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Abstract 

Myasthenia gravis (MG) is an autoimmune disorder that affects the neuromuscular junction (NMJ) 
whose main symptom is represented by skeletal muscle weakness. Around 85% of MG patients have 
been diagnosed with autoantibodies against the acetylcholine receptor (AChR), and 30% of the 
remaining 15% displayed antibodies against muscle-specific kinase receptor (MuSK). The ones 
without antibodies against AChR or MuSK are considered seronegative MG (SNMG). SNMG 
patients are a heterogeneous group in which pathogenicity, age of onset, and affected muscle groups 
are highly variable.  

The aim of the study was the detection of antibodies and unknown antigens involved in SNMG, using 
both primary muscle cell cultures and muscle tissues.  

20 SNMG sera have been tested with cell-based assays (CBA) and tissue-based assays (TBA) to 
assess the presence of antibodies against the NMJ. Human myotubes in vitro did not display clustered 
AChR and a total of 39 different conditions have been tested to induce it. Finally, an 
immunoprecipitation assay was performed to isolate unknown molecules in SNMG patients.  

The results of the experiments highlighted different conditions that allowed clustering of AChR in 
human myotubes, but none of the conditions showed a fully developed postsynaptic region. The 
immunoprecipitation did not allow the isolation of neither human IgG nor NMJ, indicating that the 
assay may need distinct cell models to detect antibodies and antigens. 

In conclusion, it has been highlighted the need for different models to study the mechanisms of NMJ 
formation and maintenance. Moreover, the approach here presented may be used to screen SNMG 
sera for the presence of antibodies against components of the NMJ, to detect the unknown antigens.  
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Abstrakt 

Myasthenia gravis (MG) ist eine Autoimmunerkrankung, die den neuromuskulären Übergang (NMJ) 
betrifft, dessen Hauptsymptom in einer Schwäche der Skelettmuskulatur besteht. Bei rund 85% der 
MG-Patienten wurden Autoantikörper gegen den Acetylcholinrezeptor (AChR) diagnostiziert, und 
30% der verbleibenden 15% zeigten Antikörper gegen den muskelspezifischen Kinase-Rezeptor 
(MuSK). Diejenigen ohne Antikörper gegen AChR oder MuSK gelten als seronegative MG (SNMG). 
SNMG-Patienten sind eine heterogene Gruppe, in der Pathogenität, Erkrankungsalter und betroffene 
Muskelgruppen sehr unterschiedlich sind. Das Ziel der Studie war der Nachweis von Antikörpern 
und unbekannten Antigenen, die an SNMG beteiligt sind, sowohl unter Verwendung von primären 
Muskelzellkulturen als auch von Muskelgewebe.  

20 SNMG-Seren wurden mit zellbasierten Assays (CBA) und gewebebasierten Assays (TBA) 
getestet, um das Vorhandensein von Antikörpern gegen das NMJ zu bewerten. In vitro zeigten 
humane Myotuben kein geclustertes AChR, und insgesamt 39 verschiedene Bedingungen wurden 
getestet, um es zu induzieren. Schließlich wurde ein Immunpräzipitationsassay durchgeführt, um 
unbekannte Moleküle bei SNMG-Patienten zu isolieren.  

Die Ergebnisse der Experimente hoben verschiedene Bedingungen hervor, die eine Clusterbildung 
von AChR in menschlichen Myotubes ermöglichten, aber keine der Bedingungen zeigte eine 
vollständig entwickelte postsynaptische Region. Die Immunpräzipitation erlaubte weder die 
Isolierung von menschlichem IgG noch von NMJ, was darauf hinweist, dass der Assay 
möglicherweise unterschiedliche Zellmodelle zum Nachweis von Antikörpern und Antigenen 
benötigt.  

Zusammenfassend wurde die Notwendigkeit verschiedener Modelle hervorgehoben, um die 
Mechanismen der Bildung und Aufrechterhaltung von NMJ zu untersuchen. Darüber hinaus kann der 
hier vorgestellte Ansatz verwendet werden, um SNMG-Seren auf das Vorhandensein von 
Antikörpern gegen Komponenten des NMJ zu screenen, um die unbekannten Antigene 
nachzuweisen.  
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1 Introduction 
1.1 Autoimmune diseases 
Between the 19th and the 20th century, Paul Ehrlich coined the term horror autotoxicus to describe a 
disease in which it is the immune system to self-harm1. Autoimmune diseases occur as a result of an 
immunological tolerance breakdown, in which the immune system recognizes self-molecules as 
pathogenic4. Immune cells are activated causing an immune response and a production of antibodies 
thus damages the tissue that expresses the antigen2,3. Several causes have been identified as the basis 
of the loss of this tolerance, including both genetic and/or environmental factors3, even though they 
are not the only cause of autoimmune disorders. A study on concordance with identical twins 
highlighted a percentage of 12 to 67% of concordance concerning autoimmune disorders, confirming 
that genetic and environmental factors are not the only cause of autoimmunity2. Nowadays, despite 
autoimmune diseases have been considered rare, they have been demonstrated to affect 3–5% of the 
population2. Within the different diseases, autoimmune thyroid disease and type I diabetes represent 
the most diffuse conditions2. Ernst Witebsky described the characteristics of autoimmune diseases 
with his postulates, which are similar to the Koch’s postulate on infectious diseases. To classify a 

disease as autoimmune firstly pathogenic antibodies or pathogenic T-cells must be recognized as the 
cause of the disease; secondly, it must be possible to induce the autoimmune disease in experimental 
animals; and finally, clinical circumstantial evidence is needed, meaning that the same 
individual/family should have an association with other immune conditions5. After the Witebsky’s 

postulates, in the early 1960s the term ‘hypersensitivity’ was coined and was determined to describe 

these autoimmune reactions6. Gell and Coombs postulates described in this way the different types 
of hypersensitivity8. The Gell and Coombs's classification, which has been published more than 30 
years ago, is still broadly used to describe autoimmune reactions7. The classification divides the 
autoimmunity into four different types, according to the causes and effects: immediate 
hypersensitivity (type I), antibody-mediated hypersensitivity (type II), immune complex-mediated 
hypersensitivity (type III), and delayed-type hypersensitivity (type IV)6,7.  Amongst them, type II 
hypersensitivity refers to the autoimmune diseases caused by antibodies against self-molecules8,9. 
This type of disease is diagnosed by the presence of autoantibodies in serum, whereas antibodies arise 
from antibody-secreting cells and self-reactive B cells9,10. A well-known example of type II 
hypersensitivity disease is represented by myasthenia gravis. This disease affects the neuromuscular 
junction and the main symptom is a characteristic muscle weakness. Myasthenia has been formerly 
reported to fulfill the criteria of the Witebsky postulates because pathogenic antibodies have been 
identified. The disease has been induced in experimental animals and the patients have clinically 
improved following a plasma exchange11. In myasthenia gravis, antibodies of the IgG class have been 
identified and isolated at the neuromuscular junction (NMJ), causing the loss of NMJ function and 
resulting in muscle weakness12. 

1.2  Physiology of the Neuromuscular Junction 
The neuromuscular junction (NMJ) is the synaptic connection between the motor nerve end terminal 
and the muscle, where there is the transmission of action potential from the nervous system to the 
muscle12. The terminal axon sprouts innervate the myotubes, and the space between the nerve end 
and the muscle membrane is referred to as the synaptic cleft13,14. This area, including the cleft and the 
postsynaptic membrane of the fiber, is named neuromuscular junction14. The role of the NMJ is to 
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transmit the contraction stimulus from the nerve to the muscle15. The transmission begins when an 
action potential stimulates the distal motor nerve, resulting in an opening of Ca2+ ion channels 
throughout the nerve membrane13. The Ca+ influx induces an increase of Ca2+ level throughout the 
nerve.  This causes the synaptic vesicles, concentrated in specific sites of the plasma membrane called 
“active zones”, to have a Ca2+-triggered fusion with the nerve membrane13. The fusion allows the 
release of the vesicle content, acetylcholine (Ach), into the synaptic cleft. The signal is then received 
by acetylcholine receptors (AChR) located at the postsynaptic muscle membrane14. The binding of 
Ach with the receptors represents the signal to open Na+ ion channels, prompting an influx of ions. 
This influx results in the depolarization of the membrane, enabling muscle contraction (Figure 1)18. 

 

 
Figure 1: A schematic representation of the neuromuscular junction. Each branch of the motor neuron 
innervates more muscle fibers. At the NMJ, the end of the nerve has a button shape, in which Ach-loaded 
vesicles are accumulated. The nerve and the postsynaptic membrane are separated by the area referred as to 
the synaptic cleft. The NMJ postsynaptic membrane has several folds, containing many ion Na+ channels. On 
the top of the folds, AChR is densely clustered. When the nerve action potential arrives, the increase of Ca2+ 
causes the fusion of the vesicles with the membrane and the following release of Ach in the synaptic cleft. Ach 
binds to the clustered AChR on the muscle membrane, and this phenomenon triggers the opening of the ion 
Na+ channels. The following influx of Na+ ions allows the muscle to contract. The additional proteins in the 
picture are rapsyn, MuSK, and agrin14,15. These proteins are located in the closeness of AChR due to their role 
in clustering and maintenance of the postsynaptic area. MASC, myotube-associated specificity component, 
proposed to be a binding site for agrin17; RATL, rapsyn-associated transmembrane linker, proposed to be 
associate with the clustering machinery for AChR18. Extracted from 16. 
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1.2.1 Development and maintenance of the neuromuscular junction 

The postsynaptic membrane is a specialized area that provides a rapid response to Ach. The formation 
and maintenance of this area are tightly regulated by various proteins from the basal lamina and the 
cytoskeleton of the muscle fiber19. During the development of the NMJ one of the first events is the 
release of agrin and of other neuroregulins 19. The release of agrin from the nerve represents the early 
signal which induces AChR and the other proteins of the muscle synapse to accumulate, determining 
the area referred to as the motor endplate 20,21. AChR subunit genes are expressed in myoblasts at a 
low level, increasing their expression during the differentiation. This process allows the formation of 
the contractile apparatus. The AChR subunits are translated and expressed in the plasma membrane, 
in a diffuse localization on the muscle fiber25. Strictly associated with the clustering of AchR and 
maintenance of the postsynaptic apparatus, there is the cytoskeletal machinery (Figure 2). An 
additional proposed role of the cytoskeleton is to decrease furthermore the amount of AChR 
expressed in the non-innervated regions of the myotube20. This complex has not fully been understood 
yet and comprises a large number of different proteins with structural and support roles for the 
myotube25. Within the different cytoskeletal proteins, a lot is known about rapsyn, utrophin, and α-
dystrobrevin-1, which are colocalized with AChRs and are involved in the process of clustering26,23. 
Dystrophin and α-dystrobrevin are concentrated at the depths of folds29 that anchors the sarcomere, 
through actin filaments, to the sarcolemma of the muscle28. In skeletal muscle dystrophin is 
additionally associated with many other sarcolemmal glycoproteins, resulting in a large oligomeric 
complex, the dystrophin-glycoprotein complex (DGC)30,31. Within the DGC, a specific complex has 
been identified as “the sarcoglycan complex”, composed of α-, β-, γ- and δ-sarcoglycans31. The 
sarcoglycan complex has functions which are not fully understood yet, but this complex is believed 
to have both mechanical and signaling roles33. Dysferlin, a membrane- associated protein, 
notwithstanding its close location to the complex does not appear to have an interplay with the DGC. 
This protein is highly expressed in myotubes and appears to be involved in different processes of 
muscle repair34. Studies have shown that it might regulate vesicle fusion with the sarcolemma in the 
areas of muscle injury 35. Beneath the sarcolemma, desmin protein, an intermediate filament, connects 
the whole myofibrillar apparatus to the sarcolemma36. Together, the cytoskeleton proteins and the 
motor endplate then serve as a scaffold for several molecules involved in binding to the extracellular 
matrix22. The major components of muscle extracellular matrix are represented by collagen IV, 
laminin, entactin, and heparan sulfate proteoglycans. These proteins are involved in the mechanical 
proprieties of the muscle, as well as a representation of a reservoir for growth factors and several 
bioactive molecules37. 
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Figure 2: Schematic overview of the principal cytoskeletal and extracellular matrix proteins. The dystrophin‐

associated protein complex represents is a group of heterogeneous proteins. The main sarcoplasmic proteins 
are α‐dystrobrevin, syntrophins, and nNOS; the transmembrane ones are represented by β‐dystroglycan, 

sarcoglycans, caveolin‐3, and sarcospan and some of them have an extracellular location, such as α‐

dystroglycan. These proteins are involved in the link of dystrophin to the extracellular matrix. Dystrophin 
complex is also liked to desmin, via α‐dystrobrevin‐syncoilin, providing a mechanical link to the fiber. Finally, 
dysferlin and caveolin are implied in injury repair of the muscle. Extracted from 38. 

 

1.2.2 AChR clustering 

The clustering of AChR outlines one of the fundamental mechanisms for the proper signal 
transmission at the NMJ. As previously mentioned, the clustering process is performed and 
maintained by several different proteins. Within the most known proteins required for the clustering 
process it is reasonable to mention rapsyn, agrin, MuSK, Lrp4, and Dok7 39 (Figure 3). The clustering 
process starts when agrin, released from the nerve, binds to Lrp4. The binding enables the molecules 
to form a complex that dimerizes, forming an agrin-Lrp4 tetramer41. The tetramer stimulates MuSK, 
a co-receptor on the extracellular domain, leading to a conformational change and a consequent 
autophosphorylation41. MuSK activation, at the same time, allows the interaction of the protein with 
Dok7, a cytoplasmatic protein. Dok7 owns a phosphotyrosine-binding domain and a C-terminal 
region, in which tyrosine residues are present for phosphorylation42,43. Following MuSK activation 
there is an activation of the signaling pathway that causes the accumulation of AChR and the cluster 
stabilization. Together with those mechanisms, agrin stimulates also the AChR interaction with 
rapsyn, promoting the binding of AChR with the cytoskeleton and the subsequent remodeling of the 
clusters44.  Previous studies have confirmed that rapsyn, which interacts directly with AChR, it is 
crucial for clustering and stabilization playing a structural role in those processes45. Despite not all 
the mechanisms behind the clustering of AChR have been fully understood yet, the above-mentioned 
proteins seem to have a structural role in this phenomenon. Different studies performed on animal 
models deficient in agrin, MuSK, Lrp4, or Dok7 confirmed that the loss of these proteins leads to a 
failure of postsynaptic NMJ development, and the animal died slightly after birth 46. 
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Figure 3:Schematic representation of the proteins involved in clustering of AChR. The clustering process 
promoted by the agrin-Lrp4-MuSK complex; AChR is linked to rapsyn, which connects the clusters to the 
cytoskeleton. Image extracted from 40. 

 

1.2.3 Model organisms for the NMJ 

For a long time, studies have attempted to reveal the different mechanisms underlying the 
development and maintenance of NMJ. Nevertheless, they have not fully been understood yet. 
Numerous diseases affecting the involved proteins resulted in muscle degeneration,38,39, and for this 
reason several studies have been attempting to fully characterize this phenomenon. However, the high 
complexity and the large number of proteins involved in NMJ development and maintenance make 
in vivo studies particularly challenging to perform46. To overcome this problem, several in 
vitro models investigating the NMJ have been developed, representing an important tool to study the 
molecules and the events involved in the process47,49.  Different methods have been described in 
literature, including the use of both primary muscle cells and immortalized cell lines 49,53. Different 
studies, nevertheless, indicated the immortalized C2C12 mouse cell line and L6 rat cell line as the 
main tool for the NMJ developmental studies51,52. The C2C12 cells are derived from murine skeletal 
muscle, are a well-established line, and different culturing and differentiation protocols are well 
known 51,53. Additionally, despite human primary cells, C2C12 myoblasts undergo also the 
remodeling process to form mature postsynaptic apparatus52. As discussed before, the secreted agrin 
from motor neurons activates the process of AChR clustering during NMJ development. In C2C12 it 
is possible to induce this phenomenon by adding neural agrin to the medium, without the need for co-
cultures55. This permits also the study of the expression of muscle-specific genes, the detection of the 
associated proteins and the study of a fully remodeled postsynaptic membrane without the presence 
of the nerve51,52. L6 are another valuable tool to study in vitro muscle without the need for animal 
models53. As C2C12, they are shown to express most of the NMJ proteins, and with agrin it is possible 
to induce the clustering of AChR49. The different immortalized cell lines have represented until now 
one of the most worthy tool to study and characterize the roles of the different molecules in myotube 
growth and disease51. 
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1.3 Satellite cells 
Skeletal muscle is composed of striated myofibers, each one formed by elongated and multinucleated 
myotubes. After the birth, the number of differentiated fibers in the body does not increase in quantity 
but grows in volume58,59. Nevertheless, the muscle has still the ability to regenerate itself after 
injury60. Skeletal muscle has a high regeneration capacity, with the rapid repair of full strength even 
after severe damage61,62. As muscle myotubes cells are terminally differentiated, muscle repair and 
regeneration are performed by the stem cell population. Satellite cells, which are the postnatal adult 
muscle stem cells, differentiate in myogenic cell lineage and fuse in order to form a new myotube. 
Satellite cells represent mitotically quiescent cells, which are located between the basal lamina and 
the plasma membrane of the myofibril61,62 (Figure 4). After muscle injury, different signaling 
molecules and epigenetic regulatory factors63 activate satellite cells. 

 

 
Figure 4: Schematic representation of the muscle fiber structure highlighting the satellite cell niche. Image 
from 62. 

Committed myogenic cells, including the satellite cells after injury, are characterized by the 
expression of different regulatory factors which might be used as biomarkers for their identification 
(Figure 5)57,61. The process of myogenesis is tightly controlled by a set of regulatory factors named 
myogenic regulatory factors (MRF)57. The MRF family is composed of four main transcription 
factors: myogenic differentiation factor (MyoD), myogenin (MyoG), myogenic factor 5 (Myf5), and 
myogenic regulatory factor 4 (MRF4)57. The presence of one or more MRF factors has been shown 
to commit also different cell types to myogenesis. The expression profile of the different MRF 
changes before, during and after the differentiation of the cell (Figure 5). During development and in 
injury repair, Myf5, MyoD, and MRF4 are expressed, directing stem cells to the skeletal muscle cell 
lineage. After, during the differentiation, the expressed factors are MyoG, MyoD and MRF461.  
MyoD, which is the only factor expressed at different steps of the differentiation, is a well-studied 
molecule with a helix–loop–helix structure. It is expressed both in proliferating myoblasts and 
differentiating ones61. Nevertheless, after the differentiation of the cells, MyoD is not detectable 
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anymore in the nuclei 64. Differentiated cells require distinct biomarkers than MRF. Myogenin, a 
myogenic regulatory protein67, has been extensively used as a biomarker for myotubes. An additional 
molecule that can be used as a biomarker for terminally differentiated cells is desmin65. The formerly 
mentioned intermediate filament is expressed in terminally differentiated skeletal muscle cells, thus 
indicating that they have exit the mitotic cycle66. 

 

 
Figure 5: Schematic representation of the myogenic lineage progression. Satellite cells, when quiescent, are 
characterized from the expression of Pax7 and Myf5. Following activation, the cells express MyoD and Myf5, 
and proliferate. The pool of muscle precursor cells (MPC) represents the committed muscle cells. MPC start 
then to express MRF4 and myogenin, fusing and differentiating into myotubes. The pool of cells that do not 
divide, and come back to the satellite niche, downregulate MyoD and come back to the quiescent state. Figure 
from68. 

The use of primary satellite cells to induce myoblast cultures is a key tool for the study of muscular 
diseases, due to the absence of side effects typical of the immortalization process. Primary muscle 
cell cultures allow having a reliable representation of the physiological development and the 
expressed molecules in the muscle. Diverse methods have been described in literature to isolate 
skeletal satellite cells. Amongst them, the mainly practiced method have been the enzymatic digestion 
of the muscle biopsy, following the culture of the satellite cells on dish. The other reported method 
implied the isolation of the satellite cell from its niche in the myofiber. Within the two methods, the 
first one has a major risk of having fibroblasts contaminated cultures, although the second one is 
technically more challenging58. Notwithstanding the chosen method, myogenic progenitors can be 
isolated from skeletal muscle and differentiated, allowing the study of muscular development 
physiology. This method has been used for the identification of unknown antigens at NMJ. However, 
in contrast with mouse and rat models, in human myotubes it has not been possible until today to 
induce an AChR clustering and complete remodeling of the postsynaptic machinery (Figure 6). 
Several studies have compared the clustering and remodeling of postsynaptic machinery in C2C12 
with the results achieved in humans123. Until now, no studies without electrical stimulation or co-
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culture with the nerve showed significant results, confirming that the entire machinery is required for 
the clustering in humans and probably there are some proteins that satellite cells in culture are not 
able to express54. 

 

 
Figure 6:Human myoblast in culture, 2D classical technique and 3D technique. Nuclei in blue, AChR in green 
and membrane in red; a) human primary myotubes culture without external innervation; b) co-culture with 
nerve cells, fully developed postsynaptic membrane. Extracted from 54. Arrows indicates broken muscle fibers 
in the 2D culture, indicating that the muscle without proper postsynaptic development is additionally more 
fragile compared to the innervated one. 

 

1.4 Myasthenia Gravis 
Myasthenia gravis (MG) is an autoimmune disease that affects neuromuscular transmission69. As 
above discussed, in MG pathogenic autoantibodies attack different proteins of the NMJ. This 
provokes a decrease of Ach binding to its receptors, a phenomenon that prevents endplate potential 
and sequent muscle contraction (Figure 7)73. As a consequence, the main symptom of MG is skeletal 
muscle weakness. The age of onset, as well as the severity of the symptoms, is highly variable within 
individuals71. The muscular weakness occurs within specific muscle groups72. If the ocular muscles 
are affected, it leads to drooping eyelid or double vision. If bulbar muscles are affected, the main 
symptoms are dysarthria and dysphagia. Finally, if also limb and the respiratory muscles are affected, 
the main symptoms are orthopnea, tachypnea, and respiratory failure70. The most common age of MG 
onset is between 20 and 40 years, with an incidence between 0.25 and 20 per million each year71. It 
is considered a rare disorder, and 30% of patients have other autoimmune diseases71,72. In 85% of 
MG patients the detectable antibodies are directed against the AChR. The percentage highlight that 
this represents the most common type of MG. Around 50% of the remaining MG patients displayed 
autoantibodies towards MuSK. Among the remaining patients, conventional assay could not detect 
the presence of autoantibodies against AChR and/or MuSK73. 

  

A 
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Figure 7: Schematic representation of normal and myasthenic neuromuscular junctions; a) the normal 
neuromuscular transmission, described in 1.2; b) reduced number of AChR, flattened folds. Image extracted 
from 74. 

 

1.4.1 AChR-associated MG 

As above discussed, AChR are transmembrane proteins that are responsible for the binding of 
acetylcholine, a neurotransmitter, at the postsynaptic region of NMJ75. In AChR MG, it is possible to 
identify three major subtypes of the disease (Table 1). The Early-onset MG (EOMG) is characterized 
by an onset of the disease prior the 40th year. In this group, it is possible to detect a male:female ratio 
of 1:3. Extraocular muscle weakness has been described as the most common symptom of this type 
of MG75.  It is characterized, besides, by hyperplastic thymus glands and this group is generally 
treated with thymectomy and sequent immunosoppression76. The second group of AChR MG is 
represented by late-onset MG (LOMG). In this group the male:female ratio is 1.5:1, the disorder is 
characterized by an age of onset after 50 years and the thymic hyperplasia is rare. Furthermore, there 
might be present also antibodies directed against other proteins of the AChR clustering 
machinery76,77. The main symptoms detected in patients with late-onset MG do not differ much from 
those observed in patients with early-onset MG, although the disease is likely to be more severe in 
patients in whom MG develops after the age of 50 years77. The third main group of MG is the 
thymoma-associated MG (TAMG). This group represents about 10% of the anti-AChR MG, 
producing autoantibodies against several other neuromuscular antigens in addition to AChR78. 
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Table 1. Overview of the different clinical subgroups of myasthenia gravis. Focus on age of onset, thymic 
histology and antibodies. Extracted from75. 

 

1.4.2 MuSK-associated MG 

MuSK MG is a rare subtype of MG characterized by different pathogenesis and more severe 
symptoms79, and different clinical features compared to the AChR-positive MG. This subtype of MG 
has an overall prevalence of 5–8% among MG patients and 37% among AChR antibody-negative 
MG patients80. This type of MG affects mostly females, and the age of onset is around the fourth 
decade for the majority of patients81,82. MuSK-associated MG symptoms evolve more rapidly 
compared to other types of MG and is characterized by bulbar muscles affected in the early stage80. 

1.4.3 Pathogenic mechanism of antibodies against AChR 

The antibodies identified in MG pathogenesis appear to belong to the IgG class. The IgG antibodies 
have two structurally different regions, referred to as the Fc and the Fab region. The Fab region 
(fragment antigen binding) contains both the variable regions of the heavy and the light chain. This 
region is committed to antigen recognition and specific binding. The Fc region (fragment 
crystallized)84 is composed of the constant region of the antibody, with the two heavy chains. The Fc 
region is involved in the determination of the antibody class, subclass, localization and effector 
mechanism82 (figure 8). The IgG subclass represents the most abundant class in human serum. The 
four different antibodies classes differ in their constant region and in the response that they activate. 
The activated mechanisms can include complement system activation, opsonization, blocking 
receptors or the formation of immune complexes84. 
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Figure 8: Schematic representation of the structure of IgG antibodies. Extracted from 82. 

The autoantibodies of MG against AChR arise from the IgG1 and IgG3 subclasses. These types of 
antibodies can activate the complement cascade as an effector mechanism, leading to the destruction 
of the postsynaptic region85. The activation of the complement leads to a severe loss of AChR and 
destruction of the postsynaptic architecture86,82. A second pathogenic mechanism of anti-AChR 
antibodies is the binding and cross-linking of AChR82. This can cause the endocytosis of the receptor, 
reducing the density of AChR and the transmission. The third proposed mechanism of pathogenicity 
is through the direct inhibition of AChR by the antibodies82,87.  All these mechanisms together lead 
finally to a deficient postsynaptic region, where the loss of AChR (figure 9) causes the loss of an 
efficient signal transmission86,82. 
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Figure 9: Schematic representation of pathogenic mechanisms of AChR MG antibodies. a) and b), antibody 
binding and complement activation led to the destruction of postsynaptic architecture; c) single binding led to 
the internalization of AChR, leading to less signal transmission; d) binding of antibodies avoid Ach binding to 
the receptor, blocking signal transmission. Extracted from 34. 

 

1.4.4 Pathogenic mechanism of MuSK antibodies 

MuSK antibodies appeared to belong to IgG4 subclass. Among the IgG4 characteristics, the main 
studied has been represented by the Fab-arm exchange. In this process every IgG4 can exchange half-
molecules with other IgG4, resulting in holding two different Fab regions82. This process makes IgG4 
antibodies unable to activate any immunocomplex or complement. Different pathogenic mechanisms 
have been described for MuSK antibodies, even though IgG4 subclass is still under investigation to 
fully understand their pathogenicity84. MuSK antibodies have been shown to interrupt the agrin-Lrp4-
MuSK complex, thus blocking the Dok7 signal pathway and inhibiting AChR clustering88. In figure 
10 are proposed the pathogenic mechanisms by which MuSK antibodies can affect the clustering of 
AChR87. In the first proposed mechanism, antibodies bind monovalently MuSK avoiding the 
formation of the Lrp4-MuSK89 complex, inhibiting the whole clustering process. A second proposed 
mechanism is that bivalent binding to MuSK could lead to the independent activation of MuSK, thus 
activating ectopic AChR formation. However, these mechanisms are still under investigation90,91. 
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Figure 10:Schematic representation of the pathogenic mechanisms of MG autoantibodies at the NMJ; a) 
representation of the healthy NMJ, in which agrin/Lrp4/MuSK complex are normally activating, allowing the 
cluster of AChR; b) monovalent binding of IgG4 led to the interruption of clustering signal pathway. Moreover, 
the impossibility of a retrograde signaling from Lrp4 to the nerve is thought to influence the NMJ; c) the 
divalent binding of the IgG4 led to the activation of MuSK independent from the complex, thus stimulating 
ectopic AChR. Figure extracted from 82. 

 

1.4.5 Seronegative MG 

Seronegative myasthenia gravis (SNMG) is used to define patients with clinically diagnosed MG, but 
don’t have detectable antibodies92. SNMG patients represent about 15 to 20% of total MG patients71 

and are represented predominantly by females, with a 5,5:1 female: male ratio70. The majority of 
SNMG have a late onset of the disease with mild symptoms, and the muscle group predominantly 
involved is the ocular muscle group95. However, a group of SNMG displays early onset of the disease, 
distinguished by more severe symptoms96. SNMG patients are normally treated with 
immunosuppression, but the response to the treatment is highly variable, and only 8% of patients 
showed a remission at follow-up93,95. Different studies assess that in approximately 10 to 20% of 
SNMG, neither anti-AChR nor anti-MuSK antibodies could be detected85,92. Autoantibodies against 
AChR that are isolated from the sera of SNMG patients through different diagnostic tests are 
considered “low affinity”, since they can bind only to clustered AChR and to the native conformation 

protein. Low affinity antibodies have been found in approximately 66% of generalized MG patients, 

B C 
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which resulted to be negative with standard diagnostic AChR MG tests72. For the anti- MuSK 
antibodies96, there is the need for a specific test due to the low titration of antibodies in the serum of 
the patients. The diagnosis of MG is performed by different standardized routine assays. The main 
used assays are radioimmunoprecipitation (RIPA) and enzyme-linked immunosorbent assay 
(ELISA). Cell-based assays (CBA) is a more sensitive test  that has been developed to detect 
antibodies against AChR and MuSK after a negative result with RIPA and ELISA. In CBA for AChR, 
HEK293 cells are transfected with plasmids expressing the five different subunits of AChR complex 
and rapsyn, resembling on the surface of the cells the AChR in its native state and clustered. MuSK 
CBA is performed by transfecting the cells with plasmids expressing MuSK. After the transfection, 
there is an overexpression of the antigen in its native state, which increases the sensitivity of this 
assay and enables the detection of low affinity or low concentration antibodies97. With this test, the 
seronegative percentage decreases from 30% to nearly 5-10%. The use of different assays allowed 
the detection of antibodies against other proteins of the NMJ, such as antibodies against Lrp4, agrin, 
or ColQ98. Despite the identification of those involved molecules, MG with anti- Lrp4, agrin, ColQ 
antibodies still fails in the fulfilling of the Witebsky criteria. For these antibodies the pathogenic 
mechanism has not been understood yet99,97. Another feature of some seronegative patients is the 
presence in the serum of striational antibodies, against different epitopes of the muscle95. Despite the 
fact that their pathogenic role is still unknown; these antibodies are known to bind in a cross-
striational pattern different epitopes of muscle proteins such as titin or ryanodine102. As of now, they 
are commonly used as biomarkers for thymoma or for thymectomy outcome103. The presence of 
around 15% of MG patients without known antibodies indicates that are still unknown autoantibodies 
involved in the pathogenesis of SNMG94,95. 

 

1.5 Aim of the study 
SNMG patients have unknown antibodies against yet undiscovered antigens at the NMJ. The 
identification and the characterization of these antigens and antibodies may contribute to a better 
knowledge of the NMJ, but also enhance the treatment strategies for these patients. This study aims 
for establishing new approaches for the detection of seronegative patients’ antibodies and antigens. 

Throughout different assays, this study has the goal to isolate from the cohort of clinically diagnosed 
SNMG the patients without detectable antibodies against MuSK or AChR. After the identification of 
SNMG patients, the presence of clustered AChR in primary human muscle cells will allow the 
isolation of SNMG pathogenic antibodies. Furthermore, the use of human primary muscle cell 
cultures can enable us to screen for the presence of those antigens at the NMJ. In conclusion, the 
methods should lead to the isolation of antibodies and/or antigen candidates for SNMG patients. 
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2 Materials and Methods  
2.1 Materials 

Product name Product number Company 

DMEM   D6429 Sigma- Aldrich 
DMEM   D5796 Sigma- Aldrich 
Ham's F-12 Nutrient Mix  11765054 Thermo Fisher Scientific 
DMEM GlutaMAX  10566016 Thermo Fisher Scientific 
DPBS  14190136 Thermo Fisher Scientific 
DMSO  A36720100 AppliChem GmbH 
Trypsin-EDTA 25200056 Thermo Fisher Scientific 
FBS  A2720801 Thermo Fisher Scientific 
Penicillin-Streptomycin  15140122 Thermo Fisher Scientific 
Gentamicin (10 mg/mL)  15710049 Thermo Fisher Scientific 
Poly L-Lysine  P4832 Sigma- Aldrich 
HEPES (1M)  15630080 Thermo Fisher Scientific 
Dexamethasone MFCD00064136 Thermo Fisher Scientific 
Glutammine 25030149 Thermo Fisher Scientific 
Glucose A2494001 Thermo Fisher Scientific 
Sucrose 15503022 Thermo Fisher Scientific 
Lipofectamine™ 2000 Transfection 

Reagent  
11668030 Invitrogen 

Insulin 11070-73-8 Sigma - Aldrich 
RIPA Lysis Buffer, 10X  20-188 MilliporeSigma 
Pierce Protein A/G plus, agarose 
beads  

8159680747 Thermo Fisher Scientific 

DNA LoBind® Tubes 1.5 mL.  0030108051 Eppendorf 
5x Sample Buffer  MB01015 GenScript 
SurePAGE Bis-Tris 4-20% gradient 
Gel, precast, 10 wells  

M00655 GenScript 

Protease Inhibitor Cocktail  P8340 Sigma Aldrich 
MOPS Gel Running Buffer powder M00138 GenScript 
Amphotericin B  A2942  Sigma Aldrich 
collagenase type II 17101015 Thermo Fisher Scientific 
Target2™ PVDF Syringe Filters  F2500-6 Thermo Fisher Scientific 
Corning®-Zellsieb  CLS431750 Sigma Aldrich 
Opti-Mem  11058021 Thermo Fischer Scientific 
Aqua-Poly/Mount  18606-20 PolySciences 
Escherichia coli DH5alpha  18265017 Invitrogen 
QIAGEN® Plasmid Maxi Kit 12162 QUIAGEN 
NanoDrop ND-2000 Thermo Fisher Scientific 
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Laminin from Engelbreth-Holm-
Swarm murine sarcoma basement 
membrane  

MFCD00081739 Sigma Aldrich 

Fibronectin  MFCD00131062 Sigma Aldrich 
Permanox slides  160005 Thermo Fisher Scientific 
Flexi-perm 8-well grid   6032039 Sarstedt 
Lowry Protein Assay Kit  23240  Thermo Fisher Scientific 

 

2.2 Antibodies 

Product name Product number Company Dilution Assay 

Alexa Fluor-594 conjugated 
bungarotoxin  

B13423 Invitrogen 1:3000 TBA, Staining of 
AChR 

Goat anti-human IgG, Alexa 
Fluor 488  

A32723 
 

Invitrogen 1:750 TBA 

Goat anti-rabbit IgG, Alexa 
Fluor 488 

A32731 
 

Invitrogen 1:750 Fluorophore 

Donkey anti-Mouse IgG, Alexa 
Fluor 594  

A32744 
 

Invitrogen 1:750 Fluorophore 

Goat anti-human IgG, Alexa 
Fluor 594 

H14101 
 

Invitrogen 1:750 CBA  

Anti-mouse IgG, HRP 
conjugate (anti-mouse 
polyclonal antibody in goat); 

P 0447 Dako 1:1000 Western Blot 

Purified anti-LRP4 (NH2 
terminus) Antibody  

MMS-5154 BioLegend 1:1000 Western blot 

 Monoclonal Anti-β-
Actin−Peroxidase antibody 

produced in mouse 

A3854 MilliporeSig
ma 

1:2000 Western blot  

Mouse anti-human MyoD 
antibody  

MA1-41017 Invitrogen 1:200 Staining of Human 
myotubes-myoblasts 

Mouse anti-human desmin 
antibody  

MA5-16357 Invitrogen 1:100 Staining of Human 
myotubes 

Mouse anti-human dysferlin 
Antibody  

PA5-53546 Invitrogen 1:10 Staining of Human 
myotubes 

Rabbit anti-human IgLON5 
Antibody 

Ab122763 abcam 1:200 Staining of Human 
myotubes 

 

  

file://///catalog/search%253fterm=MFCD00081739&interface=MDL%20No.&lang=en&region=US&focus=product
file://///catalog/search%253fterm=MFCD00131062&interface=MDL%20No.&lang=en&region=US&focus=product
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2.3 Cell Culture  

All the experiments with cell lines have been performed in a laminar flow hood under aseptic 
conditions. For the experiments human muscle cells, HEK 293, L6C11 and C2C12 have been used.  

MEDIUM RECIPES 

Human growth medium stock Ham’s F12, 20% FCS ,50μg/ml Fetuin, 7mM 
glucose, 4mM glutamine, pen/strep 5ml, 
2.5μg/ml amphotericin B  

L6 growth medium DMEM D5796 high glucose, 10% FBS, 1% 
pen-strep 

C2C12 growth medium DMEM D6429, 15% FBS, 1% pen-strep 

HEK 293 growth medium DMEM D6429, 10% FBS, 1% pen-strep 

Human growth medium 100ml stock solution GM, Fgf 8ng/ml 8μl, Egf 

20ng/ml 2μl, 400ng/ml dexamethasone (stock: 

0.2mg+ 200μl sterile water), 200ng/ml insulin  

Human differentiation medium 

 

DMEM/Glutamax 10566016, 2% horse serum, 
4mM glutamine (L-Glu), 100ng/ml insulin 
0.1μg/ml gentamicin, 4ng/ml dexamethasone  

L6/C2C12 differentiation medium DMEM D6429, 2% horse serum, 1% pen-strep  

Wash medium DMEM D6429 

Freezing medium GM, 10% DMSO 

Dissociation solution KCl 5.4mM, glucose and sucrose 25mM, 
gentamycin 0.05mg/ml, trypsin 2.5 mg/ml, 
collagenase type II 220 U/ml, dissolved in 1x 
PBS (no Ca+, no Mg+) and pH 7.4.  

Table 2: Recipes of the different media used in cell culture 

2.3.1 Culture of HEK 293 and L6.C11  

HEK293 cells were cultured in DMEM supplemented with 10% FBS and 1% pen-strep. Then, cells 
were incubated in an incubator at 37°C, 95% humidity and 5% CO2. After reaching 80% confluence, 
the cells were split in order to maintain the culture and avoid early differentiation.  

2.3.2 Culture of C2C12 cells  

C2C12 mouse myoblasts were maintained in DMEM and were supplemented with 15% FBS and 1% 
pen-strep. They were then incubated at 37 °C in the incubator, with 95% humidity and 5% CO2. After 
reaching 80% confluence, the cells were split in order to maintain the culture.  

2.3.3 Isolation of Primary Muscle Cells from Muscle Biopsies  

Cells were isolated from gracilis and semitendinosus muscle biopsies. Following ACL surgery, 
biopsies were provided a maximum of 3h post-surgery. The biopsy muscle has been placed in PBS 
without Ca++ and Mg++. Blood vessels and fat tissue were removed from the tissue under a 
dissection microscope, in a laminar flow hood. Following a proper removal, the muscle was minced 
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with sterile scalpels into about 0.5 mm pieces. The pieces were later transferred into a 50 ml falcon 
tube with 15 ml of dissociation solution, referred to as tube 1. Tube 1 was incubated in a water bath 
at the temperature of 37°C, slowly shaking for 1 hour. The supernatant was then aspirated and moved 
into a new tube (tube 2). The remaining 15ml of dissociation solution have been added to Tube 1 and 
incubated with the same conditions for an extra hour. Meanwhile, tube 2 was centrifuged for 5 
minutes at 1200rpm. After centrifugation the supernatant has been discarded, and the pellet has been 
resuspended with 10 ml of PBS. After the resuspension the tube 2 was left at RT under the laminar 
flow. After the second incubation of tube 1 ended, the content of the two tubes was mixed. The 
remaining muscle pieces were triturated by pipetting against the wall of the tube approximately ten 
times. The tube was then filled with PBS up to 50 ml, centrifuged, and the pellet resuspended PBS. 
The solution was then filtered through cell strainer to remove the bigger pieces of muscle. The 
resulting solution has been then centrifuged for 5 min at 1200rpm, and the pellet resuspended in 
muscle HGM. The solution was then plated onto a cell culture dish of 60mm and incubated at 37°C. 
The dish has been checked every day to verify the attachment of cells. When patches of cells attached 
to the dish were visible, usually 7 to 10 days after the isolation, the medium containing debris was 
aspirated and the cells trypsinized and detached. After the trypsinization, the cells were resuspended 
in HGM and put back in the same plate. This process is called “spreading” and it was performed to 

avoid early differentiation of muscle cells. 

2.3.4  Culture of Primary Muscle Cells  

The human primary muscle cells were incubated at 37°C in the incubator. Cells were split when they 
reached 50% of confluency. Human muscle cells need to be at a density between 5000 and 7500 
cells/cm2, corresponding to 50% of confluence. This percentage has been used to avoid an early 
differentiation into myotubes. The seeding at the correct density allowed the cells to have a doubling 
time of approximately 1 to 2 days. Primary cells were trypsinized and resuspended with the protocol 
of paragraph 2.3.5. In order to have the correct density of cells in the dish, cells were counted after 
every trypsinization. The counting of the cells was performed into a Neubauer counting chamber and 
it was calculated the average cell count from each of the sets of 16 corner squares. Finally, the cell 
concentration has been calculated with the formula: 
Number of cells per milliliter = 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
x chamber factor (104) 

 Finally, the proper dish was decided.  

• Up to 2x104, the cells were cultured into a 24 well plate.  
• Up to 7x 104, the cells were cultured into a 35 mm plate 
• Up to 15x 104, the cells were cultured into a 60 mm plate 
• From 4.5x 104 cells, were cultured into 10 cm plate 
• If another amount was found during counting, cells were split on different plates. 

Cells were then resuspended in HGM. Every time that cells undergo the process of trypsinization, 
their passage number increased. Newly isolated cells start from passage 0 (P0), after the first 
spreading they were P1, and so on. Cells were considered able to differentiate up to P10. 

2.3.5 Splitting 

When cells reached the desired confluence, the growth medium was removed and the plate was 
washed from residuals with 10 ml of PBS. In order to detach the cells, the dish was incubated for 5 
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minutes at 37°C with 5ml of trypsin-EDTA. The cells were then observed under the microscope in 
order to verify the detachment. The entire procedure was repeated every 5 minutes until all the cells 
are detached, up to a maximum time of 20 minutes. If cells result to be resistant to detaching, as it 
happened with human muscle cells, a first brief wash with trypsin was made before incubation with 
trypsin. After detaching of the cells, trypsin has been inactivated with DMEM (washing medium), 
centrifuged, and the cells were then resuspended in fresh GM. After this passage, the cells were 
counted, and the proper dish was chosen.  

2.3.6 Freezing  
To freeze the cells, the cell suspension after the trypsinization was resuspended in growth medium 
supplemented with 10% dimethyl sulfoxide (DMSO). The solution was transferred into a cryotube 
and placed at -80°C into a CoolCell® container. After 24h, the tube was removed from the cell 
container and stored in liquid nitrogen.  
 

2.3.7 Thawing of cells  
After having taken tubes from the liquid nitrogen, the cryotubes were transferred into a 37°C water 
bath until most of the solution was thawed and only a small part of ice was left in the tube. The entire 
content of the tube was transferred to a sterile 15 ml falcon tube. The cryotube was then washed with 
pre-warmed DMEM. The falcon tube was centrifuged for 5 min at 1200rpm RT. The supernatant, 
containing DMSO, was thrown and the pellet was resuspended in growth medium and plated entirely 
into the proper dish.  
 

2.3.8 Differentiation of muscle cells 

When cells reached 80% of confluence, the GM was switched to differentiation medium (DM- refer 
to table 2 for the recipes). The cells were then checked every day until myotubes were observed. 
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2.4 Cell-based Assays (CBA)  

In the cell-based assay living HEK 293 cells were transfected to express AChR and MuSK. CBA 
allows the detection of anti-AChR/MuSK antibodies in the sera from SNMG patients. Sera for the 
CBA were available at the NeuroBiobank (Medical University of Vienna, Department of 
Neuropathology and Neurochemistry). These sera derived from diagnosed MG patients without 
detectable antibodies. 

MEDIUM COMPOSITION 

Blocking medium 200ml DMEM D6429, 2g BSA, 25mM HEPES 

Wash medium DMEM D6429 

Table 3: Recipes of the different solutions used in CBA 

2.4.1  Transfection of HEK293 with AChR and MuSK plasmids 

For transfection, glass coverslips were placed into a 6-well plate, with four coverslips per well, and 
incubated with 0.01% Poly-L-Lysin (PLL) for 5 minutes. Following the incubation the PLL was 
removed and the coverslips were dry for 30 minutes in the laminar flow. Meanwhile, a plate of 
HEK293 cells was trypsinized and centrifuged. The pellet has been then resuspended with 10ml of 
HEK293 growth medium. After proper counting of the cells, a total of 2x105 cells per well have been 
seeded and incubated at 37° for one day.  
On the second day HEK293 cells were transfected using as transfection agent the lipofectamine.  

• For AChR CBA, HEK cells were transfected with AChR α, β, γ, δ, ε subunits and rapsyn- 
GFP with the following concentrations: 2μg α,1μg β,1μg δ,1μg γ,1μg ε,1μg rapsyn-GFP per 
well. As a negative control, a well of HEK cells was also transfected with 1μg rapsyn- GFP.  

• For MuSK CBA, HEK cells were transfected with 4μg of pIRES2-AcGFP1-MuSK per well. 
As a negative control, cells were transfected with 1μg of pIRES2-AcGFP1per well.  

For each well, the respective amount of DNA has been added to 250μl of Opti-Mem. Simultaneously, 
10μl of lipofectamine have been mixed with 250μl Opti-Mem. Both the solutions have been incubated 
for 5 minutes, then mixed and incubated for another 20 minutes under the laminar flow hood. 
Following this step, in each well were pipetted 500μl of the transfection mix and put in the incubator 
overnight at 37°C. On the third day, the efficacy of the transfection with GFP expressing plasmids 
has been verified under the microscope, checking while cells displayed a green fluorescence.  

2.4.2 Incubation with human serum 

If the cells show green fluorescence, the assay could be performed. On the same day, sera from MG 
patients, positive controls and healthy individuals were used to perform the CBA. 250 μl of the 
solution, composed of sera diluted 1:40 in blocking medium, were pipetted into each well. Following 
this a coverslip per well was added and incubated for 1 hour at 37°C. After the hour 3 steps of washing 
with 500μl of DMEM have been performed, with 10 minutes of incubation for each washing step. 
The cells have been fixed with 4% PFA, incubated for 10 minutes. After the incubation another 
washing has been performed.  Following the fixing of the cells, the secondary antibody (goat anti-
human IgG) has been pipetted. After 45 minutes of incubation in the dark, under the laminar flow, 
the cells were washed for 3 times with 500 μl PBS. Coverslips have been then mounted on 
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microscopic slides with 40μl Aqua-Poly/Mount. The analysis of the assay was then performed with 
fluorescent microscopy. A green signal indicates the transfection of the cells, while a red signal 
indicates that the patient has autoantibodies. As it is possible to see in figure 11, secondary antibody 
can bind to human antibodies, allowing their detection. Cells that showed both green and red signal 
were considered as positive, while cells expressing only the green signal were considered to be 
negative. 

 
Figure 11: Schematic representation of the cell-based assay technique for the detection of autoantibodies 
against AChR/MuSK. In the first picture HEK293 cells were transfected with AChR subunits, MuSK or only 
GFP. The cells were then plated on glass coverslips and serum from SNMG patient was added and incubated 
with anti-human IgG594. With fluorescence microscope it was possible to visualize the green fluorescence, 
indicating successful transfection, and the red fluorescence, indicating the presence of autoantibodies.  

2.5 Tissue-based Assays (TBA)  

MEDIUM COMPOSITION 

Blocking buffer PBS, 20% normal donkey serum (NDS) 

Wash medium 0.3% Triton X-100, 1% PBS 

Table 4: Recipes of the different buffers for TBA 

Soleus rat sections, previously snap frozen, were severed using a cryostat. Longitudinal cryosections 
of 8-12μm were made and following placed on microscope slides stored at -20°C. On the day of the 
assay, the slides were moved to a humid chamber to defrost. Afterwards, a hydrophobic pen was used 
to draw a fat ring surrounding the muscle section. In order to wash further fat residuals, sections were 
incubated in PBS for 5 minutes. Following this 200μl of blocking buffer were added onto each tissue 
section, with 2 hours of incubation at RT in the humid chamber. During the incubation time the sera 
from patients were diluted 1:50 in blocking buffer. Following the incubation, the blocking solution 
was removed and 200μl of the diluted sera were added to the tissue. Another hour of incubation at 
RT in the humid chamber has been performed. The slides were then placed into cuvettes and washed 
3 times with PBS. During the wash cuvettes have been slowly shaken for 30 minutes with a buffer 
medium change at 10 minutes intervals. The slides have been further incubated with anti-human IgG 
488, diluted 1:750 in blocking buffer, and α-bungarotoxin 594, diluted 1:3000 dilution in blocking 
buffer, as presented in figure 12. The incubation time has been of 30 minutes, at RT in the humid 



 29 

chamber (in the dark). After this, the slides have been placed into cuvettes that were briefly rinsed 3 
times with a washing buffer, while slowly shaking for 30 minutes, in the dark. The slides were then 
mounted using 40μl of Aqua-Poly/Mount medium. At the end, slides were analyzed with fluorescent 
microscopy. The red staining allowed the detection of the NMJ, while the contrasting green staining 
allowed the detection of human antibodies. When the two stainings colocalize at the NMJ, the patient 
was declared to be positive. 

 

 
Figure 12: Schematic representation of tissue-based assay for the detection of antibodies against the NMJ. 
Rat soleus sections were placed on a microscope slide and incubated with serum. It was then performed an 
incubation with α-bungarotoxin 594 to visualize the NMJ in red and anti-human IgG488 to visualize the 
autoantibodies in green. The result was then analyzed with fluorescence microscopy. 

2.6 Immunoprecipitation assay (IP) 

BUFFER COMPOSITION 

1xRIPA buffer 5ml 10x RIPA, 45ml aqua bidest  

Running buffer 1 bag MOPS buffer, 1L aqua bidest 

Table 5: Recipes of the buffers used in immunoprecipitation assay 

2.6.1 Cell lysate 

4.5x 104 primary human myoblasts or 1.6x106 L6.C11 myoblasts were seeded in each 10cm plate. 
Three 10 cm plates were seeded at the same time, and the cells were cultured with GM. When cells 
reached 90-100% confluency, it was switched to DM. The cells were checked every day. After 4 to 
6 days, myotubes were visible. When early myotubes were present, further stimulation with 1:100 
soluble agrin was provided, to enhance the expression of AChR on the surface of the cells. When 
myotubes were observed, DM medium was entirely removed except for 3ml per plate. 30μl AChR 

MG patient serum was pipetted to each plate and incubated for 1h in the incubator. After the 
incubation time, cells were washed briefly 3 times with 10ml sterile PBS.  Then 1ml 1x RIPA buffer 
and 20μl PIC (protease inhibitor complex) were added to each plate. Plates were then incubated on a 
shaker at 4°C for 1h. During the incubation time, the beads were prepared. 240μl of Protein A/G 
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Agarose Beads were put in a 1.5 low binding Eppendorf tube. Beads were washed 3 times adding 
1ml 1x RIPA buffer, centrifuging and removing the supernatant. At the third wash step, beads were 
resuspended in 200μl 1xRIPA buffer, pipetted into a sterile 15ml falcon tube and left under the 

laminar flow. After the incubation of the plates, the cell lysate was extracted. A sterile cell scraper 
was used to scrape off cells from the plate. The cell lysate was put in low binding 1.5 ml Eppendorf 
tubes and centrifuged for 1h 13200 rpm, 4°. After this step, all the supernatant was collected and 
mixed with the agarose beads. The tube was left at 4° rolling overnight. On the second day the 
complex of interest (composed of the antigen and the primary antibody) should have been bound to 
the beads. The tube undergoes 3 washing steps with 8ml 1xRIPA buffer. After the 3rd wash, the beads 
were stored at -80° until the day of the SDS page.  

2.6.2 SDS-PAGE  

On the day of the SDS-PAGE the beads were mixed with 40μl sample buffer, in a ratio 1:3 with the 

agarose beads. The solution was then heated at 95° for 5 minutes and incubated for 5 min on ice. 
Finally, the Eppendorf tube was centrifuged at 13200 rpm for 2 min at RT.  The supernatant (without 
beads) was then transferred to a fresh Eppendorf tube. The proteins of interest, now, were expected 
to be in the supernatant. The SDS page was prepared using a SurePAGE Bis-Tris 4-20% gradient 
Gel, mounted in the chamber, filled with the running buffer. On the gel 1 slot was loaded with 8μl of 

protein marker, 1 slot with 50-60 μl of the sample. If the amount of sample was higher, it was divided 

into two different slots. The gel run first 20 min at 60V, then 50min at 100V. After this time the gel 
was taken out and cut for the entire column of the sample, as shown in figure 13, with sterile scalpels. 
The gel pieces were then put in sterile Eppendorf tubes and stored at -80° until Mass Spectrometry 
analysis. The day of the mass spectrometry analysis, the samples were taken on ice to the facility for 
the analysis (Medical University of Vienna, Department of laboratory medicine) 

 

Figure 13: Size marker and cut area of the gel. The area to be cut has been identified as follows: the length of 
the cut area was defined by the wells in which sample was loaded, the height by the size marker.  

2.7 Characterization of Myogenic Cells  
2.7.1 MyoD staining for muscle cells identification 

Glass coverslips were positioned in a 24 well plate and coated with 250μl of 2% gelatine in PBS. 
After an incubation of 20 minutes at RT under the laminar flow, the coverslips were briefly washed 
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with 500μl of PBS. Human myoblasts were then seeded at an early passage number (P1 or P2) with 
a density of 2x104 per well. The myoblasts were grown in GM until they reached around 80% 
confluency. On the day of the staining the cells were fixed for 10 minutes with 4% PFA and, after a 
washing passage, incubated with mouse anti-myoD antibody for 30 minutes at 37°C. Another 
washing step with PBS has been performed, followed by 45 minutes of incubation with anti-mouse 
IgG 594 in the dark. Finally, a brief incubation of 3 minutes with 200μl of DAPI has been performed. 
The cells were washed again for 3 times with 500 μl of PBS. 40μl of Aqua-Poly/Mount medium have 
been used to mount them on microscope slides using. The analysis was then performed with 
fluorescence microscopy. The staining of MyoD allowed to visualize the molecule on the red channel, 
while nuclei appeared to be blue due to DAPI. In order to be identified as myogenic cells, red and 
blue staining need to colocalize in the nucleus. 

2.7.2 Identification of cells’ surface markers  

Glass coverslips were positioned in a 24 well plate and coated with 250μl of 2% gelatine in PBS. 

After an incubation of 20 minutes at RT under the laminar flow, the coverslips were briefly washed 
with 500μl of PBS. Human myoblasts were seeded at a density of 2x104 per well with GM at 37°C, 
growing until the cells reached 80% confluency. Then the GM has been replaced with DM. When 
myotubes were observed, the cells have been fixed with 4% PFA for 10 minutes. After the incubation, 
the cells were washed with PBS and incubated with mouse anti-α sarcoglycan (SG), β SG, γ SG, 

dysferlin and desmin antibodies. Another well was stained with rabbit anti-IgLON 5 antibodies. All 
the antibodies were added with a dilution of 1:100 in blocking medium for 30 minutes at 37°C. 
Following this passage, anti-mouse 594 or anti-mouse488 (for IgLON5 anti-rabbit 594 or 488), were 
added and incubated for 45 minutes at RT in the dark. The cells were then shortly incubated for 3 
minutes with 200μl of DAPI. After the last washing step with 500μl of PBS, slides have been mounted 
on microscope slides using 40μl of Aqua-Poly/Mount medium. Analysis was then performed with 
fluorescence microscopy. 
 

2.8 AChR clustering assay 

Glass coverslips were placed in a 24 well plate. For the coating of the coverslips, the conditions were: 

• 4μl of laminin in 250 μl PBS, incubation 37°C for 2 hours. 
• Different amounts of agrin, diluted in 0.2% gelatine. Incubation 37°C for 2 hours. 
• 5μl of fibronectin in 1ml of gelatine 0.2% solution. Incubation overnight at 37°C. 
• 40μl of 0.2% gelatine per coverslip, incubation 20 minutes at RT. 

Human myoblasts were seeded with a density of 2x104cells per well and differentiated to myotubes. 
Myotubes were then incubated for up to 16 hours with or without soluble agrin or soluble laminin, at 
different concentrations. Myotubes have been firstly fixed with 10 minutes incubation with 4% PFA. 
The cells were then additionally incubated with AF594 conjugated alpha-bungarotoxin, diluted 
1:1000 in differentiation medium for 45 minutes at 37°C. They were then washed with DMEM 3 
times. After a brief incubation of 3 min with 200ul DAPI (1:40000 dilution), PBS has been used to 
briefly wash the cells. They were then mounted on microscope slides using 40μl of Aqua-Poly/Mount 
medium. Analysis was then performed with fluorescence microscopy. Α-bungarotoxin allowed the 
staining of AChR. The observation under the microscope allowed to detect the presence of a red 
signal from myotubes, corresponding to AChR. When AChR were not clustered, the red signal was 
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diffused throughout the myotube, otherwise was possible to observe strongly red lines of around 15 
μm corresponding to AChR clusters. 

2.6.1 Permanox experiment 

On the first day, Flexi-perm 8-well grid were sterilized by dipping in 100% ethanol and drying in the 
cell culture hood. Then the grids were directly attached to the permanox slides and the complex was 
placed in a 10cm culture dish. The wells were filled with 200 μl of 0.2% gelatine, and the surface was 

totally covered, as shown in figure 14. The slides were then incubated overnight at 37°C. The next 
day, 1x104 C2C12 cells were seeded per well. At the day 4, the medium was changed with 700 μl of 

differentiation medium. The cells were then left in culture until day 12, when they were fixed for 10 
minutes in 4% PFA, washed 3x with PBS and stained. For AChR cluster visualization, alpha BuTX 
has been added to the cells, and then incubated in the dark 30 minutes, then 3x PBS washing. The 
cells were then covered with the glass coverslips and analyzed by fluorescence microscopy.  

 
Figure 14: Schematic overview of permanox experiment. First, the slide with the grid was placed in a 10cm 
dish, until cells were differentiated. Finally, the grid was removed and the slide analyzed through fluorescence 
microscopy.  

 

2.9 Maxiprep  

Plasmids for general use in the laboratory were produced by maxiprep. A bacterial culture was 
inoculated from a glycerol stock of Escherichia coli DH5alpha. Each culture was then transformed 
with pBabe_TK-Dok7HA, pIRES2-AcGFP1-MuSK, pcDNA3.1. The amount of 1µl plasmid DNA 
was mixed with 25µl competent bacteria at RT. Moreover, one culture was used as a negative control 
and was not mixed with any DNA. Everything was first incubated on ice for 10 min, then at 42° water 
bath for 45 seconds and again on ice for 5 min, in order to induce the heat shock. Then, 1ml of LB 
medium was added to each culture and incubated for 30 min at 37°. After this, the cultures were 
centrifuged and the pellet resuspended in 330 µl of medium and plated on solid LB agar. The culture 
was then incubated overnight at 37°. The next day, it was checked if all the colonies have grown, 
except for the negative control in which no colony should be visible. If the transfection and the 
incubation time were correct, large colonies should be visible on the plates. After this check, a colony 
from each plate was picked by a sterile tip, and the tip was then put in a 15 ml falcon tube with 5ml 
of medium and 100µg/ml Ampicillin or 40µg/ml Kanamycin (depending on the plasmid). Following 
another incubation over night at 37°C, 1L Erlenmeyer beaker was filled with 250 ml LB medium and 
100µg/ml Ampicillin or 40µg/ml Kanamycin and 5ml of bacterial culture, and incubated over night 
at 37°C shaking in a bacterial incubator. The last day, maxiprep was performed using the Maxi Kit 
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for rapid purification of transfection-grade plasmid DNA. DNA concentration was measured with 
NanoDrop. 

2.10 MSI 1436 test  

MSI solution was prepared with MSI 1436 10mM in DMSO. The stock solution has been then stored 
at -80° in small aliquotes. 

2.10.1 MSI 1436 test with 24 well plate 

16 coverslips in a 24 well plate, coated with 0.2% gelatine, were incubated at RT for 20 min and 
briefly washed with PBS. On day 1, 2x104 cells per coverslip were seeded. Half of the wells were 
treated with compound (2ml medium + 2µl MSI, 250µl per well) and half with only solvent (2ml 
medium +  2µl DMSO, 250µl per well) as a control. The MSI-1436 stock solution was stored at -
80°C. Every day for 5 days, 2 coverslips  (one per treatment, one per control) were transferred to a 
new plate, fixed 5 min with 4% PFA, and mounted with DAPI. The coverslips were then analyzed by 
fluorescence microscopy: 10 random selected images at 20x were take per coverslip. Using ImageJ, 
the nuclei on each picture were counted. Finally, the average of the values per each coverslip were 
calculated, and the results were plotted on a graph to visualize the difference between MSI and the 
control. 

2.10.2 MSI 1436 test with 35 mm dishes day counting test 

On day 1, 35mm plates were prepared. Per plate, 3x104 cells were seeded. The plates were treated 
with a different amount of MSI-1436 solution and the same amount with DMSO as a control. For 
every test, one plate has been used as an overall control treated only with GM. The plates were then 
put in the incubator at 37°. On Days 2, 3, 4, 5, a plate with DMSO, one with MSI and one with GM 
were trypsinized and the cells counted. The analysis was then performed with GraphPad prism. The 
total amount of cells was plotted, as well as the difference between cells treated with MSI and DMSO. 
Finally, the number of cells without any treatment was used as a standard value, in order to calculate 
the percentage of cells’ growth with the different conditions. This process, called normalization, 

allowed all the experiments to be compared each other. The analysis of the results has been performed 
through GraphPad Prism. A one-way ANOVA analysis with Bonferroni post test has been performed 
to compare every column with every other column on the graph. The results have been considered 
statistically significant whit p value< 0.05. 

2.10.3 MSI 1436 test with 35 mm dishes titration test 

On day 1, 35mm plates were prepared. Per plate, 3x104 cells were seeded. The plates were treated 
with different amount of MSI-1436 solution and the same amount with DMSO as a control. For every 
test, one plate has been used as an overall control treated only with GM. After 5 days in the incubator 
at 37°C, each plate with DMSO, compound and GM were trypsinized and the cells counted. The 
analysis was then performed with GraphPad prism. The total amount of cells was plotted, as well as 
the difference between cells treated with MSI and DMSO. Finally, the number of cells without any 
treatment was used as a standard value, in order to calculate the percentage of cells’ growth with the 

different conditions. This process, called normalization, allowed to compare all the experiments. 

  



 34 

2.11  Western blot 

Western blot was performed to characterize cell lines for the expression of specific proteins. The 
expression of β-actin, as housekeeping gene, has been used as a positive control. In addition, it has 
been analyzed the expression of Lrp4 in the different cell lines. 

2.11.1 Protein concentration 

After having obtained the cells’ lysate, the protein concentration has been detected with the Lowry 
protein assay. A protein standard with BSA has been prepared, from a 1:10 dilution of the stock 
solution (0.04g BSA in 1 ml PBS). Then, a 1:2 serial dilution has been performed from A to H, for a 
total of 8 samples, with the last one (H) containing only PBS. The samples were added to a 96 well 
plate, in order to obtain a standard curve. 5 µl of each sample were loaded in each well in duplicates. 
From the Lowry Protein Assay Kit, 20 µl of reagent S and 1ml of reagent A were mixed, and 25 µl 
of the solution were added to each well. Further 200 µl of reagent B were added to each well. After 
15 min of incubation at RT, the solution has turned to a blue color. The OD640 was measured through 
a plate reader. The OD640 values were then plotted on the X axis of a graph, and the values of known 
protein concentration on the Y axis. Finally, the equation for the linear trendline displayed as Y=abcx-
/+ def, in which abc represented the slope of the line. To calculate the protein concentration, the 
equation Y=abc*valueOD640x-/+def. Again, abc represented the slope of the line and OD640 the 
optical density value of the interested sample. 

2.11.2 SDS-PAGE 

For the preparation of the two gels, the following recipe has been followed. 
 

Separation gel Collection gel 

Gel concentration 10 % 4 % 

A. Bidest.  3,96 mL 2,97 mL 

1,5 M Tris-HCl pH 8.8 2,50 mL  - 

0,5 M Tris-HCl pH 6.8 - 1250 µL 

Acrylamid/Bis 3,33 mL 670 µL 

10% (w/v) SDS 100 µL 50 µL 

10% APS 100 µL 50 µL 

TEMED 10 µL 10 µL 

Table 6: SDS PAGE gels recipes 

After the cassettes were mounted, the separation gel was poured between the two glass slides. On the  
top, ethanol was added in order to remove possible bubbles. After 45 min incubation time, the ethanol  
was removed and the collection gel was poured. After this passage, also the 10 wells comb was added.  
After 30 minutes of incubation time, the gels were loaded into the electrophoresis chamber, and  
everything was filled with the running buffer. The stock solution of the running buffer was prepared  
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with the following recipe: 30,3 g Tris-Base, 144 g Glycin, 10 g SDS, up to 1000mL with aqua bidest.  
Before use, the stock solution was diluted 1:10 with aqua bidest. 
The samples were mixed 1:2 with the sample buffer. They were then heated for 5 minutes at 95°C,  
and cooled down on ice for 5 minutes. Finally, they were loaded and the gel run at 60V for 15 min  
and then 150V for 60 min. 

2.11.3 Western blot 

The gels were placed in the 1 x transfer buffer. Two membranes were incubated in methanol for 5 
minutes. This will facilitate the binding of proteins to the membrane. Then two transfer sandwiches 
were made as shown in figure 15, from the bottom up, first a sponge, then a filter paper, then the SDS 
gel, then the membrane, then two filter papers, and then again a sponge in each of the two cassettes 
were added. Both closed cassettes were placed in the blotting chamber, with the black side of the 
sandwich in the direction of the electrode holder. The entire blotting chamber was filled while transfer 
buffer was gently agitated using a magnetic stirrer. 

 
Figure 15: Transfer sandwiches 

2.11.4 Immunodetection 

The membranes were placed in a small bowl with prepared blocking buffer (recipe: 5 g Dry milk 
powder + 100 ml PBS), covered with parafilm and put at 4°C. Due to the blocking buffer, no 
undesired proteins were allowed to adhere to the membrane, reducing the risk of false signals. After 
the incubation time, one of the membranes (referred to as A) was incubated in primary antibody for 
60 minutes. An amount of 1.5 ml of anti LRP4 antibody has been pipetted onto the parafilm and the 
membrane was placed with the protein side in contact with the solution. After the end of incubation 
time, the membrane was washed three times in PBS Tween, with changing solution every ten minutes. 
Then it was for 60 minutes at RT in a secondary antibody solution diluted in blocking buffer (Anti-
mouse IgG, HRP Conjugate Dako). The second membrane (referred to as B) was incubated only one 
time in mouse anti-𝛽-actin antibodies, dilution 1:1000. Then, 15 mL blocking buffer were mixed with 
15µL of antibody, and everything was gently shacked for 60 min.  Incubation was again washed three 
times for 10 minutes in PBS Tween. For the detection, the super signal solution was prepared by 
adding equal volumes (2 ml) of the Luminol/enhancer solution and the stable peroxide solution, 
mixed in the same box. The membranes were covered with the Super Signal solution and then 
incubated for 5 minutes. ChemiDoc software was used to measure the protein bands. Chemo Hi 
Sensitivity was chosen to include chemiluminescence. The option "Autoexposure” was chosen, 

following by the “Live capture" option. A time period and the number of images to take in the time 
spot were entered, allowing the program to take several pictures in a set time spot. Different 
combinations of time and number of pictures were selected. The amount of time chosen was from a 
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minimum of 10 minutes for beta actin detection to a maximum of 30 min for LRP4. The number of 
pictures per time slot was chosen with a picture every 30 sec for beta actin and for LRP4. At the end, 
all the pictures were analyzed. The ones showing more clear bands were then chosen. 
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3 Results 
3.1  Identification of seronegative myasthenia gravis patients 
3.1.1 Exclusion of sera with antibodies against AChR or MuSK   

The CBA is a reliable tool to detect in the sera the presence of autoantibodies against AChR or MuSK 
with high efficiency. In each experiment, HEK 293 cells were transfected with the plasmid pG- MuSK 
(expressing GFP and MuSK) for the MuSK CBA. For the AChR CBA, cells were transfected with 
plasmids expressing AChR subunits and rapsyn-GFP. As a negative control, serum was also tested 
in cells transfected with GFP only. In figure 16 is shown the negative result of a healthy control tested 
for AChR and MuSK, and as a negative control it was tested also on cells transfected only with GFP 
(figure 16b.).  
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Figure 16: Results of fluorescence microscopy of cell-based assay. Transfected HEK293 cells have been 
incubated with a healthy control, dilution 1:40. In the left column: GFP expressed in all the transfected cells; 
middle column: autoantibodies detection with anti-human IgG AF594; right column: merge. a) AChR subunits 
transfection; b) GFP transfection; c) MuSK transfection.  
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Patients were considered positive for AChR and/or MuSK MG when clusters of antibodies, stained 
in red, were visible on the surface of the cells (Figure 17a and c). Moreover, the assay was considered 
valid if no clusters were visible in the negative control with GFP (figure 17b.). 
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Figure 17: Results of fluorescence microscopy of cell-based assay. Transfected HEK293 cells incubated with 
positive control serum, dilution 1:40. Left column: GFP expressed in all the transfected cells; middle column: 
autoantibodies detected with anti-human IgG AF594; right column: merge. a) cells transfected with AChR 
subunits, incubated with AChR positive serum; b) GFP transfection, incubated with AChR positive serum; c) 
MuSK transfected cells incubated with MuSK positive serum;  

Through CBA, it was possible to screen clinically diagnosed myasthenia gravis patients. The test 
allowed the detection of autoantibodies against known antigens. For the purpose of the project, those 
sera resulting positive to the assay have been discarded. 

3.1.2 Screening for autoantibodies against NMJ with tissue-based assays 

The tissue-based assay is a key feature in the process of seronegative identification. With this 
technique, it became possible to identify, in the pool of sera that result seronegative on the CBA, the 



 39 

ones that had antibodies against the NMJ. Patient’s serum was incubated on a section of a rat muscle. 
Then, the NMJ was visualized through α-bungarotoxin staining, while human IgG through AF488. 
When the antibodies staining colocalized with the NMJ, the patient was considered to be positive. 
Figure 18 shows the positive and negative staining at the NMJ, respectively with a positive and a 
negative control. 
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Figure 18: Fluorescent microscopy of tissue-based assay. Positive and negative control have been tested. In 
green, anti-human 488 antibody; in red the NMJ stained by 594 alpha-bungarotoxin. a) positive control, AChR 
MG patient, 1:40 dilution; b) healthy control patient serum, 1:40 dilution.  

However, several tested sera did not displayed any staining at the NMJ, even though the patient was 
tested positive for AChR with CBA. Another result appearing several times, as it is possible to see in 
figure 3 a., was the presence of striational antibodies. The presence of antibodies against other 
muscular epitopes did not allow to use the use of serum for further studies on seronegative MG 
patients, and these sera had to be discarded.  
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3.2  Development of an in vitro model of the neuromuscular junction 
3.2.1  Establishment of primary muscle cells culture  

Primary myotubes have been used for a wide range of experiments such as immunoprecipitation 
assays and with the purpose of studying AChR clustering process in vitro. Human myogenic 
progenitors have been isolated through enzymatic digestion of muscle biopsies. Following the 
isolation process, the muscle slurry was resuspended in GM and placed in a 60mm dish and observed 
until cells would attach to the dish, that normally took place after 7 to 10 days (Figure 19). 
 

 
Figure 19: Patches of cells attached on the surface of the dish, 8 days after isolation.  

After visualization of patches, cells had to be “sparse” when the 50% confluency was reached, in 
order to avoid early differentiation of myoblasts. Myoblasts (Figure 20), mononucleated cells that 
proliferate and fuse to form myotubes, are mostly characterized by an elongated shape.  
 

A   B  
Figure 20: Human muscle cells in culture, P2, bright field microscopy; a) magnification 4x, overview of cells 
at 50% confluency; b) magnification 20x, overview on cells’ morphology.  
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3.2.2 Early characterization of myogenic cells: MyoD staining 

When isolating human muscle cells from muscle biopsies, one of the main challenges has been to 
avoid the presence of fibroblasts in culture. These kinds of cells are morphologically similar to 
myoblasts but have a shorter duplication time. Due to this, their presence in culture could result in 
the depletion of myoblasts, that have a longer duplication time compared to them. Therefore, it was 
necessary to perform an early analysis to verify the presence of myogenic cells in culture and to 
quantify the amount of non-myogenic cells. The proper removal of fat and blood vessels from the 
muscle during the isolation process led to the depletion of the majority of fibroblasts, resulting in 
almost pure myogenic cultures.  
The localization of MyoD was tested in order to verify the presence, in the culture, of myogenic cells. 
MyoD is a transcription factor that allows differentiation of myogenic cells, and for this reason 
myogenic cells show a high rate of expression of MyoD at the nucleus level. In differentiated cells, 
as well as in non-myogenic cells, nuclei are MyoD−, but MyoD staining was observed in perinuclear 
regions of the cytoplasm. Immediately after the spreading or at the latest at P2, an aliquot of 2x 
104cells were seeded on a glass coverslip. After the cells reached around 50% of confluence, they 
were stained with mouse anti-MyoD antibodies. In figure 21 fluorescence microscopy images are 
used to evaluate the presence of myogenic cells in culture. The nuclear staining in red of the cells 
indicated that the cell was a myoblast, while the absence of nuclear red staining was typical for non-
myogenic cells.  
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Figure 21: Comparison between myogenic and non-myogenic cells from muscle tissue. First column, cells 
stained with DAPI (blue). Second column, anti MyoD antibodies and AF594. Third column merged pictures; 
a) myoblasts; b) fibroblasts 
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In addition, the picture shows the purity of the culture, in which more than 90% of nuclei were stained 
with red. 

3.2.3 Differentiation and myotubes staining 

After having confirmed that the culture had myogenic cells through MyoD staining, it was possible 
to proceed with the differentiation of the cells. When they reached a confluency of 90 to 100%, the 
medium was switched to DM. Between 4 and 6 days, myotubes had become visible (figure 22).  
 

 
Figure 22: Differentiated human myotubes, 5 days after differentiation medium. 

Despite the fact that most of the cells in culture underwent the differentiation, some cells did not 
differentiate as appears in figure 23. Myotubes were tested for the presence of desmin. This protein, 
one of the major muscle-specific proteins, can be commonly used as a biomarker for myotubes. To 
detect the expression of desmin, following the fixation of the cells, they were incubated with mouse 
anti-desmin antibodies and fluorescent anti-mouse IgG 488. The secondary antibody allowed to 
visualize desmin, while a brief incubation with DAPI allowed the visualization of the nuclei. In Figure 
8 it is then possible to observe differentiated myotubes, in which is possible to detect elongated and 
multinucleated syncytia, as well as single non-differentiated cells.  
 

A  B  
Figure 23: Staining for desmin: DAPI stained nuclei in blue, AF488 anti-desmin antibodies in green; a) desmin 
staining positive cells, magnification 20x. b) desmin staining positive cells, magnification 10x. 

While observing myotubes, also a staining for MyoD was performed. As mentioned before, in 
differentiated cells nuclei became MyoD−. However, non-differentiated cultured cells resulted to be 
positive for the presence of MyoD in the nucleus (figure 24).  
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Figure 24: MyoD staining of myotubes. First column, cells stained with DAPI (blue). Second column, anti 
MyoD antibodies and AF594. Third column merge pictures. Magnification 20x; Nuclei of differentiated cells 
did not show staining for MyoD, while non differentiated cells were positive. 

3.3  AChR clusters on human myotubes  

As mentioned in the introduction one of the key mechanisms for the proper function of the 
postsynaptic apparatus is represented by the clustering of AChR. In this process several known 
proteins are involved, including MuSK, Lrp4 and Agrin. A proper clustering of the receptor is an 
indicator of a functional postsynaptic apparatus. One of the major challenges represented by human 
myotubes in vitro was the absence of a spontaneous AChR clustering. As of now, it is still not possible 
to induce a proper AChR clustering in human myotubes cultured in vitro. In addition, a functional 
protocol has not been developed yet. Therefore, the project aimed to test different conditions to induce 
an efficient AChR clustering. The cells were seeded in a 24 well plate on coated glass coverslips, and 
the AChR were then stained with α bungarotoxin. The first experiment aimed at assessing the level 
of expression and clustering of AChR without external stimulations. The coverslips were coated with 
2% gelatine allowing better attachment of the cells and cultured until myotubes were visible. Figure 
25 shows that without external stimulation, the expression of AChR in human myotubes was really 
low, and there only a diffuse expression of receptors on myotubes’ surface could be observed here. 
 

A  B  
Figure 25: Human myotubes without stimulation. Nuclei stained with DAPI in blue, AChR stained with α 

bungarotoxin in red . a) and b) human myotubes on gelatine coated coverslips. 
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3.3.1  Soluble stimulation 

It has been demonstrated that molecules from the extracellular matrix were able to induce clustering 
even when supplemented to the medium122,123. When myotubes were visible, soluble agrin (1:5 to 
1:1000 dilution) and/or laminin (4 µg/ml) were supplemented to the medium. After 16 or 24 hours, 
the cells were stained with α-bungarotoxin to visualize AChR. 

3.3.2  Soluble agrin for stimulation 

Different concentrations of soluble agrin were used, to evaluate their effect on the clustering process. 
Only gelatine was used as coating agent allowing the comparison with the previous results. In table 
7 it is possible to see the various combinations tested. 

Soluble stimulation 

agrin 1:1000 

agrin 1:500 

agrin 1:200 

agrin 1:100 

agrin 1:50 

agrin 1:20 

agrin 1:10 

agrin 1:5 
Table 7: Different agrin dilutions to stimulate AChR clustering on gelatine coated coverslips. 

The most representative pictures of the experiment, in figure 26, showed no significant difference of 
AChR expression with none of the conditions tested. However, in figure S1 all the conditions have 
been presented.  
 

A  B  
Figure 26: Agrin stimulated myotubes. Nuclei stained with DAPI, blue; AChR stained with α bungarotoxin, in 

red; a) 1:1000 titration b) 1:5 titration. 

Another factor worth mentioning is that the myotubes were still at an early stage of maturation which 
could explain the low amount of AChR expressed. For this reason, only mature myotubes were taken 
in consideration in the following experiments.  
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3.3.3  Coating 

In order to enhance the ability of the cells to induce AChR clusters, glass coverslips were coated with 
different molecules of the muscle extracellular matrix. The cells were then seeded and differentiation 
was induced. After myotubes appeared, the cells were stained with α-bungarotoxin, in order to have 
AChR visualized by a red fluorescent signal. 
 

3.3.4  Soluble agrin and fibronectin coating 

Following the previous experiment, soluble stimulation has been used in combination with different 
coating conditions. The cells have been seeded and differentiated on fibronectin coated coverslips, 
the myotubes have been stimulated with soluble agrin at 1:500, 1:100, 1:50,1:10 and 1:5 dilutions. 
The staining was performed 16h after stimulation. As appears from figure 27, the different conditions 
tested led to an upregulation of the expression of receptors. Nonetheless, only a diffuse expression of 
AChR has been detected. The only exception has been the 1:50 dilution, in which a “spot-like” 

staining pattern has been observed, that may indicate the presence of microclusters. 

A  B  C  

D  E  

 

Figure 27: Agrin stimulated myotubes on fibronectin coating. Nuclei stained with DAPI, blue; AChR stained 
with α bungarotoxin, in red; a) 1:500 dilution; b) 1:100 dilution; c)1:50 dilution; d) 1:20 dilution; e) 1:10 

dilution. The arrow indicates an area of possible AChR clustering. 

The results indicated that for AChR clustering a coating may be required in addition to soluble 
stimulation. 

3.3.5  Soluble agrin and laminin coating 

Together with fibronectin, also laminin is a molecule highly expressed in extracellular matrix. As a 
control, one well was treated without agrin, in order to assess the sole ability of laminin of increasing 
the expression of AChR by itself. Glass coverslips have been coated with laminin 1:100, and table 8 
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summarized the tested conditions of soluble stimulation. Out of the condition tested, the results in 
figure 28 highlighted that four conditions gave structures compatible with a beginning of a clustering 
process.  

Soluble stimulation 

agrin 1:1000 

agrin 1:500 

agrin 1:200 

agrin 1:100 

agrin 1:50 

agrin 1:10 

agrin 1:5 

No agrin 
Table 8: different agrin dilutions on laminin coated coverslips 

In figure S2 are presented the results confirming that myotubes, which were treated without agrin and 
with the titrations 1:1000,1:500 and 1:200, did not show any sign of an upregulation of AChR, neither 
of a clustering effect. 
 

A  B  
 

C  D  
Figure 28: Agrin stimulated myotubes on laminin coated coverslips. Nuclei stained with DAPI, blue; AChR 
stained with α bungarotoxin, in red; a) 1:100 dilution; b) 1:50 dilution; c) 1:10 dilution; d) 1:5 dilution;  
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Due to the results obtained with these conditions, the experiment has been repeated to confirm the 
presence of complex clusters, and the cells have been stained only with α-bungarotoxin . Out of the 
conditions tested, in 1:100 and 1:50 agrin stimulation it was possible to detect structures that might 
resemble a more advanced clustering of the receptors, as visible in figure 29 a. and b. The other tested 
conditions, in figure S3, showed a diffuse expression of AChR, indicating a possible background 
effect in the previous experiment. 
 

A  B  
Figure 29: Α-bungarotoxin stained myotubes a) 1:50 agrin stimulation; b) 1:100 agrin stimulation. The arrows 
indicate regions in which may be present a clustering of AChR. 

These conditions have been taken into consideration for further studies.  

3.3.6  Soluble agrin in combination with agrin-laminin coating 

Glass coverslips have been coated with laminin 1:100 and agrin 1:100, 1:50, 1:10, 1:5 dilution. The 
same dilutions of agrin have been used for the soluble stimulation of myotubes (figure 30). The 
experiment aimed to test if soluble agrin at the same dilution of the coating, together with the growth 
of myotubes directly on both agrin and laminin, it would have been able to increase the clustering 
process. 
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A  B  

C  D  
Figure 30: Agrin stimulated myotubes on laminin and agrin coated coverslips. Nuclei stained with DAPI, blue; 
AChR stained with α bungarotoxin, in red; a) 1:100 agrin dilution; b) 1:50 agrin dilution; c)1:10 agrin 

dilution; d) 1:5 agrin dilution.  

All the conditions resulted in a clustered expression of AChR, but no complex postsynaptic apparatus 
was detected.  

3.3.7 Soluble laminin on different coating 

Due to the results obtained with the previous experiments, it has been tried to verify if soluble 
stimulation with laminin 1:100 could have had the same effect of agrin on AChR clustering. In figure 
31a. a coverslip was coated with gelatine, laminin 1:100 and agrin 1:100 and soluble laminin has 
been used to stimulate the clustering. In figure 31b., the coverslip was treated with agrin 1:100 coating 
and soluble laminin. Both the conditions resulted in an upregulation of AChR, and in structures 
compatible with an early clustering process. 
 

A  B  

Figure 31: Laminin stimulated 
myotubes on coated coverslips. 
Nuclei stained with DAPI, blue; 
AChR stained with α-bungarotoxin, 
in red; a) laminin and agrin coated 
coverslips, 1:100 laminin; b) 
gelatine and agrin 1:100 coated 
coverslip, laminin 1:100 stimulation 
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Another tested condition has been the coating with laminin and 1:100,1:50, 1:10 and 1:5 agrin. 
Myotubes have been then stimulated with 1:100 laminin. However, these conditions, in figure S4, did 
not show any significant AChR upregulation nor a clustering effect, and were discarded. 

3.3.8 Soluble agrin and laminin  

Finally, it has been tested whether soluble agrin and laminin together could increase the previous 
results. In one of the wells the soluble stimulation has been repeated for two times, one at day 2 and 
one at day 3 after switching to differentiation medium. As appears from figure 32 a. and b., 
stimulation with laminin and agrin together and the double stimulation every 24h showed an increased 
level of AChR expression and a “spot like” staining pattern. However, no significant difference with 

the only agrin stimulation has been observed. All the conditions have been tested with a 16h 
incubation time with the soluble molecule. Another tested condition, for this reason, included coating 
with gelatine, laminin 1:100 and agrin 1:100, and treatment with soluble agrin or laminin stimulation, 
1:100 dilution, for 24 hours. The stimulation of 1:100 agrin did not give any different result from the 
previous experiments with 16h incubation (Figure 32 c.). However, figure 32 d. showed that 
stimulation with laminin for 24h resulted in lower expression of AChR compared to the incubation 
for 16h. 

 

A  B  

C  D  
Figure 32: Agrin and laminin soluble stimulation. Nuclei stained with DAPI, blue; AChR stained with α 

bungarotoxin, in red; a) 1:100 agrin and laminin stimulation, glass coverslips coated with agrin and laminin; 
b) 1:100 agrin and laminin double stimulation, glass coverslips coated with agrin and laminin c) 1:100 agrin 
stimulation for 24 hours, on agrin and laminin coated coverslips; d) laminin 24h stimulation, on agrin and 
laminin coated coverslip. 
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In table 9, below, are presented all the conditions tested and the results. The ones that appeared to be 
promising have been kept in consideration for further studies.  

Coating Soluble stimulation Result 

2% gelatine  agrin 1:1000 - 

2% gelatine agrin 1:500 - 

2% gelatine  agrin 1:200 - 

2% gelatine agrin 1:100 - 

2% gelatine  agrin 1:50 - 

2% gelatine agrin 1:20 - 

2% gelatine  agrin 1:10 - 

2% gelatine agrin 1:5 - 

2% gelatine + fibronectin agrin 1:500 - 

2% gelatine + fibronectin agrin 1:100 - 

2% gelatine + fibronectin agrin 1:50 - 

2% gelatine + fibronectin agrin 1:10 - 

2% gelatine + fibronectin agrin 1:5 - 

2% gelatine +laminin 1:100 agrin 1:1000 - 

2% gelatine +laminin 1:100 agrin 1:500 - 

2% gelatine +laminin 1:100 agrin 1:200 - 

2% gelatine +laminin 1:100 agrin 1:100 X 

2% gelatine +laminin 1:100 agrin 1:50 X 

2% gelatine +laminin 1:100 agrin 1:10 X 

2% gelatine +laminin 1:100 agrin 1:5 X 

2% gelatine +laminin 1:100 No agrin - 

2% gelatine +laminin 1:100+agrin1:100 agrin 1:100 Y 

2% gelatine +laminin 1:100+ agrin 1:50 agrin 1:50 Y 

2% gelatine +laminin 1:100+agrin1:10 agrin 1:10 X 

2% gelatine +laminin 1:100+agrin1:5 agrin 1:5 X 

2% gelatine +laminin 1:100+agrin1:100 laminin 1:100 Y 

2% gelatine +laminin 1:100 laminin 1:100 - 

2% gelatine +agrin1:100 laminin1:100 Y 

2% gelatine +agrin1:50 laminin1:100 - 

2% gelatine +agrin1:10 laminin1:100 - 

2% gelatine +laminin 1:100+agrin1:100 agrin 1:100+laminin  1:100 X 
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2% gelatine +laminin 1:100+agrin1:100 agrin 1:100+laminin 1:100 
(x2 stimul) 

X 

2% gelatine +laminin 1:100+agrin1:100 Agrin 1:100 for 24h - 

2% gelatine +laminin 1:100+agrin1:100 Laminin 1:100 for 24h - 
Table 9: Coating and stimulation molecules used to induce AChR clustering on human myotubes. The “Y” in 

the results section indicates results comparable with early clustering. The “X” indicates a that showed an 
upregulation of AChR and possible microclusters. The “-“ indicates no upregulation of AChR nor a clustering 
effect. 

3.3.9  Permanox slides  

A published protocol123 has highlighted a method to improve myotubes culturing on laminins. The 
protocol suggested the use of permanox slides, microscope slides are made by a special moulding 
resin, and covered with a plastic grid. The conditions have been proved to offer a better attachment  
of the cells and to avoid detaching, that might happen on glass coverslips. The cells were seeded 
directly on the permanox slide coated with 2% gelatine and surrounded by a plastic well grid, as 
previously mentioned in paragraph 2.6.1. A slide without gelatine coating has been used as a control. 
The medium was switched to differentiation medium when the cells reached 90% confluency. The 
cells on gelatine coating, figure 33 a., died the day after switching to differentiation medium. The 
ones grown without gelatine, on the other hand, were able to differentiate (figure 33 b. and c.). 

A  B  C  
Figure 33: C2C12 cells on permanox slides. a) well without gelatine; b) well with gelatine; c) cells without 
gelatine after differentiation. 

However, it was not possible to stain the cells due to their inability to properly attach to the slide. The 
experiment has been repeated with the same conditions. And again, cells did not show any adherence 
to the plastic slide. Due to the inability to induce a proper attachment of the cells to the slide, the 
method was discarded. 
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3.4  Immunoprecipitation  

Immunoprecipitation is an assay that can be used for the isolation of unknown autoantibodies in 
seronegative MG patients. Through the beads used in the immunoprecipitation assay, it is possible to 
isolate the unknown antibody of the patient and the antigen at the postsynaptic apparatus 
simultaneously. A mass spectrometry analysis after the assay gives then the possibility to identify the 
isolated molecules. A total of four different sera, all strongly positive for AChR MG, have been tested 
both on human myotubes and L6 myotubes. In order to increase the amount of AChR present on the 
surface of myotubes, cells have been stimulated with 1:100 soluble agrin about 16 hour prior the 
assay, in order to increase the expression of AChR (figure 34). 
 

A   B  
Figure 34: Myotubes after soluble agrin stimulation; a) human myotubes; b) L6 myotubes.  

After incubation with patient serum, a cell lysate has been obtained and a SDS PAGE have been 
performed to further purify it. As already mentioned, the entire area containing the sample have been 
cut and sent for the mass spectrometry analysis. The first mass spectrometry analysis, performed on 
a human myotubes extract, did not show the presence of any molecule related to AChR subunits or 
human IgG, but only factors related to the complement signaling. For this reason, the SDS PAGE of 
a cell lysate from both human and L6 myotubes, incubated with the same serum, has been stained 
with Coomassie. Through this staining, it has been possible to verify the presence in the elute of 
molecules with the same molecular weight of human IgG and/or α subunit of the AChR, prior to the 
mass spectrometry. The staining appeared very weak, and the obtained bands were not completely 
distinguishable from their background, leading to difficulties in the gel analysis (figure 35). It was 
possible, though, to observe a staining at 50kDa and 25kDa, corresponding to a human IgG heavy 
and light chain. Additionally, in the sample of human cells, there was a band at the molecular weight 
of 60 kDa, corresponding to the weight of the AChR α subunit. The arrows have been inserted for an 

easier analysis of the picture, due to the really low staining that the gel allowed. Due to the high 
possibility that the bands could have been a background effect, the results have to be further 
confirmed by mass spectrometry. 
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Figure 35: Coomassie staining of the SDS PAGE gel; a) L6 myotubes lysate, incubated with 6325/18 serum; 
b) human myotubes lysate, incubated with 6325/18 serum. 

The results of immunoprecipitation, together, showed that this method still needs an improvement for 
the isolation of the molecules prior to mass spectrometry, in order to not lose the samples. 

3.5  Cell surface markers identification 

Together with AChR, myotubes express a wide range of other muscle-specific transmembrane 
proteins. As a side project, the presence of these molecules on the surface of myotubes has been 
tested. The analyzed protein were different molecules involved in the muscular maintenance in vivo. 
Antibodies against α, β and γ sarcoglycan, transmembrane proteins involved in the protein complex 
that connects the muscle fiber to extracellular matrix, has been used to detect these proteins on 
myotube’s surface. It has also been tried with antibodies anti-dysferlin, a protein linked with skeletal 
muscle repair, and anti- IgLON 5, a cell-adhesion molecule. Incubation with antibodies, AF594 
conjugated, against the molecule of interest allowed the visualization of the molecules of interest in 
the red channel. In figure 36 the results from the fluorescence microscopy allowed the assessment of 
all the molecules expressed on the surface of early myotubes with a pointed expression. Among all, 
γ-sarcoglycan was the one that showed the lowest level of expression. 
 

A B 

25kDa 

50kDa 

75kDa 

https://en.wikipedia.org/wiki/Skeletal_muscle
https://en.wikipedia.org/wiki/Skeletal_muscle
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A  B  C  

D  E  

 

Figure 36: Early myotubes stained with antibodies against the protein of interest, AF594 in red and nuclei 
stained with DAPI in blue; a) α-sarcoglycan; b) β-sarcoglycan; c) γ-sarcoglycan; d) IgLON5; e) dysferlin. 

Due to the “spot like” staining obtained, the experiment has been repeated with the same antibodies 

but with a different fluorophore, AF488, to exclude a background effect from the previous results. In 
figure 37 the results of the experiments are presented. The second staining confirmed the low 
expression of the molecules, as well as their “spot like” expression on the membrane of the myotubes. 
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A  B  C  

D  E  

 

Figure 37: Myotubes stained with antibodies against the protein of interest, AF488 in green and nuclei stained 
with DAPI in blue; a) α-sarcoglycan; b) β-sarcoglycan; c) γ-sarcoglycan; d) IgLON5; e) dysferlin. 

3.6  MSI-1436 

MSI-1436 is a novel drug candidate that is currently under investigation for its effect on skeletal 
muscle repair. After studies have highlighted its potential in mouse and zebrafish, it has been decided 
to test the efficiency on human muscle stem cells. The aim of the experiment was to test if the 
molecule was able to increase myoblast proliferation and if DMSO, in which the drug is dissolved, 
could have a toxic effect on the cells.  

3.6.1 Effect of different MSI concentrations 

To test whether MSI was able to increase the cell growth, and if DMSO could have a toxic effect on 
cells, they have been monitored over a period of 5 days. Every day, cells treated with MSI and cells 
treated with DMSO were trypsinized and counted. Each well of a 24 well plate received 250uM of 
growth medium with 2 μM concentration of MSI or DMSO. The results graph, in S5a, showed no 
significant cell growth over the 5 days. However, it has been observed a higher number of cells in 
wells treated with MSI compared to the DMSO ones. The experiment has been repeated on 35 mm 
dishes, that allowed easier and shorter cell counting. In the beginning, cells were treated with 2 μM 

and 1 μM concentration of MSI or DMSO. In figure 38 both the graph shows an increased number of 
cells in samples treated with MSI, compared to the ones treated with DMSO. 
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Figure 38: MSI and DMSO treated cell number. a) 2 μM titration; b) 1 μM titration. 

To assess the possibility of a dose dependent effect, different concentrations of MSI and DMSO have 
been tested (1, 2 μM and the 4 μM) in the same experiment. In addition to this, a sample was treated 

only with growth medium, in order to test the differences with the normal cell growth level. The 
number of cells have been evaluated only at the last day, in order to see the effect on each plate of 
the compound used. The result, in figure S6, showed a potential dose-dependent effect, with cell 
numbers decreasing when increasing the concentration. When calculating the difference between cell 
numbers of wells treated with MSI compared to the ones treated with DMSO, it also confirmed that 
the difference between cells increased with the increasing of the dose. The lower concentrations (1 
and 2 μM) showed to have similar number of cells, with a strong difference compared to the higher 

concentration (4 μM).  
With the purpose of further studying the possibility of a dose-dependent effect, the concentrations of 
3 μM and 5 μM have also been included in the study. Each condition, moreover, has been tested in 
triplicates in order to assess a statistically valid result. Finally, the results of each experiment have 
been normalized in order to allow the comparison between the experiments. The values of cell growth 
were calculated as a percentage compared to the control with no treatment.  
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The graphs in figure S7 show the cell growth with different concentrations of MSI and DMSO, 
calculated every day over a period of 5 days. In figure 39, the final growth number has been resumed 
for each titration compared to the control, at day 5. The results highlighted the higher number of cells 
treated with MSI, but also the number of cells highly decreased with an increasing of the amount of 
both MSI and DMSO. We hypothesized that the toxicity of DMSO at higher concentrations could be 
damaging for the cells, covering the growing stimulation effect of MSI in the treated samples.  

 
 

Figure 39: Overall growth results of cells at day 5 for each condition, compared to the untreated control. A) 
1μM concentration; b) 2 μM concentration; c) 3 μM concentration; d) 4 μM concentration; e) 5 μM 

concentration. * for P value <0.05; ** for P value <0.005; *** for P value <0.0005; **** for P value < 
0.0001. All the P values > 0.05 have been considered not statistically significant. 

The difference between cells treated with MSI and DMSO has been calculated after 5 days in order 
to assess the efficacy of the compound. The final result in figure 40, that sum all the experiments with 
normalized data, show a dose dependent increase of the difference between cells treated with MSI 
and the ones with DMSO. However, the difference at the concentration of 5 μM did not show a 

correlation with the previous results.  
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Figure 40: Overall growth difference between the conditions after 5 days. Up to 5 μM it is possible to see an 

increasing difference between the 2 treatments. Nevertheless, at 5 μM the difference decreases again. Cells 
incubated with MSI/DMSO for 5 days. 

3.6.2 MSI effects on the morphology of cells  

After having performed a quantitative analysis on cell growth, it has been tested whether MSI could 
have an effect on the morphology of the cells. The observation of the cells was performed in three 
independent experiments, with cells at a different passage number, in order to exclude possible 
variables between cells lines in the evaluation of the MSI effects. The observation of cells has been 
performed with bright field microscopy, at different magnifications, to evaluate the overall effect on 
the culture and on the single cell morphology. Figure 41 shows representative images of MSI and 
DMSO treated cells compared to the control sample, and no significant difference has been detected. 
When observing all the pictures at different magnifications, as figure S8 demonstrates, it has been 
confirmed that MSI did not change the morphology or other characteristics of cells.  
 

A  B  C  
Figure 41: Overview on the morphology of the cells with different treatments; a) MSI 1 μM treated cells; b) 

DMSO 1 μM treated cells; c) no treatment control 

When increasing the concentration of MSI/DMSO, the cells appeared to be sparser in culture, and it 
was possible to see an increasing number of detached cells with the increase of the concentration. In 
conclusion, these results could explain the difference in the number of cells treated with different 

D
if

fe
re

n
ce

 M
SI

-D
M

SO
  



 59 

concentrations of MSI and DMSO with a major number of dead cells in the conditions with lower 
numbers of cells. 

3.6.3 MSI effects on differentiation of human muscle cells  

When switched to differentiation medium, in one of the experiments the cells died the following day, 
so no pictures were recorded. In the other experiments cells survived. However, 3 days after switching 
to differentiation medium myotubes had become visible only in cells treated with DMSO and the 
control, while in cells treated with MSI there wasn’t any differentiation of cells (Figure 25). 
Moreover, cells treated with higher concentrations of MSI died immediately, while cells with the 
same amount DMSO underwent the differentiation process, but showed an high number of dead cells 
in culture. The only exception has been represented by cells treated with DMSO at 5μM 
concentration, which did not die but did not undergo the differentiation process. In figure 42 only a 
representative picture is shown, however the pictures of all the conditions have been recorded and 
documented in Figure S10. 
 

A  B  C  
Figure 42: Human muscle cells three days after switching to differentiation medium; a) MSI 1 μM treated 

cells; b) DMSO 1 μM treated cells; c) control 

3.7  Cell line characterization 

The presence of NMJ machinery specific proteins has been evaluated in different cell lines. The cells 
lines that have been tested were: human myotubes, human myoblasts, C2C12 myotubes, C2C12 
myoblasts, L6 myotubes, L6 myoblasts and T37 myoblasts. The expression of β-actin, a 
housekeeping gene, has been used as a positive control to ensure the validity of the western blot assay. 
As reported in figure 43 a., β-actin signal has been obtained in all cell lines and thus confirming the 
accuracy of the assay and the fact that no errors in the procedure have been performed. Then the 
presence of LRP4 protein in the different cell lines has been evaluated. Two positive controls of LRP4 
antigen, which normally are used for ELISA assays in the host lab, have been used in addition to the 
samples. In figure 43 b. the result of the western blot analysis. The results showed that LRP4 signal 
has been found only in L6 myoblasts, further confirming previous results indicating the absence of a 
functional neural synapse in vitro. 
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A  

B  
Figure 43: SM, size marker; 1, C2C12 myoblasts; 2, C2C12 myotubes; 3, human myoblasts; 4, human 
myotubes; 5, L6 myotubes; 6, L6 myoblasts; 7, T37 myoblasts; 8, LRP4 antigen 1; 9, LRP4 antigen 2; a) 
western blot immunodetection of β-actin. All the samples tested showed the band for β-actin protein; b) western 
blot immunodetection of LRP4. Only L6 myoblasts showed an expression in addition to the positive controls. 
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4  Discussion 
SNMG are a subgroup of MG patients clinically diagnosed with myasthenia gravis lacking detectable 
antibodies. The goal of the project the establishment of new methods for the detection of 
autoantibodies involved in SNMG using different primary cell cultures. 
The CBA allowed the isolation of SNMG sera in the cohort of diagnosed MG patients, and the 
exclusion from the study of sera with detectable antibodies against AChR and MuSK. The TBA, then, 
has been used to assess the presence of antibodies against NMJ in the serum.  
Myogenic stem cells, isolated from routine surgery biopsies, have been cultured and differentiated to 
perform a wide range of experiments. The experiments aimed at the establishment of a functional 
model of the human postsynaptic apparatus. Different stainings confirmed the ability of the cells to 
express different muscle specific proteins such as MyoD and desmin on their surface. However, 
human myotubes presented only a diffuse expression of AChR and lack of a developed postsynaptic 
apparatus of clustered AChR. The clustering of AChR is an essential process for the study of NMJ 
diseases and has been necessary for isolation of SNMG antibodies through the immunoprecipitation 
assay.  For this reason, different conditions have been tested to establish a protocol for AChR 
clustering in vitro. Agrin, laminin and fibronectin have displayed the ability to induce an upregulation 
of receptors and a beginning of clustering, indicating a possibility for inducing this phenomenon in 
in vitro cultures.  
As a side project, stem cells culture were used to test the effects of a novel drug candidate for tissue 
regeneration, called MSI 1436. This drug, known to inhibit the PTB1B protein, has been tested to 
evaluate the effects on proliferation and differentiation of human stem cells in vitro. The results 
indicate the potentiality of MSI to increase stem cell proliferation, but also the primary culture 
potential to be a reliable model for studying new drug targets. 

4.1 Identification of SNMG patients 

For the isolation of SNMG autoantibodies, it was necessary to exclude from the cohort of diagnosed 
MG patients the ones showing antibodies against AChR and MuSK. These antibodies are the most 
common in MG patients, and are normally detected with radioimmunoprecipitation assay or 
ELISA105,106. These assays however do not always allow the detection of antibodies105, mainly due to 
low affinity of the antibodies to recombinant or soluble antigens. Through the CBA, it was possible 
to screen patient serum on a more sensitive and specific test. In the assay, HEK293 cell line was 
transfected with MuSK or AChR subunits and rapsyn, that stimulates the clustering of AChR. 
Through the expression of clustered AChR on the membrane, it was possible to isolate antibodies 
that bind only to high density AChR, or antibodies which cannot recognize AChR antigen due to the 
destruction of the epitopes by the process to isolate the antigen107. For the antibodies against MuSK, 
the largest limitation of the common assays is the low concentration of antibodies in the serum, that 
do not allow the detection by standard methods107. In the CBA, this problem has been overcome by 
the high expression of the antigen on the cell membrane that improves the binding of the antibody at 
cell surface. Through CBA a large part of the sera identified as seronegative have been classified as 
AChR or MuSK positive, and several studies on this technique show that a large part of SNMG 
patients are normally represented by MuSK positive MG 108,109. However, one of the major limitations 
of the CBA as a diagnostic test is that it is a qualitative and a not-quantitative test5. The evaluation of 
fluorescence, and sequent diagnosis as MuSK/AChR positive, is highly subjective. Moreover, the 
presence of a background may alter the interpretation of results. For this reason, each CBA result 
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have been evaluated by two different people before assessing positivity to avoid any observer bias. 
Additionally, several samples had to be analyzed several times due to the high level of the 
background.  

4.2 Detection of autoantibodies against NMJ with TBA 

In the cohort of patients indicated as seronegative autoantibodies against other components of the 
NMJ postsynaptic cleft, such as Lrp4 or ColQ110,111, were described. However, even though a CBA 
for Lrp4 is currently under investigation and some laboratories presented a valid protocol89, the 
absence of a CBA for the other proteins did not allow for an identification of the SNMG antibodies 
through this test110,111. The TBA could be used as a tool for a screening of patients that result SNMG 
after the CBA. This assay allows to detect antibodies from patients against unknown components of 
the NMJ, but similar to CBA is a qualitative analysis. The test was performed on rat muscle because 
human biopsies were derived from the extremity of the muscles and might not have enough NMJ to 
perform the analysis. With rat, it was possible to obtain a larger amount of muscle section with higher 
probability of obtaining at least one NMJ per each section. The TBA protocol has been the same used 
for routine diagnosis of other diseases 113 and has been improved during other NMJ disease studies. 
Rat skeletal muscle have been snap frozen to preserve the NMJ morphology and the protein 
structures, and then cut using a cryostat to prepare the sections for the TBA. The tested serum dilution 
has been 1:40 and the muscle section thickness was 8 µm. Different sera which were strongly positive 
for AChR MG, have been tested, as well as healthy controls. All the positive samples tested have 
shown a staining at the NMJ. However most of them resulted to have striational antibodies111 against 
epitopes of the muscle proteins. Striational antibodies are really common: they are being found in 
30% of MG patients and 74% of patients with thymoma associated MG100,101. Their pathogenic role 
is still unknown although they are commonly used as biomarkers for thymoma and some studies 
highlight the efficacy as biomarkers to predict an unsatisfactory outcome of thymectomy103. The sera 
showing striational antibodies have to be discarded from the analysis, due to the high level of 
background produced. Patients showing striational antibodies, in fact, have a fluorescent signal on 
the whole the section and not only on the neuromuscular junction, making the interpretation of the 
TBA result not reliable.  

4.3  Culture of primary muscle cells 

Human satellite cells have been isolated by the enzymatic digestion of a skeletal muscle biopsy. To 
reach the aim of the project, cultures of primary human muscle cells have been established. In 
comparison with immortalized cell lines, primary muscle cell cultures are derived directly from the 
tissue, reflecting the variability and the in vivo state. For this reason, primary cultures have been 
suggested as a physiologically relevant model for studying myogenesis in vitro115. Due to the low 
abundance of primary myogenic cells in adult skeletal muscle, the process of isolation of primary 
myoblasts still represents a technical challenge114,115. One of the major problems in isolation of cells 
from biopsies is represented by the risk of fibroblasts presence in the culture. The proper removal of 
fat and blood vessels from the muscle, however, led to high purity cultures114.  
After the isolation, it was not possible to characterize the cultured cells through morphological 
characteristics, due to their high similarity to fibroblasts 117. Fibroblasts did not undergo the process 
of differentiation into myotubes. The culture had to be discarded if its quantity was high. The number 
of fibroblasts in primary cultures had to be really low and this because of a risk for the depletion of 
myogenic cells due to their lower doubling time117. Primary cell culture purity have been identified 
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by the presence of MyoD staining in the nucleus of the cells. MyoD is a transcription factor expressed 
by cells committed to skeletal muscle cell faith. For this reason, it is largely abundant in the nucleus 
of proliferating myogenic cells, and widely detectable in the nucleus of non-myogenic and 
differentiated cells61,64. MyoD staining showed high levels of purity in human primary cells culture, 
at 90 to 95%, and therefore no additional steps for depleting fibroblasts have been performed. MyoD 
positive cells in culture further differentiate into myotubes, when medium was switched to DM. 
Myotubes have been then further characterized for the expression of desmin, a muscle specific 
protein. Desmin, an intermediate filament protein, has been used as a biomarker for cells that are 
terminally differentiated119,120 in several studies. The positive staining for desmin indicates the 
presence of terminally differentiated muscle cells in culture66. The staining of the cultures resulted to 
be approximately 90% desmin positive, indicating that almost all the cells have undergone the process 
of differentiation to muscle cells. Myotubes have been further characterized by another MyoD 
staining, that showed the nuclei of differentiated cells to be MyoD negative. Previous studies have 
already mentioned that nuclei become MyoD- in differentiated cells, further confirming that the cells 
have exited the cell cycle120,121. 

4.4  AChR clusters on human myotubes  

Human myoblasts were cultured on glass coverslips in a 24-well-plate and differentiated. The 
presence of AChR clusters have been evaluated by staining with α-bungarotoxin122,123. The results 
then showed that without external stimulation no AChR clustering was observed, and only a low 
expression of clusters could be observed, confirming previous results122.  A study 127 highlighted the 
possibility that clustering on non-innervated myotubes appear, but only in a diffuse manner and tend 
to disappear rapidly. For this reason, in all the tested conditions cells have been fixed with 4% PFA 
and stained after, to avoid the internalization of receptors. 
Neural rat agrin has been used to stimulate myotubes, but despite an upregulation of AChR compared 
with the previous conditions, no clusters could be observed. The double stimulation of the cells with 
glass coverslips coating and soluble agrin or laminin stimulation, presented in 20, has been tested to 
assess the level of clustering with different conditions. Different molecules have been tested, as 
suggested in several different studies 124,125,126 that have confirmed that proteins expressed in the ECM 
enhance the process of clustering of AChR. One important point to be discussed is that almost all the 
studies on AChR clustering have been performed on C2C12 cells and this with good results. Within 
the few treating human muscle cell models 124,128 only a few results have been obtained, and none of 
the studies obtained a complex postsynaptic development and remodeling as in mouse models. 
Following the experiments reported in 124 about efficacy of coating, human muscle cells were 
stimulated with coated laminin and soluble agrin, and a strong upregulation of AChR has been 
observed, together with some structures that were compatible with early clusters. As it was observed 
in different experiments124, the conditions did not induce the presence of a complex postsynaptic cleft 
in none of the experiments. The coating of coverslip with fibronectin displayed a strong upregulation 
of AChR, and the same result has been obtained with stimulation through soluble laminin only.  
To sum it up, these results further confirm that neural agrin is required for the proper development of 
the NMJ postsynaptic apparatus 125,126. When coverslips were coated with laminin and agrin, a major 
amount of possible early clusters has been detected compared with the previous conditions. This 
result partially confirms the results obtained in other studies and highlight the ability of the 
components of the basal lamina in enhancing AChR cluster formation123,124. In several studies, 
however, the possibility to increase the process of clustering has been represented with a coating that 
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expresses the majority of molecules which are present in vivo 124,128,129, mimicking the conditions in 
vivo. The studies altogether indicate that the clustering process requires several proteins and growth 
factors and, furthermore, a complex extracellular matrix may favor the clustering of AChR.  
Another point that has been analyzed has been the culturing of the cells. The 124 study, which obtained 
good results with human muscle cells, highlighted also how the culturing conditions may affect the 
AChR clustering. Another study suggested124 that the permanox slides have been tested for increasing 
cell’s attachment to the surface of the slide, mimicking the in vivo condition. Despite the good results 
obtained with C2C12 in that study, the protocol did not work in the laboratory and cells did not show 
any attachment to the surface of the slide. Due to the poor results obtained with human cells in the 
same study, and due to the poor results obtained with this protocol in the laboratory, the experiment 
has been discarded.  
Consequently, the different protocols presented may be optimized with the use of a coating that 
includes more molecules of the ECM and different surfaces. A culture of human myotubes displaying 
clustered AChR could be used sequent for the isolation of unknown antigens against the NMJ but 
also for studies on other NMJ diseases.  
 

4.5  Immunoprecipitation  

Immunoprecipitation assay allow the isolation of an unknown antibody and an unknown antigen in 
SNMG. Intact differentiated cells have been incubated with MG positive sera in order to allow the 
binding of the antibodies to their antigens. After the incubation the precipitation of these 
immunocomplexes should allow the isolation of both the antigen and the antibody. The sequent mass 
spectrometry analysis allows the characterization of the antigen-antibody complex. One of the major 
limitations of this assay is the absence of a fully developed postsynaptic membrane in human 
myotubes in vitro cultures, that could led to the absence of autoantibodies binding. In order to test the 
effect of AChR clustering absence on the results of the test, L6 myotubes cultures have been used in 
parallel and tested with the same sera.  
L6 myotubes have been shown to express AChR clusters in culture, thus overcoming the problem of 
a human muscle cell model 130,131. To test the difference in efficiency of the two different models, 
four sera strongly positive for AChR MG have been tested. Lysates have been incubated with protein 
A/G agarose beads to capture IgG and bound target antigen, and both have been then separated by 
SDS-PAGE. The following step of the analysis consisted in the identification of proteins by mass 
spectrometry, a standard method in biochemical research and for the characterization of unknown 
molecules. Prior to identification by mass spectrometry the gel could not be stained because the 
protein de-staining protocols132,133, as they prolong the sample preparation for mass spectrometry, 
increase the risks of sample contaminations132. For this reason, the entire band of the gel has been 
excised and analyzed. However, due to the absence of staining a high amount of gel pieces have been 
analyzed and by doing so, problems with the analysis of the samples appeared. Neither AChR 
subunits nor of human IgG have been found in the mass spectrometry results.  
To further confirm the presence of the interested proteins in another sample, a staining of the gel with 
Coomassie has been performed and the respective bands have been then cut and sent for mass 
spectrometry analysis. However, the gel did not show a strong staining and the bands were almost 
not detectable. Moreover, as already mentioned in 132, Coomassie staining is not completely 
compatible with mass spectrometry analysis, leading to a high probability of losing the sample prior 
to analysis.  
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An implementation of this assay could be represented by silver staining, that is more time consuming 
and toxic compared to the current methods but allow immediately and very specifically the presence 
of proteins with the desired weight in the gel133,134. Immunoprecipitation is a practical and efficient 
tool for antigen and antibody isolation in SNMG but the absence of a complex postsynaptic 
machinery in human muscle cell culture may interfere with the efficacy of the analysis. For this 
reason, different cell lines expressing complex AChR clustering may be used instead while improving 
the current method. Nevertheless, the use of only some muscle cell lines may represent a limitation 
in this type of study, as the cells might not express all the protein involved in SNMG. This might, at 
the end, decrease the possibilities of isolating the antigens involved in the pathogenicity of this 
disease. 

4.6 Cell surface markers identification 

Different cell surface proteins have been correlated to a wide range of neurodegenerative diseases 
135,137,139, and their expression on in vitro culture has been tested. The sarcoglycans are proteins which 
are part of the dystrophin-glycoprotein complex. This complex is thought to link the cytoskeleton to 
the extracellular matrix in muscle fibers140 and their alterated expression has been associated to 
dystrophy135. A study has highlighted that the sarcolycan complex, formed by α-, β-, γ- and δ-
sarcoglycan 140,141, is expressed on the membrane of the muscle. The results of the staining performed 
in the laboratory showed, by means of two different experiments, a weak and “spot-like” staining on 

the cell membrane of the myotubes, coherent with other published results142. However, the weak 
staining results may be caused by the absence of an association of myotubes with the plasma 
membrane142,143. The alteration of another gene, dysferlin, lead to a specific type of muscular 
dystrophy, referred to as dysferlinopathy. Diagnosis is complex due to the high clinical variability of 
the symptoms, and several electrophysiological and muscle imaging tests are required139. However, 
new protocols present different methods to detect dysferlin deficiency in monocytes for the diagnosis 
of dysferlin myopathies139. The 139 study highlighted the upregulation of dysferlin in activated satellite 
cells, with increasing levels of expressed dysferlin in differentiated myotubes, which was further 
confirmed by another study in C2C12 cell line 140. The staining with anti-dysferlin antibodies detects 
the presence of dysferlin on myotubes, indicating the possibility of developing an essay to detect 
human IgG against dysferlin in primary cultures. In addition to the previously mentioned proteins, 
IgLON5 expression on human myotubes has been tested for an unrelated project. IgLON5, and the 
IgLON family of proteins, are neuronal cell adhesion proteins with an unknown function. The staining 
confirmed the expression  of IgLON5 protein in the myotubes, even though the staining was weak 
and “spot-like”.  

4.7 MSI 1436 

Regenerative medicine represents a promise in regenerating tissues damaged by diseases or injury145. 
In this field, small molecules represent an emerging area of study. Using model organisms such as 
zebrafish or mouse, a novel candidate has been identified. MSI 1436, an inhibitor of the 
enzyme protein-tyrosine phosphatase 1B (PTB1B)150,151. We have tried to test the regenerative 
potentiality of this molecule on proliferation of human stem cells in culture, following the previous 
results obtained in mouse that showed an increase in cell proliferation and tissue regeneration 145. The 
results have shown an increase of the cell proliferation in cells treated with MSI compared with the 
ones treated with DMSO, partially confirming the results obtained with mouse in 145. Furthermore 
the difference between cells treated with MSI and DMSO has been calculated, showing a dose 
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dependent increase. However, contrary to the results presented in a previous study 145, the difference 
within the cells did not result to be statistically relevant. An explanation for this result may be the 
lower number of cells compared to the number of cells in an organ and the shorter time of observation 
in the study (5 days compared to the 28 in the study). It has been subsequently observed if MSI could 
have an effect on cell’s morphology, and no deformation of the shape of the cells have been observed. 

However, with higher amounts of MSI a lower number of cells has been observed, and the observation 
allowed to explain the result with an increasing rate of cell’s death. MSI seemed to display a dose 
dependent toxicity, confirming previous results of different studies which have already highlighted 
the toxicity of DMSO145,146. The studies confirmed a toxicity of the compound in a dose dependent 
manner after the concentration of 1%147. Experiments showed that MSI treated cells were not able to 
differentiate and, after switching to a differentiation medium, the cells treated with a higher amount 
of MSI immediately died, while the lower amount of MSI was able to inhibit differentiation of the 
cells.  
It is difficult to explain this element due to the fact that the results of the DMSO controls did not show 
any toxic effect. Therefore, we hypothesized that MSI was able to strongly inhibit the differentiation 
by blocking some signal pathways and at a higher concentration this inhibition could led to the death 
of the cells. However, studies of MSI on clinical trials did not show effects of toxicity of the 
compound 145,150. The explanation of this phenomenon could be that in in vitro cultures the growth 
medium has a high presence of growth factors and nutrients, while in a differentiation medium the 
growth factors (such as FBF) are replaced by differentiation factors (such as HS)150. Whitout 
proliferation factors, cells are pushed to differentiation that has been inhibited by MSI,  and this might 
explain the high amount of dead cells. This might explain also why this phenomenon has not been 
observed in in vivo studies.  
In conclusion, the results highlight the high potentiality of MSI in regenerating tissues145, but open 
several questions on its effects on stem cells146, indicating that more studies on this have to be 
performed. 

4.8 Western blot 

Cell lysates of human myotubes, human myoblasts, C2C12 myotubes, C2C12 myoblasts, L6 
myotubes, L6 myoblasts and T37 myoblasts were prepared. Protein concentration was measured by 
nanodrop and the samples were subjected to SDS-PAGE and Western Blotting. The obtained results 
show that the β-actin, an housekeeping gene used as a control153, was expressed in all the cell lines. 
In the other gel, two positive controls of commercial Lrp4 antigens were added, and the membrane 
was incubated with anti-Lrp4 antibody. The results showed a band on both the positive controls and 
in L6 myoblasts.  As presented in figure 43, a slight band could be visible also on a T37 sample, but 
it was not possible to exclude the possibility that the slight band could be only the background. The 
absence of a staining in the majority of the samples, but not in the controls, indicates that a higher 
concentration of protein could be required for the detection of Lrp4 in the different cell lines.  
Moreover, the analysis should be repeated with all the proteins expressed in the NMJ to assess the 
ability of the cell lines to express the different proteins required for AChR clustering. Confirming the 
presence of all the proteins in the different cell lines could be a first step towards developing new 
methods for AChR clustering and complex postsynaptic development126,127. 
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4.9  Antigen discovery in Myasthenia gravis 

After the identification of the pathogenic effects of AChR and MuSK antibodies48, several other 
antibodies against the NMJ have been detected in myasthenia gravis patients, such as anti- Lrp4, agrin 
and ColQ7,8 antibodies. ELISA, CBA and immunoprecipitation studies have been used for the 
detection of these autoantibodies, however the results showed that there is an high variability in the 
results due to the detection assay used and the source of the antigen104. Moreover, for all of these 
molecules, their role in MG, their diagnostic value and the specificity for MG have not been 
understood yet104.  
One of the major limitations of the standardized diagnostic test, such as ELISA, is the low affinity of 
some kind of antibodies to the commercial and recombinant antigens. This has been shown to strongly 
affect the diagnosis and the detection of different antigens, including MuSK4,5. The different methods 
tested in the project aimed for isolating and characterizing the SNMG antibodies and antigens. In this 
method, as opposed to the previous experiments, the combination of different techniques allowed the 
isolation of SNMG sera positive for antibodies against components of the NMJ. One of the major 
limitations of working with primary muscle cells has been the absence of a fully developed and 
remodeled postsynaptic machinery, as already mentioned in former studies20,21. This made the 
isolation of seronegative antibodies still impossible, due to the absence of all the proteins of NMJ 
expressed. Different studies have highlighted the possibility to use mouse models with the same 
scope, but seronegative serum might not react with animal protein, despite the high similarity with 
the human ones. Nevertheless, the use of only a single cell line may be a limitation, due to the genetic 
variation and the possible absence of all the NMJ antigens. Here we have proposed a new approach 
for the identification of the factors involved in SNMG using both tissue sections and myogenic 
progenitors from different species, including human ones. Primary cell cultures, resembling the 
physiological conditions in vivo, ensured that the cells displayed all the antigens required for the 
isolation of unknown antibodies. The use of tissue sections, at the same time, ensured the incubation 
of sera with a fully developed NMJ. The herewith methods presented have been shown to have great 
potentiality but still need an improvement to really be able to isolate antigens or antibodies. Despite 
this, the presented approach allows the analysis of both antibodies and antigens increasing the chances 
of isolating new candidates for SNMG. Moreover, the experiments on primary cell cultures 
highlighted them as a useful diagnostic and study tool for a wide range of other diseases.  

4.10  Final considerations 

In conclusion, our work has confirmed the CBA as a reliable tool to identify seronegative MG within 
a cohort of patients. At the same time, TBA and immunoprecipitation might represent a key tool for 
the identification of antibodies SNMG patients, but both the test showed the need for further 
improvements to the current protocol to allow the isolation of SNMG antibodies. Besides, the studies 
performed on human muscle stem cell culture highlighted their potential as a possible diagnostic tool 
for a wide range of other diseases, not limited to MG. In summary the approach presented in this 
project could be employed not solely for the detection and identification of unknown antigens at the 
NMJ, but additionally to study the molecules involved in other muscular pathologies and develop 
new drug targets. 
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4.11  Outlook 

The isolation of new antigents responsible for SNMG would represent an important improvement in 
the comprehension of the disease. One of the major problems raised during the project has been the 
absence of a functional AChR clustering and postsynaptic development. In the future, it would be 
helpful to introduce a co-culture or an electric stimulation to myotubes in order to achieve this goal. 
Other experiments have shown that also the transfection of human cells with proteins from the NMJ, 
such as Dok7, resulted in a clustering of the receptors. It would be worth trying to reproduce the 
protocol, to assess the possibility of inducing a complete development of AChR receptors also in the 
human model. In addition to this, the mouse model for NMJ, C2C12 cell line, have also shown to 
express a fully developed postsynaptic membrane and it would be helpful to perform the 
immunoprecipitation assay with this model as well, in order to assess the possibility of isolating 
antigens.  
Finally, different protocols reported functional CBA with different antigens from the NMJ, such as 
Lrp4. Performing this kind of experiments on the sera that have resulted negative for AChR and 
MuSK would increase the comprehension and the knowledge of these antibodies.  
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APPENDIX 
 

A  B  

C  D  

E  F  

G  H  

Figure S1: Agrin stimulated myotubes. Nuclei stained with DAPI, in blue. AChR stained with α-bungarotoxin, 
in red; a) 1:1000 agrin stimulation; b) 1:500 agrin stimulation; c) 1:200 agrin stimulation; d) 1:100 agrin 
stimulation; e)  1:50 agrin stimulation; f) 1:20 agrin stimulation; g) 1:10 agrin stimulation; h) 1:5 agrin 
stimulation. 
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A  B  

C  D  

 Figure S2: Myotubes on laminin coating stimulated with soluble agrin. Nuclei stained with DAPI, in blue. 
AChR stained with α-bungarotoxin, in red;; a) no agrin; b) 1:1000 agrin stimulation; c) 1:500 agrin 
stimulation; d) 1:200 agrin stimulation. 

 

A  B  

Figure S3: Agrin stimulated myotubes on laminin coated coverslips. AChR stained with α-bungarotoxin 
stained myotubes on laminin a) 1:50 agrin stimulation; b) 1:100 agrin stimulation. 
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A  B  C  

Figure S4: Laminin stimulated myotubes on laminin coated coverslips. Nuclei stained with DAPI, in blue. 
AChR stained with α-bungarotoxin, in red;; a) laminin coated coverslips, 1:100 laminin; b) gelatine and agrin 
1:50 coated coverslip, laminin 1:100 stimulation; c) gelatine and agrin 1:10 coated coverslip, laminin 1:100 
stimulation 

 

A

 

 

B  C  

Figure S5: MSI test glass coverslips, 24 well plate. Every day wells have been stained with DAPI, and nuclei 
counted with ImageJ. a) Graph with summarized results of counting; b) example a picture for counting nuclei 
of MSI treated cells, day 2. C) example of a picture for counting nuclei of DMSO treated cells, day 2.   
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Figure S6: Comparison of number of cells for different concentrations of MSI a) total number of cells for an 
MSI titration test; b) difference between cells treated with MSI and cells treated with DMSO per each titration.  
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Figure S7: Overall growth of cells over 5 days for each condition; a) 1μM concentration; b) 2 μM 

concentration; c) 3 μM concentration; d) 4 μM concentration; e) 5 μM concentration. 
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Figure S8: MSI treated cells. On the left column, a plate overview with 4x magnification, to have an overview 
on the culture. On the right column, a focus on the morphology of the cells; a) MSI 1 μM; b) MSI 2 μM; c) 

MSI 3 μM; d) MSI 4 μM; e) MSI 5 μM;  
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Figure S9: DMSO treated cells On the left column, a plate overview with 4x magnification, to have an overview 
on the culture. On the right column, a focus on the morphology of the cells; a) DMSO 1 μM; b) DMSO 2 μM; 

c) DMSO 3 μM; d) DMSO 4 μM; e) DMSO 5 μM;  
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Figure S10: Pictures highlighting the morphology and development of cells for each condition, 2 days after 
switch to differentiation medium. On the left column, MSI treated cells. On the right column, DMSO treated 
cells; a) 1 μM; b) 2 μM; c) 3 μM; d) 4 μM; e) 5 μM;  
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