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ABSTRACT

Background: Amyotrophic Lateral Sclerosis (ALS) is a progressive and ultimately fatal neurodegenerative disorder
characterized by degeneration of upper and lower motor neurons. Mutations in the superoxide dismutase 1
(SOD1) gene account for approximately 2% of ALS cases and are associated with toxic protein misfolding and
aggregation. Tofersen is an antisense oligonucleotide therapy designed to reduce the synthesis of mutant SOD1
protein through targeted mRNA degradation. While this strategy represents a gene-specific therapeutic approach
for a subset of ALS patients, evidence regarding its efficacy, effectiveness and long-term outcomes continues to be
evaluated in clinical trials and post-marketing studies.

Objective: First, to describe the molecular mechanisms underlying SOD1-associated ALS and second, to analyze
the therapeutic development, clinical outcomes, and regulatory evolution of tofersen.

Methods: A narrative review was conducted in PubMed on preclinical and clinical studies published from 2016
through late 2025, complemented by an analysis of public registries and regulatory documentation. Clinical trials
were identified through ClinicalTrials.gov and the Clinical Trials Information System (CTIS), and official reports
from the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) were reviewed to
contextualize their development and regulatory evaluation.

Results: Fifty-three publications were identified, of which 20 met predefined inclusion criteria after screening and
full-text review. Preclinical studies showed reduced mutant SOD1 expression and prolonged survival in trans-
genic models. Phase I-II trials demonstrated safety, favorable pharmacokinetics, and dose-dependent reductions
in SOD1 in the cerebrospinal fluid and plasma neurofilament light chain (NfL) levels. Although the phase III
VALOR trial did not meet the primary ALSFRS-R endpoint (a validated questionnaire-based functional rating
scale-revised for determining ALS disease progression) at 28 weeks, significant reductions in the surrogate
biomarker NfL indicated target engagement and supported accelerated regulatory approval. Extension data
suggested potential clinical benefit with early treatment. Ongoing studies, including ATLAS in presymptomatic
carriers, and real-world European data support continued evaluation, alongside accelerated regulatory approvals
by FDA and EMA.

Conclusion: Tofersen marks a paradigm shift in ALS management, establishing the foundation for precision
medicine in neurodegenerative diseases. Its ongoing evaluation in the ATLAS trial will determine whether early
intervention can prevent or delay disease onset in presymptomatic SOD1 mutation carriers.

1. Introduction

degeneration of upper and lower motor neurons, leading to muscle at-
rophy, progressive weakness, and eventual paralysis (Moriyama and

Amyotrophic Lateral Sclerosis (ALS) is a relentlessly progressive and Yokota, 2024; Hamad et al., 2025). Despite significant advances in
fatal neurodegenerative disease characterized by the selective molecular biology and neurogenetics, the precise pathophysiology of
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ALS remains unknown, with current models pointing to a complex
interplay between genetic susceptibility, environmental factors, and
age-related cellular decline (Zufiria et al., 2016; Al-Chalabi et al., 2017;
Masrori and Van Damme, 2020).

Epidemiologically, ALS is a rare disease with a global incidence of
approximately 2-2.7 cases per 100,000 people per year and a grim
prognosis, with a median survival of approximately 3 to 5 years after
diagnosis (Vidal Notari et al., 2024; Hamad et al., 2025). It primarily
affects adults aged 40-70 years and shows a slight male predominance
(ratio ~1.3:1) (Vidal Notari et al., 2024). Approximately 5-10% of cases
are classified as familial (fALS), while the remaining 90-95% are
considered sporadic (sALS). This clinical distinction, however, is
increasingly blurred, as pathogenic mutations are also identified in pa-
tients without a clear family history, a phenomenon attributed to
reduced penetrance or lack of diagnosed relatives.

To date, mutations in more than 40 genes have been associated with
ALS, implicating diverse cellular pathways. Among these, the most
common contributors — C9orf72, SOD1, TARDBP, and FUS - collectively
account for 48% of familial cases and about 5% of sporadic cases
(Akcimen et al., 2023; Everett and Bucelli, 2024). The first ALS-linked
gene, identified in 1993, was superoxide dismutase 1 (SOD1). Muta-
tions in SOD1 are responsible for 10-20% of fALS and 1-2% of sALS
(Huang et al., 2024; Nguyen, 2024). The SOD1 gene encodes a critical
antioxidant enzyme. Importantly, over 100 identified pathogenic vari-
ants in SOD1 are associated primarily with a toxic gain-of-function
mechanism, leading to protein misfolding and aggregation, rather
than a simple loss of enzymatic activity (Huang et al., 2024). This ge-
netic heterogeneity translates into marked clinical variability, where
specific variants like A4V or G93A are linked to rapid disease progres-
sion, while others like H46R follow a more indolent course (Nguyen,
2024; Smith et al., 2024).

The diagnosis of ALS remains primarily clinical, relying on the
identification of combined upper and lower motor neuron signs and the
exclusion of other disorders, supported by electromyography (EMG),
neuroimaging, and laboratory tests (NINDS, 2024). Disease progression
is quantitatively monitored using validated functional scales, most
notably the ALS Functional Rating Scale-Revised (ALSFRS-R). This
12-item scale, scored from 0 (worst) to 4 (best) across bulbar, fine motor,
gross motor, and respiratory domains (maximum score 48), is the most
widely used instrument for assessing functional decline in both clinical
practice and trials (Cedarbaum et al., 1999). Its role is so pivotal that
recent consensus calls advocate for its standardized use as a primary
outcome measure, including the evaluation of its correlation with bio-
markers like neurofilament light chain (NfL), to ensure high-quality data
in clinical trials on ALS (Genge et al., 2024).

In this context, tofersen has emerged as a gene-targeted therapeutic
approach for patients with ALS associated with mutations in the SOD1
gene. Tofersen is an antisense oligonucleotide (ASO) therapy designed to
reduce the production of mutant SOD1 protein by targeting its
messenger RNA (mRNA) (Moriyama and Yokota, 2024). The therapy
received accelerated approval from the U.S. Food and Drug Adminis-
tration (FDA) in April 2023 and was granted conditional marketing
authorization by the European Commission in May 2024, following a
recommendation from the Committee for Medicinal Products for Human
Use (CHMP) of the European Medicines Agency (EMA), based primarily
on biomarker evidence rather than conclusive clinical outcomes (FDA,
2023; EMA, 2024). These regulatory decisions reflect growing interest in
precision medicine approaches for genetically defined subgroups of ALS,
while further evidence is being generated to clarify the magnitude and
durability of clinical benefit.

The rapid evolution of knowledge regarding SOD1 pathogenesis,
coupled with the clinical development and regulatory trajectory of
tofersen, has generated a substantial and rapidly expanding body of
literature. However, an integrated and up-to-date synthesis linking
molecular mechanisms to therapeutic rationale, clinical evidence, and
regulatory milestones remains lacking. This narrative review seeks to
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address this gap by connecting the molecular basis of SOD1-ALS with the
development and clinical application of tofersen, providing a resource
for researchers and clinicians.

2. Objective

The present study aims to: (1) describe the molecular mechanisms
underlying the pathogenesis of SOD1-associated ALS; and (2) examine
the therapeutic development and regulatory pathway of tofersen as the
first antisense oligonucleotide (ASO) specifically targeting mutant
SOD1.

3. Material and methods

The narrative review encompassed peer-reviewed publications
indexed in PubMed from 2016 through late 2025, including studies on
tofersen (BIIBO67). All available clinical trials during this period were
analyzed to reconstruct the historical development of tofersen, examine
their main methodological characteristics, and evaluate their scientific
contributions to the treatment of SOD1-ALS. In parallel, the chronology
of its clinical and regulatory development—from preclinical research to
evaluation by regulatory agencies such as the FDA and the EMA—was
compiled to provide a comprehensive overview of its therapeutic
relevance.

Clinical trials were identified through a stepwise search of interna-
tional registries. First, “tofersen” was used as a keyword in the Clinical
Trials Information System (CTIS), managed by the EMA, to retrieve trials
authorized or ongoing in the European Union member states and Eu-
ropean Economic Area, including international multicenter studies
involving European sites. Subsequently, a complementary search was
performed in ClinicalTrials.gov, managed by the U.S. National Library of
Medicine, to capture studies conducted in the United States, the Amer-
icas, and other regions, as well as global multicenter trials.

In parallel, a structured bibliographic search was conducted in
PubMed using the terms “tofersen” and “trials,” which were combined
and refined to identify publications corresponding to the clinical trials
previously retrieved from public registries. This approach enabled direct
linkage between each scientific publication and its associated registered
trial, ensuring consistency and methodological coherence across sour-
ces. Study selection and screening were performed independently by
two reviewers, with discrepancies resolved by consensus to minimize
bias and enhance the objectivity of the analysis.

In addition, a structured comparative analysis of the trials was con-
ducted, focusing on aspects such as study phase (I-1II), methodological
design (randomized, double-blind, open-label, placebo-controlled),
planned and actual number of participants, target population charac-
teristics (symptomatic and presymptomatic patients according to SOD1
variant), duration of follow-up, primary and secondary endpoints, safety
measures, treatment discontinuation rates, and statistical methods
employed.

Finally, a regulatory analysis was conducted based on the review of
official documents and communications issued by regulatory agencies.
For the EMA, reports from the CHMP and the status of the conditional
marketing authorization in the European Union were analyzed. For the
FDA, the accelerated approval process for tofersen was reviewed,
including its approved indications, conditions of use, and post-
marketing monitoring requirements. This approach allowed the inte-
gration of scientific and clinical perspectives with the regulatory evo-
lution of the medicine, providing a comprehensive overview of its
development process and current positioning as a targeted therapy for
SOD1-ALS.

4. Results

A total of 53 publications were initially identified through the
bibliographic search. The selection process followed a structured and
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reproducible methodology.

In the first phase, duplicate records were removed. Subsequently,
two reviewers independently screened the titles and abstracts of all
retrieved articles according to predefined eligibility criteria. Studies
were selected based on their scientific relevance, inclusion of original
data, and methodological value for understanding the preclinical and
clinical development of tofersen. Each reviewer independently assessed
methodological quality, robustness of results, clarity of reporting, and
the specific contribution to the pharmacological, clinical, or regulatory
knowledge of the drug. Discrepancies were resolved through discussion
until consensus was reached.

Potentially eligible articles were then evaluated in full text. Inclusion
criteria emphasized methodological rigor and thematic relevance. Pri-
ority was given to original studies reporting primary data on efficacy,
safety, biomarkers—particularly neurofilaments—as well as pharma-
cokinetic and pharmacodynamic parameters and relevant regulatory
information. Redundant publications, secondary subanalyses without
substantial new data, and preliminary reports later consolidated into
more comprehensive articles were excluded. After this screening and
critical appraisal process, 20 articles were finally selected and consti-
tuted the core bibliography used to reconstruct the sequence of pre-
clinical and clinical studies of tofersen and to analyze its methodological
and regulatory evolution.

Once the final selection was completed, the correspondence between
included publications and their respective registered clinical trials was
verified to ensure consistency between sources. Regarding study types,
one publication specifically describing the initial preclinical develop-
ment of tofersen was identified. For phase I and II trials, including
studies that transitioned into phase III, a single integrative article
compiling the available clinical data was selected. In addition, two
publications specifically addressing long-term follow-up and biomarker
validation were included, reflecting the growing importance of neuro-
filament dynamics and extended efficacy and safety outcomes in the
therapeutic evaluation of tofersen.

A flowchart (Fig. 1) summarizing the identification, screening,
eligibility, and inclusion process would be appropriate to visually
represent the study selection pathway and enhance methodological
transparency.

Regarding pivotal phase III trials—including the VALOR and ATLAS
studies and their corresponding open-label extensions (OLEs)—seven
publications were identified that addressed clinical outcomes, secondary
analyses, and methodological considerations, thereby enabling a
comprehensive evaluation of both functional endpoints and biomarker
evolution, as well as long-term follow-up data.

Separately, before specifically addressing evidence in real-world
clinical settings, phase IV and prospective and retrospective observa-
tional studies conducted post-authorization were included. These

Identification Screening

Records identified from:

PubMed (n = 53) Records screened

L, L
I (n=45)
ClinicalTrials.gov (n=7) l
R
CTIS (n=5) L Records excluded

(n=25)
v

Records after duplicates
removed (n = 45)

+ Narrative reviews (n = 4)
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studies were designed to assess safety, effectiveness, and benefit-risk
profiles in less controlled environments than pivotal trials. Finally, in
the context of real-world evidence, four publications were selected
analyzing cohorts of patients treated in routine clinical practice,
providing complementary information on usage patterns, adherence,
tolerability, and clinical outcomes in more heterogeneous populations.
This sequential integration of evidence—from preclinical studies to
post-authorization observational data—allowed for a structured and
chronologically coherent overview of tofersen’s pharmacological and
clinical development.

The results of this review are structured into two main subsections
corresponding to the study objectives: first, a brief characterization of
the pathogenic mechanisms underlying SOD1-associated ALS (Section
4.1); and second, the analysis of tofersen’s therapeutic development and
regulatory evolution, from initial studies to evaluation by international
regulatory agencies (Section 4.2).

4.1. Pathogenic mechanisms of SODI-associated ALS

The SOD1 gene encodes the enzyme superoxide dismutase 1, which
catalyses the conversion of the superoxide radical (Oze") into molecular
oxygen and hydrogen peroxide, protecting cells from oxidative damage.
Its correct function depends on appropriate Cu?>* and Zn** ion binding,
the formation of a stabilizing disulphide bond (Cys®’-Cys!*®), and
proper dimerization (Nguyen, 2024). In the context of ALS, SOD1 mu-
tations do not primarily lead to loss of enzymatic activity, but rather to a
toxic gain of function. These mutations destabilize the protein, reduce its
metal-binding affinity, expose hydrophobic residues, and induce mis-
folding and aggregation into intracellular inclusions. Many mutant
variants maintain partial catalytic activity, reinforcing that neurotox-
icity arises from newly acquired harmful properties rather than enzy-
matic inactivity (Huang et al., 2024; Berdynski et al., 2025). In addition,
mutant SOD1 appears to propagate its misfolded conformation in a
prion-like manner, facilitating disease spread across motor neurons. This
prion-like propagation may begin before clinical manifestations become
apparent, providing a strong mechanistic rationale for early therapeutic
intervention strategies, such as presymptomatic treatment approaches
evaluated in the ATLAS trial, with the aim of limiting neuronal spread
and cumulative neurotoxicity (Huang et al., 2024; Berdynski et al.,
2025).

Once misfolded, mutant SOD1 triggers multiple pathogenic mecha-
nisms (Tafuri et al., 2015; Huang et al., 2024; Smith et al., 2024). These
include oxidative stress due to ROS accumulation with consequent lipid,
protein, and DNA damage, exacerbated by reduced antioxidant defences
(Moriyama and Yokota, 2024). Mitochondrial dysfunction is also
prominent: mutant SOD1 accumulates in the mitochondrial intermem-
brane space, alters membrane integrity, reduces membrane potential,

Eligibility Included

Reports assessed for
eligibility (n =20)

L 5 Studies included in review (n = 20)

e Preclinical (n=1)
l e Phase |-Ill integrative (n=1)
Reports excluded (n=12): « Long-term/biomarkers (n = 2)

e Other core studies (n=16)

+ Subanalyses without new data

(n=3)

+ Preliminary abstracts (n = 3)

+ Duplicated population (n = 2)

Fig. 1. Flow diagram of the study selection process.
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decreases ATP production, and promotes cytochrome c release
(Tsekrekou et al., 2024; Martinelli et al., 2025). Another important
mechanism is impaired axonal transport, as mutant SOD1 disrupts
microtubule-dependent trafficking of vesicles and organelles, causing
axonal congestion and degeneration (Smith et al., 2024). Proteostasis is
significantly compromised: SOD1 aggregates overload the ubiq-
uitin-proteasome system and impair autophagy, promoting the accu-
mulation of abnormal proteins (Woo et al., 2021). Neuroinflammation
further contributes to disease progression, since mutant SOD1 activates
microglia and astrocytes, inducing the release of pro-inflammatory cy-
tokines; notably, selective removal of SOD1 in glial cells slows disease
progression in animal models, indicating that ALS is not purely
cell-autonomous (Huang et al., 2024). A more recently described
mechanism is the inhibition of mitochondrial-derived vesicle formation,
an essential quality-control pathway for removing damaged mitochon-
drial proteins; its disruption accelerates mitochondrial dysfunction (Guo
et al., 2024).

All these pathological processes have been effectively modelled in
SOD1 transgenic mice, such as the G93A line, which reproduce key
clinical and molecular features of human ALS (Tafuri et al., 2015). This
mechanistic knowledge has guided the development of targeted thera-
pies. Among them, the ASO tofersen reduces the expression of mutant
SOD1 and mitigates its toxic downstream effects, while additional
molecules designed to stabilize the native conformation of SOD1 and
prevent aggregation are also under investigation (Woo et al., 2021;
Hamad et al., 2025).

The development of tofersen began between 2013 and 2016 through
discovery and preclinical studies, during which its mechanism of action
was validated and robust reductions in mutant SOD1 were demonstrated
in cellular and animal models, together with a favourable safety profile
that enabled progression to clinical trials (Ionis Pharmaceuticals, 2018).

The development of tofersen was initially supported by preclinical
studies conducted in transgenic murine models carrying SOD1 muta-
tions. In this context, McCampbell et al. (2018) demonstrated that
intrathecal administration of ASOs targeting SOD1 mRNA significantly
reduced mutant SOD1 protein levels in the spinal cord, improved
muscular responses, and prolonged survival in SOD1-ALS animal
models. Tofersen partially reversed functional decline when adminis-
tered in early symptomatic stages, providing evidence of
disease-modifying potential and establishing the mechanistic rationale
for transitioning to clinical studies.

4.2. Clinical development evolution of tofersen

Prior to the initiation of interventional clinical trials, a character-
ization of the natural history of SOD1-associated ALS was performed.
Bali et al. (2017) analyzed clinical progression, phenotypic heteroge-
neity, and survival in patients with SOD1-ALS, providing robust esti-
mates of functional decline rates and interindividual variability. These
data were critical for the methodological planning of subsequent clinical
trials, particularly regarding the selection of primary endpoints, sample
size calculation, and the definition of inclusion criteria.

The clinical development of tofersen began with a phase I-II trial the
results of which were published (Miller et al., 2020), which evaluated
safety, tolerability, pharmacokinetics, and pharmacodynamic effects
following intrathecal administration. The study demonstrated a
dose-dependent reduction of SOD1 protein levels in cerebrospinal fluid
(CSF), along with decreased NfL, a biomarker associated with axonal
damage. Although not designed to establish definitive clinical efficacy,
preliminary signals of slowed functional decline were observed in
higher-dose groups, supporting progression to subsequent trials.

The clinical development of tofersen followed a systematic approach,
including phase III trials (VALOR), OLE studies, preventive studies in
presymptomatic carriers (ATLAS), and observational studies under real-
world clinical practice conditions (Table 1).
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4.2.1. Phase I-II (Study 233AS101 parts A and B)

Study 233AS101 (Parts A and B) constituted the initial evaluation
phase (Phase I-II). It was designed as a randomized, double-blind, pla-
cebo-controlled trial, including a single ascending dose phase (Part A)
and a multiple ascending dose phase (Part B) in adult patients with
confirmed SOD1-mutant ALS. Participants received intrathecal in-
jections of tofersen at doses ranging from 10 to 100mg, or a matching
placebo. The primary objectives focused on assessing safety, tolerability,
and pharmacokinetics.

Results showed that the 100mg dose achieved the highest drug
exposure in CSF and produced the most pronounced reduction in total
SOD1 protein levels in CSF, a key pharmacodynamic marker. Pharma-
cokinetic analysis revealed an effective CSF half-life of approximately
one month, which informed the subsequent dosing regimen. While
adverse events related to the lumbar puncture procedure (such as back
pain and headache) were observed, the overall safety profile was
considered manageable, allowing progression to subsequent efficacy
trials. A notable safety finding was the occurrence of elevated white
blood cell counts in CSF, observed more frequently and with greater
magnitude in the tofersen group, prompting the implementation of strict
blinding measures in subsequent studies (Miller et al., 2020).

4.2.2. Phase IIl (VALOR, 233AS101 part C)

Part C of Study 233AS101 (VALOR) constituted the pivotal phase III
trial. This 28-week, randomized (2:1), double-blind, placebo-controlled
study enrolled 108 patients, with stratification of a prognostically
enriched rapid progression subgroup (modified intention-to-treat pop-
ulation) for the primary analysis. Importantly, the primary efficacy
analysis focused on this “fast progressors” subgroup, representing pa-
tients with an anticipated accelerated disease course, thereby estab-
lishing a carefully defined context for detecting meaningful functional
improvement within the relatively short 28-week study period. The
dosing regimen established in earlier phases consisted of three 100mg
loading doses administered every 14 days, followed by maintenance
doses every 28 days. The primary endpoint was the change from base-
line in ALSFRS-R score at week 28 in the modified intention-to-treat
population.

Although the primary outcome did not reach statistical significance
(difference of 1.2 points; p = 0.97), post hoc analyses adjusting for
baseline NfL levels showed a greater difference of 2.1 points (p =
0.0904). Robust efficacy was observed at the biomarker level, with
statistically significant reductions of 38% in CSF SOD1 and 67% in
plasma NfL in the tofersen group versus placebo. Favorable trends were
also noted in other clinical measures, including vital capacity and select
quality-of-life parameters.

Regarding safety, the profile was consistent with prior phases,
highlighting intrathecal administration-related events and neuroaxial
inflammatory events (e.g., myelitis/radiculitis). These inflammatory
complications, although infrequent, are clinically relevant because they
generally require prompt recognition, temporary treatment interrup-
tion, and management with corticosteroid therapy and supportive
neurological monitoring, with most reported cases showing partial or
complete resolution after intervention. Their consideration is particu-
larly important when evaluating the benefit-risk balance in presymp-
tomatic SOD1 mutation carriers who may otherwise remain clinically
stable for prolonged periods. The main limitation of the study was its
relatively short duration, insufficient to clearly detect a clinical benefit
in a disease with heterogeneous progression. Parts A, B, and C of Study
233AS101 have now been completed (Benatar et al., 2022).

4.2.3. Open-label extension (OLE, 233AS102)

The pivotal clinical study 233AS102 is an ongoing long-term OLE,
designed to evaluate the safety and sustained effect of tofersen in par-
ticipants who completed study 233AS101. This multicenter study is
conducted in Belgium, Canada, Denmark, France, Germany, Israel,
Japan, Italy, New Zealand, the United Kingdom, and the United States.



Table 1

Chronological evolution of tofersen clinical trials (2013-present). AE: adverse event; AESI: adverse event of special interest; ANCOVA: analysis of covariance; ANOVA: analysis of variance; CSF: cerebrospinal fluid; MAD:
multiple ascending dose; MAR: missing at random; MI: multiple imputation; MMRM: mixed-model repeated measures; NfL: neurofilament light chain; NOAEL: no observed adverse effect level; NR: not reported; N/A: not
applicable; OLE: open-label extension; PK/PD: pharmacokinetics/pharmacodynamics; pNfH: phosphorylated neurofilament heavy chain; PV: pharmacovigilance. SAD: single ascending dose; SAE: serious adverse event;

SVC: slow vital capacity; TEAE: treatment-emergent adverse event.

Years Study / Trial phase Study design Number of Target Duration of Primary Primary Secondary / Safety measures Statistical Key references
Milestone participants population follow-up efficacy endpoint exploratory & analysis
(planned / endpoint(s) results endpoint(s) discontinuations
actual)
2015-2018 233AS101 Phase I-1I Multicenter, Part A: 20 (15 Symptomatic ~8 weeks Safety and Tolerated at PK/PD; CSF TEAESs, SAEs, Descriptive; (Miller et al.,
—Parts A & randomized, tofersen / 5 ALS with (SAD); ~24 tolerability all doses; no SOD1; labs, exploratory 2020).
B double-blind, placebo) Part B: confirmed SOD1 weeks (MAD) dose- plasma NfL; neurological ANOVA/
placebo- 50 (38 tofersen mutation limiting exploratory exams; low ANCOVA;
controlled / 12 placebo) toxicities clinical discontinuation mixed models
SAD (Part A) measures
and MAD
(Part B)
2016-2021 233AS101 Phase III Multicenter, Planned/ Symptomatic 28 weeks Change from Mean CSF SOD1; TEAESs, SAEs, ANCOVA with (Benatar et al.,
—Part C randomized, Actual: 108 (72 ALS-SOD1 double-blind baseline to ALSFRS-R plasma NfL; AESIs; ~7% MI; MMRM; 2022)
(VALOR double-blind, tofersen / 36 patients Week 28 in decline SVC; HHD; discontinuation predefined
pivotal placebo- placebo) (enriched for ALSFRS-R reduced vs time to death mITT; post hoc
study) controlled faster (mITT placebo or analyses
progression) population) (—1.2vs permanent adjusting for
—3.0 points); ventilation baseline NfL
not (exploratory)
statistically
significant
primary
endpoint
2017-ongoing  233AS102 Phase III Multicenter, Enrolled: 139 Symptomatic Up to ~7 years Long-term Slower ALSFRS-R Cumulative Descriptive; (Benatar et al.,
- OLE (OLE) randomized, (from Parts A, ALS-SOD1 (depending on safety and ALSFRS-R slope; SVC; TEAEs/SAEs; mixed-effects 2022;NLMa,
double-blind, B, and C) patients entry). 28 weeks  tolerability. decline in CSF SOD1; long-term safety ~ longitudinal 2025).
placebo previously DB; 52 weeks Change in early-start plasma NfL; monitoring. models;
controlled, treated extended ALSFRS-R at group vs survival TEAEs, SAEs, integrated
OLE of week 28 delayed- (exploratory)  AESIs; ~7% analyses with
233AS101 start; discontinuation study 101.
maintained ANCOVA;
safety profile MMRM; MI
(MAR); early
vs delayed
start
2019-ongoing  233AS303 Phase III Multicenter, Part A: ~150 Presymptomatic Up to 2 years Time to Preliminary NfL/pNfH Continuous AE/ Cox (Brown et al.,
— ATLAS (preventive) randomized, planned carriers of highly  (interventional) emergence of  data: dynamics; SAE monitoring;  proportional 2021; Benatar
double-blind, (observational) penetrant SOD1 -+ OLE. >5years clinically delayed ALS functional blinded safety hazards; et al.,, 2022;
placebo- Part B: 28 mutations with or until ALS manifest ALS  onset in NfL-  decline after reviews Kaplan-Meier; Oliveria-Santos
controlled randomized elevated plasma onset guided early symptom longitudinal and de Carvalho
with natural 1 NfL intervention onset; safety models 2024;
history run-in cohort McGuigan and
and OLE Blair, 2025).
Real-world  Phase IV Multicenter Planned: NR Symptomatic 6-24 months Real-world ALSFRS-R Respiratory PV-based AE Descriptive; (Meyer et al.,
2024-2025 studies observational Actual: 20-80 ALS-SOD1 effectiveness stabilized or function, reporting adjusted 2024;
(retro/ per country (routine (ALSFRS-R) slowed NfL/pNfH, longitudinal Wiesenfarth
prospective) practice) decline vs survival et al.,, 2024;
Locations: historical proxies Hamad et al.,
Italy, control 2025; Smith
Germany, et al., 2025).
Sweden.
2026-2027 Long-term Phase IV / Multicenter N/A ALS-SOD1 Long-term Durability of Stable CSF Correlation Long-term Longitudinal (Benatar et al.,
follow-up post- longitudinal (treated & (>5 years) biomarker SOD1 with safety correlation & 2022; NLMb,
& authorisation presymptomatic) response suppression; function, monitoring survival 2025; Simonini
biomarker correlations survival analyses et al., 2025).
validation with slowed

functional
decline
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The design incorporates a blinded loading period, carefully conceived to
preserve the integrity of the pivotal study blinding.

Integrated data from the VALOR and long-term extension studies,
with a cut-off at week 52, have provided valuable insights. Analyses
extended to 52 weeks showed that biomarker changes correlated with
slowed motor and respiratory decline, as well as improvements in
quality of life (Miller et al., 2022). Reductions in SOD1 and NfL bio-
markers remained stable over the long term, and the safety profile
remained consistent, with serious adverse events observed in approxi-
mately 7% of patients, including myelitis, radiculitis, aseptic meningitis,
and intracranial hypertension.

Furthermore, comparative analysis between patients who initiated
tofersen early (in VALOR) and those who started later (placebo in
VALOR, active in long-term extension) revealed clinically meaningful
differences favoring early initiation: a 3.5-point difference in ALSFRS-R,
a 9.2% increase in predicted vital capacity, and a 64% reduction in the
risk of death or permanent ventilation (Hazard Ratio = 0.36). These
findings suggest that prolonged treatment may translate observed bio-
logical effects into clinical benefits. The safety profile during this
extended phase has remained consistent, with no new signals, although
neuroaxial inflammatory events continue to require monitoring (NLMa,
2025).

The OLE (233AS102) incorporated Part C, allowing tofersen
administration to all participants, including those who initially received
placebo. In the combined analysis of VALOR and OLE at 12 months,
patients who started treatment early demonstrated significant im-
provements: a +3.5-point increase in ALSFRS-R, a 9% improvement in
vital capacity, gains in muscle strength and quality of life, as well as
sustained reductions in SOD1 (33% — 21%) and NfL (51% — 41%)
biomarkers, demonstrating both biological and clinical benefits of early
administration (Brown and Al-Chalabi, 2017; Brown et al., 2021).

4.2.4. Preventive study ATLAS (233AS303)

Finally, study 233AS303 (ATLAS) represents a Phase III preventive
approach. This ongoing, blinded trial is recruiting presymptomatic
carriers of high-risk SOD1 mutations. Its design includes an initial
observational “run-in” phase to establish the natural history, followed
by a two-year randomized, placebo-controlled intervention phase. The
primary objective is to evaluate whether tofersen can delay or prevent
the onset of clinical manifestations of ALS. Given its current status, no
efficacy data are yet available. tofersen is administered following the
100mg intrathecal regimen. Safety assessment in this asymptomatic
population is of paramount importance, requiring careful consideration
of known procedural and drug-related risks versus the potential benefit
of preventing a devastating disease (Benatar et al., 2022; Oliveira-Santos
and de Carvalho, 2024; McGuigan and Blair, 2025).

Subsequently, other observational studies under real-world clinical
practice conditions were conducted in Italy, Germany, and Sweden,
including small cohorts (11-17 patients) with >12 months follow-up.
These studies confirmed reductions in phosphorylated neurofilament
heavy chain (pNfH) and NfL in serum and CSF, stabilization or slight
improvement of ALSFRS-R scores in some patients, and a safety profile
consistent with clinical trials, with mild inflammatory events and no
significant increase in serious adverse events (Meyer et al., 2024; Wie-
senfarth et al., 2024).

4.2.5. Evidence from real-world clinical practice

To further characterize the long-term benefit-risk profile of tofersen
in real-world settings, phase IV observational studies were planned for
2024-2025. These multicenter, retrospective and prospective studies
were conducted in countries including Italy, Germany, and Sweden,
aiming to recruit 20-80 patients per country with symptomatic SOD1-
ALS receiving routine care. With a planned duration of 6 to 24
months, the primary objective is to assess drug effectiveness under real-
world clinical conditions, using change in ALSFRS-R score as the pri-
mary endpoint. Secondary objectives included evaluation of respiratory
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function, biomarker levels (NfL and pNfH), and indirect survival pa-
rameters. Safety has been monitored through adverse event reporting
based on pharmacovigilance procedures. Statistical analyses are pri-
marily descriptive, complemented by adjusted longitudinal models.
These studies are essential to understand how benefits observed in
controlled clinical trials translate into less structured and more hetero-
geneous clinical settings (Meyer et al., 2024; Wiesenfarth et al., 2024;
Hamad et al., 2025; Smith et al., 2025).

4.2.6. Long-term follow-up studies (233AS401)

In parallel, long-term follow-up and biomarker validation studies are
planned for 2026-2027, constituting a post-authorization phase. These
longitudinal, multicenter studies aim to follow patients with SOD1-
ALS—including symptomatic patients under treatment and presymp-
tomatic carriers from the ATLAS study—over periods of 5 years or more.
The primary objective is to evaluate the durability of responses in key
biomarkers (SOD1, NfL) over extended treatment durations. Addition-
ally, the studies aim to establish stronger correlations between
biomarker changes and long-term clinical outcomes, such as functional
decline and survival. Long-term safety monitoring will also be a central
component. Analyses will be based on longitudinal correlation methods
and survival analyses, providing critical evidence on the sustainability
of disease-modifying effects and the prognostic utility of biomarkers
over extended time horizons (Benatar et al., 2022; Miller et al., 2022;
ECa, 2024; NLMb, 2025; Simonini et al., 2025).

In conclusion, the clinical development program of tofersen illus-
trates a comprehensive pathway from initial safety and pharmacology
characterization, through a pivotal trial with mixed results on the pri-
mary clinical endpoint but robust effects on pathogenic biomarkers, to
evidence suggestive of longer-term benefit and the pioneering explora-
tion of a preventive treatment paradigm. Planned phase IV and very
long-term follow-up studies are designed to close remaining knowledge
gaps, particularly regarding effectiveness and the durability of response,
thereby strengthening the evidence base for this innovative therapy. The
collective evidence highlights the central role of biomarkers in the
development of therapies for neurodegenerative diseases and un-
derscores the importance of treatment duration and prolonged obser-
vation to fully evaluate disease-modifying potential in ALS (Meyer et al.,
2024; Wiesenfarth et al., 2024; Hamad et al., 2025; Smith et al., 2025).

4.3. International regulatory approval

Table 2 summarizes the main regulatory assessments and approvals
of tofersen by the European Union and U.S. drug regulatory agencies.

The marketing authorization of tofersen was granted under special
regulatory frameworks, reflecting both the severity of SOD1-associated
ALS and the lack of effective therapeutic alternatives. In the FDA
granted an accelerated approval on 25 April 2023, primarily based on
the significant reduction in NfL, considered a reasonably likely surrogate
biomarker for predicting clinical benefit. This approval was conditional
on subsequent confirmation of clinical benefit through post-

Table 2
Evaluation and regulatory approval of tofersen by FDA and EMA.

Month/ Agency/Region Key Details
Year
Apr 2023 FDA (United Expedited approval based on NfL biomarker
States) reduction for genetically confirmed ALS-SOD1.
Post-marketing surveillance required (ATLAS as
confirmatory) (FDA, 2023; Lisi et al., 2023).
Feb 2024 EMA CHMP Positive recommendation under "exceptional
circumstances." Conditions: Annual benefit-risk
assessments, continuous safety/efficacy data (
EMA, 2024).
May 2024 European Formal approval (ECb, 2024).
Commission
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authorization studies, including the ATLAS program (FDA, 2023; Lisi
et al., 2023).

Concurrently, other international regulatory agencies, such as
Health Canada and the Therapeutic Goods Administration (TGA) of
Australia, approved tofersen in 2023 under conditional or standard
frameworks, respectively, subject to pharmacovigilance commitments
and the future availability of confirmatory evidence from pivotal and
long-term extension studies, as well as the ATLAS confirmatory trial
(EMA, 2024; ECa, 2024; NLMb, 2025).

In Europe, the CHMP of the EMA issued a positive opinion in
February 2024 for the marketing authorization of tofersen under the
“exceptional circumstances” scheme, in accordance with Article 14(8) of
Regulation (EC) No 726/2004. This recommendation was based on the
robust and consistent effect of the drug on key pathogenic biomarkers,
despite the pivotal VALOR trial (233AS101, Part C) not reaching sta-
tistical significance on its primary clinical endpoint (ALSFRS-R) (EMA,
2024; ECa, 2024).

The CHMP recommendation was formalized by the European Com-
mission on 30 May 2024, granting marketing authorization in the Eu-
ropean Union under exceptional circumstances. This authorization
requires annual evaluations of the benefit-risk balance, continuous
submission of safety and efficacy data, and enhanced regulatory over-
sight by the EMA and competent authorities (ECa, 2024; EMA, 2024).

Given that the marketing authorization of tofersen was granted
under special regulatory frameworks—accelerated approval in the
United States and exceptional circumstances authorization in the Eu-
ropean Union—its commercialization is subject to a specific set of post-
authorization obligations. These conditions reflect both the severity of
SOD1-associated ALS and the need to definitively confirm long-term
clinical benefit beyond the biomarker effects observed. In this context,
regulatory agencies have established strict commitments, including
confirmatory studies, extended safety monitoring, and periodic reas-
sessments of the benefit-risk balance. Table 3 provides a structured
summary of these requirements, associated timelines, and the oversight
mechanisms that govern the maintenance of tofersen authorization
across different jurisdictions.

5. Discussion

Based on the information selected, the discussion is structured into
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four sections, allowing integration of the drug’s biological rationale,
clinical and regulatory evidence, limitations associated with its use, and
its current positioning.

5.1. Accelerated approval and mechanism of action of tofersen

Tofersen is an intrathecally administered ASO that specifically binds
to SOD1 mRNA, reducing its translation and consequently lowering
mutant SOD1 protein levels (Moriyama and Yokota, 2024). This mech-
anism of action directly aligns with the molecular pathophysiology of
SOD1-ALS, which is characterized by a toxic gain-of-function of the
mutant protein, responsible for inducing oxidative stress, mitochondrial
dysfunction, impaired axonal transport, neuroinflammation, and
disruption of neuronal proteostasis (Tafuri et al., 2015; Woo et al., 2021;
Huang et al., 2024; Tsekrekou et al., 2024; Martinelli et al., 2025).

This biological rationale explains the consistency and magnitude of
the effects observed on key pathogenic biomarkers. In clinical studies,
tofersen has been associated with significant and sustained reductions in
CSF SOD1 protein and plasma NfL levels (Miller et al., 2022). The
decrease in NfL is particularly relevant given its value as a marker of
axonal damage and its association with ALS clinical progression, sug-
gesting a potential neuroprotective effect and providing a robust
mechanistic basis for regulatory consideration.

5.2. Clinical evidence and key regulatory milestones

In April 2023, the FDA approved tofersen as the first targeted
treatment for SOD1-associated ALS through an accelerated approval
pathway (FDA, 2023). Subsequently, in May 2024, the European Com-
mission granted authorization under the “exceptional circumstances”
scheme (EMA, 2024; ECb, 2024). These decisions were primarily based
on the consistent reduction of SOD1 and NfL, considered reasonably
likely surrogate biomarkers for clinical benefit in a context of high
unmet medical need (Miller et al., 2022; Lisi et al., 2023).

However, the pivotal VALOR trial did not reach statistical signifi-
cance on its primary clinical endpoint, assessed by the ALSFRS-R score at
28 weeks (Benatar et al., 2022). This outcome should be interpreted
considering the study’s limited duration and the high heterogeneity in
ALS functional progression, factors that hinder the detection of mean-
ingful clinical changes over a short period. In this context, data from the

Table 3
Commitments & Future Monitoring to maintain the commercialization of Tofersen in the European Union, the United States and others contries.
Regulatory Approval Date Indication Post-Authorization Requirements Short-Term / Annual Long-Term References
Agency Status Approved Reassessments Confirmatory
Milestones
EMA Conditional 2022-2023 Adults with ALS Annual benefit-risk assessments; Annual reassessment 30 June 2027 (ECa, 2024;
(European approval associated with continuous submission of safety and reports; 30 September (integrated survival EMA, 2024;
Union) confirmed efficacy data; annual observational 2025 (VALUE results) analyses); 31 NLMb, 2025).
SOD1 mutation record (study 233AS401); results of December 2028
the pivotal study and long-term (ATLAS completion)
follow-up (study 233AS102 -
VALUE); integrated final survival
analyses (treated vs. untreated);
completion of the ATLAS
confirmatory study (233AS303)
FDA (United  Accelerated 25 April Adults with ALS  Confirmation of clinical benefit Ongoing Aligned with VALOR (ECa, 2024;
States) Approval 2023 associated with through post-approval studies pharmacovigilance extension and ATLAS NLMb, 2025).
confirmed (including ATLAS); enhanced reporting completion
SOD1 mutation pharmacovigilance milestones
Health Approved 2023 Adults with ALS ~ Post-marketing pharmacovigilance Periodic Dependent on ATLAS (EMA, 2024;
Canada with associated with commitments and possible additional ~ pharmacovigilance end results and ECa, 2024,
conditions confirmed confirmatory evidence updates integrated survival NLMb, 2025).
SOD1 mutation analyses
TGA Approved 2023 Adults with ALS  Standard post-authorisation Routine safety International (EMA, 2024;
(Australia) associated with pharmacovigilance monitoring confirmatory NLMb, 2025).

confirmed
SOD1 mutation

evidence follow-up
(ATLAS long-term
extension)
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OLE acquire key interpretative value. Integrated 12-month analyses
showed that patients who initiated tofersen early exhibited slowed
functional and respiratory decline, improvements in strength and
quality-of-life measures, and a clinically meaningful reduction in the
composite risk of death or permanent ventilation (Miller et al., 2022;
Meyer et al., 2024;NLMa, 2025).

The consistency of these findings is reinforced by a recent meta-
analysis, which show significant slowing of functional decline
measured by ALSFRS-R and reduced loss of vital capacity (Hamad et al.,
2025), as well as by real-world clinical practice studies conducted in
several European countries, where consistent reductions in NfL and, in
some cases, stabilization of clinical progression were confirmed in less
controlled care settings (Meyer et al., 2024; Wiesenfarth et al., 2024).
Although these observational studies have inherent limitations, their
concordance with clinical trial data provides external robustness to the
overall body of evidence.

5.3. Limitations and challenges associated with tofersen treatment

Despite these advances, the implementation of tofersen presents
relevant limitations and challenges. SOD1 mutations are rare, account-
ing for only 2% of ALS cases, which limits the direct population impact
and highlights the need for systematic genetic diagnostic strategies to
identify eligible patients early (Vazquez-Costa et al., 2022; Huang et al.,
2024).

From a regulatory perspective, approval is primarily based on
biomarker reduction, which, while aligned with current trends in rare
diseases, requires the generation of robust long-term confirmatory
clinical evidence. In this context, the ATLAS trial is pivotal for assessing
whether early treatment initiation in presymptomatic carriers can pre-
vent or delay the onset of clinical disease (Benatar et al., 2022; NLMb,
2025).

From a logistical standpoint, intrathecal administration via lumbar
puncture requires specialized infrastructure, trained personnel, and
dedicated care pathways, which may limit accessibilityin certain centers
(Cerillo and Parmar, 2023; Medscape, 2024; AEMPS, 2025).

Regarding safety, although the overall profile is considered
manageable, serious neurological adverse events have been reported in
approximately 7% of patients, including myelitis, radiculitis, aseptic
meningitis, and intracranial hypertension (Miller et al., 2022; Cerillo
and Parmar, 2023; Qalsody®, 2025). These events warrant close
monitoring and careful benefit-risk assessment, particularly in pre-
symptomatic populations. Additionally, regulatory obligations associ-
ated with authorization under “exceptional circumstances,” such as
annual benefit-risk reassessments and submission of definitive results
from ongoing studies, pose further challenges in terms of economic
sustainability and healthcare planning. Furthermore, the high acquisi-
tion and administration costs associated with tofersen may generate
reimbursement and cost-effectiveness challenges for national healthcare
systems, particularly in countries with centralized public funding
models such as Spain, where long-term clinical benefit confirmation
may influence future funding and access decisions (ECa, 2024; SMH,
2025).

5.4. International variability in regulatory approval and access to tofersen

The regulatory pathway of tofersen highlights substantial differences
between countries and regulatory agencies regarding the evaluation of
clinical benefit, the role of biomarkers, and the management of uncer-
tainty in rare, high-severity diseases. These divergences reflect not only
distinct regulatory frameworks but also heterogeneous approaches to
benefit-risk assessment and unmet medical need.

In the United States, the FDA granted accelerated approval in April
2023 primarily based on biomarker reductions, particularly NfL, which
are considered reasonably likely predictors of clinical benefit in the
context of SOD1-ALS (FDA, 2023). This approach aligns with a more
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flexible regulatory tradition for rare and potentially fatal diseases,
where a higher degree of initial clinical uncertainty is accepted in ex-
change for early patient access, conditioned on the completion of
post-authorization confirmatory studies.

In contrast, the European Comission adopted a more restrictive
approach, granting authorization under “exceptional circumstances” in
May 2024—a regulatory mechanism that explicitly acknowledges the
limitations of available evidence and the difficulty of generating com-
plete data in an ultra-rare population (EMA, 2024; ECb, 2024). This
framework imposes additional obligations, such as periodic reassess-
ments of the benefit-risk balance and continuous submission of data
from ongoing studies, which condition both the maintenance of autho-
rization and its implementation across member states.

These regulatory differences translate into different access across
European countries, where centralized authorization does not auto-
matically ensure reimbursement or clinical availability. In countries
such as Italy and Germany, early-access programs and real-world studies
coordinated at the national level have been initiated, facilitating the
generation of additional evidence and controlled clinical use of the
medicine (Meyer et al., 2024; Wiesenfarth et al., 2024). In other coun-
tries, like Spain, the reimbursement of tofersen by the national health-
care system is subject to national evaluation, budget impact, and
resource prioritization, which may delay effective access (AEMPS,
2025).

The international experience with tofersen illustrates how the same
dataset can lead to different regulatory decisions depending on institu-
tional contexts and healthcare priorities, while highlighting the growing
convergence between molecular biology, biomarkers, and regulatory
evaluation processes. This scenario underscores the importance of post-
authorization studies and real-world evidence in reducing uncertainty
and promoting equitable access to innovative therapies for rare, high-
risk diseases. It also anticipates a structural shift in ALS therapeutic
development, where conditional early access and progressive validation
of surrogate endpoints may redefine classical criteria for clinical efficacy
in neurodegenerative disorders.

In this context, the development and regulatory trajectory of tofersen
may serve as a precedent for future gene-targeted therapies in neuro-
degenerative diseases, illustrating how biomarker-driven strategies can
reshape both clinical trial design and regulatory evaluation in precision
medicine.

Although this review provides a comprehensive and up-to-date
overview of the clinical development of tofersen in SOD1-ALS, several
limitations should be acknowledged. First, as this is a narrative review
rather than a systematic review or meta-analysis, there is a risk of se-
lection and interpretation bias. In addition, the search strategy was
limited to publications indexed in PubMed and publicly available reg-
istries, which may have led to the exclusion of unpublished studies, gray
literature, conference abstracts, or non-indexed articles, thereby intro-
ducing potential publication bias. Furthermore, the heterogeneity
among the included studies (sample size, follow-up duration, and
outcome measures) limits the generalizability of the conclusions.
Nevertheless, the review also presents several methodological strengths
that enhance its robustness, including the use of multiple international
information sources (PubMed, CTIS, and ClinicalTrials.gov), the inclu-
sion of regulatory documentation from the FDA and EMA, and the in-
dependent selection and extraction of data by two reviewers, which
reduces the risk of selection bias and increases methodological rigor.
Moreover, the integration of clinical, methodological, and regulatory
evidence provides a well-rounded perspective on the current state of
tofersen research in SOD1-ALS.

6. Conclusions
The clinical development program of tofersen illustrates a pathway

from initial safety and pharmacology characterization, through a pivotal
trial with mixed results on the primary clinical endpoint but robust



A.J. Braza et al.

effects on pathogenic biomarkers, to evidence suggestive of longer-term
benefit and the pioneering exploration of a preventive treatment para-
digm. The collective evidence highlights the key role of biomarkers in
the development of therapies for neurodegenerative diseases and un-
derscores the importance of treatment duration in assessing disease-
modifying potential in ALS.

Tofersen is a targeted therapy for SOD1-associated ALS that acts on a
molecular mechanism directly implicated in disease pathogenesis. Its
development is grounded in accumulated knowledge of SODI1-ALS
pathophysiology, characterized by oxidative stress, mitochondrial
dysfunction, axonal transport disturbances, neuroinflammation, and
loss of neuronal proteostasis.

Although the pivotal VALOR trial did not reach statistical signifi-
cance for the primary clinical endpoint over the short term, it demon-
strated consistent reductions in relevant biomarkers, particularly
mutant SOD1 protein and NfL, supporting a potential neuroprotective
effect. Data from the OPL suggest that early treatment initiation may be
associated with slower functional and respiratory decline, as well as a
reduction in the composite risk of death or permanent ventilation.

Accelerated approvals by regulatory agencies reflect the high unmet
medical need and the growing acceptance of biomarkers as surrogate
endpoints in severe diseases. Nevertheless, confirmation of long-term
clinical benefit, especially in presymptomatic carriers, will depend on
ongoing studies.

Overall, tofersen represents a step forward toward personalized
medicine in hereditary neurodegenerative diseases, although its clinical
implementation requires specialized centers and close safety monitoring
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