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Abstract

Spinal muscular atrophy is a severe neuromuscular disorder caused by mutations in the survival
motor neuron | gene, leading to progressive motor neuron degeneration. Over the past decade,
disease-modifying therapies targeting the survival motor neuron pathway—nusinersen, onasem-
nogene abeparvovec, and risdiplam—nhave significantly transformed the clinical landscape of spinal
muscular atrophy. Despite their common therapeutic goal of restoring functional survival motor
neuron protein levels, these agents differ markedly in their molecular design, route of adminis-
tration, pharmacokinetic behavior, and population-specific efficacy. This narrative review provides
a comprehensive synthesis of pre- and post-approval pharmacokinetic data from pivotal trials,
real-world studies, and population-based modeling. Nusinersen, an intrathecal antisense oligo-
nucleotide, demonstrates prolonged cerebrospinal fluid exposure and slow systemic clearance.
Onasemnogene abeparvoveg, a single-dose gene therapy, shows sustained survival motor neuron
expression mediated by adeno-associated virus 9 vector delivery and episomal persistence in
nondividing neurons. Risdiplam, an orally administered survival motor neuron 2 splicing modifier,
exhibits systemic bioavailability with reliable central nervous system penetration and predictable
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pharmacokinetics across age groups. Elimination of gene products and oligonucleotides is a
multifaceted process involving enzymatic degradation, immune responses, and excretion through
the kidneys or liver. We further discussed how interindividual variability, age, survival motor
neuron 2 copy number, and immunological factors influence pharmacokinetic—pharmacodynamic
relationships. Personalized treatment strategies for spinal muscular atrophy are increasingly being
guided by advances in pharmacokinetic modeling. As the field evolves, biomarker-based moni-
toring and combination therapies are emerging as promising complementary approaches. With
growing clinical experience and an expanding body of pharmacokinetic research on targeted
therapies, there is strong potential to further refine treatment strategies—ultimately making
spinal muscular atrophy care more effective, safer, and more accessible for patients worldwide.
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gene abeparvovec, risdiplam
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Introduction

Spinal muscular atrophy (SMA) was first
described independently by Guido Werdnig
and Johann Hoffmann in the 1890s.
Together, their clinical and pathological
observations provided the first characteriza-
tion of infantile SMA." SMA is a genetic
neuromuscular  disorder that primarily
affects the anterior horn cells of the spinal
cord, resulting in progressive loss of motor
neurons, muscle weakness, atrophy, and
denervation at the neuromuscular junction.
Inherited in an autosomal recessive manner,
it has an estimated incidence of 8-11 per
100,000 births, making it the most common
monogenic cause of infant mortality.’

The disease is most frequently caused by
homozygous deletions or gene conversions
in the survival motor neuron 1 (SMNI)
gene located on chromosome 5q. In
approximately 95% of cases, patients
exhibit a homozygous deletion of exon 7
in SMN1, while the remaining 5% typically
present with a compound heterozygous
mutation involving one deleted allele and
a point mutation on the other.®> A nearly
identical copy of SMNI, termed SMN2, is

also present in most individuals. However,
due to a critical cytosine-to-thymine (C-to-
T) transition in exon 7, SMN2 predomi-
nantly produces a truncated, nonfunctional
SMN protein. Nevertheless, a small propor-
tion of transcripts include exon 7 and
encode functional SMN protein, which par-
tially compensates for SMNI deficiency.
Importantly, the number of SMN2 copies
is inversely correlated with disease severi-
ty—fewer copies are associated with earlier
onset and more severe phenotypes.*°

Newborn screening for SMA is primarily
performed using real-time polymerase chain
reaction on dried blood spots to detect
homozygous SMNI deletions and estimate
SMN?2 copy number.” Diagnostic criteria
are defined by the International SMA
Consortium and include clinical signs such
as motor regression or delay, hypotonia,
proximal muscle weakness, reduced or
absent deep tendon reflexes, and molecular
confirmation of biallelic pathogenic var-
jants in SMN1.%?

SMA is clinically classified into five
types (0-IV) based on age at onset and dis-
ease severity. This classification captures
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the wide phenotypic spectrum of the dis-
ease, ranging from prenatal onset with
severe hypotonia and respiratory failure
(Type 0) to adult-onset forms with mild
proximal weakness and preserved ambula-
tion (Type IV). An overview of SMA sub-
types, including associated SMN2 copy
numbers, clinical features, and natural his-
tory, is presented in Table 1.>'® However,
with the implementation of newborn
screening and earlier diagnosis, the classical
natural history is increasingly being altered.
Early initiation of disease-modifying thera-
pies (DMTs) has been associated with
markedly improved outcomes, as motor
neuron degeneration can be mitigated
before clinical symptoms manifest.'!

Overview of therapies for SMA

Historically, the management of SMA was
limited to supportive interventions aimed at
preserving respiratory function and nutri-
tional status. Although a definitive cure
for SMA remains elusive, insights into the
molecular genetics of the SMN locus—
particularly the inverted duplication on
chromosome 5q11.1-13.3—have paved the
way for DMTs.'*!3

Before the approval of current SMN-
targeted therapies, several compounds were
evaluated for their potential to enhance
SMN protein expression. These early efforts
focused on modifying SMN2 splicing or
enhancing transcriptional activity and
included agents such as sodium butyrate,
valproic acid, salbutamol, hydroxyurea,
and 4-phenylbutyrate. Preclinical and early
clinical studies demonstrated variable effica-
cy in upregulating full-length SMN messen-
ger RNA (mRNA) and protein levels.'* '
High-throughput screening further identified
small molecules capable of modulating
SMN2 splicing and improving survival in
SMA mouse models.”” A summary of
key preclinical and early clinical studies

investigating non-gene-targeted therapeutic
strategies for SMA is provided in Table 2.

In recent years, the therapeutic land-
scape for SMA has markedly evolved with
the approval of DMTs such as nusinersen,
onasemnogene abeparvovec (OA), and ris-
diplam, each targeting the underlying genet-
ic defect through distinct mechanisms.
These advances have significantly altered
prognosis, particularly when treatment is
initiated early.!!

This narrative review aims to discuss the
pharmacokinetic (PK) properties of the
three approved DMTs for SMA, the ways
in which they differ, and the challenges
involved in understanding their PK profiles.
Although these therapies share a common
therapeutic goal, they vary markedly in
their biochemical composition, routes of
administration, and fate within the body.
Assessing them side by side offers valuable
insight into how distinct pharmacological
strategies can achieve clinical efficacy
through diverse PK pathways. By compar-
ing these pharmacological approaches, we
also explore which PK characteristics may
be considered optimal for the treatment of
SMA. A comprehensive literature search
was conducted in the PubMed databases
for studies published from April 2010 to
April 2025. The search was performed
between 12 and 25 May 2025. The search
strategy employed a combination of key-
words, including “spinal muscular atrophy,”
“onasemnogene abeparvovec,” “risdiplam,”
“nusinersen,” and “pharmacokinetics.” The
detailed PubMed search strategy is provided
in the Supplementary Material.

In addition, a manual search was per-
formed on clinicaltrials.gov and relevant
conference proceedings to identify addition-
al eligible studies not captured in the prima-
ry database search. Only English-language
articles were included. PK parameters such
as maximum plasma concentration (Cp,ay),
time to Cpax (Tmax), half-life (t;,), and
systemic  exposure were summarized
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narratively, and their clinical relevance was
discussed. Given the fundamentally differ-
ent nature of the three approved therapies,
we applied distinct PK terminology where
appropriate. For viral vector—based therapy,
conventional  absorption,  distribution,
metabolism, and excretion (ADME) catego-
ries are less informative; therefore, we con-
sistently used the terms “biodistribution”
and “persistence” to better capture its phar-
macological behavior. In contrast, for small
molecules and antisense oligonucleotides,
classical PK descriptors—ADME—were
employed. This approach allowed us to
reflect the unique properties of each thera-
peutic class while maintaining conceptual
clarity across the review. Although no
formal quality assessment tool was applied,
priority was given to large, prospective trials
with clearly defined methodologies. By syn-
thesizing evidence from pivotal clinical trials,
population modeling, and post-approval
research, this review emphasizes the key
PK findings while also integrating insights
from real-world practice and modeling stud-
ies. This review was conducted in accordance
with the Scale for the Assessment of
Narrative Review Articles (SANRA) guide-
lines.** Ongoing clinical trials are primarily
focused on the development of pharmaco-
logical strategies that enhance the expression
of full-length SMN protein as a therapeutic
approach for SMA. Currently, three SMN-
targeted therapies have been approved by
the US Food and Drug Administration
(FDA) and the FEuropean Medicines
Agency (EMA): nusinersen (Spinraza®),
OA-—xioi (Zolgensma®), and risdiplam
(Evrysdi®). Each of these therapies employs
a distinct mechanism of action and delivery
method; however, all of them aim to restore
functional SMN protein levels and amelio-
rate the neuromuscular phenotype. Despite
this shared therapeutic goal, these agents
differ in terms of PK characteristics, route of
administration, target populations, and regu-
latory approval timelines. Understanding their

pharmacological profiles is therefore essen-
tial to optimize clinical outcomes and tailor
treatment strategies.

Initial PK and pharmacodynamic
(PD) findings

Nusinersen

Nusinersen (Spinraza®) is a synthetic anti-
sense oligonucleotide (ASO) consisting of
18 nucleotides with 2'-O-methoxyethyl
(2’-MOE) and phosphorothioate backbone
modifications. It modulates splicing of
SMN2 pre-mRNA by binding to the
intronic splice silencing site 1, leading to
exon 7 inclusion through displacement of
splicing repressors such as heterogeneous
nuclear  ribonucleoproteins  (hnRNPs),
thereby restoring the production of full-
length SMN protein.”> Owing to its large
molecular size and polarity, nusinersen is
administered intrathecally to ensure central
nervous system (CNS) bioavailability. It
was the first therapy targeting the underly-
ing genetic mechanism of SMA.
Nusinersen received FDA approval in
December 2016 as an orphan drug and
was subsequently granted EMA approval
in May 2017 for the treatment of 5g-asso-
ciated SMA, regardless of disease type or
patient age. Its efficacy was established
by two pivotal studies (ENDEAR and
CHERISH), supported by early-phase studies
(CS3A and CS1/2). The ENDEAR (CS3B)
trial, conducted among symptomatic infants
with early-onset SMA (<6 months), demon-
strated significant improvements in event-
free survival (EfS) and motor milestone
achievement compared with sham control
(p<0.001), including a 51% response rate
on the Hammersmith Infant Neurological
Examination-2 (HINE-2) scale and improved
Children’s Hospital of Philadelphia Infant
Test of Neuromuscular Disorders (CHOP-
INTEND) scores. The CHERISH (CS4)
trial, involving patients with later-onset
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SMA (median age, 3 years), showed a statis-
tically significant improvement in
Hammersmith Functional Motor Scale-
Expanded (HFMSE) scores from baseline
to month 15 (mean change: +3.9 vs. —1.0;
p<0.001).>>* These findings were further
validated by long-term extension data from
the SHINE study and early-phase trials as
well as real-world outcomes in pediatric and
adult patients.’®*’

Overview of initial PK/PD studies. Initial PK
and PD investigations of nusinersen have
characterized its behavior following intra-
thecal administration, focusing on its
ADME. Preclinical studies in rodents and
nonhuman primates demonstrated broad
CNS distribution and prolonged tissue
retention following intracerebroventricular
or intrathecal administration, with func-
tional SMN2 exon 7 inclusion persisting at
least 36 weeks postdosing in the spinal
cord.?® First-in-human studies confirmed
dose-proportional concentrations in both
cerebrospinal fluid (CSF) and plasma,
with a terminal CSF half-life ranging from
132 to 177 days.?® Further clinical investi-
gations confirmed widespread CNS pene-
tration, while population PK modeling
using pooled data from five trials revealed
a four-compartment model encompassing
CSF, CNS, plasma, and systemic tissues.
This model estimated a median CSF half-
life of 163 days and supported infrequent
dosing regimens, consistent with the clinical
administration of nusinersen every 4-6
months in pediatric patients.>*-!

Dosing regimen and bioavailability. Regarding
dosing and bioavailability, initial dose-
escalation studies evaluated ascending
single doses (1-9mg) and identified 12 mg
as the optimal fixed dose for repeated
administration.’*3! Although absolute bio-
availability cannot be directly assessed due
to the intrathecal route, functional bioavail-
ability is supported by increased SMN

protein levels and improved motor func-
tion. Age-adjusted simulations initially sup-
ported weight-based dosing in infants aged
<2 years; however, given the absence of
dose-limiting toxicity, a uniform 12-mg reg-
imen was ultimately recommended for all
age groups.”!

Key findings from early-phase trials and PK sup-
port for clinical efficacy. Pivotal clinical trials
have further established the efficacy of nusi-
nersen across various SMA phenotypes. In
the ENDEAR trial involving infants with
symptomatic Type 1 SMA, nusinersen
significantly improved motor milestone
response rates (51% vs. 0%; p<0.001)
and prolonged EfS, defined as survival
without permanent ventilation. A hazard
ratio of 0.37 for mortality further con-
firmed a substantial survival advantage,
particularly among those treated earlier in
the disease course.’> In the CHERISH
study, which enrolled children aged 2-12
years with later-onset SMA (mostly Type
2), nusinersen recipients demonstrated a
mean gain of +44.0 points in HFMSE
scores, whereas children in the sham
group experienced a mean decline of —1.9
points (p<0.001). A clinically meaningful
improvement (>3 points) was observed in
57% of treated patients compared with
26% in controls.>

Additional data underscore the impor-
tance of the timing and anatomical distri-
bution of drug action. Ramos et al.
emphasized the importance of temporal dis-
tribution of SMN protein, highlighting that
the therapeutic efficacy of nusinersen may
depend on early initiation and sustained
CNS expression. Lower SMN levels in post-
natal spinal cords compared with fetal sam-
ples highlight the value of early PK/PD
optimization in clinical practice. Evidence
from presymptomatic cohorts has further
reinforced this principle.** Longitudinal
studies such as NURTURE (presympto-
matic infants) and EMBRACE



Journal of International Medical Research

(patients outside pivotal trial eligibility)

highlighted the importance of early
intervention.*>-*
OA

OA-xioi (Zolgensma®) is a gene replace-
ment therapy designed to deliver a func-
tional copy of SMNI to motor neurons
via an adeno-associated virus serotype 9
(AAVY) vector. Once transduced, the gene
remains episomal and drives sustained
expression of the SMN protein through a
cytomegalovirus enhancer/chicken-B-actin
hybrid promoter. The AAV9 capsid facili-
tates crossing of the blood-brain barrier
and targets motor neuron populations,
directly addressing the genetic root cause
of SMA. By introducing this gene into
host cells, the therapy enables sustained
expression of the full-length SMN protein,
directly targeting the genetic root cause of
SMA.*

This therapy is a single-dose intravenous
infusion and represents the first gene thera-
py approved for the treatment of SMA. It
employs AAVY for its ability to cross the
blood-brain barrier and transduce motor
neurons following systemic administration.
OA received FDA approval as an orphan
drug in May 2019 and was granted condi-
tional EMA approval in May 2020, later
converted to full authorization in May
2022, based on key clinical trials including
START and STRIVE, which demonstrated
improved motor milestone achievement,
EfS, and sustained efficacy with a single
administration.*”°

OA-xioi is a single-dose intravenous
gene therapy that delivers a functional
copy of SMNI to motor neurons using an
AAV9 vector. Unlike conventional small
molecules or oligonucleotide-based drugs,
its PK and PD properties are determined
by vector biodistribution, transgene expres-
sion, and host immune responses, rather

than traditional plasma-based parameters
such as half-life or clearance.*’

Vector distribution and biodisposition. Upon
intravenous infusion, the AAV9 vector is
rapidly distributed systemically and crosses
the blood-brain barrier, achieving efficient
transduction of motor neurons in the spinal
cord. Biodistribution studies in human tis-
sues, including the heart, kidney, and skel-
etal muscles, demonstrated that vector
genome copies are most abundant in the
liver, 300-1000-fold higher than that in
the CNS; however, therapeutically relevant
levels (1.5-2.7 vector genome (vg)/diploid
genome) are also detected in spinal motor
neurons via laser-capture microdissection,
confirming CNS penetration and neuronal
uptake. Immunohistochemical analyses
confirmed robust SMN protein expression
in both motor neurons and glial cells
throughout the spinal cord and brain.*

SMN protein expression initiates within
days post-administration and remains dura-
ble due to episomal persistence of the trans-
gene in nondividing neurons. Traditional
plasma PK parameters are of limited rele-
vance for recombinant adeno-associated
virus (rAAV)-based gene therapies; instead,
vector genome copies in tissues and trans-
gene expression levels serve as surrogate
PK/PD indicators. Importantly, the pres-
ence of pre-existing anti-AAV9 neutralizing
antibodies can impair vector transduction
and prevent effective gene delivery. As a
result, patients are routinely screened for
anti-AAV9 seropositivity prior to treat-
ment, as current clinical protocols generally
exclude seropositive individuals to ensure
efficacy and safety.*' Shedding of OA pre-
dominantly occurs via feces, peaking within
the first weeks after infusion and typically
resolving within 30 days, as reported in pre-
clinical and regulatory data.’’

Clinical correlates from early-phase trials. The
START trial was the first to demonstrate
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the clinical impact of OA in infants with
Type 1 SMA. All patients survived
beyond 20 months without permanent ven-
tilation, and several achieved developmen-
tal milestones such as independent sitting
and walking—outcomes rarely observed in
untreated populations.*?

These findings were corroborated in the
STRIVE-US and STRIVE-EU studies,
where 44% and 59% of the treated infants,
respectively, achieved independent sitting.
In STRIVE-US, 82% of the treated infants
survived without permanent ventilation by
18 months.**** Plasma-based PK data were
limited, and there was no clear or consistent
increase in either AAV9 or SMN cellular
response.* In the STRIVE-EU study,
44% of patients achieved independent sit-
ting for at least 10s by 18 months, and 97%
survived without permanent ventilation by
14 months of age, confirming comparable
therapeutic efficacy in a European cohort.*

Most compellingly, the SPRINT trial
evaluated presymptomatic infants with
two or three SM N2 copies. Early adminis-
tration of the same dose (1.1 x 10'* vg/kg)
resulted in 100% survival and achievement of
age-appropriate World Health Organization
motor milestones, with 79% of infants with
two gene copies standing independently by
18 months of age.*’

Risdiplam

Risdiplam (Evrysdi®) is an orally adminis-
tered small molecule designed to treat SMA
by modifying the splicing of SMN2 pre-
mRNA. It enhances the inclusion of exon
7, thereby increasing the production of func-
tional, full-length SMN protein systemically,
including the CNS. This mechanism directly
addresses the pathophysiological deficiency
in SMN protein caused by mutations in
SMNI located on chromosome 5q.*
Risdiplam received FDA approval in
August 2020 as an orphan drug and EMA
approval in March 2021 for the treatment

of patients with 5q-associated SMA aged
>2 months. The clinical efficacy and
safety of risdiplam were demonstrated in
two pivotal studies. The FIREFISH trial
part 2 evaluated symptomatic infants with
Type 1 SMA. By month 12, 29.3% of
patients achieved the primary endpoint of
independent sitting for >5s, rising to 61%
by month 24. Importantly, 82.9% of partic-
ipants were alive without permanent venti-
lation at 24 months. The SUNFISH trial part
2 assessed nonambulant patients aged 2-25
years with Type 2 or 3 SMA. At month 12,
risdiplam-treated patients showed a statisti-
cally significant improvement in the 32-item
Motor Function Measure (MFM32) and the
Revised Upper Limb Module (RULM)
scores.*” These improvements were sustained
through 24 months of treatment. Additional
data from the RAINBOWFISH trial in pre-
symptomatic infants and JEWELFISH in
previously treated patients with SMA further
support risdiplam’s efficacy across the clinical
spectrum of the disease.*® "

ADME. Risdiplam is an orally administered
small molecule that promotes exon 7 inclu-
sion in SMN2 pre-mRNA transcripts,
thereby enhancing functional SMN protein
production. It is the first and only orally
administered SMA therapy approved for
systemic use, offering broad tissue distribu-
tion, including CNS  penetration.*
Preclinical studies in rodents and nonhu-
man primates confirmed extensive tissue
distribution, including the brain, muscle,
and visceral organs. CNS penetration is
supported by risdiplam’s highly passive
permeability and minimal interaction with
efflux transporters.”!

In healthy volunteers, risdiplam exhib-
ited linear PK over a dose range of 0.6—
18 mg, with a mean terminal half-life of
40-69h and no significant food effect on
systemic exposure.’> The drug is primarily
metabolized by flavin-containing monooxy-
genases (FMO1 and FMO3) and minimally
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by cytochrome P450 (CYP) enzymes, reduc-
ing the risk of drug—drug interactions.
Excretion  occurs  predominantly  via
feces.**>? Clinical trials demonstrated dose-
proportional  exposure and  consistent
increases in systemic SMN protein levels
across patient populations. Risdiplam
reached steady-state concentrations within
7-14 days.> In the FIREFISH trial (Type 1
SMA), area under the curve (AUC) values
ranged from 630 to 2000 ng-h/mL depending
on dosage, and this exposure was associated
with twofold increases in SMN protein levels
within 4 weeks, also supported by the sus-
tained (>12-month) twofold increase
reported in SUNFISH Part 1.+

Dosing schedule and PD. The therapeutic
dosing regimen of risdiplam, derived from
FIREFISH part 2 and SUNFISH part 2
studies, is 0.25 mg/kg once daily for individ-
uals weighing <20 kg and a fixed 5 mg daily
dose for those weighing >20kg. This regi-
men consistently achieved a more than two-
fold increase in SMN protein levels within 4
weeks, which was sustained throughout the
treatment period. These PD effects were
correlated with improvements in motor
function and other clinical outcomes
across both treatment-naive and pretreated
populations.*->%57

Systemic exposure and clinical outcomes.

Systemic exposure to risdiplam varies by
age and body weight, with AUC 54, values
reaching ~1930ng-h/mL in infants (1-7
months) and ~2070ng-h/mL in older
patients (2-25 years).*’ Risdiplam’s mecha-
nism of action, enhancing exon 7 inclusion
in SMN2 mRNA, results in >twofold
increases in SMN protein levels within 4
weeks, which is sustained during long-term
treatment.> >® In FIREFISH part 2, 90%
of infants showed EfS at 12 months, and
SMN levels increased to a median of
5.87ng/mL in the high-dose group, corre-
lating with a 44% achievement rate of

independent sitting for at least 30 s—mile-
stones rarely observed in untreated
SMA.>*>° In SUNFISH part 2, risdiplam
led to a significant improvement in
MFM32 scores compared with placebo
(+1.55 points; p=0.016), with younger
individuals showing functional gains and
older participants maintaining stability.”®
The JEWELFISH trial demonstrated pre-
served PD responses in patients previously
treated with other SMA therapies, support-
ing risdiplam’s efficacy across a broad clin-
ical spectrum.**->

Sneak peek on post-approval PK
studies

Nusinersen

Following regulatory approval, long-term
PK evaluation of nusinersen has continued
through observational studies and model-
based simulations. The approved regimen
(12 mg intrathecally every 4 months follow-
ing four loading doses) has demonstrated
consistent CSF exposure. Recent data
have explored the potential benefits of
higher doses. The relationship between
CSF drug levels and clinical outcomes has
been demonstrated in previous studies, with
higher CSF concentrations associated with
greater declines in plasma phosphorylated
neurofilament heavy chain (pNF-H) levels
and improved CHOP-INTEND scores.”
The DEVOTE study (Part A) investigated
a 28-mg dose, reporting no new safety sig-
nals and steady increases in CSF concentra-
tions, reaching median Ciouen  values
consistent with population PK model pre-
dictions for enhanced efficacy.®
Long-term results from clinical trials
demonstrated that in children with later-
onset SMA, sustained exposure to nusi-
nersen was associated with preserved motor
function and improvements in HFMSE and
6-Minute Walk Test scores.®' In real-world
settings, the PANDA study reported steady
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increase in CSF levels of nusinersen and no
plasma accumulation after multiple doses,
accompanied by gains in HINE-2 scores.®

Treatment interruptions pose a practical
challenge, particularly during long-term
therapy. MacCannell et al. (2021) proposed
evidence-based strategies for managing
delayed or missed doses. Population PK
simulations demonstrated that a one-time
missed dose during maintenance can be
compensated by re-administration followed
by a dose at the original interval. For inter-
ruptions of >8 months, MacCannell et al.
(2022) showed that depending on the length
of treatment interruption, 2—4 reloading
doses can restore nusinersen CSF trough
concentrations to steady-state levels with-
out exceeding peak exposures observed
during the initial loading phase.®***

PK variability of nusinersen is influenced
by age, CSF turnover, and spinal anatomy.
A semimechanistic model developed by
Biliouris et al. predicted pediatric exposure
based on allometric scaling from primate
data, emphasizing the roles of body size
and CSF kinetics.> A complementary
physiologically based PK (PBPK) model
demonstrated heterogeneous ASO distribu-
tion along the neuroaxis, suggesting local
gradients that limit initial distribution effi-
ciency. Factors such as the slow and pulsa-
tile nature of CSF flow, combined with its
low turnover rate, may delay drug access to
target tissues in humans.®®

Real-world immunomodulatory data
further suggest PD consequences of nusi-
nersen exposure. Nuzzo et al. showed that
nusinersen reduced the levels of inflamma-
tory cytokines, including interleukin (IL)-2,
I1L-4, IL-7, IL-9, IL-12, IL-17, vascular
endothelial growth factor (VEGF), eotaxin,
and tumor necrosis factor-alpha (TNF-a),
in the CSF of Type 1 SMA patients.
Variable changes observed in Types 2 and
3 SMA indicated potential differences in
CNS penetration or immunologic sensitivi-
ty.%” Garofalo et al. used CSF RNA

sequencing in pediatric patients with SMA
and detected differentially expressed cell-
free RNAs after 6 months of nusinersen
treatment. These RNAs were categorized
as disease-specific, treatment-specific, or
treatment-dependent, implying dynamic
molecular changes linked to drug exposure
and laying the groundwork for novel RNA-
based PD  biomarkers.®®  Similarly,
Panicucci et al. reported that nusinersen
modulates the CSF proteome in a
subtype-specific manner, with glucose
metabolism upregulation in Type 1 SMA
and complement cascade activation in
Type 3 SMA, suggesting distinct biological
responses that may serve as PD indicators
of treatment efficacy.®’

OA

Several post-marketing studies have investi-
gated the vector’s biodistribution, durabili-
ty of gene expression, and potential immune
responses associated with OA. A detailed
human tissue study by Thomsen et al.
confirmed widespread vector genome and
mRNA biodistribution throughout the
CNS and peripheral tissues following intra-
venous administration. SMN protein levels,
which are virtually absent in untreated con-
trols, were restored in the spinal cord, skel-
etal muscle, and peripheral organs, with the
liver harboring the highest vector genome
copy numbers.*® Regarding immunological
considerations, Chu and Ng highlighted the
risk of cytotoxic T cell responses and anti-
AAVY9 neutralizing antibodies, both of
which may impair rAAV transduction and
reduce the durability of transgene expres-
sion.”® Additionally, Muhuri et al. provided
a mechanistic overview of how host-immune
interactions and hepatocyte turnover could
influence the long-term persistence of AAV-
mediated transgene expression.*!
Additionally, comparative data on PD
effects across age groups and SMA pheno-
types are available from clinical trials.
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The SPRINT trial demonstrated that pre-
symptomatic administration of OA enabled
near-normal  neuromotor  development,
emphasizing the critical importance of early
intervention and suggesting a strong age-
dependent PD response.*> The STRONG
trial investigated intrathecal administration
of OA in nonambulatory children with
Type 2 SMA, including those ineligible for
intravenous dosing due to age or weight.
Notably, meaningful improvements in
HFMSE scores were observed, particularly
in children aged 2-5 years, exceeding gains
reported in natural history cohorts.”!

Long-term follow-up has demonstrated
promising results regarding treatment dura-
bility. In the S5-year extension of the
START trial, Mendell et al. reported that
all patients who received the therapeutic
dose of OA maintained previously acquired
motor milestones, and two achieved new
gains, such as standing with assistance,
without the use of nusinersen. Notably,
none of the patients required permanent
ventilation, supporting the long-term clini-
cal durability of a single intravenous
administration.”” These findings are rein-
forced by the review by McMillan et al.,
which summarized that long-term bene-
fits—both in survival and motor func-
tion—have now been consistently reported
in multiple cohorts with follow-up periods
exceeding 5 years.”?

Risdiplam

Following regulatory approval as an orally
administered SMN2 splicing modifier for
the treatment of SMA, risdiplam has been
extensively studied for its PK across
various age groups and previously treated
individuals. Reflecting real-world condi-
tions and reporting 24-month outcomes,
the JEWELFISH study was conducted
among 174 pediatric and adult patients
who had previously received other SMA
therapies, including nusinersen, OA, or

olesoxime. The study evaluated systemic
exposure, SMN protein elevation, and
motor function outcomes following risdi-
plam treatment. Increases in SMN protein
levels were observed across all age and body
weight groups and were sustained through
24 months of treatment. Measures of motor
function generally stabilized, suggesting
that long-term exposure may contribute to
neuromotor benefit.>

Advanced modeling studies have focused
on enzyme ontogeny affecting risdiplam
exposure during childhood. Cleary et al.
analyzed over 10,000 plasma concentration
data points from 525 individuals aged 2
months to 61 years to model FMO3
enzyme maturation, which was then applied
to simulate drug interaction risks in pediat-
ric patients. Their findings indicate that
FMO3 activity is higher in children than
in adults, potentially impacting systemic
exposure to risdiplam.”* Additionally, a
phase I study (NCT03988907) investigated
the effect of risdiplam on midazolam, a
CYP3A substrate, in healthy adults.
Participants received 8mg of risdiplam
once daily for 14 days, and midazolam PK
parameters (AUC and C,,,,) were com-
pared before and after co-administration.
No clinically significant increase in midazo-
lam exposure was observed.”” In a comple-
mentary PBPK model, CYP3A inhibition
data obtained from healthy adults were
extrapolated to pediatric patients with
SMA. The findings predicted a low likeli-
hood of clinically relevant interactions
between risdiplam and CYP3A substrates
in children aged >2 months.”®

Regarding hepatic function, a dedicated
phase I study evaluated PK variability
among adults with mild or moderate hepat-
ic impairment following a single 5-mg oral
dose of risdiplam. The results showed non-
significant changes in the AUC (20%
decrease in mild impairment and 8%
increase in  moderate  impairment),
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supporting that no dose adjustment is
needed in this population.”®

Post-marketing observational data have
provided valuable insights into the long-
term effects of risdiplam in adults with
SMA. In a Croatian cohort of 31 treat-
ment-naive adults with Types 2 and 3
SMA, most patients either maintained or
showed improvement in motor function
based on individualized assessments.
Overall, 60% of patients with bulbar dys-
function reported improvements in speech
and swallowing, and  quality-of-life
enhancements were widely observed.”” In
a prospective single-center study, Bjelica
et al. found that although gross motor func-
tion remained largely stable according to
HFMSE scores, over half of the patients
demonstrated either stability or clinically
meaningful improvement in upper limb
function, as measured by the RULM.
Treatment satisfaction was generally
high.”® The 24-month extension of the
SUNFISH Part 2 study (n=180) provides
strong evidence for the long-term efficacy
of risdiplam in patients with Type 2 and
nonambulant Type 3 SMA. At 24 months,
32% of participants showed >3-point
improvements and 59% maintained stabili-
zation in MFM32 total scores.’”"*

These findings in treated cohorts are
contradictory to historical data from
untreated individuals. The ANCHOVY
study, a retrospective review of 60 infants
with Type 1 SMA, reported that only 10%
of patients were alive without permanent
ventilation at 18 months of age, compared
with 85% in the risdiplam-treated cohort of
FIREFISH Part 2. Furthermore, none of
the patients enrolled in ANCHOVY
achieved independent sitting or upright
head control, underscoring the clinical sig-
nificance of early and sustained risdiplam
treatment in modifying the natural course
of the disease.*® A summary of clinical stud-
ies conducted in patients with SMA is pro-
vided in Table 3.

Future perspectives regarding
the PK of SMA therapies

Emerging research directions

The therapeutic strategy for SMA is pro-
gressively shifting toward individualized
therapeutic approaches. Patient-specific
factors such as age, genotype, body
weight, SMN2 copy number, and CSF
turnover significantly influence drug distri-
bution, clearance, and treatment response,
necessitating refined population PK models
for dose adaptation.®®°®#* Integration of
such models with real-world registry data
may further enhance their predictive value
and support clinicians in making personal-
ized treatment decisions.”’

There is growing interest in biomarker-
guided approaches for PK/PD monitoring
in SMA. Circulating neurofilament light
chain and pNF-H have been investigated,
with pNF-H validated as a dynamic surro-
gate marker of motor neuron damage and
therapeutic response.®>*® Emerging CSF
biomarkers, including monocyte chemoat-
tractant protein-1 (MCP-1), eotaxin, mono-
cyte chemoattractant protein-1p (MIP-1p),
and amyloid-f peptides, have demonstrated
potential to reflect CNS drug effects and
disease severity and may serve as PD surro-
gates in future studies.®’*® Interestingly, a
recent study by Senol et al. evaluated renal
and  hematological = parameters in
nusinersen-treated patients and found that
urinary creatinine (UCr) levels were associ-
ated with improved CHOP-INTEND
scores, suggesting that UCr can serve as a
surrogate PD marker in patients with Type
1 SMA.¥

The PK findings for current SMA ther-
apies provide insights that may guide future
drug development. Combining oral bio-
availability with prolonged neuronal half-
life represents a promising yet challenging
goal, potentially enhancing patient conve-
nience and  therapeutic  durability.
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Achieving this balance may require innova-
tive medicinal chemistry strategies to opti-
mize CNS penetration while maintaining
metabolic stability. Novel viral vector
designs also hold potential to reduce hepat-
ic sequestration, a known limitation of OA,
thereby improving targeted delivery and
potentially minimizing off-target effects.
Advances in vector engineering, including
capsid modifications and tissue-specific
promoters, are emerging strategies under
investigation to address these challenges.
For ASOs, next-generation designs may aim
for more uniform CSF distribution to over-
come regional variability associated with
intrathecal administration. Development of
conjugated ASOs or formulation enhance-
ments could further improve CNS tissue pen-
etration and distribution, as demonstrated by
recent progress in other neurological ASO
therapies.

Biomarker-guided dosing strategies and
combination therapies warrant further
investigation. Neurofilament light chain
has shown promise as a PD biomarker for
monitoring treatment response and may
inform dose optimization. Combination
approaches, such as pairing SMN-
enhancing therapies with neuroprotective
or muscle-targeted interventions, are cur-
rently being evaluated in preclinical and
early clinical studies and may provide syn-
ergistic benefits. These findings highlight
the importance of integrating PK insights
with translational research and innovative
drug design to advance therapeutic strate-
gies for SMA.

Impact of new therapeutic approaches on
PK understanding

Emerging therapeutic approaches, particu-
larly combination strategies, are reshaping
the understanding of PK in SMA. For
example,  combining = SMN-enhancing
agents, such as nusinersen or risdiplam,
with myostatin inhibitors (e.g. apitegromab)

has demonstrated synergistic motor benefits
in clinical trials but necessitates re-
evaluation of exposure-response relation-
ships, tissue distribution kinetics, and
intracellular bioavailability, particularly in
skeletal muscle and non-neuronal tissues.”°
Molecular selectivity and transcriptomic pre-
cision are increasingly relevant to the PD
impact of combined splice-modulating
agents. Ottesen and Singh evaluated off-
target transcriptomic effects of splicing mod-
ulators, proposing that a combination of
low-dose nusinersen with small molecules
such as risdiplam could enhance SMN2
exon 7 inclusion while minimizing transcrip-
tomic disruption. These findings not only
support the dose-dependent safety of such
approaches but also offer a mechanistic
basis for future PK/PD models tailored to
combination regimens.”!

New delivery strategies are introducing
additional complexity to the understanding
of PK in SMA therapies. For example,
administering gene therapy vectors via cen-
tral venous routes may influence biodistri-
bution and the efficiency of blood—brain
barrier penetration.”**®> As these innova-
tions continue to evolve, there is an increas-
ing need for mechanistic frameworks,
including semimechanistic and PBPK
models, to accurately simulate drug behav-
ior along the neuroaxis.®

Technological advances in PK monitoring

Technological advances are enhancing PK
monitoring in SMA therapy. Innovative
bioanalytical tools, such as ultrasensitive
digital immunoassays (e.g. NULISA) and
CSF proteomics, enable detection of subtle
molecular effects and PD  changes.”*
Simultaneously, digital health solutions,
including wearable biosensors and remote
motor function monitoring, are being
explored as noninvasive assessment tools,
although pediatric validation is still ongoing.
Furthermore, several neuroinflammatory
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cytokines have been shown to be modulated
by intrathecal therapies, such as nusinersen,
and may serve as longitudinal markers of
pharmacological activity within the CNS.%"%’

Advantages and limitations

This narrative review provided the advan-
tage of examining the PK profiles of the
three approved DMTs for SMA in a com-
parative framework, highlighting their
differences and the complexities of charac-
terizing their PK behavior. By discussing
therapies that share a common therapeutic
goal but differ substantially in biochemical
structure, routes of administration, and PK
disposition, the review offered insights into
how diverse pharmacological strategies
achieve clinical efficacy through distinct
PK mechanisms. This comparative perspec-
tive uniquely facilitated the identification of
PK characteristics that may be considered
optimal for effective SMA treatment.

A notable disparity exists in the depth of
available PK data among the three
approved DMTs for SMA, with nusinersen
being the most extensively characterized.
This imbalance reflects the greater volume
of published PK studies on nusinersen com-
pared with risdiplam and OA, which
currently have more limited data. This dis-
crepancy is acknowledged as an inherent
limitation of the existing literature and con-
strains direct comparisons among these
therapies. It underscores the critical need
for further comprehensive PK investiga-
tions on risdiplam and OA to better eluci-
date their profiles and optimize their
clinical use.

Conclusions

Summary of key findings

The PK properties of the three currently
approved SMA therapies—nusinersen, ris-
diplam, and OA—have been characterized

through clinical trials, post-marketing stud-
ies, and model-based simulations. Each
therapy exhibits distinct PK attributes
influenced by its route of administration
and molecular design. Nusinersen demon-
strates prolonged CSF exposure following
intrathecal dosing; OA provides long-term
SMN protein expression after a single intra-
venous infusion via AAV9-mediated gene
transfer; and risdiplam achieves systemic
bioavailability with reliable CNS penetra-
tion through oral administration.

Across these therapies, PD markers—
including neurofilament levels, SMN pro-
tein concentrations, and motor function
scales—have been associated with drug
exposure. Although these relationships are
encouraging, interindividual variability
remains an important consideration for
clinical efficacy and safety. Overall, current
evidence highlights the value of integrating
PK/PD data to inform treatment selection,
guide dosing strategies, and support long-
term monitoring in patients with SMA.

Future research

Further research into the PK behavior of
SMA therapies may provide opportunities
to refine and personalize treatment strate-
gies. Patient-specific factors, including age,
disease severity, SMN2 copy number, and
immunological status, influence drug distri-
bution and therapeutic response, warrant-
ing the development of adaptive dosing
models and individualized monitoring
tools. Ongoing and future investigations
that integrate biomarkers, advanced model-
ing techniques, and real-world data are
expected to deepen our understanding of
treatment dynamics. As novel combination
therapies and delivery methods emerge, PK
science will remain central-—not only in
optimizing efficacy and minimizing risk
but also in shaping more accessible and sus-
tainable care pathways for individuals
living with SMA.
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