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Mesenchymal stem cell therapy for the
treatment of amyotrophic lateral sclerosis:
signals for hope?

Based on the distinctive cellular, molecular and immunomodulatory traits of
mesenchymal stem cells (MSC), it has been postulated that these cells may play a
critical role in regenerative medicine. In addition to the participation of MSC in the
repair of mesodermal-derived tissues (bone, cartilage), robust data have suggested
that MSC may also play a reparative role in conditions involving damage of cells
of ectodermal origin. The above content has been supported by the capability of
MSC to differentiate into neuron-like cells as well as by a competence to generate a
‘neuroprotective’ environment. In turn, several preclinical studies have put forward
the concept that MSC therapy may represent an option for the treatment of several
neurological disorders and injuries, including amyotrophic lateral sclerosis. We
expect that the above foundations, which have inspired this review, may result in the
founding of an effective and/or palliative therapy for amyotrophic lateral sclerosis.
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The intention of this review is to examine
the most representative biomedical literature
dealing with cellular, molecular and preclini-
cal studies that have strengthened the notion
that cellular therapy represents a feasible and
robust option for the treatment of amyo-
trophic lateral sclerosis (ALS). Current pro-
posals dealing with the use of cellular therapy
in ALS patients, perhaps epitomize a strong
support to the effort of a group of biomedi-
cal pioneers that without the venia of the
pertinent regulatory (and restrictive) agen-
cies, performed the first (in the USA) clinical
trial infusing autologous bone marrow stem
cells to ALS volunteers [1]. For ALS patients
having no illusion of a panacea, the opening
of that clinical trial symbolized the awaited

right of hope.

Amyotrophic lateral sclerosis

ALS is a chronic neurodegenerative dis-
ease involving parts of the nervous system
associated with the voluntary control of
muscle movement. Given that the disease is

progressive, motor neurons are gradually lost.
As a consequence, the muscles they control
progressively become weak and lastly non-
functional. Usually, primary symptoms of
ALS (encompassing muscle trembling, weak-
ening, hardiness and/or toughness) are disre-
garded. As the disease progresses, muscle tis-
sue are lost and arms and legs begin to look
thinner and speech becomes difficult.

As the disease progress, muscles of the
respiratory system deteriorate and in most
cases, 2-5 years from diagnosis ALS patients
die from respiratory failure. Most people
who develop ALS are between the ages of 40
and 75 years, with the majority over 60 years
of age. It has been estimated that the inci-
dence of the disease is roughly two people per
100,000 per year.

The manifestations of ALS are highly vari-
able from one individual to another. Ulti-
mately, ALS is a clinical diagnosis made by a
neurologist. There is no definitive diagnostic
test for this disease. It has been calculated that
in the USA, every day, an average of 15 people
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are newly diagnosed with ALS and as many as 30,000
Americans may currently be affected. Annually, ALS
is responsible for two deaths per 100,000 people [2.3].

Exploring the cause(s) of ALS

Researchers are actively involved in exploring the
causes and factors that trigger selective motor neu-
rons to degenerate in ALS. It has been reported that
in a type of familial ALS, mutations occurring in the
gene coding for the copper/zinc superoxide dismutase
(Cu, Zn-SODI) are associated with the genesis of an
inherited form of the disease. In addition, it has been
demonstrated that mutations in the Cu, Zn-SODI1
(superoxide dismutase 1) induces motor neuron death
through molecular mechanisms that are not yet com-
pletely established, including endoplasmic reticulum
degradation, activation of apoptosis signals and/or cell
death pathway machinery [4].

Recent studies have documented that insoluble
forms of mutant SODI, via protein miscoding, accu-
mulate in neural tissues of ALS patients as well as
in the spinal cord of animal models expressing these
polypeptides. These findings suggest that mechanisms
and effectors involved in mutant SOD1 accumulation
may play a central role in the onset, development of
early diagnosis and probably in the identification of
potential targets for treatment of ALS [5.6].

In a significant population of ALS patients, as well
as in patients suffering frontotemporal lobar degen-
eration, intracellular inclusions of protein TDP-43 (a
DNA-binding protein) occur in the CNS [7]. Since,
TDP-43 is normally concentrated in the nucleus but
also travels in/out to the cytoplasm, it has been dif-
ficult to define whether the presence of TDP-43 causes
neurotoxicity by a loss- or gain-of-function process [8].
This information as well as recent proof of accumula-
tion of free radicals 9], loss of production of neuro-
tropic factors and regulation/deregulation of apop-
tosis have contributed to the better understanding of
the genesis of ALS and, thus, in the development of
therapies to slow its progression.

Therapeutic options for ALS

It is commonly mentioned that ALS has no prejudice,
since it occurs worldwide, with no age, ethnic or eco-
nomic boundaries [10-12]. Although a cure for ALS has
not yet been found, ongoing research has never been
more active or more promising. Quite a few studies are
in progress to assess novel drugs targets, medications
(13-15], and several other drugs/products to treat ALS,
as indicated in the database of ClinicalTrials.gov [73].
Simultaneously, alternative medicines, that can help to
combat, prolong, reduce and/or improve the quality of
life of patients with ALS, have been explored [16-18].

The prospective use of cell-based therapies to treat
ALS has been a resilient concept in progress since
the end of the last century. The notion has been con-
stantly strengthened with the information emerging
from cellular, molecular and animal studies reveal-
ing the exclusive traits of stem cells that support their
use in the treatment of various conditions [19].

Abundant cellular and molecular data have dem-
onstrated the capability of certain types of embry-
onic, fetal and/or adult stem cells to adopt a neuro-
nal or glial fate and/or to deliver distinctive signaling
molecules (neurotrophins, neurotropic factor family
ligands and neuropoietic cytokines), distinctive of
the neural microenvironment [19,20].

These attributes of stem cells epitomize the hope
of a therapy that might restore function, delay degen-
eration and/or alleviate the symptoms of the dis-
ease in ALS patients, probably by mechanisms not
necessarily involving cell replacement [19-22].

Mesenchymal stem cells (MSCs), a type of meso-
derm-derived stem cell present at low quantities in
some adult tissues (e.g., bone marrow, fat), as well as
in umbilical cord blood and Wharton jelly, have been
considered as an attractive paradigm for developing
clinical protocols to treat various conditions [23].

The above approximation has been based on the
cellular and molecular features of MSCs including
a self-renewal potential and a capacity to commit
and differentiate into a variety of mesenchymal and
non-mesenchymal cell types [24-26]. Furthermore,
MSCs produce a vast array of cellular mediators,
such as growth factors, interleukins, chemokines
and extracellular matrix molecules. In addition to
an easy/skillful procurement and ex vivo expansion,
MSCs minimally express MHC-I but do not express
MHC-II or costimulatory molecules (CD80, CD86,
CD40) on their cell surface. All these attributes have
been considered for the use of MSCs in autologous
and/or allogeneic cellular therapies [27.28].

A number of above-described traits of MSC (self-
renewal, differentiation potential and immunophe-
notype) delineated what has been denominated a
“minimal criteria for defining multipotent mesen-
chymal stromal cells” [29]. However, these traits are
dramatically modified after MSCs interact either
with multifactorial panels of cytokines, matrix mole-
cules, exosomes, microRNAs and/or after cell-to-cell
communication with other cell types.

Depending on the nature of the regulatory mol-
ecules and that of the cell-to-cell interactions, MSCs
trigger a ‘distinctive’ differentiation pattern into cells
of the neural lineage and/or become capable of gen-
erating a wide range of neuroprotective signals. The
cellular and molecular evidences that support the
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above contention are succinctly reviewed in the next
two sections.

MSC differentiation into neural-like cells

Data evolved from tissue culture studies have demon-
strated the capability of MSCs (ex vivo expanded from
various sources) to differentiate under diverse condi-
tions, into cells displaying both a morphology and
an immunophenotype characteristically exhibited by
neural cells [30-35].

The capacity of MSCs to express a fate into a neuron-
like cell involves the expression of specific developmen-
tal programs, as convincingly demonstrated by sophis-
ticated cellular and molecular techniques. In turn, the
contribution of proteomic and genomic studies has con-
tributed significantly to elucidate important pathways
utilized during MSCs’ neural differentiation as well as
in the identification of new proteins and putative tar-
gets for therapeutic intervention [3637]. Representative
information on these studies has been gathered in Box 1.

Neuroprotective regulatory signals produced
by MSCs

The likely utilization of MSCs in cell-based therapies
for the treatment of neurological disorders has been
reinforced by a number of studies disclosing the com-
petence of MSCs to produce neuroprotective signals.
While it is not possible to display a comprehensive list-
ing of such studies, the outcomes of the investigations
summarized in Box 2 will facilitate a better under-
standing of the clinical projection of this particular

feature of MSCs.

Preclinical studies performed to assess the
‘neurological signature of MSCs

Since the end of the last century, and motivated by the
alluring option to utilize cell therapy to treat certain
diseases, numerous preclinical studies have addressed
the issue of whether the infusion of different types of
stem cells/progenitors is feasible, safe and clinically
efficient. In the specific case of MSCs, studies have
been performed to investigate several features linked
with the route of MSC infusion, dose, destination,
homing and/or the production of a beneficial effect in
a particular impaired organ or tissue [27.28].

Box 3 summarizes illustrative preclinical studies
designed to elucidate the onset of neural-associated
mechanisms elicited after the administration of MSCs
either to normal and/or appropriate mouse models of
ALS. The encouraging outcome of these studies has
convincingly supported the cautious clinical trans-
lation of MSC-based cell therapies as an appealing
treatment for human ALS.

Mesenchymal stem cell therapy for the
treatment of ALS: signals for hope?
The cellular, molecular and preclinical features of
MSCs, as indicated in the previous sections, have
encouraged both basic and clinical actors to endorse
the formulation of MSC-based clinical studies as well
as to initiate clinical trials to evaluate the therapeutic
benefit that this type of adult stem cell may have in
patients suffering from ALS.

In a comprehensive report published 3 years ago (6],
it was stated that even though the “...development of

Box 1. Mesenchymal stem cell differentiation into neural-like cells: genomic & proteomic data.

neuroectodermal [41]

Schwann cells for clinical nerve repair [42]

e Differentiation of MSCs into functional neurons was explored after coculture with cerebellar granule neurons.
Under these condition, MSC-derived neuron-like cells express neuronal markers (nestin), several genes (sox,
pax, notch, delta, frizzled, erbB2, erbB4) and a capability to respond to various neurotransmitters [38]

e The differentiation of human bone marrow-derived MSC to a neural lineage was assessed by the expression
of Nestin, Enolase2, MAP1b, KI67 and neural-related transcription factors (Engrailed-1 and Nurr1) [39,40]. It was
found that neuronal marker’s expression occurred mainly in MSC prepared from young but not old donors.
This donor-related heterogeneity must be considered prior to any projected MSC-transplantation strategy

e Cell surface proteome analysis of human MSC demonstrated expression, among many other proteins, of
33 cell adhesion molecules, 26 signaling receptors and 41 CD markers. The expression of these markers was
found to be distributed homogenously, but modulated during differentiation to various lineages, including

e WIJ-MSC exposed to glial growth factors (bFGF, PDGF) differentiate in spindle-like cells that express glial
markers and secrete BDNF, NGF and NT-3. Results suggest that WJ-MSC could be a suitable substitute for

e To further validate the hypothesis that MSCs stimulate neurite outgrowth from spinal neurons, the later cells
were cocultured with MSCs, fibroblasts, MSC-conditioned medium or control medium. Neurite outgrowth was
significantly greater in the presence of MSC and modulated by the release of BDNF and GDNF [43]

¢ Notch signaling participation in the neurogenic commitment of periodontal-derived MSC involves increased
expression of B3-tubulin, neurofilament and Notch signaling target genes Hes-1 and Hey-1. Resulting cells
exhibit neurite-like extensions and an increased expression of neurogenic mRNA markers [44]

MSC: Mesenchymal stem cell; WJ-MSC: Wharton's jelly-derived mesenchymal stem cell.
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Box 2. Production of neurotropic factors, extracellular matrix components, cytokines/growth factors

and anti-inflammatory signals.

and BDNF occurred [47]

ALS [48,49]

¢ In animals with brain damage, implanted MSC improved motor function, which is associated with an increased
expression of neural markers (MAP2, GFAP) and the production of BDNF [45]

¢ In SOD1-mutant transgenic mice (‘ALS-mice’: the animal model of familial ALS), intracerebral injected MSC
migrated/differentiated into glia and neuronal cells (doublecortin+, CXCR4), via production of 31 integrin and
neurotropic factors. Concomitantly, neurological function and cortical neuronal activity was improved [46]

¢ In an ischemic stroke animal model, the infusion of MSC (via cell homing in the damaged zone) improved
neural-behavioral function. Concurrently, expression of neural-specific markers and release of G-CSF, VEGF

¢ Injected MSCs in SOD1 mice during the symptomatic stage of disease, improved survival and motor functions.
In addition, MSCs reduced accumulation of ubiquitin agglomerates and of activated astrocytes and microglia
in the spinal cord of MSC-treated animals. Infused cells turned around the upregulation of metallothionein
mRNA expression, the activity of glutathione S-transferase and reverted both spontaneous and stimulus-
evoked neuronal release of p-aspartate. These findings provide a sustainable rationale for the use of MSCs in

ALS: Amyotrophic lateral sclerosis; MSC: Mesenchymal stem cell; SOD1: Superoxide dismutse 1.

relevant therapies for ALS has been challenging and
elusive. just one ALS clinical trial using MSC was in
progress”. In the referred study [67], the implantation of
autologous bone marrow-derived MSCs was assessed
in four ALS patients. Despite the occurrence of minor
and transient adverse events, the main conclusion
of this pioneer clinical trial was that the infusion of
ex vivo-expanded MSCs into the spinal cord of ALS
patients was safe as well as tolerated and promising.

At present, four clinical studies designed to explore
the effect(s) of MSCs administrated to ALS patients
have been reported to be initiated and/or completed in
different countries (Table 1A). Results proved that the
intrathecal infusion of autologous or allogeneic bone
marrow-derived MSCs to a cohort of approximately 50
ALS patients was safe in terms of absence of complica-
tions at the infusion site. In addition, follow-up analy-
ses showed that cell infusion did not elicit new neuro-

logic deficit(s) beyond those attributed to the natural
progression of the disease.

In terms of efficacy, MSC infusion proved to be
effective, as established by various clinical assess-
ments, including ALS functional rating scale, forced
vital capacity and/or hand held dynamometry [68-72].
Delete 250 to 252: All together, these data suggest that
the infusion of MSCs (either autologous or allogeneic)
produces a slowdown in disease progression, as well as
meaningful survival benefits for ALS patients.

In the studies depicted in Table 1A, the nature and
uniqueness of the disease (see previous section, Amyo-
trophic lateral sclerosis) as well as important dissimi-
larities in cell administration practices (i.e. infusion
route, quality and quantity of MSCs, single/various
infusions, etc.), make it difficult to anticipate the
nature of the mechanisms involved in the beneficial

effect(s) identified after MSC infusion.

Box 3. Prospects for mesenchymal stem cell-based therapies for amyotrophic lateral sclerosis: input

from preclinical studies.

of behavior and neurological function [50]

augmented secretion of neurotropic proteins [51,52]

and recovery [53-59]

ALS: Amyotrophic lateral sclerosis; MSC: Mesenchymal stem cell.

e After intracerebral infusion of MSCs into experimentally damaged rats, it was found that the infused cells
survived, migrated and differentiated into neural lineages. MSCs produce a significant improvement/recovery

e After intracortex infusion of MSCs to ‘ALS-mice’, cells grafted around brain ischemic areas. At 2-4 weeks
after infusion, animals show delayed ALS onset and progression, increased lifespan and an improvement in
functional tests. Beneficial effects seem to be linked to differentiation of MSC into neural-like cells and an

e In various animals models involving injured spinal cord tissue, both the intrathecal and intravenous delivery of
MSC proved to be feasible, safe and minimally invasive. Infused cells reach contused tissues with high grafting
efficiency, differentiate to neural phenotypes and release neurological factors involved in axon outgrowth

¢ The infusion of MSC to ‘ALS-mice’, significantly delayed motor deterioration as evidenced by higher number
of lumbar motor neurons, progenitors migration and upregulated levels of nuero-trophic factors. In addition,
MSCs modulate the secretome of local glial cells toward a neuroprotective phenotype [60-65]
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Table 1. The use of mesenchymal stem cells in the treatment of patients suffering from amyotrophic

lateral sclerosis: information from recently completed clinical studies and ongoing clinical trials.

(A) Published clinical studies

and feasibility

feasibility and efficacy

Allo-BM-MSC/1/1T/safety and

(18 months)
(B) Ongoing/completed clinical trials
# patients(n)/phase

fAuto: Autologous; Allo: Allogeneic.

IT: Intrathecal; IM: Intramuscular.

SNCT clinical trials [73].

TAuto BM-MSCs manipulated to secrete NTFs.

MSC source'/#patients/infusion Main observations Ref.
route*/aim of study
Auto-BM-MSC/19/IT and IV/ safety No major adverse effects; ALS-FRS score [68]

remained stable; MSCs detected in occipital
horns; induction immunomodulatory effects

Auto-BM-MSC/19/1T/safety and MRI revealed no structural changes/no side [69,70]
efficacy effects/no distinct benefits
Auto-BM-MSC/10/1T/safety, No adverse events; no significant deterioration [71]

in ALS-FRS (at 1 year); results suggest a trend
towards disease stabilization

No adverse events; improvement in quantitative [72]
efficacy clinical assessments and in quality of life

Infusion route*/MSC source/dose/others

10/1 Intraventricular/stereotaxic/auto-BM-MSC/ 01759784/Iran
single dose/ safety
1/1 IT; auto-BM-MSC; single dose/safety 01142856/USA
7/ IT; auto-BM-MSC; single dose/safety 01759797/Iran
10/1 IT; auto-BM-MSC; single dose/safety 01771640/Iran
25/1 IT; auto—adipose-MSC; dose escalation/safety 01609283/USA
30/11 IT; umbilical CB-MSC; 4 doses; safety/efficacy 01494480/China
12/1-11 IM; BM-MSC/NTF" to early ALS subjects; safety/ 01051882/Israel

efficacy. IT; BM-MSC/NTF7 to progressive ALS
subjects; safety/efficacy

12/11 IM; BM-MSC/NTFT single/multiple injections,
safety/efficacy. IT, BM-MSC/NTF" single
injection; escalating dose; safety/efficacy

6/1 IT: auto-BM-MSC; single dose, safety

ALS-FRS: Amyotrophic lateral sclerosis functional rating scale; BM-MSC: Bone marrow mesenchymal stem cell; CB-MSC: Cord blood
mesenchymal cell; MSC: Mesenchymal stem cell; NTF: Neurotrophic factor.

NCTS/country

01777646/Israel

01082653/USA

In addition to the clinical studies reviewed above,
a significant number of clinical trials (both in Phase I
and/or II) have been designed and initiated to assess
safety, feasibility and/or efficacy after the infusion of
autologous MSCs to ALS patients (Table 1B).

In the clinical trials described in Table 1B, MSCs from
various tissues sources (bone marrow, cord blood, adi-
pose) will be ex vivo expanded and infused as such or
after ex vivo manipulations, to near 100 ALS patients.

Despite the nascent condition of all these studies, it
is indubitable that for ALS patients and close relatives
of ALS patients, these early outcomes represent a strong
enforcement of their hope for a treatment that improves

functions and/or stops disease progression [74-76]. In
this respect, a regulatory agency has conferred the
designation of ‘orphan drug’ to a clinical study (FDA-
IND 13729) currently under development to inves-
tigate the effect(s) of the intrathecal infusion of bone
marrow-derived MSCs to ALS patients.

Based on the still nascent concept that MSC-based
therapies may provide a new strategy for supporting tis-
sue regeneration and repair in ALS-suffering patients,
the necessity of designing more feasible and efficacious
approaches seems to be an urgent issue. Still, it seems
premature to define a consensus protocol(s) including
methods and practices for the utilization of MSCs in the
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treatment of ALS patients. However, there are certain
issues that should be addressed by biomedical groups
exploring the utilization of a MSC-based therapy for
ALS patients.

Among them, we would like to call the attention to
the following issues.

Use of autologous, allogeneic or both classes
of bone marrow-derived MSCs (BM-MSCs)
Despite both autologous and allogeneic BM-MSCs
having been safely administered to ALS individu-
als (Table 1A), it is not clear whether MSCs from both
origins exhibit the same biological traits. In contrast to
studies demonstrating that traits of BM-MSCs from
ALS patients and healthy donors are rather similar [77),
other studies have demonstrated important differences.
Among them changes in telomerase activity, telomerase
enzyme protein and telomerase RNA transcripts [78], the
expression of critical primary effectors of extracellular
matrix remodeling and stem cell mobilization [79], the
transcriptional network regulating pluripotency (Oct4
and Nanog) and in the expression of several growth
factors [80].

In the same vein, expression of two genes (CyFIP2
and Rb6BP9) involved in post-transcriptional RNA edit-
ing exhibited a significant decrease in MSCs from ALS
patients as compared with healthy individuals (81). Since,
the escalation of these differences seems to be propor-
tional to disease progression rate [s2], the significance
of the therapeutic implantation of autologous MSCs in
ALS patients needs to be carefully reevaluated.

The statement above is also supported by the results of
several studies demonstrating that factors such as aging,
sex, smoking, body mass index, alcohol and medication
consumption significantly contribute to alter both the
quantity (ex vivo expansion passages) and quality (cellu-
lar and molecular traits) of BM-MSCs [27,83,84]. Accord-
ingly, it must be established whether the administration
of allogeneic as compared with autologous MSCs, is not
only faster but more effective. Accordingly, the use of
healthy allogeneic MSCs seems to be a better option for
cell therapy in ALS patients [72].

Delivery of MSCs

The safety and efficacy of a MSC-based therapy for ALS
has been assessed after infusing the ex vivo-expanded cell
product by using different modalities, including intra-
venously, intrathecally, intramuscularly and others (see
Table 1). Given that the development of cell-tracking
techniques is still evolving, there is no consensus on the
most beneficial delivery strategy. It is without doubt that
further research on this issue will impact not only the
trafficking and homing of viable cells, but treatment
efficacy (27.66,83.85].

Quantity or quality of the administered cell
product?

The therapeutic utilization of a MSC product has a man-
datory step which is ex vivo expansion, a not well-defined
‘recipe’ to achieve the desired number of cells. Attempts
to increase the number of MSCs to be infused are almost
unlimited; however, cellular traits of the resulting cell
populations (stemness, differentiation potential, immu-
nophenotype, senescence control, others) are highly sen-
sitive to the extent of ex vivo expansion [2786-89]. Thus,
protocols designed to manufacture a MSC product must
be carefully designed to reach the proper number of fully
competent cells. The above concern becomes crucial in
those cases where multiple infusions of the cell product
are planned; the latter alternative has been validated by
several preclinical studies [27.90,91].

It is important to mention that in addition to the use
of MSCs, other types of adult stem cells are currently
being explored for the treatment of ALS. Among them,
neural stem cells [92-94], CD133+ bone marrow stem
cells [95], CD34+ bone marrow stem cells [80] and bone
marrow mononuclear cells [96,97].

Future perspective

ALS is an age-related neurodegenerative disorder in
which motor neuron loss in the spinal cord leads to pro-
gressive paralysis and death. In spite of the fact that the
disease was described by the end of 19th century and
the current accessibility to adequate and precise clinical
diagnosis, today most ALS patients, as in 1870, die less
than 3 years from symptom onset.

Cellular, molecular, genetic, environmental and many
other sophisticated multifarious issues have been exhaus-
tively investigated in the last decade to better compre-
hend the geneses of the disorder. In most cases, the
results of these studies have largely generated attractive
publication-quality information, but have been distant
to transmit tangible hopefulness to ALS patients. Up to
now, significant therapeutic trials to halt or revert the
progression of the disease have been virtually inexistent.
However, as discussed in this review, in the last 2—3 years
a number of studies have sustained the notion that cel-
lular therapy may well represent a treatment option for
ALS patients. This is the case for MSCs, a cell type dis-
playing cellular, molecular and immunological traits
that configure a promising agent with neuroprotective
potential.

Currently, numerous proposals are listed in Clinical-
Trials.gov (73] to explore safety, feasibility and efficacy
after infusion of MSCs to ALS patients. At the other
end, a limited, but continuously rising number of clinical
studies have verified that the administration of MSC to
ALS patients is safe and proficient to initiate significant
survival benefits, including repossession of quality of life.
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We expect that results of new clinical studies, using
this type of adult stem cells, will contribute to deter-
mine their therapeutic significance in treating ALS. In
this regard, several procedural issues still need to be
addressed by biomedical groups exploring the use of
a MSC-based therapy in ALS patient. Among them,
convincing evidences for the type of cell product to be
used (allogeneic and/or autologous), infusion modalities
(intrathecal, others) and number of infusions (single vs
multiple) should be examined and put into practice.
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Executive summary

Background

benefit to ALS patients.

components.

patients.

to ALS patients.

quantitative clinical assessment and quality of life.
Discussion & conclusion

(donor) MSCs.

e |tis an undeniable fact that almost 140 years after the condition was originally described amyotrophic lateral
sclerosis (ALS) patients do not have the choice of a therapy that either brings a halt to the progress of the
disease, delays the fatality of the disease or, in the best case, cures medical problems permanently.

e The intention of this review was to dissect the fundamentals of an emerging therapy based on the rather
new concept of regenerative medicine, via the use of adult stem cells, which suggests a potential therapeutic

Mesenchymal stem cells: a potential product for an ALS cell-based therapy
e The long-term established traits of mesenchymal stem cells (MSCs) include self-renewal, differentiation
(to osteo, chondro and adipo lineages) and the production of several growth factors and cellular matrix

e However, MSCs also exhibit several neurological traits, including a potential to adopt a neural-like
morphology and the generation of a wide range of neuroprotective signals. These appealing features of MSC
have motivated numerous preclinical studies in an attempt to disclose possible clinical benefits of MSCs to ALS

Prospects for the treatment of ALS patients with MSCs
e Several clinical trials are currently ongoing to evaluate the safety and feasibility of the administration of MSCs

¢ In addition, at least five clinical studies have examined the clinical benefit response after the infusion of either
autologous or allogeneic MSCs to a total of at least 50 ALS patients. Results have demonstrated that while
the procedure is safe and practicable, it may also induce disease stabilization and/or improvement in survival,

e Despite MSC-mediated cell therapy for ALS patients being still a rather new therapeutic approach, the
reported clinical effects anticipate promising prospects.

e |t its evident that protocols developed to date to administer MSCs to ALS patients require more than a
few adjustments. Among others, optimal timing for treatment, adjustment of cell dose, single or various
infusions, cell delivery modality and elucidation of the dilemma: autologous (own patient'’s cells) or allogeneic

References
Papers of special interest have been highlighted as:
* of interest; ** of considerable interest

1 Janson CG, Ramesh TM, During M], Leone P, Heywood J.
Human intrathecal transplantation of peripheral blood stem

cells in amyotrophic lateral sclerosis. J. Hematother. Stem Cell
Res. 10(6), 913-915 (2001).

*  Probably the first attempt to treat amyotrophic lateral

sclerois (ALS) patients with stem/progenitor cells.

2 NINDS Amyotrophic Lateral Sclerosis (ALS) Fact Sheet.

www.ninds.nih.gov/disorders/amyotrophiclateralsclerosis/

detail_ALS.htm#244954842

3 Robberecht W, Philips T. The changing scene of amyotrophic

lateral sclerosis. Nat. Rev. Neurosci. 14(4), 248-264 (2013).

fsg

future science group

www.futuremedicine.com

643



Perspective Allers, Jones, Lasala & Minguell

Nishitoh H, Kadowaki H, Nagai A ¢# a/. ALS-linked mutant
SOD1 induces ER stress- and ASK1-dependent motor
neuron death by targeting Derlin-1. Genes Dev. 22(11),
1451-1464 (2008).

Seetharaman SV, Prudencio M, Karch C, Holloway SP,
Borchelt DR, Hart PJ. Immature copper-zinc superoxide
dismutase and familial amyotrophic lateral sclerosis. Exp.
Biol. Med. (Maywood) 234(10), 1140-1154 (2009).

Fujisawa T, Homma K, Yamaguchi N ez /. A novel
monoclonal antibody reveals a conformational alteration
shared by amyotrophic lateral sclerosis-linked SOD1
mutants. Ann. Neurol. 72(5), 739-749 (2012).

Da Cruz S, Cleveland DW. Understanding the role of TDP-
43 and FUS/TLS in ALS and beyond. Curr. Opin. Neurobiol.
21(6), 904-919 (2011).

Xu ZS. Does a loss of TDP-43 function cause
neurodegeneration? Mol. Neurodegener. 7, 27 (2012).

Wang Q, Zhang X, Chen S, Zhang S, Youdium M, Le W.
Prevention of motor neuron degeneration by novel iron
chelators in SOD1(G93A) transgenic mice of amyotrophic
lateral sclerosis. Neurodegener. Dis. 8(5), 310321 (2011).

Del Aguila MA, Longstreth WT Jr, Mcguire V, Koepsell
TD, Van Belle G. Prognosis in amyotrophic lateral sclerosis:
a population-based study. Neurology 60(5), 813-819 (2003).

Traynor BJ, Zhang H, Shefner JM, Schoenfeld D,
Cudkowicz ME. Functional outcome measures as clinical

trial endpoints in ALS. Neurology 63(10), 1933-1935 (2004).

Millul A, Beghi E, Logroscino G, Micheli A, Vitelli E, Zardi
A. Survival of patients with amyotrophic lateral sclerosis in a
population-based registry. Neuroepidemiology 25(3), 114-119
(2005).

Corcia P, Gordon PH. Amyotrophic lateral sclerosis and the
clinical potential of dexpramipexole. Ther. Clin. Risk Manag.
8,359-366 (2012).

Miller RG, Mitchell JD, Moore DH. Riluzole for
amyotrophic lateral sclerosis (ALS)/motor neuron disease
(MND). Cochrane Database Syst Rev. 3, CD001447 (2012).

Bova MP, Kinney GG. Emerging drug targets in
amyotrophic lateral sclerosis. Expert Opin. Orphan Drugs
1(1), 5-20 (2013).

Orrell RW, Lane RJ, Ross M. A systematic review of
antioxidant treatment for amyotrophic lateral sclerosis/motor
neuron disease. Amyotroph. Lateral Scler. 9(4), 195-211
(2008).

Zhang X, Hong YL, Xu DS ez al. A review of experimental
research on herbal compounds in amyotrophic lateral
sclerosis. Phytother. Res. 28(1), 9-21 (2013).

Hoffmann M. Linking respiratory chain uncoupling to
amyotrophic lateral sclerosis implies potential treatment with
herbal extracts containing genipin. Med. Hypotheses 80(3),
327 (2013).

Silani V, Cova L, Corbo M, Ciammola A, Polli E. Stem-cell
therapy for amyotrophic lateral sclerosis. Lancer 364(9429),
200-202 (2004).

A comprehensive analysis of the potential use of cellular

therapy in ALS.

20

21

22

23

24

25

26

27

28

29

30

32

33

34

Thonhoff JR, Ojeda L, Wu P. Stem cell-derived motor
neurons: applications and challenges in amyotrophic lateral

sclerosis. Curr. Stem Cell Res. Ther. 4(3), 178—199 (2009).
Lepore AC, O’Donnell ], Kim AS ¢z a/. Human glial-

restricted progenitor transplantation into cervical spinal cord
of the SODI mouse model of ALS. PLoS ONE 6(10), 25968
(2011).

Hefferan MP, Galik J, Kakinohana O ¢f 2/. Human neural
stem cell replacement therapy for amyotrophic lateral sclerosis
by spinal transplantation. PLoS ONE 7(8), e42614 (2012).

Hass R, Kasper C, Bohm S, Jacobs R. Different populations
and sources of human mesenchymal stem cells (MSC): a
comparison of adult and neonatal tissue-derived MSC. Cel/
Commun. Signal. 9, 12 (2011).

Conget PA, Allers C, Minguell J]. Identification of a discrete
population of human bone marrow-derived mesenchymal
cells exhibiting properties of uncommitted progenitors.

J. Hematother. Stem Cell Res. 10(6), 749-758 (2001).

Delorme B, Ringe J, Pontikoglou C ez al. Specific lineage-
priming of bone marrow mesenchymal stem cells provides
the molecular framework for their plasticity. Stem Cells 27(5),
1142-1151 (2009).

Pontikoglou C, Delorme B, Charbord P. Human bone
marrow native mesenchymal stem cells. Regen. Med. 3(5),

731-741 (2008).

Minguell JJ, Allers C, Lasala GP. Mesenchymal stem cells
and the treatment of conditions and diseases: the less
glittering side of a conspicuous stem cell for basic research.

Stem Cells Dev. 22(2), 193-203 (2013).

Murphy MB, Moncivais K, Caplan Al. Mesenchymal stem
cells: environmentally responsive therapeutics for regenerative

medicine. Exp. Mol. Med. 45, €54 (2013).

Dominici M, Le Blanc K, Mueller I ¢z /. Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement.
Cyrotherapy 8(4), 315-317 (2006).

Minguell J], Fierro FA, Epunan MJ, Erices AA, Sierralta
WD. Nonstimulated human uncommitted mesenchymal
stem cells express cell markers of mesenchymal and neural

lineages. Stem Cells Dev. 14(4), 408—414 (2005).
Rivera FJ, Sierralta WD, Minguell JJ, Aigner L. Adult

hippocampus derived soluble factors induce a neuronal-
like phenotype in mesenchymal stem cells. Neurosci. Lett.
406(1-2), 49-54 (2006).

Nagai A, Kim WK, Lee HJ ¢# a/. Multilineage potential of
stable human mesenchymal stem cell line derived from fetal

marrow. PLoS ONE 2(12), e1272 (2007).
FuL, Zhu L, Huang Y, Lee TD, Forman §J, Shih CC.

Derivation of neural stem cells from mesenchymal stem cells:
evidence for a bipotential stem cell population. Stem Cells
Dev. 17(6), 1109-1121 (2008).

Disclosing a new differentiation potential of mesenchymal
stem cells (MSCs).

Park HE, Kim D, Koh HS, Cho S, SungJS, Kim JY.
Real-time monitoring of neural differentiation of human

mesenchymal stem cells by electric cell-substrate impedance

sensing. /. Biomed. Biotechnol. 2011, 485173 (2011).

644

Regen. Med. (2014) 9(5)

fsg

future science group



Mesenchymal stem cell therapy for the treatment of amyotrophic lateral sclerosis: signals for hope? Perspective

35 Neirinckx V, Coste C, Rogister B, Wislet-Gendebien S. Neural 48 Knippenberg S, Thau N, Dengler R, Brinker T, Petri S.
fate of mesenchymal stem cells and neural crest stem cells: Intracerebroventricular injection of encapsulated human
which ways to get neurons for cell therapy purpose? In: Trends mesenchymal cells producing glucagon-like peptide 1 prolongs
in Cell Signaling Pathways in Neuronal Fate Decision. Wislet- survival in a mouse model of ALS. PLoS ONE7(6), €36857
Gendebien S (Ed.)., InTech, Europe, Croatia, 327-358 (2013). (2012).

36 Faca VM. Human mesenchymal stromal cell proteomics: 49 Uccelli A, Milanese M, Principato MC ¢t 4l. Intravenous
contribution for identification of new markers and targets for mesenchymal stem cells improve survival and motor function
medicine intervention. Expert Rev. Proteomics 9(2), 217-230 in experimental amyotrophic lateral sclerosis. Mol. Med. 18,
(2012). 794-804 (2012).

ee  Molecular evidences for the use of mesenchymal stem cells 50 Chen]J, LiY, Wang L, Lu M, Zhang X, Chopp M. Therapeutic
(MSCs) in neurological conditions. benefit of intracerebral transplantation of bone marrow stromal

37 Mindaye ST, Ra M, Lo Surdo J, Bauer SR, Alterman MA. cells after cerebral ischemia in rats. J. Neurol. Sci. 189(1-2),
Improved proteomic profiling of the cell surface of culture- 49-57 (2001).
expanded human bone marrow multipotent stromal cells. 51 Shibata N. Transgenic mouse model for familial amyotrophic
J. Proteomics 78, 1-14 (2013). lateral sclerosis with superoxide dismutase-1 mutation.

38  Wislet-Gendebien S, Hans G, Leprince P, Rigo JM, Moonen Neuropathology 21(1), 82-92 (2001).

G, Rogister B. Plasticity of cultured mesenchymal stem cells: 52 Zhao CP, Zhang C, Zhou SN e¢ 2. Human mesenchymal
switch from nestin-positive to excitable neuron-like phenotype. stromal cells ameliorate the phenotype of SOD1-G93A ALS
Stem Cells 23(3), 392-402 (2005). mice. Cytotherapy 9(5), 414—426 (2007).

39  Montzka K, Lassonczyk N, Tschoke B ez al. Neural 53 Satake K, Lou J, Lenke LG. Migration of mesenchymal stem
differentiation potential of human bone marrow-derived cells through cerebrospinal fluid into injured spinal cord tissue.
mesenchymal stromal cells: misleading marker gene expression. Spine 29(18), 1971-1979 (2004).

BMC Neurosci. 10, 16 (2009). 54  Bakshi A, Barshinger AL, Swanger SA ez a/. Lumbar puncture

40 Hermann A, List C, Habisch HJ ez a/. Age-dependent delivery of bone marrow stromal cells in spinal cord contusion:
neuroectodermal differentiation capacity of human a novel method for minimally invasive cell transplantation. /.
mesenchymal stromal cells: limitations for autologous cell Neurotrauma 23(1), 55-65 (20006).
replacement strategies. Cyrotherapy 12(1), 17-30 (2010). 55 Himes BT, Neuhuber B, Coleman C ¢t a/l. Recovery of function

e Own and donor MSCs in cell therapy. following grafting of human bone marrow-derived stromal cells

41 Niehage C, Steenblock C, Pursche T, Bornhauser M, 12n7t; t;;éuzlzu ég‘é;p inal cord. Neurorehabil. Neural Repair 20(2),
Corbeil D, Hoflack B. The cell surface proteome of human ’
mesenchymal stromal cells. PLoS ONE 6(5), €20399 (2011). 56  Nishida K, Tanaka N, Nakanishi K ez 2/. Magnetic targeting

42 Peng], Wang Y, Zhang L ez a/. Human umbilical cord of bone marrow étromal cells into spinal cord: through
Wharton’s jelly-derived mesenchymal stem cells differentiate cerebrospinal fluid. Neurorepors 17(12), 1269-1272 (2006).
into a Schwann-cell phenotype and promote neurite outgrowth 57 Vaquero J, Zurita M, Oya S, Santos M. Cell therapy using bone
in vitro. Brain Res. Bull. 84(3), 235-243 (2011). marrow stromal cells in chronic paraplegic rats: systemic or local

4 GuW, Zhang F, Xue Q Ma Z, Lu P, Yu B. Bone mesenchymal administration? Newurosci. Lett. 398(1-2), 129-134 (2006).
stromal cells stimulate neurite outgrowth of spinal neurons by 58  ShiE, Kazui T, Jiang X et al. Intrathecal injection of bone
secreting nuero-trophic factors. Newurol. Res. 34(2), 172-180 marrow stromal cells attenuates neurologic injury after spinal
(2012). cord ischemia. Ann. Thorac Surg. 81(6), 2227-2233; discussion

44 Osathanon T, Manokawinchoke J, Nowwarote N, Aguilar P, 2233-2224 (2000).

Palaga T, Pavasant P. Notch signaling is involved in neurogenic 59 Lee PH, Lee JE, Kim HS ez al. A randomized trial of
commitment of human periodontal ligament-derived mesenchymal stem cells in multiple system atrophy. Ann.
mesenchymal stem cells. Stem Cells Dev. 22(8), 1220-1231 Neurol. 72(1), 3240 (2012).

(2013). 60 Forostyak S, Jendelova P, Kapcalova M, Arboleda D, Sykova E.

45 Kang SK, Lee DH, Bae YC, Kim HK, Baik SY, JungJS. Mesenchymal stromal cells prolong the lifespan in a rat model
Improvement of neurological deficits by intracerebral of amyotrophic lateral sclerosis. Cytotherapy 13(9), 10361046
transplantation of human adipose tissue-derived stromal cells (2011).
after cerebral ischemia in rats. Exp. Neuol. 183(2), 355-366 61 Knippenberg S, Thau N, Dengler R, Brinker T, Petri S.
(2003). Intracerebroventricular injection of encapsulated human

46 Ding DC, Shyu WC, Chiang MF ¢ a/. Enhancement of mesenchymal cells producing glucagon-like peptide 1 prolongs
neuroplasticity through upregulation of betal-integrin in survival in a mouse model of ALS. PLoS ONE7(6), 36857
human umbilical cord-derived stromal cell implanted stroke (2012).
model. Neurobiol. Dis. 27(3), 339-353 (2007). 62 Pastor D, Viso-Leon MC, Jones J et al. Comparative

47 Koh SH, Kim KS, Choi MR et /. Implantation of human effects between bone marrow and mesenchymal stem cell
umbilical cord-derived mesenchymal stem cells as a transplantation in GDNF expression and motor function
neuroprotective therapy for ischemic stroke in rats. Brain Res. recovery in a motorneuron degenerative mouse model. Stem Cell
1229, 233-248 (2008). Rev. 8(2), 445-458 (2012).

fsg www.futuremedicine.com 645

future science group



Perspective Allers, Jones, Lasala & Minguell

63

64

65

66

67

68

69

70

71

72

73

74

75

76

Marconi S, Bonaconsa M, Scambi I ez a/. Systemic
treatment with adipose-derived mesenchymal stem cells
ameliorates clinical and pathological features in the
amyotrophic lateral sclerosis murine model. Newuroscience

248C, 333-343 (2013).

Sun H, Benardais K, Stanslowsky N ez a/. Therapeutic
potential of mesenchymal stromal cells and MSC
conditioned medium in amyotrophic lateral sclerosis (ALS)
— in vitro evidence from primary motor neuron cultures,
NSC-34 cells, astrocytes and microglia. PLoS ONE 8(9),
€72926 (2013).

Jaramillo-Merchan J, Jones ], Ivorra JL ez al. Mesenchymal
stromal-cell transplants induce oligodendrocyte progenitor
migration and remyelination in a chronic demyelination

model. Cell Death Dis. 4, €779 (2013).

Joyce N, Annett G, Wirthlin L, Olson S, Bauer G,
Nolta JA. Mesenchymal stem cells for the treatment of
neurodegenerative disease. Regen. Med. 5(6), 933-946
(2010).

A comprehensive review.

Mazzini L, Fagioli F, Boccaletti R ez a/. Stem cell therapy
in amyotrophic lateral sclerosis: a methodological approach
in humans. Amyotroph. Lateral Scler. Other Motor Neuron
Disord. 4(3), 158-161 (2003).

Karussis D, Karageorgiou C, Vaknin-Dembinsky A ez al.
Safety and immunological effects of mesenchymal stem
cell transplantation in patients with multiple sclerosis
and amyotrophic lateral sclerosis. Arch. Neurol. 67(10),
1187-1194 (2010).

Mazzini L, Ferrero I, Luparello V et al. Mesenchymal stem
cell transplantation in amyotrophic lateral sclerosis: a Phase
I clinical trial. Exp. Neuol. 223(1), 229-237 (2010).

Series of appealing clinical studies using MSCs in ALS.

Mazzini L, Mareschi K, Ferrero I ez a/. Mesenchymal
stromal cell transplantation in amyotrophic lateral sclerosis:
a long-term safety study. Cyzotherapy 14(1), 56-60 (2012).

Prabhakar S, Marwaha N, Lal V, Sharma RR, Rajan R,
Khandelwal N. Autologous bone marrow-derived stem cells
in amyotrophic lateral sclerosis: a pilot study. Neurology
India 60(5), 465-469 (2012).

Minguell JJ, Allers C, Jones, Ganji SS. Allogeneic
mesenchymal stem cells infusion to an ALS patient proved
to be safe and capable to initiate clinical recuperation.

CellR4 1(3), €530 (2013).
ClincalTrials.gov.

www.Clinical Trials.gov.

Parr AM, Tator CH, Keating A. Bone marrow-derived
mesenchymal stromal cells for the repair of central nervous
system injury. Bone Marrow Transplant. 40(7), 609-619
(2007).

Phinney DG, Prockop DJ. Concise review: mesenchymal
stem/multipotent stromal cells: the state of
transdifferentiation and modes of tissue repair — current

views. Stem Cells 25(11), 2896-2902 (2007).

Soler B, Fadic R, Von Bernhardi R. [Stem cells therapy in
amyotrophic lateral sclerosis treatment. A critical view]. Rev.

Neurol. 52(7), 426—434 (2011).

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Ferrero I, Mazzini L, Rustichelli D e 2/. Bone marrow
mesenchymal stem cells from healthy donors and sporadic
amyotrophic lateral sclerosis patients. Cell Transplant. 17(3),
255-266 (2008).

Tichon A, Gowda BK, Slavin S, Gazit A, Priel E. Telomerase
activity and expression in adult human mesenchymal stem
cells derived from amyotrophic lateral sclerosis individuals.
Cyrotherapy 11(7), 837-848 (2009).

Bossolasco P, Cova L, Calzarossa C ez al. Metalloproteinase
alterations in the bone marrow of ALS patients. J. Mol. Med.
(Berl.) 88(6), 553-564 (2010).

Cho GW, Noh MY, Kim HY, Koh SH, Kim KS, Kim SH.
Bone marrow-derived stromal cells from amyotrophic lateral
sclerosis patients have diminished stem cell capacity. Stem

Cells Dev. 19(7), 1035-1042 (2010).
Autologous versus allogeneic MSC in cell therapy.
Nachmany H, Wald S, Abekasis M, Bulvik S, Weil M. Two

potential biomarkers identified in mesenchymal stem cells
and leukocytes of patients with sporadic amyotrophic lateral
sclerosis. Dis. Markers 32(4), 211-220 (2012).

Koh SH, Baik W, Noh MY ez al. The functional deficiency
of bone marrow mesenchymal stromal cells in ALS patients is
proportional to disease progression rate. Exp. Neuol. 233(1),
472-480 (2012).

Autologous or allogeneic MSCs in cell therapy.

Cramer C, Freisinger E, Jones RK ¢z 4/. Persistent high glucose
concentrations alter the regenerative potential of mesenchymal
stem cells. Stem Cells Dev. 19(12), 1875-1884 (2010).

Allers C, Lasala GP, Minguell JJ. Presence of osteoclast
precursor cells during ex vivo expansion of bone marrow-
derived mesenchymal stem cells for autologous use in cell

therapy. Cytotherapy 16(4), 454-459 (2013).

Liu L, Eckert MA, Riazifar H, Kang DK, Agalliu D, Zhao
W. From blood to the brain: can systemically transplanted
mesenchymal stem cells cross the blood—brain barrier? Stem

Cells Int. 435093 (2013) (2013).
Izadpanah R, Kaushal D, Kriedt C ¢z a/. Long-term iz vitro

expansion alters the biology of adult mesenchymal stem cells.
Cancer Res. 68(11), 4229—-4238 (2008).

Sethe S, Scutt A, Stolzing A. Aging of mesenchymal stem
cells. Ageing Res. Rev. 5(1), 91-116 (2006).

Wagner W, Horn P, Castoldi M ez al. Replicative senescence
of mesenchymal stem cells: a continuous and organized

process. PLoS ONE 3(5), €2213 (2008).

Madeira A, Da Silva CL, Dos Santos F, Camafeita E, Cabral
JM, Sa-Correia I. Human mesenchymal stem cell expression
program upon extended ex-vivo cultivation, as revealed by
2-DE-based quantitative proteomics. PLoS ONE 7(8), e43523
(2012).

Garbuzova-Davis S, Rodrigues MC, Mirtyl S ez al. Multiple
intravenous administrations of human umbilical cord blood
cells benefit in a mouse model of ALS. PLoS ONE 7(2), e31254
(2012).

Lin P, Correa D, Kean T], Awadallah A, Dennis JE, Caplan
Al Serial transplantation and long-term engraftment of intra-

arterially delivered clonally derived mesenchymal stem cells
to injured bone marrow. Mol. Ther. 22(1), 160-168 (2013).

646

Regen. Med. (2014) 9(5)

fsg

future science group



Mesenchymal stem cell therapy for the treatment of amyotrophic lateral sclerosis: signals for hope?

Perspective

92 Riley ], Glass J, Feldman EL ez 4/. Intraspinal stem 95  Martinez HR, Gonzalez-Garza M T, Moreno-Cuevas
cell transplantation in ALS: a Phase I trial, cervical JE, Caro E, Gutierrez-Jimenez E, Segura JJ. Stem-
microinjection and final surgical safety outcomes. cell transplantation into the frontal motor cortex in
Neurosurgery 74(1), 77-87 (2014). amyotrophic lateral sclerosis patients. Cytotherapy 11(1),

93 Moviglia GA, Moviglia-Brandolino MT, Varela GS ez al. 26-34 (2009).

Feasibility, safety, and preliminary proof of principles of 96  Deda H, Inci MC, Kurekei AE et al. Treatment of
autologous neural stem cell treatment combined with T-cell amyotrophic lateral sclerosis patients by autologous bone
vaccination for ALS patients. Cell Transplant. 21(Suppl. 1), marrow-derived hematopoietic stem cell transplantation: a
S57-S63 (2012). 1-year follow-up. Cytotherapy 11(1), 18-25 (2009).

94 Glass JD, Boulis NM, Johe K ez /. Lumbar intraspinal 97  Blanquer M, Moraleda JM, Iniesta F et al. Nuero-trophic
injection of neural stem cells in patients with amyotrophic bone marrow cellular nests prevent spinal motoneuron
lateral sclerosis: results of a Phase I trial in 12 patients. Stem degeneration in amyotrophic lateral sclerosis patients: a
Cells 30(6), 1144-1151 (2012). pilot safety study. Stem Cells 30(6), 1277-1285 (2012).

fsg www.futuremedicine.com 647

future science group



