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Interestingly, while ALS is associated with the 

marker phosphorylated TAR DNA-binding pro-

tein (pTDP-43)15 in more than 95% of patients, 

SOD1-ALS can be modeled by a prion-like 

experimental mechanism.16 In Germany, 13% of 

familial ALS cases are associated with mutations 

in SOD1; in other parts of the world these num-

bers differ considerably.9,12 Recently, it has been 

shown that about 13% of 2267 seemingly spo-

radic patients in Central Europe carry a patho-

genic ALS variant, among them around 40 

patients with 35 SOD1 mutations7 which are 

associated with a lot of phenotypic variability, 

including clinical diseases with slower and faster 

progression.

The mechanism of resulting tissue damage in 

ALS has been explored by the use of rodent mod-

els, preferentially the G93A mouse which devel-

ops the motor phenotype within 4–5 months.17,18 

Studies of this model showed that a toxic gain of 

function of the mutated gene is very likely to con-

tribute to the phenotype of motor neuron dys-

function and damage. However, direct translation 

of therapeutic results obtained in G93A mice to 

humans is often met with failure. In many of the 

mouse models, however, the “dosage” of the 

overexpressed inserted genes was much larger 

than what has been observed in human patients; 

therefore, some of these failures of translation are 

thought to be due to overexpression artifacts. It is 

currently—after 25 years—still a matter of discus-

sion how much the SOD1 models contribute to a 

mechanistic understanding of sporadic human 

ALS and which mechanisms described in the 

model are important for human disease and which 

could be rather considered to be secondary to 

overexpression.

Animal studies

Attempts to influence the natural progression of 

SOD1-associated ALS were performed in the 

SOD1 mouse and rat models by lowering mutant 

SOD1 protein.19 The drug tofersen (BIIB067) 

served as a pharmacological tool; after intrathecal 

administration, it reduces the expression of the 

mutant protein by mediating RNase H-dependent 

degradation of the mRNA of SOD1.19 In experi-

mental rodents, intrathecal administration of this 

ASO targeting SOD1 mRNA transcripts was safe 

and had a therapeutic effect on muscle loss, 

increased survival in these models, and lowered 

the axonal serum marker phosphorylated neuro-

filament heavy chain (pNfH). The therapeutic 

effect even seemed to include reversal of some 

disease markers, in particular the amplitude of 

the compound muscle action potential, indicating 

the presence of partial recovery in rodents. After 

intrathecal administration to cynomolgus mon-

keys the ASO was also shown, as in the rodent 

models, to dose-dependently reduce the SOD1 

mRNA and protein concentrations in the CNS by 

about 50%; this decrease was mirrored by a 

decrease in CSF levels.19

Given the success of the human trials, the predic-

tive efficacy of the ASO in the rodent models for 

human translation is of interest. In general, the 

translation of therapeutic effects in rodent models 

was previously not always successful; however, 

the important differences between the experi-

mental tofersen studies and previous studies are

(a) That it was known that the mutated 

SOD1 is an important etiological factor 

for both the human and the rodent 

disease.

(b) For the first time, markers were used that 

monitor the effects of various dosages and 

the pharmacodynamics of the drug 

(mechanistic marker, SOD1 protein) and 

degenerative process (degenerative 

marker, pNfH).

Results of the tofersen trials in humans

The design of the tofersen phases I–II and II–III 

trials aiming to translate the animal results to 

humans was innovative. On the one hand, the 

established El Escorial criteria were not used for 

recruitment, rather the 1 + 1 rule as suggested by 

the WFN group on ALS was used for early diag-

nosis for the first time.20,21 To improve early 

inclusion into trials, these criteria for the diagno-

sis of ALS only request the presence of both upper 

and lower motor neuron signs at a single limb. 

Alternatively, the 1 + 1 rule is fulfilled if two limbs 

are affected by the disease. It was important for 

the inclusion criteria of the tofersen studies that, 

in the case of genetic diseases, the 1 + 1 rule is 

also fulfilled if a lower neuron deficit is seen clini-

cally at a single extremity and—in addition—the 

patient carries a disease-causing mutation.7,21 
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This criterion was the basis of early inclusion of 

patients carrying a SOD1 mutation into the ther-

apeutic trial.

The second important innovation was the use of 

mechanistic and degenerative biomarkers as out-

come measures in addition to functional clinical 

endpoints; as in animals, the effect of the drug—

and its dosage—was demonstrated and con-

trolled by the measurement of SOD1 protein 

expression (“mechanistic biomarker”) in CSF. 

In addition, the effect on degeneration was quan-

tified by using the neuroaxonal marker neurofila-

ment light chain (NfL) in blood. This marker has 

been shown to mirror the severity and progres-

sion rate of the disease,22,23 and its use is comple-

mentary to the neuroanatomical concept of ALS 

as a primary disease of corticoefferent axons as 

established by Braak et al.15

In the first phase I–II tofersen trial,24 it was shown 

that multiple intrathecal dosing of the drug up to 

100 mg induced only minor side effects; most 

were related to lumbar puncture such as reversi-

ble headache and local pain. A dose-dependent 

increase of plasma concentrations of the drug 

could be observed, and it was found that tofersen 

crossed the blood–brain barrier and its concentra-

tion in the CSF increased nonlinearly. The SOD1 

protein levels were decreased in CSF with a maxi-

mum reduction of about 35% after the adminis-

tration of the 100 mg dosage at day 85. During 

this observation period, reductions in NfL and 

pNfH in plasma and cerebrospinal fluid were also 

reported in the same subgroup. An exploratory 

interim analysis after 3 months showed a ten-

dency of stabilization of clinical measures such as 

motor function (measured by the ALSFRS-R), 

respiratory function (% predicted vital capacity, 

SVC), and muscle strength (hand-held-

dynamometry, HHD megascore), when com-

pared to controls. Since these 3-months pilot 

results were promising, the conduction of a phase 

II–III trials (VALOR) was the next step.

For the VALOR phase II–III study—a placebo-

controlled, prospective, double-blind phase II–III 

trial—two cohorts representing fast and slow pro-

gression of the disease were studied. These two 

cohorts could be readily distinguished by the rate 

of decline of the ALSFRS-R as well as the NfL 

levels.25 The results of the intervention did not 

show major differences in both groups.

At first sight, the results of the phase II–III trials 

were disappointing.25 The study statistically sig-

nificantly reproduced the effects of tofersen on 

mechanistic (target engagement) and degenera-

tive biomarkers (axonal damage), but only 

showed a positive tendency of an effect on func-

tional motor scores. Disappointingly, this effect 

was not statistically significant after 6 months.

Retrospectively, the first positive clinical effect 

was an anticatabolic effect, meaning that the 

application of the drug stabilized body weight 

after 6 months26; however, this outcome measure 

was not part of the intention to treat analysis. 

After another 6 months of an open label extension 

(OLE) study (overall 52 weeks), the effect on the 

motor score (ALSFRS-R) crossed the level of sig-

nificance (p = 0.0272). The same was true for the 

secondary functional endpoints SVC and HHD 

(p = 0.0186 and p = 0.0159, respectively). 

Importantly, in this OLE phase, the noninterven-

tional (placebo) group also stabilized under drug 

treatment, and an effect on mechanistic and func-

tional biomarkers was shown.26

In the meantime, the Food and Drug 

Administration accepted the major effect of the 

drug on the axonal marker NfL as an evidence for 

the effectiveness of tofersen and approved the 

drug for the United States in spring 2023; the 

European Medicines Agency followed after 1 year.

In the meantime, an observational cohort study of 

the long-term effectiveness in the real world, in 

the framework of the Early Access Program in the 

German ALS/MND group, was published.27 In 

principle, after 12 months, the findings of the 

VALOR study were reproduced. In these 24 

patients, the group—beyond VALOR—could 

show that both axonal markers, pNfH in CSF 

and NfL in serum, convincingly decreased 

(p = 0.02) after 3–6 months and then stabilized on 

a low level. The decline of the ALSFRS-R (“pro-

gression rate”) slowed down (p = 0.04). In some 

patients, an autoimmune response was observed 

in the CSF, but this was only accompanied by 

clinical symptoms in one patient who was diag-

nosed with autoimmune myeloradiculitis. 

However, tofersen treatment could be continued 

only after symptoms of myeloradiculitis were 

completely reversed due to immunomodulatory 

treatment. None of the patients died during the 

observation period.
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Meyer et al.28 reported a positive effect of tofersen 

on NfL in serum in 6 German patients (partially 

overlapping with the first group) of the same net-

work, and in a second paper, in 16 patients, 

showed also an effect on progression rate and 

NfL. The effects of treatment ranged from slow-

ing of deterioration to even improvement.29 

Therefore, by slowing down the progression rate 

in patients with SOD1-ALS, Saini and Chawla 

logically concluded in a comprehensive review of 

the literature that tofersen has the potential to 

break barriers in ALS therapy.30

Other ASO trials in ALS

The success of the VALOR study and its OLE 

raised hopes that tofersen was not the only ASO 

to stabilize genetic subforms of ALS. Studies of 

antisense oligonucleotides (ASO) against other 

ALS-causing mutations followed: The C9ORF72 

mutation, the most frequent mutation in the 

Western world (but not so in parts of Asia), was 

chosen as a next drug target. The FUS mutation 

which is prevalent all over the world and the dis-

ease modifier Ataxin-2 (ATXN2) were also seen 

as interesting targets.

Two ASO studies against the most frequent genetic 

cause of ALS in the Western world, C9ORF72, 

were conducted. The first randomized, placebo-

controlled, dose-escalating phase I trial and the 

clinical development program by Biogen were 

discontinued in March 2022 as the investigational 

drug BIIB078 at a dose of 60 mg did not show a 

clinical effect, although the drug was well 

tolerated.31 A dosage of 90 mg seemed to induce a 

greater decline of clinical function in patients than 

placebo. The authors concluded that there must be 

many complex mechanisms, beyond toxicity, which 

are responsible for tissue damage by the C9ORF72 

mutation. An improved understanding of the 

pathogenetic impact of these diverse mechanisms 

should be the basis of further drug development. 

The second study, performed by Wave Life 

Sciences, was discontinued in May 202332 with the 

statement “that treatment with WVE-004 did not 

result in clinical benefit after 24 weeks.” The 

company commented that target engagement 

seemed to be reached since the poly(GP) biomarker 

reflecting the C9ORF72 hexanucleotide repeat 

expansion (G4C2) transcripts were lowered by 51% 

at week 24. However, this was not associated with 

a clinical benefit. Also, in an exploratory analysis, 

no effect on NfL was observed.

ALS caused by mutations in the FUS gene often 

has an aggressive course and frequently affects 

young patients. There is evidence that a nonal-

lele-specific ASO silencing FUS and reducing 

FUS protein in the brain delays motor neuron 

degeneration in mutant FUS mice.33 After the 

intrathecal application of this ASO to a single 

patient, wild-type and mutant FUS levels were 

also lowered33; this justifies the hopes that the 

current ASO phase III trial (Ulefnersen, formerly 

ION363) run by IONIS might have chances of 

success. The trial is conducted as a multicenter, 

three-part study of ION363 in up to 95 partici-

pants (ClinicalTrials.gov ID NCT04768972); 

results are expected in late 2025.

There is experimental evidence that ATXN2 is a 

modifier of ALS; increased numbers of repeats 

lead to a more severe clinical picture. Therefore, 

reduction of the expression of the ATXN2 pro-

tein could also have a beneficial effect on the nat-

ural history of ALS. Unfortunately, in May 2024 

the development of the drug BIIB105 had to be 

discontinued34 since—although the ASO reduced 

the ATXN2 protein levels in CSF—there was no 

effect on NfL levels after a 6 month placebo-con-

trolled study. No effect on clinical outcome meas-

ures such as ALSFRS-R could be demonstrated. 

In addition, the open-label extension program did 

not yield any positive efficacy data.

Tofersen as a role model

Tofersen is a successful interventional drug in 

SOD1-ALS. However, this is not the only message 

of the tofersen studies. Important additional 

aspects of the development of tofersen include that

(a) In contrast to previous studies in experi-

mental animals, the rodent studies pre-

dicted the human response. This is most 

likely due to the fact that an approach to 

translation has been used which is likely 

to serve as a role model. The ambiguities 

of the use of anatomically and phyloge-

netically very different experimental spe-

cies (such as mice) for drug development 

to a disease in which human-specific ana-

tomical structure are affected15 have been 

reduced by defining the target (measure-

ment of mutant protein, SOD1). This 

makes sure that the target has been hit 

and also reduces the ambiguities of inter-

species dose-finding.
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(b) In contrast with previous studies, relevant 

outcome measures for ALS—the axonal 

markers NfL and pNfH—have been 

shown to be altered by the intervention. 

Of note, it has only been shown by neuro-

anatomical studies that lesions of cortico-

efferent axons are a principle early 

component of the disease in the majority 

of TDP-43 associated ALS cases. It is not 

known yet whether SOD1-related ALS is 

associated with the same pathogenetic 

principle. However, the use of axonal bio-

markers was shown to work in SOD1-

ALS also and reduced the ambiguities of 

translation.

(c) Interestingly, it could be shown that a 

specific sequence of events of reactions to 

the interventions could be observed: at 

first (after weeks to months) the reaction 

of the target (or the mechanistic marker) 

SOD protein and the degenerative marker 

(NfL, pNfH) was influenced by the inter-

vention. The effects on function (func-

tional score ALSFRS-R) followed after 

6–12 months, and the last endpoint which 

should be observed—survival—must fol-

low (Figure 1).

(d) The clinical outcome measure of catab-

olism (or treatment of catabolism) was 

also influenced surprisingly early. 

Catabolism is an important clinical fea-

ture of ALS35; body weight stabilization 

was observed before a significant effect 

on the ALSFRS-R occurred, after only 

6 months.26

In our view, the translational experience associ-

ated with the development of tofersen is a poten-

tially intriguing lead into future interventions for 

diseases of the nervous system beyond ALS. The 

failure of the ASO trials against C9ORF72 and 

ATXN2 demonstrate that the combination of 

endpoints (mechanistic, neurodegenerative, clini-

cal), rather than a single measure, should be pref-

erentially used for successful translation.

Open questions

Is prevention of ALS possible?

After the successful studies of tofersen in experi-

mental animals and humans, the idea of preven-

tion of ALS comes into play. However, as long as 

the pathogenicity of a given mutation,7 its pene-

trance, the time of onset, and severity of the dis-

ease cannot be reliably predicted, preventive 

treatment is difficult. The step that is currently 

done worldwide in spinal muscular atrophy—the 

establishment of new-born-genetic-screening—

can only be used with major caveats in ALS. If we 

do not know when and if a disease process begins, 

potentially as a result of low penetrance, then the 

balance between effects and side effects of even a 

successful drug becomes unpredictable for the 

individual patient. Therefore, for prevention we 

need early markers which reliably predict the 

onset of disease. How can this be achieved?

(a) A minimum prerequisite for early treat-

ment is early clinical diagnosis. It is now 

widely accepted that the El Escorial criteria 

Figure 1. Temporal sequence of the effects of tofersen. The ASO was shown at first to reduce the amount 
of mutant—potentially toxic—protein, followed by levels of the axonal biomarker. Next, the body weight 
normalized (an outcome measure which was not in the intention-to-treat analysis), the ALSFRS-R, the HHD, 
and the SVC reacted to the treatment after more than 6 months. Survival data are not known.
ASO, antisense oligonucleotide; HHD, hand-held-dynamometry; SVC, % predicted vital capacity.
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are not sufficient for early treatment and 

should be replaced by criteria using mod-

ern differential diagnostic tools.20,21,36 

Although the suggested criteria (“1 + 1,” 

“Gold Coast”) are sensitive, the specificity 

of these diagnostic criteria must be vali-

dated; in addition, in a global world the 

phenotypical differences of ALS in differ-

ent populations and ethnicities must be 

taken into account.37

(b) Preclinical gene carriers are a population 

in which new markers can be developed 

and in a second step be transferred to the 

population level. The first steps have been 

done.38–40

(c) Additional suggestions have been made 

for the definition of preclinical ALS, but 

there is a need for these ideas to be vali-

dated internationally in a collaborative, 

prospective study.41

(d) It is a major hurdle that in contrast to 

Parkinson’s and Alzheimer’s diseases, in 

ALS no preclinical period has been 

defined by anatomical methods.42 The 

first alterations are observed in the motor 

cortex and in the corticoefferent axons of 

ALS patients.15 Whether the hypothetical 

preclinical changes have an anatomical 

substrate is unknown.35,41

The ATLAS trial (by Biogen) takes all of this into 

account; it incorporates a scientific strategy by 

using NfL as a preclinical marker and a less risky 

plan B based on the development of early clinical 

deficits as defined by innovative diagnostic criteria.

Autoimmune responses

In the first tofersen studies, a number of—in most 

cases—reversible immune reactions were 

observed.25,27,43 This includes reversible trans-

verse myelitis and radiculitis. It will be of interest 

to further define, treat, and prevent these obvious 

autoimmune reactions. It might be therapeuti-

cally relevant to know whether the autoimmune 

response is specific for the interventional drug 

tofersen or whether it reflects nonspecific 

mechanisms.

Long-term downregulation of SOD1 function

SOD1 is an important enzyme with antioxidative 

functions which are thought to be vital. The 

tofersen trials have shown that downregulation of 

the protein by roughly a third had no disadvan-

tages for the patient during the time of observa-

tion. The question remains whether measurements 

of protein levels are sufficient for safety, addition-

ally enzyme activity could also be considered. In 

addition, given the important functions of SOD1, 

it will be important to determine whether long-

term downregulation of the protein is equivalent 

to short-term downregulation or if it carries the 

potential for long-term side effects. To answer 

this question, long-term observation of the treated 

patients is mandatory. Certainly closely related is 

the question of the precise mechanism of action 

which follows the lower expression of the protein; 

this should also be explored.

Furthermore, monthly intrathecal injections are 

not the most convenient ways of application for 

the patient and our health care system. The 

increase of dosing intervals or the development of 

an oral drug would be applauded by many. All 

these thoughts reflect second steps; the first step 

has been successfully taken—a therapeutic 

approach to SOD1-ALS!
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