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Prospects for stem cell therapeutics: myths and medicines

George Q Daley

With common scientific themes and experimental strategies,
stem cell biology is evolving into a recognizable discipline. Its
clinical arm, regenerative medicine, is also gaining momentumf
invigorated by the potential of stem cells to provide treatments
for a host of medical conditions that are poorly served by drug
therapy. But are the expectations for stem cell therapies
realistic or overstated? In the past year, neurons, insulin-
producing cells, and hematopoietic stem cells have been
generated from embryonic stem cells or cultivated from
somatic tissues of the adult. These cells have yielded modest
and preliminary hints of functional reconstitution in animal
models. Although encouraging, significant hurdles remain
before the promise of stem cells will be realized in the clinic.
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Abbreviations

BMTx  bone marrow transplantation

ES embryonic stem

MAPC multipotential adult progenitor cell

Introduction

Much of the excitement surrounding stem cell biology is
driven by the belief that advances in the laboratory will
rapidly translate into cures in the clinic. Given the political
debate over embryonic stem (ES) cell research, some
scientists, patient advocacy groups, and politicians have
exaggerated the prospects for immediate clinical impact,
creating expectations that will be difficult to satisfy. In this
regard, regenerative medicine can learn some lessons from
the history of gene therapy. In the late 1980s, with
primitive retroviral vectors and without compelling proof-
of-principle in predictive animal models, intrepid gene
therapists advanced to clinical trials. Given the failure of
these arguably premature early trials, and the recent
untimely deaths of some patients, the field has suffered
considerably from flagging scientific and commercial inter-
est and increased regulatory oversight. Well over a decade
after initial studies, gene-therapy trials are only now show-
ing sustained clinical efficacy [1°,2°]. Unless practitioners
of cell therapy create realistic expectations and proceed
cautiously, there is a risk that regenerative medicine will
likewise overpromise and underdeliver.

Questions abound. Which sources of stem cells are optimal?
Is plasticity an intrinsic property of adult stem cells? Does
plasticity represent an important therapeutic opportunity

or an experimental curiosity? Which diseases are the best
candidates for establishing the proof-of-principle for novel
cell-based therapeutics? And what is the correct scientific
and clinical pathway for establishing effective stem cell
based therapeutics? Given the rapid progress in stem cell
biology and the eagerness for clinical translation, it is timely
to consider the promise and pitfalls for therapeutic appli-
cations. In this review, I discuss which classes of stem cells
and which types of diseases might be successfully tackled
first, and based on our studies of blood formation from ES
cells, highlight the challenges of extrapolating in vitro cell
phenotypes into effective cellular therapies.

The pathophysiology of stem cells

During embryonic development, stem cells committed to
particular fates play a major role in organizing the forma-
tion of tissues. In the adult, stem cells persist in some
tissues and carry out a lifelong process of regeneration and
renewal, as in the haematopoietic, gastrointestinal, and
integumentary systems. Likewise, sperm formation in the
male proceeds inexorably throughout post-pubertal life by
constant regeneration from a pool of spermatagonial stem
cells, and it is probable that the pancreatic islets and the
liver parenchyma represent actively regenerating popula-
tions. Although the nervous system harbors a hierarchy
of proliferative and multipotential neural progenitors, the
extent to which neural regeneration occurs in the adult
outside of a few specific locations in the central neuraxis —
specifically the olfactory bulb and hippocampal zones —
remains controversial.

‘Tissues that actively regenerate from stem cell pools represent
the lowest hurdle for stem cell based therapeutics. Such
tissues maintain the appropriate physiologic niche for
stem-cell survival and provide the signals that drive cell
differentiation and specialization. This principle underlies
the obvious success of bone-marrow transplantation
(BMTx). Additionally, the manner in which disease
incapacitates stem cell function is a critical predictor of
whether stem cell replacement might be effective.
Assuming an appropriate source of donor stem cells,
diseases that result from a stem cell-intrinsic defect leading
to stem cell depletion and tissue degeneration represent
the optimal targets. This explains in part the success of
BMTx for the cure of genetic bone marrow failure
syndromes like Fanconi’s and Diamond-Blackfan anaemia,
or various genetic immunodeficiencies [3]. In cases where
the stem cell injury is caused by cell-extrinsic forces like
autoimmune attack, stem cell replacement is effective only
if simultaneous treatment can neutralize the original
insult. Such is the case in the use of BMTx to treat
aplastic anaemia of an autoimmune aetiology, in which the
immunosuppression of the transplant regimen induces a
remission in the autoimmune condition [4]. Transplantation
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of islets or pancreatic stem cells for the treatment of type I
diabetes must also be accompanied by a strategy to thwart
recurrence of the autoimmune islet destruction.

Pathologic conditions that injure the stem cell niche itself
may render it impossible to re-establish active tissue
regeneration following stem cell transplant. This helps
explain the delay in re-establishing normal hematopoiesis
following BM'Tx in patients with extensive fibrosis of the
marrow space, as seen in cases of myeloid metaplasia and
several myeloproliferative disorders [5,6]. Such a limitation
will likely be faced in attempting to reconstitute hepatic
parenchyma in patients with extensive cirrhosis. Similarly,
the significant scarring that typically accompanies chemical
or burn injury limits the capacity for skingrafts to provide
more than a barrier function. The discovery of stem cells
able to reconstitute the several specialized cell types and
appendages of the skin will not alone immediately trans-
late into enhanced skin grafting without complementary
advances in our understanding of how to limit scarring and
foster functional wound repair.

But not all organs or tissues undergo replenishment or
repair from stem cells throughout adult life. The brain,
kidneys, lung, and heart form during a precise stage of
embryonic development and fail to repair injury with cell
regeneration from stem cell pools. When damaged, these
organs sustain extensive scarring, remodeling, and irreversible
loss of function. These tissues with limited regenerative
capacity under normal physiologic circumstances represent
greater challenges for applications of cell therapies. The
biological fact of life that some adult tissues lack stem cells
has bolstered the argument that cell replacement for some
disorders must tap a source within the embryo, or alterna-
tively from differentiated products of ES cell lines.

Plasticity: therapeutic opportunity or
experimental myth?

Dogma has dictated that ES cells are pluripotential, and
adult somatic stem cells are restricted to regenerate only
the tissues in which they reside. Consequently, reports
that adult somatic stem cells might be more versatile
than once believed have generated consternation, in
part because of bold scientific and novel biomedical
implications, and in part because they bolster the political
arguments of those opposed to research involving embryos

and ES cells.

The scientific debate began with demonstrations that stem
cells isolated from muscle or brain could reconstitute
hematopoiesis [7°,8,9], and that stem cells from the bone
marrow — presumably haematopoietic stem cells — could
reconstitute a wide array of differentiated cell types,
including epithelial tissues of the gut and lung, hepato-
cytes, neurons [10,11,12°°,13,14], and even infarcted
myocardium [15]. Some studies have replicated these early
observations of transdifferentiation [16—18], whereas others
have cast doubt [19°,20°,21].

At its core, the debate over the plasticity of the differentiated
state of adult somatic stem cells is a debate about native
versus engineered cell potency. How much of a cell’s fate
is immutable and how much of the genome’s totipotency
can be unmasked through experimental manipulation?
Clearly, plasticity can be engineered. Early studies of Blau
and colleagues showed that the expression of muscle-
specific myosin light chains and creatine kinase could be
activated in non-muscle cells (amniocytes) upon fusion
with muscle cells [22-25]. The cloning of Dolly from an
adult cell proved that nuclear transfer could reprogram the
somatic nucleus to a zygotic state capable of recapitulating
organismal development [26]. More recently, mice have
been cloned from highly differentiated cells of the adult
lymphoid system, despite genomic rearrangement of the
antigen receptor genes [27]. In perhaps the most provocative
demonstration of plasticity of adult somatic stem cells,
Verfaillie and co-workers have isolated a subset of
mesenchymal stem cells, termed multipotential adult
progenitor cells (MAPCs), after prolonged culture under
conditions of low cell density and low serum [28°¢,29].
These cells can be coaxed to become hepatocytes [30],
neurons [31], endothelium [32] and to generate high level
chimerism when injected into mouse blastocysts. Whether
this cell is a normal resident of the bone marrow or a
curious creation of prolonged cell culture remains unclear.
It is plausible that in extracting a cell from its somatic
niche and disrupting its normal integrin and cytokine
milieu, the epigenetic controls that preserve stable
patterns of gene expression might deteriorate. By comparison
with ES cells cloned by nuclear transfer [33], analysis of
imprinted loci in MAPC cells might reveal comparable
distortions of epigenetic regulation, suggesting that the
cells represent a reprogrammed state. Given their dependence
on low-density culture conditions, whether MAPC cells
can be cultured in large enough quantities to facilitate
clinical applications remains to be seen.

While acknowledging that plasticity can be engineered,
the extent to which plasticity is a property of native adult
stem cells is uncertain. Some data suggest that plasticity
might be a myth, explained by fusion of transplanted cells
with recipient tissues. This possibility was raised by two
groups, who recently showed that haematopoietic and
neural stem cells can alter their potency by fusion with ES
cells in vitro [34°*,35°%]. Although these results argue for
caution in interpreting the results of studies of cell fate,
experiments that reveal cell fusion through genetic
complementation in vivo would be a more convincing
challenge. Gathering such data might entail transplantation
of donor cells carrying a marker whose transcription is
activated only after fusion to host cells (e.g. bone marrow from
a donor carrying a reporter gene silenced by a loxP-flanked
stop codon, transplanted into a recipient expressing the
Cre recombinase). Alternatively, stronger evidence to
support the transdifferentiation phenomenon might be
gleaned by transplanting bone marrow cells engineered to
express a reporter in a tissue-specific manner outside the



haematopoietic system. Detection of reporter gene expression
in non-haematopoietic tissues would be evidence for
transdifferentiation, but only if fusion events are rigorously
excluded by analysis of cell ploidy and clear discrimination
of donor cells from host by multiple allelic markers.

Strict criteria for lineage marking and clonal analysis must
be applied in studies of cell fate. When such rigorous
principles have been applied to muscle-cell populations
thought to have haematopoietic potential, two precursor
populations have been resolved: one with muscle potential
and the other an itinerant haematopoietic stem cell
[19°,20°]. For now, the plasticity of adult somatic stem cell
populations represents a fascinating experimental curiosity.
The ability to harness adult stem cell plasticity for therapeutic
applications remains entirely unproven. But no matter
what their native potency, therapeutic applications need
not be limited by the intrinsic nature of adult somatic stem
cells. The success of nuclear transfer in reprogramming the
differentiated state suggests that cellular engineering
might indeed confer upon adult somatic cells the pluripotency
of ES cells, and work is proceeding on clever strategies for
doing just that [36,37].

Monocellular deficiency diseases as targets
for cellular therapy

Monocellular deficiency states are particularly attractive
targets for cell-replacement therapy. Given the significant
clinical need and compelling data from existing modes of
fetal cell and pancreatic islet cell transplantation,
Parkinson’s disease and type I diabetes are tractable diseases
likely to be served by stem-cell therapies. Although the
aetiology of cell degeneration is unclear in Parkinson’s
disease, the faithful survival of human fetal tissue grafts in
some patients is taken as evidence for a cell-intrinsic mode
of degeneration. Two decades of experience transplanting
human fetal mesencephalic tissue containing dopaminergic
neurons into the putamen and caudate of Parkinson’s
patients has provided suggestive albeit anecdotal evidence
of efficacy [38,39]. These anecdotes have been reinforced
in a blinded study that incorporated a control sham surgery
arm, which documented graft survival and some modest
improvement in motor symptoms in patients receiving
fetal cell transplants [40°°]. However, 15% of patients in
this study also sustained persistent dystonia and dyskine-
sia likely related to the relative excess of dopamine
production by the grafts. This study represents an
important proof of principle that cells can provide
dopamine to either complement or supplement drug
therapy. However, the study also highlights some of the
enormous challenges to finding the correct dose for cell
transplants, and in this case perhaps the precise anatomic
location for the transplant, both of which will be difficult to
define with accuracy given disease variability among
patients. The study should also give pause to those who
believe the diseased microenvironment will harbor all the
necessary cues to incorporate the transplanted cells for
optimal function.
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The obvious limitation to cell therapy for Parkinson’s
disease is the source of dopamine-producing neurons. This
has prompted a major effort to identify a renewable source of
stem cells and conditions for their directed differentiation into
a dopaminergic cell type. In a rodent model of Parkinson’s,
transplantation of undifferentiated mouse ES cells into the
striatum of rats resulted in the spontaneous development
of dopaminergic cells that relieved motor asymmetry [41°].
"This observation was consistent with the notion that neural
development represents a default pathway [42]. However,
20% of transplanted animals succumbed to teratoma-like
tumours, highlighting the potential risks of transplantation of
undifferentiated pluripotent ES cells. Culture of both mouse
and human ES cells coupled to sequential differentiation
conditions can efficiently generate dopaminergic and seroton-
ergic neurons as well as glial elements [43,44,45°°46-49].
Recently, McKay and colleagues have reported optimized
protocols for production of ES-derived dopaminergic
neurons, enabling successful applications in rodent models
of Parkinson’s disease and raising the prospect that production
of defined neuronal types might be achieved on a scale
adequate for clinical trials [45°*]. Whereas dopamine neurons
have been differentiated from adult stem cells, it is unclear
whether adequate quantities can be manufactured to meet
clinical needs. Here, the highly proliferative and immortal
nature of ES cells is a distinct advantage.

Type I diabetes represents a second 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 ! cells of the pancreatic islets due to
autoimmune attack, can be reversed by pancreatic or islet cell
transplantation together with immunosuppression [50°°].
Again, the limitation to the wider application of this poten-
tially curative therapy is the inadequate supply of islets from
cadavers. Several groups have purported to culture stem cells
from the pancreatic or hepatic ductal epithelium or from the
islets themselves that have the potential for generating cells
that express pancreatric endocrine hormones and in some
cases to normalize hyperglycemia in rodent models [51°%,52].
Others have reported differentiation of murine and human
ES cells into insulin-secreting cells [53,54,55°°], with one
group [55°°] claiming normalization of hyperglycemia in a
streptozotocin-treated diabetic model by transplanted cell
clusters. Although these reports are provocative, much
additional work remains to characterize the functional nature
of the cells as glucose regulators, and to document adequate
production of insulin, which in one case was some 50-fold less
than native ! cells [53]. Nevertheless, given the proof-of-
principle that cadaveric islet cell transplantation can restore
normoglycemia in diabetic patients, stem cell based therapies
for type I diabetes represents one of the most compelling
opportunities in regenerative medicine.

Lessons from hematopoiesis: from cell
phenotype to funetion

Allogeneic bone marrow transplantation is currently the
most widely employed and successful stem cell therapy,
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yet major barriers of immune incompatibility and the
shortage of donors limits its wider application. Our group
has been studying directed differentiation of ES cells into
haematopoietic stem cells to enable experimental models
of blood transplantation, and with the long-term goal of
providing an inexhaustible and potentially customized
supply of transplantable cells. Though blood formation
from mouse ES cells in vitro was reported nearly two
decades ago [56], achieving stable blood engraftment of
irradiated mice has represented an enormous challenge.
Though several laboratories have made earnest efforts, at
best only limited haematopoietic reconstitution has been
reported [57-59]. This failure has been blamed on the
developmental immaturity of ES-derived blood cells,
which most closely resemble primitive embryonic yolk sac
haematopoietic progenitors. Consequently, it has been
unclear whether methods for in vitro differentiation of ES
cells generated adult-type lymphoid-myeloid haematopoietic
stem cells. By a combination of expression of the chronic
myeloid leukemia-associated oncoprotein BCR/ABL and
culture of single cell clones, we recently demonstrated
contributions of ES-derived haematopoietic stem cells to
myeloid, lymphoid, and erythroid lineages in irradiated
animals, albeit in the context of leukemia [60°]. Then
using the homeobox gene HoOxB4, we succeeded in
engrafting mice with normal long-term multi-lineage
hematopoiesis derived entirely from ES cells [61°°].

HoxB4 modification provides a means of using ES derivatives
in therapeutic models of blood cell transplantation. In
collaboration with Rudolf Jaenisch’s group, we have
employed this strategy in a mouse model of therapeutic
cloning (nuclear transfer cloning combined with gene
correction and cell therapy). We used nuclear transfer
cloning from tail-tip cells of an immunodeficient Rag2"/"
mouse to generate a Rag2"/" ES cell line, and repaired one
allele by homologous recombination. We then differentiated
the repaired Rag2*" ntES line in vitro, transduced with
HoxB4, and engrafted immunodeficient mice. The recipient
mice showed partial reconstitution of B and T cell popula-
tions, 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 [62°°].

These studies are among the first successful applications
of ES cells to model cell therapy. But they also reveal an
important caveat when extrapolating from in vitro studies
to clinical applications: simply identifying cells phenotypi-
cally in differentiating ES cell cultures does not necessarily
mean the cells will function as anticipated in vivo. In the
haematopoietic system, the nature of embryonic and adult
blood formation is distinct, and blood elements differentiated
from ES cells do not function equivalently to stem cells
isolated from adult bone marrow. Moreover, the extent of
functional reconstitution of the lympho-haematopoietic
system of mice from ES cells is limited by an unexpected
barrier to transplantation. In our studies, the ES-derived

haematopoietic cell populations were subject to rejection
by NK cells, likely owing to the underexpression of MHC
Class I. Whether this rejection is unique to haematopoietic
populations or whether other stem cell types will face similar
barriers is unclear. Studies in hematopoiesis, a system in
which we possess deep knowledge about differentiation
mechanisms and for which we have highly relevant animal
models, have nonetheless been enormously challenging.
We should not assume any less of a challenge for other
stem cell classes.

Conclusions: the slow, systematic, cautious
pursuit of stem cell based therapies

Cellular therapy is most likely to succeed when it mimics
traditional tissue or organ transplantation on a micro scale.
There must be a ready supply of not only phenotypically
but also functionally defined stem cells. From adult
somatic tissues, only hematopoietic, neural, and mes-
enchymal stem cells have been rigorously defined. For
embryonic stem cells, generation of specialized cell types
will require a much deeper understanding of the genetic
and biochemical regulation of differentiation. In a study of
the effects of eight growth factors on the directed differen-
tiation of human ES cells, Benvenisty and co-workers
concluded that, at best, the factors specified cell fate to a
very limited degree [63°]. These factors acted to limit
the pluripotentiality of the ES cells while modestly
promoting broad programs of mesodermal, ectodermal,
or endodermal identity. Clearly ‘directed differentiation’
of ES cells is in its infancy, with much more to be learned
about induction of specific differentiation programs
through manipulation of the cellular microenvironment,
cytokine milieu, and conditional activation of gene-
expression programs. Some combination of differentiation
induction and careful cell selection will be needed to
obtain the relevant purity for pre-clinical characterization
and therapeutic development.

Another prerequisite for effective cell therapy is faithful
performance of cells in predictive animal models.
Although animal models have clear limitations, they
represent the best proving ground for cell therapy.
Despite intrinsic differences between murine and human
hematopoiesis, an enormous amount of valuable and
predictive pre-clinical data has been garnered in mice. It
seems premature to consider subjecting patients to risk
before our facility with stem cells in murine models
demonstrates a clear command of the cell-biological
principles governing tissue regeneration. By this criterion,
one cannot comfortably predict success for clinical transla-
tion of any stem cell based therapy, given the current state
of knowledge. Because desperate patients are often willing
to accept extreme risk, it is incumbent upon the translation
community to Iinitiate trials only when clear and
compelling scientific questions are likely to be answered.
Institutional review boards and regulatory agencies must
adopt high standards of informed consent to protect
patients and insure that the risks are justified.
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Finally, patients themselves must have realistic expectations
that years — even decades — of experience may be needed
before we learn how best to deliver cells as medicines. Just
as small-molecule pharmaceuticals revolutionized medicine
in the last century, cellular therapeutics are destined to
emerge as a major modality for treating the degenerative
diseases of an aging population, but it may take the better
part of this century to get it right.
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