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daravone significantly slows progression of amyotrophic lateral sclerosis (ALS), and is the first therapy to receive approval by the Food and

Drug Administration (FDA) for the disease in 22 years. Approval of edaravone has marked a new chapter in pharmaceutical development

since the key trial included a novel strategic clinical design involving cohort enrichment. In addition, approval was based on clinical trials
that had a relatively small patient number and were performed outside of the US. Edaravone was developed through a series of clinical trials
in Japan where it was determined that a well-defined subgroup of patients was required to reveal a treatment effect within the study period.
Amyotrophic lateral sclerosis is associated with wide-ranging disease heterogeneity (both within the spectrum of ALS phenotypes as well as in
the rate of progression). The patient cohort enrichment strategy aimed to address this heterogeneity and should now be considered as a viable,
and perhaps preferred, trial design for future studies. Future research incorporating relevant biomarkers may help to better elucidate edaravone’s
mechanism of action, pharmacodynamics, and subsequently ALS phenotypes that may preferentially benefit from treatment. In this review, we
discuss the edaravone clinical development program, outline the strategic clinical trial design, and highlight important lessons for future trials.

Motor neuron disease (MND) encompasses a range of disorders that

Amyotrophic lateral sclerosis, clinical trials, edaravone differentially affect the upper and lower motor neurons. Amyotrophic lateral
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In the US, recent registry data suggests there are around 3.9 new cases
of ALS per 100,000 people each year.” Onset of sporadic ALS usually
occurs in patients in their mid-to-late 50s, however, onset of familial ALS
is usually in the late teens or early adulthood.™ The clinical presentation
of ALS is variable, with approximately 25% of patients presenting with
bulbar-onset disease, 70% with limb-onset disease and 5% with trunk
or respiratory involvement." In addition, there is significant variability
in the rate of disease progression, the symmetry of the disease, the
degree of cognitive/behavioral symptoms (reported to occur in 20% of
patients) and the extent to which upper motor neurons versus lower
motor neurons are involved. Symptoms can include muscle weakness,
atrophy and spontaneous twitching or fasciculations (lower motor
neuron signs), hyperreflexia and hypertonia (upper motor neuron signs),
dysarthria and dysphagia (bulbar-onset), and orthopnea and dyspnea
(respiratory-onset).z

There is no single diagnostic test that confirms the diagnosis of ALS, and
physicians rely on clinical examination and the El Escorial and revised
Airlie House diagnostic criteria to provide a degree of diagnostic certainty.”
Electrodiagnostic studies are very valuable to confirm the diagnosis of
ALS and identify the distribution of lower motor neuron abnormality. Other
diagnostic studies including imaging, immunologic laboratory testing,
and in some cases cerebrospinal fluid analysis and muscle biopsies are
performed to exclude other disorders that may mimic the clinical signs and
symptoms of ALS.”

The exact mechanisms leading to motor neuron degeneration in ALS
are still unclear, however, it is thought to be due to a complex interplay
between genetic and environmental factors. Several cellular and
molecular mechanisms of ALS pathogenesis have been elucidated,
offering some common ground among the varied phenotypic expressions
of the disease. These include: glutamate-induced excitotoxicity, free
radical generation, inflammation, abnormalities in nuclear-cytoplasmic
transport of RNA binding proteins, mislocalization of nuclear proteins and
formation of cytoplasmic protein aggregates, mitochondrial dysfunction,
and defects in protein homeostasis.®" These disease mechanisms
are not mutually exclusive and are often interrelated, leading to a final
common pathway of motor neuronal death. Through excessive activation
of its receptors, glutamate can induce neuronal cell injury and death
via increased intracellular calcium and generation of reactive oxygen
species.” Dysfunction of mitochondria can also lead to the generation of
free radicals, thus oxidative stress is an important and prominent feature
of the disease pathogenesis.®

Challenges in amyotrophic lateral sclerosis

drug discovery

Despite numerous clinical trials, there have been only two medications in
the past 22 years approved specifically for patients with ALS that directly
impact the cause of motor neuron degeneration. Disease variability,
the lack of sensitive biomarkers and outcome measures, questionable
relevance of pre-clinical models, diagnostic delays, and until recently,
clinical trial design that did not take into account the significant disease
heterogeneity associated with ALS, are some of the potential reasons given
for study failure.™ Trials that are wide-ranging in their patient recruitment
confer statistical challenges for between-treatment group analyses.™ It
remains possible that the design of prior clinical trials may have precluded
the ability to identify a significant effect.

In the absence of proven clinical, molecular or biochemical biomarkers,
identification of homogeneous treatment groups has not been possible.
Several recent trials have adopted a cohort enrichment strategy in recruiting
patients that might show a selective benefit to a proposed treatment
mechanism or given a limited trial duration. This strategy has led to the
recent approval of edaravone and is being adopted in at least two current
clinical trials: NPOO1 (NCT02794857; Neuraltus Pharmaceuticals, Inc.) and
AMX0035 (NCT03127514; Amylyx Pharmaceuticals, Inc.).

Approved treatment options for patients with
amyotrophic lateral sclerosis

In 1995, riluzole (Rilutek®, Sanofi-Aventis), an inhibitor of glutamate
release and voltage-dependent sodium channels, was approved for the
treatment of ALS after demonstrating improved patient tracheotomy-
free survival by 2-3 months in two randomized, double-blind, placebo-
controlled clinical studies.>

In May 2017, the Food and Drug Administration (FDA) approved edaravone
(Radicava®, Mitsubishi Tanabe Pharma America, Inc.) for the treatment of
ALS. The biochemical properties of edaravone and evidence from in vitro
and in vivo studies suggest that it may have protective effects against
oxidative stress. Edaravone is thought to be a free radical scavenger that
eliminates lipid peroxides and hydroxyl radicals thereby mitigating oxidative
injury in central nervous system neurons.”® Edaravone is administered as
a 60 mg intravenous infusion over 60 minutes every day for the first 14 days
of treatment, followed by a 14-day drug-free period. Subsequent treatment
cycles involve daily dosing for 10 days out of a 14-day period, following by
14-day drug-free periods — termed a 2-weekly dosing schedule.”

In addition to pharmacological treatment, there are other major
management issues that need to be considered when caring for patients
with ALS. In a practice parameter published by the Quality Standards
Committee of the American Academy of Neurology, it was determined
that attendance at specialized multidisciplinary ALS clinics improve patient
survival, and effective symptomatic management can enhance patient
quality of life.? As such, these form the key recommendations for ALS
management by the committee.

Edaravone clinical development program

The edaravone clinical development program for ALS was conducted in
Japan with over 380 patients. An overview of studies is provided in Table 1.
Edaravone was initially developed and approved in Japan for the treatment
of ischemic stroke.»* Edaravone also demonstrated efficacy in pre-clinical
models of ALS. In wobbler mice, a sporadic ALS-like model, edaravone or
vehicle was administered in a blind, randomized protocol. Edaravone-treated
wobbler mice demonstrated attenuated forelimb deformity and muscle
weakness compared with vehicle-treated mice.® Furthermore, muscle
weight, muscle fiber diameter and number of spinal motor neurons were all
significantly greater in the edaravone-treated mice compared with vehicle-
treated mice® In the SOD-1 transgenic model of ALS, edaravone-treated
male rats demonstrated significantly better performance in the landing foot-
splay functional test. Additionally, in the SOD-1 transgenic mouse model
for ALS, animals treated in a randomized, blind protocol with edaravone
demonstrated superior motor performance, a reduction in weight loss,
superior grip strength, and significant motor neuron preservation compared
with vehicle-treated mice.” After showing promising results in pre-clinical
studies,®? clinical trials of edaravone in ALS were initiated.®
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Table 1: An overview of the edaravone clinical development program in amyotrophic lateral sclerosis

Trial Trial type Patient population Duration Summary
Study 12% Open-label, phase 2 e 20 patients 24 weeks Edaravone was well-tolerated with
e 30 mg versus 60 mg edaravone a favorable safety profile. Study met
¢ Diagnosis of sporadic or familial ALS primary and secondary endpoint;
significantly less decline in ALSFRS-R
and reduction of 3NT levels
Study 16® Double-blind, e 206 patients 12-week observation period followed No statistically significant difference in
placebo-controlled e Diagnosis of definite, probable or by 24-week treatment period ALSFRS-R score between edaravone
RCT, phase 3 probable laboratory-supported ALS and placebo
e FVC >70%
e Placebo versus 60 mg edaravone
Study 17 Placebo-controlled e 181 patients 24 weeks followed by 12-week open-label Beneficial trend favoring edaravone
RCT extension of e Patients who received edaravone in edaravone (ALSFRS-R) but not statistically
Study 16 study 16 were reassigned to either significant
edaravone or placebo, followed by
open-label edaravone
Study 18% Placebo-controlled e 25 patients with more severe ALS 12-week observation period followed No difference between edaravone and
exploratory study (grade 3 Japan ALS severity by 24-week treatment period placebo in ALSFRS-R score
classification)
o FVC >60%
e Not statistically powered
Study 19% Double-blind, e 137 patients 12-week observation period followed Met primary endpoint and multiple
placebo-controlled e Diagnosis of definite or probable ALS by 24 weeks of treatment, plus a 24-week secondary endpoints; statistically
RCT, phase 3 e Score of >2 on all 12 items of the open-label extension reduced functional progression as
ALSFRS-R measured by the ALSFRS-R
e FVC >80%
e Disease duration of <2 years
e Placebo versus 60 mg edaravone

3NT = 3-nitrotyrosine; ALS = amyotrophic lateral sclerosis;, ALSFRS-R = Revised ALS Functional Rating Scale; FVC = forced vital capacity, RCT = randomized controlled trial.

The ALS Functional Rating Scale-Revised (ALSFRS-R) is a validated rating
instrument often used in clinical trials to monitor the progression of disability
in patients with ALS.% It is a 12-item scale across four domains: bulbar, fine
motor, gross motor and respiratory (see Table 2).? The ALSFRS-R was used
as a primary endpoint throughout all the studies in the edaravone clinical
development program. The ALSFRS-R is widely used due to its ease of use
and correlation with disease status and level of disability.? However, the
ALSFRS-R is relatively insensitive to progression over short periods of time,
may have a floor effect in advanced disease, and since it is a subjective
test, it may be affected by a patient’s mood, i.e., depression or optimism.*

The first trial to investigate the safety and efficacy of edaravone in patients
with ALS was MCI186-12, a phase 2 open-label study. Patients received
either 30 mg (n=5) or 60 mg (n=15) edaravone in a 2-weekly dosing
schedule, for six cycles of treatment (a total of 6 months). Inclusion criteria
were a diagnosis of familial or sporadic ALS. Exclusion criteria included
tracheotomy, artificial respiration, dyspnea, or a stable ALSFRS-R. The
primary endpoint was the change in the ALSFRS-R during the 6-month
edaravone treatment period, compared with the change in ALSFRS-R during
the natural course of ALS in the 6 months prior to treatment. Secondary
endpoints included the change in cerebrospinal fluid (CSF) 3-nitrotyrosine
(BNT; a marker of oxidative stress) levels at the end of the treatment
period. Safety assessments included the incidence of adverse events.®
The decline in ALSFRS-R score was significantly less during the 6-month
treatment period with 60 mg edaravone, compared with the 6-month
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period prior to edaravone administration (2.3 + 3.6 points versus 4.7 + 2.1
points respectively; p=0.039). A marked reduction in the level of CSF 3NT
to almost undetectable levels was observed in almost all patients receiving
60 mg edaravone, suggesting that neuronal cells were being protected
from oxidative stress. Edaravone had a favorable safety profile. No clinically
significant adverse drug reactions were observed and edaravone was well
tolerated in this study.®

Study MCI186-16 was a phase 3, double-blind, parallel-group, placebo-
controlled trial investigating the efficacy and safety of edaravone in
patients with ALS, consisting of a 12-week observation period followed
by a 24-week randomized treatment period. The study was carried out
across 29 different sites in Japan. The primary efficacy endpoint was the
change in the ALSFRS-R during the 24-week treatment period. Secondary
endpoints included changes in percentage forced vital capacity (FVC),
the Modified Norris Scale Score (an alternative rating scale for ALS
that assesses limb and bulbar function), grip strength (left/right mean),
pinch strength (left/right mean), and time to death. Safety assessments
included the incidence and severity of adverse events.? Inclusion criteria
included individuals aged 20-75 years with a diagnosis of definite,
probable or probable laboratory-supported ALS (according to the El
Escorial and revised Airlie House diagnostic criteria), FVC of >70%, disease
duration <3 years, and a change in the ALSFRS-R during the 12-week
observation period of -1 to -4 points. Patients had a Japanese ALS severity
classification of 1 or 2 (see Table 3). Administration regimen of riluzole
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Table 2: The ALSFRS-R — a functional amyotrophic lateral sclerosis rating scale incorporating assessments of respiratory function?

Item Scoring criteria

1. Speech Normal speech process

Detectable speech disturbance

Intelligible with repeating

Speech combined with non-vocal communication
Loss of useful speech

Normal

Slight but definite excess of saliva in mouth; may

have nighttime drooling

2 Moderately excessive saliva; may have minimal
drooling (during the day)

1 Marked excess of saliva with some drooling

Marked drooling; requires constant tissue

or handkerchief

2. Salivation

W s~ O =2 N W s

o

3. Swallowing Normal eating habits

Early eating problems — occasional choking
Dietary consistency changes

Needs supplement tube feeding

NPO (exclusively parenteral or enteral feeding)

Normal

Slow or sloppy, all words are legible
Not all words are legible

Able to grip pen, but unable to write
Unable to grip pen

4. Handwriting

Normal
Somewhat slow and clumsy, but no help needed
Can cut most foods (>50%), although slow and
clumsy; some help needed
Food must be cut by someone, but can still
feed slowly
0  Needs to be fed
5b. Cutting food and 4 Normal

handling utensils Clumsy, but able to perform all
manipulation independently
Some help needed with closures and fasteners
Provides minimal assistance to caregiver
Unable to perform any aspect of task

5a. Cutting food and
handling utensils*

N W s O =2 NWR O -=2NDWHS

N

w

Normal function

Independent and complete self-care with effort or
decreased efficiency

Intermittent assistance or substitute methods

1 Needs attendant for self-care

0 Total dependence

6. Dressing and
hygiene

W B~ O =N

N

was required not to be changed during the study (88.5% of patients in
the placebo group and 89.1% of patients in the edaravone group were
taking riluzole). Exclusion criteria included reduced respiratory function or
dyspnea, and complications preventing drug efficacy evaluation or those
requiring hospitalization.®

Changes in the ALSFRS-R (least-squares [LS] mean + standard error
[SE]) during the 24-week treatment were numerically smaller in the
edaravone group (-5.70 + 0.85; n=100) compared with the placebo
group (-6.35 + 0.84; n=99) but were not statistically significant
(intergroup difference 0.65 + 0.78; p=0.411). There were no significant
differences between edaravone treatment and placebo for any of the

Item Scoring criteria

7. Turning in bed 4 Normal function
and adjusting 3 Somewhat slow and clumsy but no help needed
bed clothes 2 Canturn alone, or adjust sheets, but with
great difficulty
Can initiate, but not turn or adjust sheets alone
Helpless
Normal
Early ambulation difficulties
Walks with assistance
Non-ambulatory functional movement
No purposeful leg movement

8. Walking

Normal

Slow

Mild unsteadiness or fatigue
Needs assistance

Cannot do

9. Climbing stairs

None
Occurs when walking
Occurs with one or more of the following: eating,
bathing, dressing
Occurs at rest: difficulty breathing when either sitting
or lying
0  Significant difficulty: considering using mechanical
respiratory support
None
3 Some difficulty sleeping at night due to shortness
of breath, does not routinely use more than
two pillows
2 Needs extra pillows in order to sleep (more
than two)
Can only sleep sitting up
Unable to sleep without mechanical assistance
None
Intermittent use of BIiPAP
Continuous use of BIPAP during the night
Continuous use of BiPAP during the day and night
Invasive mechanical ventilation by intubation
or tracheotomy

10. Dyspnea

N W s O -2 N W H O -2 NW s o -

N

11. Orthopnea

12. Respiratory
insufficiency

o =2 N Wk O -

*Patients without G-tube — use 5b if >50% is though G-tube.

**Patients with G-tube — 5b is used if the patient has a G-tube and only if it is the primary
method (>50%) of eating.

ADL = activities of daily living; BiPAP = Bilevel Positive Airway Pressure,

G-tube = gastrostomy tube; NPO = nothing by mouth.

Reproduced with permission from Cedarbaum et al., 1999.%

secondary outcomes except pinch strength (analyzed by repeated
measures analysis of variance), which showed statistically significant
difference favoring edaravone (p=0.038). Frequency and severity of
reported adverse events were similar in the two groups. Adverse events
and serious adverse events occurred in 88.5% and 23.1% of patients
in the placebo group respectively, and 89.2% and 17.6% of patients
treated with edaravone respectively. No serious adverse drug reactions
occurred in either treatment group.® A stratified post-hoc analysis by
diagnostic category revealed that the change in ALSFRS-R score was
greater in those patients fulfilling the El Escorial and revised Airlie House
diagnostic criteria for clinically definite ALS: -8.7 in the placebo group
versus -6.7 in the edaravone group.®#
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Table 3: Japanese amyotrophic lateral sclerosis severity scale®

Grade  Signs and symptoms

Able to work or perform housework

Independent living but unable to work

Requiring assistance for eating, excretion, or ambulation

Presence of respiratory insufficiency, difficulty in coughing out sputum,
or dysphagia

5 Using a tracheostomy tube, tube feeding, or tracheostomy positive-
pressure ventilation

B w N -

Rationale for cohort enrichment

The lack of significance in the primary efficacy endpoint between the
placebo and treatment arm during study MCI186-16 was investigated in
a follow-up analysis. This revealed that 25% of patients in the edaravone
group and 26% of patients in the placebo group showed a change of 0 or
-1 point in ALSFRS-R score indicating a more slowly progressive form of the
disease than had originally been anticipated when the trial was designed,
and thus attenuating the power of the study.® Therefore, it was of interest
to identify a group of patients to include in a clinical study who would show
adequate progression.

In an exploratory study (MCI186-18) of edaravone or placebo in 25 patients
with severe ALS (Japan ALS severity classification of grade 3), there was no
difference in ALSFRS-R between the treatment groups. The study was not
powered to statistically evaluate the efficacy of edaravone, and therefore
the effect of edaravone on patients with more severe ALS is inconclusive.®
Patients with more advanced disease may have already decreased several
points on the ALSFRS-R scale to 0 or 1, therefore assessments of further
changes are difficult. Due to these potential floor effects of the ALSFRS-R
in patients with more severe ALS, this study provided a rationale as to why
patients with severe ALS were not included in the proposed enriched cohort
of patients. To detect changes in ALSFRS-R in a clinical study it is important
to start with patients that are less functionally impaired at baseline, e.g.
those with individual item scores of 2 or more.®

Post-hoc analyses of the MCI186-16 study were performed in an attempt
to identify a group of patients that when using the ALSFRS-R in a 6-month
clinical study, could elucidate a treatment effect. Two patient subgroups
were defined from the post-hoc analyses: Step 1 — the efficacy-expected
subpopulation (EESP) with FVC of >80% before treatment and >2 points for
allitem scores in the ALSFRS-R at baseline; and Step 2 - the greater-efficacy-
expected subpopulation within the EESP, (dpEESP2y) with a diagnosis of
‘definite” or ‘probable” ALS according to the El Escorial and revised Airlie
House diagnostic criteria, and within 2 years of initial ALS symptom onset
at the time of giving informed consent.®* A comparison of the subgroup
characteristics and the full analysis set is shown in Table 4. Coordinating
investigators and medical expert consensus were responsible for setting
these subgroup criteria.®

Changes in the ALSFRS-R (LS mean) during the 24-week treatment in the
EESP subgroup were -7.06 for placebo (n=46) and -4.85 for edaravone
(n=53), with a significant intergroup difference of 2.20 + 1.03 (p=0.0360).
Changes in the ALSFRS-R during the 24-week treatment in the dpEESP2y
subgroup were -7.59 for placebo (n=29) and -4.58 for edaravone (n=39),
with a significant intergroup difference of 3.01 + 1.33 (p=0.0270).* These
results suggested that edaravone slowed the progression of ALS in the
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two defined subpopulations when compared with placebo. Additional
efficacy was demonstrated when the same analyses were carried out
for the secondary efficacy endpoints. Changes in percentage of FVC (LS
mean) during the 24-week treatment in the EESP subgroup were -16.35 for
placebo and -11.74 for edaravone, with a significant intergroup difference
(p=0.0488). Changes in percentage of FVC during the 24-week treatment in
the dpEESP2y subgroup were -19.69 for placebo and -13.40 for edaravone,
with a significant intergroup difference (p=0.0467). Similar significant
changes were also observed in the Modified Norris Scale scores for the
two specified subgroups.

Further efficacy of longer-term edaravone was explored in study MCI186-17,
a randomized 24-week extension to study MCI186-16. The results suggest
that edaravone might have potential efficacy for up to 15 cycles when used
to treat patients with ALS. Furthermore, post-hoc analyses of this study for
both the EESP and dpEESP2y populations showed beneficial trends favoring
edaravone.® Therefore, it was proposed that efficacy of edaravone should
be demonstrated in a second prospective phase 3 study if the cohort of
patients was enriched according to the dpEESP2y criteria.®

Strategic clinical study design through patient
population enrichment

Study MCI186-19 was a phase 3, double-blind, randomized, parallel-group,
placebo-controlled trial investigating the efficacy and safety of edaravone
in the well-defined post-hoc step 2 (dpEESP2y) population of patients
with ALS.* The study was carried out with 137 patients recruited from 31
hospitals in Japan. Inclusion criteria were individuals aged 20-75 years with
a diagnosis of definite or probable ALS according to the El Escorial and
revised Airlie House criteria, a Japanese ALS severity classification of 1 or 2,
and a decrease in the ALSFRS-R score of 1-4 during a 12-week observation
period. Based on the post-hoc subgroup analysis, eligible patients also
had scores of >2 points for all item scores in the ALSFRS-R, a FVC >80%,
and duration of disease from the first ALS symptom of <2 years. Exclusion
criteria included a score of <3 of ALSFRS-R items for dyspnea, orthopnea
or respiratory insufficiency. Patients who had already been given riluzole
could continue to receive riluzole provided that the regimen remained
unchanged, but initiation of riluzole after the start of the observation period
was prohibited. Riluzole use was observed in 91% of patients in both
treatment groups.® These steps were taken to manage variability in the
patient population and ensure the inclusion of patients with progressive
disease, and at the same time excluding patients with too slowly or rapidly
progressing disease.” Following the 12-week observation period, eligible
patients were randomized 1:1 to placebo or edaravone. The primary
efficacy endpoint was a change in ALSFRS-R score from baseline to week
24, following six cycles of treatment. Secondary endpoints included change
in percentage of FVC, Modified Norris Scale scores and grip and pinch
strengths. Safety endpoints included the incidence of adverse events.®

Changes in the ALSFRS-R (LS mean change + SE) through the 24-week
study period were -5.01 + 0.64 in the edaravone group (n=68), compared
with -7.50 + 0.66 in the placebo group (n=66). The intergroup comparison
revealed a statistically significant difference (2.49 + 0.76, p=0.0013)
(Figure 7). This translates into a 33% difference between the placebo and
edaravone group. It should be noted that in a survey of the Northeast
ALS Consortium, a 25% change in the ALSFRS-R score was considered
clinically meaningful.® Efficacy was also demonstrated in some of the
secondary endpoints including the total Modified Norris Scale score with
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Table 4: Comparison of analysis groups in a post-hoc subgroup analysis of the MCI186-16 study

Analysis group
Japan ALS severity classification

FAS EESP (Step 1)

Grade 1,2

dpEESP2y (Step 2)

ALSFRS-R score of respiratory function

4 points on items of dyspnea, orthopnea, respiratory insufficiency in the ALSFRS-R score

Change in the ALSFRS-R score during 12-week pre-observation period

Changed by -1 to -4 points

ALSFRS-R score at baseline

Not pre-specified

>2 points on each individual item

Respiratory function

% FVC =70%

% FVC =80%

El Escorial and revised Airlie House diagnostic criteria

Definite, probable, probable-laboratory-supported

Definite, probable

Onset of ALS

Within last 3 years Within last 2 years

ALS = amyotrophic lateral sclerosis; ASLFRS-R = revised ALS Functional Rating Scale, dpEESP2y = subgroup of the EESP, containing patients with a diagnosis of ‘definite” or ‘probable”
ALS according to the El Escorial and revised Airlie House diagnostic criteria and with disease duration of <2 years,; EESP = efficacy-expected subpopulation of patients with ALS (% FVC
of >80% before treatment and >2 points for all item scores in the ALSFRS-R before treatment, FAS = full analysis set; % FVC = percentage forced vital capacity.

a LS mean change + SE through the 24-week study period of -15.91 + 1.97
in the edaravone group, compared with -20.80 + 2.06 in the placebo group
(intergroup difference 4.89 + 2.35; p=0.0393). The secondary endpoint
which assessed quality of life, ALSAQ-40, was statistically significant in
favor of edaravone compared with placebo (LS mean + SE was -8.79 + 4.03,
p=0.031). Changes in the percentage of FVC and grip and pinch strengths
showed a tendency towards improvement with edaravone but were not
statistically significant. The frequency of adverse events was comparable
between the two treatment groups, and no serious adverse drug reactions
were reported in either group.®

In an open-label 24-week extension of the trial, 65 patients who had received
edaravone in the double-blind study period remained on treatment and 58
patients who received placebo switched to edaravone. After a total of 48
weeks, the mean change in the ALSFRS-R score was -8.0 in patients who
continued receiving edaravone and -10.9 in those who switched to edaravone
from the placebo arm.® Whilst further evaluation of long-term treatment with
edaravone is needed, this study extension provides a rationale for early
treatment with edaravone since patients continuing on edaravone appeared
to be progressing at a slower rate than those who had recently switched.

Lessons for future clinical trials

Approval of edaravone in the US has marked a new chapter in pharmaceutical
development for several reasons. Firstly, because it was the first case of an
FDA approval that was granted based on clinical trials that had a smaller
patient number than most that have preceded it; secondly, because the key
trials for edaravone were performed outside the US, and finally because of
the novel strategic clinical trial design involving cohort enrichment. This raises
hope and interest that other drugs may be approved in a similar fashion in
the future, particularly for neurodegenerative diseases where there is still a
large unmet medical need.

Study MCI186-19 highlights a new approach to ALS clinical trials that could
be applicable to studies in other neurodegenerative diseases. A key factor
contributing to the failure of past clinical trials in ALS is the study design;
in particular the variability in disease presentation and progression.*
The syndromic nature of ALS encompasses a very heterogeneous group
of motor neuron disease(s), as observed in the MCI186-16 study where
26% of placebo patients and 25% of edaravone patients were defined as
slow progressors.® This suggests that within the population of patients
with ALS there may be several different patient categories of disease
progression. When studying a drug that slows disease progression over

Figure 1: Study MCI186-19 primary efficacy endpoint—
change in ALSFRS-R in edaravone and placebo
treatment groups
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A statistically significant 33% reduction in the expected decline in the ALSFRS-R score
was detected at the end of the 6-month trial period. At baseline, the average ALSFRS-R
score in both treatment groups was 42 (where 48 is a perfect score, Table 2). Over

6 months, patients in the edaravone group averaged a 5.0-point reduction on the
ALSFRS-R, compared with a 7.5-point reduction for patients in the placebo group. The
between-group difference in adjusted mean (LS mean + SE [95% ClI]) was 2.49 + 0.76
(0.99, 3.98). For placebo, n=66 and for edaravone, n=68. Figure adapted from Edaravone
(MCI-186) ALS 19 Study Writing Group, 2017.%¢ ALS = amyotrophic lateral sclerosis;
ALSFRS-R = Revised ALS Functional Rating Scale; CI = confidence interval;

LOCF = last observation carried forward; LS = least square; SE = standard error.

a finite trial duration, it is difficult to elucidate a treatment effect when
comparing study arms with large numbers of patients who are not
progressing. By defining a very specific patient population in the study
MCI186-16 post-hoc analysis, and subsequent study MCI186-19, many of
these ‘non-progressing’ patients were eliminated.

It is important to note that the lack of the expected progression in the
placebo group in study MCI186-16 led to the cohort enrichment in study
MCI186-19, and ultimately the detection of a significant treatment effect.
However, we can postulate that had the placebo group in study MCI186-16
behaved like historical controls, it is likely this study would have met the
primary end point as well. As such, it is possible that edaravone does not
necessarily work selectively in rapidly progressing patients. Future research
incorporating relevant biomarkers may help elucidate better edaravone’s
mechanism of action, pharmacodynamic considerations, and subsequently
the ALS phenotypes that may benefit preferentially from treatment.
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Post-hoc analyses of previous randomized control trials have identified
responder groups that might have been overlooked, providing possible
reasons for study failure.” Without the follow-up analyses and subsequent
clinical study with edaravone, efficacy would never have been demonstrated
and approval of the drug would not have been realized.” By specifying a
well-defined patient population, investigators can address some of the
phenotypic variability observed in patients with ALS,* while minimizing
patient risk, study duration, and sample size to improve efficiency and
promote statistical power.2 The concept of cohort enrichment is particularly
important if the enrichment criteria are related to the hypothesized
mechanism of action; while this was not the case for study MCI186-19, it
could be relevant for future clinical studies in ALS.

Another potential problem revealed in the design of past clinical trials is the
expected treatment effects, sometimes 40-50% greater than placebo, which

are often unrealistic.* The difference in ALSFRS-R in the MCI186-19 study
equates to 33% less functional loss in the edaravone group compared with
the placebo group. The impact of slower functional decline for patients could
mean an extension in their ability to independently perform activities of daily
living, and less deterioration in their walking, climbing or swallowing abilities.
Such effects are very important and significant for patients living with ALS.

Conclusion

Cohort enrichment strategies, coupled with a relevant biomarker consistent
with the expected action of the drug, should now be considered as a viable
and perhaps preferred design for future studies. It is imperative that future
clinical trials in ALS and other neurodegenerative diseases accommodate
innovative design modifications. By doing so, it is hoped that edaravone will
be the first of many new disease-modifying treatments to be approved over
the coming years.Q
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