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Abstract: Spinal muscular atrophy (SMA) is a rare autosomal recessive neuromuscular disease
that is characterized by progressive muscle atrophy (degeneration), including skeletal muscles in
charge of the ability to move. SMA is caused by defects in the SMN1 gene (Survival of Motor
Neuron 1) which encodes a protein crucial for the survival and functionality of neuron cells called
motor neurons. Decreased level of functioning SMN protein leads to progressive degeneration of
alpha-motor neurons performing muscular motility. Over the past decade, many strategies directed
for SMN-level-restoration emerged, such as gene replacement therapy (GRT), CRISPR/Cas9-based
gene editing, usage of antisense oligonucleotides and small-molecule modulators, and all have been
showing their perspectives in SMA therapy. In this review, modern SMA therapy strategies are
described, making it a valuable resource for researchers, clinicians and everyone interested in the
progress of therapy of this serious disorder.
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1. Introduction

Spinal muscular atrophy (SMA) is a disease caused by the deficiency of SMN (Survival
of Motor Neuron) protein that leads to spinal motor neuron degeneration and progressive
muscle atrophy drawing to scoliosis, paralysis and death from respiratory failure. In
the most severe cases, onset is prenatal and lethal; in other cases, symptoms start from
6 months [1]. SMA is inherited in an autosomal-recessive way, meaning that both parents
are either carriers of defective gene SMN1, or it is absent. Mutant protein is unable to be
involved in pathway sets that are crucial for cell survival and development interactions. The
frequency of heterozygotic carriers in the population may vary in a range of 1:40–80 among
different ethnic groups [2], which according to statistics leads to 1 in 10,000 of newborns
with SMA [3]. Five types of SMA have been identified, depending on the severity of the
course and time of clinical manifestation.

SMA0 is the most severe fatal congenital form with onset at prenatal stages. The fetus
moves less in the womb; so, the child is often born with joint deformations (contractures).
Newborns are unable to swallow and breathe independently and demise within weeks.
Abnormalities in cardiac and gastrointestinal development and autonomic dysregulation
have been reported [4].

SMA1 (OMIM 253300), also known as Werdnig-Hoffman disease [5], makes about
55% of all SMA cases [6]. It is also a severe infantile form with a manifestation several
months after birth (before 6 months) and is characterized by hypotonia, poor head control
and reduced or absent tendon reflexes, heart defects and respiratory failure. Infants have
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breathing difficulties and their life span is shortened to 18 months in 95% of cases without
treatment due to respiratory complications [7].

SMA2 (OMIM 253550) is a mild-to-moderate form with onset during infancy, result-
ing in children that never walk independently; symptom manifestation starts between
6 and 18 months of age. Respiratory dysfunction is common, as the result of developing
scoliosis and weakened intercostal muscles. Type II SMA patients develop hand tremors,
contractures, and occasionally ankylosis of the mandible. The expectancy of life is reduced
compared to healthy individuals but variable from 2 to 40 years among patients [8].

SMA3 (OMIM 253400), Kugelberg–Welander disease [9], has a clinical manifestation
beginning by 1.5–3 years of age. Muscle weakness and loss of mobility develop with
age. Patients retain the ability to walk, but with certain difficulties due to muscle atrophy.
Muscle hypotonia of varying degrees and weakness are manifested. Life expectancy is not
affected by the disease, but it severely impairs its quality [10].

SMA4 (OMIM 271150) is the mildest form, occurring in adults after 18 years of age
and presenting with mild proximal limb weakness. The extremely rare form of the dis-
ease occurs after 30 years of age. Patients retain motor function and have a normal life
expectancy [11] (Figure 1).
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Figure 1. Schematic representation of the pathological types of SMA.

The SMN genes are localized to the 5q13 region that contains inverted repeats with
several copies of the gene [1]. The telomeric copy SMN1 gene has nine exons producing
functional 294-aminoacids 38 kDa SMN protein, usually localized in both the cytoplasm and
nucleus, in the Gemini of Coiled bodies compartment. They form Cajal bodies containing
high concentrations of small ribonucleoproteins (snRNPs) with pre-mRNAs [12]. SMN
contains highly conserved domains essential for its functions in the cell. Mutations in these
domains of SMN1 lead to the synthesis of an inefficient protein.

The centromeric SMN2 gene is a paralog of the SMN1 gene and is almost identical
to SMN1 but has five nucleotide changes, one of them causes skipping of exon 7 in 90%
of the transcripts in alternative splicing [13]. SMN2 is 875 kb away from SMN1 and is
formed by a duplication of the ancestral gene unique to the human lineage [14]. Lack
of fully functional SMN protein, at least from one copy of the SMN1 gene, causes SMA
manifestation; nevertheless, the number of ~10% full-exonic transcripts from SMN2, which
are often present in the genome in more than one copy, are enough to prolong and postpone
motor neuron degeneration to some extent. The more SMN2 copies a patient has, the more
it compensates the absence of SMN1. Thus, in rare cases, individuals with six or more copies
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have the lightest manifestation after 30 years of age, appearing in mild muscle weakness
and preserving full mobility. Most patients of type I SMA carry one or two SMN2 copies [15].
The number of copies of SMN2 genes has a strong correlation with disease manifestation;
however, some studies show that the SMN2 copy number is not always a definite index of
severity, especially in SMA patients retaining one SMN1 allele [16]. While being normally
expressed, SMN with point mutations may affect the functionality and stability of the
protein, contributing to the disease along with other factors described further [17].

The number of SMN2 copies and the total number of full-length transcripts allows one
to predict the severity of SMA. However, mutations in several other genes also contribute to
the development of the disease. Patients with deletions in the NAIP (NLR family apoptosis
inhibitory protein) gene showed significantly earlier onset of the disease with more frequent
type I and worse prognosis, including a requirement for ventilation support or outcomes
with early death [18]. In less severe cases, female patients showed milder disease than
male patients, with more delayed onset of symptoms, probably due to higher levels of
CTRP3 protein (C1q/TNF-related protein-3), which stimulates SMN protein translation,
also due to better mitochondrial biogenesis and protection against oxidative stress [19].
Mutations in the TLL2 (Tolloid-like protein 2) gene have also been associated with a more
severe manifestation of SMA in men [20]. The functionality of a number of proteins, zinc
finger protein ZPR1, FMRP (fragile X mental retardation protein), TDP-43 (TAR DNA-
binding protein 43), DDX21 (DExD-Box helicase 21) and many others, affects the disease’s
manifestation [21,22]. Mitochondrial functionality decreases with age, which also impairs
the symptoms of SMA [20].

According to the Biomolecular Interaction Network Database (BIND) and Molecular
INTeraction database (MINT), more than 100 proteins potentially interacting with SMN
have been found [21]. Thus, a violation of multiple protein interactions may play a role in
the pathogenesis of SMA, but in addition to this, other aggravating causes have been found.

A number of microRNAs are known to play an important role in neurodegenerative
diseases and the SMN protein is also involved in their production. Animal SMA models
showed that the level of miR-183, miR-9, miR-132, miR-206 and a range of other microRNAs
is not normal and may contribute to the disease. They are differentially expressed in SMA
patients, and their target genes are associated with fundamental regulatory processes
such as translation and transcription, protein phosphorylation, cytoskeletal structure,
synapse formation and neuronal development. Measuring microRNA levels can serve as a
diagnostic marker in evaluating therapeutic interventions [22,23].

The disruption of various networks of interactions leads to the dysregulation of axon
development, their growth cones, and leads to motor neuron lesions [24]. The interaction of
SMN protein with cytoskeletal beta-actin mRNA is essential for synapse development and
preservation. Studies of neuromuscular junctions showed that neurotransmitter release was
reduced by ~55% in most muscles affected by SMA, probably as a result of the destruction of
the actin cytoskeleton [25]. It was shown that SMN is part of the ribonucleoprotein complex
hnRNPR, whose work determines the fate of axons and growth cones of nascent motor
neurons [26]. Indeed, in postmortem studies and mice SMA models, there were found
anomalous development of neuromuscular junctions, sensor neurons and motor neurons,
leading to the conclusion that only spinal nerves are affected in SMA [27]. However, there
is evidence that all body organs and tissues suffer to some degree from SMN deficiency,
since it is present in most cells and is included in many multimeric complexes required
for key reactions. Its deficiency negatively affects not only motor neurons of the central
nervous system (CNS), but also other body systems where its transcription occurs in large
amounts—in the kidneys, reproductive system, liver, etc. [28]. With the number of studies,
the number of reactions involving the SMN protein continues to grow.

One of the major factors in the development of SMA is the activation of p53-mediated
apoptosis due to inefficient pre-mRNA processing during splicing. The spliceosome com-
plex of the cell consists of five types of small nuclear uridine-rich RNAs and proteins,
forming snRNPs complexes [29]. The presence of SMN is critical as an intermediate be-
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tween snRNPs for the assembly of spliceosome complexes and their maturation, through
which introns are excised [30]. Mutant forms of the protein found in patients with SMA are
unable to stimulate splicing [31]. The retention of introns in transcripts has been shown
to induce R-loop formation, DNA damage and activate the p53-mediated apoptosis path-
way [32]. Accumulation of R-loops is peculiar in SMA patients [33]. Defects in the assembly
of the complexes responsible for R-loop resolution are caused by a lack of interaction
between the SMN protein and the SETX (senataxin) protein. Unresolved R-loops lead to
DNA damage and deceleration of RNA polymerase 2 [34], leading to a progressive increase
in R-loops and further damage, while damage of ribosomal DNA alone impairs their
synthesis and translation, and provokes the initiation of cell death [34]. Thus, at least the
collapse of spliceosome integrity and massive DNA damage result in motor neuron death
by p53-mediated cell cycle arrest or apoptosis, preventing correct neuron development.
Interestingly, SMN itself can function as an anti-apoptotic factor binding with p53 [35]. At
the same time, a decrease in the p53 protein in SMA models somewhat mitigates the loss of
neuromuscular junctions [36]. Neighboring cells and astrocytes provide nutrients, oxygen
and specific factors to neurons. They have also been implicated in the pathogenesis of SMA.
Mice with SMA were introduced with target SMN1 gene delivery into astrocytes, excluding
neurons, and showed reduced cytokine levels, longer lifespan and improved motility [37].

2. Traditional Therapies for SMA Treatment

Traditional therapies for SMA use a variety of approaches to alleviate symptoms and
improve patients’ quality of life. These methods, which were widely used before the advent
of modern gene therapy strategies, include physical therapy, ergotherapy, and other forms
of rehabilitation [38]. Traditional methods are most commonly used in SMA3 and SMA4.

Physical therapy includes exercises and techniques to strengthen muscles, improve
mobility and flexibility, and maintain optimal posture and body position. Individual
programs are developed for each patient, taking into account the degree of progression
of SMA and the peculiarities of their physical condition. Ergotherapy is aimed at helping
patients with SMA to perform daily tasks and maintain their independence. Ergotherapists
use a variety of methods and techniques to help patients improve their self-care skills,
move more efficiently and adapt to the changes caused by SMA. In addition, supportive
therapy for SMA focuses on alleviating symptoms and preventing complications. This may
include medications to manage pain symptoms, spasms, and other related problems, as
well as dietary recommendations [39].

Since 2007, there are treatment standards for SMA, which include addressing respiratory
failure (respiratory support) and the prevention of lung infections, nutritional support,
orthopedic aspects (especially regarding scoliosis reconstruction), and palliative care issues.
New treatments for SMA, currently in various stages of preclinical and clinical research,
are also being explored. Methods under development vary in route of administration,
dosing frequency, and mechanisms of action, which include neuroprotection, improvement
of muscle strength and function, and various methods of modulation of full-length SMN
protein levels [40]. For example, valproic acid (a histone deacetylase inhibitor) was shown to
increase SMN protein expression multiple times in fibroblasts obtained from patients with
SMA and subsequently increase the average survival rate of SMA model mice (mice had
increased SMN protein in the spinal cord and improved damage of muscles and neurons) [41].
However, side effects, mainly weight gain, were found in clinical trials, which were associated
with changes in motor function and refusal of further testing of this drug [42].

Myostatin inhibition can potentially increase muscle mass in diseases inducing muscle
atrophy, but such a treatment has not shown strong positive results in human trials. Al-
though, in combination with other protein pathways corrections, it may be used for a few
specific types of neuromusclular diseases [43]. Drugs that sensitize calcium sensor regula-
tory complex in sarcomere via slowing down the release of Ca2+ have a possibility of amelio-
rating SMA symptoms [44]. Neuroprotectors riluzole [45], involved in glutamate signalling



Int. J. Mol. Sci. 2023, 24, 13743 5 of 21

and intracellular Ca2+ levels regulation, and olezoxime [46], a lipophilic molecule showing
regenerating effects, were ineffective enough to be excluded from clinical development.

Albuterol is a β2-adrenergic receptor agonist used primarily in asthma, but it has
been shown to increase full-length SMN transcript levels in cell lines derived from patients
with severe SMA. A small study in patients with SMA2 and SMA3 showed a statistically
significant increase in muscle function; however, there are no data from larger placebo-
controlled studies suggesting widespread use of albuterol in clinical practice for SMA [41].

Thus, the need for gene-therapy approaches is dictated by the unsatisfactory results of
classical drugs. Gene therapy consists of delivering the nucleotide sequence of the SMN1
gene into the patient’s cells and thus restoring its expression. As a result, the cells produce
a complete SMN protein, which is necessary for normal motoneuron function.

3. Gene Therapy Strategies for SMA

SMA gene therapy aimed at increasing the level of the functional SMN1 protein can
be based on two independent strategies. First is an exogenous SMN1 gene introduced by a
recombinant viral vector encoding a full-length transcript. Second is the increasing of the
inclusion of exon 7 in SMN2 splicing by altering the process [47]. Both of these approaches
will be discussed in this section (Figure 2). A summary of the clinical trials described in
this and other chapters is given in Table 1.

Table 1. Clinical trials of gene preparations for SMA therapy.

Name of Drug,
Company NCT Number Phase Participants

Number Summary Description Status

Onasemnogene
Abeparvovec
(Zolgensma) by
Novartis Gene
Therapies

NCT02122952 1 15, with age
<6 months

Dose-escalation trial for safety and efficacy
evaluation of intravenous delivery of
AVXS-101-CL-101 as a treatment of spinal
muscular atrophy Type 1 (SMN1).

Completed
15 December
2017

NCT03381729 1

32, with
age ≥ 6 and
<24 months;
≥24 and
<60 months

Evaluation of the safety and tolerability of
intrathecal administration in infants and
children with SMA with bi-allelic deletion in
SMN1, with 3 copies of SMN2 and deletion
of SMN1. Single-dose administration.

Completed
18 November
2021

NCT03306277 3 22, with age
<6 months

Open-label, single-arm, single-dose trial,
intravenous administration of
onasemnogene abeparvovec-xioi in SMA
Type 1 participants.

Completed
12 November
2019

NCT03461289 3 33, with age
<6 months

Open-label, single-arm, single-dose, trial in
patients with SMA Type 1, with bi-allelic
pathogenic mutation of SMN1 and 1 or 2
copies of SMN2.

Completed
11 September
2020

NCT03837184 3 2, with age
<6 months

Open-label, single-arm, single-dose, efficacy
trial in patients with SMA Type 1, with
bi-allelic pathogenic mutation of SMN1 and 1
or 2 copies of SMN2.

Completed
29 June 2021

NCT03505099 3 30, with age
<6 weeks

Open-label, single-arm, single-dose safety
and efficacy trial in patients with SMA with
bi-allelic deletion of SMN1 and 2 or 3 copies
of SMN2.

Completed
15 June 2021

NCT03421977
13, Child,
Adult, Older
Adult

Long-term, safety follow-up study of
patients in the NCT02122952 gene
replacement therapy.

Completion
estimated
December 2033

NCT04042025
85, Child,
Adult, Older
Adult

Long-term, safety and efficacy follow-up
study of patients in the AVXS-101 gene
replacement therapy.

Completion
estimated 29
December 2035
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Table 1. Cont.

Name of Drug,
Company NCT Number Phase Participants

Number Summary Description Status

Nusinersen
(spinraza), by
Biogen

NCT01494701 1 28

Evaluation of the safety, tolerability, and
pharmacokinetics of a single dose of nusinersen
(ISIS 396443) administered intrathecally to
participants with SMA.

Completed
31 January
2013

NCT01780246 1 18

Safety and tolerability examination of ISIS 396443
administered intrathecally to participants SMA
who previously participated in NCT02865109.
Examination of the plasma pharmacokinetics of a
single dose administered intrathecally to
participants with SMA who previously
participated in NCT02865109.

Completed
28 February
2014

NCT01839656 2 21

Clinical examination of efficacy, safety and
tolerability of multiple doses of nusinersen
administered intrathecally to participants with
Infantile-Onset SMA and cerebral spinal fluid and
plasma pharmacokinetic examination.

Completed
21 August 2017

NCT01703988 1, 2 34

Testing safety, tolerability, and pharmacokinetics
of escalating doses of nusinersen administered
into the spinal fluid either 2 or 3 times in
participants with SMA.

Completed
31 January
2015

NCT02052791 1 47

Testing safety, tolerability, and cerebrospinal fluid
and plasma pharmacokinetics in participants with
SMA who previously participated in
NCT01703988 or NCT01780246.

Completed
31 January
2017

NCT02193074 3 122

Examination of clinical efficacy, safety and
tolerability of nusinersen administered
intrathecally to participants with infantile-onset
SMA.

Completed
21 November
2016

NCT02292537 3 126
Examination of clinical efficacy, safety and
tolerability of nusinersen administered
intrathecally to participants with later-onset SMA.

Completed
20 February
2017

NCT02386553 2 25

Examination of the efficacy and effects of multiple
doses in preventing or delaying the need for
respiratory intervention or death in infants with
genetically diagnosed and presymptomatic SMA.

Completion
estimated
27 January
2025

NCT04089566 3 145
Examination of clinical efficacy, safety and
tolerability of nusinersen in higher doses to
participants with SMA.

Completion
estimated
2 August 2024

NCT04729907 3 172

Evaluation of the long-term safety, long-term
efficacy and tolerability of nusinersen
administered intrathecally at higher doses to
participants with SMA who previously
participated in NCT04089566.

Completion
estimated
30 May 2026

NCT02594124 3 292

Evaluation of the long-term safety, long-term
efficacy and tolerability in participants who
previously participated in investigational studies
of nusinersen.

Completion
estimated
29 August 2023

NCT04488133 4 60 Evaluation of the clinical outcomes following
treatment in participants with SMA.

Completion
estimated
4 September
2024
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Table 1. Cont.

Name of Drug,
Company NCT Number Phase Participants

Number Summary Description Status

Risdiplam
(Evrysdi), by
Hoffmann-La
Roche

NCT02240355 1 9

Multicenter, randomized, double-blind, 12-week,
placebo-controlled multiple dose study will
investigate the safety and tolerability of
RO6885247 in adult and pediatric patients with
SMA. The study was put on hold and eventually
terminated.

Completed
July 2015

NCT02913482 2, 3 62

Open-label, multi-center clinical study to assess
the safety, tolerability, pharmacokinetic,
pharmacodynamics, and efficacy of Risdiplam in
infants with Type 1 SMA. The study is divided in
two parts.

Completed
14 November
2019
Completion
estimated
17 November
2023

NCT02908685 2, 3 231

Multi-center, randomized, double-blind,
placebo-controlled study to assess the safety,
tolerability, pharmacokinetics, pharmacodynamics,
and efficacy of risdiplam in adult and pediatric
participants with Type 2 and Type 3 SMA. The
study consists of two parts.

Completed
6 September
2019
Completion
estimated
2 September
2023

NCT03032172 2 174

Multi-center, exploratory, non-comparative, and
open-label study to investigate the safety,
tolerability, PK, and PK/PD relationship of
risdiplam in adults, children and infants with SMA
previously enrolled in NCT02240355 or previously
treated with nusinersen, olesoxime or AVXS-101.

Completion
estimated
27 December
2024

NCT03779334 2 25, age up
to 6 weeks

A global study of oral risdiplam in
pre-symptomatic participants with SMA to
investigate the efficacy, safety, pharmacokinetics,
and pharmacodynamics of risdiplam.

Completion
estimated
21 January
2029
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3.1. Gene Replacement Therapy

Adeno-associated viruses (AAVs) are nonenveloped viruses that store genetic infor-
mation in the form of single-stranded DNA. To date, the use of AAV in clinical drug
development has increased considerably because they are capable of transducing dividing
and non-dividing cells, and combine low immunogenicity and low pathogenicity with
long-term transgene expression in clinical applications. In addition, an important advan-
tage of AAV over other viral vectors for transgene delivery is the minimal risk of insertional
mutagenesis, since the virus DNA exists in the host cell as an episome [48]. However,
there is also evidence of a minor integration of AAV into human chromosome 19 q13.3-qter,
which has been named AAVS1 [49].

In laboratory and clinical practice, more than 12 different AAV serotypes are used,
which differ in cell tropism (depending on the type of capsid surface proteins). Since the
cells of the nervous system are most severely affected by SMA, AAV9 or rhAAV10, serotypes
may be the most effective for use in therapy, which when administered systemically result
in high expression in neurons of the motor cortex, cerebellum, substantia nigra and cervical
spinal cord [50].

Introduction of AAV9, which encodes the human SMN gene, can be effective when
injected intramuscularly. A single injection of scAAV9 into the adult mouse calf muscle was
shown to mediate widespread motoneuron transduction and lead to an increase in lifespan
from 12 days to 163 days in SMA model mice in vivo [51]. However, intrathecal insertion
is considered to be the most effective and is used in most studies. For example, injection
in the intracerebroventricular (ICV) space of a self-complementary AAV serotype-9 vector
expressing the codon-optimized human SMN1 coding sequence (coSMN1) resulted in the
restoration of lifespan and growth with a mean lifespan of 346 days in SMA model mice
in vivo [52].

Another AAV serotype, rh10 (AAVrh10), discovered more recently, also mediates
effective CNS transduction after intravenous injection into mice. A number of studies have
shown that intravenous administration of AAVrh10 achieved similar or higher transduction
efficiency than AAV9 in all brain regions studied in a mouse model [53]. However, the use
of this serotype for SMA therapy has not been investigated at this time.

Intravenous administration of AAV is also often used as an intrathecal administration
because AAV9 vectors are able to cross the blood–brain barrier and efficiently transduce
motoneurons in the central nervous system [54]. Preclinical studies established raised SMN
expression not only in neurons but in tissues outside CNS with a major increase in mice
lifespan after 250 days [55].

The promising results of preclinical trials were the basis for the development of
Onasemnogen abeparvovec (Zolgensma) based on AAV9, which is now the only approved
gene-therapy drug for the treatment of SMA. Onasemnogen abeparvovec, originally known
as AVXS-101, delivers a functional SMN1 gene in a non-replicating adeno-associated virus
capsid (scAAV9). The self-complementary feature of the AAV9 vector in combination with
the cytomegalovirus hybrid enhancer and the chicken beta-actin promoter ensures rapid
and sustained expression of SMN1 [56].

The vector with SMN1 is administered intravenously once, and Zolgensma therapy
shows the best results, administered soon after birth, before the manifestation of clinical
symptoms of SMA, because apparently there is a delay in the development of motor neurons
for several months. Patients with already manifested symptoms, show a less pronounced
effect after the drug, which, however, is still significant. The main concern, besides the high
price of the drug, is safety, since toxic effects on the liver have been shown in some cases [57].
Another issue is the need for use in the first months of life, provided there are no antibodies
to the virus serotype, which means available screening programs [58].

During the initial clinical safety trial of AVXS-101-CL-101 (NCT02122952), a group of
15 infants with confirmed SMA1 by genetical analysis was divided into two groups. Three
infants received a low dose of abeparvovec onasemnogen (6.7 × 1013 vector genes (vg)/kg),
while 12 infants received a high dose (2.0 × 1014 vg/kg). The first patient experienced
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increased serum aminotransferase levels, leading to protocol modification for subsequent
patients who received prednisolone orally for 4 weeks after drug intake.

The primary outcome of the trial was safety data, specifically any side effects of grade
3 or higher (category 1). The secondary outcome of interest was time to death, or to
continuous ventilation, defined as at least 16 h per day for at least 14 days, in the absence
of acute disease status or in a condition requiring surgery (category 2). At the 20-month
follow-up, all 15 patients were alive without continuous ventilation, which exceeded the
expected survival rate based on the natural history of SMA (only 8% of the cohort was
expected to be alive). The therapeutic effect of AAV was evaluated based on motor skill
development, particularly unassisted sitting, and the CHOP INTEND score [59]. In the
high-dose cohort, 11 of 12 patients showed amplified and persistently increased scores on
the Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP
INTEND) [60]. Infants who received high-dose AVXS-101-CL-101 were also evaluated at
24 months post-injection. Rapid and significant motor improvements were observed in
infants with severe SMA1 who received AVXS-101 at an early age. Specifically, 92% of
the patients in the cohort achieved complete control of head retention, were able to sit
independently for at least 5 s, and could speak [61].

The efficacy of Onasemnogene abeparvovec was also evaluated for patients with
SMN1 deletions and three SMN2 copies develop SMA2. In a Phase III clinical trial (SPR1NT,
NCT03505099) of 15 children who received intrathecal injection of Zolgensma within six
weeks of administration, all could stand independently up to 24 months, and 14 chil-
dren could walk independently. No serious adverse events were reported [62]. Another
phase 3 study evaluated the effect of Zolgensma administration to children with bi-allelic
SMN1 mutations (deletion or point mutations) and one or two copies of SMN2 (STR1VE,
NCT03306277). Patients received a single intravenous infusion of abeparvovec onasemno-
gen (1–1 × 1014 vector genomes per kg body weight) for 30–60 min. By age 18 months,
13 (59%) of 22 patients could sit independently for 30 s or longer compared with 23 patients
unable to sit independently in the naturally occurring group. An amount of 20 patients
(91%) survived without continuous ventilation at 14 months of age (compared with 6 (26%)
patients in the naturally occurring group. Side effects found in patients were not considered
significant for not recommending treatment [63].

The efficacy of another drug based on self-complementary AAV9 carrying a codon-
optimized SMN coding sequence (coSMN1) driven by CMV enhancer and chicken β-actin
promoter, GC101, will be studied to treat SMA1 (NCT05824169) and SMA2 patients
(NCT05901987) in China. Results are to be reported.

3.2. Antisense Oligonucleotide Therapy

ASOs are short synthetic nucleotide chains designed to bind selectively through base-
mating hybridization to the RNA encoding the protein of interest. Their chemistry entails a
modified second-generation 2′′-O-(2-meth-oxymethil (2′MOE). ASOs are promising thera-
peutic agents for a variety of neurodegenerative and neuromuscular disorders, including
SMA. To treat SMA, ASOs bind to a specific sequence in intron 7 in a region occupied by a
heterogeneous nuclear ribonucleoprotein (hRNP A1/2 proteins) that masks the intron N1
silencer site (ISS-N1). At the ISS-N1 site, ASO promotes the incorporation of exon 7 into the
SMN2 pre-mRNA and thus contributes to the increased production of the full-length SMN
protein [64]. The therapeutic effect of ASOs was confirmed in SMA transgenic mice injected
intraventricularly, which resulted in increased SMN protein expression in the spinal cord,
correction of SMA-related molecular and histological pathologies (muscle size, number of
motor neurons, and integrity of neuromuscular synapses) and mitigation of phenotype
(survival rate and motor activity) [65]. These studies provided a proof-of-concept for
the effects of ASOs on alternative splicing of SMN2 and paved the way for subsequent
clinical trials.



Int. J. Mol. Sci. 2023, 24, 13743 10 of 21

Nucinersen (IONIS SMNrx, Spinraza) is based on an antisense oligonucleotide de-
veloped by Ionis and Biogen and is an FDA-approved drug for the treatment of SMA.
Its efficacy has been confirmed for all subtypes of SMA (caused by mutations in chromo-
some 5q). However, it has been most effective in children with SMA1, increasing their life
expectancy and time without artificial lung ventilation [66]. Nucinersen injections are given
intrathecally, since ASOs do not penetrate the blood–brain barrier and must be injected
directly into the central nervous system. As mentioned above, SMN protein deficiency
negatively affects not only motor neurons but also other organ systems. In the case of
Nucinersen, they are left without therapeutic effects [40]. The open-label NURTURE phase
2 clinical trial (NCT02386553) investigated the efficacy of Nucinersen for 25 children with
genetically diagnosed SMA who first received Nucinersen in infancy in a presymptomatic
state. At the time of the last follow-up, the infants were older than the expected age of
symptom onset; all 25 participants achieved the ability to sit without support, 23/25 (92%)
learned to walk with assistance, and 22/25 (88%) learned to walk independently [67].
Another clinical trial evaluated the efficacy of Nucinersen among 20 participants with
infantile-onset SMA symptoms (NCT01839656). Participants received multiple intrathecal
loading doses of Nucinersen equivalent to 6 mg or the equivalent dose of 12 mg, followed
by maintenance doses of Nucinersen equivalent to 12 mg. An improvement in motor
development on the Hammersmith Infant Neurological Examination Section 2 (HINE-2)
scale [68] was achieved in 12 (63%) of the 19 participants evaluated [69]. Another phase
1b/2a clinical trial was an open-label, dose-escalating study (3, 6, 9, 12 mg) that enrolled
children with late-onset SMA aged 2–15 years. After 3 years of follow-up, The Hammer-
smith Functional Motor Scale Expanded (HFMSE) improved in 78% of children with type
II SMA (mean 10.8 points) and 36% of children with SMA3 (mean 1.8 points), respectively,
compared with a 1.7-point decrease in HFMSE in the natural history study of children
with SMA2 or SMA3 [70]. The most common side effects of Nucinersen administration
included fever, cough, pneumonia, and upper respiratory tract infections (EMBRACE,
NCT02462759) [71]. However, the study was not terminated due to no adverse events in
any patient.

3.3. Small-Molecule Modulators

Another approach for modulating SMN2 mRNA splicing is to use small-molecule
modulators that bind to pre-mRNA and enhance SMN2 splicing [72].

The only FDA-registered drug in this category is Risdiplam, also known as RO703406
and RG7916. Given orally, it has been demonstrated to have favorable availability to
the central nervous system and peripheral tissues, which is a distinct advantage over
Nucinersen [73]. Risdiplam was evaluated in patients with SMA1 (FIREFISH study,
NCT02913482), in patients with SMA2 and SMA3 (SUNFISH study, NCT02908685), and in
patients with presymptomatic symptoms (RAINBOW FISH, NCT03779334).

In part 1 of FIREFISH, a total of 21 patients with deletion of SMN1 in both alleles
and two copies of SMN2 were treated for over 1 year. Among them, four patients were
administered a low dose of ricodiplam, while the remaining 17 received the dosage cur-
rently used in the second part of the study. All patients experienced their initial symptoms
between 1 and 3 months after birth, with an average age of 6.7 months at the time of first
contact. During the study period, two patients died within the first 12 months, and another
patient diseased immediately after the 12-month study. Out of the 17 patients in the highest
dosage group, seven were capable of sitting independently for 5 s. Moreover, ten out of
these 17 patients achieved a CHOP INTEND score of 40, a milestone that was not observed
in untreated patients with SMA1. Furthermore, none of the patients experienced a loss
of swallowing ability, nor did they require continuous ventilation beyond the 12-month
mark [74].

The SUNFISH Phase 3 study, which included 180 patients with SMA ages 2 and 3,
and ages 2 to 25, showed that at 24 months of treatment with riddiplamin, 32% of patients
showed improvement (change ≥ 3 on the Motor Function Measure 32 (MFM-32) scale)
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compared with baseline on the total MFM32 score, with 58% of patients having stabilized
disease (change ≥ 0 on MFM-32) [75,76].

In addition, Risdiplam has been shown to be effective in treating non-sitter patients
with SMA2 over 16 years of age (NCT04256265). Five patients out of six had clinically
meaningful improvements on the Egen Klassifikation 2 scale (>2 points) [77], including the
motor (axial and upper limbs), bulbar (speech and swallowing), and respiratory (coughing)
domains [78].

Branaplam (known under development code LMI070) is a pyridazine derivative,
which also interacts with pre-mRNA of SMN2 gene and stimulates the inclusion of exon 7
into the final transcript, increasing functional SMN protein quantity in cells [79]. Branaplam
is administered orally similar to Risdiplam. The efficacy of Branaplast in children with
SMA in a phase 1/2 clinical trial (NCT02268552) has now been completed. However, no
data are currently available.

3.4. CRISPR/Cas9-Based Gene Editing

There are also genome-editing strategies for correcting the SMA phenotype, for ex-
ample, using a genome-editing strategy for the Cas9-mediated disruption of splicing-
regulatory elements (SREs) located in intron 7 of SMN2: ISS (intronic splicing silencer)-N1
and ISS + 100. It was shown that CRISPR/Cas9-based disruption of two SMN2 SREs
(ISS-N1 and ISS + 100) resulted in enhanced SMN2 exon 7 inclusion rates and increased
full-length SMN expression in SMA patient-derived iPSCs and motor neuron as well as
increased lifespan of the germline-corrected SMA mice to >400 days [80]. Although so far
having inconclusive conclusions regarding the possibility and feasibility of introducing
this approach in humans, the use of a CRISPR/Cas9-mediated SRE disruption strategy
opens the way for further development of effective treatment approaches. In addition, it
is also important to determine the efficacy of different delivery options (e.g., AAV, lipid
nanoparticles, and exosomes).

3.5. Practical Difficulties of Current Treatment Approaches

Despite the positive results of Zolgensma, risks still remain. This drug has been
approved for two groups of patients (1, patients with 5q SMA with a bi-allelic mutation in
the SMN1 gene and a clinical diagnosis of SMA1; 2, patients with 5q SMA with a bi-allelic
mutation in the SMN1 gene and up to 3 copies of the SMN2 gene), but there are no data
on age or weight limits. Theoretically, a large number of patients with SMA would be
able to receive Zolgensma treatment. However, available clinical trial data cover only
patients within the first six months of life with a body weight of less than 8.4 kg, and little
is known about the safety and effectiveness of Zolgensma in older or heavier patients [81].
Also, safety and tolerability must be strictly monitored because acute hepatotoxicity and
toxicity to sensory neurons have been reported in primates and pigs after intravenous
administration of high doses of AAV vectors expressing the human SMN protein [82].

An important problem may be a decrease or lack of efficacy of therapy due to the pres-
ence of pre-existing antibodies against AAV9 in the population of patients with SMA [83,84].

Even after all the restrictions are confirmed, a significant problem will remain—the
price of this drug—which is about $2 million per single dose of Zolgensma. It is one of the
most expensive drugs on the market [81].

Regarding ASOs, promising for the treatment of multiple neurodegenerative diseases,
Nucinersen (Spinraza) is currently the first and only approved SMA therapeutic agent for
children and adults. Despite its long half-life in the CNS, an obvious disadvantage is the
need for four doses followed by three annual maintenance doses, requiring patients to have
repeated intrathecal injections [85]. However, if single genotype correction with Zolgensma
is not effective, Spinraza treatment remains a treatment option for these patients.

Another problem with drugs that regulate pre-mRNA splicing is the possibility of non-
target effects. Risdiplam and Branaplam have been shown to trigger massive perturbations
of splicing events, inducing off-target exon inclusion, exon skipping, intron retention,
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intron removal, and alternative splice site usage [86]. Therefore, more effective dosing
regimens need to be identified in order to safely use available therapeutic agents aimed at
modulating splicing.

4. Methods of Combined Gene Therapy

Comprehensive methods of using gene therapy to treat SMA, such as the combination
of Zolgensma and Spinraza, represent a promising approach that can improve efficacy and
long-term treatment outcomes. Zolgensma can provide immediate delivery of the SMN1
gene and increase the overall level of functional SMN protein in motor neurons. Spinraza,
in turn, can enhance SMN protein production by activating the SMN2 gene and improve
its distribution across cells. The combined approach may have potential benefits, such as
improved treatment efficacy, maximization of motor neuron coverage, and duration of
therapy. This could lead to a greater improvement in motor function, increased neuronal
survival, and improved quality of life in patients with SMA [87].

However, according to a recent study, the combination of two drugs for SMA therapy
may be less effective in treating children with SMA1 compared to Spinraza alone. The
authors of the study formed two groups of children with type 1 SMA. The first group
received the combined treatment of Spinraza and Zolgensma, while the second group
received only Spinraza. There were seven children in the combined group, of whom six
started treatment with Spinraza at 2 to 6 months of age and then received Zolgensma. One
child in this group was first treated with Zolgensma and then started Spinraza treatment
18 months later. The second group of six children used only Spinraza, which was started at
2 to 6 months of age [88].

However, according to a recent study, the combination of two drugs for SMA therapy
may be less effective in treating children with SMA1 compared to Spinraza alone. The
authors of the study formed two groups of children with type 1 SMA. The first group
received the combined treatment of Spinraza and Zolgensma, while the second group
received only Spinraza. There were seven children in the combined group, of whom six
started treatment with Spinraza at 2 to 6 months of age and then received Zolgensma. One
child in this group was first treated with Zolgensma and then started Spinraza treatment
18 months later. The second group of six children used only Spinraza, which was started at
2 to 6 months of age [89].

Recruitment for the RESPOND [NCT04488133] clinical trial is now underway to eval-
uate the safety and tolerability and clinical outcomes of Nucinersen therapy in participants
with SMA who previously received onasemnogen abeparvovec. The first results will be
published in September 2024. Another JEWELFISH study (NCT03032172) is an ongoing
study of patients who received Risdiplam after prior SMA treatment, a subset of whom
received gene transfer before starting Risdiplam treatment

Thus, the peculiarities of the combination approach are the practical and financial
difficulties associated with the use and availability of drugs. Further studies on a larger
number of patients, to determine the safety of the combined use of existing drugs for the
therapy of SMA are needed.

5. Intellectual Property in SMA Therapy: Patent Landscape

Intellectual property (IP) issues are critical aspects of the development and commer-
cialization of SMA therapy. Patent disputes and litigation can arise in a variety of contexts,
such as competing claims for fundamental technologies, the use of transgene delivery vec-
tors, or their functional elements. Understanding the state of the art is necessary to provide
a clear path to market-promising therapies and to maintain incentives for innovation. The
most important patents in the field of SMA therapy development are presented in Table 2.
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Table 2. Patent search in the field of SMA therapy.

Title Applicant Patent Number Date of Publication

Gene therapy for neurodegenerative
disorders GENZYME CORPORATION WO2010129021A1 11 November 2010

ARGETING PEPTIDES FOR
DIRECTING ADENO-ASSOCIATED
VIRUSES (AAVs)

CALIFORNIA INSTITUTE OF
TECHNOLOGY WO2017100671A1 15 June 2017

Methods of treating spinal muscular
atrophy BIOGEN MA INC. [US]. WO2019147960 1 August 2019

Compositions and methods for treating
spinal muscular atrophy ACCELERON PHARMA INC. [US] WO2018187209 11 October 2018

Means and method for preparing viral
vectors and uses of same AVEXIS INC. WO2019094253 16 May 2019

AAV viral vectors and uses thereof NOVARTIS GENE THERAPIES, INC. WO2020113034 4 June 2020

Treatment for spinal muscular atrophy ACADEMIA SINICA WO2008095357 30 August 2006

Composition useful in treatment of
spinal muscular atrophy

THE TRUSTEES OF THE UNIVERSITY
OF PENNSYLVANIA WO2018160585 17 January 2018

Lentiviral vectors with tropism to
motor neurons comprising an antibody
that binds to a pre-synaptic terminal
receptor on the neuromuscular junction
and a fusogenic protein

IMPERIAL INNOVATIONS LIMITED WO2014184562 20 November 2014

Compositions and methods for treating
motor neuron diseases

THE TRUSTEES OF COLUMBIA
UNIVERSITY IN THE CITY OF
NEW YORK

WO2019118734 20 June 2019

ERK inhibitors for use in treating spinal
muscular atrophy

UNIVERSITE PARIS DESCARTES;
CENTRE NATIONAL DE
LA RECHERCHE SCIENTIFIQUE Paris

WO2012160130A1 29 November 2012

Mesenchymal stem cell therapy for
spinal muscular atrophy CELL MEDICINEINC. US20190136192 9 May 2019

Treatment of spinal muscular atrophy GENETHON WO2019011817 17 January 2019

Codon-optimized nucleic acid
encoding smn1 protein Joint Stock Company “Biocad” WO 2021/246909 9 December 2021

Combination therapy for spinal
muscular atrophy BIOGEN MA INC. WO2021030766 18 February 2021

For example, the invention WO2010129021A1 describes standard recombinant AAV
(rAAV) vectors and recombinant self-complementary (scAAV) vectors capable of delivering
genes into the CNS for the treatment of neurodegenerative diseases such as SMA. Studies
were conducted in a mouse model of SMA, where it was shown that after administration
of AAVhSMN1, animal survival increased from 15 to 50 days, an increase of 233%. The
expression level of hSMN1 gene in the spinal cord and the subcellular distribution of hSMN
protein in spinal cord motoneurons of treated and untreated SMA mice were evaluated.
The cross-sectional area of myofibrils of muscle groups in treated and untreated mice was
estimated, and the size distribution of muscle fibers was similar between the SMA model
and wild-type mice. Expression of scAAV8-hSMN increased the number of motor neurons
and improved neuromuscular junctions (NMJ) in SMA mice.

The patent [WO2017100671A1] describes in detail amino acid sequences, such as
QAVRTSL (SEQ ID NO: 37), which may be a useful part of the capsid protein of the AAV
vector. There are also sequences of 11 contiguous amino acids with specific properties and
configurations. The invention encompasses a pharmaceutical composition comprising one
or more disclosed AAV vectors and one or more pharmaceutically acceptable carriers. A
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method of delivering a nucleic acid to a targeting medium of a subject using an AAV is
described. The vector can target a variety of tissues including the heart, nervous system,
or a combination thereof. The patent discusses the use of recombinant AAVs (rAAVs) for
in vivo gene transfer.

The invention [WO2019147960] shows the prognostic efficacy of the biomarker pNF-H
and pNF-L in plasma, and their correlation with methods for the diagnosis and prognosis of
SMA such as HINE-2 and CHOP INTEND. pNF-H was evaluated under various conditions
in the CHERISH, ENDEAR, NURTURE, and EMBRACE clinical trials.

The invention [WO2018187209] describes the potential use of ALK4:ActRIIB for the
treatment of SMA. For example, it has been shown that the soluble ALK4:ActRIIB het-
erodimer can be used to prevent or reduce the severity of muscle and bone loss in a model of
SMA. Moreover, treatment with ALK4:ActRIIB increased muscle strength in patients with
SMA. As described herein, ALK4:ActRIIB heterodimeric proteins are unique antagonists
of TGF-beta superfamily ligands, exhibiting a different ligand binding profile/selectivity
compared to the corresponding ActRIIB and ALK4 homodimers. In particular, the typical
ALK4:ActRIIB heterodimer exhibits increased binding to activin B compared to either
homodimer, retaining strong binding to activin A, GDF8 and GDF11, as observed with the
ActRIIB homodimer, intermediate binding to BMP6, and exhibiting significantly reduced
binding to BMP9, BMP10 and GDF3.

Thus, these results demonstrate that ALK4: ActRIIB heterodimers are more selective
antagonists (inhibitors) of certain ligands of the TGF-beta superfamily compared to ActRIIB
homodimers. It has been found that antagonists of ALK4: ActRIIB signaling (e.g., signaling
mediated by one or more of the activins, GDF11, GDF8, BMP6, GDF3, and BMP10) can be
used for the treatment of SMA.

The prior Zolgensma invention was developed by AveXis, which was subsequently ac-
quired by Novartis and converted into its Novartis Gene Therapies division [WO2019094253].
The constructs required to assemble the viral construct are described, including the SMN
gene plasmid, helper and capsid plasmids. Also described is the process of making viral
particles in HEK293 cell culture in a bioreactor. The patent discloses key indications for a
finished drug substance comprising AAV9-SMN1.

The patent [WO2020113034] describes methods and compositions for treating type II
or III SMA using intrathecally administered AAV9 carrying the SMN1 transgene. The
AAV9 vector construct includes specific elements for efficient gene expression. Patient
criteria, steroid dosing and treatment ranges, and monitoring strategies using scales such as
Hammersmith Functional Motor Scale-Expanded (HFMSE) and Bayley Scales are defined.
The patent also discusses possible combination therapies and details the pharmaceutical
formulation of the AAV9 viral vector.

The invention WO2008095357 provides the use of a recombinant genetic vector com-
prising at least one copy of an expressed gene encoding StatδA, and comprising at least
one copy of a Statδ inhibitor, for the development of a drug for the treatment of SMA or
other SMN deficiency in humans. The Statδ activator can be the following: interferon-
alpha (IFNα); interleukins IL-2, IL-3, IL-5, IL-6, IL-7, and IL-15; granulocyte/macrophage
colony-stimulating factor (GM-CSF); growth hormone (GH); epidermal growth factor (EGF);
erythropoietin (EPO); prolactin (PRL); thrombopoietin (TRP); trichostatin A (TSA); aclaru-
bicin; sodium vanadate; and combinations thereof. A viral vector, which is an adenovirus,
adeno-associated virus, herpesvirus, or lentivirus vector, is described in the invention.

The invention [WO2018160585] describes the vector AAVhu68.CB7.CI.hSMNlco.RBG
and methods of using it to treat spinal muscular atrophy. The AAVhu68 capsid was chosen
because of its specific properties, which include a high level of tropism into motoneu-
rons in the CNS. Utilization of this vector by intrathecal administration to mice allowed
successful restoration of SMN expression in various CNS tissues. The treated animals
showed improved motor function, weight gain and survival compared to the untreated
control group.
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The patent [WO2014184562] describes an invention comprising the use of lentiviral
vectors designed to treat diseases associated with neuronal degeneration, such as amy-
otrophic lateral sclerosis (ALS) and SMA. The vectors are designed for targeted delivery to
motor neurons by incorporating antibodies that bind to presynaptic terminal receptors at
neuromuscular junctions and a fusogenic protein that promotes endosomal release. This
approach increases vector specificity by allowing transduction preferentially in motor
neurons, while providing a minimally invasive way to deliver therapeutic agents to hard-
to-reach areas such as the CNS. In vivo studies have demonstrated successful transduction
and tropism to motor neurons when the vector is administered intramuscularly, indicating
the potential of this technique for gene therapy applications.

The patent [WO2019118734] also relates to compositions and methods for treating
motor neuron diseases, in particular spinal muscular atrophy (SMA) and amyotrophic
lateral sclerosis (ALS). The invention is based on recognizing the genetic and functional
links between these diseases, thereby providing a general approach to treating them. The
disclosure describes a method for treating motor neuron diseases by administering nucleic
acid molecules encoding modulators of the heat shock protein Hsp70, such as mutant
Hspa8, with specific characteristics such as missense mutations or altered domains. Heat
shock proteins are important multifunctional proteins that play a role in polypeptide chain
folding, cellular defense, etc. These mutant proteins have potential advantages such as
higher microautophagy activity compared to wild-type counterparts. In addition, the patent
details the use of modulators, such as inhibitors or nucleic acid molecules, to target Hsp70
family proteins. The target for such treatment is the central nervous system, including
the spinal cord, which may include various methods of administration such as intrathecal
injection, oral administration, intravenous infusion, and the like. The invention provides for
the use of recombinant AAV vectors to deliver nucleic acid molecules to the nervous system.
The patent emphasizes the potential relevance of this approach for the treatment of various
motor neuron diseases and provides experimental results demonstrating the therapeutic
effect of mutant Hspa8 in a model of SMA. Notably, the patent thoroughly describes the
scientific data to suggest a new way to treat these severe neurodegenerative diseases.

The patent [WO2012160130A1] provides methods for treating neuromuscular diseases
by administering ERK inhibitors. These inhibitors, particularly MEK1/2 inhibitors, inter-
fere with the MEK ERK1/2 signaling pathway necessary for cellular communication. This
approach involves reducing the expression of MEK1, MEK2, ERK1 and ERK2 genes using
small molecules or nucleic acid molecules such as siRNA, shRNA or antisense oligonu-
cleotides. The patent emphasizes the potential for the oral administration of ERK inhibitors
to treat these diseases, including potential combinations with other active agents such as
siRNA, shRNA or antisense compounds targeting the deficient SMN1 gene product, offer-
ing a promising strategy to combat the loss of motor function caused by SMN deficiency.
As in the previous invention, the use of substances associated with complex molecular
cellular functioning that involves many proteins is hypothesized to affect the body in a
negative manner. Therefore, more research is needed for the inventions WO2019118734
and WO2012160130A1.

The invention [US20190136192] comprises modified mesenchymal stem cells (MSCs)
for enhancing tissue regeneration and combinations of mesenchymal stem cells together
with extracts and/or products derived from said mesenchymal stem cells, which are used
to prevent, inhibit the progression and/or reversal of spinal muscular atrophy. A special
feature of the present invention is the use of MSCs, since at present, the effect and safety of
these cells have not been fully investigated and there are risks of cancer.

The patent [WO2019011817] provides a recombinant adeno-associated viral vector
(rAAV) comprising a single-stranded genome and an AAV9 or AAVrh10 capsid for delivery
of the human SMN gene. The expression cassette of the vector contains a promoter that
functions in lower motor neurons or glial cells of the spinal cord to provide cell-specific
activation of the SMN gene. The single-stranded genome is outperformed by the traditional
self-complementary genome in increasing survival in animal models of SMA. The patent
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highlights the optimized design, sequences and configurations. In experiments, adminis-
tration of 8 × 1012 copies (vg/kg) of the AAV9-hSMN1 single-chain vector resulted in a
significant increase in the lifespan and growth of SMA mice, with 40% of animals achieving a
survival rate of 245 days, significantly better than previous studies with self-complementary
AAV vectors. This demonstrates the efficacy of single-chain AAV vectors in the treatment
of SMA.

The invention [WO2021246909] provides a wild-type and codon-optimized sequence
using the GeneBeam algorithm encoding the SMN1 protein. An expression cassette and a
recombinant AAV9 vector based on it are also described. The efficiency of the developed
construct was evaluated at the mRNA and protein levels after the transfection of the
HEK293 and HSMC cell lines.

The patent [WO2021030766] describes methods and compositions for treating SMA
using combination therapy. These methods include administering a small molecule that
improves SMN function along with a recombinant nucleic acid encoding SMN1 or an
antisense oligonucleotide (ASO) that increases full-length SMN2. The patent proposes
various combinations and sequences of drug administration to treat different degrees of
disease severity and increase intracellular SMN activity in motor neurons. The therapy
utilizes splicing modulators, HDAC inhibitors, and molecules that modulate mRNA-
decapping enzymes as small molecules to enhance SMN function. In addition, the use
of recombinant nucleic acids, particularly in viral vectors such as recombinant AAV and
ASOs targeting SMN2 mRNA splicing, appears as a promising approach to treat SMN. The
patent emphasizes the flexibility of these combination therapies, both when administered
simultaneously and sequentially, to provide effective treatment options for patients with
varying degrees of severity of SMA.

Thus, the importance of solving the challenges and intellectual property issues for the
successful development and implementation of gene therapy is paramount in the treatment
of SMA. Understanding the technical level is integral to achieving a balanced approach in
fostering innovation and commercialization in this area, thereby providing better pathways
for the development of SMA therapies.

6. Conclusions and Future Prospects

The way to develop effective therapies for spinal muscular atrophy has witnessed
remarkable progress, driven by advances in genetics, molecular biology, and biotechnology.
This multi-faceted approach involves understanding the genetic basis of SMA, developing
gene therapies, exploring innovative drug delivery methods, optimizing treatment proto-
cols, and addressing intellectual property challenges. The amalgamation of these efforts
has ushered in a new era of hope for patients and their families.

SMA, once a dire diagnosis, has seen transformative breakthroughs with the advent
of gene therapies. Prominent among these is Zolgensma, a groundbreaking gene therapy
that addresses the underlying genetic defect by delivering a functional SMN1 gene. The
clinical success of Zolgensma underscores the potential of gene therapies in treating genetic
disorders at their root cause. Complementing this approach is the utilization of alternative
therapies like Spinraza, which modulates the activity of SMN2 to increase SMN protein pro-
duction. The combination of such therapies exhibits promise in further enhancing treatment
efficacy, although ongoing research is essential to fully comprehend their synergistic effects.

The evolution of treatment strategies is mirrored by the challenges faced in gene deliv-
ery methods. Innovations such as AAV-based vectors have paved the way for efficient and
targeted gene delivery to motor neurons. The utilization of AAV serotypes with enhanced
tropism for the central nervous system holds the potential to amplify therapeutic impact.
Moreover, novel avenues such as RNA-based therapies and small molecules provide di-
versified approaches to address the complexities of SMA, offering a more comprehensive
treatment landscape.

The unfolding landscape of SMA treatment requires an interdisciplinary approach,
necessitating collaboration between researchers, clinicians, pharmaceutical companies, and
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regulatory bodies. Clinical trials play a pivotal role in validating the safety and efficacy of
these therapies, paving the way for their approval and widespread availability. Rigorous
monitoring, data analysis, and real-world evidence generation are integral to ensuring the
long-term benefits and safety of these treatments.

Intellectual property, too, plays a pivotal role in this journey. Patents safeguard
the innovative technologies and methodologies that underpin these therapies, offering
protection and incentivizing further research and development. The patent landscape is
intricate, ranging from vector optimization and gene sequences to combination therapies
and delivery methods. Balancing the need for intellectual property protection with fostering
innovation and equitable access is a complex challenge that requires careful consideration.

As the field continues to advance, challenges remain, such as refining treatment proto-
cols for different SMA subtypes, optimizing combination therapies, addressing potential
long-term effects, and ensuring global accessibility. Collaboration among researchers,
healthcare professionals, policymakers, and patient advocacy groups is essential to navi-
gate these challenges and usher in an era of more accessible, effective, and personalized
SMA therapies.

In conclusion, the remarkable strides made in understanding the genetic underpin-
nings of SMA and the innovative approaches to therapy development have transformed
SMA from a previously devastating diagnosis to a condition with newfound hope. While
challenges persist, the synergy of scientific discovery, technological innovation, and col-
laborative effort fuels the optimism that SMA can be effectively managed and treated,
ultimately improving the lives of those affected by this condition.

Author Contributions: Conceptualization, A.S.P., D.S.C., L.M.Y., V.V.S. and A.A.R.; writing—original
draft preparation, A.S.P., D.S.C., L.M.Y. and V.V.S.; writing—review and editing, A.S.P. and L.M.Y.;
supervision, V.V.S. and A.A.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the subsidy allocated to KFU for the state assignment FZSM-
2023-0011 in the sphere of scientific activities.

Acknowledgments: This paper has been supported by the Kazan Federal University Strategic
Academic Leadership Program (PRIORITY-2030).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lefebvre, S.; Burglen, L.; Reboullet, S.; Clermont, O.; Burlet, P.; Viollet, L.; Benichou, B.; Cruaud, C.; Millasseau, P.; Zeviani, M.;

et al. Identification and characterization of a spinal muscular atrophy-determining gene. Cell 1995, 80, 155–165. [CrossRef]
2. Chen, X.; Sanchis-Juan, A.; French, C.E.; Connell, A.J.; Delon, I.; Kingsbury, Z.; Chawla, A.; Halpern, A.L.; Taft, R.J.; BioResource,

N.; et al. Spinal muscular atrophy diagnosis and carrier screening from genome sequencing data. Genet. Med. 2020, 22, 945–953.
[CrossRef]

3. Sugarman, E.A.; Nagan, N.; Zhu, H.; Akmaev, V.R.; Zhou, Z.; Rohlfs, E.M.; Flynn, K.; Hendrickson, B.C.; Scholl, T.; Sirko-Osadsa,
D.A.; et al. Pan-ethnic carrier screening and prenatal diagnosis for spinal muscular atrophy: Clinical laboratory analysis of
>72,400 specimens. Eur. J. Hum. Genet. 2012, 20, 27–32. [CrossRef]

4. Chiriboga, C.A. Pharmacotherapy for Spinal Muscular Atrophy in Babies and Children: A Review of Approved and Experimental
Therapies. Paediatr. Drugs 2022, 24, 585–602. [CrossRef]

5. Pearn, J.H.; Wilson, J. Acute Werdnig-Hoffmann disease: Acute infantile spinal muscular atrophy. Arch. Dis. Child. 1973, 48,
425–430. [CrossRef]

6. Audic, F.; Barnerias, C. Spinal muscular atrophy (SMA) type I (Werdnig-Hoffmann disease). Arch. Pediatr. 2020, 27, 7S15–7S17.
[CrossRef]

7. Hjartarson, H.T.; Nathorst-Boos, K.; Sejersen, T. Disease Modifying Therapies for the Management of Children with Spinal
Muscular Atrophy (5q SMA): An Update on the Emerging Evidence. Drug Des. Dev. Ther. 2022, 16, 1865–1883. [CrossRef]

8. Von Gontard, A.; Zerres, K.; Backes, M.; Laufersweiler-Plass, C.; Wendland, C.; Melchers, P.; Lehmkuhl, G.; Rudnik-Schoneborn,
S. Intelligence and cognitive function in children and adolescents with spinal muscular atrophy. Neuromuscul. Disord. 2002, 12,
130–136. [CrossRef]

9. Schmalbruch, H.; Haase, G. Spinal muscular atrophy: Present state. Brain Pathol. 2001, 11, 231–247. [CrossRef]

https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1038/s41436-020-0754-0
https://doi.org/10.1038/ejhg.2011.134
https://doi.org/10.1007/s40272-022-00529-8
https://doi.org/10.1136/adc.48.6.425
https://doi.org/10.1016/S0929-693X(20)30271-2
https://doi.org/10.2147/DDDT.S214174
https://doi.org/10.1016/S0960-8966(01)00274-7
https://doi.org/10.1111/j.1750-3639.2001.tb00395.x


Int. J. Mol. Sci. 2023, 24, 13743 18 of 21

10. Kaufmann, P.; McDermott, M.P.; Darras, B.T.; Finkel, R.; Kang, P.; Oskoui, M.; Constantinescu, A.; Sproule, D.M.; Foley, A.R.;
Yang, M.; et al. Observational study of spinal muscular atrophy type 2 and 3: Functional outcomes over 1 year. Arch. Neurol. 2011,
68, 779–786. [CrossRef]

11. Arnold, W.D.; Kassar, D.; Kissel, J.T. Spinal muscular atrophy: Diagnosis and management in a new therapeutic era. Muscle Nerve
2015, 51, 157–167. [CrossRef]

12. Liu, Q.; Dreyfuss, G. A novel nuclear structure containing the survival of motor neurons protein. EMBO J. 1996, 15, 3555–3565.
[CrossRef] [PubMed]

13. Lorson, C.L.; Hahnen, E.; Androphy, E.J.; Wirth, B. A single nucleotide in the SMN gene regulates splicing and is responsible for
spinal muscular atrophy. Proc. Natl. Acad. Sci. USA 1999, 96, 6307–6311. [CrossRef] [PubMed]

14. Rochette, C.F.; Gilbert, N.; Simard, L.R. SMN gene duplication and the emergence of the SMN2 gene occurred in distinct hominids:
SMN2 is unique to Homo sapiens. Hum. Genet. 2001, 108, 255–266. [CrossRef]

15. Harada, Y.; Sutomo, R.; Sadewa, A.H.; Akutsu, T.; Takeshima, Y.; Wada, H.; Matsuo, M.; Nishio, H. Correlation between SMN2
copy number and clinical phenotype of spinal muscular atrophy: Three SMN2 copies fail to rescue some patients from the disease
severity. J. Neurol. 2002, 249, 1211–1219. [CrossRef] [PubMed]

16. Yamamoto, T.; Sato, H.; Lai, P.S.; Nurputra, D.K.; Harahap, N.I.; Morikawa, S.; Nishimura, N.; Kurashige, T.; Ohshita, T.; Nakajima,
H.; et al. Intragenic mutations in SMN1 may contribute more significantly to clinical severity than SMN2 copy numbers in some
spinal muscular atrophy (SMA) patients. Brain Dev. 2014, 36, 914–920. [CrossRef]

17. Takarada, T.; Ar Rochmah, M.; Harahap, N.I.F.; Shinohara, M.; Saito, T.; Saito, K.; Lai, P.S.; Bouike, Y.; Takeshima, Y.; Awano, H.;
et al. SMA mutations in SMN Tudor and C-terminal domains destabilize the protein. Brain Dev. 2017, 39, 606–612. [CrossRef]

18. Ahn, E.J.; Yum, M.S.; Kim, E.H.; Yoo, H.W.; Lee, B.H.; Kim, G.H.; Ko, T.S. Genotype-Phenotype Correlation of SMN1 and NAIP
Deletions in Korean Patients with Spinal Muscular Atrophy. J. Clin. Neurol. 2017, 13, 27–31. [CrossRef]

19. Singh, N.N.; Hoffman, S.; Reddi, P.P.; Singh, R.N. Spinal muscular atrophy: Broad disease spectrum and sex-specific phenotypes.
Biochim. Biophys. Acta Mol. Basis Dis. 2021, 1867, 166063. [CrossRef]

20. Zilio, E.; Piano, V.; Wirth, B. Mitochondrial Dysfunction in Spinal Muscular Atrophy. Int. J. Mol. Sci. 2022, 23, 10878. [CrossRef]
21. Fuller, H.R.; Gillingwater, T.H.; Wishart, T.M. Commonality amid diversity: Multi-study proteomic identification of conserved

disease mechanisms in spinal muscular atrophy. Neuromuscul. Disord. 2016, 26, 560–569. [CrossRef] [PubMed]
22. Magri, F.; Vanoli, F.; Corti, S. miRNA in spinal muscular atrophy pathogenesis and therapy. J. Cell. Mol. Med. 2018, 22, 755–767.

[CrossRef] [PubMed]
23. D’Silva, A.M.; Kariyawasam, D.; Venkat, P.; Mayoh, C.; Farrar, M.A. Identification of Novel CSF-Derived miRNAs in Treated

Paediatric Onset Spinal Muscular Atrophy: An Exploratory Study. Pharmaceutics 2023, 15, 170. [CrossRef] [PubMed]
24. Adami, R.; Bottai, D. NSC Physiological Features in Spinal Muscular Atrophy: SMN Deficiency Effects on Neurogenesis. Int. J.

Mol. Sci. 2022, 23, 15209. [CrossRef] [PubMed]
25. Torres-Benito, L.; Neher, M.F.; Cano, R.; Ruiz, R.; Tabares, L. SMN requirement for synaptic vesicle, active zone and microtubule

postnatal organization in motor nerve terminals. PLoS ONE 2011, 6, e26164. [CrossRef]
26. Rossoll, W.; Jablonka, S.; Andreassi, C.; Kroning, A.K.; Karle, K.; Monani, U.R.; Sendtner, M. Smn, the spinal muscular atrophy-

determining gene product, modulates axon growth and localization of beta-actin mRNA in growth cones of motoneurons. J. Cell
Biol. 2003, 163, 801–812. [CrossRef]

27. Mentis, G.Z.; Blivis, D.; Liu, W.; Drobac, E.; Crowder, M.E.; Kong, L.; Alvarez, F.J.; Sumner, C.J.; O’Donovan, M.J. Early functional
impairment of sensory-motor connectivity in a mouse model of spinal muscular atrophy. Neuron 2011, 69, 453–467. [CrossRef]

28. Lefebvre, S.; Sarret, C. Pathogenesis and therapeutic targets in spinal muscular atrophy (SMA). Arch. Pediatr. 2020, 27, 7S3–7S8.
[CrossRef]

29. Will, C.L.; Luhrmann, R. Spliceosome structure and function. Cold Spring Harb. Perspect. Biol. 2011, 3, a003707. [CrossRef]
30. Carvalho, T.; Almeida, F.; Calapez, A.; Lafarga, M.; Berciano, M.T.; Carmo-Fonseca, M. The spinal muscular atrophy disease gene

product, SMN: A link between snRNP biogenesis and the Cajal (coiled) body. J. Cell Biol. 1999, 147, 715–728. [CrossRef]
31. Pellizzoni, L.; Kataoka, N.; Charroux, B.; Dreyfuss, G. A novel function for SMN, the spinal muscular atrophy disease gene

product, in pre-mRNA splicing. Cell 1998, 95, 615–624. [CrossRef] [PubMed]
32. Jangi, M.; Fleet, C.; Cullen, P.; Gupta, S.V.; Mekhoubad, S.; Chiao, E.; Allaire, N.; Bennett, C.F.; Rigo, F.; Krainer, A.R.; et al. SMN

deficiency in severe models of spinal muscular atrophy causes widespread intron retention and DNA damage. Proc. Natl. Acad.
Sci. USA 2017, 114, E2347–E2356. [CrossRef] [PubMed]

33. Cuartas, J.; Gangwani, L. R-loop Mediated DNA Damage and Impaired DNA Repair in Spinal Muscular Atrophy. Front. Cell.
Neurosci. 2022, 16, 826608. [CrossRef]

34. Karyka, E.; Berrueta Ramirez, N.; Webster, C.P.; Marchi, P.M.; Graves, E.J.; Godena, V.K.; Marrone, L.; Bhargava, A.; Ray, S.; Ning,
K.; et al. SMN-deficient cells exhibit increased ribosomal DNA damage. Life Sci. Alliance 2022, 5, e202101145. [CrossRef]

35. Simon, C.M.; Dai, Y.; Van Alstyne, M.; Koutsioumpa, C.; Pagiazitis, J.G.; Chalif, J.I.; Wang, X.; Rabinowitz, J.E.; Henderson, C.E.;
Pellizzoni, L.; et al. Converging Mechanisms of p53 Activation Drive Motor Neuron Degeneration in Spinal Muscular Atrophy.
Cell Rep. 2017, 21, 3767–3780. [CrossRef]

36. Courtney, N.L.; Mole, A.J.; Thomson, A.K.; Murray, L.M. Reduced P53 levels ameliorate neuromuscular junction loss without
affecting motor neuron pathology in a mouse model of spinal muscular atrophy. Cell Death Dis. 2019, 10, 515. [CrossRef]
[PubMed]

https://doi.org/10.1001/archneurol.2010.373
https://doi.org/10.1002/mus.24497
https://doi.org/10.1002/j.1460-2075.1996.tb00725.x
https://www.ncbi.nlm.nih.gov/pubmed/8670859
https://doi.org/10.1073/pnas.96.11.6307
https://www.ncbi.nlm.nih.gov/pubmed/10339583
https://doi.org/10.1007/s004390100473
https://doi.org/10.1007/s00415-002-0811-4
https://www.ncbi.nlm.nih.gov/pubmed/12242541
https://doi.org/10.1016/j.braindev.2013.11.009
https://doi.org/10.1016/j.braindev.2017.03.002
https://doi.org/10.3988/jcn.2017.13.1.27
https://doi.org/10.1016/j.bbadis.2020.166063
https://doi.org/10.3390/ijms231810878
https://doi.org/10.1016/j.nmd.2016.06.004
https://www.ncbi.nlm.nih.gov/pubmed/27460344
https://doi.org/10.1111/jcmm.13450
https://www.ncbi.nlm.nih.gov/pubmed/29160009
https://doi.org/10.3390/pharmaceutics15010170
https://www.ncbi.nlm.nih.gov/pubmed/36678797
https://doi.org/10.3390/ijms232315209
https://www.ncbi.nlm.nih.gov/pubmed/36499528
https://doi.org/10.1371/journal.pone.0026164
https://doi.org/10.1083/jcb.200304128
https://doi.org/10.1016/j.neuron.2010.12.032
https://doi.org/10.1016/S0929-693X(20)30269-4
https://doi.org/10.1101/cshperspect.a003707
https://doi.org/10.1083/jcb.147.4.715
https://doi.org/10.1016/S0092-8674(00)81632-3
https://www.ncbi.nlm.nih.gov/pubmed/9845364
https://doi.org/10.1073/pnas.1613181114
https://www.ncbi.nlm.nih.gov/pubmed/28270613
https://doi.org/10.3389/fncel.2022.826608
https://doi.org/10.26508/lsa.202101145
https://doi.org/10.1016/j.celrep.2017.12.003
https://doi.org/10.1038/s41419-019-1727-6
https://www.ncbi.nlm.nih.gov/pubmed/31273192


Int. J. Mol. Sci. 2023, 24, 13743 19 of 21

37. Rindt, H.; Feng, Z.; Mazzasette, C.; Glascock, J.J.; Valdivia, D.; Pyles, N.; Crawford, T.O.; Swoboda, K.J.; Patitucci, T.N.; Ebert,
A.D.; et al. Astrocytes influence the severity of spinal muscular atrophy. Hum. Mol. Genet. 2015, 24, 4094–4102. [CrossRef]

38. Finkel, R.S.; Mercuri, E.; Meyer, O.H.; Simonds, A.K.; Schroth, M.K.; Graham, R.J.; Kirschner, J.; Iannaccone, S.T.; Crawford,
T.O.; Woods, S.; et al. Diagnosis and management of spinal muscular atrophy: Part 2: Pulmonary and acute care; medications,
supplements and immunizations; other organ systems; and ethics. Neuromuscul. Disord. 2018, 28, 197–207. [CrossRef]

39. Mercuri, E.; Finkel, R.S.; Muntoni, F.; Wirth, B.; Montes, J.; Main, M.; Mazzone, E.S.; Vitale, M.; Snyder, B.; Quijano-Roy, S.; et al.
Diagnosis and management of spinal muscular atrophy: Part 1: Recommendations for diagnosis, rehabilitation, orthopedic and
nutritional care. Neuromuscul. Disord. 2018, 28, 103–115. [CrossRef]

40. Chen, T.H. New and Developing Therapies in Spinal Muscular Atrophy: From Genotype to Phenotype to Treatment and Where
Do We Stand? Int. J. Mol. Sci. 2020, 21, 3297. [CrossRef]

41. Calder, A.N.; Androphy, E.J.; Hodgetts, K.J. Small Molecules in Development for the Treatment of Spinal Muscular Atrophy. J.
Med. Chem. 2016, 59, 10067–10083. [CrossRef] [PubMed]

42. Swoboda, K.J.; Scott, C.B.; Crawford, T.O.; Simard, L.R.; Reyna, S.P.; Krosschell, K.J.; Acsadi, G.; Elsheik, B.; Schroth, M.K.;
D’Anjou, G.; et al. SMA CARNI-VAL trial part I: Double-blind, randomized, placebo-controlled trial of L-carnitine and valproic
acid in spinal muscular atrophy. PLoS ONE 2010, 5, e12140. [CrossRef] [PubMed]

43. Mariot, V.; Joubert, R.; Hourde, C.; Feasson, L.; Hanna, M.; Muntoni, F.; Maisonobe, T.; Servais, L.; Bogni, C.; Le Panse, R.;
et al. Downregulation of myostatin pathway in neuromuscular diseases may explain challenges of anti-myostatin therapeutic
approaches. Nat. Commun. 2017, 8, 1859. [CrossRef]

44. Russell, A.J.; Hartman, J.J.; Hinken, A.C.; Muci, A.R.; Kawas, R.; Driscoll, L.; Godinez, G.; Lee, K.H.; Marquez, D.; Browne, W.F.t.;
et al. Activation of fast skeletal muscle troponin as a potential therapeutic approach for treating neuromuscular diseases. Nat.
Med. 2012, 18, 452–455. [CrossRef]

45. Russman, B.S.; Iannaccone, S.T.; Samaha, F.J. A phase 1 trial of riluzole in spinal muscular atrophy. Arch. Neurol. 2003, 60,
1601–1603. [CrossRef] [PubMed]

46. Bertini, E.; Dessaud, E.; Mercuri, E.; Muntoni, F.; Kirschner, J.; Reid, C.; Lusakowska, A.; Comi, G.P.; Cuisset, J.M.; Abitbol, J.L.;
et al. Safety and efficacy of olesoxime in patients with type 2 or non-ambulatory type 3 spinal muscular atrophy: A randomised,
double-blind, placebo-controlled phase 2 trial. Lancet Neurol. 2017, 16, 513–522. [CrossRef] [PubMed]

47. Ogbonmide, T.; Rathore, R.; Rangrej, S.B.; Hutchinson, S.; Lewis, M.; Ojilere, S.; Carvalho, V.; Kelly, I. Gene Therapy for
Spinal Muscular Atrophy (SMA): A Review of Current Challenges and Safety Considerations for Onasemnogene Abeparvovec
(Zolgensma). Cureus 2023, 15, e36197. [CrossRef]

48. Issa, S.S.; Shaimardanova, A.A.; Solovyeva, V.V.; Rizvanov, A.A. Various AAV Serotypes and Their Applications in Gene Therapy:
An Overview. Cells 2023, 12, 785. [CrossRef]

49. Kotin, R.M.; Linden, R.M.; Berns, K.I. Characterization of a preferred site on human chromosome 19q for integration of adeno-
associated virus DNA by non-homologous recombination. EMBO J. 1992, 11, 5071–5078. [CrossRef]

50. Qu, Y.; Liu, Y.; Noor, A.F.; Tran, J.; Li, R. Characteristics and advantages of adeno-associated virus vector-mediated gene therapy
for neurodegenerative diseases. Neural Regen. Res. 2019, 14, 931–938. [CrossRef]

51. Benkhelifa-Ziyyat, S.; Besse, A.; Roda, M.; Duque, S.; Astord, S.; Carcenac, R.; Marais, T.; Barkats, M. Intramuscular scAAV9-SMN
injection mediates widespread gene delivery to the spinal cord and decreases disease severity in SMA mice. Mol. Ther. 2013, 21,
282–290. [CrossRef] [PubMed]

52. Armbruster, N.; Lattanzi, A.; Jeavons, M.; Van Wittenberghe, L.; Gjata, B.; Marais, T.; Martin, S.; Vignaud, A.; Voit, T.; Mavilio, F.;
et al. Efficacy and biodistribution analysis of intracerebroventricular administration of an optimized scAAV9-SMN1 vector in a
mouse model of spinal muscular atrophy. Mol. Ther. Methods Clin. Dev. 2016, 3, 16060. [CrossRef]

53. Tanguy, Y.; Biferi, M.G.; Besse, A.; Astord, S.; Cohen-Tannoudji, M.; Marais, T.; Barkats, M. Systemic AAVrh10 provides higher
transgene expression than AAV9 in the brain and the spinal cord of neonatal mice. Front. Mol. Neurosci. 2015, 8, 36. [CrossRef]
[PubMed]

54. Valori, C.F.; Ning, K.; Wyles, M.; Mead, R.J.; Grierson, A.J.; Shaw, P.J.; Azzouz, M. Systemic delivery of scAAV9 expressing SMN
prolongs survival in a model of spinal muscular atrophy. Sci. Transl. Med. 2010, 2, 35ra42. [CrossRef] [PubMed]

55. Mendell, J.R.; Al-Zaidy, S.; Shell, R.; Arnold, W.D.; Rodino-Klapac, L.R.; Prior, T.W.; Lowes, L.; Alfano, L.; Berry, K.; Church, K.;
et al. Single-Dose Gene-Replacement Therapy for Spinal Muscular Atrophy. N. Engl. J. Med. 2017, 377, 1713–1722. [CrossRef]

56. Foust, K.D.; Nurre, E.; Montgomery, C.L.; Hernandez, A.; Chan, C.M.; Kaspar, B.K. Intravascular AAV9 preferentially targets
neonatal neurons and adult astrocytes. Nat. Biotechnol. 2009, 27, 59–65. [CrossRef]

57. Hordeaux, J.; Wang, Q.; Katz, N.; Buza, E.L.; Bell, P.; Wilson, J.M. The Neurotropic Properties of AAV-PHP.B Are Limited to
C57BL/6J Mice. Mol. Ther. 2018, 26, 664–668. [CrossRef] [PubMed]

58. Weber, T. Anti-AAV Antibodies in AAV Gene Therapy: Current Challenges and Possible Solutions. Front. Immunol. 2021, 12,
658399. [CrossRef]

59. Glanzman, A.M.; Mazzone, E.; Main, M.; Pelliccioni, M.; Wood, J.; Swoboda, K.J.; Scott, C.; Pane, M.; Messina, S.; Bertini, E.;
et al. The Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND): Test development and
reliability. Neuromuscul. Disord. 2010, 20, 155–161. [CrossRef]

https://doi.org/10.1093/hmg/ddv148
https://doi.org/10.1016/j.nmd.2017.11.004
https://doi.org/10.1016/j.nmd.2017.11.005
https://doi.org/10.3390/ijms21093297
https://doi.org/10.1021/acs.jmedchem.6b00670
https://www.ncbi.nlm.nih.gov/pubmed/27490705
https://doi.org/10.1371/journal.pone.0012140
https://www.ncbi.nlm.nih.gov/pubmed/20808854
https://doi.org/10.1038/s41467-017-01486-4
https://doi.org/10.1038/nm.2618
https://doi.org/10.1001/archneur.60.11.1601
https://www.ncbi.nlm.nih.gov/pubmed/14623733
https://doi.org/10.1016/S1474-4422(17)30085-6
https://www.ncbi.nlm.nih.gov/pubmed/28460889
https://doi.org/10.7759/cureus.36197
https://doi.org/10.3390/cells12050785
https://doi.org/10.1002/j.1460-2075.1992.tb05614.x
https://doi.org/10.4103/1673-5374.250570
https://doi.org/10.1038/mt.2012.261
https://www.ncbi.nlm.nih.gov/pubmed/23295949
https://doi.org/10.1038/mtm.2016.60
https://doi.org/10.3389/fnmol.2015.00036
https://www.ncbi.nlm.nih.gov/pubmed/26283910
https://doi.org/10.1126/scitranslmed.3000830
https://www.ncbi.nlm.nih.gov/pubmed/20538619
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1038/nbt.1515
https://doi.org/10.1016/j.ymthe.2018.01.018
https://www.ncbi.nlm.nih.gov/pubmed/29428298
https://doi.org/10.3389/fimmu.2021.658399
https://doi.org/10.1016/j.nmd.2009.11.014


Int. J. Mol. Sci. 2023, 24, 13743 20 of 21

60. Al-Zaidy, S.; Pickard, A.S.; Kotha, K.; Alfano, L.N.; Lowes, L.; Paul, G.; Church, K.; Lehman, K.; Sproule, D.M.; Dabbous, O.; et al.
Health outcomes in spinal muscular atrophy type 1 following AVXS-101 gene replacement therapy. Pediatr. Pulmonol. 2019, 54,
179–185. [CrossRef]

61. Lowes, L.P.; Alfano, L.N.; Arnold, W.D.; Shell, R.; Prior, T.W.; McColly, M.; Lehman, K.J.; Church, K.; Sproule, D.M.; Nagendran,
S.; et al. Impact of Age and Motor Function in a Phase 1/2A Study of Infants With SMA Type 1 Receiving Single-Dose Gene
Replacement Therapy. Pediatr. Neurol. 2019, 98, 39–45. [CrossRef] [PubMed]

62. Strauss, K.A.; Farrar, M.A.; Muntoni, F.; Saito, K.; Mendell, J.R.; Servais, L.; McMillan, H.J.; Finkel, R.S.; Swoboda, K.J.; Kwon, J.M.;
et al. Onasemnogene abeparvovec for presymptomatic infants with three copies of SMN2 at risk for spinal muscular atrophy:
The Phase III SPR1NT trial. Nat. Med. 2022, 28, 1390–1397. [CrossRef] [PubMed]

63. Day, J.W.; Finkel, R.S.; Chiriboga, C.A.; Connolly, A.M.; Crawford, T.O.; Darras, B.T.; Iannaccone, S.T.; Kuntz, N.L.; Pena, L.D.M.;
Shieh, P.B.; et al. Onasemnogene abeparvovec gene therapy for symptomatic infantile-onset spinal muscular atrophy in patients
with two copies of SMN2 (STR1VE): An open-label, single-arm, multicentre, phase 3 trial. Lancet Neurol. 2021, 20, 284–293.
[CrossRef] [PubMed]

64. Monine, M.; Norris, D.; Wang, Y.; Nestorov, I. A physiologically-based pharmacokinetic model to describe antisense oligonu-
cleotide distribution after intrathecal administration. J. Pharmacokinet. Pharmacodyn. 2021, 48, 639–654. [CrossRef]

65. Passini, M.A.; Bu, J.; Richards, A.M.; Kinnecom, C.; Sardi, S.P.; Stanek, L.M.; Hua, Y.; Rigo, F.; Matson, J.; Hung, G.; et al. Antisense
oligonucleotides delivered to the mouse CNS ameliorate symptoms of severe spinal muscular atrophy. Sci. Transl. Med. 2011,
3, 72ra18. [CrossRef]

66. Wadman, R.I.; van der Pol, W.L.; Bosboom, W.M.; Asselman, F.L.; van den Berg, L.H.; Iannaccone, S.T.; Vrancken, A.F. Drug
treatment for spinal muscular atrophy type I. Cochrane Database Syst. Rev. 2019, 12, CD006281. [CrossRef]

67. De Vivo, D.C.; Bertini, E.; Swoboda, K.J.; Hwu, W.L.; Crawford, T.O.; Finkel, R.S.; Kirschner, J.; Kuntz, N.L.; Parsons, J.A.; Ryan,
M.M.; et al. Nusinersen initiated in infants during the presymptomatic stage of spinal muscular atrophy: Interim efficacy and
safety results from the Phase 2 NURTURE study. Neuromuscul. Disord. 2019, 29, 842–856. [CrossRef]

68. Bishop, K.M.; Montes, J.; Finkel, R.S. Motor milestone assessment of infants with spinal muscular atrophy using the hammersmith
infant neurological Exam-Part 2: Experience from a nusinersen clinical study. Muscle Nerve 2018, 57, 142–146. [CrossRef]

69. Finkel, R.S.; Chiriboga, C.A.; Vajsar, J.; Day, J.W.; Montes, J.; De Vivo, D.C.; Bishop, K.M.; Foster, R.; Liu, Y.; Ramirez-Schrempp,
D.; et al. Treatment of infantile-onset spinal muscular atrophy with nusinersen: Final report of a phase 2, open-label, multicentre,
dose-escalation study. Lancet Child. Adolesc. Health 2021, 5, 491–500. [CrossRef]

70. Darras, B.T.; Chiriboga, C.A.; Iannaccone, S.T.; Swoboda, K.J.; Montes, J.; Mignon, L.; Xia, S.; Bennett, C.F.; Bishop, K.M.; Shefner,
J.M.; et al. Nusinersen in later-onset spinal muscular atrophy: Long-term results from the phase 1/2 studies. Neurology 2019, 92,
e2492–e2506. [CrossRef]

71. Acsadi, G.; Crawford, T.O.; Müller-Felber, W.; Shieh, P.B.; Richardson, R.; Natarajan, N.; Castro, D.; Ramirez-Schrempp, D.;
Gambino, G.; Sun, P.; et al. Safety and efficacy of nusinersen in spinal muscular atrophy: The EMBRACE study. Muscle Nerve
2021, 63, 668–677. [CrossRef] [PubMed]

72. Wang, J.; Schultz, P.G.; Johnson, K.A. Mechanistic studies of a small-molecule modulator of SMN2 splicing. Proc. Natl. Acad. Sci.
USA 2018, 115, E4604–E4612. [CrossRef] [PubMed]

73. Ratni, H.; Ebeling, M.; Baird, J.; Bendels, S.; Bylund, J.; Chen, K.S.; Denk, N.; Feng, Z.; Green, L.; Guerard, M.; et al. Discovery of
Risdiplam, a Selective Survival of Motor Neuron-2 (SMN2) Gene Splicing Modifier for the Treatment of Spinal Muscular Atrophy
(SMA). J. Med. Chem. 2018, 61, 6501–6517. [CrossRef] [PubMed]

74. Darras, B.T.; Masson, R.; Mazurkiewicz-Beldzinska, M.; Rose, K.; Xiong, H.; Zanoteli, E.; Baranello, G.; Bruno, C.; Vlodavets, D.;
Wang, Y.; et al. Risdiplam-Treated Infants with Type 1 Spinal Muscular Atrophy versus Historical Controls. N. Engl. J. Med. 2021,
385, 427–435. [CrossRef]

75. Mercuri, E.; Baranello, G.; Boespflug-Tanguy, O.; De Waele, L.; Goemans, N.; Kirschner, J.; Masson, R.; Mazzone, E.S.; Pechmann,
A.; Pera, M.C.; et al. Risdiplam in types 2 and 3 spinal muscular atrophy: A randomised, placebo-controlled, dose-finding trial
followed by 24 months of treatment. Eur. J. Neurol. 2023, 30, 1945–1956. [CrossRef]

76. Oskoui, M.; Day, J.W.; Deconinck, N.; Mazzone, E.S.; Nascimento, A.; Saito, K.; Vuillerot, C.; Baranello, G.; Goemans, N.; Kirschner,
J.; et al. Two-year efficacy and safety of risdiplam in patients with type 2 or non-ambulant type 3 spinal muscular atrophy (SMA).
J. Neurol. 2023, 270, 2531–2546. [CrossRef]

77. Alemdaroglu, I.; Karaduman, A.; Iyigun-Yatar, G.; Tunca-Yilmaz, O.; Topaloglu, H. Turkish version of the Egen Klassifikation
scale version 2: Validity and reliability in the Turkish population. Turk. J. Pediatr. 2014, 56, 643–650.

78. Nungo Garzon, N.C.; Pitarch Castellano, I.; Sevilla, T.; Vazquez-Costa, J.F. Risdiplam in non-sitter patients aged 16 years and
older with 5q spinal muscular atrophy. Muscle Nerve 2023, 67, 407–411. [CrossRef]

79. Cheung, A.K.; Hurley, B.; Kerrigan, R.; Shu, L.; Chin, D.N.; Shen, Y.; O’Brien, G.; Sung, M.J.; Hou, Y.; Axford, J.; et al. Discovery of
Small Molecule Splicing Modulators of Survival Motor Neuron-2 (SMN2) for the Treatment of Spinal Muscular Atrophy (SMA). J.
Med. Chem. 2018, 61, 11021–11036. [CrossRef]

80. Li, J.J.; Lin, X.; Tang, C.; Lu, Y.Q.; Hu, X.; Zuo, E.; Li, H.; Ying, W.; Sun, Y.; Lai, L.L.; et al. Disruption of splicing-regulatory
elements using CRISPR/Cas9 to rescue spinal muscular atrophy in human iPSCs and mice. Natl. Sci. Rev. 2020, 7, 92–101.
[CrossRef]

https://doi.org/10.1002/ppul.24203
https://doi.org/10.1016/j.pediatrneurol.2019.05.005
https://www.ncbi.nlm.nih.gov/pubmed/31277975
https://doi.org/10.1038/s41591-022-01867-3
https://www.ncbi.nlm.nih.gov/pubmed/35715567
https://doi.org/10.1016/S1474-4422(21)00001-6
https://www.ncbi.nlm.nih.gov/pubmed/33743238
https://doi.org/10.1007/s10928-021-09761-0
https://doi.org/10.1126/scitranslmed.3001777
https://doi.org/10.1002/14651858.CD006281.pub5
https://doi.org/10.1016/j.nmd.2019.09.007
https://doi.org/10.1002/mus.25705
https://doi.org/10.1016/S2352-4642(21)00100-0
https://doi.org/10.1212/WNL.0000000000007527
https://doi.org/10.1002/mus.27187
https://www.ncbi.nlm.nih.gov/pubmed/33501671
https://doi.org/10.1073/pnas.1800260115
https://www.ncbi.nlm.nih.gov/pubmed/29712837
https://doi.org/10.1021/acs.jmedchem.8b00741
https://www.ncbi.nlm.nih.gov/pubmed/30044619
https://doi.org/10.1056/NEJMoa2102047
https://doi.org/10.1111/ene.15499
https://doi.org/10.1007/s00415-023-11560-1
https://doi.org/10.1002/mus.27804
https://doi.org/10.1021/acs.jmedchem.8b01291
https://doi.org/10.1093/nsr/nwz131


Int. J. Mol. Sci. 2023, 24, 13743 21 of 21

81. Kirschner, J.; Butoianu, N.; Goemans, N.; Haberlova, J.; Kostera-Pruszczyk, A.; Mercuri, E.; van der Pol, W.L.; Quijano-Roy, S.;
Sejersen, T.; Tizzano, E.F.; et al. European ad-hoc consensus statement on gene replacement therapy for spinal muscular atrophy.
Eur. J. Paediatr. Neurol. 2020, 28, 38–43. [CrossRef] [PubMed]

82. Hinderer, C.; Katz, N.; Buza, E.L.; Dyer, C.; Goode, T.; Bell, P.; Richman, L.K.; Wilson, J.M. Severe Toxicity in Nonhuman Primates
and Piglets Following High-Dose Intravenous Administration of an Adeno-Associated Virus Vector Expressing Human SMN.
Hum. Gene Ther. 2018, 29, 285–298. [CrossRef] [PubMed]

83. Shirley, J.L.; de Jong, Y.P.; Terhorst, C.; Herzog, R.W. Immune Responses to Viral Gene Therapy Vectors. Mol. Ther. 2020, 28,
709–722. [CrossRef]

84. Nidetz, N.F.; McGee, M.C.; Tse, L.V.; Li, C.; Cong, L.; Li, Y.; Huang, W. Adeno-associated viral vector-mediated immune responses:
Understanding barriers to gene delivery. Pharmacol. Ther. 2020, 207, 107453. [CrossRef] [PubMed]

85. Finkel, R.S.; Mercuri, E.; Darras, B.T.; Connolly, A.M.; Kuntz, N.L.; Kirschner, J.; Chiriboga, C.A.; Saito, K.; Servais, L.; Tizzano,
E.; et al. Nusinersen versus Sham Control in Infantile-Onset Spinal Muscular Atrophy. N. Engl. J. Med. 2017, 377, 1723–1732.
[CrossRef]

86. Ottesen, E.W.; Singh, N.N.; Luo, D.; Kaas, B.; Gillette, B.J.; Seo, J.; Jorgensen, H.J.; Singh, R.N. Diverse targets of SMN2-directed
splicing-modulating small molecule therapeutics for spinal muscular atrophy. Nucleic Acids Res. 2023, 51, 5948–5980. [CrossRef]

87. Waldrop, M.A.; Karingada, C.; Storey, M.A.; Powers, B.; Iammarino, M.A.; Miller, N.F.; Alfano, L.N.; Noritz, G.; Rossman, I.;
Ginsberg, M.; et al. Gene Therapy for Spinal Muscular Atrophy: Safety and Early Outcomes. Pediatrics 2020, 146, e20200729.
[CrossRef]

88. Mirea, A.; Shelby, E.S.; Axente, M.; Badina, M.; Padure, L.; Leanca, M.; Dima, V.; Sporea, C. Combination Therapy with Nusinersen
and Onasemnogene Abeparvovec-xioi in Spinal Muscular Atrophy Type I. J. Clin. Med. 2021, 10, 5540. [CrossRef]

89. Harada, Y.; Rao, V.K.; Arya, K.; Kuntz, N.L.; DiDonato, C.J.; Napchan-Pomerantz, G.; Agarwal, A.; Stefans, V.; Katsuno,
M.; Veerapandiyan, A. Combination molecular therapies for type 1 spinal muscular atrophy. Muscle Nerve 2020, 62, 550–554.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejpn.2020.07.001
https://www.ncbi.nlm.nih.gov/pubmed/32763124
https://doi.org/10.1089/hum.2018.015
https://www.ncbi.nlm.nih.gov/pubmed/29378426
https://doi.org/10.1016/j.ymthe.2020.01.001
https://doi.org/10.1016/j.pharmthera.2019.107453
https://www.ncbi.nlm.nih.gov/pubmed/31836454
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1093/nar/gkad259
https://doi.org/10.1542/peds.2020-0729
https://doi.org/10.3390/jcm10235540
https://doi.org/10.1002/mus.27034

	Introduction 
	Traditional Therapies for SMA Treatment 
	Gene Therapy Strategies for SMA 
	Gene Replacement Therapy 
	Antisense Oligonucleotide Therapy 
	Small-Molecule Modulators 
	CRISPR/Cas9-Based Gene Editing 
	Practical Difficulties of Current Treatment Approaches 

	Methods of Combined Gene Therapy 
	Intellectual Property in SMA Therapy: Patent Landscape 
	Conclusions and Future Prospects 
	References

