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A variety of neurological disorders are attractive targets for stem and progenitor cell-based therapy. Yet
many conditions are not, whether by virtue of an inhospitable disease environment, poorly understood path-
ophysiology, or poor alignment of donor cell capabilities with patient needs. Moreover, some disorders may
be medically feasible targets but are not practicable, in light of already available treatments, poor risk-benefit
and cost-benéefit profiles, or resource limitations. This Perspective seeks to define those neurological condi-
tions most appropriate for cell replacement therapy by considering its potential efficacy and clinical feasi-
bility in those disorders, as well as potential impediments to its application.

Introduction

Since the advent of stem cell biology, the brain and spinal cord
have been intensively investigated as potential targets of stem
and progenitor cell-based therapies. The central nervous sys-
tem (CNS) would seem a promising target for cell replacement
therapy, in light of the plethora of diseases of the human
nervous system, the overall lack of effective therapeutic ap-
proaches for most brain diseases, and the great store of devel-
opmental information available on the ontogeny of neurons and
glia that can be applied to generate clinically relevant cell
types. Yet the brain is an especially difficult organ in which
to employ stem cell-based therapeutics. The phenotypic het-
erogeneity and myriad connections of its neuronal elements,
the four-dimensional complexity of its synaptic architecture,
and the regionally variable and poorly understood nature of
neuronal interactions with astrocytes, oligodendrocytes, and
glial progenitor cells (GPCs) all conspire to defy precise struc-
tural reconstitution.

The limited repair capacity of the adult human brain further
compounds this complexity. Despite the persistence of so-
matic neural stem cells and neuronal progenitor cells in the
adult human brain (Arsenijevic et al., 2001; Eriksson et al.,
1998; Ernst et al., 2014; Kirschenbaum et al., 1994; Pincus
et al., 1998; Roy et al., 2000; Sanai et al., 2004), little evidence
exists as to the contribution of these cells to structural repair in
adult humans. In the early days of stem cell biology, reports
appeared of context-dependent differentiation of transplanted
pluripotent stem cells (PSCs) or neural stem cells (NSCs) into
phenotypes of interest or need (Liu et al., 2000), but realization
soon grew that such demand-based differentiation was limited
in scope. Rather, it became evident that, for disorders of spe-
cific neuronal and glial phenotypes, the deficient cell types or
their immediate progenitors would need to be introduced to
achieve structurally accurate repair. In particular, it became
clear that repair of the injured or diseased brain required the
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upfront determination of which cellular phenotypes, and which
of their stages of development, were most appropriate for
treating any given condition. Fortunately, many diseases of
the brain involve either single cell types or their immediate de-
rivatives. Such conditions lend themselves to cell replace-
ment, whether by the transplantation of single neuronal and
glial phenotypes or their progenitors, or by the recruitment of
new neurons or glia from endogenous stem and progenitor
cells.

This Perspective will focus on identifying clinically realistic
near- and intermediate-term opportunities for cell-based repair
of brain disease, using both endogenous mobilization and
transplant-based strategies, with an emphasis on the latter
(Figure 1). By the same token, it will indicate those disorders
perhaps less suitable for near-term cell therapeutic develop-
ment, whether by virtue of their multicellular or multicentric na-
ture, their especially challenging or poorly understood disease
environments, or their need for cell types refractory to clin-
ical-scale development. The emphasis of this Perspective is
thus on identifying clinical targets that are realistic based not
only on our ability to produce cells of a defined phenotype,
but also on our current understanding of the clinical tractability
of each candidate disease target and, just as importantly, our
assessment of already available treatment approaches that
may narrow the pool of patients for whom cell therapeutics
would be appropriate. A number of excellent reviews have
recently appeared that have discussed PSC-based in vitro
models of neural disease (Marchetto et al., 2011; Merkle and
Eggan, 2013) and CNS drug development (Sandoe and Eggan,
2013), as have broader reviews on the use of PSC derivatives in
regenerative medicine (Fox et al., 2014; Steinbeck and Studer,
2015; Tabar and Studer, 2014). In contrast, this Perspective will
focus solely on using CNS cells to treat CNS disease and on
defining when this approach makes the most sense and
when it does not.
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Figure 1. Neural and Glial Cell Therapeutics and Their Disease Targets
This schematic illustrates the principal sources of transplantable human neural stem cells and phenotypically restricted neuronal and glial progenitor cells, and it
highlights the most feasible current opportunities for their use in treating disorders of the brain.

Hope: CNS Disease Targets for Cell Replacement
Therapy

Glial and Myelin Disorders

The white matter diseases and those of myelin, which involve the
loss or dysfunction of oligodendrocytes in the brain and spinal
cord, are among the most prevalent and disabling conditions in
neurology, and they are especially attractive targets for stem
cell-based therapeutics. These disorders include the acquired
diseases of myelin in adults, such as multiple sclerosis and white
matter stroke, the congenital or early myelin loss of cerebral palsy
and periventricular leukomalacia, and the hereditary and meta-
bolic disorders of myelin loss, the pediatric leukodystrophies. In
light of the wide range of disorders to which congenital hypomye-
lination or postnatal demyelination may contribute, and the rela-
tive homogeneity of oligodendrocytes and their progenitors,

these conditions may be particularly appropriate targets for pro-
genitor cell-based therapy. As a result, glial progenitor cells
(GPCs), which can give rise to astrocytes as well as myelinogenic
oligodendrocytes (and hence are equivalently referred to as
oligodendrocyte progenitor cells), have been extensively investi-
gated as potential vectors for the restoration of myelin to the dys-
myelinated brain and spinal cord (Goldman et al., 2012). These
cells may be isolated from both adult and fetal human brain tissue
(Armstrong et al., 1992; Dietrich et al., 2002; Nunes et al., 2003;
Roy et al., 1999; Sim et al., 2011), as well as from PSCs instructed
to a glial or oligodendrocyte progenitor phenotype (Douvaras
etal.,2014; Hu et al., 2009; Izrael et al., 2007; Liu et al., 2011; Nis-
tor et al., 2005; Stacpoole et al., 2013; Wang et al., 2013). In an-
imal models, isolated glial progenitors derived from fetal tissue as
well as from both hESCs and hiPSCs are highly migratory,
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disperse throughout the neuraxis after intracerebral graft, and
can differentiate as oligodendrocytes and myelinate dysmyeli-
nated loci throughout the brain and spinal cord (Windrem et al.,
2004). Perinatal transplantation of human GPCs into hypomyeli-
nated shiverer mice, which normally die by 20 weeks, can rescue
these animals and restore both normal CNS myelination and
neurological phenotype, a capability that may provide a basis
for their use in therapeutic remyelination across a broad range
of demyelinating disorders (Wang et al., 2013; Windrem et al.,
2008). In particular, one may readily envisage that efforts that
are now underway using tissue-derived cells to treat myelin dis-
orders as varied as Pelizaesus-Merzbacher disease in children
(Gupta et al., 2012) and chronic progressive multiple sclerosis
in adults may soon be supplanted by hESC and hiPSC-derived
GPCs. Beyond that, a broad set of both pediatric and adult white
matter disorders, ranging from the leukodystrophies and autoim-
mune demyelination to vascular and age-related white matter
loss, may be promising targets for GPC-based remyelination,
as might iatrogenic causes of demyelination such as radiation
therapy (Fox et al., 2014; Piao et al., 2015).

Since GPCs give rise to astrocytes as well as oligodendro-
cytes and are highly migratory—they typically distribute
throughout the neuraxis after perinatal graft, and can do so
well into adulthood —these cells may also be of great utility in
rectifying the dysmyelination-associated enzymatic deficiencies
of the pediatric lysosomal storage disorders, such as Krabbe
disease, metachromatic leukodystrophy Tay-Sachs disease,
and the mucopolysaccharidoses, among others, as well as the
astrocytic pathology of vanishing white matter disease (Gold-
man, 2011). To be sure, substantial heterogeneity in both astro-
glial ontogeny and phenotype has been noted (Bayraktar et al.,
2015; Chaboub and Deneen, 2012; Schitine et al., 2015; Zhang
and Barres, 2010), most especially so in the adult human fore-
brain (Oberheim et al., 2006, 2009), and it remains unclear how
precisely engrafted glial progenitors can recapitulate the pleo-
morphism of the host glial network they are intended to replace.
In particular, the extent to which the development of astroglial
morphological and functional phenotype in the adult brain is
cell autonomous or context dependent remains unclear. None-
theless, in all of the disorders noted, we can reasonably expect
that allografted human glial progenitors may prove effective at
widespread remyelination and concurrent metabolic correction,
the latter having already been established by Snyder and col-
leagues in mouse models using allografted NSCs (Lacorazza
et al.,, 1996; Lee et al., 2007; Snyder et al., 1995). Combined
with gene editing technologies to correct underlying mutations
(Li et al., 2014), one might then anticipate the use of gene-edited
human iPSCs and their derived GPCs in autologous therapy
of affected children across a broad range of pediatric leukodys-
trophies.

Neurodegenerative Disorders of Single Phenotype

Unlike the glial disorders, which involve a limited number of phe-
notypes of relative homogeneity, the neuronal disorders are a
diverse group, which includes both hereditary and acquired dis-
orders of the CNS, all of which share a loss of central neurons.
The neurodegenerative disorders in particular comprise a het-
erogeneous category that includes both multicentric and diffuse
disorders such as Alzheimer’s disease (AD), and those in which
the loss of a single phenotype predominates, such as Hunting-
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ton’s and Parkinson’s diseases (HD and PD, respectively). The
disorders of the latter category, those neuronal disorders in
which a single region or phenotype is differentially affected,
have proven to be the most amenable to cell type-specific
neuronal replacement in animal models (Lindvall, 2012; Lindvall
and Bjorklund, 2011). These include classical Parkinson’s
disease, in which nigrostriatal neurons are lost before other neu-
rons, and Huntington’s disease, in which striatal atrophy be-
comes apparent long before the onset of more widespread
cortical neuronal loss. Clinical trials of cell transplantation have
already been performed for each of these prototypic neurode-
generative conditions (reviewed in Barker et al., 2013, 2015;
Benraiss and Goldman, 2011; Lindvall and Bjérklund, 2011).
But these trials used fetal tissues dissected from the regions of
interest, which thus included all cell types in the tissue, and not
just the specific populations of nigrostriatal and striatal medium
spiny neurons (MSNs), respectively, lost in PD and HD; in each of
these cases, the target cell types typically comprised but a frac-
tion of the cells delivered. Perhaps as a result, fetal tissue grafts
into PD patients have yielded variable results, with both clear
successes and failures, and a disturbingly high incidence of re-
fractory dyskinesias, in which uncontrollable movements can
negate the functional gains otherwise afforded by the grafted
cells (Barker et al., 2015). Similarly, fetal striatal grafts into pa-
tients with HD have yielded mixed results with little evidence of
significant or durable functional improvement (Cicchetti et al.,
2009). Thus, the specific generation of midbrain dopaminergic
neurons and medium spiny neurons from hESCs and iPSCs
(An et al., 2012; Delli Carri et al., 2013; HD iPSC Consortium,
2012; Kriks et al., 2011; Roy et al., 2006), by providing defined
populations of neurons of relative phenotypic homogeneity,
has enabled a leap forward in the design and therapeutic poten-
tial of cell transplantation for these disorders (Thompson and
Bjorklund, 2015).

Parkinson’s disease. For the midbrain dopaminergic neurons
lost in PD in particular, preclinical animal studies using hESC
and iPSC-derived neurons have proven sufficiently promising
to justify both the scaled production of cells appropriate for clin-
ical transplantation (Hallett et al., 2015; Hargus et al., 2010; Kiku-
chi et al., 2011; Kriks et al., 2011; Roy et al., 2006; Takahashi
et al., 2009) and the design of new clinical trials by which to eval-
uate the efficacy of those cells in disease amelioration. To that
end, new efforts have been initiated both in the US and UK by
Studer and Barker, respectively, and their colleagues using
hESC-derived dopaminergic neurons as donor cells and in
Japan by Takahashi and colleagues with human iPSC-derived
neurons. While each study is promising, having inculcated les-
sons from past fetal tissue-based studies (Barker et al., 2015;
Moore et al., 2014), a number of issues may still limit the promise
of this approach. As noted, past trials of fetal human midbrain tis-
sue implanted into the striata of PD patients yielded inconsistent
results, with durable efficacy in selected cases (Kefalopoulou
et al., 2014), yet many others that failed or developed refractory
dyskinesias. While improved dopaminergic cell purity and acqui-
sition of midbrain nigral phenotype have been achieved in vitro,
whether a new generation of studies using these more homoge-
neous cell preparations will translate into more consistently
improved clinical outcomes remains unknown. At the very least,
PSC-derived dopaminergic populations appear as efficacious
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as their tissue-derived counterparts in rodent models of PD
(Grealish et al., 2014). Nonetheless, the striatal site of implanta-
tion remains fundamentally heterotopic, since the putatively
nigral dopaminergic donor cells are deprived of their normal af-
ferents and are instead engaged by cortical, intrastriatal, and
thalamic afferents that they would otherwise never encounter.
Regardless of donor cell phenotype, it thus remains unclear—
even after 2 decades of study in this field—whether the funda-
mentally non-physiological circuitry that results from intrastriatal
dopaminergic engraftment is sufficiently malleable to restore
normal basal ganglia function to PD patients.

As an additional concern, several groups have reported the
spread of alpha-synuclein aggregates and Lewy body pathology
from Parkinsonian host to donor cells, thereby recruiting the
donor neurons into the disease process (Kordower et al., 2008;
Li et al., 2008). That said, the quantitative significance of this
observation remains contentious (Mendez et al., 2008), and the
persistence of donor cells after over a decade following trans-
plantation suggests biological, if not clinical, durability. Nonethe-
less, the combination of unknown host-to-donor disease spread,
unclear requirements for immunosuppression, and unclear dose
optimization necessarily suggest caution as this cell therapeutic
strategy to PD advances to the clinic. In particular, the risks and
unknowns of this approach must be weighed against the ready
availability of both effective pharmacotherapy for PD and effec-
tive strategies for deep brain stimulation to mitigate disease
severity. Patients refractory to each of these approaches, and
not otherwise cognitively impaired, comprise a distinct minority;
whether the benefits of stem cell-derived dopaminergic cell
transplant to these patients will prove sufficient to justify its
development, costs, and risks remains to be established (Buttery
and Barker, 2014).

Huntington’s disease. An overlapping but distinct set of con-
cerns exists in regards to stem cell-based treatment of HD. While
MSNSs are among the first cell types lost in adult HD, the disease
ultimately affects all central neuronal populations, and patients
typically suffer profound cortical as well as striatal neuronal
loss with disease progression, manifesting as personality
changes, psychoses, and ultimately dementia. Thus, while
current approaches to MSN production and replacement from
hESCs and hiPSCs have progressed significantly, the clinical
utility of MSN addition is necessarily limited: a strategy focused
on striatal neuronal replacement alone may temporize and delay,
but not halt, disease progression. This concern was borne out by
early clinical trials of striatal tissue and cell transplantation in
patients with HD, which largely failed to achieve significant or du-
rable benefit (reviewed in Benraiss and Goldman, 2011). Indeed,
even in experimental models, transplanting hESC and hiPSC-
derived MSNs into the adult striatum has proven challenging,
with little dispersal of donor MSNs into the host striatum, and
thus little evidence of architecturally appropriate neuronal inte-
gration, much less circuit reconstruction, despite MSN-appro-
priate antigenic expression (Arber et al., 2015). As a result, alter-
native efforts for designing cell-based treatment approaches to
HD have focused on using gene therapeutic strategies to trigger
the local production of new MSNs from endogenous subependy-
mal neural stem cells (NSCs) (Chmielnicki et al., 2004). These
newly generated neurons integrate into the diseased striatum
and restore normal basal ganglia circuitry, and their addition is

associated with the substantially prolonged survival of trans-
genic HD mice (Benraiss et al., 2013; Cho et al., 2007). Yet
despite the development of this approach to striatal neuronal
replacement, no effective strategy for inducing functional
cortical neuronal replacement in adults has yet been established,
without which any treatment strategies focused solely on the
striatum will be necessarily limited in efficacy.
Disorders of the Hippocampus: The Memory Disorders
Memory disorders can derive from multicentric thalamic and
cortical disease but also from discrete structural pathology,
thereby lending themselves to cell-based treatment approaches.
New memory acquisition in particular may be impaired by the
loss of basal forebrain cholinergic neurons projecting to the hip-
pocampus, as well as by intrinsic hippocampal disease and
disruption of the hippocampal outflow tracts. In experimental an-
imals with disruption of the cholinergic input to the hippocam-
pus, performance on memory tasks has responded significantly
to iPSC-derived cholinergic neuronal replacement (Liu et al.,
2013). That said, the common memory loss syndromes associ-
ated with early stages of AD and frontotemporal dementia typi-
cally herald overwhelming deterioration across all cognitive
modalities as disease progression ensues; as such, isolated
replacement of cholinergic neurons is likely to prove a durable
clinical strategy in only very selected cases of stable or slowly
progressive memory loss—cases that remain difficult to identify
upfront. One needs also to consider the plethora of central
cholinesterase inhibitors already in use for the treatment of AD-
type dementia, which act to increase central synaptic acetylcho-
line. Whether cholinergic neuronal replacement would ultimately
prove more long-lasting and effective than small molecule
cholinergic agonism remains to be established and must be veri-
fied before transplantation of cholinergic neurons into the basal
forebrains of affected patients can be reasonably considered.
Memory disorders result not only from a failure of inputs to
the hippocampus, but also from loss of the dentate granule
neurons upon which incoming fibers to the hippocampus syn-
apse, or loss of the hippocampal pyramidal neurons to which
the dentate neurons project. The dentate neuronal population
is of particular interest because of its ongoing replacement
by new neurons (Altman and Das, 1965; Eriksson et al.,
1998)—a process that plays a complex role in both the acqui-
sition and extinction of memories (Kempermann et al., 2015).
These new adult dentate neurons arise from subgranular zone
progenitors that may be isolated to purity from human tissue
(Roy et al., 2000) or generated from PSCs (Yu et al., 2014a).
The latter report in particular, which describes the Wnt-depen-
dent production of functional dentate granule neurons from hu-
man iPSCs, establishes the possibility of adding new dentate
neuronal progenitors to hippocampi rendered dysfunctional
by regionally restricted pathologies (Yu et al., 2014b). These
may include such conditions as mesial temporal sclerosis or
ischemic neuronal loss following hippocampal hypoperfusion,
as may occur following cardiac arrest with prolonged resuscita-
tion. While dentate neuronal replacement would not be so suit-
able for the memory loss of AD or Lewy body disease, which
are both multicentric and preferentially involve the hippocampal
pyramidal population, this strategy might well prove beneficial
for treating the focal hippocampal injuries that follow ischemia
and prolonged seizures.
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Disorders of Dispersed Neuronal Phenotypes: The
Epilepsies

Some disorders affect single, or at least relatively uniform,
neuronal types, but are so dispersed throughout the CNS as to
present problems of delivery. In particular, several types of pri-
mary epilepsies may derive from deficits in GABAergic interneu-
ronal numbers and function. GABAergic neurons comprise a
plethora of phenotypes but all share a common transmitter and
most derive from a common developmental source in the medial
ganglionic eminence (MGE). As such, a number of investigators
have asked whether the transplantation of healthy donor inter-
neurons into epileptic cortex may provide benefit to medica-
tion-refractory epileptics (Hunt et al., 2013; Southwell et al.,
2014). This potential treatment strategy was made possible by
the significant migration competence of these cells in the adult
cortex, a vestige of their long-distance migration in early devel-
opment (Wichterle et al., 1999)—a feature shared by glial pro-
genitors, another highly migratory, MGE-derived phenotype
similarly amenable to treating diffuse disease. The recent devel-
opment of protocols appropriate for the production of
GABAergic interneurons from hESCs and iPSCs (Liu et al.,
2000; Maroof et al., 2013) should now enable the assessment
of interneuronal transplantation as an approach toward seizure
control using a clinically realistic cell source.

Yet despite these clear advances in our understanding of inter-
neuronal biology and its importance to the stabilization of cortical
circuits, the pool of epileptic patients appropriate for any inter-
neuron-based cell therapeutic strategy might prove limited. First,
a number of effective medical and surgical treatments for epi-
lepsy are already available, such that a cell-based treatment
approach would only be tenable for those patients substantially
refractory to all currently approved therapeutic modalities. Sec-
ond, the risk of interneuronal engraftment-associated changes
in other cognitive and functional domains must be considered;
the effects of interneuronal integration into existing—and already
aberrant—mature neuronal networks has yet to be established in
primates, much less humans. Moreover, such effects may prove
both variable and unpredictable from patient to patient, depend-
ing on disease history and the local tissue environment. In light of
these considerations—over and above the more generic risks of
long-term intracerebral colonization with PSC derivatives—the
clinical translation of this approach to seizure management will
likely be both slow and cautious. Nonetheless, its promise of
ensuring durable seizure control in otherwise refractory, and
often terribly disabled, patients is so attractive as to justify
intense investigation of this emerging clinical opportunity.
Multicentric and Diffuse Neurodegenerations:
Amyotrophic Lateral Sclerosis and Frontotemporal
Dementia
Unlike the examples thus far discussed, other disorders of single
phenotype are not as attractive as targets for neuronal replace-
ment-based therapy, due to their multicentric pathology, non-
migratory replacement cells, or both. The motor neuronopathies,
such as amyotrophic lateral sclerosis (ALS) and spinal muscular
atrophy, are such problematic cases. Spinal motor neurons may
be readily generated and purified from hESCs and hiPSCs (Da-
vis-Dusenbery et al., 2014; Karumbayaram et al., 2009; Li
et al., 2005; Singh Roy et al., 2005; Wichterle et al., 2002), and
yet their clinical utility is limited both by the multi-segmental na-
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ture of motor neuron loss in these diseases and by our limited
ability to direct long-distance axonal regrowth and target-spe-
cific innervation. As a result, the challenge of designing a cell
replacement strategy appropriate for treating a whole-neuraxis
multicentric neuronal disorder, even one limited to a single
phenotype, has proven daunting.

In response, cell-based treatment approaches for ALS and
other neurodegenerative disorders have begun to shift away
from neuronal replacement and toward the delivery of astro-
cytes, with the goal of correcting underlying glial metabolic defi-
ciencies that may contribute to disease progression in ALS. If
this proves successful, one may envision a rapid transition to
the use of PSC-derived glia for this and related disorders in
which neurons may prove the paracrine victims of glial dysfunc-
tion. In that respect, a number of recent reports have highlighted
the causal contribution of glial cells to the pathogenesis of ALS
(Di Giorgio et al., 2007, 2008; Meyer et al., 2014; Yamanaka
et al., 2008), which has led to a number of trials and trial plans
focused on spinal glial addition, whether from transplanted as-
trocytes or their precursors, the latter including NSCs (Feldman
et al., 2014; Lunn et al., 2014). These efforts have thus far been
limited to the use of human fetal tissue-derived glia, which
have yielded acceptable safety profiles but for which therapeutic
efficacy remains to be assessed; analogous trials have not yet
proceeded to the use of PSC-derived glia.

Importantly, ALS in a large proportion of casesis a forme fruste
of the frontotemporal dementia-ALS complex, which may be
associated with mutations in either the C9orf72 gene, the latter
as a GGGGCC hexanucleotide repeat expansion, or in its target
the TDP43 gene (DeJesus-Hernandez et al., 2011; Renton et al.,
2011). Glial pathology may prove to be contributory in FTD-ALS
just as in the SOD1 mutant ALS models thus far examined; if so,
then FTD-ALS, like sporadic ALS, may similarly prove an
amenable and appropriate target for glial cell-based therapeu-
tics (Serio et al., 2013).

Disorders of the Eye: Retinal Diseases

Several phenotype-specific disorders of the eye—the retina be-
ing a distant yet integral outpost of the CNS—may also prove
appropriate targets for cell therapy. Loss of the retinal pigment
epithelium (RPE) in macular degeneration has been a particular
target of interest, in that efficient protocols for generating RPE
cells from both hESCs and iPSCs have been developed. On
that basis, hESC- and hiPSC-derived RPEs are both now in early
safety trials for macular degeneration (Kamao et al., 2014; Nazari
et al., 2015; Schwartz et al., 2015; Song et al., 2015; Whiting
et al., 2015). More broadly, macular degeneration may be the
first of a number of retinal disorders to be targeted for cell ther-
apy; as more efficient protocols are developed for producing
specific retinal phenotypes from hESC and hiPSCs, a broad va-
riety of both intrinsic retinal disorders and optic neuropathies
may prove appropriate targets for phenotype-specific cell
replacement. In particular, both rod and cone photoreceptors,
lost in disorders as varied as macular degeneration, retinitis pig-
mentosa, and glaucoma, among other etiologies, appear poten-
tially replaceable by stem cell-derived photoreceptors and may
be promising adjuncts to RPE transplants as well (Jayakody
et al., 2015; Warre-Cornish et al., 2014; West et al., 2012).

Importantly, in all of these eye diseases, the fate of implanted
cells can be more readily visualized, and functional outcomes
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more clearly assessed, than with intracerebral grafts of any type.
Indeed, the safety of cell therapeutics in eye disease can be more
confidently ascertained, in that if tumorigenesis or other serious
adverse events are realized, then enucleation of the affected
eye—which would have lacked significant vision in order to
necessitate treatment in the first place —would be a viable option.
As a result of these relative advantages, retinal cell replace-
ment has been perceived as an especially promising target of
CNS cell therapy, with multiple trials underway (Schwartz
et al., 2015; Song et al., 2015). Yet the need for caution even
with such favorable translational opportunities has already
been made clear by the discovery that hiPSC-derived RPEs
prepared for autologous graft had acquired unexpected point
mutations during preparation, as revealed by whole-genome
sequencing of the intended donor RPE cells relative to the fibro-
blasts from which the patient’s iPSCs were derived (https://
www.newscientist.com/article/mg22730334-900). While no clin-
ical complications have been reported in the one patient that
received a transplant before that discovery, the very appearance
of mutations prompted the investigators involved to halt further
recruitment until the basis of these mutations could be better es-
tablished and the safety of the resultant cells better assured.
These events highlight the need for further improvement of re-
programming strategies while nonetheless emphasizing the po-
wer of this technology for autologous therapy once optimized.

Hype: Limits to Therapeutic Advance
Suboptimal Disease Targets
Notwithstanding the many promising neurological targets of
stem cell-based therapy, stem cell therapeutics are hardly a
panacea. Many disorders do not yet lend themselves to cell
replacement-based treatment strategies, whether by virtue of
poorly understood or inimical disease environments, irreproduc-
ible circuit complexity, unfavorable risk- and cost-benefit pro-
files, or already available treatment strategies. This section
addresses these less attractive disease targets, in terms of
both current efforts at developing cell-based treatments for
them, the limitations of those efforts, and—at least in some
cases—the efforts being made to surmount those limitations.
The degenerative cortical dementias. Some prototypic de-
generative dementias, such as AD and Lewy body disease,
appear to be proteinopathies involving a multitude of neuronal
phenotypes—and in some cases glia as well, as in the case of
multisystem atrophy. These disorders involve a multiplicity of
phenotypes, span both anatomic and functional domains, and
may inexorably spread by both contiguous and trans-synaptic
pathways within affected brains (Goedert, 2015; Kim and Holtz-
man, 2010; Luk et al., 2012a; Luk et al., 2012b). AD, mixed AD-
PD presentations, Lewy body disease, and multisystem atrophy
are all examples of such conditions, and they are all character-
ized by the transcellular propagation of pathogenic proteins,
whether B-amyloid or alpha-synuclein. These disorders pose
the shared challenges of an admixture of affected phenotypes,
multicentric and diffuse pathology, and inexorable disease pro-
gression, through pathogenic mechanisms that are not readily
modulated by cell replacement per se. These disorders would
thus seem unlikely to benefit from any attempts at cell replace-
ment-based treatment, whether neuronal or glial, at least until
such time as we have learned enough about their mechanisms

of pathogenesis to abrogate disease progression. Until then,
these disorders would not seem especially apt targets for stem
cell-based treatment approaches.

Stroke. Cerebral infarcts, traumatic brain injury, and spinal
cord injury (SCI) all share an ischemic basis, complicated by an
acute inflammatory and edematous tissue response. Stroke in
particular has been assessed by many groups as a potential
target for cell replacement, and it was among the first targets
of stem and progenitor cell-based transplantation (Hara et al.,
2008; Nelson et al., 2002; Rosado-de-Castro et al., 2013). Yet
stroke occurs in a fundamentally compromised environment of
ischemic infarct, often in regions that have suffered chronic hyp-
oxic ischemia, with its attendant gliosis and inflammation. In this
challenging disease environment, essentially all cell types have
been severely compromised, and their interactions distorted,
with neurons often disconnected from their normal inputs and/
or targets and glial support disrupted. Any cell replacement
strategy designed to repopulate areas of brain lost to ischemic
injury would need to provide the multiplicity of neuronal pheno-
types lost, recapitulate their specific patterns of connection to
one another, and, in the cortex, reproduce the laminar organiza-
tion and connectivity of the host brain. Similarly, the glial popula-
tions would need to be replaced, while the intricate relationship
of parenchymal glia to neurons within their domains would need
to be re-established, just as the neuronal axons would need to be
remyelinated. The requirements for restoring tissue lost to stroke
are thus so demanding that current strategies for cell replace-
ment are simply insufficient. As more phenotypes can be inde-
pendently generated and admixed before transplant, and as
we gain more insight into the potential for self-organization
among those phenotypes, we may hope for future advances in
cell replacement for stroke. But for now and the decade to
come, the likelihood of cell replacement evolving as a significant
treatment modality for stroke and trauma would seem low.
Perhaps in recognition of those difficulties, much work over the
last decade has shifted to using neural and mesenchymal stem
cells (MSCs) in stroke, not as agents for cell replacement, but
rather as immunomodulators intended to suppress the post-
ischemic inflammatory response (Aharonowiz et al., 2008;
Kokaia et al., 2012). This is an approach that may yet prove
promising, but that should not be confused with cell replacement
for structural repair.

Spinal cord injury. Like stroke, SCI has been a target of consid-
erable interest for cell-based therapeutics. Indeed, some of the
first studies of stem cell therapy of CNS disorders were focused
on animal models of SCI, and the first use of hESC derivatives in
humans was that of hRESC-derived putative oligodendrocyte pro-
genitor cells for SCI (Priest et al., 2015). Yet these efforts, and
those using GPCs in particular, were not necessarily well-
matched to the reality of clinical SCI (Bretzner et al., 2011).
Cord injuries are remarkably heterogeneous, and every case is
unique from the standpoint of its individual pathology, which de-
pends upon the nature and timing of the injury, the force vectors
applied to the cord and surrounding vertebral bodies, the local
segmental blood supply and its interruption, the presence of local
root avulsions or hemorrhage within the cord, and whether the
cord was penetrated, among other considerations. At its most
basic, though, non-transective traumatic SCl is in large part a dis-
order of post-injury tissue edema occurring within a closed
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space —the spinal canal—with resultant compression of surface
veins that drain the spinal cord, a resulting feed-forward acceler-
ation of edema and hence ever worsening blood flow, and ulti-
mately infarction of spinal cord tissue. The regional severity of
infarct can vary both segmentally and longitudinally, and it typi-
cally includes both central gray matter and the ascending and de-
scending white matter tracts. Axonal injury is paramount, and
rarely are the lesions of SCI limited to demyelination.

As a result of these considerations, cell-based therapy of the
injured spinal cord has more to do with the issues discussed in
the cellular therapy of stroke rather than that of myelin disease.
As such, attempts to treat SCI, especially severe spinal injuries
involving complete loss of function below given segmental
levels, would seem unlikely to be effective if limited simply to
the delivery of restricted phenotypes, such as GPCs. That said,
other approaches to treat SCI using NSCs, in the hope that neu-
rons generated from those NSCs might establish multi-synaptic
networks able to bypass regions of injury to restore distal inner-
vation, have shown great promise (Nori et al., 2011; Tuszynski
et al., 2014). These advances may be the harbingers of more
effective approaches toward spinal cord repair using grafted
NSCs or lineage-restricted spinal neuronal progenitors (Roy
et al., 2004). Once such local circuit reconstruction is accom-
plished, then adjunctive approaches such as olfactory ensheath-
ing cell delivery (Granger et al., 2012) and GPC delivery (Buchet
et al., 2011; Kawabata et al., 2016; Mozafari et al., 2015), de-
signed to generate peripheral and central myelin (respectively)
and hence improve conduction within locally restored networks,
may be productively deployed to potentiate recovery. Indeed,
the need for multimodal biological therapies in SCl is highlighted
by the additional benefit potentially gained by combining cell
transplantation with matrix-modifying enzymes so as to facilitate
donor cell integration (Ikegami et al., 2005).

Reprogramming Is an Imperfect Process

Many investigators have shifted their efforts in cell therapeutic
development to iPSCs to capitalize upon the potential for autol-
ogous therapy using patient-derived cells, whether with or
without genetic correction of any underlying mutations. Yet
despite the attractiveness of iPSC sources, use of these cells
is not without risk. The transcription-factor-induced reprogram-
ming of somatic cells into fibroblasts can be an imperfect pro-
cess, with both incomplete reprogramming to stem cell ground
state and retention of epigenetic marks referable to donor cell
phenotype (Hochedlinger and Plath, 2009; Kim et al., 2010;
Polo et al., 2010). The induction process may also be associated
with reprogramming-associated mutations (Gore et al., 2011,
Sugiura et al., 2014), which, though poorly understood, have
already necessitated the halt of one clinical trial of iPSC-derived
RPE transplants, as noted previously.

More broadly, it remains to be established whether the
appearance of such mutations during cell preparation reflects
a predisposition to mutation by the hiPSCs, whether during or af-
ter reprogramming. If so, despite the low probability that random
mutations—if they are indeed few and random—would prove
tumorigenic, the appearance of mutations during iPSC induction
and differentiation could pose a significant challenge to the ther-
apeutic development of this cell source. As a result, one might
posit that hESC-derived phenotypes, rather than iPSC-derived,
may be the first into the clinic for a broad variety of disease tar-
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gets, pending the more rigorous assessments that may be
needed to assure the safety of iPSC derivatives.

Direct Induction and Its Limitations

For a variety of disorders, replacement cells must be available
quickly, before the effects of disease and injury become irrepa-
rable, whether by ancillary cell loss or maladaptive circuit recon-
struction. Depending upon the time window during which cells
may be able to effectively integrate into the injured or diseased
neural network, the ramp-up time between PSC cell deployment
and the production of transplantable phenotypes of need may be
problematic. This issue is especially concerning when autolo-
gous cell delivery is desired. Whereas iPSCs and their derivatives
have the advantage of potential autologous use, the long time
frames involved in producing iPSCs from somatic cells, and in
then producing cell types of interest from those cells, can limit
the disease targets for which their use is appropriate. For
instance, any iPSC-based treatment of acute demyelinating in-
juries that might benefit from rapid introduction of GPCs would
likely be hindered by the turnaround time of going from biopsied
fibroblasts to iPSCs to transplantable GPCs, a sequence that
currently spans well over 6 months.

To address this issue, transcription factor-mediated reprog-
ramming has been developed to permit the direct induction of
desired phenotypes from somatic cells. This technique greatly
accelerates the production of desired phenotypes, potentially
enabling their use in disorders for which rapid cell replacement
is required. Such direct induction of selected neuronal pheno-
types was first achieved by Wernig and colleagues (Vierbuchen
et al., 2010; Wapinski et al., 2013), and dopaminergic neurons
in particular were induced from somatic cells using a more
phenotype-specific set of transcription factors (Hargus et al.,
2010; Wernig et al., 2008). These in vitro studies have enabled
the production of autologously derived transplantable neurons
in time frames much shorter than those achievable using
PSCs. More recently, Parmar and colleagues have achieved
the in vivo direct induction of striatal neuronal phenotypes from
resident glial progenitors (Torper et al., 2015), an approach that
may permit the in situ production of desired neuronal pheno-
types in a contextually appropriate fashion. While early in devel-
opment, this approach promises to potentially negate the need
for in vitro production of phenotypes of interest, at least for those
diseases in which healthy resident glial progenitors persist and
remain amenable to directed phenotypic induction.

A similar strategy of direct induction has enabled the produc-
tion of oligodendrocytes and glial progenitor cells from murine fi-
broblasts (Najm et al., 2013; Yang et al., 2013), and although
these phenotypes have yet to be directly induced from human
somatic cells, one may anticipate the likely accomplishment of
this goal as work in the field proceeds. Yet despite the promise
of this approach, its drawbacks may prevent early clinical adop-
tion. Directly induced terminal phenotypes, whether neurons or
oligodendrocytes, are either post-mitotic or nearly so, limiting
their expansion capacity, and thus requiring virtual 1:1 stoichi-
ometry between successfully instructed cells and their intended
product. Since the transduction and phenotypic instruction effi-
ciencies of this technique remain relatively low, the number of
cells of interest produced are similarly low, and unrealistically
so for the purpose of any potential clinical use (Goldman,
2013). Moreover, the inherent heterogeneity within such an
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induced population would complicate assurance of their safety
and hence their regulation.

To address such concerns, more recent attempts have
focused on directly inducing expandable NSCs from somatic
cells, isolating mitotic and multipotential clones, and then gener-
ating cell types of interest, both neurons and glia, from those
cells (Lujan et al., 2012; Thier et al., 2012; Han et al., 2012;
Ring et al., 2012). This approach may permit the production of
both GPCs and their derived oligodendrocytes as well as
neurons from directly induced somatic cells. By this means,
the production of an expandable, homogeneous, and potentially
myelinogenic cell population might be obtained from transduced
somatic cells. Future studies will determine whether this
approach is sufficiently predictable and efficient to enable autol-
ogous therapy and to do so in the time frame required of those
disorders for which rapid cell replacement is needed for func-
tional recovery.

Trial Design Matters

Many potentially effective agents and approaches have gone by
the wayside during clinical assessment because of poorly de-
signed trials that often aggregated populations that varied in
their underlying disease pathogenesis, hence diluting any thera-
peutic effects. Designing a trial to assess the therapeutic
response of cell implantation in any disorder thus requires a
detailed understanding of the pathogenesis and natural history
of that disorder, so as to understand its phenotypic heterogene-
ity, and thus its optimal inclusion criteria and control populations.
Yet even for diseases whose genetic bases and natural histories
are reasonably well-understood, establishing the relative benefit
of a cell therapeutic may prove difficult. As a case in point,
consider the childhood leukodystrophies, which would seem
exceedingly attractive targets for cell therapy, and yet have
become especially difficult diseases for which to design defini-
tive clinical trials, given the rarity of these conditions, their
phenotypic heterogeneity, and our limited understanding of their
natural histories and prognoses. Thus, as exciting as these new
strategies of cell therapy might be, and as strong as the preclin-
ical animal data may be in suggesting their potential efficacy, we
will be unable to establish which treatments indeed provide sig-
nificant benefit, whether that benefit might outweigh the risks
inherent in cell therapy, and whether the durability of their bene-
fits justifies the effort, until we can claim a better understanding
of the heterogeneity and genotype-dependent natural histories
of these disorders and design our clinical trials accordingly.
Inaccurate and Non-predictive Animal Models

The development of cell therapeutics may be delayed by the
mismatch between mouse models of disease and their actual
human counterparts. Mouse models that faithfully replicate
CNS disease genetics, natural history, and pathology are scarce
and limited to selected monogenic hereditary disorders. More
typically, mouse models are established and selected on the
basis of their ability to replicate discrete aspects of disease his-
topathology, often without regard to pathogenesis or the normal
time course of disease progression. For instance, chemotoxic
models of PD, including both 6-hydroxydopamine and MPTP
exposure, have evolved because of their selective depletion of
nigral dopaminergic neurons and associated neurological
dysfunction, yet neither reproduces the human-specific circuitry
or disease environment of human PD patients, who may handle

dopaminergic grafts very differently from their murine avatars.
This distinction was made clear by the inability of experiments
using these mouse models to predict the aforementioned dyski-
nesias that plagued fetal tissue transplants in PD patients, an un-
foreseen sequela that slowed progress in that field for over a
decade (Barker et al., 2015).

Mouse models also fail to reflect the long periods of time often
required for disease evolution in humans, particularly for the
neurodegenerative disorders. For example, HD takes many
years to evolve in humans, and to accelerate the process in
mice, transgenics have been constructed that express much
longer polyglutamine expansions than those appearing in nature.
Perhaps as a result, none of the many types of nominally HD
mice thus far developed faithfully replicate both the typical dis-
ease course and neuropathology of the disease in humans
(Brooks and Dunnett, 2015; Howland and Munoz-Sanjuan,
2014; Menalled and Brunner, 2014). As such, whether cell thera-
peutic strategies modeled in these mice will prove as efficacious
in HD patients remains an uncomfortable unknown.

Similarly, the short lifespan of mice complicates modeling dis-
eases in which different compartments become dysfunctional at
different stages. For instance, peripheral nervous system (PNS)
involvement complicates many of the hereditary human leuko-
dystrophies but often tends to be less apparent in mice, whose
short lifespans can inaccurately minimize the role of less-rapidly
evolving PNS disease. For disorders such as Niemann-Pick,
Krabbe disease, adrenoleukodystrophy, and the mucopolysac-
charidoses, all of which include significant PNS pathology, effec-
tive treatment strategies will need to include systemic enzyme
replacement, or the broad dispersal of enzymatically wild-type
cells throughout peripheral nerves (Hawkins-Salsbury et al.,
2015). As a result, the combination of intracerebral hGPC grafts
with systemic enzyme replacement will likely be necessary to
achieve durable therapeutic benefit for those disorders affecting
both the CNS and PNS. More broadly, this issue suggests
caution in relying too heavily on mouse models of these disor-
ders, lest that reliance lead to the systematic over-estimation
of therapeutic response, based upon the tendency of investiga-
tors to favor simple and clearly defined models for diseases that
are rarely so simple.

Another concern in regards to over-estimating therapeutic ef-
ficacy is in the use of xenografts to model cell therapy, and in
particular assessing the performance of human cells in the
mouse environment, diseased or otherwise. Human cells xeno-
grafted into the mouse brain retain species-specific and cell-
autonomous attributes that distinguish them from their mouse
hosts (Han et al., 2013; Oberheim et al., 2009). This is a specific
issue in modeling the glial and myelin disorders in which human
GPCs may be used to assess glial replacement-based therapeu-
tic strategies. Yet hGPCs preferentially expand and migrate
within murine hosts, out-competing resident mouse glial progen-
itors to ultimately dominate the glial population (Windrem et al.,
2014). As a result, whether the therapeutic benefit afforded by
hGPC engraftment of a myelin-deficient mouse model will prove
as striking when human cells are transplanted into human hosts
remains unclear. Mouse-to-mouse allografts have confirmed the
ability of both healthy glial progenitors and NSCs to out-compete
deficient glial progenitors and myelinate hypomyelinated hosts
(Lachapelle et al., 1994; Mitome et al., 2001; Yandava et al.,
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1999), providing some assurance as to the likely efficacy of
hGPCs in myelinating myelin-deficient subjects, as in the hered-
itary leukodystrophies. But whether allografted GPCs can effec-
tively compete with diseased or deficient GPCs in other disease
settings is unclear. Such concerns are especially germane when
considering the use of hGPC allografts in treating diffuse and
multicentric disorders requiring whole neuraxis glial replace-
ment, such as vanishing white matter disease in children, or
chronic progressive multiple sclerosis in adults. Indeed, these
questions will likely remain unanswered until human trials are
performed, as there are limits to how effectively animal allografts
can ever fully model the performance of human cells introduced
into a human disease environment.

Superiority or Efficacy of Existing Therapies

The risks of employing a cell-based therapeutic in any given con-
dition, or for any individual patient, must be must be weighed
against its efficacy, risks, and costs relative to the standard of
care for that disorder. While this is an easy calculus when one
is dealing with untreatable and otherwise fatal disorders, such
as the childhood leukodystrophies or HD, it is a more nuanced
issue when one considers disorders for which some effective
treatment is already available, where lifespan is not necessarily
threatened by the disease process, or for which the costs may
be high for only incremental improvements in condition or life-
span. The example of PD, noted previously, is especially instruc-
tive in this regard, as essentially all of these considerations come
to the fore: multiple effective treatment modalities already exist
that are effective for the majority of patients, lifespan is only
threatened after the development of refractory disease, most
typically in the late elderly, and both the costs and risks of treat-
ment may be significant. Yet for a minority of younger patients
with early refractory disease, cell-based dopaminergic replace-
ment may be their only current hope of a productive life and
lifespan. At this early stage in the development of stem cell ther-
apeutics, little cost-benefit and risk-benefit analysis has been
done to define those disease targets most appropriate for clinical
development. One recent cost-benefit analysis by Barker and
colleagues (Buttery and Barker, 2014), which compared the
attractiveness of cell therapy in PD to that of alternative stan-
dards of care, has provided both a strong precedent and a road-
map by which to address this issue of comparative efficacy,
which will no doubt become a critically important—and poten-
tially contentious—issue as stem cell medicine progresses. As
with several other emerging fields of medicine, stem cell
neurology is a field that while still in its infancy, will demand suf-
ficient societal resources as to suggest both the need and
benefit of early prioritization of effort.

Toxicities Specific to PSCs and Their Derivatives

While the development of specified neural and glial cell types
from hESCs and hiPSCs has been met with great enthusiasm
in the stem cell community, the rush toward their clinical use
must be tempered by a number of issues that remain problem-
atic in the transition from bench to bedside. Issues of potential
tumorigenicity, immunogenicity, heterotopic differentiation, and
adventitious viral introduction have been extensively discussed
in recent reviews (Kaneko and Yamanaka, 2013; Yu et al.,
2013). In particular, teratoma formation from residual PSCs is a
well-known risk that has been mitigated by the differentiation
of cells in vitro toward terminal lineages, combined with cell sort-
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ing technologies to enrich lineage-restricted progenitors and re-
move persistent PSCs. However, the potential for tissue-specific
tumor formation, with oncogenesis from partially differentiated
hESCs and hiPSCs, may be an even greater concern that is
not alleviated by the absence of PSCs from grafts. Neuroepithe-
lial tumors have been found in grafts of hRESC-derived NSCs and
their derived neuronal progenitors (Roy et al., 2006), as well as in
grafts of cultured NSCs expanded for prolonged periods under
constant mitogenic stimulation (Amariglio et al., 2009). Nonethe-
less, few studies have sought to specifically rule out the pres-
ence of neural or glial tumors in hESC or hiPSC-derived graft
recipients. Long-term survival studies over broad dose ranges,
with rigorous and unbiased neuropathological analysis, will
need to be done in experimental animals to ensure the lack of
tumorigenicity of hESC and hiPSC derivatives. Importantly,
these safety studies will need to be partnered with efficacy
studies utilizing the same protocols, recognizing that the long
in vitro differentiation protocols that may mitigate the risk of
tumorigenesis do not come without a price; prolonged differen-
tiation may limit the expansion and dispersal capability, and ulti-
mately the utility, of the engrafted donor cells.

Besides the well-recognized risk of tumorigenesis from undif-
ferentiated and partially differentiated PSCs lurks the risk of
tumorigenesis from mutations inadvertently introduced during
the intended correction of known mutations. With the advent of
nuclease-dependent gene editing and its potential for safely cor-
recting genomic mutations (Hsu et al., 2014; Li et al., 2014),
autologous cell transplantation of genetically corrected pheno-
types has become an exciting possibility, as first established in
mouse models of sickle cell anemia (Hanna et al., 2007). Yet
while the potential of any residual PSCs or their incompletely
differentiated progeny for undesired expansion after transplant
is already a recognized concern, less attention has been paid
to the possibility of off-target mutations in the host genome im-
parted by Crispr-Cas or TALEN editing. The inherent risk of
any off-target mutations that might be imparted by gene editing
strategies will require stringent measures, such as validation of
the whole genome sequence, to ensure the safety of genetically
corrected cells before transplant. This is a rapidly evolving field
for which stable regulatory policies have yet to be developed.
General Toxicities of Introducing Cells into the Postnatal
and Adult Brain
In addition to the specific risks of PSCs and their derivatives,
introducing cells into the postnatal and mature CNS has its
own set of risks, which include heterotopic neuronal differentia-
tion with functional disruption and epileptogenesis, as well as the
structural disruption and mass effect that may accompany
exuberant cell expansion. Both tissue- and hESC-derived
NSCs have been reported to have escaped to the spinal canal
and ventricular system (Amariglio et al., 2009; Steward et al.,
2014), yielding adventitious growths that auger a high risk of
obstructive hydrocephalus or, in the spinal cord, syringomyelia
(Steward et al., 2014; Tuszynski et al., 2014). Cells escaping to
the subarachnoid space might similarly be associated with sur-
face venous compression and consequent cerebral edema, as
well as with disruption in CSF flow and metabolic waste clear-
ance (lliff et al., 2012).

Perhaps most worrisome of all is the risk of immune rejection
and attendant inflammation and cerebritis, which may be
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coupled to the destruction of grafted cells and consequent trans-
plant failure. Both tissue and cell transplantation trials have
generally included transient systemic T cell-targeted immuno-
suppressive therapy, most typically with calcineurin inhibitors
such as cyclosporine or tacrolimus. Nonetheless, the use of these
agents for prophylaxis of graft rejection in the CNS has been
fundamentally empiric, as optimal protocols forimmunosuppres-
sant coverage have yet to be established for intracerebral grafts
in humans; neither the degree of systemic immunosuppression
required nor the length of time that it should be maintained
have been systematically studied, nor has the extent to which
these protocols might be varied as a function of either donor
cell type or host disease environment. Furthermore, the risks of
chronic immunosuppression are not insignificant, and must
be considered in the risk-benefit analysis of any cell transplant
strategy.

In broad terms then, the list of potential toxicities and serious
adverse events that may be triggered by intracerebral cell deliv-
ery serves to highlight the care with which we must consider the
use of any neural or glial cell therapeutic, as well as the degree to
which we must be vigilant that any cell therapeutic strategy not
trigger the laws of unintended consequences.

Wishful Thinking

A recurrent theme in the design of clinically meaningful cell ther-
apeutic strategies is ensuring the proper pairing of disease tar-
gets with the right donor phenotypes, i.e., those able to achieve
functionally effective cell replacement and circuit repair in the
disease environment. Yet a number of recent efforts have
promulgated the use of donor cells that may be ill-suited for
the disease targets to which they have been applied. MSCs or
stromal cells are a case in point. The homogeneity and ease of
production of these cells has led to substantial interest in their
deployment as cellular therapeutics, and their anti-inflammatory
properties have led to their assessment in a broad variety of dis-
ease models and clinical targets alike (Einstein and Ben-Hur,
2008; Fainstein et al., 2008). Yet grafted MSCs typically do not
survive in the adult human CNS, and early reports of their ability
to produce mature neural phenotypes have been largely dis-
credited. As such, the use of MSCs would seem logically limited
to short-term immune modulation in settings for which pharma-
cological immune suppression has been found ineffective or
otherwise ill-advised, such as in SCI and stroke (DePaul et al.,
2015; Liu et al., 2014). That, as well as the unclear mechanisms
by which MSCs exert their immunosuppressive actions and the
variability of those effects as a function of disease environment
and duration, all serve to limit the utility of MSCs as clinical ther-
apeutics. Whereas they may well prove beneficial in accelerating
recovery from acute conditions exacerbated by central inflam-
mation, such as stroke and relapsing multiple sclerosis—in
each of which they are already under clinical assessment (Co-
hen, 2013; Hess et al., 2014; Rosado-de-Castro et al., 2013;
Vu et al., 2014)—their efficacy in preserving threatened neurons
and glia after acute injury, or improving the ultimate extent of
functional recovery, remains unproven. In that regard, the more
recent use of MSCs and related umbilical cord stem cells in
largely non-inflammatory and structural conditions such as cere-
bral palsy (Englander et al., 2015), and in the genetic non-meta-
bolic disorders of myelin such as Pelizaeus-Merzbacher disease

(Wishnew et al., 2014), while difficult to logicize or critically
justify, again reinforces the point that cell therapeutics should
be deployed only for those conditions in which their proposed
mechanism of action is both well-founded and target-appro-
priate.

Similarly, NSCs have long been promoted as a therapeutic in a
broad variety of conditions that effectively span the gamut of
neurological disease. Yet while these cells may be effective for
some conditions, for many others they may be suboptimal, or
even inappropriate. Indeed, their intrinsic multilineage compe-
tence and phenotypic plasticity can prove counterproductive
to their use in targeted cell replacement. For instance, NSCs
can generate neurons that in a glial disorder might be hetero-
topic, potentially integrating into extant neural networks in prob-
lematic manners. The neuronal phenotypes generated by NSCs
in vivo may be difficult to instruct, and evidence for their pheno-
type-appropriate functional integration in higher cortical net-
works in adults is scarce. By the same token, they may generate
astrocytes in abundance and in an environmentally modulated
fashion, not necessarily producing the phenotypes of interest
when cell-type-specific replacement is the goal. Similarly, their
migration competence in vivo is relatively restricted compared
to their glial progenitor progeny, which are considerably more
effective at long-distance migration and dispersal. As a result,
NSCs may not be as appropriate vectors for the treatment of glial
and myelin disorders as more restricted, and hence functionally
dedicated, GPCs. Yet for both MSCs and NSCs, the tendency of
commercial entities in particular to pursue these phenotypes,
despite their manifest limitations as therapeutic vectors, may
stem not only from such purely commercial considerations as
operative intellectual property and freedom to operate, but
also from the clinical-scale homogeneity and expandability that
may be achieved using these phenotypes. Such scalability is a
necessary condition for the broad clinical adoption of any cell
therapeutic, and yet this prerequisite has thus far proven elusive
for both glial and lineage-restricted neuronal progenitor cells.

Conclusion

Diseases of the CNS are especially attractive targets for human
stem and progenitor cell-based therapy, given the limited tissue
regeneration manifested by the adult brain and spinal cord.
A number of disorders, including diseases of myelin, retinal dis-
ease, PD, and other neurodegenerative states manifested by the
loss of one or more discrete phenotypes, may now be targeted
for cell replacement therapy using hESC and hiPSC derivatives,
in some cases with curative intent. However, other neurological
disorders may not be readily amenable to cell replacement-
based treatment, whether by virtue of an inhospitable disease
environment, poor risk profiles of the donor cells, or a poor
convergence of donor cell capabilities with host needs. Some
may well be medically feasible targets, but may not be practi-
cable, in light of already available alternative therapies or poor
risk-benefit and cost-benefit profiles. In all cases, the suitability
of cell therapy for any given clinical disorder—and indeed for
any individual patient—will depend upon the pathogenesis of
the host disorder, the homogeneity of the deficient host cell
phenotype, the phenotype of the intended donor cells, and the
disease environment into which transplantation is anticipated.
By matching up disease targets with the phenotypes most
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appropriate for their treatment, stem cell neurology may hope to
advance in the most rapid, resource-efficient, and clinically
effective manner going forward.
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