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Summary
Background In April 2023, the antisense oligonucleotide tofersen was approved by the U.S. Food and Drug
Administration (FDA) for treatment of SOD1-amyotrophic lateral sclerosis (ALS), after a decrease of neurofilament
light chain (NfL) levels had been demonstrated.

Methods Between 03/2022 and 04/2023, 24 patients with SOD1-ALS from ten German ALS reference centers were
followed-up until the cut-off date for ALS functional rating scale revised (ALSFRS-R), progression rate (loss of
ALSFRS-R/month), NfL, phosphorylated neurofilament heavy chain (pNfH) in cerebrospinal fluid (CSF), and
adverse events.

Findings During the observation period, median ALSFRS-R decreased from 38.0 (IQR 32.0–42.0) to 35.0 (IQR
29.0–42.0), corresponding to a median progression rate of 0.11 (IQR −0.09 to 0.32) points of ALSFRS-R lost per
month. Median serum NfL declined from 78.0 pg/ml (IQR 37.0–147.0 pg/ml; n = 23) to 36.0 pg/ml (IQR
22.0–65.0 pg/ml; n = 23; p = 0.02), median pNfH in CSF from 2226 pg/ml (IQR 1061–6138 pg/ml; n = 18) to
1151 pg/ml (IQR 521–2360 pg/ml; n = 18; p = 0.02). In the CSF, we detected a pleocytosis in 73% of patients
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(11 of 15) and an intrathecal immunoglobulin synthesis (IgG, IgM, or IgA) in 9 out of 10 patients. Two drug-related
serious adverse events were reported.

Interpretation Consistent with the VALOR study and its Open Label Extension (OLE), our results confirm a reduction
of NfL serum levels, and moreover show a reduction of pNfH in CSF. The therapy was safe, as no persistent
symptoms were observed. Pleocytosis and Ig synthesis in CSF with clinical symptoms related to myeloradiculitis in
two patients, indicate the potential of an autoimmune reaction.

Funding No funding was received towards this study.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
We searched PubMed for all publications on treatment with
the antisense oligonucleotide (ASO) tofersen in patients with
amyotrophic lateral sclerosis (ALS) carrying pathogenic
variants of the SOD1 gene published up to September 10th,
2023, using the terms “tofersen” in combination with each of
the following terms: “amyotrophic lateral sclerosis” or “ALS”,
“SOD1 gene carriers”, “SOD 1 mutation carriers”. After
reviewing the abstracts, we identified 3 clinical trials and one
case series reporting about the treatment with tofersen.
Among the clinical trials there were two trials (phase II and III)
investigating tofersen in patients with ALS and one in pre-
symptomatic gene carriers. The case series investigated n = 6
patients over a mean treatment duration of 6.5 months.

Added value of this study
In this cohort study, we investigated and reported the effect
of tofersen on clinical outcome parameters (ALSFRS-R,
progression rate, quality of life, adverse events), laboratory
findings in CSF, and biomarkers (NfL in serum, pNfH in CSF)

in a multicenter cohort of ALS patients (n = 24) in a “real-
world” setting. We confirmed a decrease of NfL serum levels
under treatment with tofersen, but also demonstrated a
reduction of pNfH in CSF. Median progression rate under
tofersen treatment was 0.11 points of ALSFRS-R lost per
month. We found that pleocytosis, elevated protein levels and
intrathecal immunoglobulin synthesis were common findings
in the CSF.

Implications of all the available evidence
Based on pre-existing evidence, treatment with tofersen in
SOD1-ALS leads to a reduction in neurofilament levels (NfL).
This study provides evidence that these findings can be
extended to pNfH in CSF. Therefore, treatment with tofersen
was shown to be an effective therapeutic approach. The
observed alterations in the CSF suggest an autoimmune
inflammation of the central nervous system, which
necessitates special attention when treating patients with
tofersen.
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by progressive muscle weakness and
a severely reduced life expectancy of about 2–5 years after
onset by irreversible affection of the upper and lower
motor neurons.1 A positive family history is found in about
5–10% of ALS patients.2,3 A pathogenic variant in the Cu/
Zn superoxide dismutase (SOD1) gene was first described
as a cause of familial ALS in 19934 and can be detected in
approximately 2% of sporadic5 and 11% of familial ALS
patients in Central Europe.6 Pathogenic variants in the
SOD1 gene are the most common cause of the disease
after C9orf72 alterations in Europe and the most common
mutations in Asia.7–9 More than 230 different mutations of
SOD1 with heterogenous clinical phenotypes have been
described.10 Regarding pathogenesis, a toxic gain of func-
tion of mutant SOD1 protein has been proposed.10–12

However, a pathogenic loss of function, as can occur
with homozygous mutations in children with motor
neuron disease (MND), should also be discussed.13,14

For treatment of sporadic as well as genetic ALS, rilu-
zole15 and (in some countries) edaravone16 and sodium
phenylbutyrate/taurursodiol17 are the only approved drugs
which nevertheless show limited effects. However, in ALS
patients with (likely) pathogenic SOD1 variants, intrathecal
application of the antisense oligonucleotide (ASO) tofersen,
which reduces the synthesis of SOD1 protein by RNase
H-dependent degradation of SOD1 messenger RNA, has
recently shown very promising results.18,19 During the
initial placebo-controlled phase I-III trial, a significant
reduction of neurofilament light chain (NfL) in plasma
compared to placebo suggested a disease-modifying ef-
fect,19 although clinical progression parameters such as
ALS functional rating scale revised (ALSFRS-R) did not
reach statistical significance after six months.19 However, in
the Open Label Extension (OLE) phase of the VALOR
www.thelancet.com Vol 69 March, 2024
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study, Miller and colleagues reported after an overall
observation period of 52 weeks a lower decrease in
ALSFRS-R (difference 3.5 points) in participants, with
early-start vs. those with delayed-start of treatment.19

Serious adverse events (SAEs), including autoimmune
myelitis, meningitis, lumbar radiculopathy, intracranial
hypertension, and papilledema, occurred in about 7% of
patients recruited to the VALOR study.19

Based on these promising results, Early Access Pro-
grams (EAPs) were initiated in various countries, and later
tofersen for the treatment of SOD1-ALS was approved by
the U.S. Food and Drug Administration (FDA) in April
2023. In Germany, the first patients were included into the
EAP in 03/2022, and concerted clinical data collection and
biosampling were initiated within the German Motor
Neuron Disease Network (MND-NET), a nationwide con-
sortium of specialized ALS centers.

In this study, we analyzed the effect of tofersen on
clinical parameters (ALSFRS-R, progression rate, mus-
cle strength, and quality of life), biomarkers (phos-
phorylated neurofilament heavy chain (pNfH) in
cerebrospinal fluid (CSF) as well as NfL in serum, cre-
atine kinase (CK), and C-reactive protein (CRP) in
serum), and safety (adverse events and CSF abnormal-
ities) in a cohort of n = 24 ALS patients with (likely)
pathogenic SOD1 variants from ten centers partici-
pating in the German tofersen EAP.
Methods
Participants
Patients were enrolled from the MND-NET, a clinical and
scientific network of 21 German motoneuron disease
centres. We continuously collected data from 24 ALS pa-
tients with SOD1 mutations from ten centers (University
of Ulm, Charité Berlin, Bergmannsheil University Hos-
pital Bochum, University of Bonn, University Hospital
Carl Gustav Carus Dresden, University Hospital Erlangen,
University Medicine Essen, Hannover Medical School,
Helios Klinikum Krefeld, Ludwig Maximilians University
Munich) who participated in the tofersen EAP. All patients
were diagnosed with definite laboratory-supported, familial
ALS according to the revised El Escorial criteria20 and were
positively tested for a SOD1mutation, defined as causative
for ALS based on classification of the variant as mutation
grade 4 (likely pathogenic) or 5 (pathogenic) according to
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (ACMG-
AMP).21 The cohort contains data of three patients, which
have been published previously by Meyer and colleagues.22

The inclusion criteria for participation in the EAP
comprised the patients’ informed consent as well as the
lack of contraindications to a lumbar puncture (oral
anticoagulation etc.). Apart from riluzole, recruited pa-
tients did not receive any further disease-modifying
drug therapy. Patients participating in the long-term
extension of the placebo-controlled phase III tofersen
www.thelancet.com Vol 69 March, 2024
study (VALOR) were excluded from the EAP and this
study. The EAP included a dosing phase with intrathecal
administration of 100 mg tofersen at day 1, 14 and 28,
and a subsequent maintenance phase during which
patients received up to 16 doses at intervals of about 28
(at least 21) days.

Ethics
Informed consent was obtained from all participants.
Biosampling of serum and CSF was conducted via
participation in the MND-NET cohort study, for which
separate informed consent was obtained. The study was
approved by the local ethics committees of Ulm Uni-
versity (application number 19/12).

Outcomes
Clinical data included the ALSFRS-R,23 progression rate
(points of ALSFRS-R lost per month), survival, and muscle
strength (arm abduction, arm flexion, hand extension,
finger extension, finger spread, thumb abduction, hip
flexion, knee extension, knee flexion, and foot extension)
according to the Medical Research Council.24 Disease
progression rate during the EAP was calculated by the
formula (ALSFRS-R at first application—ALSFRS-R at last
visit) divided by months between first application and last
visit. The pre-baseline progression rate was calculated as
(48—ALSFRS-R at first application) divided by months
between onset and first application. Changes in disease
and therapy related quality of life were assessed by the
EuroQol Five Dimension Five Level Scale (EQ-5D-5L).25

During participation in the EAP, patients were asked
about adverse events by the attending physician at each
visit. Additionally, a safety telephone call was performed
24 h after each administration. All clinical outcome pa-
rameters were collected at all participating centers ac-
cording to a uniform study protocol.

CSF parameters included leukocyte counts, total
protein, lactate, oligoclonal IgG bands (OCB), immu-
noglobulin (Ig) synthesis, and pNfH. In blood, CRP,26–28

CK,29,30 and NfL were tested.31 For measurement of
pNfH and NfL, CSF and blood samples from all
participating centers were centrally analyzed at the CSF
Laboratory of Ulm University.

Analysis of CSF and blood samples
Mutation screening of the SOD1 gene was performed
using standard methods. Serum was obtained from
peripheral blood by centrifugation (2000 g, 10 min) and
stored within 2 h at −80 ◦C. Blood NfL concentrations
were measured with the commercially available kits for
the ELLA™ microfluidic system (Bio-Techne, Minne-
apolis, USA), the interassay coefficients of variation
(CV) by analyzing two quality control samples (low and
high levels of the analyte) on each cartridge were 9.3/
6.1%, and the assay range was 2.7–10,290 pg/ml for NfL
in serum. For CSF pNfH, the inter-assay CVs were 11.4/
10.1%, and the assay range was 7.47–28,480 pg/ml.
3
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CSF was obtained and analyzed as previously re-
ported.32 Upon lumbar puncture, CSF samples were
collected in polypropylene tubes and subject to analysis
within 1 h from sampling. Leukocyte count was per-
formed by a Fuchs–Rosenthal chamber. Total protein,
albumin, IgG, IgA, and IgM were measured by standard
immunochemical nephelometry in CSF and serum
(Dade–Behring nephelometer analyzer (ProSpec), Mar-
burg, Germany) using a polyclonal antibody for albu-
min, and IgG as well as a latex particle-amplified
antibody reaction for IgA and IgM. The inter- and intra-
assay variabilities were <10% for the method-dependent
absolute levels as well as for the method-independent
CSF/serum quotients of albumin, IgG, IgA, and IgM.
CSF lactate was determined by a lactate–oxidase reaction
(Greiner GmbH, Flacht, Germany).

OCB were determined by isoelectric focusing (IEF) on
polyacrylamide gels followed by immunoblotting using an
IgG-specific antibody staining.33 Briefly, CSF and serum
samples from the same patient were adjusted for IgG
concentrations and run on the same gel. Experienced
technicians and neurologists with extensive experience in
the field of CSF analysis independently evaluated and
determined the subtype classification of the OCB34: Type 1-
no oligoclonal IgG band, normal finding; Type 2- isolated
OCB (2 or more IgG bands) in the CSF; Type 3- identical
OCB (2 or more) in cerebrospinal fluid and serum, addi-
tionally (1 or more) isolated OCB in the CSF; Type 4- OCB
with identical (mirror image) distribution in the CSF and
serum; Type 5- monoclonal bands with identical distribu-
tion in the CSF and serum (usually suggesting a systemic
gammopathy).

Statistics
For descriptive statistics, median (IQR) are given. To
analyze changes over time, the time of first tofersen
application was defined as baseline, and the Wilcoxon
signed rank test was applied. Two-sided 95% confidence
intervals were calculated for median differences or dif-
ferences of proportions, respectively. One-way ANOVA-
analysis was performed for multiple comparisons. All
statistical tests were performed at a two-sided level of
alpha = 0.05. As this was an explorative study, except of
Holm-Šídák’s test for NfL and pNfH analyses, adjust-
ment of p-values for multiple testing was not done, and
all results were interpreted as hypothesis generating.
Because of missing values, NfL and pNfH were analyzed
by a mixed-effects model instead of ANOVA. Missing
values were not replaced. Comparisons between groups
with different progression rates were calculated with
unpaired Student’s t-test for continuous variables, Chi-
Square-test for nominal variables and non-parametric
Mann–Whitney U test for non-normally distributed
variables.

Statistical analyses were performed using GraphPad
Prism version 9.5.1 for Windows (GraphPad Software,
San Diego, California USA).
Role of funding source
This study was an investigator-initiated trial (IIT) within
the framework of the German MND-NET. Biogen Inc.
provided the drug and documents for the EAP, but was
otherwise not involved in any aspect of this study, such
as study design, data collection, data analyses, inter-
pretation, or writing of the report.
Results
Demographic and clinical data at baseline
Overall, n = 24 patients with ALS carrying (likely)
pathogenic variants in the SOD1 gene and participating
in the tofersen EAP were included in the study. In the
median, participants received eight doses of tofersen
(IQR 5–14) during a median observation period of 6.0
months (IQR 2.8–11.4). The first patient was included
on 31st March 2022 and received 16 administrations.
The end of the observation period for all patients, as
reported in this manuscript, was the 30th April 2023.
Fifty percent (n = 12) of participating patients were fe-
male and 50.0% (n = 12) were male. A positive family
history of ALS was reported in 58.3% (n = 14) whereas
41.7% (n = 10) of cases were reported to be sporadic.
Participating patients developed first symptoms 26.2
months (median, IQR 14.4–54.2 months) and were
diagnosed with ALS 11.7 months (median, IQR 3.6–28.5
months) prior to EAP inclusion. At the time of the first
administration of tofersen, the median age was 53.0
years (IQR 41.5–61.0 years). A spinal onset was reported
in 95.8% (n = 23), and a bulbar onset in 4.2% (n = 1).
Demographic and clinical data prior to the first appli-
cation of tofersen are depicted in Table 1, and the
spectrum of SOD1 mutations is shown in
Supplementary Table S1.

Clinical outcome parameters
None of the participating patients died during the
observation period. One patient terminated tofersen
therapy after the first administration due to personal
decision, and data of this patient therefore could not be
included in comparative follow-up analyses. Median
ALSFRS-R at baseline (time of first tofersen application)
was 38.0 (IQR 32.0–42.0; n = 23) and decreased to 35.0
(IQR 29.0–42.0; n = 23) at the last recorded tofersen
administration, corresponding to a median progression
rate of 0.11 (IQR −0.09 to 0.32; n = 23) points of
ALSFRS-R lost per month. Therefore, during the whole
observation period, but already during the time between
first administration of tofersen and six months of
treatment (median 0.08; IQR −0.26 to 0.31; n = 12),
ALSFRS-R progression rate was significantly lower
compared to the median progression rate prior to ther-
apy (median 0.41; IQR 0.20–0.83; n = 12; p = 0.04
respectively) (Fig. 1). On an individual level, slower
progression rates compared to pre-baseline were recor-
ded in 17 patients, and faster progression rates in six
www.thelancet.com Vol 69 March, 2024
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Age (median, IQR) 53.0 (41.5–61.0) years (n = 24)

Sex

Male 50.0% (n = 12)

Female 50.0% (n = 12)

Onset

Spinal 95.8% (n = 23)

Bulbar 4.2% (n = 1)

Type

Sporadic 41.7% (n = 10)

Familial 58.3% (n = 14)

ALSFRS-R (first visit) (median, IQR) 37.0 (29.8–41.8) (n = 24)

Progression Rate (onset to first visit) (ALSFRS-R points lost/month; median, IQR) 0.41 (0.20–0.83) (n = 24)

Time onset to first administration (median, IQR) 26.2 (14.5–54.2) months (n = 24)

NfL in serum (pg/ml) (median, IQR) 78 (37–147) (n = 23)

pNfH in CSF (pg/ml) (median, IQR) 2226 (1061–6138) (n = 18)

ALSFRS-R: ALS Functional Rating Scale-Revised, CSF: cerebrospinal fluid, NfL: neurofilament light chain, pNfH: phosphorylated neurofilament heavy chain.

Table 1: Demographic and clinical data prior to the first application of tofersen.

Articles
patients during the study period (median ALSFRS-R
loss per month 0.00; IQR −0.31 to 0.18; n = 17 vs. me-
dian 0.98; IQR 0.32–1.81; n = 6; p < 0.001) (Fig. 2).
Patients who showed an increase in ALSFRS-R pro-
gression rate during tofersen therapy had a shorter
disease duration prior to first administration, higher
ALSFRS-R baseline values, and higher baseline NfL and
pNfH levels compared to patients with a slowdown in
the ALSFRS-R progression rate during tofersen treat-
ment. Moreover, the observation period was shorter in
these patients, implying that they have received fewer
doses of tofersen. With the exception of pre-baseline
ALSFRS-R progression rate, none of these differences
was statistically significant, possibly due to the small
sample size. Demographic and clinical data, bio-
markers, and mutation spectrum in patients with
decrease vs. increase of ALSFRS-R progression rate
during tofersen therapy are depicted in Supplementary
Table S2. In a subgroup of nine patients with available
data, we did not observe any significant changes in
muscle strength levels.

Quality of life
Self-reported quality of life results measured by the EQ-
5D-5L were available from n = 8 patients at the time of
first administration of tofersen and at least at one
further visit during the therapy. During the study
period, patients showed almost stable results, generally
indicating severe problems with regard to mobility and
self-care but only slight to moderate levels of pain,
discomfort, anxiety, and depression. The ability to
perform work, study, housework, family, or leisure ac-
tivities was reported to deteriorate from moderate to
severe problems. When asked to indicate their current
state of health on a visual analogue scale from 0 to 100
(0 indicating worst health and 100 best health), patients
www.thelancet.com Vol 69 March, 2024
reported no significant changes during the observation
period (median 55, IQR 41–69 at baseline vs. median
60, IQR 43–69 during therapy; p = 0.88). Only one pa-
tient, who had the highest pre-baseline progression rate
(1.70 points of ALSFRS-R lost/month), showed a sig-
nificant deterioration on the visual analogue scale (from
45 to 10).

Serum/CSF biomarkers
At baseline, median NfL levels in serum were 78.0 pg/
ml (IQR 37.0–147.0 pg/ml; n = 23) and declined to
36.0 pg/ml (IQR 22.0–65.0 pg/ml; n = 23; p = 0.02)
during the observation period (Fig. 3A). Significant re-
ductions of NfL serum levels were already found after
six months (23.0 pg/ml, IQR 17.0–38.0 pg/ml; n = 11,
p = 0.02) and nine months (23.5 pg/ml, IQR 16.5–38.1;
n = 8, p < 0.05) of therapy (Fig. 3A).

Likewise, median pNfH levels in CSF at baseline
were 2226 pg/ml (IQR 1061–6138 pg/ml; n = 18) and
declined to 1151 pg/ml (IQR 521–2360 pg/ml;
n = 18) at last administration (p = 0.02) (Fig. 3B).
Significant reductions of median pNfH CSF levels
were already found after three (1545 pg/ml, IQR
417–1821 pg/ml; n = 15, p = 0.02), and as with NfL
serum levels, after six (552 pg/ml, IQR 381–1104 pg/
ml; n = 9, p = 0.02) and nine (651 pg/ml, IQR
312–1170 pg/ml; n = 7, p = 0.02) months of therapy
(Fig. 3B). Longitudinal changes in NfL serum and
pNfH CSF levels on a subject level are pictured in
Fig. 4A and B.

Comparing the subgroups of patients with treatment
periods longer and shorter than six months, it could be
shown, that even in the subgroup of patients with a
treatment period shorter than six months a significant
decrease of NfL and pNfH was present (Supplementary
Table S3).
5
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Fig. 1: ALSFRS-R total scores and progression rates. Boxplots show median (IQR; minimum–maximum) of ALSFRS-R total scores and pro-
gression rates (ALSFRS-R points lost/month) prior to and during therapy with tofersen. (A) ALSFRS-R at first administration (blue), last
administration (red), and after six months of therapy (grey) (B) progression rates pre-baseline (blue) compared to the entire treatment period
(between first and last administration (red)) and during the first six months of therapy (grey) (first administration until six months of therapy).
Experimental units n = number, n = 23 comparisons first administration to last administration and pre-baseline to period between first and last
administration, n = 12 comparisons to ALSFRS-R at six months of therapy and progression rate between first administration and six months of therapy.
Median time from first to last ALSFRS-R 6.0 months (IQR 2.8–10.5 months). Changes over time were analyzed by Wilcoxon matched-pairs signed rank
test. A p-value of ≤ 0.05 was regarded as statistically significant. ALSFRS-R: Amyotrophic lateral sclerosis functional rating scale revised. ns: not
significant.
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Regarding CRP (n = 12) and CK (n = 10) serum
levels, no significant changes were found during the
observation period.

Laboratory abnormalities
In CSF, a pleocytosis of ≥5 leukocytes/μl was found
in 73% (11 of 15) patients with available data during
the therapy, ranging from 8 to 56 leukocytes/μl. This
increase of cells was detected after a median of 3
(IQR 2–6) administrations (median 3.7 weeks, IQR
1.9–14.2; Fig. 5A–C; Supplementary Table S4).
One patient with a pronounced pleocytosis of 56/μl
at the 6th administration showed clinical signs of
autoimmune myeloradiculitis. Pleocytosis was
accompanied by an increase in total protein in 10
cases. An increase in CSF total protein occurred after
a median of 7 (IQR 3–13) administrations (median
20.4 weeks, IQR 5.5–44.7; Fig. 5B and C;
Supplementary Table S4). Overall, the median
maximum CSF leukocyte count was 15.0/μl (IQR
4.7–45.0; n = 15; Supplementary Table S4). No
pathological changes in lactate levels were recorded.
During the observation period, 90% (9/10) of pa-
tients with available data developed an intrathecal
IgM, IgG, and/or IgA synthesis. Intrathecal IgM
synthesis was found after a median of 3 visits (IQR
3–6; median 3.9 weeks, IQR 2.9–14.5), while intra-
thecal IgG synthesis was present in 2 patients after 3
and 9 administrations, respectively. In one of these
two cases, intrathecal immunoglobulin synthesis was
accompanied by appearance of new oligoclonal
bands, whereas in the other case, oligoclonal bands
were already pre-existing (Fig. 5C; Supplementary
Table S4).
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Fig. 2: ALSFRS-R on individual level. Graphs show changes in ALSFRS-R on individual level prior to first administration of tofersen, after three
and six months of therapy, and at the time of the last tofersen administration. Experimental units n = number first and last administration n = 23,
three months n = 18, six months n = 12. Time from first to last assessment of ALSFRS-R median 6.0 months (IQR 2.8–10.5 months). ALSFRS-R:
Amyotrophic lateral sclerosis functional rating scale revised.

Fig. 3: Neurofilaments. Graphs show mean (SEM) of NfL levels (pg/ml) in serum and p-NfH levels (pg/ml) in CSF prior to first administration
of tofersen, after three, six, nine, twelve months of therapy and at the time of last the last tofersen administration. (A) NfL in serum (pg/ml)
(B) p-NfH in CSF (pg/ml). Experimental units n = number (A) first and last administration n = 23, three months n = 18, six months n = 11, nine
months n = 8 and twelve months n = 4 (B) first and last administration n = 18, three months n = 15, six months n = 9, nine months n = 7 and twelve
months n = 4. Time from first to last measurement of NfL in serum median 5.1 months (IQR 2.8–10.3 months) and of pNfH in CSF median 5.5 months
(IQR 2.8–11.5 months). Changes over time were analyzed by one-way ANOVA-analysis and adjusting for multiple comparisons was performed by Holm-
Šídák’s test. A p-value of ≤ 0.05 was regarded as statistically significant. CSF: cerebrospinal fluid. NfL: neurofilament light chain. pNfH: phosphorylated
neurofilament heavy chain.
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Fig. 4: Neurofilaments on individual level. Graphs show changes in
NfL levels (pg/ml) in serum and pNfH levels (pg/ml) in CSF on subject
level prior to first administration of tofersen, after three, six, nine,
twelve months of therapy and at the time of the last tofersen
administration. (A) NfL in serum (pg/ml) (B) pNfH in CSF (pg/ml).
Experimental units n = number (A) first and last administration n = 23,
three months n = 18, six months n = 11, nine months n = 8 and twelve
months n = 4 (B) first and last administration n = 18, three months
n = 15, six months n = 9, nine months n = 7 and twelve months n = 4.
Time from first to last measurement of NfL in serum median 5.1 months
(IQR 2.8–10.3 months) and of pNfH in CSF median 5.5 months (IQR
2.8–11.5 months). In p.Asp91Ala (c.272A > C), the dashed line indicates
a heterozygous allele genotype. CSF: cerebrospinal fluid. NfL: neurofila-
ment light chain. pNfH: phosphorylated neurofilament heavy chain.
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Adverse events
Two potentially drug-related serious adverse events were
reported during the observation period. One patient was
diagnosed with autoimmune myeloradiculitis after the
sixth dose of tofersen and discontinued the EAP.
Another patient experienced transient lower limb
weakness after each of the three doses (one month of
therapy) and discontinued treatment. In both patients
the symptoms were completely reversible, but in the
first patient only after immunomodulatory treatment.
Both patients decided on their own not to continue
treatment after these side effects. In the second patient,
there was no objective medical reason for discontinua-
tion. Another patient discontinued tofersen therapy due
to personal reasons after one administration of tofersen
without any prior complications or adverse events.
Lumbar back pain, headache, transient radicular com-
plaints of the lower extremities, and dizziness were
classified as procedure-related. During the observation
period, no other drug-related adverse events were
reported.
Discussion
In this study, we investigated the effects of tofersen
treatment in patients with SOD1-ALS for the first time
in a “real-world” setting, i.e., including and analyzing all
SOD1 patients independent from the VALOR inclusion/
exclusion criteria. As we found a significant reduction of
NfL in serum, we were able to corroborate the results of
the placebo-controlled phase III trial (VALOR study and
its OLE) in this heterogeneous cohort. Moreover, we
found beneficial signals in additional outcome parame-
ters such as pNfH. Of note, CSF analysis suggested a
clinically silent autoimmune inflammation of the cen-
tral nervous system as a common finding under treat-
ment with tofersen. In accordance with the pivotal
VALOR trial,19 we found a reduction of the established
ALS biomarker NfL in serum during tofersen treatment,
suggesting that tofersen is a disease-modifying treat-
ment. Moreover, we showed for the first time that
tofersen treatment also reduced pNfH in CSF, further
strengthening the evidence for the efficacy of tofersen.
During the observation period, patients showed a me-
dian progression rate of 0.11 points of ALSFRS-R lost
per month. As a small subgroup of six patients showed
an increase in ALSFRS-R progression rate during
tofersen therapy, it has to be discussed whether this
group actually represents “non-responders” or whether
the treatment duration was still too short in these pa-
tients to demonstrate a clinical effect. We found that
these six patients had higher baseline NfL and pNfH
levels as well as a shorter disease duration compared to
responders, suggesting a more aggressive disease
course. As the median duration of therapy in these pa-
tients was shorter compared to the responders, a reas-
sessment after a longer observation period would be
interesting.

Furthermore, patients reported a stable health-
related quality of life during EAP participation, which
is consistent with the VALOR study and its OLE.19

Depressive symptoms and pain have been reported to
be related to poorer quality of life in ALS.35 Anxiety/
depression and pain/discomfort have been described to
be the most stable domains in EQ-5D-5L in the pre-
existing literature,36 while quality of life seems not to
correlate with physical impairment.37 As anxiety/
depression and pain/discomfort only showed minor
changes under tofersen treatment, this might partly
www.thelancet.com Vol 69 March, 2024
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Fig. 5: CSF and serum findings per visit. (A) mean (SEM) leukocyte counts in CSF (B) mean (SEM) protein levels in CSF (C) CSF and serum
findings over time, graphs show proportion and time of first occurrence of pleocytosis ≥5 leukocytes/μl in CSF (blue), elevated protein levels
>500 mg/l in CSF (violet), intrathecal immunoglobulin synthesis (black) and oligoclonal bands (green). Experimental units n = number (A) n = 18
(B) n = 19 (C) (blue) n = 15 (violet) n = 17 (black) n = 10 (green) n = 10. First occurrence of pleocytosis median 3.7 weeks (IQR 1.9–14.2 weeks, n = 9;
additionally pre-existing n = 2), first occurrence of elevated protein levels median 20.4 weeks (IQR 5.5–44.7 weeks, n = 8; additionally pre-existing n = 5),
first occurrence of intrathecal immunoglobulin synthesis median 3.9 weeks (IQR 2.9–14.5 weeks, n = 9), first occurrence of oligoclonal bands (OCBs) in
one patient after 7.6 weeks (additionally pre-existing n = 6). CSF: cerebrospinal fluid. Ig: immunoglobulin. OCB: oligoclonal bands.
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explain the stable results in EQ-5D-5L total score.
Moreover, it can be hypothesized, that the anticipation
of a positive treatment effect of tofersen may also
contribute to a stable mood and therefore better quality
of life. Overall, it cannot be conclusively clarified to what
extent tofersen contributed to the unchanged quality of
life.

The rate of drug-related SAEs, most notably one
patient (4.2%) suffering from autoimmune myelor-
adiculitis, was lower compared to previously reported
cases.19 In another case of transient weakness of the
lower extremities it remains unclear whether these
symptoms were a side effect of tofersen therapy. In both
patients the symptoms were completely reversible, but
in the first patient only after immunomodulatory treat-
ment. Thus, overall, we can conclude that tofersen was
generally well tolerated.

Of note, we observed that clinically asymptomatic
pleocytosis and protein elevation in CSF, indicating an
autoimmune inflammation of the central nervous sys-
tem, were present in the majority of patients. In several
cases, these changes were accompanied by intrathecal
www.thelancet.com Vol 69 March, 2024
immunoglobulin synthesis, including all three classes
with predominant IgM and oligoclonal IgG bands.
Immunological reactions in CSF have previously also
been reported in several cases of patients with spinal
muscular atrophy (SMA) under treatment with the ASO
nusinersen.38,39 Therefore, we think that the immuno-
logical mechanisms underlying ASO treatment require
further attention and investigation. Although the
observed phenomena seem to be rarely accompanied by
relevant clinical symptoms, we believe that careful
monitoring of CSF findings and clinical symptoms is
necessary.

Moreover, since pathogenic loss of function has been
discussed as a possible cause of MND in children with
homozygous mutations,13,14 it would be interesting to
clarify whether positive effects of tofersen can be
reproduced in this subgroup, or whether tofersen leads
to worsening of symptoms by reducing SOD1 protein
levels in these patients. Our study is not without limi-
tations. Since tofersen is a new drug, which has not yet
been approved in Europe, and since it has only been
available for open treatment in Germany since March
9
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2022 in the EAP, the number of treated cases and the
observation period are limited.

Included patients were heterogeneous with regard to
mutations in the SOD1 gene, disease duration, obser-
vation time, and number of follow-up visits, making it
more difficult to compare the data. Furthermore, as
opposed to the pivotal study,19 evaluated parameters
could not be compared to placebo. Therefore, a placebo
effect has to be considered. Regarding the evaluation of
outcome parameters, pre-baseline progression rates
relied on anamnestic information, which is prone to
bias. As the median observation period during tofersen
treatment (6.0 months) was shorter compared to the
pre-baseline period (26.2 months), the comparison of
pre-baseline and on-treatment ALSFRS-R slopes may
favor the on-treatment slope by default, as the observa-
tion period might have been too short to detect smaller
clinical changes. Therefore, in our study, it was not
possible to evaluate alterations in disease progression
rate during tofersen therapy compared to pre-baseline.
Overall three patients were lost to ALSFRS-R follow-up
due to adverse events (autoimmune myeloradiculitis,
subjective transient weakness of lower limbs) or due to
personal reasons. Available data on muscle strength
levels were limited to a small subgroup of nine patients.
Therefore, an impact of tofersen on muscle strength
could not be adequately assessed in this study and needs
to be re-examined in a larger cohort.

Despite these limitations, we were still able to obtain
clinically relevant findings, corroborating the positive
findings obtained in the initial phase III study and its
OLE19 in a real-life clinical routine setting over a significant
observation period and expanding the pre-existing results
by obtaining positive signals on pNfH in CSF during the
therapy. The German tofersen EAP had no limitations
regarding the inclusion of patients with specific mutations
and/or progression rates. As mutations associated with
comparatively benign disease courses are prevalent in
Central Europe, slow progressors might be over-
represented compared to other geographic regions, as
signified by a low median pre-baseline progression rate.

In summary, the findings of this study suggest that
treatment of SOD1-ALS patients with intrathecal admin-
istration of tofersen is an effective therapeutic approach. In
general, we found the therapy to be safe, although one
single case of myeloradiculitis with a need for immuno-
modulatory treatment did occur. Further evaluation of
frequently observed alterations in CSF, such as pleocytosis,
elevated protein levels and, in some cases, CSF-specific
oligoclonal IgG bands and intrathecal immunoglobulin
synthesis, suggesting an autoimmune inflammation of the
central nervous system, will be required in the future.
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