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Summary

Background Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease caused by the loss of
motor neurons, and development of effective medicines is urgently required. Induced pluripotent stem cell (iPSC)-
based drug repurposing identified the Src/c-Abl inhibitor bosutinib, which is approved for the treatment of chronic
myelogenous leukemia (CML), as a candidate for the molecular targeted therapy of ALS.

Methods An open-label, multicentre, dose-escalation phase 1 study using a 3 + 3 design was conducted in 4 hospitals
in Japan to evaluate the safety and tolerability of bosutinib in patients with ALS. Furthermore, the exploratory efficacy
was evaluated using Revised ALS Functional Rating Scale (ALSFRS-R), predictive biomarkers including plasma
neurofilament light chain (NFL) were explored, and single-cell RNA sequencing of iPSC-derived motor neurons
was conducted. Patients, whose total ALSFRS-R scores decreased by 1-3 points during the 12-week, received
escalating doses starting from 100 mg quaque die (QD) up to 400 mg QD based on dose-limiting toxicity (DLT)
occurrence, and all participants who received one dose of the study drug were included in the primary analysis.
This trial is registered with ClinicalTrials.gov, NCT04744532, as Induced pluripotent stem cell-based Drug
Repurposing for Amyotrophic Lateral Sclerosis Medicine (iDReAM) study.

Findings Between March 29, 2019 and May 7, 2021, 20 patients were enrolled, 13 of whom received bosutinib
treatment and 12 were included in the safety and efficacy analyses. No DLTs were observed up to 300 mg QD, but
DLTs were observed in 3/3 patients of the 400 mg QD cohort. In all patients receiving 100 mg—400 mg, the prevalent
adverse events (AEs) were gastrointestinal AEs in 12 patients (92.3%), liver function related AEs in 7 patients (53.8%),
and rash in 3 patients (23.1%). The safety profile was consistent with that known for CML treatment, and ALS-specific
AEs were not observed. A subset of patients (5/9 patients) was found to respond well to bosutinib treatment over the
12-week treatment period. It was found that the treatment-responsive patients could be distinguished by their lower
levels of plasma NFL. Furthermore, single-cell RNA sequencing of iPSC-derived motor neurons revealed the
pathogenesis related molecular signature in patients with ALS showing responsiveness to bosutinib.

Interpretation This is the first trial of a Src/c-Abl inhibitor, bosutinib, for patients with ALS. The safety and tolerability
of bosutinib up to 300 mg, not 400 mg, in ALS were described, and responsiveness of patients on motor function was
observed. Since this was an open-label trial within a short period with a limited number of patients, further clinical
trials will be required.
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Research in context

Evidence before this study

We searched PubMed for papers published in English between
database inception and May 31, 2022, using the terms
“amyotrophic lateral sclerosis” AND “bosutinib” to identify
studies on the effect of bosutinib in patients with ALS. Our
search returned no clinical studies in which bosutinib was
administered to ALS patients. In non-clinical studies, the Src/
c-Abl inhibitor bosutinib, which is a drug used for the
treatment of chronic myeloid leukemia, was found to inhibit
the accumulation of misfolded proteins by acceleration of
autophagy and to suppress motor neuron death in iPSC-
derived motor neurons from ALS patients. This effect was also
confirmed in ALS model mice. These findings suggest that
such molecularly targeted therapies used as anticancer drugs
may be effective in ALS. From the experience of the clinical
use of bosutinib for CML patients, its safety has been
evaluated in clinical trials and is well characterized. However,
since the disease-related physical conditions of ALS patients
are different from those of CML patients, in the present study
evaluation of the safety and tolerability of bosutinib in ALS
patients was conducted together with evaluation of its
efficacy in an exploratory manner.

Added value of this study

To the best of our knowledge, this is the first clinical trial to
investigate the effects of bosutinib in ALS patients. This study
focuses on iPSC-based repositioning of an oncology drug in a
neurological setting. It is unique in that it combines an ALS-
specific study design of a 3-month observation period, which

Introduction

ALS is a severe neurodegenerative disease characterized
by loss of motor neuron, leading to progressive muscle
weakness, loss of motor control and death from respi-
ratory failure, with survival 3-5 years after onset.' There
are currently no fundamental treatments for ALS.
Riluzole and edaravone have been approved for the
treatment of ALS, although riluzole treatment’ does not
provide sufficient therapeutic effect and edaravone
treatment’* does not deliver a life-prolonging effect. On
the other hand, in the fields of cancer and hematologi-
cal/immune intractable diseases, therapeutic target
molecules have been identified, and molecular-targeted
therapies have enabled higher therapeutic efficacy
compared to conventional, nonspecific anti-cancer or
immunosuppressive therapies. In particular, the use of

avoids the variability in the speed of disease progression that
makes objective drug evaluation in ALS difficult, with a 3 + 3
dose escalation for the study design of anti-cancer drugs. This
study design may provide a prototype for new study designs
for future molecular-targeted drugs in neurology. Although
the number of patients was limited, the speed of disease
progression became stabilized in more than half of the
patients in the treated group during the 3-month treatment
period of the investigational drug. Furthermore, in those
patients, the plasma Neurofilament L (NFL) levels, which are
believed to originate from degenerated neurons, were found
to be lower. The molecular pathogenesis of each patient
behind the drug response biomarkers by NFL as disease
indicator was further elucidated by single-cell RNA sequencing
of motor neurons generated from patient iPSCs. One of the
features of this study is the integrated approach from the
clinical trial to reverse translational research using iPSCs.

Implications of all the available evidence

This is the first study to use a Src/c-Abl inhibitor, bosutinib,
for ALS patients, together with detailed examination of each
patient. The general safety and tolerability of bosutinib in ALS
was confirmed, and a subset of patients was found to respond
well to bosutinib by appearing to maintain clinical stability,

with the treatment-responsive patients being distinguishable
by plasma NFL levels, which may be a potential predictor of
drug efficacy. Since the study was conducted in a short period
with a limited number of patients, further longer-term studies
with greater numbers of patients will be needed.

orally available tyrosine kinase inhibitor (TKI) therapies
has created a paradigm shift in the treatment of these
areas. Meanwhile, in ALS, although therapies such as
antisense oligonucleotides (ASO) targeting mutated
genes have been investigated for inherited ALS,*° there
were no molecular-targeted drugs for the majority of
patients with sporadic ALS, in which the mutated genes
are not known.

The advent of induced pluripotent stem cells (iPSCs)
has allowed the construction of cellular models of
neurological diseases not only for inherited diseases”*
but also for diseases with unknown causative genes’
including sporadic ALS," which has revealed Src/c-Abl
as a candidate therapeutic target for ALS." Bosutinib
is a selective inhibitor of Src/c-Abl tyrosine kinase,
approved for the treatment of chronic myelogenous
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leukemia (CML). The Bcr-Abl fusion gene expressed in
CML is involved in leukemia cell proliferation through
its continuous activation, and bosutinib inhibits this
process. In ALS, both Src and c-Abl are activated and
involved in motor neuron death and abnormal protein
accumulation through aberrant autophagy.'" A com-
pound screening using iPSCs derived from patients
with ALS identified bosutinib as a potential agent for
ALS treatment, which inhibited death of motor neurons
and the accumulation of abnormal proteins, critical
pathological features of ALS, in an ALS patient iPSC
model and an ALS mouse model." Based on these re-
sults, a therapeutic effect of bosutinib may be expected
in patients with ALS.

The purpose of this study is to introduce molecular
targeted therapeutics in the field of the treatment of
ALS. From the experience of the clinical use of bosuti-
nib in CML patients, its safety has been evaluated in
clinical trials and is well characterized.'>* However,
since the disease-related physical conditions of patients
with ALS are different from those of CML patients, such
as the gastrointestinal tract dysfunction in ALS," eval-
uation of the safety and tolerability of bosutinib in pa-
tients with ALS was conducted in the present study. In
addition, the efficacy of bosutinib in patients with ALS
was evaluated in an exploratory manner.

Methods

Study design and patients

This study consisted of a clinical trial conducted in
accordance with the guideline of Good Clinical Practice
(GCP) and additional clinical research conducted in
accordance with the Clinical Trials Act. This clinical trial
was reported in adherence to CONSORT reporting
guidelines. As a sub-study of the clinical trial, additional
clinical research was conducted for those patients who
participated in the clinical trial and consented to
attending the ancillary study to measure biomarkers.
This study was conducted in 4 sites in Japan—Kyoto
University, Tokushima University, Kitasato University,
and Tottori University. The protocol and informed
consent form were approved by the ethics committees of
Kyoto University, Tokushima University, Kitasato Uni-
versity, and Tottori University. All participants provided
written informed consent.

The clinical trial was a phase 1, open-label, multi-
centre, dose-escalation study to evaluate the safety and
tolerability of bosutinib in order to determine the
maximum tolerated dose (MTD) and recommended
phase 2 dose (RP2D) of bosutinib for the treatment
of patients with ALS. Additionally, efficacy evaluation
was conducted in an exploratory manner. This study
included patients with ALS who met all inclusion and
exclusion criteria such as those with already-reported
superoxide dismutase 1 (SOD1) gene mutation and
progressive muscle weakness; or sporadic patients with
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ALS who were categorized as “Definite ALS,” “Prob-
able ALS,” or “Probable-laboratory supported ALS” by
the Updated Awaji Criteria® for the diagnosis of ALS,
patients with Grade 1 or 2 by the Japan ALS Severity
Scale of the grant-in-aid program for chronic diseases
from the Japanese Ministry of Health, Labour and
Welfare, with Grade 3 also being acceptable for pa-
tients with SOD1 mutation, patients with sporadic ALS
that developed within 2 years of the primary registra-
tion, patients with SOD1 mutation within 5 years after
disease onset, and patients with a change of -1 to -3
points in the total Revised Amyotrophic Lateral Scle-
rosis Functional Rating Scale (ALSFRS-R) score during
the observation period. Patients with ALS who had
already been diagnosed with a mutation by genetic
analysis were classified as ALS with SOD1 mutation,
while patients with ALS with no family history were
classified as sporadic ALS. Details of the inclusion and
exclusion criteria are provided in the protocol’ and
included in the supplementary file.

Besides measurements of biomarkers including neu-
rofilament light chain (NFL) and phosphorylated neuro-
filament heavy chain (pNFH) in plasma in this clinical
trial, additional clinical research was conducted for the
patients who participated in this clinical trial and con-
sented to the measurement of bosutinib concentration and
biomarkers such as chitinase 3 like 1 (CH3L1), phos-
phorylated Src (p-Src), phosphorylated c-Abl (p-c-Abl), and
cytokines in plasma, p75 in urine, NFL and pNFH in ce-
rebrospinal fluid (CSF) as an ancillary study, as well as the
generation of iPSCs for the single-cell RNA sequencing
analysis of motor neurons derived from iPSCs.

Sample size

The planned target sample size was 12-24 patients if the
study proceeded to the 400 mg/day group. The number
of patients in each dose group was dependent on the
results of the dose-limiting toxicity (DLT) evaluation.
The definition of DLTs for this study was provided in
the supplementary file. The 95% confidence interval
(CI) for a DLT incidence proportion was 0-0.71 when a
DLT was observed in 0 of 3 patients, and 0.004-0.64
when a DLT was observed in 1 of 6 patients. Additional
patients, including those for replacement, could be
enrolled for DLT evaluation when determined to be
necessary by the Safety Assessment Committee.

Procedure

The study consisted of a 12-week observation period, a
1-week (acceptable window: 5-9 days) transitional
period, a 12-week study treatment period, and a 4-week
follow-up period.'® Patients enrolled in the 1st registra-
tion were also enrolled in the observation period. Pa-
tients who had been receiving riluzole since before
enrollment were allowed to continuously receive riluzole
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during the 12-week observation period (with the dosage
remaining unchanged), and stopped receiving riluzole
at the beginning of the 1-week (acceptable window: 5-9
days) transitional period. The patients whose total
ALSFRS-R score decreased by 1-3 points during the
12-week observation period were deemed eligible for
the 2nd registration to enter the study treatment period.
The patients received bosutinib for 12 weeks to evaluate
the safety and tolerability of bosutinib in patients with
ALS. All ALS drugs including riluzole were prohibited
during the bosutinib treatment period because of the
necessity to exclude any influence on the safety evalua-
tion of bosutinib. Prohibited medications for safety
considerations are listed in the Supplementary File.

Based on the results of non-clinical studies, 300 mg/
day was considered to be the effective dose for ALS.
Given no safety profile of bosutinib has been investi-
gated in patients with ALS, the 100 mg was set as a
starting dose as a conservative approach. The maximum
dose was set at 400 mg which is the clinical dose for
newly diagnosed CML and one dose higher than the
predicted dose. In this study, 3 to 6 patients with ALS
were allocated to each of the 4 bosutinib dose levels
(100 mg/day [dose level 1], 200 mg/day [dose level 2],
300 mg/day [dose level 3], or 400 mg/day [dose level 4])
to evaluate the safety and tolerability of the investiga-
tional product (bosutinib) under a 3 + 3 dose escalation
study design (the detail was provided in the
Supplementary File). The dose was escalated by 1 dose
level at a time, and no skipping of doses was allowed.

Dose escalation and MTD were determined by the
Safety Assessment Committee consisting of one oncol-
ogist, two hematologists, and two ALS experts on the
basis of the incidence of DLT during the first 4 weeks of
treatment among 3 patients enrolled (up to 6 patients if
additionally enrolled) at each dose level. RP2D was
determined by the Safety Assessment Committee upon
completion of the entire 12-week study treatment in all
patients at all dose levels.

Outcome measurements

Primary endpoint was DLT during the first 4 weeks of
treatment with bosutinib, and during the study treat-
ment period (12 weeks). Secondary endpoint was eval-
uation of adverse events, laboratory test abnormal, vital
signs (blood pressure, pulse rate, and body tempera-
ture), ECG, and chest X-ray findings. Adverse events
were graded based on the National Cancer Institute
(NCI) Common Terminology Criteria for Adverse
Events (CTCAE) v.4.03 and the incidences of the
treatment-related AEs were summarized by system or-
gan class (SOC) and preferred term (PT) of The Medical
Dictionary for Regulatory Activities (MedDRA, v.24.0).
Exploratory endpoints were change from baseline in
total ALSFRS-R score and grade in the Japan ALS
severity classification, change from baseline of % forced

vital capacity (FVC) and grip power, and change in
plasma NFL and pNFH during the observation period
and the study treatment period. The ALSFRS-R was
evaluated by trained examiners, and was also evaluated
by the same examiners at each visit, as far as possible.
Regarding to the grip strength and %FVC, measure-
ments were performed by the same evaluator at the
same measuring position and with the same in-
struments, as far as possible.

Measurement of biomarkers

Plasma NFL and plasma pNFH were quantified by
Simoa assays (Quanterix, MA) with validation in the
clinical trial in accordance with the guideline of GCP,
and other biomarkers were evaluated by laboratory
standards in the additional clinical research. Details
were described in Supplementary Materials and
Methods.

Generation of iPSCs and motor neuron
differentiation

iPSCs were generated from peripheral blood mono-
nuclear cells (PBMCs) and were differentiated into
motor neurons as previously described. The detailed
procedure was described in Supplementary Materials
and Methods.

Single-cell RNA sequencing

Motor neurons were dissociated and a library prepara-
tion was conducted using the Chromium Next GEM
Single Cell 3’ Reagent Kits v3.1 (10xGenomics), and the
library was sequenced on NovaSeq 6000. Details of the
procedure are described in Supplementary Materials
and Methods.

Statistical analysis

Statistical analysis was performed after all patients
completed their follow-up period according to the sta-
tistical analysis plan in the clinical trial. The frequencies
of DLTs during the first 4 weeks of study treatment and
during the entire study treatment period (12 weeks)
were analysed for each dose group. The frequencies of
adverse events (AEs) during the study treatment period
were analysed for each dose group. A post-hoc analysis
of change from baseline for ALSFRS-R score was per-
formed by a linear mixed-effects model with a repeated-
measures approach using the distinguished groups
based on NFL levels, baseline values of ALSFRS-R score,
duration after the start of treatment of bosutinib, and
the interaction of the distinguished group based on NFL
levels with duration after the start of treatment of
bosutinib as statistical parameters. The remaining
exploratory efficacy analysis and biomarker data analysis
were performed in two ways: graphically and by means
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of descriptive statistics. Analyses were performed using
SAS software version 9.4 (SAS Institute, Cary, NC).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. KI. and H.I. had access to the
dataset and had final responsibility for the decision to
submit for publication.

Results

Between March 29, 2019 and May 7, 2021, a total of
20 patients provided their consent, and 18 of them pro-
ceeded to the 1st registration, excluding 2 who failed to
meet the inclusion criteria. The patients whose total
ALSFRS-R score decreased by 1-3 points during the
12-week were eligible for the 2nd registration; 5 of them
were then determined to be screening failures based on
the eligibility criteria at the 2nd registration, 3 due to
respiratory impairment and 2 to personal reasons of pa-
tients, and finally 13 were enrolled to the study treatment
period for 12 weeks (Fig. 1A and B). Three patients
received 100 mg, three patients received 200 mg, four
patients received 300 mg, and three patients received
400 mg of bosutinib orally once daily. All patients in the
bosutinib 100 mg—300 mg groups completed the 12-week
study treatment, except for 1 patient in the 300 mg group;
treatment was discontinued because of suicide, which was
determined not to be related to bosutinib, and replacement
in the section was made for the result of DLT evaluation by
the Safety Assessment Committee. In the 400 mg group,
all 3 patients discontinued the study treatment due to
treatment-related AEs. Characteristics of patients treated
with bosutinib were described in Table 1.

As a primary endpoint, the incidence of DLT in the
first 4 weeks and in the entire 12 weeks of treatment at
each dose level were evaluated by the Safety Assessment
Committee (Table 2). No DLTs were observed in the
100 mg-300 mg groups and dose escalation was con-
ducted (Fig. 1C). According to the Safety Assessment
Committee, 1 patient in the 400 mg group with rash
papular, Grade 3 at maximum severity, was considered
to have a DLT during the first 4 weeks of the study
treatment, and all 3 patients in the 400 mg group, 2
patients with Grade 3 liver injury and 1 patient with
Grade 3 rash papular, were judged to have DLT during
the entire 12 weeks of the study treatment.

AEs were evaluated as a secondary endpoint
(Table 3). Their incidences of AEs in relation to the
study treatment of each grade and of Grade 3 or higher
are summarized in Table 4. All 13 patients experienced
treatment-related AEs. The most common ones were
diarrhea (9 of 13 patients [69.2%)], 2 patients each in the
100 mg and 400 mg groups, 1 patient in the 200 mg
group and 4 patients in the 300 mg group);
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constipation (3 of 13 patients [23.1%], 1 patient each in
the 200 mg—400 mg groups); and liver disorder (3 of
13 patients [23.1%)], 1 patient in the 200 mg group and
2 patients in the 300 mg group). Most of the AEs
related to the study treatment were Grade 1 or 2 in
severity. Grade 3 AEs related to the study treatment
were liver injury (2 patients in the 400 mg group),
increased alanine aminotransferase and aspartate
aminotransferase (1 patient in the 100 mg group),
and rash papular (1 patient in the 400 mg group). No
Grade 4 or 5 AEs related to the study treatment were
reported. A serious AE (SAE) of suicide was reported
in 1 patient in the 300 mg group. This patient
committed had presented anxiety before initiation of
the clinical study, although this patient did not
meet exclusion criteria in terms of psychiatric condi-
tion or active suicidal ideation, and it was clinically
concluded that the event was not associated with the
study drug, in conjunction with the results of the
Safety Assessment Committee’s evaluation. There
were no clinically meaningful abnormalities in vital
sign parameters, ECG findings, and chest X-ray find-
ings related to the study treatment in any dose group in
the study.

Among 13 patients enrolled in the study treatment
period, the efficacy of bosutinib was evaluated in an
exploratory manner among the 9 patients who
completed 100 mg-300 mg of the study treatment,
respectively. Change in total scores of ALSFRS-R during
the observation and treatment periods was evaluated
(Fig. 2A). Decrease from baseline in the total score of
ALSFRS-R were smaller during the study treatment
period than during the observation period in 2 patients
each in the 100 mg and 300 mg groups, as well as in
1 patient in the 200 mg group; 5 of 9 patients were
found to respond well to bosutinib, showing a change in
ALSFRS-R score remained stable during 12 weeks of the
treatment. The difference between change in the treat-
ment period and change in the observation period,
shown as A(change of ALSFRS-R), which indicates the
alteration of disease progression rate, is presented in
Fig. 2B.

ALS severity remained stable during the study
treatment period in 3 patients each in the 100 mg and
300 mg groups and in 1 patient in the 200 mg group.
During the study treatment period, 2 of 9 patients
showed no decrease in %FVC from baseline, and 5 of 9
patients showed no decreasing tendency in grip strength
for both hands.

In a post-hoc analysis, we found that there was a
difference in baseline plasma NFL levels between the
positive A (change of ALSFRS-R) group which is defined
as A (change of ALSFRS-R) >0 and the negative
A (change of ALSFRS-R) group which is defined
as A (change of ALSFRS-R) <0 in Fig. 2B. The positive
A (change of ALSFRS-R), stable group with a low
decrease in ALSFRS-R score in the treatment period,
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A
20 patients assessed
for eligibility
2 ineligible;
> 2 failed to meet the
inclusion criteria
v
18 patients proceeded
to 1st registration
5 screening failures;
> 3 respiratory failures
2 personal reasons
v
13 patients proceeded
to 2 registration
3 patients included 3 patients included 4 patients included 3 patients included
in 100 mg group in 200 mg group in 300 mg group in 400 mg group
B Informed consent
1st registration 2nd registration
l 12 weeks l 12 weeks
. . ) 4 weeks
| Observation period Treatment period -
Follow up period

1 week

Transitional period

Change of ALSFRS-R

3 + 3 design
Dose escalation

Change of ALSFRS-R

400 mg
I_> o

300 mg 0
I_> group

200mg | gp T
I_> group
100 mg

Fig. 1: Profile of the clinical trial. A. CONSORT diagram for iDReAM study. B. Design of the study. The study consisted of a 12-week
observation period, a 1-week transitional period, a 12-week study treatment period, and a 4-week follow-up period. The patients whose
total ALSFRS-R scores decreased by 1-3 points during the 12-week observation period were eligible to enter the study treatment period. C. Dose
escalation based on the 3 + 3 design. No DLTs were observed in the 100 mg-300 mg groups. There were 3 DLTs in the 400 mg group. DLT,
dose-limiting toxicity; MTD, maximum tolerated dose; RP2D, recommended phase 2 dose.

had lower plasma NFL levels in baseline (Fig. 2C). As for
plasma pNFH levels, no difference was found between
the two groups (Fig. 2D). The plasma NFL levels
themselves were not related to the change of ALSFRS-R
in the observation period (Fig. 2E). Furthermore, there

DLT MTD
RP2D

was a difference in the decrease in ALSFRS-R score in
the treatment period between the higher and lower
plasma NFL groups after the start of treatment of
bosutinib (Fig. 2F), suggesting that lower plasma NFL
levels in baseline could stratify bosutinib-responsive
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100 mg (N = 3) 200 mg (N = 3) 300 mg (N = 4) 400 mg (N = 3) Total (N = 13)
Sex
Male (%) 1(333) 3 (100.0) 3 (75.0) 0 (0.0) 7 (53.8)
Female (%) 2 (67.7) 0 (0.0) 1 (25.0) 3 (100.0) 6 (46.2)
Age Mean (SD) 60.3 (15.95) 52.0 (16.09) 53.3 (11.64) 66.0 (14.80) 57.5 (13.77)
Family History of ALS (%) 1(333) 0 (0.0) 0 (0.0) 1(33.3) 2 (15.4)
SOD1 Gene Mutation (%) 1(333) 0 (0.0) 0 (0.0) 1(333) 2 (15.4)
Pre-treatment with riluzole (%) 2 (66.7) 3 (100.0) 4 (100.0) 3 (100.0) 12 (92.3)
Table 1: Characteristics of patients.
100 mg (N = 3) 200 mg (N = 3) 300 mg (N = 3) 400 mg (N = 3) Total (N = 12)
DLT during 4 weeks 0 0 0 1 1
DLT during 12 weeks 0 0 0 3 3
Table 2: DLT evaluation.

patients, although it is required to be interpreted with
caution due to the small sample size, as low baseline
NFL levels are known to be associated with slower
functional decline.”

As an exploratory analysis of pharmacodynamic ef-
fects of bosutinib, several biomarkers were measured in
blood, CSF, and urine (Fig. 3A). At the end of the study
treatment period, 6 of 9 patients showed a decrease
from baseline in plasma NFL and pNFH levels (Fig. 3A).
Several patients also showed a decrease in CSF NFL and
pNFH levels (Fig. S1). Urine p75 levels, also measured
as a biomarker reflecting neuronal damage,® were
decreased in 7 of 9 patients post-treatment. CH3L1,
expressed in astrocytes and associated with inflamma-
tory responses,”” was decreased in 6 of 9 patients in
plasma, while changes in cytokines such as IL15, IL18,
IL6, and monocyte chemotactic protein 1 (MCP1) were
limited. An increase in serum albumin level, a marker
reflecting suppression of inflammation, was observed in
7 of 9 patients. Increased creatinine/cystatin ¢, a
biomarker reflecting muscle volume, was also found in
6 of 9 patients. Both creatinine and albumin are known
to be reliable markers of the severity of the clinical status
of patients with ALS.?* The plasma levels of p-c-Abl and
p-Src, the targets of bosutinib, were measured by ELISA,
and we confirmed that the ratio of plasma p-c-Abl levels
before and after 12-week bosutinib treatment decreased
in 7 out of 9 patients, and similarly, the ratio of plasma

p-Src levels before and after the treatment decreased in
6 of 9 patients. We also investigated the relevance be-
tween A(change of ALSFRS-R) and p-Src or p-c-Abl, and
found that there was a negative correlation trend be-
tween A(change of ALSFRS-R) and p-c-Abl in baseline
(Fig. 3B). We also investigated the relevance between
neurofilaments (NFL or p-NFH) and p-c-Abl or p-Src
(Fig. S2), and found that there was a correlational trend
between the plasma NFL levels and p-c-Abl or p-Src in
baseline, which was not significant (Fig. S2), although it
is required to be interpreted with caution, as the trend
was largely driven by a single outlier. Plasma and CSF
concentrations of bosutinib appeared to be dose-
dependent at doses ranging from 100 mg to 300 mg
(Fig. 3C).

It has been reported that NFL in blood and CSF are
increased in patients with ALS in association with their
prognosis.** NFL is considered to be released from
damaged motor neurons, although the difference in
disease background between patients with high and low
NFL is unclear. To investigate the differences in motor
neurons between patients with higher and lower NFL
levels, iPSCs were generated from each patient and
motor neurons were differentiated from the iPSCs. As
controls, iPSCs generated from healthy individuals with
no symptoms or family history of neurological disease
were used.” Gene expression analysis of the motor
neurons was then conducted by single-cell RNA

100 mg (N = 3) 200 mg (N = 3) 300 mg (N = 4) 400 mg (N = 3) Total (N = 13)
Number of AEs 5 15 23 8 51
Subject with AEs (%) 3 (100.0) 3 (100.0) 4 (100.0) 3 (100.0) 13 (100.0)
AEs related to study drug (%) 3 (100.0) 3 (100.0) 4 (100.0) 3 (100.0) 13 (100.0)
SAEs (%) 0 (0.0) 0 (0.0) 1(25.0) 0 (0.0) 1(7.7)
Maximum grade 3/4 AEs (%) 1(333) 0 (0.0) 0 (0.0) 3 (100.0) 4 (30.8)
Table 3: Summary of AEs.
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MedDRA SOC and PT, n (%) Total (N = 13) 100 mg (N = 3) 200 mg (N = 3) 300 mg (N = 4) 400 mg (N = 3)
Any grade Grade 3/4 Any grade Grade 3/4 Any grade Grade 3/4 Any grade Grade 3/4 Any grade Grade 3/4
Any treatment-related AEs 13 (100.0) 4 (30.8) 3 (100.0) 1(333) 3 (100.0) 0 (0.0) 4 (100.0) 0 (0.0) 3 (100.0) 3 (100.0)
Gastrointestinal 12 (92.3) 0 (0.0) 2 (66.7) 0 (0.0) 3 (100.0) 0 (0.0) 4 (100.0) 0 (0.0) 3 (100.0) 0 (0.0)
Diarrhea 9 (69.2) 0 (0.0) 2 (66.7) 0 (0.0) 1(333) 0 (0.0) 4 (100.0) 0 (0.0) 2 (66.7) 0 (0.0)
Constipation 3(231) 0 (0.0) 0 (0.0) 0 (0.0) 1(333) 0 (0.0) 1 (25.0) 0 (0.0) 1(33.3) 0 (0.0)
Abdominal pain upper 2 (15.4) 0 (0.0) 0 (0.0) 0 (0.0) 2 (66.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Decreased appetite 2 (15.4) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (50.0) 0 (0.0) 0 (0.0) 0 (0.0)
Liver function 7 (53.8) 3 (231) 1 (33.3) 1 (33.3) 2 (66.7) 0 (0.0) 2 (50.0) 0 (0.0) 2 (66.7) 2 (66.7)
Alanine aminotransferase increased 2 (15.4) 1(7.7) 1(333) 1(33.3) 1(33.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Aspartate aminotransferase increased 2 (15.4) 1(7.7) 1(333) (33.3) 1(33.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Liver disorder 3(231) 0 (0.0) 0 (0.0) 0 (0.0) 1(33.3) 0 (0.0) 2 (50.0) 0 (0.0) 0 (0.0) 0 (0.0)
Liver injury 2 (15.4) 2 (15.4) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (66.7) 2 (667)
Rash 3(23.1) 1(7.7) 1(333) 0 (0.0) 0(0.0) 0(0.0) 1(25.0) 0(0.0) 1(333) 1(333)
Eczema 1(7.7) 0 (0.0) 1(33.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Rash 1(7.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1(25.0) 0 (0.0) 0 (0.0) 0 (0.0)
Erythema multiforme 1(7.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0)
Rash papular 1(77) 1(77) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (33.3) 1(33.3)
Hematologic 4 (30.8) 0 (0.0) 0 (0.0) 0 (0.0) 1(33.3) 0 (0.0) 3 (75.0) 0 (0.0) 0 (0.0) 0 (0.0)
Eosinophil count increased 2 (15.4) 0 (0.0) 0 (0.0) 0 (0.0) 1(333) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0)
Anemia 1(7.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0)
Eosinophilia 2 (15.4) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (50.0) 0 (0.0) 0 (0.0) 0 (0.0)
Others 3(23.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (50.0) 0 (0.0) 1(333) 0 (0.0)
Dizziness 1(77) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1(33.3) 0 (0.0)
Hypokalaemia 2 (15.4) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0) 0 (0.0) 1 (33.3) 0 (0.0)
Bursitis 1(77) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0)
Urine ketone body present 1(7.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0)
Renal impairment 1(7.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0)

MedDRA: Medical Dictionary for Regulatory Activities, SOC: system organ class, PT: preferred term.

Table 4: Treatment-related AEs.
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Fig. 2: Evaluation of exploratory efficacy of bosutinib. A. Change of ALSFRS-R of each patient in the observation and treatment periods. A patient
with consistent progression shows a horizontal line. Patients whose progression slowed after treatment with bosutinib show a rise to the right. B.
Differences in change of ALSFRS-R score. A(change of ALSFRS-R) represents the change in ALSFRS-R during the treatment period minus the change in
ALSFRS-R during the observation period. Patients with a positive value indicate that the decrease in ALSFRS-R was suppressed during the treatment
period compared with that of the observation period. C. Relevance of plasma NFL levels and A(change of ALSFRS-R). Patients with lower NFL levels
indicated suppression of ALSFRS-R decline. D. Relevance of plasma pNFH levels and A(change of ALSFRS-R). E. Relevance of plasma NFL levels and
change of ALSFRS-R during observation period. F. Least-squares mean in lower NFL group (NFL <100 pg/mL, N = 5) and higher NFL group
(NFL >100 pg/mL, N = 4). Using a linear mixed-effects model with a repeated-measures approach, the change in ALSFRS-R score from baseline was
analysed in the lower NFL group and the higher NFL group. Point estimates of group differences in change of ALSFRS-R at 6 month was 4.5 (95%
confidence interval, 1.7 to 7.3). Error bars represent 95% confidence interval. ALSFRS-R, Revised Amyotrophic Lateral Sclerosis Functional Rating Scale;
NFL, neurofilament light chain; pNFH, phosphorylated neurofilament heavy chain.
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Fig. 3: Evaluation of biomarkers. A. Change of biomarkers. For each biomarker, the ratio of the value after the completion of 12 weeks of
bosutinib treatment to before the start of bosutinib treatment is shown. B. Relevance between A(change of ALSFRS-R) and plasma p-Src/p-c-
Abl at baseline. A correlation tendency between A(change of ALSFRS-R) and p-c-Abl was observed. C. Bosutinib levels in plasma and CSF. Mean
plasma concentrations at 4, 8, and 12 weeks of bosutinib treatment and spinal fluid concentrations at 12 weeks of bosutinib treatment are
shown. Bosutinib concentrations were dose-dependent in plasma and CSF. ALSFRS-R, Revised Amyotrophic Lateral Sclerosis Functional Rating
Scale; CH3L1, Chitinase 3 Like 1; IL, interleukin; MCP1, monocyte chemotactic protein 1; p-Src, phosphorylated Src; p-c-Abl, phosphorylated c-
Abl; OD, optical density; CSF, cerebrospinal fluid.
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Fig. 4: Gene expression profiles of motor neurons based on differences in plasma NFL levels. A. Single-cell RNA sequencing of motor
neurons derived from iPSCs. Motor neurons from 9 patients with ALS (N = 9) enrolled for 100 mg-300 mg of bosutinib and 6 healthy
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sequencing (Fig. S3). We confirmed that the motor neu-
rons of patients with ALS exhibited molecular features
consistent with the ALS pathogenesis (Fig. 4A and B).
Then, we conducted a comparative analysis of gene
expression levels in motor neurons of patients with plasma
low and high plasma NFL levels, and found differences in
gene expression patterns between the two groups (Fig. 4C
and D). Focusing on genes that reflect differences in gene
expression between healthy individuals and patients with
ALS, we identified changes in the expression of four genes
maternally expressed 3 (MEG3), NK6 Homeobox 2 (NKX6-
2), TEA Domain Transcription Factor 1 (TEAD1), and
transcription factor AP-2 alpha (TFAP2A) in motor neu-
rons between patients with higher NFL levels and lower
NFL levels (Fig. 4E).

Discussion

This is the first study to use a Src/c-Abl inhibitor,
bosutinib, for patients with ALS in a novel type of
clinical trial design by combining the safety study with a
3 + 3 design in oncology and the efficacy study with an
observation period in neurology.” The general safety
and tolerability of bosutinib in ALS was evaluated by
3 + 3 design, and the MTD and RP2D were determined
to be 300 mg in this study. A subset of patients was
found to respond well to bosutinib by appearing to
maintain clinical stability during 12 weeks, and the
treatment-responsive patients could be distinguished by
plasma NFL levels, which may be a potential predictor of
drug efficacy. Additionally, we identified gene expres-
sion profiles of ALS motor neurons underlying the dif-
ferences in patient plasma NFL levels.

Recently, a number of ALS-causing genes, some of
which encode kinases, have been identified, and it is
suggested that the phosphorylation process may be
associated with motor neuron degeneration.”* The effi-
cacy of several kinase inhibitors, such as masitinib* and
dasatinib,” in improving the pathophysiology of ALS
has been reported. We previously reported that a com-
pound screening based on a survival assay of iPSC-
derived motor neurons from patients with ALS identi-
fied Src/c-Abl as a major pathway related to motor
neuron degeneration."" In addition to in vitro efficacy,
Src/c-Abl inhibitor bosutinib also attenuated ALS phe-
notypes in an ALS mouse model with mutant SOD1."
Although bosutinib has also shown efficacy in ALS pa-
tient iPSCs with TDP-43 mutations' and in mutant

TDP-43 mouse models,” due to the complexity of the
pathogenesis of sporadic ALS, this study set the inclu-
sion criteria to focus specifically on the efficacy in ALS
with SOD1 mutations. In this clinical trial, two patients
with ALS with SOD1 mutations participated; one patient
with mutant SOD1 (L126S) received 100 mg of bosuti-
nib and presented stable ALSFRS-R, and the other pa-
tient with mutant SOD1 (L126S) received 400 mg of
bosutinib and showed discontinuance based on the
protocol regarding AEs.

In CML, gastrointestinal AEs (mainly diarrhea), he-
patic dysfunction, hematologic AEs (mainly thrombo-
cytopenia) and skin rash have been reported as frequent
adverse events in patients treated with bosutinib.
However, such adverse events were mostly manageable
by supportive care or dose modifications. While patients
with ALS receiving bosutinib experienced AEs with
findings consistent with bosutinib’s known profile, no
specific safety profiles or concerns in patients with ALS
were observed in this study, and adverse events
observed in ALS were also manageable by supportive
care or dose modifications. In ALS, unlike CML,"*" no
hematopoietic adverse events were presented. This
could be due to differences in the target diseases.

In this study, one of the patients committed suicide.
Although this incident was determined to be unrelated
to the administration of bosutinib, it has been reported
that the risk of depression and suicide is generally
higher in patients with ALS than in healthy in-
dividuals.”® Thus, it is necessary to carefully assess
whether the study drug may affect the psychological
state of patients with ALS.

This study presents a novel type of protocol design by
combining the safety study of oncology using the 3 + 3
dose escalation study and the efficacy study of neurology
with a 3-month observation period for uniform subject
inclusion.'® According to the 3 + 3 dose escalation, study
drugs were increased up to doses higher than those
estimated to be appropriate for ALS, with drop-outs due
to AEs at higher doses, with the percentage of dropouts
therefore appearing higher. We concluded that 100 mg—
300 mg may be safe doses for ALS in this study.

Biomarkers used in drug development include genes
along with gene mutations and repeat elongation, liquid
biomarkers in blood and CSF, pathology of affected
tissues, imaging studies, and digital biomarkers from
movement and speech. Among these, liquid biomarkers
in blood are the most useful due to their low

individuals (N = 6) were analysed. B. A canonical pathway shown by motor neurons in ALS. The top pathways identified by Ingenuity Pathway
Analysis are shown. C. Distribution of motor neurons in patients with ALS with higher NFL levels (N = 4) and lower NFL levels (N = 5). D.
Pseudotime analysis showed a cell transition trajectory to motor neurons in patients with ALS with higher NFL levels (N = 4) and lower NFL
levels (N = 5). E. Among the gene expressions that differ between ALS and healthy individuals, the genes emphasizing the difference between
the higher and lower NFL groups were extracted (N = 4, N = 5, respectively, *p = 0-0035, **p < 0-0001, Wilcoxon rank-sum test). iPSCs, induced
pluripotent stem cells; NFL, neurofilament light chain; MEG3, maternally expressed 3; NKX6-2, NK6 homeobox2; TEAD1, TEA domain tran-

scription factor 1; TFAP2A, transcription factor AP-2 alpha.
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invasiveness. These liquid biomarkers are expected to be
used for risk/susceptibility ~biomarker, diagnostic
biomarker, prognostic/progression biomarker, pharmaco-
dynamic/response biomarker, predictive biomarker, safety
biomarker, and surrogate biomarker.”>* Biomarkers in
ALS research are categorized as being neuronal cell death-
related, including NFL and pNFH analysed in the present
study, neuroinflammation-related, such as IL-6, and mis-
folded proteins, such as SOD1 and TDP-43. NFL and
pNFH have been reported in previous studies to be
prognostic/progression biomarkers predicting slow and
fast progression groups of patients with sporadic ALS. In
this study, clinical progression rates based on ALSFRS-R
scores were classified into groups by plasma NFL levels,
with the finding that NFL levels may be a predictive
biomarker for the efficacy of study drugs in each patient.
The results indicated two possibilities: 1) the groups with
clinically similar disease severity may have different de-
grees of disease in situ progression, and the efficacy of the
study drug may differ accordingly; 2) there may be a type
of ALS with high or low NFL, and the efficacy of the study
drug may differ accordingly. In addition, plasma NFL
levels tended to decrease after treatment with the study
drug, suggesting that it could be used as a surrogate
marker. Segmenting the clinical diversity of ALS could add
depth to the pipeline of future ALS therapies, potentially
change the design of clinical trials, and be critical infor-
mation for regulatory decisions.

Recently, several promising clinical trials have been
conducted for ALS.>*' However, the clinical course of
ALS is heterogeneous due to disease-relevant factors
including  genetic background and epigenetic
modification,””** and they are still largely unknown,
making it difficult to evaluate the efficacy of study drugs
in clinical trials. In the present study, post-hoc analysis
showed that in patients with low NFL levels, motor
function ceased to decline during the 3 months of
bosutinib treatment. Biomarkers are urgently needed
for optimisation of patient stratification for clinical tri-
als,’** and some studies have explored the use of NFL
as a biomarker to evaluate the effects of study drugs in
clinical trials.” We are considering the potential of
plasma NFL levels being used to stratify patients with
ALS for efficacy evaluation of study drugs.

NFL is considered to be released from damaged motor
neurons. However, the difference in disease background
between patients with high and low NFL levels is still un-
clear. The single-cell level signature of motor neurons
produced by reprogramming patient blood cells suggested
that ALS could be classified into high and low blood NFL
types. Importantly, MEG3, TEAD1, NKX6-2, and TFAP2A
were noted among the gene groups that changed in the
order of healthy, low NLF, and high NLF groups, suggesting
that the ALS pathology was well captured. These genes were
previously reported to be related to the ALS pathogenesis;
MEGS3 is a long non-coding RNA presenting the upregu-
lation in ALS and is related to the binding of TDP-43,*
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TEADI is a transcription factor associated with the hippo
pathway involving in motor neuron apoptosis,* NKX6-2 is
increased in motor neurons in the postmortem spinal cord
of patients with ALS, and TFAP2A contains a SNP associ-
ated with ALS. The expression of these genes may
contribute to the molecular background of patients strati-
fied by NFL. Interestingly, some of them reflected the ge-
netic signature of ALS as an abnormality of RNA
metabolism, as was already revealed by previous ALS
studies. The genes and pathways that distinguish these high
and low groups may be the target molecules that enhance
the efficacy of this study drug, as well as the ALS molecular
pathophysiology underlying the NFL levels. Since they are
exploratory findings in a small number of cases, further
accumulation of case and laboratory data is needed.

The limitations of this study are that it is an open-
label trial without placebo and that the results were
obtained from only a small number of Japanese patients
with limited symptoms. Furthermore, a linear mixed-
effects model with a repeated-measures approach to
investigate the efficacy of bosutinib was based on post-
hoc analysis. It is difficult to determine the efficacy of
the study drug in a short period with the small sample
size of this study due to the heterogeneity of disease
progression in patients with ALS. Thus, the interpreta-
tion of efficacy found in this study should be handled
carefully, and further clinical trials will be required.

This was a phase 1 study with detailed examination
of each patient. We succeeded in investigating the safety
profiles of bosutinib in patients with ALS, and also
suggesting its responsiveness and potential biomarker
strategy in ALS.
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