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Introduction

Abstract

Objective: The aim of this study was to evaluate neurofilament light chain as
blood biomarker for disease activity in children and adolescents with different
types of spinal muscular atrophy (SMA) and establish pediatric reference values.
Methods: We measured neurofilament light chain levels in serum (sNfL) and
cerebral spinal fluid (cNfL) of 18 children with SMA and varying numbers of
SMN2 copies receiving nusinersen by single-molecule array (SiMoA) assay and
analyzed correlations with baseline characteristics and motor development.
Additionally, we examined sNfL in 97 neurologically healthy children. Results:
Median sNfL levels in treatment-naive SMA patients with 2 SMN2 copies are
higher than in those with >2 SMN2 copies (P < 0.001) as well as age-matched
controls (P = 0.010) and decline during treatment. The median sNfL concentra-
tion of healthy controls is 4.73 pg/mL with no differences in sex (P = 0.486)
but age (P < 0.001). In all children with SMA, sNfL levels correlate strongly
with cNfL levels (r = 0.7, P < 0.001). In children with SMA and 2 SMN2
copies, sNfL values correlate with motor function (r = —0.6, P = 0.134), in con-
trast to older SMA children with >2 SMN2 copies (r = —0.1, P = 0.744). Inter-
pretation: Reference sNfL values of our large pediatric control cohort may be
applied for future studies. Strong correlations between sNfL and cNfL together
with motor function suggest that sNfL may be a suitable biomarker for disease
activity in children with 2 SMIN2 copies and those with >2 SMN2 copies within
their initial stages during early childhood.

type II (SMA II, MIM 253550), and mild type III (SMA
III MIM 253400)." In type I, the majority of individuals

As the most common genetic cause of infant mortality,
spinal muscular atrophy (SMA) results from deleterious
variants in SMNI, which lead to deficiency of survival
motor neuron protein (SMN). This deficiency of SMN is
followed by degeneration of motor neurons and associ-
ated with progressive atrophy of skeletal and respiratory
muscles.' An SMNI paralog, SMN2, is considered the
most important phenotype modifier in a copy-dependent
manner and partially compensates the deficit of SMN1.?
By convention, childhood SMA is classified into sub-
types based on age at onset and maximal acquired motor
skills: severe type I (SMA I, MIM 253300), intermediate

carry 2 SMN2 copies and if left untreated need permanent
ventilation or die from respiratory failure within the first
two years of life.” Most SMA II patients carry 3 SMN2
copies and may sit, yet are unable to stand or walk. In
SMA 111, most individuals carry 4 SMN2 copies and are
able to walk, but require wheelchair assistance later in
life.*

The anti-sense oligonucleotide nusinersen (Spinraza,
Biogen, Cambridge, USA) has been approved as the first
of three disease-modifying therapeutic agents and is given
intrathecally in periodic intervals.”® Treatment options
expanded with approval of onasemnogene abeparvovec,
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Serum NfL in Health and Pediatric SMA

an adeno-associated virus 9-based gene delivery, and ris-
diplam, an orally deliverable small molecule splicing mod-
ifier.” While nusinersen has been the first drug that
demonstrates clinical efficacy, the extent and progress rate
of motor function improvements under treatment have
been described as diverse.>® Therefore, objectively mea-
sured molecular biomarkers, which reflect pathologic pro-
cesses and their response to therapeutic interventions,
may be a good addition to current diagnostic means.
Neurofilaments have gained increasing attention in this
regard.” "' As structural constituents of the axoskeleton,
neurofilaments are neuron-specific and composed of four
subunits including neurofilament light chain (NfL) and
heavy chain (NfH)."? Following neuroaxonal damage,
neurofilaments are released into the interstitial fluid, the
cerebral spinal fluid (CSF) and peripheral blood. Despite
significantly lower blood concentrations, reproducible
measurements were made feasible by ultra-sensitive
single-molecule array (SiMoA) assays that are able to
detect serum proteins at subfemtomolar concentra-
tions.'>'*

Biomarkers that are conveniently quantifiable in the
blood are desirable. To date, few studies aimed at
addressing neurofilament as a potential blood biomarker
for SMA. One study measured NfH plasma concentra-
tions in children with SMA I by means of a microfluidic
enzyme-linked lectin immunoassay (Simple Plex plat-
form),” another evaluated serum NfL (sNfL) in adolescent
and adult patients with SMA II-IIT using SiMoA,'! with
discrepant results suggesting potential age dependency. So
far, there has been no information concerning the value
of neurofilament as a biomarker of disease activity in
children with later-onset SMA. In order to assess the
value of NfL as a diagnostic and monitoring biomarker in
SMA and evaluate whether elevated NfL levels are associ-
ated with SMA subtype or age, we quantified NfL concen-
trations in serum and CSF of children and adolescents
with SMA carrying either 2 SMN2 copies or >2 SMN2
copies before and during therapy with nusinersen over a
period of up to 34 months. Owing to the reliably repro-
ducible SiMoA method, the data of our large and broad
age-ranged pediatric control cohort may be applied as ref-
erence values for further studies investigating sNfL in
SMA and other pediatric neurodegenerative diseases.

Methods

Standard protocol approvals, registrations,
and patient consents

The study was approved by the Ethics Committee of the
Technische Universitit Dresden, Germany (183042019)
with written informed consent obtained from each
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participant and/or their legal representative and conducted
in accordance with the International Conference on Har-
monization guidelines for Good Clinical Practice and the
World Medical Association Declaration of Helsinki.

SMA patient assessment

In total 18 SMA patients ranging from 18 days to
17.2 years of age (at time of inclusion) were included in
this study. A distinction was made between SMA patients
with 2 SMN2 copies, that are most likely classified as
SMA I, and SMA patients with a later-onset type of dis-
ease and >2 SMN2 copies, most likely classified as SMA
II-1II. Further information on the study participants is
detailed in the results section in Table 1. Baseline and
serial serum and CSF samples along with clinical informa-
tion were obtained on a regular, nusinersen-synchronized
basis, prior to intrathecal drug administration. The rec-
ommended dosing regimen was followed and included a
baseline, prior to the initiation of treatment (dose 1:
month 0); an initial loading phase (dose 2: month 0.5,
dose 3: month 1, and dose 4: month 2) as well as a main-
tenance phase with repeated intervals of 4 months (dose
5: month 6, dose 6: month 10, dose 7: month 14, dose 8:
month 18, dose 9: month 22, dose 10: month 26, dose
11: month 30 and dose 12: month 34). Treatment dura-
tion ranged from 2 to 34 months (median of 22 months)
with the number of samples per time point detailed in
Supplementary Table S1. SMA patients were compared to
age-matched controls without SMA from our reference
cohort. Motor function was measured using the Chil-
dren’s Hospital of Philadelphia Infant Test of Neuromus-
cular Disorders (CHOP INTEND, point scale of 0-64) for
patients younger than 2 years and the Hammersmith
Functional Motor Scale Expanded (HEMSE, point scale
0-66) for patients older than 2 years. In both tests, higher
scores indicate better motor function.'>'®

Controls

In consideration of the lack of reference values in child-
hood'? one-time serum samples from 97 healthy children
(aged 2.4 months—18.1 years), who met inclusion criteria
(exclusion of existing neurodegenerative, recent acute or
chronic inflammatory disease, systemic immune diseases,
drugs affecting the immune or nervous system, injuries to
the CNS in the last year) were collected. The cohort
included age-matched controls for all SMA patients.

CSF and serum analysis

CSF, obtained via lumbar puncture and serum from
peripheral blood was taken, centrifuged and stored at
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Table 1. Characteristics of treatment-naive SMA patients.

Serum NfL in Health and Pediatric SMA

SMIN2 SMA Age at

cNfL baseline

sNfL baseline Number of Number of age-

Patient (#) copy number subtype Sex baseline (years) (pg/mL) (pg/mL) doses received matched controls
1 2 | m 0.05 23800 676 4 6
2 2 I f 0.22 6590 381 10 6
3 2 | m 0.25 19000 1030 4 6
4 2 | f 0.93 4020 335 4 6
5 >2 (3) Il m 1.05 489 34.50 6 12
6 >2 (3) Il f 3.44 259 22.90 12 4
7 >2 (3) [-111 f 3.61 157 11.70 9 4
8 >2 (3) Il f 4.29 246 n.a. 10 8
9 >2 (3) [I581]] f 4.43 381 23.60 12 8
10 >2 (4) (I=1] m 7.90 165 6.55 10 3
I >2 (4) [1-11 m 7.90 141 7.72 10 3
12 >2 (3) Il f 8.99 314 10.42 9 1
13 >2 (3) Il m 9.84 244 5.35 12 4
14 >2 (3) Il m 10.72 106 5.24 8 5
15 >2 (3) Il m 11.07 112 10.80 10 6
16 >2 (3) llla f 15.18 485 10.70 6 6
17 >2 (3) llla f 15.43 169 10.10 7 6
18 >2 (3) 1] f 17.21 207 4.29 5 3

Demographics of SMA patients and their age-matched controls. Indicated are patient labels, count of SMN2 copies, most likely classified SMA
subtype, sex and age at the initiation of treatment. Additionally, baseline sNfL and cNfL levels, the total number of nusinersen doses received until
data cut as well as the number of age-matched healthy controls are given. n.a., data not available; SMA, spinal muscular atrophy; cNfL, CSF neu-

rofilament light chain; sNfL, serum neurofilament light chain.

—80°C. NfL concentrations in CSF and serum were mea-
sured by single-molecule array (SiMoA) assay performed
on the instrument HD-1 Analyzer (Quanterix, Lexington,
MA, USA)">"” using the two-step Assay Dilution 2.0 pro-
tocol for the NF-light Advantage kit from Quanterix,
which employs an anti-NfL monoclonal antibody and cal-
ibrators produced by UmanDiagnostics (Umed, Sweden).
Analyses were performed in duplicates. Interassay coeffi-
cients of variation (CV) were less than 10%. SiMoA,
which confine enzyme labels within femtoliter volumes
and thereby enable the detection of single molecules, are
currently considered the most sensitive method for the
analysis of NfL in blood."*

Statistical analysis

According to the D’Agostino-Pearson test, data were not
normally distributed. Therefore, nonparametric tests were
performed. Reference values by groups of sex and age as
well as baseline characteristics of patients with 2 and >2
SMN2 copies were pairwise analyzed by Mann—Whitney-
U and Kruskal-Wallis tests. Changes in parameter values
(NfL and motor function) over the course of time were
evaluated by Wilcoxon matched-pairs signed-rank tests
and indicated by descriptive statistics. Associations
between NfL in CSF (cNfL) and serum (sNfL) as well as
between sNfL concentrations and motor function scores

were assessed with Spearman and Pearson correlation
coefficients 7 and linear regression. All analyses and plots
were implemented using GraphPad Prism version 9
(GraphPad Software Inc., San Diego, California). The
tests were two-sided and P values along with their 95%
confidence interval (CI) were presented. Results with P
values < 0.05 were interpreted as statistically significant.

Results

Reference serum NfL values in children

To explore age and sex related sNfL value changes, we
assessed sNfL values from 97 individuals aged 2 months to
18 years (median age of 6.3 years) without any neurodegen-
erative or inflammatory disorder (overall median of
4.73 pg/mL, range: 1.84-25.00 pg/mL, n = 97; Fig. 1A).
Comparison of different age groups revealed significantly
higher median sNfL levels in infants and children until the
age of 4 years (7.12 pg/mL, range: 2.73-25.00 pg/mL,
n =38) compared to children and adolescents aged
between 5 and 18 years (4.07 pg/mL, range: 1.84-16.80 pg/
mL, n =59, 95% CI [1.790, 3.750], P < 0.001; Fig. 1B).
Median value comparison of 43 female children (4.49 pg/
mlL, range: 2.65-12.50 pg/mL, 44%) and 54 male (4.98 pg/
mL, range: 1.84-25.00 pg/mL; 56%) indicated no significant
sex difference (95% CI [-0.510, 1.100], P = 0.486; Fig. 1C).

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2015
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Figure 1. sNfL in pg/mL in neurologically healthy children (n = 97). (A) Dot plot association between sNfL and age (in years) with the median
sNfL value of 4.73 pg/mL represented by a horizontal line. (B, C) Boxplots of sNfL levels in healthy controls separated by age groups (<1, 1-4, 5-
9, 10-14, 15-18 years) and sex (female vs. male). Given are median, minimum, maximum levels and the interquartile range (25% and 75%
percentile) as well as the P value showing significant differences (ns, non-significant) between groups (Mann-Whitney-U and Kruskal-Wallis test).

Serum and CSF NfL levels in treatment-naive
SMA patients

The population of 18 SMA patients consisted of 10
females (56%) and 8 males (44%), comprising 4 children
(22%) with infantile-onset SMA (2 SMN2 copies, most
likely classified as SMA I) with a median age of
2.8 months (age range: 18 days—11.1 months) and 14
children (78%) with later-onset SMA (>2 SMN2 copies,
most likely classified as SMA II-1II) with a median age of
8.4 years (age range: 1.1-17.2 years; Table 1). Baseline
NfL values in both body fluids, CSF and serum, of the 18
SMA patients before the initiation of nusinersen treat-
ment (first dose, month 0) were significantly higher
within the group of patients with 2 SMN2 copies than in
those with >2 SMIN2 copies (95% CI; CSF [3855, 23541],
serum [327, 1019], P < 0.001; Fig. 2A and B). In CSF the
NfL medians were 12795 pg/mL (range: 4020-23800 pg/
mL, n=4) and 226 pg/mL (range: 106—489 pg/mL,
n = 14) for patients with 2 SMN2 copies and patients
with >2 SMN2 copies, respectively. In serum, the NfL
median of patients with 2 SMN2 copies aged <l year
were 529 pg/mL (range: 335-1030 pg/mL, n =4) and
thus 50-fold increased (95% CI [323, 1021], P = 0.010) in
comparison to the sNfL median of their age-matched
controls (10.53 pg/mL, range: 5.57-25.00 pg/mL, n = 6).
SMA patients with >2 SMN2 copies aged between 1 and
17 years exhibited a median sNfL level of 10.42 pg/mL
(range: 4.29-34.50 pg/mL, n = 13), which is two times
higher (95% CI [1.990, 6.880], P < 0.001) than the med-
ian of their age-matched controls (4.65 pg/mL, range:
1.84-12.00 pg/mL, n = 52).

2016

Changes in serum and CSF NfL levels in
nusinersen-treated SMA patients over time

In patients with 2 SMIN2 copies, NfL levels monotonically
decline, most notably observed between treatment dose 1
through 7 in c¢NfL (Fig. 3A ans B) and treatment dose 2
through 5 in sNfL (Fig. 3C and D), with a relative plateau
thereafter. An initial sNfL concentration increase after
two weeks of treatment remains statistically insignificant
(P > 0.999). Within the course of time, sNfL concentra-
tions approach the aforementioned age-matched median
control value of 10.53 pg/mL, with the lowest median
sNfL level of 36.80 pg/mL remaining approximately three
times higher. In contrast, in the 14 SMA patients with >2
SMN2 copies, sNfL values are generally close to those of
their age-matched controls (4.65 pg/mL) and there is no
apparent downward trend (Fig. 3C, D). Median NfL
changes over time for both patient groups are summa-
rized in Table 2.

Correlation of serum and CSF NfL
concentrations and association with motor
performance

To assess whether NfL concentrations in CSF and serum
are correlated, we calculated the Spearman and Pearson
correlation coefficient (r) for 120 paired CSF and serum
samples of the 18 SMA patients. A high correlation
between NfL in both compartments was observed (Spear-
man: 95% CI [0.575, 0.773], r = 0.7, P < 0.001; Pearson:
95% CI [0.955, 0.978], r = 1.0, P < 0.001; Fig. 4; correla-
tion of SMA patient subgroups see Supplementary

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 2. Neurofilament concentrations in patients with SMA and age-matched controls. NfL values of patients with 2 SMN2 copies and patients
with >2 SMIN2 copies (A) in CSF (cNfL, shades of blue) (B) and serum (sNFL, shades of red) compared to their age-matched neurologically healthy
controls (CTL). Boxplots show minimum, maximum, and median levels as well as the interquartile range (25% and 75% percentile). Significant
differences between groups are displayed by P values (Mann-Whitney-U test).

Figure S1). Due to this strong correlation, sNfL values
were used to further evaluate associations between
changes in NfL and motor function. Depending on the
patient’s age, motor function during the course of nusin-
ersen treatment was evaluated either by CHOP INTEND
(<2 years) or by HFMSE scales (>2 years). Therefore,
with the exception of patient #5, individuals assessed by
CHOP INTEND reflect the motoric development of SMA
patients with 2 SMN2 copies. Children assessed by the
HEMSE constitute the cohort of SMA patients with >2
SMN?2 copies and later-onset disease. Although presenting
>2 SMN2 copies, the motor skills of patient #5 were age-
appropriately measured using the CHOP INTEND and
analyzed individually. At baseline, prior to treatment ini-
tiation, SMA patients with 2 SMN2 copies scored the
CHOP INTEND with 18.5 4+ 6.2 points (mean £+ SEM,
n = 4). Administration of nusinersen was associated with
both, a steady improvement in motor function and a
decline of NfL concentrations in serum (Fig. 5A). The
baseline score of SMA patients with >2 SMN2 copies eval-
uated by the HFMSE was 16.5 &+ 4.7 points (mean =+
SEM, n = 11). No relevant changes in motor function or
NfL concentration were observed during the period of
nusinersen treatment (Fig. 5B). These results suggest that
an increase in motor function and a decrease in NfL con-
centrations are negatively correlated in SMA patients with
2 SMIN2 copies and uncorrelated in SMA patients with >2
SMN2 copies. The Spearman and Pearson correlation

coefficients confirmed a moderate to strong negative cor-
relation between the increase in CHOP INTEND scores
and decrease of sNfL concentrations (Spearman: r = —0.6,
P = 0.134; Pearson: 95% CI [-0.975, —0.414], r = 0.9,
P =0.005, Fig. 5C). In contrast, no correlation was
observed between HFMSE scores and the corresponding
sNfL values (Spearman: r = -0.1, P = 0.744; Pearson:
95% CI [-0.642, 0.686], r = 0.0, P = 0.920, Fig. 5D).

In view of the previous lack of data concerning NfL
concentrations in younger patients with later-onset SMA
at initial stages of the disease during early childhood,
patient #5, the youngest SMA patient of our cohort with
>2 SMN2 copies, was analyzed more closely. Due to his
age of 1 year at the time of treatment initiation, he was
the only patient with >2 SMN2 copies to be tested with
the CHOP INTEND. Starting from a baseline score of 32
points, an increase in motor function with a maximum of
44 points at treatment dose 7 (14 months after the initia-
tion of treatment) was noted and the Spearman and Pear-
son correlation coefficients revealed a strong inverse
correlation with the changes in the patient’s sNfL levels
during therapy (Spearman: r = —1.0, P = 0.333; Pearson:
r=-0.9, P =0.236).

Discussion

The increasing availability of therapeutic options for
patients with SMA on one hand and heterogeneous

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2017
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healthy age-matched controls (CTL).

clinical response to therapies on the other hand, empha-
sizes the need for reliable biomarkers to monitor disease
activity and treatment response. Results of previous stud-
ies that explored both, neurofilament light chain (NfL)
and neurofilament heavy chain (NfH), as blood biomark-
ers in different types of SMA are inconclusive, depending
on the subtype.”!" Both proteins are exclusively expressed
in the cytoskeleton of neurons, yet differ in their molecu-
lar weight, stoichiometric distribution, and posttransla-
tional modifications, which affect their release and
clearance dynamics.'>'® To assess the value of NfL as a
diagnostic and monitoring biomarker in pediatric SMA
patients of different ages, we investigated whether NfL
values in serum and CSF reflect changes of disease activ-
ity and treatment response in children and adolescents
with SMA and different SMN2 copies over an extended
period of up to 34 months. Using ultrasensitive SiMoA

2018

immunoassays, we additionally investigated serum NfL in
a large group of healthy controls to establish reference
data across the pediatric age-span. Owing to its analytical
quality and inter-laboratory reproducibility,'® the pre-
sented control cohort may be instrumental as NfL-
reference range for further studies of pediatric neurode-
generative disorders. Similar to previous data in adults,
our results in the pediatric control cohort revealed no
gender differences in sNfL concentrations.”® We identified
a bimodal age distribution of two significant intervals that
discriminates children between 0 and 4 years of life and
older children/ adolescents between 5 and 18 years. The
higher NfL concentrations observed in the younger age
group are in agreement with pediatric control values
obtained by other colleagues®' and may reflect the physio-
logical neuronal programmed cell death as part of neu-
ronal network reconfigurations within the developing

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 2. Course of NfL levels in nusinersen-treated SMA patients.

Serum NfL in Health and Pediatric SMA

) 2 SMN2 copies
Time after treatment

>2 SMIN2 copies

Dose initiation (months) sNfL (pg/mL) cNfL (pg/mL) sNfL (pg/mL) cNfL (pg/mL)

1 0 529 (335-1030) 12795 (4020-23800) 10.42 (4.29-34.50) 226 (106-489)
2 0.5 848 (254-1320) 10485 (3050-32600) 10.60 (6.31-24.30) 234 (138-1270)
3 1 519 (10-1550) 9485 (2870-28000) 9.23 (5.11-52.00) 209 (98-767)

4 2 185 (106-191) 4130 (1680-5790) 7.47 (4.00-24.70) 157 (93-376)

5 6 52.60 677 5.68 (2.94-11.10) 107 (69-213)

6 10 73.10 488 5.51 (2.74-20.50) 109 (65-221)

7 14 36.80 403 4.81 (2.90-10.60) 136 (63-234)

8 18 78.90 1340 10.04 (3.72-96.40) 177 (107-1860)
9 22 50.70 698 5.04 (4.19-10.10) 165 (134-246)
10 26 45.00 4.04 (3.94-12.10) 172 (59-230)
11 30 4.88 (4.26-5.50) 156

12 34 3.07 (2.59-3.48)

Median (+ range) sNfL and cNfL levels (pg/mL) of SMA patients with 2 SMN2 and >2 SMN2 copies under treatment with nusinersen (referring to
number of nusinersen dose administrations and corresponding time from baseline in months).
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Figure 4. (A) Neurofilament concentrations in CSF (cNfL) and serum (sNfL) of all SMA patients during the course of nusinersen treatment
(corresponding time points see Fig. 3A). Data points and error bars correspond to means and SEM, respectively. (B) Correlation between all cNfL
and sNfL values of all SMA patients. The linear regression line and 95% confidence interval (dotted curves) are depicted

CNS.? Likewise, immature clearance mechanisms may
also contribute to higher NfL concentrations.”’

Serum NfL values in untreated SMA patients were sig-
nificantly higher than their age-matched controls and
associated with severity of disease. sNfL concentrations in
children with SMA and 2 SMN2 copies were more than
50-fold higher than in individuals with later-onset SMA
and >2 SMN2 copies. A more precise distinction between
individuals with 3 and 4 SMN2 copies was not feasible
considering an unequal sample size to the disadvantage of
individuals with 4 SMN2 copies. During our observation
period of up to 34 months, ¢cNfL and sNfL levels in

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

children with SMA and 2 SMN2 copies decrease while
those in children with SMA and >2 SMN2 copies only
marginally decrease during the course of treatment. This
is not unexpected, since their NfL values are (although
statistically significant) only moderately different from
values of neurologically healthy children and further con-
verge toward sNfL levels of controls within the observed
treatment period. Analogously, their cNfL values, prior to
the initiation of treatment, are within a previously
reported reference interval of adults measured by ELISA
(<380 pg/mL; UmanDiagnostics, Umea, Sweden).** The
highly elevated pre-treatment NfL concentrations seen in
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Figure 5. (A, B) Mean (+ SEM) sNfL levels (left y-axis) and motor function scores (right y-axis) over time during therapy with nusinersen (at the
corresponding treatment dose administrations) of SMA patients with 2 SMN2 copies measured by CHOP INTEND (A) and SMA patients with >2
SMN2 copies measured by HFMSE (B). (C, D) Correlation between sNfL levels and motor function scores of SMA patients with 2 SMN2 copies (C)
and >2 SMN2 copies (D). Data points represent the means of sNfL values and motor scores from panels A and B of time points, in which both

measurements were simultaneously determined. The linear regression line and the 95% confidence interval (dotted curves) are depicted.

infantile-onset SMA are in line with previously reported
levels of ¢cNfL and NfH in plasma of treatment-naive
SMA patients with 2 SMN2 copies.”'® These data help to
understand the natural history of disease that is character-
ized by a rapid decline of functional abilities during the
first 6 months of life.”> Besides, higher pre-treatment NfL
concentrations were not only associated with disease sub-
type but also younger age (cNfL vs. age: Spearman: 95%
CI [-0.871, —0.286], r = —0.7, P = 0.002; Pearson: 95% CI
[—0.798, —0.082], r = —0.5, P = 0.024; sNfL vs. age: Spear-
man: 95% CI [-0.944, —0.598], r = —0.8, P < 0.001; Pear-
son: 95% CI [-0.838, —0.166], r = —0.6, P = 0.011). The
age association is highlighted by patient #5, the youngest
SMA patient with 3 SMN2 copies, who at the age of
1 year with 34.50 pg/mL exhibited a considerably higher
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initial concentration than the other SMA patients with >2
SMN2 copies (4.29-23.60 pg/mL). These data are particu-
larly valuable as they fill an information gap of NfL values
in patients with later-onset SMA within their initial stages
of disease during early childhood, as previously pointed
out by Wurster et al.'!

We detected one outlier of one patient carrying >2
SMN2 copies at the 8" nusinersen administration that
was notable both, in CSF and serum. Taking common
standard conditions and a high degree of pre-analytical
stability into account,*® the simultaneous NfL increase in
both compartments suggests a previous intra-individual
neuronal injury, for example, as part of a disease flare-up
or infection. A recent experimental study in macaque
monkeys suggests that repeated CSF sampling by lumbar
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puncture can lead to iatrogenic NfL elevations, likely
caused by nerve root damage of the cauda equine.”’” As
long as comprehensive kinetic studies are still pending,
this possible confounder should be taken into considera-
tion, especially in those SMA patients in whom progressive
neuromyopathic scoliosis complicates lumbar punctures. A
less invasive route of sampling, particularly in childhood,
that is collection of blood, is desirable for an ideal biomar-
ker of neuronal damage. In this regard, our evaluation of
the relationship between CSF- and serum-NfL pairs
revealed a high positive association. Analogous to findings
in adults,”® this result indicates, that measurements of NfL
in the peripheral blood of children reflect neuroaxonal
CNS damage as reliable as their measurements in CSF. A
study by Wurster et al. described a positive correlation of
CSF and serum NfL levels in adult patients with SMA II
but not with SMA IIL."" We determined a positive correla-
tion in both subgroups of our pediatric patient cohort.

So far, changes in SMA disease status and treatment
response are described by clinical alterations in motor
function. While significant clinical improvements are the
best evidence of efficacy and should be the primary out-
come measure, in the light of a well-recognized inter- and
intraindividual variability in motor development, addi-
tional reliable molecular biomarkers that objectively assert
disease states and therapeutic responses of children with
SMA would expand current possibilities.

In agreement with previous studies, we found that
decreasing sNfL concentrations in SMA patients with 2
SMN?2 copies, who were younger than 1 year at the initia-
tion of nusinersen treatment, were associated with an
increase in motor performance evaluated by the CHOP
INTEND.”'® In contrast, the mild improvement of motor
function of the older individuals with SMA and >2 SMN2
copies, evaluated by the HFMSE, did not correlate with
sNfL changes, confirming data by Wurster et al. from a
shorter observational period."" As only exception, the con-
siderably younger patient #5 with 3 SMN2 copies showed
substantial improvements in motor skills, which were clo-
sely correlated with changes in sNfL concentrations during
treatment (Spearman: r = —1.0, P = 0.333; Pearson: r = —
0.9, P = 0.236). We, therefore, hypothesize whether the age
at the initiation of treatment is an even more decisive
determinant of future changes in NfL and motor function
achievements than the SMN2 copy number.

The physical abilities during the course of disease in
older patients (>3 years) with SMA and >2 SMN2 copies
lack correlation with NfL values. Their NfL levels were
comparatively lower than those of SMA patients with 2
SMN2 copies and close to control values, suggesting no or
only marginal neuroaxonal degeneration. These observed
low values close to controls, even prior to the initiation of
treatment, are in agreement with NfL levels observed in

Serum NfL in Health and Pediatric SMA

adult patients with SMA and >2 SMN2 copies.'' They
could be explained by a very slow natural disease progress
or could indicate that in those patients the natural disease
course may not be dominated by motor neuron loss, but
rather other non-neurodegenerative mechanisms, such as
glia-mediated neuroinflammation or muscular pathologies.

Evidence for a mutual influence between motor neu-
rons and glial cells as well as glial-mediated immune acti-
vation come from different experimental cellular and
animal models, recently reviewed by Abati et al.** Corre-
spondingly, gliosis and glial bundle formation have been
observed in post-mortem spinal cord and brain stem of
SMA patients.”*”"

Notably, in an SMA mouse model, the muscle-specific
SMN reduction has been described to transition to a cell-
autonomous muscle pathology as a consequence of ongo-
ing low SMN levels.”” Chronic activity-related serum cre-
atine kinase elevations observed in SMA patients,
persisting  despite  nusinersen-treatment, presumably
reflect this chronic continuing muscle disorder. Other
experiments, reviewed by Groen et al., revealed an impor-
tant temporal regulation of SMN expression at the neuro-
muscular junction during development™ with highest
protein levels in the human spinal cord during early
embryogenesis and decline within the first three postnatal
months, possibly indicating a particular need for SMN
protein during this developmental stage.** Earlier diagno-
sis and initiation of treatment could prevent motor neu-
ron loss during this postnatal vulnerable period.
Consistent with this notion, newborn screening (NBS)
programs for SMA are explored and implemented in a
growing number of countries.’>”® Whether sNfL may
serve as a biomarker of disease activity, able to confirm
the urgency of therapy in presymptomatic children, needs
to be further studied. Recently, Otsuki et al. established a
promising semi-quantitative analysis, on the basis of
which SMN protein changes in a peripheral blood nuclear
cell population may be monitored using imaging flow
cytometry.”” As such, NfL and SMN protein are potential
complementary SMA biomarker candidates that could
reflect disease activity and therapeutic efficacy out of dif-
ferent angels, with SMN protein count as specific positive
verification of efficient therapeutic upregulation and NfL
as a negative indicator of ongoing neuroaxonal injury.
Our data on NfL in SMA patients, along with findings
of other groups, raise questions about whether low
treatment-naive NfL concentrations within reference
ranges may indicate a missed window of opportunity for
SMN modifying interventions.

Taken together, our broad pediatric control cohort
may serve as reference values for further studies investi-
gating sNfL in pediatric neurodegenerative diseases. Given
the rarity and heterogeneity of SMA, a limitation of the
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study is the relatively small number of patients. While
further research is required to validate these findings, we
conclude that serum NfL values in children and adoles-
cents with SMA and varying SMN2 copies reliably reflect
CSF values, regardless of the underlying subtype. Serum
NfL concentrations are correlated with clinical changes in
motor function in SMA patients with 2 SMN2 copies and
one SMA patient with >2 SMN2 copies within his first
2 years of life. With regard to the availability of different
disease-modifying therapies, monitoring of sNfL in these
children may serve as a complementary early indicator of
treatment response and help to stratify disease manage-
ment. In patients with >2 SMN2 copies who are older
than 3 years, sNfL values differ only moderately from
age-matched controls and fail to mirror changes in motor
function, suggesting that in later stages of SMA the
pathophysiological process of neurodegeneration may be
marginal or play a minor role than previously anticipated.
This hypothesis, together with the question of whether
sNfL elevations could delineate a critical window of sus-
ceptibility for effective SMN-modifying interventions,
encourage further investigation.

Acknowledgments

The authors thank the patients and their families involved
in the study for their participation. The authors also
acknowledge the support of Xina Grahlert and Evelyn Trips
of the Coordinating Center for Clinical Studies of the Tech-
nische Universitat Dresden and the SMArtCARE initiative
for a standardized data collection platform and training
workshops for physiotherapeutic assessments. Open Access
funding enabled and organized by Projekt DEAL.

Author Contributions

Study concept and design: M.v.d.H. and V.T. Acquisition,
analysis and interpretation of data: all authors. Drafting of
the manuscript: E.N., M.v.d.H. and V.T. All authors
reviewed and approved the final version of the manuscript.

Conflict of Interest

M.S. and M.v.d.H. participated in advisory boards and
received compensations for presentations by Avexis/
Novartis, Biogen, and Roche. K.A. has received personal
compensation for consulting services from Alexia, Teva,
Roche, Celgene, and Sanofi that are all outside the sub-
mitted work. T.Z. reports grants and personal fees from
Bayer, grants, and personal fees from Biogen, grants and
personal fees from Teva, grants and personal fees from
Genzyme, grants and personal fees from Novartis, per-
sonal fees from Merck, personal fees from Almirall,

E. Nitz et al.

personal fees from Roche that are all outside the submit-
ted work.

References

1. Lunn MR, Wang CH. Spinal muscular atrophy. Lancet
2008;371:2120-2133.

2. Lefebvre S, Biirglen L, Reboullet S, et al. Identification and
characterization of a spinal muscular atrophy-determining
gene. Cell 1995;80:155-165.

3. Zerres K, Schoneborn SR. Natural history in proximal
spinal muscular atrophy: clinical analysis of 445 patients
and suggestions for a modification of existing
classifications. Arch Neurol 1995;52:518-523.

4. Bowerman M, Becker CG, Ydnez-Munoz RJ, et al.
Therapeutic strategies for spinal muscular atrophy: SMN
and beyond. DMM Dis Model Mech 2017;10:943-954.

5. Finkel RS, Mercuri E, Darras BT, et al. Nusinersen versus
sham control in infantile-onset spinal muscular atrophy. N
Engl ] Med 2017;377:1723-1732.

6. Mercuri E, Finkel RS, Muntoni F, et al. Diagnosis and
management of spinal muscular atrophy: Part 1:
recommendations for diagnosis, rehabilitation, orthopedic
and nutritional care. Neuromuscul Disord 2018;28:103—
115.

7. Rao VK, Kapp D, Schroth M. Gene therapy for spinal
muscular atrophy: an emerging treatment option for a
devastating disease. ] Manag Care Spec Pharm 2018;24:S3—
S1e.

8. Mercuri E, Darras BT, Chiriboga CA, et al. Nusinersen
versus sham control in later-onset spinal muscular
atrophy. N Engl ] Med 2018;378:625-635.

9. Darras BT, Crawford TO, Finkel RS, et al. Neurofilament
as a potential biomarker for spinal muscular atrophy. Ann
Clin Transl Neurol 2019;6:932-944.

10. Olsson B, Alberg L, Cullen NC, et al. NFL is a marker of
treatment response in children with SMA treated with
nusinersen. ] Neurol 2019;266:2129-2136.

11. Wurster CD, Steinacker P, Gunther R, et al.
Neurofilament light chain in serum of adolescent and
adult SMA patients under treatment with nusinersen. J
Neurol 2020;267:36—44.

12. Khalil M, Teunissen CE, Otto M, et al. Neurofilaments as
biomarkers in neurological disorders. Nat Rev Neurol
2018;14:577—-589.

13. Wilson DH, Rissin DM, Kan CW, et al. The Simoa HD-1
analyzer: a novel fully automated digital immunoassay
analyzer with single-molecule sensitivity and multiplexing.
] Lab Autom 2016;21:533—-547.

14. Kuhle J, Barro C, Andreasson U, et al. Comparison of
three analytical platforms for quantification of the
neurofilament light chain in blood samples: ELISA,
electrochemiluminescence immunoassay and Simoa. Clin
Chem Lab Med 2016;54:1655-1661.

2022 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



E. Nitz et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Glanzman AM, McDermott MP, Montes J, et al.
Validation of the Children’s Hospital of Philadelphia
Infant Test of Neuromuscular Disorders (CHOP
INTEND). Pediatr Phys Ther 2011;23:322-326.

Main M, Kairon H, Mercuri E, Muntoni F. The
Hammersmith functional motor scale for children with
spinal muscular atrophy: a scale to test ability and
monitor progress in children with limited ambulation. Eur
J Paediatr Neurol 2003;7:155-159.

Rissin DM, Kan CW, Campbell TG, et al. Single-molecule
enzyme-linked immunosorbent assay detects serum
proteins at subfemtomolar concentrations. Nat Biotechnol
2010;28:595-599.

Scott D, Smith KE, O’Brien BJ, Angelides KJ.
Characterization of mammalian neurofilament triplet
proteins. Subunit stoichiometry and morphology of native
and reconstituted filaments. ] Biol Chem 1985;260:10736—
10747.

Gray E, Oeckl P, Amador MDM, et al. A multi-center
study of neurofilament assay reliability and inter-
laboratory variability. Amyotroph Lateral Scler Front
Degener 2020;21:452—-458.

Disanto G, Barro C, Benkert P, et al. Serum
Neurofilament light: a biomarker of neuronal damage in
multiple sclerosis. Ann Neurol 2017;81:857—870.

Reinert M-C, Benkert P, Wuerfel J, et al. Serum
neurofilament light chain is a useful biomarker in
pediatric multiple sclerosis. Neurol Neuroimmunol
Neuroinflamm 2020;7:e749.

Buss RR, Sun W, Oppenheim RW. Adaptive roles of
programmed cell death during nervous system
development. Annu Rev Neurosci 2006;29:1-35.

Proulx ST. Cerebrospinal fluid outflow: a review of the
historical and contemporary evidence for arachnoid villi,
perineural routes, and dural lymphatics. Cell Mol Life Sci
2021;78:2429-2457.

Yilmaz A, Blennow K, Hagberg L, et al. Neurofilament
light chain protein as a marker of neuronal injury: review
of its use in HIV-1 infection and reference values for
HIV-negative controls. Expert Rev Mol Diagn
2017;17:761-770.

Finkel RS, McDermott MP, Kaufmann P, et al.
Observational study of spinal muscular atrophy type I and
implications for clinical trials. Neurology 2014;83:810-817.
Kuhle J, Plattner K, Bestwick JP, et al. A comparative
study of CSF neurofilament light and heavy chain protein
in MS. Mult Scler J 2013;19:1597-1603.

Boehnke SE, Robertson EL, Armitage-Brown B, et al. The
effect of lumbar puncture on the neurodegeneration
biomarker neurofilament light in macaque monkeys.
Alzheimers Dement (Amst) 2020;12:e12069.

Kuhle J, Barro C, Disanto G, et al. Serum neurofilament
light chain in early relapsing remitting MS is increased

Serum NfL in Health and Pediatric SMA

and correlates with CSF levels and with MRI measures of
disease severity. Mult Scler J 2016;22:1550-1559.

29. Abati E, Citterio G, Bresolin N, et al. Glial cells
involvement in spinal muscular atrophy: could SMA be a
neuroinflammatory disease? Neurobiol Dis
2020;140:104870.

30. Araki S, Hayashi M, Tamagawa K, et al.
Neuropathological analysis in spinal muscular atrophy
type II. Acta Neuropathol 2003;106:441-448.

31. Rindt H, Feng Z, Mazzasette C, et al. Astrocytes influence
the severity of spinal muscular atrophy. Hum Mol Genet
2015;24:4094-4102.

32. Kim JK, Jha NN, Feng Z, et al. Muscle-specific SMN
reduction reveals motor neuron—independent disease in
spinal muscular atrophy models. J Clin Invest
20205130:1271-1287.

33. Groen EJN, Talbot K, Gillingwater TH. Advances in
therapy for spinal muscular atrophy: promises and
challenges. Nat Rev Neurol 2018;14:214-224.

34. Burlet P, Huber C, Bertrandy S, et al. The distribution of
SMN protein complex in human fetal tissues and its
alteration in spinal muscular atrophy. Hum Mol Genet
1998;7:1927-1933.

35. Vill K, Schwartz O, Blaschek A, et al. Newborn screening
for spinal muscular atrophy in Germany: clinical results
after 2 years. Orphanet ] Rare Dis 2021;16:153.

36. Dangouloff T, Vrscaj E, Servais L, et al. Newborn
screening programs for spinal muscular atrophy
worldwide: where we stand and where to go. Neuromuscul
Disord 2021;31:574-582.

37. Otsuki N, Arakawa R, Kaneko K, et al. A new biomarker
candidate for spinal muscular atrophy: identification of a
peripheral blood cell population capable of monitoring the
level of survival motor neuron protein. PLoS One 2018;13:
€0201764.

Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Supplementary Figure S1. Correlation between all avail-
able cNfL and sNfL values of SMA patient subgroups with
(A) 2 SMN2 copies (Spearman: 95% CI [0.823, 0.975],
r=0.9, P<0.001; Pearson: 95% CI [0.867, 0.980],
r=10.9, P <0.001) and (B) >2 SMN2 copies (Spearman:
95% CI [0.325, 0.632], r = 0.5, P < 0.001; Pearson: 95%
CI [0.662, 0.831], r = 0.8, P < 0.001) showing the linear
regression line and the 95% confidence interval (dotted
curves).

Supplementary Table S1. Number of patient samples at
different time points and dose administrations. Number
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of cNfL and sNfL samples at each time of measurement (patients with 2 SMN2 copies and patients with >2 SMN2
(with the corresponding number of nusinersen dose copies).
administration) in total and respective SMA subtypes
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