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Abstract
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Myasthenia gravis (MG) is an autoimmune neuromuscular disorder characterized by pathogenic
autoantibodies targeting components of the neuromuscular junction, most commonly the
nicotinic acetylcholine receptor (nAChR). In AChR seropositive (AChR+) MG, autoantibody
binding to nAChRs can activate the complement cascade, leading to membrane attack
complex (MAC) formation, loss of nAChRs, and impaired neuromuscular transmission. MG
is heterogeneous with multiple subgroups, and reliable circulating biomarkers and mechanistic
insights into skeletal muscle pathology remain limited. This thesis investigates MG-associated
circulating blood biomarkers and complement-associated pathogenic mechanisms using an in
vitro human skeletal muscle model.

Papers I-II demonstrated that serum miR-150-5p and miR-30e-5p were elevated in MG,
with miR-30e-5p correlating with disease course. Additionally, they exhibited good temporal
stability. Paper III identified an altered inflammatory protein profile in AChR+ MG, in which
CCL28, FGF-23, FGF-5, TGF-α, TNFSF14, and uPA exhibited the highest differences between
MG and HC. Papers IV-V demonstrated complement activation in MG. Increased C1s/C1-
INH complexes indicated proximal classical pathway activation, while elevated plasma C3a
and soluble C5b-9 reflected downstream and terminal pathway activation. C3a exhibited the
highest diagnostic performance. Papers V-VI established a human skeletal muscle model of
AChR+ MG, in which pathogenic antibodies bound to nAChRs, causing receptor loss, MAC
deposition, and impaired cholinergic calcium signaling. Similar effects induced by AChR α-
subunit-specific monoclonal antibodies were restored by C3 inhibition, indicating complement
activation as a key driver of antibody-mediated pathogenic effects.

Taken together, these studies identify candidate circulating miRNA, inflammatory, and
complement-related biomarkers in MG and demonstrate the pathogenic effects in vitro. These
findings provide a broader view of immune and inflammatory activation in MG, as well as
mechanistic insights into complement-associated skeletal muscle pathology, including proximal
complement C3 inhibition as a promising therapeutic strategy.
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Abbreviations 

4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1  
ACh Acetylcholine 
AChE  Acetylcholinesterase 
AChEI Acetylcholinesterase inhibitor 
AChR Acetylcholine receptor 
AChR+  Acetylcholine receptor seropositive  
APRIL A proliferation-inducing ligand 
BAFF B cell-activating factor 
C1-INH C1 inhibitor 
CBA Cell-based assay 
CD6 T cell surface glycoprotein CD6 isoform 
cDNA Complementary DNA 
CCh Carbamoylcholine chloride 
CCL C-C motif chemokine 
Ct Cycle threshold 
DHPR Dihydropyridine receptor 
EAMG Experimental autoimmune myasthenia gravis 
ECC Excitation-contraction coupling 
ECD Extracellular domain 
EDTA Ethylenediaminetetraacetic acid 
ELISA Enzyme-linked immunosorbent assay 
EN-RAGE Protein S100-A12 
EOMG Early-onset myasthenia gravis 
FGF Fibroblast growth factor 
FSS Fatigue Severity Scale 
FcRn Neonatal Fc receptor 
GDNF Glial cell line-derived neurotrophic factor 
gMG Generalized myasthenia gravis 
HEK Human embryonic kidney 
IgG Immunoglobulin G 
IL Interleukin 
IL-22RA1 Interleukin-22 receptor subunit alpha-1 
IVIg Intravenous immunoglobulin 
KCl Potassium chloride 
LOMG Late-onset myasthenia gravis 



LRP4 Low-density lipoprotein receptor-related protein 4 
LRP4+  Low-density lipoprotein receptor-related protein 4 seropositive  
MAC Membrane attack complex 
MAPK Mitogen-activated protein kinase 
MBSI Magnetic bead-based sandwich immunoassay 
MCP-3 Monocyte chemotactic protein 3 
MGC Myasthenia gravis Composite 
MG Myasthenia gravis 
MG-ADL Myasthenia gravis Activities of Daily Living 
MG-QoL15 Myasthenia gravis Quality of Life 15-item questionnaire 
miRNA MicroRNA 
MIR Main immunogenic region 
mAbs Monoclonal antibodies 
MMP Matrix metalloproteinase 
mRNA Messenger RNA 
MuSK Muscle-specific kinase 
MuSK+ Muscle-specific kinase seropositive  
mTOR Mechanistic target of rapamycin 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells  
NK Natural killer 
NMJ Neuromuscular junction 
NPX Normalized protein expression 
nAChR Nicotinic acetylcholine receptor 
OND Other neuroimmune disease 
oMG Ocular myasthenia gravis 
OPG Osteoprotegerin 
OSM Oncostatin-M 
PBS Phosphate-buffered saline 
PCA Principal component analysis 
PCR Polymerase chain reaction 
PEA Proximity extension assay 
PLEX Plasma exchange 
QMG Quantitative myasthenia gravis 
RIA Radioimmunoassay 
RNS Repetitive nerve stimulation 
ROC Receiver operating characteristic 
RyR Ryanodine receptor 
SERCA Sarcoendoplasmic reticulum calcium ATPase 
SFEMG Single-fiber electromyography 
SIRT2 SIR2-like protein 2  
SNMG Seronegative myasthenia gravis 
SR Sarcoplasmic reticulum 
ST1A1 Sulfotransferase 1A1 
TGF Transforming growth factor 



Th17 T helper 17 
Tfh Follicular helper T 
TNF Tumor necrosis factor 
Treg Regulatory T cell 
T-tubule Transverse tubule 
uPA Urokinase-type plasminogen activator 
VEGF-A Vascular endothelial growth factor A 
VGCC Voltage-gated calcium channel 
VGSC Voltage-gated sodium channel 
VLOMG Very late-onset myasthenia gravis 
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Introduction 

Skeletal muscle contraction requires efficient neuromuscular transmission at 
the neuromuscular junction (NMJ), a specialized synapse that transmits the 
signal from the motor neuron to initiate muscle contraction. Disruption of the 
postsynaptic components of the NMJ impairs neuromuscular transmission and 
leads to fatigable muscle weakness.  

Myasthenia gravis (MG), characterized by such NMJ disruptions, is an au-
toimmune disorder caused by pathogenic autoantibodies that target postsyn-
aptic proteins, most commonly the nicotinic acetylcholine receptor (nAChR; 
Figure 1), as well as muscle-specific kinase (MuSK) and low-density lipopro-
tein receptor-related protein 4 (LRP4). These proteins are essential for neuro-
muscular transmission and NMJ organization and maintenance. The autoim-
mune attack impairs neuromuscular transmission, leading to insufficient de-
polarization of the postsynaptic membrane, and resulting in clinical muscle 
weakness and fatigability 1. This thesis focuses on AChR seropositive 
(AChR+) MG, investigating potential circulating blood biomarkers and path-
ogenic mechanisms at the postsynaptic muscle compartment.  
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Figure 1. Schematic illustration of neuromuscular transmission in normal conditions 
and acetylcholine receptor seropositive (AChR+) myasthenia gravis (MG).  
Under normal conditions (left panel), the neuromuscular transmission proceeds as follows: (1) an action po-
tential reaches the presynaptic motor nerve terminal, triggering (2) calcium (Ca2+) influx through voltage-gated 
calcium channels (VGCCs), and release of acetylcholine (ACh) into the synaptic cleft. (3) ACh binds to nico-
tinic acetylcholine receptors (nAChRs), which are clustered at the postsynaptic membrane via the agrin–low-
density lipoprotein receptor-related protein 4 (LRP4)–muscle-specific kinase (MuSK) signaling complex, lead-
ing to postsynaptic depolarization. This activates (4) voltage-gated sodium channels (VGSCs), initiates (5) 
excitation-contraction coupling via Ca2+ release from the sarcoplasmic reticulum, and results in (6) muscle 
contraction. Acetylcholinesterase (AChE) rapidly hydrolyzes ACh in the synaptic cleft, preventing prolonged 
nAChR activation. In AChR+ MG (right panel), pathogenic autoantibodies target nAChRs, reducing receptor 
density and blocking receptor function, thereby impairing neuromuscular transmission and causing muscle 
weakness.  
This figure was created with BioRender.  
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Myasthenia gravis 
Epidemiology 
The incidence of MG is approximately 20 cases per million person-years, with 
a prevalence of around 25 cases per 100,000 population 2. The increasing num-
ber of cases worldwide reflects improved diagnostic tools, disease awareness, 
ageing populations and improved survival associated with advances in immu-
nosuppressive and supportive therapies 2,3. The mortality rate is approximately 
5-9% and has decreased over the past two decades owing to advancements in 
diagnosis, treatment, and respiratory care 4. MG can occur at any age; how-
ever, females are more frequently affected than males, with an estimated fe-
male-to-male ratio of 1.6:1 5.  

Diagnosis  
Diagnosis begins with a neurological examination identifying characteristic 
fluctuating and fatigable skeletal muscle weakness affecting ocular, bulbar, 
limb, or respiratory muscles, and is further supported by serological and elec-
trophysiological investigations 3.  

Radioimmunoassay (RIA) is a widely used method for detecting antibodies 
against the acetylcholine receptor (AChR), MuSK, and LRP4 3. In addition to 
RIA, enzyme-linked immunosorbent assay (ELISA) has been employed to de-
tect AChR and MuSK antibodies and offers a non-radioactive alternative 6,7. 
More recently, cell-based assays (CBAs) using human embryonic kidney cells 
expressing clustered AChRs have improved diagnostic sensitivity. CBAs can 
identify AChR antibodies in a substantial proportion of patients previously 
classified as seronegative (SNMG), in whom MG-related antibodies are not 
detectable by RIA 8.  

Electrophysiological studies provide functional confirmation of neuromus-
cular transmission failure and include repetitive nerve stimulation (RNS) and 
single-fiber electromyography (SFEMG) 3. RNS typically demonstrates a dec-
remental reduction in compound muscle action potential amplitudes with low-
frequency stimulation. SFEMG detects increased jitter, defined as the fluctu-
ation in the time interval between action potentials of two muscle fibers be-
longing to the same motor unit, and represents the most sensitive indicator of 
NMJ dysfunction in MG 3,9. 

Subgroups 
Patients with MG can be classified into subgroups based on the distribution of 
clinical weakness, age at disease onset, thymic pathology, and serological sta-
tus 10. These classifications reflect the heterogeneity of MG. 
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Clinical distribution 
Ocular MG (oMG) is characterized by weakness limited to extraocular mus-
cles, presenting as ptosis, which is usually asymmetrical, or diplopia 3. Ap-
proximately 15-20% of patients present with purely ocular symptoms 11, and 
up to 80% subsequently progress to generalized MG (gMG), most commonly 
within the first two years of disease 4,11. gMG involves bulbar, limb, axial, or 
respiratory muscles, with limb weakness typically symmetrical and predomi-
nantly proximal 10,12.   

Age at onset 
Based on age at onset, MG is classified as juvenile-onset (≤18 years), early-
onset MG (EOMG; 19-50 years), late-onset MG (LOMG; 51-65 years), and 
very late-onset MG (VLOMG; ≥65 years) 3,12. EOMG predominantly affects 
women and is associated with thymic hyperplasia and AChR seropositivity, 
whereas LOMG occurs more frequently in men 10.  

Thymoma-associated MG 
Thymoma-associated MG accounts for approximately 10-20% of all MG 
cases and occurs predominantly in older patients 3,12,13. Most patients have de-
tectable AChR antibodies and present with generalized weakness. Approxi-
mately 30% of patients with thymoma develop MG, while up to 50% exhibit 
AChR antibodies without clinical manifestations 4,12. 

Serological subgroups  
Serological classification is based on the presence of disease-specific auto-
antibodies. AChR antibodies are detected in approximately 75-85% of MG 
patients and constitute the largest serological subgroup, including most cases 
of EOMG, LOMG, and thymoma-associated MG 12,14. MuSK seropositive 
(MuSK+) MG accounts for 5-8% of cases and is frequently associated with 
bulbar weakness and a higher risk of myasthenic crisis, a life-threatening 
exacerbation characterized by severe respiratory and/or bulbar weakness 15. 
LRP4 seropositive (LRP4+) MG is rare (1-3%) and typically associated with 
milder symptoms 14,16. Patients who test negative for AChR, MuSK, and 
LRP4 antibodies are classified as SNMG, representing approximately 5-
15% of cases and including patients with undetectable or as-yet-unidentified 
antibodies 12,14. 

MG outcome measurements 
Quantitative assessment of disease severity in MG is challenging due to fluc-
tuating muscle weakness and fatigability. To this end, several validated out-
come measures are widely used in clinical practice and therapeutic trials, in-
cluding patient-reported and clinician-assessed scales 3,17.  
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MG Activities of Daily Living (MG-ADL) and MG Quality of Life 15-item 
questionnaire (MG-QoL15) are commonly used patient-reported outcome 
measures. MG-ADL assesses symptom burden and its impact on daily activi-
ties, with higher scores indicating greater disease severity 18. MG-QoL15 eval-
uates a patient’s quality of life related to MG, with higher scores reflecting 
poorer quality of life. Fatigue Severity Scale (FSS), although not specific to 
MG, is used to evaluate general fatigue. It is a 9-item scale developed for use 
in various neurological disorders, including MG 18. 

Clinician-assessed outcome measurements include the MG Composite 
(MGC) and Quantitative Myasthenia Gravis (QMG). MGC combines findings 
from clinical examination and patient-reported symptoms to assess disease se-
verity, with higher scores indicating more severe disease 19. QMG requires 
clinician assessment and specialized equipment. It provides an objective, 
quantitative evaluation of neuromuscular weakness 20. 

Immunopathogenesis  
MG is a thymus-associated, T-cell-dependent, and B-cell-mediated disease, in 
which a series of immunological events leads to production of pathogenic au-
toantibodies. 

Defects in immune tolerance 
Immune tolerance prevents immune responses against self-antigens by elimi-
nating self-reactive immune cells. These mechanisms occur in the thymus and 
bone marrow, as well as in secondary lymphoid tissues, where regulatory T 
cells (Tregs) support this process 21. In MG, defects in these mechanisms lead 
to the escape of self-reactive immune cells 22,23.  

Thymic abnormalities 
MG is often associated with thymic abnormalities, including follicular hyper-
plasia and thymoma. Follicular hyperplasia is particularly prevalent in AChR+ 
cases. It is characterized by the abnormal expansion of ectopic lymphoid fol-
licles with active germinal centers, which facilitate pathogenic autoantibody 
production. Thymoma occurs in a small subset of patients and is associated 
with disruption of central immune tolerance 24. 

T cells and related cytokines 
The imbalance among CD4+ T-cell subsets and their associated cytokines 
plays a key role in the immunopathogenesis of MG. Increased frequencies of 
T helper 17 (Th17) cells in MG promote chronic inflammation through the 
secretion of interleukin-17 (IL-17) 25. In addition, elevated thymic follicular 
helper T (Tfh) cell frequencies support B-cell activation and differentiation 
into antibody-secreting plasma cells by secreting interleukin-21 (IL-21) 25. 
Tregs, which are responsible for the production of immunosuppressive 
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cytokines such as interleukin-10 (IL-10) and transforming growth factor 
(TGF)-β, are reduced in frequency and/or function in MG 25,26.  

B cells and related cytokines 
Pathogenic autoantibody production is driven by dysregulated B-cell activation. 
In MG, B cell homeostasis is altered, with increased frequencies of memory B 
cells and reduced ratios of regulatory B cells 25. Cytokines that promote B cell 
survival and maturation, particularly B cell-activating factor (BAFF) and a pro-
liferation-inducing ligand (APRIL), are upregulated in MG 25,27.  

Pathophysiology  
The predominant autoantibody target is the nAChR, which is located on the 
postsynaptic muscle membrane and mediates synaptic transmission by bind-
ing neurotransmitter acetylcholine (ACh) and initiating postsynaptic mem-
brane depolarization. Additional autoantibody targets include MuSK and 
LRP4, which are essential for NMJ development and maintenance 28. Anti-
bodies against these targets are mainly of non-complement-activating immu-
noglobulin G (IgG) subclasses and are not the focus of this thesis. 

Pathophysiological mechanisms of AChR autoantibodies 
AChR autoantibodies are predominantly of the IgG1 and IgG3 subclasses and 
recognize epitopes on the extracellular domain (ECD) of the nAChR 16,29,30. 
The pathogenic effects of AChR autoantibodies are mediated through at least 
three mechanisms: antigenic modulation, direct functional blockade of nA-
ChRs, and complement-mediated postsynaptic membrane damage 31.  

Antigenic modulation occurs when autoantibodies bind to adjacent nA-
ChRs. This cross-linking triggers accelerated internalization of nAChRs via 
endocytosis, followed by degradation of the receptor-antibody complexes 32. 
As a consequence, the number of functional nAChRs on the postsynaptic 
membrane is reduced. In addition, autoantibodies can directly block nAChRs 
by competing with ACh for binding sites on the receptor. This blockade pre-
vents nAChR activation 31,33. 

Complement-mediated destruction of the postsynaptic membrane is a ma-
jor pathogenic mechanism in AChR+ MG 34. Binding of IgG1 and IgG3 anti-
bodies to nAChRs triggers activation of the classical complement cascade 35. 
Sequential activation of downstream complement components leads to the as-
sembly of the membrane attack complex (MAC; C5b-9) on the postsynaptic 
membrane 35,36. MAC formation damages the postsynaptic membrane and 
causes the loss of functional nAChRs and voltage-gated sodium channels 
(VGSCs), all of which compromise neuromuscular transmission 35.  
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Complement activation  
The complement system forms part of the innate immune response and oper-
ates through a coordinated cascade of complement components involved in 
the clearance of pathogens and immune complexes. Activation of the comple-
ment cascade promotes opsonization, generation of pro-inflammatory media-
tors, and formation of MAC (C5b-9), leading to damage of target cell mem-
branes. Under normal conditions, complement activity is tightly regulated to 
prevent damage to autologous tissues 35.  

Complement can be activated through three pathways: the classical, lectin, 
and alternative pathways (Figure 2). In AChR+ MG, activation occurs pre-
dominantly via the classical pathway, which is initiated by binding of IgG-
antigen immune complexes to the C1 complex. The C1 complex consists of 
the recognition subunit C1q and the enzymatic subunits C1r and C1s. Activa-
tion of the classical pathway is tightly regulated by the C1 inhibitor (C1-INH), 
which restricts complement activation by binding to C1r and C1s. Upon C1-
INH binding, the C1 complex dissociates, releasing free C1q together with 
covalent C1r/C1-INH and C1s/C1-INH complexes 37. When regulatory mech-
anisms are insufficient, C1r autoactivates and then activates C1s. C1s leads to 
formation of the classical C3 convertase. Downstream complement activation 
involves cleavage of C3 into C3a and C3b. C3b participates in the formation 
of the C5 convertase, which subsequently cleaves C5 into C5a and C5b. C5b 
then associates with C6, C7, and C8, followed by binding of multiple C9 mol-
ecules, resulting in formation of the MAC (C5b-9) 35,37. Protection against ab-
errant complement activation is mediated by membrane-bound regulatory pro-
teins, including CD55 and CD59, which limit C3 convertase activity and in-
hibit MAC formation, respectively 35. 

Early pathological studies provided important evidence for a direct role of 
complement activation in MG by demonstrating deposition of IgG and com-
plement components at the NMJ in both human biopsies and animal models 
38. Deposition of complement component C3 at postsynaptic region was asso-
ciated with reduced nAChR density, implicating complement-mediated NMJ 
destruction 36,39. This pathogenic role has been further supported by studies 
using C3-, C4-, C5-, and C6-deficient rodent models, which demonstrated at-
tenuated disease severity and reduced postsynaptic damage 40-42.  
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Figure 2. Overview of complement activation pathways and regulatory mechanisms. 
The classical, lectin, and alternative complement pathways converge at the formation of the C3 convertase. 
The classical pathway is initiated by the C1 complex (C1q, C1r, and C1s) and regulated by C1 inhibitor. 
The lectin pathway activates C3 convertase through pattern recognition molecules, while the alternative 
pathway amplifies complement activation and is regulated by Factor B, Factor H, Factor I, and properdin. 
C3 convertase cleaves C3 into C3a and C3b, mediating inflammatory signaling and opsonization, respec-
tively. C3b also contributes to C5 convertase formation, leading to cleavage of C5 into the anaphylatoxin 
C5a and C5b. C5b initiates assembly of the terminal complement components (C6-C9) to form the mem-
brane attack complex (MAC). Complement activity is regulated by CD55, which limits C3 convertase ac-
tivity, and CD59, which inhibits MAC formation.  
This figure was created with BioRender. 

Treatment 
Therapeutic strategies are determined by disease severity, antibody status, 
thymic pathology, and treatment response.  

Standard treatment 
Symptomatic treatment with acetylcholinesterase inhibitors (AChEIs), most 
commonly pyridostigmine, represents the initial treatment in MG. By inhibiting 
the enzymatic degradation of ACh, AChEIs enhance neuromuscular transmis-
sion and provide rapid symptomatic relief. However, as they do not modify the 
underlying autoimmune process, most patients require additional therapy 14,43. 

Immunosuppressive treatment with corticosteroids, most commonly pred-
nisone, is the first-line therapy for patients who remain symptomatic despite 
AChEI therapy, although long-term use is limited by side effects 43. Steroid-
sparing immunosuppressants, such as azathioprine and ciclosporine, are there-
fore commonly used to reduce steroid exposure. These steroid-sparing drugs 
suppress immune responses through various mechanisms, including inhibition 
of immune cell proliferation 14,43.   

Thymectomy, the surgical removal of the thymus, is mandatory in thy-
moma-associated MG. In addition, thymectomy is recommended for patients 
with non-thymomatous AChR+ gMG who are younger than 65 years, ideally 
within the first two years after diagnosis. Thymectomy is associated with im-
proved clinical outcomes, including reduced immunosuppressive require-
ments, lower QMG scores, and decreased hospitalization rates 14,43.  
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For patients experiencing acute disease exacerbations or myasthenic crisis, 
intravenous immunoglobulin (IVIg) and plasma exchange (PLEX) are used to 
achieve prompt clinical improvement. These interventions act by reducing cir-
culating pathogenic autoantibodies 43. 

Despite the availability of multiple standard therapeutic options, approxi-
mately 30-50% of patients fail to achieve satisfactory clinical improvement 
and disease stability 14.  

Approved biological therapies 
Approved biological therapies are designed to target key pathogenic mecha-
nisms, including complement activation, IgG autoantibody recycling, and B-
cell-mediated autoantibody production. Complement inhibition, particularly 
through targeting of complement component C5, represents a major therapeu-
tic advance in AChR+ MG, as it prevents terminal complement activation and 
the formation of MAC. Additional strategies target the neonatal Fc receptor 
(FcRn) to reduce IgG recycling and accelerate degradation of pathogenic au-
toantibodies. B-cell-targeted approaches limit autoantibody production by re-
ducing circulating B-cell populations 14. 

Biomarkers 
Biomarkers are measurable indicators of normal or abnormal biological states, 
pathogenic processes, or pharmacological responses to a therapeutic interven-
tion. Depending on their intended use, biomarkers can be classified into cate-
gories, including diagnostic, prognostic, predictive, monitoring, and pharma-
codynamic biomarkers 44. In MG, SFEMG and antibodies to AChR and MuSK 
are diagnostic biomarkers; however, reliable markers that reflect disease se-
verity or treatment response remain limited 45. Ideally, biomarkers should be 
minimally invasive, easily accessible, and capable of distinguishing patients 
from healthy individuals. In this context, circulating blood-based molecules, 
such as microRNAs (miRNAs), complement factors, and proteins have been 
proposed as potential biomarkers in MG 46. 

Circulating miRNAs 
miRNAs are small non-coding RNA molecules, typically ~22 nucleotides in 
length, that regulate gene expression at the post-transcriptional level by tar-
geting the messenger RNA (mRNA). Circulating miRNAs are released into 
the extracellular space and can be detected in various biological fluids, includ-
ing blood 47. Several studies have reported altered serum miRNA profiles in 
MG, particularly in AChR+ MG. Elevated levels of miR-150-5p, miR-21-5p, 
and miR-30e-5p are observed in AChR+ patients compared with healthy indi-
viduals 48-50. Thymectomy and immunosuppressive treatment are associated 
with reduced levels of miR-150-5p and miR-21-5p 49,51. Increased miR-30e-
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5p levels are detected early in the disease course of oMG patients who subse-
quently generalize 52.  

Complement components  
As complement activation plays a central role in the pathophysiology of 
AChR+ MG, circulating complement components in serum or plasma have 
been investigated as potential biomarkers. Reported alterations include C2, C3 
(C3a and C3b), C4a, C5a, and C5b-9 46. However, plasma is the preferred 
sample type for complement assessment, since chelation of divalent ions (Ca²⁺ 
and Mg²⁺) by EDTA prevents ex vivo complement activation, a process that 
is not inhibited in serum 53. 

Proteins 
Proteins involved in immune regulation and inflammation have emerged as 
potential biomarkers in MG. In AChR+ MG, several interleukins associated 
with pro-inflammatory and regulatory pathways, including IL-6, IL-17, IL-21, 
and IL-10, are dysregulated. Additionally, changes in tumor necrosis factor 
(TNF) family proteins and elevated matrix metalloproteinase (MMP) levels 
have been reported 46.  

Disease models 
Disease models of MG enable the study of disease mechanisms and support 
preclinical therapeutic development.  

Animal models  
Experimental autoimmune myasthenia gravis (EAMG) can be induced in ro-
dents by either active immunization with MG-associated autoantigens or pas-
sive transfer of patient-derived IgG or monoclonal antibodies. In studies of 
AChR+ MG, EAMG reproduces several pathogenic features, including the 
generation of anti-AChR antibodies, complement activation at the NMJ, loss 
of postsynaptic nAChRs, and muscle weakness 54. However, thymic pathology 
is not recapitulated 55, and disease induction is variable 54.  

Cell-based models  
The myasthenic phenotype can be recapitulated in vitro by exposure of cells 
to patient-derived serum or purified autoantibodies 56. Muscle cell cultures, 
neuromuscular co-culture models, and transfected cell systems constitute the 
main in vitro models of MG. 

Muscle cell cultures enable focused investigation of postsynaptic patholog-
ical mechanisms. In these systems, innervated human muscle can be mimicked 
by application of neural agrin, which induces nAChR clustering in differenti-
ated myotubes 57. The immortalized murine C2C12 cell line is the most exten-
sively used experimental system; however, species-specific differences 
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between murine and human muscle cells limit the translational relevance of 
animal-derived models. Human muscle cell models therefore offer greater ad-
vantages. The TE671 cell line, a human rhabdomyosarcoma-derived myo-
genic line, expresses functional nAChRs and has been used to study antibody-
induced nAChR downregulation. In addition, primary human myoblasts, iso-
lated from muscle biopsies or obtained commercially, can be differentiated 
into myotubes and provide high physiological relevance. These cells respond 
to MG autoantibodies with morphological alterations, nAChR loss, and com-
plement activation 57.  

Neuromuscular co-culture models incorporate motor neurons with muscle 
cells to form functional NMJ and typically use primary cells, immortalized 
cell lines, or pluripotent stem cell derivatives. Transfected cell models, such 
as human embryonic kidney (HEK 293) cells expressing MG-related antigens, 
are used to investigate antibody binding and antigen-specific pathogenic 
mechanisms 57. 

Skeletal muscle  
Postsynaptic component of the neuromuscular junction 
Skeletal muscle contraction is initiated by neuromuscular transmission at the 
NMJ. Structurally, the NMJ comprises a presynaptic motor nerve terminal, a 
synaptic cleft, and the postsynaptic muscle membrane (Figure 1). The presyn-
aptic motor nerve terminal contains synaptic vesicles filled with neurotrans-
mitter ACh, which is released in response to action potential-evoked calcium 
influx. The synaptic cleft is a narrow extracellular space separating the nerve 
terminal from the muscle fiber and contains a specialized basal lamina that 
supports signal transmission and enzymatic breakdown of ACh. The postsyn-
aptic muscle membrane is the primary functional component and is organized 
for efficient neuromuscular transmission 58,59. 

The postsynaptic muscle membrane is characterized by deep junctional 
folds that increase surface area and cluster nAChRs at high density, reaching 
up to 10⁴ receptors per µm². nAChR clustering is induced by agrin released 
from motor neurons. The organization of the postsynaptic domain is main-
tained by coordinated interactions among agrin, nAChRs, and other proteins, 
including MuSK, LRP4, rapsyn, and associated cytoskeletal components 59-61. 
VGSCs are concentrated at the depths of deep junctional folds, facilitating 
efficient initiation and propagation of muscle action potentials along the spe-
cialized muscle plasma membrane, termed sarcolemma. 

The binding of ACh to nAChRs generates an endplate potential that, if suf-
ficient, triggers a muscle action potential and subsequent contraction. Disrup-
tion of postsynaptic molecular organization or receptor density compromises 
neuromuscular transmission, leading to muscle weakness 58,62. 
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Mechanisms of skeletal muscle contraction 
Skeletal muscle contraction is driven by coordinated molecular events occur-
ring within the sarcomere, the fundamental contractile unit of muscle fiber 
(also referred to as muscle cells) 63. Sarcomeres consist of thin (actin) and 
thick (myosin) filaments arranged in a highly ordered, repetitive pattern along 
myofibrils, enabling efficient force generation and transmission. Muscle force 
is generated by the sliding of actin filaments past myosin filaments, resulting 
in sarcomere shortening 63. This process depends on cyclic interactions be-
tween myosin heads and actin filaments, termed cross-bridge cycling 64,65. 

Actin-myosin interactions are tightly regulated by the troponin-tropomyo-
sin complex. Under resting conditions, tropomyosin blocks myosin-binding 
sites on actin, preventing cross-bridge formation. Upon elevation of intracel-
lular calcium (Ca²⁺) levels, Ca²⁺ binds to troponin C, inducing a conforma-
tional change that shifts tropomyosin away from the binding sites. This per-
mits myosin attachment, cross-bridge cycling, and force generation within the 
sarcomere 66. 

The rise in intracellular Ca²⁺ that initiates contraction is controlled by exci-
tation-contraction coupling (ECC), the process that links depolarization of the 
muscle fiber membrane to sarcomere contraction 67. ECC occurs at specialized 
triad junctions formed by transverse tubules (T-tubules) and the sarcoplasmic 
reticulum (SR). Propagation of an action potential along the sarcolemma and 
into the T-tubules depolarizes voltage-gated calcium channel (VGCC), spe-
cifically dihydropyridine receptors (DHPRs), which in turn activate ryanodine 
receptors (RyRs) on the SR membrane, triggering rapid Ca²⁺ release into the 
cytosol 67. The resulting transient Ca²⁺ elevation enables actin-myosin interac-
tions and sarcomere contraction. When stimulation ceases, Ca²⁺ is actively 
pumped back into the SR by sarcoendoplasmic reticulum calcium ATPase 
(SERCA) pumps, lowering cytosolic Ca²⁺ and ending contraction 67.  

Nicotinic acetylcholine receptors   
The nAChRs are broadly classified into neuronal and muscle types based on 
their subunit composition and tissue distribution; in this thesis, the focus is on 
muscle-type nAChRs localized at the postsynaptic muscle membrane. 

nAChRs are pentameric ligand-gated ion channels that mediate neuromus-
cular transmission by binding ACh and permitting the flux of cations across 
the muscle membrane 68. nAChRs are heteropentameric receptors assembled 
from a pool of homologous subunits (α1-10, β1-4, γ, δ, and ε), with each sub-
unit comprising a large N-terminal ECD, four transmembrane segments, a cy-
toplasmic loop, and an extracellular C-terminal region 29,68. 

The subunit composition of nAChRs differs between developmental stages. 
In fetal muscle, receptors consist of two α1 subunits together with β1, γ, and δ 
subunits, arranged in a stoichiometry of 2:1:1:1 (Figure 3). During postnatal 
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maturation, the γ subunit is replaced by the ε subunit, forming the adult-type re-
ceptor 68. Among the subunits, α1 plays a particularly crucial role, as ligand bind-
ing occurs at the interfaces between α1 subunits and their adjacent subunits, ε/γ 
and δ subunits 69. The α1 subunit also mediates the conformational changes re-
quired for channel opening following agonist binding 70. Importantly, the ECD 
of α1 subunit contains the main immunogenic region (MIR), which comprises 
the epitopes recognized by pathogenic autoantibodies in MG 29,30. 

The β, γ, and δ subunits contribute to receptor assembly, trafficking, and 
stabilization. Agrin-induced clustering of nAChRs at the postsynaptic mem-
brane is mediated through MuSK activation and recruitment of the scaffold 
protein rapsyn, which anchors receptors to the cytoskeleton and promotes 
phosphorylation of β subunits 71. Efficient receptor assembly depends on 
phosphorylation of γ subunits and glycosylation of δ subunits 72,73. 

Voltage-gated calcium channels  
VGCCs represent a link between electrical excitation and downstream cel-
lular processes, including contraction. In skeletal muscle, VGCCs act as key 
transducers of membrane depolarization, activating in response to action po-
tentials and subthreshold depolarizing signals to mediate Ca²⁺ influx, main-
tain intracellular calcium homeostasis, and initiate calcium-dependent sig-
naling pathways 74,75.  

VGCCs are multi-subunit protein complexes composed of up to four sub-
units, including a central pore-forming α1 subunit and auxiliary subunits that 
regulate channel trafficking and stability (Figure 3). The α1 subunit is essen-
tial for channel function and determines the fundamental properties of 
VGCCs, including ion conductance and voltage sensitivity. Auxiliary subunits 
include the intracellular β subunit, the extracellular α2 subunit, and the trans-
membrane δ and γ subunits, with α2 and δ linked by a disulfide bond. Distinct 
α1 subunits define VGCC subtypes. CaV1 and CaV2 form high-voltage-acti-
vated channels (L-, P/Q-, N-, and R-type) activated at relatively depolarized 
membrane potentials (typically above −40 mV), whereas CaV3 forms low-
voltage-activated T-type channels activated near the resting membrane poten-
tial (approximately −60 to −70 mV) 74,75.  

In skeletal muscle, L-type calcium channels containing the subunit CaV1.1 
act as voltage sensors for ECC by coupling membrane depolarization to cal-
cium release from the SR74. T-type calcium channels, particularly those 
formed by subunit CaV3.2, contribute to the regulation of basal intracellular 
calcium levels 76. 
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Figure 3. Schematic illustration of nicotinic acetylcholine receptor (nAChR)-mediated 
depolarization and activation of voltage-gated calcium channel (VGCC) on the skel-
etal muscle membrane.  
The nAChR is a pentameric ligand-gated ion channel composed of two α subunits and β, δ, and γ/ε subunits, 
mediating sodium (Na⁺) influx upon acetylcholine binding and subsequent membrane depolarization. This 
depolarization activates VGCCs, multi-subunit channel complexes with a pore-forming α1 subunit tetram-
eric composition and auxiliary α2δ, β, and γ subunits, allowing calcium (Ca²⁺) influx into the cytosol. 
This figure was created with BioRender. 
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Aims of the Thesis 

The aim of this thesis was to explore disease mechanisms in MG by analyzing 
of circulating biomarkers in the blood and complement-associated pathology 
in an in vitro human skeletal muscle model. Specific aims were: 

 

I. To evaluate the potential utility of circulating miRNAs and inflamma-
tory proteins as biomarkers in MG sera, distinguish MG from healthy 
individuals, including their stability assessment (Papers I-III). 

II. To investigate complement components and activation products in 
MG sera and plasma, with the objective of assessing their potential as 
circulating biomarkers (Papers IV-V). 

III. To investigate the effects of MG-associated pathogenic AChR anti-
bodies and the role of complement activation in a human skeletal mus-
cle cell model of MG, including the functional consequences for cho-
linergic calcium signaling, nAChR distribution, and MAC deposition  
(Papers V-VI). 
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Methods 

Ethics 
This study was approved by the Swedish Ethical Review Authority and Latvian 
Riga Stradiņš University. The permits were: 2020-03049, 2023-02129-02, 2-
PEK-4/70/2023, 2018/446, 2023-01455-02, and 2024-02500-01. Written in-
formed consent was obtained from all participants before sample collection. 

Study participants  
Papers I-V 
Study participants included patients with MG, HC, and, where applicable, other 
neuroimmune diseases (ONDs), including multiple sclerosis, Lambert-Eaton 
myasthenic syndrome, chronic inflammatory demyelinating polyneuropathy, 
and inflammatory myelitis. Characteristics are summarized in Table 1. 
 
Table 1. Overview of study population characteristics and sample types in Papers I-V. 

Group 
Paper I II III IV V 

Sample 
type Serum Serum serum Serum Plasma Serum Plasma 

MG 

N 27 39 98 73 23 23 23 
Age 

(IQR) 
58 

(39-70) 
67 

(56-76) 
61 

(44-72) 
66 

(44-74) 
66 

(42-71) 
66 

(42-71) 
66 

(42-71) 
Sex (F:M) 15:12 21:18 60:38 41:32 14:9 14:9 14:9 

IS naïve 
19 

(70.4%) 
15 

(38.5%) 
28 

(28.6%) 
33 

(45.2%) 
11 

(47.8%) 
11 

(47.8%) 
11 

(47.8%) 

HC 

N 245 - 77 74 57 24 140 

Age 44 
(31-55) 

- 55 
(41-64) 

62 
(44-69) 

54 
(38-66) 

55.5 
(32-64) 

* 

Sex (F:M) 129:116 - 46:31 41:33 39:18 15:9 * 

OND 

N 20 

 
Age 

46 
(33-60) 

Sex (F:M) 13:7 
IS naïve 20 

Age is presented as median with interquartile range (IQR), and sex as female-to-male ratio (F:M). * indi-
cates that information on sex and age at sample collection was not available. Abbreviations: MG, myasthe-
nia gravis; HC, healthy control; OND, other neuroimmune disease; N, number of individuals; IQR, inter-
quartile range; F, female; M, male; IS, immunosuppression.  
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Papers V-VI 
Serum samples from MG patients and HC were used for in vitro experiments. 
Sample characteristics are summarized in Table 2. 
 

Table 2. Characteristics of serum samples used for in vitro experiments in Papers V-VI. 

Age is presented as median with interquartile range (IQR), and sex as female-to-male ratio (F:M). Abbre-
viations: AChR+, acetylcholine receptor seropositive; MG, myasthenia gravis; HC, healthy control; N, 
number of individuals; IQR, interquartile range; F, female; M, male; IS, immunosuppression. 

Overview of study design and experimental approaches 
The overall study design for the analysis of potential circulating biomarkers 
(Papers I-V) is summarized in Figure 4, and the in vitro studies of comple-
ment-mediated effects of MG-associated pathogenic antibodies (Papers V-
VI) are outlined in Figure 5.  

Group 
Paper V VI 

Sample type Serum Serum 

AChR+ MG 

N 9 3 

Age (IQR) 39 (29-48) 38 (18-45) 

Sex (F:M) 9:0 3:0 

IS naïve 3 0 

HC 

N 3 3 

Age 34 (29-48) 38 (18-45) 

Sex (F:M) 3:0 3:0 
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Papers I-V 
 

 
Figure 4. Schematic illustration of the experimental workflow for circulating biomarker analy-
sis. (A) Study participants included healthy controls, patients with other neuroimmune disorders, 
and patients with myasthenia gravis (MG). MG patients were assessed using MG Composite 
(MGC), MG Activities of Daily Living (MG-ADL), MG Quality of Life 15-item questionnaire 
(MG-QoL15), and Fatigue Severity Scale (FSS). (B) Blood samples were processed into serum 
and plasma for analyses of miRNAs, inflammatory proteins, and complement components us-
ing qPCR, proximity extension assay, enzyme-linked immunosorbent assay (ELISA), and mag-
netic bead-based sandwich immunoassay (MBSI). (C) Data were analyzed using differential 
expression, correlation with clinical parameters, and classification approaches to identify po-
tential circulating biomarkers.  
This figure was created with BioRender.  
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Papers V-VI 

 
Figure 5. Schematic illustration of the in vitro human skeletal muscle model of myasthenia 
gravis (MG) and experimental workflow. (A) An in vitro MG model was established by differ-
entiation of myoblasts into myotubes cultured in appropriate cell culture vessels and exposed 
to pathogenic antibodies (Abs). (B) Functional and molecular assays were performed to inves-
tigate pathophysiological mechanisms. Nicotinic acetylcholine receptor (nAChR) distribution 
and complement deposition were assessed by immunocytochemistry targeting nAChR and 
membrane attack complex (MAC). Functional coupling between nAChRs and voltage-gated 
calcium channels (VGCCs) was examined using live-cell calcium imaging and membrane po-
tential measurement in the presence of pharmacological agents. Transcriptional effects on mus-
cle markers, nAChRs, VGCCs, and components of the complement system were evaluated by 
RT-qPCR. Cell viability was assessed using the trypan blue exclusion method. (C) Quantitative 
outcomes were obtained by image analysis, mRNA expression analysis, and cell viability was 
calculated as the percentage of viable cells to the total number of cells counted.  
This figure was created with BioRender. 

Handling and processing of blood samples 
Serum samples were collected in tubes without additives, and plasma samples 
in tubes containing EDTA. Serum samples were kept at room temperature for 
20 min before centrifugation at 2200 × g for 10 min, while plasma samples 
were centrifuged immediately under the same conditions. The serum or 
plasma was transferred to new polypropylene tubes and stored at −80 °C. 



 

 32 

RNA isolation and qPCR 
In Papers I-III, total RNA, including miRNA, was isolated from serum sam-
ples using the miRNeasy Serum/Plasma Advanced Kit. The RNA was reverse-
transcribed into complementary DNA (cDNA) using miRCURY LNA RT Kit. 
miRNA expression levels were analyzed by quantitative PCR (qPCR) using 
pre-designed panels containing primers for selected target miRNAs. qPCR 
was performed using miRCURY LNA SYBR Green PCR kit. miR-191-3p 
was used as reference miRNA. miR-23a-3p and miR-451a were used for he-
molysis controls. Synthetic RNA Spike-in standards were included for quality 
control (UniSp2, UniSp4, UniSp5, and UniSp6), and for interplate control 
(UniSp3). miRNA expression levels were presented as relative expression. 

In Paper VI, total RNA was extracted from cells using RNeasy Mini Kit 
and treated with DNase I to remove contaminating genomic DNA. The RNA 
was reverse-transcribed into cDNA using iScript cDNA Synthesis Kit, and 
mRNA expression was analyzed using real-time qPCR with gene-specific cus-
tom-designed primers. qPCR was performed using KAPA SYBR FAST qPCR 
Master Mix. GAPDH, TBP, IPO8, and RPLP0 were used as reference genes. 
Data are presented as relative mRNA expression or normalized expression. 
All qPCR reactions were performed in duplicate. 

Serum and plasma protein analysis 
Protein levels in serum and plasma were quantified using proximity extension 
assay (PEA), enzyme-linked immunosorbent assay (ELISA), and magnetic 
bead-based sandwich immunoassay (MBSI), depending on the target analytes 
and study design. In Paper III, inflammatory proteins in serum samples were 
analyzed using the Olink Target 96 Inflammation panel based on multiplex 
PEA technology. Briefly, pairs of DNA oligonucleotide-labeled antibodies 
bind their specific target proteins, and upon dual binding, the oligonucleotides 
hybridize and are extended and amplified by DNA polymerase. The resulting 
DNA sequences were quantified by quantitative real-time PCR, and protein 
levels were reported as normalized protein expression (NPX) values calcu-
lated from normalized Ct values. In Papers IV and V, complement compo-
nents were measured using commercially available or in-house-validated 
ELISA and MBSI. All samples were analyzed in duplicate. 

Human skeletal muscle cell culture and MG induction 
In Papers V and VI, primary human skeletal muscle myoblasts from Lonza 
were cultured and differentiated into myotubes according to the manufac-
turer’s instructions. Recombinant neural agrin was added to the culture three 
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days post-differentiation to mimic neuronal innervation in the myotubes. For 
in vitro MG induction, differentiated myotubes were incubated with sera from 
MG patients or purified recombinant monoclonal antibodies (mAbs) targeting 
specific nAChR subunits for 0.5, 2, or 24 hours, depending on the experi-
mental design. Serum was diluted 1:1 in horse serum-free differentiation me-
dium, whereas mAbs were used at a concentration of 2 µg/ml in differentiation 
medium supplemented with 2% non-heat-inactivated horse serum. 

Cellular protein expression analysis  
In Paper VI, protein expression was analyzed using a capillary-based western 
assay. Cells were lysed in RIPA buffer, and protein concentration was deter-
mined before analysis. Lysates and recombinant human nAChR a1 protein 
(positive control) were loaded together with blocking reagent, primary anti-
body, biotin-conjugated secondary antibody, streptavidin-HRP, and chemilu-
minescent substrate. A biotinylated molecular weight ladder was included. 
Plates were processed using the Jess Automated Western Blot System with a 
12-230 kDa fluorescence separation module for automated separation, elec-
trophoresis, and immunodetection. 

Immunocytochemistry 
In Papers V and VI, tetramethylrhodamine-conjugated α-bungarotoxin was 
used to label nAChRs prior to fixation. Cells were permeabilized, and non-
specific binding was blocked with 1% bovine serum albumin in phosphate-
buffered saline (PBS). Primary antibodies targeting desmin and sarcomeric 
α-actinin were applied to identify muscle cells, while antibodies against hu-
man IgG and complement C5b-9 (MAC) were applied to assess antibody 
binding and complement deposition. Fluorescently labeled secondary anti-
bodies were then applied, and nuclei were stained with DAPI. Fluorescence 
imaging and Z-stack acquisition were performed using a Zeiss LSM700 con-
focal microscope. 

Live-cell imaging 
In Paper VI, live-cell imaging was performed to assess calcium signaling and 
membrane potential changes in myotubes. Myoblasts were cultured and dif-
ferentiated on chambered slides prior to imaging. For calcium imaging, cells 
were incubated with fluorescent calcium indicator Fluo-8H, followed by 
washing with phenol red-free medium prior to recording. Real-time 
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fluorescence images were acquired every 2.5-second interval using a Leica 
Stellaris 5 confocal microscope. Baseline fluorescence was recorded during 
the initial 3 min of each experiment. Pharmacological agents, including ACh, 
carbamoylcholine chloride (CCh), tubocurarine hydrochloride pentahydrate, 
potassium chloride (KCl), benidipine, nifedipine, and NNC 55-0396 dihydro-
chloride were applied using a peristaltic pump system at defined time points 
during the experiment. 

Membrane potential was assessed using the voltage-sensitive fluorescent 
dye DiBAC4(3), which enters and accumulates in depolarized cells. Changes 
in DiBAC4(3) fluorescence intensity reflect alterations in membrane potential, 
with a sensitivity of ~1% fluorescence change per millivolt 77,78. In electrically 
excitable cells, DiBAC4(3) exhibits a linear correlation between fluorescence 
intensity and membrane potential 79. Myotubes cultured on chambered slides 
were loaded with DiBAC4(3). Image acquisition and pharmacological agent 
application were performed using the same imaging setup and protocol as de-
scribed for calcium imaging. 

Image analysis 
In Papers V and VI, image processing and quantification were performed 
using ImageJ software. For analysis of nAChR distribution and MAC (C5b-
9) deposition, fluorescence channels corresponding to nAChR, C5b-9, and 
desmin were separated and thresholded using the Otsu method to distinguish 
signal from background. Thresholded images were converted into binary 
masks, and signal areas were quantified. Overlapping areas were determined 
using the Image Calculator function. For the calcium imaging analysis, fluo-
rescence intensity was extracted and quantified by manually marking individ-
ual myotubes as regions of interest from time-lapse image series. Data were 
expressed as normalized fluorescence intensity (F/FB), where baseline fluo-
rescence (FB) was defined as the mean signal during the initial recording pe-
riod prior to stimulation, or as maximal normalized intensity (F/FB)max. Pseu-
docolor images were generated to visualize changes in fluorescence intensity. 

Cell viability assay 
In Paper VI, cell viability was assessed using the trypan blue exclusion assay. 
Myotubes were treated according to the experimental conditions and subse-
quently harvested. Cell suspensions were mixed with trypan blue solution and 
loaded onto counting slides. Viable and non-viable cells were quantified using 
a Countess 3 Automated Cell Counter. Cell viability was calculated as the 
percentage of viable cells to the total number of cells counted. 
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Statistical analysis 
Statistical analyses were performed using GraphPad Prism software. Normal-
ity of  datasets was assessed using the D’Agostino-Pearson or Shapiro-Wilk 
tests. For comparisons between two groups, unpaired or paired t-tests were 
used for normally distributed data, while Mann-Whitney or Wilcoxon signed-
rank tests were applied when normality was not met. For comparisons involv-
ing more than two groups, one-way ANOVA was used for normally distrib-
uted data, whereas non-normally distributed data were analyzed using the 
Kruskal-Wallis test followed by Dunn’s post hoc correction. Correlation anal-
yses were performed using Spearman’s rank correlation coefficient, with 
strength interpreted as weak (r = 0.10-0.39), moderate (r = 0.40-0.69), or 
strong (r = 0.70-1.00) 80. Receiver operating characteristic (ROC) curve anal-
ysis was applied using the Wilson-Brown method to evaluate biomarker per-
formance. For multiple comparisons, the Benjamini-Hochberg method or 
Bonferroni correction was applied. Statistical significance was defined as p < 
0.05 unless otherwise stated. 
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Results and Discussion 

Papers I-III 
Results 
Elevated serum miR-150-5p and miR-30e-5p in MG 
Serum levels of miR-150-5p and miR-30e-5p were significantly elevated in MG 
patients, whereas miR-21-5p did not differ between MG patients and HCs. ROC 
analysis demonstrated that miR-150-5p had high sensitivity but low specificity 
for MG. Elevated miR-30e-5p levels were associated with disease relapse, indi-
cating predictive potential for disease course. However, none of these miRNAs 
were specific to MG, as their expression overlapped with ONDs. 

Short-term stability of miR-150-5p, miR-30e-5p, and miR-21-5p was eval-
uated using serum samples collected from MG patients with unchanged med-
ication over a one-month follow-up period. Levels of miR-30e-5p and miR-
150-5p exhibited greater stability over time, whereas miR-21-5p showed sig-
nificant differences across sampling weeks and in subgroup analyses by im-
munosuppressive treatment and sex. These findings demonstrated that miR-
30e-5p and miR-150-5p maintain stable expression over short time intervals 
in MG patients. 

Serum inflammatory protein profiles in MG 
Logistic regression analysis adjusted for age and sex identified 23 proteins that 
differed between MG patients and HCs. Of these, 16 were increased, including 
CCL28, CCL20, CCL11, CCL7 (MCP-3), TNF-α, IL-7, IL-6, IL-17C, FGF-23, 
FGF-21, FGF-5, VEGF-A, GDNF, IL-10, 4E-BP1, and EN-RAGE, whereas 7 
were decreased, including TNFSF14, uPA, TGF-α, ST1A1, SIRT2, OSM, and 
CD6. Among these, CCL28, FGF-23, FGF-5, TGF-α, TNFSF14, and uPA ex-
hibited the most pronounced differences. A volcano plot based on odds ratios 
and statistical significance across the full dataset highlighted proteins that dif-
fered between MG patients and HCs. In addition, principal component analysis 
(PCA) revealed a clear separation between MG patients and HCs. Subgroup 
analysis revealed that inflammatory protein profiles varied according to age of 
onset, disease severity, treatment status, and thymic pathology.  

Table 3 summarizes miRNAs and inflammatory proteins reported in  
Papers I-III. 
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Table 3. Summary of miRNAs and inflammatory proteins identified from Papers I-III. 

Serum miRNAs (Papers I-II) 

Analyte Key findings 

miR-150-5p 
Sensitivity: 85.2% 
Specificity: 48.2% 
Short-term stability 

miR-30e-5p 

Sensitivity: 55.6% 
Specificity: 85.7% 
Short-term stability 
Predictive potential of disease progression 

miR-21-5p Low short-term stability 

Serum inflammatory proteins (Paper III) 

Family Key findings 

Chemokine  ↑: CCL28, CCL20, CCL11, CCL7 (MCP-3) 

Tumor Necrosis Factor  
↑: TNF-a 
↓: TNFSF14, uPA 

Interleukin  ↑: IL-7, IL-6, IL-17C 

Growth Factor/Hormone  ↑: FGF-23, FGF-21, FGF-5, VEGF-A, GDNF 

Anti-inflammatory Cytokine ↑: IL-10 

Transforming Growth Factor  ↓: TGF-a 

Other pathways 
↑: 4E-BP1, EN-RAGE 
↓: ST1A1, SIRT2, OSM, CD6 

Symbols indicate the direction of change in myasthenia gravis (MG) compared with healthy controls (HC): 
↑, increased; ↓, decreased; =, no significant difference. Key findings highlight major analytical outcomes. 

Discussion 
Serum miR-150-5p and miR-30e-5p levels were significantly elevated in MG 
patients compared to HCs, consistent with previous reports 48-50. The altered 
expression of miR-150-5p likely reflects its role as an immuno-miR involved 
in T-cell maturation, as well as its regulatory functions in B cells and natural 
killer (NK) cells 81,82. miR-150-5p and miR-30e-5p both exhibited short-term 
stability. miR-30e-5p was associated with disease progression, with previous 
reports identifying increased levels early in oMG patients who later general-
ized 52, supporting its predictive potential. miR-21-5p showed a distinct pat-
tern, exhibiting marked short-term instability and no significant difference be-
tween MG patients and HCs. Given its known associations with Tregs, T-cell 
activation, and apoptosis resistance 81, miR-21-5p may reflect dynamic, short-
term immune states. 

All three miRNAs are linked to several pro-inflammatory pathways, in-
cluding nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB) 83, a central mediator of inflammatory gene expression 84. Dysregulation 
of these miRNAs has been reported in other autoimmune diseases, including 
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multiple sclerosis (MS) 85,86, Sjögren’s syndrome 87, systemic lupus erythema-
tosus 88, and inflammatory arthritis 89. Notably, all three miRNAs were re-
ported to be increased in MS patients; this may explain the overlap observed 
between MG and OND patients in Paper I. 

The inflammatory protein profiling revealed a broad activation of immune 
pathways. Among the candidates, elevated levels of the chemokines CCL28 
and CCL20 point to sustained recruitment of B cells and T cells, supporting 
ongoing immune activation 90.  

Members of the tumor necrosis factor (TNF) superfamily play a central role 
in the regulation of immune cell survival, activation, and inflammatory sig-
naling 91,92. Accordingly, TNFSF14 has been shown to promote differentiation 
and activation of immune cells and to regulate cytokine production, including 
IL-6 93. Moreover, TNF family cytokines act as key upstream regulators of 
inflammatory signaling and can trigger multiple downstream pathways, most 
prominently NF-κB and the mitogen-activated protein kinase (MAPK) path-
way 84, with MAPK regulating inflammatory responses by controlling the in-
tensity and duration of cytokine-driven gene expression 94. Crosstalk between 
NF-κB signaling and MAPK pathways has been reported to regulate multiple 
biological processes, including immunity and inflammation 95, and therefore 
may contribute to the chronic pro-inflammatory immune milieu in MG. 

There are some limitations to consider. The relatively small sample sizes 
may limit generalizability. In Paper I, clinical assessments were not consist-
ently available for all patients. In Paper II, clinical assessments were subjec-
tive, and external factors, including sleep, stress, and environmental influ-
ences, may have influenced both symptom scores and miRNA levels. The lack 
of healthy individuals may limit interpretation. In Paper III, most patients were 
receiving immunosuppressive treatment, which may have influenced inflam-
matory protein levels.  

Papers IV-V 
Results 
Complement activation in MG 
The proximal classical complement pathway component complex C1s/C1-
INH was analyzed in both serum and plasma. Levels of the C1s/C1-INH com-
plex were significantly increased in patients with MG compared to HCs. No 
significant differences in serum C1s/C1-INH were observed between sub-
groups stratified by immunosuppression, disease severity, AChR serostatus, 
age at onset, or sex.  

Downstream complement activation products and components were further 
assessed. Plasma levels of C3a and sC5b-9 were significantly higher in MG 
patients than in HCs. In addition, altered levels of other plasma complement 
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components were observed, including increased levels of C5 and Factor I, as 
well as decreased levels of properdin.  

ROC analysis demonstrated that plasma C3a showed the highest sensitivity 
and specificity, followed by sC5b-9. In contrast, plasma C5 exhibited lower 
sensitivity despite comparatively high specificity. Plasma levels of Factor B, 
Factor I, and Factor H positively correlated with MGC scores. In serum, Fac-
tor I levels were significantly higher in MG patients compared with HCs, 
whereas other measured complement components did not differ between MG 
patients and HCs. Together, these findings demonstrated the activation of both 
early and terminal components of the complement cascade in MG patients. 

Table 4 summarizes the plasma complement components analyzed. 
 
Table 4. Summary of plasma complement components reported from Papers IV-V. 

Plasma complement components (Papers IV-V) 

Analyte MG vs HC Key findings 

C1s/C1-INH ↑ - 

C1q = - 

C3a ↑ 
Sensitivity: 95.7% 
Specificity: 100% 

sC5b-9 ↑ 
Sensitivity: 82.6% 
Specificity: 96.6% 

C5 ↑ 
Sensitivity: 56.5% 
Specificity: 86% 

Factor B = Positively correlated with MGC (r = 0.6748) 

Factor I ↑ Positively correlated with MGC (r = 0.5837) 

Factor H = Positively correlated with MGC (r = 0.4874) 

Properdin ↓ - 

Symbols indicate the direction of change in myasthenia gravis (MG) compared with healthy controls (HC): 
↑, increased; ↓, decreased; =, no significant difference. Key findings highlight major analytical outcomes, 
including diagnostic performance and correlations. A dash (-) indicates that no additional significant find-
ings were identified. 

Discussion 
Complement analysis provides a link between autoimmune activation and ef-
fector mechanisms responsible for tissue damage in MG. Elevated levels of 
the C1s/C1-INH complex in MG patients indicate activation of the proximal 
classical complement pathway, extending findings from previous studies that 
primarily focused on downstream complement components. The finding that 
AChR seronegative patients exhibited comparable C1s/C1-INH levels sug-
gested that classical pathway activation may not be restricted to AChR+ MG, 
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consistent with the histopathological evidence of IgG1, complement C1q and 
C5b-9 depositions at the skeletal muscle biopsy of SNMG 96.  

In addition to proximal pathway activation, increased plasma levels of C3a 
and sC5b-9 demonstrate activation of downstream and terminal complement 
components. Importantly, these complement activation products are recog-
nized not only as mediators of membrane damage but also as potent pro-in-
flammatory effectors 97. C3a functions as an anaphylatoxin that promotes in-
flammatory cytokine production, and activation of inflammatory signaling 
pathways, including NF-κB and MAPK pathways98. Moreover, sC5b-9 has 
been shown to induce inflammation and cytokine production 97. Therefore, 
complement activation in MG may contribute to both local skeletal tissue 
damage at the NMJ and the maintenance of a broader pro-inflammatory  state. 

Altered levels of complement regulatory components further support the 
presence of sustained complement activation in MG. Increased levels of Fac-
tor I, a regulator that inactivates C3b, suggest complement activation accom-
panied by active regulatory control. In parallel, decreased levels of properdin, 
a positive regulator that stabilizes the alternative pathway C3 convertase99, 
may reflect consumption during alternative pathway activation. 

The lack of correlation between complement activation products and dis-
ease severity is consistent with a previous study reporting no association be-
tween complement activity and disease severity 100.  This likely reflects that 
the complement-mediated damage in MG occurs primarily at the skeletal mus-
cle, which may not be accurately captured by systemic measurements.  

The relatively small plasma sample size in this study may limit generaliza-
bility, and the absence of non-MG disease controls restricts the assessment of 
the specificity of the observed complement alterations. 

Differences across studies in reported complement profiles include findings 
such as no difference in plasma sC5b-9 between MG and HC, and lower serum 
C5 levels observed in MG 101,102. Such differences are likely due to methodolog-
ical differences, including sample type, handling, and analytical approaches 53, 
as well as small sample sizes, which may contribute to variability in the findings. 
The use of EDTA plasma for complement activation products is critical to pre-
vent ex vivo activation, whereas serum remains suitable for functional comple-
ment analysis 53. These methodological considerations are essential for interpret-
ing and comparing complement data across studies.  
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Papers V-VI 
Results 
MG alters nAChR distribution and induces complement deposition in 
human myotubes 
Human skeletal muscle cells were used to model MG in vitro, with recombi-
nant neural agrin pre-incubation applied to mimic innervated human muscle. 
Differentiation of human skeletal muscle myoblasts into elongated, multinu-
cleated myotubes was confirmed by expression of α-actinin, a marker of sar-
comere formation. Further, agrin-induced nAChR clustering was observed. 
Following incubation with AChR+ MG patient serum, human IgG binding to 
nAChRs was detected by immunocytochemistry. 

Incubation with sera from non-immunosuppressed MG patients resulted in 
reduced nAChR levels on myotubes at 0.5 h and 2 h compared with those 
exposed to HC sera. In addition, MAC deposition was detected and colocal-
ized with nAChRs. Myotubes treated with sera from patients receiving azathi-
oprine exhibited reduced MAC-nAChR colocalization. Confocal Z-stack im-
aging was used to examine the spatial relationship between MAC deposition 
and nAChRs after incubation with serum from a non-immunosuppressed MG 
patient with high disease severity (MGC score of 17), revealing ring-shaped 
MAC deposition surrounding nAChR clusters. 

nAChR-mediated depolarization and calcium influx in human myotubes 
Cholinergic stimulation with ACh and CCh, a stable agonist for prolonged 
stimulation that activates nAChRs, both induced robust intracellular calcium 
transients, as assessed by real-time calcium imaging. CCh induced a sigmoidal 
dose-response calcium transients in myotubes. This result validated CCh as a 
physiologically relevant and experimentally stable substitute for ACh. mRNA 
analysis confirmed a muscle-type nAChR subunit profile, with the CHRNA1 
(α1) exhibiting the highest expression, followed by CHRNB1 (β1). Expression 
of α1 protein was confirmed by capillary-based Western immunoassay. The 
observed calcium responses upon CCh stimulation were confirmed to be me-
diated through nAChR activation by co-application of CCh with tubocurarine, 
a specific nAChR antagonist. CCh-induced membrane depolarization in my-
otubes was assessed using the voltage-sensitive fluorescent probe DiBAC4(3), 
which showed a 21.6% increase in fluorescence, corresponding to approxi-
mately 21.6 mV of depolarization. 

Pharmacological inhibition of VGCCs demonstrated that membrane depo-
larization induced by nAChR activation triggers the opening of VGCCs, re-
sulting in calcium influx in myotubes. Co-application of T-type antagonist 
caused 59.0% inhibition of CCh-induced calcium influx, whereas L-type an-
tagonist resulted in 18.4% inhibition. Consistent with this, the VGCC α-
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subunit expression profile exhibited higher expression levels of Cacna1H 
(CaV3.2), suggesting a major role for T-type channels in this calcium influx.  

MG-associated antibodies impair nAChR-dependent calcium signaling  
Robust CCh-induced calcium transients were observed in HC serum-treated 
myotubes, whereas AChR+ MG serum markedly suppressed these responses. 
As MG patient-derived antibodies are polyclonal—capable of binding various 
epitopes of nAChR 103, subunit-specific effects were examined using recom-
binant mAbs targeting the nAChR α- or β-subunits. Exposure to the α-subunit-
specific mAb completely abolished CCh-induced calcium responses, whereas 
mAbs targeting the nAChR β-subunit had no effect on it. These findings 
demonstrated that MG-associated antibodies impair nAChR-dependent cal-
cium responses in human myotubes and indicated that targeting of the α-sub-
unit is critical for this functional disruption. 

MG-associated antibodies alter transcriptional profiles of nAChRs, 
VGCCs, and muscle markers 
Exposure to mAbs induced more pronounced transcriptional changes in myo-
tubes compared with MG sera. nAChR subunits CHRNA1(α1), CHRNB1 (β1), 
and CHRNG (γ) showed a trend toward increased expression following treat-
ment with both α- and β-subunit-specific mAbs, whereas CHRNA5 (α5), 
CHRNA9 (α9), and CHRND (δ) subunits tended to be upregulated in β-subu-
nit-specific mAb-treated myotubes. In addition, transcripts of ACTA1 (α-ac-
tin) and ACHE (acetylcholinesterase; AChE) were increased in α-subunit-spe-
cific mAb treated myotubes, whereas DES (desmin) was elevated in both 
mAb-treated myotubes. VGCC subunits exhibited trends toward increased 
Cacna1S (CaV1.1) and Cacna1C (CaV1.2) expression following MG serum 
exposure, and increased Cacna1H (CaV3.2) expression after β-subunit-spe-
cific mAb treatment. 

α-Subunit-specific MG antibodies upregulate complement-related gene 
expression 
Exposure to the α-subunit-specific mAb significantly increased expression of 
early classical pathway components, including C1S (C1s), C3AR1 (C3a recep-
tor), C5 (C5), and the terminal MAC component C9 (C9), as well as comple-
ment regulators CD55 (CD55) and CD59 (CD59). In contrast, the β-subunit-
specific mAb resulted in similar but less pronounced upregulation, most nota-
bly of C1R (C1r). These results demonstrated that α-subunit-specific mAb ex-
posure induces upregulation of complement-related genes in myotubes, in line 
with the complement deposition observed in MG serum-treated myotubes. 

Complement C3 inhibition ameliorates α-mAb-mediated pathogenic effects 
Upregulation of early classical complement pathway components induced by 
the α-subunit-specific mAb led to the investigation of whether inhibition of 
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complement activation could restore impaired cholinergic signaling. The α-
subunit-specific mAb was co-applied with compstatin, a C3-binding peptide 
that prevents C3 cleavage and downstream MAC formation 104,105. After 24 h 
of exposure, compstatin significantly restored the complete inhibition of cho-
linergic calcium signaling induced by the α-subunit-specific mAb, whereas 
the partial recovery was observed after 2 h of treatment. The impaired cholin-
ergic calcium signaling induced by the α-subunit-specific mAb was associated 
with reduced nAChR distribution and increased MAC deposition after 24 h of 
exposure. These effects were partially restored by compstatin. No significant 
changes in cell viability were observed after 24 h of exposure to the α-subunit-
specific mAb compared to the untreated group, indicating that the impaired 
calcium signaling reflects complement-mediated sublytic functional effects 
rather than loss of cell death or membrane integrity. Figure 6 summarizes the 
findings of the in vitro study from Papers V-VI. 

Figure 6. Schematic summary of functional and molecular findings.  
In human myotubes under normal conditions (left panel), activation of nicotinic acetylcholine 
receptors (nAChRs) by cholinergic stimulation induces membrane depolarization, which sub-
sequently activates voltage-gated calcium channels (VGCCs), predominantly T-type (CaV3.2). 
This results in robust intracellular calcium transients. In the presence of myasthenia gravis 
(MG)-associated antibodies (right panel): (1) pathogenic antibodies bind to nAChRs, leading 
to reduced nAChR levels, deposition of the membrane attack complex (MAC) and (2) impaired 
nAChR-dependent calcium signaling. (3) Antibody exposure is accompanied by transcriptional 
upregulation of muscle structural proteins, nAChR subunits, and complement-related genes. (4) 
Pharmacological inhibition of complement activation using a C3-binding peptide restores (5) 
cholinergic calcium responses, preserves nAChR distribution, and reduces MAC deposition. 
This figure was created with BioRender. 
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Discussion 
These studies provide mechanistic insight into how pathogenic antibodies in 
MG affect human skeletal muscle cells at both molecular and functional lev-
els, and into the role of complement activation in mediating these effects. Se-
rum from AChR+ MG patients reduced nAChR levels, induced MAC deposi-
tion on myotubes, and suppressed nAChR-mediated calcium signaling, 
demonstrating that this model recapitulates key pathogenic features of AChR+ 
MG. MAC deposition was detected following short incubation periods, con-
sistent with the rapid enzymatic cascade of complement activation that leads 
to MAC assembly once triggered 106. Activation of nAChRs induced mem-
brane depolarization and calcium influx through VGCCs, recapitulating a 
physiologically relevant signaling pathway underlying in vivo muscle contrac-
tion and homeostasis. VGCCs subtype-specific inhibition and transcript pro-
filing identified T-type Cacna1H (CaV3.2) as a predominant contributor to 
cholinergic calcium responses in this model, followed by L-type Cacna1S 
(CaV1.1). This supports previously known roles for CaV3.2 channels in the 
integrity and functionality of skeletal muscle, calcium homeostasis, and late-
stage myotube maturation, and for CaV1.1, exclusively expressed in skeletal 
muscles, as the voltage sensor for ECC 76,107,108. 

Exposure to MG patient sera markedly suppressed the cholinergic calcium 
responses, representing a functional consequence of nAChR loss and MAC 
deposition. The prolonged serum exposure closely mimics the chronic im-
mune attack experienced in vivo and likely involves multiple pathogenic 
mechanisms. Moreover, the subunit-specific pathogenic effects on cholinergic 
stimulation highlight the dominant role of the α-subunit in receptor activation 
and align with known structural features of muscle-type nAChRs, in which 
ligand binding and channel gating are mediated at interfaces involving α sub-
units as well as the pathogenic antibody binding to the MIR on the α-subunit. 
These findings indicate that AChR antibodies differ in pathogenic potential, 
with subunit specificity determining functional impairment, consistent with 
previous studies showing that α-subunit-targeting antibodies are more patho-
genic than β-subunit antibodies in EAMG and cell-based systems 109,110. Re-
cent structural studies demonstrate that AChR antibodies exhibit heterogene-
ity in subunit specificity, epitope location, and mechanism of action, indicat-
ing that pathogenicity depends not only on the targeted subunit but also on the 
precise epitope and binding orientation 111. α-subunit-specific antibodies can 
trigger all major pathogenic mechanisms in MG 103; however, inhibition of 
complement activation alone was sufficient to restore nAChR-mediated cal-
cium signaling after 24 h of exposure. This observation demonstrates that 
complement activation is the key driver of functional neuromuscular impair-
ment. Accordingly, preservation of neuromuscular transmission can be 
achieved despite continued presence of pathogenic antibodies when the com-
plement cascade is interrupted. This is supported by the clinical efficacy of 
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C5-targeting therapies, which prevent MAC formation, in patients with 
AChR+ MG 14. The present results demonstrate that inhibition at the proximal 
end of the complement cascade, specifically at the level of C3 cleavage, can 
prevent nAChR loss, MAC formation, and functional effects in human muscle 
cells. This observation aligns with findings from rat passive transfer MG 
model, where C3 knockdown by siRNA reduced nAChR loss, decreased com-
plement deposition, and improved muscle function 112. As C3 is the conver-
gence point of all complement activation pathways, its modulation may pro-
vide broader protection by preventing both MAC formation and pro-inflam-
matory fragment generation, suggesting proximal complement components as 
promising therapeutic targets. 

In addition to functional effects, the transcriptional responses observed in 
myotubes exposed to MG sera and subunit-specific antibodies suggest that 
muscle cells actively respond to immune-mediated stress. Upregulation of 
muscle structural proteins and complement components, along with trends to-
ward increased expression of nAChR and VGCC subunits, may represent 
compensatory mechanisms in response to complement-driven damage; how-
ever, these changes are likely insufficient to achieve effective functional res-
toration. Similar compensatory responses, including increased α1-subunit 
mRNA expression, have been reported in both EAMG and muscle biopsies 
from MG patients 113-115. While such upregulation does not restore neuromus-
cular function in EAMG models 114, its functional relevance in human muscle 
remains to be elucidated.  

This in vitro study has some limitations. As the developmental γ-to-ε nA-
ChR subunit switch is regulated by motor neuron innervation and electrical 
activity 116, this model may not fully reflect mature myotubes in vivo. The 
relatively small number of patient sera and the use of samples from a single 
clinical site may limit generalizability. Finally, the interventions were primar-
ily pharmacological and antibody-based.  
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Conclusion 

This thesis identified potential circulating biomarkers in MG and investigated 
the complement-associated effects, including molecular and functional, of 
pathogenic MG antibodies in vitro.  

In Papers I-II, serum miR-150-5p and miR-30e-5p were elevated in MG 
and exhibited short-term stability, whereas miR-21-5p did not differ between 
MG patients and HCs and showed unstable short-term expression. miR-30e-
5p exhibited the greatest predictive potential. However, these miRNAs were 
not specific to MG, as their expression overlapped with ONDs. 

In Paper III, inflammatory serum proteins CCL28, FGF-23, FGF-5, TGF-
α, TNFSF14, and uPA showed the greatest differences between MG and HC. 
Subgroup differences highlighted the heterogeneity within MG. 

Papers IV-V demonstrated activation of the complement cascade in MG, 
with increased C1s/C1-INH levels indicating proximal classical pathway ac-
tivation and elevated plasma C3a and sC5b-9 reflecting downstream and ter-
minal complement activity.  

Papers V-VI established an in vitro human skeletal muscle cell model of 
MG, induced by application of MG sera or pathogenic mAbs, that recapitu-
lated key pathogenic features, including antibody binding to nAChRs, nAChR 
reduction, MAC deposition, and impaired nAChR-dependent calcium signal-
ing. α-subunit-specific mAb induced transcriptional upregulation of nAChR 
subunits, muscle structural proteins, and complement components. Notably, 
subunit-specific differences were observed, as β-subunit-specific antibodies 
had no functional impact. Inhibition of complement activation at C3 cleavage 
preserved nAChR distribution, reduced MAC deposition, and restored cholin-
ergic calcium responses, indicating complement activation as a driver of anti-
body-mediated neuromuscular dysfunction and highlighting proximal com-
plement inhibition as a promising therapeutic strategy. 
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Future Perspective 

Although this thesis provides insight into potential circulating biomarkers and 
complement-associated mechanisms in MG, it raises further research ques-
tions that should be addressed in future.  

For biomarker studies, validation of candidate biomarkers in larger and 
multi-center cohorts, is an important next step. Longitudinal studies with 
longer follow-up periods and the inclusion of disease control groups would 
strengthen the interpretability of these findings and would be valuable for 
studying the dynamics of these candidate biomarkers, particularly during dis-
ease progression and treatment response. Such studies could help determine 
the temporal dimensions of these candidates and whether they are responsive 
to therapeutic interventions, thereby improving their potential utility.  

Findings from the human muscle cell model demonstrate that complement 
inhibition at the level of C3 is a promising therapeutic strategy, supporting 
further exploration of upstream complement inhibition alongside currently 
available C5-targeted treatments. Moreover, whether targeting C3 exerts ad-
ditional effects, such as anti-inflammatory mechanism, remains to be eluci-
dated. In addition to complement components in the main activation pathway, 
complement regulatory proteins, particularly CD55 and CD59, are also an im-
portant area for future study. MG pathogenic antibodies have been shown to 
increase transcriptional expression in this thesis, suggesting a potential com-
pensatory response.  Given their roles in restricting complement activation and 
preventing MAC formation, further investigation of their regulation and func-
tional role in MG may provide important insights into the protective mecha-
nisms. Genetic approaches, including siRNA-mediated knockdown or 
CRISPR-based knockout of CD55 and CD59, as well as plasmid-mediated 
overexpression, can be used to investigate the regulatory roles of these pro-
teins in complement-associated processes.  

The altered distribution of nAChRs observed in muscle cells following ex-
posure to MG pathogenic antibodies motivates further investigation into nA-
ChR dynamics under complement activation conditions. Approaches such as 
transfection with fluorescently tagged nAChR subunits could enable real-time 
visualization of receptor trafficking, helping to elucidate the surface expres-
sion or endocytosis of the receptors. 

The muscle cell model used in this thesis provides a platform for studying 
skeletal muscle pathology in MG; however, the nAChR subunit composition 
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may not fully reflect the adult type. Introducing motor neurons to enable neu-
ronal innervation may strengthen the physiological relevance of the model. 
Moreover, future work integrating electrophysiological functional readouts, 
such as patch-clamp recordings and microelectrode array (MEA) systems, 
could provide deeper insights into ion channel activity and network-level elec-
trical activity. 
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