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ABSTRACT 

 

This doctoral thesis explores the developmental and systemic impact of a neurodegenerative disease 

called spinal muscular atrophy (SMA). SMA is traditionally viewed as a motor neuron disease, caused 

by mutations in the SMN1 gene, leading to reduced levels of survival motor neuron (SMN) protein. 

Going beyond the neuromuscular system, this work focuses on the effects of SMN deficiency on 

peripheral organ development, including the liver, pancreas, intestine, heart, lung, kidney, and lymphoid 

tissues. These aspects of the disease in peripheral organs have never been previously investigated and 

constitute new information necessary to better understand the developmental aspects of SMA. 

 

To achieve this aim, autopsy material from SMA fetuses, newborns and infants genetically confirmed 

for SMN1 bi-allelic deletions and with one or two SMN2 copies (predicted to develop type I SMA 

disease) together with  age-matched controls were obtained from Vall d’Hebron University Hospital  

The thesis focuses on a spatiotemporal analysis of tissue development, examining specific regions of 

each organ using targeted antibodies through immunopathological histochemistry and 

immunofluorescence techniques. 

 

The findings provide pathological evidence of particular early, organ-specific defects, demonstrating 

that SMA extends beyond motor neurons to multiple organ systems during development. The here 

provided results supports the hypothesis of SMA as a multi-organ disease, emphasize the importance of 

early diagnosis and intervention, and advocate for investigation of therapeutic strategies that address 

systemic dysfunction in addition to SMN restoration. 

 

In conclusion, this thesis advances understanding of SMA’s complexity and supports the development 

of more comprehensive clues for follow-up and treatment approaches. It highlights the importance for 

personalized medicine and contributes to the optimization of SMA management strategies aimed at 

improving survival and quality of life for affected individuals. 
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1. SMA Clinical and Historical Overview 

 

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder primarily defined by 

the degeneration and functional loss of alpha motor neurons (MNs) in the anterior horn of the spinal 

cord. It is the second most common autosomal recessive inherited condition, with a global incidence 

ranging from 1 in 6,000 to 1 in 10,000. The global carrier frequency is estimated to be between 1 in 32 

and 1 in 72 [1]. 

 

 

1.1 Historical Background and Discovery 

SMA was first described by Guido Werdnig in 1891 who reported two cases of hereditary progressive 

muscle dystrophy [2]. At the same time, Johann Hoffmann independently documented seven cases of 

children exhibiting progressive muscle weakness and early death. Their observations laid the foundation 

for SMA which first became known as Werdnig-Hoffmann disease, now recognized as SMA type I [3]. 

Interestingly their observed cases nowadays more closely resemble type II SMA, yet the name remained. 

In the early 20th century both Beevor and Sylvestre described more severe forms with very early onset, 

now more resembling SMA type I [4], [5]. The question for why the early infantile form of SMA has 

become known as Werdnig–Hoffmann disease is likely due to historical confusion with "amyotonia 

congenita," which had identical pathological findings to the cases described by Werdnig and Hoffmann 

[6]. Physicians therefore referred to SMA that develops in early infancy as “amyotonia congenita” or 

“Werdnig–Hoffmann disease”. “Amyotonia congenita” was later discarded as a sole clinical entity as 

this symptom was present in various conditions, yet the link between early infantile SMA and “Werdnig–

Hoffmann disease” remained.  

In 1964 Dubowitz described the intermediate phenotype of SMA in detail, but most importantly the 

variation of severity among affected siblings within the same family, suggesting phenotypic variation in 

severity of the same basic disease process [7]. Ultimately SMA type II was referred to as Dubowitz 

Disease. 

The mild phenotype was first described by Kugelberg and Welander in 1956, where 12 patients in their 

40s – 50s were documented. Initially those patients were diagnosed with muscular dystrophy, however 

electromyography and muscle biopsy showed evidence of lower motor neuron damage, suggesting 

muscular disorder as secondary pathology. Their medical history showed that the age of onset ranged 

from 2 to 17 years, indicating a long period of independent walking and a more favorable and slower 

disease progression [8]. Type III SMA is now also called Kugelberg-Welander disease.  

 

For almost a century, SMA was classified solely based on clinical symptoms and age of onset 

categorizing into chronic SMA (intermediate and mild SMA) and acute SMA (severe SMA). Then, in 

the 1990s multiple researchers discovered disease loci in SMA patients could be mapped to the same 
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region on chromosome 5q13, where large-scale deletions were reported [9], [10], [11], [12]. In 1995 the 

responsible gene for SMA was identified and termed the survival motor neuron (SMN) gene [13]. At the 

same time the almost identical SMN2 gene was also discovered. This led to a breakthrough in diagnosis 

and classification of SMA. Genetic testing for SMN1 deletions or mutations became the gold standard, 

replacing invasive muscle biopsies. SMA was definitively recognized as an autosomal recessive 

monogenic disorder, and research shifted toward understanding how the lack of SMN protein leads to 

MN degeneration. The identification of SMN1 and SMN2 not only clarified the biological basis of SMA 

but also laid the groundwork for therapeutic innovation. 

 

 

1.2 Classification and Subtypes (SMA Types 0–4) 

SMA classification is based on age of onset of symptoms and the highest degree of motor function 

achieved (Table 1). It can be classified into 3 main phenotypes, however some outliers on the extremes 

of the spectrum subclassification of SMA type I (Type 0 SMA) and SMA type III (Type IV SMA) were 

introduced. Regardless of the classification, manifestation and differences in degrees of symptoms can 

vary in patients. However, the scheme remains relevant and provides useful clinical and prognostic 

information. 

 

Type 0 SMA is the rarest of SMA forms [14]. It is associated with prenatal onset of signs/symptoms 

such as decreased fetal movement. Patients suffer from arthrogryposis multiplex congenita, as well as 

profound hypotonia and respiratory stress soon after birth. Congenital heart defect is also a feature of 

most type 0 cases. Their life expectancy is the lowest of all SMA types with less than 6 months of 

survival. Some patients are also severely affected by the disease during the first days of life, which is 

classified as type IA [15]. 

Typical type IB SMA is the most common form with more than 50% of recorded SMA cases. Disease 

onset starts in the first 3 months of life and patients will never be able to sit, stand and walk due to severe 

muscle weakness. Mortality in these babies usually occurs before 2 years after birth due to respiratory 

muscle dysfunction and ultimately respiratory failure [16]. 

The type II SMA phenotype is presented with delayed motor developmental milestones and impaired 

motor skills. While being able to sit upright and even stand using leg braces, they are unable to walk 

independently and remain wheelchair bound their entire life. They usually suffer from kyphoscoliosis 

and if untreated, also from restrictive lung disease. Their cough and airway secretion clearing are 

progressively compromised. Even though the majority may survive into adulthood, high supportive 

management is required as gastrointestinal (GI) and respiratory complications will increase [17]. 

Type III SMA patients are able to walk independently during early life. They show profound symptom 

heterogeneity and patients are often misdiagnosed with myopathy or muscular dystrophy. The 

distribution pattern of muscle weakness is similar to type I and II SMA, however disease progression is 
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much slower. Since muscle weakness will progressively increase, specifically in the leg muscles, at 

some point in life, the need of a wheelchair might be required [18]. 

Type IV SMA is considered to be the mildest form of SMA as symptoms usually arise in the second 

decade of life. The comorbidities resemble type III SMA, with mostly weakness of lower extremities. 

They have an average lifespan and the ability to walk throughout adulthood [18]. 

 

Patients with type 0 disease may have one SMN2 copy whereas most type I cases have 2 SMN2 copies. 

Patients with type II may have generally 3 SMN2 copies whilst long-term walkers usually have 4 copies 

[19]. While classification-based severity has clinical advantages, it is not always sufficient to provide 

prognostic information to classify severity of SMA. Furthermore, the prediction of the phenotype using 

SMN2 copies is not 100% accurate. Especially for patients with type II and 3 SMA, the parameters of 

MN loss are not well established, yet are still of high importance to determine their specific therapeutic 

window for treatment. 

 

Type Age of Onset 
Highest Physiological 

Function 
Age of Death 

SMN2 Gene 

Copies 

0 Prenatal Respiratory support <1 month 1 

I 0 – 6 months Never sit <2 years 2 

II < 18 months Never stand >2 years 3 

III >18 months - 3 years Stand alone Adult 3 to 4 

IV >21 years Stand alone Adult 4 or more 

Table 1: Overview SMA classification including their specific characteristics 

 

 

1.3 Natural History and Disease Progression 

SMA is a progressive condition marked by the gradual loss of motor neurons, leading to increasing 

muscle weakness and atrophy. The natural history varies significantly between types but generally 

follows a pattern of declining motor function. In more severe forms, such as types 0 and I, the disease 

progresses rapidly, often leading to early mortality due to respiratory failure. In milder types, such as 

types III and IV, progression may be slow, and life expectancy remains relatively normal, though quality 

of life may be impaired [20]. 

Before disease-modifying treatments, management was purely supportive, focusing on respiratory care, 

nutritional support, orthopedic interventions, and physical therapy. However, recent advancements have 

dramatically altered the natural course of SMA. The approval of treatments like nusinersen (Spinraza®), 

onasemnogene abeparvovec-xioi (OA, Zolgensma®), and risdiplam (Evrysdi®) have shifted the outlook 

for patients [21], [22]. These therapies aim to increase SMN protein levels and slow or even halt motor 
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neuron loss. Early diagnosis, particularly through newborn screening, is now essential, as pre-

symptomatic treatment has shown significantly better outcomes [23]. 
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2. Genetics and Molecular Pathophysiology 

 

SMA is an autosomal recessive genetic disorder, primarily caused by a mutation in the SMN1 gene. An 

individual must inherit two faulty copies of the SMN1 gene, one from each parent, for SMA to manifest. 

Carriers with only one faulty gene and one intact gene typically do not show symptoms. 

 

 

2.1. The SMN1 and SMN2 Genes: Structure, Function, and Mutations 

Both the SMN1 and SMN2 gene produce the SMN protein which is essential for maintenance and 

function of motor neurons [13]. The SMN1 gene, located on chromosome 5q13, is primarily responsible 

for producing the full-length (294 amino acids, 38 kDa), functional SMN protein. It comprises of nine 

exons and generates transcripts that include exon 7 [24].  

In contrast, the SMN2 gene is a centromeric copy, which is nearly identical in sequence to SMN1 and 

differs by 15 nucleotide changes called paralogue sequence variants [25], most notably the C→T 

transition at the 6th position in exon 7 [26]. It is proposed that this nucleotide alteration disrupts an 

exonic splicing enhancer and promote the gain of a silencer ultimately leading to the exclusion of exon 

7 in 90% of SMN2 transcripts. The resulting truncated SMNΔ7 protein is unstable and rapidly degraded, 

rendering it mostly non-functional [27] (Fig. 1). SMNΔ7 is not entirely non-functional and can associate 

with full-length SMN and other binding partners, as has been shown in the SMNΔ7 SMN mouse model 

[28]. This association can improve its stability and its potential function.  
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Figure 1: The effect of the C-to-T transition in exon 7 between SMN1 and SMN2 on splicing from Butchbach, 2016 

 

Other isoforms of SMN also exist, such as the SMN6B protein which can be translated from both the 

SMN1 and SMN2 gene by inclusion of an Alu sequence following exon 6, as an alternative [30]. SMN6B 

is present in both the nucleus and the cytosol, making it is twice as stable as SMNΔ7, however its 

physiological function is not fully understood. Another prominent isoform is SMNΔ5, which can be 

found in the central nervous system (CNS) and muscle cells, yet again its physiological function remains 

to be uncovered [31].  

There is also an axonal-SMN (a-SMN), which is produced by exclusion of intron 3 during splicing and 

hypothesized to play a role in axogenesis [32]. Due to an intron 3 stop codon, a-SMN messenger 

ribonucleic acid (mRNA) is shorter than full-length SMA and only encodes a protein of around 19kDa. 

It is proposed that a-SMN expression is enhanced in brain and spinal cord during development, yet 

declines during maturation [32]. 

 

 

2.2. Molecular Mechanisms of Motor Neuron Degeneration 

Degeneration of MNs in SMA primarily results from insufficient levels of functional SMN protein, 

which plays a crucial role in ribonucleic acid (RNA) processing and transport, particularly in the 

assembly of small nuclear ribonucleoproteins (snRNPs) required for pre-mRNA splicing [33]. Lack of 

full-length SMN impairs axonal mRNA transport and local translation, both of which are essential for 

maintaining synaptic integrity and neuromuscular junction (NMJ) function. Disruption of these 

processes leads to NMJ denervation and synaptic loss, ultimately resulting in MN cell death [34]. 
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Furthermore, defects in cellular functions might result in activation of intracellular stress signaling 

pathways, that mediate SMA neurodegeneration. While the exact mechanisms remain to be determined, 

two major signaling pathways have been identified as contributors to neurodegeneration: the Ras 

homolog gene family, member A (RhoA)/ Rho-associated kinase (ROCK) signaling pathway and the c-

Jun NH2-terminal kinase (JNK) signaling pathway [34]. 

The RhoA/ROCK pathway plays a central role in regulating cytoskeletal dynamics necessary for 

neuronal growth, stability, and function [35]. ROCK activity and its subsequent downstream targets 

(profilin IIa, cofilin, lim kinases, myosin regulatory light chain, and myosin light chain phosphatase) 

showed alterations across multiple human diseases [36], [37]. Low levels of SMN, which interact with 

both ROCK and profilin, resulted in hyperactivation of ROCK/profilin complexes, leading to abnormal 

phosphorylation of downstream targets [38]. It is to note though that, while SMN deficiency results in 

ROCK activation, the modulation of its downstream targets appear to be inconsistent, across the multiple 

different cell and animal models used [39], [40]. 

The JNK pathway has also recently been shown to be involved in SMA pathogenesis by activating two 

upstream kinase modules, ASK1/MKK4/JNK3 and MEKK1/MKK7/JNK3 in both SMAΔ7 mice and 

SMA patients [41]. JNK is a member of the mitogen-activated protein kinases (MAPKs) and is critical 

regulator of apoptosis [42]. In SMA specifically, the three isoforms JNK1, 2, 3 showed an increased 

phosphorylation and especially the JNK3 isoform, predominantly expressed in the brain, mediated 

neurodegeneration [41]. A JNK3-SMNΔ7 knockout (KO) mouse model showed reduced MN loss, 

improved muscle development and motor function and increased overall survival [41]. Furthermore a 

JNK-inhibitor peptide, which was administered to SMNΔ7 mice postnatally delayed MN death and 

decreased inflammation in spinal cord, ameliorated skeletal muscle innervation and significantly 

increased lifespan [43]. These mouse model studies highlight the JNK-pathway as a promising non-

SMN therapeutic target for mitigating MN cell death and progressive skeletal muscle atrophy. 

Another MAPK, the ERK/ELK-1 pathway negatively regulates SMN2 gene expression in the spinal cord 

and its inhibition resulted in AKT/CREB pathway activation, subsequently increasing SMN expression 

and significantly enhanced neuroprotection [44]. Activation of the AKT/CREB pathway improves 

transcription of SMN2, which can be further stimulated by N-methyl-D-aspartate receptors [44]. Studies 

in mouse models of SMA have shown that activating this pathway can lead to improved motor neuron 

survival and function.  

In addition, several genetic and molecular modifiers have been identified that further influence severity 

and progression of SMA. One such modifier is Plastin-3 (PLS-3), a calcium-dependent actin-bundling 

protein, important for axonogenesis by increasing F-actin levels [45]. Overexpression of PLS-3 rescued 

axon length and outgrowth defects associated in MNs of SMA mouse embryos and in zebrafish models 

[46]. More recently PLS-3 overexpression restored the ability of clustering calcium channel Cav2.2 
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protein in growth cones of SMN-deficient motoneurons, suggesting that PLS-3 is required for the proper 

targeting and function of presynaptic transmembrane proteins [47]. 

The Zinc Finger Protein 1 has also been proposed as an emerging modifier of SMA [48] as 

overexpression in SMA mice led to an increase of SMN2 expression and rescued severe to moderate 

SMA [48]. Furthermore >3-fold overexpression did not cause any adverse effects in control and SMA 

mice [48], highlighting its potential for stand-alone or combinational therapy. 

In addition, neuronal calcium sensor Neurocalcin delta (NCALD) reduction also acts as a protective 

SMA modifier, previously demonstrated in five asymptomatic SMN1-deleted individuals carrying only 

four SMN2 copies [49]. Furthermore, NCALD knockdown also effectively ameliorates SMA-associated 

pathological defects across species, including worm, zebrafish, and mouse [49]. In induced pluripotent 

stem cells (iPSC), NCALD-antisense oligonucleotide(ASO) treatment improved neuronal activity and 

growth cone maturation of SMA MNs, emphasizing its protective effect [50]. 

 

Genetic and molecular modifiers underscore the complex interplay of pathways involved in SMA and 

support the development of combination therapies that go beyond SMN replacement to include 

modulation of secondary targets. 
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3. Diagnosis and Biomarkers for Spinal Muscular Atrophy 

 

SMA is a disorder with ~60% of cases having a life expectancy of less than two years. Therefore, early 

and accurate diagnosis for SMA is imperative for initiating effective treatment and improving patient 

outcomes. Advancements in genetic testing, biomarker identification, and clinical assessments have 

improved significantly in the last decades and enhanced diagnostic precision and disease monitoring. 

Recent advancements in biomarker identification for SMA and newborn screening (NBS) enable prompt 

intervention and may further improve long-term outcomes for affected children.  

 

 

3.1 Newborn Screening and Early Detection 

NBS for SMA is becoming increasingly implemented globally, with currently 9 countries regularly 

testing for SMA, allowing for presymptomatic diagnosis and early intervention. Early detection of SMA 

is crucial as studies show that treatment before the onset of symptoms results in significantly better 

outcomes as seen in the 5-year follow-up of the NURTURE trial [51]. NBS involves collecting a blood 

sample on a Guthrie card, followed by genetic testing. The rapid identification of affected infants enables 

initiation of gene therapy and/or other treatments during the optimal therapeutic window. 

 

 

3.2 Genetic Testing Methodologies 

Genetic testing is the gold standard for SMA diagnosis, with three methods being commonly applied. 

Firstly, real‐time quantitative polymerase chain reaction (qPCR) is highly sensible and specific in testing 

for SMA. qPCR can identify deletions in exon 7 and exon 8 of the SMN1 gene, as well as conversions 

in the SMN2 gene [52]. Furthermore qPCR can also be applied for carrier testing, to identify individuals 

who might carry a mutated version of SMN1 [53]. This is especially important for families planning on 

conceiving a child and might help with decision-making. qPCR is also inexpensive allowing for high-

throughput screening.  

The gold-standard method, multiplex Ligation-dependent Probe Amplification (MLPA) is a powerful 

technique that can accurately detect homozygous deletions of the SMN1 gene, or even partial deletion 

which might not be detected by more conventional methods, but also determine the SMN2 copy number 

[54].  

Sanger sequencing is traditionally employed to detect point pathogenic variants in SMN1 [55]. Lately, 

Next-Generation Sequencing (NGS) allows for comprehensive sequencing of SMN1 to detect point 

mutations and intragenic variants [56]. 



I: INTRODUCTION 

16 
 

3.3 SMA Biomarkers 

The most direct and relevant biomarkers for SMA are SMN protein levels and SMN2 mRNA splicing 

patterns for monitoring disease progression and treatment efficacy [57]. Although SMN expression in 

whole blood samples can be readily measured, SMN protein in blood is unstable and many studies show 

that expression levels do not correlate with disease severity or motor gain functions [57], [58], [59], 

[60], [61].  However, other candidate biomarkers are currently being investigated. Further biomolecular 

candidates include neurofilament light chains (NfL) as higher levels of NfLs indicate greater axonal 

degradation and a more severe phenotype [62], [63]. Additionally, creatinine and creatinine kinase 

levels, which are markers for muscle damage, can be elevated in more progressive SMA [64].  

Apart from SMN2 copy number, expression of other non-SMN genes may act as a genetic biomarker. A 

potential candidate can be PLS-3, which has been shown to correlate with disease severity in children 

[65]. However, it may not be a useful genetic marker [66].  

 

Gene transcription and splicing regulators can also be candidates. Micro-RNAs (miRNA) showed 

involvement in SMA pathogenesis [67] and long non-coding RNAs might impact gene expression, 

including SMN2 activation [68]. Methylation of SMN2 impacts its expression and may be a way to 

measure SMN protein production [69]. Furthermore, genome-wide methylation patterns and 

methylation of genes other than SMN1 and SMN2 may correlate with disease severity [59]. 

Other, less direct biomarkers are magnetic resonance imaging (MRI) from muscle to determine severity, 

atrophy and treatment response in SMA [70], and electrophysiological parameters such as electrical 

impedance myography to measure compound muscle action potential (CMAP) to indicate the degree of 

muscle response to [71]. Furthermore motor unit number estimation (MUNE) by stimulus of MN’s can 

be applied, as both CMAP and MUNE decline with increased SMA disease severity [72]. 

 

 

3.4 Clinical Scales for Assessment 

Clinical assessment scales complement genetic and molecular diagnostics by measuring motor function 

and disease progression.  

Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP-INTEND) is a 

standardized clinical assessment tool designed for infants with SMA type I, to assess motor skills such 

as head control, trunk and limb movement, antigravity strength, postural control and spontaneous 

movement [73]. 

The Hammersmith Functional Motor Scale – Expanded (HFMSE) is designed for children with SMA 

types 2 and 3, with greater motor abilities than those assessed by CHOP INTEND, evaluating gross 

motor skills and ambulatory ability [74]. The HFMSE is often used in clinical trials and real-world 

practice to measure response to treatment with FDA-approved drugs for SMA.  
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Complementary to HFMSE, the Revised Upper Limb Module (RULM) assesses upper limb function, 

more specifically in non-ambulatory SMA patients [75], and the 6-Minute Walk Test (6MWT) to 

measure fatigue and functional decline [76].  

These scales are essential for both clinical trials and routine patient monitoring, offering objective 

measures of treatment response. 
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4. Current and Emerging Therapies for Spinal Muscular Atrophy 

 

Therapeutic strategies have dramatically evolved in recent years, offering improved outcomes and 

quality of life for individuals with SMA. SMN-dependent therapeutic approaches have demonstrated 

significantly improved disease progression in several types of SMA, particularly in type I SMA patients. 

In less severe SMA types the outcome of treatment is often to stabilize and halt progression of motor 

dysfunction. There are also other promising treatment approaches, focused on non-SMN-targets in 

tissues outside the CNS, which are currently in clinical trials. 

 

 

4.1 Antisense Oligonucleotides: Nusinersen 

Nusinersen (Spinraza®) was the first FDA-approved treatment for SMA and represents a landmark in 

ASO therapy. Nusinersen targets the ISS-N1 motif in intron 7 of SMN2 mRNA to include exon 7, thereby 

promoting production of full-length SMN protein [77]. For maximal efficacy, nusinersen has to be 

administered intrathecally at an early neonatal stage.  

Clinical trials such as ENDEAR and CHERISH were the first to demonstrate remarkable motor 

milestone achievements and reduced disease progression [21], [78]. To add, a recent long-term study 

demonstrated continuous efficacy and safety of nusinersen in a large proportion of adult patients with 

SMA [79]. Despite its success, nusinersen is unable to penetrate the blood-brain barrier (BBB) and 

therefore periodic intrathecal injections need to be performed. 

 

 

4.2 Gene Replacement Therapy: Onasemnogene Abeparvovec 

As an alternative to SMN2 upregulation, onasemnogene abeparvovec (OA; Zolgensma®) is a one-time 

gene therapy, via single intravenous infusion, approved for SMA in children under two years of age. OA 

is an adeno-associated virus serotype 9 (AAV9) vector driven by the ubiquitous and stable CBA 

promotor to deliver a functional copy of the SMN1 gene for permanent restoration [22]. AAV9 is able to 

cross the BBB during early development, therefore allowing transgene delivery to both peripheral tissues 

and the CNS, where MNs are targeted. Given that SMN is ubiquitously produced, this is expected to 

provide additional benefits.  

Although OA showed a higher efficacy and response rate than nusinersen, limitations are still present. 

Major adverse events include, immune responses to the viral vector, hepatotoxicity and 

thrombocytopenia [80]. 
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4.3 Splicing Modifiers: Risdiplam 

Risdiplam (Evrysdi®) is an orally administered small molecule that promotes exon 7 inclusion in SMN2 

transcripts to increase production of functional SMN protein. Unlike nusinersen, risdiplam can 

systemically deliver the drug to non-neuronal organs, offering potential benefits in peripheral organ 

systems affected by SMA, such as skeletal muscle [81]. Approved for patients aged two months and 

older, risdiplam has shown effectiveness in improving or maintaining motor function in both infants and 

adults with SMA [82]. Its oral administration has expanded access to treatment, especially for patients 

who do not qualify as candidates for intrathecal injection. 

Branaplam was another oral splicing modifier that showed early promise in enhancing SMN2 splicing, 

however its development has encountered setbacks, including concerns about potential off-target effects 

and toxicity [83]. 

 

 

4.4 SMN-Independent Pathways 

Beyond SMN-targeted approaches, emerging therapies focus on addressing the broader pathology of 

SMA through small molecules, neuroprotective agents, and combinatorial strategies. 

Given that present therapies are not able to provide a full cure, therapeutics that target SMN-independent 

pathways are also under investigation. While neuroprotective agents have shown no clear and 

convincing results in clinical trials [84], myostatin inhibitors have become promising. Myostatin is a 

hormone that inhibits skeletal muscle growth. Overexpression of the endogenous myostatin antagonist 

follistatin has shown increased skeletal muscle mass in mice, as well as improved muscle strength and 

motor function [85], [86]. Other SMN-independent pathway therapies under investigation include 

ubiquitin-like modifier activating enzyme (UBA1) targeting, which is disrupted in SMA. AAV9-UBA1 

therapy managed to increase UBA1 levels as well as increase survival and motor function in the 

Taiwanese mouse model [87]. Both upregulation of the PLS-3 gene [88], [89] as well as NCALD act as 

protective modifiers by restoring endocytosis [90], a cellular mechanism affected in several SMA mouse 

models. Other preclinical trials of SMN-independent pathways, summarized in Chilcott et al., 2022 [91] 

resulted in variable increases in survival rate in different SMA mouse models. 

 

 

4.5 Combination Therapy 

Combination therapy for patients is currently being explored in multiple clinical trials. One clinical trial 

called RESPOND, which is currently in phase 4, uses combination therapy to assess the clinical 

outcomes of intrathecal (IT) injection treatment with nusinersen in patients ranging from 3 to 36 months, 

who were previously treated with OA. Preliminary data (presented at the US MDA conference, Orlando, 

March 6, 2024) highlighted that the addition of nusinersen resulted in a reduction of NfL levels, a 
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biomarker that may indicate stabilization of axonal injury/degeneration, as well as further improvement 

in motor function. ASCEND is a Phase 3b, open-label study of higher dose nusinersen in patients with 

later-onset SMA who were previously treated with risdiplam and have remaining unmet needs, in which 

patient groups range from ≥5 and ≤30 months of age at screening. TOPAZ is a phase 2 clinical study 

using apitegromab, a fully human anti-proMyostatin monoclonal antibody (mAb) of the 

immunoglobulin G4/lambda isotype that binds to human pro/latent myostatin with high affinity, 

administered intravenously every 4 weeks in 2 to 21-year individuals with SMA types 2 or 3 for whom 

nusinersen treatment was initiated at least 6 months prior. SAPPHIRE (NCT05156320) is a phase 3 

clinical study to assess the safety and efficacy of apitegromab in improving motor function as an 

adjunctive therapy in patients with later-onset SMA who were previously treated with either risdiplam 

or nusinersen. The age range for eligible participants is 2 to 21 years old at screening. ONYX 

(NCT05626855) is an open-Label extension study that evaluates the long-term safety and efficacy of 

apitegromab in patients with type II and type III SMA who have previously completed TOPAZ or 

SAPPHIRE in a timeframe of up to 6 years. JEWELFISH is an open-label study to investigate the safety, 

tolerability, and pharmacodynamics of risdiplam in adult and pediatric patients, who will receive 

multiple doses of risdiplam orally once daily for 24 months [92]. The age range can differ and eligible 

participants must have had previous treatment with nusinersen, olesoxime or OA. MANATEE 

(NCT05115110) is a Phase 3, clinical study investigating an anti‑myostatin monoclonal antibody 

(GYM329) in combination with risdiplam, in ambulant pediatric SMA patients aged 2–10 years. 

RESILIENT (NCT05337553) is a phase 3 clinical trial to evaluate the efficacy and safety of taldefgrobep 

alfa, another myostatin inhibitor, in both ambulatory and non-ambulatory SMA patients ranging from 4 

to 21 years. A proposed classification for therapeutic combinatorial approaches has been recently 

published [93]. 

 

In mice, there is evidence of experimental success from combined SMN-dependent/independent therapy 

in SMA. A combination treatment with a histone deacetylase (HDAC) inhibitor and an ASO mimicking 

nusinersen, led to widespread H4 acetylation of the entire SMN2 locus in type I SMA fibroblasts, 

showing additive effects on SMN2 splicing and SMN protein production [94]. Histone deacetylase 

inhibitors cooperate with a nusinersen-like ASO by reducing the negative feedback on the promotor to 

upregulate exon 7 inclusion. In the Taiwanese mouse model, combined systemic administration of the 

nusinersen-like ASO and HDAC inhibitors had strong synergistic effects on SMN production, growth, 

survival, and neuromuscular function [95]. In another study in the severe mouse model of SMA, an ASO 

augmenting SMN2 exon 7 inclusion was used together with AAV-anti-myostatin to block the myostatin 

pathway [86]. Myostatin inhibition acts synergistically with ASO therapy and improvement of sensory 

circuits in MNs was observed, but also an increase in body weight, muscle mass and muscle fiber size, 

and prolonged survival rate. Co-administration of ML372, a protein-stabilizing compound that inhibits 

SMN ubiquitination without affecting mRNA expression [96] with a splicing-modifying ASO to 
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incorporate exon 7, led to increased growth, motor function and survival in the SMNΔ7 mouse model 

[97].  

 

In SMA patients, though sparce, there is also published evidence of combined SMN-dependent 

therapies. A retrospective report on dual treatment of five children with type I SMA who received 

nusinersen and OA resulted in overall improvement with no adverse effects, showing that combination 

therapy is tolerated in these patients [98]. Seven SMA type I patients who received both treatments were 

assessed for motor function trajectories, ventilation hours and cough assist sessions. The second therapy 

improved ventilation, but there was no improvement in motor function trajectory compared to single 

therapy, highlighting the importance of early treatment onset [99]. Another report of four cases of type 

I SMA initially treated with OA (one of them also with nusinersen) who later received risdiplam, showed 

increased therapeutic benefits from the combination therapy, with no significant adverse effects [100].  

Treatment of cases with 1 and 4-copy individuals have also been reported. One patient with SMA type 

0 was treated with both nusinersen and OA and although modest motor improvements since treatment 

initiation were achieved, with continued motor gain at age 13 months without regression of function, 

she remained profoundly weak with continued systemic complications from SMA including chronic 

respiratory failure, dysphagia, congenital heart malformation, digit necrosis, and diffuse macular rash 

[101]. Another patient with one copy of SMN2 received early treatment with nusinersen at the age of 13 

days and although mild motor improvements 2 months after treatment as well as minimal respiratory 

improvement were achieved, tracheostomy at 4 months of age was still required with increasing cardiac 

and autonomic dysfunction, ultimately leading to exitus at 5 months [102].  

While combination therapy shows promising results in mice and humans so far, further preclinical and 

clinical trials are needed to fully discern its effects on patients and to also outline rare adverse events 

that may occur. 

  



I: INTRODUCTION 

22 
 

5. Preclinical models of SMA 

 

Preclinical models have been indispensable in unraveling disease mechanisms and evaluating potential 

therapies across multiple diseases. Specifically, the practice of animal research to understand human 

biology and disease has evolved significantly, ever since the passage of the Federal Food, Drug, and 

Cosmetic Act in 1938, which formalized the use of animal models in preclinical validation for the U.S. 

Food and Drug Administration [103].  

 

 

5.1 SMA Mouse Models 

Genetically engineered mouse models have provided key insights into SMA pathogenesis and 

therapeutic response. However, despite their utility, current models may also present notable limitations. 

Unlike their human counterparts, mice only possess a one SMN gene and homozygous knockout of 

SMN1 in mice leads to massive cell death during early embryonic blastocyst formation resulting in 

lethality [104]. This suggested that the SMN gene in mice has a highly similar biological function to its 

human counterpart, resulting in the generation of multiple mouse models to replicate the genetic and 

phenotypic features of SMA, particularly the SMN1 gene deletion and the presence of human SMN2 

transgenes. 

The severe mouse model of SMA (SMN-/-;SMN2) was first reported by Monani et al. [105] and is 

usually characterized by a lack of the endogenous mouse SMN gene, however they carry two copies of 

the human SMN2 transgene [105]. This mouse model has a lifespan of 4 to 6 days and during the first 

48 hours of birth they appear to be indistinguishable from their unaffected littermates. Then however 

rapid deterioration is visible, displayed by decreased movement and heavy breathing [105]. Around 

postnatal day 3-4 (P3-4), a marked phenotype is displayed with decreased size and body weight, tremors 

and bell-shaped trunks. At the time of their death their size is decreased on average by 68% and their 

weight is reduced by half, compared to their healthy littermates [105]. At birth they present a normal 

amount of MN’s, which however significantly drop as they reach their expiration. Similar to humans, 

increased copy numbers of SMN2 positively correlate with disease progression in transgenic mouse 

model, as SMN-/- mice with 8 copies of the human SMN2 transgene showed no obvious signs of 

pathology [105]. This model most closely resembles the phenotype displayed by SMA type I patients, 

recapitulating many key clinical features and therefore is also the most studied mouse model for severe 

SMA. 

The Taiwanese mouse model of SMA (SMN-/-;SMN2+/-) is another widely used and well-characterized 

model first described by Hsieh-Li et al. [106]. Five independent transgenic founder lines were generated 

and cross-bred with SMN+/– mice to create a variety of SMN-/-;SMN2 mice, that developed progressive 

MN disease, depending on SMN2 copy number and were termed SMA-like mice [106]. Riessland et al., 
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[107] adapted this breeding strategy and created mice with four copies of SMN2, allowing for a full 

lifespan, with almost no visible SMA pathology which most closely resemble findings of mild human 

SMA [107]. These mice were then crossbred with heterozygous SMN+/- mice lacking the SMN2 

transgene, resulting in litters of 50% control (SMN+/-;SMN2+/-) carriers and 50% SMA affected (SMN-

/-;SMN2+/-)mice [107]. The Taiwanese mouse model has a lifespan of 11 days but develop a severe 

SMA phenotype displaying reduced body weight, muscle wasting and MN degeneration around P6-7 

[106]. This model is frequently used in preclinical studies to evaluate therapeutics that increase SMN 

protein levels or modify disease progression. 

The SMAΔ7 mouse model (SMN-/-;SMN2;SMNΔ7) is one of the most commonly used models, as it 

carries a homozygous deletion of the murine SMN gene (SMN−/−) and is rescued by the two human 

transgenes SMN2 and SMNΔ7 [28]. SMAΔ7 exhibits a lifespan of about 13–17 days, with pathology 

onset around P4, characterized by MN loss, muscle weakness and reduced weight gain, which become 

more pronounced throughout life [28]. Their phenotype resembles a more intermediate severity of SMA. 

Another mild to intermediate model is the SMN2B/− mouse model, which exhibits a slower disease 

progression and longer lifespan than severe or SMNΔ7 models [108], [109]. The SMN2B/− model is a 

genetically engineered knock-in model where one allele of the mouse SMN gene is replaced with the 

SMN2B allele, containing a mutation in the exon splicing enhancer region of exon 7, altering splicing 

to mimic the human SMN2 gene, producing the truncated version of SMN [108]. Unlike other models, 

the SMN2B/− mouse model solely relies on murine alleles, making it genetically simpler and more 

stable. Their lifespan is ~25 days and while disease onset occurs around P5-7, progression occurs more 

slowly, yet gradually [108].  

Mouse models have been crucial and very insightful in SMA research, however like any animal model 

they come with their own limitations. First and foremost, their lifespan is very short. Many models, such 

as the SMAΔ7 model, exhibit early lethality. In addition, phenotypic severity progresses rapidly, which 

restricts the ability to study long-term outcomes or chronic therapies [110]. Most importantly though, 

mice differ significantly from humans in neuromuscular development, immune response and 

metabolism, significantly limiting translational relevance. It is highly possible that some therapeutic 

responses seen in mice do not fully predict human outcomes. In addition, as mice do not carry the human 

SMN2 gene, mouse models often use human SMN2 transgenes, which may not recapitulate the full 

splicing complexity and regulatory landscape of the human genome. 

The development of transgenic mouse models has enabled researchers to closely replicate the genetic 

basis of SMA, producing a molecular phenotype in which SMN protein is expressed in all cells. A range 

of mouse models has been created that reflect the spectrum of disease severity observed in human SMA 

patients. These models not only capture the genetic and molecular features of SMA but also accurately 

reproduce characteristic symptoms and progression of the disease.  
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5.2 Other Animal Models of SMA  

While mice are most often used for studying SMA other models also exist. For instance, SMN knockout 

in Drosophila, C. elegans and zebrafish are not embryonically lethal, providing a model in which no 

functional SMN is present at later developmental stages [111], [112], [113]. In Drosophila, SMN 

knockdown showed progressive loss of mobility and coordination before death, caused by reduced post-

synaptic currents and disorganized motor neuron boutons, indicating of NMJ defects [113]. Similarly in 

zebrafish, knockdown of SMN1 leads to varying degrees of defects in axon and NMJ development [111], 

[114]. Zebrafish specifically benefit from their relative ease of genetic manipulation and their optical 

transparency allowing for real time study the effects of low levels of SMN on motor axon development 

and growth [114]. In C. elegans the orthologue of the human SMN1 gene, smn-1, had been identified 

and its knockdown resulted in reduced lifespan and impaired locomotor and pharyngeal activity [112]. 

C.elegans shines as a model due to their rapid lifecycle and ease of maintenance.  

Pigs have also been introduced as a model, as their NMJs much more closely resembles human NMJs. 

By knocking down SMN1 through means of introducing AAV-9 delivery of short harpin RNAs a new 

pig model was published [115]. The pig model allowed the characterization of the postnatal role of SMN 

in motor neurons and the evaluation of clinically relevant biomarkers, such as CMAP and MUNE in 

response to SMN restoration [115].  

 

 

5.3 Patient-derived Cellular Models 

As previously mentioned, a major challenge in using animal models for SMA is that the SMN2 gene is 

specific to humans, limiting how accurately these models can reflect the disease. Recent advancements 

in in vitro disease modeling, particularly using patient-derived cells, offer valuable alternatives. 

One of the most basic models are primary fibroblasts. Fibroblasts can be easily obtained from skin 

biopsies and collected, cultured and analyzed large-scale. They reflect key features of SMA, such as 

reduced SMN2 RNA and SMN protein levels, and respond well to in vitro treatments [58]. Additionally, 

primary patient-derived fibroblasts can be used without further modifications, therefore preserving 

genetic variants that may be modifiers of SMA outcomes [116]. 

A step further are the use of iPSCs, which allow researchers to generate various cell types from patient 

fibroblasts. Currently however, many studies still rely on a limited number of cell lines, reducing the 

potential to capture genetic variability [117]. Interestingly, SMN has also been suggested to play a role 

in fibroblast differentiation to an iPSC state, which may cause additional variation and differentiation, 

when trying to mimic SMA [118]. The most direct approach would be a conversion of fibroblasts into 

neurons, however this will limit the ability to expand cells in large quantities [119]. More complex 

models, like in vitro NMJ systems using co-cultures of iPSC-derived neurons and muscle cells could 

enable detailed analyses of SMN function and treatment responses [120], [121].  
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Finally, recent advancements in organoid technologies offer great promise for SMA. The use of 

organoids in SMA has been limited as of now, due to reliability issues in mimicking organs [122]. 

Nonetheless, organoids are a promising field of study. Specifically, patient-derived organoid cultures 

could be used to gain a more in-depth understanding of the consequences of low levels of SMN on organ 

function, not solely focusing on spinal cord and brain organoids.  

 

These approaches represent a significant step forward in understanding SMA and developing targeted 

treatments. Although the SMA field has already benefited from numerous valuable disease models, there 

remain several opportunities for further optimization and advancement. 
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6. Developmental Aspects of SMA 

 

The neuromuscular system undergoes multiple steps during fetal development (summarized in Table 2).  

Gestational Age Developmental Milestone 

7–8 weeks 
First interneural connections form between MNs and muscles, leading to early 

flexion and trunk movement [123] 

~12 weeks 
Increased sporadic, fetal movement begins due to ongoing axonal outgrowth 

and neuronal connectivity [124] 

~15 weeks 
Most NMJs are forming; more specialized and coordinated gross motor 

movements emerge [124] 

~20 weeks 
Increased bilateral fetal movements, indicating more advanced neuromuscular 

coordination [124] 

Throughout 

gestation 
Muscles exhibit polyneuronal innervation [125] 

Until term 

Polyneuronal innervation regresses to mononeuronal innervation, with 

variability among muscles, such as diaphragm and intercostal muscles regress 

fastest [126] 

Postnatal to early 

childhood 
Maturation completion of the entire motor unit [126] 

Table 2: Developmental timepoints and key events in the formation and maturation of the neuromuscular system in the 

developing fetus 

 

It has previously been shown that SMA pathology in the neuromuscular system already occurs during 

prenatal development (summarized by Tizzano & Zafeiriou [127]). SMN is ubiquitously expressed in 

all tissues, yet levels are significantly higher prenatally compared to the postnatal period [128]. 

Especially MNs require significant amounts of SMN for proper development and maintenance in pre- 

and early postnatal stages [129], [130]. Using immunoblot studies (mainly available from fetuses at 

approximately 14 weeks of gestation, predicted to be type I with two SMN2 copies), it was shown that 

SMN protein levels are even more diminished, both pre- and postnatally, with the decrease correlating 

with severity [128]. During the second and third trimester of gestation and the first three months after 

birth, the amount of SMN protein decreases quite rapidly, specifically in SMA spinal cord samples (4-

fold prenatal and 6-fold early postnatal, when compared to age-matched controls) [130].  

The magnitude of SMN protein reduction in SMA may be most marked during fetal and neonatal stages. 

The lack of sufficient SMN levels during development could increase the sensitivity of motor neurons 

to specific pathological defects, although it has been seen that the most notable reduction of SMN protein 

levels was actually found in SMA skeletal muscle [128], [131]. In control samples the relative amounts 
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of SMN in kidney, brain and heart were similar to skeletal muscle, however the decline in postnatal 

tissues was not as severe [128]. The need for SMN protein to sustain MNs appears to be inversely 

correlated with age, as older SMA patients showed a slower rate of decline in function and by 

neurophysiological testing. This is further supported by the observations of disease-modifying therapies 

(DMTs) which showed a decreased effect, when administered to older children and adults with milder 

pathology than in infants with more severe disease [124].  

In mice and zebrafish SMA was demonstrated to disrupt sensory-motor connectivity [132], [133]. MN 

development directly influences dorsal root ganglion (DRG) neuron and Schwann cell development 

[129]. In severe SMA mouse models, embryonic abnormalities include underdeveloped radial growth 

of motor axons and insufficient Schwann cell wrapping, leading to impaired axonal function at birth and 

rapid degeneration of unmyelinated axons [129]. Neonatal administration of SMN2 splicing modulators 

could enhance axonal radial growth, but prenatal intervention was necessary to fully restore 

developmental axon growth and maturation in severe SMA mice [129]. Similarly, in zebrafish SMN 

mutants, Schwann cells failed to properly ensheathe axons and DRG neurons show stunted peripheral 

axons and failure to divide [132]. Increasing SMN expression in MNs rescued both Schwann and DRG 

cells, highlighting the cell-autonomous effect secondary to primary MN dysfunction. 

Histopathological studies on SMA-affected human fetuses also exhibited changes in nerve and muscle 

development. Previous reports also showed abnormal nuclei shape, high nucleoplasm density, an 

increase in deoxyribonucleic acid (DNA) fragmentation and lower choline acetyltransferase (ChAT) 

expression in SMA motor neurons of fetuses with two SMN2 copies, indicating impaired MN 

development [131], [134]. Furthermore, in addition to reduced axon size and varicosities NMJs 

displayed disorganized acetylcholine receptor (AChR) clusters and an increase in presynaptic vesicles, 

indicating synaptic defects caused by SMN deficiency [135]. SMA skeletal muscle in the fetus showed 

a significant reduction in myotube diameter, accompanied by increase of fast myosin heavy chain 

(MHC) expression at the expense of slow MHC expression, potentially indicating delayed muscular 

maturation [136], [137]. Collectively, these findings indicate a prenatal onset of SMA pathology of the 

neuromuscular system, already before MN denervation. 

As previously mentioned, in humans more SMN2 copy numbers, result in more full-length SMN protein 

production, subsequently leading to a milder SMA phenotype. Some variants in SMN2 have been 

identified that further alter SMN production, e.g. c.859G>C which increases SMN production and is 

associated with a milder course of disease [138]. It is likely that there is a threshold for SMN levels, 

below which pathology in the SMA fetus emerges and above which the development occurs relatively 

normal. For example, patients with one SMN2 copy have been presented with cardiac malformation, 

arthrogryposis and congenital anomalies that are potentially detectable by ultrasound assessment already 

during the prenatal period [14]. Individuals with one or two copies usually show pathological changes 

before or shortly after birth, often developing symptoms within the first three months of life [124]. In 

contrast, patients with three or more copies show later symptom onset, generally after six months of age. 
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Furthermore, there is currently no data on prenatal motor neuron loss or abnormal axonal/NMJ 

development at birth in individuals with three or more copies, allowing for a larger therapeutic window 

for intervention. While most individuals with four or more copies usually remain asymptomatic for 

years, some may still experience earlier symptom onset [139]. 

Regulation of SMN expression is more complex than in species with two SMN genes than in rodents or 

other animals, which only possess a single gene. In humans, SMN1 is the primary source of full-length 

SMN mRNA and protein in the spinal cord during development, whereas in other tissues such as muscle 

and kidney, SMN1 and SMN2 contribute more evenly [131]. As SMN2 cannot compensate sufficiently 

with full-length SMN, its regulatory mechanisms during fetal development should also be considered 

for early therapeutic intervention. 

Postnatal CNS pathology is most pronounced in the spinal cord, where progressive loss of α-motor 

neurons in the anterior horn is accompanied by chromatolysis, axonal swelling and a reduction in 

excitatory synaptic inputs from interneurons [140]. Surrounding glial cells, including astrocytes and 

microglia, show activation and contribute to neuroinflammation [141], while distal axons and NMJs 

display immaturity, denervation, and impaired neurotransmission [124]. 
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7. Peripheral Organ Development and their Non-Neuronal 

Contributions to Pathology 
 

In the last decades many scientific breakthroughs led to the assumption that SMA does not only target 

MN’s but that multiple systems beyond the CNS are affected by SMN deficiency [142]. A still increasing 

number of reports from multiple SMA mouse models show multisystem involvement. In human SMA 

cases several non-neuronal organs have been described with disease mechanisms are correspondent to 

mice, albeit not as severe (summarized in Yeo & Darras, 2020 [143]). This section describes peripheral 

organs which are not directly associated with SMA, that have previously shown pathology resulting 

from SMN deficiency and were also analyzed during the doctoral study and later described in the thesis. 

 

 

Figure 2: Non-neuronal organs with previously described pathology in SMA. Figure from [143]. 

 

 

7.1. Cardiovascular System – Heart 

The first system that develops is the cardiovascular system at the fourth week of conception, due to the 

embryos growing metabolic demand and the placenta not being able to sustain via diffusion of nutrients 

[144]. At first, cardiac progenitor cells migrate in the epiblast to the mesoderm and mature into cardiac 

myoblasts and from the same splanchnic layer so-called "blood islands" undergo vasculogenesis to form 

vascular structures [144]. As development continues two endocardial tubes form and fuse together to 

create the primitive heart tube, comprising five main segments: truncus arteriosus, bulbus cordis, 

primitive ventricle, primitive atrium, and sinus venosus [144]. Around day 23 cardiac loop formation 

begins by elongation of the heart tube, which takes approximately five days. By the end, trabeculated 

regions begin to form which serve as primitive ventricles [144]. The sinus venosus and atria then start 
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to develop as the sinus venosus receives blood the vitelline, umbilical, and cardinal veins and right horn 

of the sinus venosus incorporates into the right atrium, forming the smooth-walled sinus venarum and 

the left horn regresses forming the coronary sinus. The pulmonary veins are absorbed into the left atrium, 

creating its smooth-walled part [144]. Septation occurs in two separate processes: Atrial septation 

involves the septum primum and septum secundum, forming the foramen ovale and ventricular septation 

involves a muscular septum and a membranous septum to separate the right and left ventricles with the 

sinus venosus incorporating into the right atrium, resulting in the formation of the sinoatrial node[144]. 

From the fifth to the ninth week the atrioventricular and semilunar valves from mesenchymal tissue and 

primordial valves [144]. The cardiac conduction system forms around the same stage as valve formation, 

with the sinoatrial taking over as the pacemaker in the fetal heart and atrioventricular node, which 

receives the electrical impulse from the sinoatrial valve, passing them to the ventricles [145]. By week 

10 of fetal development the major components of the heart cardiovascular have formed, which then grow 

and mature during the remainder of prenatal development.  

The heart as the main organ of the cardiovascular system pumps blood and oxygen around the body. As 

the first functional organ to form, the heart plays a critical role in establishing circulation, supplying 

oxygen and nutrients, essential for the growth and survival of the developing embryo.  

In multiple SMA mouse models previous pathology has already been described, in form of altered gross 

morphology, dilated ventricles and disorganized cardiomyocytes, already occurring in pre- and early 

symptomatic stages [146]. SMA type III patients were frequently presented with cardiac rhythm 

disorders [147]. In addition, a growing number of congenital heart defects have been recognized in 

patients with severe SMA, including atrial septal defects, dilated right ventricle (RV) and ventricular 

septal defects (summarized in Palladino et al., [148]). These findings in humans highlight the role of the 

heart in both the progression and systemic manifestations of SMA. 

 

 

7.2. Digestive System – Intestine, Liver, Pancreas 

The prenatal development of the digestive system involves all three germinal layers, which form 

different parts of each system and organogenesis occurs from the third to the eight week [149]. The 

endoderm gives rise to the epithelial lining and glandular structures, the mesoderm contributes to 

connective tissue and smooth muscle formation and the ectoderm contributes to the enteric nervous 

system. When the yolk sac incorporates in the embryo around the fourth week, the primitive gut is 

formed which further develops and divides into fore-,mid- and hindgut [149]. From the foregut, liver 

and pancreas, along with the esophagus, stomach, duodenum and the gallbladder arise; from the midgut 

the duodenum, jejunum, ileum, cecum, appendix and parts of the colon; and from the hindgut the rest 

of the colon along with the anal canal develop [149]. From the sixth until the 11th week the midgut starts 

to rotate and mature bringing the intestine into its final position in the embryo [149]. Around week nine, 

villi development begins and by week 12 crypts are starting to form in the intestine [149]. The last part 
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of the intestine to form is the muscularis mucosae along with additional intestinal villi lining specialized 

for absorption and by week 24 fetal intestinal function begins [150]. 

Gastrointestinal defects in patients with SMA have previously been described and include 

gastroesophageal reflux, constipation and delayed gastric emptying [151]. Significant histopathological 

abnormalities, with striking reduction of vascular density and increased macrophage infiltration, were 

detected in the small intestine in the taiwanene SMA mouse model [152]. Severe SMA mouse models 

have also reported reduced villi length with a blunt, “club-shaped” appearance and severe intramural 

edema in the lamina propria [153]. In addition, mice with SMN deficiency showed slow intestinal transit 

and reduced colonic motility [154]. The effects of reduced SMN levels on morphology of the human 

intestine has yet to be described and given the functional abnormalities in the GI tract of mice, it is likely 

that the human GI tract might be affected in similar fashion. 

Fetal liver development starts with hepatobiliary morphogenesis around the fourth week of gestation 

[155], when a primordial extension of the foregut, the liver bud, pushes into the mesenchyme where 

then proliferation of hepatoblasts, with later differentiation into hepatocytes occur [156]. Vitelline veins 

which penetrate the septum transversum mesenchyme differentiate into intrahepatic components, 

including hepatic chords and portal sinusoids [157]. The intrahepatic biliary tree begins to form from 

week five to nine. It is believed that biliary epithelial cells develop from bipotential precursor 

hepatoblasts toward a biliary fate [158]. Hepatoblasts at the outer boundary of the portal tracts acquire 

a biliary phenotype, forming the ductal plate and by week 12 the liver begins bile production [159]. 

Around week 13 maturation of functional hepatocytes and the formation of a biliary network connected 

to the extrahepatic bile ducts occurs, further developing remodeling to give the classical liver 

characteristics even until after birth [160]. 

During fetal development, the liver is the largest organ and the main contributor to hematopoiesis. 

During adult life it functions mainly as a filtration system removing toxins and metabolites from the 

body's blood supply. A study by Coovert et al., [161], in which SMN expression of a multitude of organs 

was measured, showed that the liver is among the organs with the highest expression levels, leading to 

the hypothesis that it could be affected in SMA patients. In fact, in the Taiwanese mouse model of severe 

SMA, disorganized sinusoids could be found and no clear sinusoidal spaces between the hepatic plates 

were visible [162]. Sinusoids overall appeared to be poorly developed with red blood cells (RBC) being 

accumulated, rather than the liver’s major blood vessels [162]. In addition, hematopoietic elements were 

still present throughout P5-P9 in the Taiwanese mouse model. In human patients, post-mortem studies 

on a cohort of 72 SMA cases found an increased susceptibility to developing dyslipidemia and fatty liver 

(steatosis) [37,5%], compared to the general population with a prevalence of 20% [163]. These findings 

in both mice and humans highlight the liver in both the progression and systemic manifestations of 

SMA. 

The pancreas also starts to develop at week four, with the outgrowth of the dorsal and ventral pancreatic 

bud from the endoderm, which fuse together during the seventh week, with the ventral pancreas making 
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up a significantly larger portion [164]. From week eight to ten the main pancreatic duct is formed as it 

joins other ductal systems, with the ventral pancreas forming the main part and the dorsal pancreas 

becoming an “accessory” pancreatic duct [165]. From week ten on until term pancreatic tissue 

differentiates into the endocrine and exocrine pancreas [165], and by week 12 the pancreas develops 

insulin-secreting capabilities, though the endocrine pancreas is not fully functional until birth [149]. 

The pancreas is divided into two parts, the endocrine and exocrine pancreas, with the exocrine pancreas 

making up 95% of the whole tissue, comprising of acinar cells and the duct system. The endocrine 

portion of the pancreas is arranged as discrete islets of Langerhans which mainly compose of glucagon 

producing α-cells and insulin producing β-cells, to regulate blood glucose concentrations [166]. In the 

SMN2B/− mouse model fasting hyperglycemia, hyperglucagonemia, and glucose resistance were 

observed, but they also displayed reduced β-cell and increased α-cell populations [167]. Furthermore, 

in human pancreatic samples of SMA type I patients (p = 6; Age Range 7 – 35 months), a similar 

abnormal pancreatic islet composition could be observed, with all cases displaying increased glucagon-

producing α-cells [167]. These findings suggest that alterations in pancreatic islet composition, 

particularly the imbalance between α-cells and β-cells might already occur during prenatal development. 

Given what has been previously shown in SMA mouse models, it is possible that pathology might indeed 

already occur during development in several organs belonging to the digestive system in humans 

affected by severe SMA.  

 

 

7.3. Urinary System – Kidney 

The urinary system start to form around the fourth week from the mesoderm as it reorganizes itself to 

form epithelial buds [168]. From the buds, nephric structures form sequentially, the pronephros which 

is nonfunctional and regresses by day 25, the mesonephros which is temporarily functional by excreting 

small amounts of fluid into the amnion between the sixth and tenth week of development, and the 

mesonephros which continues to differentiate in the permanent kidneys [168]. Interestingly, as opposed 

to females, in males the mesonephros ducts persist and develop in the testis and ejaculatory duct, 

becoming part of the reproductive organs [168]. During the sixth week of development, the basic renal 

architecture begins as branching occurs and collecting ducts are formed. The formation of functional 

nephrons begins when the ends of developing collecting ducts signal the surrounding cap mesenchyme 

to form nephric vesicles. These vesicles mature into nephron tubules with distinct regions: a Bowman’s 

capsule, proximal and distal convoluted tubules and the loop of Henle [169]. These formation processes 

occur until the 32nd week of gestation, forming around 1-3 million collecting tubes [170]. Bladder 

development also begins in the fourth week with the division of the cloaca by the urogenital septum, 

leading to the formation of the urogenital sinus, subsequently growing and maturing into the bladder 

and urethra [168]. Mesonephric ducts and ureteric buds contribute to bladder wall formation and trigone 

https://www.tandfonline.com/doi/full/10.1080/2331205X.2020.1789397#abstract


I: INTRODUCTION 

33 
 

development, which is eventually lined by endoderm-derived epithelium, completing development 

[171]. 

Kidneys are vital organs responsible for filtering blood, removing waste products, toxins, and excess 

fluids through the production of urine. Additionally, kidneys play a key role in regulating electrolyte 

levels, such as sodium, potassium, calcium, and maintaining acid-base balance to ensure proper 

physiological function.  

The kidney of the SMA mouse model has been presented with overall smaller kidney size, reduced 

nephron density, fibrosis and vascular deficits [172]. To add previous reports in a portion of human 

kidneys in SMA type I patients revealed histopathological abnormalities, including tubular injury and 

fibrosis, but also glomeruli presenting rare focal mesangial hypercellularity suggesting impaired kidney 

function and renal tubular dysfunction [173]. Considering that renal pathology has been described in 

human autopsies of SMA type I patients in addition to pathology in presymptomatic SMA mice, it is 

likely that onset of pathology may already occur during prenatal development. 

 

 

7.4. Lymphoid System - Spleen and Thymus 

The lymphoid system can be separated into primary lymphoid organs where lymphocytes are produced 

and mature, and secondary lymphoid organs where lymphocytes interact with antigens to initiate an 

immune response. 

Lymphoid system development begins during the fifth gestational week [174]. The spleen develops from 

the mesenchyme and at week six forms the lobulated spleen primordium, which coalesces into a single 

lobulated spleen by week seven [174]. At week 10 the fetal spleen starts to support the liver in 

hematopoiesis. Although at this stage the splenic system is formed, its development is quite primitive as 

there is no distinct architectural organization. The parenchyma is predominantly occupied by 

hematopoietic precursors and almost no lymphocytes are present at this stage [175]. From week 19 to 

23 both B- and T- lymphocytes start to condensate around splenic arterioles, with splenic sinuses 

beginning to form. As the spleen continues to mature, the red and white pulp segregate and develop, 

with increased numbers of lymphocytes forming until term [176]. After birth splenic hematopoietic 

function decreases, thus becoming a crucial component of the immune system. 

The spleen is the second largest source of lymphatic tissue that performs several important functions in 

the body such as filtering and cleaning blood by removing damaged RBC’s, platelets, and other debris 

to help in maintaining the quality of the blood circulating in the body [177]. Splenic functions are 

important for maintain body homeostasis as well as serving a large role in inflammatory immune 

responses [178]. In the SMA mouse model SMN levels in the spleen were relatively high compared to 

skeletal muscle and spinal cord [179]. Splenic architecture in SMA mouse models was impaired as 

overall size was decreased and the red pulp, along with its distinctive macrophages, were reduced [180]. 
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Additionally, immune cells were severely mislocalized, highlighting that SMN is required for the normal 

development of lymphoid organs [179].  

The thymus also starts to develop during the fifth gestational week yet unlike the spleen, derives from 

the endoderm along other lymphoid organs [181]. Around the seventh week the classic lobular 

architecture begins to develop, during the eight week the thymocyte precursors start enter the thymus 

and thymopoiesis begins [164]. From week 10 to 12 formation of early cortical and medullary areas 

occur and around week 20 the thymus becomes more organized and fully functional [164]. At term, the 

thymus contains vast amounts of mature T cells and thymopoiesis continues to occur.  

The thymus is a primary lymphoid organ, essential in T-cell development and maturation [182]. The 

thymic B-lymphocytes present a unique group of B-cells, believed to originate from thymic B-lineage 

committed to be progenitors and they have been thought to play a role in T cell negative selection due 

to their location in the medulla [183]. Similar to the spleen, thymic architecture in SMA mouse models 

is also impaired as overall size is decreased, along with a reduction of the thymic cortex and cortical 

cellularity [179]. Additionally, T- cell development is impaired, as abnormal levels of different 

maturation stages of T-cells were identified, which may impact immune response [179]. 

Spleen and thymus are key players in the immune system, contributing to the development and 

maintenance of immune cells, yet they have not yet been investigated in human SMA patients. 

Understanding the connections between spleen and thymus development and SMA may further deepen 

our knowledge on possible immune dysregulation of the disease.  

 

 

7.5. Respiratory System - Lung 

Human lung development occurs in five distinct stages starting with the embryonic stage at week four, 

when the lung bud arises from the endoderm and from week five to seven, primary bronchi form, which 

branch into secondary bronchi [164]. The second stage, the pseudoglandular occurs from week 5 to 17 

and mainly revolves around continued extensive branching and the formation of terminal bronchioles 

[164]. At this point, the fetal lung does not resemble the adult lung, as alveoli are still absent. In the 

canalicular Stage from week 16 – 25, respiratory bronchioles form and vascularization increases [164]. 

From week 24 until term primitive alveoli form and capillary-alveolar contact increases as the lung 

expands, eventually becoming the gas-exchange surfaces of the lung [184]. The final stage of lung 

development is the alveolar Stage occurring from term till 8 years postnatally, when maturation and 

multiplication of alveoli occurs. Especially in the first 2–3 years most alveolarization occurs [185]. 

Respiratory impairments are the most frequent non-neurologic complication and the leading cause of 

mortality in SMA. Type II and nonambulant type III SMA patients present variable severity of chest 

wall distortion, paradoxical breathing, and impaired airway clearance and cough, compounded by bulbar 

muscle weakness [186]. The severe form of SMA and lung however was not yet described. Generally, 

the lung has not been extensively described in either human patients or SMA mouse models in detail. 
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While the lung of the SMA mouse model has previously been described with variable degrees of 

emphysema with ruptured alveolar septa and enlarged alveolar spaces [153], no histomorphometrical 

analysis in SMA patients was carried out. Most reports focus on lung function of SMA patients with 

milder forms, thus highlighting the novelty in this study, especially considering developmental stages 

of severe SMA in human patients.  

 

As stated before, an increasing number of reports from peripheral organ pathology in mouse models of 

SMA, and to lesser extend in human patients have emerged, such as heart [148], [187], kidney [172], 

[173], spleen [179], [180], thymus [179], pancreas [167], [188], liver [162] and intestine [152]. Findings 

from SMA mouse models clearly show a multisystem involvement, and to a lesser extent in human 

patients, yet disease mechanisms are correspondent (summarized in Yeo and Darras, 2020 [143]).  

 

Given the previously described peripheral organ pathology in SMA mouse models and SMA patients 

beyond the neuromuscular system, we aim to uncover possible pathology that might occur during 

development of several peripheral organs in humans affected by severe SMA and to compare their 

findings.  
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1. Hypothesis 

 

This thesis focuses on a critical, unresolved issue with significant clinical relevance, especially amid the 

emergence of novel, mostly CNS-targeted therapies: the pathology affecting peripheral organs outside 

the CNS. There currently is no cure for SMA. However, the unique genetic situation in SMA patients 

allowed for the successful development of a number of competing therapeutic approaches (previously 

introduced in Introduction Section 4), making SMA a model disease for the evaluation of innovative 

therapeutic concepts of the future. Those treatments however focus on motoneurons as the major cellular 

therapeutic target and while they represent major advances, they may also give rise to unforeseen clinical 

challenges. Furthermore, given that SMA therapies are among the most expensive currently available, 

identifying the appropriate indications and optimal use of such treatments will be vital to ensuring 

sustainable healthcare. 

Although becoming increasingly important, peripheral organ pathology in SMA is still an understudied 

topic and a comprehensive and joint approach is urgently needed in the light of emerging treated patient 

populations. 

Given that pathological changes have previously been identified in a variety of clinically relevant organs 

in both the SMA mouse model and human SMA patients, this thesis hypothesizes that severe SMA leads 

to further pathological defects in non-neuronal organs. In addition, SMN expression levels are 

significantly higher prenatally and motor neuron degeneration onset already occurs prenatally, leading 

to the proposition that peripheral organ development should start  before birth. 
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2. Objectives 

 

Based on the proposed hypothesis, this thesis aims to create a baseline of peripheral organ defects in 

SMA predicted to develop SMA compared to control fetuses. 

 

The detailed objectives of this thesis are as follows: 

 

• Description of the histopathology of SMA during human development in different extra-neuronal 

tissues. Evaluation by histomorphometric analysis in liver, pancreas, intestine, heart, kidney, lung, 

spleen and thymus as well as other staining methods adjusted to each organ respectively 

 

• A comparison with age-matched control samples, including a description of the normal 

developmental histology in these organs   

 

• Comparison of human findings with the features reported in SMA mouse model pathology 
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Sample procurement 

SMA cases for a post-mortem study were identified at the Vall d’Hebron University Hospital Pathology 

Department. Four of them corresponded to legal pregnancy interruptions (see Table 3). In all cases, 

macroscopic study was conducted according to stablished protocols, the specimens were fixed in 10% 

buffered formalin for 1-2 weeks. All SMA samples were genetically confirmed by bi-allelic absence of 

the SMN1 gene and the presence of 1 or 2 copies of SMN2, as previously described (Table 3) [19]. All 

cases have had previous family history of severe SMA. The study was approved by the Clinical 

Investigation Ethical Committee of the Vall d'Hebron University Hospital, Barcelona, Spain 

PR(AMI)458/2021.  

A control group of 8 cases matched by age, or gestational age was gathered. The post-mortem procedure 

in the control group was the same as in the SMA group. 

 

Development

al Stage 

n: 

control 

n: 

SMA 

gestational 

age of non-

SMA 

gestational 

age of 

“SMA” 

Predicted 

SMA type 

Number of 

SMN2 copies 

Prenatal 

2 2 13 weeks 13 weeks SMA 1 2 

2 1 18 weeks 18 weeks SMA 1 2 

0 1 21 weeks 21 weeks SMA 0 1 

Perinatal 
0 1 36 weeks 36 weeks SMA 0 1 

2 1 1 month 1 month SMA 0 1 

Postnatal 2 1 8 months 8 months SMA 1 2 

Table 3: Overview of control and SMA samples of this study including SMA genotype (n= sample size; based on family history 

in prenatal cases) Cases were grouped into 3 types (prenatal, perinatal and postnatal ) according to age. For better analysis and 

comparisons, the case of 1 month was grouped into the perinatal group.  

 

Immunohistochemistry 

Immunohistochemistry (IHC) was performed with the Benchmark Ultra staining module, using the 

ultraView Universal DAB kit (Ref: 760-500) from Ventana Medical Systems, which includes the 

necessary reagents to perform IHC. For deparaffinization EZ prepTM solution (10x) (Ref: 950-102) was 

used. Antigenic retrieval was performed with the solution (Cell Conditioning 1 pH 8) (Ref: 950-124). 

Blocking with 3% hydrogen peroxide solution and washing with Reaction Buffer (10X) (Ref: 950-300) 

each step was performed automatically.  

 

Antibodies for Immunohistochemistry Staining 

CD68 (PG-M1) Monoclonal mouse (Ref:PDM065) was prediluted and incubated for 36 minutes. CD31 

(JC/70A) Monoclonal mouse (Ref: 760-4378) was prediluted and incubated for 40 minutes. CD34 

(QBEND/10) Monoclonal mouse (Ref: MA1-10202) was prediluted and incubated for 40 minutes. 

Glycophorin (GA-R2) Monoclonal mouse (Ref:760-4257) was prediluted and incubated for 28 minutes. 
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CD117/C-KIT(EP10) Rabbit monoclonal (Ref:08763909001) was prediluted and incubated for 36 

minutes. CD3 (2GV6) Rabbit Monoclonal (Ref: 790-4341) and CD20 (L26) Mouse Monoclonal (Ref: 

760-2531) were prediluted and incubated for 40 minutes. 

Primary antibodies were prediluted and incubated (See Table 4). Antibodies were localized by the 

secondary antibody (HRP Multimer; which contained a cocktail of HRP-labelled antibodies (goat anti-

IgG/IgM mouse and rabbit antibodies. Then the resulting complex was visualized using DAB 

Chromogen; (tetrahydrochloride of 0.2% 3, 3'-diaminobenzidine) and finally counterstained with 

Hematoxylin (Ref: 760-2021) and Bluing Reagent (Ref: 760-2037). Once the automated process is 

finished, the preparations are washed, dehydrated and assembled for further usage. 

 

Immunofluorescence 

Pancreas, spleen and thymus sections were first heated overnight in a 60°C oven and then deparaffinized 

in xylene (2 × 10 minutes), fixed in 100% ethanol (1 × 10 minutes), rehydrated in 95% and 75% ethanol 

(5 minutes each), and washed for 5 minutes in 1xTBS pH7.6 (5 minutes). Sections were then placed in 

unmasking buffer (citric acid monohydrate pH 6.0) and put in a microwave at full power until boiling. 

Sections were removed from microwave and rested for 5 minutes. The process was repeated at 20-30% 

of full power until bubbles started to appear (4< times completing 20 minutes). Sections were allowed 

to warm for another 20 minutes and then washed 3x5 minutes in 1xTBS pH7.6.  

Sections were then incubated for 1 hour at room temperature (RT) in blocking buffer (5% BSA - 1xTBS) 

inside a humid chamber. Samples were then quickly washed for 30 seconds in 1xTBS. This was followed 

by an overnight incubation at 4°C with the primary antibodies diluted in 2,5% BSA – 1xTBS. 

Subsequently, sections were washed 1× with water and 1x in PBS – Tween. Afterwards sections were 

incubated 1 hour at RT in a dark chamber with the secondary antibodies diluted in 2,5% BSA – 1xTBS 

and then washed 1× with water and 1x in PBS – Tween. ProLong™ Gold Antifade Mountant with DNA 

Stain DAPI (Invitrogen™) was added, followed by the slides being mounted. 

 

Antibodies for Immunofluorescent Staining 

The primary antibodies for pancreas used were as follows: mouse monoclonal glucagon antibody 

(1:2000; Ref: G2654; Millipore Sigma) and rabbit recombinant monoclonal insulin antibody (1:200; 

Ref: EPR17359; Abcam). The secondary antibodies used were as follows: Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 (1:1000, Thermo Fisher Scientific), Donkey 

anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (1:1000, 

Thermo Fisher Scientific). 

The primary antibodies for spleen and thymus used were as follows: rabbit recombinant monoclonal 

HLA-DR antibody (1:100; Ref: EPR3692; Abcam) and rabbit recombinant monoclonal HLAE antibody 

(1:100; Ref: EPR25300-104; Abcam). The secondary antibodies used were as follows: Goat anti-Mouse 

IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 (1:1000, Thermo Fisher 
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Scientific), Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 

488 (1:1000, Thermo Fisher Scientific). 

 

 

IHC/IF Ref: Target Objective 
Incubation 

Time 

Hematoxylin 

& Eosin 

760-2021 

760-2037 

Cell Nuclei, 

Extracellular Matrix 

and Cytoplasm 

Visualization of cellular 

tissue structure 

Automated 

Process 

Anti-GYPA 

antibody[GA-

R2 (HIR2)] 

760-4257 GYPA protein 

Visualization of 

erythrocytes for 

quantification 

28 minutes 

Anti-CD31 

antibody[JC/7

0A] 

760-4378 CD31 protein 

Visualization of liver 

sinusoid endothelial cells 

for observing sinusoid 

development 

40 minutes 

Anti-CD34 

antibody 
760-4378 CD34 protein 

Visualization of liver 

sinusoid endothelial cells 

for observing sinusoid 

development 

40 minutes 

Anti-CD68 

antibody[PG-

M1] 

PDM065 CD68 protein 

Visualization of 

macrophage membranes for 

quantification 

36 minutes 

CD117 

(EP10) 

087639090

01 

Tyrosine-protein 

kinase KIT 

Visualization of interstitial 

cells of Cajal 
28 minutes 

Von Kossa - Phosphate Deposits 
Quantification of 

Calcification 
1 hour 

Anti-Collagen 

IV antibody 

(ab6586) 

PDM276 Collagen IV 
Quantification of 

Collagenic tissue 
36 minutes 

Anti-CD3 

antibody 
2GV6 CD3-T cell receptor 

Visualization of T-cell 

Population 
40 minutes 

Anti-CD20 

antibody 
L26 CD20 B-cell molecule 

Visualization of B-cell 

population 
40 minutes 
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Anti-

Glucagon[G2

654] 

EPR17359 
Pro-glucagon (Human) 

in endocrine pancreas 

Visualization of glucagon 

producing α-cells 
2 hours 

Anti-

Insulin[EPR1

7359] 

G2654 
Pro-Insulin (Human) 

in endocrine pancreas 

Visualization of insulin 

producing β-cells 
2 hours 

Anti-HLA-E 

antibody 

EPR25300

-104 
MHC class I receptor 

Quantification of MHC I 

expression 
2 hours 

Anti-HLA-

DR antibody 
EPR3692 MHC class II receptor 

Quantification of MHC II 

expression 
2 hours 

Table 4: List of used IHC/IF methods, corresponding target and intended purpose. Grey highlighted antibodies were used for 

IHC. Yellow highlighted antibodies were used for IF. 

 

Scanning 

Whole slide digital images were prepared using PANNORAMIC 250 Flash III scanner (3DHistech) and 

“SlideScanner software” (3DHistech). Whole slide images were analyzed in CaseViewer software 

(3DHistech). 10x FOV’s of specific sections on different organs were scanned and processed into.gif 

images. The images were then read and analyzed directly using ImageJ software (FIFJI Build) [189]. 

 

Quantification of Immunohistochemistry/ Immunofluorescence 

Quantification of different sections using whole-slide images was carried out using tools in ImageJ (FIJI) 

with its built-in image processing plugins [189]. Results represent data from at least n=10 different 

sections of each sample. For IHC and IF samples, each section image was converted into 8-bit and colour 

separation for further analysis. 

For IF analysis of the pancreas specifically, at least 100 Langerhans islets per sample were chosen. 

Criteria for each analyzed islet included the presence of both insulin- and glucagon- expression. Each 

islet image was converted into 8-bit and colour separation for further analysis. 

 

Statistical analysis 

Statistical analysis was carried out on GraphPad PRISM software (GraphPad Software Inc.). Data are 

presented as mean ± SD. Statistical testing utilized unpaired, two-tailed t-tests. 

  



III. MATERIALS AND METHODS  

46 
 



IV. RESULTS  

47 
 

IV. RESULTS 

  



IV. RESULTS  

48 
 

  



IV. RESULTS  

49 
 

 

Due to previously described peripheral organ pathology in mouse models of SMA and human 

patients we aim to see if possible pathology in central organs of the digestive system (liver, 

pancreas, intestine), the immune system (spleen, thymus) but also heart, kidney and lung already 

occurs during pre- and perinatal development and if disease mechanisms are correspondent with 

SMA mouse model pathology. 

 

1. Histomorphometric analysis of the liver  

The main components of the liver are the central vein, portal triads, hepatocytes, sinusoidal 

capillaries and bile ducts. Prenatally the formation of the classic, roughly hexagonic, lobular 

structure appears similar to their age-matched controls, as the classical structure becomes more 

visible with maturation (Fig. 3). The sinusoidal spaces show intense hematopoietic activity. 

Hepatic cords develop the classic structure of one-cell thick hepatocytes, which radiate outward 

from the central vein of the lobule. The portal triads show no structural differences as bile ducts 

are emerging at similar gestational ages, hepatic arteries are present with an abundance of red 

blood cells (RBC) and portal venules appear to be similar in size.  

Perinatally, the lobular structure is clearly visible with one-plate thick hepatic cords. RBCs are 

mainly located around fully formed portal triads, with significantly less presence around the 

hepatic arteries compared to prenatal stages. In the SMA tissue however, RBCs appear to be more 

prominent in the sinusoidal spaces, compared to their age-matched controls. Additionally, RBCs 

appear to be more present in the sinusoidal spaces surrounding the portal veins in SMA. Location 

and increased presence of RBC’s indicate that the sinusoidal spaces could be congested with 

blood. 

Postnatally, no structural differences are visible, and hepatic architecture appears to be similar to 

perinatal stages. SMA tissue at postnatal stages also show RBCs much more concentrated around 

portal triads, similar to perinatal and postnatal control tissue.  
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Figure 3: Liver Histology of control and SMA tissue A) Representative images of H&E-stained prenatal, perinatal and 

postnatal liver tissue sections at higher magnification. Yellow arrowheads indicate nucleated RBCs and black 

arrowheads indicate proerythroblasts in perinatal SMA samples. [Scale bar 50μm]. Representative images of B) GYPA, 

C) CD31, D) CD34, E) CD68 stained prenatal, perinatal and postnatal liver tissue sections [Scale bar, 200μm]. 

Immunoreactive Area of F) GYPA, G) CD31, H) CD34, I) CD68 represented as a Box and Violin Chart. Comparison 

between control and SMA tissue were significant (control = White; SMA = Red (mean, SD, n = see Table 3,, nns = 

P>0.05, n* = P < 0.05, n** = P<0.002, n*** = P < 0.001, unpaired t-test)) 
 

Hematopoietic elements remain in the liver throughout development 

A closer look at the composition of the RBCs for hematopoietic progenitor cells were taken to 

gain more insight on hematopoietic elements (Fig. 3B). Progenitor cells can be differentiated in 

the sinusoids as they still contain their nucleus. In prenatal control and SMA samples progenitor 

cells are visible throughout the whole tissue, compatible with active hematopoiesis.  

Perinatally a multitude of proerythroblasts and nucleated RBCs can be identified in SMA tissue, 

but not in control tissue, also suggesting prolonged hematopoiesis (Fig. 3B). At the postnatal stage 

no more erythropoietic elements remain in SMA tissue, appearing similar to controls. 

 

Glycophorin-A expression in SMA liver tissue 

To further examine the hematopoietic properties of the analyzed liver tissue, Glycophorin-A 

(GYPA) antibody staining was carried out to visualize RBCs in tissue (Fig. 3B). To compare and 

quantify the data from the GYPA stained whole-tissue slides, random sections were analyzed and 

overall GYPA expression in the sections were measured. 
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Prenatally, there is a significant increase in GYPA expression of SMA compared to the controls 

throughout developmental stages. During the perinatal stage overall GYPA expression levels drop 

significantly in both control and SMA samples compared to prenatal samples and remain 

consistent throughout postnatal development, yet increased GYPA expression continues to be 

significantly higher in SMA tissue (Fig. 3B). The continuous increase of GYPA could also be 

attributed to vascular congestion. 

 

Sinusoid formation throughout liver development 

CD31 and CD34 act as markers for liver sinusoid endothelial cells (LSECs) during development 

with different developmental patterns. Early prenatally a significant decrease in both CD31- and 

CD34- expression in SMA tissue could be seen, as little to no staining was detected (Fig. 3C,D). 

During the perinatal stage, LSEC staining of SMA tissue much more resembled their age-matched 

controls, not only in expression levels, but also in location. This trend continued throughout 

postnatal development, with no differences in expression profiles and location of both CD31 and 

CD34. 

 

Investigation of Kupffer cells by CD68 expression  

Using CD68 as a marker we investigated Kupffer cells presence in the liver (Fig. 3E). Prenatally 

no significant difference in the Kupffer cell count could be observed. However, throughout 

perinatal development the presence of Kupffer cells increased and was significantly higher in 

SMA compared to age-matched controls. This trend continued throughout postnatal development. 

Whereas Kupffer cell levels in control tissue remained consistent throughout development, SMA 

tissue showed a gradual increase of Kupffer cells correlating with development.  

 

2. Histomorphometric analysis of the pancreas  

The exocrine pancreas is composed of clusters of cells called acini and the pancreatic ductal 

system. The endocrine pancreas is composed of islets of Langerhans, which are mainly comprised 

of α-cells and insulin producing β-cells. Prenatally both control and SMA pancreas depicted the 

classic acinar structure, with an abundance of connective tissue (Fig. 4). Overall, the 

histomorphometry of all tissue analyzed corresponded to their age-matched controls. 
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Figure 4: Pancreas histology of control and SMA tissue A) Representative images of H&E-stained prenatal, perinatal 

and postnatal pancreas tissue sections [Scale Bar, 200μm]. Perinatally and postnatally the SMA tissue does not appear 

to differ from control samples, as the gross overall structure appears to be highly similar with acini growing in size and 

connective tissue diminishing. B) Representative pancreatic cross-sections from controls and severe SMA cases co-

labelled for glucagon (red; α-cells),insulin (green; β-cells), and DAPI (blue; nuclei). [Scale bar = 50μm]C) 

Quantification of islet composition represented as a Box and Violin Chart shows a significant increase in glucagon- 

expressing α-cells (p<0.002, unpaired t-test). D) Quantification of islet composition during developmental stages 

represented as a Box and Violin Chart between control and SMA tissue were significant (Glucagon = red; Insulin = 

Green; (mean, SD, n = see Table 3, n** = P<0.002, n* = P<0.05, nns = P>0.05, unpaired t-test) E) Glucagon-positive 

cells per islet of individual controls. F) Glucagon-positive cells per islet of each severe SMA case individually. Four 

out of six pancreatic islet compositions revealed a significant increase in glucagon-positive α-cells (mean, SD, n = see 

Table 3, unpaired t-test) 

 

Islet composition in human developing pancreas 

Using immunofluorescence SMA pancreatic samples, co-labelled for glucagon-producing α-cells 

and insulin-producing β-cells, were compared with age-matched controls (Fig. 4B). Taking all 

SMA samples together, a significant difference in glucagon-producing α-cells in SMA cases was 

observed compared to controls (Fig. 4C). Looking at the prenatal stage separately however, α- 

and β-cells were at relatively normal levels in SMA tissue while during the perinatal and postnatal 

stage a significant increase in glucagon-producing α-cells, at the expense of insulin producing β-

cells  was observed (Fig. 4C). Upon further comparing SMA cases individually, we observed that 

cases with impaired islet composition begin from 21 weeks of gestation and onward in 
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development (Fig. 4F). Interestingly three of the four cases with abnormal islet composition were 

from SMA type 0 cases. 

 

 

3. Histomorphometric analysis of the intestine 

The small intestine is separated into duodenum, jejunum, and ileum as major compartment, which 

vary significantly from one another in length and thickness and cellular structure. In all 3 regions, 

the intestinal wall is composed of mucosa, submucosa and the muscularis externa. Depending on 

the part of the intestine, which was removed for analysis the thickness can differ significantly as 

the 3 layers are highly variable depending on the tissue region. In our analyzed SMA tissue all 3 

layers had a similar structural layout as their age-matched controls (Fig. 5A). Additionally, the 

shape and cellular composition of the villi in the intestine did not appear to significantly change 

from control tissue and no abnormally-shaped villi were spotted. 
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Figure 5: Intestine histology of control and SMA tissue A) Representative images of H&E-stained prenatal, perinatal 

and postnatal intestine tissue sections [Scale bar, 200μm]No differences in intestinal structure could be observed 

between control and SMA samples. Representative images of B) CD117 and C) CD163 stained prenatal perinatal and 

postnatal intestine tissue sections [Scale bar, 100μm]. D) Macrophage Count per mm2 represented as a Box & Violin 

chart. No significant difference could be observed during all developmental stages. (mean, SD, n = see Table 3, nns = 

P>0.05, unpaired t-test; Control = White; SMA =Red) 
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Investigation of interstitial cells of Cajal (ICC) 

C-KIT positive ICC’s were stained with CD117. Contrary to 13 week control tissue, ICC’s could 

not be spotted within the whole tissue at 13 weeks prenatally in SMA. However, already at 18 

weeks prenatally CD117 staining became visible in the muscularis externa and regions of the 

mucosa in both controls and SMA. ICC staining intensity increased as development progressed 

with controls and SMA showing no significant difference (Fig. 5B). 

 

Investigation of intestinal macrophage population 

CD68 staining was carried out for quantification of macrophages (Fig. 5C). The population of 

macrophages in prenatal SMA tissue was significantly reduced compared to their age-matched 

controls. However, at later prenatal stages of development SMA macrophage population started 

to normalize, and during peri- and postnatal stages no significant difference in macrophage count 

could be observed. Furthermore, the location of macrophages in SMA tissue appears to be similar 

in control and SMA tissue during all developmental stages, with their location being primarily in 

the lamina propria and the intestinal crypts. No increased infiltration in the lumen of the intestine 

could be spotted. 

 

4. Histomorphometric analysis of the heart 

Due to the region from autopsy samples of the heart, only the myocardium was analyzed, as a full 

histological structure could not be harvested. Specifically, cardiac muscle cells were analyzed 

(Fig. 6A). In both control and SMA prenatal tissue myocytes appear to be high in cytoplasm yet 

already arranged in fibers. Intercalated discs are not as prominent and cellularity appears to be 

very high. During development myocyte-organization into tubular structures appeared to be much 

more prominent in perinatal and postnatal stages, and overall cellularity diminished throughout 

development. As development progressed, myotubes were becoming thicker and more 

eosinophilic. Both intercalated disks and sarcomeres were clearly visible at term and did not 

appear to differ in control and SMA tissue. Overall significant structural differences were not 

visible between control and SMA tissue throughout development.  
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Figure 6: Heart histology of control and SMA tissue A) Representative images of prenatal, perinatal and postnatal heart 

tissue sections [Scale bar, 20μm]. Representative images of B) GYPA and C) Col4 prenatal, perinatal and postnatal 

heart tissue sections [Scale bar, 200μm]. Immunoreactive Area of D) GYPA and E) Col4 represented as a Box and 

Violin Chart. Comparison between control and SMA tissue were significant (control = White; SMA = Red (mean, SD, 

nns = P>0.05, n = see Table 3, ***P < 0.001, unpaired t-test)) 
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Glycophorin-A expression in SMA heart tissue 

To examine the hematopoietic properties of heart samples, Glycophorin-A (GYPA) antibody 

staining was carried out to visualize RBCs in the tissue (Fig. 6B). To compare and quantify the 

data from the GYPA stained whole-tissue slides, random sections were analyzed and overall 

GYPA expression in the sections were measured. Prenatally, no significant difference in GYPA 

expression was observed between control and SMA tissue. Yet, during the perinatal stage overall 

GYPA expression levels in SMA increased significantly, while in control tissue GYPA expression 

levels remained similar to prenatal tissue. Postnatally, expression levels drop significantly in both 

control and SMA samples, yet in SMA, GYPA levels remain significantly higher than controls.  

 

Collagen IV expression in SMA heart tissue 

To check for the structural framework of the heart, collagen IV (Col4) staining was carried out 

(Fig. 6C). Prenatally, Col4 expression levels remained relatively low and no significant difference 

was observed between control and SMA tissue. As development progressed, Col4 levels increased 

significantly reaching their peak at the perinatal stage, yet control and SMA levels remained 

similar. Postnatally, expression levels dropped significantly in both control and SMA samples yet 

no significant difference was observed. It may be possible that expression levels dropped 

postnatally due to myofibers gradually increasing in thickness, yet area measurements remained 

the same. This would need to be further confirmed though, to rule out a decrease in Col4. 

 

Heart autopsy reports of SMA cases 

Heart defects are becoming more associated with severe SMA and autopsy reports of our analyzed 

tissue, revealed that specifically SMA  with one SMN2 copy ( type 0 patients)  were presented 

with heart defects. Cardiac abnormalities included a case with low ventricular septal defect, 

another case with coarctation of the juxtaductal aorta, and a third case with dilation of the vena 

cava and permeable foramen ovale respectively. On the other hand, SMA with two SMN2 copies 

(type I patients) were not described with any gross heart alterations. 

 

 

5. Histomorphometric analysis of the lung 

The fetal lung differs in many ways from the adult lung, as throughout development developing 

bronchi enlarge, with alveolar ducts increase in size as well. Upon comparing the prenatal lungs 

to their age-matched controls, structure appears to be highly similar (Fig. 7). The bronchioles do 

not appear to differ in size and both are lined with the club-like simple cuboidal epithelial cells. 

Alveolar ducts are also lined with a simple cuboidal epithelium and do not appear to differ in size. 

In postnatal tissue, the significant increase in alveolar spaces is visible in both control and SMA 
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tissue and do not appear to differ. Additionally, no prominent ruptures in the alveolar septa were 

visible. Alveolar space could not be accurately measured as their size is highly variable depending 

on the tissue.  

 

Figure 7: Lung Histology of H&E-stained prenatal and postnatal control and SMA tissue Representative images of 

H&E-stained prenatal, perinatal and postnatal lung tissue sections from autopsies [Scale bar, 200μm]. No structural 

differences could be observed between control and SMA samples during development. 

 

6. Histomorphometric analysis of the kidney 

The kidney consists of the cortex and medulla, each with specific structures. The cortex contains 

renal corpuscles (glomeruli and Bowman's capsule) and convoluted tubules, while the medulla 

houses the loop of Henle, collecting ducts, and renal pyramids.  

The glomerular structure did not appear to differ between control and SMA tissue during all 

developmental stages (Fig. 8A). Nephron arrangement remained highly similar as well and the 

tubular structure of SMA tissue remained indistinguishable in cellular arrangement to control 

tissue. Furthermore, no sign of inflammation or fibrosis in medulla or cortex were spotted in SMA 

tissue in all analyzed tissue. Also, no mesangial hypercellularity could be spotted in control and 

SMA tissue during all developmental stages. On the other hand, as capsule diameter of the kidney 

gradually increased throughout development, a significant increase in thickness could be 

observed, especially in postnatal SMA tissue compared to their age-matched controls. 
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Figure 8: Kidney Histology of H&E-stained control and SMA tissue A) Representative images of 

H&E-stained prenatal, perinatal and postnatal kidney tissue sections [Scale bar, 50μm]. B) 

Representative images of Von Kossa stained prenatal, perinatal and postnatal kidney tissue 

sections. Calcification would be indicated by black spots in the tissue [Scale bar, 500μm]. C) 

Quantification of glomeruli size represented as a Box and Violin Chart shows no significant 

difference during all developmental stages (mean, SD, n = see Table 3, nns = P>0.05, unpaired t-

test) D) Quantification of capsule diameter represented as a Box and Violin Chart shows no 

significant difference during the prenatal and perinatal stages. During the postnatal stage SMA 

tissue capsule size is significantly increased (mean, SD, n = see Table 3, n* = P<0.05, unpaired t-

test).  

 

Von Kossa staining in SMA kidney tissue 

Von Kossa staining was carried out to highlight if calcium deposits were present in the kidney. 

During all developmental stages both control and SMA tissue showed no indication of increased 

calcification in either medulla or cortex.  

 

 

7. Histomorphometric analysis of the spleen 

The parenchyma of the spleen is divided into two functionally and morphologically distinct 

compartments (red pulp and white pulp) separated by a tissue layer called the marginal zone. 

During the prenatal stage, in both control and SMA tissue no clear distinction of red and white 

pulp was visible, likely due to formation still occuring (Fig. 9A). As development continued red 
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and white pulp formation became more evident in control tissue. In the perinatal stage, the control 

tissue showed a clear red/white pulp distinction and the red pulp indicated a high concentration 

of RBCs. Perinatal SMA tissue on the other hand did not show as clear of a distinction as their 

age-matched controls. While the white pulp could be spotted, it was not as defined and RBCs in 

the red pulp did not appear to be as abundant. 

 

Reticulin Expression in the Spleen 

Reticulin fibers make up the framework of the spleen and reticulin staining was carried out to 

analyze the structural integrity. Reticular fibers were already abundantly present in prenatal tissue, 

with no significant changes between control and SMA. Furthermore, no significant difference of 

reticulin arrangement in the red and white pulp of the spleen in SMA samples during all 

developmental stages could be identified (Fig. 9B). However, upon inspecting the splenic capsule, 

which mostly consists of reticulin fibers, the density was measured. In the prenatal stage the 

density did not significantly differ in SMA tissue compared to age-matched controls, however 

perinatal tissue revealed a significant decrease of ~30% in SMA tissue (Fig. 9E).  
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Figure 9: Spleen histology of control and SMA tissue A) Representative images of H&E-stained prenatal and perinatal 

spleen tissue sections at higher magnification [Scale bar 200μm]. Representative images of B) Reticulin, C) CD3, D) 

CD20 stained prenatal and perinatal spleen tissue sections [Scale bar A) 200µm, B) 50mm, C),D) [200μm]. E) Splenic 

capsule density represented as a Box and Violin Chart. Immunoreactive area of F) CD3 G) CD20 in the red pulp 

represented as a Box and Violin Chart. White pulp clusters were manually removed from the images during statistical 

analysis. Comparison between control and SMA tissue were significant (control = White; SMA = Red (mean, SD, 

n = see Table 3, nns = P>0.05, n*** = P < 0.001, unpaired t-test)).  

 

Investigation of splenic immune cells using CD3 and CD20 

To better highlight the immune cells of the spleen immunohistochemistry was performed to label 

T-cells and B-cells (Fig. 9C,D). At 13 weeks prenatally, no immunoreactivity for CD3 or CD20 

could be spotted in either control or SMA tissue. Scattered B- and T- lymphocytes start to become 

visible around 14-15 weeks of gestation. Since no immunoreactivity could be observed, this 

developmental stage was excluded from the quantitative analysis as only background could be 

measured. In addition, the white pulp area can vary in size and skewer the measurements of larger 

areas, therefore the quantitative analysis focused on immune cell presence in the red pulp. In 

prenatal splenic tissue no significant difference in both CD3 and CD20 immunoreactivity could 

be observed (Fig. 9F,G).  
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It is to note though, that CD20 immunoreactivity is significantly higher prenatally than perinatally. 

At this developmental stage, the spleen is relatively small in overall size and red and white pulp 

formation is still ongoing, therefore the increased presence of CD20 in the red pulp prenatally 

could be attributed to the size difference of developmental stages, yet the same area was measured. 

Perinatally the formation of the periarteriolar lymphoid sheaths was clearly visible, as T-cells 

arranged around central arterioles with a surrounding B-cell zone. However, compared to 

perinatal control tissue, the red pulp of perinatal SMA spleens showed a significant increase of 

~151% of CD3 immunoreactivity and of ~247% of CD20 immunoreactivity (Fig. 9 F,G). 
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Figure 10: Spleen immunofluorescence of control and SMA tissue Representative splenic cross-sections from controls 

and severe SMA cases co-labelled for A,B) MHC I (green), C,D) MHC II (green) and DAPI (blue; nuclei) [Scale bar 

200μm]. Quantification of E) MHC I and F) MHC II immunoreactivity during prenatal and perinatal development 

represented as a Box and Violin Chart between control and SMA tissue were significant (MHC I and MHC II = Green; 

(mean, SD, n = see Table 3, n*** = P<0.001, n** = P<0.002, nns = P>0.05, unpaired t-test) 
 

Investigation of splenic immune cells using MHC I and MHC II 

The further investigate immune cell maturation of the spleen, antibodies targeting MHC I and 

MHC II were used (Fig. 10 A-D). First, overall MHC II immunoreactivity is significantly higher 

than MHC I immunoreactivity in both pre-and perinatal spleen tissue.  

In prenatal spleen tissue no difference in MHC I and MHC II immunoreactivity could be observed. 

Both control and SMA tissue showed immunoreactivity spread throughout the whole tissue, 

which is likely due to the spleen still forming the red and white pulp areas. 

Perinatally MHC I immunoreactivity show strong immunoreactivity around arterioles in control 

tissue. In SMA tissue on the other hand MHC I immunoreactivity is still evenly present throughout 

the whole tissue.  
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Perinatally both control and SMA tissue showed strong MHC II immunoreactivity around 

arterioles. However, upon comparing with age-matched controls, SMA tissue showed less 

immunoreactivity in the red pulp. Interestingly both MHC I and MHC II immunoreactivity are 

significantly decreased in perinatal SMA tissue (~28% for MHCI and ~32% for MHCII 

respectively) (Fig. 10 E,F) compared to controls.  

 

8. Histomorphometric analysis of the thymus 

The thymus is a primary lymphoid organ, divided into cortical and medullary regions within each 

lobule. To better highlight the structure of the thymus H&E staining was performed (Fig. 11A). 

During the prenatal stage, both control and SMA tissue depict the classical lobular structure and 

the cortex and medulla are visible, showing no significant differences. Peri- and postnatally no 

differences could be seen between SMA and control tissue either. As development progressed, a 

clear increase in cortex and reduction in medulla is visible compared to the prenatal stage. 

Comparing the peri- and postnatal stage no visible structural differences could be identified as 

both control tissue and SMA tissue revealed a highly similar structure. 

Hassall’s corpuscles are characteristic of the medulla and although the function of Hassall’s 

corpuscles has yet to be fully explored it is suggested that Hassall's corpuscles have a critical role 

in dendritic-cell-mediated secondary positive selection of medium-to-high affinity self-reactive T 

cells, leading to the generation of immunoregulatory T cells that suppress polyclonal T cell 

activation [190]. While Hassall’s corpuscles increase in size as development progresses, no 

structural differences could be seen during all developmental stages of SMA compared to 

controls.  
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Figure 11: Thymus histology of control and SMA tissue A) Representative images of H&E-stained prenatal and 

postnatal thymus tissue sections at higher magnification [Scale bar 1000μm]. Representative images of B) CD3 and C) 

CD20 stained prenatal, perinatal and postnatal thymus tissue sections [Scale bar 500µm]. D) Overall size of Hassall’s 

corpuscles represented as a Box & Whiskers chart. Immunoreactive area of E) CD3 medulla, F) CD3 cortex, G) CD20 

medulla and H) CD20 cortex represented as a Box and Violin Chart. Comparison between control and SMA tissue were 

not significant (control = White; SMA = Red (mean, SD, n = see Table 3, nns = P>0.05, unpaired t-test)).  

 

Investigation of thymic immune cells using CD3 and CD20 

To better highlight the lymphatic elements of the thymus immunohistochemistry was performed 

to label T-cells and B-cells (Fig. 11 B,C). Similar to the splenic tissue analysis, at 13 weeks no 

immunoreactivity for CD3 or CD20 could be spotted in either control or SMA tissue. Scattered 

B- and T- lymphocytes start to become visible around 14-15 weeks of gestation. Since no 

immunoreactivity could be observed, this developmental stage was excluded from the quantitative 

analysis and only background could be measured. Regarding the amount of T-lymphocytes in 

both cortex and medulla, no significant differences could be seen during all developmental stages. 

CD3 immunoreactivity is very high in both cortex and medulla further increasing with 

development. While not significant, there appears to be a tendency of increased immunoreactivity 

of CD20 in peri- and postnatal SMA tissue as development progressed. 

Regarding the B-lymphocyte population, no significant differences in CD20 immunoreactivity 

were observed in both the medulla and cortex during prenatal development. While occasional 
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scarce immunoreactivity of CD20 could be seen in the cortex peri- and postnatally, the medulla 

hosts most of the CD20-expressing B-cell population. 
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Figure 12: Thymus MHC I immunofluorescence of control and SMA tissue Representative splenic cross-sections from 

controls and severe SMA cases co-labelled for A) prenatal, B) perinatal and C) postnatal MHC I, (green), and DAPI 

(blue; nuclei). [Scale bar 200μm]. Quantification of D) medullary MHC I and E) cortical MHC I immunoreactivity 

during pre-, peri- and postnatal development represented as a Box and Violin Chart between control and SMA tissue 

were significant (MHC I = Green; DAPI = Blue (mean, SD, n = see Table 3, n* = P<0.05, nns = P>0.05, unpaired t-

test)). 
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Figure 13: Thymus MHC II immunofluorescence of control and SMA tissue Representative splenic cross-sections from 

controls and severe SMA cases co-labelled for A) prenatal, B) perinatal and C) postnatal MHC II, (green), and DAPI 

(blue; nuclei). [Scale bar 200μm]. Quantification of D) medullary MHC II and E) cortical MHC II immunoreactivity 

during pre-, peri- and postnatal development represented as a Box and Violin Chart between control and SMA tissue 

were significant (MHC I = Green; DAPI = Blue (mean, SD, n = see Table 3, n** = P<0.02, nns = P>0.05, unpaired t-

test)). 

 

Investigation of thymic immune cells using MHC I  

The further investigate the immune response of the thymus MHC I were used as antibodies (Fig. 

12 A-C). In prenatal thymus tissue no difference in MHC I immunoreactivity could be observed. 

Both control and SMA tissue revealed immunoreactivity mainly in the medulla of the thymus, 

with isolated signals in the cortex.  

Perinatally MHC I immunoreactivity are significantly higher than in prenatal tissue. Furthermore, 

MHC I immunoreactivity was significantly reduced in the thymic cortex of SMA tissue compared 

to their age-matched controls (~37% decrease), where an abundance could be spotted. This trend 

further continued throughout postnatal development (~17% decrease in SMA), however mean 

values became more adjacent (Fig. 12E).  

 

Investigation of thymic immune cells using MHC II 

The further investigate the immune response of the thymus MHC II were used as antibodies (Fig. 

13A-C). In prenatal thymus tissue no difference in MHC II immunoreactivity could be observed. 

Both control and SMA tissue show immunoreactivity mainly in the medulla of the thymus, with 

isolated signals in the cortex.  

Perinatally MHC II immunoreactivity are significantly higher than in prenatal tissue. 

Furthermore, MHC II immunoreactivity is significantly reduced in the thymic cortex of SMA 

tissue compared to their age-matched controls (~25% decrease). This trend further continued 

throughout postnatal development, with MHC II immunoreactivity decreasing further as 

development progressed (~32% decrease) (Fig. 13E).  
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In the past decade, SMA has seen remarkable progress in both diagnosis and treatment. The 

development of the FDA-approved SMN-targeting therapies nusinersen, OA, and risdiplam have 

markedly improved prognosis [162] and quality of life in SMA patients by restoring SMN protein 

expression, especially when administered early. Current research is now shifting toward 

combinatorial strategies that go beyond SMN restoration, highlighted by multiple clinical trials 

currently ongoing [333]. This now allows for the focus expanding to non-neurological symptoms 

of SMA, such as immune, cardiac, and metabolic dysfunctions, particularly in severe or untreated 

patients. 

 

This study provides a first systemic analysis of human peripheral organ development in severe 

SMA, revealing subtle yet relevant histopathological alterations in multiple organ systems already 

occurring during fetal development. Previous studies on this topic have largely relied on SMA 

mouse models, highlighting the aspect that our investigation offers novel human-specific insights 

that expand our current understanding of SMA as a multisystem developmental disorder. 

 

This study describes a systematic approach to investigate the human development of 

histopathology of SMA organs and compares with age-matched controls and with previous results 

of SMA mouse models and literature. 

 

Liver 

Structurally the liver did not appear to be affected by SMA in humans as all major architecture 

did not exhibit clear differences with their age-matched controls. In the SMA mouse model failure 

to develop distinctive sinusoidal spaces between hepatic plates and immature morphology were 

reported [162]. In our human SMA samples most developmental stages had a highly similar 

developmental pattern of sinusoids compared to their age-matched controls, indicating that 

sinusoid development may not be affected by SMN deficiency (Fig. 3C,D).  

However, we did observe persistent presence of hematopoietic elements perinatally, similar to the 

SMA mouse model phenotype, where prolonged erythropoiesis were described (Fig. 3B). The 

bone marrow gradually takes over as the hematopoietic site starting around 4-5 months gestation 

and by term it is the sole organ responsible for hematopoiesis [334]. Our findings regarding the 

presence of proerythroblasts and nucleated RBCs in SMA liver sinusoids perinatally, indicate that 

erythropoiesis still occurs in the liver hinting at developmental delay.  

Furthermore, in the SMA mouse model an increase of RBCs was reported with sinusoids being 

congested, attributed to prolonged erythropoiesis [162]. GYPA is a single-span membrane protein 

of RBCs [335] and therefore a suitable indicator for RBC count. GYPA expression is indeed 

higher throughout all developmental stages in sinusoidal spaces of our SMA tissue and in 

agreement with reports of the SMA mouse model liver [162]. It is to note though, that vascular 
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congestion might also lead to the increase of RBCs in the liver and the amount of analyzed 

samples might not be significant enough to fully attribute increased RBCs to prolonged 

erythropoiesis.  

Kupffer cells are the resident macrophages of the liver and play a role in a multitude of liver 

functions [13]. In the SMA mouse model, systemic inflammation with marked increase in 

leukocytes and Kupffer cells in the liver was observed [336]. While the Kupffer cell count in our 

human SMA samples appeared to be similar to control tissue prenatally, during peri- and postnatal 

stages a significant increase was observed. 

Taken together Our results support prior findings in SMA mouse models that suggest persistent 

hematopoietic activity in the liver. The increased presence of erythropoietic progenitors and 

elevated GYPA expression in perinatal and postnatal SMA liver tissue suggests a delay or 

disruption in the typical shift of hematopoiesis from liver to bone marrow. Though we did not 

observe significant structural abnormalities in sinusoid formation or bile duct development, the 

increased Kupffer cell density in human SMA tissue further supports the hypothesis of ongoing 

inflammatory mechanisms in the hepatic microenvironment, which was also observed in the 

severe mouse model of SMA [336]. The liver’s high SMN expression, especially during prenatal 

development may render it particularly susceptible to SMN deficiency, highlighting the 

importance of monitoring hepatic function in SMA patients over time. 

 

 

Pancreas 

The histopathological analysis of the pancreas was conducted by first analyzing the structure of 

the exocrine pancreas, which does not appear to be affected by SMA as all major structures are 

present in the SMA tissue and did not exhibit significant differences compared to their age-

matched controls (Fig. 4). As SMA pancreatic tissue develops in a highly similar fashion to control 

tissue and to what is described in literature [337], it is likely that reduced levels of SMN do not 

affect structural development. 

It is of interest though, that human Langerhans islets significantly differ from mouse islets as their 

composition does not display a strict core-mantle segregation of α- and β-cells, as seen in mice 

[338]. To add, α-cells localize along the mantle and internal vascular channels of human islets. It 

is to note though that the core of normal human islets is typically composed of more β-cells than 

α-cells (~70% β-cells) [338]. SMA mice are characterized by fasting hyperglycemia, glucose 

intolerance, hypersensitivity to insulin, and hyperglucagonemia, further accompanied by 

abnormal pancreatic islet composition as a marked decrease in core β-cells is visible with a 

significant increase in the mantle- α-cells [167]. Previously both SMA mice and human patients 

have been reported with an abnormal increase in α-cells, suggesting a conserved role for the SMN 
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protein in normal pancreatic development [167]. Indeed, an abnormal islet composition was 

observed in our tissue from 21 weeks gestation onward (Fig. 4F).  

Furthermore, several SMA type I patients have been described with hypoglycemia and several 

type II and 3 patients reportedly have glucose intolerance and dyslipidemia [167], [339]. Taking 

together previously described pathology and our results, it is likely that SMN-deficiency might 

lead to alterations in glucose and lipid metabolism disorders, with onset already during prenatal 

development in severe SMA patients. 

The absence of structural changes in the exocrine pancreas suggests a selective vulnerability of 

endocrine pancreatic components, possibly due to glucose and lipid metabolism disorders, with 

are more often seen in SMA patients with milder forms [340], [341]. As has previously been 

shown metabolic abnormalities are becoming a more important feature of SMA, suggesting a 

more systemic therapeutic approach to ensure more beneficial outcomes throughout the patient’s 

life. 

 

 

Intestine 

Our analysis of control and SMA tissue during all developmental stages did not reveal any 

significant differences, as a gradual increase in thickness of the 3 prominent layers of the small 

intestine in both control tissue and SMA samples could be observed, with no extraordinary 

features during all developmental stages. To add, the shape of villi in the analyzed human SMA 

samples did not exhibit a “club-shaped” structure as was previously described in the SMA mouse 

model [152] (Fig. 5A). 

ICC’s function as “pacemakers” of the intestine and play a critical role in small-intestinal 

contractile activity [342]. It has further been shown that myenteric deep muscular plexus ICC’s 

are mediators of enteric motor neurotransmission. A reduction of ICC’s could explain previously 

reported issues of SMA patients in form of constipation and delayed gastric emptying. At 13 

weeks gestation myenteric ICC’s in control tissue could be observed, but no staining was visible 

in SMA. As development progressed, at 18 weeks prenatally in both controls and SMA, ICC 

staining in the myenteric region became more prominent and staining increased within other 

muscle layers in the small intestine (Fig. 5B). Therefore, the possible initial delay in ICC 

development diminishes upon term. 

In the SMA mouse model significantly increased macrophage populations were observed in the 

lumen of the intestine [152]. Contrary to the SMA mouse model, in our analyzed SMA cases no 

significant differences could be observed throughout development. Furthermore, no indication of 

abnormal location could be observed and most importantly macrophage levels in the lumen were 

almost non-existent (Fig. 5C), further indicating normal development of the intestine in absence 

of SMN. 
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Overall, it is likely that intestinal defects do not form during pre- and postnatal development but 

warrants investigation at later stages of the disease. It may also be possible that lower GI 

dysfunction may be attributed to vascular abnormalities, as suggested by Corsello et al., [343], 

due to the SMA mouse model exhibiting decreased vascular density [152], a fact that should be 

more extensively investigated in SMA patients. 

In summary, the absence of long-term histological differences suggests that gastrointestinal 

manifestations in SMA may develop more from functional dysregulation or secondary effects 

than from intrinsic developmental defects. 

 

Heart 

Cardiac abnormalities in patients with SMA have been described, ranging from mild to severe 

forms and mainly include structural defects and arrhythmia [147]. The presentation of structural 

defects in all SMA type 0 patients described in this study, however not in patients with SMA type 

I at autopsy, may indicate that developmental pathology of the heart and reduced SMN levels are 

inversely correlated and suggests a minimal threshold of SMN to ensure proper heart 

development. Furthermore, considering that SMA type 0 patients were presented at pre- and 

perinatal stages, it is highly likely that the architecture of the heart is already affected by SMA 

during prenatal development. 

Gross morphological alterations have also previously been described in the SMA mouse model, 

in addition to disorganization of cardiomyocytes and thinner ventricular walls, with possible 

presymptomatic onset [146]. However, In our analyzed cases we did not observe any structural 

differences in the myocardium of SMA hearts compared to their age-matched controls. While 

gross morphological changes in the human heart affected by SMA are present, architecture of the 

myocardium remained unaffected. 

The surrounding basement membranes of cardiomyocytes provide structural support and its 

proper development is important for the formation of sarcomeres [344]. Gross pathology in the 

heart wall of SMA mice and disorganized arrangement of cardiomyocytes have been described as 

consequence of decreased levels of Col4 [344]. Contrary to the SMA mouse model, in our 

analyzed SMA cases no significant differences could be observed throughout development. 

In addition, in the SMA mouse model an increase of RBCs was reported in the heart, with blood 

clotting of major arteries [162]. While major arteries of the heart could not be analyzed, GYPA 

expression remained higher throughout all developmental stages in the myocardium of our SMA 

samples. Similar to previously described liver pathology (Fig. 3A), the significant increase in 

RBCs could be attributed to vascular congestion, however In SMA patients’ arrhythmias and 

bradycardias are most predominant in children (summarized in [146]). Therefore, increased 

presence of RBCs in human SMA tissue might indicate reduced heart function to properly pump 

blood. This finding resonates with previous observations in SMA mouse models that may help to 
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explain arrhythmias and conduction abnormalities reported in SMA patients [147]. However, it 

is important to consider that dysautonomic alterations are observed in type I patients such as 

increased sweating, altered regulation of vascular tone, irregular skin response to temperature 

changes. These findings may be correlate by previously described tachycardia and bradycardia in 

neonates [264].  

 

Lung 

The lung has been the least histopathologically described organ in both SMA patients and SMA 

mouse models. Most analyses revolve around lung expiratory volume, which is mostly affected 

by muscle strength in the diaphragm and intercostal muscle, yet the architecture of the lung 

remains to be analyzed in SMA. 

While respiratory complications are the most important cause of morbidity and mortality in SMA, 

they are usually attributed to failure of respiratory muscles [345]. Our histopathological analysis 

of the lung did not show any significant differences to their age-matched controls. The lung 

undergoes various changes during fetal development and while those changes are clearly visible 

upon comparing prenatal and postnatal lung tissue, comparison of control and SMA tissue did not 

show structural differences. In the Taiwanese mouse model of SMA, postnatally, variable degrees 

of emphysema with ruptured alveolar septa and enlarged alveolar spaces were reported [153]. In 

our analyzed human SMA tissue, alveolar spaces were neither enlarged nor were alveolar septa 

ruptured. It is therefore likely that the lung is not affected during development and/or may not be 

affected at all by SMA. 

These results support the prevailing view that respiratory complications in SMA are primarily 

neurogenic due to diaphragmatic and intercostal muscle weakness rather than pulmonary in 

origin. Nevertheless, these findings do not preclude the possibility of secondary lung pathology 

later in disease progression, especially in cases of chronic hypoventilation [345], [346]. 

 

 

Kidney 

Pathology in the kidney in SMA mouse models have extensively been described [172], with 

additional reports in SMA type I patients [173]. In our SMA tissue gross histomorphometry 

appeared to be highly similar to their age-matched controls. Unlike the SMA mouse model, where 

impaired nephrogenesis, glomerular sclerosis, and vascular defects were identified, renal analysis 

of human SMA tissue revealed no overt abnormalities in glomeruli, tubules, or mesangial 

cellularity, hinting that renal parenchyma is rather spared during prenatal and early postnatal 

development. We did however observe a significant increase in renal capsule diameter, similar to 

the Taiwanese mouse model, which may signal the onset of fibrotic changes, possibly related to 
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early alterations in extracellular matrix dynamics or compensatory responses, similar to renal 

abnormalities in SMA mice [172]. 

Renal calcification has been described in two SMA type I autopsies at ∼2 years of age [173]. In 

addition, a retrospective study on SMA type I children, ranging from 9 to 55 months, showed an 

increased risk of developing kidney stones with hypercalciuria being the most common risk factor 

[347]. High calcium levels in urine lead to crystal formation, which can then accumulate in kidney 

tissue, resulting in nephrocalcinosis, which in turn raises the risk of kidney stones. We could not 

observe any deposits of calcium in either cortex or medulla in any of our analyzed SMA tissue. 

We therefore assume that if calcium deposits in higher quantities in SMA kidneys, it likely arises 

later in disease progression, consistent with previous reports [173], [347]. 

 

 

Spleen 

The spleen plays a pivotal role in systemic immune surveillance, hematopoietic regulation, and 

antigen presentation. While prenatal development of the spleen did not appear to differ in SMA 

tissue compared to their age-matched controls, in perinatal human SMA splenic tissue a 

significant reduction in splenic capsule size could be observed (Fig. 9E). The capsule allows the 

spleen to significantly increase in size when necessary and discharge a large amount of blood to 

contribute to tissue oxygenation [348]. A decrease in size of the splenic capsule could significantly 

impact its ability to help with tissue oxygenation, however a similar pathological phenotype has 

yet to be described in other diseases. The splenic capsule has largely been understudied making 

this finding a novelty. 

Furthermore, the formation of red and white pulp in perinatal SMA tissue was not as clearly 

distinguished as in control tissue and RBCs in the red pulp did not appear to be as abundant as 

their age-matched controls (Fig. 9A). Therefore, it might be possible that the formation of red and 

white pulp during SMA development is impaired. In addition, the increase of B- and T-cells in the 

red pulp is significant in SMA (Fig. 9C,D). I seems, that during perinatal SMA development 

germinal centers, while already visible, are still forming in the white pulp, and a handful of both 

B- and T-cells still remain throughout the splenic tissue, which might also indicate delay in 

development or lymphocyte mislocalization.  

Similar results could be seen in the SMN2B/- mouse model, where a mislocalization of B-cells 

and T-cells could be seen at P2, which intensified during P5 and P14, where a defective 

segregation of the white and red pulp in SMN2B/- spleens was suggested [179]. A similar 

labelling pattern of B- and T-cells could also be seen in the SMNΔ7 mouse model, where the 

splenic structure was disrupted and the red pulp was significantly reduced [180]. Additionally, 

quantitative immunohistochemistry revealed a substantial increase in CD3+ T cells and CD20+ 

B cells in the red pulp of perinatal SMA tissue, indicating failure in immune cell 
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compartmentalization, which could suggest developmental delay. Major Histocompatibility 

Complex (MHC) plays a central role in the immune response by presenting antigens to T cells 

[349]. The two primary classes of MHC molecules, MHC I and MHC II, are involved in different 

aspects of antigen presentation and immune activation [349]. MHC I complexes are presented on 

the cell surface, where they are recognized by CD8+ T cells. Upon recognition, the CD8+ T cells 

become activated and can kill an infected cell. MHC II-peptide complexes are recognized by 

CD4+ T cells, which subsequently become activated to help coordinate the immune response 

[349]. MHC I and MHC II expression in prenatal splenic SMA tissue remained similar to controls, 

however as development continued expression levels significantly dropped in the perinatal spleen. 

This downregulation may indicate defective antigen-presenting cell maturation or survival in the 

SMA spleen, potentially weakening the host’s adaptive immune responses. Previous studies 

suggest that low MHC I expression impairs CD8+ T cell cytotoxicity [350] while MHC II 

deficiency is linked to reduced CD4+ T cell activation and susceptibility to infections [351]. 

Perinatal onset of pathology suggests that while organogenesis proceeds normally in utero, SMN-

dependent immune maturation diverges at term. 

Collectively, these results reveal that the developing spleen may indeed be affected by SMN 

deficiency and should be further observed to prevent immunological problems. 

 

Thymus 

In contrast to the spleen, the human thymus did not exhibit gross structural abnormalities in SMA 

tissue across all developmental stages. (Fig. 11). Lobular organization, cortico-medullary 

compartmentalization, and the presence and size of Hassall’s corpuscles did not significantly 

differ between SMA and control tissue. This contrasts with findings in SMA mouse models, 

particularly SMN2B/- [179]. With development progressing, the cortex becomes larger and at 

term should make up significantly more area than the medulla (2:1 Ratio) [352]. In the SMN2B/- 

mouse model a clear reduction in cortico-medullary ratio and a decrease in cortical cellularity was 

described [179]. In our available samples the cortico-medullary ratio of SMA did not significantly 

differ compared to their age-matched controls and no significant reduction in cortex cellularity 

could be observed. The absence of these features in human tissue may potentially be related to 

interspecies differences or may reflect a later onset of pathology in humans not captured in the 

early postnatal stages. Lymphocytes in the cortex consist almost exclusively of T lymphocytes, 

which undergo a series of steps and as they mature, they descend through the cortex and into the 

medulla. Fully differentiated thymocytes exit the medulla via the blood vessels and lymphatic 

channels [353]. CD3 immunoreactivity is very strong throughout the whole thymus tissue, 

because both mature and immature T-cells express CD3 (Fig. 11B). Yet, no significant difference 

in the CD3 expressing T-lymphocyte population between control and SMA tissue could be 

observed during all stages of development (Fig. 11C). The B-lymphocyte population as well, 
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showed no significant difference in both medulla and cortex between control and SMA tissue 

during all developmental stages. 

Despite preserved morphology, functional deficits were evident at the molecular level using IF. 

The thymus did not reveal any significant changes in MHC I and MHC II immunoreactivity 

during the prenatal stage, indicating that prenatal development of the lymphatic system in human 

SMA patients occurs normally. In the peri- and postnatal thymus on the other hand, while 

expression in the medulla remains largely similar, a significant decrease of MHC I and MHC II 

in the cortex was identified. A decrease of MHC I expression has been associated with a comprised 

immune function, specifically reduced recognition by antigens and cytotoxicity of CD8+ T cells 

[350]. A decrease in MHC II expression has previously been associated with reduced antigen-

presenting function to naïve CD4+ T cells, subsequently resulting in susceptibility to infections 

to a variety of microorganisms [351].  

In the thymus B cells consistently express higher amounts of MHC-II [354], therefore having a 

higher absence of MHC II molecules in SMA patients may cause severe T-cell immunodeficiency 

and the ability to mount immune response [355]. 

Regarding T-cell maturation specifically in the thymus, immature T-cells express both CD4 and 

CD8 on their surface, which interact with MHCI or MHCII for lineage commitment, resulting in 

single or double-negative (DN) selection. DN T-cells play a role in maintaining immune tolerance 

and suppressing immune responses and increased levels have previously indicated with pediatric 

auto-immune diseases [356]. While SMA is not an autoimmune disease, some studies suggest 

potential immune system defects in SMA patients [179], [357]. Reduced MHC expression in the 

cortex may impair the ability of thymocytes to undergo proper selection, potentially resulting in 

altered T cell concentrations or an increase in DN T cells, a phenotype, which was previously 

associated with defective immune tolerance and pediatric autoimmune diseases [356]. 

Interestingly, the medullary expression of MHC molecules remained relatively preserved in SMA 

samples, implying that late-stage T cell maturation and negative selection may be less affected. 

Nonetheless, reduced cortical MHC expression alone may impair central tolerance and functional 

T cell development, which could underline increased infection susceptibility reported in SMA 

patients [357]. 

Collectively, these findings underscore that SMA pathology includes early, possibly intrinsic 

defects in the lymphoid organs, particularly impacting immune cell development, organization, 

and function. The altered cellular localization and MHC expression patterns in the spleen and 

thymus suggest that SMN deficiency disrupts immunological maturation processes, which may 

lead to systemic immune dysregulation in SMA patients. This is of clinical importance, especially 

in light of emerging SMA therapies that prolong lifespan and may unmask latent systemic 

phenotypes not apparent in early-lethal disease states.  
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Summary of Discussion  

Our findings contribute to the concept of SMA as a multisystemic developmental disease, 

particularly in its severe forms (SMA type 0-I). It is also to note that, even though translational 

pathology could be seen, the evolution and severity of disease in SMA mouse models is far greater  

differs in several  aspects in comparison with severe human SMA cases.  

While some organ systems (pancreas, liver) may show evidence of possible developmental 

pathology, others showed no particular temporospatial alterations, at least in early life 

(summarized in Table 5). One must keep in mind though, that our sample size was limited due to 

the rarity of severe SMA tissue availability as treatment became a more viable option for families 

with children affected by the disease. As human pathology of a disease does not progress 

unanimously in each individual, it is possible that some fetuses of SMA might have peripheral 

structural organ defects. Despite this, our research provides valuable insights into early 

pathological processes across multiple non-neuronal systems.  

Moreover, our results highlight the necessity of longitudinal monitoring of peripheral organs in 

SMA patients, particularly now as with their increased life expectancy due to the success of SMN-

restoring therapies. 
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Analyzed Organs Main Findings 

Liver 
Persistent hematopoietic activity and increased Kupffer cell density 

suggests developmental delay and possible chronic inflammation 

Pancreas 

Altered islet composition, increased α-cells and decreased β-cells, 

indicates early endocrine dysregulation, possibly contributing to glucose 

intolerance in SMA 

Intestine No major structural abnormalities 

Heart 

No abnormalities in myocardium structure, however congenital heart 

defects in type 0 SMA and increased GYPA expression point to 

vascular deficits 

Kidney 
No overt renal abnormalities, though increased capsule diameter may 

suggest early signs of fibrosis 

Spleen 
Reduced capsule thickness, impaired pulp organization, and abnormal 

B-/T- cell localization and activation 

Thymus 
Normal structural appearance but reduced cortical MHC I/II expression 

suggest impaired T-cell development and maturation 

Lung No major structural abnormalities 

Table 5: Main pathological findings of each organ  

 

Limitations of our Study 

Although the number of cases can be expanded, the samples of this study are unique and 

exceedingly difficult to obtain, as SMA treatment progresses. SMA occurs in 1/6000 to 1/10000 

births globally, making sample-obtaining for extensive comparison very difficult. Furthermore, 

due to the recent approval of the disease-modifying therapies, many families facing an SMA case 

in pregnancy choose  continuation to birth to start immediate therapy. Therefore, we consider that 

these samples obtained and selected carefully from our tissue bank represent a valuable collection 

to perform this type of study. The availability of a limited number of organs, status of the treatment 

and fixation of these samples precluded some tissues (i.e. bone) more specific molecular analysis 

to expand the investigation. We have employed a battery of antibodies to highlight specific aspects 

of developmental profiles in peripheral organs in which previous pathology has been described in 

the SMA mouse model and SMA patients. However, other antibodies for IHC could potentially 

be used, to not limit each experiment in a subset to a single target protein or to analyze different 

pathways. 
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Main Conclusions 

In this doctoral thesis we provide results that support  SMA as a multisystemic developmental disorder, 

especially in severe forms (SMA type 0–I). SMN is ubiquitously expressed and necessary for fetal 

development and organ function. From the here described results, we show that SMN deficiency may 

causes some  structural alterations in various peripheral organs, as several observed changes already 

begin during fetal development. 

 

Organ-Specific Conclusions 

Overall SMN-deficiency results in varying degrees of peripheral organ involvement, with some organs 

being more susceptible at earlier stages of development such as liver, pancreas, heart, kidney, spleen 

and thymus.  

 

Other organs such as intestine and lung revealed no overt abnormalities during development.  

 

Though peripheral organ complications have previously been described in SMA patients, they did not 

translate to our developmental findings indicating later onset in life.  

 

Certain pathological similarities with SMA mouse models were observed, yet our analyzed human SMA 

cases revealed a milder involvement, highlighting the importance of more rigorous studies in humans to 

fully discern possible clinical features of SMA.   

 

Final Insight 

SMN is ubiquitously expressed and necessary for development of many organs and tissue. The 

longitudinal monitoring of peripheral organs is necessary, especially now that SMA patients have longer 

life expectancy as a result of effective therapies. The heterogeneity of human SMA pathology reinforces 

the importance of personalized and multi-targeted therapeutic strategies in the future. 
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Abstract 

Spinal muscular atrophy (SMA) is characterized by loss of motor neurons (MN) in the 

spinal cord, which leads to denervation of and wasting of skeletal muscle. The aim of this 

study was to investigate the specific global gene expression profiles of human control 

(considered free of muscle disease), hypertrophied- or atrophied-SMA skeletal muscle 

fibers. In this work we combined Laser Capture Microdissection (LCM) technology with 

genome-wide microarray-based technology to determine and compare global gene 

expression profiles in control, hypertrophied- and atrophied-SMA skeletal muscle fibers 

populations. We obtained hypertrophied and atrophied skeletal muscle fiber groups in 

human type-I SMA skeletal muscle biopsies and tissue by LCM for gene expression 

microarray-based analysis at different stages of the SMA disease evolution. Microarray 

analysis showed a very small difference in gene expression profiles between control vs 

SMA-hypertrophied fibers, whereas strong differences in gene expression profiles were 

observed when comparing control vs SMA-atrophied fibers and atrophied vs 

hypertrophied fibers. Our results also demonstrate the activation of muscle regeneration 

mechanisms in atrophied cells, mimicking processes carried out during embryogenesis. 

LCM-based isolation of specific skeletal muscle fiber types, in conjunction with 

microarrays-based global gene expression analysis, provides a useful approach to the 

molecular study of processes occurring during innervation and denervation of human 

SMA skeletal muscle fibers. Knowledge of the specific mechanisms by which muscle fibers 

become denervated and atrophied could provide valuable information for developing new 

therapeutic strategies addressed to the treatment of the human SMA disease. 
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Introduction 

Spinal Muscular Atrophy (SMA) affects more than 1 in 10000 infants and children worldwide 

and causes degeneration of lower motor neurons in the spinal cord and brainstem, therefore 

leading to severe muscle weakness. Muscle pathology in severe prenatal SMA samples is 

characterized in the form of overall smaller myotubes compared to age-matched controls [135] 

but also by more myotubes expressing fast myosin (fMHC) and less myotubes expressing slow 

myosin (sMHC) [137]. Furthermore, histological analyses of skeletal muscle exhibit a large 

presence of small atrophic fiber clusters, of both type I and type II origin, but also a select few 

normal and hypertrophic fiber clusters [191]. Laser Capture Microdissection (LCM) permits to 

isolate different muscle groups separately from the same tissue as it allows for rapid and reliable 

collection of homogeneous cell populations based on morphological characteristics, enabling 

the study of individual muscle fiber populations. 

Until now, there have only been a few published works where LCM has been used to obtain 

LCM-derived skeletal muscle samples [192], [193], but none of them have focused on the study 

of the specific isolation of atrophied or hypertrophied muscle fiber populations from fresh 

human SMA skeletal muscle biopsies and the subsequent genome-wide microarray-based study 

of their specific genome-wide expression profiles. Being able to study atrophic fibers separately 

provide an excellent approach to study the precise evolution of SMA as well as the affectation 

of different muscle fibers for the further development of potential therapies.  

 

SMA Therapeutics 

Improvements in our understanding of the underlying defects in SMA remain critical for the 

development of therapeutic approaches. SMN deficiency has been shown to affect more than 

just MNs, with cells throughout the CNS as well as non-neuronal cells experiencing 

pathological changes [136], [137], [194]. SMN-dependent treatments, which aim to boost SMN 

production, have shown positive results, especially in SMA type I, leading to motor 

improvements and stability in other types. Nusinersen (Spinraza®) was the first approved 

treatment, working by enhancing SMN2 mRNA to increase full-length SMN production. 

However, it requires intrathecal injections due to its inability to cross the blood-brain barrier 

and does not target non-CNS tissue. Risdiplam (Evrysdi®) is an oral alternative that also 

promotes SMN2 exon 7 inclusion. Another approach, gene replacement therapy using 

onasemnogene abeparvovec (Zolgensma®), delivers SMN1 through an adeno-associated virus 

(AAV9) vector, which can cross the blood-brain barrier and target both the CNS and peripheral 

tissues. While promising, concerns about the long-term effectiveness and safety of these 

treatments remain.  
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Additionally, therapeutics that target SMN-independent pathways are also under investigation 

such as myostatin (summarized in [195]). Myostatin is a cytokine that inhibits skeletal muscle 

growth. Overexpression of the endogenous myostatin antagonist follistatin has shown increased 

skeletal muscle mass in mice, as well as improved muscle strength and motor function [85], 

[86]. Previous study in the mouse model of severe SMA, an antisense oligonucleotide (ASO) 

augmenting SMN2 exon 7 splicing was used together with AAV-anti-myostatin to block the 

myostatin pathway [86]. Myostatin inhibition acted synergistically with ASO therapy and 

improvement of sensory circuits in motor neurons was observed, also including increase in 

body weight, muscle mass and fiber size, and prolonged survival rate. Further clinical trials also 

use investigational anti-myostatin inhibitors in combination therapy. For example, SAPPHIRE 

(NCT05156320) is a phase 3 clinical study using apitegromab, a fully human anti-proMyostatin 

monoclonal antibody (mAb) of the immunoglobulin G4 (IgG4)/lambda isotype that binds to 

human pro/latent myostatin with high affinity, which will be administered intravenously every 

4 months in >2-year-old patients for whom nusinersen treatment was initiated prior to 5 years 

of age. Further clinical studies using anti-proMyostatin antibodies in combination with 

currently approved SMA-therapies include TOPAZ (NCT03921528), ONYX (NCT05626855), 

MANATEE (NCT03032172) and RESILIENT (NCT05337553),  

To study the gene expression profiles between atrophied and hypertrophied muscle fibers in 

SMA and compared to age-matched control muscles, could provide valuable information on 

innervation and/or denervation patterns of skeletal muscle.  
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Materials and Methods 

Human muscle biopsies and tissue processing 

Human skeletal muscle biopsies were surgically obtained by pediatric surgeons with informed 

consent and approval of the Human Ethics Committees of Vall d'Hebron University Hospital, 

Barcelona, Spain. Human muscle biopsies were obtained from type-I SMA (Werdnig-Hoffman 

disease) patients at ages ranging from 4- to 12-months-old and from age-matched controls 

considered free of muscle disease. Human skeletal muscle samples were excised, embedded in 

OCT compound (Tissue-Tek, Sakura, Zoeterwoude, Netherlands) and immediately frozen in 

liquid nitrogen, and the tissue blocks were stored at -80°C until used.  

 

Laser Capture Microdissection and RNA Extraction 

The architecture of skeletal muscle and the longitudinal length of skeletal muscle fibers allow 

the obtaining of large amounts of numerous serial transversal sections and the acquisition of 

large quantities of microdissected tissue from every selected fiber group. As performed in 

previous studies [196], serial frozen skeletal muscle transversal sections were cut at 20-µm 

thick using an HM505E microtome (Microm, Walldorf, Germany) at below -20ºC, mounted on 

pre-treated with 0.1% (w/v) poly-L-Lysine (Sigma-Aldrich Quimica SA, Madrid, Spain) 

RNase-free membrane-slides (PALM Microlaser Technologies AG, Munich, Germany) and 

immediately processed under RNase-free conditions. Skeletal muscle sections were fixed with 

RNase-free ethanol 70% for 1 min, washed in RNase-free water, stained with Hematoxylin-

Eosin (10 seconds hematoxylin and 5 seconds eosin), dehydrated with RNase-free graded 

ethanol solutions (1 min ethanol 70% twice, 1 min ethanol 95% twice, 1 min ethanol 100% 

twice) and cleared in xylene (two times, 15 seconds each). After air-drying for 5 min, the slides 

were stored at -80°C until further use. Mayer's hematoxylin solution was purchased from Sigma 

(Sigma-Aldrich Quimica SA, Madrid, Spain) and eosin solution was prepared just before use 

by dissolving 0.2 g eosin Y (Merck, Darmstadt, Germany) in 100 ml RNAse-free 80% ethanol 

acidified with 0.4 ml glacial acetic acid (Sigma-Aldrich Quimica SA, Madrid, Spain).  

LCM was performed under direct microscopic visualization on H&E-stained muscle sections, 

using a Leica® LMD 6000 microdissection system (Leica microsystems, Germany). To prevent 

RNA degradation and minimize exposure to room temperature, all the RNase-free membrane-

slides containing the desiccated skeletal muscle sections were thawed and processed one by 

one. The selected groups of fibers were collected from each correlative slide into dry 0.5 ml 

tube caps coated with silicon (MicroDissect GmbH, Germany) and were stored at -80ºC until 

all the laser captured-sections belonging to each fiber group were obtained. All the 

microdissected areas belonging to the same fiber group were collected in the same tube, to 

immediately begin the RNA extraction protocol. Total RNA was extracted by the spin-column-
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based method RNeasy Micro Kit (QIAGEN, Hilden, Germany) following the manufacturer's 

instructions. Before Microarrays analysis, the quality and quantity of the LCM-derived RNA 

were assessed using the RNA pico assay® LabChips and the Agilent 2100 Bioanalyzer (Agilent 

Technologies, South Queensferry, Scotland). The RIN (RNA Integrity Number) values 

determined for all the RNA samples ranged from 6.1 to 7.3, indicating a good RNA quality, 

according to the grading of the Agilent 2100 RIN Software. 

 

Microarray hybridization  

Microarrays were carried out using the Affymetrix microarray platform and the Genechip 

Human Exon 1.0 ST Array. This array analyzes both gene expression and alternative splicing 

patterns on a whole-genome scale on a single array with probes covering virtually every known 

exon on the target genome thus permitting expression summarization at the exon level.  

Starting material was 5 ng of total RNA from LCM-microdissected tissue. Quality of isolated 

RNA was first measured by Bioanalyzer Assay (Agilent Technologies). Briefly, RNA was 

amplified for target preparation with the Ovation Pico WTA system (NuGEN Technologies 

Inc.). WT Ovation Exon Module (NuGEN Technologies Inc.) was used to generate the sense 

strand cDNA target ready for fragmentation and labelling with NuGEN Encore Biotin Module 

(NuGEN Technologies Inc.) according to the manufacturer’s instructions. Sense ssDNA 

fragmented and labelled was hybridized to the arrays. Chips were processed on an Affymetrix 

GeneChip Fluidics Station 450 and Scanner 3000 (Affymetrix). 

 

Microarray data analysis 

Images were processed with Expression ConsoleTM Software (Affymetrix). All samples 

demonstrated characteristics of high-quality cRNA and were subjected to subsequent analysis. 

Raw expression values obtained directly from.CEL files were preprocessed using the RMA 

method [197], a three-step process which integrates background correction, normalization and 

summarization of probe values. These normalized values were the basis for all the analysis. 

Prior to any analysis, data were submitted to non-specific filtering to remove low signal genes 

(those genes whose mean signal in each group did not exceed a minimum threshold) and low 

variability genes (those genes whose standard deviation between all samples did not exceed a 

minimum threshold). CEL files were imported into the Affy package (36) in Bioconductor 

(http://www.bioconductor.org/) and pre-processed using the RMA (robust multi-array analysis) 

algorithm with default parameters (16). Genes were filtered according to the following criteria: 

Signal ≥log (100), Mean AbsFC (absolute fold-change) ≥1.5. Genes complying with these 

criteria were then processed using the package limma (a linear model for microarray analysis 

by Gordon Smyth, Natalie Thorne and James Wettenhall at The Walter and Eliza Hall Institute 
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of Medical Research) and fdr (false discovery rate) was used as the method for multi test 

correction (Benjamini and Hochberg’s step-up method).  

The selection of differentially expressed genes between conditions was based on a linear model 

analysis with empirical Bayes moderation of variance estimates following the methodology 

developed by Smyth, 2004.. This method extends traditional linear model analysis using 

empirical Bayes methods to combine information from the whole array and every individual 

gene to obtain improved error estimates which are very useful in microarray data analysis where 

sample sizes are often small, which can lead to erratic error estimates and, in consequence, to 

untrustworthy p-values. The analysis yields standard test statistics, such as fold changes and 

(moderated)-t or p–values, which can be used to rank genes from most to least differentially 

expressed. In order to deal with the multiple testing issues derived from the fact that many tests 

(one per gene) are simultaneously performed, p-values were adjusted to obtain strong control 

over false discovery rate using the Benjamini and Hochberg method [198]. 

Genes selected as being differentially expressed were clustered to look for common patterns of 

expression. Hierarchical clustering with euclidean distance was used to form the groups, and 

heatmaps (color coded graphs with samples in columns and genes in rows) were used to 

visualize them. Multidimensional scaling was applied on distance matrices used to group 

samples to produce graphical representations that helped to discover groups in samples. 

The analysis of Biological Significance was based on an Over-Representation Analysis aiming 

to determine genes that were found to be differentially expressed, appeared to be concentrated 

or particularly absent of some Gene Ontology Categories, could be related to the biological 

processes involved in the analysis.  

All statistical analyses were performed using the free statistical language R and libraries 

developed for microarray data analysis by the Bioconductor Project (www.bioconductor.org). 

The main methods and tools used are described in the monograph by Gentleman et al., 2005 

[199]. A complete data set of our microarray analysis has been submitted to the EMBL-EBI 

ArrayExpress repository.  

 

Immunofluorescence analysis 

For immunofluorescence analysis, frozen muscle transversal sections were cut at below -20ºC 

using an HM505E microtome (Microm) and mounted on 0.1% (w/v) poly-L-Lysine pre-treated 

slides. Muscle sections were fixed in cold (-20ºC) acetone for 5 min, rinsed twice with PBS and 

blocked with 10% goat serum in PBS for 20 minutes. Primary antibodies against human 

Myogenin (M-225, Santa Cruz Biotechnology), DMHC (NCL-DMHC, Novocastra) and 

collagen-I (ab138492, Abcam), were diluted in PBS with 1% BSA and were incubated in a 

humid chamber for 16 h at 4ºC. Next, muscle sections were washed three times with PBS and 

incubated with Alexa Fluor® 568 anti-mouse (A-11004, Invitrogen) or Alexa Fluor® 488 anti-
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rabbit (A-11008, Invitrogen) secondary antibodies diluted in PBS with 1% BSA in a dark humid 

chamber for 45 minutes at room temperature. Finally, slides were washed three times with PBS 

and mounted using a coverslip and Vectashield® mounting medium with DAPI (Vector 

Laboratories) and coverslip edges were sealed with clear nail polish. 

 

Measurement of muscle fiber diameter 

For cross-sectional area (CSA) determination, muscle fibers were counted and measured in 

collagen-I immunofluorescence microphotographs. The area of muscle fibers were calculated 

in the images selected within every muscle sample by using a BX-61 microscope (Olympus) 

equipped with a DP72 camera (Olympus) and CellSens Digital Imaging software (version 1.9). 

CSA of all muscle fibers was measured using Image-J software (version 1.46; National 

Institutes of Health) based on a ratio of calibrated pixels to actual size (µm). 

 

Statistical Analysis 

Statistical analysis was performed with GraphPad Prism version 9.1.1 (GraphPad Software). 

The Shapiro-Wilk test was used to evaluate normality of the data. As a result, a nonparametric 

Kruskal-Wallis test was performed to assess statistical significance in myofiber CSA and the 

post hoc Dunn’s test was performed for multiple comparisons between the different groups 

(Hypertrophic, Atrophic, and control myofibers). Differences were considered significant with 

an adjusted p-value less than 0.05.  
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Results 

LCM of different fiber group types from control vs SMA skeletal muscles 

Based on H&E stains, we identified different fiber group types in human control vs SMA 

skeletal muscles (Fig. 14). By means of LCM, we separately isolated tissue from 3 types of 

skeletal muscle fiber groups collected from control or type I SMA human skeletal muscle 

biopsies: 1) control muscle fibers from skeletal muscle samples free of muscle disease, and 2) 

hypertrophied-SMA muscle fibers or 3) atrophied-SMA muscle fibers from type I SMA human 

skeletal muscle samples. To confirm hypertrophy or atrophy of SMA muscle fiber groups 

compared to control fibers size, the average cross-sectional areas (CSA) of fiber groups were 

measured by using the Image J software (NIH). Statistically significant differences in myofiber’ 

CSA were found in the different muscle fiber populations. The largest CSA values were found 

in hypertrophied-SMA fibers (3981.24 ± 1417.13 µm2) with respect to control (1019.89 ± 

137.63 µm2) or atrophied-SMA fibers (225.84 ± 61.50 µm2). The adjusted p-values for 

multiple comparisons between healthy (n=127), hypertrophic (n=44) or atrophic (n=168) fiber 

populations were: hypertrophic vs. atrophic fibers (p<0.0001), hypertrophic vs. control fibers 

(p=0.0002) and atrophic vs. control (p<0.0001).  

 

 

Figure 14: Determination of fiber areas for Laser Capture Microdissection (LCM): Area for LCM was chosen based 

on distinct architecture of atrophied and hypertrophied skeletal muscle fibers. The average (%) of cross-sectional 

areas of each fiber type were calculated respecting to control group.  
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As LCM was performed in previous studies carried out in mouse skeletal muscle samples [196], 

the protocol was optimized with the purpose of obtaining large quantities of microdissected 

tissue from a reasonably small number of human skeletal muscle sections. The specific areas 

of the different skeletal muscle fiber groups (especially atrophied and hypertrophied fibers in 

SMA muscle biopsies) were first localized and identified under optical microscopy in 

conventionally processed H&E tissue sections mounted with glass cover slips. Next, the same 

fiber groups were localized in LCM membrane-slides containing 20 µm-thickness transversal 

skeletal muscle sections after H-E staining and air-dried. All fiber group areas of interest were 

localized and microdissected from several consecutive skeletal muscle sections and ultimately 

collected in the same tube to proceed with RNA purification (Fig. 15).  

 

 

Figure 15: LCM procedure for hypertrophied and non-hypertrophied myofibers from a type I SMA patient muscle 

biopsy. The different areas were obtained by LCM procedure from H&E stained sections of a type I SMA patient 

muscle biopsy. The representative LCM processes for two different zones are shown in the figure: Hypertrophied 

(H) and non-hypertrophied myofibers 1. Normal visualization of the tissue (tissue sections mounted with glass cover 

slips by placing a drop of DPX onto a glass slide). 2. Desiccated tissue is shown before LCM. 3. Microdissection of 

Hypertrophied group of fibers. 4. Catapulting of dissected Hypertrophied group. 5. Microdissection of Atrophied 

group of fibers. 6. Catapulting of dissected Atrophied group. Images show enlarged (100x) photographs for all 

panels.  

 

 

Table 6: Yield of LCM-obtained RNA per area of each fiber type. Data are presented as mean ±SD. 
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Respecting RNA quantities obtained from the different types of fibers, we found that the yield 

of LCM-obtained RNA was dependent on every specific fiber type group (Table 6). 

Interestingly, the maximum yield of RNA/total microdissected area was obtained from the fiber 

groups composed of SMA-atrophic myofibers (with a maximum yield of 1.47±0.19 ng 

RNA/mm2 of the microdissected area), being more than 3-fold higher than the RNA production 

in control myofiber-group in the basal state (0.46±0.20 ng RNA/mm2 of the microdissected 

area). The high yield of mRNA in atrophic fibers could be attributed to upregulation of specific 

transcription factors and signaling pathways involved in protein degradation and synthesis. 

Increased mRNA expression might be required to restore their levels [200]. On the other hand, 

SMA-hypertrophic myofibers showed a more than 2-fold (1.03±0.44 ng RNA/mm2 of the 

microdissected area) increase in RNA production compared to control myofibers (but lower 

than SMA-atrophied ones), probably due to the augment in size of these fibers in an attempt to 

compensate for the lack of muscle strength in SMA skeletal muscles, increasing muscle protein 

requirements and a higher rate of transcriptional activity in hypertrophied fibers. RNA obtained 

from the different muscle fiber groups showed good quality (RIN ranging from 6.1 to 7.3) and 

was suitable for subsequent microarray-based gene expression analysis. 

 

Microarray-based gene expression profiles in control vs type-I SMA skeletal muscle fiber 

groups. 

In order to determine differences in gene expression between LCM-obtained skeletal muscle 

fiber types, three different comparisons of global gene expression profiles were performed: 1) 

control vs SMA-hypertrophied, 2) control vs SMA-atrophied and, 3) SMA-atrophied vs SMA-

hypertrophied skeletal muscle fibers. 
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Figure 16: All differentially expressed genes from gene expression analysis between fiber types: Dotted line 

represents a threshold of p>2 and p<-2 for up- and down-regulated genes. Green-coded genes are upregulated and 

red-coded genes are downregulated. 

 

Gene expression differences between control vs SMA-hypertrophied fibers 

Microarray-based analysis demonstrated a very small difference in gene expression profiles 

between control vs SMA-hypertrophied fibers (Table 7). Interestingly, only 6 genes genes/ESTs 

(2 of them being up-regulated and 4 down-regulated) showed statistically (≥1.5 fold, p<0.05) 

significant expression variations. Five of these genes, named MYH8, RSPO3, ATP2A1, 

CHRNA1 and MYH2 are well-known genes that appeared to be differentially expressed 

between control vs hypertrophied fibers. MYH8 showed the strongest variation, being down-

regulated more than 15-fold, whereas the other myosin MYH2 showed opposite variation, being 

up-regulated 4-fold in control fibers when compared to hypertrophied ones. MYH8 gene 

encodes for a perinatal myosin which is predominantly expressed in fetal skeletal muscle 

whereas MYH2 encodes for an adult muscle myosin isoform, which indicates a fetal-like 

phenotype in myosin isoform expression of hypertrophic myofibers compared to control ones. 
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Interestingly, SMA-hypertrophied fibers showed decreased expression levels of CHRNA1 

gene, which encodes the alpha-1 subunit of the acetylcholine receptor, suggesting the 

possibility of signaling impairment of neurotransmission in SMA-hypertrophied compared to 

control muscles.  

 

Ingenuity pathways analysis (IPA, Qiagen) of filtered (≥1.5-fold and p<0.05) gene expression 

data revealed 3 differentially expressed genes between control vs SMA-hypertrophied fibers, 

named ATP2A1, CHRNA1 and MYH2, belonging to the Skeletal and Muscular System 

Development and Function, Tissue morphology and Nervous System Development and 

Function of the Top Bio Function categories generated by IPA pathways analysis. 

Symbol Entrez Gene Name ID P-Value Fold Change 

ATP2A1 
ATPase, Ca++ transporting, cardiac 

muscle, fast twitch 1 
3655060 4.325E-05 4.550 

MYH2 
myosin, heavy chain 2, skeletal 

muscle, adult 
3745351 8.450E-05 4.069 

LOC92973 LOC92973 gene 3168245 3.268E-05 -4.131 

CHRNA1 
cholinergic receptor, nicotinic, alpha 

1 (muscle) 
2587937 3.192E-05 -4.254 

RSPO3 
R-spondin 3 homolog (Xenopus 

laevis) 
2924851 4.782E-05 -7.424 

MYH8 
myosin, heavy chain 8, skeletal 

muscle, perinatal 
3745161 3.593E-05 -15.443 

Table 7: Gene expression differences between LCM-obtained control vs SMA-hypertrophied 

fiber groups. Human control vs type I SMA-hypertrophied fiber groups tissue were isolated by 

LCM and the RNA obtained was used for microarrays analysis by using the human exon array 

1.0 ST Affymetrix genechips. Fold change (p<0.05) indicates the up-or down-regulated 

genes/ESTs in control fibers respecting SMA-hypertrophied ones. 

 

Gene expression differences between control vs SMA-atrophied fibers 

Microarray analysis showed the strongest differences in gene expression profiles when we 

compared control vs SMA-atrophied fibers (Table 8). 395 Genes/ESTs were differentially 

expressed (≥1.5 fold, p<0.05) between control vs atrophied myofibers, with 226 of them being 

up-regulated and 169 being down-regulated. The most important gene expression changes 

(more than 20-fold of variation) were observed in the down-regulation of MYH8, and the up-

regulation of IDI2, MYL3 and MYH7 genes in control fibers compared to atrophied areas.  
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Our microarray-based data demonstrated significant expression changes of several myosin 

isoforms, the most important changes being the strong up-regulation of MYH8 perinatal myosin 

which showed the strongest variation, and MYH1 myosin (54.53- and 10.43-fold, respectively) 

in SMA-atrophied fibers when compared to control muscle, as well as the up-regulation of the 

light chain MYL3 and MYH7 cardiac myosin isoforms (28.65- and 25.64-fold, respectively). 

Interestingly, atrophied fibers also showed a strong down-regulation of MYOZ2 (11.58-fold), 

indicating a decrease in the expression of genes involved in the maintenance of muscle mass. 

Furthermore, the genes FST (a natural myostatin antagonist) and MUSK (crucially involved in 

development and maintenance of neuromuscular junctions) also showed a strong down-

regulation in atrophied fibers (8.47- and 8,77-fold, respectively). IDI2 gene, which, recently 

suggested to play a significant role in the pathogenesis of sporadic amyotrophic lateral sclerosis, 

showed the strongest down-regulation in atrophied fibers (34.14 fold). Moreover, two 

membrane receptors, CHRNA1 and Foll, were found up-regulated in atrophied compared to 

control fibers (13.78- and 8.77-fold, respectively). Mutations in both genes have been 

associated with congenital myasthenic syndromes (CMS), which are characterized by varying 

degrees of muscle weakness due to impaired neuromuscular transmission [201]. It is also 

interesting to see that Pax3 was upregulated (3.91-fold) in atrophic fibers as it regulates the 

myogenic differentiation and plays a major role during early skeletal muscle formation in the 

embryo [202].  

 

IPA analysis of filtered (≥1.5-fold and p<0.05) gene expression data revealed that 5 of the genes 

differentially expressed between control vs SMA-atrophied fibers, named CDKN1A, EGF, 

ERBB3, MFAP5 and VEGFA, belonged to NOTCH1 signaling pathway, indicating a potential 

role of this important pathway in the evolution of denervation-induced skeletal muscle atrophy. 

Symbol Entrez Gene Name ID P-Value Fold Change 

IDI2 
isopentenyl-diphosphate delta isomerase 

2 
3273578 8.602E-10 34.14 

MYL3 
myosin, light chain 3, alkali; ventricular, 

skeletal, slow 
2672442 6.053E-09 28.65 

MYH7 
myosin, heavy chain 7, cardiac muscle, 

beta 
3557504 2.579E-08 25.64 

MYOZ2 myozenin 2 2741206 7.197E-07 11.58 

MFAP5 microfibrillar associated protein 5 3443226 2.321E-04 6.52 

VEGFA vascular endothelial growth factor A 2908179 2.531E-03 3.11 
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EGF 
epidermal growth factor (beta-

urogastrone) 
2739308 3.486E-03 -2.97 

CDKN1A 
cyclin-dependent kinase inhibitor 1A 

(p21, Cip1) 
2905169 4.663E-04 -3.83 

PAX3 paired box 3 2600881 1.237E-04 -3.90 

ERBB3 
v-erb-b2 erythroblastic leukemia viral 

oncogene homolog 3 (avian) 
3417249 1.224E-06 -6.78 

FST follistatin 2809399 1.22E-06 -8.47 

MUSK muscle, skeletal, receptor tyrosine kinase 3184710 1.551E-06 -8.77 

CHRNA1x 
cholinergic receptor, nicotinic, alpha 1 

(muscle) 
2587937 2.705E-08 -13.78 

MYH8 
myosin, heavy chain 8, skeletal muscle, 

perinatal 
3745161 4.743E-07 -54.53 

Table 8: Gene expression differences between LCM-obtained control vs SMA-atrophied fibers. 

Human control tissue or type I SMA-atrophied fiber groups were isolated by LCM and the RNA 

obtained was used for microarrays analysis by using the human exon array 1.0 ST Affymetrix 

genechips. Fold change (p<0.05) indicates the most up- or down-regulated genes/ESTs in 

control fibers respecting SMA-atrophied fibers.  

 

Gene expression differences between atrophied and hypertrophied type-I SMA skeletal 

muscle fiber populations 

The comparison between atrophied and hypertrophied type-I SMA fibers showed important 

differences in gene expression profiles (Table 9). 139 genes/ESTs were differentially expressed 

(≥1.5fold, p<0.05), respectively), that showed a tendency of down-regulation of gene 

expression profiles in atrophied fibers, since the down-regulated genes were almost twice as 

many as the up-regulated ones (49 up- and 90 down-regulated genes/ESTs). The genes that 

showed the strongest gene expression variations were mainly down-regulated, such as MYL3, 

MYH7, MYOZ2, OCC-1, MYH6 and TYRP1 which showed more than a 10-fold decline of 

gene expression in atrophied fibers compared to hypertrophied fiber groups.  

 

The comparison performed between atrophied and hypertrophied fibers (Table 9) demonstrated 

a strong down-regulation in atrophied fibers of the light chain myosin MYL3 (38.51-fold), and 

the two cardiac muscle myosins MYH7 and MYH6 (37.45- and 10.99-fold, respectively) in 

SMA-atrophied fibers. Significant down-regulation of cardiac hypertrophy-related MYOZ2 

gene (18.81-fold), as well as two genes related to protection against neuronal death in 

neurodegenerative stress conditions (UBE2D3 (6,76-fold) and seladin-1 (5,89-fold) were also 



VII. APPENDIX 
  

108 
 

detected in atrophied fiber areas which could indicate an activation of some mechanisms in an 

attempt to prevent neuronal death and subsequent skeletal muscle denervation-induced atrophy.  

 

Symbol Entrez Gene Name ID P-Value Fold Change 

DHCR24 24-dehydrocholesterol reductase 2413907 7.008E-08 -5.98 

UBE2D3 
ubiquitin-conjugating enzyme E2D 3 

(UBC4/5 homolog, yeast) 
3896293 8.200E-09 -6.76 

ASB12 
ankyrin repeat and SOCS box-containing 

12 
2413907 5.164E-10 -7.85 

PPP1R1A 
protein phosphatase 1, regulatory 

(inhibitor) subunit 1A 
3896293 3.805E-10 -7.98 

TYRP1 tyrosinase-related protein 1 3162486 1.118E-12 -10.59 

MYH6 
myosin, heavy chain 6, cardiac muscle, 

alpha 
3557430 4.908E-13 -10.99 

OCC-1 overexpressed in colon carcinoma-1 3429857 8.666E-17 -15.79 

MYOZ2 myozenin 2 2741206 8.833E-19 -18.81 

MYH7 
myosin, heavy chain 7, cardiac muscle, 

beta 
3557504 8.715E-28 -37.45 

MYL3 
myosin, light chain 3, alkali; ventricular, 

skeletal, slow 
2672442 3.416E-28 -38.51 

Table 9: Gene expression differences between LCM-obtained SMA-atrophied vs hypertrophied 

fiber groups. Human type I SMA-atrophied and hypertrophied fiber groups tissue were isolated 

by LCM and the RNA obtained was used for microarrays analysis by using the human exon 

array 1.0 ST Affymetrix genechips. Fold change (p<0.05) indicates the most up- or down-

regulated genes/ESTs in SMA-atrophied fibers respecting to hypertrophied ones. 

 

Corroboration of Microarray data by immunofluorescence analysis of muscle 

regeneration-related protein expression  

We carried out immunofluorescence analysis with the purpose of corroborating protein 

expression level results obtained by microarray analysis, which demonstrated a raise in muscle 

regeneration-related genes, such as myogenin and fetal/embryonic myosin isoforms (Fig. 17). 

Immunofluorescence analysis demonstrated the presence of both myogenin and developmental 

myosin heavy chain (dMHC) exclusively in SMA-atrophied fiber areas, indicating an activation 

of the muscle regeneration processes as a response of muscle atrophy in human skeletal muscle 

fibers. These data demonstrate that atrophied, but not hypertrophied, muscle fibers start to 

recapitulate muscle regeneration mechanisms, probably due to signals indicating muscle tissue 
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loss in areas experiencing atrophy by denervation and as a response mechanism to compensate 

and strengthen the atrophied muscle fibers. Supporting previous data obtained by other authors, 

further indicate muscle regeneration marker expression in atrophied skeletal muscles [203], 

[204].  

 

 

Figure 17: Immunofluorescence expression of fetal myosin and myogenin in SMA. 

Representative cross-sections of control vs SMA muscle biopsies. Tissue we co-labelled for 

DMHC (red, DMHC), Myogenin (green, MYOG) and Hoechst (blue, nuclei); x10 Zoom. 
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Discussion 

Deeper knowledge of the molecular bases that cause SMA and the events that occur in the 

innervation of muscle fibers by MNs may help to develop new therapeutic strategies for this 

disease. Utilizing LCM, we have obtained RNA samples from specific areas of muscle tissue 

from SMA patients which allowed us to study global gene expression in three types of muscle 

fibers. LCM technology allows for rapid and reliable collection of homogeneous cell 

populations from tissue sections under direct microscopic visualization, but also efficient 

isolation of specific areas of tissue without contamination from surrounding tissue components, 

leaving the intracellular structure and molecules intact [155], [205]. Several research fields, 

such as cancer [206], [207], [208] and neurodegenerative diseases [209], [210], have applied 

this technology in their studies. LCM-obtained RNA is suitable for performing gene expression 

analysis by RT-PCR, but also microarray gene expression analysis after RNA amplification. 

This method was previously used to study DNA mitochondrial deletions in rat [211], [212], 

human [213] and monkey [214] skeletal muscle samples. Furthermore, angiogenesis in skeletal 

muscle was studied by isolation of capillaries by LCM [215] and LCM has also been used in 

human polymyositis skeletal muscle biopsy specimens for the specific isolation of muscle-

invading T-cells [216].  

For the first time, in this investigation we have applied the LCM technology to study specific 

gene expression profiles in diverse type-I SMA human skeletal muscle fiber populations.  

 

We used samples from infants with SMA type I during the onset of the pathology, from which 

we obtained valuable information about the molecular processes that take place in the 

development of the disease. Using LCM, we were able to separately study gene expression 

profiles of three different populations of skeletal muscle fibers, thus generating three different 

comparisons of microarrays-based gene expression profiles. Microarray analysis showed a very 

small difference in gene expression profiles when comparing control vs SMA-hypertrophied 

fibers (only 6 genes genes/ESTs showed statistically significant expression variations), whereas 

strong differences in gene expression profiles were observed, upon comparing control vs SMA-

atrophied fibers 124 Genes/ESTs differentially expressed (≥1.5-fold) or SMA-atrophied and 

SMA-hypertrophied fibers (86 Genes/ESTs differentially expressed (p<0.01)).  

These data suggest that hypertrophied fibers in SMA skeletal muscles may remain innervated, 

at least during the onset of the disease, due to their high similarity of gene expression profiles 

compared to control fibers. On the other hand, atrophied fibers show strong differences 

compared to control and hypertrophied fibers, and we especially detected an important increase 

of muscle regeneration markers, such as myogenin and dMHC expression levels, which points 
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to a possible activation of muscle regeneration mechanisms in response to the atrophy caused 

by the disease.  

The results obtained by microarray-based global gene expression analysis between the three 

different fiber group type populations demonstrate high similarities between control and SMA-

hypertrophied fibers and show the important differences in gene expression profiles of healthy 

and hypertrophic fibers with respect to SMA-atrophied fibers. Several myosins showed 

important changes in their expression levels and, in particular, increased levels of several 

perinatal and embryonic myosin isoforms were detected, whereas significant decrease in adult 

myosins were found in SMA fibers when compared to controls. This trend was more 

pronounced in atrophied fibers than in hypertrophied ones, since only two myosins varied in 

hypertrophied fibers, while almost ten different heavy or light chain myosins were differentially 

expressed in atrophied fibers, when compared to controls. Interestingly, the gene encoding for 

the MYOZ2 protein, which is related to cardiac hypertrophy, was found to be strongly up-

regulated (18.81-fold) in hypertrophied fibers when compared to atrophied fiber group. 

Moreover, atrophied fibers also showed a strong decline in gene expression for UBE2D3 and 

DHCR24, which show to be related to protection against neuronal death in neurodegenerative 

stress conditions [217]. In contrast, atrophied fibers showed an increase in expression of several 

genes related to skeletal muscle development and regeneration, such as myoferlin and 

myogenin. Myoferlin participates in the process of myoblasts fusion in muscle regeneration, 

and myogenin participates in muscle fiber differentiation process [218]. Therefore, our data 

indicate that atrophied, but not hypertrophied, fibers are activating several genes involved in 

skeletal muscle development and regeneration. 

In addition, very few differences between control vs type-I SMA hypertrophied muscle fibers 

were identified, indicating that hypertrophied fibers observed in SMA skeletal muscle biopsies 

could still be innervated by surrounding living MNs. Our data suggest that muscle fibers could 

first be innervated in SMA muscles, prior to denervation, and subsequently a lack of SMN leads 

to motor neuron degeneration followed by a muscular atrophied state. Fibers that remain 

innervated would become hypertrophied as a compensatory effect to the lack of contractile 

function of atrophied fibers and therefore explaining why different sized fibers are observed in 

SMA muscles during the first stages of the disease. By the time, skeletal muscle fibers 

progressively lose innervation and atrophy begins, and a myogenic regeneration response could 

be activated in response to atrophy, probably by recapitulating the muscle fiber formation and 

differentiation processes that occurs during skeletal muscle formation in embryogenesis [219].  

Myogenin is essential in myoblast fusion and myofiber formation and dMHC is a well-known 

marker for muscle development [220], [221], since it is expressed in the first period of young 

myofiber formation until its replacement by their mature isoforms (fast or slow MHCs). Our 

immunofluorescence analysis further demonstrated their up-regulation at the protein level (Fig. 
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17), since both myogenin and dMHC were strongly detected in SMA-atrophied muscle fiber 

groups, whereas no expression was found in hypertrophied fiber groups. These data 

demonstrate that atrophied muscle fibers start to recapitulate muscle regeneration mechanisms 

probably due to signals indicating muscle tissue loss in areas experiencing atrophy by 

denervation. Similar mechanisms have been reported in mouse embryogenesis during limb 

skeletal muscle formation [219], where muscle precursor cells are activated to proliferate, 

migrate from the somite to the limb buds and differentiate to the myogenic lineage to form 

skeletal muscles. The myogenic program starts when muscle precursor cells begin to express 

both Myf-5 and MyoD, inducing their determination to muscle lineage, being followed by 

myogenin expression which activates the differentiation program and induces myoblasts fusion 

and muscle fiber formation [219]. Our results agree with the activation of mechanisms observed 

in the limb buds during embryogenesis when skeletal muscles start their formation, suggesting 

that skeletal muscle fibers that experience denervation-induced atrophy in adult SMA skeletal 

muscles, could activate the muscle regeneration program which recapitulates the events that 

take place during embryonic limb skeletal muscle formation. 

The presence of dMHC, a commonly used marker for myofiber formation and muscle 

development [220], [221] and in post-injury regenerating myofibers [222], was also analyzed 

by immunofluorescence in human skeletal muscle biopsies. A strong dMHC expression was 

detected exclusively in atrophied fiber areas which demonstrate activation of muscle 

regeneration processes, in response to the atrophic state of human skeletal muscle fibers in 

patients with type I SMA. As demonstrated in previous studies [196], dMHC is promptly and 

highly expressed after 12-24 hours post-injury in mouse skeletal muscle and its expression is 

detected in areas of regenerating myofibers until it is replaced by the regenerated mature MHC 

isoforms. Interestingly, atrophied fibers also showed a down-regulation of MYOF gene, which 

encodes for Myoferlin, a member of the ferlin family. Myoferlin is a type II membrane protein 

that is structurally similar to dysferlin, and that seems to play a role in calcium-mediated 

membrane fusion events [223], suggesting that it may be involved in membrane regeneration 

and repair. It is worth noting that mutations in dysferlin, a protein associated with the plasma 

membrane, can cause muscle weakness that affects both proximal and distal muscles [224], 

leading to the suggestion that myoferlin could play a possible role in the muscle weakness and 

atrophy observed in SMA patients.  

The increased expression of myogenic genes in atrophied muscle fibers corroborated by 

immunofluorescence analysis in type-I SMA human skeletal muscle samples demonstrates that 

both myogenin and dMHC proteins were exclusively detected in atrophied fiber groups, but not 

in control vs hypertrophied fibers. This contrast might indicate that skeletal muscle fibers 

experiencing atrophy probably activate the myogenic program in an attempt to increase muscle 

mass and strength that is lost after denervation and therefore demonstrate an increased 
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myogenic regeneration activity in SMA-atrophied fibers. Perhaps the cause could be due to the 

fact that neuronal signaling activates signaling pathways that inhibit and paralyze the 

mechanisms of muscle formation and regeneration and when the motor neuron is lost and that 

signal is no longer active, that inhibition activates those compensatory muscle regeneration 

mechanisms. 

It is also noteworthy that MSTN was not differentially expressed in control vs atrophied, control 

vs hypertrophied or atrophied vs hypertrophied myofibers (-1,23 fold, +1,3 fold; 1-fold) 

respectively. Myostatin inhibition has previously been shown to increase muscle mass, with 

increased amounts and size of myofibers in mice [195] and to lesser extent in humans [225]). 

Interestingly follistatin, a myostatin-inhibiting protein was strongly downregulated in atrophic 

fibers (8.74 fold). Increased follistatin levels in SMA mouse models led to increased mass in 

skeletal muscle, gross motor function improvement and mean lifespan extension, but SMN 

levels remained unchanged [226]. A case-control study of SMA type I-III patients revealed that 

reduction of myostatin serum levels among SMA patients correlated with disease-severity, yet 

follistatin serum levels revealed no significant changes with their age-matched control 

individuals [227]. The effect of follistatin increase in humans has not extensively been studied, 

yet it is possible that follistatin may act in a similar SMN-independent manner as in mice [226], 

[227] and prenatally it might be important in promoting muscle growth and in the induction of 

myogenesis.  

Agrin induces the phosphorylation and activation of MuSK, which ultimately leads to AChR 

clustering and formation of NMJ’s [228]. SMA mice exhibited a reduction in agrin expression 

levels in skeletal muscle and loss of agrin lead to defects in synapse maintenance and contribute 

to the overall muscle denervation [229]. Interestingly, an active splice variant of agrin 

significantly improved motor performance, extended lifespan and positively affected muscle 

morphology [229]. In our analyzed human skeletal fibers however, AGRN was neither up- nor 

downregulated, indicating that agrin expression is not directly affected by SMN deficiency.  

However, MuSK was also downregulated in atrophied fibers compared to control fibers. MuSK 

plays a crucial role in the NMJ formation and maintenance between MNs and skeletal muscle 

[230]. Previous studies have shown that a MuSK agonist effectively enhances NMJ function 

and muscle morphology in the delta7 SMA mouse model [231]. In human myofibers MuSK 

likely also plays a crucial role in NMJ maintenance and subsequently preventing denervation 

already during development in SMA patients. 

 

In summary, we can conclude that SMA atrophied muscle fibers could be activating muscle 

regeneration mechanisms and recapitulating skeletal muscle formation processes that take place 

during embryogenesis, in response to denervation caused by the loss of the MN derived from 

the SMA pathology. Likewise, fibers that remain innervated in these patients experience a 
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process of hypertrophy to try to compensate for the loss of functionality of denervated and 

atrophied fibers. This study of fiber populations, isolated from muscles with SMA, provides an 

excellent approach for the molecular study of the processes that occur during the denervation 

of human SMA skeletal muscle fibers. The knowledge of the specific response mechanisms of 

muscle fibers to denervation could provide valuable information for a deep understanding of 

the pathology and for the development of new therapeutic strategies aimed at the treatment of 

human SMA disease. Continued research is needed, to clarify optimal protocol parameters and 

to further understand mechanisms of efficacy. 
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The first manuscript in the appendix in collaboration with Dr. Mario Marotta from VHIR 

and Leitat, provides a novel, cell-specific molecular dissection of prenatal SMA type I skeletal 

muscle fiber pathology, using LCM and genome-wide microarray expression profiling. By 

independently analyzing atrophied and hypertrophied muscle fibers from SMA patients, this 

highlights these two divergent phenotypic states and focuses on the muscle's intrinsic response 

to MN loss and denervation. Importantly, the data obtained underscores the active engagement 

of regenerative programs in SMA-affected skeletal muscle. 

 

The main finding of this study is the severe contrast in gene expression profiles between SMA-

atrophied and SMA-hypertrophied fibers. While hypertrophied fibers display minimal 

transcriptomic deviation from age-matched controls suggesting a retained degree of innervation 

and metabolic function, atrophied fibers exhibit extensive transcriptional reprogramming. The 

over 395 differentially expressed genes between control and atrophied fibers highlight a 

muscle-intrinsic response to denervation, encompassing both degenerative and regenerative 

processes. 

This transcriptomic divergence supports the hypothesis that SMA pathogenesis in muscle is not 

uniform but instead fiber-type specific and temporally regulated [250]. Hypertrophied fibers 

likely represent a subpopulation that remains innervated during early disease stages, 

compensating for lost contractile function in adjacent denervated fibers through anabolic 

growth. 

Many upregulated genes in atrophied fibers are associated with embryonic myogenesis and 

regeneration, including MYH8, MYH1, MYL3, MYH7, Myogenin, and dMHC were identified. 

This indicates that atrophied fibers actively engage in regeneration, perhaps as a compensatory 

mechanism in response to denervation. This hypothesis is further supported by the expression 

of Myogenin and dMHC proteins soley in atrophied areas, demonstrated by 

immunofluorescence (Fig.17). 

These findings align with prior studies in both SMA and dystrophic muscle models, where 

denervation and injury trigger myogenic programs that recapitulate developmental myogenesis 

[203], [204]. The activation of transcription factors such as PAX3 and Myogenin, and the 

presence of fetal myosin isoforms, further reinforce the idea that SMA muscle attempts to 

regenerate via embryonic-like pathways. 

This study also reveals downregulation of key genes involved in NMJ maintenance in atrophied 

fibers, including MUSK and FST, with CHRNA1. These findings suggest a disruption in NMJ 

signaling, consistent with denervation-induced muscle atrophy. The downregulation of MUSK, 

a gene essential for NMJ formation and maintenance, is of particular interest as this reinforces 

the potential for therapeutically targeting NMJ stabilization pathways in SMA patients, 

considering that upregulation of MuSK agonists have shown efficacy in mouse models [231]. 
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Current SMA therapies primarily aim to restore SMN levels. The differential gene expression 

in SMA muscle fibers further indicates the importance of SMN-independent pathology in 

muscle degeneration. Downregulation of DHCR24, UBE2D3, and MYOZ2 in atrophied fibers 

underscores a broader involvement of oxidative stress response, proteostasis, and cytoskeletal 

integrity in SMA pathology. 

Of particular interest is the finding that a myostatin antagonist FST is significantly 

downregulated in atrophied fibers. Given the therapeutic potential of myostatin inhibition in 

SMA mouse models and ongoing clinical trials using anti-myostatin therapies, the reduction in 

endogenous FST expression in atrophic SMA fibers may make these tissues particularly 

responsive to such interventions. The inconsistency between mouse and human data here, for 

example unchanged MSTN expression highlights the importance of human-specific studies in 

guiding translational research. 

The induction of embryonic myosin isoforms and key myogenic regulators in SMA-atrophied 

fibers suggests partial reactivation. This aligns with assumption that muscle repair processes 

mimic embryogenesis, as observed in limb muscle formation [219]. The re-expression of the 

perinatal isoform MYH8, along with other immature myosins and PAX3, indicates that the 

atrophied muscle environment may strive for regeneration, albeit likely insufficient to fully 

restore function due to continued MN loss and systemic SMN deficiency. 

 

This study highlights the complexity of postnatal skeletal muscle pathology in type I SMA, 

demonstrating that hypertrophied fibers maintain near-normal gene expression profiles, 

whereas atrophied fibers undergo profound transcriptomic remodeling. These findings suggest 

that early denervation triggers a fetal-like regenerative response in atrophied fibers that is not 

seen in hypertrophied ones, pointing toward a compensatory interplay between innervated and 

denervated muscle regions. The insights gained from this fiber-type specific analysis enhance 

our understanding of SMA pathogenesis beyond the motor neuron and provide a compelling 

rationale for combining SMN-dependent therapies with interventions that promote muscle 

regeneration and NMJ maintenance. 
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Abstract  

5q-Spinal muscular atrophy (SMA) has been a trailblazer in the development of advanced 

therapies for inherited diseases. SMA is an autosomal recessive disorder affecting mainly 

motor neurons in the anterior horn of the spinal cord and brainstem motor nuclei but 

currently considered a systemic disease. Advances in understanding of the genetics of 

SMA led to the development of disease modifying therapies, either transferring a healthy 

version of SMN1, the causative gene absent or altered in SMA, or modulating SMN2, a 

highly homologous but less functional version of SMN1, present in all patients. After 

successful clinical trials, these approaches have resulted in three marketed therapies. 

Severe SMA, “type I”, is the most common type and is considered both a developmental 

arrest and neurodegenerative disorder. As pathology starts during fetal life in type I 

patients, a cure is unlikely even when treatment is started shortly after birth in the pre- 

or mildly symptomatic state. In utero fetal therapy offers the opportunity to mitigate 

further or possibly prevent manifestations of the disease. This review discusses clinical 

and developmental aspects of SMA, the advanced therapies approved (gene therapy, 

antisense oligonucleotide and small molecule compounds), and the rationale, options and 

challenges, including ethical and safety issues, to initiate in utero therapy. Looking beyond 

sporadic case reports of prenatal intervention, clinical trials of in utero SMA therapy can 

be envisaged and should be carefully designed and evaluated to move closer to clinical 

translation. 

 

Keywords  

Spinal muscular atrophy, in-utero therapy, pre-symptomatic, fetus, gene therapy, human 

development, ethical issues, SMN protein   
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SMA overview 

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder mainly 

characterized by degeneration and loss of function of alpha motor neurons (MN) in the anterior 

horn of the spinal cord and brain stem motor nuclei. SMA is the second most common 

autosomal recessive inherited disorder with a global incidence of approximately 1/11000 [232]. 

In addition, untreated SMA is the leading cause of death from monogenic disease in infancy. 

The carrier frequency lies between 1/32 – 1/72 globally [1]. Symptoms in SMA patients derive 

from an insufficient amount of SMN protein caused by loss-of-function mutations within or 

deletions of the Survival motor neuron SMN1 gene. SMN is encoded by two highly similar 

genes, SMN1 and SMN2, located on chromosome 5. A single nucleotide variant (C → T at 

position c.840) in exon 7 results in the preferential exclusion of exon 7 in ~90% of SMN2 

transcripts, which generates a truncated and unstable protein known as SMNΔ7 [233]. 

Approximately 10% of functional full-length SMN, identical to that produced by SMN1, is 

produced from each SMN2 copy, and this can partially compensate for SMN1 loss and rescue 

what would otherwise be a lethal disorder. SMN2 copy number correlates inversely with disease 

severity [19]. 

The SMN protein is considered multifunctional and impacts various aspects of RNA 

metabolism. It is highly associated with the ribonucleoprotein (RNP) complex, regulating 

biogenesis of small nuclear RNPs. Besides multiple interactions reported [234], SMN has also 

a role in axonal transport [235], [236], RNA trafficking as well as maintenance of 

neuromuscular junctions (NMJs) [194]. Despite thorough research, it is not yet well understood 

why MN’s are the most sensitive cells to decreased amounts of SMN. 

 

SMA classification is based on age of onset of symptoms and the highest degree of motor 

function achieved [237]. The disease can be classified as types 0-IV, with type 0 being the most 

severe form. It should be noted that regardless of classification, manifestations and symptoms 

can vary in patients and the distinctions among the types are not absolute. However, the scheme 

remains relevant in the genetic era and provides useful clinical and prognostic information.  

 

Type 0 SMA is the most severe and rarest of SMA forms [14]. It is associated with prenatal 

onset of symptoms such as decreased fetal movements. Patients suffer from arthrogryposis, as 

well as profound hypotonia, bulbar weakness (poor suck and swallow) and respiratory 

compromise at or soon after birth. Congenital heart defects and skin necrosis are also features 

of many type 0 cases, indicating systemic pathology from SMN deficiency. Their life 

expectancy is the lowest of all SMA types, typically with less than one month survival [14]. 

Type I SMA (“Werdnig-Hoffmann Disease”) is the most common form with more than 50% of 

SMA cases. Disease onset is before six months of age and by definition these individuals fail 
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to gain independent sitting due to severe muscle weakness. Median survival in these children 

is less than two years of age, usually due to respiratory muscle dysfunction and respiratory 

failure [238], [239], [240]. The type II SMA phenotype (intermediate or “Dubowitz” form) 

presents usually between six and eighteen months of age with developmental arrest after sitting 

has been achieved, followed by a plateau then a decline in motor skills [241]. While being able 

to sit upright and sometimes even stand using leg braces, affected children fail to achieve 

independent walking and are wheelchair-bound. They usually suffer from kyphoscoliosis and 

if untreated, also from restrictive lung disease. Their cough and airway secretion clearing are 

progressively compromised. Even though the majority may survive into adulthood, they may 

require highly supportive management as gastrointestinal and respiratory complications 

increase [242], [243]. Type III SMA (“Kugelberg-Welander” form) patients are able to walk 

independently during their early life. They show profound symptom heterogeneity and patients 

are often misdiagnosed with myopathy or muscular dystrophy. The distribution pattern of 

muscle weakness is similar to type I and II SMA – with proximal>distal, lower>upper limb 

predominance - however disease progression is much slower. As muscle weakness 

progressively increases, particularly of leg muscles, the use of a wheelchair may be required 

[18]. Type IV SMA is the mildest form of SMA, with symptoms usually arising around the third 

decade of life. The comorbidities resemble type III SMA, mostly with slowly progressive 

weakness of lower extremities. People affected have an average lifespan and retain the ability 

to walk throughout adulthood [18]. 

 

It is possible to correlate SMN2 copy number with clinical characteristics of SMA, whereby 

copy number increases with decreasing disease severity. This copy-number variation is due to 

the plastic nature of this region of the genome. Patients with type 0 disease typically have only 

one SMN2 copy, most type I cases show two SMN2 copies, type II generally have three SMN2 

copies whilst long-term walkers usually have four copies [19]. While severity-based 

classification has clinical advantages, it is not always sufficient to provide prognostic 

information. However, this inverse correlation is not absolute [19]. Determination of SMN2 

copy number is widely implemented to study SMA patients, provide some level of prognosis, 

and is frequently used by payers to determine eligibility for SMN-directed therapy. Not all 

SMN2 copies are identical, however, and the actual structures and genomic sequences of SMN2 

copies are usually not considered for routine study [244]. In this regard, the detection of positive 

variants such as c.859G>C and c.835 -44A>G as well as the effect of possible SMN2-SMN1 

hybrids may help to better determine the phenotype [25], [245]. Exploration of the structure 

and quality of SMN2 copies and equivalence in different patients may provide clues to the 

diversity in genotype-phenotype correlation. Combining clinical features and SMN2 copy 

number allows for a more precise prognosis. For example, infants with SMA type I and two 
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copies of SMN2 have less heterogeneity and follow a more predictable decline in survival 

(median of 10.5 months) than the overall group of type I patients [239]. 

 

Developmental aspects of SMA: a rationale for why and when to treat the disease 

Several studies have shown that SMA pathology in the neuromuscular system begins during 

prenatal development. In the typically developing fetus the neuromuscular system develops 

from the first interneural connections between motor neurons (MNs) and muscles, formed 

around 7-8 weeks of gestation and leading to flexion and trunk movement [123]. As neuronal 

connections are formed during development through axonal outgrowth, increased fetal 

movement can be seen even from 12 weeks. At around 15-weeks gestation most neuromuscular 

junctions have been formed, with more specialized gross movement. At around 20-weeks 

gestation the fetus shows increased bilateral movement [124]. During fetal development, 

polyneuronal innervation of the muscle is present [125]. Until term, regression from 

polyneuronal into mononeuronal innervation in muscles occurs, which however differs among 

various muscles with the diaphragm and intercostal muscles having the fastest regression [126]. 

Maturation of the motor unit (motor neuron – axon – neuromuscular junction – muscle) 

continues postnatally and is completed in early childhood. 

SMN is ubiquitously produced in all tissues and throughout fetal development and post-natal 

life. The spatial and temporal requirements for this protein, however, differ throughout 

development. Motor neurons have the greatest need for SMN protein for proper development 

[246] and maintenance during fetal and early post-natal life [247], less so in older children and 

adults. Immunoblot studies for SMN protein production have been performed on skeletal 

muscle, heart, kidney and brain tissues from postnatal and fetal controls and compared to fetal 

samples with SMA (predicted to be type I with two SMN2 copies; mainly at approximately 14 

weeks of gestation). It was shown that SMN protein levels were reduced in the SMA samples 

compared to control tissues, both pre- and postnatally, with the decrease correlating with 

severity [128]. 

During the second and third trimester of gestation and the first 3 months after birth, the amount 

of SMN protein does not increase in SMA spinal cord samples, contrasting with the increase of 

SMN seen in age-matched controls, remaining 4-fold lower prenatally and 6-fold lower early 

postnatally [247]. It is likely that these periods of marked reduction in production of SMN 

protein in SMA during fetal and neonatal stages occur when developing motor neurons are most 

vulnerable and reliant upon this critical protein. The lack of sufficient SMN during early 

development appears to be the primary driver of MN dysfunction and death, although it has 

been observed that the most notable reduction of SMN protein levels happens in SMA skeletal 

muscle [128], [248]. In control samples the relative amounts of SMN in kidney, brain and heart 

were similar to skeletal muscle, however the drop in postnatal tissues was not as severe, with 
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kidney showing the smallest reduction [128]. Older patients with SMA appear to have a lesser 

need for SMN protein to sustain MNs, as evidenced by a much slower rate of decline in function 

and by neurophysiological testing. This is also supported by the observations that DMTs appear 

to have a lesser effect in older children and adults with milder impairment than in infants with 

more severe disease [124]. Biomarkers of disease activity, for example neurofilament levels in 

blood, are much higher in newborns (even if pre-symptomatic) and infants than in older 

individuals with more indolent disease [62], [63], [249]. 

 

SMA also affects sensory-motor connectivity in mice and zebrafish models [132], [133]. MN 

development has a direct influence on the development of dorsal root ganglion (DRG) and 

Schwann cells [246]. In the severe SMA mouse model, impaired radial growth of motor axons 

and Schwann cell ensheathment were identified during embryogenesis, hindered neonatal 

motor axon function and caused fast degeneration of unsheathed axons [246]. Neonatal 

treatment with SMN2 splice modifiers increased radial growth of myelinated axons, however 

in utero treatment was required to restore axonal growth and associated maturation, preventing 

subsequent neonatal axon degeneration, and enhancing motor axon function [246]. In zebrafish 

SMN mutants, Schwann cells do not wrap axons tightly and had expanded nodes of Ranvier. 

DRG neurons showed abnormally short peripheral axons and failure to divide [132]. Increased 

SMN production in MNs rescued both cell types, highlighting the cell-autonomous effect of 

SMN, secondary to the developmental MN defects. Thus, these observations in animal models 

may be relevant for human pre/early postnatal MN network development – both cell-

autonomous and non-cell autonomous. 

 

Multiple lines of study have investigated nerve and muscle development and pathological 

changes in tissues from fetuses with SMA. Abnormal nuclei shape, high nucleoplasm density, 

an increase in DNA fragmentation and lower choline acetyltransferase (ChAT) levels have been 

reported in SMA motor neurons from fetuses with two SMN2 copies, indicating abnormal 

apoptosis and impaired motor neuron development [134], [248]. Furthermore, axon size was 

reduced and varicosities could be detected. In neuromuscular junctions, acetylcholine receptor 

(AChR) disaggregation and increase in presynaptic vesicles could be seen, indicating synaptic 

defects in SMA development [194]. In skeletal muscle, myotube diameter size was significantly 

decreased and slow myosin heavy chain (MHC) levels were decreased, while fast MHC 

production increased, reflecting a possible delay in muscle maturation [137], [194], [250]. In 

addition, the early studies of muscle histopathology in SMA type I infants identified fetal-like 

muscle fibers. The combination of all these neuropathologies suggests an element of 

developmental arrest even before denervation atrophy changes are evident.34 These findings, 
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summarized in Pérez-García et al. [124] & Tizzano and Zafeiriou [127], point to prenatal effects 

of SMA on the whole neuromuscular system. 

 

Numerous studies have shown that in humans, the higher the SMN2 copy number, the more 

full-length SMN protein is produced and, in general, the milder the associated SMA phenotype. 

Some variants in SMN2 have been identified that further alter SMN production, e.g. c.859G>C 

which increases SMN production and is associated with a milder course of disease [138]. Thus, 

SMN2 copy number may serve as a more general prognostic biomarker for disease severity that 

reflects pathological implications of SMN deficiency (Fig. 18), in addition to motor function 

impairment. Importantly, there could be a threshold for SMN levels below which the pathology 

in the SMA fetus emerges and above which the disease process is held in check. Individuals 

with one copy have cardiac malformation and arthrogryposis, congenital anomalies that are 

potentially detectable by ultrasound assessment during the prenatal period [14]. Fetuses with 

one and two SMN2 copies present with early neuropathological findings [124] with early 

symptom onset within the first three months of life [239]. On the other hand, fetuses with three 

and four copies are predicted to produce SMN above the threshold to initiate fetal pathology 

and instead disease manifests solely in the postnatal period, usually after six months of life in 

most patients with three copies. There is no evidence currently that demonstrates prenatal motor 

neuron loss or abnormal axonal/NMJ development at birth in individuals with 3 or more copies 

of SMN2. Indeed, in contrast with fetuses with two SMN2 copies, fetuses with three SMN2 

copies do not show a detectable alteration in the developmental pattern suggesting a wider 

therapeutic window to intervene [194]. However, these observations should be taken carefully 

until more data on neurofilaments, CMAP and SMN2 variants are available from SMA neonates 

with three SMN2 copies. In general, patients with four copies may remain without symptoms 

for years, but some cases may also present earlier [139]. 

 

The regulation of SMN production in different tissues and organs is more complex in humans 

and species with two SMN genes than in rodents and other sub-primate species that have a 

single copy of the SMN gene. In humans, it has been demonstrated that most of the complete 

messenger RNA and protein in the spinal cord during development originate from SMN1, 

whereas in other tissues such as kidney and muscle the proportion is more balanced between 

both genes [248] SMN production in the spinal cord is dramatically reduced upon loss of SMN1, 

and SMN2 is not able to provide a sufficient compensatory source of full-length protein due to 

the biased expression towards SMN1 in this tissue. Thus, regulatory mechanisms of SMN2 

expression (including transcript processing) during fetal development should be considered if 

an early therapeutic intervention such as gene addition therapy is to be administered. 

Defining pre-symptomatic SMA 
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SMA can be identified pre-symptomatically by using prenatal or newborn-specific genetic 

testing. Most of the cases diagnosed show SMN1 bi-allelic absence. Rare variants in the SMN1 

gene have been described in SMA patients with compound heterozygous mutations [251], 

[252]. Non-invasive prenatal screening methods have emerged that use haplotyping of couples 

at risk [253], [254]. Parents identified as carriers can choose to undergo in vitro fertilization 

and pre-implantation genetic diagnosis, or intrauterine insemination with sperm of a donor who 

is not an SMA carrier to avoid the risk of SMA [255]. In pregnancies from couples with previous 

family history the fetus can be screened by chorionic villus sampling (CVS) at 10 to 14 weeks 

or amniocentesis at 16 to 20 weeks to determine whether SMA is likely. Pregnancy interruption 

was usually the outcome after diagnosis of SMA, however with the current effective therapies 

there might be a shift in decision-making towards pregnancy continuation [256]. A confirmed 

diagnosis of SMA in prenatal screening could create further patient demand for treatment, even 

prenatally (see below). 

 

Genetic, electrophysiological, and biochemical tests can serve as prognostic biomarkers that 

predict the future phenotype of groups of individuals with SMA upon diagnosis, both 

symptomatic and pre-symptomatic [59], [257]. Genetic tests include SMN1 deletion (for 

diagnosis) and SMN2 copy number, which can also be performed in utero from DNA derived 

from chrorionic villi or an amniocentesis specimen, but in isolation is not fully predictive of 

the phenotype in an individual patient. For example, two copies of SMN2 is approximately 79% 

predictive of a type I phenotype [19]. But, as mentioned, uncommon variants in the SMN2 gene, 

such as the c.859G>C and c.835-44A>G predict a milder phenotype. Electrophysiological tests 

include measurement of the compound motor action potential, motor unit number estimate, and 

electrical impedance myography, which can serve as predictive, prognostic and 

pharmacodynamic biomarkers in postnatal individuals, but cannot be performed in utero [257]. 

Biochemical prognostic and pharmacodynamic biomarkers include SMN protein level (blood 

or CSF), neurofilament levels (blood or CSF) and creatine kinase levels (blood), and could be 

tested on a fetal blood sample [258]. In utero sampling of umbilical cord blood could also test 

for fetal drug level and for safety monitoring, but involves a small but not negligible risk [258] 

and would need careful medical and ethical consideration in a protocol for prenatal therapy. 

 

In newborn children with an asymptomatic phenotype it is important to assess their disease 

characteristics if an absence of SMN1 has been detected by screening. Traits associated with 

the typical SMA phenotype should be considered, e.g. manifestations in the neuromuscular 

system (such as hypotonia, decreased movement, reduced/absent tendon reflexes, feeding 

difficulty) and respiratory system (hypoxemia, hypercapnia, or abnormal breathing pattern). 

Even without such clinical findings, electrophysiological defects (reduced motor unit number 
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estimation (MUNE) or compound muscle action potential (CMAP)) [127] or a fluid biomarker 

(such as an elevated neurofilament level) [254] could indicate loss or non-functional motor 

neurons undergoing active but rather silent denervation. Collateral sprouting and reinnervation 

have been identified in symptomatic patients with SMA and may be present during fetal 

development [259], [260], [261]. We propose that this mechanism, in addition to polyneuronal 

innervation, could compensate for motor neuron loss or dysfunctional neurons during this 

clinically silent period. As newborn screening for SMA is implemented more widely, data 

collection from structured patient registries will allow a thorough assessment of asymptomatic 

SMA and its baseline characteristics [262], [263]. Eventually, by combining clinical and 

biomarker assessments, it may be possible to predict whether a neonate is truly asymptomatic 

or pre-symptomatic and without evidence of silent burden of disease (see below). 

 

There is growing evidence that some babies identified shortly after birth with genetically 

confirmed SMA and two copies of SMN2 may not be completely asymptomatic in the first 

weeks of life. Indeed, early areflexia may be present as well as hypoxemia or hypercapnia, 

before further signs such as hypotonia, diaphragmatic breathing and tongue fasciculations 

appear [240], [264]. Results of a pilot trial of newborn screening in Italy show that ~40% of 

such newborns may already have manifestations at first assessment, before treatment is initiated 

[265]. Indeed, prodromal symptoms should be investigated and properly documented in all 

neonates with genetically confirmed SMA. It is possible that biomarkers such as 

CMAP/MUNE, neurofilament proteins [257], [266] and SMN2 variants [245] may inform on 

clinically inapparent disease progression when a neonate with SMA is detected by newborn 

screening. This information may be very important to initiate early treatment of newborns in 

SMA. Finkel and Benatar [267] proposed a classification of infants with SMA identified by 

newborn screening, recognizing an initial clinically silent stage followed by a pauci-

symptomatic phase with a later phenoconversion in which the patient becomes truly 

symptomatic (summarized and further elaborated in Fig. 19).  

 

Brief Overview of SMA therapeutics  

Improvements in our understanding of the underlying defects in SMA remain critical for the 

development of therapeutic approaches. It is now appreciated that SMA is more than a disease 

of motor neurons. The model proposed by Mentis [133] includes sensory neurons and 

interneurons of the motor unit circuit. This is consistent with the observation that individuals 

with SMA type 0 have impaired sensory nerves and proprioceptive sensory neurons in the 

dorsal root ganglia (DRG) and may be vulnerable to overexpression of SMN [268]. 

Considerable evidence has emerged that SMN deficiency can create pathological changes and 

inflammation in neurons, but also glial cells throughout the CNS, as well as peripheral organs 
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and non-neuronal cells [134], [140], [194], [250] Non-cell autonomous pathology is an 

increasingly studied topic, the clinical relevance of which is still not fully understood [269]. 

Therapies for SMA, which can be categorized into SMN-dependent and SMN-independent, 

vary in their proficiency to target different tissues. The absence or alteration of SMN1 can be 

compensated to some extent by SMN protein produced from existing SMN2 copies, which 

therefore provides a target for therapeutic approaches. SMN-dependent therapeutic approaches 

have demonstrated efficacy in several types of SMA, particularly in type I SMA patients, with 

impressive motor achievements. In other SMA types the outcome of treatment is often stability 

and non-progression of motor dysfunction, which is very much appreciated by those affected 

[270]. Other promising treatment approaches, focused on non-SMN-targets in tissues outside 

the CNS, are currently in clinical trials. 

 

The first marketed therapeutic for SMA was nusinersen (Spinraza®), an antisense 

oligonucleotide (ASO) which specifically inhibits the ISS-N1 motif in intron 7 of SMN2 mRNA 

to promote exon 7 inclusion and hence increased production of full-length SMN protein. 

Preclinical studies indicated that nusinersen had to be injected very early in neonatal 

development for maximal efficacy. Nusinersen is unable to penetrate the blood-brain barrier 

(BBB) and therefore periodic intrathecal injections need to be performed. Such treatment does 

not address non-CNS aspects of SMA pathology, as leakage of the ASO outside the CNS is very 

scarce. Promotion of exon 7 inclusion in SMN2 transcripts can also be achieved with an oral 

compound, risdiplam (Evrysdi®), recently approved for marketing. Risdiplam has the potential 

benefit of systemic delivery of drug to non-neuronal organs that may benefit from an increase 

in SMN protein production, e.g. muscle.  

 

An alternative to SMN2 upregulation is SMN1 gene replacement, implemented in the clinic by 

using onasemnogene abeparvovec (OA; Zolgensma®), an adeno-associated virus serotype 9 

(AAV9) vector driven by the ubiquitous and stable CBA promotor, in a single intravenous 

infusion. AAV9 is able to cross the blood-brain barrier during early development, allowing 

transgene delivery to both peripheral tissues and the CNS, where it shows an avidity for 

neurons. Given that SMN is ubiquitously produced, this is expected to provide additional 

benefit. Concerns about long-term efficacy, safety, durability of effect, and toxicity are still 

present [22], [271]. 

There currently is only limited data on treatment of premature babies. A case report on a 30 

week-old infant (2 SMN2 copies), who was treated with Nusinersen as a bridge-therapy until 

appropriate use of OA, demonstrates feasibility of premature therapy-delivery [272]. A german 

study also reported successful Risdiplam implementation as a bridge before OA therapy in 

premature infants [273]. Another case of 30 week-old twins (1 SMN2 copy) reported favorable 
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outcome of OA delivery enabled by premature delivery [274]. It is worth to note that in the last 

case, the single SMN2 copy had a positive modifier c. 835-44A>G, that should have influenced 

the phenotype. 

 

Combination therapy has been explored in clinical trials (Table 10) and clinical practice and it 

is anticipated that there will be further scope for it as more information becomes available [143]. 

Possible ways in which this could be attempted are outlined in Fig. 20. A proposed classification 

for different therapeutic combinatorial approaches has been recently published, including 

switch therapies, bridge therapy, added on or combined [275]. 

 

There is published evidence of combined SMN-dependent therapies in SMA. A retrospective 

report on dual treatment of five children with type I SMA who received nusinersen and 

onasemnogene abeparvovec-xioi resulted in overall improvement with no adverse effects, 

showing that combination therapy was tolerated in these patients [98]. Seven SMA type I 

patients who received both treatments (mostly nusinersen before onasemnogene abeparvovec-

xioi) were assessed for motor function trajectories, ventilation hours and cough assist sessions. 

The second therapy improved ventilation, but there was no improvement in motor function 

trajectory compared to single therapy, pointing to the importance of early treatment [99]. A 

report of four cases of type I SMA initially treated with onasemnogene abeparvovec (one of 

them also with nusinersen) who later received risdiplam treatment showed increased 

therapeutic benefits from the combination therapy, with no significant adverse effects [100]. 

The multinational RESTORE registry captures 15-year real-world data on patients treated with 

the three DMTs, focusing mainly on OA [276]. The majority of these patients are treated with 

a splicing modifier prior to receiving OA, or the former is added on after OA administration. 

Informative safety and efficacy data are expected from this registry. The SMArtCARE registry 

in Germany, Austria and Switzerland will serve a similar function [263]. 

 

While the vast majority of DMTs are indicated in patients with 2 or 3 SMN2 copies, treatments 

of 1 and 4-copy individuals have also been reported, although they are often excluded by payer 

coverage policies [101], [102]. One patient with SMA type 0 was treated with both nusinersen 

and onasemnogene abeparvovec and although modest motor improvements were achieved, 

with continued motor gain at age 13 months without regression of function, she remained 

profoundly weak with continued systemic complications from SMA including chronic 

respiratory failure, dysphagia, congenital heart malformation, digit necrosis, and diffuse 

macular rash [101]. Another patient with one copy of SMN2 received early treatment with 

nusinersen at the age of 13 days and although mild motor improvement 2 months after treatment 

as well as minimal respiratory enhancement were achieved, tracheostomy at the age of 4 months 
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was still required with increasing cardiac and autonomic dysfunction, ultimately leading to 

exitus at 5 months [102]. 

Given that present SMN-dependent therapies are not able to provide a full cure, therapeutics 

that target SMN-independent pathways are also under investigation. While neuroprotective 

agents have shown no clear and convincing results in clinical trials [84]. it has been 

demonstrated in animal models that MNs in SMA show loss of excitatory input from primary 

sensory afferents and intermediate neurons, pointing to a neural circuit dysfunction [133]. A 

possible therapy is under investigation with the implant of epidural electrodes targeting sensory 

axons over the lumbosacral spinal cord (NCT05430113) [277]. On inhibitors have become 

promising. Myostatin is a hormone that inhibits skeletal muscle growth. Serum myostatin levels 

are reduced in patients with SMA and may serve as an informative biomarker for progression 

of disease and response to an intervention [227]. Three clinical trials are currently in progress 

to examine the possible added benefit from drugs that inhibits myostatin (Table 10). 

 

General perspective of in utero (gene) therapy  

Advancements in maternal fetal medicine and gene sequencing have greatly improved early 

detection and accurate diagnosis of genetic disorders during pregnancy, paving the way for a 

new therapeutic field, in utero molecular and cellular therapeutics. There are currently several 

approaches to in utero therapy with the potential to treat single gene mutations, such as blood 

transfusion, enzyme replacement therapy (ERT), and stem cell transplantation, offering the 

opportunity to intervene before irreversible disease onset. For anatomical conditions detected 

prenatally, fetal surgery can have real impact to improve outcomes [278]: open spina bifida 

disorders and congenital diaphragmatic hernia have been treated successfully [279]. 

 

Anecdotal evidence of treatment during pregnancy with biologics for maternal atopic diseases 

seems encouraging in terms of lack of detrimental effects on maternal and fetal outcomes [280]. 

On-going clinical trials of fetal treatment with protein therapy (enzyme replacement for 

lysosomal diseases, recombinant ectodysplasin protein receptor–binding domain for X-linked 

hypohidrotic ectodermal dysplasia) and cell therapy (mesenchymal stem cells for osteogenesis 

imperfecta (BoostB4), maternal bone marrow hematopoietic stem cells for alpha thalassaemia 

major) will be highly relevant for clinical translation of any in utero therapy for SMA [281], 

[282]. The PEARL clinical trial (NCT04532047) aims to treat lysosomal storage diseases which 

already have FDA-approved postnatal treatments, with in utero intervention. Eight diseases are 

included in this trial, including Mucopolysaccharidosis types 1, 2, 4a, 6, and 7, as well as 

Infantile-onset Pompe disease, Neuronopathic Gaucher disease and Lysosomal Acid Lipase 

deficiency. 
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Recently, in utero ERT for a fetus with Pompe disease has been reported. Six umbilical cord 

injections at 2-week intervals were administered between 24 weeks 5 days gestation through to 

36 weeks 5 days gestation. The benefit of prenatal therapy was reportedly superior in this 

patient in comparison with treatment after birth in their siblings. The child did not develop 

cardiac hypertrophy, had normal creatine kinase levels, and no evidence of glycogen buildup in 

the placenta, suggesting that fetal pathophysiology had been prevented by the prenatal 

therapeutic approach [283]. 

 

Successful in utero protein treatment for X-linked hipohydrotic dysplasia has been reported for 

six patients [284], [285]. A recombinant form of ectodysplasin A1 (EDA1), Fc-EDA, that 

includes the receptor-binding domain, was administered at gestational week 26 and later by 

injection in the amniotic fluid. Treated children demonstrate sweat gland development and 

pilocarpine-inducible sweating and have not had hyperthermic episodes during the summer nor 

any significant eye, nose, throat, or respiratory issues. They also have more permanent teeth 

than untreated siblings, even though oligodontia is not fully corrected. The follow-up has 

reached six years for the first children treated and shows possible dose-dependency. These 

results are in stark contrast with postnatal treatment with the same protein, which did not lead 

to patient improvements. To confirm and extend these prenatal treatment data, the Phase 2 

clinical trial EDELIFE has been initiated (NCT04980638) [286] 

 

Furthermore, progress in gene therapy has been steady. Currently over 700 active gene therapy 

investigational drug applications have been reported (https://www.nhlbi.nih.gov/health-

topics/genetic-therapies). While postnatal applications of gene therapy are well developed, in 

utero gene therapy (IUGT), the delivery of relevant genes to the developing fetus to correct 

genetic defects is yet to be applied clinically [287]. Prevention of disease onset, immune 

tolerance to the transgene product due to an immature immune system, increased vector 

biodistribution due to small body size and the possibility of transducing stem cells leading to 

permanent genetic correction are all potential beneficial features of this treatment modality 

[288], [289]. However, proposals for the clinical application of in utero therapy in humans must 

be firmly rooted on established experience of therapeutic delivery to relevant animal models, 

including traditional drugs, gene therapies and cell therapies. Animal work should extend to 

large animals, with gestational age when administered, size, physiology, immune responses and 

delivery challenges more akin to humans. Risks to the developing fetus and the mother must be 

thoroughly assessed, as well as germ-line transmission. Both gene therapy and genome editing 

should be considered as therapeutic options. An initial path towards clinical application has 

been recently outlined [282]. 

 

https://www.nhlbi.nih.gov/health-topics/genetic-therapies
https://www.nhlbi.nih.gov/health-topics/genetic-therapies


VII. APPENDIX 
  

130 
 

IUGT has been explored in a variety of animal models, including mice, guinea pigs, sheep, pigs 

and macaques. Diseases under study have included both inherited and idiotypic disorders: X-

Linked hypohidrotic ectodermal dysplasia [290], hereditary tyrosinemia type I [290], [291], 

thalassaemia [292], [293], haemophilia [294], [295], [296], Gaucher disease [297], Angelman 

syndrome [298] and fetal growth restriction [299], [300], [301]. 

 

As an example, neuropathic Gaucher disease (nGD) is characterized by a mutation in the GBA 

gene, which leads to glucocerebrosidase enzyme deficiency. The lethal type II form affects 

newborn children, beginning with prenatal pathology and symptoms starting to develop around 

three to six months of age, with no currently available therapy. A study in nGD mice using 

AAV9 vector to deliver the GBA gene, resulted in increased expression of neuronal 

glucocerebrosidase which eliminated neurodegeneration and led to a high decrease in 

neuroinflammation and improved survival rate of mice [302]. Importantly, prenatal 

administration was more effective at improving the phenotype than neonatal delivery. In search 

for less invasive ways of treating genetic disorders before birth, scientists working in mice with 

Angelman syndrome, have found that delivering ASO to the fetal brain through amniotic fluid 

is as effective as delivering it via cerebrospinal fluid [297]. 

 

Currently, one of the biggest limitations of postnatal gene therapy is the natural immune 

response of the patient to the viral vector and/or the transgene product. A significant benefit of 

IUGT is the tolerogenic immune system of the fetus, but pre-existing maternal antibodies 

crossing the placenta may limit IUGT. However, this can be avoided by either conducting 

maternal antibody screening or by carrying out IUGT at the beginning of the second trimester 

of pregnancy, before significant maternal antibody transfer [303]. This could for instance be of 

benefit to avoid anti-AAV antibodies, which have been detected in newborns [304]. Hemophilia 

B can be complicated by the presence of antibodies to human factor IX (hF.IX). A study in 

which IUGT was carried out using intramuscular injection of AAV1-hF.IX vector in hemophilia 

B fetal mice and subsequent postnatal challenge, showed preserved expression of hF.IX with 

absence of hF.IX antibodies. In comparison, mice treated with AAV postnatally and receiving 

the challenge developed hF.IX antibodies, therefore showing the advantage of preempting the 

immune response [305]. In a more recent study IUGT was used to achieve immune tolerance 

to foreign protein using AAV-GFP vectors in fetal sheep [306]. The treated sheep developed 

postnatal immune tolerance to GFP, however such tolerance did not extend to AAV vector 

capsid proteins, with serotype-specific neutralizing antibodies being detected. Durable hepatic 

transgene expression was also serotype-dependent. Another study also used AAV9-GFP vector 

delivery in fetal sheep, whereby widespread distribution of vector genomes was present in all 
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tissues harvested at term. Transduction in maternal ewes and also germline transduction were 

observed [307]. 

 

IUGT may also enhance the chance of transducing stem and progenitor cells as their presence 

is increased in a multitude of developing fetal organs. To maximize efficiency, vector serotype 

and vector delivery route should be extensively explored. In a study on BALB/c mice fetuses 

at 14-15 days gestation, lentiviral vectors with different pseudotypes were used. The 

comparison of intramuscular and intrahepatic injection with the various vectors showed 

different patterns of expression of the marker gene.112 Intrahepatic injection mostly led to 

marker gene expression in liver and heart, while most organs were negative, however distinct 

positive cells could be seen in the lung and muscles near the injection site. Intramuscular 

injection led to primary expression in the targeted muscle groups and the heart, with isolated 

cells being visible in the liver [308]. 

 

While fetal gene therapy offers opportunities for actual prevention of genetic disorders, there 

are potential risks involved. First, gene therapy might disrupt normal fetal development as 

prenatal production of a particular transgenic protein might have unknown side effects, even if 

postnatal therapeutic function has been established [309]. Furthermore, gene therapy might 

increase the risk of unintentional germline transfer, even if animal studies to date have not 

demonstrated significant germline effects [306]. Nonetheless, if prenatal gene therapy is carried 

out after the 7th week of gestation, when germ cells are already compartmentalized, this risk 

may be reduced [309] although not discarded. Gene therapy can also cause insertional 

mutagenesis, observed for instance with an early, non-self-inactivating gamma-retroviral vector 

used to treat SCID-X1 immune deficiency, in which 5 of 21 children developed malignant 

tumors [310]. Insertion of the vector into or near active tumor-promoting genes caused 

transcriptional activation and oncogenesis [310]. If those specific genes are particularly active 

during fetal development, there may be enhanced risk of insertional mutagenesis from prenatal 

vector delivery.  

 

Feasibility of IUT in SMA 

Despite the current licensed and pipeline therapies, no strategies address the genesis of SMA in 

utero. It is recognized that the translation of fetal gene therapy to humans is challenging, but 

the technology is becoming more common and in utero gene therapy remains a very promising 

avenue for the treatment of genetic diseases arising during gestation. This statement is 

supported by the conclusions of the International Fetal Transplantation and Immunology 

Society (IFeTIS)’s recent panel discussion regarding the scientific, clinical and ethical issues 

related to prenatal gene therapy [311]. Pre-symptomatic delivery of treatment may prevent 
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development of the SMA phenotype and the irreversible damage that accompanies this, perhaps 

due to the deficiency being corrected during the period of motor unit maturation [312]. In utero 

treatment could lessen disease symptoms in the early years of life, slow disease progression, or 

perhaps even prevent disease onset. Combining prenatal diagnostic screening for SMA with in 

utero delivery could have the potential to reduce the severity and number of SMA cases 

presenting to the clinic, thus reducing clinical burden. In light of this, in utero delivery is an 

attractive opportunity to prevent development of symptoms and potentially allow healthy 

offspring to be born. The cases of SMA that initially may be considered to treat in utero are 

those with few SMN2 copies (one or two) and with previous family history of severe SMA 

[313]. 

 

Mice are a common model used for prenatal vector delivery due to ease of use and handling 

and the presence of between 6-12 fetuses per pregnancy, each surrounded by their own interior 

gestation sac allowing each fetus to receive different vector injections. ASO administration by 

intra-embryonic injection in mice can lead to effective distribution and improved phenotypical 

functions in pups. Transuterine microinjection of a metastasis-associated lung adenocarcinoma 

transcript 1 (MALAT1)-targeted ASO, resulted in significantly reduced MALAT1 RNA in 

multiple tissues of neonatal mice which persisted throughout 30 days after birth [314]. 

Transuterine injection of a splice-switching ASO into the amniotic cavity immediately 

surrounding the embryo at E13.5 partially rescued hearing in juvenile Usher syndrome type Ic 

(Ush1c) mouse mutants, while direct injection into the E12.5 inner ear led to improved 

therapeutic outcomes, which were sustained well into adulthood, showing that in utero ASO 

administrations can preemptively correct disease phenotype [315]. Such studies could pave the 

way for in utero administration of nusinersen ASO. Intravenous administration of nusinersen 

may be feasible in the fetus, similar to enzyme replacement therapy, as the porous blood-brain 

barrier in the fetus may allow penetration into the CNS. In addition, the SMN2 modulator 

risdiplam could potentially be administered orally to the mother with the aim of crossing the 

placenta, although this may only achieve low level correction. While administration in the last 

months of gestation could be possible, it should be stressed that labels for all currently marketed 

treatments note a lack of data and warn about their use in pregnant women. Experience of 

successful treatment of cystic fibrosis in utero with modulators has been reported [316]. A fetus 

with ultrasound findings suggestive of meconium ileus was diagnosed with CF by 

amniocentesis at 26 weeks and oral maternal therapy with modulators was initiated at 31 weeks. 

No dilated bowel was observed in the fetus at 39 weeks and no signs of bowel obstruction after 

birth. Maternal treatment was continued during breastfeeding [316]. 

These results encouraged application of DMT’s to fetuses with SMA. Indeed, preliminary 

successful results of a single case of prenatal treatment with risdiplam to a fetus with 2 copies 
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of SMN2 expected to develop severe SMA has been recently reported [317]. Drug was 

administered to the mother during the last six weeks of the pregnancy. Pharmacokinetic and 

pharmacodynamic data supported target engagement and a favorable effect on motor neuron 

development. A second case of prenatal treatment with risdiplam has occurred in Europe as a 

compassionate use effort. Results from that experience have not yet been released.  

While administration in the last months of gestation could be possible, it should be stressed that 

labels for all currently marketed treatments note a lack of data and warn about their use in 

pregnant women. Furthermore, the postnatal observed adverse effects of the type of therapy 

administered (e.g. hepatotoxicity, off-target effects) should also be considered when treating a 

fetus with SMA [318]. Idiosyncratic liver injury is common during pregnancy, therefore SMA 

fetal liver may be more prone to hepatotoxicity or other adverse effects [319].  

 

Integration-deficient lentiviral vector (IDLV) transduction of the spinal cord in rodents in vivo 

[320] and in utero IDLV delivery [321] have been previously described. We have also reported 

in utero technology with IDLVs, of potential application in SMA. Intraspinal injection of IDLV 

expressing eGFP at embryonic day 16 (E16) into CD1 wild-type mouse embryos led to 

complete transduction of the spinal cord at all levels, with eGFP expression sustained for at 

least seven months post administration. ChAT+ MNs showed 100% transduction efficiency. 

IDLVs were more efficient at transducing MNs after in vivo injection than AAV vectors [322]. 

More recently, a laboratory has published the first use of IUGT in SMA mice to investigate the 

efficacy of fetal gene therapy for this disease [302]. This study compared 

intracerebroventricular (ICV) and intraplacental routes of administration, as well as both single-

stranded (ss) and self-complementary (sc) AAV9-SMN1 vectors, concluding that ICV injection 

of scAAV9 vectors was optimal. SMN7 mice fetuses injected in this manner at E15 resulted 

in 43.8% full-term gestation births, with these pups going on to survive for a median of 105 

days, compared to 12 days in untreated pups [302]. Atrophied muscle present in untreated SMA 

mice was rescued in IUGT-treated animals, which also showed increased numbers of MNs in 

spinal cord sections [302]. This study highlighted three issues of concern. First, 

supraphysiological levels of SMN protein were found in CNS samples (but not in muscle). This 

may need to be addressed, as it appears that overproduction of SMN protein from AAV9 may 

have long-term toxic neuronal effects in an SMA mouse model [133]. Second, low survival to 

full gestation was observed, with the authors citing a possible inflammatory response to the 

AAV capsid as a factor. It is tempting to speculate that vector engineering could rectify these 

issues, but no studies have been completed to address this. Third, the rescued mice still had a 

shorter median survival, about half of that in wild-type mice. While this study provided proof 

of principle that IUGT for SMA may be a viable option and should be explored further, a 

comparison between the phenotypic benefits of in utero and postnatal gene therapy for SMA 
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should be thoroughly evaluated. Another study investigated in utero viral delivery in the 

domestic sow, showing AAV9-related fetal rejection, which suggests that in this model 

preclinical in utero AAV9 gene therapy studies may not be successful [323]. Combinatorial IUT 

in SMA remains also a topic of future experimental investigation, when more data is available 

from treating postnatal SMA patients under the afore mentioned circumstances.  

 

Ethical issues 

The goal of fetal therapy is not only to improve outcomes for the fetus but also to minimize 

risks and complications for the mother during pregnancy. A summary of possible ethical risks 

involved in IUT is provided in Table 11. Complications of fetal therapy can include fetal loss, 

preterm birth, infection, and maternal immune response or the need for maternal-fetal surgery 

[282].  

There are multiple levels of risk which need to be addressed when IUT is considered. The 

presence of two patients –mother and fetus – requires special precautions to be included in the 

protocol. Diagnostic and therapeutic monitoring of the fetus may involve added risk, e.g. 

percutaneous umbilical cord blood sampling (PUBS) [258]. The mother’s health also needs to 

be carefully monitored for adverse events. In utero therapy, therefore, should be conducted in 

a center with expertise in the care of the mother and fetus, to include maternal-fetal medicine 

and neonatologists, where such monitoring can be performed and adverse events addressed 

promptly. From the three gene-targeted medications approved for post-natal treatment of 

individuals with SMA, nusinersen is currently administered via lumbar puncture into the CSF 

and would be a challenge and risk to perform in the fetus. Other means of delivery of an ASO 

to the fetus are being considered. Risdiplam can be administered to the mother orally in a safe 

dosage, as recommended for adult patients with SMA. It is known that this drug crosses the 

placenta in animals and has been demonstrated in one prenatal therapy case [317]. OA carries 

risk of adverse immune response to capsid proteins or the transgene, which may be tempered 

in the relatively tolerant fetus but not necessarily in the mother [278]. In addition, animal studies 

have demonstrated concerns over gene integration into germ cells of the fetus [306] and even 

fetal loss [324].  

In regard to maternal-fetal surgical interventions, which have become relatively common in 

prenatal care, particularly in neural tube defects or diaphragmatic hernia, there might be 

uncertainty in predicting the seriousness of disease severity and its consequences; this makes 

discussions around treatment choices difficult and complex [325]. Gene therapy and genome 

editing carry the additional risk of the therapeutic vector crossing the placental barrier and 

causing maternal genotoxic damage or an immune response, or maternal genome editing. 

Potential risks to the mother from gene therapy thus include insertional mutagenesis, which 

should be explored in animal models. Studies in mice have shown no evidence of maternal 
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genome editing after in utero CRISPR nuclease delivery [290], [326]. Germline modification 

following genetic therapy to the fetus would be an additional risk to future generations, and it 

would have to be assessed in suitable animal models. 

 

Maternal-fetal surgery, gene therapy or pharmacological intervention can save the life of a fetus 

that would otherwise die but may result in a child with severe disabilities. One could argue 

against investing medical and financial resources for sub-optimal treatment. IUT can also raise 

ethical issues regarding the role of healthcare professionals in relation to maternal decision-

making and the fetus’ life. In a case of prenatal diagnosis of myelomeningocele, the parents 

decided to refuse resuscitation measures of a 25-week fetus if emergency delivery was 

necessary during the open uterine procedure [327]. The pressure to intervene, for instance in 

the case of SMA, could be increased by the rapid evolution of disease. If IUT were to be carried 

out in SMA fetuses, it would be imperative for healthcare professionals to carefully navigate 

this delicate environment by engaging in meaningful discussions with parents, weighing the 

potential risks and benefits of various treatment options, respecting parental autonomy while 

safeguarding the best interests of the child and clinical obligations [328]. Prenatal decision-

making is therefore complex, emphasizing the need for early engagement and counseling, and 

it is crucial that informed decisions be made in a supportive environment. In the US, the FDA 

has special requirements for investigational testing of drugs in a pregnant woman, whether 

directed to the mother or the fetus as referred in FDA 45 CFR 46: “subpart B – additional 

protections for pregnant women, human fetuses and neonates involved in research” 

(https://www.ecfr.gov/current/title-45/subtitle-A/subchapter-A/part-46). The EMA also has a 

policy for investigational drugs in pregnant women. In all cases, surveillance should follow and 

efficacy and safety information from studies with predefined outcomes should be collected. 

Adverse outcome data of fetal exposure comprise both structural malformations that may be 

detected at birth or in early childhood, and non-structural or long-term functional effects that 

can be potentially important but also difficult to detect or define 

(https://www.ema.europa.eu/en/documents/regulatory-procedural-guideline/guideline-

exposure-medicinal-products-during-pregnancy-need-post-authorisation-data_en.pdf). Most of 

these guidelines were developed in relation to classic pharmacological compounds. However, 

the recent booming of advanced therapies has created a thin red line between experimental 

research success and the possibility of application in a translational way to clinical use [329]. 

 

Importantly, genetic therapies are the most expensive drugs currently available. Access to them 

can be restricted by reimbursement agreements between manufacturers and insurance 

companies or national health services. In addition to the cost of the drug, it is likely that fetal 
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interventions will carry a significant price tag from clinical services. Access to this medical care 

could thus be particularly constrained financially in the case of fetal therapies.  

The clinical and therapeutic experience in SMA so far is that the earlier intervention occurs, the 

better the outcome for the patient. However, there are still shortcomings of present therapies, 

particularly in severe SMA patients. Neurodevelopmental problems are currently observed in a 

proportion of treated patients with two SMN2 copies that need further investigation [330]. 

Parents are demanding information about long-term effects and prognosis of the disease when 

treatment is offered. Facing a pregnancy with SMA diagnosis (either by previous family history 

or prenatal screening) for a fetus with one or two SMN2 copies, parents may request information 

about premature delivery to initiate postnatal therapy as early as possible [274] or even request 

the alternative of initiating IUT [317]. This represents a challenge for physicians in 

communicating the diagnosis and shared decision of treatment [328]. 

Despite the risks and ethical concerns, women still express interest in enrolling in clinical trials 

for fetal gene therapy to achieve a more favorable pregnancy outcome [331], with Schwab et 

al. [332] reporting favorable attitudes to fetal enzyme replacement therapy for lysosomal 

storage diseases and SMA gene therapies (ASO, small molecule and AAV). Nonetheless, 

multidisciplinary approach, prenatal counseling and thorough informed consent will be critical 

for successful implementation of IUT. 

 

Conclusions  

There have been impressive advances in SMA therapy during the last decades, especially after 

the initiation of the investigational clinical trials in 2011-2012. However, none of the three 

currently approved therapies offer a complete cure. Early detection by newborn screening 

followed by pre-symptomatic treatment ameliorates manifestations and delays the initiation of 

disease in most treated babies. Given that SMA with one or two SMN2 copies presents with low 

SMN levels and pathology during prenatal stages, in utero therapy for SMA should be explored 

as a possible alternative to optimize response to a gene-directed treatment. Therefore, the 

development of pre-clinical investigations and well-designed clinical trials of IUT in SMA 

(balancing risk, benefit and ethical issues) should be regarded as an opportunity to approach 

treatment of the disease as early as possible, maximizing therapeutic benefit. 
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Figures 

 

 

Figure 18: Possible threshold for development of prenatal SMA neuropathology and 

extraneuronal manifestations. The amount of SMN protein present in SMA correlates with 

SMN2 copy number, a key factor in disease severity. Generic SMN levels are presented in two 

ways in SMA: as straight lines for average levels over time; and as diamonds to account for 

person to person variation which in some cases, mainly with two or three SMN2 copies, may 

overlap considerably. SMN requirements are highest in the 3rd trimester of fetal development 

and approximately the first 3 months after birth, then reduce (see green curve, based on Pérez-

García et al. [124] and Ramos et al. [247]. Manifestations in individuals with SMA appear 

depending on the motor neuron pool, generally inversely related to SMN2 copy number. Cases 

with one SMN2 copy usually develop type 0 SMA having cardiac malformation and 

arthrogryposis, anomalies potentially detectable during the prenatal period. Other problems 

such as severe hypotonia, weakness, respiratory insufficiency and vascular issues are noted at 

birth as part of congenital SMA. In fetuses with two SMN2 copies, predicted to have type I 

disease, it has been demonstrated that pathology is present in the prenatal period although the 

consequences usually manifest after birth (<3m). Fetuses with three and four copies may 

produce SMN above the threshold for prenatal pathology (horizontal dotted blue line) and thus 

disease may develop and manifest just in the postnatal period, usually after several months of 

life ( >6m in type II, >18m in type III disease). Patients with four copies may remain without 

symptoms for several months or years. Predicted prenatal levels of SMN are represented 

according to SMN2 copy number [19]. Levels after birth represent the evolution according to 

natural history [239], [240].[m=months] 

 

 

Figure 19: Evolution of clinical stages in SMA babies with two SMN2 copies from fetal stage 

to postnatal period. Most fetuses with SMA and two copies of SMN2 are predicted to have 

severe type I disease with prenatal initiation of neuropathology. In cases detected by newborn 

screening the three main stages observable are clinically silent – presymptomatic, prodromic 

and fully symptomatic. The disease evolution between stages occurs by phenotransition in the 

first case and phenoconversion in the second. In patients with three SMN2 copies the clinically 



VII. APPENDIX 
  

139 
 

silent phase varies but is typically at >3 months in duration and may be extended over years in 

four copy individuals. Based on Finkel and Benatar [267] & Tizzano and Zafeiriou [127]. 

 

 

 

Figure 20: Various approaches to treat SMA (SMN-dependent and SMN-independent) could be 

complementary. Data from clinical trials and clinical practice will be used to assess whether a 

multi-pronged approach results in beneficial effects. (see Table 10: Clinical trials in which 

combination therapies are currently investigated in SMA). At present combination-therapy has 

yet to be experimentally investigated in the prenatal stage in terms of clinical research. Created 

in BioRender. Lindner, G. (2025) https://BioRender.com/o5kmjq7 
  

https://biorender.com/o5kmjq7
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Tables  

Clinical Trial 

(NTC number) 

Trial 

phase 

Baseline 

therapy 
Intervention 

Mechanism of 

action 

Patient 

Criteria 

RESPOND 

(NCT04488133) 
Phase 4 

onasemnogene 

abeparvovec 
nusinersen 

SMN1 gene 

transfer + ASO 

to modulate 

SMN2 

2 months - 

36months 

ASCEND 

(NCT05067790) 
Phase 3b 

Risdiplam (for 

at least 

6months) 

High-dose 

nusinersen 

oral SMN2 

modifier + 

ASO 

15 years - 

50 years 

TOPAZ 

(NCT03921528) 
Phase 2 

Nusinersen 

treatment 

initiated in 

different 

cohorts with 

different ages 

Apitegromab 

(IV) every 4 

weeks 

ASO + anti-

promyostatin 

antibody 

>2 years 

SAPPHIRE 

(NCT05156320) 
Phase 3 

Nusinersen or 

risdiplam 

Apitegromab 

(IV) every 4 

weeks for 1 

year 

ASO or oral 

SMN2 modifier 

+ anti-

promyostatin 

antibody 

2 years - 21 

years 

ONYX 

(NCT05626855) 

Phase 3 

(Open-

label 

extension) 

Nusinersen or 

risdiplam 

Apitegromab 

(IV) every 4 

weeks for 2 

years 

ASO or oral 

SMN2 modifier 

+ anti-

promyostatin 

antibody 

>2 years + 

Completion 

of TOPAZ 

or 

SAPPHIRE 

JEWELFISH 

(NCT03032172) 
Phase 2 

RG7800, 

olesoxime, 

nusinersen or 

onasemnogene 

abeparvovec 

Risdiplam for 

2 years 

any prior 

therapy + oral 

SMN2 modifier 

6 months - 

60 years 

MANATEE 

(NCT03032172) 
Phase 3 Risdiplam 

Investigational 

anti-myostatin 

antibody 

oral SMN2 

modifier + 

anti-

promyostatin 

antibody 

2 years – 25 

years 
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RESILIENT 

(NCT05337553) 
Phase 3 

Nusinersen, 

risdiplam or 

previously 

treated with 

zolgensma 

taldefgrobep 

alfa 

any SMN-

dependent 

therapy + anti-

promyostatin 

antibody 

4 years – 21 

years 

Table 10: Clinical trials in which combination therapies are currently investigated in SMA (OA 

= onasemnogene abeparvovec; ASO = antisense oligonucleotide) 

 

Risk Ethical issues 

Treatment limitations 

or failure to meet 

expectations 

IUT could lessen disease symptoms, slow disease progression, or 

perhaps even prevent disease onset. However, treatment might be 

sub-optimal or have variable levels of success or fail to meet parental 

expectations of a cure.  

Risk-Benefit 

Considerations/Safety 

concerns 

The disease under consideration for IUGT must have significant 

pathology that occurs during gestation, whereby waiting to initiate 

treatment after birth has clear limitations in efficacy, to support 

equipoise of benefit/risk. 

Risks can be present for the mother (fetal loss, preterm birth, 

infection, immune response, maternal-fetal surgery, insertional 

mutagenesis), the child (disrupted development, insertional 

mutagenesis) and future generations (unintentional germline 

transfer). 

Restricted access 

Cost may vary significantly based on several factors, including the 

phenotype, severity of the condition, therapeutic drug and selected 

treatment approach. These variables may determine whether cost can 

be reimbursed or access be denied. Equitable access may not be 

possible. 

Table 11: Ethical aspects of in utero therapy 
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The second manuscript is a review in collaboration with Dr. Finkel from the United States 

and Dr. Ellie Chilcott and Rafael Yáñez from the United Kingdom. This review highlights the 

important question if IUT could more effectively address SMA pathology by intervening before 

irreversible MN loss. As previously mentioned, currently existing postnatal therapies such as 

nusinersen, risdiplam, and OA significantly improve the patients outcome and disease 

progression, yet particularly the more severe forms of SMA (types 0 and I) already exhibit 

prenatal onset of neurodegeneration. Prenatal DMT’s administered during this developmental 

window may theoretically offer several advantages over postnatal administration of DMT’s. 

First and foremost, early intervention could potentially prevent MN degeneration to better 

preserve motor function. Additionally, the tolerogenic fetal immune system could reduce 

adverse immune responses, as previously seen with OA treatment [278]. Fetal physiology also 

allows for improved biodistribution, due to a more permeable BBB and a smaller target mass, 

which may further improve clinical outcome beyond the CNS. In addition to ongoing clinical 

trials using IUT in humans real-life treatment, while limited, have shown favorable outcomes 

[283], [285], [286]. Regarding SMA, a case study with risdiplam treatment before birth resulted 

in favorable outcomes, highlighting the feasibility of IUT [317]. While in theory and practice 

so far IUT for SMA sounds very promising, considerations regarding fetal and maternal risks 

should not be disregarded. If IUT is going to become a routinely used method meticulous 

preclinical studies, robust safety protocols and clear communication with families will be 

essential before application. 
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