
Journal of Neuromuscular Diseases 10 (2023) 653–665
DOI 10.3233/JND-230012
IOS Press

653

Research Report

Full-Length SMN Transcript in
Extracellular Vesicles as Biomarker in
Individuals with Spinal Muscular Atrophy
Type 2 Treated with Nusinersen

Selena Trifunova,f,1,∗, Daniel Natera-de Benitoa,b,1,∗, Laura Carrera-Garcı́aa,b, Anna Codinaa,
Jesica Expósito-Escuderoa,b, Carlos Orteza,b, Julita Medinad, Soraya Torres Alcalac, Sara Bernale,f ,
Laura Aliase,f , Carmen Badosaa, Sol Balsellsg, Daniel Alcoleac, Andres Nascimentoa,b,f and Cecilia
Jimenez-Mallebreraa,f,h

aApplied Research in Neuromuscular Diseases, Institut de Recerca Sant Joan de Déu, Barcelona, Spain
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Abstract.
Background: Three therapeutic strategies have radically changed the therapeutic scenario for spinal muscular atrophy (SMA).
However, therapeutic response differs between individuals. There is a need to identify biomarkers to further assess therapeutic
response and to better understand which variables determine the extent of response.
Methods: We conducted a study using an optimized digital droplet PCR-based method for the ultra-sensitive detection of
SMN transcript in serum EVs from SMA 2 individuals treated with nusinersen over 14 months. In parallel, we investigated
levels of serum and CSF neurofilament heavy chain (pNF-H) in the same cohort.
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Results: Expression of flSMN transcript in EVs of SMA 2 individuals prior to nusinersen was lower than in controls (0.40
vs 2.79 copies/ul; p < 0.05) and increased after 14 months of nusinersen (0.40 vs 1.11 copies/ul; p < 0.05). The increase in
flSMN with nusinersen was significantly higher in younger individuals (p < 0.05). Serum pNF-h was higher in non-treated
individuals with SMA 2 than in controls (230.72 vs 22.88 pg/ml; p < 0.05) and decreased with nusinersen (45.72 pg/ml at 6
months, 39.02 pg/ml at 14 months). CSF pNF-h in SMA 2 individuals also decreased with nusinersen (248.04 pg/ml prior to
treatment, 197.10 pg/dl at 2 months, 104.43 pg/dl at 6 months, 131.03 pg/dl at 14 months).
Conclusions: We identified an increase of flSMN transcript in serum EVs of SMA 2 individuals treated with nusinersen that
was more pronounced in the younger individuals. Our results indicate that flSMN transcript expression in serum EVs is a
possible biomarker in SMA to predict or monitor the response to treatment.

Keywords: Biomarkers, cerebrospinal fluid, nusinersen, response predictors, serum, spinal muscular atrophy

INTRODUCTION

Spinal muscular atrophy (SMA) is an autoso-
mal recessive neuromuscular disease resulting from
the progressive degeneration of motor neurons. It is
caused by the homozygous deletions of exon 7 and
less frequently by point mutations in SMN1, result-
ing in a deficient and unstable SMN protein [1]. This
deficiency leads to muscle wasting, weakness, and
feeding and respiratory difficulties [2]. The paralo-
gous gene SMN2 is present in a variable copy number
and encodes an unstable and dysfunctional protein
lacking exon 7 (SMN�7) but also a small amount
of functional full-length SMN protein (flSMN) [3].
SMA is classified into three main types according to
age at onset and the maximal motor ability achieved
by untreated individuals: children with SMA type 1
are unable to sit unsupported and most of them die
before the age of 2 years; individuals with SMA type
2 achieve the ability to sit but never walk, and indi-
viduals with SMA type 3 achieve the ability to walk
[2, 4].

Three therapeutic strategies for SMA (nusinersen,
risdiplam and onasemnogene abeparvovec) have
showed an unequivocal efficacy when administered
early in young patients [5–10], not being so easy to
assess clinical response when treatments are admin-
istered in older patients with a longer disease duration
[11–13], nor to compare the efficacy between the
three therapies [2, 14]. Despite some observational
studies has showed an overall favorable response to
nusinersen in older patients [15], it is increasingly evi-
dent that patients respond differently [16]. Accurate
assessment of therapeutic response using functional
motor scales in elderly patients is often not possible
due to the existence of a floor effect which makes it
very difficult to assess individual response in patients
with long-duration SMA [17]. Identifying reliable
biomarkers to better measure the response of each

patient to nusinersen and to better understand the vari-
ables that determine the response is highly desirable.

Apart from the SMN2 copy number and less
frequent genetic modifiers [18, 19], only few labo-
ratory biomarkers such as neurofilaments (peripheral
neurofilament light chain [pNF-L] [20], periph-
eral neurofilament heavy chain [pNF-H]) [21, 22],
microRNAs [16], and cathepsin D [23] are avail-
able for SMA [24–28]. Although protein levels of
SMN and mRNA measured from blood are conve-
nient to obtain, they do not necessarily reflect the
biological mechanisms occurring at the motor neuron
[29–34]. Endogenous SMN levels differed between
tissue types and levels in peripheral blood are gener-
ally lower than those of motor neurons [35], which
means that SMN levels measured in peripheral blood
may not be sensitive enough to reflect significant
changes in motor neurons.

Extracellular vesicles (EVs) play a key role in
intercellular communication by transporting nucleic
acids, lipids and proteins through the systemic cir-
culation to distant organs in a stable form that is
protected from degradation until they are easily taken
up by target cells [36, 37]. EVs are able to cross
the blood-brain barrier from the brain to the blood-
stream and vice versa [38] and neuronal-derived EVs
containing different proteins have proven to be use-
ful biomarkers in neurodegenerative disorders such
as Alzheimer’s disease and frontotemporal demen-
tia [39, 40]. Although SMN protein is known to be
detectable in exosomes isolated from human serum
and a reduction in the amount of SMN protein in exo-
somes was observed in a patient with SMA Type 3
compared to a normal control [41], SMN transcripts
within EVs have not been systematically investigated
in individuals with SMA.

To further assess the role of SMN transcripts in
EVs as biomarkers in SMA, we here conducted a
study using an optimized digital droplet PCR-based
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method for the ultra-sensitive detection of SMN tran-
scripts in EVs in both serum and CSF from patients
with SMA 2 treated with nusinersen over a follow-up
period of 14 months. In parallel, we investigated pNF-
H, another promising biomarker for SMA, in the same
cohort.

Our data reveals the differential expression of SMN
transcripts in serum EVs in response to nusinersen
treatment in individuals with SMA type 2 and high-
lights the potential application of SMN transcripts in
serum EVs as biomarkers for SMA.

METHODS

Study design and patients

We performed a prospective study to determine
possible biomarkers in serum and CSF samples of
SMA patients under intrathecal treatment with nusin-
ersen. The study was conducted at Hospital Sant Joan
de Déu in Barcelona, Spain and approved by the Clin-
ical Ethics Committee of Hospital Sant Joan de Déu
(PIC-142-20). Inclusion criteria were (i) genetic diag-
nosis of SMA, (ii) clinical diagnosis of SMA type 2,
and (iii) treatment with nusinersen.

All 14 individuals (7 females and 7 males) had a
SMA type 2 (11 individuals with SMA type 2a and 4
with SMA type 2b) caused by a homozygous deletion
in SMN1 gene. Eleven individuals had 3 copies of
SMN2, 2 had 4 copies and the number of copies were
unknown in other. The mean age of first symptoms
was 8.5 months (range 4–12 months; SD: 2.5) and
the mean age at which nusinersen was started was 9.5
years (range 1.5–15.7 years; SD: 3.2). Mean HFMSE
and RULM at nusinersen onset were 8.4 (range 0–26;
SD 8.0) and 17.5 (range 6–17; SD 6.0), respectively.
A summary of the demographic and clinical features
of the individuals in whom this work was performed
is showed in Table 1.

The recommended dosing schedule for adminis-
tration of nusinersen was followed in all the patients:
An initial loading phase at days 0, 14, 28 and 60
was followed by maintenance doses every 4 months.
Serum and CSF samples were obtained on a regu-
lar nusinersen-synchronized basis prior to intrathecal
administration at baseline (dose 1; month 0), at 6
months of treatment (dose 5; month 6) and at 14
months of treatment (dose 7; month 14). Addition-
ally, CSF samples were also collected at 2 months of
treatment (dose 4; month 2) [42].

Motor function was measured using the Hammer-
smith Functional Motor Scale Expanded (HFMSE)

and the Revised Upper Limb Module (RULM) every
8 months. The HFMSE scale consists of 33 items that
are scored on a 3-point scoring system and results in a
total score can range from 0, if all the proposed activ-
ities are failed, to 66, if all the proposed activities are
achieved [43]. RULM is a scale specifically designed
to assess the upper limb function in individuals with
SMA. It consists of 19 items and the maximum score
is 37 points [44].

CSF and serum samples from 19 healthy chil-
dren who met inclusion criteria (exclusion of viral
or bacterial meningitis, neurodegenerative diseases,
tumoral and genetic disorders) were collected. These
samples were collected at the emergency department
mainly because of suspicion of meningitis and/or
encephalitis. Six serum samples were used as con-
trol for EVs content analysis (2 females and 4 males;
mean age: 10.3 y), two samples were used as control
for nanoparticle tracking analysis of EVs (1 female
and 1 male; mean age: 6 y), and six samples were
used as control for serum pNF-h levels (3 females
and 3 males; mean age: 12 y). Five CSF samples were
used as controls (3 females and 2 males; mean age: 8
y): two samples were used for nanoparticle tracking
analysis of EVs and three samples for CSF pNF-h
analysis.

Serum and CSF analysis

Serum was obtained from peripheral blood by cen-
trifugation (800g, 5 min) and stored within two hours
at –80◦C. CSF was obtained by lumbar puncture
and processed according to the current guidelines.
Biobanking was conducted according to current
recommendations [45]. All times between CSF col-
lection and freezing were recorded.

Isolation and characterization of extracellular
vesicles

From 1 ml of serum or CSF, we isolated EVs using
the exoRNeasy affinity spin column-based system
(Qiagen). Serum and CSF from two individuals with
SMA, as well as two serum and CSF samples from
controls, were eluted in the elution buffer, buffer XE
(Qiagen), and sent for nanoparticle tracking analysis.
Particle size distribution and concentration mea-
surements were assessed with a Nanosight NS300
(Particle Tracking Analysis) instrument (Malvern
Panalytical, Malvern, UK). Vesicles were resus-
pended in 1x XE and diluted to the working range
of the system (10exp6-10exp9 particles/ml). Videos
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Table 1
Clinical data of the individuals included in this study. Abbreviations: F: female; M: male; y: years

Gender SMA type SMN2 copy
number

Age of
symptoms
onset
(months)

Maximum
motor
milestone
achieved

Age at first
dose of
nusin-
ersen = Age
at collection
of first
samples

HFMSE
pretreatment

HFMSE 8
months of
treatment

HFMSE 16
months of
treatment

RULM
pretreatment

RULM 8
months of
treatment

RULM 16
months of
treatment

SMA 1 M 2a 3 12 Sitting 1,6y 7 7 12 10 13 17
SMA 2 M 2a 3 8 Sitting 10 y 0 2 1 10 13 11
SMA 3 M 2b 3 12 Sitting 12,3 y 26 26 24 27 27 28
SMA 4 M 2a 3 10 Sitting 6 y 19 21 21 19 23 22
SMA 5 M 2b 3 8 Standing 10,6 y 2 6 6 21 22 19
SMA 6 M 2a 3 7 Sitting 9 y 0 0 0 6 6 8
SMA 7 F 2a 3 8 Sitting 9 y 8 8 8 23 18 23
SMA 8 M 2a 3 4 Sitting 7,7 y 10 4 6 19 13 12
SMA 9 F 2b 4 12 Sitting 9,5 y 5 6 7 20 19 20
SMA 10 F 2a 3 5 Sitting 5,7 y 12 12 13 20 16 18
SMA 11 F 2a 3 8 Sitting 4,5 y 10 15 13 14 19 16
SMA 12 F 2a 4 8 Sitting 6,8 y 9 8 7 20 19 18
SMA 13 F 2a 3 Sitting 15,7 y 2 2 2 9 9 6
SMA 14 F 2a 3 8 Sitting 14,7 y – 19 16
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were captured and analyzed with Nanosight NS300
software (version 3.4) using an sCMOS camera.

Isolation of total RNA in serum, isolation of RNA
in EV and absolute quantification of full-length
SMN transcript (flSMN)

Serum samples from two individuals with SMA
and from two healthy controls were used to extract
total RNA with the miRNeasy Serum/Plasma kit
(Qiagen). Briefly, total RNA was isolated from 200 �l
of serum according to the manufacturer’s recommen-
dations and eluted in 14 �l of RNase-free water.

From 1 ml of serum, EVs were isolated from 8
patients and 2 healthy controls and from 1 ml of CSF,
EVs were isolated from 8 patients and 6 controls. This
system allows the isolation of EVs and subsequent
isolation of EV RNA in the same protocol following
the manufacturer’s recommendations. EV isolation
was performed using the exoRNeasy Midi Kit (Qia-
gen) affinity spin column-based system according to
the manufacturer’s recommendations. This system
allows isolation of EVs and subsequent isolation of
RNA from EVs bound to the affinity column.

Peripheral blood mononuclear cells used as control
for flSMN were isolated from a buffy coat derived
from a patient with SMA, as previously described
[46]. Briefly, cells were centrifuged at 350 g for 10
min, the supernatant was removed and the cells were
resuspended in HBSS. RNA was isolated from fresh
blood with TRIZOL (Invitrogen) and extracted with
the QIAamp RNA Blood Mini kit (QIAGEN) fol-
lowing the manufacturer’s instructions respectively.
cDNA synthesis: RNA concentration was determined
using a spectrophotometer and 1 �g of total RNA was
used as template for the reverse transcription reaction.

Total RNA (5 �L) and RNA obtained from
EVs (5 �L) were transcribed in a 20 �L reaction
(GoScript™ Reverse Transcriptase, Promega)
following the manufacturer’s instructions. Absolute
quantification of flSMN was performed by droplet
digital PCR (ddPCR) (Bio-Rad). Briefly, 2 ul of
obtained cDNA was prepared for amplification
in a 20 �L reaction volume containing 10 �L of
2X ddPCR Supermix for Probes (Bio-Rad), 1 �L
of each primer/probe set and nuclease-free water.
The primers used to amplify flSMN at 5’-3’, for-
ward primer sequence: GCTGATGCT TTGGGA
AGTATGTT; reverse primer sequence CAC-
CTTCCTTTCTTTTGATTTTGTC; Taqman probe
sequence FAM-TTTCATGGTACAGTGGCTATC

ATAGGCTAT-MGBNFQ. [47]. TaqMan gene
expression assays (probe and primers) were pur-
chased from Invitrogen Life Technologies. The
ddPCR assay mix (20 �L) was loaded into the
wells of a disposable DG8 cartridge (Bio-Rad) with
70 �L of probe droplet generation oil (Bio-Rad).
The cartridge was then placed in the QX200 droplet
generator (Bio-Rad). PCR reactions were carried
out on a C1000 Touch thermal cycler (Bio-Rad
Laboratories) using the following standard cycling
conditions: 95◦C-10 minutes, 40 cycles of 94◦C-30
seconds, 40 cycles of 60◦C-1 minute and 98◦C-
10 minutes. As a positive control for the flSMN
assays, RNA extracted from lymphocytes of two
SMA patients was used. After PCR, the plate was
loaded into the QX200 droplet reader (Bio-Rad)
for automatic reading of positive (contained target)
and negative (did not contain target) droplets in
each sample using the rare event detection option.
Data were analysed using QuantaSoft™ software
(Bio-Rad).

Quantification of phosphorylated neurofilament
heavy chain (pNF-h)

Neurofilament heavy chain concentrations were
measured in duplicate using the ultra-sensitive single-
molecule array (Simoa) technique on the Simoa SR-X
Analyzer (Quanterix, Lexington, Massachusetts). We
used the pNF-heavy Discovery Kit (Quanterix) for
pNfH quantification according to the manufacturer’s
instructions and in accordance with published pro-
cedures [48]. CSF samples were diluted 25-fold
and serum samples were diluted four-fold, as rec-
ommended by the manufacturer. The intra- and
inter-assay coefficients of variation of the assay were
4.0% and 12.3%, respectively.

Statistical analysis

Statistical analysis was performed using R and
PRISM 8.0 software. Based on the number of patients
with SMA type 2 who had been treated with nusin-
ersen at Hospital Sant Joan de Déu between March
2018 and March 2020, a sample size of 15 individuals
was expected. This sample size allowed to detect sig-
nificantly a difference with an effect size of 1.0 in a
bilateral statistical test to compare means with paired
data with a significance level of 0.05 and a power of
0.8, which was considered to be sufficient.
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All available data were included in the statistical
analysis. Some measures had skewed distributions, so
log transformation was used to normalise these values
for parametric tests. The parametric two-tailed Stu-
dent’s t-test for independent samples, with Welch’s
correction, was used to compare individuals with
SMA and controls. A two-tailed parametric Student’s
t-test for paired samples was used to compare samples
taken at different time points in the same individuals.
Pearson’s correlation was used to correlate the age
of individuals with SMA when they received the first
dose of nusinersen with flSMN in EV, with pNF-h
in serum, and with pNF-h in CSF. Pearson’s cor-
relation was also used to compare the biomarkers
described here with the functional motor scales. A p-
value ≤0.05 was considered statistically significant.

RESULTS

The mean diameter of EVs isolated from CSF was
184.8 nm in healthy controls and 214.2 nm in indi-
viduals with SMA. The mean concentration of EVs
in CSF was 2.6 E10 particles/ml in healthy controls
and 5.6 E10 particles/ml in individuals with SMA.
In serum, the mean diameter of EVs was 230.6 nm
in healthy controls and 225.6 nm in individuals with
SMA. The mean concentration of EVs in serum was
1.4 E11 particles/ml in healthy controls and 1.5 E11
particles/ml in individuals with SMA. These sizes and
concentrations are consistent with those previously
described by Nash et al. [41].

Serum EVs from individuals with SMA 2 contain
flSMN transcript that increases with nusinersen
treatment

We isolated RNA from EVs extracted from serum
and CSF of 6 individuals with SMA type 2 prior to
dose 1 of nusinersen (baseline) and prior to dose 7
(month 14) and from 6 healthy controls. By ddPCR,
we tested the presence of flSMN in the RNA derived
from EVs. As a positive control for both assays, RNA
extracted from lymphocytes of another individual
with SMA was used (data not shown).

We detected flSMN transcript in all the samples
of serum EVs analysed but not in CSF-derived EVs
(data not shown).

After detecting the flSMN in serum EVs, we
decided to test whether SMN transcript could be
amplified directly from serum or CSF, without prior
extraction of the EVs. As a positive control for the

Fig. 1. The individual value plot shows an increase in flSMN tran-
script expression in EVs of individuals with SMA 2 between the
start of nusinersen treatment (M0: month 0) and 14 months of treat-
ment (M14: month 14). Both are compared with the expression of
the flSMN transcript in the EVs of unnafected controls. ∗: p ≤ 0.05;
∗∗: p ≤ 0.01; ∗∗∗: p ≤ 0.001.

flSMN transcript expression we used cDNA from
lymphocytes. However, we did not detect flSMN tran-
script in samples from two patients and two healthy
controls (data not shown).

Expression of the flSMN transcript in the EVs of
individuals with SMA 2 before the start of nusinersen
(prior to dose 1; month 0) was significantly lower
(mean: 0.40 copies/ul; SD: 0.14; range: 0.20–0.57
copies/ul) than in controls (mean: 2.79 copies/ul; SD:
2.10; range: 0.72–6.60 copies/ul) with a 7-fold differ-
ence and a p-value of 0.001.

The expression of flSMN in the EVs of the same
individuals with SMA 2 after being treated with
nusinersen for 14 months (mean: 1.11 copies/ul; SD:
0.73) was more than twice as high as before start-
ing nusinersen treatment (0.40 vs 1.11 copies/ul; p:
0.03) and approached but did not reach the values
of healthy controls (1.11 vs 2.79 copies/ul; p: 0.065)
(Fig. 1 and Table 2). Interim flSMN analyses in EVs
were not performed between the start of nusinersen
and 14 months of treatment due to insufficient serum
samples.

Serum pNF-h levels are high in non-treated
individuals with SMA 2 and decrease when they
are treated with nusinersen

Serum pNF-h levels were available in 7 individuals
with SMA 2 prior to be treated with nusinersen (prior
to dose 1; month 0), in 6 individuals with SMA 2
after having received nusinersen for 6 months (prior
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Table 2
Results of the expression of flSMN transcript in EV in serum, pNF-h levels in serum, and pNF-h levels in CSF in the individuals included in this study

Age at
sample
collection (at
first dose of
nusinersen
in
individuals
with SMA)

flSMN in
EV prior to
treatment

flSMN in
EV after
14m of
nusinersen

Serum
pNF-h prior
to treatment

Serum
pNF-h after
6m of
nusinersen

Serum
pNF-h after
14m of
nusinersen

CSF pNF-h
prior to
treatment

CSF pNF-h
after 2m of
nusinersen

CSF pNF-h
after 6m of
nusinersen

CSF pNF-h
after 14m of
nusinersen

SMA 1 1,5 y 339,52 186,64 97,79
SMA 2 10 y 0,565 1,1 165,68 95,92 84,03 163,71 135,91 79,52 107,14
SMA 3 12,3 y 0,195 0,56 18,64 17,55 13,57
SMA 4 6 y 368,54 203,68 115,51 110,62
SMA 5 10,6 y 0,395 0,52 48,62 49,92 172,08 79,13 195,39
SMA 6 9 y 46,77 25,34 32,29
SMA 7 9 y 0,26 1,85 347,37 198,10 360,43 95,52
SMA 8 7,7 y 0,465 2,15 639,67 378,01 151,97 115,82 99,56
SMA 9 9,5 y 72,79 216,78 212,04 83,99 122,87
SMA 10 5,7 y 134,97 79,11 52,14 54,45
SMA 11 4,5 y 339,85 348,94 73,83 96,98
SMA 12 6,8 y 28,35 14,11 15,28 155,24 111,21 91,70 96,71
SMA 13 15,7 y 547,78 475,00 152,38
SMA 14 14,7 y 0,5 0,61 126,81 109,31
Control 1 7 y 2,95
Control 2 11 y 3,2
Control 3 12 y 6,6
Control 4 13 y 1,2
Control 5 9 y 2,1
Control 6 10 y 0,72
Control 7 14 y 10,71
Control 8 10 y 13,40
Control 9 12 y 71,36
Control 10 12 y 20,76
Control 11 14 y 3,22
Control 12 10 y 17,80
Control 13 8 y 6,70
Control 14 7 y 178,54
Control 15 9 y 103,22
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Fig. 2. The individual value plot shows that the serum pNF-h levels
were high in non-treated individuals with SMA 2 (M0: month 0)
and decreased when they are treated with nusinersen (M6: month
6; M14: month 14). ∗: p ≤ 0.05; ∗∗: p ≤ 0.01; ∗∗∗: p ≤ 0.001.

to dose 5; month 6) and in 5 individuals with SMA 2
after having received nusinersen for 14 months (prior
to dose 7; month 14). Results were compared with
serum pNF-h levels from 6 control samples.

Mean pNF-h in individuals with SMA 2 prior
to be treated with nusinersen was 230.72 pg/ml
(range 18.64–639.67 pg/ml; SD: 232.32), after hav-
ing received nusinersen for 6 months was 45.72 pg/ml
(range 14.11–95.92 pg/ml; SD: 33.07) and after hav-
ing received nusinersen for 14 months was 39.02
pg/ml (range 13.57–84.03 pg/ml; SD: 29.16). Mean
pNF-h in healthy controls was 22.88 pg/ml (range
3.22–71.36 pg/ml; SD: 24.52). pNF-h was signifi-
cantly different in healthy controls and non-treated
individuals with SMA 2 (22.88 vs 230.72 pg/ml; p:
0.01) but not between non-treated individuals with
SMA 2 and individuals with SMA 2 treated with
nusinersen during 6 months (22.88 vs 45.72 pg/ml; p:
0.13) and 14 months (22.88 vs 39.02 pg/ml; p: 0.23).
The pNF-h in patients treated with nusinersen for 6
and 14 months was respectively 5.05 and 5.91 times
lower than in patients who had not started treatment
(Fig. 2 and Table 2).

Serum pNF-h was available at all three time points
for four patients. Using a paired t-test, statistically
significant differences were also found between pNF-
h before starting nusinersen treatment and pHF-h
after 6 and 14 months of treatment (p: 0.04 and p:
0.01, respectively). The individual evolution of these
levels is shown in Fig. 3 and Table 2)

Fig. 3. Line graph shows the individual evolution of serum pNF-h
in four individuals with SMA 2 prior to nusinersen (M0: month 0)
and after 6 and 14 months of treatment (M6: month 6; M14: month
14).

pNF-h in CSF is high in non-treated individuals
with SMA 2 and decrease when they are treated
with nusinersen

pNF-h levels in CSF were available in 12 individ-
uals with SMA 2 prior to be treated with nusinersen
(prior to dose 1; month 0) and after having received
nusinersen for 2 months (prior to dose 4; month 2),
in 11 individuals with SMA 2 after having received
nusinersen for 6 months (prior to dose 5; month 6)
and in 6 individuals with SMA 2 after having received
nusinersen for 14 months (prior to dose 7; month 14).
Results were compared with pNF-h levels in CSF
from 3 control samples.

The mean values of pNF-h in CSF decreased pro-
gressively and significantly from the time of initiation
of nusinersen treatment. Mean pNF-h in CSF in
individuals with SMA 2 prior to receive the first
administration of nusinersen was 248.04 pg/ml (range
126.81–547.78 pg/dl; SD: 127.19). After 2 months
of treatment, it decreased to 197.10 pg/dl (range
79.11–475.01 pg/dl; SD: 128.86), after 6 months of
treatment it decreased further to 104.43 pg/dl (range:
52.14 – 195.39 pg/dl, SD: 39.67), and after 14 months
it was 131.03 pg/dl (range 54.45–339.53 pg/dl; SD:
94.25) (Fig. 4 and Table 2). For 6 patients CSF
samples from all time points were available. The
progressive decrease of pNF-h in CSF after the ini-
tiation of nusinersen was also statistically significant
using paired t-tests (p: 0.03 at 2 months, p: 0.01 at
6 months and p: 0.01 at 14 months) (Fig. 5). The
mean pNF-h in healthy controls was 96.15 pg/ml
(range: 6.70–178.54; SD: 86.14), which is 2.58 times
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Fig. 4. The individual value plot shows that pNF-h in CSF were
high in non-treated individuals with SMA 2 (M0: month 0) and
decreased when they were treated with nusinersen (M2: month
2; M6: month 6; M14: month 14). Results were compared with
pNF-h in CSF from control samples. ∗: p ≤ 0.05; ∗∗: p ≤ 0.01; ∗∗∗:
p ≤ 0.001.

Fig. 5. Line graph shows the individual evolution of pNF-h in CSF
in six individuals with SMA 2 prior to nusinersen (M0: month 0)
and after 2. 6 and 14 months of treatment (M2: month 2; M6: month
6; M14: month 14).

lower than the mean pNF-h in individuals with SMA
2 before starting nusinersen, although the difference
was not statistically significant (p: 0.057).

Fig. 6. Scatter plot shows the relationship between age and
increase in flSMN transcript expression in serum EVs after nusin-
ersen treatment. Increase in flSMN is significantly higher in
individuals who were younger at first administration of nusinersen.

Correlation of the SMN transcript expression in
serum EVs and pNF-h levels with functional
outcome measures and age

The increase in flSMN between the baseline
measurement prior to the first administration of
nusinersen and the 14th month of treatment was sig-
nificantly higher in younger individuals, with a high
and negative correlation coefficient (–0.83; p: 0.04).
In contrast, the decrease in pNF-h levels, both in
serum and CSF, did not correlate with the age of the
patients at the time of starting nusinersen treatment
(p: 0.96 and p: 0.76, respectively) (Fig. 6).

The relationship between changes in the biomark-
ers analysed and changes in the functional motor
scales (HFMSE and RULM) were not statistically
significant (correlation between change in flSMN
and change in HFMSE: p:0.25; correlation between
change in flSMN and change in RULM: p:0.46; cor-
relation between change in pNF-H and change in
HFMSE: p:0.18; correlation between change in pNF-
H and change in RULM: p:0.82). The correlation
between FL-SMN, pNF-H and motor function scores
are showed in supplementary Table 1.

DISCUSSION

Overall, individuals with SMA respond positively
to nusinersen but their individual clinical response
is heterogeneous and therefore biomarkers to com-
plement functional motor scales would be highly
desirable to accurately assess therapeutic response
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but also to understand the causes leading to this vari-
able response. The aim of this study was to explore the
applicability of SMN transcript expression in serum
EVs as a biomarker of therapeutic response in SMA.

Expression of the flSMN transcript in whole blood
has been shown to be able to distinguish between indi-
viduals with SMA and healthy controls and among
SMA phenotypes, but may not be sensitive enough
to reflect significant changes in motor neurons [27].
Since EVs are essential in intercellular communi-
cation by transporting nucleic acids and proteins,
cross the blood-brain barrier, and carried other RNAs
that are biomarkers for other diseases [49, 50], we
preferred to explore whether the flSMN transcript
expression in EVs was different between healthy con-
trols and individuals with SMA 2 and whether it
increases when patients were treated with nusinersen.

Notably, our findings show that the flSMN tran-
script expression in serum EVs is significantly higher
in healthy individuals than in untreated individuals
with SMA 2 and that when the latter are treated
with nusinersen the SMN transcript expression in
serum EVs approach that of healthy individuals, even
though no improvement in motor ability was detected
on functional motor scales. The findings of our neu-
rofilament analyses are in line with published data
[51–54] and validated the quality and validity of
our cohort. We observed a consistent and significant
decline of pNF-H in individuals with SMA 2 after
being treated with nusinersen.

We did not identify a correlation between the
increase in flSMN transcript expression in EVs in
treated patients and changes in their scores on motor
function scales. We also did not identify a correlation
between the decrease in neurofilaments and scores in
motor function scales. This is relatively expected if
we take into account that changes in scores of motor
function scales in individuals with SMA 2 treated
with nusinersen for 1 or 2 years are small, especially
if they are older than 6 years. The mean age of our
cohort was relatively high (9.5 years) and the baseline
motor function relatively low (HFMSE: 8.4; RULM:
17) compared to other studies, which would explain
the modest mean improvement in the motor scales of
the individuals included here after only 14 months
of treatment with nusinersen (Table 1). It could be
hypothesized that flSMN transcript expression in EVs
and other biomarkers may be useful in predicting
response to treatment; a response that is likely to take
longer to become detectable by motor function scales,
which in turn are unlikely to be ideal for measuring
treatment effect.

We did not detect the flSMN transcript in free
serum or CSF, probably because most of it is trans-
ported within extracellular vesicles or, alternatively,
because flSMN circulating in the blood without the
protection of EVs is degraded. Even though the main
beneficial effect of nusinersen is secondary to the
recovery of alpha motor neurons that is caused by the
increase of functional SMN, it is plausible that the
increase in flSMN transported by extracellular vesi-
cles, which cross the blood-brain barrier and reach
other tissues, may also lead to an additional beneficial
effect.

Since flSMN transcript levels in individuals with
SMA are often extremely low, use of sensitive tech-
niques as the optimized digital droplet PCR-based
method that we used in this study is required to
sensitive measure the transcript expression. Also it
helps to avoid or at least diminish the interlabo-
ratory variability. Once fine-tuned, RNA isolation
from EVs is a simple procedure that is feasible to
implement in a clinical setting. Limitations of this
study include (1) that it was performed only in chil-
dren with SMA 2 and, therefore, a further study in
individuals with SMA 1 and SMA 3, as well as in
adults is desirable to complement our findings, (2)
that the change of flSMN transcript in serum EVs
between the start of nusinersen and 14 months of
treatment could not be closely monitored due to insuf-
ficient serum samples between 0 and 14 months, and
(3) that it will be interesting to investigate flSMN
expression in EVs in individuals treated by other
disease-modifying treatments such as risdiplam or
onasemnogene abeparvovec.

In conclusion, we have found that the differential
expression of flSMN transcript in serum EVs is a
potential biomarker to predict or monitor response of
individuals with SMA to nusinersen. The application
of this previously undescribed biomarker could help
to measure the individual response to treatment of
each patient, especially in older individuals, in whom
assessment using functional motor scales has proven
to be insufficient. In addition, it could also be used
to compare the magnitude of response to different
SMA treatments, to better understand the variables
that determine the response in each individual, to
predict the response, and to or monitor the response
to treatment at an early stage. More longitudinal
long-term studies in larger cohorts will be needed
to better understand the correlation of the SMN tran-
script expression in serum EVs to disease progression
and the improvement after therapeutic interventions.
Moreover, it would be insightful to investigate SMN
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protein levels in serum EVs and determine whether
they correlate with flSMN transcript levels and/or
motor function scales.
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