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The unfolded protein response in
amyotrophic later sclerosis: results of a
phase 2 trial

Eleonora Dalla Bella," Enrica Bersano,* Giovanni Antonini,? Giuseppe Borghero,

Margherita Capasso,* Claudia Caponnetto,® Adriano Chio,*” Massimo Corbo,?
Massimiliano Filosto,’ Fabio Giannini,'® ®Rossella Spataro,’* @Christian Lunetta,

Jessica Mandrioli,'® Sonia Messina,*'®> Maria Rosaria Monsurro,'® Gabriele Mora,’
Nilo Riva,'® Romana Rizzi,'° Gabriele Siciliano,?° Vincenzo Silani,?%%2

Isabella Simone,?? Gianni Soraru,?* Valeria Tugnoli,?” Lorenzo Verriello,?®

Paolo Volanti,?” Roberto Furlan,”® ®John M. Nolan,?®* Emmanuelle Abgueguen,>°

Irene Tramacere>' and ®Giuseppe Lauria®>?

3

12

Strong evidence suggests that endoplasmic reticulum stress plays a critical role in the pathogenesis of amyotroph-
ic lateral sclerosis (ALS) through altered regulation of proteostasis. Robust preclinical findings demonstrated that
guanabenz selectively inhibits endoplasmic reticulum stress-induced eIF2a-phosphatase, allowing misfolded pro-
tein clearance, reduces neuronal death and prolongs survival in in vitro and in vivo models. However, its safety and
efficacy in patients with ALS are unknown.

To address these issues, we conducted a multicentre, randomized, double-blind trial with a futility design.
Patients with ALS who had displayed an onset of symptoms within the previous 18 months were randomly
assigned in a 1:1:1:1 ratio to receive 64 mg, 32 mg or 16 mg of guanabenz or placebo daily for 6 months as an add-
on therapy to riluzole. The purpose of the placebo group blinding was to determine safety but not efficacy. The pri-
mary outcome was the proportion of patients progressing to higher stages of disease within 6 months as measured
using the ALS Milano-Torino staging system, compared with a historical cohort of 200 patients with ALS. The sec-
ondary outcomes were the rate of decline in the total revised ALS functional rating scale score, slow vital capacity
change, time to death, tracheotomy or permanent ventilation and serum light neurofilament level at 6 months.
The primary assessment of efficacy was performed using intention-to-treat analysis. The treatment arms using
64 mg and 32mg guanabenz, both alone and combined, reached the primary hypothesis of non-futility, with the
proportions of patients who progressed to higher stages of disease at 6 months being significantly lower than that
expected under the hypothesis of non-futility and a significantly lower difference in the median rate of change in
the total revised ALS functional rating scale score.

This effect was driven by patients with bulbar onset, none of whom (0/18) progressed to a higher stage of disease
at 6 months compared with those on 16 mg guanabenz (4/8; 50%), the historical cohort alone (21/49; 43%; P = 0.001)
or plus placebo (25/60; 42%; P = 0.001). The proportion of patients who experienced at least one adverse event was
higher in any guanabenz arm than in the placebo arm, with higher dosing arms having a significantly higher pro-
portion of drug-related side effects and the 64 mg arm a significantly higher drop-out rate. The number of serious
adverse events did not significantly differ between the guanabenz arms and the placebo. Our findings indicate that
a larger trial with a molecule targeting the unfolded protein response pathway without the alpha-2 adrenergic
related side-effect profile of guanabenz is warranted.
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Introduction

Ampyotrophic lateral sclerosis (ALS) is a fatal disease hallmarked by
the non-cell-autonomous degeneration of motor neurons in the
cortex, medulla and spinal cord and the inclusion of cytoplasmic
misfolded proteins in degenerating neuronal and non-neuronal
cells, occurring both in familial and sporadic cases.”® The

misfolded protein overload triggers pathological signalling and
induces abnormal interactions with native membrane proteins.’
This can lead to the diffusion of misfolded proteins in the extracel-
lular space and cell-to-cell propagation of the disease.®** Such im-
pairment in the homeostasis and propagation of proteins is a
recognized pathological pathway in ALS,"*?° possibly driven also
by disease-related genes encoding adapter proteins.®
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Central to the synthesis and the post-translational modification
of proteins is the endoplasmic reticulum (ER). One of its primary
functions is to exert quality control on proteins, allowing only those
that are properly folded to be packaged into vesicles and transported
to their proper targets. Misfolded proteins are retained in the ER and
delivered for proteasomal degradation after retrotranslocation into
the cytosol. This occurs through the activation of the unfolded pro-
tein response'®'® that regulates proteostasis,’*"** namely the bal-
ance between the synthesis and degradation of proteins. If capacity
and influx to the ER are impaired, as in degenerating cells, homeosta-
sis is disrupted, leading to ER stress.”®

The unfolded protein response is an adaptive response trig-
gered by ER stress that reduces the load of misfolded proteins and
restores homeostasis. This cellular functionality is accomplished
through various transcriptional and translational controls, the
induced expression of chaperones within the ER-associated pro-
tein degradation pathway and a transient decrease in the protein
flux entering the ER. Specifically, the unfolded protein response
has three proximal transmembrane protein sensors: inositol-
requiring kinase 1 (IRE1), pancreatic ER elF2o kinase (PERK) and
activating transcription factor 6 (ATF6). Among them, PERK plays a
central role in translational control.” During ER stress, PERK oligo-
merizes, autophosphorylates and phosphorylates the eukaryotic
translation initiation factor (elF2«). The phosphorylation of elF2a
leads to the attenuation of protein translation decreasing the flux
of proteins entering the ER and allowing at the same time the
translation of proteins involved in stress responses such as the
transcription factor ATF4. Consequently, the increase in ATF4 pro-
tein expression activates a negative feedback loop through C/EBP
homologous protein (CHOP) and the protein phosphatase 1 regula-
tory subunit 15 A (PPP1R15A; also named GADD34), which dephos-
phorylates elF2a by complexing to protein phosphatase 1 (PPlc),
allowing protein synthesis to resume.” If the stress is not resolved,
the unfolded protein response induces the activation of the apop-
totic pathways.

Long-term ER stress due to ER protein overload, disruption of
proteostasis and accumulation of misfolded proteins is a key fac-
tor affecting cell survival in neurodegenerative disease.’* ER stress
and unfolded protein response activation have been described in
patients with sporadic ALS as the increased expression of phos-
phorylated elF2a, BiP (ER chaperone) and protein disulphide iso-
merases in the spinal cord tissue **?>% as well as increased CHOP
levels in motor neurons and surrounding glial cells.?® These find-
ings suggest that acting on this crucial hub could protect cells
from degeneration.”?’

Guanabenz, an FDA-approved alpha-2 adrenergic receptor
agonist, has been found to modulate protein synthesis by the acti-
vation of translational factors, preventing misfolded protein accu-
mulation and ER overload.?® In vitro studies have provided robust
data indicating that guanabenz can spare the constitutive elF2a
phosphatase and avoid persistent elF2a phosphorylation, which
would be lethal to motor neurons.?® In worm and zebrafish mod-
els, guanabenz counteracted neuronal toxicity through a reduction
of ER stress.?® In yeast, Drosophila and mouse models, guanabenz
modulated ribosome folding activity and reduced the prion-like
propagation of aggregates.’® In vivo studies showed that guana-
benz delayed disease onset, extended lifespan, improved motor
performance, reduced motor neuron loss and prolonged survival
in a SOD1%*** mouse model by attenuating ER stress due to pro-
longed elF2a phosphorylation.?*33

Given guanabenz’s close mechanism of action to pathogenic
changes that are currently considered central to the pathogenesis
of ALS and its availability as an approved hypertensive interven-
tion, we report the results of a phase 2 randomized clinical trial
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with a futility design that evaluated the safety and efficacy of gua-
nabenz in patients with ALS.

Materials and methods

This was a multicentre, randomized, double blind, placebo-con-
trolled, phase 2 study with a futility design. The design implied
that (i) the primary hypothesis and the sample size were based
and estimated on the comparison between guanabenz arms and
the historical cohort; (ii) the placebo arm was introduced to assess
only tolerability and safety; and (iii) positive results would indicate
that a phase 3 is not futile. The trial was designed following the
guidelines on the clinical investigation of medicinal products for
the treatment of ALS provided by the EMA and adopted by the
Agenzia Italiana del Farmaco (https://www.aifa.gov.it/-/linea-guida-
sui-farmaci-per-il-trattamento-della-sclerosi-laterale-amiotrofica-
rilasciata-per-una-consultazione-pubblica-di-sei-mesi, accessed
September 2021). The Advisory Board members, who included
Prof. Orla Hardiman, Trinity College, University of Dublin, Prof.
Paola Minghetti, University of Milan, Italy, Dr Graziella Filippini,
IRCCS Foundation “Carlo Besta” Neurological Institute, Milan, Italy
and Dr Ettore Beghi, IRCCS “Mario Negri” Pharmacological
Research Institute, Milan, Italy, approved the protocol.>*

The study protocol was approved by the Ethics Committee of
IRCSS Fondazione Istituto Neurologico “Carlo Besta” of Milan on 28
October 2015 (Eudract Number 2014-005367-32) and then by the
Ethics Committees of all the participating centres. The authoriza-
tion of the Agenzia Italiana del Farmaco (AIFA) was obtained on 1
March 2016 (protocol number AIFA/RSC/P/20735). Patient enrol-
ment began on December 2016. The protocol was designed adher-
ing to the SPIRIT recommendations and Declaration of Helsinki.
All of the participants provided written informed consent before
screening.

Participants were eligible if they were aged >18years, were diag-
nosed with probable or definite sporadic or familiar ALS according
to the revised El Escorial criteria,®® had onset of weakness
<18 months before enrolment, had slow vital capacity (sVC) >70%
of the predicted value in a seated position (excluding bulbar onset),
were on active contraception if female of fertile age and gave writ-
ten informed consent. Patients treated with riluzole were asked to
remain on a stable dose of 100 mg daily for the entire study period.
Patients not treated with riluzole at randomization remained off
riluzole therapy for the entire study period.

Participants were excluded if they had a percutaneous endo-
scopic gastrostomy or equivalent device (e.g. a radiologically
inserted device), were on non-invasive ventilation or had a trache-
otomy, known heart, renal or liver failure, known intolerance to
alpha-2-agonists, known conditions with a risk of developing car-
diovascular disorders or symptomatic hypotension, severe cogni-
tive impairment (e.g. frontotemporal dementia) or participated in
a clinical trial within 3 months prior to the screening.

Participants were randomized in blocks stratified by centre, with
1:1:1:1 allocation to the four treatment arms: (i) guanabenz 16 mg
plus riluzole 100 mg; (ii) guanabenz 32 mg plus riluzole 100 mg; (iii)
guanabenz 64 mg plus riluzole 100 mg; and (iv) placebo plus rilu-
zole 100mg. The randomization was generated by a computer-
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based sequence known only to one person (I.T.) and the drug dis-
penser. Treatment was allocated by a web-based randomization
system, available 24 h a day. The procedure incorporated eligibility
checks according to protocol and was performed on request from
the centres. The sequence was always available for emergency
unmasking. The randomization conformed to the CONSORT 2010
guidelines.

Guanabenz acetate was produced in accordance with Good
Manufacturing Practices of the European Union for active pharma-
ceutical ingredients and ICH Q7A guidelines by Medichem SA,
Spain. The active powder was purchased by the coordinating
centre. Cosmo Pharmaceuticals performed all the procedures
required by AIFA to prepare the interventional drugs (active and
placebo). Both were in tablets made indistinguishable to patients
and neurologists. The active drug was prepared in titration kits
and boxes for the 6-month treatment. The investigational drug
and placebo were dispensed to the pharmacy at each participating
centre according to the allocation sequence. Treatment packs
were supplied for the entire study period along with information
on how to administer the treatment. The randomization unit at
the coordinating centre held the treatment codes for each patient
and was available 24 h a day over the entire study period to advise,
in an emergency, whether a patient was receiving the active drug
or the placebo.

Participants were treated for 6 months with doses of 16 mg,
32mg or 64mg daily. All patients started at a dose of 8 mg daily
and this was titrated up every 3 days until the allocated dose was
achieved. All patients took the same number of tablets.
Participating centres received the investigational drug packages
for the entire study within 2 weeks following patient randomiza-
tion. Treatment was administered twice daily (morning and even-
ing) for the entire trial.

The primary end point was the proportion of patients who had
progressed to higher stages of disease at 6 months after the start of
the full allocation dose, as measured using the ALS Milano-Torino
staging (MITOS) system.

The secondary end points were the rate of decline in the total
ALSFRS-R score, the sVC change, the time to death, tracheostomy
or permanent ventilation, the serum light neurofilament (NfL)
level measured using the Simoa® HD-1 Analyzer (Quanterix) at
6 months after the start of the full allocation dose, and the propor-
tion of withdrawals due to adverse events.

After obtaining informed consent, participants underwent a
screening visit to provide demographic data and undergo ECG and
haematological exams, assessment according to the revised
Hamilton depression rating scale®*® and blood pressure recording.
After verification of eligibility, a randomization code was gener-
ated using an automated web-response system. Monthly visits
were planned to record end points and adverse events. During the
titration period, participants were asked to measure their blood
pressure at least twice a week and were contacted weekly to record
values, adverse events and symptoms of overdose (e.g. dizziness,
irritability, nervousness, pinpoint pupils, slow heartbeat, unusual
tiredness or weakness). Participants who withdrew from treat-
ment for any reason (except consent withdrawal) were followed-
up with monthly visits to record the ALSFRS-R score until the end
of the study.
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Percutaneous endoscopic gastrostomy or equivalent devices were
proposed in the case of any of the following: (i) a score of 1 or 2 at
item 3 of the ASLFRS-R,; (ii) unintentional loss of >10% body weight
in the last 3months; or (iii) choking during the ingestion of food,
fluid or medication. The ultimate decision to undergo placement
of a feeding tube remained a personal decision for each patient.
Symptoms suggestive of nocturnal hypoventilation (frequent
arousals, morning headaches, excessive daytime sleepiness and
vivid dreams) were recorded. Non-invasive ventilation was pro-
posed in the case of any of the following: (i) dyspnoea (score of 0 or
1 at item 10 of the ALSFRS-R); (ii) orthopnoea (score of 0 or 1 at
item 11 of the ALSFRS-R); (iii) sSVC <50%,; or (iv) abnormal noctur-
nal oximetry (SaO, < 90% for 4% of the recorded time overnight).

The sample size was estimated by the proportion of patients pro-
gressing to higher stages of disease in 6 months as measured by
the ALS-MITOS system®”*® in a historical cohort of 200 ALS
patients on riluzole.*® In that cohort, 76.5% of patients were at
stage 0, 22% were at stage 1 and 1.5% were at stage 2 at baseline,
while 46.6% of patients had progressed to a higher stage of disease
at the 6-month follow-up. The null hypothesis was that guanabenz
reduced the proportion of patients progressing to a higher stage of
disease at 6 months by >35%, compared with the historical cohort.
The study investigators agreed that a pharmacological interven-
tion achieving a reduction of more than one-third of patients (i.e.
>35%) progressing to a higher stage of disease compared with the
historical cohort would be clinically meaningful, particularly given
the poor efficacy of riluzole and edaravone.***! Accordingly, under
the null hypothesis we tested whether the expected proportion of
patients on guanabenz progressing to a higher stage of disease at
6 months was lower than 30% (i.e. 46.6% — [46.6% x 35%] = 30%),
also calculated as a 17% (i.e. 46.6%-30%) absolute difference be-
tween the guanabenz arms and historical cohort. The alternative
hypothesis was that guanabenz reduced the proportion of patients
progressing to a higher stage of disease at 6 months by <35% com-
pared with the historical cohort. If the null hypothesis was
rejected, this would indicate that guanabenz was not sufficiently
promising to change the progression of ALS in a phase 3 random-
ized controlled trial, and in that sense it was futile. The study was
designed to reject the null hypothesis with an alpha of 0.1 and a
power of 0.85. For this purpose, and assuming a loss to follow-up
of 5%, 208 patients were calculated as the target size for
randomization.

The primary analysis of efficacy was performed in the inten-
tion-to-treat population with available data at 6 months (175 of 200
enrolled in the trial and 178 of 200 in the historical cohort). Per
protocol analysis was carried out after excluding non-compliers
(e.g. patients who had taken <80% of the therapy). Statistics were
tabulated by treatment arm. Measures of central tendency for con-
tinuous metrics were presented as mean + standard deviation (SD)
and median with interquartile range (IQR). All primary and sec-
ondary analyses were based on the comparison of the guanabenz
64mg and 32mg arms alone and combined versus the historical
cohort alone and combined with the placebo. The historical cohort
did not differ significantly from the study placebo arm with re-
spect to sex, age, body mass index, type of onset, months from
onset, baseline ALSFRS-R, progression rate, per cent on riluzole
therapy and baseline ALS-MITOS. The primary end point was ana-
lysed using the chi-square test. The secondary end points of the
change in the ALSFRS-R, sVC and serum NfL levels at 6 months
were analysed using the Mann-Whitney test. Time to death,
tracheostomy or permanent ventilation at 6 months were analysed



Phase 2 trial of guanabenz in ALS

with the use of a Cox proportional hazards model; inferential test-
ing was based on the log-rank test. Multivariate analyses were per-
formed to assess the potential confounding effect of onset type
(bulbar versus spinal), months from onset, ALSFRS-R, sVC and
ALS-MITOS baseline values on primary and secondary outcomes.
Additionally, sensitivity analyses based on multiple imputation
methods using chained equations were performed for primary and
secondary outcomes to account for missing data. Imputation of
progression for ALS-MITOS utilized a logistic model, whereas
ALSFRS-R  and sVC utilized predictive mean matching.
Corresponding prediction equations included type of onset (bulbar
versus spinal), months from onset, ALS-FRS-R, sVC and ALS-
MITOS baseline values. The truncated Hochberg procedure was
used to assess significant P-values after adjustment for multiple
dose-group comparisons with a truncation fraction of 0.5 and a
corresponding cut-off of P =0.0375. P-values for specific tests are
provided directly in tables and figure or their captions. All statistic-
al analyses were performed using STATA statistical software, ver-
sion 16 (StataCorp. 2019. Stata Statistical Software: Release 16.
College Station, TX: StataCorp LLC). Two additional statisticians
(.M.N. and E.A.) independently reviewed the anonymized dataset
and validated all statistical results. Neither of the independent sta-
tisticians participated in the trial design or randomization process.

Data availability

The data that support the findings of this study are openly avail-
able in open repository of the IRCCS Fondazione Istituto
Neurologico “Carlo Besta” at https://doi.org/10.5281/zenodo.
4554960
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Results

Trial participants

A total of 205 patients were screened. Four patients were excluded
because they did not meet the inclusion criteria. Eventually, 50
patients were assigned to the guanabenz 64 mg arm, 50 patients to
the guanabenz 32mg arm, 51 patients to the guanabenz 16 mg
arm, and 50 patients to the placebo arm. All patients, except one in
the placebo arm who was lost after randomization, started the
treatment (Fig. 1).

Demographic data, disease features and progression rate at
onset based on the Kimura score*” did not differ significantly be-
tween the guanabenz trial and the historical cohort (Table 1). Two
hundred patients started the treatment and 175 patients were
available for the intention-to-treat analysis of the primary end
point at 6 months. The attrition rate was higher than expected.

(Fig. 1).

Primary end point

The guanabenz 64 mg and 32 mg arms, both alone and combined,
reached the primary hypothesis of non-futility with a proportion
of patients who progressed to higher stage of disease at 6 months
after the start of the full allocation dose being significantly lower
than that expected under the hypothesis of non-futility (Table 2).
In particular, all of the 18 patients with bulbar onset allocated to
the guanabenz 64 mg and 32mg arms were at stage 0 of the ALS-
MITOS at baseline and none (0%) progressed to a higher stage of
disease at 6 months. All of the patients with bulbar onset in the
guanabenz 16 mg arm and placebo were also at stage 0 at baseline,

Screened (n = 205)

Excluded (n = 4)

Randomized (n = 201)

Guanabenz 64 mg Guanabenz 32 mg

(n =50) (n =50)
Started Started
treatment treatment
(n =50) (n=50)

Drop-out (n = 10)
3 deaths, 4
b withdrew
consent, 3 lost at
follow-up

Drop-out (n=12)

| 2 deaths, 7
withdrew consent,

3 lost at follow-up

6-month follow-up
(n=38)

(n=40)

Guanabenz 16 mg

6-month follow-up

-26 in treatment, 12

not in treatment

—
129 in treatment, 11

not in treatment

Placebo
(n=51) (n=50)
Lost at enrolment
(n=1)
Started Started
treatment treatment
(n=51) (n=49)
Drop-out (n=7) Drop-out (n=3)
2 deaths, 2 0 deaths, 2

withdrew — withdrew
consent, 3 lost at consent, 1 lost at
follow-up follow-up

6-month follow-up
(n = 46)

-3 40 in treatment, 6
not in treatment

6-month follow-up
(n=44)

38 in treatment, 6
not in treatment

Figure 1 Screening, randomization and follow-up of ALS patients enrolled in the trial.
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Table 1 Demographic and disease features of trial participants
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Guanabenz 64 mg Guanabenz 32 mg Guanabenz 16 mg Placebo Historical cohort P-value®
(n=50) (n=50) (n=51) (n=49) (n=200)
Sex®
Male 29 (58%) 31 (62%) 27 (53%) 29 (59%) 105 (52.5%) 0.27
Female 21 (42%) 19 (38%) 24 (47%) 20 (41%) 95 (47.5%)
Age, years
Mean + SD 60+10 60+13 58+11 61+12 59+10 0.64
Median (IQR) 61 (13) 62 (18) 57 (14) 61 (18) 61 (14)
BMI
Mean + SD 25+4 24+3 25+4 24+3 24+3 0.23
Median (IQR) 25 (4) 24 (4) 25 (4) 24 (4) 24 (4)
Type of onset
Bulbar 9 (18%) 12 (24%) 10 (20%) 11 (22%) 52 (26%) 0.24
Spinal 41 (82%) 38 (76%) 41 (80%) 38 (78%) 148 (74%)
Months from onset
Mean + SD 12+4 14+4 13+4 13+4 13+4 0.12
Median (IQR) 13(7) 16 (7) 15 (8) 14 (5) 13(7)
ALSFRS-R
Mean + SD 38+6 38+5 37+£7 38+5 38+6
Median (IQR) 40 (8) 39 (7) 38(9) 39 (9) 39 (8) 0.69
Progression rate
Mean + SD 0.92+0.56 0.75+0.40 0.88+0.61 0.85+0.58 0.84+0.55
Median (IQR) 0.77 (0.70) 0.69 (0.59) 0.73(0.76) 0.63 (0.62) 0.74 (0.62) 0.69
sVC
Mean + SD 91+15 86+15 93+16 93+16 86.5+15
Median (IQR) 91 (21) 86 (18) 89 (21) 93 (21) 86 (23) 0.12
Riluzole
Yes 44 (88%) 47 (94%) 50 (98%) 48 (93%) 192 (96%) 0.48
No 6 (12%) 3(6%) 1(2%) 1(2%) 8 (4%)
ALS-MITOS
0 36 (72%) 35 (70%) 37 (73%) 38 (78%) 153 (76.5%) 0.60
1 13 (26%) 15 (30%) 13 (26%) 11 (22%) 44 (22%)
2 1(2%) 0 (0%) 1(2%) 0 (0%) 3(1.5%)

Progression rate was calculated using the Kimura score.* BMI = body mass index.

#p-value from chi-square, Mann-Whitney or t-test, as appropriate, of historical cohort versus guanabenz trial.

®The male/female ratio was 1:4 in the guanabenz trial and 1:1 in the historical cohort.

but 4 of 8 (50%) and 4 of 11 (36%), respectively, progressed to a
higher stage of disease. In the historical cohort, 46 of 52 (88.5%)
patients with bulbar onset were at stage 0 at baseline, and 21 of 49
(43%) progressed to a higher stage at 6 months. In patients with
spinal onset, the difference between the guanabenz 64mg and
32mg arms and historical cohort alone or combined with placebo
was not statistically significant (Table 3 and Fig. 2).

The median rates of change in the ALSFRS-R total score between
baseline and 6-month follow-up were -4 points (-0.67 per month)
in the combined guanabenz 64 and 32mg arms, -5 points (-0.83
per month) in the guanabenz 16 mg arm and -6 points (1 per
month) in the historical cohort alone and plus placebo (difference
versus the combined guanabenz 64 and 32 mg arms of 0.33 points
per month) (Table 2).

Patients with bulbar onset in the combined guanabenz 64
and 32mg arms showed a significantly slowed decline in the
ALSFRS-R. The median decline at 6 months was -1 point (-0.17
per month) in the combined guanabenz 64 and 32mg arms, -10
(-1.67 per month) in guanabenz 16 mg, -6 (-1 per month) in the
historical cohort alone and -7 (-1.17 per month) combined with
placebo (difference versus the combined guanabenz 64 and
32mg arms of 1 point per month; P = 0.0001) (Table 3).

The decline of sVC and the time to death, tracheotomy or per-
manent ventilation at 6 months did not differ significantly be-
tween the groups. The median changes in serum NfL levels were
13pg/ml (IQR 54) in the combined guanabenz 64 and 32 mg arms,
12 pg/ml (IQR 36) in guanabenz 16 mg, and 12 pg/ml (IQR 56) in pla-
cebo (Mann-Whitney test; P = 0.88), while they did not differ when
comparing bulbar and spinal onset patients (Mann-Whitney test;
P =0.63 for both).

The results of the per-protocol analysis for all of the efficacy
outcomes did not differ from those obtained with the intention-to-
treat analysis.

The proportion of patients who experienced at least one adverse
event was higher in all of the active guanabenz treatment arms
than in the placebo arm, with the 64mg arm experiencing more
events and significantly higher drop-outs than any of the other
three (Table 4). Notably, 30 patients (30%) withdrew from the 64 mg
and 32 mg treatment arms compared with only three (6%) from the
placebo arm. The nature of adverse events experienced by patients
within the active treatment arms coincided with commonly asso-
ciated side effects of high-therapeutic dosing of guanabenz (e.g.
hypotension, fatigue, drowsiness) and its alpha-2 adrenergic re-
ceptor activity. The number of serious adverse events did not stat-
istically differ significantly between groups (Table 4).



BRAIN 2021: 144; 2635-2647 | 2641

‘A19anoadsar ‘uosureduiod suore ogaderd pue ogadeld snid 11010D [EDLIOISTY ‘QUO[E 110YO0D [EDLIOISIY 10] /£'0 PUE 98°0 ‘%0 d19M S[ENPISAI P[2JU0YDS U0 paseq uondwnsse sprezey-reuontodoid ayi Sunsal sanfea-d,
‘uoneindwi sidnnuu 3urmor[oj saskeue wumimiﬂﬂﬁp

‘san[eA auIPseq SO.LIN-STV PUE DAS ‘Y-S¥4-STV ‘19suo wolj syruow ‘(feutds sa 1eqrng) 39suo jo ad43 Surpnpour suonenbs uonorpaid yimm uoneindwi sdnnu Summoroj sasAfeue Bm.:mZEDL
'S9]BLIBAOD SB SIN[BA dUI[9seq SOLIN-STV PUe DAS “4-S¥d-STV ‘19su0 woj syjuout ‘(jeutds snsiaa 1eqnq) 19suo jo adA) Surpnjout sasAJeue a)eLIBATINNg

*(5£€0°0 = d 30 330-3n2) 3mpad01d 19qUI0H PL3EIUNT 33} UO paseq suosLredwiod dnoid-asop S|dRMW 10§ JUSWISTPE 131J€ SaN[eA-d JUBDYIUSIS,

-a1eurdordde se ‘1s9) jjue-307 10 ASUITY /N -UUR ‘10BXD I19YysI] ‘D1enbs-1yD,

“Kymng-uou jo sisayiodAy Arewnd sy paypea1 pauIquiod pue suofe 3wl g pue 3wl §9 ZUaqeuens yiog,

‘(suostredwiod £>edyys 10j paiamod jou sem ure ogaded ay 1et]) ajou) oqaded snsiaa paulquuod 3w zg pue 3w 9 zuaqeuens Jo anjeA-d,

-0q@oe1d snid 110Y0d [eILOISIY SNSISA pauIquiod 3wl zg pue 3w 9 zusqeuens jo ‘sjeudoidde se 593 jjuel-307 10 £SWIIYM -UURIN ‘108X 19YS1] ‘9IeNbS-1U> WOy an[eA-dy

"110Y0D [eDJLI01SIY SNsIaA paulquiod 3w gg pue 3w 9 zuaqeuens jo ‘o1eudoidde se 459 jjuel-307 10 ASWITY M -UUR ‘10eXS I9Ysl] ‘D1enbs-1yd woij anfea-4,

'SaN[eA-d JUBDYIUSIS 9}BIIPUL P[Oq UT SSN[BA "%/H UBY} I9MO] ST (ID) [EAIDIUI SDUSPYUOD SATIE[I 33 JO [9A3] 1oddn a3 31 pardadde st Lnng-uou jo stsayrodAy [(nu ay3 ‘%58 = 1amod pue %01 = eyde

i ‘Apnis L1100 a3 Uo paseq . Telld SOdI 93 WOl HOY0d [eDL0ISIY Y3 UL %/ SNSISA SULIE Zuaqeuend ay} Ut %0 Se pa1dadxs sem SYIUoW 9 18 a[eds SO.LIN-STV U3 uo a3e1s auo 1ses] 1e jo Surssaidoid syusned jo uontodoid ayL

as + uonoury
pIeZRY SATIR[NTUND) JUSAD YILM
syusned jo a3ejusdiad parewnsy

0€0 LS50 L0
g0 €L0 150 SUIUOW 9 1B UOTIR[[IUSA JUS
CCFCT LTFTL TCF¥8 8'€F9'9 L'TFO9 -uewrad 10 Awroisoayden ‘yiesq
VE0 V€0 Y0
4l€0 4SE0 46%'0 (4OI) uerpaw (s ¥ uLsN
sl¥’0 391°0 39C°0
59¢°0 5CC’0 5420 sypuow 9
(62) 91~ ‘0T F ST~ 81+ ST~ (¢z) ¥1~ 8IFSI-(17) €1~  (S¢) ¢1-‘0CcF L1~ (17) 01~ ‘9T F 21~ 1e fy1oeded [BI1A MOTS JO SUIPST
<10 <T0 €10
4«70 4100 4¢0°'0 (¥OI1) uerpaw ‘{gs ¥ uesa
5€0°0 3600 5900
sC10 5100 510°0 syjuow 9
(8) 5-'s¥9- (8) 9-'s¥9- (8) 9-'s¥ /- (6) -‘9F £~ (8) —'9F - 1€ ¥-SYASTV dY3 Jo SUIPAQ
SawI0d)no bmﬂﬂOme
0 880 900 00
< 4980 4€0°0 4100 (stsepodAy
R 8880 8500 3€0°0 [[NU I9pun [D SATIR[SX
N S¥20 #5100 35700°0 (%82) €8/6T a3 Jo (2497 12ddn {%) syauow 9
g (9%0€) 9%/%1 (%€9) ee/L6 (%Lv) 8L1/€8 (%15 ‘%eh) OV/0T  (%LE ‘%0E) EV/EL  (p%CTE ‘%ST) OV/0T 18 SOLIN-STV 38 passa1301d
9 awod3no Arewiig
W (6vc =u)
- (6v=u) ogaoerd snid (ooz =u) (ts=u) (0s=u) (0s=u)
M Jonjea-q oqgaderd qoN[eA-d  1I0YOD [BDUIOISTH  SNfeA-d  1I0YOD [edLIO)STH 3w 91 zuaqeuens Bwi gg zuaqeuenn  Sw 9 zudaqeuend
©
M sawod1no Arepuodas pue Arewnid [eri], Z 9[qe.l
()
@
<
[aW



E. Dalla Bella et al.

2642 | BRAIN 2021: 144; 2635-2647

‘(suostredurod £oed1ya 103 paramod jou sem uLre ogaderd ay3 Jey) ajou) oqadeld snsiaa paurquiod Swi gg pue 3w 9 zuaqeuens jo ‘oyeudordde se s3] juel-307 10 ASUITYM -UUBIN 1DBXS I9YSI] ‘DIenbs-1yd wioly anfea-d,

"0qade(d snid 110Yod [e2LI0}SIY SNSISA PRUIqUIOD SW Z€ pue 8w 9 zuaqeuens jo ‘@jeuidoidde se 153} juel-30[ 10 ASWIYM-UURI ‘}OBXS 19YSL] ‘DIeNbS-1yd WOy dNn[eA-d,

"}I0U0D [eDLIOISTY SNSIdA paulquiod 3wt gg pue 3w 9 zuaqeuens jo ‘91eudordde se 4s9) jueI-30] 10 ‘ASWIIY M -UUEBI ‘10€XS I9YSI] ‘1enbs-1yd wolj anjea-d,
‘sanfea-d 1uedyrusis 91edtpur poq ur sanfeA “ajqedtidde 10u = YN "¥-SYISTV JO SUIIP I1amo]s Afpuedyrudis e pamoys Swi gg pue Sur 9 zusqeuens Uo 19SUO Ieqnqg Yiim
syuanied STV ‘Apeiwits ‘ogaderd yitm pauIquiod pue SUO[e 310Y0d [BOLIOISIY SU3 UO Jey)} Uyl 1omo Ajpuedyrudis sem aseasip jo a8es 1oydiy o3 Surssaidoxd 8w gg pue 3w 9 zuaqeuens uo }asuo 1eqng yym syusned §Tv jo uoniodoid ay,

€€0 6CF6T 080 0CFL9 660 €TFL 9%F0'8 ¥EF9L Teulds

VN 00F00 zT0 L'EFES 810 SHFTOT 00¥00 00F00 Ieqng
(@s ¥ uonounj pIezey SANE[NWND) JUAD YIM sluaned jo 93ejuadiad pajewnss SYIUOW 9 J8 UOHB[IUIA judueuLIdd 10 AUI0}SOdYDEI] ‘UIesa(

[4:30) (62) 1~ ‘czFeT- 090 (L2 11~ ‘6T F ST~ LSO (¥2) 11~ ‘6T F ST~ (0¢) o1~ ‘TZF 91~ (61) 01~ ‘9T FCI~ Teulds

€00 (c1) st-‘6F¢T- 110 (61) 91— ‘STF 9T~ 61°0 (6T) 91— ‘ST FST- (91) 0z- ‘€T F 6T~ (61) S-‘sTF01- Ieqng
(gor1) uerpaw ‘{gs ¥ ueaw ‘syjuowi 9 Je Aydeded [e3IA MO[S JO UL

€8°0 (6) S—f9F9- o (8) s-'s'sF9- 9€'0 () 9-'s'sF9- (£) s-9¥9- (0) 7979~ [eulds

2000 (£) £-'sF (- 1000°0 (0) 1='s¥ ¢~ £000°0 (1) 9-'s¥ /- (¥1) 01- '8 F 01~ @ 1-c¥e- Ieqng
(JOI1) uBTpaW S F UBSW ‘SYIUOW 9 € Y-SYISTY 9Y1 JO SUIPad

6%'0 (62) se/01 $2°0 (¥¥) ¥91/2L 600 (8%) 621/29 (c¥) 8e/91 (s€) so/ee Teutds

100 (0g) 11w 1000 (c¥) 09/52 100°0 (e¥) 6¥/1¢ (09) 8% (0) st/0 Ieqng
(%) u ‘sypuow 9 18 SO.LIN-STV & passaidold

(6vc=u) (00T =u)
ogaoerd + poy (00zZ = u) 110y (15 =u) 3w Sw zg + Sw
Janfea-d (6% = u) ogaoelg qPniea-d -0D [eDLIOISTH onrea-d -0D [EDLIOISTH 91 zuaqeuenn 9 zuaqeuens

sjuaned jasuo [eurds pue 1eqnq jo uoissaiSoid € S[qe.L



Phase 2 trial of guanabenz in ALS

Per cent progressing at MITOS at 6 months by onset type
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Figure 2 ALS patients with bulbar and spinal onset in the two treat-
ment arms. The proportion of ALS patients with bulbar onset in the
guanabenz 64mg and 32mg treatment arms progressing to a higher
stage of disease (as measured by the ALS-MITOS system) was statistic-
ally significantly lower than that of bulbar patients progressing in the
historical cohort plus placebo (P =0.001). The proportion of patients
with spinal onset in the 64 mg and 32mg treatment arms progressing
to higher stages of disease was not significantly different (P = 0.24) com-
pared with the proportion progressing in the historical cohort plus pla-
cebo with spinal onset. The 95% confidence intervals (CI) were
calculated using the exact binomial (Clopper-Pearson) methodology. P-
values were calculated using chi-square or Fisher exact tests, as
appropriate.

Discussion

Our study demonstrated that the treatment of ALS patients with
guanabenz at dosages of 64mg and 32mg daily is not futile and
that a phase 3 trial is warranted. Indeed, we found a significantly
lower proportion of patients progressed to a higher stage of dis-
ease at 6 months than expected under the hypothesis of non-futil-
ity as measured by the ALS-MITOS system. This conclusion held
even after adjusting for potential confounders. Moreover, we
found a slower decline in daily living activities as measured by the
total ALSFRS-R score. This result was driven by the effect on
patients with bulbar onset, among which, those treated with gua-
nabenz 64mg and 32mg did not show any progression to higher
stages of disease in the ALS-MITOS and had a slower rate of de-
cline in the ALSFRS-R compared with patients in the guanabenz
16 mg arm and in the historical cohort alone and combined with
placebo. Notably, all bulbar onset patients enrolled in the trial
were at stage 0 of the ALS-MITOS and none of those in the guana-
benz 64 mg and 32 mg arms progressed to a higher stage of disease,
while 50% of those in the guanabenz 16 mg arm, 43% in the histor-
ical cohort and 36% on the placebo did.

These results were obtained using a historical cohort of
patients with ALS enrolled in a previous failed clinical trial car-
ried out by the same consortium of Italian ALS centres as a com-
parator.®® The use of the same diagnostic criteria and approach
to fragile functions (e.g. nutrition and respiratory insufficiency
management) limited the potential bias of an external compari-
son. Because ALS is a rare disease with an incidence of approxi-
mately two cases per 100000 inhabitants per year and small
phase 2 trials with potentially disease-modifying drugs require
sufficient statistical power to address questions related to effi-
cacy and cost-effectiveness of confirmatory phase 3 studies, the
use of historical cohorts can overcome these limitations.*>**
Several prior clinical trials have successfully adopted this meth-
odological approach.*>*>->1
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Although the ALSFRS-R score has commonly been used to test
the efficacy of therapeutic intervention in prior ALS studies,*? we
believe that the assessment of independent functions, in our trial
measured by using the ALS-MITOS system, could provide more re-
liable clues about the disease course of ALS and its modulation by
a disease-modifying drug.>® The ALS-MITOS system measures the
loss of independent functions in the four key domains included in
the ALSFRS-R (i.e. walking/self-care, swallowing, communicating
and breathing). This outcome was developed to overtake the in-
trinsic limitations of the ALSFRS-R, for which the validity in cap-
turing disease severity is debated,”® even though it is still the
referenced outcome in the FDA guidance for clinical trials in ALS.
Indeed, the ALSFRS-R is not linear, thus prone to biases; it is multi-
dimensional, thus unfit as a single score and unable to satisfy
rigorous measurement standards; it has floor-effect, thus is unable
to capture late-stage clinical changes; and it does not meet the
Rasch analysis requisites for a single scoring system.?*°>3%°¢ The
measure of function loss by domain rather than on single items
could better assess ALS progression. Several previous studied
showed that combined outcome measures including survival,
tracheotomy, non-invasive ventilation and/or selected domains of
the ALSFRS-R scale showed better performances compared with
survival or mean ALSFRS-R decline alone.®>*”>° The ALS-MITOS
system exhibited a higher resolution for late disease, correspond-
ing to functional involvement, compared with the King’s scale.>®

Survival, which in trials is comparable to tracheotomy or >23h
non-invasive ventilation, is another suitable primary outcome in
ALS,%® but it requires at least 1000 patients who are followed up for
more than 3years to have adequate power.?® In the comparison
between ALS-MITOS progression and ALSFRS-R decline over the
first 6 months from baseline, the best cut-off of the ALS-MITOS to
predict 6 months survival, tracheotomy or >23h non-invasive
ventilation at 12 and 18 months was the loss of one function on
the ALS-MITOS and 6 to 9 points of decline on the ALSRFS-R.*®
Accordingly, as all patients enrolled in the trial at the ALS-MITOS
stage O at baseline had bulbar onset, the corresponding predicted
probability of one of the three events (e.g. survival, tracheotomy or
>23h non-invasive ventilation) for patients on guanabenz 32mg
or 64mg was 7% at 12months and 17% at 18 months, against the
corresponding probabilities of 19%, 42%, and 70% at 12months,
and 38%, 64%, and 84% at 18 months for the ALS-MITOS stages 1, 2,
and 3 at 6 months.

While we believe that the ALS-MITOS system purports a better
methodology to test interventional efficacy on disease progres-
sion, we are equally encouraged by the results observed with re-
spect to the ALSFRS-R. In the analysis of the ALSFRS-R decline, the
median difference between baseline and 6 months was 0.33 points
per month in patients in the combined guanabenz 32mg and
64mg arm, a result that was statistically significantly better than
in the other arms and similar to that found in the recent trial of so-
dium phenylbutyrate-taurursodiol.> This effect was much larger
in patients with bulbar onset treated with guanabenz 32mg and
64 mg, who showed a difference of 1 point per month compared to
the other arms. That differences were not seen in the comparison
of bulbar patients in the 16 mg arm or across any of the spinal
onset subgroups and may suggest that either threshold therapeut-
ic dosing levels were not reached or that therapeutic benefit may,
in fact, be most impactful for those patients with bulbar onset.

While this study did not show a difference in serum NfL bio-
markers across treatment arms, we find this result to be unsur-
prising. Serum NfL is an unspecific biomarker of upper motor
neuron degeneration. While ALS patients exhibit elevated levels
that may correspond to disease progression, NfL levels have been
found to not differ among different pathological stages and can be
stable in single patients over time.°’ Additional studies have
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Phase 2 trial of guanabenz in ALS

confirmed NfL stability in ALS patients over time.®® These analyses
suggest that the potential utility of serum NfL as a dynamic bio-
marker of treatment effect remains uncertain.®® In our trial, the
mean rate of change in serum NfL levels did not significantly differ
between the groups over the 6-month trial duration. Similarly, the
plasma neurofilament H subunit level did not change in the trial of
sodium phenylbutyrate-taurursodiol.>?

The alpha-2 adrenergic activity of guanabenz was apparent in
this study and led to statistically significantly higher dropout rates
in the 64mg and 32mg dosing arms. The disproportionate drop-
out rate in the top dosing arms relative to the placebo may have
confounded the ability to identify an even stronger signal both in
the bulbar subgroup and the full study population inclusive of spi-
nal onset patients. The ability of guanabenz to induce hypotension
in the non-hypertensive patient clearly limits its practical applica-
tion in further assessment in ALS. We note, however, that most of
the confounding issues associated with testing the hypothesis of
unfolded protein response regulation on the outcome of ALS pro-
gression can be avoided with the use of agents that similarly act to
prolong elF2o phosphorylation. Sephinl, a synthetic molecule
lacking alpha-2-adrenergic receptor activity, which selectively
binds to and inhibits the ER stress-induced PPP1R15A phosphatase
complex, has already completed a phase 1 clinical trial under the
name of IFB-088 (NCT03610334) and has demonstrated a strong ef-
fect in preventing in vitro motor neuron degeneration and in vivo
ALS progression.>*** Use of Sephin1 (IFB-088) should strongly be
considered in a confirmatory trial.

In summary, there is strong evidence to suggest that ER stress
may play a critical role in the pathogenesis of ALS through altered
regulation of proteostasis and that molecules acting on the func-
tional control of the unfolded protein response pathway may be of
benefit in slowing the progression of the disease.”82%6°¢9 The
results of our phase 2 trial based on the analysis of primary and
secondary functional efficacy outcomes provide indications that
guanabenz at the doses of 64 mg and 32 mg slowed the progression
of ALS in patients with bulbar onset. The study was not powered
for subgroup analysis; therefore, this effect should be considered
exploratory. The reason for the potential effect on this distinct
phenotype subtype is unknown. Bulbar onset is the most homoge-
neous ALS phenotype both in terms of progression®® and neuro-
pathological features.”’ Conversely, spinal onset ALS has huge
variability that may have diluted the possibility of capturing an ef-
fect in a small sample size. Overall, our findings indicate that a
phase 3 trial with a molecule targeting the unfolded protein re-
sponse pathway without an alpha-2 adrenergic-related side-effect
profile is warranted.
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