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Drugs in clinical development for the treatment of amyotrophic lateral sclerosis

Ana Martinez?, Maria del Valle Palomo Ruiz?, Daniel I. Perez and Carmen Gil®

3|PSBB Unit, Centro de Investigaciones Biologicas-CSIC, Madrid, Spain

ABSTRACT

Introduction: Amyotrophic Lateral Sclerosis (ALS) is a fatal motor neuron progressive disorder for which
no treatment exists to date. However, there are other investigational drugs and therapies currently
under clinical development may offer hope in the near future.

Areas covered: We have reviewed all the ALS ongoing clinical trials (until November 2016) and
collected in Clinicaltrials.gov or EudraCT. We have described them in a comprehensive way and have
grouped them in the following sections: biomarkers, biological therapies, cell therapy, drug repurposing
and new drugs.

Expert opinion: Despite multiple obstacles that explain the absence of effective drugs for the treat-
ment of ALS, joint efforts among patient’s associations, public and private sectors have fueled innova-
tive research in this field, resulting in several compounds that are in the late stages of clinical trials.
Drug repositioning is also playing an important role, having achieved the approval of some orphan
drug applications, in late phases of clinical development. Endaravone has been recently approved in
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Japan and is pending in USA.

1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s
or Charcot disease, is a late-onset fatal motor neuron progres-
sive disorder that leads to muscle deterioration and paralysis.
The incidence of ALS is around two to three people per year
out of 100,000 of the general population, being classified as a
rare disease. However, ALS is the third prevalent neurodegen-
erative disease, affecting 150,000 people in the world [1].
The rate at which ALS progresses can vary from one person
to another. Although the mean survival time is 3-5 years,
many patients can live for 5-10 years and even over 10.
Sporadic ALS (90-95%) constitutes the large majority of
cases, while the remaining 5-10% of the patients are affected
by the hereditary form termed familial ALS. Both sporadic and
familial ALS are associated with cortical and spinal motor
neuron degeneration [2]. The etiology of ALS remains
unknown, and the exact mechanisms of ALS pathogenesis
are not fully understood yet. However, some pathological
pathways comprising of glutamate excitotoxicity, oxidative
stress, microglia activation, ion channel and mitochondria
dysfunction, apoptosis, and different proteinopathies are sig-
natures of this disorder [3]. To this date, ALS is not a curable
disease and does not have an effective treatment. Current
treatment regimens are largely only focused on relieving
symptoms to improve the quality of life of those affected [4].
Riluzole remains the only approved therapy available for
patients with ALS and shows a very modest efficiency on
decelerating the progression of the disease, being more effec-
tive in early affected patients [5]. Although it is recognized to
decrease the neurotoxic effect of glutamate [6], its mechanism

of action remains largely unknown and the efficiency of drugs
is needed urgently by both patients and their families.
Different obstacles prevent the progress and translation of
new drugs from the bench to the patients; the lack of suitable
animal models being one of them [7]. Although some of them
mimic several aspects of the disease, no animal model fully
replicates the spectrum of phenotypes encountered in the
human disease, making it difficult to assess how a therapeutic
effect observed in disease models could predict the efficacy in
humans. Importantly, the genetic and phenotypic heteroge-
neity of ALS leads to a variety of responses to similar treat-
ment regimens [8]. However, recent knowledge in the
molecular pathways behind ALS together with new trends in
clinical trial designs has provided hope for effective therapies
in the future [9,10].

This review tries to summarize current drugs and/or thera-
pies in clinical trials for ALS, as a lookout on the next potential
generation of effective treatments. It is focused on several
trials listed on PubMed Central and/or the National Institutes
of Health and European Medicinal Agency (EMA) online trial
registry. Less than a hundred open clinical studies have been
identified. These may be divided into observational and inter-
ventional studies. The first ones include not only the buildup
of different patient’s registries but also clinical research aimed
to identify new ALS biomarkers using imaging techniques.
Only 48 ongoing registered studies are interventional, and
they are focused on increasing the patient’s quality of life
(Table 1) or on the development of alternative therapeutic
approaches. Among the last ones, several strategies are
found based on cell therapies, biologicals, repurposing of
approved drugs with a mechanism of action compatible with
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Article highlights

o Several new drugs are currently in clinical investigation for ALS thanks
to recently public-private joint efforts.

o ALS patient’s associations are playing a critical role, as leader opini6n
and investors, in the fight against this severe disease.

e New ALS models for drug discovery and pharmacological screening
are urgently needed.

¢ Drug repositioning is currently playing an important role to bring
therapeutics for ALS patients.

This box summarizes key points contained in the article.

ALS pathobiology, and very few new drugs that may alleviate
or stop ALS progression.

2. New ALS biomarkers in clinical studies

Currently, there is a lack of useful biomarkers in ALS. This
causes a diagnostic delay among other issues, from the time
of first symptoms to first medical consultation or initial evalua-
tion of more common disorders [11] and the impossibility of
proper patient classification in order to identify those that may
respond better to a particular drug. For this reason, multiple
drugs have failed for ALS treatment as they have been admi-
nistered in the late stages of the disease. Although today the
diagnosis is based on the opinion of an experienced neurolo-
gist assessment and on electromyogram investigation with
accepted criteria, in the last decade there has been a huge
interest in discovering biomarkers for this disease.

A biomarker is defined as a ‘characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes, pathologic processes, or biological response to a
therapeutic intervention’ [12].

Today different biomarkers have emerged such as biologi-
cal fluid-based (e.g. cerebrospinal fluid [CSF] superoxide dis-
mutase 1 [SOD1] levels, phosphorylated neurofilament light
chain, and urinary p75NTR¥P), neuroimaging techniques (e.g.
magnetic resonance imaging [MRI], positron emission

tomography [PET]), and electrophysiological parameters (e.g.
electrical impedance myography) among others [13].

In the following paragraphs, we will report the different
clinical studies aimed to identify and/or validate biomarkers
ongoing for ALS (Table 2).

2.1. Flutriciclamide ('®F-GE-180)

Flutriciclamide ('F-GE-180) is a recently developed third-gen-
eration 18-kDa translocator protein (TSPO) used as in vivo
marker of neuroinflammation [14]. The TSPO receptor, also
called the peripheral benzodiazepine receptor, is one of the
most studied biomarkers of neuroinflammation [15,16]. The
aim of this trial, in which around 200 participants will be
enrolled, is to determine systemic inflammatory factors that
may modify the progression of the disease or other clinical or
imaging correlates of ALS. These structural or anatomical
changes can be observed in the brain via MRI comparing
ALS patients with healthy controls. Additionally, quantification
of Pro- and anti-inflammatory cytokines in patient's monicyte/
macrophague and T cells will be done. These results will be
compared with neuroimaging assesment in order to define
them as potential biomarkers. The study is now recruiting
participants and it is being developed by Massachusetts
General Hospital (Clinicaltrial.gov: NCT02559869).

2.2. ["®F] 1807

['®F] T807 is a PET radiotracer developed for imaging tau
protein aggregates, which are implicated in ALS [17] and
other neurological diseases such as Alzheimer’s disease (AD)
or traumatic brain injury. PET radiotracers provide in vivo
pathophysiological information in human subjects. Selective
tau radiotracers allow the noninvasive monitoring of tau
pathology, providing better understanding of tau aggregation
in the brain [18]. The main goal is to evaluate tau distribution
in the brain in ALS patients and normal controls. The study is
in clinical phase Il (Clinicaltrial.gov: NCT02414230) and is being
developed by Washington University School of Medicine.

Table 1. Ongoing clinical trials for amyotrophic lateral sclerosis (ALS) aimed to alleviate some of the disease symptoms.

Estimated study completion

No. Title Goal Sponsor date
NCT02710162 Accurate screening tools for To evaluate the discriminant ability of University of Florida, USA March 2017
dysphagia in ALS several noninvasive screening tools
at detecting swallowing
impairment in individuals with ALS.
NCT02969759 Bioenergetics and protein metabolism To precise the implication of energy  University Hospital, Angers, November 2019
in sporadic ALS and protein metabolism in the France
sporadic forms of ALS.
NCT02710110 Respiratory strength training in To determine the impact of University of Florida, USA March 2019
persons with ALS respiratory strength training on
breathing, airway protection, and
swallowing in persons with ALS
NCT02851914 Open-label pilot study comparing the To help to make standard St. Louis University, USA December 2018
efficacy of selective serotonin recommendations in treating
reuptake inhibitors versus tricyclic depression in ALS patients
antidepressants for treating
depression in ALS
NCT02588807 Food supplement for the treatment of To evaluate the safety of combining  Herb Spirit May 2018

patients with ALS

phospholipids with medicinal

Carmel Medical Center, Israel

plants for treatment of patients

with ALS




Table 2. Ongoing biomarkers clinical trials for amyotrophic lateral sclerosis (ALS).
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Estimated study completion

No. Title Stage Sponsor date
NCT02559869 Imaging and biofluid biomarkers in Recruiting Massachusetts General Hospital May 2018
amyotrophic lateral sclerosis
NCT02414230 F 18 T807 tau PET imaging in familial Recruiting Washington University School of Medicine September 2020
amyotrophic lateral sclerosis
NCT02405182 MRI biomarkers in ALS Recruiting University of Alberta January 2020
NCT02885870 Combination of multiparametric MRI and Recruiting Institut de Recherche sur la Moelle épiniéere et December 2016
electrophysiology for the development of I'Encéphale
new biomarkers in spinal cord diseases
(SPINE2)
NCT02874209 Noninvasive assessment of neuronal damage Recruiting Assistance Publique Hopitaux De Marseille September 2018
by MRI sodium (23Na) in amyotrophic
lateral sclerosis
NCT02424669 Neuroinflammation in amyotrophic lateral Recruiting Assistance Publique Hopitaux De Marseille November 2018

sclerosis — mechanisms and therapeutic
perspectives: a translational pilot study
among ALS patients

2.3. MRI biomarkers in ALS

This study, currently ongoing in the University of Alberta, is
using advanced MRI techniques to measure brain changes in
ALS patients and other related neurological conditions
(Clinicaltrial.gov: NCT02405182). Results from cognitive and
neurological tests will be compared to the MRI. It is expected
that these techniques will reveal changes in the brain that will
help understand normal brain function and the symptoms of
neurological diseases observed in ALS, providing as well an
objective measurement of degeneration. This outcome could
improve not only the process by which new drugs for the
treatment of neurological diseases are evaluated, but also how
health-care professionals address the needs of patients with
these diseases.

2.4. Combination of multiparametric MRl and
electrophysiology for the development of new
biomarkers in spinal cord diseases

This study which is currently being recruiting around 100
participants is being developed by the Institut de Recherche
sur la Moelle épiniére et I'Encéphale (Clinicaltrial.gov:
NCT02885870) in order to diagnose and monitor different
neurodegenerative diseases related to spinal cord such as
spinal muscular atrophy (SMA), ALS, or X-linked spinal bulbar
muscular atrophy (SBMA). The main goal is to obtain specific
biomarkers of white and gray matter degeneration by a com-
bination of MRI and electrophysiology through the study of
these diseases.

By combining these techniques for the investigation of
human spinal cord in vivo, the goal is to extract new biomar-
kers to use them as study models. Diseases of the spinal cord
affect differently the white and the gray matter (SMA, SBMA,
and ALS) (NCT02885870).

2.5. Noninvasive assessment of neuronal damage by
MRI sodium (23 Na) in ALS

Noninvasive assessment of neuronal damage by MRI sodium
(23 Na) in ALS (Clinicaltrial.gov NCT02874209) is another active
clinical trial which is recruiting participants. The study is

sponsored by Assistance Publique Hopitaux De Marseille and
it is based on the employment of sodium MRI as an effective
and sensitive biomarker for detecting and quantifying neuro-
nal degeneration in different diseases such as multiple sclero-
sis [19], AD [20], and Huntington’s disease [21] are among
others.

Based on the reported studies that the levels of interferon
gamma (IFN-y) are increased in both CSF and serum of ALS
patients [22,23], a clinical trial (Clinicaltrial.gov: NCT02424669)
started in May 2015 sponsored by Assistance Publique
Hopitaux De Marseille. The main goal of the study, which is
recruiting participants, is to analyze if IFN-y might have a role
in the pathogenic process of ALS and might be a potential
biomarker of the disease.

3. Cell therapies

Given the great need for an effective ALS therapy, some
alternative approaches to small molecules such as cell thera-
pies are being studied. Stem-cell therapy offers a therapeutic
alternative in which pluripotent cells can migrate to disease
lesions [24] and provide protective factors to surrounding
cells, inhibit inflammation, or replace damaged cells [25].
The majority of the ongoing cell therapy clinical trials for
ALS are centered in autologous (self) transplantation, which
would prevent immune rejection. Cell therapeutic studies
highlight nonneuronal cells due to the progressive degenera-
tion nature of the disease on motoneurons and other neural
cells. Specifically mesenchymal stem cells derived from adi-
pose or bone marrow tissue are the most studied in clinical
trials at the moment since there is evidence that ALS does not
affect this cellular population [26]. Their multipotency, multi-
factorial mechanisms of action, relatively easy extraction and
proved safety, and injection feasibility [27-29] in patients have
contributed to study their potential benefits in the clinic. In
order to avoid invasive strategies such as direct transplanta-
tion, the injection of these cells is currently being examined as
a new strategy of delivery to the central nervous system. There
are currently three phase | and two phase I/ll cellular studies
ongoing (Table 3). The optimal strategy to deliver stem cells to
the central nervous system in patients with ALS has not been
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Table 3. Ongoing cell therapy clinical trials for amyotrophic lateral sclerosis (ALS).

Estimated study

Phase No. Cell type Type of intervention Stage Sponsor completion date
| NCT02286011 Autologous bone marrow Intramuscular infusion Recruiting Red de Terapia Celular, Murcia, Spain January 2018
stem cells in patients
| NCT02492516 Adipose-derived Intravenous injection  Recruiting Royan Institute, Teheran, Iran May 2016
mesenchymal
1/ NCT02917681 Autologous mesenchymal Intrathecal injection Recruiting University of Sao Paulo General August 2019
stem cells Hospital, Brazil
11 NCT02290886 Autologous mesenchymal Intravenous injection  Recruiting Andalusian Initiative for Advanced February 2021
stem cells Therapies, Spain
| NCT02242071 Autologous bone marrow  Cell transplantation Completed Neurogen Brain and Spine Institute ~ September 2016

mononuclear cells
Human glial-restricted
progenitor cells

I/ NCT02478450 Cell transplantation

Not yet open

Q Therapeutics, Inc. December 2020

Il NCT02017912 Autologous MSC-NTF cells Cell transplantation Completed Brainstorm-Cell Therapeutics July 2016
(NurOwn)
| NCT02943850 NS10-NPC-GDNF for the Cell transplantation Not yet open Cedars-Sinai Medical Center, USA April 2019

treatment of ALS

discovered yet, and the ongoing clinical studies explore differ-
ent methods of administration: intravenous, intrathecal, and
intramuscular injections. A report published detailing the
results of Corestem clinical trials highlights the safety of
intrathecal administration of stem cells; however, the study
of their efficacy remains yet to be disclosed [30].

In the attempt of finding other nonneuronal cells that
could be transplanted to ALS patients and provide clinical
benefit, human glial-restricted progenitor cells have been stu-
died. These direct interventions show neuroprotection in mice;
however, more studies are needed to establish whether they
could contribute to a clinical benefit in patients [31].

When the use of stem cells is considered as a new treat-
ment, the complexity of the clinical trial design is increased
due to heterogeneity of these cells, limited knowledge about
optimal dosing, or way of delivery among other issues. All
these points were agreed recently [32] to address key transla-
tional barriers for further phase II/Ill trials.

Another interesting therapy under research is based on
engineered cells capable of secreting diverse factors beneficial
for the neurons affected by the disease. In this area, there are
two phase |l studies sponsored by BrainStorm Cell
Therapeutics (Clinicaltrial.gov: NCT02017912) in collaboration
with Hadassah Medical Organization (Clinicaltrial.gov:
NCT01777646) to prove safety and efficacy of the trademarked
cells ‘NurOwn.” These autologous engineered cells are
expected to support neurons by secreting neurotrophic fac-
tors. Preliminary results of one of the phase Il clinical trials
show the safety of intramuscular and intrathecal administra-
tion of these engineered cells with possible benefits for ALS
patients to be more extensively studied in further upcoming
clinical trials [33]. Moreover, Cedars-Sinai Medical Center, USA
(Clinicaltrial.gov: NCT02943850) is studying the safety of
genetically modified progenitor cells that express Glial cell-
derived neurotrophic factor (GDNF).

4. Biological drugs for ALS

A mutation in the SODT gene results in an inherited form of
ALS, referred to as SOD1-ALS. SOD1-ALS is the second most
common familial form of ALS, accounting for up to 20% of

familial ALS. The antisense drug designed to reduce the pro-
duction of SOD1 called BIIB0O67 (Isis-SOD1Rx) is in clinical trials
phase | to evaluate the safety, tolerability, and pharmacoki-
netics (PK) in adults with ALS (Clinicaltrial.gov: NCT02623699).
Previously, and after an intraventricular infusion, it has shown
a decrease in SOD1T mRNA and protein concentrations in
spinal cord tissue and prolonged survival after its delivery to
CSF in the SOD1 Gly93Ala rat model of ALS [34]. The first-in-
human trial was recently reported after intrathecal administra-
tion, with no recorded dose-limiting toxic effects or any safety
or tolerability concerns [35].

The Barrow Neurological Institute is currently recruiting
participants for a trial using tocilizumab in ALS (Clinicaltrial.
gov: NCT02469896). Tocilizumab is a monoclonal antibody
that antagonizes interleukin-6 receptor. It was approved in
2009 (EMA) and 2010 (FDA) for the treatment of rheumatoid
arthritis after its proved efficacy as to reduce inflammation in
patients and slow disease progression [36]. The current phase
Il clinical trial focuses on safety and tolerability of the drug,
and additionally, efficacy and target engagement will be
assessed as secondary outcome measures.

Another monoclonal antibody tested in ALS patients is
ozanezumab, that targets the neurite outgrowth inhibitor,
Nogo-A, overexpressed in ALS patients [37]. After having posi-
tive results in SOD mice model that showed disease progres-
sion delay after antibody administration [38], a phase | clinical
trial was performed to evaluate safety and tolerability. It fin-
ished in 2011 demonstrating that ozanezumab was well toler-
ated and safe for patients [39] and that further studies were
required to assess efficacy. However, in 2015, results from the
phase Il clinical trial showed no improved efficacy compared
to placebo-treated patients, highlighting the difficulties of
translating research results into patients.

5. Drug repurposing

Finding new uses for existing drugs, the so-called ‘drug repur-
posing strategy,’ is a fruitful method to discover and develop
new drugs for rare diseases. Several approved drugs for many
different medical needs are currently in clinical development
for ALS (Figures 1 and 2).
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Figure 2. Marketed drugs in clinical development for ALS therapy.

5.1. Triumeq

This antiretroviral, an HIV medication, is now investigated in a
phase lla open-label study to determine its safety and toler-
ability in motor neuron disease (MND)/ALS patients, spon-
sored by Neuroscience Trials Australia (Clinicaltrial.gov:
NCT02868580). The clinical trial of Triumeq, that combines in
a single-tablet the integrase strand transfer inhibitor dolute-
gravir and the nucleoside/nucleotide reverse-transcriptase
inhibitors abacavir and lamivudine, is recruiting participants.
Previous studies had shown reverse transcriptase in serum of
ALS patients at levels comparable to those in HIV-infected
patients [40], and the expression of a human endogenous
retrovirus (HERV) was confirmed in brain tissue autopsy of
patients with ALS [41]. The relationship between ALS and
HERV has gained importance in the pathophysiology of this
neurodegenerative disease being the rationale behind this
open trial [42,43].

Dolutegravir

Edaravone
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5.2. Ibudilast (MN-166)

Ibudilast (MN-166), a well-known phosphodiesterase 4 (PDE4)
inhibitor approved for the treatment of chronic obstructive
pulmonary disease, is being administered in a phase Il study to
evaluate safety and tolerability versus placebo when adminis-
tered with riluzole in ALS patients (Clinicaltrial.gov:
NCT02238626). Moreover, a study to see the effect on several
markers of neuroinflammation measured by blood biomarkers
after treatment with ibudilast is also ongoing (Clinicaltrial.gov:
NCT02714036). Targeting PDE4, ibudilast is able to increase
cyclic adenosine monophosphate (cAMP) levels that modulate
inflammation and microglia activation conferring neuroprotec-
tive activity [44]. The two ongoing clinical trials are sponsored
by the biopharmaceutical MediciNova, Inc. (La Jolla, CA 92037,
USA), and final results are expected by December 2017. In
November 2016, according to MediciNova media release,
EMA recommended orphan medicinal product designation
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for MN-166 (ibudilast) for ALS (http://adisinsight.springer.com/
trials/700248663).

5.3. Tamoxifen

After the serendipitous finding that ALS patients with breast
cancer treated with tamoxifen seemed to improve neurologi-
cally, and that it was somehow responsible for reducing the
rate of progression [45], preliminary evidences suggested that
tamoxifen might be neuroprotective in stroke and hypoxia
[46]. This drug is an estrogen-receptor modulator specific
estrogen-receptor modulator (SERM), but its neuroprotective
action looks to be related to its ability to inhibit protein kinase
C, which is increased in the spinal cord of ALS patients [47].
More recently, tamoxifen has been discovered as an autop-
hagy modulator being able to modulate the main proteino-
pathy present in ALS, the transcription-activating repressor
(TAR) DNA-binding protein 43, in animal models [48]. Based
on these findings, a phase Il study in ALS patients treated with
riluzole and also with tamoxifen was started in 2014 spon-
sored by Taipei Medical University Shuang Ho Hospital
(Taiwan), although no wupdates have been posted
(Clinicaltrial.gov: NCT02166944).

5.4. Mexiletine

Motor neuron hyperexcitability appears to be linked to the
process of neurodegeneration in ALS. As such, therapies that
inhibit neuronal hyperexcitability may prove effective in
arresting the progression of ALS [49]. That is the case of the
antiarrhythmic drug mexiletine, a sodium channel blocker. It
was used in a phase ll, double-blind, randomized controlled
trial of sporadic ALS, sponsored by the University of
Washington (USA), to determine safety and tolerability due
to its ability to reduce hyperexcitability, a potential early step
in the disease (Clinicaltrial.gov: NCT01849770). The drug was
safe when given daily to ALS patients at 300 and 900 mg and
well tolerated at the lower dose. The treatment resulted in
large dose-dependent reductions in muscle cramp frequency
and severity. No effect on rate of progression was detected
although clinically important differences may not be excluded
due to the short duration of the study [50].

5.5. Ezogabine

Ezogabine (retigabine) was approved for the treatment of
partial epilepsy, and its mechanism of action is due to its
ability to bind the voltage-gated potassium channels and
increase the M-current, thereby causing membrane hyperpo-
larization [51]. Data support the hypothesis that neurons
become hyperexcitable in ALS, firing more than they normally
do, which may contribute to nerve cell death. This is consid-
ered a root cause and/or effect of ALS/MND. In patient-derived
motor neurons, ezogabine has shown the ability to reduce
excitability and prolong motor neuron survival [52]. For this
reason, a phase Il study was initiated to evaluate the effect of
ezogabine on motor neuron activity in patients. The objective
is to determine if ezogabine affects neurophysiological mea-
sures of upper and lower motor neuron excitability in ALS

patients. The study is recruiting patients sponsored by Brian
Wainger in collaboration with different public and private
north american institutions ALS Association, GlaxoSmithKline,
Harvard University, and the Massachusetts General Hospital
(Clinicaltrial.gov: NCT02450552).

5.6. Memantine

The glutamate antagonist memantine, marketed for advanced
stages of AD, was clinically assayed in combination with rilu-
zole in a phase I/, 12-month, double-blind, single-center,
randomized, parallel (1:1) clinical trial showing that this drug
combination is well tolerated and safe in ALS patients, and
although the primary end point was not achieved, the results
suggested a slow ALS disease progression [53]. Moreover, this
trial also showed a correlation between biomarkers in CSF and
the rate of disease progression [54]. Currently, a new study is
proposed, sponsored by the University of Kansas Medical
Center (USA), to test a higher dose of memantine, 20 mg
two times a day, in a double-blind, placebo-controlled, rando-
mized trial of 90 patients with ALS. The main goal is to
determine if the combination therapy of memantine with
riluzole can slow disease progression compared to treatment
with riluzole alone (Clinicaltrial.gov: NCT02118727). Results,
expected for October 2019, will set the groundwork for con-
ducting a larger phase Il trial.

5.7. Rasagiline

Rasagiline, a monoamine oxidase B inhibitor approved for the
treatment of Parkinson’s disease, slowed disease progression
in the SOD1 mouse [55] and in a small number of patients
with ALS treated in Canada and USA (Clinicaltrial.gov:
NCT01232738) [56]. In August 2016, a robust phase Il study
with rasagiline was completed. The study was performed in
Ulm University with the primary objective to investigate the
survival time in ALS patients (Clinicaltrial.gov: NCT01879241).
The study will try to compare the placebo with 1 mg/day
rasagiline as an add-on therapy to 100 mg riluzole in ALS in
250 enrolled patients. The final data will be available in the
next months.

5.8. Cistanche total glycosides

Additionally, a herb extract used in traditional Chinese medi-
cine is also in clinical trials for ALS. Cistanche total glycosides
(CTG) is an approved drug in China that has protective effects.
It acts as an anti-apoptosis agent by activating several protec-
tive pathways, stimulates neuronal differentiation of adult
neural stem cells in the brain, and improves long-term recov-
ery [57]. Moreover, an open-label, non-placebo-controlled
study on CTG capsules (Memoregain® Sinphar Group
Taiwan) demonstrated that the drug has potential to be a
treatment option for mild-to-moderate AD, and all adverse
reactions were mild [58]. CTG is a highly attractive candidate
for the treatment of neurodegenerative conditions such as
ALS, and a clinical trial to assess its clinical response is being
sponsored by University of Pekin (Clinicaltrial.gov:


http://adisinsight.springer.com/trials/700248663
http://adisinsight.springer.com/trials/700248663

NCT00753571). data are not available at the

moment.

However,

5.9. Masitinib

Masitinib is a tyrosine-kinase inhibitor marketed by AB Science
(Paris, France) under the name Kinavet to treat a certain
cancer in dogs. This kinase inhibitor blocks mast cell-mediated
degranulation and the release of pro-inflammatory cytokines.
Masitinib aims to slow progression of ALS by reducing inflam-
mation. The decrease of aberrant glial cells, microgliosis, and
motor neuron pathology in the spinal cord of SOD 1 mice after
oral administration of masitinib have been reported. These
results provide a strong biological rationale for its use to
control neuroinflammation in ALS [59]. A clinical trial aiming
to compare the efficacy and safety of masitinib in combination
with riluzole in the treatment of patients suffering from ALS
(Clinicaltrial.gov: NCT02588677) is ongoing and final results
are expected by the end of the year. However, the interim
analysis done when the 50% (N = 191) of the people with ALS
enrolled completed the trial has shown that the study has met
its primary end point, which was defined as a change in
revised ALS functional rating scale (ALSFRS-R) score. It takes
48 weeks for each person with ALS to complete the trial. While
this intermediate report is encouraging, the data from all
those in the trial (N = 190) should be considered when the
whole study is completed.

5.10. Recently finished clinical trials

It is worthwhile to mention the recent results obtained in the
clinical development of methylcobalamin and edaravone that
have finished very recently.

5.10.1. Methylcobalamin

The protective effect on cultured cortical neurons against
glutamate-induced cytotoxicity shown by methylcobalamin
(E0302), a physiologically equivalent to vitamin B, [60], was
the support for a clinical trial in ALS patients sponsored by
Eisai Co., Ltd. (Tokyo, Japan) (Clinicaltrial.gov: NCT00444613)
that has recently finished. The aim of this study was to inves-
tigate the efficacy and confirm the safety of ultra-high dose,
50-100 times the approved dose, of methylcobalamin in ALS
patients. The analysis of changes in scores of survival rate and
functional rating scale demonstrated for the first time that the
studied treatment can significantly prolong survival and retard
progression in ALS if administered early [61]. Additionally,
after high-dose treatment of wobbler mouse MND with
methylcobalamin (E0302), it was observed a retard in the
progression of motor symptoms and neuropathological
changes [62]. However, in March 2016, the Japanese regula-
tory drug agency Pharmaceutical and Medical Devices Agency
(PMDA) decided that the application of mecobolamin as a
treatment for ALS was not sufficient for approval and the
company subsequently withdrew it. Currently, Eisai is reconsi-
dering future development strategies for mecobalamine.
Meanwhile, MD1003, a pharmaceutical formulation of high-
dose biotin, the water soluble type of vitamin B, has recently
started clinical development for ALS (EudraCT number:
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2015-005810-31). The trial is sponsored by MedDay
Pharmaceuticals (Manchester, UK), and the main goal is to
explore the safety of biotin administration to ALS patients.

5.10.2. Edaravone

Edaravone (Radicut, MCI-186) is a free radical scavenger and a
potent antioxidant, marketed only in Japan by Mitsubishi
Tanabe Pharma (Osaka, Japan) to aid the neurological recov-
ery following acute brain ischemia and subsequent cerebral
infarction [63]. Based on this neuroprotective activity and on
the ability to slow motor decline in the SOD1 transgenic mice
[64], Mitsubishi Tanabe started clinical trials to evaluate the
efficacy and safety of edaravone in ALS patients. In a phase Il
clinical trial of edaravone, in a subgroup of people with ALS in
Japan, researchers found a statistically significant improve-
ment in the ALS function rating scale revise. In 2015, edara-
vone was approved as a new therapeutic option for ALS in
Japan and South Korea. In the same year, the FDA and the
European Commission granted orphan drug designation for
edaravone, and in June 2016, the FDA has accepted the
application of edaravone for ALS treatment. A decision on
the application is anticipated for June 2017. Hopefully, this
promising drug will be effective at slowing the progression of
ALS and providing some disease reversal, particularly when
taken by those who have had the disease for less than 3 years.

6. New drugs for ALS under clinical development

The urgent need of finding a cure for ALS has pressured
different academic and private laboratories to start drug dis-
covery programs directed to modulate this fatal pathology
despite its unknown etiology or the lack of good cellular or
animal models that mimic the disease [65,66]. As a result,
currently there are several new investigational drugs in clinical
trials for ALS (Figure 3).

6.1. Tirasemtiv

Although the regulation of muscle contraction by the troponin
complex is well known [67], only in the last few years was it
discovered that troponin activation may provide a new ther-
apeutic approach to improve physical activity in diseases
where neuromuscular function is compromised [68]. In that
way, the small-molecule CK-2017357 also known as tirasemtiv,
a fast-skeletal-troponin activator, is able to increase muscle
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Figure 3. New drugs under clinical investigation for ALS treatment.
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strength and performance in mice modulating the rate of
calcium release from troponin C [69]. Moreover, and after
showing to be safe and tolerable in ALS patients [70], tirasem-
tiv has shown the potential to amplify the skeletal muscle
response in humans [71]. Recently, it has received the orphan
drug designation and fast-track status by the FDA and the
EMA for the potential treatment of people with ALS
(ORPHA299528). Based on this, the biopharmaceutical
Cytokinetics started a large and international phase Il study
called VITALITY-ALS (Clinicaltrial.gov: NCT02496767). The
enrollment ended in August 2016 and results are expected
for the second half of 2017. A second clinical study, VIGOR-ALS
(Clinicaltrial.gov: NCT02936635) has recently started as an
extension of VITALITY-ALS to include ALS patients who have
completed this previous study. The main goal of this clinical
trial is to study the long-term safety and tolerability among
the patients. Estimated study completion will be in October
2019 and data evaluation may then provide a therapy to
combat ALS.

6.2. Arimoclomol

Arimoclomol, a small molecule discovered initially by
Hungarian researchers as a drug candidate to treat insulin
resistance and diabetic complications [72], has recently
shown to reduce protein aggregates levels in motor nerves.
This new investigational drug candidate is able to increase the
expression of chaperons Hsp70 and Hsp90 which help newly
synthesized proteins fold properly [73]. Arimoclomol has also
shown beneficial effects in muscle denervation in the SOD
transgenic ALS mice [74] and is being tested in a phase II/1ll
study to determine tolerability and efficacy in subjects with
SOD1-positive familial ALS sponsored by the University of
Miami (USA) (Clinicaltrial.gov: NCT00706147). Previously, ari-
moclomol showed to be well tolerated in ALS patients [75].
Results from the ongoing study are expected by the end of
the year and will indicate if arimoclomol could become a
disease modifying drug for this familial subgroup of patients.

6.3. RNS60

This novel therapeutic is an electrokinetically altered aqueous
fluid composed of 0.9% saline containing charge-stabilized
oxygen nanobubble-based structures. Chemically, RNS60 con-
tains water, sodium chloride, and 55 + 5ppm oxygen. Despite
the absence of active pharmaceutical ingredients, RNS60 has
proven to be anti-inflammatory and neuroprotective in differ-
ent models [76-78], being proposed as a new therapeutic
option for neuroinflammatory and neurodegenerative disor-
ders [79]. Furthermore, RNS60 has shown some benefit in
myelin maintenance and repair [80]. Sponsored by Revalesio
(Tacoma, WA 98421, USA), a phase | clinical study to determine
safety and tolerability in ALS patients has been initiated with
RNS60 administered by intravenous and inhalation routes
(Clinicaltrial.gov: NCT02525471). The study is recruiting ALS
volunteers, and the completion of the study is estimated by
the end of 2017.

6.4. Cu(ll)ATSM

One of the causes of some familiar forms of ALS are mutations
in the metalloprotein Cu/Zn-SOD1 and overexpression of
mutant SOD1 in mice induces ALS symptoms, being the
most widely used model for this disease. The aberrant persis-
tence of SOD1 in an intermediate metal-deficient state may
contribute to the pathogenic role of this protein in ALS [81].
The PET-imaging agent Cu(ll)ATSM (diacetylbis(4-methylthio-
semicarbazonato)copper(ll)) is known to deliver copper into
the central nervous system (CNS) within minutes and was used
to restore the copper homeostasis in SOD1 transgenic mice
finding significant improvements in the locomotor function
and survival [82,83]. Collaborative Medicinal Development
Pty Limited (US/Australian) initiated the clinical development
of Cu(l)ATSM with a multicenter, open-label, phase | study of
Cu(IDATSM administered orally to patients with ALS/MND
(Clinicaltrial.gov: NCT02870634). A copper deficiency in spinal
cord of ALS patients similar to SOD1 transgenic mice has
recently been shown [84], and the use of Cu(l)ATSM may
attenuate disease symptoms and prolong survival in sporadic
ALS patients as it was observed in SOD1 animal models.

6.5. NPOO1

Based on the relationship between ALS progression and neu-
roinflammation [85], NP001, a small heterocyclic molecule
regulator of inflammatory macrophages and monocytes, was
included in a phase | study in patients with ALS showing to be
safe and tolerable [86]. Afterwards, a phase Il study to assess
preliminary efficacy of NP0OO1 in ALS patients was conducted
[87], presenting a decrease of disease progression in a small
subset of patients which motivated Neuraltus Pharmaceuticals
(Palo Alto, CA 94303, USA) to start a second phase Il clinical
study to confirm these data (Clinicaltrial.gov: NCT02794857).
The recruitment is currently open.

6.6. EPI-589

The small-molecule EPI-589, also named as (R)-troloxamide
quinone, has started clinical development. Although there
are no data available about the efficacy of this antioxidant
drug in ALS animal models, Edison Pharmaceutical (Mountain
View, CA 94043, USA) initiated a phase lIA safety and biomar-
ker study of EPI-589 in ALS patients. As the new drug candi-
date acts through a redox-based mechanism, the secondary
outcome of the study will be the potential impact of the
compound on the levels of glutathione in blood samples
from participants (Clinicaltrial.gov: NCT02460679).

6.7. GDC-0134

Finally, GDC-0134 is an inhibitor of dual leucine zipper kinase
(DLK) being developed by Genentech (South S. Francisco, CA
94080, USA). A clinical trial phase | is currently recruiting
participants in a single ascending-dose study to determine
the safety, tolerability, and some PK parameters. DLK regulates
neuronal regeneration, and it was recently shown that its
inhibition promotes neuroprotection, preventing axon



degeneration [88], which could be of great benefit to treat ALS
patients.

7. Conclusions

Finding a cure for ALS is one of the greatest challenges for
those working in central nervous system drug discovery, not
only for the severity of the disease and the great social need,
but also for the lack of validated targets and animal models.
However, thanks to recent public and private research and
development efforts, we have currently several clinical trials
ongoing to fight against ALS.

Some studies are focused on the development of imaging
agents that will allow for a better diagnostic and disease
follow-up in the next future, being the development of MRI/
PET agents the most advanced one. Other clinical trials are
focused on cell therapy strategies. There are several studies
ongoing, but up to date, there is a lack of high-quality evi-
dence to guide practice on the use of cell-based therapy to
treat ALS [89]. Important key points such as the determination
of the appropriate cell source, phenotype, dose, and route of
delivery must be determined in future research. Furthermore,
other therapeutic approaches such as plasma exchange with
Albutein® (Grifols Biologicals Los Angeles, CA 90032, USA) 5%
in patients with ALS are ongoing (Clinicaltrial.gov:
NCT02872142). The main goal of Grifols (08174 Barcelona,
Spain) who sponsors the trial is to evaluate disease progres-
sion, forced vital capacity, and the safety and tolerability of
plasma exchange on ALS patients.

Finally, more than a dozen new drugs are now in clinical
investigation for ALS therapy, offering some hope for
patients in the near future. Although the great number of
drugs currently in clinical trials has the main goal of protect-
ing the motor neuron and modifying the course of the dis-
ease, some compounds such as tirasemtiv has been
developed only to improve the muscle strength, the most
disabling clinical symptoms of the patients. Nevertheless, the
orphan medicinal product designation granted by the FDA to
ibudilast and endaravone recognizes the neuroprotection
efficacy of these drugs and will decrease the development
time to reach the market. In fact, endaravone has been
already approved in Japan for the treatment of ALS, and
the corresponding application has just been submitted to
the FDA. Most likely, edaravone together with masitinib, if
the second part of the ongoing study displays the same
behavior as the first one, will be the drug candidates nearer
to the market.

8. Expert opinion

ALS is a fatal and devastating neurodegenerative disease for
which no treatment exists. This terrible deficiency may be due
to a number of factors.

The first historical one may be found in the number of
patients affected by the disease. ALS is a rare disease, and,
based exclusively on economic criteria, little research has been
done by pharma companies until the last years/decades in this
kind of pathologies. In fact, it has been the public claims
coming from patient associations that have recently impacted
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favorably on investment decisions, and research on rare dis-
eases is currently one of the preferred fields for many compa-
nies. ALS patient’s associations are very active and believe in
research as the only way to find a cure, investing resources
and leading an important opinion to guide investments com-
ing from public and private sectors.

A second important point is the lack of good animal
models able to mimic the disease. In fact, until the 1990s,
no models were available, and after, different transgenic
mice were developed based only on different mutations of
SOD1. Finding some signs of efficacy in those mice after
treatment with different molecules was not significantly dif-
ficult; however, the translation of the preclinical results to
the clinic has been unsuccessful every time. Currently, after
some years of basic and applied research, it is known that
SOD1 mutations are present only in less than 10% of familiar
ALS cases which represents a small fraction of the overall
disease. Different strategies are being followed now to
improve translational research success [7], being persona-
lized medicine a new opportunity for genetic patients.
Furthermore, as the knowledge of the pathobiology of ALS
advances, investigators are focusing on concepts that had
not been examined previously and new animal models are
being developed to provide innovative future possibilities
for drug discovery [90]. In that sense, is relevant the knowl-
edge of the key role of nuclear TARDNA binding protein 43
(TDP-43) in the pathology of ALS. Different animal models
have been recently developed considering several strategies
to upregulate this protein with the aim to emulate the
disease, but without compromising the animal’s viability
[91]. Directing the differentiation of human-induced pluripo-
tent stem cells into motor neurons as a way to develop new
models of ALS constitutes another important alternative to
be considered [92]. Although several technical challenges
may still need to be solved, having the disease-in-a-dish
will enhance the validation of new drugs that may be effec-
tive for ALS.

A third important challenge to be considered is that only
now researchers are beginning to understand the biochemical
and genetic causes behind ALS pathology. This new knowl-
edge is being incorporated in the new drugs or therapies
under development for clinically indistinguishable forms of
ALS. This disease may occur as a sporadic disorder in the
absence of known mutation or can be initiated by genetic
mutations. In the last case, mutations in four genes, that are
chromosome 9 open reading frame 72 (C9ORF72), Cu/Zn
SOD1, fused in sarcoma/translocated in liposarcoma (FUS/
TLS), and TDP-43, cause about two-thirds of these familial
cases. New methodologies as the fine regulators of genetic
networks microRNAs or miRNAs start to emerge as a persona-
lized medicine strategy [93].

Despite all these drawbacks, the new interventions under
research will have important consequences for the direction of
ALS treatment. These studies will surely add knowledge to the
overall understanding of ALS which will produce a better
design and/or selection of drug candidates. Drug reposition-
ing is currently playing an important role to bring new ther-
apeutics for ALS patients. Different new molecules are in the
last steps of clinical development with acceptable preliminary
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results and some of them have been recognized as orphan
drugs by the regulatory agencies. The expectation aroused on
masitinib and edaravone is worth mentioning. The latter now
has the approval for use in Japan, and the clinical practice will
provide the final piece for the battle against ALS. Both com-
pounds are neuroprotectants and may have a profound
impact on disease progression. Moreover, the recently started
clinical phase | study for the small-molecule-targeting DLK
opens new avenues for specific drug development for ALS.
All of these factors, in addition to new criteria for clinical trial
designs [8], lead us to believe that future research will find the
best approach to prevent or reverse the neurological deficit in
ALS and prolong survival rates in this debilitating and fatal
condition.
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