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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 regarding 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.

Hematologists appreciate the value of cell therapy. Having exploited cells as medicines for the better part of a
century, hematologists are familiar with the principles and
pitfalls of cellular replacement. Transfusion of red cells,
platelets, lymphocytes, and hematopoietic stem cells
(HSCs) are routine, and infusion of dendritic cells, granulocytes, and various other blood or bone marrow components are under clinical development. Growth factors and
biomodulators that act on the hematopoietic and immune
systems are widely used agents and among the greatest
successes of modern biotechnology. The study of HSCs
and their regenerative and therapeutic potential has provided a paradigm for the investigation of alternative
stem cells.
In this review, we will survey the latest developments in the study of both embryonic and adult (somatic) stem cells, with an emphasis on translational
aspects. We will attempt to provide a balanced critique
of the prospects for stem cell therapeutics.

Indeed, disorders of organ failure are not reversible,
and organ transplantation cannot meet the needs of an
ever-aging population. Primary pump failure in the
heart, alcoholic or viral liver failure, beta-cell deficient
type 1 diabetes, and Parkinson’s disease (PD) are frequently cited as examples of monocellular deficiency
states that might be amenable to cell replacement strategies, if a suitable and inexhaustible cell source could
be found. Human ES cells might represent such a
source, but the over-riding challenge is to achieve efficient directed differentiation of ES cells into therapeutically relevant cells, followed by proof-of-principle for

I. THERAPEUTIC POTENTIAL OF
EMBRYONIC STEM CELLS
Most of the enthusiasm surrounding embryonic stem
(ES) cells owes directly to the perceived need for cell
replacement therapy for a host of degenerative diseases.
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Studies of the regenerating hematopoietic system
have led to the definition of many of the fundamental principles of stem cell biology. Therapies
based on a range of tissue stem cells have been
widely touted as a new treatment modality, presaging 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
that advances in the laboratory will be followed
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tification of compounds that promote or block cell differentiation. Schultz and colleagues3 recently performed
a chemical screen to identify agents that induce
neurogenesis in ES cells, thereby establishing the proofof-principle for using stem cell differentiation in assays for drug discovery. Kamp and colleagues4 have
convincingly shown that human ES cells differentiate
into a number of cardiomyocyte classes, including embryonic atrial, ventricular, and nodal subtypes, each
faithfully recapitulating their respective electrophysiologic properties and pharmacologic responses.
Gauging the effects of compounds on differentiation
of specific cell populations from ES cells would provide a screen for potential drug toxicities prior to clinical development. Assembly of a genetically diverse
bank of human ES cells, together with detailed knowledge of human genetic variation emerging from the international haplotype mapping project (“the hap map”),
could translate into a discovery platform for pharmacogenomics.
The Pathophysiology of Stem Cell Diseases
Tissues that actively regenerate from stem cell pools in
adults maintain the appropriate stem cell niche, providing the signals for stem cell self-renewal, survival,
and differentiation. The hematopoietic system, skin, gut,
islets, liver, and parts of the central nervous system
(CNS) fall into this category. Diseases or conditions
that deplete stem cell pools while leaving the niche intact would represent the lowest hurdle for stem cell–
based therapeutics, and there is clear proof-of-principle
for such treatments in clinical settings. The successful
transplantation of bone marrow, skin, pancreatic islets,
liver, and to a lesser extent fetal mesencephalic dopaminergic tissue provides important confirmation that stem
cell replacement therapies are a viable goal and an opportunity, given the paucity of donor organs. In this regard, stem cell–based therapeutics seek to emulate the
objectives of organ transplantation on a micro scale.
In many instances of disease, however, we have a
relatively poor understanding of the pathophysiology
of cell degeneration. This is particularly true for the
neurodegenerative and autoimmune diseases, making
it difficult to predict whether stem cell–based replacement therapies can be successful without first interrupting the systemic disease process. In cases where stem
cell depletion is a consequence of cell-extrinsic forces
like autoimmune attack, stem cell replacement must be
accompanied by immune suppression, as in the case of
the “Edmonton protocol” for the treatment of diabetes.5 Pathology that injures the stem cell niche itself
may not be amenable to therapy with stem cell replacement alone. This might explain the poor results of bone
399
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effective restoration of tissue function in animal models. Once success in these areas of cell engineering is
achieved, many challenges will remain, especially the
immune barrier to tissue transplantation. Current strategies for confronting these challenges are outlined below.
ES cells are derived from the inner cell mass of the
preimplantation embryo. When placed in culture, ES
cells proliferate indefinitely and yet retain their potential to form all of the tissues of the developing organism. Murine ES cells have been intensively studied for
over 20 years, yet the first derivation of ES cells from
the human embryo was only reported in 1998.1 Although
advances in ES cell biology have revolutionized the creation of mouse models of disease, generating and breeding mice is time-consuming and costly. For addressing
questions in cell and developmental biology, ES cells represent an excellent in vitro model system.
To maintain their undifferentiated, pristine state,
ES cells are typically grown on feeder cell layers of
mouse embryonic fibroblasts (MEFs), and cultures are
supplemented by the antidifferentiation cytokine leukemia inhibitory factor (LIF). When ES cells are removed from these conditions, they undergo spontaneous differentiation, and initiate the diverse programs of
tissue and cell specification (Figure 1; see Appendix,
page 597).2 ES cells recapitulate many of the developmental programs of the early embryo in culture, including generation of cells from all three classical embryonic
germ layers, ectoderm, mesoderm, and endoderm.
Because the mouse embryo remains microscopic
and inaccessible during most of the first week of gestation, a time when many central developmental programs
are laid down, in vitro differentiation of ES cells provides a tractable model system for investigating the
genetic and cell biological regulation of early development. Moreover, genes can be altered in ES cells
through ectopic transgene expression or homologous
recombination (HR), a process whereby specific sites
in the genome can be altered directly. HR can be designed to produce gene deletion, gene mutation, or gene
substitution. The genetic programs responsible for directing the development of blood, neurons, hepatocytes,
cardiomyocytes, and a host of other tissues have been
extensively explored using these techniques in ES cells.
Although ES cells have been touted as an inexhaustible resource for cell replacement therapies, they have
already proven to be highly valuable as a research and
discovery tool. By analyzing the effect of targeted gene
deletions on the formation of specific lineages of cells,
ES cells provide a tool for validating potential therapeutic targets for small molecule drug development. ES
cells are emerging as a platform technology around
which chemical screens can be built, providing for iden-

marrow transplantation for myelofibrosis, and will represent a limitation to cell therapy for burns, hepatic cirrhosis, and certain forms of neural injury. Indeed, cranial irradiation damages the stem cell niche of the hippocampus through inflammation and distortion of the
vascular-progenitor relationship such that, even in this
otherwise neurogenic structure, neither endogenous nor
transplanted stem cells can differentiate into replacement neurons.6
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Embryonic Stem Cells as an Inexhaustible
Source for Islet Cell Replacement
Type 1 diabetes represents a major disease entity that
has tremendous appeal as a target for cell replacement
therapy. The disorder, which results from loss of mass
of the insulin-producing beta cells of the pancreatic islets due to autoimmune attack, can be reversed by pancreatic or islet cell transplantation together with steroid-sparing immunosuppression.5 The chief limitation
to the wider application of this potentially curative
therapy is the inadequate supply of islets from cadavers. Diabetes is particularly attractive because, unlike
in Parkinson’s disease where precise connections may
be necessary, beta cells can function autonomously,
even outside the pancreas (e.g., under the kidney capsule). Several groups have reported differentiation of
murine and human embryonic stem cells into insulinsecreting cells,15-18 with one group claiming normalization of hyperglycemia in a streptozotocin-treated diabetic model by transplanted cell clusters.15 These reports are provocative, but much additional work remains

American Society of Hematology

Downloaded from http://ashpublications.org/hematology/article-pdf/2003/1/398/1713684/398_418a.pdf by guest on 27 January 2021

Embryonic Stem Cells as a Source of Neurons
for Neurodegenerative Diseases
Despite the inadequate knowledge about disease etiology and pathogenesis, neurodegenerative diseases like
PD, Alzheimer’s, Huntington’s, amyotrophic lateral
sclerosis, stroke, and anoxic brain injury, as well as a
host of lysosomal storage diseases with CNS pathology, represent poorly managed diseases that are worthy targets for cell replacement therapy. The hippocampus and the olfactory bulb maintain self-renewing
populations of neural stem/progenitor cells, but there
is scant evidence for cell renewal beyond these limited
regions of the CNS. Given the likelihood that many
classes of highly specialized neurons develop only during critical periods of embryogenesis, ES cells might
in principle be directed to differentiate into specialized
neuronal subtypes for use in cell replacement therapy.
Several groups have reported success in differentiating
specific neuronal subtypes from mouse and human ES
cells, and some groups have reported positive data from
transplantation of such cells into animal models of disease. Among the most compelling reports of directed
ES cell differentiation have come from the laboratories
of Jessell7 and McKay.8 Both groups have exploited
knowledge of the morphogens and transcription factors that program neuronal development during embryogenesis, and recapitulated the timing and sequence of
exposure to direct neuronal patterning during in vitro
ES cell differentiation. First using retinoic acid to program ectodermal commitment, followed by exposure
to the morphogen sonic hedgehog, which acts to
“ventralize” neuronal subtypes, Jessell and colleagues
showed that they could pattern the formation of spinal
motor neurons that successfully engrafted the embryonic spinal cord of the chick, extended axons, and
formed synapses with target muscles. McKay’s group
exploited the instructive effects of sonic hedgehog and
FGF8 to drive commitment of ES cells to ventral midbrain fates and ultimately to tyrosine hydroxylase-positive dopaminergic neurons. These cells functioned after transplantation into a rodent model of Parkinson’s
disease. Isacson and colleagues9 have likewise demon-

strated improvement in a rodent model of Parkinson’s
from transplantation of undifferentiated ES cells into
the striatum, suggesting that the local environment is
capable of inducing proper development of dopaminergic neurons. Introduction of neuronal populations of
differentiated murine ES cells into a rat model of spinal cord injury has shown improved motor function,10
though it is by no means clear that the mechanism was
direct neuronal reconstitution as opposed to modulation of the repair process in the host through remyelination. A number of groups have demonstrated formation of neurons from human ES cells,11-14 presaging future human applications.
Despite these apparent successes, it is sobering to
note that there may be as many as 200 distinct neuronal
subtypes in the adult brain, and that even within a given
subtype, neurons show remarkable degrees of regional
specificity. It requires a great leap of faith to believe that
neurons produced from ES cells in culture will faithfully
recapitulate the differentiated features of specific neuronal
subtypes, and reestablish relevant neural networks established during formation of the embryonic brain. An alternative strategy is to differentiate ES cells into neural stem
cells and progenitors in vitro, than coax local environments in the diseased region of the brain or spinal cord to
direct further differentiation and accommodation of neural cells to their new niche. Whether this will occur is a
matter of pure speculation, and subject to hyperbolic
claims. The applications of somatically derived neural
stem cells are covered in detail below.

Lessons from Hematopoietic Development
Applications of HSC transplantation, which is curative
for many genetic and malignant diseases of the bone
marrow, is limited by a shortage of donors. In principle,
this limitation might be relieved by deriving HSCs from
human ES cells. Because transplantation of highly purified HSCs can induce immune tolerance,21 directed
differentiation of ES cells into HSCs represents one
strategy for overcoming immune barriers to tissue transplantation. Cotransplantation of HSCs and any tissue
of interest derived from the same ES cell line might
enable tolerance induction and cell transplantation
across histocompatibility barriers, as has been achieved
for organ transplantation in mouse models.22 Another
method for enabling transplantation is to genetically
customize ES cells by nuclear transfer cloning methods to match specific patients, as discussed below. Successful differentiation of ES cells into HSCs would
greatly enable experimental models of blood transplantation, and thus in vitro hematopoietic differentiation
of ES cells has been actively pursued. Mouse ES cells
can be readily differentiated in vitro into myeloid, eryth-
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roid, and lymphoid lineages, but efforts at directed differentiation and transplantation of HSCs derived from
ES cells in culture remain primitive. Indeed, given that
we know so much about hematopoiesis and its clinical
applications, the difficulty in generating in vivo
repopulation from ES-derived blood derivatives should
serve as a lesson: clinical development of ES cell therapies for less well-understood tissues is likely to present
unforeseen challenges due to currently unanticipated
biological principles.
Though blood formation from mouse ES cells differentiated into embryoid bodies (EBs) was reported
nearly 2 decades ago,2 achieving stable blood engraftment of irradiated mice with ES-derived HSCs remains
challenging. Only limited hematopoietic reconstitution
has been reported.23-25 This failure has been blamed on
the developmental immaturity of ES-derived blood
cells, which most closely resemble primitive embryonic yolk sac hematopoietic progenitors and might
therefore not engraft effectively in adults, but could also
be explained by failure to capture and propagate adulttype HSCs in ES cell cultures. Lymphoid-myeloid HSCs
do arise from ES cells differentiated in vitro, since they
can be transformed by the chronic myeloid leukemia–
associated oncoprotein BCR/ABL and shown to generate myeloid, lymphoid, and erythroid lineages in irradiated animals, albeit in the context of leukemia.26
Using the homeobox gene HoxB4 to stimulate HSC
expansion, normal long-term multi-lineage hematopoiesis derived entirely from ES cells can also be demonstrated, but chimerism remains inefficient, suggesting
engraftment with limiting numbers of true HSCs.24
Despite its inefficiency as a method for inducing
engraftability, HoxB4 modification of ES-derived blood
progenitors does provide a means for modeling therapeutic blood cell transplantation. This strategy has
proven successful in a mouse model of therapeutic cloning (nuclear transfer cloning combined with gene correction and cell therapy) for the treatment of a genetic
form of immune deficiency.27 In this experiment, nuclear
transfer cloning from tail-tip cells of an immunodeficient Rag2–/– mouse was performed to generate a Rag2–/–
ES cell line. One allele was then repaired by homologous recombination. The repaired Rag2+/– ntES line was
differentiated in vitro, transduced with HoxB4, and engrafted into immunodeficient mice (Figure 2; see Appendix, page 597). The recipient mice showed partial
reconstitution of B and T cell populations, Ig and TcR
gene rearrangement, and IgM, IgG, and IgA in peripheral blood, thereby establishing that nuclear reprogramming and combined gene and cell therapy could be reduced to practice.
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to characterize the functional nature of the cells as glucose regulators, and to document adequate, regulated
production of insulin, which in one case was some 50fold less than native beta cells.16 Indeed, some of these
reports have been called into question by subsequent
studies showing that apoptotic cells can take up insulin
from the culture medium and give the illusion of producing insulin without actually doing so.19 Also, the
specter that cell fusion rather than true cellular differentiation might account for detection of donor cells in
regenerating tissues has muted some of the enthusiasm
for genuine beta-cell differentiation.20
Some difficulties in generating beta cells from ES
cells may stem from attempts to apply factors characteristic of late pancreatic development to essentially
very early-stage cells. One may need to direct ES cells
in a stepwise iterative fashion first toward endoderm,
then toward anterior endoderm, and then to endocrine
pancreas, essentially recapitulating pancreatic development. Although challenging, making endoderm is
probably the most difficult lineage toward which to direct ES cells. Given the proof-of-principle that cadaveric islet cell transplantation can restore normoglycemia
in diabetic patients, stem cell based therapies for type
1 diabetes represent one of the most compelling opportunities in regenerative medicine. Real clinical impact
awaits the clear directed differentiation of appropriate
cell populations. Present claims, many of which may
be exaggerated, await further confirmation.

II. SOMATIC (ADULT) STEM CELL THERAPIES
The past 5 years have witnessed an explosion in interest in using somatic stem cells, particularly those derived from adults, for cell and gene therapy. This has
been driven by a number of discoveries, but in particular, the possibility that some somatic stem cells can differentiate into nonautologous cell types, and also the
discovery of multipotential stem cells in adult bone
marrow. Stem cells are thought to be present in most
adult tissues, and are responsible for replenishment of
those tissues throughout life. By far the best known is
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the HSC that resides primarily in the bone marrow, and
this will be the main focus of discussion below. However, lesser known but potentially of equal importance
are stem cells from the CNS (discussed elsewhere in
this chapter), the liver, 33 the skin,34 the mammary
gland,35 the intestine,36 and so on. With the resurgence
of interest in stem cells in general, some researchers
are turning attention to these less-studied systems, in
order to determine how different stem cells compare
with each other, and to exploit these stem cells for
repopulation or reconstruction of their parent tissues
after disease or surgery. Also, attention to the role of
stem cells in malignancy has been renewed.37
Nonautochthonous Differentiation of
Somatic Stem Cells
Unlike embryonic stem cells, somatic stem cells are
thought to be fundamentally restricted in differentiation capacity, and only able to generate cells of the tissue (or germ layer) from which they are derived. This
is one of their defining features, and is supported by
the underlying tenets of developmental biology: the
majority of commitment to specific differentiated lineages occurs during embryonic development. Tissue
stem cells appear to be set aside during development
within the tissue they serve. And, although they are not
terminally differentiated, they are pre-programmed to
generate, by default, cells of that tissue. For example,
stem cells of the muscle, termed satellite cells, reside
along the muscle fibers under the basal lamina. When
activated by muscle injury, they proliferate extensively
and activate a muscle-specific differentiation program,
migrate to the repair site, and fuse to generate new
muscle.38 Likewise, HSCs generate, by default, hematopoietic cells. Therefore it came as a surprise when it was
reported that some adult tissue–resident somatic stem cells
could differentiate outside their tissue of origin.39,40
Generation of Hematopoietic Cells from
Nonhematopoietic Stem Cells
Initial reports of hematopoietic differentiation from
nonhematopoietic cells galvanized the stem cell community with ideas that somatic stem cells may be universally “plastic” and able to generate many new cell
types. Neural stem cells and skeletal muscle cells were
surprisingly reported to generate blood.40-43 However,
generation of blood from neural stem cells has been
difficult to reproduce.44 And skeletal muscle appears to
harbor bone marrow–derived stem cells,45,46 which arrive there via the circulation accounting for the apparent muscle-to-blood differentiation activity. While there
are still some reports of adult-derived nonhematopoietic
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While theoretically appealing as a means of generating customized, patient-specific ES cells, nuclear
transfer is cumbersome, inefficient, labor intensive, and
expensive, and thus not likely to evolve into a commonplace therapy. However, studies of nuclear transfer will yield insights into reprogramming that might
one day enable a more facile means of redirecting adult
somatic cell fates toward therapeutic ends. Such a utopian state of stem cell biology will require a period of
dependency on studies of nuclear transfer mechanisms,
some of which must be done with human cells, with
the attendant ethical difficulties involved in the creation
and destruction of human embryos for research.
Clearly, more efficient methods for directed differentiation of ES cells into mature, definitive HSCs is
needed. Initial efforts to harness embryonic morphogens
like BMP-4 have shown encouraging results in tissue
culture.28-30 Further insights into the formation of hematopoietic tissues in the embryo are needed so that
precise patterning can be reproduced in vitro.31
The challenges of translating methods for hematopoietic differentiation of ES cells into models of therapeutic hematopoietic engraftment highlight a major caveat in interpreting the promise of ES cell studies: simply identifying cells phenotypically in differentiating
ES cell cultures does not ensure the cells will function
as anticipated in vivo. Furthermore, residual undifferentiated ES cells carry the risk of teratoma formation if
transplanted into patients, a fact that will necessitate
incorporation of suicide gene strategies into ES cells
prior to clinical application.32 Extensive studies in animal models, analyzed with precision to discern their
predictive scope and safety, are a prerequisite before
subjecting human patients to unknown risks of stem
cell–based therapies. The promise of ES cell–based
therapies is considerable, but expectations of rapid
progress toward clinical applications must be tempered
by the enormous difficulties of harnessing these remarkably versatile cells for therapeutic ends.

cells generating hematopoietic cells, this mainly appears
to occur after specific culture conditions47,48 and may
reflect a genetic reprogramming event, the consequences of which remain to be ascertained.

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

Target Tissue

Injury Induced

Approximate
Frequency

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– Kit-hi

Heart/vasculature

Coronary artery ligation

54% of new tissue

58

CD34+

Vasculature

Coronary artery ligation

20-25

59

SP

Cardiac muscle,
endothelial cells

TBI + coronary artery ligation

0.02
2-4

60

“Homed” HSC

Lung alveoli
Lung bronchi
Esophagus
Stomach
Small bowel
Large bowel
Bile duct
Skin

TBI
TBI
TBI
TBI
TBI
TBI
TBI
TBI

20
3.7
1.81
0.52
0.87
0.19
0.84
3.39

61

Single KTSL

Multiple

None

0

62

Ref.

Abbreviations: WBM; TBI, total body irradiation; KTSL; SP; FAH, fumaryl acetoacetate hydrolase; HSC, hematopoietic
stem cells
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Generation of Nonhematopoietic Cells from
Hematopoietic Stem Cells
Some of the earliest reports of so-called transdifferentiation described generation of non-hematopoietic cells after bone marrow transplantation (Table 1).
All of these initial studies involved transplantation of
whole bone marrow followed by examination of target
tissues for rare cells that contained a marker of the donor cells. Diverse tissues ranging from cardiac muscle
to neural cells were reported to harbor donor-derived
cells, albeit generally at a very low level. The implication of these studies was that, if the efficiency of engraftment in nonhematopoietic tissues was sufficiently
high, bone marrow transplantation could conceivably
be used to treat a wide variety of non-hematopoietic
diseases. This concept was particularly attractive when

considering diseases such as muscular dystrophy where
the affected tissues are distributed throughout the body,
and hematopoietic stem cell transplantation offers the
possibility to treat any tissue served by the circulation.
However, due to the heterogeneity of bone marrow, the possibility that nonhematopoietic stem cells
contained within the transplanted marrow populations
accounted for the nonhematopoietic reconstitution has
plagued the field. While this might appear to be an academic question, the mechanism of engraftment is important to understand if one hopes to improve the efficiency prior to therapeutic use. Consequently, several
groups attempted to transplant more highly purified
populations of HSCs, in order to establish that HSCs or
their progeny differentiated into these cell types (Table
1). Even in these carefully executed studies, impurities
in the enriched stem cells could have accounted for nonhematopoietic regeneration. Nevertheless, data purporting differentiation of HSCs into skeletal muscle39 and
hepatocytes were compelling.57 Relatively small numbers of highly enriched HSCs appeared to generate these
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mechanism of generation of hepatocytes from bone
marrow cells.20,66 Similarly, in the brain, the initial perception that HSCs were giving rise to such complex
neuronal cell types as Purkinje cells—even outside the
temporal and spatial window for neurogenesis in the
intact adult brain—have now been deemed attributable
to fusion events (Helen Blau, personal communication).
Another fundamental scientific concern regarding
the legitimacy of attributing extensive pluripotency to
some tissue-derived somatic stem cells is the lack in
virtually all studies of true clonal analysis. For a cell to
be deemed as having multiple potencies, it must be affirmed that a single cell of that type, ideally isolated in
a miniwell or marked by a unique retroviral insertion
site, can give rise to progeny of multiple lineages. The
fates of a single clone must shift simply based on
changes in the milieu, either in vitro or in vivo following transplantation. That level of rigor has not been
widely applied in the reports of transdifferentiation.
Without this, the alternative explanation must be entertained that a polyclonal population of unipotent cells
has simply been assayed. This level of proof—i.e., true
clonal analysis—should be required in all areas of stem
cell biology, particularly when transdifferentiation is
being invoked, a condition that would challenge fundamental embryological concepts.
Despite these concerns, a number of groups have
looked for evidence of non-hematopoietic cell generation after transplantation in the clinic, either after bone
marrow transplantation, or after transplantation of donor tissue such as hearts. In the case of male bone marrow donated to female patients, Y chromosome positive cells have been found in a wide variety of tissues
(Table 2). Because circulating donor-derived hematopoietic cells are also Y chromosome positive, attempts
were made to demonstrate that some of the Y positive
cells in host tissues had markers of the new tissue and
had lost features of hematopoietic cells. In the case of
hearts transplanted from female donors into male patients, biopsies showed that some cardiomyocytes and
endothelial cells were Y chromosome positive, suggesting that circulating male host cells (presumably from
the bone marrow) migrated to the transplanted heart
and took part in regeneration of the tissue (Table 2).
Again, there is a large range of reported frequencies
that could be attributable to a number of different factors, including the disease state of the patients and/or
the level of host/graft interaction.
It remains highly controversial whether there is true
conversion of hematopoietic cells into non-hematopoietic cells—even via such a mechanism as nuclear reprogramming through cell fusion. Regardless of how
the data ultimately resolve this controversy, there is little
American Society of Hematology
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tissues after transplantation and tissue injury.
Still, the idea that an HSC, presumably committed
to generate blood, could change its fate to make hepatocytes or muscle flies in the face of decades of equally
careful work by developmental biologists. A number
of other explanations have been put forward to explain
this surprising behavior from HSC. One hypothesis is
that the bone marrow (and possibly other tissues) continue to harbor primitive stem cells, akin to embryonic
stem cells, throughout life.63 These presumably rare
cells could be capable of generating a variety of cell
types, possibly after circulation to injured tissues (see
section on multipotential stem cells, below). While an
attractive hypothesis, we consider this unlikely: embryonic stem cells are known to form tumors readily when
implanted in ectopic sites in the adult; indeed the ability to form teratomas is part of the operational definition of an embryonic stem cell. Many different layers
of growth control exist to restrict the proliferation potential of cells in the adult, forcing commitment to differentiation and reducing the prevalence of tumorigenic
transformation. Moreover, most tissues harbor a stem
cell population that generally serves to replenish that
tissue. So a “niche” or need for such totipotential stem
cells in the adult is not evident.
Another possibility is that there is no true
transdifferentiation of stem cells from one fate to another, but instead technical explanations for the perception of such events. Certainly, all methods of detection of donor cells are prone to artifacts, from β-galactosidase to fluorescent in situ hybridization (FISH) for
the presence of a sex-mismatched chromosome (e.g.,
the Y chromosome of a donor cell in a female host).
For example, the false-positive rate for FISH is ~3%.
To be detected reliably, true events must occur significantly above that frequency, a level that has rarely if
ever been reported (Table 1). When carefully performed, however, these detection techniques can be used
with fidelity. Therefore, it would be disingenuous to
attribute all reports to technical errors. Other biologically plausible but perhaps less interesting explanations
may play a role. Among the most intriguing is the incontrovertible fact that two cell types can fuse. Two
recent papers suggested that fusion of differentiated
cells with embryonic stem cells in vitro could lead to
functional cells with stem cell–like properties.64,65 This
led to the idea that transplanted HSCs or their progeny
were fusing to cells, such as hepatocytes, resulting in
cells with new phenotype and function. In some tissues
such as muscle, where fusion is a natural step in the
regeneration of the tissue, this hypothesis is difficult to
test. However, in liver, fusion of hematopoietic cells
and hepatocytes does appear to be at least part of the

zation through the circulation.
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.
experimental settings, improve67
Bone marrow
Osteoblasts
1.5–2
ments in cardiac function follow68
Bone marrow
Hepatocytes
2.2
ing the use of bone marrow mes69
Bone marrow
Gastro-intestinal (GI) tract epithelia
0–4.6
enchymal cells in myocardial inf70
Bone marrow
Stroma
0
arction can be attributed not to
71
Mobilized peripheral blood
Keratinocytes
0
transdifferentiation of such cells
72
Mobilized peripheral blood
Hepatocytes GI tract and skin epithelia
0–7
into cardiomyocytes, but rather to
73
Heart
Cardiomyocytes endothelium
20–15
the non-cardiac cells occupying
74
Heart
Cardiomyocytes endothelium
0.04–25
necrotic spaces that would other75
Heart
Cardiomyocytes
0.2
wise have become scarred. Thus,
76
Heart
Cardiomyocytes
0
improvement in cardiac contractil77
Heart
Cardiomyocytes
0
ity occurs via effects on Starling
forces. In such cases, bone marrow–derived cells played an impor*In the bone marrow or peripheral blood transplants, male donor cells were transplanted
into female recipients. In the heart transplants, female hearts were transplanted into male
tant therapeutic role, albeit not via
recipients.
cell replacement or transdifferentiation. In the brain, as disdebate that a wide range of frequencies have been re- cussed elsewhere in this chapter, non-neural cells (inported and, with few exceptions, the prevalence of such cluding those derived from bone marrow) seem to exert a
events is extremely low (Table 1), or under some ex- therapeutic effect again not by cell replacement but by
perimental conditions, undetectable.62 What accounts producing therapeutic molecules. These might include
for the wide discrepancy in frequencies? Probably the trophic factors that serve a protective, regenerative, or
use of different markers, different systems of injury of anti-apoptotic effect; angiogenic factors that promote
the target tissue, different donor cell populations, etc. revascularization of damaged areas; anti-inflammatory
What the discrepancies really indicate is that we un- factors that can inhibit scar formation and cytokine-mederstand very little about transdifferentiation, the pro- diated secondary damage; and natiuretic factors that process of commitment, and the cellular and molecular mote CNS-mediated diuresis and relief of cerebral edema.
basis of plasticity, indicating that we have a great deal Similarly, BMT has been found to be beneficial in a diaof basic research still to do.
betes model;78 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 replaceNonhematopoietic Disease
ment.79
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 about the liver? One of the most impressive examples of cell
using bone marrow transplantation (BMT) for therapy conversion in the mouse has been the generation of
of nonhematopoietic disease? There has been a rela- hepatocytes from bone marrow stem cells.57 These extively 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 other hepatocytes harbored a severe genetic defect (fumaryl
mucopolysaccharidoses. In such storage diseases, acetoacetate hydrolase deficiency), enabling selection
blood-derived cells are not used for cell replacement for wild-type hepatocytes after withdrawal of a supbut rather as “pumps” for lysosomal enzymes that are portive drug regimen. The selection occurred over a
taken up by impaired host cells and thereby restore their period of a few weeks, during which time the host hepanormal metabolism. As a strategy for cell replacement, tocytes experience a controlled demise, affording time
BMT has been used with some success for treatment of for expansion of engrafting wild-type cells derived from
osteogenesis imperfecta, a brittle bone disease.67 And bone marrow. The liver data are particularly impresclinical trials are underway in several countries to de- sive because approximately one third of the liver was
termine whether bone marrow stem cells could enhance repopulated by bone marrow–derived cells. Whether
cardiac repair after infarction, either by direct injec- conversion occurs by transdifferentiation or, more likely,
tion of bone marrow cells into the heart, or by mobili- by fusion (as the authors’ own re-interpretation sugTable 2. Circulating cell contribution to non-hematopoietic tissues in clinical
specimens.*
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Multipotential Somatic Stem Cells
The possibility that some somatic stem cells in the adult
may have properties akin to embryonic stem cells has
garnered enormous attention. While as yet there is no
persuasive evidence that these cells exist in normal tissue, multipotential adult stem cells have been found

after culture of bone marrow stromal elements for long
periods of time under specific conditions.48 These multipotential adult progenitor cells (MAPCs) have been
reported to generate most cell types in vitro and in vivo
after injection into mouse embryo blastocysts. MAPCs
have been isolated from both human and mouse bone
marrow, and conditions for differentiating them into
specific cell types are being explored, with many groups
interested in using them for repair and regeneration of
a variety of cell types. A major constraint on the utility
of these cells, however, is the highly specialized culture conditions they appear to require. If more laboratories succeed in deriving such cells, they might find
broader use.
Somatic Versus Embryonic Stem Cells
In the weeks before Bush’s decision to allow National
Institutes of Health (NIH)–funded research on some
human embryonic stem cell lines, the lay press were
pitting somatic (adult) stem cell and embryonic stem
cell researchers against each other, trying to force scientists to place bets on the therapeutic superiority of
one or the other cell type. This was a political but not a
scientific debate, as both stem cell types have advantages and disadvantages, some of which are listed in
Table 3. Both classes of stem cells are going to require
considerable development work to solve fundamental
problems currently limiting their use. Whether somatic
stem cells can transdifferentiate into diverse tissue types
or not, they should in the future prove useful for regeneration of their host tissue, much as bone marrow stem
cells are used in transplantation today. We are bound to
see sound clinical use of both embryonic and somatic
stem cells in the future, likely for complementary uses,

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

Human ES cells

Advantages

Disadvantages

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)

Some types have extensive self-renewal
potential

Autologous (use more cumbersome and expensive)

Not tumorigenic
Default differentiation
Amenable to gene transfer
Potential delivery methods attractive
No ethical issues
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gests20), one might be able to exploit this phenomenon
to provide genetic repair, a different type of “gene”
therapy. However, for such a conversion to work in
humans, a strong selective pressure that does not put
the host at risk of death has to be devised. Such conditions are exceedingly rare in humans, and the common
forms of liver disease are not likely to be served by
BMT in the near future.
In contrast to the liver, the repopulation of skeletal
muscle by bone marrow derivatives is much less robust
(< 0.1% on average), in part due to lack of strong selective pressure as discussed above. Strategies to increase the levels of engraftment therefore need to be
developed. Potential bottlenecks being addressed are
limitations on the number of stem cells getting to the
target (potentially overcome by mobilization), and inefficient transdifferentiation. This latter issue is much
more complex, and a number of strategies are being
considered, including boosting the differentiation of
hematopoietic cells down specific lineages by introduction of transcription factors which govern differentiation to that cell type. Finally, the relative risks of bone
marrow transplantation will be a consideration. Continued advances in minimally myeloablative approaches
to bone marrow transplantation would be a prerequisite to broad application of BMT as a therapy for
nonhematopoietic disease.

although this may take a decade or more. The reader is
referred to Table 4 for some of the key recent papers
that illustrate the points discussed above.

III. THE NEURAL STEM CELL AS A
MODEL SOMATIC STEM CELL

Hematology 2003

The Biological and Therapeutic Role
of the Neural Stem Cell
Although the degree to which the mammalian CNS
supports the birth of neurons and other cell types outside of their classical spatial or temporal developmental windows has become an area of intense investigation and debate,95,97-99 most agree that one of the repositories of whatever plasticity exists is the NSC, residing
lifelong within various secondary germinal zones of the
brain. Indeed, it was the observation that exogenous
multipotent NSCs could respond to the prevailing cues
of normal and abnormal microenvironments that first
suggested the existence of spontaneous compensatory
mechanisms for genetic91,98,100 or acquired deficiencies,90,92 including neurogenesis beyond its normal confines. It is acknowledged, however, that these compensations alone are not sufficient to redress neurological
deficits in the most devastating of cases. The degree to
which these natural processes might be augmented by
407
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Approximately 10½ years ago, a handful of investigators interested in fundamental neural development began to identify, within cultures obtained from the developing and mature CNS, cells with surprising plasticity, multipotency, and a propensity for dynamically
shifting their fates.86-89 The existence of such cells—if
indeed they represented a population normally resident
in the brain—challenged the prevailing dogma that the
nervous system was rigidly and immutably constructed.
Neural stem cells (NSCs), as these plastic cells came
to be termed, began to garner the interest of not just the
developmental community but also that of the neural
repair, gene therapy, and transplant communities when
it was recognized that they could be expanded in culture and reimplanted into the mammalian brain where
they would reintegrate appropriately and stably express
foreign genes.87 Their abundance, multipotency, ease of
manipulation, and engraftability made this strategy an attractive alternative for CNS gene therapy and repair.
In comparison to extant techniques, NSCs presented
certain advantages: they were a homogeneous and relatively well-defined neural cell population that could be
easily stored and expanded on demand, and, if necessary, genetically manipulated ex vivo to express a wide
variety of foreign transgenes. These transduced genes,
as well as their inherent genetic repertoire, could be
effectively imported into the CNS “Trojan Horse”–style
following transplantation almost anywhere into the developing and mature host brain. Furthermore, NSCs and
their progeny possessed a capacity to integrate not only
locally at their site of implantation, competing with and
interdigitating seamlessly with endogenous cells,87,90-94
but also more broadly.95,96 They were quite migratory—
particularly if implanted into germinal zones—permitting cell and gene therapy to be contemplated for disseminated, even global, CNS disease processes. In that
sense, NSCs had a distinct advantage over fetal tissue
and non-neural cells for cell replacement and over most
viral vectors for gene delivery. Even such alternative
cellular vectors as hematopoietic cells, when used for
protein delivery in bone marrow transplantation paradigms, could not circumvent the restrictions of the bloodbrain barrier and integrate throughout the CNS as effectively as NSCs. A single bona fide NSC clone could take
up residence in, and accommodate to, any nervous system region, permitting an economy of resources.

In addition, NSCs were attracted by degenerating
neural tissue,90,97,98 effectively replacing dead or dysfunctional cells in those regions. In these pathological
niches, these multipotent cells, in response to signals
still poorly understood, would shift their progeny’s fate
toward that of neural lineages most in need of repletion—even if beyond the classical developmental window for genesis of that cell type. Indeed, these observations gave birth to the hypothesis that certain neurodegenerative environments recapitulate developmental
cues because NSCs responded to neurogenic cues not
only during their normal embryological expression, but
also when recreated by particular types of cell death.
NSCs, in other words, were sufficiently sensitive to
“sense” niches of neurogenesis and/or small nidi of pathology in the brain.91,92,98
These observations in the CNS stimulated investigators in other solid organ systems to search for stemlike cells even within tissues generally held to be more
regenerative, more forgiving, and/or more redundant
than the CNS. Hence, the neural stem cell—in effect
the first solid organ stem cell isolated and exploited—
served as a model for most other somatic stem cells.
Importantly, despite the spotlight of therapeutic
promise the NSC has thrown upon itself (and other stem
cells), it is critical to remember that its existence was
unveiled in the course of understanding development
and that, in the end, it is simply one player in a broad
and exceedingly complex, interdependent, finely tuned
developmental system, one that requires fundamental
developmental understanding. In this endeavor, the CNS
continues to serve as an instructive model for the stem
cell field in general.

Table 4. Selected additional reading on adult stem cell therapy and stem cell “plasticity.”*
Topic
“Transdifferentiation”

Ref.
Generation of skeletal muscle from bone marrow and stem cells
Generation of hepatocytes from small numbers of hematopoietic stem cells
Generation of neurons from bone marrow
Multipotential adult progenitor cells

39,40
57
53,54
48

No generation of neurons from hematopoietic stem cells
Lack of generation of many cell types from hematopoietic stem cells

55

Fusion as transdifferentiation

Cell fusion as the mechanism for transdifferentiation

20

Recent reviews

Covers current controversies and recent published data
Detailed review including technical caveats

84

Lack of “transdifferentiation”

62

* 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 exogenous
stimulants and/or molecular prompting and priming is
the primary focus today of regenerative neurobiology.90,98,99,101-105
Although important differences exist between rodent and human NSCs—principally attributable to issues of cell cycle (protracted in human cells with a
strong predilection to exit the cycle and differentiate,
or to cease cycling entirely after ~124 doublings)—
many of the important biological principles gleaned
from examining rodent cells have been conserved in
the human CNS.97,98 Lines of engraftable human NSCs
(hNSCs) have been isolated from fetal and adult specimens that, in many ways emulate their rodent counterparts.88 For example, hNSCs can participate in CNS development (including of subhuman primates), respond to local cues, migrate to widely disseminated
CNS regions88-90,97,98,106 including homing to areas of intracranial pathology, express transgenes, replace missing neural cells, and, in some cases, help promote functional improvement in some disease models.97,98 For example, in pilot studies on the contused adult rat spinal
cord, hNSCs yield neurons that make long distance connections both rostral and caudal to the lesion that appear to facilitate the conduction of cortico-spinal impulses and concomitant behavioral improvement.91 In
other pilot experiments in which hNSCs were implanted
in key regions along the spinal cord of the SOD1
transgenic mouse model of amyotrophic lateral sclerosis (ALS), a significant proportion of the recipients experienced a remarkable preservation of motor function
and, in some animals, nearly a doubling of lifespan.92
Transplantation into lesioned monkeys not only
assays the hNSC’s response to a neurodegenerative
milieu that closely mimics that of humans, but also be408

gins to lay the groundwork for clinical translation by
requiring practical protocols for the administration of
cells to large recipients (e.g., number of cells to inject,
placement and number of injections, rate of delivery)
while establishing safety and efficacy. One recent set
of experiments has analyzed the fate and impact of
hNSCs in the MPTP-induced model of dopamine (DA)
depletion in African Green Monkeys, an authentic animal model of Parkinson’s disease (PD). In pilot studies, hNSCs appeared to colonize the mesostriatum, with
some spontaneously converting to tyrosine hydroxylase
(TH)-expressing cells. Given that hNSCs, like murine
NSCs, intrinsically produce many neurotrophic and
neuroprotective factors, the improvement in DA activity observed in some recipients is likely the combined
effect of not only DA cell replacement but also the provision by hNSCs of factors promoting the survival and
enhanced function of host DA neurons and their
nigrostriatal connections.93 These dual mechanisms will
likely be therapeutically significant.
What About Somatic Stem Cells of Fetal Origin—
Umbilical Cord Cells?
Although, as noted above, debates abound concerning
whether truly pluripotent somatic stem cells exist, there
is a growing interest in whether cells derived from the
fetal milieu, for example, umbilical cord cells (UCCs)
and placenta, have interesting properties and can be exploited clinically. UCCs include a rich source of hematopoietic and possibly nonhematopoietic stem cells
and can be used in place of bone marrow or mobilized
peripheral blood as a source of hematopoietic reconstitution following myeloablative chemotherapy.58,59 Beyond their applications in the treatment of bone marrow disorders, some reports have suggested their utilAmerican Society of Hematology
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Lessons to Be Learned—A Roadmap to the Clinic
Given how radically the stem cell concept has altered
our formerly deterministic view of the CNS, it is not
unexpected that the public and even the scientific community have become eager to apply this newfound
knowledge to clinical situations. With results of laboratory research so enticing, what is preventing us from
imminent translation to the clinic, particularly for some
of the most devastating diseases? The answer, most simply put, is that we still do not know the safest, most
practical, most efficacious methods for exploiting stem
cell biology. If we proceed prematurely, we can do harm
even in the most dismal of diseases. Ill-conceived and
untutored clinical trials could make the suffering of the
patient worse; shorten an already limited lifespan; compromise residual function; add additional symptoms,
Hematology 2003

deficits, pain, and side effects; precipitate an even
greater decline in an already marginal quality of life.
And such adverse outcomes impact not only the
patient’s own life but that of family and caretakers.
Therefore, for the remainder of this section, we
propose a roadmap to the clinic, with a particular emphasis on flagging the potholes and speed bumps
through which we must navigate.
1. Know your disease
In order to reasonably predict success using stem cells
in the treatment of a disease, one must have an understanding of its pathobiology beyond simply that a particular cell type seems to be dysfunctional and might
benefit from replacement therapy. It’s important to know
how disease biology itself impinges on stem cell biology. Without this knowledge, one is simply “dumping”
cells into a defect with the vapid hope that the cells
will survive and function. While one might argue that
many accepted treatment practices emerged in medicine through this empiric approach, the evolving standards of mechanism-based medicine make simple trial
and error unacceptable, particularly in view of the potential harm that could be rendered. To predict the success of cell therapy, one must understand whether a
given pathophysiological process, or the milieu it creates, inhibits or promotes the unfolding of developmental programs that direct the survival, differentiation, and
integration of a replacement cell type. For many diseases, we might be unduly presumptuous in assuming that
we know what cell type is needed, that we know the true
locus of the disease, and that we know what is required to
reconstitute a given region and restore function.
As fundamental as these questions are, the answers
are actually quite elusive in the majority of neurological diseases—Alzheimer’s, mental retardation, autism,
stroke, Huntington’s disease, ALS. These diseases may
actually need multiple cell types to reconstruct a milieu, and there is no guarantee that we know the signals
to mold the cells. Furthermore, the answer for one disease does not necessarily extrapolate to another even
ostensibly similar disease, and any given disease will
have different needs at different times within the same
patient. Diseases are dynamic. The acute phase after
an injury or after the onset of a degenerative process is
different from the subacute phase, and those are different from the chronic phase. In the NSC field, for example, we have observed that extensive migration and
shifts in differentiation fate will occur in rodents only
during certain windows following ischemic injury (e.g.,
3–14 days).90 That behavior is no longer apparent even
a few weeks later. Coincident with this observation, an
entirely different set of genes are upregulated in the
409
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ity for treatment of neurologic disease.60,61 Indeed, it
has been observed in preliminary studies that children
with some neurodegenerative processes—Krabbe leukodystrophy (galactocerebrosidase [GalC] deficiency)
being the most successful—evince a blunting of disease progression if UCC transplantation is performed
within the first 2 weeks of life (J Kurtzberg, unpublished data). The mechanism of this effect is unknown.
In a preliminary study, the brain of a 21-month-old girl
with Krabbe’s disease treated by UCC transplantation
was examined (EY Snyder, unpublished data). This patient provided an opportunity to ask whether UCCs can
transdifferentiate into neural cells in a favorable therapeutic setting: the recipient brain was immature and
developing but plagued by a global neurodegenerative
process; the patient received effective pretransplantation
induction/ablation and posttransplantation immunosuppression; donor and host were well matched; engraftment and chimerism were long term (1 year); donor
cells could be unambiguously discriminated from host
by sex mismatch. Misinterpretation from cell/nuclear
fusion events could be excluded by ascertaining only
one nucleus-per-cell and only 2 sex chromosomes-pernucleus. In this case, UCCs appeared to be present
throughout the host brain, both in white and gray matter and juxtaposed with host cells where they presumably produced missing GalC; they were also present
within blood vessels and integrated within ventricular
ependyma. Donor cells could be identified as microglia but UCC cells did not contribute to neurons, oligodendrocytes, astrocytes, or immature progenitors. Levels of GalC in this GalC-deficient brain were detectable. Hence, this patient illustrated the feasibility of
using UCCs for molecular therapies—but provided no
evidence that the mechanism of disease amelioration
involved neural cell replacement.

410

they likely already harbor a genetic flaw or diseasepredisposition. Indeed, there has been growing speculation that the initiating locus of some neurodegenerative
diseases may actually reside within the NSC population itself.
Such observations highlight the necessity first to
understand the actual pathophysiological process to be
redressed and rule out the milieu it creates as an obstacle to unfettered dependence on NSCs (endogenous
or exogenous).
2. Know your cell
Is the regenerative task at hand within the biological
repertoire of the stem cell? In other words, is disease
pathobiology consistent with stem cell biology? This
question takes on prominence when asking whether a
stem cell from a non-neural system (e.g., muscle, blood,
mesenchyme) can become a neural cell. It becomes no
less vexing, however, when dealing with stem cells of
direct neuroectodermal origin. To direct NSCs (whether
endogenous or exogenous) to different CNS regions to
yield cells of the right type(s) and number, in the right
ratio, in the right location, making the right connections with the right partners without making any wrong
connections, and to shield non-targeted cells and regions from such influences, presupposes a level of understanding we may not have for years. The complexity of these questions is compounded by two emerging
realizations. First, a disease may actually need replacement of multiple cell types and multiple proteins in order to entirely reconstruct the damaged milieu—not
only the neurons that have died, but also the support
cells that detoxify the environment—myelinate the
axons and dendrites, provide ongoing trophic and matrix support, and provide reservoirs for ongoing cell
replenishment. Second, the interaction between transplanted NSC and recipient host is a dynamic, complex,
ongoing reciprocal interaction where both entities are
constantly in flux. The implications of this complexity
have practical ramifications, as detailed below.
3. Know what your stem cell is doing;
things aren’t always what they seem
Most work to date in stem cell biology has focused on
the concept that the host CNS environment—as it
changes over the course of development and aging, or
as it is altered by injury or degeneration—influences
or instructs the transplanted stem cell. Therefore, when
recovery has been observed, it has always been assumed
that the stem cell must have replaced what was missing. However, an unanticipated phenomenon has begun to emerge: transplanted stem cells also influence
the host. We have postulated that this ability to proAmerican Society of Hematology
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NSC confronted with an acutely asphyxiated brain than
when confronted with the same brain following the
passage of time. Furthermore, the needs for one brain
region (e.g., striatum) may be inappropriate for another
(e.g., cortex),90,92,99,107 a challenge for a pathological process that is extensive and multiregional in its manifestations, such as stroke or Huntington’s disease or
Alzheimer’s disease. Such are the sobering challenges
to NSC-based therapies.
Cellular therapies alone might be ill suited for some
cell non-autonomous disease processes (i.e., problems
extrinsic to the stem cell), e.g., aspects of radiation-,
ischemia-, inflammatory-, and metabolic-induced encephalopathies. In such cases, defects in the microenvironment might first need to be rectified before initiating stem cell therapy. This realization was highlighted
by a recent examination of the impact of cranial irradiation on the neurogenic zones of the adult rat hippocampus,6 a region plausibly implicated in the cognitive deficiencies frequently encountered as a side effect following this common medical intervention. The
pathology appeared to reside less within the neural stem/
progenitor cell itself than within the microenvironment
in which that cell had to function. Irradiation altered
some of the regulators of NSC survival, number, and
fate. These defects included a striking increase in the
number of activated microglia (promoting inflammation and scarring) and a 3-fold increase in the distance
between NSCs and their microvascular supply (disrupting a complex vascular-progenitor relationship). Such
defects are not compatible with ready neuronal replacement, whether by endogenous neurogenesis or transplanted NSCs. This recognition does not preclude
changing the milieu, e.g., via anti-inflammatory and
pro-angiogenic maneuvers. However, indiscriminate
transplantation of exogenous NSCs or stimulation of
endogenous NSCs here would likely prove futile—and
potentially harmful. An example of the latter possibly
might be found in the work of Parent et al108 who reported that, while status epilepticus promoted increased
hippocampal neurogenesis, those newborn neurons
were often ectopic, made aberrant connections, and provided new epileptic foci.
Therefore for certain cell extrinsic pathologies, both
the donor and host NSC might need protection—either
conferred by genetic engineering or provided via chaperone cells (see below) or molecules.
For even some cell-autonomous/cell intrinsic defects, the use of endogenous NSCs alone might be problematic. For example, in such genetically based
neurodegenerative diseases as Huntington’s, Alzheimer’s, Parkinson’s, ALS, and multiple sclerosis
(MS), endogenous NSCs may not be optimal given that
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jury, host cell death, and inflammation were diminished.
Host tissue preservation and regeneration—as stimulated or instructed by the many intermingled undifferentiated NSC-derived progenitors—were responsible
for the functional improvement.
The broader implications from these observations
are 2-fold. First, that the dogma of an immutable, irreparable postdevelopmental mammalian CNS devoid
of inherent plasticity must be revised. And, second, that
the host CNS may benefit not only from stem cell–
derived replacement of lost neurons but also from the
chaperone effect of other stem cell–derived progeny;
even undifferentiated/glial-differentiated progeny appear to be equally necessary for promoting optimal reconstitution. (Indeed, developmental studies have suggested that such homeostasis-maintaining cellular pools
are established from stem cells at the earliest stages of
organogenesis100 expressing factors in a differentiation
state–dependent manner.) While NSCs have been touted
most vociferously for cell and gene therapy,105 these
findings suggest yet another mechanism by which therapeutic outcomes might be achieved: an inherent capacity of stem cells (without genetic engineering) to create host environments sufficiently rich in trophic and/
or neuroprotective support to promote the recovery of
damaged endogenous cells, to mobilize host progenitors, to remodel the impaired milieu such that latent
regenerative responses, intrinsic protective mechanisms,
and/or inherent neurogenetic programs within the host
are favored, triggered, and/or amplified. The cocktail
of stem cell–derived factors—that includes not only
neurotrophic and neuroprotective but also proangiogenic, anti-inflammatory, and anti-apoptotic factors—
might help shift the balance between permissive and
nonpermissive microenvironments in a manner that favors the reacquisition of CNS integrity and function.
This phenomenon has now been replicated in other systems using other stem cells: embryonic germ cells,102
hematopoietic stem cells,79 and bone marrow mesenchymal cells.82,83 It is, in fact, this function—and not
cell replacement—that may well account for some of
the reported beneficial effects of stem cells from other
systems in other animal models, including those outside the CNS. This possibility warrants scrutiny not as
an admonition but as an opportunity: unravelling the
molecular mechanisms underlying graft-host interactions will allow them to be exploited more efficiently
and predictably. Given the complexities of CNS development, preserving established CNS circuitry is as important—and probably safer and more tractable—than
attempting to reconstruct proper new connections.
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mote a regenerative response in the host is actually a
fortuitous byproduct of fundamental stem cell biology.
The emerging recognition of a dynamic reciprocal stem
cell–host interaction109 adds not only a powerful new
avenue for stem cell–mediated recovery but also another level of complexity—and yet another way for stem
cell biologists to be fooled. Nevertheless, that stem cells
may change and/or protect the host CNS is a dynamic
that can be exploited and augmented.90-93
The NSC inherently expresses genes that we have
learned are capable of signaling, instructing, remodeling, and protecting the host CNS. This speculation derives in part from 2 recent studies in 2 different regions
of the nervous system at 2 different ages. In the first,
murine NSCs were implanted into the substantia nigra
of aged mice that, 1 month previously, had received
repetitive systemic administrations of high-dose MPTP,
the neurotoxin described above that produces a persistent impairment of mesencephalic DA neurons and their
striatal projections.96 Unilaterally implanted NSCs not
only migrated and integrated extensively within both
hemispheres but were associated with dramatic reconstitution of DA function throughout the mesostriatal
system in a manner that mirrored the spatiotemporal
distribution of donor-derived cells. While there was
spontaneous conversion of NSCs to DA neurons in DAdepleted areas, and while cells of donor origin contributed to nigral reconstitution, the majority (~138%) of
DA neurons in the “reconstituted” mesostriatal system
were actually host cells “rescued” by constitutivelyproduced NSC-derived factors. Although the mechanism underlying this inherent NSC-mediated protection or activation of a host regenerative capacity remains uncertain, one mode is likely to be the production by NSCs of trophic and tropic agents. NSCs constitutively produce a broad range of peptide neurotrophic factors, adhesion and extracellular matrix
molecules, and lysosomal enzymes. In the example
above, intermixed among NSC-derived DA neurons was
a larger subpopulation of clonally-related undifferentiated or glial-differentiated NSC-derived cells that spontaneously expressed GDNF (among other peptides), a
molecule known to be neuroprotective of DA neurons.
In the second study—this time in the adult rat spinal cord—implantation of NSCs (supported by a biodegradable scaffold) into a large hemi-resection cavity
significantly improved functional recovery.96,105 The reconstituted parenchyma and neuronal fibers bridging
the lesion were not, however, derived from the NSCs—
although they persisted in abundance—but rather from
the host. Indeed, the NSCs did not simply differentiate
into astrocytes that might have contributed to glial scar
formation; in fact, scarring, necrosis and secondary in-

5. Suit the type of stem cell to the purpose
Of the various sources of somatic stem cells, which one
is best—bone marrow, blood, muscle, brain, etc? All
things being equal, a disease of a particular organ system is probably most efficiently treated with stem cells
from that organ—for example, for the CNS, a neural
stem cell or an ES cell directed to become a neural stem
cell. For a given tissue, how does one decide between
using an ES cell directed toward that organ’s cell type
or using a somatic progenitor/stem cell derived directly
from that organ?
Starting with an ES cell and directing it toward a
particular lineage requires a knowledge of developmental mechanisms that might not be required of stem cells
derived from the tissue of interest. For example, if one
starts with NSCs, much of the developmental instruction has already taken place; NSCs have already learned
that their address is within the nervous system. Therefore, there are a number of steps that will not be required to exploit these stem cells. Not only is there less
of a need to direct these cells, there is probably also a
diminished risk of obtaining cells that are inappropri412

ate to a given tissue. Shamblott et al110 found that, even
among embryonic germ cell lines thought to be experimentally differentiated toward a particular lineage,
genes consistent with other organ types were simultaneously expressed—for example, in “neuralized” cultures, gene patterns consistent with bone marrow–
derived cell types were also found. ES cell cultures do
not contain cells of purely one differentiated tissue type.
Reassuringly, inappropriate or undesired cells have
never been observed in intracranial transplantation paradigms using NSCs, despite their extensive multipotency
and their possession of all the stem cell attributes that
make them appealing for repair.
In dealing with ES cells, however, one must be certain to direct them invariantly down a given lineage
and create safeguards against the appearance of inappropriate cells (e.g., muscle or bone in brain), conversion to teratocarcinomas (an ability that actually constitutes part of the operational definition of an ES cell),
or the emergence of autonomous organs within the
larger organ (e.g., independent neural tubes within the
brain, heart, or pancreas). While predifferentiation ex
vivo might preclude this (once we can do so reliably),
the comfort of invariant commitment to one cell type
must be weighed against the loss of plasticity wherein
a degenerating microenvironment directs a somatic stem
cell to reconstitute a region by prompting it to yield
multiple interacting cell types.
The notion, however, that somatic stem cells (particularly from an adult) are equivalent to and may replace ES cells is also unfounded. Somatic stem cells,
too, have their limitations: they are often hard to identify and isolate from a specific organ (although this limitation does not seem to apply to the CNS). They often
are slow to expand from the human and, unless genetically augmented, typically senesce. ES cells, on the
other hand, are naturally immortalized and hence provide an unlimited supply of rapidly dividing reagents.
Furthermore, there are limitations to the use of adult
stem cells, particularly in autograft paradigms, that transcend the technical hurdles of isolation, expansion, and
differentiation and would compromise our ability to
combat disease if they were our only weapon in the
stem cell armamentarium. While autografts of immunologically compatible and “ethically neutral” adult
stem cells are often touted as being useful for such diseases as Huntington’s, Alzheimer’s, Parkinson’s, ALS,
and MS, it is probably not optimal to employ such cells
for genetically based diseases: one will be reimplanting cells that may already be flawed in that they harbor
a genetic defect and perhaps a predisposition to the disease in question. Indeed, since there has been growing
speculation that the locus of some neurodegenerative
American Society of Hematology

Downloaded from http://ashpublications.org/hematology/article-pdf/2003/1/398/1713684/398_418a.pdf by guest on 27 January 2021

4. Exploit endogenous and exogenous repair
The question of whether to mobilize a patient’s endogenous stem cells or implant exogenous stem cells has become pertinent to most organ systems. Most studies to
date that have examined the behavior of endogenous progenitor cells in non-neurogenic regions in the intact and
injured adult mammalian brain find neuron replacement
to be meager,95,99,103,107 if present at all,97 very restricted,
short-lived, and functionally insignificant. The small number and low survival of incipient neurons might reflect
unfavorable microenvironmental conditions for
neurogenesis and/or survival due perhaps to a lack of appropriate trophic support, or exposure to toxic factors
emanating from damaged tissue, or simply the absence
of appropriate developmental cues. Therefore, strategies
have been proffered to expand the pool of neuron-yielding progenitors with mitogens, differentiation factors, antiapoptotic factors, or to bias neuronal differentiation by
inhibiting glial differentiation. How successful these techniques will be remains to be determined. However, even
if stem cells in situ are recruited, beckoned to reenter the
cell cycle and coaxed to yield neurons, the challenge still
exists of generating adequate numbers (without creating
deformations or tumors) of proper phenotypes in correct
distributions with sufficient integrative capacity. The most
effective therapies will likely entail mobilized endogenous
cells supplemented by exogenous cells in particular developmental states, perhaps engineered ex vivo to express
particular neurotrophic, neuroprotective, or detoxifying
molecules.90,104
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course, is the possibility of immune incapability (possibly addressed through some additional genetic engineering) and the fact that the best source for such universal lines may, in fact, be the embryo or the fetus, not
the adult, where various immunogenic markers are less
prevalent. (Indeed, we have determined that such NSCs
lack major histocompatibility complex (MHC) class II
and, when used for intraspecies transplants, do not provoke immunorejection or require immunosuppression.)
So, the answer to “Which cell for which disease?”
might, in fact, vary from disease to disease, and organ
to organ, to be determined empirically over the next
decade.
6. Complex diseases require complex solutions
The complexity of most disorders—particularly in the
CNS—calls for multifaceted solutions. Restitution of
function likely requires more than the replacement of a
single cell type (even if a neuron), but rather reconstitution of the entire milieu, including glia,106,111 angioblasts, etc—i.e., cells that might provide trophic support, guidance cues, myelination for new neurons, refine differentiation,96,105,109,111 detoxify the environment,
and maintain homeostasis. Indeed, one may want to take
advantage of the ability of the neural stem cell itself to
give rise to multiple types of both neurons and glia in
the appropriate ratio. Furthermore, cell-mediated interventions must go hand-in-glove with adjunctive pharmacological and molecular interventions, orchestrated
to synergistically overcome restrictions imposed by the
milieu, e.g., proangiogenic and/or anti-excitotoxic, antiinflammatory, anti-apoptotic manipulations. And, of the
cell-based therapies, combinations of stem cells may
be required; various types at perhaps different developmental or differentiation stages for different phases
of a given disease.
Therefore, combined therapies will likely be the
key to most neurological diseases. While stem cells are
just one weapon in an armamentarium, they may be
glue that bonds these multiple approaches. The question then becomes how to orchestrate these interventions such that they work synergistically and not at
cross-purposes. Manipulating one parameter is bound
to affect another, often in unanticipated ways. We
learned recently, for example, that engineering NSCs
to over-express neurotrophin-3 to optimize neuronal
differentiation did so at the expense of subverting the
NSC’s production of GDNF, the very factor needed to
promote axonal outgrowth from some neurons.104 Antiapoptotic therapies are quite useful in a number of
pathological conditions.96,105 Interestingly, however, it
is becoming recognized that apoptotic signals are pivotal for directing NSCs toward particular cell replace413
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diseases may actually reside within the progenitor cell
population—for example, a failure of progenitors to repopulate adequately, to resist or metabolize certain toxins, or to have a shortened lifespan—this could make
for a truly disappointing outcome. To correct these somatic (including adult) stem cells ex vivo (or endogenous progenitors in situ for that matter) presumes a
level of genetic understanding that we do not possess
and will not likely have for decades.
This potential limitation for genetically based diseases would still seem to allow for the possibility that
adult stem cells might be useful for trauma-based or
acquired deficits. There, too, circumspection is warranted. While grafting a patient’s own stem cells in such
circumstances might circumvent ethical and immunological concerns, one now confronts practical hurdles
that may be daunting. When a trauma or stroke patient,
for example, presents to a health care facility, the team
is confronted theoretically with the prospective isolation, expansion, decontamination, characterization, and
directed differentiation of cellular reagents for each new
patient with its attendant costs in time, resources, and
manpower, with potential interpreparation, interpatient,
and interinstitutional variability. There will certainly be
issues of quality control. (It is unlikely that we would
want most hospitals doing this in an unregulated on site
fashion.) If one is to use non-neural adult stem cells for
neural purposes, for example, it also presumes the ability
to scale up a low efficiency transdifferentiation event
to a clinically relevant level, which, in turn, presupposes a knowledge of the signals involved and an ability to provide them controllably—a goal far from realized. Also significant is the recognition that a finite
amount of time is needed to isolate, characterize, and
ensure the quantity, identity, quality, and safety of the
cellular population to be implanted. It is becoming increasingly recognized that the optimal time for dealing
with CNS injury using stem cells is during the acute or
subacute period. It is possible that, by the time adequately characterized cells are optimized for use, the
window of opportunity for using them may have passed.
While future studies will be needed to define the obligate time windows for both preparation and implantation, this consideration may also limit the use of adult
stem cells for a significant subset of cases.
An alternative to the use of autografts in transplantation-based strategies is the use of stable, established
somatic stem cell lines that might serve as “universal
donor cells” for most patients. These have the appeal
of being off-the-shelf reagents, prepared and/or additionally engineered under good manufacturing practices, readily available in limitless quantities for the
acute phases of an injury or disease. Its downside, of

7. The devil is in the details—practical issues
Even after the philosophical and scientific issues have
been resolved, one is still left with the logistical issues
that ultimately determine whether clinical translation
is feasible and successful.
1. Given that, in every organ system, the stem cell population to be abstracted is small, what is the most efficacious yet safest method for expanding it ex vivo
such that the cells maintain genetic fidelity from passage 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 certain genes interacting with cell cycle regulatory proteins (e.g., myc) or with telomeres (e.g., telomerase),
or a combination of the above?87
2. Prior to transplantation, what is the optimal degree
of differentiation of a somatic stem cell for a particular disease—a predifferentiated, rigidly committed state or actually less differentiated and more
plastic, letting the cells mature in situ? In the case
of cells for the nervous system, implanting cells
precommitted ex vivo to yield a uniform mature
neural cell type (e.g., a motor neuron or an oligodendrocyte or DA neuron) would certainly maximize numbers (and, in the case of ES cells, safety);
yet their ability to engraft, to respond and accommodate to varying environmental cues, to migrate,
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 pathophysiology of a given disease so simplistically and narrowly that recovery may actually not be realized.
For example, while conventional wisdom would
dictate that spinal motor neurons need to be replaced in ALS, there is growing evidence that glial
414

cells (in particular, astrocytes) may be the initiating cell in the disease process.86,100,105 Therefore,
predifferentiating cells to yield solely motor neurons may actually preclude optimal preservation
of function or inhibition of degeneration. The best
approach for this disease may be a minimally committed cell that yields both neurons and glia simultaneously and in a proportion dictated by the host
environment itself.
3. How and where does one deliver cells, particularly
for a disease process that is expansive in the CNS
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 designed for the brain but also lodged and integrated
into the liver or lung? When in the course of a given
disease should the stem cells be delivered and how
often?
4. How much of an obstacle will immune barriers actually be in transplantation paradigms? This is critical
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 accessible 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 somatic cell nuclear transfer; or (4) the need for potentially toxic immunosuppressive pharmacology.
5. How much, in fact, do human stem cells differ from
nonhuman stem cells? How quickly can insights
from rodents and primates be imported directly to
clinical applications?
“Low Hanging Fruit” in the
Neural Stem Cell Field
Despite the admonitions to be cautious and circumspect,
are there disease processes that are within the grasp of
proven stem cell properties and might be approachable
in the relatively near future? There are some in our view:
1. Brain tumors. It has been observed that NSCs are
rapidly drawn to such intracranial pathology and
can effectively express antitumoral genes.97 In 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 problematic, a built-in safety bonus. A potential immune
reaction against NSCs intermixed with a tumor
American Society of Hematology
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ment fates.92,107 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, appear to produce anti-inflammatory factors.105,109 In fact,
certain inflammatory molecules (e.g., interleukin-6) are
inimical to stem cell function and survival. However,
we are also beginning to realize that some of the signals used by stem cells to home to degenerating CNS
areas are likely to be chemokines released at certain
phases of the inflammatory reaction—both from activated microglia and from damaged CNS parenchyma.
How might this “yin and yang” of inflammation be accommodated to best effect?

In the course of approaching these more modest but
achievable goals, we as investigators will not only establish a track record of safety and efficacy, but will be able
to learn enormously, including devising protocols for addressing some of the practical issues outlined above.
Cell Replacement Is Translational
Hematology 2003

Developmental Biology
In thinking about the practical application of stem cell
biology to clinical situations, it is instructive to remember that the stem cell field emerged as the unanticipated byproduct of investigations by developmental
biologists into fundamental aspects of cell fate determination and commitment. Stem cell behavior is ultimately an expression of developmental principles, an
alluring vestige from the more plastic and regenerative
stages of organogenesis. In attempting to apply stem
cell biology therapeutically, it is instructive always to
bear in mind what role the stem cell plays in development and to what cues it was designed to respond in
trying to understand the logic behind its behavior.
While the state-of-the-art of the stem cell field is sobering, we should be left not feeling that the obstacles are
insurmountable, but simply that much work remains, principally in understanding both fundamental developmental principles and basic pathophysiological processes. We
must understand how these 2 forces interact before cell
replacement and circuit reconstruction will become tractable for most diseases (whether by exogenous cells transplanted in or endogenous cells drawn out). Circumspection is not a retreat from the promise of stem cells, simply
an acknowledgement of the sophistication that will be
required to exploit them properly.
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