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myotrophic lateral sclerosis (ALS) is a neurodegenerative disorder of upper and lower motor neurons that results in progressive motor
impairment. ALS is a terminal condition with a typical life expectancy of less than 2-5 years from symptom onset. Approximately
15% of ALS cases are familial. Just over 30 years ago, mutations in superoxide dismutase 1 (SODT) were identified as a cause of
familial ALS (fALS). Today, SOD1-ALS remains the second most common cause of fALS behind fALS associated with pathogenic expansions
in C9orf72 in European and North American populations. Over the last 30 years, extensive research into the pathogenesis of SOD1-ALS and
potential therapeutic targets has recently culminated in the first US Food and Drug Administration (FDA)-approved therapy for SOD1-ALS,
tofersen, an antisense oligonucleotide (ASO). This article will review the SOD7 geneg, its role in the pathogenesis of SOD1-ALS, clinical features
of SOD1-ALS, the concept of ASO treatments in genetic disorders, preclinical studies and the phase Il tofersen clinical trials, as well as

ongoing/future SOD1-ALS studies.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder
of upper and lower motor neurons that results in progressive motor
impairment. ALS is the most common disease of motor neurons with
an annual incidence of approximately 1.7-2.5 per 100,000 people. It is
a terminal condition with a typical life expectancy of 2-5 years from
symptom onset. ALS remains invariably fatal despite extensive clinical
research aimed at the development of effective disease-modifying
therapeutic interventions. Presently, most of the approved therapeutics
in clinical use for ALS have a modest impact on clinical progression
and/or survival. While most patients with ALS will have no family
history of the disease, approximately 15% of ALS cases are familial,
with almost all having an autosomal dominant pattern of inheritance.
In 1993, mutations in superoxide dismutase 1 (SOD7) were identified
as the first genetic cause of familial ALS (fALS).2 Since the discovery of
SOD1-associated ALS, numerous additional genes have been associated
with ALS. Mutations in SOD17 remain the second most common cause of
fALS behind pathogenic hexanucleotide repeat expansions in C9orf72 in
European and North American populations, with C9orf72-ALS accounting
for approximately 10-20% of fALS cases and 2% of all ALS cases.®

Natural history of SOD1-ALS variants

Similar to other forms of ALS, the natural history of SOD1-ALS is
heterogeneous. SOD1-ALS predominantly follows an autosomal dominant
inheritance pattern, with one exception being the p.D91A variant,
common in Scandinavian populations, which is inherited in an autosomal
recessive pattern.* The association between p.D91A heterozygosity
and SOD1-ALS remains somewhat controversial. Since 1993, more
than 100 unigue pathogenic or likely pathogenic mutations have been
identified in SOD1. The ALS online database was established to collate
information about genes and unique genetic variants that are causative
or associated with ALS.> Most identified pathogenic mutations are point
mutations, resulting in single amino acid substitutions. The most common
pathogenic SOD1 variant in North America is a mutation-substituting
alanine for valine at codon 5, known as the p.A5V variant. The p.A5vV
variant has been recognized for its association with rapidly progressive
fALS since 1994.6 In 1997, Cudkowicz et al. published an epidemiological
study of 366 families with dominantly inherited fALS.” This study detected
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SOD17 mutations in 68 families. The p.A5V variant was detected in 50%
of SOD1-ALS families. The natural history of ALS, both forms associated
with pathogenic mutations in ALS genes and in those without known
genetic mutations, varies widely on an individual patient-to-patient basis
with some patients surviving only a few months from symptom onset
and others living for decades. In the SOD1-ALS population, patients
with p.A5V SOD1-ALS have a markedly shortened disease duration (i.e.
survival), while p.G38R, p.G42D, p.G94C and homozygous pD91A variants
are associated with longer survival times. The average disease duration
in patients with p.A5V SOD1-ALS is only 12-18 months.” In 2017, Bali et
al. published a retrospective cohort natural history study of 175 patients
with SOD1-ALS from 15 centres of the Northeast ALS Consortium (NEALS)
network collected over a 16-year period to improve understanding of
the natural history of SOD1-ALS, guide therapeutic clinical trial design
and provide historical control data for future studies.® In this cohort,
63 participants (36.4%) had p.A5V mutations and 112 (63.6%) had
non-p.A5vV mutations. There were a total of 36 distinct SOD7T mutations.
The four most common mutations representing two-thirds of the
participants were p.A5V, p.1114T, p.G42D and p.E101K. The median survival
was 1.2 years in the p.A5V group and 6.8 years in the non-p.A5V group.
The mean age of onset for SOD1-ALS in this cohort was approximately 50
years and did not vary between p.A5V and non-p.A5V groups. The p.G42D
mutation was again found to have a slower rate of progression with an
average survival of 23.5 years from symptom onset, similar to findings
reported by Cudkowicz et al. mentioned above.

Pathogenesis of SOD1-ALS

The pathogenesis of ALS is complex and likely multifactorial. The proposed
pathophysiologic mechanisms include oxidative stress, mitochondrial
dysfunction, glutamate excitotoxicity, prolonged activation of the
intrinsic stress response, impaired axonal transport and accumulation
of toxic intracellular aggregates. Genetic forms of ALS present a unique
opportunity to investigate and better understand the pathogenesis
of both familial and sporadic forms of this neurodegenerative
disease. Genetic forms of ALS also provide prospective targets for
the development of therapeutic interventions. SOD7 encodes for the
Cu/zZn-binding superoxide dismutase metalloenzyme. This enzyme is
ubiquitously expressed and converts toxic superoxide anions into oxygen
and peroxide to reduce this toxic reactive oxygen species.” Early studies
of families with SOD1-ALS demonstrated that SOD1 activity was reduced
in affected family members to less than half the activity level of controls
and patients with sALS. This enzyme level abnormality is detectable
years before the onset of clinical ALS in carriers of pathogenic SOD17
mutations.” However, the toxicity of mutant SOD17 is not related to the
loss of SOD1 activity. Transgenic mouse models with human SOD1 G93A
develop motor neuron toxicity despite the little effect of this mutation
on SOD1 enzyme activity.™® SOD1 mRNA levels are elevated in SOD1-ALS,
as well as in non-SOD1-ALS, suggesting a potential toxic effect of MRNA
accumulation and the possibility that oxidative stress plays a role in ALS
pathogenesis." Patients with SOD1-ALS develop insoluble intracellular
SOD1-containing aggregates in motor neurons. SOD1-containing
aggregates form prior to clinical symptom onset and grow in number
with disease progression.'?

Preclinical studies

Pathologic studies of a variety of neurodegenerative diseases, including
ALS, Alzheimer’s disease, Huntington’s disease, Parkinson’s disease and
a variety of tauopathies, have identified aggregates of toxic proteins
that contribute to neuronal death in these disorders.” In SOD1-ALS,
SOD17 mutations are believed to result in a toxic gain of function, and
mutant SOD1 mRNA contributes to the formation of toxic aggregates.™

Therapeutic strategies have been investigated to target and reduce
the toxic SOD1T mRNA as a means of disrupting the pathophysiology in
SOD1-ALS. Prior studies have investigated viral vector delivery of SiRNA
molecules to accomplish this goal, but this strategy was limited by a
lack of ability to discontinue therapy, adjust dosage or guarantee even
penetration throughout the central nervous system (CNS).™2° Antisense
oligonucleotides (ASOs) are another approach that has gained traction
in the treatment of several neurodegenerative disorders. ASOs are short,
synthetic oligonucleotides designed to target specific MRNA sequences
of interest. An ASO binding to a target mRNA sequence creates
double-stranded RNA, and with the right modification, it can become
a target for degradation by endogenous RNAse H.?' ASO therapies are
unable to cross the blood-brain barrier, but intrathecal administration
allows ASO therapies access to the CNS, and specifically, to motor
neurons in the case of SOD1-ALS. This 'mRNA knockdown' strategy
has demonstrated target engagement and effectively reduced levels
of SOD1 MRNA in SOD1-ALS animal models and patients.?? In 2006,
Smith et al. published animal data on rats and non-human primates
exposed to continuous intrathecal infusion of an ASO-targeting SOD1
that demonstrated widespread tissue penetration throughout the
brain and spinal cord, prominent uptake in the ventral horn and, at the
cellular level, in motor neurons, as well as target engagement with a
dose-dependent reduction in SOD1 MRNA levels to 25-40% of normal
levels.?? Additionally, this study tested an ASO-targeting human SOD1
MRNA in a transfected rat model with a human G93A SOD1 mutation and
found that it similarly dramatically reduced mutant SOD1 mRNA and SOD1
protein in the rat model throughout the brain and spinal cord as well as in
fibroblasts from symptomatic patients with p.A5V SOD1 mutations. ASO
treatment in the rat G93A SOD1 mutant model also resulted in extended
survival compared with saline-infused rats.?? The results of this study
suggested that mRNA knockdown ASO therapies may be an effective
strategy for multiple neurodegenerative diseases involving toxic gain
of function mechanisms and laid the promising groundwork to move
forward with clinical trials adopting this strategy. Since this publication,
ASOs have been developed to target a variety of other neurodegenerative
disorders, including Huntington'’s disease, spinal muscular atrophy and
hereditary transthyretin amyloidosis.?® In 2013, Winer et al. established
that SOD1 levels could be reliably measured in the cerebrospinal fluid
(CSF) and used as a potential biomarker for the demonstration of target
engagement for ASO and other mRNA knockdown treatment strategies
using the human G93A SOD1 mutant rat model.?

Clinical studies

In 2013, Miller et al. published the first study of intrathecal ASO delivery in
humans.? This phase I, randomized, placebo-controlled, first-in-human
study of intrathecal ASO delivery was tested on a cohort of 32 patients
with SOD1-ALS. As the prior animal model studies were treated with
continuous ASO infusions, this first-in-human study assessed the safety
and tolerability of a single intrathecal infusion given for more than 11
hours. In the small phase | trial, intrathecal dosing was well tolerated
with no dose-limiting toxicities or serious adverse events. Common side
effects included post-lumbar puncture headache and local back pain at
the procedure site judged to be procedure-related and not attributable to
the ASO. Additionally, one patient with SOD1-ALS with a p.A5V mutation
died shortly after participation in this study, and the autopsy of the brain
and spinal cord tissue compared with untreated patients with SOD1-ALS
and sALS demonstrated a lumbar-to-cervical ASO concentration gradient
in the tissue at 12.5 weeks after dosing, which was consistent with its
patterns and levels as seen in preclinical rhesus monkey studies.?’ This
proof-of-concept work laid the foundation for future clinical studies
aimed at the utilization of intrathecally administered ASOs as a potential
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therapy for patients with SOD1-ALS. Simultaneously, studies assessing
stable isotope labelling kinetics (SILK) demonstrated the ability to track
protein production and clearance in the human CNS in vivo, including
SOD1. Crisp et al. demonstrated that an orally administered SILK protocol
could reproducibly measure SOD1 turnover in the CSF of human subjects
and can distinguish between wild-type and mutant SOD7.% The ability
to track SOD1 protein kinetics provided a new biomarker opportunity
to demonstrate target engagement for SOD1 mRNA-lowering therapies.
Using this technology, the half-life of CSF SOD1 protein was determined
to be approximately 25-30 days, which has been instrumental in clinical
trial designs and dose schedules for SOD1-ASO clinical trials. Self et al.
demonstrated that new production of human SOD1 protein in the CSF in
mice could be lowered with an SOD1-targeting ASO and that this effect
on new production of SOD1 could be seen at 10 and 30 days.?**

A phase IHI, multicentre, international randomized, double-blind,
placebo-controlled trial of an intrathecally delivered ASO (tofersen)
for SOD1-ALS was published by Miller et al. in 2020.3" A total of 50
participants were assigned to placebo or one of four doses of tofersen
(20, 40, 60 or 100 mg) to assess safety, tolerability, pharmacokinetics and
pharmacodynamics of tofersen. Tofersen was delivered by intrathecal
bolus injection on days 1, 15, 29, 57 and 85 of the study. CSF SOD1
protein concentrations were measured at baseline and day 85 to
assess target engagement. Mild procedure-related adverse effects
were common. Asymptomatic elevations of CSF white blood cell
count and protein were seen in several participants. CSF SOD1 protein
concentration was significantly reduced from baseline in the 40, 60 and
100 mg groups in a dose-dependent manner and was unchanged in the
placebo group, confirming target engagement by tofersen. Exploratory
outcomes investigating change in ALS Functional Rating Scale-Revised
(ALSFRS-R) and slow vital capacity (SVC) suggested a slower decline
in ALSFRS-R in faster-progressing p.A5V participants receiving the
100 mg dose compared with controls. The mean ALSFRS-R change
from baseline to day 85 in participants receiving tofersen 100 mg
was -1.19 (95% confidence interval [Cl], -4.67 to 2.29) compared with
-5.63 (95% Cl, -8.90 to -2.36) in participants receiving placebo. In the
p.A5V/faster-progressing subgroup, the mean ALSFRS-R change from
baseline to day 85 was 0.84 (95% Cl, -5.58 to 7.26) compared with -16.73
(95% Cl, -23.28 to -10.18) in participants receiving placebo. The mean
percentage decline in predicted SVC from baseline to day 85 was -7.08
(95% Cl, -14.69 t0 0.54) in the tofersen group compared with -14.46 (95%
Cl, -21.79 to -7.12) in the placebo group. In the p.A5V/faster-progressing
subgroup, the mean percentage decline in predicted SVC was -8.62 (95%
Cl, -20.90 to 3.66) in the tofersen group compared with -30.31 (95% Cl,
-43.28 t0 -17.34) in the placebo group. As these measurements were
exploratory outcomes and the study was not powered to establish
efficacy, no statistical analysis or p-values were calculated. Neurofilament
concentrations were also evaluated as an exploratory outcome, and
there were notable decreases in CSF neurofilament heavy chain and
plasma neurofilament light chain (NfL) at day 92 in the group treated
with 100 mg of tofersen compared with no change in the placebo group,
suggesting that this could be another useful marker of biological effects
in clinical trials.®" Participants who completed the phase I/l studies
were offered the opportunity to continue to receive tofersen through an
open-label extension (OLE) study.

The phase Ill, multicentre, international, randomized, double-blind,
placebo-controlled VALOR (ClinicalTrials.gov identifier: NCT02623699)
trial evaluated the clinical efficacy and safety of intrathecally delivered
tofersen (100 mg dose) in 108 participants with SOD1-ALS.3 There
was a 28-week randomized portion of the trial (24 weeks of treatment
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plus 4 weeks of follow-up). The primary endpoint of the trial was a
change in the ALSFRS-R score from baseline to week 28. The primary
outcome was evaluated among the 60 participants predicted to have
faster-progressing disease (based on pre-randomization delta ALSFRS-R).
The secondary endpoints included measures of change in CSF SOD1
protein concentration, plasma NfL, SVC and handheld dynamometry
(HHD). The VALOCR trial participant size and duration of the study were
determined based on 12 SOD1 mutation carriers with rapidly progressive
disease in the placebo arm of the prior phase -1l tofersen study and a
phase Il trial of arimoclomol.3¥ The primary endpoint in the 60 prespecified
fast-progressive participants showed no difference in change from
baseline ALSFRS-R at 28 weeks (-6.98 points in the tofersen group, -8.14
points in the placebo group, p=0.97). The secondary endpoints were
suggestive of clinical benefits, as detailed below, however, statistical
analysis was not performed on these secondary endpoints because the
primary endpoint did not show statistical significance. The secondary
endpoint CSF SOD1 protein concentration data among the 60 fast
progressors demonstrated a 29% reduction in the CSF SOD1 protein
level in the tofersen group compared with a 16% increase in the placebo
group, confirming target engagement. The slower progressing group
showed a 40% reduction in the CSF SOD1 protein level. The neurofilament
data for the fast-progressors demonstrated a 60% decline in plasma
NfL in the tofersen-treated group compared with a 20% increase in the
placebo group, demonstrating a biological effect on a validated ALS
biomarker. SVC declined by 14.3 points from baseline to week 28 in
the tofersen group and declined by 22.2 points in those who received
placebo. HHD scores at week 28 were similar between the tofersen and
placebo groups. Participants were also offered the opportunity to receive
tofersen through the OLE after completing the VALOR study. Of the 108
participants in VALOR, 95 participated in the OLE. Analysis was performed
at 52 weeks to compare results in participants who were randomized to
the tofersen group at onset compared with those who switched from
placebo to drug in the OLE portion of the study. Biomarker data from the
OLE demonstrated sustained reductions in CSF SOD1 protein levels and
plasma NfL in the early-start group, and the delayed-start group saw a
comparable decline in CSF SOD1 protein and plasma NfL concentrations
during the OLE. Clinical outcomes from the OLE measured at 52 weeks
from enrolment in VALOR demonstrated a delta ALSFRS-R of -6.0 points
in the early-start group compared with -9.5 points in the delayed-start
group. A decline in SVC from VALOR baseline was -9.4% in the early-start
group and -18.6% in the delayed-start group. A change in the HHD mega-
score from the VALOR baseline was -0.17 in the early-start group and
-0.45 in the delayed-start group. Overall, the VALOR study demonstrated
clear evidence of target engagement and biomarker reduction with the
reductions in CSF SOD1 protein and plasma NfL, but the study failed to
meet the primary clinical endpoint at 28 weeks. The OLE data did suggest
a benefit of tofersen treatment in clinical parameters, including ALSFRS-R
score, SVC and HHD mega-score in the early-start over the delayed start
group, leading many to advocate for US Food and Drug Administration
(FDA) approval. Rare serious adverse neurological events occurred in
approximately 7% of patients treated with tofersen during this larger trial.
These serious adverse neurological events included myelitis, chemical or
aseptic meningitis and papilledema/intracranial hypertension. Radiculitis
and post-dose myalgias and/or radicular pain have also been described.
An asymptomatic increase in CSF leukocytes and protein is common.
A recently published manuscript provided extensive details on the CSF
profiles observed in participants in symptomatic SOD1-ALS participants
treated to date in the tofersen program and a more detailed account
of the serious adverse events observed in this group of participants.®*
Additional cases and case series have been published providing
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additional details on patients with complications of myelitis, headache
and radiculitis. ¥

Aside from the objective results of the VALOR trial, this trial taught the
field several valuable lessons that have changed the landscape for
planning future ALS clinical trials. Most ALS clinical trials have used a
change in ALSFRS-R as a way of determining fast and slow progressors
in trial design, as well as using this as an outcome measure. In a post
hoc analysis of the VALOR trial, plasma NfL concentrations were found
to be a better predictor of the rate of progression than a pre-trial change
in ALSFRS-R. Additionally, the OLE portion of the study showed a clear
separation between the groups treated with tofersen versus placebo on
multiple clinical endpoints at 52 weeks, suggesting that the commonly
used ‘6-month’ study may be too short for ALS clinical trials and that
longer duration trials are needed to confirm or refute the efficacy of
new therapeutics. Specifically with regard to tofersen in SOD1-ALS, it is
perhaps not surprising that the demonstration of clinical benefit/efficacy
lagged behind the evidence of biological effects (i.e. lowering of SOD1
protein as well as mMRNA and neurofilament reduction), particularly
when one considers the half-life of SOD1 protein in the CNS from the
SILK studies mentioned above as well as the known lag between the
onset of therapeutic effects and clinical benefits in other neurologic
disorders associated with neuronal and axonal degeneration (e.g. nerve
regeneration in peripheral nervous system vasculitis and conditions
such as Guillain-Barré syndrome). However, extending the duration of
placebo-controlled trials to 12 months or longer may raise ethical
dilemmas with regard to potentially enrolling rapidly progressing
participants with a median survival of 12-18 months into a placebo arm.
This debate has been a central discussion point in an ongoing phase |l
study of an ASO targeting fused in sarcoma RNA-binding protein (FUS),
which is a longer duration trial in a form of ALS that is often characterized
by a younger age of onset and rapid progression. Alternatively, the
promising evidence of biomarker improvement seen in the NfL data
in VALOR that preceded clinical benefits could be considered as an
endpoint for future placebo-controlled trials to allow participants access
to potentially beneficial trial agents at an earlier time point than would
be allowed with an extended placebo-controlled period. Indeed, tofersen
received accelerated approval from the FDA in April 2023 based on
the NfL data as a readout of a biological effect, and this may provide a
precedent for future therapeutics.

Since the publication of the VALOR trial, there has been a wealth of
anecdotal experience with tofersen in SOD1-ALS among providers,
particularly those who have been involved in the SOD1-ALS tofersen
studies and the expanded access program.¥=' Patients, family
members, clinicians and researchers have observed participants with
SOD1-ALS clinically stabilize and even improve with apparently sustained
responses to treatment. Following accelerated approval from the FDA
in the spring of 2023, tofersen is now marketed under the trade name
Qalsody® (Biogen MA Inc., Cambridge, MA, USA).

Future directions

A major challenge in the clinical care of ALS is that treatments are often
initiated late in the course of the disease. By the time patients receive
a diagnosis of ALS, they are often relatively late in the disease course,
with average delays of ~1 year from symptom onset to diagnosis in most
countries.*>* Similar to hypotheses that have been explored for decades
in other neurodegenerative disorders (e.g. Alzheimer’s disease), there is
a strong belief among experts in the field, and likely demonstrated by the
findings of the VALOR + OLE study, that earlier therapeutic intervention is
likely to have a more profound impact on halting or slowing the natural

progression of this disease. Genetic forms of ALS such as SOD1-ALS have
presented a unique opportunity to identify pre-symptomatic carriers of
variants with high clinical penetrance, thereby allowing investigators
to identify early biologic markers of disease activity (i.e. biologic
phenoconversion) that precede clinical signs/symptoms of disease,
as well as trial therapeutic agents in this ‘pre-symptomatic’ stage of
the disease. As alluded to above, pre-symptomatic biomarker changes
have been established in several other neurodegenerative conditions,
including Alzheimer’s disease, Parkinson’s disease and Huntington's
disease with evidence of biomarker changes years to decades prior to
clinical manifestations.*** Benatar et al. first suggested that NfL might
be a promising early biomarker of phenoconversion in pre-symptomatic
ALS.* In this study, 10 pre-symptomatic carriers of fALS gene mutations
phenoconverted to symptomatic ALS (9/10 were SOD1, 8 of which were
p.A5V carriers), allowing the study to assess changes in NfL around the
time of phenoconversion in SOD1-ALS. Baseline plasma neurofilament
levels were comparable between control and pre-symptomatic fALS
mutation carriers and were expectedly higher in symptomatic ALS
participants. The longitudinal plasma neurofilament data from this study
indicated stable NfL levels in control and symptomatic ALS participants,
but pre-symptomatic fALS mutation carriers who phenoconverted to
symptomatic ALS during the study showed a consistent rise in plasma
NfL well before clinical symptom onset, and values continued to rise
for at least 6 months into the clinical course. All plasma NfL levels in
phenoconverters >1 year prior to symptom onset were comparable
to control participant levels. These results strongly suggested the
utility of plasma NfL as a preclinical biomarker for the onset of
neurodegeneration in SOD1-ALS, which is a finding suggestive of a
potential pre-symptomatic window to initiate therapeutic interventions
before clinically manifesting the disease.” A follow-up study by Benatar
et al. in 2019 demonstrated that the rise in plasma NfL in SOD1-ALS
phenoconverters typically occurred 6-12 months prior to first clinical
symptoms.® Plasma NfL was validated as a prognostic biomarker for
ALS by Benatar et al. in a prospective, blinded, multicentre, longitudinal
observational study of patients with ALS, primary lateral sclerosis and
progressive muscular atrophy that demonstrated baseline plasma
NfL in patients with symptomatic ALS and predicted ALSFRS-R slope
and survival, and the study suggested that this biomarker may have
application as a pharmacodynamic marker of treatment effects.*® As
mentioned above, these data lend additional support to the utility of NfL
as a prognostic biomarker that more reliably predicts the rate of disease
progression in ALS compared with delta ALSFRS-R, which is similar to
the findings in the post hoc analysis of the VALOR trial. These studies by
Benatar et al. laid the groundwork for an ongoing phase Ill, multicentre,
international, double-blind, randomized, placebo-controlled trial called
ATLAS (ClinicalTrials.gov identifier: NCT04856982), evaluating the use of
tofersen in clinically pre-symptomatic carriers of highly penetrant SOD7
mutations associated with rapid disease progression.>" While plasma
neurofilaments represent a promising set of biomarkers for SOD1-ALS
and likely C9orf72-ALS, their utility as pre-symptomatic biomarkers for
other forms of ALS remains to be determined.

Future questions in the SOD1-ALS field that may also apply to ALS
more broadly include how else SOD1 can be reduced, such as with
adeno-associated virus (AAV) vectors, combination therapy that may
act synergistically with tofersen or alternative routes of drug delivery.
Mueller et al. tried an AAV approach to SOD1 knockdown in two patients;
however, SOD1 levels were not effectively lowered and one of the two
patients developed a meningoradiculitis.®? CRISPR technology or other
gene editing may also offer therapeutic benefits in SOD1 and other
genetic forms of ALS. Future studies of tofersen may even include an
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evaluation of tofersen efficacy in the broader sporadic ALS population,
based on some studies demonstrating the presence of SOD1 aggregates
in the tissue from patients with ALS without pathogenic mutations in
SOD7.5%%

Further investigation into novel biomarkers will also augment our ability
to design effective clinical trials and track clinical responses to novel
therapeutics. As alluded to above, while NfL has proven to be a useful
biomarker, other biomarkers that can identify disease at the earliest
stages and can be tracked in response to treatment are needed. Mielke
et al. recently published a study investigating a CSF RT-QuIC assay for
SOD1 aggregation that could potentially be used as a screen to identify
patients with ALS who may demonstrate a better response to tofersen.>
This study demonstrated that SOD1 seeding activity occurred in the
motor cortex and spinal cords of patients with SOD1-ALS, C90orf72-ALS
and sporadic ALS, suggesting that targeting SOD1 even beyond the
SOD1-ALS population may hold therapeutic promise.

Conclusions

Since the discovery of the relationship between SOD7 mutations
and fALS, SOD1-ALS has been extensively investigated to improve
understanding of SOD1-ALS and SALS pathogenesis. This has allowed
the field to move in the direction of more rational/targeted molecular
therapeutics. The work being done in parallel to identify neurofilaments

as reliable biomarkers of neurodegeneration in ALS has also been
integral to this effort. The combined efforts of patients, family members,
clinicians and researchers invested in changing the course of SOD1-ALS
culminated in the accelerated FDA approval of tofersen for SOD1-ALS in
2023. No drug to date in the history of ALS has been shown to decrease
neurodegeneration as robustly as tofersen, and the discovery of NfLas a
reliable biomarker of neurodegeneration in ALS is opening new avenues
to measure the success of novel therapeutics in the field. The SOD1-ALS
story has given hope to the field and even inspired a new generation
of ALS investigation looking into optimal rehabilitation for patients
with ALS who can be stabilized with treatments such as tofersen (The
effects of rehabilitation on functional outcomes in patients with SOD1
ALS treated with tofersen; ClinicalTrials.gov identifier: NCT05725759).
Despite disappointing outcomes for other ASO therapeutics in the field,
including ASOs targeting the expanded sense transcript in C9orf72 and
one targeting ATXN2, the early success of tofersen and encouraging
anecdotal reports from other efforts now in phase Il studies (e.g. FUS)
have undoubtedly established a new era in ALS therapeutics and forced
many experts to rethink and recalibrate their approach to trial design
in the hope of identifying additional therapeutic interventions to make
ALS a livable disease for a larger percentage of patients in the not too
distant future. O

1. Andersen PM, Al-Chalabi A. Clinical genetics of amyotrophic onset and progression in a mouse model of ALS. Nat Med. 34. Lovett A, Chary S, Babu S, et al. Serious neurologic adverse
lateral sclerosis: What do we really know? Nat Rev Neurol. 2005;11:423-8. DOI: 10.1038/nm1207. events in tofersen clinical trials for amyotrophic lateral
2011;7:603-15. DOI: 10.1038/nrneurol.2011.150. 18. Singer O, Marr RA, Rockenstein E, et al. Targeting BACE1 with sclerosis. Muscle and Nerve. 2025. Online ahead of print. DOI:

2. Rosen DR, Siddique T, Patterson D, et al. Mutations in Cu/ SIRNAs ameliorates Alzheimer disease neuropathology in a 10.1002/mus.28372.

Zn superoxide dismutase gene are associated with familial transgenic model. Nat Neurosci. 2005;8:1343-9. DOI: 10.1038/ 35. Meyer T, Schumann P, Weydt P, et al. Clinical and patient-
amyotrophic lateral sclerosis. Nature. 1993;362:59-62. DOI: nn1531. reported outcomes and neurofilament response during
10.1038/362059a0. 19. Xia H, Mao Q, Eliason SL, et al. RNAI suppresses polyglutamine- tofersen treatment in SOD1-related ALS — a multicenter

3. Pramatarova A, Figlewicz DA, Krizus A, et al. Identification of induced neurodegeneration in a model of spinocerebellar observational study over 18 months. Muscle Nerve.
new mutations in the Cu/zn superoxide dismutase gene of ataxia. Nat Med. 2004;10:816-20. DOI: 10.1038/nm1076. 2024,70:333-45. DOI: 10.1002/mus.28182.
patients with familial amyotrophic lateral sclerosis. Am J Hum 20. Xia H, Mao Q, Paulson HL, et al. SIiRNA-mediated gene silencing 36. Reilich B, Schoberl F, Hiebeler M, et al. Myelitis as a side
Genet. 1995,56:592-6. in vitro and in vivo. Nat Biotechnol. 2002;20:1006-10. DOI: effect of tofersen therapy in SOD1-associated ALS. J Neurol.

4. Robberecht W, Aguirre T, Van den Bosch L, et al. D90A 10.1038/nbt739. 2024;271:2114-8. DOI: 10.1007/500415-023-12130-1.
heterozygosity in the SOD7 gene is associated with familial and 21. Crooke ST. Progress in antisense technology. Annu Rev Med. 37. Sabatelli M, Cerri F, Zuccarino R, et al. Long-term treatment
apparently sporadic amyotrophic lateral sclerosis. Neurology. 2004,;55:61-95. DOI: 10.1146/annurev.med.55.091902.104408. of SOD1 ALS with tofersen: A multicentre experience in 17
1996,47:1336-9. DOI: 10.1212/wnl.47.5.1336. 22. Smith RA, Miller TM, Yamanaka K, et al. Antisense patients. J Neurol. 2024,271:5177-86. DOI: 10.1007/500415-024-

5. Amyotrophic Lateral Sclerosis Online Database. Available at: oligonucleotide therapy for neurodegenerative disease. J Clin 12437-7.
https://alsod.ac.uk/ (accessed: 9 March 2025). Invest. 2006;116:2290-6. DOI: 10.1172/JCI25424. 38.  Smith SE, McCoy-Gross K, Malcolm A, et al. Tofersen treatment

6. Rosen DR, Bowling AC, Patterson D, et al. A frequent ala 4 to val 23. Benson MD, Waddington-Cruz M, Berk JL, et al. Inotersen leads to sustained stabilization of disease in SOD1ALS in a
superoxide dismutase-1 mutation is associated with a rapidly treatment for patients with hereditary transthyretin ‘real-world" setting. Ann Clin Transl Neurol. 2025;12:311-9. DOI:
progressive familial amyotrophic lateral sclerosis. Hum Mol amyloidosis. N Engl J Med. 2018;379:22-31. DOI: 10.1056/ 10.1002/acn3.52264.

Genet. 1994;3:981-7. DOI: 10.1093/hmg/3.6.981. NEJM0a1716793. 39. Wiesenfarth M, Dorst J, Brenner D, et al. Effects of tofersen

7. Cudkowicz ME, McKenna-Yasek D, Sapp PE, et al. Epidemiology 24. Neil EE, Bisaccia EK. Nusinersen: A novel antisense treatment in patients with SOD1-ALS in a ‘real-world’ setting - a
of mutations in superoxide dismutase in amyotrophic oligonucleotide for the treatment of spinal muscular atrophy. J 12-month multicenter cohort study from the German early
lateral sclerosis. Ann Neurol. 1997;41:210-21. DOI: 10.1002/ Pediatr Pharmacol Ther. 2019,24:194-203. DOI: 10.5863/1551- access program. EClinicalMedicine. 2024,;69:102495. DOI:
ana.410410212. 6776-24.3.194. 10.1016/j.eclinm.2024.102495.

8. BaliT, Self W, Liu J, et al. Defining SOD1 ALS natural history 25. Tabrizi S, Leavitt BR, Landwehrmeyer GB, et al. Targeting 40. Meyer T, Schumann P, Weydt P, et al. Neurofilament light-chain
to guide therapeutic clinical trial design. J Neurol Neurosurg Huntingtin expression in patients with Huntington’s response during therapy with antisense oligonucleotide
Psychiatry. 2017;88:99-105. DOI: 10.1136/jnnp-2016-313521. disease. N Engl J Med. 2019;380:2307-16. DOI: 10.1056/ tofersen in SOD1-related ALS: Treatment experience in

9. Robberecht W, Sapp P, Viaene MK, et al. Cu/zZn superoxide NEJM0a1900907. clinical practice. Muscle Nerve. 2023;67:515-21. DOI: 10.1002/
dismutase activity in familial and sporadic amyotrophic lateral 26. Winer L, Srinivasan D, Chun S, et al. SOD1 in cerebral spinal fluid mus.27818.
sclerosis. J Neurochem. 1994;62:384-7. DOI: 10.1046/].1471- as a pharmacodynamic marker for antisense oligonucleotide 41, Weishaupt JH, Kortvélyessy P, Schumann P, et al. Tofersen
4159.1994.62010384.X. therapy. JAMA Neurol. 2013;70:201-7. DOI: 10.1001/ decreases neurofilament levels supporting the pathogenesis

10.  Gurney ME, Pu H, Chiu AY, et al. Motor neuron degeneration jamaneurol.2013.593. of the SOD1 p.D91A variant in amyotrophic lateral sclerosis
in mice that express a human Cu, Zn superoxide dismutase 27. Miller TM, Pestronk A, David W, et al. An antisense patients. Commun Med. 2024,4:150. DOI: 10.1038/543856-024-
mutation. Science. 1994,264:1772-5. DOI: 10.1126/ oligonucleotide against SOD1 delivered intrathecally for 00573-0.
science.8209258. patients with SOD1 familial amyotrophic lateral sclerosis: 42. Galvin M, Ryan P, Maguire S, et al. The path to specialist

11. Bergeron C, Muntasser S, Somerville MJ, et al. Copper/zinc A phase 1, randomised, first-in-man study. Lancet Neurol. multidisciplinary care in amyotrophic lateral sclerosis: A
superoxide dismutase mRNA levels are increased in sporadic 2013;12:435-42. DOI: 10.1016/S1474-4422(13)70061-9. population-based study of consultations, interventions and
amyotrophic lateral sclerosis motorneurons. Brain Res. 28. Crisp MJ, Mawuenyega KG, Patterson BW, et al. In vivo kinetic costs. PLOS One. 2017;12:€0179796. DOI: 10.1371/journal.pone.
1994,659:272—6. DOI: 10.1016/0006-8993(94)90892-3. approach reveals slow SOD1 turnover in the CNS. J Clin Invest. 0179796.

12. Bruijn LI, Houseweart MK, Kato S, et al. Aggregation and motor 2015;125:2772-80. DOI: 10.1172/JCI80705. 43. Nzwalo H, de Abreu D, Swash M, et al. Delayed diagnosis in
neuron toxicity of an ALS-linked SOD1 mutant independent 29. Paterson RW, Gabelle A, Lucey BP, et al. SILK studies — capturing ALS: The problem continues. J Neurol Sci. 2014,343:173-5. DOI:
from wild-type SOD1. Science. 1998;281:1851-4. DOI: 10.1126/ the turnover of proteins linked to neurodegenerative diseases. 10.1016/}.jns.2014.06.003.
science.281.5384.1851. Nat Rev Neurol. 2019;15:419-27. DOI: 10.1038/541582-019- 44, Williams JR, Fitzhenry D, Grant L, et al. Diagnosis pathway for

13. Bossy-Wetzel E, Schwarzenbacher R, Lipton SA. Molecular 0222-0. patients with amyotrophic lateral sclerosis: Retrospective
pathways to neurodegeneration. Nat Med. 2004;10:52-9. DOI: 30. Self WK, Schoch KM, Alex J, et al. Protein production is an early analysis of the US medicare longitudinal claims database. BMC
10.1038/nm1067. biomarker for RNA-targeted therapies. Ann Clin Trans! Neurol. Neurol. 2013;13:160. DOI: 10.1186/1471-2377-13-160.

14. Rothstein JD. Current hypotheses for the underlying biology of 2018;5:1492-504. DOI: 10.1002/acn3.657. 45. Bateman RJ, Xiong C, Benzinger TLS, et al. Clinical and
amyotrophic lateral sclerosis. Ann Neurol. 2009;65:53-9. DOI: 31. Miller T, Cudkowicz M, Shaw PJ, et al. Phase 1-2 trial of biomarker changes in dominantly inherited Alzheimer’s
10.1002/ana.21543. antisense oligonucleotide tofersen for SOD1 ALS. N Engl / Med. disease. N Engl J Med. 2012;367:795-804. DOI: 10.1056/

15. Miller T™M, Kaspar BK, Kops GJ, et al. Virus-delivered small RNA 2020;383:109-19. DOI: 10.1056/NEJM0a2003715. NEJM0a1202753.
silencing sustains strength in amyotrophic lateral sclerosis. Ann 32. Miller TM, Cudkowicz ME, Genge A, et al. VALOR and OLE 46. Paulsen JS, Langbehn DR, Stout JC, et al. Detection of
Neurol. 2005;57:773-6. DOI: 10.1002/ana.20453. working group trial of antisense oligonucleotide tofersen Huntington’s disease decades before diagnosis: The Predict-HD

16. Ralph GS, Radcliffe PA, Day DM, et al. Silencing mutant SOD1 for SOD1 ALS. N Engl J Med. 2022;1099-110. DOI: 10.1056/ study. J Neurol Neurosurg Psychiatry. 2008,79:874-80. DO
using RNAI protects against neurodegeneration and extends NEJM0a2204705. 10.1136/jnnp.2007.128728.
survival in an ALS model. Nat Med. 2005;11:429-33. DOI: 33. Benatar M, Wuu J, Andersen PM, et al. Randomized, 47. Postuma RB, Gagnon JF, Montplaisir J. Clinical prediction of

10.1038/nm1205.
17. Raoul C, Abbas-Terki T, Bensadoun J-C, et al. Lentiviral-mediated
silencing of SOD1 through RNA interference retards disease

tOUChREVIEWS in Neurology

double-blind, placebo-controlled trial of arimoclomol in
rapidly progressive SOD1 ALS. Neurology (ECronicon).
2018;90:€565-74. DOI: 10.1212/WNL.0000000000004960.

Parkinson’s disease: Planning for the age of neuroprotection. J
Neurol Neurosurg Psychiatry. 2010;81:1008-13. DOI: 10.1136/
jNNP.2009.174748.


https://alsod.ac.uk/

Review Neurodegenerative Diseases

48. Benatar M, Zhang L, Wang L, et al. Validation of serum Lateral Scler Frontotemporal Degener. 2019,20:538-48. DOI: 53. Mielke JK, Klingeborn M, Schultz EP, et al. Seeding activity of
neurofilaments as prognostic and potential pharmacodynamic 10.1080/21678421.2019.1646769. human superoxide dismutase 1 aggregates in familial and
biomarkers for ALS. Neurology. 2020,95:59-69. DOI: 10.1212/ 51. Benatar M, Wuu J, Andersen PM, et al. Design of a randomized, sporadic amyotrophic lateral sclerosis postmortem neural

49 éﬁﬁ:&?o&oevogsqogizseiéen PM, et al. Neurofilament light: A E:icgglf;%?g;?%z?ér[T)]haatiscesﬁanf ‘v(;fritaor:f::s:rr:\‘e:‘st ‘?rthes /IA?LAS tissues by real-time quaking-induced conversion. Acta

. X , ,etal. : ini : Py . 0 _
candidate biomarker of presymptomatic amyotrophic lateral study. Neurotherapeutics. 2022;19:1248-58. DOI: 10.1007/ Neuropatfiol. 2024;147:100. DOR: 10.1007/500401-024-02752
sclerosis and phenoconversion. Ann Neurol. 2018;84:130-9. $13311-022-01237-4. 8. , . .

DOI: 10.1002/ana.25276. 52. Mueller C, Berry I, McKenna-Yasek DM, et al. SOD1 suppression 4 Paré B, Lehmann M, Beaudin M, et al. Misfolded SOD1

50. Benatar M, Wuu J, Lombardi V, et al. Neurofilaments in pre- with adeno-associated virus and microrna in familial ALS. N Engl pathology in sporadic amyotrophic lateral sclerosis. Sci Rep.

symptomatic ALS and the impact of genotype. Amyotroph J Med. 2020;383:151-8. DOI: 10.1056/NEJM0a2005056. 2018;8:14223. DOI: 10.1038/s41598-018-31773-Z.

6 toUChREVIEWS in Neurology



	SOD1-­ALS from Gene Discovery to Targeted Therapeutics: A Comprehensive Review
	Natural history of SOD1-ALS variants
	Pathogenesis of SOD1-ALS
	Preclinical studies
	Clinical studies
	Future directions
	Conclusions


