the source of tubule cells. For porcine RADs, either proNectin-L (a laminin-derivative) or murine laminin have been used and for the human RADs, either murine laminin or bovine collagen type IV are used (Humes et al., 2002

). The high-flux hemofiltration membrane and associated extracellular matrix molecule coating thus act as scaffold and immune-barrier for the cells of the bioartificial tubule. 
In vitro testing of this device, seeded with porcine RPTCs, demonstrated differentiated active transport properties, metabolic activities, and endocrine processes of the RAD (Humes et al., 2002

). High-flux hemofiltration cartridges containing polysulfone hollow fibers with surface areas of either 97 cm2 or 0.4 m2 were seeded with RPTCs at a density of 3 x 107 cells per milliliter and perfused with culture media for 14 days, by which time cells had reached confluency as assayed by inulin leak rates and electron microscopy. Cell numbers were determined by lactate production at approximately 3.4 x 107 cells in each 97 cm2 RAD and 1.4 x 109 cells per 0.4 m2 RAD. This number is of the same order of magnitude as the proximal tubule cell mass within a mammalian kidney, estimated at 5 x 109 cells (Humes et al., 2002

). 
Testing of these units revealed properties of vectorial fluid transport from intrato antiluminal space, active transport of bicarbonate, glucose, and secretion of para-aminohippurate. Glutathione catabolism, ammonia production, and conversion of 25-hydroxyvitamin D3 were also demonstrated, and the cells were shown to remain viable up to the latest point tested at 6 months (Humes et al., 2002

). 
The bioartificial kidney setup consists of a conventional hemofilter followed in series by the tubule RAD unit (Humes et al., 1999a

, 2002

; Fissell et al., 2002

). Blood is pumped out of a large animal using a peristaltic pump and ultrafiltrate, generated as the blood passes through the hemofilter, and is then delivered into the tubule lumens of the RAD. Direct contact between the ultrafiltrate and the tubule cells lining the membrane allows them to carry out their metabolic and regulated transport functions. Processed ultrafiltrate exiting the RAD is collected and discarded as "urine". The filtered blood exiting the hemofilter enters the RAD through the extracapillary space port and disperses among the fibers of the device. The direct bathing of the tubule cells within the RAD by ultrafiltrate and transmembrane contact with the filtered blood delivers the metabolic substrates, low-molecular weight growth factors, and oxygen required to maintain their viability while preserving immunoisolation of the heterologous tissue. Processed blood exiting the RAD passes through a third pump required to maintain hydraulic pressures within the unit and is delivered back into the animal. Heparin is delivered continuously into the blood before entering the RAD to diminish clotting within the device, and it is temperature-controlled at a steady 37°C for optimal functionality of the cells. 
Ex vivo animal testing has borne out the results of the in vitro study outlined above. RADs containing either porcine or human cells have been evaluated on uremic dogs following bilateral nephrectomy (Humes et al., 1999a

, 2002

). RAD treatment of these animals, for either 7 or 9 h on 3 successive days or for a single 24-h period, resulted in improvements in multiple physiological parameters compared with treatments with cell-free sham RAD controls. Plasma levels of HCO3-, Pi, and K+ were maintained nearer to normal values; glucose, HCO3-, and K+ active transport as well as ammonia excretion, glutathione processing, and 25-hydroxyvitamin D3 conversion were demonstrated (Humes et al., 1999a

, 2002

). Furthermore, in canine and porcine models of ARF with septic shock, RAD treatment was shown to modulate plasma cytokine levels, maintain better cardiovascular performance (as determined by cardiac output and renal blood flow), and increase survival times (Fissell et al., 2002

, 2003

; Humes et al., 2003

). 
The preclinical animal data briefly sketched above have been followed up by a Food and Drug Administration-approved Phase I/II clinical trial on 10 critically ill patients with ARF and multiple organ failure (and predicted hospital mortality rates averaging above 85%) receiving continuous venovenous hemofiltration (Humes et al., 2004

). The devices used in this study were seeded with human kidney cells isolated from organs donated for cadaveric transplantation but which could not be used for this purpose owing to anatomic or fibrotic defects. The results demonstrated that RAD treatment can be safely delivered under study protocol guidelines in this critically ill patient population for up to 24 h and that the device retains viability, durability, and functionality throughout. Glutathione degradation and 25-hydroxyvitamin D3 conversion by the RAD tubule cells were maintained, and for the subset of patients who had excessive proinflammatory levels, significant declines in granulocyte-colony stimulating factor, IL (interleukin)-10, and IL-6/IL-10 ratios were observed, suggesting that RAD therapy produced dynamic and individualized responses. Of the 10 patients treated, six survived past 30 days, one expired within 12 h following treatment due to the family's request that ventilatory life support be withdrawn, and three others died due to complications unrelated to ARF or RAD therapy (Humes et al., 2004

). Supported by these encouraging initial clinical results, a randomized, controlled Phase II clinical trial is currently under way, and a clinical trial of RAD treatment for ESRD patients is in preparation. 
IV. Conclusions and Future Perspectives 

The potential impact of advances in stem cell technology on all the prospective cell-based therapeutic approaches for the treatment of renal failure discussed above is enormous. It is through methodologies such as these that the promise of stem cells will be carried forward to the clinic. As the understanding of basic ES cell biology deepens and protocols are developed by which their differentiation may be robustly and reproducibly guided toward specific cell fates in vitro, they will increasingly become the answer to the sourcing question on which all cell therapies ultimately stand or fall. 
Directed-differentiation protocols for ES cells in culture are emerging, as reviewed recently by Heng et al. (2004

). In vitro differentiation into numerous lineages, including neural (Zhang et al., 2001

; Rathjen et al., 2002

; Wichterle et al., 2002

; Nakayama et al., 2003

), hematopoietic (Kaufman et al., 2001

), osteo/chondrogenic (Buttery et al., 2001

; Hegert et al., 2002

; Sottile et al., 2003

; Sui et al., 2003

), myogenic (Muller et al., 2000

; Kehat et al., 2001

; Mummery et al., 2003

; Zandstra et al., 2003

), and endothelial (Yamashita et al., 2000

; Kaufman et al., 2004

) has been reported. For organ and tissue engineering, the intersection between directed-differentiation by chemical means, such as growth factors and cytokines (Schuldiner et al., 2000

), and innovative 3-dimensional culture techniques within biodegradable scaffolds and matrices (Kim and Mooney, 1998

; Richardson et al., 2001

; Chen et al., 2003

; Levenberg et al., 2003

; Liu et al., 2003

) is likely to be particularly fruitful. 
Clinical applications will require the use of human ES cells (Gerecht-Nir and Itskovitz-Eldor, 2004

), and although the political climate in many countries is presently unfavorable for human ES cell research, progress continues to be made (Brivanlou et al., 2003

; Cowan et al., 2004

). The acceptability of nuclear transfer as a method of generating nonimmunogenic cells for the treatment of a particular individual, as illustrated by the work of Lanza et al. (see above), is an issue that must be decided. Lanza et al. (2002

) achieved their results working with bovine tissue, and cloned embryos were allowed to develop well into pregnancy prior to their termination for the harvest of metanephric tissue—a practice that could never be acceptable in humans. The generation of cloned human ES cells by somatic cell nuclear transfer has, however, been recently reported (Hwang et al., 2004

), and continued societal debate will determine whether this or other (Drukker and Benvenisty, 2004

) techniques for creating nonimmunogenic cell implants will prevail. In the meantime, it is the approaches that protect cell from host and host from cell by incorporating immunoisolation barriers (such as the RAD, described above) that are most likely to advance the treatment of renal failure and other complex disorders, providing a platform for the greater technological achievements that lie ahead. 
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Footnotes 

Article, publication date, and citation information can be found at http://pharmrev.aspetjournals.org. 
doi:10.1124/pr.57.3.3. 
1 Abbreviations: ESRD, end-stage renal disease; ARF, acute renal failure; RPTC, renal proximal tubular cell; ES, embryonic stem; HSC, hematopoietic stem cell; BMSC, bone marrow-derived stem cell; MAPC, multipotent adult progenitor cell; NOD/SCID, nonobese diabetic severe combined immunodeficient; MSC, mesenchymal stem cell; GFP, green fluorescent protein; IHC, immunohistochemistry; CNS, central nervous system; hMSC, human MSC; [image: image264.png]


-gal, [image: image265.png]


-galactosidase; FA, folic acid; FISH, fluorescent in situ hybridization; UB, ureteric bud; MM, metanephric mesenchyme; [image: image266.png]
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2-microglobulin; EPO, erythropoietin; RAD, renal tubule assist device; IL, interleukin; FAH, fumaryl acetoacetate hydrolase. 


References 

Al-Awqati Q and Oliver JA (2002) Stem cells in the kidney. Kidney Int 61: 387-395.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11849378&link_type=MED" [Medline] 

Alison MR, Poulsom R, Forbes S, and Wright NA (2002) An introduction to stem cells. J Pathol 197: 419-423.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12115858&link_type=MED" [Medline] 

Alvarez-Dolado M, Pardal R, Garcia-Vardugo JM, Fike JR, Lee HO, Pfeffer K, Lois C, Morrison SJ, and Alvarez-Buylla A (2003) Fusion of bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature (Lond) 425: 968-973.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14555960&link_type=MED" [Medline] 

Amiel GE, Yoo JJ, and Atala A (2000) Renal therapy using tissue-engineered constructs and gene delivery. World J Urol 18: 71-79.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=10766048&link_type=MED" [Medline] 

Anderson DJ, Gage FH, and Weissman IL (2001) Can stem cells cross lineage boundaries? Nat Med 7: 393-395.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11283651&link_type=MED" [Medline] 

Boer GJ (1994) Ethical guidelines for the use of human embryonic or fetal tissue for experimental and clinical neurotransplantation and research. Network of European CNS Transplantation and Restoration (NECTAR). J Neurol 242: 1-13.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=7897446&link_type=MED" [Medline] 

Breen D and Bihari D (1998) Acute renal failure as a part of multiple organ failure: the slippery slope of critical illness. Kidney Int 53 (Suppl 66): S25-S33.[CrossRef] 

Brivanlou AH, Gage FH, Jaenisch R, Jessell T, Melton D, and Rossant J (2003) Stem cells. Setting standards for human embryonic stem cells. Science (Wash DC) 300: 913-916.[Abstract/Free Full Text] 

Buttery LDK, Bourne S, Xynos JD, Wood H, Hughes FJ, Hughes SPF, Episkopou V, and Polak JM (2001) Differentiation of osteoblasts and in vitro bone formation from murine embryonic stem cells. Tissue Eng 7: 89-99.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11224927&link_type=MED" [Medline] 

Challen GA, Martinez G, Davis MJ, Taylor DF, Crowe M, Teasdale RD, Grimmond SM, and Little MH (2004) Identifying the molecular phenotype of renal progenitor cells. J Am Soc Nephrol 15: 2344-2357.[Abstract/Free Full Text] 

Chang TMS and Prakash S (1998) Therapeutic uses of microencapsulated genetically engineered cells. Mol Med Today 4: 221-227.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=9612802&link_type=MED" [Medline] 

Chen SS, Revoltella RP, Papini S, Michelini M, Fitzgerald W, Zimmerberg J, and Margolis L (2003) Multilineage differentiation of rhesus monkey embryonic stem cells in three-dimensional culture systems. Stem Cells 21: 281-295.[Abstract/Free Full Text] 

Clark WR and Gao DY (2002) Low-molecular weight proteins in end-stage renal disease: potential toxicity and dialytic removal mechanisms. J Am Soc Nephrol 13: S41-S47.[Abstract/Free Full Text] 

Clarke DL, Johansson CB, Wilbertz J, Veress B, Nilsson E, Karlstrom H, Lendahl U, and Frisen J (2000) Generalized potential of adult neural stem cells. Science (Wash DC) 288: 1660-1663.[Abstract/Free Full Text] 

Cowan CA, Klimanskaya I, McMahon J, Atienza J, Witmyer J, Zucker JP, Wang SP, Morton CC, McMahon AP, Powers D, and Melton DA (2004) Derivation of embryonic stem-cell lines from human blastocysts. N Engl J Med 350: 1353-1356.[Free Full Text] 

Daley GQ (2003) Cloning and stem cells—handicapping the political and scientific debates. N Engl J Med 349: 211-212.[Free Full Text] 

Dekel B, Amariglio N, Kaminski N, Schwartz A, Goshen E, Arditti FD, Tsarfaty I, Passwell JH, Reisner Y, and Rechavi G (2002) Engraftment and differentiation of human metanephroi into functional mature nephrons after transplantation into mice is accompanied by a profile of gene expression similar to normal human kidney development. J Am Soc Nephrol 13: 977-990.[Abstract/Free Full Text] 

Dekel B, Burakova T, Ben-Hur H, Marcus H, Oren R, Laufer J, and Reisner Y (1997) Engraftment of human kidney tissue in rat radiation chimera: II. Human fetal kidneys display reduced immunogenicity to adoptively transferred human peripheral blood mononuclear cells and exhibit rapid growth and development. Transplantation 64: 1550-1558.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=9415555&link_type=MED" [Medline] 

Dekel B, Marcus H, Herzel BH, Bocher WO, Passwell JH, and Reisner Y (2000) In vivo modulation of the allogeneic immune response by human fetal kidneys: the role of cytokines, chemokines and cytolytic effector molecules. Transplantation 69: 1470-1478.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=10798773&link_type=MED" [Medline] 

Deneke SM and Fanburg BL (1989) Regulation of cellular glutathione. Am J Physiol 257: L163-L173. 

de Wert G and Mummery C (2003) Human embryonic stem cells: research, ethics and policy. Hum Reprod 18: 672-682.[Abstract/Free Full Text] 

Drazen JM (2003) Legislative myopia on stem cells. N Engl J Med 349: 300.[Free Full Text] 

Drukker M and Benvenisty N (2004) The immunogenicity of human embryonic stem-derived cells. Trends Biotechnol 22: 136-141.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=15036864&link_type=MED" [Medline] 

Dunnett SB, Bjorklund A, and Lindvall O (2001) Cell therapy in Parkinson's disease—stop or go? Nat Rev Neurosci 2: 365-369.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11331920&link_type=MED" [Medline] 

Fissell WH, Dyke DB, Weitzel WF, Buffington DA, Westover AJ, MacKay SM, Gutierrez JM, and Humes HD (2002) Bioartificial kidney alters cytokine response and hemodynamics in endotoxin-challenged uremic animals. Blood Purif 20: 55-60.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11803160&link_type=MED" [Medline] 

Fissell WH and Humes HD (2003) Cell therapy of renal failure. Transplant Proc 35: 2837-2842.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14697917&link_type=MED" [Medline] 

Fissell WH, Lou L, Abrishami S, Buffington DA, and Humes HD (2003) Bioartificial kidney ameliorates gram-negative bacteria-induced septic shock in uremic animals. J Am Soc Nephrol 14: 454-461.[Abstract/Free Full Text] 

Foglia RP, Dipreta J, Statter MB, and Donahoe PK (1986) Fetal allograft survival in immunocompetent recipients is age-dependent and organ specific. Ann Surg 204: 402-410.[Medline] 

Forbes SJ, Vig P, Poulsom R, Wright NA, and Alison MR (2002) Adult stem cell plasticity: new pathways of tissue regeneration become visible. Clin Sci (Lond) 103: 355-369.[Medline] 

Frank J, Engler-Blum G, Rodemann HP, and Muller GA (1993) Human renal tubular cells as a cytokine source: PDGF-B, GM-CSF and IL-6 mRNA expression in vitro. Exp Nephrol 1: 26-35.[Medline] 

Friedrich G and Soriano P (1991) Promoter traps in embryonic stem cells: a genetic screen to identify and mutate developmental genes in mice. Genes Dev 5: 1513-1523.[Abstract/Free Full Text] 

Gerecht-Nir S and Itskovitz-Eldor J (2004) Human embryonic stem cells: a potential source for cellular therapy. Am J Transplant 4 (Suppl 6): 51-57. 

Gejyo F (2000) Beta 2-microglobulin amyloid. Amyloid 7: 17-18.[Medline] 

Goldberg MA, Glass GA, Cunningham JM, and Bunn HF (1987) The regulated expression of erythropoietin by two human hepatoma cell lines. Proc Natl Acad Sci USA 84: 7972-7976.[Abstract/Free Full Text] 

Grove JE, Bruscia E, and Krause DS (2004) Plasticity of bone marrow-derived stem cells. Stem Cells 22: 487-500.[Abstract/Free Full Text] 

Gupta S, Verfaillie C, Chmielewski D, Kim Y, and Rosenberg ME (2002) A role for extrarenal cells in the regeneration following acute renal failure. Kidney Int 62: 1285-1290.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12234298&link_type=MED" [Medline] 

Hacein-Bey-Abina S, Von Kalle C, Schmidt M, McCormack MP, Wulffraat N, Leboulch P, Lim A, Osborne CS, Pawliuk R, Morillon E, et al. (2003) LMO2-associated clonal T cell proliferation in two patients after gene therapy for SCID-X1. Science (Wash DC) 302: 415-419.[Abstract/Free Full Text] 

Hammerman MR (2003) Tissue engineering the kidney. Kidney Int 63: 1195-1204.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12631335&link_type=MED" [Medline] 

Harrison DE, Stone M, and Astle CM (1990) Effects of transplantation on the primitive immunohematopoietic stem cell. J Exp Med 172: 431-437.[Abstract/Free Full Text] 

Hegert C, Kramer J, Hargus G, Muller J, Guan K, Wobus AM, Muller PK, and Rohwedel J (2002) Differentiation plasticity of chondrocytes derived from mouse embryonic stem cells. J Cell Sci 115: 4617-4628.[Abstract/Free Full Text] 

Heng BC, Cao T, Haider HK, Wang DZM, Sim EKW, and Ng SC (2004) An overview and synopsis of techniques for directing stem cell differentiation in vitro. Cell Tissue Res 315: 291-303.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14758536&link_type=MED" [Medline] 

Herzlinger D, Koseki C, Mikawa T, and al-Aawqati Q (1992) Metanephric mesenchyme contains multipotent stem cells whose fate is restricted after induction. Development 114: 565-572.[Abstract] 

Hochedlinger K and Jaenisch R (2003) Mechanisms of disease: nuclear transplantation, embryonic stem cells and the potential for cell therapy. N Engl J Med 349: 275-286.[Free Full Text] 

Humes HD (1998) Nephros Therapeutics, Inc., assignee. Implantable device and use thereof. U.S. patent 5,704,910. 1998 Jan 6. 

Humes HD (2000) Bioartificial kidney for full renal replacement therapy. Semin Nephrol 20: 71-82.[Medline] 

Humes HD (2003) Cell therapy: leveraging nature's therapeutic potential. J Am Soc Nephrol 14: 2211-2213.[Free Full Text] 

Humes HD, Buffington DA, Lou L, Abrishami S, Wang M, Xia J, and Fissell WH (2003) Cell therapy with a tissue-engineered kidney reduces the multiple-organ consequences of septic shock. Crit Care Med 31: 2421-2428.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14530746&link_type=MED" [Medline] 

Humes HD, Buffington DA, MacKay SM, Funke AJ, and Weitzel WF (1999a) Replacement of renal function in uremic animals with a tissue-engineered kidney. Nat Biotechnol 17: 451-455.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=10331803&link_type=MED" [Medline] 

Humes HD and Cieslinski DA (1992) Interaction between growth factors and retinoic acid in the induction of kidney tubulogenesis in tissue culture. Exp Cell Res 201: 8-15.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=1612129&link_type=MED" [Medline] 

Humes HD, Fissell WH, Weitzel WF, Buffington DA, Westover AJ, MacKay SM, and Gutierrez JM (2002) Metabolic replacement of kidney function in uremic animals with a bioartificial kidney containing human cells. Am J Kidney Dis 39: 1078-1087.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11979353&link_type=MED" [Medline] 

Humes HD, Krauss JC, Cieslinski DA, and Funke AJ (1996) Tubulogenesis from isolated single cells of adult mammalian kidney: clonal analysis with a recombinant retrovirus. Am J Physiol 271: F42-F49. 

Humes HD, MacKay SM, Funke AJ, and Buffington DA (1999b) Tissue engineering of a bioartificial renal tubule assist device: in vitro transport and metabolic characteristics. Kidney Int 55: 2502-2514.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=10354300&link_type=MED" [Medline] 

Humes HD and Szczypka MS (2004) Advances in cell therapy for renal failure. Transplant Immunol 12: 219-227.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=15157916&link_type=MED" [Medline] 

Humes HD, Weitzel WF, Bartlett RH, Swaniker FC, Paganini EP, Luderer JR, and Sobota J (2004) Initial clinical results of the bioartificial kidney containing human cells in ICU patients with acute renal failure. Kidney Int 66: 1578-1588.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=15458454&link_type=MED" [Medline] 

Hwang WS, Ryu YJ, Park JH, Park ES, Lee EG, Koo JM, Jeon HJ, Lee BC, Kang SK, Kim SJ, et al. (2004) Evidence of a pluripotent human embryonic stem cell line derived from a cloned blastocyst. Science (Wash DC) 303: 1669-1674.[Abstract/Free Full Text] 

Ibrahim S, Jacobs F, Zukin Y, Enriquez D, Holt D, Baldwin W, Sanfilippo F, and Ratner LE (1996) Immunohistochemical manifestations of unilateral kidney ischemia. Clin Transplant 10: 646-652.[Medline] 

Jiang YH, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-Gonzalez XR, Reyes M, Lenvik T, Lund T, Blackstad M, et al. (2002) Pluripotency of mesenchymal stem cells derived from adult marrow. Nature (Lond) 418: 41-49.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12077603&link_type=MED" [Medline] 

Kale S, Karihaloo A, Clark PR, Kashgarian M, Krause DS, and Cantley LG (2003) Bone marrow stem cells contribute to repair of the ischemically injured renal tubule. J Clin Investig 112: 42-49.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12824456&link_type=MED" [Medline] 

Kaufman DS, Hanson ET, Lewis RL, Auerbach R, and Thomson JA (2001) Hematopoietic colony-forming cells derived from human embryonic stem cells. Proc Natl Acad Sci USA 98: 10716-10721.[Abstract/Free Full Text] 

Kaufman DS, Lewis RL, Hanson ET, Auerbach R, Plendl J, and Thomson JA (2004) Functional endothelial cells derived from rhesus monkey embryonic stem cells. Blood 103: 1325-1332.[Abstract/Free Full Text] 

Kehat I, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, Gepstein A, Livne E, Binah O, Itskovitz-Eldor J, and Gepstein L (2001) Human embryonic stem cells can differentiate into myocytes with structural and functional properties of cardiomyocytes. J Clin Investig 108: 407-414.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11489934&link_type=MED" [Medline] 

Kida K, Nakajo S, Kamiya F, Toyama Y, Nishio T, and Nakagawa H (1978) Renal net glucose release in vivo and its contribution to blood glucose in rats. J Clin Investig 62: 721-726. 

Kim BS and Mooney DJ (1998) Development of biocompatible synthetic extracellular matrices for tissue engineering. Trends Biotechnol 16: 224-230.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=9621462&link_type=MED" [Medline] 

Koh CJ and Atala A (2004) Therapeutic cloning applications for organ transplantation. Transplant Immunol 12: 193-201.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=15157913&link_type=MED" [Medline] 

Krause DS, Theise ND, Collector MI, Henegariu O, Hwang S, Gardner R, Neutzel S, and Sharkis SJ (2001) Multi-organ, multi-lineage engraftment by a single bone marrow-derived stem cell. Cell 105: 369-377.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11348593&link_type=MED" [Medline] 

Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X, Finegold M, Weissman IL, and Grompe M (2000) Purified hematopoietic stem cells can differentiate into hepatocytes in vivo. Nat Med 6: 1229-1234.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11062533&link_type=MED" [Medline] 

Lanza RP, Chung HY, Yoo JJ, Wettstein PJ, Blackwell C, Borson N, Hofmeister E, Schuch G, Soker S, Moraes CT, et al. (2002) Generation of histocompatible tissues using nuclear transplantation. Nat Biotechnol 20: 689-696.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12089553&link_type=MED" [Medline] 

Levenberg S, Huang NF, Lavik E, Rogers AB, Itskovitz-Eldor J, and Langer R (2003) Differentiation of human embryonic stem cells on three-dimensional polymer scaffolds. Proc Natl Acad Sci USA 100: 12741-12746.[Abstract/Free Full Text] 

Lieberthal W and Nigam SK (1998) Acute renal failure. I. Relative importance of proximal vs. distal tubular injury. Am J Physiol 275: F623-F631. 

Lieberthal W and Nigam SK (2000) Acute renal failure. II. Experimental models of acute renal failure: imperfect but indispensable. Am J Physiol Renal Physiol 278: F1-F12.[Abstract/Free Full Text] 

Lin F, Cordes K, Li L, Hood L, Couser WG, Shankland SJ, and Igarashi P (2003) Hematopoietic stem cells contribute to the regeneration of renal tubules after renal ischemia-reperfusion injury in mice. J Am Soc Nephrol 14: 1188-1199.[Abstract/Free Full Text] 

Liu CY, Apuzzo MLJ, and Tirrell DA (2003) Engineering of the extracellular matrix: working toward neural stem cell programming and neurorestoration—concept and progress report. Neurosurgery 52: 1154-1165.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12699561&link_type=MED" [Medline] 

Lysaght MJ (2002) Maintenance dialysis population dynamics: current trends and long-term implications. J Am Soc Nephrol 13: S37-S40.[Abstract/Free Full Text] 

Maak T (1992) Renal handling of proteins and polypeptides in Handbook of Physiology (Windhager EE ed) pp 2039-2118, Oxford University Press, New York. 

MacKay SM, Funke AJ, Buffington DA, and Humes HD (1998) Tissue engineering of a bioartificial renal tubule. ASAIO 44: 179-183.[Medline] 

Mao XH, Fujiwara Y, and Orkin SH (1999) Improved reporter strain for monitoring Cre recombinase-mediated DNA excisions in mice. Proc Natl Acad Sci USA 96: 5037-5042.[Abstract/Free Full Text] 

Menasche P, Hagege AA, Vilquin JT, Desnos M, Abergel E, Bruneval P, Schwartz K, Marolleau JP, and Duboc D (2002) Transplantation of autologous skeletal myoblasts in patients with severe left ventricular dysfunction: a medium-term appraisal. Circulation 106: 462-463. 

Morrison SJ, Wandycz AM, Hemmati HD, Wright DE, and Weissman IL (1997) Identification of a lineage of multipotent hematopoietic progenitors. Development 124: 1929-1939.[Abstract] 

Muller M, Fleischmann BK, Selbert S, Ji GJ, Endl E, Middeler G, Muller OJ, Schlenke P, Frese S, Wobus AM, et al. (2000) Selection of ventricular-like cardiomyocytes from ES cells in vitro. FASEB J 14: 2540-2548.[Abstract/Free Full Text] 

Mummery C, Ward-van Oostwaard D, Doevendans P, Spijker R, van den Brink S, Hassink R, van der Heyden M, Opthof T, Pera M, de la Riviere AB, et al. (2003) Differentiation of human embryonic stem cells to cardiomyocytes: role of coculture with visceral endoderm-like cells. Circulation 107: 2733-2740.[Abstract/Free Full Text] 

Nakayama T, Momoki-Soga T, and Inoue N (2003) Astrocyte-derived factors instruct differentiation of embryonic stem cells into neurons. Neurosci Res 46: 241-249.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12767487&link_type=MED" [Medline] 

Nigam SK and Lieberthal W (2000) Acute renal failure. III. The role of growth factors in the process of renal regeneration and repair. Am J Physiol Renal Physiol 279: F3-F11.[Abstract/Free Full Text] 

Nikolovski J, Gulari E, and Humes HD (1999) Design engineering of a bioartificial renal tubule cell therapy device. Cell Transplant 8: 351-364.[Medline] 

Nony PA and Schnellmann RG (2003) Mechanisms of renal cell repair and regeneration after acute renal failure. J Pharmacol Exp Ther 304: 905-912.[Abstract/Free Full Text] 

Oliver JA, Barasch J, Yang J, Herzlinger D, and Al-Awqati Q (2002) Metanephric mesenchyme contains embryonic renal stem cells. Am J Physiol Renal Physiol 283: F799-F809.[Abstract/Free Full Text] 

Oliver JA, Maarouf O, Cheema FH, Martens TF, and Al-Awqati Q (2004) The renal papilla is a niche for adult kidney stem cells. J Clin Investig 114: 795-804.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=15372103&link_type=MED" [Medline] 

Orive G, Hernandez RM, Gascon AR, Calafiore R, Chang TMS, de Vos P, Hortelano G, Hunkeler D, Lacik I, and Pedraz JL (2004) History, challenges and perspectives of cell microencapsulation. Trends Biotechnol 22: 87-92.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14757043&link_type=MED" [Medline] 

Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri A, and Anversa P (2003) Bone marrow stem cells regenerate infarcted myocardium. Pediatr Transplant 7 (Suppl 3): 86-88.[CrossRef] 

Pesce M and Scholer HR (2001) Oct-4: gatekeeper in the beginnings of mammalian development. Stem Cells 19: 271-278.[Abstract/Free Full Text] 

Phimister EG and Drazen JM (2004) Two fillips for human embryonic stem cells. N Engl J Med 350: 1351-1352.[Free Full Text] 

Poulsom R, Forbes SJ, Hodivala-Dilke K, Ryan E, Wyles S, Navaratnarasah S, Jeffery R, Hunt T, Alison M, Cook T, et al. (2001) Bone marrow contributes to renal parenchymal turnover and regeneration. J Pathol 195: 229-235.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11592103&link_type=MED" [Medline] 

Ratajczak MZ, Kucia M, Majka M, Reca R, and Ratajczak J (2004) Heterogeneous populations of bone marrow stem cells—are we spotting on the same cells from the different angles? Folia Histochem Cytobiol 42: 139-146.[Medline] 

Rathjen J, Haines BP, Hudson KM, Nesci A, Dunn S, and Rathjen PD (2002) Directed differentiation of pluripotent cells to neural lineages: homogeneous formation and differentiation of a neurectoderm population. Development 129: 2649-2661.[Abstract/Free Full Text] 

Reya T, Morrison SJ, Clarke MF, and Weissman IL (2001) Stem cells, cancer and cancer stem cells. Nature (Lond) 414: 105-111.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11689955&link_type=MED" [Medline] 

Richardson TP, Peters MC, Ennett AB, and Mooney DJ (2001) Polymeric system for dual growth factor delivery. Nat Biotechnol 19: 1029-1034.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11689847&link_type=MED" [Medline] 

Rippon HJ and Bishop AE (2004) Embryonic stem cells. Cell Prolif 37: 23-34.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14871235&link_type=MED" [Medline] 

Rogers SA and Hammerman MR (2001a) Transplantation of metanephroi after preservation in vitro. Am J Physiol Regul Integr Comp Physiol 281: R661-R665.[Abstract/Free Full Text] 

Rogers SA and Hammerman MR (2001b) Transplantation of rat metanephroi into mice. Am J Physiol Regul Integr Comp Physiol 280: R1865-R1869.[Abstract/Free Full Text] 

Rogers SA, Liapis H, and Hammerman MR (2001) Transplantation of metanephroi across the major histocompatibility complex in rats. Am J Physiol Regul Integr Comp Physiol 280: R132-R136.[Abstract/Free Full Text] 

Rogers SA, Lowell JA, Hammerman NA, and Hammerman MR (1998) Transplantation of developing metanephroi into adult rats. Kidney Int 54: 27-37.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=9648060&link_type=MED" [Medline] 

Rogers SA, Talcott M, and Hammerman MR (2003) Transplantation of pig metanephroi. ASAIO J 49: 48-52.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12558307&link_type=MED" [Medline] 

Rosenthal N (2003) Medical progress: Prometheus's vulture and the stem-cell promise. N Engl J Med 349: 267-274.[Free Full Text] 

Rubera I, Poujeol C, Bertin G, Hasseine L, Counillon L, Poujeol P, and Tauc M (2004) Specific Cre/Lox recombination in the mouse proximal tubule. J Am Soc Nephrol 15: 2050-2056.[Abstract/Free Full Text] 

Safirstein R (1999) Renal regeneration: reiterating a developmental paradigm. Kidney Int 56: 1599-1600.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=10504515&link_type=MED" [Medline] 

Saito A, Kazama JJ, Iino N, Cho K, Sato N, Yamazaki H, Oyama Y, Takeda T, Orlando RA, Shimizu F, et al. (2003) Bioengineered implantation of megalin-expressing cells: a potential intracorporeal therapeutic model for uremic toxin protein clearance in renal failure. J Am Soc Nephrol 14: 2025-2032.[Abstract/Free Full Text] 

Saxén L (1987) Organogenesis of the Kidney. Cambridge University Press, Cambridge, UK. 

Schuldiner M, Yanuka O, Itskovitz-Eldor J, Melton DA, and Benvenisty N (2000) Effects of eight growth factors on the differentiation of cells derived from human embryonic stem cells. Proc Natl Acad Sci USA 97: 11307-11312.[Abstract/Free Full Text] 

Sottile V, Thomson A, and McWhir J (2003) In vitro osteogenic differentiation of human ES cells. Cloning Stem Cells 5: 149-155.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12930627&link_type=MED" [Medline] 

Spangrude GJ, Heimfeld S, and Weissman IL (1988) Purification and characterization of mouse hematopoietic stem cells. Science (Wash DC) 241: 58-62.[Abstract/Free Full Text] 

Spees JL, Olson SD, Ylostalo J, Lynch PJ, Smith J, Perry A, Peister A, Wang MY, and Prockop DJ (2003) Differentiation, cell fusion and nuclear fusion during ex vivo repair of epithelium by human adult stem cells from bone marrow stroma. Proc Natl Acad Sci USA 100: 2397-2402.[Abstract/Free Full Text] 

Stadnyk AW (1994) Cytokine production by epithelial cells. FASEB J 8: 1041-1047.[Abstract] 

Statter MB, Fahrner KJ, Barksdale EM Jr, Parks DE, Flavell RA, and Donahoe PK (1989) Correlation of fetal kidney and testis congenic graft survival with reduced major histocompatibility complex burden. Transplantation 47: 651-660.[Medline] 

Steer DL, Bush KT, Meyer TN, Schwesinger C, and Nigam SK (2002) A strategy for in vitro propagation of rat nephrons. Kidney Int 62: 1958-1965.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12427120&link_type=MED" [Medline] 

Sui YP, Clarke T, and Khillan JS (2003) Limb bud progenitor cells induce differentiation of pluripotent embryonic stem cells into chondrogenic lineage. Differentiation 71: 578-585.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=14686955&link_type=MED" [Medline] 

Szczypka MS, Westover AJ, Clouthier SG, Ferrara JLM, and Humes HD (2005) Rare incorporation of bone marrow-derived cells into kidney after folic acid-induced injury. Stem Cells 23: 44-54.[Abstract/Free Full Text] 

Tannen RL and Sastrasinh S (1984) Response of ammonia metabolism to acute acidosis. Kidney Int 25: 1-10.[Medline] 

Terada N, Hamazaki T, Oka M, Hoki M, Mastalerz DM, Nakano Y, Meyer EM, Morel L, Petersen BE, and Scott EW (2002) Bone marrow cells adopt the phenotype of other cells by spontaneous cell fusion. Nature (Lond) 416: 542-545.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11932747&link_type=MED" [Medline] 

Thadhani R, Pascual M, and Bonventre JV (1996) Medical progress: acute renal failure. N Engl J Med 334: 1448-1460.[Free Full Text] 

U.S. Renal Data System (2004) Annual Data Report: Atlas of End-Stage Renal Disease in the United States. National Institutes of Health, Bethesda, MD. 

Vassilopoulos G, Wang PR, and Russell DW (2003) Transplanted bone marrow regenerates liver by cell fusion. Nature (Lond) 422: 901-904.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12665833&link_type=MED" [Medline] 

Velasco AL and Hegre OD (1989) Decreased immunogenicity of fetal kidneys: the role of passenger leukocytes. J Pediatr Surg 24: 59-63.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=2723998&link_type=MED" [Medline] 

Wagers AJ, Sherwood RI, Christensen JL, and Weissman IL (2002) Little evidence for developmental plasticity of adult hematopoietic stem cells. Science (Wash DC) 297: 2256-2259.[Abstract/Free Full Text] 

Weissman IL, Anderson DJ, and Gage F (2001) Stem and progenitor cells: origins, phenotypes, lineage commitments and transdifferentiations. Annu Rev Cell Dev Biol 17: 387-403.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11687494&link_type=MED" [Medline] 

Wichterle H, Lieberam I, Porter JA, and Jessell TM (2002) Directed differentiation of embryonic stem cells into motor neurons. Cell 110: 385-397.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=12176325&link_type=MED" [Medline] 

Woolf AS, Palmer SJ, Snow ML, and Fine LG (1990) Creation of a functioning chimeric mammalian kidney. Kidney Int 38: 991-997.[Medline] 

Yamashita J, Itoh H, Hirashima M, Ogawa M, Nishikawa S, Yurugi T, Naito M, Nakao K, and Nishikawa S (2000) Flk1-positive cells derived from embryonic stem cells serve as vascular progenitors. Nature (Lond) 408: 92-96.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11081514&link_type=MED" [Medline] 

Ying QL, Nichols J, Evans EP, and Smith AG (2002) Changing potency by spontaneous fusion. Nature (Lond) 416: 545-548.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11932748&link_type=MED" [Medline] 

Zandstra PW, Bauwens C, Yin T, Liu Q, Schiller H, Zweigerdt R, Pasumarthi KB, and Field LJ (2003) Scalable production of embryonic stem cell-derived cardiomyocytes. Tissue Eng 9: 767-778.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=13678453&link_type=MED" [Medline] 

Zhang SC, Wernig M, Duncan ID, Brustle O, and Thomson JA (2001) In vitro differentiation of transplantable neural precursors from human embryonic stem cells. Nat Biotechnol 19: 1129-1133.[CrossRef]

 HYPERLINK "http://pharmrev.aspetjournals.org/cgi/external_ref?access_num=11731781&link_type=MED" [Medline] 

Introduction
Some of the most notable recent findings are as follows: (1) the 'stemness' profile may be determined by approximately 250 genes; (2) organ-specific stem-cell growth and differentiation are stimulated during the reparative phase following transient injury; (3) two bone marrow stem-cell types show a remarkable degree of differentiation potential; (4) some organs contain resident marrow-derived stem cells, and their differentiation potential may only be expressed during repair; (5) the metanephric mesenchyme contains pluripotent and self-renewing stem cells; (6) marrow-derived cells invade the kidney and differentiate into mesangial and tubular epithelial cells, and these processes are increased following renal injury; and (7) epithelial-to-mesenchymal transition generates renal fibroblasts (Oliver, 2004).

After the claims of the first cloning of patient-specific stem cells using somatic nuclear transfer as published in Science in 2004 and 2005, former Seoul National University Professor Woo Suk Hwang became a national hero of Korea and an international celebrity. His academic reputation was down after January 11, 2006 when a nine-member investigation panel at Seoul National University reported that his data were intentionally fabricated. To many Koreans who once firmly believed in the future promise of this new therapeutic regimen, this heart-breaking event cast a dark shadow implying that stem cell therapy is hype and its future is uncertain. More importantly, for many Koreans this led to pessimism about the future of Korean stem cell science, as well as life science in general. In spite of these negative effectives from both scientific and non-scientific communities, stem cell research in Korea is bouncing back with better focus and balance as evidenced below. First, the Korean government has been reassuring by vowing to continue to support stem cell research in Korea with a long-term spending plan of $454 million over the next 10 years. This represents an even higher level of funding than before the Hwang scandal. Some Korean scientists even anticipate that the Korean government’s support for stem cell research could be furthermore expanded. Second, non-government sectors are also continuing to push their plans to support stem cell science. Third, despite concerns and unfounded worries, Korean biologists are performing exceedingly well and continue to publish their results in prestigious international journals. Given the youth of stem cell science and largely unmet promises of stem cell therapy to treat intractable human diseases, the necessity of intimate and effective international collaborations is applicable to stem cell researchers not only in Korea but worldwide (Kwang-Soo Kim, 2007). 

Functional recovery in acute renal failure is well known, and the adult kidney is generally recognized to have the capacity to regenerate and repair. The adult stem cells exist in the kidney, including slow-cycling cells, side population cells, CD133+ cells and rKS56 cells. However, in vivo differentiation of bone marrow-derived cells into renal tubular cells may not occur at all, or is at most a minor component of the repair process. Moreover, it is generally accepted that stem cells and multipotent cells contribute to the regenerative process by producing protective and regenerative factors rather than by directly differentiating to replace damaged cells. Therefore, for clinical regenerative medicine in kidney disease, the focus of stem cell biology will shift from multiple differentiation of cells or cell-therapy to multiple functions of the cells, such as the production of bone morphologic protein-7 and other regenerative factors (Hishikawa and Fujita, 2006).

Adult stem cells have been characterized in several tissues as a subpopulation of cells able to maintain generate, and replace terminally differentiated cells in response to physiological cell turnover or tissue injury. Little is known regarding the presence of stem cells in the adult kidney but it is documented that under certain conditions, such as the recovery from acute injury, the kidney can regenerate itself by increasing the proliferation of some resident cells. The origin of these cells is largely undefined; they are often considered to derive from resident renal stem or progenitor cells. Whether these immature cells are a subpopulation preserved from the early stage of nephrogenesis is still a matter of investigation and represents an attractive possibility. Moreover, the contribution of bone marrow-derived stem cells to renal cell turnover and regeneration has been suggested. In mice and humans, there is evidence that extrarenal cells of bone marrow origin take part in tubular epithelium regeneration. Injury to a target organ can be sensed by bone marrow stem cells that migrate to the site of damage, undergo differentiation, and promote structural and functional repair. Hematopoietic stem cells are mobilized following ischemia/reperfusion and engrafted the kidney to differentiate into tubular epithelium in the areas of damage. The evidence that mesenchymal stem cells, by virtue of their renoprotective property, restore renal tubular structure and also ameliorate renal function during experimental acute renal failure provides opportunities for therapeutic intervention (Morigi, 2006).
Acute renal failure has 50-80% mortality and treatment options for this life-threatening disease are limited. Stem cells offer an exciting potential for kidney regeneration. This review discusses pathogenesis of acute renal failure resulting from ischemia-reperfusion injury and the role of stem cells in reversing or mitigating this disorder. Specifically, the issues of differentiation of kidney cells from embryonic stem cells and bone marrow stem cells, and whether adult kidney stem/progenitor cells exist in the postnatal kidney are discussed. Evidence to support the conclusion that intra-renal cells, including surviving tubular epithelial cells and potential renal stem/progenitor cells, are the main source for renal regeneration is provided. Future research in selecting the type(s) of stem cells and optimizing the dose, frequency and route of administration of the cells will be fundamental in successful cell replacement therapy in acute renal failure. (Lin, 2006).

Repair of inflammatory and/or ischemic renal injury involves endothelial, mesangial and epithelial regeneration. These structures may be rebuilt by resident progenitor cells and bone marrow-derived stem cells. Resident progenitor cells in adult kidney have not yet been conclusively identified. They are likely to be slowly cycling cells located mainly in the outer medulla and renal papilla. In glomerulonephritis with mesangiolysis, mesangial regeneration involves progenitor cells migrating from the juxtaglomerular apparatus and also bone marrow-derived cells. In acute ischemic renal failure, epithelial regeneration of proximal tubules results from the migration, proliferation and differentiation of resident progenitor cells; bone marrow-derived cells may play an accessory role. Molecular mechanisms underlying these repair processes could be targets for new therapeutic approaches (Baud, 2005).

Ischemia causes kidney tubular cell damage and abnormal renal function. The kidney is capable of morphological restoration of tubules and recovery of function. Recently, it has been suggested that cells repopulating the ischemically injured tubule derive from bone marrow stem cells. In GFP chimeras, some interstitial cells but not tubular cells express GFP after ischemic injury. More than 99% of those GFP interstitial cells are leukocytes. In female mice with male bone marrow, occasional tubular cells (0.06%) appeared to be positive for the Y chromosome, but deconvolution microscopy revealed these to be artifactual. In beta-gal chimeras, some tubular cells also appear to express beta-gal as assessed by X-gal staining, but following suppression of endogenous (mammalian) beta-gal, no tubular cells could be found that stain with X-gal after ischemic injury. Whereas there is an absence of bone marrow-derived tubular cells, many tubular cells expressed proliferating cell nuclear antigen, which is reflective of a high proliferative rate of endogenous surviving tubular cells. Upon i.v. injection of bone marrow mesenchymal stromal cells, postischemic functional renal impairment was reduced, but there was no evidence of differentiation of these cells into tubular cells of the kidney. Bone marrow-derived cells do not make a significant contribution to the restoration of epithelial integrity after an ischemic insult. It is likely that intrinsic tubular cell proliferation accounts for functionally significant replenishment of the tubular epithelium after ischemia (Duffield, 2005).

Acute renal failure (ARF) is a common disease with high morbidity and mortality. Recovery from ARF is dependent on the replacement of necrotic tubular cells with functional tubular epithelium. Recent advancement in developmental biology led to the discovery of immature mesenchymal stem cells (MSCs) in bone marrow and several established organs and to the definition of their potential in the recovery from tissue injury (Herrera, 2004).
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The kidney has a dramatic capacity to regenerate after injury. Whether stem cells are the source of the epithelial progenitors replacing injured and dying tubular epithelium is an area of intense investigation. Many surviving renal epithelial cells after injury become dedifferentiated and take on mesenchymal characteristics. These cells proliferate to restore the integrity of the denuded basement membrane, and subsequently redifferentiate into a functional epithelium. An alternative possibility is that a minority of surviving intratubular cells possess stem cell properties and selectively proliferate after damage to neighboring cells. Some evidence exists to support this hypothesis but it has not yet been rigorously evaluated. Extratubular cells contribute to repair of damaged epithelium. Bone marrow-derived stem cells have been proposed to contribute to this process but and vast majority of tubular cells derive from an intrarenal source. Interstitial cells may represent another extratubular stem cell niche. It is not clear whether renal stem cells exist in the adult, and if they do where are they located (interstitium, tubule, cortex, medulla) and what markers can be relied upon for the isolation and purification of these putative renal stem cells (Humphreys, 2006).
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The kidney has a dramatic capacity to regenerate after injury. Whether stem cells are the source of the epithelial progenitors replacing injured and dying tubular epithelium is currently an area of intense investigation. Studies from our laboratory and others have supported a model whereby many surviving renal epithelial cells after injury become dedifferentiated and take on mesenchymal characteristics. These cells proliferate to restore the integrity of the denuded basement membrane, and subsequently redifferentiate into a functional epithelium. An alternative possibility is that a minority of surviving intratubular cells possess stem cell properties and selectively proliferate after damage to neighboring cells. Some evidence exists to support this hypothesis but it has not yet been rigorously evaluated. A third hypothesis is that extratubular cells contribute to repair of damaged epithelium. Bone marrow-derived stem cells have been proposed to contribute to this process but our work and work of others indicates that the vast majority of tubular cells derive from an intrarenal source. Recent evidence suggests that interstitial cells may represent another extratubular stem cell niche. The fundamental unanswered questions in this field include whether renal stem cells exist in the adult, and if they do where are they located (interstitium, tubule, cortex, medulla) and what markers can be relied upon for the isolation and purification of these putative renal stem cells. In this review we focus on our current understanding of the potential role of renal and extrarenal stem cells in repair of the adult kidney and highlight some of the controversies in this field (Humphreys, 2006).

The capacity of the kidney to regenerate functional tubules following episodes of acute injury is an important determinant of patient morbidity and mortality in the hospital setting. After severe injury or repeated episodes of injury, kidney recovery can be significantly impaired or even fail completely. Although significant advances have been made in the clinical management of such cases, there is no specific therapy that can improve the rate or effectiveness of the repair process. Recent studies have indicated that adult stem cells, either in the kidney itself or derived from the bone marrow, could participate in this repair process and might therefore be utilized clinically to treat acute renal failure. This review will focus on our current understanding of these stem cells, the controversies surrounding their in vivo capacity to repopulate the renal tubule, and further investigations that will be required before stem cell therapy can be considered for use in the clinical setting (Cantley, 2005).

While it remains unknown whether there is a stem cell in the adult kidney, characterization of the cell populations involved in renal repair and misrepair is allowing a new understanding of the mechanisms that are responsible for renal homeostasis (Oliver, 2004).

Ischemia-reperfusion injury (I/R injury) is a common cause of acute renal failure. Recovery from I/R injury requires renal tubular regeneration. Hematopoietic stem cells (HSC) have been shown to be capable of differentiating into hepatocytes, cardiac myocytes, gastrointestinal epithelial cells, and vascular endothelial cells during tissue repair. The current study tested the hypothesis that murine HSC can contribute to the regeneration of renal tubular epithelial cells after I/R injury (Lin, 2003).

The kidney has the ability to restore the structural and functional integrity of the proximal tubule, which undergoes extensive epithelial cell death after prolonged exposure to ischemia. Small numbers of peritubular endothelial cells to be derived from bone marrow cells that may serve in the repair process (Duffield, 2005).

Renal progenitor tubular cells [label-retaining cells (LRC)] are identified in normal kidneys by in vivo bromodeoxyuridine (BrdU) labelling. In normal and contralateral kidneys, LRC are observed scattering among tubular epithelial cells. After unilateral ureteral obstruction (UUO), the number of the LRC significantly increase, and most of them are positive for proliferating cell nuclear antigen (PCNA). In contrast, PCNA+ cells lacking BrdU label are rarely observed. LRC are not only in tubules but also in the interstitium after UUO. Laminin staining showed that a number of the LRC are adjacent to the destroyed tubular basement membrane. Some tubules, including LRC, lose the expression of E-cadherin after UUO. A large number of cell populations expressed vimentin, heat shock protein 47, or alpha-smooth muscle actin in the UUO kidneys, and each population contained LRC. None of the LRC is positive for these fibroblastic markers in contralateral kidneys. When renal tubules from BrdU-treated rats are cultured in the gel, some cells protruded from the periphery of the tubules and migrated into the gel. Most of these cells are BrdU+. Neither the total content of BrdU in the kidneys nor the number of LRC in bone marrow significantly is changed after UUO. LRC is a cell population that proliferates, migrates, and transdifferentiates into fibroblast-like cells during renal fibrosis (Yamashita, 2005).
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Abstract

Scientific progress in human embryonic stem cell (hESC) research and increased funding make it imperative to look ahead to the ethical issues generated by the expected use of hESC for transplantation. Several issues should be addressed now, even though Phase I clinical trials of hESC transplantation are still in the future. To minimize the risk of hESC transplantation, donors of materials used to derive hESC lines will need to be recontacted to update their medical history and screening. Because of privacy concerns, such recontact needs to be discussed and agreed to at the time of donation, before new hESC lines are derived. Informed consent for Phase I clinical trials of hESC transplantation also raises ethical concerns. In previous Phase I trials of highly innovative interventions, allegations that trial participants had not really understood the risk and benefits caused delays in subsequent trials. Thus researchers should consider what information needs to be discussed during the consent process for hESC clinical trials and how to verify that participants have a realistic understanding of the study. Lack of attention to the special ethical concerns raised by clinical trials of hESC transplantation and their implications for the derivation of new hESC lines may undermine or delay progress towards stem cell therapies.

Increased funding and continued scientific progress have opened a new era in the ethics of human embryonic stem cell (hESC) research. These developments will reframe the ethical debate, which to date has focused on the moral status of the embryo and the acceptability of using embryos for research purposes. Although such philosophical questions have not been resolved, the issue is no longer if hESC research should proceed, but rather how it should proceed. The rapid pace of research makes it imperative to look ahead to the ethical issues generated by the expected use of hESC for transplantation. Some of these issues should be addressed now, even though Phase I clinical trials of hESC transplantation are still in the future. Crucial issues concerning safety of hESC transplantation and the need to recontact donors of materials used to derive new hESC lines are best resolved when these materials are donated. In addition, informed consent for hESC transplantation Phase I clinical trials will present particular challenges, which will require modification of the usual consent process for clinical trials. Failure to address these ethical issues may delay or preclude clinical trials that will test whether interventions based on hESC are safe and effective.

The current scientific, ethical, and policy context of hESC research

New hESC lines are needed if hESCs or their products are to be used for transplantation into humans. The twenty or so hESC lines approved for federally funded studies in 2001 by President Bush were derived using nonhuman feeder cells and serum and express the nonhuman antigen Neu5Gc. Thus, they would probably be immunologically rejected by the recipients unless this problem was remedied. Derivation of new hESC lines will be stimulated by the $3 billion in funding for stem cell research authorized by California voters in 2004. This measure will give priority to funding research that cannot be funded by NIH, which is currently the case for derivation of new hESC lines. Other states and private funders have followed suit in providing nonfederal support for hESC research. Outside of the U.S., hESC research is advancing vigorously. In May 2005, researchers from South Korea reported the derivation of 11 hESC lines using somatic cell nuclear transfer, demonstrating that technical obstacles to developing such stem cell lines can be overcome more readily than expected. In turn, such findings will stimulate further research. 
Current ethical and policy guidelines for hESC research focus on the derivation of new hESC lines. In May 2005, a National Academy of Sciences (NAS) panel called for voluntary adoption of ethical guidelines in hESC research. Their recommendations included institutional oversight of hESC research protocols through Embryonic Stem Cell Research Oversight Committees (ESCROs), informed consent from donors of materials for new hESC lines, restrictions on payment to gamete donors, and guidelines for banking stem cells and documentation. The twenty-three NRC recommendations have been endorsed by academic and scientific organizations and adopted as interim regulations for research funded by the state of California. That same month, the FDA issued regulations on screening and testing donors of human cells, tissues, and cellular and tissue-based products (HCT/P). While valuable, these initial efforts do not address crucial ethical issues in clinical trials of hESC transplantation, which have important upstream implications for how hESC lines should be derived, as well as for the conduct of the trials themselves. Our analysis begins with the need both to protect participants in Phase I trials of hESC transplantation and to respect the confidentiality of donors of materials used for derivation of hESC lines. These ethical responsibilities need to be addressed during the initial process of donating materials for new hESC lines. Next we consider challenges confronting informed consent for Phase I trials of hESC transplantation. We present specific recommendations for resolving these ethical issues.

Balancing the need to protect participants in Phase I clinical trials against the need to respect donors

The goal of Phase I clinical trials is to assess the safety and feasibility of the investigational intervention and to determine dosages for subsequent clinical trials. Direct therapeutic benefit, although hoped for, is unlikely in early trials, particularly if the first participants receive low doses. The guiding ethical principle of Phase I studies should be “Do no harm.” This ethical responsibility to protect the subjects in Phase I trials has important implications for the derivation of hESC lines. A major safety concern is transmission of infectious agents or serious genetic conditions through transplanted hESC cells or products. The public will expect strong protections against diseases transmitted through hESC transplantation, just as it demands that blood transfusions and solid organ transplants be tested for very rare but serious communicable diseases. The May 2005 FDA regulations addressed possible transmission of communicable diseases by cell-based therapies, setting standards for screening and testing at the time of donation and for tracking transplanted materials back to the original donors. HCT/P must be linked through an identification code to the donor and to pertinent donor medical records. Although these requirements are necessary to protect recipients, we contend that they are not sufficient to adequately protect them.

A broader perspective on protecting recipients of transplanted hESC materials is needed because of several clinical features of hESC transplantation. First, there is likely to be a considerable time period between donation of biological materials used to derive hESC lines and clinical trials involving transplantation of hESCs or products from them. During this period, new risks may become apparent in the donors whose gametes were used to derive the hESC lines. Emerging infectious diseases with long latency periods, such as Creutzfeldt-Jakob Disease (CJD), may be identified, for which testing and screening were not available at time of donation. Polymorphisms and biomarkers associated with risk for specific diseases are being defined at a rapid pace. Second, in hESC transplantation, serious genetic conditions might also be transmitted, some of which may not have been apparent at the time the materials were donated. For instance, after donating, donors may develop cancer or a strong family history of cancer. Third, immunosuppressive drugs, which may be essential after cell transplantation to reduce rejection, will increase the risk of communicable diseases and cancer in recipients. Fourth, if hESC transplantation proves clinically effective, many patients may receive transplantation from a single hESC line over time. Hence many recipients may be at risk for diseases transmitted from donors. In order to safeguard recipients of hESC transplantation, researchers need to recontact persons whose gametes were used to derive the hESC lines at the time of clinical hESC transplantation trials to update information and perhaps do additional testing. Furthermore, if hESC transplantation becomes a proven clinical treatment, periodic updating of the clinical status of donors would be prudent.

How can screening and testing of donors of materials for hESC lines be updated in an ethically acceptable manner? The responsibility to protect hESC transplant recipients from harm must be balanced against a responsibility to respect donors and protect their confidentiality. To resolve these countervailing mandates, researchers will need to obtain permission to recontact donors if hESC cells or materials derived from their gametes or embryos will be used for transplantation. Researchers need to tell donors about the kinds of information or testing that might be requested later and the reasons the information is needed. Such permission for recontact needs to be obtained when materials are donated for research. Without this permission, it would be a serious invasion of privacy to later recontact the donors. Also, donors who had not agreed to be recontacted might object strongly to a subsequent contact, refuse to provide information about their interim medical history, or undergo additional testing. Previous reports on the consent process for donating gametes and embryos for hESC research have not discussed the issue of recontact in depth. Obtaining permission to recontact will undoubtedly complicate the consent process for donating embryos for hESC research. However, permission for recontact will likely minimize the disqualification of hESC lines late in the development process for use in transplantation studies because of inadequate follow-up with donors. Recontacting donors presents logistical challenges because donors may move and contact may be lost. It would be desirable to ask donors to provide contact information for a relative or friends who will know their new address should they move. Confidentiality must be carefully protected because breaches might subject donors to unwanted publicity or even harassment. Concerns that their identities will not be kept confidential may deter some individuals from agreeing to be recontacted. Because of the intense public interest in and contentiousness over hESC research, it would be prudent for researchers and research institutions to develop stringent mechanisms, extending beyond those employed in routine clinical care, in order to assure donors that their identity and contact information remain protected.

Recently, confidentiality of personal health care information has been violated through deliberate breaches by staff, through break-ins by computer hackers, and through loss or theft of laptop computers. Files containing the identities of persons whose gametes were used to derive hESC lines should be protected against such breaches through additional security measures. Any computer storing such files should be locked down in a secure room and password protected, with access limited to a minimum number of individuals on a strict “need-to-know” basis. Entry to the computer storage room should also be restricted by means of a card-key, or equivalent system, that records each entry. Audit trails of access to the information should be routinely monitored for inappropriate access. The files with identifiers should be copy-protected and double encrypted, with one of the keys held by a high-ranking institutional official who is not involved in stem cell research. The computer storing these data should not be connected to the Internet. To protect information from subpoena, investigators should obtain a federal Certificate of Confidentiality. Human factors in breaches of confidentiality should also be considered. Personnel who have access to these identifiers might receive additional background checks, interviews, and training. The personnel responsible for maintaining this confidential database and contacting any donor should not be part of a hESC research team. Funders of hESC research and IRBs or ESCROs that oversee hESC research should ensure that appropriate provisions for recontact and confidentiality are in place. The IRB should review and approve any requests for recontact of donors. The ethical reasons for these provisions are sufficiently compelling that materials donated without explicit permission for recontact should not be used to develop hESC lines for transplantation, lest the safety of recipients or privacy of the donors be compromised.

Informed consent for recipients of hESC transplantation in Phase I clinical trials

Current procedures for obtaining informed consent are likely to be inadequate to address particular issues faced by recipients of hESC transplantation in Phase I clinical trials. Because the matter is complex and any changes in policy will need careful consideration, discussions of the consent process need to begin now. Problems with informed consent commonly occur in clinical trials. Participants in cancer clinical trials commonly expect that they will benefit personally from the trial, even though the primary purpose of Phase I trials is to test safety rather than efficacy. This tendency to view clinical research as providing a personal benefit has been termed the “therapeutic misconception”. Analyses of consent forms suggest that such misunderstandings in cancer clinical trials do not reflect information in the consent forms. Indeed, cancer patients seeking therapeutic benefit may decide to enroll in a clinical trial before they meet the research staff, before they learn about the risks and benefits of the study or read a consent form.

One study of the consent process in gene transfer clinical trials found that researchers’ descriptions of the direct benefit to participants in Phase I trials commonly were vague, ambiguous, and indeterminate. Some investigators try to balance hope and practical reality, for example believing that “if we’ve done our job right, they don’t expect it, but they hope for it”. This study concluded that “there is no clear resolution to the underlying normative question: what should investigators communicate about the potential for direct benefit to subjects in early phase clinical research”? The authors suggested that “this dilemma cannot be addressed by individual PIs alone, but must be acknowledged and openly discussed by the scientific community”. Investigators need to determine how to develop ways to present clearly to participants such issues as promising preclinical evidence, the lack of power to detect benefit in Phase I studies, and the clinical significance of surrogate endpoints. In Phase I trials of hESC transplantation, guidelines for describing the likely direct benefits to participants similarly would require wide discussion, not only by scientists but also by public representatives. Participants receiving hESC transplantation in Phase I trials might overestimate the benefits and underestimate the risks for several reasons. The therapeutic misconception may be particularly prominent because the scientific rationale for hESC transplantation and preclinical results may seem compelling. In addition, press accounts of stem cell research, which typically have emphasized its potential to treat currently incurable diseases, may reinforce unrealistic hopes. Participants in Phase I trials may not appreciate that there is a possibility that hESC transplantation might make their condition worse. In previous clinical trials of transplantation of fetal dopamine neurons into persons with Parkinson’s, transplanted cells failed to improve clinical outcomes. Indeed, late disabling dyskinesias developed in about 15% of patients receiving transplantation, with some patients needing ablative surgery to relieve these adverse events. Although the transplanted cells localized to the target areas of the brain, engrafted, and functioned to produce the intended neurotransmitters, appropriately regulated physiologic function was not achieved.

Several measures may reduce the therapeutic misconception in recipients of hESC transplantation in Phase I clinical trials. First, researchers should frame their discussions with participants in the context of publicity about the potential for hESC to treat serious diseases. Researchers need to communicate the distinction between the long-term hope for such effective treatments and the uncertainty inherent in any Phase I trial. Participants in Phase I studies need to understand that hESCs have never been tried before in humans for the specific study purposes, that researchers do not know whether they will work as hoped, and that in fact the great majority of participants in Phase I studies do not receive any direct benefit. Second, investigators in hESC clinical trials must discuss a broader range of information with potential participants than in other clinical trials. Informed consent requires researchers to discuss with potential participants information that is pertinent to their decision to volunteer for the clinical trial. Generally, the relevant information concerns the nature of the intervention being studied and the medical risks and prospective benefits. However, in hESC transplantation, non-medical issues may be prominent or even decisive for some participants. Individuals who regard the embryo as having the moral status of a person would likely have strong objections to receiving hESC transplants. Even though this intervention might benefit them medically, these individuals might regard it as collaborating with or taking advantage of an immoral action, and thus tacitly supporting it. Researchers need to appreciate that views of hESC research are not monolithic and may change over time. Indeed, some individuals who are strong advocates of pro-life positions and opponents of abortion regard the blastocyst as a potential person, not an actual person. In this latter view, hESC transplantation is morally acceptable. Researchers in clinical trials of hESC transplantation should inform eligible participants that transplanted materials originated from human embryos and help them to think through the ethical implications and clarify their personal beliefs about this research. The therapeutic misconception and beliefs about the moral acceptability of hESC research may interact in complex ways. It is possible that people who mistakenly believe that hESC Phase I clinical trials will benefit them medically may, in their eagerness to obtain treatment for a serious medical condition, overlook the origin of transplanted material. If they fail to gain clinical benefit from the clinical trial, they may then have second thoughts about their decision to accept such an intervention. Third, and most importantly, researchers should verify that participants have a realistic understanding of the study. The crucial ethical issue about informed consent is not what researchers disclose in consent forms or discussions, but rather what the participants in clinical trials understand. In other contexts, some researchers have ensured that participants understand the key features of the trial by testing their comprehension. In controversial HIV clinical trials in developing countries, where it has been alleged that participants did not understand the trial, some researchers are now testing each participant in such trials to be sure he or she understands the essential features of the research as part of the consent process. Direct assessment of participants’ understanding of the study, in contexts where misunderstandings are likely, has also been recommended by several national panels. We urge that such tests of comprehension be routine in clinical trials of hESC transplantation. Controversies about the consent process might lead to delays in clinical trials of cutting-edge interventions. In early clinical trials of organ transplantation, the implantable totally artificial heart, and gene transfer, the occurrence of serious adverse events led to allegations that study participants had not truly understood the nature of the research. In turn, these concerns about consent contributed to delays in subsequent trials. Assessing the comprehension of participants would reduce or preclude post-hoc criticisms that hESC recipients did not understand the essential features of the Phase I trial. To strengthen the informed consent process in trials of hESC transplantation, stakeholders should develop consensus best practice recommendations for informing potential participants about early hESC clinical trials and for assessing participants’ comprehension of key features of these trials. These stakeholders include researchers, public representatives, advocacy groups, government officials, and members of institutional hESC oversight committees. Because such consensus guidelines need to be in place by the time such clinical trials are proposed, these stakeholder meetings should be convened now. hESC clinical trials raise other important ethical questions. What kinds of in vitro studies must be done to characterize hESC and document karyotype, epigenetic status, cell cycle parameters, and differentiation potential? What kinds of preclinical and animal studies should be required before hESC transplantation is attempted in humans? What long-term follow-up of participants should be carried out, and how can data on adverse events be pooled across different protocols? Who will pay for such long-term follow-up, since many Phase I trials will not lead to commercial products? To the extent that disagreements over these questions might delay clinical trials, these issues also need to be addressed in advance. In conclusion, for hESC to fulfill its promise as therapy, a chain of activities needs to be established, including funding, basic science, and clinical trials. Recent events have increased funding and shown that the science may proceed rapidly. But a chain is only as strong as its weakest link. Attention to ethical issues raised by clinical trials is an essential part of the chain. The issues we have discussed are based on lessons from previous experience with related but not identical fields; invariably other unforeseeable issues will arise. Lack of attention to the special ethical concerns raised by clinical trials of hESC transplantation and their implications for the derivation of new hESC lines may undermine or delay progress towards stem cell therapies (Bernard, 2005). 

INFT2 Protocol 
Hematologic malignancies (blood cell cancers) in very young children are hard to treat with standard doses of chemotherapy (anti-cancer drugs). Stem cell transplantation (infusion of healthy blood forming cells) has been used but has not always been successful. The best donor of stem cells is a sibling (brother or sister) who is a match (the sibling’s cells match the subject’s immune type, or HLA type). But few very young children with leukemia have a matched sibling donor. This research study is for those children who do not have a matched sibling donor.
In this study, a parent will be the stem cell donor. Using a parent donor (a parent donor is a partial match for the subject’s HLA type) increases the risk of graft-versus-host disease (GVHD). GVHD occurs when the donor cells (the graft) recognize that the body tissues of the child (the host) are different. Because severe GVHD can be life-threatening, the parent’s stem cells will be filtered using a machine called the CliniMACS system, which removes the cells that cause GVHD. This system has not been approved by the Food and Drug Administration (FDA) and is considered experimental.
In addition to the stem cell transplant, parent donor natural killer (NK) cells will be given. NK cells are special cells in the immune system (the body organs and cells that defend the body against infection and disease) that target cancer cells. NK cells may help donor cells to grow and may reduce the chance of GVHD.
In this experimental treatment, chemotherapy will be used in addition to the stem cell and NK cell transplants. It is unknown if these treatments will work better than the treatments now being used to treat very young children with hematologic malignancies.

(Leung, 2007)
OPBMT2 Protocol 

Malignant osteopetrosis is a genetic disease in which cells in the bone tissue (osteoclasts) do not function properly. These cells are unable to perform their biological job of breaking down old bone tissue as new bone tissue is being made. This causes the bone tissue to build up, producing thick bones that do not work properly and causing the child to lose his/her bone marrow space, where red cells, platelets, and white cells are made.

Stem cell transplantation from an allogeneic donor is the only known cure for this disease. Stem cells are immature cells found in the bone marrow that can grow into other kinds of cells. An allogeneic donor is another person who provides the stem cells. There are three types of donors:

· A matched sibling donor (brother or sister) is the ideal treatment, but is not possible for the majority of patients.

· A matched unrelated donor may also be used, but finding such a match may take several months. During this time the disease may get worse; the child may need red cell or platelet transfusions as the child may be unable to make these cells and permanent damage to vision and hearing may occur.

· A haploidentical parental donor (a mother or father), has not been studied previously as a treatment for malignant osteopetrosis.

This study is designed to use a haploidentical parental donor in the event that a matched sibling donor is unavailable. Using a parental donor would enable transplantation earlier in the disease process than waiting for a matched unrelated donor. This might reduce the chance of the disease getting worse before the transplant is done. With a parental donor, the risk of graft rejection (the patient’s body will not accept and allow donated cells to grow) may be greater than the risk of rejection using a matched sibling donor.

The purpose of this study is to learn more about the cause and treatment of malignant osteopetrosis. It is designed to determine if children with malignant osteopetrosis can properly accept a parental donor transplant and to study the genetic (characteristics carried by genes) factors which cause the disease (Kasow, 2007). 
SCDHAP Protocol
Sickle cell disease is a lifelong blood condition that can cause damage to the brain and other organs of the body.  Children may develop severe clinical states with recurrent vaso-occlusive crises (VOC) which can cause severe pain, acute chest syndrome (ACS) and/or stroke. Treatment may include blood transfusions which may be required to prevent some of the conditions caused by this disease.  Unfortunately, blood transfusions can cause iron overload, which can lead to severe and sometimes fatal complications. 

Stem cells are young blood cells that can grow to make new blood cells such as white blood cells that help fight infections, platelets that help the blood to clot, and red blood cells that carry oxygen to the vital organs of the body.  These cells may be taken from one individual (donor) and given to another (recipient).  These stem cells, when placed in the body of the recipient, travel through the body to the bone marrow space and begin to grow and make new blood cells.

A stem cell transplant has been shown to help, and possibly cure, patients with sickle cell disease.  Stem cells taken from a brother or sister may provide bone marrow that is a perfect match (same tissue type) for the recipient.  Unfortunately, only about 10-20% of sickle cell patients have a matched sibling donor.  Stem cells from partially matched (partial tissue match) family members have been tried with a few children with sickle cell disease.  The risk and benefits of these types of transplants are not as well known as transplants using a matched donor. When children with sickle cell disease have no matched brother or sister donor, allogeneic transplants are a possible treatment available for these patients (Paul Woodard, 2007)
SCT521 (COG # ASCT0521) Protocol 

Idiopathic pneumonia syndrome is a complication that may occur in children who have had a stem cell transplant. Often patients with pneumonia have a cough and chest pain, are short of breath, or require oxygen to help them breathe.  In some transplant patients, pneumonia is caused by a bacteria or virus. However, with idiopathic pneumonia syndrome, pneumonia occurs in the absence of infection. Despite corticosteroids and supportive care, this condition may be fatal.

This research study will use a drug named etanercept. The drug has been approved by the Food and Drug Administration (FDA) for the treatment of certain joint or skin conditions in children over 4 years of age. Etanercept works by blocking the effects of a protein known as Tumor Necrosis Factor (TNF). TNF has been found in lung fluid from patients with idiopathic pneumonia syndrome. TNF may be involved in the development of lung injury in idiopathic pneumonia syndrome. An earlier study has determined the largest amount of etanercept that can be given without causing bad effects. A small research study has been done with adults and children with idiopathic pneumonia syndrome. Etanercept was found to be safe, and several patients had improvement in their breathing (Madden, 2007).

Stem Cell Facts - The next frontier?

Prepared by the

Stem Cells

Mouse embryonic stem cells were first discovered in 1981. Since then, they have been an invaluable tool of modern biology and medical research. They have provided models to study diseases, they have brought about the discovery of many genes associated with diseases and they have been used to cure certain human disorders in animal models. After 20 years of exciting research, the mouse embryonic stem cell has helped to establish the value of these cells in regenerative medicine, which is the creation of cells or organs to replace tissues lost to disease or injury. The discovery of human embryonic stem cells in 1998 triggered important ethical controversy and debate, yet scientists are convinced that they hold enormous potential for clinical applications. Many diseases plaguing the modern world may be improved, or even cured, with therapies using human stem cells. Whether human embryonic stem cells or adult stem cells are used in future therapies will depend on the type of disease or injury. There are specific advantages for each stem cell type. Thanks to the ease of growing them in the laboratory, human embryonic stem cells may one day become the source of artificial organs. Or scientists might one day be able to mobilize one’s own adult stem cells to repair tissue damage caused by trauma, disease, and even aging. To reach such goals, both human embryonic and adult stem cells will have to be extensively studied. The complementary information acquired from studying both stem cell types is the key to unlocking their full potential.

What Are Stem Cells?

A stem cell is the base building block of an entire family of cells that make up any organ. A common trait of stem cells is that they can maintain themselves indefinitely in a stem cell state, which is referred to as “self-renewal,” while also producing — through division — more specialized cells. For example, the blood stem cell can produce all the cells in the blood, including the red blood cells, white blood cells and platelets.

Who Needs Stem Cells? 
Harnessing the power of human stem cells will revolutionize our health, our lives, and our society. In principle, any affliction involving the loss of cells, including many diseases, injuries and even aging, could be treated with stem cells. In the United States alone, more than 100 million people could benefit from therapies derived from stem cell research. 

Adult Stem Cells

Adult stem cells are more specialized stem cells living in the majority of tissues and organs in our bodies and generate the mature cell types within that tissue or organ. In tissues where adult stem cells have been found, they are extremely rare and very difficult to isolate. Once isolated, adult stem cells grow poorly in culture, and it is difficult to obtain enough of these cells for use in clinical trials. In addition, access to the tissues harboring these cells is problematic since most human tissue is not easily available. Two readily available sources of human adult stem cells are the bone marrow and the umbilical cord blood. In both these tissues are blood stem cells, as well as other rare types of stem cells, which can produce bone, muscle, blood vessels, heart cells and possibly more.

Adult Stem Cells in the Clinic 

The majority of stem cell clinical trials now underway use blood stem cells from the bone marrow or umbilical cord blood to treat blood disorders or diseases, such as leukemia, different types of anemia, systemic lupus, and certain other autoimmune diseases or deficiencies. A handful of clinical trials are evaluating the use of one’s own bone marrow stem cells to repair heart tissue and to improve blood flow or to help to repair bone and cartilage. Other adult stem cells being explored for use in the clinic include stem cells in the eye and the skin. Adult stem cells are also thought to play a role in tissue transplants that have been performed for several years. For example, insulin-producing cells for type I diabetes, fetal neurons for Parkinson’s disease, and skin for bladder reconstruction have been transplanted successfully. It is possible that in cases where long-term regeneration has been achieved, stem cells contained in these tissues have contributed to regeneration. The widespread use of adult stem cell-derived therapies and treatments is complicated by several factors. First, available human tissue is scarce, with only 6000 donors/year for more than 100 million Americans that could benefit from cellular therapy. Second, immune rejection caused by not using one’s own cells or tissue is a problem. On the other hand, using one’s own cells or tissue may become a problem for older patients, as evidence has been accumulating that adult stem cells age during the life of the body and lose their potential. Thus, stem cells isolated from a young adult may have a greater potential to produce numerous daughter cells than the cells of an older person. 

Embryonic Stem Cells

Human embryonic stem cells are like a blank slate and can produce all the cells of the body. They are obtained from the ICM (inner cell mass) of the blastocyst.The blastocyst is a very early stage of human development, which forms about 5 days after fertilization of an egg. It is approximately 1/10 the size of the head of a pin, almost invisible to the eye, and it has not yet implanted into the uterus.

Once the blastocyst has implanted and a normal pregnancy can be detected, it is too late to derive human embryonic stem cells from the embryo. At the blastocyst stage, organ formation has not started and more specialized cells are not yet present, not even the beginning of the nervous system. To obtain human embryonic stem cells, blastocysts created in culture for in vitro fertilization (IVF) treatment by combining sperm and egg in a dish, are used. If they are not implanted into the uterus, the blastocysts are either discarded or frozen for later fertility cycles. They can also be donated to other patients or to research. If not donated, they will stay in the freezer as long as the storage fees are paid, otherwise they will be discarded. Because the cells obtained from the blastocyst have not yet specialized, they are considered highly valuable. They can generate cells that go on to form all the body’s tissues and organs.

Why Are Embryonic Stem Cells So Valuable?

While grown in a dish, human embryonic stem cells can maintain their “stem-cellness” and provide an unlimited supply of more stem cells, as well as specialized cells that can be used for experiments and for the development of therapies. Apart from their potential to treat or cure diseases, human embryonic stem cells also provide a model to study very early human development and some of the disorders that lead to birth defects and childhood cancers. Many of these disorders develop in early pregnancy and are impossible to study in humans. Also, human embryonic stem cells also can be used to examine the genes that are turned “on” or “off” as stem cells generate more specialized cell types, permitting a unique understanding of the genetics of human development. The specialized cells derived from human embryonic stem cells also can be used to study the effectiveness of potential new drugs to treat diseases. This provides a human cellular model and can reduce animal experimentation and drug development costs. Additionally, embryonic stem cells can be derived from human blastocysts with specific genetic abnormalities. These types of blastocysts are identified through genetic diagnosis during IVF treatment, to screen out genetically abnormal blastocysts, and are usually discarded. The stem cells from them can provide a unique resource to understand genetic diseases and to develop cures. Human embryonic stem cells also could be used to understand the origin or causes of various diseases such as Alzheimer’s disease or Parkinson’s disease, which are currently unknown. Stem cells derived through nuclear transfer (more info below) from patients with such afflictions would provide special tools to study these diseases and possibly develop drugs for treatments.

Embryonic Stem Cells in the Clinic

Embryonic stem cells have not yet been used in treating humans. But numerous animal studies have shown that many of the specialized cells derived from them can indeed integrate into damaged tissues and function properly. Thus, diseases such as myocardial infarction, severe immune deficiency, diabetes, Parkinson’s disease, spinal cord injury, and demyelination have been successfully treated in animal models. But the pathway from animal models to the clinic is still complex and burdened with obstacles to be overcome. First, not all specialized cells derived from human embryonic stem cells have been shown to integrate into animal tissue and function properly. This can be due to the poor quality of the specialized cells derived in culture, or to a lack of adequate communication between the human cells and the animal environment in which they are placed. Then there is the problem of scaling up to yield enough of the specialized cells to treat a human, since this requires many more cells than to treat a tiny mouse. Such cells will have to be produced under specific conditions to ensure safety for use in patients. Most human embryonic stem cells are still grown on a layer of mouse feeder cells, a potential source of contamination. Last, there’s the problem of immune rejection by the patient. While the drugs used in the organ transplantation field to suppress immune rejection have been improved over the years, rejection is still a major problem. 
Human Embryonic Stem Cells

Nuclear Transfer to Generate Stem Cells

Immune rejection of transplanted stem cells could be avoided if the therapeutic cells derived from the human embryonic stem cells express a patient’s own genes and proteins. A method to generate these types of stem cells is by nuclear transfer. The nuclear transfer technique is similar to the process of generating a blastocyst from the fertilization of an egg by a sperm cell; however, in this process the DNA in an egg is exchanged for the DNA from a cell of the patient. The egg is then coaxed to divide in a culture dish into a blastocyst. The human embryonic stem cells derived from this blastocyst will be an identical genetic match to the patient and can provide “customized” replacement cells for any disorder.

As long as the blastocyst is not implanted into a uterus, it CANNOT develop further into a living clone of the patient.

If the blastocyst is implanted, it is possible that a live offspring could be born (so-called reproductive cloning). But based on animal models of reproductive cloning, the procedure is very inefficient; over 95%of the clones die before birth, and those that do survive have serious genetic and biological problems. Thus, medically it is irresponsible to consider reproductive cloning for humans. It is also morally and ethically unacceptable. 

Stem Cell Glossary

Adult stem cells

Stem cells found in different tissues of the developed, adult organism that remain in an undifferentiated, or unspecialized, state. These stem cells can give rise to specialized cell types of the tissue from which they came, i.e., a heart stem cell can give rise to a functional heart muscle cell, but it is still unclear whether they can give rise to all different cell types of the body.

Blastocyst

A very early embryo consisting of approximately 150 cells. It contains the inner cell mass, from which embryonic stem cells are derived, and an outer layer of cells called the trophoblast that forms the placenta.

Cell line

Cells that can be maintained and grown in culture and display an immortal or indefinite life span.

Differentiation

The process of development with an increase in the level of organization or complexity of a cell or tissue, accompanied with a more specialized function.

Embryo

The product of a fertilized egg, from the zygote until the fetal stage.

Embryonic stem cell

Also called ES cells, embryonic stem cells are cells derived from the inner cell mass of developing blastocysts. An ES cell is self-renewing (can replicate itself), pluripotent (can form all cell types found in the body) and theoretically is immortal.

In vitro fertilization

A procedure where an egg cell and sperm cells are brought together in a dish so that a sperm cell can fertilize the egg. The resulting fertilized egg, called a zygote, will start dividing and after a several divisions, forms the embryo that can be implanted into the womb of a woman and give rise to pregnancy.

Mesenchymal stem cell

Also known as bone marrow stromal cells, mesenchymal stem cells are rare cells, mainly found in the bone marrow, which can give rise to a large number of tissue types such as bone, cartilage, fat tissue, and connective tissue.

Multipotent stem cells

Stem cells whose progeny are of multiple differentiated cell types, but all within a particular tissue, organ, or physiological system. For example, blood-forming (hematopoietic) stem cells are single multipotent cells that can produce all cell types that are normal components of the blood.

Nucleus

A part of the cell, situated more or less in the middle of the cell, which is surrounded by a specialized membrane and contains the DNA of the cell, which is the genetic, inherited material of cells.

Plasticity

A phenomenon used to describe a cell that is capable of becoming a specialized cell type of different tissue.

Pluripotent stem cells

Stem cells that can become all the cell types that are found in an implanted embryo, fetus, or developed organism.

Progenitor cell

An early descendant of a stem cell that can differentiate, but cannot renew itself. By contrast, a stem cell can renew itself (make more stem cells by cell division) or differentiate (divide and with each cell division evolve more and more into different types of cells).

Regenerative medicine

Medical interventions that aim to repair damaged organs, most often by using stem cells to replace cells and tissues damaged by aging and by disease.
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Reproductive cloning

Somatic cell nuclear transfer used for the production of a fetus and delivery of a live offspring that is genetically identical the donor of the somatic cell DNA.

Somatic cells

All the cells within the developing or developed organism with the exception of germline (egg and sperm) cells.

Stem cells

Cells that have both the capacity to self-renew (make more stem cells by cell division) and to differentiate into mature, specialized cells.

Therapeutic cloning

Somatic cell nuclear transfer for the isolation of embryonic stem cells. The embryonic stem cells are derived from the blastocyst (before it becomes a fetus) and can be instructed to form particular cell types (e.g. heart muscle) to be implanted into damaged tissue (e.g. heart) to restore its function. If the stem cells are placed back into the individual who gave the DNA for the somatic cell nuclear transfer, the embryonic stem cells and their derivatives are genetically identical and thus immunocompatible (they will not be rejected).

Transdifferentiation

The ability of a particular cell of one tissue, organ or system, including stem or progenitor cells, to differentiate into a cell type characteristic of another tissue, organ, or system; e.g., blood stem cells changing to liver cells.

Transplantation biology

The science that studies the transplantation of organs and cells. Transplantation biologists investigate scientific questions to understand why foreign tissues and organs are rejected, the way transplanted organs function in the recipient, how this function can be maintained or improved, and how the organ to be transplanted should be handled to obtain optimal results.

Umbilical cord stem cells

Hematopoietic stem cells are present in the blood of the umbilical cord during and shortly after delivery. These stem cells are in the blood at the time of delivery, because they move from the liver, where blood-formation takes place during fetal life, to the bone marrow, where blood is made after birth. Umbilical cord stem cells are similar to stem cells that reside in bone marrow, and can be used for the treatment of leukemia, and other diseases of the blood. Efforts are now being undertaken to collect these cells and store them in freezers for later use.
Zygote

The cell that results from the union of sperm and egg during fertilization. Cell division begins after the zygote forms.
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