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Abstract

Amyotrophic lateral sclerosis and spinal muscular atrophy are devastating neurodegenerative
diseases that lead to the specific loss of motor neurons. Recently, stem cell technologies have been
developed for the investigation and treatment of both diseases. Here we discuss the different stem
cells currently being studied for mechanistic discovery and therapeutic development, including
embryonic, adult and induced pluripotent stem cells. We also present supporting evidence for the
utilization of stem cell technology in the treatment of amyotrophic lateral sclerosis and spinal
muscular atrophy, and describe key issues that must be considered for the transition of stem cell
therapies for motor neuron diseases from bench to bedside. Finally, we discuss the first-in-human
Phase I trial currently underway examining the safety and feasibility of intraspinal stem cell
injections in amyotrophic lateral sclerosis patients as a foundation for translating stem cell
therapies for various neurological diseases.
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Stem cell technologies are becoming increasingly popular tools for the investigation and
treatment of various diseases. In the current review, we describe the foundation supporting
the utilization of stem cells for motor neuron disease treatment. We begin with an overview
of stem cell biology and then discuss the rationale behind the utilization of stem cells for
mechanistic discovery and treatment of amyotrophic lateral sclerosis (ALS) and spinal
muscular atrophy (SMA). Finally, we describe the translation of stem cell therapy from the
bench to the bedside, discussing the first clinical trial currently underway examining the
safety of intraspinal neural stem cell injections in ALS patients.
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Stem cells: the right tool for the right job

‘Stem cell’ is a term commonly used to describe several distinct cell populations that share
specific cellular characteristics. The basic tenets of a stem cell are the ability to self-renew
and differentiate into multiple cell types, and there are a range of cell lineages including
embryonic stem (ES) cells [1,2], neural progenitor cells (NPCs) [3,4], adult neural stem cells
[5], and adult non-neural mesenchymal stem cells (MSCs) [6,7] that differ in their source of
derivation and differentiation potential (Figure 1). Pluripotent cells such as ES cells have
unrestricted ability to differentiate into cells from all three germ layers, whereas the
differentiation of NPCs and MSCs are inherently limited to their respective lineage. While
the pluripotency of ES cells and the neuronal differentiation potential of NPCs and neural
MSC:s are appealing characteristics for the treatment of motor neuron diseases, adult non-
neural MSCs are more abundant and more readily isolated than any of the other adult stem
cells. These cells provide an option for the development of autologous cellular therapies to
circumvent the immunoreactive issues of tissue grafting, but development for the treatment
of neurological disorders relies in part on the ability to differentiate across lineages, from
mesenchymal to neural. Many papers have described the neuronal differentiation of MSCs
to varying degrees [8,9]; however, the generation of MSCs or any other stem cell from a
patient with a degenerative disease carries the risk of the resultant population being
compromised in some way.

When faced with the question of which stem cells are correct for the treatment of disease, it
is likely that there is no right answer. Better questions are what do these particular stem cells
offer for a particular disease, and what is the stem cell expected to do? There are multiple
ways a stem cell can interact with its environment in the context of motor neuron diseases.
Stem cells can offer cellular replacement, augment a cellular population, or provide an
enriched extracellular microenvironment [10]. In motor neuron diseases it is unlikely that
direct replacement of the motor neuron populations will be a viable option. While there are
established protocols to purify and enrich stem cells for motor neuron differentiation, there
is no evidence that cellular replacement would lead to target muscle innervation [11-15]. In
a disease like ALS where the non-neuronal component of disease is perpetuated by glial
dysfunction, addition of ‘fresh’ glia to augment the resident glial population may alleviate
the stress on the endogenous population [16]. Trophic support by grafted cells through the
production of growth factors may also provide first aid to diseased motor neurons [10,17].
Many growth factors have very potent neuroprotective properties and may enrich the
microenvironment of the spinal cord [10]. Each individual stem cell line will have a unique
signature with respect to its secretion profile and its terminal differentiation capabilities. The
strength of stem cell therapy is that the potentially beneficial effects are not mutually
exclusive, and both cellular and trophic interventions are afforded by a single treatment.

Exploration of motor neuron disease mechanisms

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis is an adult-onset, rapidly progressing neurodegenerative
disease characterized by the selective loss of both upper and lower motor neurons. ALS has
an estimated incidence of 3-5 cases per 100,000 in the USA [18], with approximately 10%
of patients affected by familial ALS (fALS). Autosomal dominant fALS is clinically and
pathologically indistinguishable from sporadic ALS and both forms are lethal within 3-5
years of onset. Typically, ALS diagnosis occurs very late in the disease course after
symptoms present, at a point when a large number of motor neurons are already lost. In
1993, mutations were reported in cytosolic Cu2*/Zn%* superoxide dismutase (SOD1) in
several fALS families [19] and currently more than 150 missense mutations in SOD1 have
been identified [20,21]. Despite over a decade of study, however, the etiology of the toxic
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gain-of-function associated with mutant SOD1 has remained elusive. Studies have described
a plethora of mechanisms including mitochondrial dysfunction, protein transport defects,
aggregation, reactive oxygen species, excitotoxic stress, glial and astrocyte dysfunction, and
many others [22]. More recently, mutations discovered in the DNA/RNA binding proteins
TDP-43 and FUS/TLS have also added a new dimension to the genetic component of ALS
and proposed potential mechanisms [23—-26]. The growing consensus, however, is that the
complex ALS disease phenotype is likely due to contributions from multiple mechanisms.

Traditionally, mutations associated with fALS have been utilized in both rats and mice to
develop models for ALS. These rodent models display the same loss of motor neurons
observed in human forms of ALS [27,28]. The SOD1-G93A mouse shows disease onset at
180 days, progressive motor defects and muscle weakness, and endstage at approximately
240 days [28]. The SOD1-G93A rat presents a very aggressive disease course, with disease
onset around 115 days followed by rapid progression to endstage within 11 days, with
associated symptomatic deficits in muscle strength throughout the disease course and motor
neuron loss [27]. Finally, TDP-43 mutant mice develop progressive motor neuron, weight
and muscle loss and provide an additional model to study ALS pathogenesis [29].

Research over the last decade has produced a single US FDA-approved drug for ALS,
riluzole [30]. Since that time, several novel therapeutic approaches with a strong potential to
treat ALS have also been investigated. Silencing of mutant SOD1 using a lentivirus-
delivered short hairpin to SOD1 delays disease onset and disease progression when given
prior to symptom onset in SOD1-G93A mice [31]. The B-lactam antibiotic ceftriaxone
delays motor neuron loss, improves muscle strength and increases survival in the SOD1-
G93A mouse, either through increased glutamate transporter expression [32] or by acting as
a metal ion chelator [33]. Pioglitazone, an anti-inflammatory/antidiabetic agent, also
improves muscle strength and motor neuron survival in SOD1-G93A mice [34]. Both
manganese porphyrin and pyruvate treatments have shown beneficial effects on disease
progression of the SOD1-G93A mouse [35,36]. Finally, growth factors have been
increasingly described for their potential as therapeutic agents. Changes in cerebrospinal
fluid levels of growth factors such as IGF-1, VEGF and others have lead to the hypothesis
that upregulating and maintaining growth factor levels may provide neuroprotection for
motor neurons [37,38]. Indeed, growth factor treatment demonstrates neuroprotective
properties on motor neuron survival in vitro and in vivo [39-43]; however, translation to
larger animals and to humans has been slow and not yielded the expected outcomes [44-48].
These results could potentially be related to the limited accessibility of such treatments to
the motor neurons residing within the spinal cord [43].

Spinal muscular atrophy

Spinal muscular atrophy is an inherited autosomal disease that presents clinically with a
broad range of onset and severity associated with the selective loss of motor neurons within
the spinal cord and muscle weakness. Currently there is no effective treatment available for
SMA and care options are based either around palliative care, respiratory protocols using
Bipap machines, or a tracheotomy to ventilate the patient to assist in breathing. Clinically,
there are four distinct forms of SMA [49]. SMA type | is the leading genetic cause of
infantile mortality, and is the most severe and common form of SMA with an incidence of 1
in 6000. SMA type | is typically diagnosed within the first 6 months of life and has a poor
prognosis, commonly associated with respiratory failure and death within 2 years. Infants
present with proximal weakness, poor muscle tone and the inability to support themselves or
hold their head up. SMA type Il is less severe than type | with a slightly later onset and
longer life expectancy, while SMA types 111 and IV both present with slow, mild muscle
weakness and patients exhibit a normal lifespan. Because of the severity of SMA type | and
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its presentation in such young infants, it is a key disease to target for the development of
stem cell therapies.

Over 90% of SMA cases are caused by a homozygous deletion of the survival motor neuron
(SMN)1 gene. Despite the fact that most cases of SMA are associated with the lack of a
functional SMN1 gene, the lost function of SMN1 that causes disease still remains in debate.
In humans, a second copy of SMN exists, SMN2 [50]. SMN2 is identical to SMN1 with the
exception of a single nucleotide mutation that prompts alternative splicing of the transcript,
resulting in a nonfunctional truncated protein in which exon 7 is deleted. A small proportion
of SMN2-derived transcripts do not get alternatively spliced, however, leading to a very
small amount of functional full length protein that can partially compensate for the loss of
SMN1 [51,52]. Thus, modulating the proportion of SMN2 that gives rise to full-length
protein as a means to treat SMA is the subject of multiple studies [51].

Original attempts to create animal models of SMA relied on a knockout approach; however,
other animals do not have the same SMN duplication as humans and knockout of SMN
results in embryonic lethality [53]. On the other hand, Smn*/~ mice that exhibit
approximately a 50% reduction in SMN protein levels in the spinal cord resemble the less
severe SMA type 11 with a slow disease progression and later-onset motor neuron loss [54].
Models based on the introduction of human SMN2 on a SMN knockout background
(SMN219/Smn~'"), however, have been developed that mimic the genetic basis of human
SMA type | and circumvent the embryonic lethality of traditional SMN knockout models
[55]. The severity of these models is dependent on the dosage of SMN2; mice expressing 1—
2 copies survive to postnatal day 5, whereas more than six copies abrogate the SMA
phenotype in the mice [56,57]. These models further validate the feasibility of targeting
SMN2 expression levels for SMA therapeutic development.

Induced pluripotent stem cells: the future of disease modeling & therapeutic development

Patient-specific induced pluripotent stem (iPS) cells provide ideal new models for the study
of diseases such as SMA and ALS, as they essentially link cell behavior to donor disease
phenotypes. iPS cells, which are developed by reprogramming somatic cells back to a
pluripotent state, offer numerous advantages for studying disease mechanisms and
discovering and developing novel therapies [58-61]. For diseases like ALS where the
majority of cases have no known genetic etiology, iPS cells provide a means to develop
models of both familial and sporadic disease. Patient-specific iPS cell lines can then be used
to examine disease mechanisms, for drug discovery, or as a means to provide cells for
cellular replacement therapy. To generate iPS cells, fibroblasts are isolated after a skin
punch biopsy (Figure 1). After fibroblast expansion, multiple methods exist to generate iPS
lines. The original reported methodology involves retroviral delivery of a cocktail of four
transcription factors known as the Yamanaka factors, consisting of oct3/4, Sox2, c-Myc and
KIf4, which are sufficient to change the phenotype of the fibroblasts, reprogramming them
back to a stem cell state [62]. iPS cells can then be subsequently differentiated into neurons
to generate a new human model of disease. Since the first reports of iPS cells, many groups
have worked to improve the technology using different combinations of up to six factors
[60,62—69]. Various viral delivery mechanisms, or alternatively direct protein treatments,
have also been examined to circumvent some concerns with genomic incorporation and
silencing of the factors, and methods utilizing nonintegrating protocols now exist [60,62—
70]. Some concerns still remain regarding the appropriate protocols for reprogramming
factor combinations and method of gene transfer; however, iPS technology is progressing
rapidly for the modeling of human diseases and drug discovery.

Induced pluripotent stem cell lines have recently been established from patients with
multiple neurodegenerative diseases including Huntington’s disease [71], Parkinson’s
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disease [72] and Freidreich ataxia [73], as well as from ALS [74] and SMA [75] patients.
Dimos et al. described the first iPS cells generated from an 82-year-old ALS patient in 2008
[74]. The patient demonstrated a rare, slowly progressing disease with clear clinical
symptoms. This study demonstrated that neither age nor disease state perturbs the ability to
generate iPS cells. They further showed that iPS cells could generate motor neurons,
although additional assessment of the motor neurons for ALS disease characteristics was not
presented. The first iPS cells from a patient with SMA was described a year later when iPS
cells were derived from a patient with SMA type I, the rapidly progressing infantile form of
SMA [75]. This study revealed the power of SMA iPS cells as a novel disease model,
demonstrating multiple SMA characteristics including lowered SMNL1 transcript levels and
selective reduction of the protein in motor neurons. In addition, these SMA iPS cells reacted
to drug treatments that increased SMN levels, thus validating the iPS platform for drug
discovery in motor neuron disease. Based on these findings using SMA iPS cell lines, the
field is poised for novel drug discovery efforts to identify much-needed treatments for both
ALS and SMA.

While iPS cells are an exciting development for disease modeling and potential autologous
treatments, there are cautionary notes that need to be considered for such a new technology.
The true equivalence of iPS to ES cells is still under investigation, and while genomic
analysis has demonstrated highly similar profiles for certain lines [76], some lines appear to
only be partially reprogrammed. This is of high importance given that many lines are
described only for their morphological appearance, with minimal description of their
capability to differentiate into germ layers. There are also differences in the efficiency and
variability of neuronal differentiation between lines, making line selection an important
consideration for modeling and therapeutic studies [77]. Other potential issues such as
genetic stability, point mutations, Yamanaka factor insertion sites, incomplete transgene
silencing and global epigenetic modifications highlight the need for full characterization of
individual cell lines for further advancement of the field [67,78-82].

Stem cell efficacy for motor neuron diseases

Stem cell efficacy for ALS

Recently, several studies have addressed the potential of stem cells to modulate ALS disease
progression (Table 1). Endogenous NPCs, as well as direct spinal injection of MSCs and
NPCs, have been examined for their potential to provide cellular protection, growth factor
delivery and cellular augmentation. MSCs provide an easily accessible source for
autologous cellular replacement therapies in ALS. Systemic delivery and intrathecal
injection of MSCs in rodent models of ALS demonstrate integration of a small proportion of
cells into the spinal cord [83-86]. Characterization of these MSCs indicate that they are
capable of differentiating into both neurons and astrocytes [83,84,87]. Furthermore, MSC
transplantation in SOD1-G93A mice delays disease progression and motor neuron loss, and
also improves lifespan [16,83,84,86—-88]. NPCs have also been extensively studied for
efficacy in ALS. During the progression of ALS, the endogenous population of NPCs
residing beside the central canal exit quiescence, proliferate, and migrate to the ventral horn
of the spinal cord [89]. While this event provides support and cells to the diseased spinal
cord, it is likely that there are insufficient cells to mount a viable defense against disease
progression. Direct implantation of exogenous stem cells into the diseased spinal cord,
however, is likely to have the greatest impact on disease. Studies have demonstrated the
ability of astrocytes derived from human NPCs to protect motor neurons from degeneration
in SOD1-G93A rats [90], and neurons derived from human NPCs to prevent motor neuron
degradation and prolong survival [4,10]. NPCs grafted directly into the ventral horn of the
spinal cord of SOD1-G93A rats delayed disease onset by 7 days and prolonged the lifespan
by 11 days [4]. The NPCs produced detectable levels of the growth factors glial cell-derived
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neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) within the
cerebrospinal fluid and spinal cord. Furthermore, additional characterization demonstrated
that the NPCs grafted into the spinal cord and form symmetrical synapses with a-motor
neurons and transneuronal transfer between host and grafted neurons was observed,
demonstrating functional neural circuitry [91].

Given that the combination of both cellular and trophic intervention provides added benefit
in ALS model systems, the efficacy of cellular therapies engineered to produce increased
levels of growth factors has also been examined. The protective effects of NPCs derived
from human cortical tissue, which were engineered to produce increased amounts of GDNF
and primarily give rise to astrocytes upon differentiation, have been examined for their
ability to protect motor neurons in the ALS rat [90]. While nonengineered cells did not
provide protection, production of GDNF enriched the spinal cord environment and protected
motor neurons from cell death. Neuromuscular contacts, however, were still lost and disease
onset and survival were not improved. An additional study also supports the transplantation
of human NPCs producing either GDNF or IGF-I into the SOD1-G93A mouse, and
demonstrates attenuation of motor neuron loss, but did not affect overall survival [92]. To
address the potential for distal intervention, however, Suzuki et al. utilized human MSCs as
a shuttle to deliver GDNF to the neuromuscular contacts in SOD1-G93A rats [93]. They
demonstrated that GDNF delivery to muscle maintained neuromuscular contacts, which not
only promoted increased motor neuron survival, but also an increase in lifespan of up to 28
days. Overall, these results support the need for both cellular and axonal motor neuron
treatments for ALS, and provide evidence for the potential efficacy of stem cell therapies for
ALS.

Stem cell efficacy for SMA

Stem cells have recently been examined for their potential for the treatment of SMA (Table
1). Mouse ES cell-derived NPCs were examined in mice for efficacy on SMA disease
progression [94,95]. ES cells, which were predifferentiated into NPCs and motor neuron
progenitors, incorporated into the ventral horn of SMN2!9/Smn~/=/SMNA7*/* SMA mice
after intrathecal injection. The integrated NPCs produced an array of growth factors
including GDNF, BDNF, TGF-a and neurotrophin-3. Engrafted animals demonstrated a
39% increase in lifespan which coincided with improved body weight and grip strength,
decreased motor neuron and muscle loss and maintained neuromuscular contacts. Given the
short time the stem cells have to integrate and mature in the spinal cord, it is somewhat
surprising they had such a dramatic effect. These promising results bode well for the
extrapolation of stem cell therapies to larger animals and eventually humans.

Stem cell intervention for motor neuron diseases is most likely to provide support when the
cellular therapy can be administered earlier in the disease course. Supporting the existing
motor neurons is likely the most critical component to halt or decrease disease progression.
In 2009, California Stem Cell, Inc. (CA, USA) announced the completion of a pre-IND
meeting with the FDA for a Phase 1/11 trial to inject human-grade motor neurons derived
from human ES cells as a therapy for SMA. ES-derived motor neurons are proposed to
alleviate disease by cell replacement and muscle innervation, effects which may be more
viable in younger patients, and through cellular support. Any potential stem cell treatment
for SMA faces similar issues to those described for ALS with respect to motor neuron
replacement; however, neuronal support combined with upregulation of SMN2 may provide
an effective avenue for therapy development. Given the genetic background of the disease,
treatment combining stem cells and gene therapy may enhance stem cell function and
improve therapeutic efficacy.
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Translating stem cell therapy from bench to bedside

Given the increasing body of in vitro and in vivo data supporting the beneficial nature of
NPCs to protect motor neurons in both ALS and SMA, we are at the cusp of the
development of new cellular therapies for both diseases. But what does it take to get
neuroprotective stem cells from bench to bedside? Here we describe the steps required to
make that leap.

Hurdles to cellular transplantation therapy

While there are abundant data supporting the potential efficacy of cellular replacement
therapies in motor neuron disease, there are certain issues that must be considered before
designing a trial and translating therapies to patients [96-98]. Selection of the appropriate
cell type is imperative to achieve the desired neuroprotective outcomes; appropriate amounts
of cells must be accessible and available, and they must exhibit the characteristics that are
predicted to confer neuroprotection while avoiding the potential for tumor formation.
Furthermore, issues regarding cell graft survival must be examined within the transplanted
microenvironment, as well as immune rejection potential. Though some transplantation
options such as MSCs and iPS cells involve the use of autologous cells and could
circumvent the possibility of rejection, immunosuppression must be utilized for most
cellular transplantation therapy options to prevent cellular rejection. Finally, careful
attention must be paid to the technical aspects of cell delivery within the nervous system to
avoid adverse reactions and surgical complications.

Supporting data & rationale

Human NPCs are currently being utilized in a Phase | safety trial in ALS patients. The NPCs
are derived from a single fetus donated after elective abortion. The upper thoracic region of
the spinal cord was dissected out and the cells were expanded to provide a population of
human spinal cord stem cells (HSSCs). These HSSCs have been shown to effectively
enhance recovery of lost motor function in rats after spinal cord ischemic injury [99] and
improve survival up to 20 days in SOD1-G93A rats [4]. Approximately 70% of the HSSCs
injected in to the ventral horn of the spinal cord are of a neural lineage and express both
glutamatergic and GABAergic neurotransmitter markers [100]. Procedural and HSSC safety
was also assessed in a larger animal, the Gottingen-Minnesota minipig [98,101]. Using the
minipig, a dose of 30,000 cells/2—6 pl for injection into the spinal cord was determined to be
well tolerated. Delivery of the cells into the spinal cord was accomplished utilizing an
innovative device designed to deliver HSSCs that reduces surgical complexity while
providing advanced safety and accuracy [98, 102].

The encouraging results of these and other supporting in vitro and in vivo studies provide the
rationale and foundation for the first translational trial of HSSCs in ALS patients. The
current trial is a Phase | trial with the overall objective of validating the feasibility and safety
of direct intraspinal transplantation of stem cells for ALS. While the safety of intraspinal
injection and examination of the toxicity of HSSC transplantation are the primary objectives
of the current trial, validation of this approach will pave the way for future studies
examining the translational efficacy of stem cell transplantation therapy for ALS, and
potentially other motor neuron and neurological diseases. We hypothesize, based on the
supporting studies, that engrafted cells will provide neuroprotection to diseased motor
neurons in ALS patients through direct cellular support, as a source of neurotrophic support,
and by maintaining a suitable spinal cord microenvironment for remaining motor neurons
(Figure 2B).
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Trial design & surgical procedures

In total, 18 ALS patients with varying degrees of disease will receive unilateral or bilateral
injections of HSSCs into the ventral horn of the lumbar or cervical enlargements of the
spinal cord (Figure 2A). Patients are divided into five cohorts (Groups A-E) according to a
paradigm we term ‘Risk Escalation’, which maintains the most conservative path with
respect to risk to patients as the trial progresses (Figure 2C). Subjects undergo surgery to
receive direct intraspinal transplantation of HSSCs following a carefully optimized protocol
based on collective results of large animal and human data [98,101,103-107]. Briefly, the
surgical procedure includes a laminectomy, mounting of an innovative apparatus designed
by our group to stabilize the injection device, controlled injection of HSSCs, and then
regimented postoperative recovery and evaluation. At this point, FDA approval has been
obtained for the first 12 patients and progression through the trial groups will occur as
subsequent subjects continue to present without major adverse side effects.

Outcomes & expectations

To date, the first eight patients have successfully received intraspinal HSSC transplants. The
first six patients in Group A, while nonambulatory, did not experience transplant-related loss
of sensory or remaining motor function. Similarly, the two patients in Group B did not
experience any major adverse effects of the surgery and maintained ambulatory ability.
These results are promising, and support the safety of the procedural technique and
intraspinal cellular transplantation. While multiple questions remain to be addressed with
advancement of the field, we are optimistic that progression through the trial groups and
successful completion of the trial will support the utilization of cellular transplantation for
therapeutic efficacy in ALS.

Future perspective

With the recent advances in stem cell biology, we are poised to move safely, yet rapidly,
towards cellular therapies for neurodegenerative disorders. The development of new human
models for disease via the generation of patient-specific iPS cells will allow us to more
closely relate cellular dysfunction with disease mechanisms. Given the multiple complex
mechanisms that can contribute to disease progression in ALS, comparison of individual
patient iPS cells may reveal hierarchical targets or subdivisions of disease that can be
differentially targeted for pharmacological drug development. Furthermore, safety trials are
already complete for MSCs in ALS [108], and with the completion of further safety trials
using different cell lines, we will begin to distill which components of stem cell therapies
are most advantageous for targeting different aspects of disease. Given what we know
regarding the complex mechanisms and consequences of motor neuron loss in ALS,
combinational therapies with additional factors or reagents and cell cocktails including
NPCs with a propensity to give rise to both glia and neurons will likely afford maximal
effectiveness. We must also consider systemic treatment to maintain neuromuscular contacts
in conjunction with spinal treatments, since both may be essential for a more complete
efficacious therapy. Finally, we must develop better ways of monitoring and visualizing
stem cells in situ within the human body to fully understand long-term effects. With a
greater understanding of the process of cellular transplantation for motor neuron diseases,
we will develop streamlining methods for translational stem cell therapies.

Convincing results in animal models and safety trials for stem cell therapy in humans
currently underway are fueling the drive to translate stem cell therapies from the bench to
the bedside for multiple neurodegenerative diseases. While the current review discusses the
development of stem cell therapies specifically for motor neuron diseases, it should be noted
that the principles discussed also extend to the development of stem cell treatments for other
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neurological disorders and diseases as well. The progress of stem cell technology for
neurodegenerative diseases in general has been reviewed elsewhere [61,109,110] and stem
cells have been extensively studied for Alzheimer’s disease, multiple sclerosis, Parkinson’s
disease and spinal cord trauma [111-113]. In all cases, the cells impact the same three
rationales outlined above: to replace lost cells, augment and support cells, or enrich the
cellular microenvironment. Indeed, ES-derived oligodendrocytes are currently being utilized
in a human trial for spinal cord injury where the proposed mechanisms include cell
replacement and environmental enrichment for neuronal growth [114]. Overall, we have
made great strides in the translation of stem cell therapies from the bench to patients for
motor neuron diseases, and the field of cellular transplantation technology for multiple
diseases is primed for continued advancement.

Executive summary
Stem cells: the right tool for the right job

. Individual stem cell lines may have different innate abilities to provide
support, and growth factor production may be critical to their function.

. The strength of stem cell therapy lies in its ability to combat multiple aspects
of disease treatment in a single therapy.

Exploration of motor neuron disease mechanisms

. The amyotrophic lateral sclerosis (ALS) disease phenotype is complex and
motor neuron loss is likely the result of contributions from multiple
mechanisms including loss of neurotrophic support and glial dysfunction.

. In spinal muscular atrophy, motor neuron loss is associated with significant
decreases in survival motor neuron (SMN)1 protein levels that could
potentially be restored by altering the levels of compensatory SMN2
expression.

. Induced pluripotent stem cells provide a system to examine disease
mechanisms and test potential therapeutics in a patient-specific manner.

Stem cell efficacy for motor neuron diseases

. A combination of maintenance in the spinal cord and at neuromuscular
junctions may be required for a systems approach for the treatment of ALS.

. Stem cell therapy in combination with gene therapy to upregulate SMN2
protein levels may provide cellular support in spinal muscular atrophy.

Translating stem cell therapy from bench to bedside

. In vitro and in vivo data support the efficacy of stem cells for the treatment of
ALS, and data from large animals and humans provide an innovative means
for human spinal cord stem cell transplantation.

. A Phase I trial is currently underway examining the feasibility and safety of
direct intraspinal transplantation of human spinal cord stem cells into ALS
patient spinal cords.

. Results to date on the initial patient groups are promising, and with continued
success, the trial paves the way for the translation of stem cell therapies for
motor neuron diseases and other neurodegenerative diseases as well.
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Figure 1. Derivation of stem cells for the study of neurological disease and therapeutic
development

Embryonic stem cells are derived from the blastocyst inner cell mass and have an
unrestricted ability to differentiate into cells from all three germ layers. Neural progenitors
and neural stem cells are derived from fetal or adult tissue, respectively, and give rise to
neural lineages. Mesenchymal stem cells are derived from bone marrow, but must
differentiate across lineages to produce neural cells for autologous therapies. Fibroblasts are
utilized for the derivation of induced pluripotent stem cells, which may be utilized for the
generation of new models of neurological disease.
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Figure 2. Clinical trial design examining intraspinal transplantation of human spinal cord stem
cells in amyotrophic lateral sclerosis patients

(A) Amyotrophic lateral sclerosis (ALS) patients will receive unilateral or bilateral human
spinal cord stem cell injections in the lumbar or cervical enlargements of the spinal cord
(arrows). (B) Proposed mechanism of neuroprotection conferred by grafted cells in ALS
patients. As motor neurons normally residing in the spinal cord of ALS patients start to
degenerate, injected human spinal cord stem cells are hypothesized to integrate into the
spinal cord to provide a source of cellular support, maintain a healthy microenvironment
within the spinal cord, and provide neurotrophic support to the remaining motor neurons.
(C) The trial will follow a ‘risk escalation’ paradigm, which reflects the gradual increase in
risk between the different cohorts. ALS patients are divided into groups A—E based on
ambulatory ability, number of injections (unilateral vs bilateral), and injection location
(lumbar [L] vs cervical [C]).
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