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This longitudinal cohort study aimed to determine whether
circulating neurofilaments (NFs) can monitor response to
molecular therapies in newborns with spinal muscular atro-
phy (SMA; NCT02831296). We applied a mixed-effect model
to examine differences in serum NF levels among healthy con-
trol infants (n = 13), untreated SMA infants (n = 68), and
SMA infants who received the genetic therapies nusinersen
and/or onasemnogene abeparvovec (n = 22). Increased NF
levels were inversely associated with SMN2 copy number.
SMA infants treated with either nusinersen or onasemnogene
abeparvovec achieved important motor milestones not
observed in the untreated cohort. NF levels declined more
rapidly in the nusinersen cohort as compared with the un-
treated cohort. Unexpectedly, those receiving onasemnogene
abeparvovec monotherapy showed a significant rise in NF
levels regardless of SMN2 copy number. In contrast, symp-
tomatic SMA infants who received nusinersen, followed by
onasemnogene abeparvovec within a short interval after, did
not show an elevation in NF levels. While NF cannot be
used as the single marker to predict outcomes, the elevated
NF levels observed with onasemnogene abeparvovec and its
absence in infants treated first with nusinersen may indicate
a protective effect of co-therapy during a critical period of
vulnerability to acute denervation.

INTRODUCTION

A major research gap in the neuromuscular field is the lack of simple,
specific, and precise biological markers (biomarkers) to track disease
progression and potential therapeutic response in pediatric neurode-
generative diseases. Spinal muscular atrophy (SMA) is a devastating
neuromuscular disease and remains a leading genetic cause of infan-
tile death worldwide." With the federal recommendation in the
United States and many other countries for SMA newborn screening,
and with the emergence of 3 recent U.S. Food and Drug Administra-
tion (FDA)-approved treatments for SMA,”” identifying appropriate
biomarkers to monitor SMA disease progression early in life and help
guide treatment approach is now an urgent need.
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Currently, the number of copies of the survival motor neuron 2
(SMN?2) gene is the primary SMA disease modifier used to predict dis-
ease severity in newborns with SMA. While all patients with SMA
have biallelic deletions or mutations in the survival motor neuron 1
(SMNTI) gene, they also have at least one or more copies of SMN2,
and SMN2 copy number inversely correlates with phenotypic severity
at the population level. However, exceptions exist, and predicting dis-
ease onset and outcomes in infants with 4 or more copies remains a
special challenge. Circulating SMN transcripts and protein concen-
trations demonstrate significant fluctuations and overlap between pa-
tients and healthy controls that have, thus far, precluded their use
outside of the clinical trial setting.”” In addition, altered peripheral
SMN levels are derived primarily from whole blood cells and platelets,
and thus are not expected to be impacted by either onasemnogene
abeparvovec (AVXS-101; Zolgensma, Novartis) or nusinersen (Spin-
raza, Biogen).ﬁ’x’m
of simple electrophysiologic measures of peripheral denervation

We have previously demonstrated the usefulness

such as maximum ulnar compound muscle action potential
(CMAP) and motor unit number estimation (MUNE) to track the
health and integrity of peripheral motor unit integrity and func-
tion.'>'* Both SMN2 copy number and ulnar CMAP and MUNE
measurements are practical and useful tools that are associated with
disease severity and can be used to monitor denervation status. How-
ever, additional biological indicators would be extremely useful in
clinical practice to predict the earliest signs of impact on the health
of motor neurons, skeletal muscle and other peripheral tissues, and
to help monitor the response to available therapies.

Neurofilaments (NFs) are the main structural proteins of neurons
and primarily expressed in long axons.'™'* Detection of high
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concentrations of NFs in the cerebrospinal fluid, serum, or plasma are
indicators of neuronal damage and have been proposed as potential
prognostic and treatment responsive biomarkers in several neurode-
generative diseases and disorders including SMA.””™" NFs are
composed of subunits with different molecular weights and func-
tional properties. The largest NF subunit is the neurofilament heavy
chain (Nf-H), consisting of 1020 amino acids. Phosphorylation of
Nf-H regulates several protein-protein interactions. The smallest sub-
unit is the neurofilament light chain (Nf-L), consisting of 543 amino
acids. Both phosphorylated Nf-H (pNf-H) and total Nf-L levels can be
precisely detected in the circulation with enzyme-linked immunosor-
bent assays, electrochemiluminescence immunoassays, or single-
molecule arrays (Simoa)."”

Since 2016, 3 novel therapies have been approved for clinical use in
SMA patients by the U.S. FDA. Nusinersen is an antisense oligonucle-
otide that targets SMN2 splicing to produce more functional SMN
protein. It is delivered to the central nervous system via repeated
intrathecal injections, with limited exposure to peripheral tissues
aside from elimination via kidneys. Onasemnogene abeparvovec is
an adeno-associated virus vector-based gene therapy delivered via pe-
ripheral intravenous infusion, designed to deliver an intact SMNI
transgene to motor neurons. Transduction of cells in the central
nervous system and peripheral tissues, including liver, spleen, and
skeletal and cardiac muscle has been demonstrated in non-human
primates, and thus likely impact outcomes in human patients that
vary by age and manner of delivery,”>*' Caution and long-term
follow-up data are still needed to attest to the safety of gene therapy
in SMA patients, especially considering recent reports of gain of toxic
function with SMN overexpression in SMA mouse models.”* Risdi-
plam (Evrysdi, Roche Genentech) is an orally bioavailable small mole-
cule pre-mRNA SMN2 splicing modifier with enhanced specificity for
SMN?2 exon 7 splicing; however, since it was only recently FDA
approved for clinical use, no patients received risdiplam during the
course of this study. Circulating NF levels, specifically pNf-H, have
been proposed as a pharmacodynamic response biomarker since
SMA infants treated with nusinersen in both the ENDEAR (Efficacy
and Safety of Nusinersen (ISIS 396443) in Infants With Spinal
Muscular Atrophy) and NURTURE (A Study of Multiple Doses of
Nusinersen (ISIS 396443) Delivered to Infants With Genetically
Diagnosed and Presymptomatic Spinal Muscular Atrophy) studies
demonstrated rapid decline in pNf-H levels."” Changes in circulating
NF levels after onasemnogene abeparvovec infusion or with nusi-
nersen and onasemnogene abeparvovec co-therapy have not been
previously reported. Based on the current evidence, more compre-
hensive longitudinal cohort studies are needed to establish circulating
NFs as useful biomarkers for SMA.

The Project Cure SMA and SPOT SMA Longitudinal Pediatric Data
Repositories (LPDRs) contain robust longitudinal genotype/pheno-
type data from untreated (natural history) and treated SMA patients
(NBSTRN.org). Both LPDRs have linked biorepositories of samples
from SMA patients as well as a subset of unaffected carrier and
non-carrier siblings obtained during prospective longitudinal

follow-up. In order to address key questions related to changes in
circulating NFs, we examined data from all SMA and control new-
borns, infants, or toddlers between the ages of 0 and 3 years with sam-
ples suitable for analysis. First, we investigated whether serum pNf-H
or Nf-L levels were increased in SMA patients when compared with
age-matched control subjects. Second, we examined whether changes
in serum pNf-H or Nf-L levels varied in association with age, SMN2
copy number, or ulnar CMAP values in SMA patients. Third, we
analyzed all available data for patients who had received nusinersen,
onasemnogene abeparvovec, or both (co-therapy) to examine the ef-
fects of these molecular or gene therapies on pNf-H or Nf-L levels.
These novel findings have many implications for the potential value
of circulating NFs for SMA and other early onset neurodegenerative
disorders.

RESULTS

Serum pNf-H and Nf-L levels are increased in SMA patients early
in life and associated with the number of SMIN2 copies

We investigated samples collected from 10 healthy control subjects,
47 SMA patients who had not received disease-modifying therapies
(natural history cohort), and 22 treated SMA patients in this longitu-
dinal cohort study. The treatment cohort includes 9 SMA patients
receiving nusinersen therapy, 7 SMA patients who received intrave-
nous onasemnogene abeparvovec therapy, and 6 SMA patients
treated with both therapies. All available samples for subjects between
0 and 3 years old were analyzed. Longitudinal follow-up varied and
ranged from 1 to 9 data points per subject within the specified age
range. Table S2 presents the distribution of age, sex, race, ethnicity,
SMN2 copies, SMA type, pNf-H levels, Nf-L levels, and ulnar
CMAP values for this cohort.

To determine whether serum pNf-H levels are increased in SMA pa-
tients when compared with age-matched control subjects, and
whether pNf-H levels vary according to the number of SMN2 copies,
we compared all time points from SMA subjects not receiving disease-
modifying therapies with healthy control subjects. The highest pNf-H
value observed in a healthy control subject was ~1,000 pg/mL, while
wide-ranging pNf-H levels were observed in SMA patients up to
30,000 pg/mL (Figures 1A and 1B). Subjects with 2 or 3 SMN2 copies
had higher pNf-H levels than healthy controls or SMA patients with 4
SMN?2 copies (Figure 1A). Peak pNf-H levels in infants with 2 SMN2
copies were mostly observed from the earliest possible time point post
birth to 6 months of age, while infants with 3 SMN2 copies had a more
variable time course with peak levels occurring between 3 months and
1 year of age (Figure 1B; Figure S1). We next compared Nf-L levels
between SMA patients and healthy control subjects. The highest
Nf-L value observed in a healthy control subject was ~20 pg/mL,
while up to 1,100 pg/mL was observed in SMA patients (Figures 1C
and 1D). SMA patients with 2 SMN2 copies also had higher Nf-L
levels than healthy controls and those SMA patients with 4 SMN2
copies or 3 SMN2 copies (Figure 1C). SMA patients with 3 SMN2
copies also had higher Nf-L levels than healthy controls (Figure 1C),
and those SMA patients with 4 SMN2 copies (Figure 1C). As comple-
mentary information, we plotted all available maximum ulnar CMAP
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Figure 1. Natural history data comparing serum pNf-H levels, Nf-L levels, and ulnar CMAP values among healthy controls and SMA patients with 2, 3, and 4
SMNZ2 copies early in life

Sample size includes healthy controls (20 samples from 13 subjects), SMA subjects with 2 SMIN2 copies (78 samples from 34 subjects), SMA subjects with 3 SMN2 copies
(62 samples from 30 subjects), and SMA subjects with 4 SMIN2 copies (11 samples from 4 subjects) not receiving any molecular therapy. pNf-H (A and B) and Nf-L (C and D)
data collected in the 3 first years of life. All maximum ulnar CMAP amplitude (E and F) data available for this cohort in the 3 first years of life. Dashed lines or gray area in these
plots indicate highest concentrations observed in healthy control subjects.

data for these cohorts. This data clearly demonstrate an association
between SMN2 copy number and maximum ulnar CMAP amplitude
(Figures 1E and 1F), indicating that patients with lower SMN2 copies

are more likely to demonstrate objective evidence of denervation early
in life. Altogether, these findings validate previous evidence showing
that serum pNf-H and Nf-L levels are increased in SMA patients and
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clearly demonstrate that these changes are associated with SMN2
copy number and inversely associated with maximum ulnar CMAP
amplitude in the first 3 years of life.

SMA patients treated with nusinersen and/or onasemnogene
abeparvovec therapies achieve important motor milestones in
the 3 first years of life

We next investigated cohorts of SMA patients receiving nusinersen,
onasemnogene abeparvovec therapy, or co-therapy early in life. Of
the 9 cases receiving nusinersen, 7 were symptomatic patients with
2 or 3 SMN2 copies, and 2 were presymptomatic patients with 3
SMN?2 copies at the time of initiation of nusinersen therapy (Table
S2). Of the 7 cases receiving onasemnogene abeparvovec therapy,
all were considered clinically presymptomatic at the time of initial
evaluation, including 1 patient with 2 SMN2 copies, 4 patients with
3 SMIN2 copies, and 2 patients with 4 SMN2 copies; however, more
subtle signs of disease activity, including the presence of tongue fas-
ciculations, modest head lag, and lower than expected CMAP values
led to the decision to proceed with treatment in both infants with 4
SMN2 copies (Table 2). The third cohort consists of 6 symptomatic
infants with early infantile onset and 2 SMN2 copies who received
co-therapy with nusinersen (1 or more doses) and onasemnogene
abeparvovec early in life (Table 2).

Data for the age of acquisition of 4 critical gross motor milestones are
presented in Table 2. While all SMA patients, regardless of treatment,
achieved clinical outcomes beyond those expected in an untreated
SMA cohort, the data clearly demonstrate that presymptomatic status
and baseline ulnar CMAP at the time of treatment initiation are crit-
ically important factors that determine whether patients acquire age-
expected gross motor milestones. Of special interest are the 6 infants
who received nusinersen prior to or concurrent with treatment with
onasemnogene abeparvovec. Excluding subjects 913 and 927, who
were identified via newborn screening, the remaining 4 infants pre-
sented with typical onset of SMA symptoms and signs prior to 6 weeks
of age, and all had ulnar CMAP amplitude <1.0 mV (normal
>5 mV) at the time of treatment initiation. While all have achieved
independent sitting and continue to acquire additional motor skills,
such as assisted standing during the follow-up period, 3 of 6 children
have disease-related complications including persistent lower extrem-
ity weakness and contractures, hip dysplasia, and scoliosis.

Changes in serum pNf-H levels, serum Nf-L levels, and ulnar
CMARP values over time in individual SMA patients treated with
nusinersen and/or onasemnogene abeparvovec

Individual pNf-H and Nf-L data are presented for patients treated
with nusinersen and/or onasemnogene abeparvovec in Figures 2
and 3. All 4 SMA patients with 2 SMN2 copies who received nusi-
nersen monotherapy demonstrated a rapid decrease in pNf-H and
Nf-L after the first dose (Figures 2A-2D). Importantly, 1 infant iden-
tified and dosed early demonstrated a progressive increase in ulnar
CMAP amplitude over time (Figure 2A), while 3 patients much
more severely denervated at treatment initiation (Table 2) had no sig-
nificant recovery of CMAP values over time (Figures 2B-2D). Among

SMA patients with 3 SMN2 copies, we observed a rapid decrease in
pNf-H or Nf-L levels in 4 of 5 subjects with documented elevated
baseline levels; a baseline sample for 1 patient was not available (Fig-
ures 3B-3E).

Of 7 patients receiving onasemnogene abeparvovec monotherapy, all
were presymptomatic at time of dosing and demonstrated signifi-
cantly higher baseline CMAP values (Table 2). Only 1 patient demon-
strated decreased pNf-H and Nf-L levels after treatment (Figure 4A),
while 6 patients demonstrated significantly increased pNf-H and
Nf-L levels post intravenous infusion (Figures 4B-4G). While
elevated levels subsequently decreased in the weeks following the
infusion, they remained above normal in 5 of 6 patients (Figures
4B-4G). Importantly, all patients who received onasemnogene
abeparvovec demonstrated a progressive increase in CMAP values
indicating clinically relevant reinnervation, likely in part due to signif-
icantly higher baseline CMAP values than the nusinersen cohort (Fig-
ures 4A-4G). Only 1 SMA patient had 2 SMN2 copies in this cohort.
She was identified prior to symptom onset as a neonate because an
older affected sibling had presented with respiratory failure by
6 months of age. NF levels and maximum ulnar CMAP were per-
formed prior to onasemnogene abeparvovec infusion by 1 month of
age (Figure 4A). Although she sat independently by 6 months of
age, she developed tongue fasciculations, upper extremity polymini-
myoclonus, and absent patellar reflexes in the setting of a reduced ul-
nar CMAP amplitude. She manifested proximal lower extremity
weakness by ~12 months of age but ultimately walked independently
by 18 months, consistent with an SMA type 3a phenotype (Table 2,
subject ID 669). This case highlights the potential value of elevated
NF levels and reduced ulnar CMAP at baseline to predict a less
than ideal outcome despite early onasemnogene abeparvovec mono-
therapy. Identifying such infants early to ensure optimal clinical sup-
port and consider adjunct therapeutic approaches could result in
improved clinical outcomes.

We analyzed data from 6 infants who received co-therapy with 1 or
more intrathecal loading doses of nusinersen followed by a single
intravenous infusion of onasemnogene abeparvovec. All patients in
this cohort had 2 SMN2 copies and 5 of 6 showed significant dener-
vation at the time of treatment initiation as indicated by reduced base-
line ulnar CMAP values ranging from 0.2 to 1.0 mV (Figures 5A-5F).
Of note, 3 of 6 infants received the onasemnogene abeparvovec infu-
sion within 1 to 2 weeks of the initial nusinersen loading dose and
demonstrated a significant decrease in pNf-H and Nf-L levels. In
contrast, elevated pNf-H and Nf-L levels were observed post onasem-
nogene abeparvovec infusion in the 2 infants who were dosed 3 to
4 weeks following completion of the Spinraza loading series, but to
a lesser degree than that observed in the onasemnogene abeparvovec
monotherapy cohort.

Association of serum pNf-H and Nf-L levels with SMN2 copy
number and effects of therapies after correcting for age effects
We performed mixed-effect models considering age as a cofounding
factor since NF levels decrease over time. There was a significant
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Figure 2. Cohort of 4 SMA patients with 2 SMN2 copies receiving nusinersen early in life

Longitudinal plots for pNf-H concentrations, Nf-L concentrations, and CMAP values for each individual case (A-D) in this cohort. Red arrows indicate the first

nusinersen dose.

association between pNf-H and Nf-L measurements (95% confi-
dence interval [CI] 1.97-2.26; p < 0.0001). Sex was neither a signif-
icant nor a confounding factor in our model. After correction for
age and treatment status, the mixed-effect model revealed significant
differences in pNf-H (Figure 6A; p < 0.0001) and Nf-L levels (Fig-
ure 6B; p < 0.0001) among SMA patients with different SMN2 copy
number. On average, patients with 2 SMN2 copies had 19.3-fold
higher pNf-H levels (95% CI 10.9-34.1; p < 0.0001), patients with
3 SMN2 copies had 12.3-fold higher pNf-H levels (95% CI 7.0-
22.9; p < 0.0001) and patients with 4 SMN2 copies had 4.8-fold

528

higher pNf-H levels (95% CI 2.1-10.8; p = 0.0002) as compared
with healthy controls. For Nf-L levels, patients with 2 SMN2 copies
had 20.1-fold higher Nf-L levels (95% CI 12.4-32.9; p < 0.0001), pa-
tients with 3 SMN2 copies had 9.1-fold higher Nf-L levels (95% CI
2.5-15.2; p < 0.0001), and patients with 4 SMN2 copies had 3.7-fold
higher Nf-L levels (95% CI 1.9-7.2; p < 0.0001) as compared with
healthy controls. In addition, there were significant differences in
CMAP values among SMA patients with different SMIN2 copies af-
ter correction for age (Figure 6C; p < 0.0001), where patients with 4
SMN?2 copies had higher CMAP maximum amplitude as compared
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Figure 3. Cohort of 5 SMA patients with 3 SMN2 copies receiving nusinersen early in life
Longitudinal plots for pNf-H concentrations, Nf-L concentrations, and CMAP values for each individual case (A-E) in this cohort. Red arrows indicate the first nusinersen

dose.
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Figure 4. Cohort of 7 SMA patients receiving onasemnogene abeparvovec early in life
Longitudinal plots for pNf-H concentrations, Nf-L concentrations, and CMAP values for each individual case (A-G) in this cohort. Arrows indicate the onasemnogene
abeparvovec injection time point for each case.
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Figure 5. Cohort of 6 SMA patients receiving co-therapy with nusinersen and onasemnogene abeparvovec early in life
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Figure 6. Mixed-effect model comparing serum pNf-H, Nf-L levels and CMAP values in SMA patients

(A—-C) Comparison of pNf-H levels (A), Nf-L levels (B), and CMAP values (C) among

SMA patients with 2, 3, and 4 SMNZ2 copies not receiving molecular therapies. (D-F)

Comparison of pNf-H levels (D), Nf-L levels (E), and CMAP values (F) among SMA patients with 2 SMN2 copies receiving or not nusinersen and/or onasemnogene
abeparvovec. (G-l) Comparison of pNf-H levels (G), Nf-L levels (H), and CMAP values (I) among SMA patients with 3 SMN2 copies receiving or not nusinersen and/or

onasemnogene abeparvovec early in life.

with patients with 2 or 3 SMN2 copies, and patients with 3 SMN2
copies had higher CMAP maximum amplitude as compared with
patients with 2 SMN2 copies (p < 0.0001 for all comparisons).
Therefore, these models confirmed that serum pNf-H and Nf-L
levels are increased in SMA patients when compared with healthy
controls and are associated with SMN2 copy number as well as
inversely associated with CMAP maximum amplitude in the first
3 years of life.

We next applied a mixed-effect model to determine the effects of nu-
sinersen and/or onasemnogene abeparvovec on SMA patients after
correction for age and SMN2 copy number. SMA subjects with 4
SMN?2 copies were not included in this analysis due to limited sample
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size. The mixed-effect model revealed significant treatment effects on
pNf-H levels (Figures 6D and 6G; p < 0.0001), Nf-L levels (Figures 6E
and 6H; p < 0.0001), and CMAP maximum amplitude (Figures 6F
and 6L; p < 0.0001) in SMA patients with 2 and 3 SMN2 copies.

On average, patients receiving only nusinersen had 0.47-fold lower
pNf-H levels compared with untreated patients (95% CI 0.32-0.69;
p = 0.0002) and patients receiving co-therapy with nusinersen and
onasemnogene abeparvovec had 0.34-fold lower pNf-H levels
compared with patients not receiving these therapies (95% CI 0.17-
0.69; p = 0.009) after correcting for age and SMN2 copy number.
Remarkably, patients receiving only onasemnogene abeparvovec
had 2.8-fold higher pNf-H levels compared with untreated patients
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(95% CI 1.8-4.3; p < 0.0001) after correcting for age and SMN2 copy
number. Similar effects were observed for Nf-L data, where patients
receiving only nusinersen had 0.43-fold lower Nf-L levels compared
with untreated patients (95% CI 0.32-0.69; p = 0.0002) and patients
receiving co-therapy with nusinersen and onasemnogene abeparvo-
vec had 0.19-fold lower Nf-L levels compared with untreated patients
(95% CI 0.10-0.39; p = 0.01). Patients receiving only onasemnogene
abeparvovec had 1.9-fold higher Nf-L levels compared with untreated
patients (95% CI 1.33-2.76; p = 0.0005). However, when applying the
same model for the CMAP values, we observed that all therapies
increased ulnar CMAP maximum amplitude as compared with un-
treated SMA subjects with 2 (Figure 6F; p < 0.0001) or 3 (Figure 6];
p <0.0001) SMN2 copies. There were no available data for co-therapy
in SMA patients with 3 SMN2 copies.

Taken together, these models suggest that nusinersen treatment was
associated with decreased NF levels, while onasemnogene abeparvo-
vec was associated with increased NF levels in SMA subjects in the
3 first years of life. However, both nusinersen and onasemnogene abe-
parvovec therapies were associated with increased CMAP maximum
amplitude, suggesting less denervation in treated patients when
compared with untreated SMA patients with either 2 or 3 SMN2
copies.

DISCUSSION

Identifying specific biomarkers to help guide treatment in newborns
and infants genetically confirmed with SMA is urgent. Such bio-
markers will ideally include indicators of the health of motor neurons
and other peripheral tissues and help detect onset and status of
ongoing denervation and monitor responses to treatment(s). In the
present study, in a real-world clinical setting, we demonstrate that
circulating pNf-H and Nf-L concentrations are elevated in the first
months of life in SMA patients, and that these increased levels are
inversely correlated to the number of SMN2 copies and to maximum
ulnar CMAP negative peak amplitude values. We also present for the
first time NF data with correlated clinical data for SMA infants and
children receiving either nusinersen or onasemnogene abeparvovec
monotherapy or co-therapy in the 3 first years of life in the real-world
clinical setting. These data confirm prior observations that (1) initia-
tion of nusinersen treatment is associated with a rapid decrease in
pNf-H levels and Nf-L levels, (2) baseline ulnar CMAP is reflective
of overall status of denervation, correlates with SMN2 copy number,
and is associated with the capacity for reinnervation in response to
therapy, (3) timing for treatment intervention as early as possible in
the neonatal period is critical to ensure the best possible clinical out-
comes, especially for the 2 SMN2 copy cohort but in all infants with
borderline CMAP amplitudes or elevated NF levels, and confirms that
(4) infants and children early in life receiving either or both therapies
are achieving milestones beyond that expected from natural
history data.

In addition, we report the following novel observations: (1) intrave-
nous gene therapy with onasemnogene abeparvovec is associated
with an increase in serum NF levels, (2) elevated NF levels in the

setting of a declining ulnar CMAP following onasemnogene abepar-
vovec in an infant with 2 SMN2 copies predicted the emergence of a
later-onset SMA phenotype, (3) pretreatment of infants with nusi-
nersen therapy appears to prevent or reduce the impact of elevated
NFs temporally associated with onasemnogene abeparvovec infusion,
and (4) infants with >4 SMN2 copies can present with signs of dener-
vation in early infancy, and the use of ulnar CMAP and NFs can help
guide when and if treatment is indicated. These novel findings have
important implications for the field and provide a foundation for us-
ing serum NFs and maximum ulnar CMAP amplitude measures in
longitudinal follow-up in the clinic for monitoring SMA newborns
to help guide therapeutic decisions.

SMA patients had elevated serum pNf-H and Nf-L levels in our natural
history cohort. On one hand, the highest value observed for healthy
control newborns was ~1000 pg/mL for pNf-H and ~20 pg/mL for
Nf-L. On the other hand, SMA patients display a huge range in both
pNf-H and Nf-L, with pNf-H values up to ~30,000 pg/mL and Nf-L
values up to 1,100 pg/mL. By comparing these absolute values with re-
ports from previous studies (NURTURE NCT02386553; ENDEAR
NCT02193074, and EMBRACE NCT02462759 [A Study to Assess
the Safety and Tolerability of Nusinersen (ISIS 396443) in Participants
With Spinal Muscular Atrophy]), we noticed that SMA newborns with
2 SMNZ2 copies can show even higher pNf-H levels than those observed
in our current natural history cohort.'”**** Of note, plasma pNf-H
levels were elevated up to 45,000 pg/mL in SMA newborns with 2
SMN?2 copies in the NURTURE study”* and up to 50,000 pg/mL in
SMA patients with 2 SMN2 copies in the ENDEAR study.'” Impor-
tantly, in the current study, we clearly demonstrate dynamic changes
in circulating NFs and it is important to consider the longitudinal time
course of these changes. For example, we observed high pNf-H and
Nf-L values in SMA patients with 3 SMN2 copies, but the peak values
were observed later than those with 2 SMN2 copies. This notably par-
allels differences observed in timing of ulnar CMAP decline observed
in our STOP SMA cohort: Infants with 2 SMN2 copies who manifested
an SMA type 1 phenotype had lower CMAP values from the earliest
possible time point post birth and demonstrated a precipitous decline
by 3 months of age, whereas infants with 3 SMN2 copies who ulti-
mately manifested an SMA type 2 phenotype most often have rela-
tively preserved CMAP amplitudes in the first few months, followed
by a plateau or decline in amplitude between 3 and 12 months of
age (NCT00528268, Study of sodium phenylbutyrate in presymptom-
atic infants with SMA).

Overall, increases in serum NF levels were inversely associated with
the number of SMN2 copies. This has high clinical relevance since
both pNf-H and Nf-L measurements could be additional tools to
determine onset of first symptoms in SMA patients, or to predict
the onset of denervation in some cases. Previous™** and
ongoing (NURTURE and SPRINT [Pre-Symptomatic Study of Intra-
venous Onasemnogene Abeparvovec-xioi in Spinal Muscular
Atrophy (SMA) for Patients With Multiple Copies of SMN2] trials:
NCT02386553 and NCT03505099) studies have demonstrated the
importance of initiating treatment as early as possible in SMA
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newborns with 2 or 3 SMN2 copies. Challenges that delay initiation of
treatment include the high costs of these therapies and the complex
logistics involving medical insurance coverage for newborns in the
U.S. The use of disease-activity-related biomarkers like pNf-H and/
or Nf-L could be additional tools to help justify the urgency for early
intervention in specific settings, such as higher SMN2 copy number.
Currently, phenotypic indicators of disease onset are limited to clin-
ical examination, motor function assessments, and electrophysiologic
studies including ulnar CMAP in SMA newborns and infants. While
straightforward, pediatric neurophysiologic studies are not readily
available on short notice in all settings. The use of maximum ulnar
CMAP for monitoring status of denervation in infants with SMA re-
quires adherence to a protocol using consistent equipment, elec-
trodes, and ideally, staff. While peroneal CMAP recorded from the
tibialis anterior muscle can be a useful adjunct, median or ulnar
CMAP studies are critical to help ascertain that therapies delivered
via lumbar intrathecal infusion are effectively impacting motor neu-
rons in the cervical spinal cord. While useful, CMAP studies might be
expected to be less sensitive than an increase in circulating NF con-
centrations to indicate the earliest onset of acute neuronal damage
in an infant with higher SMN2 copy number. Circulating NF levels
in SMA patients during the chronic phase of denervation may reflect
damage that occurred much earlier; some authors have speculated
that pNf-H half-life as long as 8 months.'”*> However, in patients
during the chronic much more slowly progressive phase of denerva-
tion, preserved CMAP levels can occur for prolonged periods of time
if compensatory reinnervation is sufficient. Thus, elevated NF levels
could prove a much more sensitive biomarker in SMA patients
with later-onset phenotypes, and allow much earlier treatment inter-
vention (for example, the infant with >4 SMN2 copies in Figure 4G).
However, NF levels should not be used as a single marker to predict
outcomes.

Data from the natural history cohort demonstrate that changes in
pNf-H levels are well correlated with changes in Nf-L levels. However,
Nf-L distinguished SMA patients with 2 and 3 SMN2 copies in the
first months of life better than pNf-H. Differences in the biology of
these structural proteins and/or assay-dependent variability could
explain these differences.''* Importantly, both pNf-H and Nf-L
showed similar responses to treatment intervention, indicating they
are equally valid candidates as treatment response biomarkers.

NF levels rapidly decreased in SMA patients treated with nusinersen
alone or in combination with onasemnogene abeparvovec therapy. In
8 of 9 patients with available baseline levels, all showed a rapid
decrease in NF levels following initiation of dosing. Moreover, all 6
patients who received co-therapy showed a rapid decrease following
the first nusinersen dose. These findings corroborate prior clinical
trial data demonstrating that nusinersen treatment decreases pNf-H
concentration in SMA subjects.'”**** Taken together, these observa-
tions indicate that circulating NFs decrease over time in the natural
history of the disease following the period of most acute neuronal
damage, although chronic ongoing denervation likely contributes to
persistently elevated levels over the first 3 years of life. Nusinersen
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treatment is associated with a faster decrease in circulating NF levels
than that observed in natural history subjects. The degree of clinical
response and impact on ulnar CMAP values is clearly highly depen-
dent on initiating nusinersen treatment sufficiently early in the dis-
ease course when it can most effectively limit the greatest neuronal
damage. However, the continued normalization of levels during
months of longitudinal follow-up in the setting of ongoing mainte-
nance therapy are in contrast to the persistently elevated NF levels
following a single onasemnogene abeparvovec infusion, indicating
an ongoing neuroprotective effect. Clinically, all of the infants who
received nusinersen treatment in this study prior to 6 months of
age achieved important motor milestones not expected for untreated
SMA patients with similar age and SMN2 dosage. However, those
children with 2 SMN2 copies with pre-existing significant distal
denervation and older age at treatment initiation, while improved,
had much less favorable outcomes.

One of the most unexpected findings in this study was the observation
of significantly increased pNf-H and Nf-L levels in a cohort of 7 SMA
infants who were treated with onasemnogene abeparvovec monother-
apy between 20 and 190 days of age. All infants were presymptomatic
at the time of initial evaluation; however, in 2 infants with >4 SMN2
copies, treatment was initiated in response to subtle clinical signs
indicative of possible onset of denervation. In spite of the significant
elevation in NF levels in the immediate post-treatment period, 6 of 7
children are developing normally and continue to acquire age-appro-
priate motor milestones. However, 1 infant with 2 SMN2 copies had
an incomplete benefit in spite of treatment initiation in the neonatal
period; notably, she demonstrated chronically elevated NF levels that
failed to normalize during the subsequent 18 months. While the inter-
pretation of these findings is speculative and caution is needed, we hy-
pothesize a direct effect of the gene therapy treatment regimen may be
causing acute collateral damage to vulnerable neurons during a crit-
ical period of vulnerability in the setting of an enhanced cellular stress
response. Interestingly, exogenous SMNI1 gene replacement using
non-integrating vectors such as onasemnogene abeparvovec presents
many challenges, including caution regarding possible toxic effects of
long-term uncontrolled SMN overexpression.”> A recent study pro-
vided evidence that long-term SMN overexpression interferes with
RNA regulation and triggers pathogenic events.”” In our patients,
the transduction of cells by the viral vector is thought to occur over
a period of days to just a few weeks. The persistently elevated levels
in some subjects could be related to ongoing death of non-transduced
cells. However, the observation that nusinersen treatment adminis-
tered prior to the administration of gene therapy seemed to prevent
or moderate this response indicates the increasing SMN protein levels
prior to gene therapy delivery may provide a neuroprotective effect,
and a role for adjunct co-therapy in infants with 2 SMN2 copies.
Further studies are needed to better understand the mechanisms un-
derlying these observations.

In summary, a major challenge in the SMA field has been to identify
biomarkers to track disease status, particularly in newborns. Our
novel observations provide evidence to support the use of serum
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NFs and maximum ulnar CMAP as biomarkers to monitor SMA dis-
ease onset, progression, and treatment response early in life in the
clinical setting. More studies investigating SMA patients with >4
SMN?2 copies are needed since we have limited data in the present
cohort. We encourage future studies to analyze circulating NFs in
additional SMA cohorts who receive gene therapy alone or in combi-
nation with other treatments. We advocate for additional studies
analyzing different strategies of combined therapies since nusinersen
could be administrated before or after dosing with onasemnogene
abeparvovec. Last, further studies evaluating co-therapy with risdi-
plam will be critical for the SMA community, since many patients
are currently receiving combinations of risdiplam with either nusi-
nersen or onasemnogene abeparvovec or both in the clinical setting.

MATERIALS AND METHODS

Study approval and subjects

Written informed consent and parental consent were obtained from
all participants under Institutional Ethics Review Boards at the Uni-
versity of Utah (protocol 8751) and Massachusetts General Hospital
(protocol 2016P000469). We queried the Project Cure SMA and
SPOT SMA LPDRs housed within the Research Electronic Data Cap-
ture Web Application at the Newborn Screening Translational
Research Network for all serum samples available from SMA subjects
under 3 years of age not receiving any SMN-targeted molecular or
gene therapy at the time of sample collection or receiving nusinersen
and/or onasemnogene abeparvovec. Thus, follow-up included all
samples available from 0 to 1,095 days old. Samples and visits from
subjects receiving risdiplam were not included in this analysis (Ev-
rysdi, Roche). We queried the database for all available CMAP
data, and all fields containing pertinent data regarding aspects of
medical history, physical and neurological examinations, motor func-
tion assessments, and motor milestones. Table 1 presents the distribu-
tion of age, sex, race, ethnicity, SMN2Z copies, SMA type, pNf-H levels,
Nf-L levels, and CMAP values for this cohort.

Motor milestones

Motor function was assessed at each visit by a physical therapist with
SMA clinical trial training”® using 1 or more of the following outcome
measures: Children’s Hospital of Philadelphia Infant Test of Neuro-
muscular Disorders (CHOP-INTEND),””** Bayley Scales of Infant
and Toddler Development III (BSID-III),”’ Hammersmith Infant
Neurological Examination Section 2: Motor Milestones (HINE-2),%
Hammersmith Functional Motor Scale Expanded (HFMSE),”" and
World Health Organization motor milestones (WHO-MM).** Fre-
quency of assessment was every 3 months for type I SMA and every
4 to 6 months for type II SMA. The primary outcome measure for
determining gross motor milestone achievement for children with
type I SMA who were less than 2 years old and unable to sit was
the CHOP-INTEND. The primary outcome measure for those with
type Il SMA who were 2 to 3 years old and able to sit was the HFMSE.
Secondary outcomes used to document motor milestone achievement
for children under 3 years of age were the HINE-2, WHO-MM, and
BSID-III. Parent report of motor milestone achievement corrobo-
rated, when possible, by date-stamped home video recording was

used to supplement data collected at clinical evaluations for children
who achieved milestones in-between clinic visits. Rolling was defined
as the ability to roll from supine to prone either elicited (CHOP-
INTEND items 6/7) or independently (HFMSE items #8/9 > 1;
HINE-2 rolling item = 3; BSID-III gross motor item #25 = 1). Sitting
was defined as the ability to sit without support indexed by the
following: HFMSE item #1 = 1; HINE-2 sitting item >3; WHO-
MM sitting without support; or BSID-III gross motor item #26 = 1.
Standing was defined as standing with support indexed by: HFMSE
item #18 > 1; HINE-2 standing > 2; WHO-MM standing with assis-
tance; BSID-III gross motor item = #1. Walking was defined as the
ability to walk independently indexed by: HFMSE item #20 = 2;
HINE-2 walking item = 3; WHO-MM walking alone; or BSID-III
gross motor item #43 = 2. Motor assessments were video recorded
and used for clarification or confirmation of source document data.
Table S1 shows test sources used to determine motor milestones for
each child with SMA receiving molecular and/or gene therapy.

SMN2 copy number and ulnar CMAP maximum amplitude

SMNI and SMN2 copy numbers were determined using qPCR as pre-
viously described.”” Maximum ulnar CMAP amplitude was obtained
by recording from the abductor digiti minimi muscle after ulnar nerve
stimulation at the wrist as previously described.'"**

Neurofilament levels

Serum phosphorylated neurofilament heavy chain (pNf-H) con-
centrations were measured using a pNF-H enzyme-linked lectin
assay (ProteinSimple, CA, USA) according to the manufacturer’s
instruction and as previously described.'” This Simple Plex Ella
immunoassay was performed in a microfluidic cartridge using
the 72-well assay plate format. All reagents were provided in the
immunoassay kit and all samples were run using Lot #9056. The
assay was further qualified using quality control (QC) samples
generated in-house. Multiple QC samples were prepared, including
buffered and endogenous samples, and included in the ELLA
analyzer at Biogen (Cambridge, MA). We tested multiple parame-
ters, including precision and accuracy, parallelism, short-term and
long-term stability, freeze/thaw stability, bench top stability, and
specificity. During the qualification steps, we used 3 different buff-
ered QC samples (high, medium, and low levels) and endogenous
QC samples. They were prepared as stocks and aliquoted to single
uses. In each run, 2 sets of 4 QC samples were included. All human
samples were thawed on ice, and 1:2 diluted with sample diluent
provided in the assay kit. For each diluted sample, 30 uL was pi-
petted into each port of the assay cartridge plate. Washing buffer
was added into the plate and the plate was loaded into the ELLA
machine. The curves were generated by plotting relative fluores-
cence units versus concentration using a 5-parameter logistical
curve-fit. A 1/y2 weighted regression was applied. The calibration
curve range was 7.5 to 28,480 pg/mL. The software automatically
generated the calibration curve and interpolated all data points
to calculate concentrations for each sample. All these procure-
ments were automated, and this assay is intended to be highly reli-
able and reproducible.
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Table 1. Clinical milestones for individual SMA patients receiving nusinersen and/or onasemnogene abeparvovec early in life

Age milestone was documented (months)

Age at last
. Age at initial dosing  Baseline ulnar X . evaluation
Subject ) Symptoms/signs Elicited (E) or Independent  Supported  Independent
(Nusinersen/AVXS- CMAP (mV) L N . . ) 3
ID ) at initial dosing Independent Rolling Sitting Standing Walking (months)
101 in days)
Nusinersen (n = 9)
507 27 3.0 Symptomatic 10.9 13.7 18.3 Not achieved 36+
A N . Not .
556 420 0.5 Symptomatic Not achieved Not achieved . Not achieved 36+
achieved
. 6** (lost at Not .
618 901 0.7 Symptomatic 3** (lost at 12) X Not achieved 36+
12) achieved
. . Not X
630 207 0.3 Symptomatic 37** Not achieved . Not achieved 36+
achieved
508 41 4.5 Presymptomatic 3.4 (E) 7.7 4.5 13.2 36+
579 889 1.7 Symptomatic 4 6 8g** 31.0 36+
615 48 9.0 Presymptomatic 3.3 (E) 7.5 7.4 11.9 36+
634 771 5.0 Symptomatic 4%* 6** 10** Not achieved 36+
. Not .
829 517 1.7 Symptomatic 3 (lost at 16.1) 6 (lost at 16.1) ) Not achieved 22.5
achieved
Onasemnogene abeparvovec (n = 7)
669 33 4.4 Presymptomatic 5.9 6.1 8.1 18.3 30.5
813 20 5.2 Presymptomatic 3.6 (E) 9.3 9.3 14.8 24
825 81 7.8 Presymptomatic 1.6 (E) 5.5 9 14.5 16.8
849 102 8.0 Presymptomatic 1.9 (E) 5.0 6 10.0 19.4%*
907 37 9.8 Presymptomatic 4 (E) 6.2 8.8 15.2 20.3
818 190 3.7 Presymptomatic 2.5% (E) 5.3% 9.3*% 13.3* 22.3% **
851 171 43 Presymptomatic 4.5 (E) 7.5 10.8 11.9 15.8
Co-therapy (n = 6)
571 71/940 0.8 Symptomatic 20.2 (E) 14%* 32.7 Not achieved 36+
809 78/85 0.2 Symptomatic 4.8 (E) 23.2 23.2 Not achieved 26.2
832 91/96 1.0 Symptomatic 12.6 (E) 10** 25.4%* Not achieved 23.4
. Not .
846 50/141 0.6 Symptomatic 19.3 (E) 13** ) Not achieved 22.1
achieved
913 16/29 0.2 Symptomatic 3.9 (E) 9.7 13.1 Not achieved 18.3
927 10/98 8.0 Presymptomatic 4.6* (E) 7.1* 9.9% Not achieved 9.9%

Background colors indicate SMN2 copy number for each case. Red: 2 SMN2 copies. Green: 3 SMN2 copies. Purple: 4 SMN2 copies. All milestones achieved were documented to be
maintained during the follow-up of this cohort study to the age of last evaluation unless otherwise specified. Regarding Subjects 818 and 927 *Adjusted for prematurity. **Parent

reported.

Neurofilament light chain (Nf-L) were determined at Quanterix (Bill-
erica, MA) using a single-molecule array (Simoa) NF-light Advantage
Kit (Quanterix). This is a commercially available measurement and
details can be obtained at https://www.quanterix.com.

Statistical analysis

Generalized linear mixed model (GLMM) with random intercept was
applied using SAS 9.4 (SAS Institute Inc, Cary, NC). To match the as-
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sumptions of the GLMM, log transformation was applied to some
continuous variables. Data were controlled for age. Sex was neither
a significant nor a confounding factor in our model. To compare
pNf-H, Nf-L, or CMAP values among healthy control subjects and
SMA patients with 2, 3, or >4 SMN2 copies and to compare patients
treated with nusinersen and/or onasemnogene abeparvovec, the
model was Ln(pNf-H or Nf-L or CMAP) versus age, SMN2 copy
number, nusinersen, and onasemnogene abeparvovec. Differences
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in pNf-H and Nf-L levels were reported as fold-change, 95% Cls, and
p values. Adjustment for SMN2 copy number was also performed,
with SMN2 copies treated as a categorical variable. Critical value
was set as p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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