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Abstract Amyotrophic lateral sclerosis (ALS) is a fatal
neurological disease characterized by degeneration of
upper and lower motor neurons. There are currently no clin-
ically impactful treatments for this disorder. Death occurs
3-5 years after diagnosis, usually due to respiratory failure.
ALS pathogenesis seems to involve several pathological
mechanisms (i.e., oxidative stress, inflammation, and loss
of the glial neurotrophic support, glutamate toxicity) with
different contributions from environmental and genetic fac-
tors. This multifaceted combination highlights the concept
that an effective therapeutic approach should counteract
simultaneously different aspects: stem cell therapies are
able to maintain or rescue motor neuron function and mod-
ulate toxicity in the central nervous system (CNS) at the
same time, eventually representing the most comprehensive
therapeutic approach for ALS. To achieve an effective cell-
mediated therapy suitable for clinical applications, several
issues must be addressed, including the identification of
the most performing cell source, a feasible administration
protocol, and the definition of therapeutic mechanisms. The
method of cell delivery represents a major issue in devel-
oping cell-mediated approaches since the cells, to be effec-
tive, need to be spread across the CNS, targeting both lower
and upper motor neurons. On the other hand, there is the
need to define a strategy that could provide a whole dis-
tribution without being too invasive or burdened by side
effects. Here, we review the recent advances regarding the
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therapeutic potential of stem cells for ALS with a focus on
the minimally invasive strategies that could facilitate an
extensive translation to their clinical application.

Keywords Amyotrophic lateral sclerosis - Stem cells -
Transplantation - Clinical translation

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurologi-
cal disease characterized by the degeneration of upper and
lower motor neurons. Currently, there are no clinically
impactful treatments. Death occurs approximately after 3-5
years after the diagnosis, usually due to motor neuron loss
and weakness of skeletal muscles responsible for airway
and respiratory control [1]. ALS represents an extremely
high burden on the life of the affected patients, their fami-
lies, and society. Patients usually require 24-h assistance
with the use of special equipment and aids (walkers, wheel-
chairs, ventilators).

Stem cell therapies represent new hope for patients
affected by conditions such as traumatic injuries and neu-
rological diseases [2]. The possibility to exploit stem cells
as therapeutic strategy is supported by their plasticity and
ability to direct their differentiation in response to extracel-
lular signals. Current cell-therapy strategies take advantage
of multiple types of stem cells to modify disease patho-
physiology, support neurons and surrounding cells through
the release of neurotrophic factors, or directly replace cells.
Cell-mediated therapy is a field of intensive research in
many neurodegenerative disorders.

Many different pathological mechanisms appear to con-
tribute to ALS onset. Regarding familial forms of ALS,
several genetic mutations have been identified as connected
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with the disease, including mutations in Cu®>*/Zn** super-
oxide dismutase (SOD1) and TAR DNA binding protein-43
(TDP-43). More recently, hexanucleotide repeat expansions
in the 5’ noncoding region of the C9orf72 gene have been
discovered as the most common mutation underlying famil-
ial forms of ALS. Neurodegeneration in the more common
form of sporadic ALS might result from a complex inter-
action of multiple cell types and different mechanisms,
including cytoplasmic protein aggregates, glutamate exci-
totoxicity, and the generation of free radicals eventually
combined with mitochondrial dysfunction. All of these fac-
tors can ultimately lead to the disruption of axonal trans-
port processes through accumulation of neurofilament
intracellular aggregates [1, 3].

Furthermore, impaired peripheral immunological
responses and neuroinflammation, due to the contribution
of toxic glia, have been identified as important effectors of
the ALS disease process. Altering the diseased environment
of ALS spinal cord by modulating astrogliosis and provid-
ing neurotrophic support for motor neurons will probably
be crucial to achieve a therapeutic result [4, 5]. Indeed,
therapeutic molecular or cellular strategies directed against
only one of these pathological mechanisms have provided
insufficient results, with only a minimal impact on disease
phenotype [6].

In summary, stem cells seem to be an interesting thera-
peutic tool to approach diseases still without an effective
treatment. However, some important issues need to be
addressed before clinical translation, such as the identifi-
cation of the ideal stem cell source and the best route of
cell administration that should provide the greatest efficacy
with the least invasiveness. Other relevant topics that must
be clarified are the optimal therapeutic window for cell
administration, the ideal balance between differentiation
and persistence of stem cells into the targeted tissue, and
the precise mechanism of tissue repair to promote (i.e., cell
replacement and/or environmental enrichment).

Non-cell-mediated therapeutic approaches to ALS

In the last years, research aimed at the discovery of an
effective treatment for ALS has been increased. The dis-
covery of new causative genes and the development of new
technologies (i.e., advanced RNA sequencing techniques,
the finding and characterization of regulatory RNAs, the
investigation and therapeutic use of antisense oligonucleo-
tides, the discovery and optimization of cell reprogram-
ming techniques) have certainly provided new inputs to this
field. However, to date, riluzole is the only therapeutic drug
approved for ALS with regard to modestly prolonging sur-
vival and delaying the use of supportive approaches, such
as tracheotomy and mechanical ventilation [7]. Numerous

@ Springer

potential reasons underlie the unsuccessful research of an
effective therapy: the availability of representative preclini-
cal models and the design of human trials account for some
of the current problems. International conferences have
been organized to standardize the methodology in animal
models of ALS to search for reasons behind these difficul-
ties and to suggest possible solutions [2].

The research for an effective treatment has been focused
on different therapeutic targets and varied approaches.
Among these, interventions influencing proteins near the
neuromuscular junction and therapies that directly increase
muscular strength are being tested through clinical tri-
als [2]: as a matter of fact, skeletal muscle is a source of
anabolic signals that influences neuron survival, axonal
growth, and maintenance of synaptic connections. Nogo-
A is a neuromuscular junction protein that was shown
to inhibit axonal regrowth; Nogo A levels are increased
in ALS patients’ muscles and in ALS murine models.
GSK1223249, a humanized IgGl-type antibody (mABb)
that binds to Nogo-A, antagonizes its biological function.
In experimental models, anti-Nogo-A antibodies increase
neurite outgrowth in vitro and functional outcome in vivo
[2]. Other strategies derive from the observations that, in
transgenic SOD1 animals, motor neuron death is correlated
with metabolic status. In this model, mutant strains have
lower BMI than wild-type mice, probably due to altered
lipid storage in white adipose tissue [8]. Two clinical tri-
als are assessing alternative therapies involving nutritional
support: the first one (trial NCT00983983) is evaluating the
efficacy of high-fat diet administered to patients with ALS.
The second one (trial NCT00876772), tested the safety and
efficacy of olanzapine, a drug that promotes weight gain, in
ALS [8].

During the past decades, the discovery of mutations in
the SODI gene and, more recently, other genes causative of
motor neuron degeneration, directed attention to the prom-
ising new therapeutic approach of antisense therapy. Anti-
sense therapy is based on the administration of short syn-
thetic and chemically modified nucleic acids that bind to
a specific target on the mRNA, a process which ultimately
leads to the silencing of the target mRNA [9]. Antisense
oligonucleotides (AONSs) are currently employed in differ-
ent clinical trials for several applications.

Several growth factors, such as insulin-like growth fac-
tor 1 (IGF-1), glial cell line-derived growth factor, brain-
derived growth factor, vascular endothelial growth fac-
tor and ciliary neurotrophic factor, have been evaluated
in experimental models of ALS, and have been shown to
have positive effects in the majority of cases [9]. However,
human trials showed modest or no effect of neurotrophic
factor on ALS.

During the last years, increasing scientific interest has
been paid to the possibility of exploiting stem cells as a
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Fig. 1 Cell-mediated therapies. Multiple cell types can be employed
as a source for cell-mediated therapies

therapeutic tool. Stem cell transplantation could represent
a possible therapeutic strategy for ALS via multiple mecha-
nisms, including the reduction of inflammation, the protec-
tion of endogenous motor neurons and neuronal circuitry
and, ultimately, the replacement of degenerated cells [10].

Stem cells

Stem cells are characterized by their potential to continu-
ously renew themselves by symmetric division and to gen-
erate more mature progenitors of multiple lineages through
asymmetric division [10]. Many classifications of stem
cells exist, reflecting the different cell types they can give
rise to and the ways in which the stem cells are derived
(Fig. 1). Embryonic stem (ES) cells are originated from the
inner cell mass of a developing blastocyst and possess the
ability to produce all the three germ layers [10]. Mesenchy-
mal stem cells (MS) can be derived from multiple sources,
including umbilical cord and adult bone marrow; they natu-
rally give rise to osteoblasts, chondrocytes, and adipocytes.

Progenitor cells are derived from more developed fetal or
adult tissues. These cells are multipotent with the capacity
to produce more restricted lineages than ES cells, usually
determined by the germ layer of origin. Among them, neu-
ral stem cells (NSCs) are able to differentiate into different
cell types within a neural lineage. NSCs can be obtained
directly from fetal or adult neural tissue, or by directed
differentiation of ES cells through cell culture manipula-
tion [10]. Induced pluripotent stem cells (iPSCs) represent
a rather novel source of autologous stem cells (Fig. 2).
They are obtained from somatic tissue such as fibroblasts
and reprogrammed to an embryonic stem cell-like pluripo-
tent state by the induction of specific factors expressed in
embryonic stem cells. iPSC were first generated in 2006

from mouse fibroblasts [11], followed by the generation
of human iPSC in 2007 [12]. iPSCs have features similar
to ES with respect to morphology, surface antigens, gene-
expression profiles and differentiation potential with the
great advantage of bypassing rejection-related issues and
ethical controversies.

Among the different cell sources, the selection can be
further deepened aiming to identify a specific population
provided with the most appropriate biological features to
survive, migrate to the disease site, engraft, and properly
differentiate. It was previously described that the selection
of a specific subset of NSCs can provide a major advan-
tage in terms of therapeutic efficacy compared with mixed
NSC/neuronal precursor populations [13—15]. Corti et al.
[13, 16] reported the positive therapeutic effect of a sub-
set of self-renewing, multipotent rodent NSCs selected
for their aldehyde dehydrogenase (ALDH) activity. When
intrathecally transplanted into mice models of motor neu-
ron disease, these cells could efficiently migrate into the
spinal cord and modulate the disease phenotype. The
transplantation of a NSC subpopulation selected for the
double positivity for Lewis X and the chemokine receptor
CXCR4 (LeX+/CXCR4+) modified disease progression
in the SOD1G93A transgenic mice [14]. Indeed, CXCR4
and its ligand SDF-1 are known critical mediators for
the ischemia-specific recruitment of circulating progeni-
tor cells [17] and SDF is expressed also in ischemic brain
[18]. As a result of injury, surviving or invading glial cells
(including activated astrocytes and microglia) produce che-
moattractants such as SDF-1 that may direct cell migration.
The chemotactic signal provided by the presence of SDF
can promote the recruitment of CXCR4 cells into the CNS,
facilitating their transendothelial migration.

Moreover, it could be significant for the therapeutic
effect on motor neuron disease animal models that injected
cells differentiate in a good percentage into the targeted
motor neuron phenotype. Indeed, transplanted motor neu-
ron progenitors were shown to be effective in promoting
neuronal sparing and functional recovery in animal models
of neurodegenerative diseases and spinal cord lesions [19,
20]. Overall, this evidence supports the idea that the identi-
fication and selection of a specific stem cell subpopulation
could be crucial for clinical translation, conferring major
advantages to cell-mediated therapy, including the possibil-
ity to use a minimally invasive administration protocol.

Potential therapeutic effects of stem cells
Cellular therapies exploit cells or tissue grafts as a tool for
treating different pathologies. Treatment goals of stem cell

therapies are commonly focused on two main objectives
that can occur simultaneously.
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Fig. 2 Derivation and application of iPSCs. Induced pluripotent
stem cells can be derived through specific factor reprogramming of
patients’ somatic cells. Pluripotent stem cells are then grown in cul-
ture and differentiated into cell types, such as neuronal cells, which

First, the process of cellular replacement implies the
differentiation of stem cells into the specific neuronal sub-
types affected by the disease, and their proper engraftment
within the injury sites. In this setting, transplanted neuron
integration and cross-talk with endogenous cells may lead
to the restoration of a neural network mimicking the one
lost in the disease.

Cell-mediated strategies have been extensively inves-
tigated in murine models of disease, but some practical
issues might significantly limit the clinical translation
of the direct motor neuron replacement approach: trans-
planted cells should be able to form synapses, direct axons
properly to the target through the inhibitory white matter
and, in the case of ALS, reach the muscular target far from
the cell body in order to recreate the neuromuscular junc-
tion. For all of these reasons, the direct replacement of the
lost motor neurons is unlikely the principal therapeutic
aim to foster.

During the last years, increasing attention has been paid
to the toxic function acquired by astrocytes and microglia
during the development of the disease process through
different mechanisms including loss of metabolic sup-
port, altered neuron-glia interactions and release of toxic
metabolites instead of neurotrophic factors [4, 21]. As a
consequence, cell therapies could be efficacious through a
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combined effect consisting of modulation of glial dysfunc-
tion, support of the endogenous population, and enrichment
of the diseased spinal cord. Preclinical studies have shown
that astrocytes expressing wild-type SODI1 are able to posi-
tively influence the degenerative process of mutant SOD1
motor neurons [22]. Glial-restricted precursors transplanted
into the spinal cords of SODI1 rodents have demonstrated to
differentiate into astrocytes, restore the levels of astrocyte
glutamate transporter, and prolong survival of treated ani-
mals [23].

The second important and complementary aspect is the
environmental enrichment/neurotrophic support stem cells
may provide by releasing trophic factors, scavenging toxic
ones, or creating secondary neural networks around dis-
eased areas. Many strategies for environmental enrichment
exploit stem cells in order to ensure de novo synthesis and
further delivery of neuroprotective growth factors at the
site of disease. Growth factors such as glial-derived neu-
rotrophic factor (GDNF), brain-derived neurotrophic factor
(BDNF), insulin-like growth factor-I (IGF-I), and vascular
endothelial growth factor (VEGF) have been shown to be
protective in neurodegenerative disease models and to pro-
vide local support within the affected CNS [24, 25]. Taken
together, these data reinforce the idea that cell-mediated
therapies might support motor neurons in ALS, especially
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by creating a more trophic and enriched microenvironment
in the spinal cord.

Stem cells preclinical application for amyotrophic
lateral sclerosis

Therapeutic approaches based on stem cell transplantation
were investigated with different results in many neurologi-
cal diseases [26]. Preclinical studies have reported the vital-
ity of endogenous neurons and rescue of function through
the transplantation of multiple types of human stem cells
(i.e., human mesenchymal stem cells derived from umbili-
cal cord or bone marrow, human neural precursor, human-
induced pluripotent stem cells) expressing functional
genes, especially growth factors, in animal models of dif-
ferent neurological disorders, such as stroke, spinal cord
injury, and ALS [26-28]. Many studies will be needed to
assess the safety and efficacy and also to establish a proto-
col of administration feasible for clinical application. Over
the last years, a great number of preclinical studies in ALS
models have been performed with the aim of testing the
therapeutic effects of varying types of stem cells selected
for different characteristics in order to increase their pos-
sibilities to reach the injury site, survive, and properly
engraft [14, 15, 29-33]. Taken together, results provided
by the preclinical studies are promising and could pave the
way for clinical trials in human patients (Table 1). How-
ever, more studies will be needed to obtain data allowing
to precisely define safety and efficacy of this strategy, the
therapeutic effects of stem cell therapy, and to establish an
effective, minimally invasive, and standardized protocol of
administration.

Another fascinating possibility of application of human
stem cells (especially focusing on induced pluripotent stem
cells) in addition to the appealing promise of the therapeu-
tic transplantation, is the one of disease modeling. Indeed,
with standardized methods for stem cell differentiation
becoming available, it is now possible to obtain a great
number of human neuronal cells to investigate and modu-
late disease processes [34]. The discovery and assessment
of reprogramming strategies that exploit specific factors
to derive patient-specific human-induced pluripotent stem
cells (hiPSC) provided a further progress in this direc-
tion (Fig. 2). By using hiPSCs, it has become possible to
obtain human neuronal cells affected by the combination of
genetic variants that caused neurodegeneration in a single
patient. These neurons allow the investigation of pathologi-
cal mechanisms not easily identifiable in postmortem tis-
sues, including some pathogenetic events maybe occurring
before overt disease. Relentless optimization of these mod-
eling methods holds the premises to provide new insights
into diseases of the nervous system [35].

Minimally invasive strategies of administrations to ease
the clinical translation

Neurodegenerative disorders share some common mecha-
nisms leading to neuronal dysfunction and, eventually, cell
death. Current therapies alleviate the symptoms, but they
are not able to rescue or restore the cell function, or even
modulate the disease process leading to neuronal death
[36].

Several issues need to be addressed in order to achieve
an effective clinically translatable therapy: among them
there are the identification of a suitable cell source and the
selection of the most performing cell population allowing
to asses a feasible administration protocol.

Regarding the cell source, iPSCs represent a rather novel
source of autologous stem cells. They can be obtained from
somatic tissue and reprogrammed to an embryonic stem
cell-like pluripotent state with the use of non-viral meth-
ods that, even if less efficacious than the viral ones, possess
the great advantage to constitute a translational approach,
avoiding the major issues of using viral-treated cells for
patients’ treatment [15].

Additional strategies based on the use of bone marrow-
derived MSCs are being implemented for clinical transla-
tion. MSCs substantial amount and relative accessibility
favor their therapeutic potential for autologous cell therapy
in comparison with other stem cell types.

When considering the route of delivery and the adminis-
tration protocol, both crucial aspects for clinical translation,
the issue of cell migration must be addressed. During the
last years, many preclinical studies have provided results
on the possibility of minimally invasive transplanted neural
stem cells (intravenous cell injections or intrathecal ones)
to effectively improve the phenotype of CNS disease model
[37-39]. The ideal route of administration is the one that
allows obtaining the best therapeutic effect with the mini-
mal invasiveness in order to establish a protocol suitable for
human patients (Fig. 3). Indeed, the method of cell delivery
represents a major issue in supporting the clinical transla-
tion of cell-mediated approaches: to be efficacious, cells
must be distributed along the CNS being able to reach both
upper and lower motor neurons. Non-invasive methods
are burdened by minor side effects but they should ensure
a sufficient engraftment. Intrathecal and systemic intrave-
nous transplantations could represent effective approaches
for ALS treatment: both of these strategies are non-invasive
and allow repeated administrations of cells. These features
are essential for achieving a widespread distribution in the
CNS of a significant amount of cells, which may be reason-
ably proportional to the therapeutic efficacy.

Neural stem cells have been shown to be able to target
the injury sites within the CNS and to have the natural habit
to migrate into the CNS [40]. It appears that systemically
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Table 1 continued

Number

Procedure

Location
UsS

Status

Study

NCTO01348451

Intraspinal transplantation (surgical implanta-

tion)

Active, not recruiting

Phase 1, open-label, first in human, feasibility and safety study of human

spinal cord-derived neural stem cell transplantation for the treatment of

amyotrophic lateral sclerosis

Human spinal cord stem cell implantation NCTO01730716

usS

Enrolling by invitation

Phase II, open-label, dose-escalation and safety study of human spinal

cord-derived neural stem cell transplantation for the treatment of amyo-

trophic lateral sclerosis

NCT01640067

Surgical microinjections of human neural stem

cells into spinal cord

Italy

Recruiting

Intra-spinal cord delivery of human neural stem cells in ALS patients:

proposal for a Phase I study

injected murine and human neural stem cells share the
expression of a variety of functional immune-like recep-
tors, such as functional cell adhesion molecules (e.g.,
CD44 and VLA-4) and inflammatory chemokine receptors
(e.g., CCR2, CCRS, and CXCR4). This feature provides
neural stem cells with a leukocyte-like molecular signature
that allows them to interact with activated endothelial and
ependymal cells: this cross-talk is an essential requirement
for systemic delivery [40].

In the spinal cord and brain of both ALS patients and
animal models, infiltration of inflammatory cells and IgG
deposits have been demonstrated together with increased
levels of albumin and IgG in the cerebrospinal fluid of ALS
patients. These findings suggest altered barrier permeabil-
ity in ALS, which probably occurs at both early and late
stage of the disease [41, 42].

In ALS disease, neuronal death leads to the production
of a huge amount of inflammatory molecules, which repre-
sents an attractive target for NSCs homing. This substrate,
taken together with the alterations in the blood—brain bar-
rier reported above, supports the feasibility of a systemic
protocol of administration, which could combine the thera-
peutic effect with minimal side effects on the patients.

Moreover, increasing evidence suggests that ALS is
probably a multi-organ disorder where motor neurons are
selectively affected in the wider context of a systemic dis-
ease. Indeed, a number of documented alterations in ALS
occur in the immune system, skeletal muscle tissue, skin,
and lipid metabolism [43]. These considerations also pro-
mote an approach that is as much systemic as possible: sys-
temically injected stem cells can reach peripheral organs
such as draining lymph nodes and spleen, where they
gather at the boundaries of blood vessels. Here, they can
interact closely with lymphocytes and antigen-presenting
cells (APCs), modifying their maturation and functional
activation [40]. Stem cells can also exert a therapeutic
effect peripherally through the release of neuroprotective
factors at skeletal muscular level, contributing to the main-
tenance of neuromuscular junction integrity. Finally, if cells
are injected systemically, they can be delivered repeatedly
achieving a widespread distribution of significant amounts
of cells in the CNS. It can be speculated that the therapeutic
effect achieved in clinical translation might be directly pro-
portional to the amount of cells that reach the CNS, admin-
istered with repeated injections. Even if many aspects need
to be further investigated (see paragraph below) before
translating most of these fascinating premises to clinical
applications, minimally invasive methods of administration
(i.e., intrathecal and systemic ones) may hold the key to
effectively make cell-mediated therapies clinically feasible.

Indeed, most of these considerations were tested in
our recent study where we isolated a specific neural stem
cell (NSC) population from human iPSCs based on high
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Fig. 3 Rationale for minimally
invasive protocols of adminis-
tration. Features of both neural
stem cells (green boxes) and
ALS disease (red boxes) make
the assessment of minimally
invasive protocols of adminis-
tration feasible

Expression of
immune-like
receptors

Natural homing
to the injury site

~ Intracerebral

~————— Intraspinal

————— Intrathecal

aldehyde dehydrogenase activity, low side scatter, and inte-
grin VLA4 positivity. VLA4 is a surface protein that medi-
ates transendothelial migration; it is expressed on some
hematopoietic cell fractions, in particular on T lympho-
cytes, and mediates their ability to cross the blood—brain
barrier (BBB) [44]. NSCs expressing VLA4 are able to
cross the BBB, particularly in the presence of inflamma-
tion or with a weakened BBB, as in ALS animal models
and human patients. We assessed the therapeutic effects of
these NSCs on the phenotype of ALS mice after minimally
invasive methods of injection (intrathecal and intravenous
injections). Transplanted NSCs migrated and engrafted into
the central nervous system with both routes of administra-
tions. Treated ALS mice exhibited improved neuromus-
cular function and motor unit pathology and significantly
increased survival, compared with controls. Intrathecal and
systemic transplantation of VLA4 + cells into SOD1G93A
mice significantly prolonged survival, by 10 days for the
former method and 23 days for the latter, compared with
vehicle-treated animals. The rotarod test was exploited to
assess motor function in transplanted and untreated ani-
mals: at 4 weeks after starting transplantation, treated
animals showed a significant improvement in rotarod per-
formance relative to untreated (p < 0.001) and fibroblast-
treated animals (p < 0.001) [15].

Ongoing clinical trials with stem cells for ALS patients
A great number of cell-based clinical trials for ALS are
based on the use of mesenchymal stem cells (MSCs).

Several trials based on autologous MSC treatment have
demonstrated the safety and feasibility of intraspinal,
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intrathecal, and intracerebral MSC transplants worldwide.
A Phase 1 clinical study was conducted in Italy to assess
the feasibility and toxicity of mesenchymal stem cell trans-
plantation in ALS patients. Autologous MSCs were iso-
lated from bone marrow, expanded in vitro, and suspended
in the autologous cerebrospinal fluid (CSF). Cells were
then directly transplanted into the spinal cord at a high
thoracic level with a surgical procedure. Ten ALS patients
were enrolled and evaluated before and after transplan-
tation by clinical, psychological, neuroradiological, and
neurophysiological assessments. No immediate or delayed
transplant-related toxicity was reported [45]. Moreover, a
controlled pilot study assessing the safety of intracranial
MSC administration in 20 ALS patients reported a signif-
icantly longer survival in treated patients [46]. A trial on
34 ALS patients conducted in Israel evaluated the feasibil-
ity, safety, and immunological effects of intrathecal and
intravenous administration of autologous MSCs: no major
adverse effects were reported during follow-up and immu-
nological analysis revealed immediate immunomodulatory
effects [47]. As alternative strategy, reported clinical trials
have exploited the granulocyte colony-stimulating factor
(GCSF) to mobilize ALS patients’ MSCs. Trials conducted
in Italy and Canada have assessed safety of this strategy,
demonstrated the mobilization of MSCs, and reported the
occurrence of anti-inflammatory reactions into the spinal
cord [48, 49]. Overall, these trials provide important data
about the safety and feasibility of MSC-based therapies in
ALS patients.

According to information on the website ClinicalTrials.
gov, a Phase 1, open-label, First in Human, Feasibility and
Safety Study of Human Spinal Cord-Derived Neural Stem
Cell Transplantation for the Treatment of Amyotrophic
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Lateral Sclerosis is currently ongoing in the United States,
at Emory University, in Atlanta, Georgia. The first aim
of the trial is to assess the safety and feasibility of direct
intraspinal transplantation of human spinal stem cells
(HSSCs) in ALS patients. The Phase I trial consists of 18
patients divided into six cohorts. The cohorts comprise
three patients each and progress from non-ambulatory to
ambulatory patients, from unilateral to bilateral injections,
and from lumbar to cervical targets. This “risk escalation”
paradigm reflects the gradual increase in risk between
cohorts regarding disease severity and number and place-
ment of HSSC injections. Patients are evaluated at defined
time intervals for functional and quality of life assessments;
life-long follow-up is carried on.

Interim results for safety and functional outcomes were
published for thoracolumbar-only microinjection patients
supporting the safety of serial bilateral thoracolumbar
microinjection in ambulatory patients. No acceleration of
disease related to the injection procedure was shown; an
early finding of clinical improvement in one patient was
demonstrated. Unilateral cervical and cervical plus thora-
columbar microinjections to the ventral horn have been
recently completed in ambulatory patients: one patient
developed a post-operative kyphotic deformity prompt-
ing completion of a laminoplasty, and another required re-
operation for wound complications. The single patient with
bulbar ALS required perioperative reintubation. The FDA
recently approved the progress into a Phase II trial aimed
to define a dose-limiting toxicity threshold and a maximum
tolerated dose for the ALS spinal cord. It will also assess
the range of modifiable infusion parameters that may be
tolerated (injection number, sites injected, total dose deliv-
ered) [50].

A similar clinical trial on ALS patients with stem
cells started in 2010 in Terni, Italy. The trial was named
“Intramedullary transplantation of human neural stem
cells as a putative therapy for ALS: Proposal for a Phase
I clinical trial”. In the trial design, 18 patients have been
recruited and divided into groups of six patients of differ-
ent functional severity starting from patients with greater
impairment. The treatment, in this first phase of the study,
was performed in six patients; neural stem cells have been
transplanted in the lumbar spinal cord. Regarding the safety
of the technique and the surgical procedure, intraopera-
tive complications also did not occur due to the anesthetic.
From the point of view of clinical follow-up, patients did
not reveal any symptoms or signs of complications of the
experimental procedure. No patients experienced adverse
reactions to immunosuppressive therapy that has been prac-
ticed in the 6 months following transplantation.

According to information on the website ClinicalTrials.
gov, there are currently more than 15 ongoing trials of vari-
ous types of stem cell transplantation alone; five that have

completed enrolment, and up to ten trials actively enroll-
ing patients in Spain, China, Italy, the USA, South Korea,
Iran, and Israel. The number of studies is illustrative of the
rapid progress taking place in the field with the perspective
to finally find an effective treatment to this still orphan dis-
ease (Table 1).

From benchside to clinical application: issues to be
addressed

Even if stem cell-mediated therapy can represent a new
promising strategy to cure ALS and other neurodegenera-
tive diseases, some crucial issues still need to be addressed
before supporting the extensive clinical translation.

First, the appropriate delivery of cells to the central
nervous system should be established including not only
the way of administration but also standardized protocols
considering the proper “dose” of cells and the timing and
number of treatments. Furthermore, it is not fully assessed
if transplanted cells need to be delivered with a permis-
sive matrix or growth factors to promote proper migra-
tion and integration of cells into the host nervous system.
Second, confirmation of graft survival is crucial to state
the efficacy. In many preclinical studies, the identification
of grafted human cells in host animal models is achieved
through immunohistochemical identification with human-
specific markers [51]. Upon clinical translation, however,
more sophisticated techniques to detect and state the fate of
grafted cells will be required.

Once stated the best way of delivery, another important
issue is preventing the oncogenic transformation of trans-
planted cells. The use of more differentiated cells such as
neural precursors or fully differentiated neurons could
address this issue: transplanted cells would have a limited
capacity of further proliferation. Another strategy to avoid
tumor complications involves genetic engineering of stem
cells in order to insert specific genes, which can induce cell
death upon specific stimulation. In this way, transplanted
cells could be selectively killed, if necessary, by adminis-
tration of a specific drug.

An additional concern is avoiding the immunorejec-
tion of transplanted cells. This hurdle could be addressed
by exploiting patient-derived stem cells; it can be hypoth-
esized that these autologous cells will be considered as self
by the immune system and thus not rejected. Even if this
is probable, it has not been rigorously proved yet and there
are reasons to question this assumption, including recent
studies that have tested iPSC immunogenicity in various
ways and have reported that reprogrammed cells may pro-
voke an immune reaction after transplantation, even caus-
ing rejection, in animal models [52]. There are several
potential causes of iPSC-derived cell immunogenicity, and
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results may depend on the cell preparation protocol: stem
cells obtained with retroviral transduction triggered most
strongly the host immune response [53]. Moreover, the ran-
dom viral integration might activate or inactivate crucial
endogenous genes. As an alternative to viruses, plasmid-
based transient transfection [14] as well as the introduction
of proteins, RNA, or small molecules able to reprogram tar-
get cells have been tested with varying reprogramming effi-
cacy [53]. It has also to be considered that iPSCs-derived
cells may be useful to treat some genetic diseases, but only
if the underlying mutation is corrected in these cells. How-
ever, the expression of proteins that the patient’s immune
system has never been exposed to, or only in a truncated
form, may lead to an immune response.

Moreover, patient-derived stem cells should not keep
any epigenetic footprint of the original cell (i.e., fibroblast).
This chromatin-based mechanism might limit the develop-
mental potential and, eventually, interfere with the deriva-
tion of completely differentiated and functional neurons.
An epigenetic footprint of the original cell could also result
in aberrant surface antigen expression when iPSCs are dif-
ferentiated into other cell types. Accordingly, modifications
in cell surface proteins due to genetic mutations could lead
to a response by the host immune system [54]. Further
advances in our understanding of reprogramming need to
address these concerns.

Finally, although different methods have been reported
for directed differentiation of stem cells into specific neural
types and their morphological and functional characteriza-
tion, it is fundamental to increase our understanding of how
these neurons change in culture. Moreover, many variables
exist between different reported experimental protocols that
need to be assessed and standardized [55].

To summarize, the future use of human stem cells for
patients’ therapy should be promoted taking into account
the many issues described above. Their application must
also be guided by rigorous ethical principles with a precise
selection of patients suitable for cell-mediated therapies.

Conclusions

Overall, results from different preclinical studies pro-
vide evidence that stem cells may represent an effective
approach for the treatment of ALS. The therapeutic effects
derived from stem cell transplantation are probably due to
multiple events that counteract different aspects of the dis-
ease; this feature is crucial for multifactorial disease such
as ALS. The possibility to exploit patients’ specific cells,
such as iPSCs, and to administer them with minimally
invasive strategies pave the way to future extensive clinical
applications. More specifically, focusing the investigations
on the selection of stem cell populations provided with the
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best biological features in terms of migration to the CNS
and ability to engraft will allow optimizing minimally inva-
sive administration protocols, highly suitable for clinical
applications.

It can also be speculated that a combination of comple-
mentary therapeutic strategies (e.g., pharmacology, molec-
ular therapy, and cell transplantation) that target different
pathogenic mechanisms of the disease will increase the
possibilities of achieving a clinically impactful therapy for
ALS.
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