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ABSTRACT

SMA is an autosomal recessive neuromuscular disease characterized by
progressive degeneration and loss of a-motor neurons in the spinal cord, leading
to progressive muscle atrophy. The spectrum of the disease is broad, modified
primarily by the number of copies of the SMN2 gene. SMA is caused by a
survival motor neuron (SMN) protein deficiency. Before the introduction of
disease-modifying therapies such as splicing modification and gene therapy,
SMA was the second most common fatal disease after cystic fibrosis and the most
common genetic cause of infant mortality. Recent advances in molecular biology
provide increasing opportunities to interfere with earlier stages of the process,
ultimately leading to SMN protein synthesis. Currently, the only approved
disease-modifying therapies are onasemnogene abeparvovec, risdiplam, and
nusinersen. A common feature of all three therapies is that intervention in the
early presymptomatic period is fundamental to treatment response and can result
in normal or near-normal motor development. The key milestones to this
treatment have been understanding the genetic causes, regulation of SMN gene
splicing, and the variability of disease phenotype and genotype. This review aims
to present the aspects of spinal muscular atrophy and discuss the most advanced

therapies currently approved for its treatment.

Keywords: spinal muscular atrophy (SMA), treatment, disease-modifying, gene
therapy

1. INTRODUCTION

Spinal muscular atrophy (SMA) is a genetic disease caused by a mutation of the
SMNI1 gene and, consequently, a deficiency of the survival of motor neuron
(SMN) protein, essential for regulating gene expression in motor neurons. This
deficiency leads to degeneration of the anterior horn cells of the spinal cord and
progressive muscle atrophy. Over 95% of mutations in the SMN1 gene are
biallelic deletions of exon 7 (Nishio et al., 2023).
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The spectrum of the disease is broad, ranging from severe, prenatally presented forms to mild adult-onset forms. In patients with
presymptomatic disease, the primary determinant for predicting clinical disease burden and age at onset is the SMN2 gene copy
number (Day et al.,, 2022). The classification of SMA into five types is defined according to the age at symptom onset and motor
developmental milestones (Ponomarev et al., 2023). SMA type 0 with one copy of the SMN2 gene is the most severe phenotype. Clinical
symptoms arise in utero. Reduced intrauterine movements may be evident prenatally. At birth, affected infants typically have joint
contractures, respiratory distress requiring mechanical ventilation, and generalized hypotonia. Without disease-modifying therapy,
death occurred within weeks of birth (Wirth et al., 2020).

SMA type 1 presents progressive hypotonia, weakening of the intercostal muscles, malformation of the chest wall, cardiac
dysfunction, and dysphagia. Most patients have one to two copies of SMN2. Symptoms develop before 6 months of age. In the absence
of immediate treatment, respiratory failure is the leading cause of death (Audic & Barnerias, 2020). SMA type 2 commonly manifests
between 6 and 18 months of age. Patients usually achieve the ability to sit but are unable to walk independently. The progression of this
type of SMA is variable. A reduction in life expectancy is observed, but many patients, despite progressive disability, survive into
adulthood, even without treatment (Ramsey et al., 2017).

SMA type 3, with symptoms onset after 18 months of age, has a slower course and less severe symptoms. Patients have 3 or 4 copies
of the SMN2 gene. Patients achieve the ability to move independently, but with time, due to increasing hypotension, they require
support. The involvement of the respiratory muscles is rare (Glascock et al., 2018). SMA type 4, with symptoms typically appearing in
the third or fourth decade of life. Manifestations are associated with mild weakness of the lower limb muscles and progress very
slowly. The survival rate is similar to that observed in healthy individuals (Keinath et al., 2021).

New therapeutic options for SMA that aim to increase the functional level of SMN protein are based on two independent strategies.
The first is the exogenous SMN1 gene introduced by a recombinant viral vector encoding the full-length transcript. The second is the

enhancement of alternative mRNA splicing, increasing the inclusion of exon 7 in the mature transcript (Ogbonmide et al., 2023).

Records found
n=123

After eliminating duplicates
n=76

After title and abstract screening

n=352
Full-text articles assessed Excluded (not in English)
n=350 n=6

|

Studies mcluded
n=44

Figure 1 Flowchart
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2. MATERIALS AND METHODS

A comprehensive literature review was conducted using digital databases, including PubMed and Google Scholar. This review
includes clinical studies, systematic reviews, and meta-analyses focusing on the newest methods of chronic treatment in patients with
spinal muscular atrophy, published after 2017. The keywords used in the literature search included: "Spinal Muscular Atrophy (SMA)",
"Treatment”, "Disease-modifying", and "Gene Therapy". The number of records identified through database searches was 123. After
investigating the articles for these criteria, 44 studies that matched the purpose of this review were selected. Articles in languages other

than English were excluded from consideration (figure 1).

3. RESULTS AND DISCUSSION

Exogenous SMN1 Gene Therapy

Gene therapy in SMA involves delivering a functional copy of the gene encoding the full length of the human SMN protein to motor
neurons. Delivery of the unmutated SMNI1 gene to cells is possible using the vector AAV (adeno-associated virus). AAVs are non-
pathogenic viruses that can effectively enter central nervous system cells (Issa et al., 2023).

The use of AAV9 containing complementary DNA (cDNA) as a vector delivering the correct nucleotide sequence of the human
SMNI1 gene allowed the development of a therapeutic drug, onasemnogene abeparvovec, AVXS-101, with the trade name Zolgensma
(Mendell et al., 2017). AAV serotype 9 can be administered to patients by intrathecal injection or systemically, as the virus can cross the
blood-brain barrier (Qu et al., 2019). Patients harboring antibodies against AAV9 should be excluded from therapy to avoid premature
immune system reactions and undesirable side effects (Kang et al., 2023).

Gene therapy with onasemnogene abeparvovec has shown promising results in treating spinal muscular atrophy (SMA), especially
in children who started treatment early before the first symptoms of the disease appeared (Schorling et al., 2020). The START study
(AVXS-101-CL-101), the first clinical test of this therapy, involved 15 infants with SMA type 1. All children who received a high dose of
the drug survived until the end of the observation period. Moreover, their motor function was most significantly improved, as assessed
using the specialist CHOP INTEND scale (Mendell et al., 2017).

These findings were supported by the phase III STR1VE-US trial involving 22 infants with SMA type 1. In this study, 91% of
participants survived 14 months without requiring permanent ventilation, and 59% achieved independent sitting, with an average age
of 9.2 months. The therapy was generally tolerated, and no new safety concerns were identified (Day et al., 2021). One of the most
significant findings comes from the SPRINT study, which evaluated Zolgensma in presymptomatic infants with genetically confirmed
SMA. In the group of children with two copies of the SMN2 gene, 100% achieved independent sitting. Among those with three copies
of SMN2, 92% managed to walk without assistance (Strauss et al., 2022).

SMN2 Gene Discovery

The SMN gene in the human genome occurs in at least two copies: SMN1 and SMN2. The SMN2 gene is highly homologous to the
SMN1 gene, exhibiting over 99% nucleotide sequence identity. Most SMN2 transcripts are an alternative spliced form lacking exon 7. A
cytosine to thymine substitution at position 6 in the coding region disrupts the exonic splicing enhancer (ESE) and generates an exonic
silencing sequence (ESS), leading to exon 7 skipping during transcription. These transcripts cannot oligomerize and are rapidly
degradable (Angilletta et al., 2023).

A small proportion of transcripts derived from the SMN2 sequence contain exon 7 and are transcribed into the full-length SMN
protein, which has the same role as the SMN2 gene product. Differences in SMN2 copy number are associated with disease severity.
The complete absence of the SMN protein, in conjunction with the loss of the SMN1 and SMN2 genes, is a fatal defect. More SMN?2
copies are usually associated with higher SMN levels and a milder disease course (Rao et al., 2018). The discovery of the SMN2 gene,
which can produce small amounts of functional SMN protein through alternative splicing, has enabled the development of molecular
therapies to restore SMN expression (Ribero et al., 2023).

Modification of SMIN2 Gene Splicing

Another approach in SMA therapy is the modification of SMN2 gene splicing. Antisense oligonucleotides, blocking the intronic splicing
silencer ISS-N1 in intron 7 and small molecule modulators, enhancing the binding of the Ul snRNP complex, and promoting the
inclusion of exon 7 in SMN2 mRNA (Lejman et al., 2023; Ottesen et al., 2024).
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Nusinersen
ASOs (antisense oligonucleotides) are single, short strands of chemically modified nucleic acids complementary to a specific mRNA
sequence (Godfrey et al., 2017). Depending on the binding site, ASOs affect transcript inactivation and modulation of pre-mRNA
splicing. The use of appropriate oligonucleotides in treating spinal muscular atrophy allows for the inclusion of exon 7 in the SMN2
gene transcript (Tsai et al., 2024). Nusinersen is a therapeutic antisense 2'-methoxyethyl phosphate oligonucleotide directed at binding
a specific silencing sequence in the intron of the SMN2 pre-mRNA (Shchaslyvyi et al., 2023). This medication is administered
intrathecally in 4 loading doses over 2 months and maintenance doses every 4 months and is approved for all patients regardless of age
(Yeo et al., 2020).

Repeated administration by lumbar puncture into the cerebrospinal fluid is related to the size of the antisense oligonucleotide

molecules that exhibit limited blood-brain barrier penetration (Finkel et al., 2016).

Nusinersen in Clinical Trials

The open-label NURTURE study included 25 presymptomatic infants with a mutation in the SMN1 gene (two and three copies of the
SMN2 gene). Initiation of nusinersen before the onset of clinical symptoms resulted in near-normal motor development. The WHO
motor milestone (sitting without support) was achieved by 25 patients (100%), and all children also mastered sucking and swallowing.
Among older patients, independent walking was achieved by 77 percent of patients (De Vivo et al., 2019).

Subsequent years of follow-up in NURTURE demonstrate the durability of the benefits with continued improvement associated
with nusinersen treatment. After ~5 years, all children had achieved previously unattainable motor milestones, many within the typical
developmental time frame, emphasizing the value of early diagnosis and initiation of nusinersen treatment (Crawford et al., 2023).

The ENDEAR study evaluated the safety and clinical efficacy of nusinersen in 121 infants with early-onset SMA. In the final
analysis, a statistically more significant proportion of patients in the nusinersen group positively affected event-free survival and
overall survival. Additionally, response criteria were observed for motor milestones and an improvement of more than 4 points from
baseline on the CHOP INTEND scale. Nusinersen was also found to significantly reduce the likelihood of requiring mechanical
ventilator support (Finkel et al., 2017).

The randomized CHERISH study included 126 children with late-onset SMA. In the final analysis, a statistically significant
improvement in motor function, as assessed by the Hammersmith functional motor scale expanded (HFMSE), was observed in patients

receiving nusinersen compared to patients in the control group (Mercuri et al., 2018).

Risdiplam

Risdiplam is the only orally administered medication approved for treating patients with spinal muscular atrophy (SMA) types 1, 2, or
3 aged two months and older (Kakazu et al., 2021). It binds to two sites in the SMN2 pre-mRNA: the 5 'splicing site (5' ss) of intron 7
and the exon splicing enhancer 2 (ESE2) in exon 7. By modifying the splicing of the SMN2 gene, risdiplam promotes exon 7 to be
incorporated into SMN2 mRNA transcripts, leading to increased levels of SMN protein (Sturm et al., 2018; Messina & Sframeli, 2020).
This medication enhances the SMN2 mRNA ratio in a dose-dependent manner (Yeo & Darras, 2020).

Therapeutic Efficacy of Risdiplam
Risdiplam demonstrates high therapeutic efficacy in patients with various forms of spinal muscular atrophy (SMA), both in infants and
in older children. Infants with type 1 SMA exhibited the highest increase in SMN protein levels (Baranello et al., 2021).

In the second part of the FIREFISH study, covering infants with SMA type 1, after 24 months of treatment, 83% of children did not
require continuous respiratory support, and 44% of patients demonstrated the ability to sit independently for at least 5 seconds - which
does not occur in the natural course of the disease (Masson et al., 2022). Additionally, the SUNFISH study, aimed at patients aged 2 to
25 years with type 2 or non-ambulatory type 3 SMA, showed significant improvement in motor functions measured by the MFM32

scale and favorable medication tolerability (Mercuri et al., 2022).

Comparison of SMA Treatment Strategies

Comparative analyses suggest that gene therapy (onasemnogene abeparvovec) may be superior to nusinersen and risdiplam regarding
overall survival, improved motor function, and independence from permanent ventilator support in symptomatic infants with SMA
type 1 (Dabbous et al., 2019).
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The meta-analysis included 3418 patients with spinal muscular atrophy (SMA) types 1 and 2. Participants receiving gene therapy
showed the highest survival rate (95%), clearly outperforming risdiplam (86%) and nusinersen (60%). Additionally, onasemnogene
abeparvovec and risdiplam achieved comparable results in improving motor function, as assessed by the CHOP INTEND scale, with
92% and 90% of patients, respectively, showing an improvement of at least 4 points. Nusinersen showed a lower percentage of
improvement at 74% (Chongmelaxme et al., 2024).

Due to the potential to completely stop the development of SMA symptoms in the preclinical phase, gene therapy is often
considered the most effective, provided it is administered very early. However, this therapy was initially indicated for patients below 2
years of age because the efficacy and safety in older patients have not been sufficiently studied (Sawada et al., 2023). In turn, nusinersen
demonstrates long-term efficacy in various types of SMA, including in adolescents and young adults. Implementing this treatment
method is particularly valuable in patients with types 2 and 3 SMA, where gene therapy is not approved (Hagenacker et al., 2024). The
disadvantage is the need for repeated, invasive cerebrospinal fluid administration. Intrathecal administration allows for direct delivery
of the drug to the central nervous system; however, this involves repeated lumbar punctures, which may be a limitation, especially in
patients with spinal deformities and after orthopedic surgeries (Qiao et al., 2023).

Risdiplam is a valuable therapeutic alternative for patients who are not eligible for intrathecal nusinersen or gene therapy due to
age, clinical condition, or contraindications. As an oral drug, risdiplam is distributed to the central nervous system and peripheral
tissues, which may be particularly important in the context of extraneuronal manifestations of SMA (Ribero et al.,, 2022). This
medication was well tolerated in the JEWELFISH study, which included patients previously treated with other SMA therapies. It
caused a significant increase in SMN protein levels in a dose-dependent manner, even in patients with advanced disease (Chiriboga et
al., 2023).

4. CONCLUSIONS

In recent years, the treatment of spinal muscular atrophy (SMA) has undergone a revolution with the introduction of three modern,
registered therapies: nusinersen, risdiplam, and gene therapy. Each of these methods significantly changes the natural course of the
disease, but they differ in their mechanism of action, method of administration, target population, and range of efficacy. Risdiplam
offers the convenience and possibility of home administration; nusinersen has a stable action profile and can be used long-term, while
gene therapy provides a potentially groundbreaking, one-time solution, albeit limited to a selected group of patients. The selection of
appropriate SMA therapy should account for many factors, including age, disease type, neurological status, number of SMN2 gene

copies, patient preferences, and treatment availability.
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