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Introduction/Aims: In amyotrophic lateral sclerosis (ALS) caused by superoxide

sen had been investigated in a phase Ill study (VALOR) and subsequently introduced
in an expanded access program. In this study we assess neurofilament light chain

(NfL) before and during tofersen treatment.

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional Rating Scale Revised; ALS-PR, amyotrophic lateral sclerosis progression rate; CSF-NfL, CSF neurofilament light
chain; EAP, expanded access program; NfL, neurofilament light chain; sNfL, serum neurofilament light chain; PEG, percutaneous endoscopic gastrostomy; PRO, patient-reported outcomes;
SOD1, superoxide dismutase 1; SOD1-ALS, amyotrophic lateral sclerosis caused by superoxide dismutase 1 gene mutations; TIV, tracheostomy invasive ventilation.

André Maier and Péter Kortvélyessy contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Muscle & Nerve published by Wiley Periodicals LLC.

Muscle & Nerve. 2023;1-7. wileyonlinelibrary.com/journal/mus 1



2| WILEY &NERVE

Funding information

Boris Canessa ALS Stiftung, Dusseldorf,
Germany; Martin Herrenknecht Fonds for ALS
Research (Stifterverband fiir die Deutsche
Wissenschaft e.V., project H401 7703 5132
37604).

MEYER ET AL.

Methods: In six SOD1-ALS patients treated with tofersen at three specialized ALS
centers in Germany, NfL in cerebrospinal fluid (CSF-NfL) and/or serum (sNfL) were
investigated using the ALS Functional Rating Scale Revised (ALSFRS-R) and ALS pro-
gression rate (ALS-PR), defined by monthly decline of ALSFRS-R.

Results: Three of the six SOD1-ALS patients reported a negative family history.
Three patients harbored a homozygous c.272A > C, p.(Asp91Ala) mutation. These
and two other patients showed slower progressing ALS (defined by ALS-PR <0.9),
whereas one patient demonstrated rapidly progressing ALS (ALS-PR = 2.66). Mean
treatment duration was 6.5 (range 5 to 8) months. In all patients, NfL decreased
(mean CSF-NfL: —66%, range —52% to —86%; mean sNflL: —62%, range —36%
to —84%). sNfL after 5 months of tofersen treatment was significantly reduced com-
pared with the nearest pretreatment measurement (P = .017). ALS-PR decreased in
two patients, whereas no changes in ALSFRS-R were observed in four participants
who had very low ALS-PR or ALSFRS-R values before treatment.

Discussion: In this case series, the significant NfL decline after tofersen treatment
confirmed its value as response biomarker in an expanded clinical spectrum of
SOD1-ALS. Given the previously reported strong correlation between sNfL and ALS

progression, the NfL treatment response supports the notion of tofersen having

KEYWORDS

1 | INTRODUCTION

In approximately 2% of people with amyotrophic lateral sclerosis
(ALS), disease-causative, toxic gain-of-function mutations are found in
the gene encoding superoxide dismutase 1 (SOD1).2? Tofersen is an
intrathecally administered antisense oligonucleotide degrading the
SOD1 messenger RNA and reducing SOD1 protein levels.># Recently,
tofersen has been investigated in a phase lll trial (the VALOR study)
that yielded a complex outcome, as the primary endpoint of Func-
tional Rating Scale Revised (ALSFRS-R) did not reveal statistical signif-
icance, yet trends favored tofersen across secondary endpoints,
including neurofilament light chain (NfL).>~” These early reductions in
NfL, as observed in the VALOR trial, preceded the further slowing of
ALSFRS-R decline during the open-label extension study.® The effect
of tofersen on NfL was of particular relevance as NfL is an established
prognostic biomarker of ALS for which a close correlation between
NfL, ALS progression, and survival has been demonstrated.® 2 Based
on the positive signals from the phase Il trial, an expanded access
program (EAP) was started in which tofersen is provided to ALS
patients with SOD1 gene mutations (SOD1-ALS) outside of clinical tri-
als. In Germany, the EAP was authorized in February 2022. Before the
tofersen EAP, a large-scale, multicenter NfL study was initiated in
which longitudinal clinical and serum NfL (sNfL) data are collected.
This combination of the EAP with the ongoing NfL study provided a
window of opportunity to analyze the clinical and biomarker course

before and during tofersen treatment.

disease-modifying activity.

amyotrophic lateral sclerosis, neurofilament light chain, tofersen

2 | METHODS

21 | Study design
This study involved the secondary use of existing data. The inves-
tigation was conducted in accordance with the STROBE

criteria.t®

2.2 | Study cohort
Data analysis was performed in patients fulfilling three main selection
criteria: (1) diagnosis of ALS; (2) harboring an SOD1 gene mutation;

and (3) treatment with tofersen for at least 5 months.

23 | Setting

2.3.1 | Access to existing data

Patients at three multidisciplinary ALS centers in Germany (Berlin,
Bonn, and Hannover) were identified. Data on clinical characteristics
and NfL were obtained from the “NfL-ALS” study. SOD1 mutation
status was assessed in the “ID-ALS” study. Demographics, ALSFRS-R,
and medication data, including tofersen treatment, were derived from
the “APST registry study.”
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2.3.2 | Data collection

Demographic, clinical, and NfL data were captured up to 12 months
before tofersen therapy and during the treatment. ALSFRS-R data
were assessed by self-rating either on a printed form or using the
ALS-App.** Data were collected between October 2021 and
November 2022.

2.4 | NfL analysis

Serum NfL (sNfL) concentrations were analyzed in a core facility at
the ALS center in Berlin. sNfL was measured using single-molecule
analysis technology (SIMOA) and the commercially available NfL
Advantage kit (Quanterix, Inc, Billerica, Massachusetts, USA).
Cerebrospinal fluid (CSF) NfL concentrations (CSF-NfL) were mea-
sured at the Labor Berlin - Charité Vivantes GmbH using the NF-
light enzyme-linked immunoassay (UmanDiagnostics, Umej,

Sweden).

2.5 | Protocol approvals and registrations

The study protocols were approved by the medical ethics committee
of Charité-Universitatsmedizin Berlin, Germany. Written informed
consent was obtained from all participants.

2.6 | Variables
2.6.1 | Clinical characteristics

Demographic data, SOD1 mutation details, and clinical characteristics

were collected.

2.6.2 | Functional deficit as measured by ALSFRS-R

The ALSFRS-R is a 12-item disease-specific instrument that measures

bulbar, gross, and fine motor functions and respiratory symptoms.t>1¢

2.6.3 | ALS progression rate

ALS progression rate (ALS-PR) was calculated using the following
formula: (48 — ALSFRS-R divided by disease duration
[in months]).2” Two classifications of ALS-PR were applied. In ALS-
PR classification 1, patients with slower (<0.5 ALSFRS-R/month),
intermediate (20.5 and <1.0 ALSFRS-R/month), and faster (>1.0
ALSFRS-R/month) progression were differentiated.’” In ALS-PR
classification 2, a distinction between faster progressing ALS (20.9
ALSFRS-R/month) and slower progressing ALS (<0.9 ALSFRS-R/month)

was made.’

AT WiLEy- L@

Clinical and genetic characteristics

TABLE 1

Allele Genotype

Family history TIV PEG ALSFRS-R ALS-PR ALS-PR classification 1 ~ ALS-PR classification 2 SOD1 mutation

M/F  Duration (months)

ID Age (years)

#1

Homozygous

asp91ala)

Homozygous

asp91ala)

Homozygous

asp91ala)

C.272a > c, p.

Slower progressing

Slow

0.18
0.06
0.27

45
0.

No

No
No

Negative

45

59
59

C.272a > ¢, p.

Slower progressing

Slow

46

No

Negative

33

#2

C.272a > c, p.

Slower progressing

Slow

42

No

No

Negative

22

#3 49
#4

Heterozygous

arg116gly)

C.346c > g/p.

Slower progressing

Slow

05

43

No

No

Positive

105
16
18

54
60

Heterozygous

arg116gly)
p, p-(glu134*)

C.346c > g, p.

Slower progressing

Intermediate

0.80
2.

35

No

No
Yes

Positive

#5

Heterozygous

C.396_399du

Faster progressing

Fast

66

1

Yes

Positive

#6 39

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional Rating Scale Revised; ALS-PR, ALS progression rate before tofersen treatment; duration, disease duration; F, female; M, male; PEG,

percutaneous endoscopic gastrostomy; TIV, tracheostomy invasive ventilation.
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TABLE 2 NfL and clinical course in SOD1-ALS patients before and during tofersen treatment

Parameters

Disease course (months)

Change

Parameters

Disease
course
(months)

2SUQDI'T suowto)) aanear) afqesrjdde ayy Aq pauIoA0s are sa[dnIE Y 2SN JO SA[NI J0f AIRIQIT dUIUQ A3[IA UO (

Outcome

Patient 1 (duration 42 months)

Patient 2 (duration 32 months)

Patient 3 (duration 22 months)

-10 39.47
-2 28.53 45
-1 59.68

61.59 2607 45

142
127
0.07 53.90
157
0.07 125 63.26 2965

46
46

0.13
0.06
0.06

Outcome  sNfL NfL-CSF ALS-FRS-R  ALS-PR  SVC  sNfL NfL-CSF  ALS-FRS-R  ALS-PR  SVC  sNfL NfL-CSF ALS-FRS-R  ALS-PR SVC

104 83.77 42 0.30 97
43 0.24
85 107.01 2182 42 0.27 95

—70% —53% -2 0.05 -3 —47% —68% -2 0.04 22 —84% —52% 1 -0.10 8
Patient 4 (duration 108 months) Patient 5 (duration 16 months) Patient 6 (duration 18 months)
ALS- ALS-
sNfL NfL-CSF ALS-FRS-R ALS-PR SVC  sNfL NfL-CSF ALS-FRS-R PR SVC  sNfL NfL-CSF ALS-FRS-R PR svc
271 6765 21 7.06
90.3
41 1.0
39 0.9
87.20 43 0.05 120 40 0.6
36 0.9
62.3
17741 17490 45 0.03 96 35 0.8 390 6741 1 371
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FIGURE 1 Serum
neurofilament light chain (sNfL)
before and during treatment with
tofersen. A, Individual slopes of
sNfL concentration during ALS
disease course (patients 1 to

5). B, Individual slope of sNfL
concentration (patient 6). C, sNfL
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decreased during tofersen treatment compared with baseline. Repeated-
measures analysis of variance also showed significant results (sNfL:
P = .047). Results are summarized in Table 2 and Figure 1.

4 | DISCUSSION

In this study we have undertaken an exploratory analysis of NfL in six
SOD1-ALS patients treated with tofersen as part of an EAP. In fact, all
patients showed a significant NfL decrease in response to tofersen ther-
apy. Thus, the principle finding of NfL responsiveness was reproduced, as
previously demonstrated in the VALOR and open-label extension study.”
Furthermore, our study has expanded the treatment experience
with tofersen as five of the six EAP patients showed clinical character-
istics that were not included or were less frequent in the VALOR
study. One patient underwent invasive ventilation and had near-total
loss of motor function (ALSFRS-R = 1), a functional deficit not
reported in VALOR (minimum ALSFRS-R score = 15).° Three patients
harbored a homozygous Asp91Ala mutation, which was rarely
included in the VALOR study (n = 2, 1.9%).> Two patients showed a
very slow progression (ALS-PR before treatment of 0.05 and 0.06,
respectively; Table 1), which was well below the mean ALSFRS-R
slope of the VALOR slower progression subgroup (—0.30 # 0.20).°
Despite the different clinical and genetic characteristics of the treated
patients, the decrease in NfL was a common feature of tofersen ther-
apy. Also, the extent of NfL reduction was comparable to that seen in
the VALOR data.’® This finding underscores the feasibility of NfL as a
therapeutic biomarker in an expanded clinical spectrum of SOD1-ALS,

including very slow progression or severe motor deficits.

Four of the six patients were treated for at least 7 months and
thus correspond to the placebo-controlled phase of the VALOR trial
(28 weeks).> Nevertheless, our findings must be considered in the
context of some limitations. With six patients and the short treatment
time, the scope of our study was limited. In particular, in patients with
slow ALS progression, a longer observation time is essential to estab-
lish a correlation between the clinical and biomarker treatment
response. Given the pathophysiological role of NfL as an indicator of
neuroaxonal damage and the strong correlation between NfL and ALS
progression, the prognostic significance of NfL reduction can be
assumed but requires confirmation by further research. More specifi-
cally, a continued investigation of our cohort as well as the inclusion
of additional patients will clarify the latency and effect size in which
NfL response converges with clinical outcome including ALSFRS-R.

The ALSFRS-R was the primary endpoint in the VALOR trial and
was also of interest in this case series. Two patients (patients 3 and 5)
showed a reduction of ALS-PR. Although any individual case data must
be treated with caution, these EAP participants showed that a reduction
in NfL was associated with a stabilization of the clinical course. Three of
the six patients showed such a slow progression rate that, given the
short duration of therapy, no change in ALSFRS-R could be expected.
Furthermore, in one patient (patient 6), the ALSFRS-R (total score = 1)
became uninformative due to the floor effect of the instrument.'® With
a longer duration of treatment with tofersen, it will be of major interest
whether patients with large deficits also show a stabilization of the dis-
ease or even a return of certain motor functions. In patients with severe
deficits or slow progression, the assessment of patient-reported out-
comes (PROs) will be of particular importance, which allows a systemic

detection of apparently minor changes that are not reflected in the
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ALSFRS-R but may have a high functional meaning at the individual
level. Thus, systematic analysis of PROs in patients with spinal muscular
atrophy and nusinersen treatment has shown a response to therapy in
addition to and beyond clinical functional scores.’

Overall, the NfL data correspond with the VALOR results and
underscore the role of NfL as an early treatment response marker in
ALS. Furthermore, the data presented support the disease-modifying
activity of tofersen in SOD1-ALS. The expansion of the observation in
terms of treated SOD1 mutations, treatment duration, the number of
included patients, and by that means of ALSFRS-R endpoint data, as
well as the exploration of PROs, will provide additional information on
the efficacy of tofersen in SOD1-ALS.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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