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Realistic Prospects for Stem Cell Therapeutics

George Q. Daley, Margaret A. Goodell, and Evan Y. Shyder*

Studies of the regenerating hematopoietic system
have led to the definition of many of the funda-
mental principles of stem cell biology. Therapies
based on a range of tissue stem cells have been
widely touted as a new treatment modality, presag-
ing an emerging new specialty called regenerative
medicine that promises to harness stem cells
from embryonic and somatic sources to provide
replacement cell therapies for genetic, malignant,
and degenerative conditions. Insights borne from
stem cell biology also portend development of
protein and small molecule therapeutics that act
on endogenous stem cells to promote repair and
regeneration. Much of the newfound enthusiasm
for regenerative medicine stems from the hope

soon thereafter by breakthrough treatments in the
clinic. But how does one sort through the hype to
judge the true promise? Are stem cell biologists
and the media building expectations that cannot
be met? Which diseases can be treated, and when
can we expect success? In this review, we outline
the realms of investigation that are capturing the
most attention, and consider the current state of
scientific understanding and controversy regard-
ing the properties of embryonic and somatic
(adult) stem cells. Our objective is to provide a
framework for appreciating the promise while at
the same time understanding the challenges
behind translating fundamental stem cell biology
into novel clinical therapies.

that advances in the laboratory will be followed

Hematologists appreciate the value of cell therapy. Halndeed, disorders of organ failure are not reversible,
ing exploited cells as medicines for the better part ofand organ transplantation cannot meet the needs of an
century, hematologists are familiar with the principles aneiver-aging population. Primary pump failure in the
pitfalls of cellular replacement. Transfusion of red celld)eart, alcoholic or viral liver failure, beta-cell deficient
platelets, lymphocytes, and hematopoietic stem celigpe 1 diabetes, and Parkinson’s disease (PD) are fre-
(HSCs) are routine, and infusion of dendritic cells, grangruently cited as examples of monocellular deficiency
locytes, and various other blood or bone marrow compstates that might be amenable to cell replacement strat-
nents are under clinical development. Growth factors amdjies, if a suitable and inexhaustible cell source could
biomodulators that act on the hematopoietic and immube found. Human ES cells might represent such a
systems are widely used agents and among the greasestrce, but the over-riding challenge is to achieve effi-
successes of modern biotechnoloye study of HSCs cient directed differentiation of ES cells into therapeu-
and their regenerative and therapeutic potential has ptally relevant cells, followed by proof-of-principle for
vided a paradigm for the investigation of alternative
stem cells.

In this review, we will survey the latest develop-
ments in the study of both embryonic and adult (sd-G€orge Daley, MD, PhD, Department of Biological
matic) stem cells, with an emphasis on translationgrlemlsuy and Molecular Pharmacology, Harvard Medical

. . ... ochool, Division of Pediatric Hematology/Oncology
aspects. We will attempt to provide a balanced CritidYehiigren's Hospital, and Dana Farber Cancer Institute,
of the prospects for stem cell therapeutics.

Boston, MA; Whitehead Institute, 9 Cambridge Center,
Cambridge MA 02142
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|. THERAPEUTIC POTENTIAL OF

EMBRYONIC STEM CELLS Margaret Goodell, PhD, Baylor College of Medicine, Center

for Cell and Gene Therapy, 1 Baylor Plaza, Room N1030,

. . . Houston, TX 77030
Most of the enthusiasm surrounding embryonic stem

(ES) cells owes directly to the perceived need for cedlvan Snyder, MD, PhD, The Burnham Institute, 10901 North
replacement therapy for a host of degenerative diseas&srey Pines Road, La Jolla CA 92037
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effective restoration of tissue function in animal modtification of compounds that promote or block cell dif-
els. Once success in these areas of cell engineerindeientiation. Schultz and colleagéiescently performed
achieved, many challenges will remain, especially tree chemical screen to identify agents that induce
immune barrier to tissue transplantation. Current strateeurogenesis in ES cells, thereby establishing the proof-
gies for confronting these challenges are outlined belowf-principle for using stem cell differentiation in as-
ES cells are derived from the inner cell mass of theays for drug discovery. Kamp and colleadues/e
preimplantation embryo. When placed in culture, ESonvincingly shown that human ES cells differentiate
cells proliferate indefinitely and yet retain their poteninto a number of cardiomyocyte classes, including em-
tial to form all of the tissues of the developing organbryonic atrial, ventricular, and nodal subtypes, each
ism. Murine ES cells have been intensively studied fdaithfully recapitulating their respective electro-
over 20 years, yet the first derivation of ES cells frorphysiologic properties and pharmacologic responses.
the human embryo was only reported in 1988hough Gauging the effects of compounds on differentiation
advances in ES cell biology have revolutionized the cref specific cell populations from ES cells would pro-
ation of mouse models of disease, generating and breeile a screen for potential drug toxicities prior to clini-
ing mice is time-consuming and costly. For addressirgpal development. Assembly of a genetically diverse
guestions in cell and developmental biology, ES cells repank of human ES cells, together with detailed knowl-
resent an excellent in vitro model system. edge of human genetic variation emerging from the in-
To maintain their undifferentiated, pristine stateternational haplotype mapping project (“the hap map”),
ES cells are typically grown on feeder cell layers ofould translate into a discovery platform for pharmaco-
mouse embryonic fibroblasts (MEFs), and cultures agenomics.
supplemented by the antidifferentiation cytokine leu-
kemia inhibitory factor (LIF). When ES cells are re-The Pathophysiology of Stem Cell Diseases
moved from these conditions, they undergo spontan€issues that actively regenerate from stem cell pools in
ous differentiation, and initiate the diverse programs @dults maintain the appropriate stem cell niche, pro-
tissue and cell specificatiofrigure 1; see Appendix, viding the signals for stem cell self-renewal, survival,
page 597}.ES cells recapitulate many of the developand differentiation. The hematopoietic system, skin, gut,
mental programs of the early embryo in culture, includslets, liver, and parts of the central nervous system
ing generation of cells from all three classical embryonigCNS) fall into this category. Diseases or conditions
germ layers, ectoderm, mesoderm, and endoderm. that deplete stem cell pools while leaving the niche in-
Because the mouse embryo remains microscogiact would represent the lowest hurdle for stem cell-
and inaccessible during most of the first week of gesthased therapeutics, and there is clear proof-of-principle
tion, a time when many central developmental progranisr such treatments in clinical settings. The successful
are laid down, in vitro differentiation of ES cells pro-transplantation of bone marrow, skin, pancreatic islets,
vides a tractable model system for investigating tHever, and to a lesser extent fetal mesencephalic dopam-
genetic and cell biological regulation of early developinergic tissue provides important confirmation that stem
ment. Moreover, genes can be altered in ES celtell replacement therapies are a viable goal and an op-
through ectopic transgene expression or homologopsrtunity, given the paucity of donor organs. In this re-
recombination (HR), a process whereby specific sitggrd, stem cell-based therapeutics seek to emulate the
in the genome can be altered directly. HR can be debjectives of organ transplantation on a micro scale.
signed to produce gene deletion, gene mutation, or gene In many instances of disease, however, we have a
substitution. The genetic programs responsible for dielatively poor understanding of the pathophysiology
recting the development of blood, neurons, hepatocytes, cell degeneration. This is particularly true for the
cardiomyocytes, and a host of other tissues have basurodegenerative and autoimmune diseases, making
extensively explored using these techniques in ES celisdifficult to predict whether stem cell-based replace-
Although ES cells have been touted as an inexhaustent therapies can be successful without first interrupt-
ible resource for cell replacement therapies, they hairgy the systemic disease process. In cases where stem
already proven to be highly valuable as a research arell depletion is a consequence of cell-extrinsic forces
discovery tool. By analyzing the effect of targeted gerlke autoimmune attack, stem cell replacement must be
deletions on the formation of specific lineages of cellaccompanied by immune suppression, as in the case of
ES cells provide a tool for validating potential therathe “Edmonton protocol” for the treatment of diabe-
peutic targets for small molecule drug development. B8s® Pathology that injures the stem cell niche itself
cells are emerging as a platform technology arounday not be amenable to therapy with stem cell replace-
which chemical screens can be built, providing for idemnent alone. This might explain the poor results of bone
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marrow transplantation for myelofibrosis, and will repstrated improvement in a rodent model of Parkinson’s
resent a limitation to cell therapy for burns, hepatic cifrom transplantation of undifferentiated ES cells into
rhosis, and certain forms of neural injury. Indeed, crahe striatum, suggesting that the local environment is
nial irradiation damages the stem cell niche of the higapable of inducing proper development of dopamin-
pocampus through inflammation and distortion of thergic neurons. Introduction of neuronal populations of
vascular-progenitor relationship such that, even in thiifferentiated murine ES cells into a rat model of spi-
otherwise neurogenic structure, neither endogenous m@l cord injury has shown improved motor functibn,
transplanted stem cells can differentiate into replacdiough it is by no means clear that the mechanism was

ment neurons. direct neuronal reconstitution as opposed to modula-

tion of the repair process in the host through remyelin-

Embryonic Stem Cells as a Source of Neurons ation. A number of groups have demonstrated forma-
for Neurodegenerative Diseases tion of neurons from human ES cefis? presaging fu-

Despite the inadequate knowledge about disease etinlre human applications.

ogy and pathogenesis, neurodegenerative diseases like Despite these apparent successes, it is sobering to
PD, Alzheimer’s, Huntington’s, amyotrophic lateralnote that there may be as many as 200 distinct neuronal
sclerosis, stroke, and anoxic brain injury, as well assabtypes in the adult brain, and that even within a given
host of lysosomal storage diseases with CNS pathalibtype, neurons show remarkable degrees of regional
ogy, represent poorly managed diseases that are wgpecificity. It requires a great leap of faith to believe that
thy targets for cell replacement therapy. The hippocieurons produced from ES cells in culture will faithfully
ampus and the olfactory bulb maintain self-renewingecapitulate the differentiated features of specific neuronal
populations of neural stem/progenitor cells, but thergubtypes, and reestablish relevant neural networks estab-
is scant evidence for cell renewal beyond these limitdidhed during formation of the embryonic brain. An alter-
regions of the CNS. Given the likelihood that manyative strategy is to differentiate ES cells into neural stem
classes of highly specialized neurons develop only duwells and progenitors in vitro, than coax local environ-
ing critical periods of embryogenesis, ES cells mighhents in the diseased region of the brain or spinal cord to
in principle be directed to differentiate into specializedirect further differentiation and accommodation of neu-
neuronal subtypes for use in cell replacement therapgl cells to their new niche. Whether this will occur is a
Several groups have reported success in differentiatingatter of pure speculation, and subject to hyperbolic
specific neuronal subtypes from mouse and human E&ims. The applications of somatically derived neural
cells, and some groups have reported positive data fratem cells are covered in detail below.

transplantation of such cells into animal models of dis-

ease. Among the most compelling reports of directdeimbryonic Stem Cells as an Inexhaustible

ES cell differentiation have come from the laboratories Source for Islet Cell Replacement

of Jessell and McKay? Both groups have exploited Type 1 diabetes represents a major disease entity that
knowledge of the morphogens and transcription fadxas tremendous appeal as a target for cell replacement
tors that program neuronal development during embrytherapy. The disorder, which results from loss of mass
genesis, and recapitulated the timing and sequenceobfthe insulin-producing beta cells of the pancreatic is-
exposure to direct neuronal patterning during in vitrtets due to autoimmune attack, can be reversed by pan-
ES cell differentiation. First using retinoic acid to procreatic or islet cell transplantation together with ste-
gram ectodermal commitment, followed by exposureoid-sparing immunosuppressidithe chief limitation

to the morphogen sonic hedgehog, which acts to the wider application of this potentially curative
“ventralize” neuronal subtypes, Jessell and colleagudterapy is the inadequate supply of islets from cadav-
showed that they could pattern the formation of spinaks. Diabetes is particularly attractive because, unlike
motor neurons that successfully engrafted the embriyt Parkinson’s disease where precise connections may
onic spinal cord of the chick, extended axons, arltk necessary, beta cells can function autonomously,
formed synapses with target muscles. McKay’s grougven outside the pancreas (e.g., under the kidney cap-
exploited the instructive effects of sonic hedgehog aralile). Several groups have reported differentiation of
FGF8 to drive commitment of ES cells to ventral midmurine and human embryonic stem cells into insulin-
brain fates and ultimately to tyrosine hydroxylase-possecreting cell$3-*®with one group claiming normaliza-
tive dopaminergic neurons. These cells functioned aion of hyperglycemia in a streptozotocin-treated dia-
ter transplantation into a rodent model of Parkinsonlsetic model by transplanted cell clust&r3hese re-
disease. Isacson and colleagues/e likewise demon- ports are provocative, but much additional work remains
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to characterize the functional nature of the cells as gltwid, and lymphoid lineages, but efforts at directed dif-
cose regulators, and to document adequate, regulafetkentiation and transplantation of HSCs derived from
production of insulin, which in one case was some 5&sS cells in culture remain primitive. Indeed, given that
fold less than native beta celfdndeed, some of these we know so much about hematopoiesis and its clinical
reports have been called into question by subsequamplications, the difficulty in generating in vivo
studies showing that apoptotic cells can take up insulispopulation from ES-derived blood derivatives should
from the culture medium and give the illusion of proserve as a lesson: clinical development of ES cell thera-
ducing insulin without actually doing $bAlso, the pies for less well-understood tissues is likely to present
specter that cell fusion rather than true cellular differanforeseen challenges due to currently unanticipated
entiation might account for detection of donor cells ibiological principles.
regenerating tissues has muted some of the enthusiasm Though blood formation from mouse ES cells dif-
for genuine beta-cell differentiatich. ferentiated into embryoid bodies (EBs) was reported
Some difficulties in generating beta cells from ESiearly 2 decades ad@chieving stable blood engraft-
cells may stem from attempts to apply factors charament of irradiated mice with ES-derived HSCs remains
teristic of late pancreatic development to essentiallshallenging. Only limited hematopoietic reconstitution
very early-stage cells. One may need to direct ES cellas been reporteét? This failure has been blamed on
in a stepwise iterative fashion first toward endodernthe developmental immaturity of ES-derived blood
then toward anterior endoderm, and then to endocrigells, which most closely resemble primitive embry-
pancreas, essentially recapitulating pancreatic develnic yolk sac hematopoietic progenitors and might
opment. Although challenging, making endoderm itherefore not engraft effectively in adults, but could also
probably the most difficult lineage toward which to di-be explained by failure to capture and propagate adult-
rect ES cells. Given the proof-of-principle that cadawype HSCs in ES cell cultures. Lymphoid-myeloid HSCs
eric islet cell transplantation can restore normoglycemdao arise from ES cells differentiated in vitro, since they
in diabetic patients, stem cell based therapies for typan be transformed by the chronic myeloid leukemia—
1 diabetes represent one of the most compelling oppaissociated oncoprotein BCR/ABL and shown to gen-
tunities in regenerative medicine. Real clinical impacatrate myeloid, lymphoid, and erythroid lineages in ir-
awaits the clear directed differentiation of appropriateadiated animals, albeit in the context of leuketfia.
cell populations. Present claims, many of which maysing the homeobox gertéoxB4 to stimulate HSC

be exaggerated, await further confirmation. expansion, normal long-term multi-lineage hematopoie-
sis derived entirely from ES cells can also be demon-
Lessons from Hematopoietic Development strated, but chimerism remains inefficient, suggesting

Applications of HSC transplantation, which is curativeengraftment with limiting numbers of true HS€s.

for many genetic and malignant diseases of the bone Despite its inefficiency as a method for inducing
marrow, is limited by a shortage of donors. In principlegngraftability HoxB4 modification of ES-derived blood
this limitation might be relieved by deriving HSCs fromprogenitors does provide a means for modeling thera-
human ES cells. Because transplantation of highly ppeutic blood cell transplantation. This strategy has
rified HSCs can induce immune toleraritelirected proven successful in a mouse model of therapeutic clon-
differentiation of ES cells into HSCs represents oniag (nuclear transfer cloning combined with gene cor-
strategy for overcoming immune barriers to tissue trangection and cell therapy) for the treatment of a genetic
plantation. Cotransplantation of HSCs and any tissderm of immune deficienc¥.In this experiment, nuclear
of interest derived from the same ES cell line mightansfer cloning from tail-tip cells of an immunodefi-
enable tolerance induction and cell transplantatiozient Rag2- mouse was performed to generate a Rag2
across histocompatibility barriers, as has been achievé® cell line. One allele was then repaired by homolo-
for organ transplantation in mouse modélénother gous recombination. The repaired RAg&ES line was
method for enabling transplantation is to geneticallglifferentiated in vitro, transduced witoxB4, and en-
customize ES cells by nuclear transfer cloning metlgrafted into immunodeficient mic&igure 2; see Ap-
ods to match specific patients, as discussed below. Spendix, page 597). The recipient mice showed partial
cessful differentiation of ES cells into HSCs wouldeconstitution of B and T cell populations, Ig and TcR
greatly enable experimental models of blood transplagene rearrangement, and IgM, 1gG, and IgA in periph-
tation, and thus in vitro hematopoietic differentiatioreral blood, thereby establishing that nuclear reprogram-
of ES cells has been actively pursued. Mouse ES cetiing and combined gene and cell therapy could be re-
can be readily differentiated in vitro into myeloid, erythduced to practice.
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While theoretically appealing as a means of gerthe HSC that resides primarily in the bone marrow, and
erating customized, patient-specific ES cells, nucle#nis will be the main focus of discussion below. How-
transfer is cumbersome, inefficient, labor intensive, areler, lesser known but potentially of equal importance
expensive, and thus not likely to evolve into a comare stem cells from the CNS (discussed elsewhere in
monplace therapy. However, studies of nuclear trantitis chapter), the live® the skin? the mammary
fer will yield insights into reprogramming that mightgland® the intestiné® and so on. With the resurgence
one day enable a more facile means of redirecting adaftinterest in stem cells in general, some researchers
somatic cell fates toward therapeutic ends. Such a uire turning attention to these less-studied systems, in
pian state of stem cell biology will require a period obrder to determine how different stem cells compare
dependency on studies of nuclear transfer mechanismsth each other, and to exploit these stem cells for
some of which must be done with human cells, witrepopulation or reconstruction of their parent tissues
the attendant ethical difficulties involved in the creatioafter disease or surgery. Also, attention to the role of
and destruction of human embryos for research.  stem cells in malignancy has been reneWed.

Clearly, more efficient methods for directed dif-
ferentiation of ES cells into mature, definitive HSCs idNonautochthonous Differentiation of
needed. Initial efforts to harness embryonic morphogens Somatic Stem Cells
like BMP-4 have shown encouraging results in tissudnlike embryonic stem cells, somatic stem cells are
culture?2° Further insights into the formation of he-thought to be fundamentally restricted in differentia-
matopoietic tissues in the embryo are needed so thi@n capacity, and only able to generate cells of the tis-
precise patterning can be reproduced in Vitro. sue (or germ layer) from which they are derived. This

The challenges of translating methods for hemat@s one of their defining features, and is supported by
poietic differentiation of ES cells into models of therathe underlying tenets of developmental biology: the
peutic hematopoietic engraftment highlight a major canajority of commitment to specific differentiated lin-
veat in interpreting the promise of ES cell studies: sineages occurs during embryonic development. Tissue
ply identifying cells phenotypically in differentiating stem cells appear to be set aside during development
ES cell cultures does not ensure the cells will functiowithin the tissue they serve. And, although they are not
as anticipated in vivo. Furthermore, residual undiffeterminally differentiated, they are pre-programmed to
entiated ES cells carry the risk of teratoma formation generate, by default, cells of that tissue. For example,
transplanted into patients, a fact that will necessitagtem cells of the muscle, termed satellite cells, reside
incorporation of suicide gene strategies into ES celidong the muscle fibers under the basal lamina. When
prior to clinical applicatioi? Extensive studies in ani- activated by muscle injury, they proliferate extensively
mal models, analyzed with precision to discern theand activate a muscle-specific differentiation program,
predictive scope and safety, are a prerequisite beforggrate to the repair site, and fuse to generate new
subjecting human patients to unknown risks of stemuscle®® Likewise, HSCs generate, by default, hemato-
cell-based therapies. The promise of ES cell-baspdietic cells. Therefore it came as a surprise when it was
therapies is considerable, but expectations of rapidported that some adult tissue—resident somatic stem cells
progress toward clinical applications must be tempereduld differentiate outside their tissue of origfiff.
by the enormous difficulties of harnessing these remark-

ably versatile cells for therapeutic ends. Generation of Hematopoietic Cells from
Nonhematopoietic Stem Cells
II. Somatic (AbuLt) Stem CELL THERAPIES Initial reports of hematopoietic differentiation from

nonhematopoietic cells galvanized the stem cell com-
The past 5 years have witnessed an explosion in intenunity with ideas that somatic stem cells may be uni-
est in using somatic stem cells, particularly those deersally “plastic” and able to generate many new cell
rived from adults, for cell and gene therapy. This hagpes. Neural stem cells and skeletal muscle cells were
been driven by a number of discoveries, but in particgurprisingly reported to generate bld&é However,
lar, the possibility that some somatic stem cells can diieneration of blood from neural stem cells has been
ferentiate into nonautologous cell types, and also tlkifficult to reproduce? And skeletal muscle appears to
discovery of multipotential stem cells in adult bonédiarbor bone marrow—-derived stem célf$,which ar-
marrow. Stem cells are thought to be present in maste there via the circulation accounting for the appar-
adult tissues, and are responsible for replenishmentesft muscle-to-blood differentiation activity. While there
those tissues throughout life. By far the best known &e still some reports of adult-derived nonhematopoietic
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cells generating hematopoietic cells, this mainly appearsnsidering diseases such as muscular dystrophy where
to occur after specific culture conditidh® and may the affected tissues are distributed throughout the body,
reflect a genetic reprogramming event, the consand hematopoietic stem cell transplantation offers the
guences of which remain to be ascertained. possibility to treat any tissue served by the circulation.
However, due to the heterogeneity of bone mar-
Generation of Nonhematopoietic Cells from row, the possibility that nonhematopoietic stem cells
Hematopoietic Stem Cells contained within the transplanted marrow populations
Some of the earliest reports of so-called transccounted for the nonhematopoietic reconstitution has
differentiation described generation of non-hematopoplagued the field. While this might appear to be an aca-
etic cells after bone marrow transplantatidalle ). demic question, the mechanism of engraftment is im-
All of these initial studies involved transplantation ofportant to understand if one hopes to improve the effi-
whole bone marrow followed by examination of targetiency prior to therapeutic use. Consequently, several
tissues for rare cells that contained a marker of the dgroups attempted to transplant more highly purified
nor cells. Diverse tissues ranging from cardiac muscpopulations of HSCs, in order to establish that HSCs or
to neural cells were reported to harbor donor-derivetieir progeny differentiated into these cell typEab{e
cells, albeit generally at a very low level. The implical). Even in these carefully executed studies, impurities
tion of these studies was that, if the efficiency of erin the enriched stem cells could have accounted for non-
graftment in nonhematopoietic tissues was sufficientlyematopoietic regeneration. Nevertheless, data purport-
high, bone marrow transplantation could conceivablyng differentiation of HSCs into skeletal muséland
be used to treat a wide variety of non-hematopoietiepatocytes were compellifgRelatively small num-
diseases. This concept was particularly attractive whéers of highly enriched HSCs appeared to generate these

Table 1. Donor cell contribution to nonhematopoietic tissues after whole bone marrow or stem cell
transplantation in the mouse.

Cells Approximate
Transplanted  Target Tissue Injury Induced Frequency Ref.
WBM Macro- and microglia TBI 0.5-2% 49
WBM Skeletal muscle TBI + intra-muscular cardiotoxin injury ~ Minimal 39
WBM Skeletal, cardiac muscle TBI Not given 50
WBM Skeletal muscle Exercise 3.5% 51
WBM Endothelial cells TBI Not given 52
WBM Neurons TBI 0.2-0.3% 53
WBM Neurons TBI 0.3-2.3% 54
WBM Neurons TBI and contusion 0 55
WBM Hepatocytes TBI 2.2% 56
SP Skeletal Muscle TBI + genetic deficiency (mdx mouse)  1-10 40
KTSL Liver TBI + genetic deficiency (FAH) Rare 57
Lin~ Kitni Heart/vasculature Coronary artery ligation 54% of new tissue 8
CD34* Vasculature Coronary artery ligation 20-25 59
SP Cardiac muscle, TBI + coronary artery ligation 0.02 60

endothelial cells 2-4
“Homed”HSC  Lung alveoli TBI 20 61

Lung bronchi TBI 3.7

Esophagus TBI 1.81

Stomach TBI 0.52

Small bowel TBI 0.87

Large bowel TBI 0.19

Bile duct TBI 0.84

Skin TBI 3.39
Single KTSL Multiple None 0 62

Abbreviations: WBM; TBI, total body irradiation; KTSL; SP; FAH, fumaryl acetoacetate hydrolase; HSC, hematopoietic

stem cells

Hematology 2003

20z dunr 80 uo Jsanb Aq ypd-egLy 86€/789€ 1L L/86E/L/E00Z/Pd-alonIe/ABojojeWwaYAau sUonedlgndyse//:diy woly papeojumoq



tissues after transplantation and tissue injury. mechanism of generation of hepatocytes from bone
Still, the idea that an HSC, presumably committetharrow cellg°% Similarly, in the brain, the initial per-
to generate blood, could change its fate to make hemaption that HSCs were giving rise to such complex
tocytes or muscle flies in the face of decades of equaliguronal cell types as Purkinje cells—even outside the
careful work by developmental biologists. A numbetemporal and spatial window for neurogenesis in the
of other explanations have been put forward to explaintact adult brain—have now been deemed attributable
this surprising behavior from HSC. One hypothesis i® fusion events (Helen Blau, personal communication).
that the bone marrow (and possibly other tissues) con- Another fundamental scientific concern regarding
tinue to harbor primitive stem cells, akin to embryonithe legitimacy of attributing extensive pluripotency to
stem cells, throughout Iif€. These presumably rare some tissue-derived somatic stem cells is the lack in
cells could be capable of generating a variety of celirtually all studies of true clonal analysis. For a cell to
types, possibly after circulation to injured tissues (sd® deemed as having multiple potenciesst be af-
section on multipotential stem cells, below). While afirmed that a single cell of that type, ideally isolated in
attractive hypothesis, we consider this unlikely: embrya miniwell or marked by a unique retroviral insertion
onic stem cells are known to form tumors readily whesite, can give rise to progeny of multiple lineages. The
implanted in ectopic sites in the adult; indeed the abilates of a single clone must shift simply based on
ity to form teratomas is part of the operational definiehanges in the milieu, either in vitro or in vivo follow-
tion of an embryonic stem cell. Many different layersng transplantation. That level of rigor has not been
of growth control exist to restrict the proliferation po-widely applied in the reports of transdifferentiation.
tential of cells in the adult, forcing commitment to dif-Without this, the alternative explanation must be enter-
ferentiation and reducing the prevalence of tumorigentained that a polyclonal population of unipotent cells
transformation. Moreover, most tissues harbor a stelmas simply been assayed. This level of proof—i.e., true
cell population that generally serves to replenish thatonal analysis—should be required in all areas of stem
tissue. So a “niche” or need for such totipotential stegell biology, particularly when transdifferentiation is
cells in the adult is not evident. being invoked, a condition that would challenge fun-
Another possibility is that there is no truedamental embryological concepts.
transdifferentiation of stem cells from one fate to an- Despite these concerns, a number of groups have
other, but instead technical explanations for the pdooked for evidence of non-hematopoietic cell genera-
ception of such events. Certainly, all methods of detetion after transplantation in the clinic, either after bone
tion of donor cells are prone to artifacts, fr@agalac- marrow transplantation, or after transplantation of do-
tosidase to fluorescent in situ hybridization (FISH) fonor tissue such as hearts. In the case of male bone mar-
the presence of a sex-mismatched chromosome (ergw donated to female patients, Y chromosome posi-
the Y chromosome of a donor cell in a female hostjive cells have been found in a wide variety of tissues
For example, the false-positive rate for FISH is ~3%Table 2). Because circulating donor-derived hemato-
To be detected reliably, true events must occur signifpoietic cells are also Y chromosome positive, attempts
cantly above that frequency, a level that has rarelyfere made to demonstrate that some of the Y positive
ever been reported (Table 1). When carefully pecells in host tissues had markers of the new tissue and
formed, however, these detection techniques can be used lost features of hematopoietic cells. In the case of
with fidelity. Therefore, it would be disingenuous tohearts transplanted from female donors into male pa-
attribute all reports to technical errors. Other biologitients, biopsies showed that some cardiomyocytes and
cally plausible but perhaps less interesting explanatioeadothelial cells were Y chromosome positive, suggest-
may play a role. Among the most intriguing is the ining that circulating male host cells (presumably from
controvertible fact that two cell types can fuse. Twthe bone marrow) migrated to the transplanted heart
recent papers suggested that fusion of differentiataed took part in regeneration of the tisstiable 2).
cells with embryonic stem cells in vitro could lead tdAgain, there is a large range of reported frequencies
functional cells with stem cell-like properti#$® This that could be attributable to a number of different fac-
led to the idea that transplanted HSCs or their progetnrs, including the disease state of the patients and/or
were fusing to cells, such as hepatocytes, resulting time level of host/graft interaction.
cells with new phenotype and function. In some tissues It remains highly controversial whether there is true
such as muscle, where fusion is a natural step in tbhenversion of hematopoietic cells into non-hematopoi-
regeneration of the tissue, this hypothesis is difficult tetic cells—even via such a mechanism as nuclear re-
test. However, in liver, fusion of hematopoietic cellprogramming through cell fusion. Regardless of how
and hepatocytes does appear to be at least part of thedata ultimately resolve this controversy, there is little
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Table 2. Circulating cell contribution to non-hematopoietic tissues in clinical zation through the circulation.
specimens. Hopefully, good trial design will
allow the outcomes of these trials

Approximate to be rigorously evaluated. In some

Tissue Transplanted Donor Cells Observed Frequency,% Ref. . . .
Bone marrow Osteoblasts 152 67 experlmental settings, Improve-
ments in cardiac function follow-
Bone marrow Hepatocytes 2.2 68 .
o - 6 ing the use of bone marrow mes-
Bone marrow Gastro-intestinal (Gl) tract epithelia 0-4.6 enchymal cells in myocardial inf-
Bone marrow Stroma 0 ° arction can be attributedot to
Mobilized peripheral blood ~ Keratinocytes 0 7 transdifferentiation of such cells
Mobilized peripheral blood  Hepatocytes Gl tract and skin epithelia 07 72 into cardiomyocytes, but rather to
Heart Cardiomyocytes endothelium 20-15 73 the non-cardiac cells occupying
Heart Cardiomyocytes endothelium 0.04-25 74 necrotic spaces that would other-
Heart Cardiomyocytes 0.2 & wise have become scarred. Thus,
Heart Cardiomyocytes 0 " improvement in cardiac contractil-
Heart Cardiomyocytes 0 " ity occurs via effects on Starling
forces. In such cases, bone mar-
*In the bone marrow or peripheral blood transplants, male donor cells were transplanted row—derived cells played an impor-
irr;té)i;ieemnf\sle recipients. In the heart transplants, female hearts were transplanted into male tant therapeutic role, albeibt via

cell replacement or trans-
differentiation. In the brain, as dis-
debate that a wide range of frequencies have been cassed elsghere in this chapter, non-neural cells (in-
ported and, with few exceptions, the prevalence of suchuding those derived from bone marrow) seem to exert a
events is extremely lowTable 1), or under some ex- therapeutic effect agaimot by cell replacement but by
perimental conditions, undetectabléVhat accounts producing therapeutic molecules. These might include
for the wide discrepancy in frequencies? Probably thieophic factors that serve a protective, regenerative, or
use of different markers, different systems of injury ofnti-apoptotic effect; angiogenic factors that promote
the target tissue, different donor cell populations, eteevascularization of damaged areas; anti-inflammatory
What the discrepancies really indicate is that we uffactors that can inhibit scar formation and cytokine-me-
derstand very little about transdifferentiation, the pradiated secondary damage; and natiuretic factors that pro-
cess of commitment, and the cellular and moleculanote CNS-mediated diuresis and relief of cerebral edema.
basis of plasticity, indicating that we have a great de&8Iimilarly, BMT has been found to be beneficial in a dia-

of basic research still to do. betes model however, recent analyses have suggested
that the impact might predominantly be exerted via cell
Bone Marrow Transplantation for protection and rescue rather than literal cell replace-
Nonhematopoietic Disease ment’®

Although clearly many questions remain that must be What about other diseases, such as those affecting
addressed by basic research, can we begin to think abiigt liver? One of the most impressive examples of cell
using bone marrow transplantation (BMT) for therapgonversion in the mouse has been the generation of
of nonhematopoietic disease? There has been a rdlapatocytes from bone marrow stem ce€llBhese ex-
tively long history of using BMT to treat certain inher-periments were particularly effective because the host
ited metabolic diseases, e.g., Hurler’s disease and othepatocytes harbored a severe genetic defect (fumaryl
mucopolysaccharidoses. In such storage diseasasgetoacetate hydrolase deficiency), enabling selection
blood-derived cells are not used for cell replacemefar wild-type hepatocytes after withdrawal of a sup-
but rather as “pumps” for lysosomal enzymes that aportive drug regimen. The selection occurred over a
taken up by impaired host cells and thereby restore theigriod of a few weeks, during which time the host hepa-
normal metabolism. As a strategy for cell replacemerthcytes experience a controlled demise, affording time
BMT has been used with some success for treatmentfof expansion of engrafting wild-type cells derived from
osteogenesis imperfecta, a brittle bone dis€agad bone marrow. The liver data are particularly impres-
clinical trials are underway in several countries to desive because approximately one third of the liver was
termine whether bone marrow stem cells could enhanmpopulated by bone marrow—derived cells. Whether
cardiac repair after infarction, either by direct injeceonversion occurs by transdifferentiation or, more likely,
tion of bone marrow cells into the heart, or by mobiliby fusion (as the authors’ own re-interpretation sug-
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gestd’), one might be able to exploit this phenomenoafter culture of bone marrow stromal elements for long
to provide genetic repair, a different type of “geneperiods of time under specific conditiofi§'hese mul-
therapy. However, for such a conversion to work itipotential adult progenitor cells (MAPCs) have been
humans, a strong selective pressure that does not peported to generate most cell types in vitro and in vivo
the host at risk of death has to be devised. Such conditer injection into mouse embryo blastocysts. MAPCs
tions are exceedingly rare in humans, and the commbave been isolated from both human and mouse bone
forms of liver disease are not likely to be served bmarrow, and conditions for differentiating them into
BMT in the near future. specific cell types are being explored, with many groups
In contrast to the liver, the repopulation of skeletahterested in using them for repair and regeneration of
muscle by bone marrow derivatives is much less robustvariety of cell types. A major constraint on the utility
(< 0.1% on average), in part due to lack of strong sef these cells, however, is the highly specialized cul-
lective pressure as discussed above. Strategies to ture conditions they appear to require. If more labora-
crease the levels of engraftment therefore need to taeies succeed in deriving such cells, they might find
developed. Potential bottlenecks being addressed &m@ader use.
limitations on the number of stem cells getting to the
target (potentially overcome by mobilization), and inSomatic Versus Embryonic Stem Cells
efficient transdifferentiation. This latter issue is muclin the weeks before Bush’s decision to allow National
more complex, and a number of strategies are beihggstitutes of Health (NIH)-funded research on some
considered, including boosting the differentiation ohuman embryonic stem cell lines, the lay press were
hematopoietic cells down specific lineages by introdugitting somatic (adult) stem cell and embryonic stem
tion of transcription factors which govern differentia-cell researchers against each other, trying to force sci-
tion to that cell type. Finally, the relative risks of bonentists to place bets on the therapeutic superiority of
marrow transplantation will be a consideration. Corene or the other cell type. This was a political but not a
tinued advances in minimally myeloablative approachesientific debate, as both stem cell types have advan-
to bone marrow transplantation would be a prerequiages and disadvantages, some of which are listed in
site to broad application of BMT as a therapy foifable 3. Both classes of stem cells are going to require

nonhematopoietic disease. considerable development work to solve fundamental
problems currently limiting their use. Whether somatic
Multipotential Somatic Stem Cells stem cells can transdifferentiate into diverse tissue types

The possibility that some somatic stem cells in the adwt not, they should in the future prove useful for regen-
may have properties akin to embryonic stem cells hasation of their host tissue, much as bone marrow stem
garnered enormous attention. While as yet there is nells are used in transplantation today. We are bound to
persuasive evidence that these cells exist in normal tiee sound clinical use of both embryonic and somatic
sue, multipotential adult stem cells have been fourglem cells in the future, likely for complementary uses,

Table 3. Advantages and disadvantages of adult and embryonic stem cells.

Advantages Disadvantages
Human ES cells Can make virtually any tissue (in theory) Allogeneic only (currently)
Some tissues “easy” to generate (e.g., cardiac) Teratoma formation?
Can be propagated indefinitely Differentiation conditions to be established
Amenable to genetic manipulation? Some tissues difficult to generate (blood)

Ethical issues

Adult stem cells Autologous Most have limited self-renewal
Many types and sources Differentiation outside lineage? (maybe)
Sometypes have extensive self-renewal Autologous (use more cumbersome and expensive)
potential

Not tumorigenic

Default differentiation

Amenable to gene transfer

Potential delivery methods attractive
No ethical issues
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although this may take a decade or more. The reader is In addition, NSCs were attracted by degenerating
referred toTable 4 for some of the key recent paperseural tissué®”% effectively replacing dead or dys-

that illustrate the points discussed above. functional cells in those regions. In these pathological
niches, these multipotent cells, in response to signals

lll. T HE NEURAL STEM CELL AS A still poorly understood, would shift their progeny’s fate
MopeL Somatic Stem CELL toward that of neural lineages most in need of reple-

tion—even if beyond the classical developmental win-
Approximately 10%: years ago, a handful of investigedow for genesis of that cell type. Indeed, these obser-
tors interested in fundamental neural development beations gave birth to the hypothesis that certain neuro-
gan to identify, within cultures obtained from the dedegenerative environments recapitulate developmental
veloping and mature CNS, cells with surprising plassues because NSCs responded to neurogenic cues not
ticity, multipotency, and a propensity for dynamicallyonly during their normal embryological expression, but
shifting their fate$€5% The existence of such cells—if also when recreated by particular types of cell death.
indeed they represented a population normally residédESCs, in other words, were sufficiently sensitive to
in the brain—challenged the prevailing dogma that th&ense” niches of neurogenesis and/or small nidi of pa-
nervous system was rigidly and immutably constructethology in the brairf:-92%
Neural stem cells (NSCs), as these plastic cells came These observations in the CNS stimulated investi-
to be termed, began to garner the interest of not just &tors in other solid organ systems to search for stem-
developmental community but also that of the neuréike cells even within tissues generally held to be more
repair, gene therapy, and transplant communities wheggenerative, more forgiving, and/or more redundant
it was recognized that they could be expanded in cuiihan the CNS. Hence, the neural stem cell—in effect
ture and reimplanted into the mammalian brain wheige first solid organ stem cell isolated and exploited—
they would reintegrate appropriately and stably expressrved as a model for most other somatic stem cells.
foreign gene& Their abundance, multipotency, ease of Importantly, despite the spotlight of therapeutic
manipulation, and engraftability made this strategy an @romise the NSC has thrown upon itself (and other stem
tractive alternative for CNS gene therapy and repair. cells), it is critical to remember that its existence was

In comparison to extant techniques, NSCs presentgdveiled in the course of understandidgyel opment

certain advantages: they were a homogeneous and réad that, in the end, it is simply one player in a broad
tively well-defined neural cell population that could beand exceedingly complex, interdependent, finely tuned
easily stored and expanded on demand, and, if necésvelopmental system, one that requires fundamental
sary, genetically manipulated ex vivo to express a widievelopmental understanding. In this endeavor, the CNS
variety of foreign transgenes. These transduced genegptinues to serve as an instructive model for the stem
as well as their inherent genetic repertoire, could kel field in general.
effectively imported into the CNS “Trojan Horse —style
following transplantation almost anywhere into the deFhe Biological and Therapeutic Role
veloping and mature host brain. Furthermore, NSCs and of the Neural Stem Cell
their progeny possessed a capacity to integrate not oAlifhough the degree to which the mammalian CNS
locally at their site of implantation, competing with andsupports the birth of neurons and other cell types out-
interdigitating seamlessly with endogenous c&fig* side of their classical spatial or temporal developmen-
but also more broad®:** They were quite migratory— tal windows has become an area of intense investiga-
particularly if implanted into germinal zones—permittion and debat&,°*most agree that one of the reposi-
ting cell and gene therapy to be contemplated for diteries of whatever plasticity exists is the NSC, residing
seminated, even global, CNS disease processes. In fifatong within various secondary germinal zones of the
sense, NSCs had a distinct advantage over fetal tisugin. Indeed, it was the observation that exogenous
and non-neural cells for cell replacement and over mosultipotent NSCs could respond to the prevailing cues
viral vectors for gene delivery. Even such alternativef normal and abnormal microenvironments that first
cellular vectors as hematopoietic cells, when used fébggested the existence of spontaneous compensatory
protein delivery in bone marrow transplantation paranechanisms for geneti®®®or acquired deficien-
digms, could not circumvent the restrictions of the bloodies;***including neurogenesis beyond its normal con-
brain barrier and integrate throughout the CNS as effdines. It is acknowledged, however, that these compen-
tively as NSCs. A single bona fide NSC clone could takgations alone aneot sufficient to redress neurological
up residence in, and accommodate to, any nervous sgigficits in the most devastating of cases. The degree to
tem region, permitting an economy of resources. which these natural processes might be augmented by
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Table 4. Selected additional reading on adult stem cell therapy and stem cell “plasticity.”

Topic Ref.
“Transdifferentiation” Generation of skeletal muscle from bone marrow and stem cells 39,40
Generation of hepatocytes from small numbers of hematopoietic stem cells 57
Generation of neurons from bone marrow 53,54
Multipotential adult progenitor cells 48
Lack of “transdifferentiation”  No generation of neurons from hematopoietic stem cells 55
Lack of generation of many cell types from hematopoietic stem cells 62
Fusion as transdifferentiation  Cell fusion as the mechanism for transdifferentiation 20
Recent reviews Covers current controversies and recent published data 84
Detailed review including technical caveats 85

*This table is not meant to be comprehensive, but to highlight some of the best and/or most illustrative and readable
papers in the field.

supplying exogenous NSCs with or without exogenouwgins to lay the groundwork for clinical translation by
stimulants and/or molecular prompting and priming isequiring practical protocols for the administration of
the primary focus today of regenerative neurobiokells to large recipients (e.g., number of cells to inject,
0gQy 30.98.99,101-105 placement and number of injections, rate of delivery)
Although important differences exist between rowhile establishing safety and efficacy. One recent set
dent and human NSCs—principally attributable to isef experiments has analyzed the fate and impact of
sues of cell cycle (protracted in human cells with BNSCs in the MPTP-induced model of dopamine (DA)
strong predilection to exit the cycle and differentiatedepletion in African Green Monkeys, an authentic ani-
or to cease cycling entirely after ~124 doublings)—mal model of Parkinson’s disease (PD). In pilot stud-
many of the important biological principles gleanedes, hNSCs appeared to colonize the mesostriatum, with
from examining rodent cells have been conserved some spontaneously converting to tyrosine hydroxylase
the human CN$’%8Lines of engraftable human NSCs(TH)-expressing cells. Given that hNSCs, like murine
(hNSCs) have been isolated from fetal and adult spe®SCs, intrinsically produce many neurotrophic and
mens that, in many ways emulate their rodent countereuroprotective factors, the improvement in DA activ-
parts® For example, hNSCs can participate in CNS déty observed in some recipients is likely the combined
velopment (including of subhuman primates), reeffect of not only DA cell replacement but also the pro-
spond to local cues, migrate to widely disseminatedsion by hNSCs of factors promoting the survival and
CNS region®-90°7.98.194ncluding homing to areas of in- enhanced function oliost DA neurons and their
tracranial pathology, express transgemeglace miss- nigrostriatal connectiorf8 These dual mechanisms will
ing neural cellsand, in some cases, help promote fundikely be therapeutically significant.
tional improvement in some disease modet&-or ex-
ample, in pilot studies on the contused adult rat spindfhat About Somatic Stem Cells of Fetal Origin—
cord, hNSCs yield neurons that make long distance con- Umbilical Cord Cells?
nections both rostral and caudal to the lesion that afithough, as noted above, debates abound concerning
pear to facilitate the conduction of cortico-spinal imwhether truly pluripotent somatic stem cells exist, there
pulses and concomitant behavioral improveni&imt. is a growing interest in whether cells derived from the
other pilot experiments in which hNSCs were implantefittal milieu, for example, umbilical cord cells (UCCs)
in key regions along the spinal cord of the SOD#&nNd placenta, have interesting properties and can be ex-
transgenic mouse model of amyotrophic lateral sclerploited clinically. UCCs include a rich source of he-
sis (ALS), a significant proportion of the recipients exmatopoietic and possibly nonhematopoietic stem cells
perienced a remarkable preservation of motor functiand can be used in place of bone marrow or mobilized
and, in some animals, nearly a doubling of lifespan. peripheral blood as a source of hematopoietic reconsti-
Transplantation into lesioned monkeys not onlyution following myeloablative chemotherafiy® Be-
assays the hNSC's response to a neurodegeneratroad their applications in the treatment of bone mar-
milieu that closely mimics that of humans, but also beew disorders, some reports have suggested their util-
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ity for treatment of neurologic disea®é! Indeed, it deficits, pain, and side effects; precipitate an even
has been observed in preliminary studies that childrgmeater decline in an already marginal quality of life.
with some neurodegenerative processes—Krabbe ledrd such adverse outcomes impact not only the
kodystrophy (galactocerebrosidase [GalC] deficiencyjatient’s own life but that of family and caretakers.
being the most successful—evince a blunting of dis- Therefore, for the remainder of this section, we
ease progression if UCC transplantation is performgmopose a roadmap to the clinic, with a particular em-
within the first 2 weeks of life (J Kurtzberg, unpub-phasis on flagging the potholes and speed bumps
lished data). The mechanism of this effect is unknowthrough which we must navigate.
In a preliminary study, the brain of a 21-month-old girl
with Krabbe’s disease treated by UCC transplantatidh Know your disease
was examined (EY Snyder, unpublished data). This pbr order to reasonably predict success using stem cells
tient provided an opportunity to ask whether UCCs can the treatment of a disease, one must have an under-
transdifferentiate into neural cells in a favorable theratanding of its pathobiology beyond simply that a par-
peutic setting: the recipient brain was immature anitular cell typeseems to be dysfunctional and might
developing but plagued by a global neurodegeneratibenefit from replacement therapy. It's important to know
process; the patient received effective pretransplantatibow disease biology itself impinges ostem cell biol-
induction/ablation and posttransplantation immunosugy. Without this knowledge, one is simply “dumping”
pression; donor and host were well matched; engratftells into a defect with the vapid hope that the cells
ment and chimerism were long term (1 year); donavill survive and function. While one might argue that
cells could be unambiguously discriminated from hoshany accepted treatment practices emerged in medi-
by sex mismatch. Misinterpretation from cell/nucleacine through this empiric approach, the evolving stan-
fusion events could be excluded by ascertaining onflards of mechanism-based medicine make simple trial
one nucleus-per-cell and only 2 sex chromosomes-pand error unacceptable, particularly in view of the po-
nucleus. In this case, UCCs appeared to be presésmtial harm that could be rendered. To predict the suc-
throughout the host brain, both in white and gray matess of cell therapy, one must understand whether a
ter and juxtaposed with host cells where they presurgiven pathophysiological process, or the milieu it cre-
ably produced missing GalC; they were also preseates, inhibits or promotes the unfolding of developmen-
within blood vessels and integrated within ventriculatal programs that direct the survival, differentiation, and
ependyma. Donor cells could be identified as micrantegration of a replacement cell type. For many dis-
glia but UCC cells did not contribute to neurons, oligoeases, we might be unduly presumptuous in assuming that
dendrocytes, astrocytes, or immature progenitors. Lewe know what cell type is needed, that we know the true
els of GalC in this GalC-deficient brain were detectlocus of the disease, and that we know what is required to
able. Hence, this patient illustrated the feasibility ofeconstitute a given region and restore function.
using UCCs fomolecular therapies—but provided no As fundamental as these questions are, the answers
evidence that the mechanism of disease amelioratiare actually quite elusive in the majority of neurologi-
involved neural cell replacement. cal diseases—Alzheimer’s, mental retardation, autism,
stroke, Huntington’s disease, ALS. These diseases may
Lessons to Be Learned—A Roadmap to the Clinic actually need multiple cell types to reconstruct a mi-
Given how radically the stem cell concept has alterditu, and there is no guarantee that we know the signals
our formerly deterministic view of the CNS, it is notto mold the cells. Furthermore, the answer for one dis-
unexpected that the public and even the scientific coraase does not necessarily extrapolate to another even
munity have become eager to apply this newfounaktensibly similar disease, and any given disease will
knowledge to clinical situations. With results of labohave different needs at different times within the same
ratory research so enticing, what is preventing us fropatient. Diseases are dynamic. The acute phase after
imminent translation to the clinic, particularly for somean injury or after the onset of a degenerative process is
of the most devastating diseases? The answer, most sitifferent from the subacute phase, and those are differ-
ply put, is that we still do not know the safest, mostnt from the chronic phase. In the NSC field, for ex-
practical, most efficacious methods for exploiting sterample, we have observed that extensive migration and
cell biology. If we proceed prematurely, e do harm  shifts in differentiation fate will occur in rodents only
even in the most dismal of diseases. Ill-conceived amtiring certain windows following ischemic injury (e.g.,
untutored clinical trials could make the suffering of th@-14 daysy° That behavior is no longer apparent even
patient worse; shorten an already limited lifespan; cona-few weeks later. Coincident with this observation, an
promise residual function; add additional symptomsntirely different set of genes are upregulated in the
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NSC confronted with an acutely asphyxiated brain thahey likely already harbor a genetic flaw or disease-
when confronted with the same brain following theredisposition. Indeed, there has been growing specu-
passage of time. Furthermore, the needs for one bréation that the initiating locus of some neurodegenerative
region (e.g., striatum) may be inappropriate for anothdiseases may actually reside within the NSC popula-
(e.g., cortexy?929.107 challenge for a pathological pro-tion itself.
cess that is extensive and multiregional in its manifes- Such observations highlight the necessity first to
tations, such as stroke or Huntington’s disease anderstand the actual pathophysiological process to be
Alzheimer’s disease. Such are the sobering challengesiressed and rule out the milieu it creates asban
to NSC-based therapies. stacle to unfettered dependence on NSCs (endogenous

Cellular therapies alone might be ill suited for somer exogenous).
cell non-autonomous disease processes (i.e., problems
extrinsic to the stem cell), e.g., aspects of radiation2, Know your cell
ischemia-, inflammatory-, and metabolic-induced eris the regenerative task at hand within the biological
cephalopathies. In such cases, defects in the microeepertoire of the stem cell? In other wordsdisease
vironment might first need to be rectified before initipathobiology consistent with stem cell biology? This
ating stem cell therapy. This realization was highlighteguestion takes on prominence when asking whether a
by a recent examination of the impact of cranial irrastem cell from a non-neural system (e.g., muscle, blood,
diation on the neurogenic zones of the adult rat hipaesenchyme) can become a neural cell. It becomes no
pocampus,a region plausibly implicated in the cogni-less vexing, however, when dealing with stem cells of
tive deficiencies frequently encountered as a side afirect neuroectodermal origin. To direct NSCs (whether
fect following this common medical intervention. Theendogenous or exogenous) to different CNS regions to
pathology appeared to reside less within the neural steyigld cells of the right type(s) and number, in the right
progenitor cell itself than within thmicroenvironment  ratio, in the right location, making the right connec-
in which that cell had to function. Irradiation alteredions with the right partners without making any wrong
some of the regulators of NSC survival, number, antbnnections, and to shield non-targeted cells and re-
fate. These defects included a striking increase in tiggons from such influences, presupposes a level of un-
number of activated microglia (promoting inflamma-derstanding we may not have for years. The complex-
tion and scarring) and a 3-fold increase in the distanig of these questions is compounded by two emerging
between NSCs and their microvascular supply (disruptealizations. First, a disease may actually need replace-
ing a complex vascular-progenitor relationship). Suciment of multiple cell types and multiple proteins in or-
defects are not compatible with ready neuronal replacger to entirely reconstruct the damaged milieu—not
ment, whether by endogenous neurogenesis or traosly the neurons that have died, but also the support
planted NSCs. This recognition does not precludeells that detoxify the environment—myelinate the
changing the milieu, e.g., via anti-inflammatory andaxons and dendrites, provide ongoing trophic and ma-
pro-angiogenic maneuvers. However, indiscriminat&ix support, and provide reservoirs for ongoing cell
transplantation of exogenous NSCs or stimulation @éplenishment. Second, the interaction between trans-
endogenous NSCs here would likely prove futile—anglanted NSC and recipient host is a dynamic, complex,
potentiallyharmful. An example of the latter possibly ongoing reciprocal interaction where both entities are
might be found in the work of Parent et®alvho re- constantly in flux. The implications of this complexity
ported that, while status epilepticus promoted increasedve practical ramifications, as detailed below.
hippocampal neurogenesis, those newborn neurons
were often ectopic, made aberrant connections, and p8-Know what your stem cell is doing;
vided new epileptic foci. things aren't always what they seem

Therefore for certain cell extrinsic pathologies, bottviost work to date in stem cell biology has focused on
the donor and host NSC might need protection—eithéne concept that theost CNS environment—as it
conferred by genetic engineering or provided via chaphanges over the course of development and aging, or
erone cells (see below) or molecules. as it is altered by injury or degeneration—influences

For even some ce#lutonomous/cell intrinsic de-  or instructs the transplanted stem cell. Therefore, when
fects, the use @ndogenous NSCs alone might be prob- recovery has been observed, it has always been assumed
lematic. For example, in such genetically basethat the stem cell must have replaced what was miss-
neurodegenerative diseases as Huntington’s, Alimg. However, an unanticipated phenomenon has be-
heimer’s, Parkinson’s, ALS, and multiple sclerosigun to emerge: transplanted stem cells also influence
(MS), endogenous NSCs magt be optimal given that the host. We have postulated that this ability to pro-
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mote a regenerative response in the host is actuallyuay, host cell death, and inflammation were diminished.
fortuitous byproduct of fundamental stem cell biologyHost tissue preservation and regeneration—as stimu-
The emerging recognition ofdgnamic reciprocal stem lated or instructed by the many intermingled undiffer-
cell-host interaction'®® adds not only a powerful new entiated NSC-derived progenitors—were responsible
avenue for stem cell-mediated recovery but also afor the functional improvement.
other level of complexity—and yet another way for stem The broader implications from these observations
cell biologists to be fooled. Nevertheless, that stem celise 2-fold. First, that the dogma of an immutable, ir-
may change and/or protect thest CNS is a dynamic reparable postdevelopmental mammalian CNS devoid
that can be exploited and augmerit&q. of inherent plasticity must be revised. And, second, that
The NSC inherently expresses genes that we hawee host CNS may benefit not only from stem cell—-
learned are capable of signaling, instructing, remodederived replacement of lost neurons but also from the
ing, and protecting the host CNS. This speculation dehaperone effect of other stem cell-derived progeny;
rives in part from 2 recent studies in 2 different regionsven undifferentiated/glial-differentiated progeny ap-
of the nervous system at 2 different ages. In the firgigear to be equally necessary for promoting optimal re-
murine NSCs were implanted into the substantia nigm@nstitution. (Indeed, developmental studies have sug-
of aged mice that, 1 month previously, had receivegkested that such homeostasis-maintaining cellular pools
repetitive systemic administrations of high-dose MPTRyre established from stem cells at the earliest stages of
the neurotoxin described above that produces a persisganogenesi® expressing factors in a differentiation
tent impairment of mesencephalic DA neurons and theitate—dependent manner.) While NSCs have been touted
striatal projection&® Unilaterally implanted NSCs not most vociferously for cell and gene therafsythese
only migrated and integrated extensively witlhioth ~ findings suggest yet another mechanism by which thera-
hemispheres but were associated with dramatic recqueutic outcomes might be achieved: an inherent capac-
stitution of DA function throughout the mesostriatalty of stem cells (without genetic engineering) to cre-
system in a manner that mirrored the spatiotemporaie host environments sufficiently rich in trophic and/
distribution of donor-derived cells. While there war neuroprotective support to promote the recovery of
spontaneous conversion of NSCs to DA neurons in DAlamagedendogenous cells, to mobilizehost progeni-
depleted areas, and while cells of donor origin contrilters, to remodel the impaired milieu such that latent
uted to nigral reconstitution, theajority (~138%) of regenerative responses, intrinsic protective mechanisms,
DA neurons in the “reconstituted” mesostriatal systemnd/or inherent neurogenetic programs within the host
were actuallyhost cells “rescued” by constitutively- are favored, triggered, and/or amplified. The cocktail
produced NSC-derived factors. Although the mechaf stem cell-derived factors—that includes not only
nism underlying this inherent NSC-mediated proteaieurotrophic and neuroprotective but also proangio-
tion or activation of a host regenerative capacity regenic, anti-inflammatory, and anti-apoptotic factors—
mains uncertain, one mode is likely to be the produeight help shift the balance between permissive and
tion by NSCs of trophic and tropic agents. NSCs comonpermissive microenvironments in a manner that fa-
stitutively produce a broad range of peptide newors the reacquisition of CNS integrity and function.
rotrophic factors, adhesion and extracellular matriXhis phenomenon has now been replicated in other sys-
molecules, and lysosomal enzymes. In the exampiems using other stem cells: embryonic germ é&lls,
above, intermixed among NSC-derived DA neurons wadmematopoietic stem cell$,and bone marrow mesen-
a larger subpopulation of clonally-relataecblifferenti- chymal cell$2# It is, in fact, this function—and not
ated or glial-differentiated NSC-derived cells that spon- cell replacement—that may well account for some of
taneously expressed GDNF (among other peptides)itee reported beneficial effects of stem cells from other
molecule known to be neuroprotective of DA neuronsystems in other animal models, including those out-
In the second study—this time in the adult rat spside the CNS. This possibility warrants scrutiny not as
nal cord—implantation of NSCs (supported by a bican admonition but as an opportunity: unravelling the
degradable scaffold) into a large hemi-resection cavityolecular mechanisms underlying graft-host interac-
significantly improved functional recovet§®The re- tions will allow them to be exploited more efficiently
constituted parenchyma and neuronal fibers bridgirend predictably. Given the complexities of CNS devel-
the lesion wereot, however, derived from the NSCs—opment preserving established CNScircuitry is as im-
although they persisted in abundance—but rather froportant—and probably safer and more tractable—than
thehost. Indeed, the NSCs did not simply differentiateattempting to reconstruct proper new connections.
into astrocytes that might have contributed to glial scar
formation; in fact, scarring, necrosis and secondary in-
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4. Exploit endogenous and exogenous repair ateto a given tissue. Shamblott et'afound that, even
The question of whether to mobilize a patient’s endogimong embryonic germ cell lines thought to be experi-
enous stem cells or implant exogenous stem cells has beentally differentiated toward a particular lineage,
come pertinent to most organ systems. Most studiesgenes consistent with other organ types were simulta-
date that have examined the behavior of endogenous mmeously expressed—for example, in “neuralized” cul-
genitor cells in non-neurogenic regions in the intact aridres, gene patterns consistent with bone marrow—
injured adult mammalian brain find neuron replacemeiderived cell types were also found. ES cell cultures do
to be meagéer,*°193197if present at afi’ very restricted, not contain cells gburely one differentiated tissue type.
short-lived, and functionally insignificant. The small numReassuringly, inappropriate or undesired cells have
ber and low survival of incipient neurons might reflechever been observed in intracranial transplantation para-
unfavorable microenvironmental conditions fordigms usindNSCs, despite their extensive multipotency
neurogenesis and/or survival due perhaps to a lack of amd their possession of all the stem cell attributes that
propriate trophic support, or exposure to toxic factonmake them appealing for repair.

emanating from damaged tissue, or simply the absence In dealing with ES cells, however, one must be cer-
of appropriate developmental cues. Therefore, strategiesn to direct theninvariantly down a given lineage
have been proffered to expand the pool of neuron-yieldnd create safeguards against the appearance of inap-
ing progenitors with mitogens, differentiation factors, antipropriate cells (e.g., muscle or bone in brain), conver-
apoptotic factors, or to bias neuronal differentiation bgion to teratocarcinomas (an ability that actually con-
inhibiting glial differentiation. How successful these techstitutes part of the operational definition of an ES cell),
nigues will be remains to be determined. However, evem the emergence of autonomous organs within the
if stem cells in situ are recruited, beckoned to reenter tt@ger organ (e.g., independent neural tubes within the
cell cycle and coaxed to yield neurons, the challenge stifain, heart, or pancreas). While predifferentiation ex
exists of generating adequate numbers (without creatimiyo might preclude this (once we can do so reliably),
deformations or tumors) of proper phenotypes in correttie comfort of invariant commitment to one cell type
distributions with sufficient integrative capacity. The mosinust be weighed against the loss of plasticity wherein
effective therapies will likely entail mobilized endogenous degenerating microenvironment directs a somatic stem
cells supplemented by exogenous cells in particular de-cell to reconstitute a region by prompting it to yield
velopmental states, perhaps engineered exweiggpress multiple interacting cell types.

particular neurotrophic, neuroprotective, or detoxifying  The notion, however, that somatic stem cells (par-

moleculeg1%4 ticularly from an adult) are equivalent to and may re-
place ES cells is also unfounded. Somatic stem cells,
5. Suit the type of stem cell to the purpose too, have their limitations: they are often hard to iden-

Of the various sources of somatic stem cells, which otiéy and isolate from a specific organ (although this limi-
is best—bone marrow, blood, muscle, brain, etc? Alation does not seem to apply to the CNS). They often
things being equal, a disease of a particular organ syse slow to expand from the human and, unless geneti-
tem is probably most efficiently treated with stem cellsally augmented, typically senesce. ES cells, on the
from that organ—for example, for the CNS, a neuradther hand, are naturally immortalized and hence pro-
stem cell or an ES cell directed to become a neural steide an unlimited supply of rapidly dividing reagents.
cell. For a given tissue, how does one decide betweEnrthermore, there are limitations to the use of adult
using an ES cell directed toward that organ’s cell typgtem cells, particularly in autograft paradigms, that tran-
or using a somatic progenitor/stem cell derived directlycend the technical hurdles of isolation, expansion, and
from that organ? differentiation and would compromise our ability to
Starting with an ES cell and directing it toward a&combat disease if they were our only weapon in the
particular lineage requires a knowledge of developmeatem cell armamentarium. While autografts of immu-
tal mechanisms that might not be required of stem celi®logically compatible and “ethically neutral” adult
derived from the tissue of interest. For example, if or&gem cells are often touted as being useful for such dis-
starts with NSCs, much of the developmental instru@ases as Huntington’s, Alzheimer’s, Parkinson'’s, ALS,
tion has already taken place; NSCs have already learragtl MS, it is probablyot optimal to employ such cells
that their address is within the nervous system. Ther®r genetically based diseases: one will be reimplant-
fore, there are a number of steps that will not be réag cells thaimay already be flawed in that they harbor
quired to exploit these stem cells. Not only is there lessgenetic defect and perhaps a predisposition to the dis-
of a need to direct these cells, there is probably als@ase in question. Indeed, since there has been growing
diminished risk of obtaining cells that ar@ppropri- speculation that the locus of some neurodegenerative
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diseases may actually residéhin the progenitor cell course, is the possibility of immune incapability (pos-
population—for example, a failure of progenitors to resibly addressed through some additional genetic engi-
populate adequately, to resist or metabolize certain toxeering) and the fact that the best source for such uni-
ins, or to have a shortened lifespan—this could makersal lines may, in fact, be the embryo or the fetus, not
for a truly disappointing outcome. To correct these sthe adult, where various immunogenic markers are less
matic (including adult) stem cells ex vivo (or endogprevalent. (Indeed, we have determined that such NSCs
enous progenitors in situ for that matter) presumeslack major histocompatibility complex (MHC) class I
level of genetic understanding that we do not possessd, when used for intraspecies transplants, do not pro-
and will not likely have for decades. voke immunorejection or require immunosuppression.)
This potential limitation for genetically based dis-  So, the answer to “Which cell for which disease?”
eases would still seem to allow for the possibility thahnight, in fact, vary from disease to disease, and organ
adult stem cells might be useful for trauma-based tw organ, to be determined empirically over the next
acquired deficits. There, too, circumspection is wadecade.
ranted. While grafting a patient’s own stem cells in such
circumstances might circumvent ethical and immund. Complex diseases require complex solutions
logical concerns, one now confronts practical hurdlebhe complexity of most disorders—particularly in the
that may be daunting. When a trauma or stroke patie@NS—calls for multifaceted solutions. Restitution of
for example, presents to a health care facility, the teaomction likely requires more than the replacement of a
is confronted theoretically with the prospective isolasingle cell type (even if a neuron), but rather reconsti-
tion, expansion, decontamination, characterization, amgtion of the entire milieu, including glf&!'* angio-
directed differentiation of cellular reagentséachnew blasts, etc—i.e., cells that might provide trophic sup-
patient with its attendant costs in time, resources, apdrt, guidance cues, myelination for new neurons, re-
manpower, with potential interpreparation, interpatienfine differentiation®1%510%11detoxify the environment,
and interinstitutional variability. There will certainly beand maintain homeostasis. Indeed, one may want to take
issues of quality control. (It is unlikely that we wouldadvantage of the ability of the neural stem cell itself to
want most hospitals doing this in an unregulated on sigéve rise to multiple types of both neurons and glia in
fashion.) If one is to us®on-neural adult stem cells for the appropriate ratio. Furthermore, cell-mediated inter-
neural purposes, for example, it also presumes the abilgntions must go hand-in-glove with adjunctive phar-
to scale up a low efficiency transdifferentiation eventnacological and molecular interventions, orchestrated
to a clinically relevant level, which, in turn, presupto synergistically overcome restrictions imposed by the
poses a knowledge of the signals involved and an ahihilieu, e.g., proangiogenic and/or anti-excitotoxic, anti-
ity to provide them controllably—a goal far from real-inflammatory, anti-apoptotic manipulations. And, of the
ized. Also significant is the recognition that a finitecell-based therapies, combinations of stem cells may
amount of time is needed to isolate, characterize, abd required; various types at perhaps different devel-
ensure the quantity, identity, quality, and safety of thepmental or differentiation stages for different phases
cellular population to be implanted. It is becoming inef a given disease.
creasingly recognized that the optimal time for dealing Therefore,combined therapies will likely be the
with CNS injury using stem cells is during the acute dtey to most neurological diseases. While stem cells are
subacute period. It is possible that, by the time aglist one weapon in an armamentarium, they may be
equately characterized cells are optimized for use, th&ue that bonds these multiple approaches. The ques-
window of opportunity for using them may have passetion then becomes how to orchestrate these interven-
While future studies will be needed to define the oblitions such that they work synergistically and not at
gate time windows for both preparation and implantaross-purposes. Manipulating one parameter is bound
tion, this consideration may also limit the use of aduto affect another, often in unanticipated ways. We
stem cells for a significant subset of cases. learned recently, for example, that engineering NSCs
An alternative to the use of autografts in transplarie over-express neurotrophin-3 to optimize neuronal
tation-based strategies is the use of stable, establisluiffierentiation did so at the expense of subverting the
somatic stem cell lines that might serve as “universdlSC’s production of GDNF, the very factor needed to
donor cells” for most patients. These have the appgaiomote axonal outgrowth from some neurthénti-
of being off-the-shelf reagents, prepared and/or addipoptotic therapies are quite useful in a number of
tionally engineered under good manufacturing pragathological condition®:1% Interestingly, however, it
tices, readily available in limitless quantities for theés becoming recognized that apoptotic signals are piv-
acute phases of an injury or disease. Its downside, afl for directing NSCs toward particular cell replace-
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ment fate$#1”How might one combine anti-apoptotic

therapy with stem cell therapy such that they do not

abrogate the efficacy of each other?
A similar conundrum may pertain to inflammation.

Indeed, stem cells themselves, at least in the CNS, ap-

pear to produce anti-inflammatory factés'In fact,
certain inflammatory molecules (e.qg., interleukin-6) are
inimical to stem cell function and survival. However,

we are also beginning to realize that some of the sig-

cells (in particular, astrocytes) may be the initiat-
ing cell in the disease proce§81%Therefore,
predifferentiating cells to yield solely motor neu-
rons may actually preclude optimal preservation
of function or inhibition of degeneration. The best
approach for this disease may beiaimally com-
mitted cell that yields both neuroasd glia simul-
taneously and in a proportion dictated by the host
environment itself.

nals used by stem cells to home to degenerating CNS. How and where does one deliver cells, particularly
areas are likely to be chemokines released at certain for a disease process that is expansive in the CNS

phases of the inflammatory reaction—both from acti-

vated microglia and from damaged CNS parenchyma.

How might this “yin and yang” of inflammation be ac-
commodated to best effect?

7. The devil is in the details—practical issues

into the parenchyma? the cerebrospinal fluid? the
vasculature? How does one make sure that the cells
do not go to inappropriate tissue beds, for example,
stem cells engineered to express a growth factor,
or antiangiogenic factor, or cytolytic factor de-
signed for the brain but also lodged and integrated

Even after the philosophical and scientific issues have

been resolved, one is still left with the logistical issues

that ultimately determine whether clinical translation often?

is feasible and successful. 4.How much of an obstacle will immune barriers actu-
1.Giventhat, in every organ system, the stem cell popu- ally be in transplantation paradigms? This is critical

into the liver or lung? When in the course of a given
disease should the stem cells be delivered and how

lation to be abstracted is small, what is the most effi-
cacious yet safest method for expanding it ex vivo
such that the cells maintain genetic fidelity from pas-
sage to passage (i.e., faithful self-renewal with few
mutations), do not experience phenotypic drift, and
do not senesce? Is it with growth factors, with cer-
tain genes interacting with cell cycle regulatory pro-
teins (e.g.myc) or with telomeres (e.g., telomerase),

or a combination of the abo#?

because it influences how much emphasis is placed
on (1) using autologous cells vs. universal donor cell
lines; or (2) obtaining stem cells from more acces-
sible but less optimal tissues in an adult (e.g., skin for
brain diseases) versus from more abundant but less
accessible locations (e.g., NSCs from periventricular
regions for CNS diseases); or (3) the need for so-
matic cell nuclear transfer; or (4) the need for poten-
tially toxic immunosuppressive pharowogy.

2.Prior to transplantation, what is the optimal degree 5. How much, in fact, do human stem cells differ from

of differentiation of a somatic stem cell for a par-
ticular disease—aredifferentiated, rigidly com-
mitted stater actually less differentiated and more
plastic,letting the cells mature in situ? In the case

nonhuman stem cells? How quickly can insights
from rodents and primates be imported directly to
clinical applications?

of cells for the nervous system, implanting cellSLow Hanging Fruit” in the

precommitted ex vivo to yield a uniform mature Neural Stem Cell Field

neural cell type (e.g., a motor neuron or an oligddespite the admonitions to be cautious and circumspect,
dendrocyte or DA neuron) would certainly maxi-are there disease processes that are within the grasp of
mize numbers (and, in the case of ES cells, safetyroven stem cell properties and might be approachable
yet their ability to engraft, to respond and accomin the relatively near future? There are some in our view:
modate to varying environmental cues, to migrate, 1.Brain tumors. It has been observed that NSCs are

414

to integrate, to provide other needed neural cell
types may be compromised. Also it presumes a
knowledge of exactly what cell types are desired
for a given disease. In other words, providing solely
1 neural cell type may construe the pathophysiol-
ogy of a given disease so simplistically and nar-
rowly that recovery may actuallyot be realized.
For example, while conventional wisdom would
dictate that spinal motor neurons need to be re-
placed in ALS, there is growing evidence that glial

rapidly drawn to such intracranial pathology and
can effectively express antitumoral geffds.such
conditions, differentiation into a particular cell type
is unimportant. The NSCs simply need to serve a
tracking function to effectively deliver an oncolytic
product while creating no “mischief.” If the NSCs
are armed with a gene that kills dividing cells, they
will self-eliminate should they become problem-
atic, a built-in safety bonus. A potential immune
reaction against NSCs intermixed with a tumor
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engenders little concern since that serves only to Developmental Biology
enhance their tumor-killing action. In thinking about the practical application of stem cell
2.Metabolic neurogenetic diseases of childhood. For  biology to clinical situations, it is instructive to remem-
these typically incurable neurodegenerative dider that the stem cell field emerged as the unantici-
eases, one often simply needs to express, in a disted byproduct of investigations by developmental
seminated manner, a very small amount of a dibiologists into fundamental aspects of cell fate deter-
fusible lysosomal enzyme to restore normal CN&ination and commitment. Stem cell behavior is ulti-
metabolism. Cell replacement is a bonus but notraately an expression of developmental principles, an
requirement. In going into a young CNS, howeveglluring vestige from the more plastic and regenerative
one may be able to harness developmental prstages of organogenesis. In attempting to apply stem
cesses that optimize benefit. Because their moncell biology therapeutically, it is instructive always to
genetic basis and pathobiology have been identiear in mind what role the stem cell playsiavel op-
fied, many of these childhood diseases can serw@nt and to what cues it was designed to respond in
as excellent models for certain adult diseases thaying to understand the logic behind its behavior.
are their phenocopies but are complicated by other While the state-of-the-art of the stem cell field is so-
factors. bering, we should be left not feeling that the obstacles are
3.Diseases where rescue/protection of cellsand cir-  insurmountable, but simply that much work remains, prin-
cuits or blunting inflammation/scarring is thera-  cipally in understanding both fundamental developmen-
peutic. As described above, these actions—uvia thil principlesand basic pathophysiological processes. We
regulated local release of multiple identified anenust understand how these 2 forces interact before cell
as-yet-to-be identified molecules—are attainableeplacement and circuit reconstruction will become trac-
via stem cells in a manner unlikely to be achievethble for most diseases (whether by exogenous cells trans-
by drugs, pumps, or viral vectors. If in the courselanted in or endogenous cells drawn out). Circumspec-
of these studies, cell replacement and/or the prten is not a retreat from the promise of stem cells, simply
motion of host regeneration is observed, that isan acknowledgement of the sophistication that will be
bonus. However, as previously noted, for strokeequired to exploit them properly.
spinal cord injury, ALS, Parkinson’s disease, and
MS, the protection of pre-existing circuits may be
as important and more tractable than attempting to
establish proper, functional new ones. It would bé&
optimal to approach these pathologies early in their
onsetefore muscle atrophy, contractures, scarring,
and variousnonneurobiological complications
present insurmountable barriers and when the sig-
nals directing stem cell behavior appear to be at
their peak. Ultimately, we will learn to deal with 3.
chronic situations by recreating the acute milieu in
that setting, fooling the stem cells into thinking thewy.
are confronting a recently injured system. Finally,
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