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Abstract
Multipotent human neural stem cells (hNSC) have traditionally been isolated directly from the
central nervous system (CNS). To date, as a therapeutic tool in the treatment of neurologic
disorders, the most promising results have been obtained using hNSC isolated directly from the
human fetal neuroectoderm. The propagation ability of such tissue-derived hNSC is often limited,
however, making it difficult to establish a large-scale culture. Following engraftment, these hNSC
often show low efficiency in generating the desired neuronal cells necessary for reconstruction of
the damaged host milieu and, as a result, have failed to give satisfactory results in clinical trials so
far. Alternatively, human embryonic stem cells (hESC) offer a pluripotent reservoir for in vitro
derivation of a rich spectrum of well-characterized neural-lineage committed stem/progenitor/
precursor cells that can, theoretically, be picked at precisely their safest and most efficacious state
of plasticity to meet a given clinical challenge. However, the need for ‘foreign’ biologic additives
and multilineage differentiation inclination may make direct use of such cell-derived hNSC in
patients problematic. The hNSC, when derived from pluripotent cells under protocols presently
employed in the field, tend to display not only a low efficiency in neuronal differentiation, but also
an inclination for phenotypic heterogeneity and instability and, hence, increased risk of
tumorigenesis following engraftment. For hNSC derived in vitro to be used safely in therapeutic
paradigms, it requires conversion of human pluripotent cells uniformly to cells that are restricted
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to the neural lineage in need of repair. Developing strategies for direct induction of human
pluripotent cells exclusively into neural-committed progenies at a broad range of developmental
stages will allow a large supply of optimal therapeutic hNSC tailor-made for safe and effective
treatment of particular neurologic diseases and injuries in patients.
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cell therapy; human embryonic stem cell; human neural stem cell; multipotent; neural repair;
neurologic disorder; pluripotent; transplantation

Introduction
Neural stem cells (NSC), as representative of those isolated directly from embryonic, fetal,
newborn and adult tissues, have offered cures for a range of neurologic diseases because of
their potential for neural cell replacement following transplantation. Although graft material
could theoretically come from a number of sources, the ability of a stem cell, by definition,
to self-renew makes it a potentially inexhaustible cell source for tissue and functional
restoration. It is then theoretically possible to instruct such cells to differentiate into specific
desired phenotypes for cell replacement therapy. However, the optimal source for stem cells
with neural potential remains controversial. In human development, it is assumed that
human somatic stem cells (hSSC) derive in vivo from a progressive narrowing of the
potential of human embryonic stem cells (hESC) of the inner cell mass (ICM) of the
blastocyst. Thus there is a continuum between embryonic and somatic stem cells. Lingering
questions regarding how to judge precisely where along this continuum or what degree of
lineage commitment is optimal for addressing a particular disease not only reflect
fundamental gaps in our knowledge regarding the determinants of stem cell identity, but
remain as obstacles to safe and effective clinical translation.

For many diseases, we might be unduly presumptuous that we know what cell type is
needed and what is required to reconstitute a given region and restore function. As
fundamental as these questions are, the answers are actually elusive for the majority of
neurologic disorders. Neurodegeneration is becoming increasingly tied to functions of non-
neuronal cells (perhaps astrocytes) as a precursor to neuronal dissolution, suggesting that
one might desire a multipotent cell line that can yield both replacement glia as well as
replacement neurons. Hence implanting cells pre-committed ex vivo to yield a uniform
mature neural cell type may compromise the ability to accommodate varying environmental
cues and provide other needed cells in an appropriate ratio within the same structure. The
complexity of discerning the optimal source and state of stem cell differentiation for treating
diseases, as exemplified by those of the central nervous system (CNS), is further
compounded by the emerging realization that a disease may require replacement of multiple
cell types and multiple proteins for the damaged milieu to be fully reconstructed, not only
the neurons that have died but also the support cells that detoxify the environment,
myelinate the axons and dendrites, supply ongoing trophic and matrix support and provide
reservoirs for ongoing cell replenishment [1–5]. Therefore, the ideal therapeutic NSC should
have not only the ability for long-term stable large-scale expansion in vitro, but also the
capacity to yield an array of cell types necessary for reconstituting a heterogeneous structure
not yet endowed with so much plasticity and instability as to yield inappropriate cell types or
neoplasms. The choice of the stem cell source that best fulfills the criteria for a given
clinical challenge requires not only examining the therapeutic aspects of a given human stem
cell for a particular disease, but also generating practical means for more reliably and
efficiently predicting its translational value.
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Human neural stem cells (hNSC), the prototypical multipotent stem cells, have traditionally
been isolated directly from the fetal or adult CNS (‘primary’ hNSC). The propagation ability
of such tissue-derived hNSC is often limited, however, making it difficult to establish a
large-scale culture. Their transplantation efficiency and plasticity further decline after
extensive culture. Following engraftment, these hNSC often show low efficiency in
generating the desired neuronal cells necessary for reconstruction of the damaged host
milieu and, as a result, have failed to give satisfactory results in clinical trials so far.
Alternatively, human pluripotent cells, most classically exemplified by the hESC derived
from the ICM or epiblast of the blastocyst, offer a pluripotent reservoir for in vitro
derivation of a rich spectrum of well-characterized neural lineage-committed stem/
progenitor/precursor cells (‘secondary’ hNSC) that can, theoretically, be picked at precisely
their safest and most efficacious state of plasticity targeted for a given clinical situation.
However, undefined ‘foreign’ biologic supplements and/or feeders that have typically been
used for the isolation, expansion and differentiation of hESC may make direct use of such
cell-derived hNSC in patients problematic. Another challenge for clinical translation is how
to channel the wide differentiation potential of pluripotent cells efficiently and predictably to
cells that are restricted to the neural lineage in need of repair. The hNSC, when derived from
pluripotent cells under protocols presently employed in the field, tend to display not only a
low efficiency in neuronal differentiation but also an inclination for phenotypic
heterogeneity and instability and, hence, increased risk of tumorigenesis following
engraftment. For hNSC derived from pluripotent cells in vitro to be used safely in
therapeutic paradigms, it requires conversion of human pluripotent cells uniformly to neural
lineage-restricted cells in a process that may emulate in vivo embryonic neurogenesis.
Developing strategies for direct induction of human pluripotent cells exclusively into neural-
committed progenies at a broad range of developmental stages will allow a large supply of
optimal therapeutic hNSC tailor-made for safe and effective treatment of particular
neurologic diseases and injuries in patients.

The gold standard of NSC in neural repair
The ‘gold standard’ for what should be achievable was established with the primary NSC
isolated directly from the CNS, both of animal and human origin. These primary NSC have
not only the ability to engraft diffusely and become integral members of the host CNS
structure, but unique tropism for pathology, such that the distribution of therapeutic genes
and cells appears to be directed to the region most in need [6–8]. Therefore, they have been
used to address not only diseases that are characterized by focal defects, but also those that
are typified by widely disseminated lesions, such as most neurodegenerative diseases and
brain tumors. In such contexts, they have been able to disseminate therapeutic gene products
in models of inherited metabolic neurodegenerative diseases [9, 10], replace
oligodendrocytes in models of leukodystrophies [11], deliver therapeutic agents for
potentially more effective treatment of brain tumors [8] and promote locomotor recovery in
models of spinal cord injury [12, 13]. ‘Replacement’ neurons have been generated from
these NSC in a number of experimental models [2–5, 12–15]. Indeed, these NSC can shift
their differentiation fate to yield a greater proportion of the deficient cell type [14, 15]. In
models of Parkinson’s disease, a neuronal degenerative disorder associated with a loss of
midbrain neurons that synthesize the neurotransmitter dopamine (DA), these primary NSC
(c. 5%) have even been observed to generate neuronal cells associated with dopaminergic
phenotype [4, 5].

To date, as a therapeutic tool in the treatment of neurologic disorders, the most promising
results have been obtained using primary hNSC isolated directly from human fetal
neuroectoderm. These primary hNSC can be maintained as stable lines in serum-free,
mitogen-supplemented me dium, and more than 95% of the cells express neural stem/
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progenitor markers (Figure 1A, B) [15, 16]. Upon removal of mitogens, c. 10–30% of these
hNSC spontaneously differentiate into cells that express the early neuronal marker β-III-
tubulin, and the more mature neuronal protein Map-2 by 15 days (Figure 1C) [15–18]. The
capacity of these hNSC to respond to cues that might direct them toward a tyrosine
hydroxylase (TH)-positive and DA-producing phenotype was established in vitro by
following a well-established protocol [17, 18]. Briefly, once the cultures have begun to
differentiate following mitogen removal, exposure to glial cell-derived conditioned medium
(CM) and the reintroduction of basic fibroblast growth factor (bFGF) promotes the
appearance and steady increase in the percentage of TH-positive neuronal cells in the
culture, ultimately reaching 5–10% [17, 18]. That this TH induction is associated with
aspects of a ventral mesencephelon (VM) phenotype is suggested by the expression of
homeodomain transcription factors, Nurr1 (Figure 1C) and Ptx3, necessary for induction and
maintenance of midbrain DA neurons [4, 5, 17, 18].

Despite the observation that NSC have the ability to migrate and differentiate into deficient
neurons, we are learning that NSC can exert important therapeutic effects by actions beyond
simple cell replacement and foreign gene delivery. These NSC, even in their unmanipulated
state, promote homeostasis within a disequilibrated system, often by altering host neural
cells and circuitry, suggesting an unanticipated mechanism by which therapeutic outcomes
might be achieved: an inherent capacity of stem cells (without genetic engineering) may
help create host environments sufficiently rich in trophic and/or neuroprotective support to
rescue endogenous cells [4, 5, 19–22]. A stem cell’s non-neuronal progeny produces
diffusible factors that ‘chaperone’ and protect imperiled host cells (typically neurons) with
an efficacy and impact that may eclipse the stem cell’s effectiveness in replacing neuronal
circuitry. These NSC can restore intracellular equipoise to disordered host neurons through
cell–cell contact, engage in cross-talk with host cells and induce endogenous regenerative
programs, and produce trophic, angiogenic anti-scarring, anti-inflammatory and anti-
apoptotic molecules [4, 5, 19]. Despite their multipotence, these primary NSC never give
rise to cell types that are inappropriate to the brain, nor do they yield neoplasms [1–5].

Turning stem cells into the desired cell types necessary for restitution of damaged host
structure and circuitry depends on interactions between extrinsic signals in the host and
programs intrinsic to the grafted cell. Transplantation studies suggest that stem cells from
different sources vary greatly in their capacity to reconstruct damaged structures. To date, as
a therapeutic tool in the treatment of neurologic disorders, the most promising results have
been obtained using primary hNSC isolated directly from a human fetal neuroectoderm-
derived structure in the CNS (the ventricular germinal zone) [20–22]. However, like other
somatic stem cells, these primary hNSC have limitations, particularly if they are not
genetically modified and simply propagated with mitogens [23–25]. The propagation ability
of such tissue-derived NSC is often limited, making it difficult to maintain large-scale and
prolonged cultures. After extensive passaging in culture, the transplantation efficiency of
such NSC often falls and their plasticity further declines, potentially restricting the tissue-
derived NSC as an adequate source for graft material. As these tissue-derived NSC become
more restricted in their developmental potential, their capacity to be directed by host cues in
a region-specific manner to differentiate into neurons necessary for reconstruction of the
damaged host milieu is down-regulated or lost with aging [20–22]. While cellular
senescence can be counteracted by transducing the cells with genes such as v-myc and
telomerase [2], many investigators are not eager to insert such foreign genes into cells that
might ultimately be used for transplantation purposes in humans. So far, these issues have
prevented such tissue-derived hNSC from giving satisfactory results in clinical trials [20–22,
26].
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Pluripotent cells as an inexhaustible source for in vitro derivation of
optimal therapeutic NSC

Alternatively, a more plastic undifferentiated stage of stem cells might be employed as
transplants in order to achieve large-scale and prolonged propagation in culture and efficient
restoration of function. Pluripotent hESC, derived from the ICM or epiblast of the
blastocyst, have the capacity for long-term stable, undifferentiated growth in culture and the
theoretical potential for differentiation into all somatic cell types [27]. Therefore, they have
been regarded as an ideal source to provide an unlimited supply of large-scale well-
characterized stem/progenitor/precursor cells for cell-based therapies. Although hNSC have
traditionally been isolated directly from the CNS (‘primary’ hNSC), the field is becoming
more adept at deriving hNSC in vitro from human pluripotent stem cells (‘secondary’
hNSC), most classically exemplified by the hESC and, more recently, the induced
pluripotent stem cells (iPSC). The major challenge in using pluripotent cells for cell-based
therapy is producing a large and uniform population of lineage-committed transplantable
cells in vitro. In addition, in vivo studies, using animal models of disease, will be critical for
examining the physiologic functions of engrafted hESC derivatives, evaluating their efficacy
in repair and, more importantly, affirming their safety (i.e. a lack of tumorigencity and
absence of inappropriate cell types).

The unconstrained capacity for self-renewal and differentiation offer hESC as an abundant
source for generating a large supply of human neural stem/precursor/progenitor cells, and
even mature neurons, for neural replacement therapies. So far, several groups have
established protocols for selecting homogeneous populations of human neural stem/
precursor/progenitor cells spontaneously differentiated from hESC for further maturation
into neurons and glial cells in vitro and in vivo [28–38]. Recently, the TGF-β family
signaling pathway inhibitors of SMAD (vertebrate proteins homology to Drosophila
Mothers Against Decapentaplegic and C. elegans Sma), Noggin and SB431542, were used
to replace stromal feeders to induce efficient neural conversion of >80% hESC maintained
under mouse embryonic fibroblast (MEF)-conditioned media to early-stage intermediate
cells capable of giving rise to populations of hNSC and neural crest stem (NCS) cells [39].
These hNSC derived from pluripotent cells may represent more plastic populations of
human neural stem/precursor/progenitor cells capable of recreating the full cellular diversity
of the developing CNS [32, 33, 38]. Although neural lineages appear at a relatively early
stage in differentiation, treating hESC-differentiated embryoid bodies (EB) with retinoic
acid only slightly increased the low yield of neurons (c. 3–8%) [40, 41]. Therefore a wide
variety of techniques and compounds have been explored, including high-through-put
screening assays, to identify conditions for pushing hESC along the neural lineage
selectively toward neurons and even particular subtypes of neurons [42]. For example, the
hESC-derived midbrain dopaminergic neurons can be enriched by co-culture with stromal
cells or telomerase-immortalized midbrain astrocytes as well as exposure to FGF and sonic
hedgehog (SHH) signaling (e.g. yielding c. 80% β-III-tubulin-positive colonies and c. 30%
TH-positive colonies) [43–48]. ‘Foreign’ feeder induction followed by stimuli from retinoic
acid and SHH signaling was used to increase the efficiency of spinal motoneurons from the
hESC to as high as c. 30% of the cells expressing the early motor neuronal markers [49–52].
A combination of cytokines and substrates was used to push the neural progenies of hESC
into striatal neurons (c. 10%) targeted for Huntington’s disease [53]. After engraftment,
these hESC-derived hNSC differentiated into neurons, oligodendrocytes and astrocytes, and
promoted function recovery in several models of neurologic disorders, including
Parkinsonian [47, 48], spinal cord injury [51, 52], Huntington’s disease [53], and stroke [54,
55]. In addition, hESC-derived hNSC can be directed toward retinal cells that potentially
may be used to treat retinal degeneration and restore vision [56, 57]. However, these
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pluripotent cell-derived grafts tend to display not only a low efficiency in neuronal
differentiation but also multilineage inclination in culture and phenotypic heterogeneity and
instability after transplantation, hence an increased risk of tumorigenesis following
engraftment [48, 53, 58–60]. Recently, iPSC have shown similar differentiation potential to
DA and motor neurons [61, 62], although these genetically manipulated somatic cells pose
even greater oncogenic risk, compromising their clinical application for treating patients.
For hNSC derived from pluripotent cells in vitro to be used safely in therapeutic paradigms,
it requires the development of more efficient, controllable differentiation routes to generate a
large supply of hNSC that are restricted to the neural lineage in need of repair.

The hESC can serve as an inexhaustible source for generating a rich spectrum of well-
characterized neural lineage-committed stem/progenitor/precursor cells that can,
theoretically, be picked at precisely their safest and most efficacious state of plasticity, if
there is a metric for identifying such a state. To realize the therapeutic potential of hESC, we
must better understand how a pluripotent cell becomes progressively constrained in its fate
options. It is self-evident that we do not want the hESC so undifferentiated that it retains its
ability to yield teratoma or give rise to cell types inappropriate to the engrafted organ;
neither do we want the hESC to be so terminally differentiated that it cannot integrate in
vivo (a problem to date in the dopaminergic field), respond to microenvironmental cues and
yield the diversity of cross-talking cell types that might be necessary to reconstitute an
organ’s function. Therefore, narrowing the pluripotence of an hESC to the multipotence of
an hNSC appears to be necessary for safe and effective clinical translation. However,
precisely where along this continuum of a progressive fate restriction or what degree of
lineage commitment or differentiation state of a given stem cell is optimal for
transplantation therapy remains unclear. It is also unknown whether the hNSC derived
secondarily in vitro from pluripotent hESC in culture and isolated directly from a fetal CNS
reside along the same developmental continuum with similar behavior and equivalent
potential in therapeutic transplants. The search for ‘stemness genes’, a common set of
transcribed genes that define the characters of all stem cells, has actually suggested that
surveying gene expression alone is not sufficient to ensure or define either plasticity or
lineage specification [63–66]. Overlaps in gene expression exist between cells of varying
lineages, while a lack of overlap is found in phenotypes that ostensibly seem similar [67–
69]. Even the expression of a lineage-defining gene within stem cells seems to require
additional epigenetic cues, suggesting that epigenetic control in stem cell fate decision may
hold the key to some of the pressing questions regarding the mechanisms underlying their
developmental as well as therapeutic potential [70, 71]. Safe and effective clinical
translation of the therapeutic potential of human pluripotent cells requires a better
knowledge of the inherent cellular mechanisms maintaining plasticity and then stabilizing
commitment.

Obstacles to clinical translation of the therapeutic potential of pluripotent
cells for neurologic disorders

The hESC offer a pluripotent reservoir for in vitro derivation of a large supply of disease-
targeted hSSC that are restricted to the lineage in need of repair. However, undefined
‘foreign’ biologic supplements and/or feeders that have typically been used for the isolation,
expansion and differentiation of hESC may make direct use of such cells and their
derivatives in patients problematic. The hESC lines were initially derived and maintained in
co-culture with growth-arrested mouse embryonic fibroblasts (MEF) [27]. Using this mouse
support system may compromise the therapeutic potential of these hESC because of the risk
of transmitting xenopathogens, altering the genetic background and promoting the
expression of immunogenic proteins [72]. Although several human feeder, feeder-free and
even chemically defined culture systems have been suggested for hESC [73–77], the
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elements for sustaining the self-renewal of human pluripotent cells remain unsolved. These
exogenous feeder cells and molecules help maintain the long-term stable growth of
undifferentiated hESC while masking the ability of pluripotent hESC to respond to signals/
molecules that induce uniformly lineage-specific commitment of pluripotent cells.
Achieving uniform conversion of pluripotent cells to a particular lineage, first and at least,
may require a better understanding of the elements necessary and sufficient for sustaining
the self-renewal of pluripotent hESC, a platform from which controlled commitment may
then directly proceed from the earliest developmental stage.

Another major challenge for clinical translation is how to channel the wide differentiation
potential of human pluripotent cells efficiently and predictably to a desired phenotype. The
pluripotent cells can differentiate spontaneously in vitro into cells of all germ layers by
going through an intervening multilineage stage, where, however, only a small fraction
pursues a given lineage. The need for ‘foreign’ biologic additives and the simultaneous
emergence of widely divergent cell types often make desired differentiation down a
particular route unpredictable and unreliable. Following transplantation, pluripotent hESC
generally form teratomas that contain cells from all three embryonic germ layers. In culture,
many different lineages and cell types have been observed from hESC by allowing
aggregate formation in suspension or extended culture. However, only a small fraction of
these cells progresses to display targeted differentiation characteristics. In order to enrich the
populations of desired cell types, certain approaches have been applied, such as
immunoselection for specific surface antigens [40, 78–80], co-culture with feeder cells [43–
51], manipulation of cell density [81–83] and induction with inhibitors or signaling
molecules [39–41, 50, 51, 53]. However, these approaches remain inefficient and
impractical for producing a large population of uniform uncontaminated progenies from
hESC that are restricted to the lineage in need of repair. Realizing the therapeutic potential
of hESC for treating neurologic disorders demands the development of better differentiation
strategies that permit controlled conditions for direct conversion of human pluripotent cells
exclusively into neural-committed progenies that progress efficiently into neurons of the
developing CNS (Figure 2).

Current hESC differentiation strategies have largely relied on the formation of multilineage
aggregates that contain cells from all three embryonic germ layers, in part because it has
been assumed that tissue and organ systems arise from the endoderm, mesoderm and
ectoderm. However, unlike tightly regulated ICM development in the blastocyst stage in
vivo, in culture cells inside the aggregates exit the pluripotent state in a chaotic fashion,
resulting in the random appearance of various phenotypes that often complicate observation.
The formation of a particular tissue and organ system during embryogenesis is a multistep
programming process tightly regulated by stage-specific signals/molecules. After neuronal
induction during early embryogenesis, neuroectodermal cells form the neural plate that
develops into the neural tube. Subsequent development, together with vesiculation within
the tube, gives rise to the brain and spinal cord of the nervous system. Failure of neural tube
closure is a common congenital malformation that results in morbidity and mortality, and
folic acid prevents neural tube defects, possibly by stimulating cellular methylation [84].
The complexity in generating the enormous diversity of neuronal cell types is best illustrated
in the development of the mammalian telencephalon. The most rostral region of the neural
tube, the prosencephalon, divides into the telencephalon and diencephalon. The dorsal
region of the telencephalon gives rise to the cerebral cortex, while the ventral telencephalon
differentiates into the basal ganglia. The dorsoventral and rostrocaudal identities and
subsequent specification of progenitors are established by diffusible morphogens, including
FGF, SHH, BMP, Wnt, Nodal and Notch proteins, through regional patterning/activation of
transcription factors such as Pax6, Olig2, Nkx2.1, Bmp4, Emx1/2, Ngn1/2, Noggin, Dix,
Hes and Numb [85]. The key steps of neurogenesis include neuronal commitment of neural
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stem cells, the subtype specification of intermediate neuronal progenitors, post-mitotic
precursors and mature neurons. Various growth factors, including brain-derived
neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), erythropoietin, glial-
derived neurotrophic factor (GDNF), platelet-derived growth factor (PDGF), transforming
growth factor (TGF), vascular-endothelial growth factor (VEGF), insulin-like growth factor
(IGF), epithelial growth factor (EGF), and fibroblast growth factor (FGF), are involved in
the survival, proliferation, differentiation and migration of these neuronal progenitors. How
to direct hESC uniformly to exit the pluripotent state in a sequential manner that emulates
the tightly regulated in vivo embryogenesis and organogenesis processes has been one of the
major challenges for fulfilling the therapeutic promise of hESC. It requires a thorough
understanding of the molecular and cellular cues that sustain pluripotence and direct neural
differentiation programs. Such studies will permit to control derivation conditions in order to
generate not only mature functional neurons but also a wide spectrum of intermediate neural
stem/progenitor/precursor cells moldable for treating a particular neurologic disease or
injury in a given patient.
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Figure 1.
Primary hNSC isolated directly from the human fetal neuroectoderm. (A) A phase image of
the CNS-derived hNSC in culture. (B) The hNSC (>95%) express neural stem/progenitor
marker nestin (green) and vimentin (green). All cells are revealed by DAPI staining of their
nuclei (blue). (C) When provided with appropriate cues, the hNSC (c. 5–10%) differentiate
into neurons [labeled for β-III-tubulin (red)] that express Nurr-1 (green), a marker associated
with the midbrain dopaminergic phenotype. Scale bars: (A) 50 µm; (B, C) 5 µm.
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Figure 2.
Conversion of pluripotent hESC exclusively to a neuronal lineage. (A) A phase image of
neuronal cells with extensive processes and networks directly induced from pluripotent
hESC. (B) The neuronal cells induced from hESC express neuronal marker Map-2 (green);
DAPI staining is blue. (C, D) The hESC-derived cells pursue a neuronal fate, as indicated by
co-labeling with β-III-tubulin (red) and Map-2 (green). All cells are indicated by DAPI
nuclear staining (blue). (E, F) A large subpopulation of the hESC-derived neuronal cells
progress to expression of TH (red, c. 60%) and Nurr-1 (green, >95%), markers associated
with the midbrain dopaminergic phenotype. Scale bars: (A) 100 µm; (B, C, E) 25 µm; (D, F)
5 µm.
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