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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease
which leads to a progressive degeneration of motoneurons. Since the pharmaco-
logical options available provide only a slight increase in life expectancy, cell ther-
apy is emerging as a promising therapeutic alternative for ALS. A growing body of
evidence from studies using genetically engineered ALS animal models demon-
strate the safety and efficacy of therapies based on different cell types such as
mononuclear cells, neural progenitors, and mesenchymal stem cells. Despite the
encouraging results in preclinical studies, cell therapy-based clinical trials for ALS
have achieved only modest results so far, probably due to the genotypic variations
seen among ALS patients, which is difficult to reproduce in animal models.
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The advent of induced pluripotent stem cells (iPSCs) has enabled the develop-
ment of patient-specific cell lines, a valuable tool to investigate in vitro molecular
mechanisms of the disease and therapies in different genetic backgrounds. The
applications of ALS iPSCs and their future therapeutic potential are also briefly
discussed in this chapter.

Keywords: amyotrophic lateral sclerosis; cell therapy; induced pluripotent stem
cells; mesenchymal stem cells; stem cells

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fast-progressing neurodegenerative dis-
ease that affects motoneurons and results in neuronal death. Although neuronal
death is the hallmark of the disease, non-neuronal cells such as astrocytes and
microglia play an important role in disease progression (1). Although much prog-
ress has been made in the comprehension of ALS pathophysiology, only Riluzole
and Edaravone are approved by the FDA (Food and Drug Administration) and
have a modest increase in the survival time (2). Cell therapy is emerging as a
promising strategy to treat ALS. Several cell types have been suggested, including
stem and progenitor cells, and adult somatic cells from different sources, with or
without genetic modifications (Figure 1).

Stem cells are defined as cells capable of self-renewal and differentiation into
more than one cell type. They are classified as totipotent, pluripotent or multipo-
tent, depending on differentiation capabilities. Totipotent stem cells are the
zygotes, that could form the whole individual, while pluripotent stem cells are
capable of forming cells from the three germ layers: as embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs). Multipotent stem cells gener-
ate only cells from a specific linage or tissue, such as neural stem cells (NSCs) or
mesenchymal stem cells (MSCs).

Many factors must be considered to decide the most appropriate cell therapy
for a given patient. The clinical problem and the tissue that must be repaired are
the primary factors. Cell therapy may aim to regenerate cells or tissue, and in this
case pluripotent or multipotent stem cells from the tissue of interest could be used
to replace the lost cells. However, cell therapy could also be used to favor the
damaged tissue survival or regeneration. MSCs, for example, release paracrine
factors that protect host cells that are degenerating, reduce inflammation, stimu-
late angiogenesis, among others (3). In practice, each stem cell has its advantages
and disadvantages for clinical application. For example, ESCs have the advantage
of indefinitely proliferation and broad capacity for differentiation but are prone to
form tumors or differentiate uncontrollably into undesirable cell types. These cells
are of allogeneic origin, requiring immunosuppression when transplanted. iPSCs
could overcome this last limitation, once they can be derived directly from the
patient. Unfortunately, it is still expensive and time consuming to produce patient-
specific iPSCs for therapy. In addition, for diseases such as ALS in which genetic
mutations are involved, autologous cell therapy is not the best choice. Multipotent
stem cells, that comprises MSCs, could be used autologously, avoiding immuno-
logical concerns. However, stem cells from adult tissue are usually present in
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Figure 1. Therapeutic strategies using cells in ALS. Neural stem cells from different sources
could be used to replace motoneurons or glial cells, while mesenchymal stem cells or
mononuclear blood cells have been tested mainly as immunomodulators. Genetic
manipulations, such as growth factors superexpression, can improve cells therapeutic
potential. Created using https:/smart.servier.com/.

limited quantities and have slow expansion rate, hindering autologous use for
the treatment of acute illnesses or traumas, which require immediate treatment.
In addition, the number of adult stem cells in most tissues appears to
decrease with age (4). In this chapter, the use of cell therapy in ALS is discussed.
Different cell types tested in ALS preclinical models and clinical trials are
reviewed. Their limitations, and strategies to overcome these limitations are
described.

CELL THERAPY IN ALS PRECLINICAL MODELS

Different cell types, doses, and administration routes have been tested in ALS
preclinical models, with variable outcomes. The most used cell types in these
studies are mononuclear cells, MSCs and NSCs. The main findings of these thera-
peutic strategies are discussed in the following sections.

Mononuclear cells

The first cell therapy test aimed to replace bone marrow of ALS mice with mono-
nuclear cells from wild-type mice bone marrow or from human umbilical

123



124

Vasques JF et al.

cord (5-7). Mononuclear cells are a heterogeneous population that comprise both
hematopoietic stem cells and MSCs, as well as hematopoietic progenitors, lym-
phocytes and monocytes. At that time, some groups suggested that ALS could be
an autoimmune disease and therefore, such replacement could alter the disease
progression (5). Using this approach, Corti and co-workers showed increased
animal survival and motoneuron protection, while Solomon and co-workers did
not observe alteration in disease evolution despite observing transplanted cells in
the spinal cord (6, 7). Other studies suggested that the number of hematopoietic
stem cells present in each mononuclear fraction transplanted could be the reason
for variable outcomes (5-8). Despite the contradictory results, the use of
mononuclear cells continued to be tested, focusing mainly in neuroinflammation
modulation (8).

Neuroinflammation has been shown to be an important process in disease
pathology. Microglia, astrocytes, and lymphocytes have major roles in ALS (1).
Therefore, cell therapy could act as an immunomodulator, ultimately resulting in
neuroprotection. Intravenous injection of mononuclear cells derived from human
umbilical cord (hUCB-MCs) in a mice model of ALS reduced disease progression
and increased lifespan, even when the cells were administrated after the onset of
the disease (9, 10). This approach decreased microglia density in spinal cord,
reduced pro-inflammatory cytokines in the central nervous system, and increased
lymphocytes and decreased neutrophils in peripheral blood, suggesting that
hUCB-MC therapy could result in motoneuron neuroprotection by modulation of
host inflammatory response (9). Interestingly, hUCB-MCs administrated intra-
cerebroventriculary in murine ALS model also showed positive outcomes.
However, transplanted cells were not found in the spinal cord, corroborating the
hypothesis that injected cells do not necessarily need to be at the injury site to
have a beneficial role (11).

Bone marrow mononuclear cells (BM-MCs) were also tested in mouse models
of ALS. Although they are similar to UCB-MCs, BM-MCs can be used autolo-
gously, avoiding immunosuppression. Using BM-MCs, different injection routes,
such as intraspinal, intramuscular, and intravenous, were tested (12-14).
Therapies using these routes individually showed modest positive outcomes, but
combined transplantation routes were able to delay disease progression and
decrease microgliosis, although there was no change in lifespan (13, 14). These
results are in agreement with the multifactorial profile of ALS, suggesting that an
intervention in multiple pathways is necessary. In addition, BM-MC therapy in
mice model only show positive results when administrated in the presymptomatic
phase, an issue that could compromise translation to the clinic (12).

Mesenchymal stem cells

MSCs are part of the pool of cells harvested from bone marrow. Despite represent-
ing only 0.001% to 0.01% of total cells (15), MSCs have been extensively studied
as key contributors of positive therapeutic effects of BM-MCs. MSCs are versatile
cells that strongly respond to different environments, shifting an important para-
crine activity that impacts neighboring cells. Therapeutic effects of MSCs are con-
sidered to be mostly paracrine, by their ability to secrete a wide variety of growth
factors, cytokines, hormones, extracellular vesicles and even mitochondria, that
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can act locally or systemically. MSCs also have practical advantages to be used in
a clinical setting. They can be harvested from tissues such as bone marrow and
adipose tissue for autologous transplantation, or can be isolated from umbilical
cord, placenta, dental pulp, and other tissues that are often discarded, and used in
allogeneic therapies, since they are low immunogenic (3). They can be expanded
in vitro and stored in large amounts in biobanks, ready to use when necessary (3).
To narrow the types of cells harvested from these tissues, the International Society
for Cellular Therapy has defined minimal criteria for MSC characterization (16).

Preclinical studies of MSC therapy for ALS are primarily based on transgenic
mice and rats with SODI mutations. Despite being a model that genetically repre-
sents only a small portion of ALS patients, it recapitulates critical hallmarks of
motoneuron degeneration such as axonal degeneration, apoptosis, and accentu-
ated gliosis (17). These studies vary in their therapeutic approach, testing differ-
ent MSCs sources, allogenic or xenogeneic origin, therapeutic window,
administration routes and dosages.

MSC therapy for ALS relies mostly on it effects directly on motoneurons and/
or indirectly on glial and immune cells. MSCs produce and secrete a wide variety
of growth factors and cytokines known to be protective to motoneurons, such as
GDNE IGF-1, BDNE NGF and VEGF (18). For this reason, many preclinical stud-
ies injected MSCs directly into the spinal cord, hoping to increase the availability
of these factors to motoneurons. After allogenic transplantation at the onset of
disease in rats, cells remain in the injection site until end stage of the disease,
improving motor capacity, motoneuron survival and increasing lifespan (19),
while human MSCs injected long before symptoms onset in mice were no longer
detected 70 days after injection, improving motor performance without effect on
neuron protection and animals’ survival (20). Thus, these data indicate that inte-
gration of MSCs to the target tissue can impact therapy outcome.

A less invasive approach to make MSCs secretome available to the spinal cord
is delivering cells in the cerebrospinal fluid (CSF) by intrathecal or intracisternal
injection. Injected in the CSE, MSCs were shown to survive in the spinal cord (21),
spread through the ventricular system reaching the brain (22), and even differen-
tiate into astrocytes (23). Moreover, MSCs reduced astrogliosis, microglia prolif-
eration and inflammation in the spinal cord (21, 23-26). However, systemic
administration (less invasive than intrathecal or intracisternal) of MSCs can also
reduce inflammation in the spinal cord with limited homing in neural tissue (27),
reducing oxidative and glutamatergic stress (28) and increasing neurotrophic fac-
tors production by glia (29). The mechanisms by which systemically injected
MSCs exert effects in the CNS are still not clear. Terashima and colleagues (30)
demonstrated that systemic administration of MSCs expressing HGE, GNDF and
IGF-1 were also able to induce the expression of chemoattractants in the spinal
cord, increasing the homing of injected bone marrow cells to this tissue.

Given the wide range of approaches to test the effect of MSCs, Zhou and col-
leagues performed a systematic review and meta-analysis of ALS preclinical stud-
ies using these cells. They included 25 studies published until July 2019 and
found that MSC therapy in general delayed the age of disease onset, improved
motor function, increased lifespan and reduced the estimated hazard ratio for
disease. They also analyzed the effect of the different therapeutic approaches.
However, given the diversity of the parameters among studies, they found no
significant indication of advantage of any specific parameter. However, they point
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to an indication to greater benefit of presymptomatic treatments, adipose tissue
derived MSCs, and a better general response to treatment in female subjects.

Neural stem cells

While the preclinical studies using MSCs in the presymptomatic stage show a
good perspect for future ALS therapies as described above, in the clinical setting,
most patients receive their diagnosis long after the appearance of symptoms, indi-
cating that significant motoneuron death has already occurred. Considering this
situation, neural stem cells (NSCs) from fetal tissue or induced from ESCs and
iPSCs would be an alternative to replace lost motoneurons. Transplanted NSCs
were shown to integrate into ALS spinal cord and differentiate into neurons with
functional synapses, improving motoneuron survival and motor function (31).
However, a newly formed motoneuron in an adult human would have to extend
their axon out of the spinal cord to a specific muscle target, and while few studies
demonstrated the feasibility of this approach (32), this was not yet demonstrated
in ALS models.

Considering that the loss of motoneurons in ALS is not entirely due to cell
intrinsic mechanisms, but also due to glial and systemic signaling, this hostile
environment would also be detrimental to newly formed neurons. In this context,
NSCs can also be used as a source of protective cells, as astrocytes and interneu-
rons that secrete growth factors and act as mediators to reduce local inflammation.
NSCs can be induced to produce glial derived trophic factors such as GDNF (33)
and differentiate into astrocytes (34). Thomsen and colleagues (35) demonstrated
that human NSCs expressing GDNF transplanted into the cortex of ALS rats can
improve symptoms and extend survival after differentiating into astrocytes, and
they have also demonstrated that these cells can be safely transplanted into the
cortex of cynomolgus monkeys (Macaca fascicularis), showing a similar pattern of
astrocyte differentiation. While the prospect to use NSCs to replace motoneurons
is still far away, the use of these cells to generate glia shows a great therapeutic
potential in the near future.

CLINICAL TRIALS USING STEM CELLS IN ALS

A variety of cells, doses, and delivery routes/sites have been tested in ALS patients
with modest positive results regarding efficacy and safety. Clinical application of
stem cells in ALS patients was first reported by Janson and colleagues in a pilot
study with 3 subjects submitted to intrathecal transplantation of 2.0 x 107 or
1.0 x 108 autologous peripheral blood stem cells (PBSCs) (36). Two patients expe-
rienced speech improvement or muscle strength gain for at least 4 months after
the procedure. There were no adverse effects or acceleration of the course of dis-
ease over the following 12 months, indicating the safety of the method. A study
with 20 patients tested a methodological approach aiming to improve the func-
tion of upper motoneurons by injecting 2.5-7.5 x 10° PBSCs into the frontal
motor cortex of enrolled subjects. Compared to control group, the median sur-
vival time was significantly higher in the treatment arm, which also showed stable
score in the ALS Functional Rating Scale Revised (ALSFRS-R) and the Spitzer
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quality of life scale throughout the follow-up period, suggesting a delay in disease
progression (37). An additional trial with a cohort of 67 patients confirmed that
procedure was well tolerated, safe, and feasible (38).

BM-MCs have also been tested for ALS therapy. A single arm phase I trial con-
ducted in Spain performed autologous BM-MCs transplantation by intraspinal
injection in 11 spinal onset ALS patients (39, 40). A median of 462 x 10° cells
were infused at thoracic level and subjects were followed up for 1 year. Most of
the adverse effects reported were mild and transient, and no acceleration in dis-
ease progression was observed, as measured by neurological scales and functional
respiratory indexes. Polysomnography showed no significant changes in sleep
duration, quality, and ventilation after cell injection, suggesting no cortical dia-
phragmatic pathway dysfunction. Histopathological examination revealed that in
the anterior horn of the grafted segments, motoneurons were significantly more
numerous and were surrounded by hematopoietic cells, showing no signs of
degeneration, suggesting a neurotrophic action of transplanted cells, as observed
by the group in previous preclinical study (41). Sharma and colleagues combined
intrathecal and intramuscular autologous BM-MCs transplantation in a cohort of
37 patients and compared them to 20 control subjects (42). The survival duration
was significantly higher in the group that underwent cell therapy and the majority
of the patients reported improvement in speech, swallowing, respiratory capacity,
ambulation, and fine motor activities.

The first FDA-approved stem-cell-based trial for ALS ascertained the feasibility
and safety of intraspinal injections of NSI-566RSC, human fetal spinal cord-
derived NSCs, in 15 patients. Initially, 12 patients received 5 unilateral or 10
bilateral lumbar injections (1.0 x 10° cells/injection) (43, 44) and then, 5 unilat-
eral cervical injections were performed on 3 new subjects and on 3 who had
previously received bilateral lumbar injections (45, 46). Additional 15 patients
were recruited to phase II trial to test the safety of escalating doses of NSCs
(2.0-16.0 x 10 (47). In general, procedure and doses were well tolerated and
many of the adverse events were attributed to the immunosuppressant drugs.
A similar methodological approach was used in a phase I clinical study conducted
in Ttaly, with 18 spinal onset ALS patients (48, 49). In this case, neural progenitors
were isolated from the forebrain of miscarried fetuses. According to ALSFRS-R
scores, there was a significant but transient functional improvement within the
first 4 months after transplantation. Although these trials demonstrate NSCs
safety and some possible efficacy indicators, the use of these cells is often related
to ethical and moral concerns and requires an immunosuppressive regimen,
which can modify the effect of therapy.

BM-MSCs are among the main cell types used in clinical trials for ALS. Mazzini
and collaborators performed two phase I trials with 9 and 10 patients, respec-
tively, to assess the safety of intraspinal transplantation of autologous BM-MSCs
(50, 51). Different doses ranging from 7.0 to 152.0 x 10° cells were injected into
thoracic spinal cord segments and patients were monitored every 3 months until
death. The results of long-term follow-up of the 19 patients confirmed that proce-
dure was safe and feasible, despite the absence of clinical benefits (52). Different
groups have shown that intrathecal transplantation of autologous BM-MSCs was
also feasible and well tolerated (53, 54). A phase I trial conducted in the Republic
of Korea with 7 patients demonstrated the safety of two repeated BM-MSCs intra-
thecal injections (1.0 x 10° cells/Kg/injection) (55) and the efficacy was tested in
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a subsequent phase II study with 64 subjects (56). Changes in the ALSFRS-R
scores showed that cell therapy was effective in delaying disease progression, and
CSF analysis revealed a significant increase in the levels of anti-inflammatory
cytokines as well as a reduction in proinflammatory ones after cell injections.
Based on these studies, the Korean government approved in 2015 the use of
autologous BM-MSCs for the treatment of ALS, becoming the first country in the
world to license the commercialization of a stem cell therapy for the disease. Some
studies have also combined intrathecal and intravenous or intramuscular admin-
istration of BM-MSCs in an attempt to maximize the possible therapeutic benefits
and demonstrated a stabilization of the disease or a reduction in progression
speed (57-60). Transplantation of MSCs derived from other sources such as
adipose tissue and umbilical cord Wharton’s jelly have also been shown to be safe
and well tolerated (61, 62).

Despite the encouraging results obtained so far, further randomized controlled
trials with large sample sizes are needed to ascertain the efficacy of cell types,
doses, and delivery sites/methods so reliable and reproducible therapeutic regi-
mens can be standardized. Stem cell-based clinical trials for ALS are summarized
in Table 1.

MODELLING ALS IN VITRO WITH INDUCED PLURIPOTENT
STEM CELLS

Animal models have contributed enormously to the understanding of ALS patho-
physiological mechanisms (63). However, transgenic animal models represent
only a small fraction of familial ALS patients, and about 90% of cases are consid-
ered sporadic, without a known genetic component directly associated with the
development of the disease. Although motoneuron death is always the final out-
come, different molecular pathways can be involved in this degenerative process,
depending on the patients genetic background (64). The lack of variability in
preclinical research could explain why therapies with promising results constantly
fail or show just modest efficacy results in clinical trials. Therefore, more repre-
sentative ALS preclinical models, especially for the sporadic form of the disease,
are urgently needed.

In 20006, a breakthrough advance in the stem cell field was reported by the
Japanese scientists Takahashi and Yamanaka—the genetic reprogramming of adult
mice cells into embryonic-like pluripotent stem cells, called iPSCs (65). In the
following year, the same feat was achieved with human cells (66). Through this
revolutionary technology, it became possible to obtain stem cells capable of dif-
ferentiating into virtually any cell type from adult somatic cells such as skin, or
peripheral blood cells, or even urine (Figure 2).

In 2008, the first iPSCs were derived from an ALS patient, an 82-years old
woman carrying a rare mutation in SODI gene. Remarkably, the iPSCs could be
differentiated in motoneurons and astrocytes, the two neural cells mainly related
to ALS pathology. Differentiated cells carried the same mutation from the donor
patient, proving it was possible to reproduce in vitro a genetic profile for which,
until then, no study model was available (67). Over the past 15 years, iPSCs have
been derived from familial and sporadic ALS patients, with different genotypes,
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Figure 2. iPSCs can be derived from patient’s somatic cells and differentiated in motoneurons,
glial cells and muscle fibers, to study ALS pathologic mechanisms in vitro. iPSC-derived cell can
also be used in drug screenings and possibly in future cell replacement therapies. Created
using https://smart.servier.com/.

and differentiated into cells of interest for the study of the disease, such as moto-
neurons, astrocytes, oligodendrocytes, and skeletal muscle cells. In these differen-
tiated cells, several important phenotypic alterations were found, which has
contributed enormously to the understanding of the pathological mechanisms of
the disease. Among the most frequent and relevant findings in motoneurons dif-
ferentiated from ALS iPSCs are reduction in viability, the presence of intracellular
protein aggregates, changes in the electrophysiological properties and mitochon-
drial function and dynamics (68). Interestingly, several of these features are also
present in post-mortem neural tissue from ALS patients. An important ALS histo-
pathological marker is the presence of TDP-43 protein aggregates in spinal cord
and motor cortex, and similar aggregates are also consistently found in ALS iPSCs-
derived motoneurons (69). These findings corroborate the value of iPSCs as an
important tool for ALS modelling.

However, the use of iPSCs and iPSCs-derived differentiated neural cells as an
in vitro preclinical ALS model has also important limitations. There is still great
variability among the phenotypic changes found in motoneurons differentiated
from iPSCs by different research groups. Motoneurons harboring different SOD1
mutations, for example, have opposite electrophysiological profiles: while moto-
neurons with the A4V mutation show hyperexcitability, motoneurons with the
D90A and R115G mutations are hypoexcitable and have impaired spontaneous
activity (70, 71). These contradictory results may be a consequence of using
different protocols for iPSCs differentiation, emphasizing the importance of using
standardized protocols in the future. Furthermore, ALS-associated mutations
are related to different onset age and disease progression. Thus, neural cells dif-
ferentiated from iPSCs of patients with late onset and/or slow disease progression
may need a longer maturation time in vitro to show relevant phenotypic altera-
tions (69). Different strategies are being tested to overcome this limitation.
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Pharmacological agents can be used to accelerate cell maturation process. One of
these agentsis progerin, a truncated protein produced by patients with Hutchinson-
Gilford syndrome, whose main characteristic is premature aging. Progerin has
already been used in iPSCs derived from patients with aging-associated degenera-
tive diseases, such as Parkinson’s Disease, successfully accelerating in vitro appear-
ance of cellular features of the disease (72). Thus, although not yet tested in ALS
iPSCs, the use of this drug can be a useful tool in ALS modeling as well. Alternatively,
ALS iPSCs-derived neural cells seem to be more sensitive to different types of
stressors that can be used to speed up phenotypic alterations onset in vitro (73).

In a translational perspective, the use of cells differentiated from ALS iPSCs
could be a useful platform for screening new drugs and therapies, stratifying
responsive patients according to their genetic profile. Several drugs with thera-
peutic potential have already been tested in ALS iPSC-derived neural cells. The
FDA-approved antiparkinsonian drug Ropinirole performed well in in vitro stud-
ies, but just in cell lines harboring SODI mutations, an important indicative that
some pharmacological therapies can be effective only in a specific fraction of ALS
patients (69). However, other drugs, such as Bosutinib, originally used for chronic
myeloid leukemia, seems to be effective for a broader number of patients; this
drug improved motoneuron survival in cell lines derived from patients with muta-
tions in TARDBP and C90rf72 genes, as well as from sporadic patients (74).
Bosutinib is now being tested in a clinical trial with ALS patients (75).

Finally, therapies using iPSCs-differentiated neural cells are promising possi-
bilities. iPSCs-derived dopaminergic neurons have recently been transplanted to
a Parkinson’s patient, with encouraging results (76). However, in ALS, it is neces-
sary for the new motoneuron to expand its axon to the correct target site in the
musculoskeletal system, a complicated task, leaving iPSCs-based motoneuron
replacement therapies still a hope for the future. Transplantation of iPSCs-derived
astrocytes, however, is an easier and interesting approach. This possibility has
already been tested in a mouse model, and animals submitted to human iPSCs-
derived glial progenitors transplantation into spinal cord had an extension in their
lifespan (77).

CONCLUSION

Preclinical studies and clinical trials indicate that cell therapy is a hopeful thera-
peutic alternative to ALS patients. However, further studies are required to deter-
mine ideal cells candidate, doses, and delivery routes. The great heterogeneity in
ALS clinical and genetic presentation also makes it difficult to standardize a
unique therapeutic protocol for cell transplantation. In this context, iPSCs-derived
cells emerge as a promising tool for the optimization of clinical trials, helping to
stratify patients and design effective personalized therapies.
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