Received: 7 July 2022 | Accepted: 11 September 2022

DOI: 10.1111/ene.15573
european journal
of neurology

ORIGINAL ARTICLE PR ON-——

Effect of RNS60 in amyotrophic lateral sclerosis: a phase Il
multicentre, randomized, double-blind, placebo-controlled trial

Ettore Beghil® | Elisabetta Pupillo'® | Elisa Bianchi® | Valentina Bonetto'® |
Silvia Luotti® | Laura Pasetto’ | Caterina Bendotti' | Massimo Tortarolo® |
Francesca Sironi® | Laura Camporeale! | Alexander V. Sherman? | Sabrina Paganoni®* |

Ada Scognamiglio® | Fabiola De Marchi®’® | Paolo Bongioannié® |
Renata Del Carratore’ ® | Claudia Caponnetto® | Luca Diamanti’ ® | Daniele Martinelli’ |
Andrea Calvo'®® | Massimiliano Filosto!' ® | Alessandro Padovanil! |

Stefano Cotti Piccinelli'’ | Claudia Ricci'? | Stefania Dalla Giacoma®? |
Nicoletta De Angelis'?> | Maurizio Inghilleri’® | Rossella Spataro*® |

Vincenzo La Bella*® | Giancarlo Logroscino'>® | Christian Lunetta’ |
Claudia Tarlarini'’ | Jessica Mandrioli®'? | llaria Martinelli'®?°® | Cecilia Simonini'® |
Elisabetta Zucchi'®?! | Maria Rosaria Monsurrd?? | Dario Ricciardi??® |
Francesca Trojsi?> | Nilo RivaZ® | Massimo Filippi>3® | Isabella Laura Simone?*® |
Gianni Sorart®® ® | Cristina Spera®® | Lucia Florio?” | Sonia Messina?® |

Massimo Russo?® | Gabriele Siciliano?® | Amelia Conte®® | Maria Valeria Saddi®! |
Nicola Carboni®! | Letizia Mazzini® | on behalf of the RNS60-ALS Study Group

1Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milano, Italy

2Neurological Clinical Research Institute, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA
3Sean M. Healey and AMG Center for ALS at Mass General Hospital, Department of Neurology, Boston, Massachusetts, USA
“Spaulding Rehabilitation Hospital, Department of PM&R, Harvard Medical School, Boston, Massachusetts, USA

SALS Expert Center ‘Maggiore della Caritd’ Hospital and University of Piemonte Orientale, Novara, Italy

6Spinal Cord Injuries Section, Azienda Ospedaliero-Universitaria Pisana, Pisa, Italy

7Institute of Clinical Physiology, CNR-, Pisa, Italy

8]RCCS Ospedale Policlinico San Martino, Genoa, Italy

?IRCCS Mondino Foundation, Pavia, Italy

0Centro Regionale Esperto per la Sclerosi Laterale Amiotrofica, Dipartimento di Neuroscienze ‘Rita Levi Montalcini’, Universita degli Studi di Torino, AOU Citta
della Salute e della Scienza di Torino, Torino, Italy

Department of Clinical and Experimental Sciences, University of Brescia, Gussago Brescia, Italy

2pepartment of Medical, Surgical and Neurological Sciences, University of Siena, Siena, Italy

BUniversita di Roma ‘Sapienza’ UOSD Malattie Neurodegenerative, Centro Malattie Rare Neuromuscolari Policlinico Universitario Umberto |, Roma, Italy
14ALS Clinical Research Center, AOUP ‘P Giaccone’ - University of Palermo, Palermo, Italy

5Center for neurodegenerative diseases and the Aging Brain, Department of Clinical Research in Neurology of the University of Bari at ‘Pia Fondazione Card
G. Panico ‘Hospital Tricase, Tricase, Italy

16pepartment of Basic Medicine Neuroscience and Sense Organs, University Aldo Moro Bari, Bari, Italy

For RNS60-ALS Study Group—see Appendix B.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.

Eur J Neurol. 2023;30:69-86. wileyonlinelibrary.com/journal/ene 69


www.wileyonlinelibrary.com/journal/ene
https://orcid.org/0000-0003-2542-0469
mailto:﻿
https://orcid.org/0000-0003-4420-8076
https://orcid.org/0000-0003-0456-2054
https://orcid.org/0000-0003-0197-1880
https://orcid.org/0000-0002-7504-0379
https://orcid.org/0000-0002-4540-6886
https://orcid.org/0000-0002-5122-7243
https://orcid.org/0000-0002-2852-7512
https://orcid.org/0000-0002-8910-3131
https://orcid.org/0000-0003-2045-1864
https://orcid.org/0000-0003-2566-3671
https://orcid.org/0000-0003-4862-4165
https://orcid.org/0000-0002-0513-9517
https://orcid.org/0000-0002-5485-0479
https://orcid.org/0000-0002-7429-3091
https://orcid.org/0000-0001-9691-6328
http://creativecommons.org/licenses/by-nc/4.0/

70

BEGHI eT AL.

Centro Clinico NeMO Milano, Fondazione Serena ONLUS, Milan, Italy

18Department of Biomedical, Metabolic and Neural Sciences, University of Modena and Reggio Emilia, Modena, Italy

¥Department of Neurosciences, Azienda Ospedaliero-Universitaria Di Modena, Modena, Italy

2OClinical and Experimental Medicine PhD Program, University of Modena and Reggio Emilia, Modena, Italy

2!Neuroscience PhD Program, University of Modena and Reggio Emilia, Modena, Italy

22Department of Advanced Medical and Surgical Sciences, University of Campania ‘Luigi Vanvitelli’, Naples, Italy

23Neuro|ogy Unit, Neurorehabilitation Unit, and Neurophysiology Unit, Vita-Salute San Raffaele University and San Raffaele Scientific Institute, Milan, Italy

24Neuro|ogy Unit, Department of Basic Medical Sciences, Neurosciences and Sense Organs, University of Bari, Bari, Italy

25Motor Neuton Disease Center, Department of Neurosciences, Azienda Ospedale Universita di Padova, Padova, Italy

2Azienda Ospedaliera ‘S Maria’ Terni, Terni, ltaly

2’Neurology Department, Fondazione IRCCS Casa Sollievo della Sofferenza, San Giovanni Rotondo, Italy

28Department of Clinical and Experimental Medicine, University of Messina, Messina, Italy

29Department of clinical and experimental medicine, University of Pisa, Pisa, Italy

30Centro Clinico NEMO-Fondazione Policlinico Universitario A. Gemelli IRCCS, Roma, Italy

3!Neurology Department, San Francesco Hospital, Nuoro, Italy

Correspondence

Elisabetta Pupillo, Laboratory of
Neurological Disorders, Istituto di
Ricerche Farmacologiche Mario Negri
IRCCS, Via Mario Negri 2, 20156 Milan,
Italy.

Email: elisabetta.pupillo@marionegri.it

Funding information
Massachusetts General Hospital

Abstract

Background and purpose: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
tive disease with limited treatment options. RNS60 is an immunomodulatory and neuro-
protective investigational product that has shown efficacy in animal models of ALS and
other neurodegenerative diseases. Its administration has been safe and well tolerated in
ALS subjects in previous early phase trials.

Methods: This was a phase I, multicentre, randomized, double-blind, placebo-controlled,
parallel-group trial. Participants diagnosed with definite, probable or probable laboratory-
supported ALS were assigned to receive RNS60 or placebo administered for 24 weeks
intravenously (375ml) once a week and via nebulization (4 ml/day) on non-infusion days,
followed by an additional 24 weeks off-treatment. The primary objective was to meas-
ure the effects of RNS60 treatment on selected biomarkers of inflammation and neu-
rodegeneration in peripheral blood. Secondary objectives were to measure the effect
of RNS60 on functional impairment (ALS Functional Rating Scale—Revised), a measure
of self-sufficiency, respiratory function (forced vital capacity, FVC), quality of life (ALS
Assessment Questionnaire-40, ALSAQ-40) and survival. Tolerability and safety were
assessed.

Results: Seventy-four participants were assigned to RNS60 and 73 to placebo. Assessed
biomarkers did not differ between arms. The mean rate of decline in FVC and the eat-
ing and drinking domain of ALSAQ-40 was slower in the RNS60 arm (FVC, difference
0.41 per week, standard error 0.16, p =0.0101; ALSAQ-40, difference -0.19 per week,
standard error 0.10, p =0.0319). Adverse events were similar in the two arms. In a post
hoc analysis, neurofilament light chain increased over time in bulbar onset placebo par-
ticipants whilst remaining stable in those treated with RNS60.

Conclusions: The positive effects of RNS60 on selected measures of respiratory and bul-

bar function warrant further investigation.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neuro-
degenerative disease that affects motor neurons in the spinal cord,
brainstem and motor cortex resulting in muscle atrophy and paraly-
sis. Respiratory complications are the most common cause of death
and develop due to progressive paralysis of the diaphragm and the
accessory muscles that support ventilation [1]. Riluzole [2] and eda-
ravone [3] are the only two available disease-modifying medications
on the market and they both have only modest effects on disease
outcomes. Thus, there is an urgent need to develop more treatments
for people living with ALS.

In recent years, multiple lines of evidence have supported a
critical role for neuroinflammation in ALS pathophysiology in-
cluding in vivo imaging studies in mouse ALS models, ex vivo
analyses revealing astrocyte and microglia activation even in
pre-symptomatic phases, and recent discoveries showing involve-
ment of several genes directly linked to the immune response [4].
Defects in mitochondrial bioenergetics have also been implicated
in the pathogenesis of ALS and are being considered as potential
therapeutic targets [5-7].

RNS60 is an investigational product generated by using modified
Taylor-Couette-Poiseuille flow under elevated oxygen pressure,
which is hypothesized to generate oxygen-filled charge-stabilized
nanostructures (O2 nanobubbles). Although at a molecular level the
mechanism of action of RNS60 has not been fully elucidated yet,
its immunomodulatory and cytoprotective properties have been
demonstrated in animal models of neuroinflammation, neurodegen-
eration and brain injury [8-11]. Importantly, in SOD1G93A trans-
genic mice, a widely used model of ALS, RNS60 administered at the
onset of the disease delayed the neuromuscular deficit and paraly-
sis by virtue of its effects on multiple disease mechanisms in motor
neurons, glial cells and peripheral immune cells [8]. RNS60 promotes
mitochondrial function and biogenesis [12, 13] and activates the
PI3K-Akt pro-survival pathway in neurons [14]. Furthermore it re-
duces glial inflammation [9] and increases regulatory T cells (Tregs)
in multiple sclerosis and ALS mouse models [8, 11, 15]. Moreover,
RNS60 has been shown to increase neurotransmission and reduce
fatigability of nerve stimulated muscles in a murine phrenic nerve
diaphragm ex vivo preparation [16]. Clinically, long-term RNS60 ad-
ministration has been shown to be safe and well tolerated in a pilot
open-label trial in ALS patients. No serious adverse events (AEs)
related to RNS60 occurred and no participant withdrew from the
trial due to drug-related AEs [17]. Here the results are reported of
a phase Il trial in people with ALS where the effects of RNS60 on a
number of candidate biomarkers and clinical end-points were inves-
tigated. Biomarkers measured in this trial included markers known
to be modified by RNS60 in preclinical studies (interleukin-17 [IL-
17], Tregs and protein nitration) [8, 11], markers implicated in ALS
pathogenesis (monocyte chemoattractant protein-1 [MCP-1] and
cyclophilin A/peptidyl prolyl isomerase A [PPIA]) [18, 19] and neuro-
filament light chain (NfL), an established biomarker of neuroaxonal
degeneration [20].

METHODS
Trial design

This was a multicentre, randomized, double-blind, placebo-controlled,
parallel group, add-on trial.

The primary study objective was to measure the effect of
RNS60 treatment on candidate markers of inflammation and neu-
rodegeneration in the peripheral blood of people living with ALS.
Candidate markers were MCP-1, PPIA, tyrosine-nitrated actin (ac-
tin-NT), 3-nitrotyrosine (3-NT), IL-17, NfL and Tregs (measured via
FOXP3 and CD25 mRNA). Secondary objectives were to evalu-
ate the effect of RNS60 on functional impairment as measured
by the ALS Functional Rating Scale—Revised (ALSFRS-R); the ef-
fect on respiratory function as measured by the forced vital ca-
pacity (FVC) (per cent predicted of normal value); the impact on
quality of life as measured by ALS Assessment Questionnaire-40
(ALSAQ-40) (five domains: physical mobility, activities of daily liv-
ing and independence, eating and drinking, communication, emo-
tional reactions); the effect on self-sufficiency defined as having a
score of 3 or 4 on all three selected ALSFRS-R questions (specifi-
cally swallowing, cutting food and handling utensils, and walking);
the effect on survival; tolerability and safety as measured by the
identification of AEs.

Study population

Trial participants were enrolled at 22 Italian Expert ALS Centres
from May 2017 to January 2020. The trial enrolled adults (aged
18-80years) with a diagnosis of definite, probable or probable
laboratory-supported ALS according to the revised El Escorial crite-
ria [21] whose symptom onset had occurred 6 to 24 months prior to
enrolment. Additional eligibility criteria included geographic access
to the enrolling centre (so that they could go to the site on a weekly
basis for intravenous infusions); self-sufficiency (defined as having
a score of 3 or 4 on all three selected ALSFRS-R questions, specifi-
cally swallowing, cutting food and handling utensils, and walking);
satisfactory respiratory function (FVC >80% of predicted normal
value); documented progression of ALS symptoms in the 3 months
prior to screening as measured by a decrease of at least 1 point in the
ALSFRS-R scale total score; stable treatment with riluzole at a dose
of 50 mg twice a day.

Trial interventions and procedures

Participants were randomly assigned to receive either RNS60 or
matching placebo whilst concomitantly taking riluzole. Treatment
allocation was centrally managed using a computer-generated,
permuted block (with a block size of 4), 1:1 randomization scheme.
Any concomitant treatment could be continued as per medical
indication. RNS60 or placebo was administered intravenously
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(375ml infused at a rate of 700ml/h) once a week as well as in-
haled via nebulization (4 ml RNS60 or placebo) every morning
(6days a week on non-infusion days) for 24 weeks (on-treatment
period). The intravenous (IV) dose was scaled from animal studies
using conventional formulae, although the dosing in animal studies
(intraperitoneal route) was more frequent. To minimize the need
for more frequent IV infusions, the earlier pilot trial had employed
daily inhalations to bridge the interval between the higher volume
weekly 1V doses. As that combination dose had been well toler-
ated in the pilot trial, it was decided to use the same dose in this
trial. Participants were also followed for an additional 24 weeks
off-treatment period (through week 48) to investigate whether
RNS60 effects persist after suspension of the treatment and, in
the case of a positive effect, to evaluate their duration. Adherence
with the assigned home treatment was measured by counting the
number of used/unused syringes returned by the participant at
each visit.

Nebulizer machines, RNS60 and placebo for infusion and inha-
lation were supplied by Revalesio Corporation in identical IV bags
and syringes, respectively. Both participants and study staff were
blinded to the treatment assignment. Assigned box (infusion and
nebulizer) treatment was shown by an interactive web response
system at each visit making investigators blinded for the entire
study.

Data collection

Blood samples for biomarker analyses (RNA and proteins; for de-
tailed methods see Supplementary Material) were collected on day
1 (before the first infusion) and at weeks 4, 12, 24 (on-treatment
period) and 48 (off-treatment). Safety and efficacy were assessed by
way of physical examination, vital signs and AEs. Changes in function
and quality of life were assessed using the ALSFRS-R, FVC (on day 1
and at weeks 4, 12, 24, 36 and 48) and ALSAQ-40 (on day 1 and at
weeks 4, 24 and 48).

Statistical analysis

Separate analyses were performed for (1) all randomized partici-
pants (intention-to-treat [ITT] population, primary analysis); (2)
study completers and compliers (which included participants who
completed the 24-week on-treatment period and took at least 75%
of the assigned dose); (3) participants who did not have any major
protocol deviation (PP population).

Descriptive statistics were performed comparing the two treat-
ment groups. Continuous variables were described using mean and
standard deviation or median and interquartile range; categorical
variables were described as counts and percentages.

Pre-enrolment progression rate was calculated as follows: (48 -
ALSFRS score at diagnosis)/(disease duration at diagnosis), where
disease duration at diagnosis is the time from onset to diagnosis in

months. Participants with a progression rate higher than or equal to
0.67 were classified as fast progressing, whilst those with a score

lower than 0.67 were classified as slow progressing [22, 23].

Biomarker analyses

The mean changes in biomarker levels over the on-treatment pe-
riod (weeks 0-24) and the follow-up, off-treatment period (weeks
24-48) were analysed using repeated measures analysis of variance
(ANOVA) with an unstructured variance-covariance matrix (see
Supplementary Material for details). The variation of the biomark-
ers over time was tested by the time effect, the difference between
treatment groups at specific visit times was tested by the treatment
main effect, and the difference between groups in the variation over
time was tested by the treatment*time interaction term. In all mod-
els, time was expressed in weeks.

Clinical outcome analyses

The mean changes in FVC (per cent predicted), ALSFRS-R total score
and the five domains of the ALSAQ-40 scale were analysed over the
on-treatment period (weeks 0-24) and the follow-up, off-treatment
period (weeks 24-48) using repeated measures linear mixed mod-
els with random intercept and slope and an unstructured variance-
covariance matrix (see Supplementary Material for details). In these
models, the treatment effect was measured by the difference be-
tween the slopes of the two treatment arms, which was tested by
the treatment*time interaction term. Differences in baseline values
between treatment groups were tested by the treatment main ef-
fect, whilst changes over time were tested by the time effect. In all
models, time was expressed in weeks.

The cumulative proportions of participants remaining self-
sufficient and survival were calculated in both treatment arms at
4, 12, 24, 36 and 48weeks using Kaplan-Meier survival curves.
Differences between survival curves were assessed with the log-

rank test.

Safety

Total, mean number (with standard deviation) and the proportion of
patients with at least one AE were reported separately for different
types of AEs (mild, moderate, severe, serious AEs, AEs leading to
treatment discontinuation and drug-related AEs) at the end of the
study (week 48) and during the on-treatment period at weeks 4, 12
and 24, in each study group. Differences between treatment arms
were tested with the Wilcoxon-Mann-Whitney test and Fisher's
exact test. For classification of the different types of AEs, see the
Supplementary Material.

Significance level was set at 5% for all analyses and all tests were
two-tailed. Missing data were handled including all available data,
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using maximum likelihood estimations in repeated measures ANOVA
and mixed models. All analyses were performed with SAS 9.4 (SAS
Institute, Cary, NC, USA).

Post hoc analyses

Forced expiratory volume 1 (FEV1) (a measure of the amount of air
that a person can exhale within the first second of forced expira-
tion) and the three ALSFRS-R subscores (bulbar, motor, respiratory)
were evaluated using the same statistical methods used for FVC and
ALSFRS-R.

Subgroup analyses were performed stratifying participants by
site of onset (bulbar or spinal), pre-enrolment progression rate (fast
or slow) and NfL level at baseline (below the median or above the
median). The outcomes analysed included all biomarkers, FVC and
ALSFRS-R. These analyses were performed using the same models
as in the total sample with the addition of the stratification variable
main effect (in this case onset and, separately, progression rate) and
its interactions with all other effects included in the model. Least
squares means were estimated separately for each category of the
stratification variable (bulbar and spinal onset, fast and slow pro-
gressing patients) at each time point and in each treatment group.
Differences between categories of the stratification variable were
tested by the stratification variable main effect, the treatment*(strat-
ification variable) and the time*(stratification variable) interaction
terms. The difference in the treatment effect between categories of
the stratification variable was tested by the treatment*time*(strati-
fication variable) triple interaction.

Determination of sample size

The sample size was determined making different assumptions
for each biomarker included as primary outcome. A total of 142
patients was required to detect with 80% power a 44% decrease
in the rate of progression of PPIA at a two-sided 5% level of sig-
nificance, allowing for a 10% drop-out rate over the entire study
period. The number of patients required for other biomarkers
ranged from 8 to 68. In addition, with this sample size the study
was also powered (80% at a 5% two-sided level of significance)
to detect a 43% decrease in the rate of progression in ALSFRS-R
over 24 weeks, and to show an absolute 25% reduction in the pro-
portion of patients becoming non self-sufficient at 24 weeks as-
suming that this proportion in the placebo arm was 85%. See the
Supplementary Material for a detailed explanation of sample size
calculation and relative assumptions.

Ethical issues and quality assurance

The study and any amendments were approved by anindependent eth-
ics committee of each participating centre. This study was planned and

performed according to the principles of good clinical practice (ICH-
GCP), the Declaration of Helsinki, and the national laws and regulations
about clinical studies. Eligible patients were included in the study only
after written IRB/IEC/REB-approved informed consent or, if incapable
of doing so, after approval by a legally acceptable representative. Data
review and management were performed by Mario Negri IRCCS.

151 Participant
screened

3 Screening
|
failure

1 Consent
withdraw

147 Participant

enrolled and
randomized
74 RNS60 73 placebo
arm arm
I Treatment period (24 weeks) I
—-{ 4 drop-out I 7 drop-out
Off treatment period
(from week 24 to week 48)
10 drop-out —-‘ 16 drop-out
60 50
Completers Completers
and and
compliers compliers
35 28
Participant Participant
|—» -
with major with major
protocol protocol
deviations deviations
25 Per 22 Per
protocol protocol
analyses analyses

FIGURE 1 Study flow-chart: screening, randomization and
follow-up
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RNS60 (N = 74)

Placebo (N = 73)

TABLE 1 Demographic and clinical
characteristics of the trial population at

Mean sD Mean SD p value baseline (ITT population)
Age 59.3 10.4 56.0 10.0 0.0534
Disease duration (months) 15.5 5.8 14.3 5.8 0.2172
Diagnostic delay (months) 9.8 5.1 8.8 4.9 0.2292
BMI 25.0 3.3 24.8 4.1 0.7878
FVC (% of predicted normal value) 102.7 18.2 103.3 16.1 0.8317
ALSFRS-R total score 41.6 3.2 414 3.6 0.6871
ALSAQ-40
Physical mobility 321 21.3 33.2 231 0.7540
ADL and independence 36.8 27.8 32.9 26.1 0.3762
Eating and drinking 14.5 23.9 13.5 23.9 0.8015
Communication 19.3 25.5 18.6 28.6 0.8742
Emotional reactions 33.6 18.5 33.1 22.2 0.8825
n % n %
Sex 0.4467
Male 52 70.3 47 64.4
Female 22 29.7 26 35.6
Site of onset 0.6778
Bulbar 11 14.9 9 12.5
Spinal 63 85.1 63 87.5
Pre-enrolment progression rate 0.7232
Fast 18 27.3 18 27.3
Slow 48 72.7 48 72.7
Unknown 8 7

Abbreviations: ADL, activities of daily living; ALSAQ-40, Amyotrophic Lateral Sclerosis Assessment
Questionnaire-40; ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating Scale—Revised;

BMI, body mass index; FVC, forced vital capacity; ITT, intention to treat.

The study was registered at ClinicalTrials.gov number
NCT03456882; EudraCT number 2016-002382-62.

RESULTS

A total of 147 participants were enrolled and randomly assigned to
RNS60 (74 participants) or placebo (73 participants). Results are re-
ported for the ITT population that included all randomized partici-
pants. The study flow-chart is illustrated in Figure 1.

Demographic and other baseline characteristics
Baseline characteristics of the ITT population are shown in Table 1. The
baseline characteristics of the two treatment groups were fairly similar.
Biomarker levels

The levels of MCP-1 (p = 0.0162), NfL (p = 0.0373) and FOXP3
mRNA (p = 0.0067) changed significantly over the course of study

participation in both treatment arms. In both arms, MCP-1 and NfL
levels increased over time, whilst FOXP3 mRNA decreased, with-
out significant differences between the two arms, as indicated by
the treatment main effect and treatment*time interaction effect
that were not statistically significant. PPIA, actin-NT, 3-NT, IL-17
and CD25 mRNA did not significantly change over time, and no sig-
nificant differences in their levels between treatment groups were
observed. The mean estimates at each visit time for all analysed bio-
markers and their graphical representation are shown in Table S1,
Figures 2 and S1.

Clinical outcomes
Forced vital capacity and FEV1

The RNS60 and the placebo groups showed similar FVC values
at baseline. FVC decreased significantly over time in both arms (p
<0.0001) (Table 2 and Figure 3a). During the on-treatment period
(baseline to week 24), the estimated mean rate of change was lower
in the RNS60 arm (-0.46 per week) compared to the placebo arm
(-0.87 per week) (p = 0.0101). During the off-treatment follow-up
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FIGURE 2 Effect plots for MCP-1, IL-17, NfL, FOXP3 mRNA at different visit times (in weeks) in each treatment arm (ITT population)

period (week 24 to week 48), no differences were observed (-0.45
per week for RNS60; -0.54 per week for placebo; p = 0.5924).

In a post hoc analysis, FEV1 was also evaluated. A significant dif-
ference in the rate of decrease of FEV1 between the two treatment
groups was observed (-0.45 per week for RNS60; -0.52 per week
for placebo; p = 0.0146) during the on-treatment period, with the
RNS60 group showing a slower decline, in line with the findings on
FVC (Table 2 and Figure 3b). There were no significant differences

between groups during the follow-up, off-treatment period.

ALSFRS-R

The ALSFRS-R scores were not significantly different between
groups at baseline. The ALSFRS-R total score declined significantly
over time in both groups (p<0.0001) (Table 2 and Figure 3c). The
rate of change over time in ALSFRS-R scores did not differ between

treatment arms.

ALSAQ-40

There were no significant differences between treatment groups at
the baseline visit for any of the domains of the ALSAQ-40 (Table S2).
The mean scores for each domain increased significantly over time

(p<0.0001), corresponding to a decrease in each aspect of quality
of life. The mean rate of change in the eating and drinking domains
of the ALSAQ-40 were significantly slower in the RNS60 arm (differ-
ence -0.19 per week, SE 0.1, p = 0.0319) (Figure 3d). No significant
differences between treatment groups were detected for the other
four domains of the ALSAQ-40 scale.

Self-sufficiency and survival

No significant differences in percentage of participants who re-
mained self-sufficient were seen in the treatment arms throughout
the study period. The cumulative probability of remaining self-
sufficient in the RNS60 arm was 62% at 4weeks, 29% at 12 weeks,
15% at 24 weeks and 7% at 48 weeks. The corresponding probabil-
ities in the placebo group were 62%, 38%, 23%, 0% (Figure S2A).
Survival was no different between treatment arms. The cumulative
survival probability was 99% in both arms at 24 weeks, 88% in the
RNS60 arm and 89% in the placebo arm at 48 weeks (Figure S2B).

Completers and compliers and PP population

Data for completers and compliers (n = 110, n = 60 in the RNS60
group; n = 50 in the placebo group) and PP populations (n = 47,
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TABLE 2 Global tests of fixed effects, means and contrasts for FVC, FEV1, ALSFRS-R at different visit times in each treatment arm (ITT
population)

FvC

Tests of fixed effects

Effect Week Treatment Week*treatment

p value <0.0001 0.9928 0.0101

Effect Follow-up Follow-up*treatment

p value 0.1387 0.1734

Estimated means and contrasts

Visit time (week) RNS60 Placebo Difference (RNS60 - placebo)

Mean SE p Mean SE p Mean SE p

Treatment period
0 102.6 1.9 <0.0001 102.6 2.0 <0.0001 -0.02 2.8 0.9928
4 100.7 21 <0.0001 99.1 21 <0.0001 1.6 2.9 0.5778
12 97.0 2.5 <0.0001 921 2.5 <0.0001 4.9 3.5 0.1647
24 91.4 3.5 <0.0001 81.6 3.5 <0.0001 9.8 4.9 0.0474
Slope (treatment -0.46 0.11 <0.0001 -0.87 0.1 <0.0001 0.41 0.16 0.0101

period)

Follow-up period
(off-treatment)

36 86.0 3.7 <0.0001 75.1 3.8 <0.0001 10.9 5.3 0.0394
48 80.6 4.4 <0.0001 68.6 4.6 <0.0001 12.0 6.3 0.0571
Slope (follow-up -0.45 0.11 <0.0001 -0.54 0.13 <0.0001 0.09 0.18 0.5924
period)
FEV1

Tests of fixed effects

Effect Week Treatment Week*treatment

p value <0.0001 0.8723 0.0146

Effect Follow-up Follow-up*treatment

p value 0.4219 0.1148

Estimated means and contrasts

Visit time (week) RNS60 Placebo Difference (RNS60 - placebo)

Mean SE p Mean SE p Mean SE p

Treatment period
0 96.7 2.2 <0.0001 97.2 2.2 <0.0001 -0.5 3.1 0.8723
4 95.2 2.2 <0.0001 94.1 2.2 <0.0001 11 31 0.7107
12 92.3 2.5 <0.0001 87.9 2.5 <0.0001 4.4 3.5 0.2128
24 87.9 3.4 <0.0001 78.6 3.5 <0.0001 9.3 4.9 0.0563
Slope (treatment -0.36 0.1 0.0022 -0.77 0.1 <0.0001 0.41 0.2 0.0146

period)

Follow-up period
(off-treatment)

36 82.6 3.7 <0.0001 72.3 3.8 <0.0001 10.3 5.3 0.0522
48 77.2 4.3 <0.0001 66.0 4.4 <0.0001 11.2 6.1 0.0678
Slope (follow-up -0.45 0.1 <0.0001 -0.52 0.1 <0.0001 0.07 0.1 0.5758

period)
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TABLE 2 (Continued)

ALSFRS-R

Tests of fixed effects

Effect Week Treatment Week*treatment
p value <0.0001 0.9076 0.5725
Effect Follow-up Treatment*follow-up
p value 0.3181 0.3363
Estimated means and contrasts
Week RNS60 Placebo Difference (RNS60 - placebo)
Mean SE p Mean SE p Mean SE p
Treatment period
0 41.4 0.4 <0.0001 41.3 0.4 <0.0001 0.1 0.6 0.9076
4 40.4 0.5 <0.0001 40.2 0.5 <0.0001 0.2 0.7 0.8010
12 38.3 0.6 <0.0001 37.9 0.6 <0.0001 0.4 0.9 0.6877
24 35.1 0.9 <0.0001 34.5 1.0 <0.0001 0.6 1.3 0.6280
Slope (treatment period) -0.26 0.03 <0.0001 -0.28 0.03 <0.0001 0.02 0.04 0.5725
Follow-up period
(off-treatment)
36 32.0 11 <0.0001 31.6 11 <0.0001 0.4 0.6 0.8048
48 28.9 1.3 <0.0001 28.8 1.3 <0.0001 0.1 1.9 0.9493
Slope (follow-up period) -0.26 0.03 <0.0001 -0.24 0.03 <0.0001 -0.02 0.04 0.5728
ALSAQ-40 (Eating and drinking)
Tests of fixed effects
Effect Week Treatment Week*treatment
p value <0.0001 0.5022 0.0319
Estimated means and contrasts
Week RNS60 Placebo Difference (RNS60 - placebo)
Mean SE p Mean SE p Mean SE p
0 15.9 2.8 <0.0001 13.3 2.8 <0.0001 2.6 3.9 0.5022
24 (end of treatment) 20.4 3.2 <0.0001 22.4 3.2 <0.0001 -2.0 4.5 0.6524
48 (follow-up) 249 41 <0.0001 31.6 4.2 <0.0001 -6.7 5.8 0.2521
Slope 0.19 0.1 0.0032 0.38 0.1 <0.0001 -0.19 0.1 0.0319

Abbreviations: ALSAQ-40, Amyotrophic Lateral Sclerosis Assessment Questionnaire-40; ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating

Scale—Revised; BMI, body mass index; FEV, forced expiratory volume; FVC, forced vital capacity; ITT, intention to treat.

n = 25 in the RNS60 group; n = 22 in the placebo group) are shown
in the Supplementary Material.

Results of the biomarkers' analyses are shown in Tables S3 and
S4. For MCP-1, FOXP3 mRNA and NfL a significant change over
the course of the treatment and follow-up periods was confirmed
in completers and compliers. For MCP-1 and FOXP3 mRNA this
effect was confirmed also in the PP population. A significant treat-
ment main effect, entirely explained by differences at the baseline
visit, was found for IL-17 only in the completers and compliers pop-
ulation. A significant difference in the evolution over time between
treatment groups was found for PPIA only in the PP population.
A change over time of borderline significance was found only in
the PP population for actin-NT. No other significant effects were
found for any biomarker in the completers and compliers nor in the
PP population.

The results of the analysis of clinical outcomes are shown in
Tables S5 and Sé. The evolution over time was consistently signif-
icant in all clinical continuous outcomes (decrease of FVC, decrease
of ALSFRS-R, increase of all five domains of the ALSAQ-40), both in
the completers and compliers and in the PP population.

The significant difference between treatment groups in the evolu-
tion over time found in the ITT population for FVC was not confirmed
in completers and compliers, nor in the PP population. The difference
between treatment groups in the evolution over time for the eating and
drinking domain of the ALSAQ-40 was consistently significant in com-
pleters and compliers and the PP population. A difference in the evo-
lution over time for the emotional reactions domain of the ALSAQ-40
was found only in the PP population, with the RNS60 group showing a
slower increase. No other significant effects were found for the clinical
outcomes in the completers and compliers nor in the PP population.
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FIGURE 3 Effect plots for FVC, FEV1, ALSFRS-R, ALSAQ40 (eating and drinking) at different visit times (in weeks) in each treatment arm

(ITT population)

Adverse events

The total number of AEs and the proportion of participants experi-
encing at least one AE were similar in the two groups, except for a
higher number and, respectively, proportion of moderate AEs and
AEs leading to study discontinuation in the placebo group (Table 3).
The list of all AEs in each treatment group is shown in Table S7.

Post hoc subgroup analyses

Bulbar and spinal onset subgroup analyses

A significant difference in the evolution over time of NfL was found
between bulbar and spinal onset in different treatment arms (signifi-
cant triple interaction) (Figure 4a, Table S8). When considering partici-
pants with spinal onset, the baseline levels and the change over time
were similar between the two treatment arms. When considering par-
ticipants with a bulbar onset, those in the RNS60 arm showed higher
values than those in the placebo arm at baseline; NfL levels were sta-
ble over the 24 weeks of treatment in the RNS60 arm, whilst in the
placebo arm the levels increased. However, the difference between
treatment arms in the bulbar onset subgroup was not statistically
significant due to small sample size. A significant difference between
the bulbar and spinal onset subgroups was also found for FVC: bulbar

onset participants had lower FVC values and a more rapid decrease
over time compared to spinal onset participants. A slower decrease of
FVC in the RNS60 arm compared with the placebo arm was also ob-
served in both subgroups, particularly in bulbar onset; however, this

difference was not statistically significant (Figure 4b, Table S8).

Fast and slow progressing subgroups

A significant difference in the evolution over time of NfL was found
between fast and slow progressing participants included in differ-
ent treatment arms (significant triple interaction). When considering
participants with a slow progression rate, the baseline values and the
change over time (increase) was similar between the two treatment
arms. When considering participants with a fast progression rate,
those in the RNS60 arm showed values that were higher than those
in the placebo arm, and the change over time was different between
the two treatment groups: participants in the RNS60 arm showed an
increase in the first 4 weeks that was followed by a decrease between
week 4 and week 24; in the placebo arm a progressive increase be-
tween baseline and week 24 was observed (Figure 4c, Table S9).

A significant difference between fast and slow progressing par-
ticipants was found in the rate of decrease of FVC, with fast pro-
gressing participants showing a more rapid decrease compared to
slow participants, but without significant differences between treat-
ment groups (Figure 4d, Table S9).
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TABLE 3 Adverse events occurring during the on-treatment period (up to week 24) and the entire study period (from baseline to week

48) (ITT population)

Total number of AEs

Patients with at least one AE

RNS60 Placebo RNS60 Placebo
Sum Mean SD Sum Mean SD p value n % n % p value
AEs occurring during the on-treatment period (up to week 24)
All AEs 128 1.7 2.6 144 2.0 3.6 0.6477 42 56.8 47 64.4 0.3442
Mild AEs 117 1.6 2.5 120 1.6 3.3 0.7427 42 56.8 40 54.8 0.8107
Moderate AEs 6 0.1 0.3 18 0.2 0.5 0.0166 5 6.8 15 20.6 0.0147
Severe AEs 3 0.04 0.2 6 0.1 0.3 0.4520 3 4.1 6.9 0.4940
SAEs 5 0.1 0.3 5 0.1 0.3 0.9882 4 54 4 55 0.9842
AEs leading to 0 0.0 0.0 3 0.04 0.2 0.0826 0 0.0 41 0.1199
study/treatment
discontinuation
Drug-related AEs 8 0.1 0.6 1 0.01 0.1 0.3140 3 4.0 1 1.4 0.6198
AEs occurring through week 48
All AEs 142 1.9 2.8 158 21 3.6 0.6084 44 59.5 48 65.8 0.4304
Mild AEs 128 1.8 2.8 129 1.8 3.4 0.8810 42 56.8 40 54.8 0.8107
Moderate AEs 7 0.1 0.4 20 0.3 0.6 0.0101 5 6.8 16 219 0.0086
Severe AEs 7 0.1 0.3 9 0.1 0.4 0.8563 7 9.5 6 8.2 0.7912
SAEs 6 0.1 0.3 6 0.1 0.3 0.4122 5 6.8 5 6.9 0.9822
AEs leading to 0 0 0 5 0.1 0.3 0.0243 0 0.0 5 6.9 0.0224
study/treatment
discontinuation
Drug-related AEs 10 0.1 0.7 1 0.01 0.1 0.1728 4 5.4 1 1.4 0.3664

Abbreviations: AE, adverse event; ITT, intention to treat; SAE, serious adverse event.

A significant difference between fast and slow participants
was observed in the progression rate of the ALSFRS-R score, with
fast progressing patients showing lower values. However, no sig-
nificant differences between treatment groups were found (data

not shown).

Neurofilament light chain levels at baseline

A significant difference in the rate of change of FVC, ALSFRS-R and
all ALSAQ-40 domains, with the exception of the emotional reac-
tion domain, was found between patients with high (above the me-
dian) or low (below the median) baseline NfL levels. Participants with
high baseline NfL levels showed a faster decline compared to pa-
tients with low baseline levels. However, no significant differences
in RNS60 treatment effects were detected between the two sub-

groups (data not shown).

DISCUSSION

In this phase Il randomized, double-blind, placebo-controlled trial,
administration of RNS60 showed no effects on a number of biologi-
cal markers of inflammation and neurodegeneration.

The biomarkers that were investigated in this trial were cho-
sen based on previous preclinical data and/or relevance to ALS

pathophysiology. IL-17 was chosen because increased serum and
cerebrospinal fluid levels of IL-17 have been observed in ALS pa-
tients [24] and, in a mouse model of multiple sclerosis, RNS60
treatment was associated with reduced expression of IL-17 [15].
Yet, measurement of IL-17 is limited by the fact that there is no
prior information about the longitudinal pattern of IL-17 in ALS
patients and by the very low levels of IL-17 in the blood (<1 pg/ml).
FOXP3 mRNA was measured because, in a mouse model of multi-
ple sclerosis and in SOD1G93A mice, RNS60 upregulated FOXP3
mRNA [8, 15]. FOXP3 mRNA is low in rapidly progressing ALS pa-
tients and its levels inversely correlate with progression rates [25].
3-NT was evaluated because, in a previous study conducted in our
laboratory, RNS60 reduced 3-NT levels in the spinal cord of the
SOD1G93A mouse model, suggesting a possible role of RNS60 in
suppressing nitric oxide (NO) production [8]. Increased levels of
3-NT and actin-NT were found in peripheral blood mononuclear
cells (PBMCs) of ALS patients [26-28], implicating inflammation
and oxidative/nitrative stress in disease pathogenesis. Decreased
levels of PPIA in the PBMCs of ALS patients have been associated
with an early onset of the disease [29] and with a short disease
duration [30] indicating that reduced chaperone/foldase activity
may be at the basis of a more severe phenotype. Increased levels
of MCP-1 have been found in the central and peripheral nervous
system of the SOD1G93A mouse model [19] and in serum and
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FIGURE 4 Effect plots for NfL and FVC at different visit times in each treatment arm by site of onset (ITT population)

cerebrospinal fluid of ALS patients [31-34], indicating central and
peripheral immune activation. NfL levels were measured as there
is growing evidence supporting their prognostic and pharmaco-
dynamic potential [20]. In our study, NfL values were significantly
higher in participants with bulbar onset, in agreement with recent
studies showing an association between higher NfL serum levels
and bulbar onset in ALS [35].

Although RNS60 did not affect NfL levels in the whole popu-
lation of the study, a statistically different trajectory of NfL was
found by the post hoc analysis in patients with bulbar onset, in which
RNS60 seems to have a stabilizing effect.

Whilst RNS60 administration did not affect the levels of can-
didate biomarkers of neuroinflammation and neurodegeneration,
encouraging results were obtained on selected clinical outcomes.
Specifically, RNS60 administration was associated with slower
rates of decline in respiratory function and in the bulbar domains
of ALSAQ-40 compared to placebo over a 24-week treatment pe-
riod. These effects were not accompanied by positive effects on
global function or survival, although longer treatment periods may
be needed to detect such changes. During the off-treatment fol-
low-up period (weeks 24-48), the difference in the two treatment
arms persisted, suggesting a protective effect of early treatment
with the drug rather than a transient symptomatic effect. These
findings were similar in post hoc analyses showing differences
in FVC decline when comparing bulbar and spinal ALS onset, al-
though differences did not attain statistical significance probably
due to the small sample size of the subgroups. RNS60 treatment

slowed the decline of FVC in patients with bulbar onset and sta-
bilized levels of NfL. Indirect evidence of a possible beneficial
effect of the active treatment comes from the difference in the
drop-out rate between active treatment and placebo (18.9% vs.
31.5%, respectively) over 48 weeks. The lower drop-out rate in the
RNS60 arm could be explained by possible subjective perception
of a positive effect of the treatment. It is worth noting that there
was a steep rise of drop-outs in both treatment arms towards the
end of follow-up. This might reflect the absence of treatment and
perhaps disease progression in the absence of treatment during
the second semester of the study. Our study also confirmed the
benign safety profile of RNS60 expanding on previous open-label
observations [17].

The positive effects of RNS60 on respiratory function are sup-
ported by an exploratory study on the functional consequences of
tissue oxygenation with O, nanobubbles in murine phrenic nerve
diaphragm ex vivo preparations [16]. Alternatively, there may be a
symptomatic effect of the nebulized treatment, which may be par-
ticularly evident in bulbar patients. Future trials focused on clinical
efficacy of RNS60 may need to include additional measures of respi-
ratory and bulbar function. Spirometry manoeuvres in the present
study were performed in the seated position. Future studies may in-
clude supine FVC which may be a more sensitive measure of decline
in diaphragm function. Measures of orthopnoea and sleep disruption
may also be considered. Hence it is thought that a larger clinical trial
focused on clinical efficacy of inhaled/nebulized administration of
RNS60 with respiratory and functional end-points in well-selected
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populations of patients is necessary to conclude whether RNS60 can
be used for the treatment of respiratory symptoms or for prevent-
ing and delaying disease progression [16]. Treatment with RNS60
for 24weeks did not affect disease progression as measured by
the ALSFRS-R or mortality. However, another compound with anti-
inflammatory properties like palmitoylethanolamide was able to im-
prove the pulmonary function in ALS patients without modifying the
ALSFRS-R scale; the effect was attributed to a direct action of pal-
mitoylethanolamide on the neuromuscular junction of the diaphrag-
matic muscle which are the last muscles to be paralysed [36]. RNS60
may also have directly affected the diaphragm muscle.

These results are in contrast with the positive effects of RNS60
reported in the animal model of ALS; however, in those mice the
drug was administrated intraperitoneally before overt symptom
onset [8]. The motor deficit slowing effect observed in RNS60-
treated SOD1G93A mice was accompanied by partial prevention
of lumbar spinal motor neuron loss and neuromuscular junction
denervation of skeletal muscle. Interestingly, the clinical studies
with tofersen (VALOR, NCT02623699, NCT02623699) [37, 38], an
antisense oligonucleotide targeting SOD1, have shown that those
who started tofersen earlier had better outcomes than those who
started later (https://investors.biogen.com/static-files/4e939
3b8-0f67-47a3-a331-05ef3ac7fc63). A therapeutic interven-
tion in earlier phases of ALS is under investigation in the ATLAS
study (NCT04856982), in which tofersen is initiated in clinically
pre-symptomatic SOD1 variant carriers [39]. It should be noted
that in the 6-month phase 3 study there were positive results only
with regard to neurofilaments and not to ALSFRS-R and survival,
as occurred in the present study. Moreover, a recent clinical trial
on high caloric nutrition diets has yielded positive results for fast
progressing patients only [40], possibly because the duration of
the investigation was also too short to detect effects in slower
progressing patients, which could have been the case in our study,
too. Therefore, it is possible that earlier and/or longer treatment
with RNS60 might have a better clinical benefit in people living
with ALS, which warrants further investigation.

The strengths of the study include the analysis of multiple can-
didate biomarkers by a centralized laboratory at the Mario Negri
Institute IRCCS using standard operation procedures, thereby lim-
iting analytical variation. Thus, this trial provided an excellent op-
portunity to characterize the pattern and longitudinal behaviour
of these markers in the context of a well-defined trial population.
Tertiary sites with broad national distribution were included to in-
crease access and support the generalizability of study results. FVC
measurements were performed using the same instrument at each
site provided by the study sponsor. Finally, the study was sufficiently
powered to detect clinically meaningful differences in measures of
functional impairment.

The study was limited by the COVID-19 outbreak that started in
Italy in February 2020. The pandemic caused restrictions in terms
of participant access to trial sites and limitations in the performance
of respiratory function tests. This context led to missing visits and
missing data.

Also, a total of 155 protocol deviations occurred during the study
(71 RNS60 group, 84 placebo group) in 100 patients (49 RNS60 group,
51 placebo group), of which 22 (10 RNS60 group, 12 placebo group)
were due to the COVID-19 pandemic. The description of all protocol
deviations that occurred during the study with number of occurrences
in each treatment group is reported in Table S10. The third limit was
the drug administration route that required weekly visits to the par-
ticipating centre, with significant discomfort for disabled patients. For
this reason, testing the efficacy of a full treatment via the inhalation

route only at the patient's home would have been preferred.

CONCLUSION

In conclusion, administration of RNS60 to people living with ALS for
24 weeks showed no effects on candidate biomarkers of inflamma-
tion and neurodegeneration, ALSFRS-R scores or survival. Positive
effects of RNS60 on selected measures of respiratory and bulbar
function warrant further investigation, which might include earlier
treatment, longer follow-up, additional measures of respiratory and

bulbar function, and focus on dosage and route of administration.
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