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1. Zusammenfassung 

Das Komplementsystem ist ein integraler Teil des Immunsystems und hilft bei der 

Erkennung und Beseitigung von Krankheitserregern. Neben seiner Rolle als Protein-

Netzwerk im Blut ist das Komplementsystem auch an der Regulation der adaptiven 

Immunität beteiligt. Zusätzlich zu diesen Funktionen im extrazellulären Raum hat das 

Komplementsystem ebenfalls eine neue Rolle in der intrazellulären Umgebung. 

Aktuelle Forschungsarbeiten haben gezeigt, dass das Komplementsystem ebenfalls 

intrazelluläre Prozesse wie Metabolismus, Autophagie oder Genexpression reguliert. 

Die Gesamtheit dieser extra- und intrazellulären Komplement-Aktivität wird als 

„Complosom“ bezeichnet, und seine Störung ist mit einer Vielzahl von Erkrankungen 

verbunden. 

Diese Arbeit untersucht die Rolle des Komplementsystems bei neuromuskulären 

Erkrankungen, wobei sowohl die traditionellen extrazellulären Funktionen als auch die 

neueren intrazellulären Rollen im Fokus stehen. Im Kontext neuromuskulärer 

Erkrankungen wird die extrazelluläre Komplementaktivierung durch Myasthenia gravis 

veranschaulicht. Bei dieser antikörpervermittelten Autoimmunerkrankung trägt die 

Komplementaktivierung zur Zerstörung der postsynaptischen Membran bei, was die 

Anzahl der Rezeptoren und Natriumkanäle reduziert. Ein besseres Verständnis dieses 

Signalweges konnte die therapeutische Landschaft der MG erweitern und neue 

Signaturen bei Patienten und Patientinnen mit Myasthenia gravis aufzeigen. 

Auf der anderen Seite beleuchtet diese Arbeit die Bedeutung des intrazellulären 

Komplementsystems am Beispiel der idiopathischen entzündlichen Myopathien. Bei 

diesen Erkrankungen ist die Hemmung des extrazellulären Komplements weniger 

wirksam. Gleichzeitig deuten aktuelle Daten darauf hin, dass intrazelluläre 

Komplementkomponenten in bei der Einschlusskörper Myositis, einer Unterform dieser 

Erkrankungen, beteiligt sind. Die Dysregulation von intrazellulären 

Komplementproteinen, insbesondere C3, könnte die Immunantwort und das Verhalten 

von Fibroblasten regulieren. Dies weist auf die Notwendigkeit weiterer Forschung hin, 

um die Rolle des intrazellulären Komplements bei neuromuskulären Erkrankungen 

besser zu verstehen. 

In Summe diskutiert diese Arbeit die Bedeutung des extra- und intrazellulären 
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Komplementsystems bei neuromuskulären Erkrankungen und zeigt auf wie Diagnostik 

und Therapie durch ein besseres Verständnis dieses Systems verbessert werden 

können. 

2. Introduction 
Discovered over a century ago by Jules Bordet 1, the complement system has been 

viewed as a serum-effective arm of innate immunity that ‘complemented’ the action of 

antibodies during the detection and elimination of bloodborne pathogens. 

As our understanding of the individual components within the complement system 

deepened, it became evident that this system plays a crucial role as a mediator in acute 

inflammatory reactions guiding migration and activation of innate immune cells 2. 

Surprisingly, ongoing research initiated in the 1980s demonstrated that complement 

receptor signalling on B and T cells also constitutes an integral component of both the 

humoral and adaptive immune responses 3,4. 

The serum-effective activity of extracellular complement has been in the scientific 

spotlight for decades. Here, complement is required for the bodies defence machinery 

against invading pathogens. Indeed, from an evolutionary viewpoint, the complement 

system has been conserved for more than 500 million years, as evidenced from genetic 

studies of common ancestors of Eumetazoa 5. The initial activation mechanism of the 

ancient complement system is thought to closely resemble the mammalian lectin and 

alternative activation pathways, primarily focused on opsonization and induction of 

inflammatory pathways. This ancient complement system remained largely unchanged 

across most deuterostomes until the emergence of jawed vertebrates. During this 

evolutionary stage, the genetic landscape underlying the complement system shifted 

introducing the classical and lytic pathways to the pre-existing complement system 5. 

This transformation marked the evolution from the primitive complement system to the 

complement system that is at the centre of our current understanding 5. 

Still, our understanding of the complement system and its subsequent functions 

continues to expand, revealing a more intricate compartmentalization than previously 

assumed 3,4. The activation of complement is not confined to extracellular spaces but 

also extends intracellularly, spanning diverse cell populations and various tissues. 

These pathways of intracellular complement have been termed as the „complosome“ 

and are subject of ongoing research, uncovering compelling evidence of their 

involvement in novel and non-canonical functions. Remarkably, the complosome 
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actively engages in fundamental cellular processes like metabolism, autophagy, and 

gene expression 3,4,6. This newly appreciated role in cell biology underscores the impact 

of disruptions in complosome activities on prevalent human diseases. Conditions 

ranging from recurrent infections to arthritic diseases, atherosclerosis, and cancer are 

increasingly linked to perturbations in the complosome. 

This work explores the evolving role of the complement system in neuromuscular 

diseases. First, we will explore the „canonical“ activation of complement in the 

extracellular environment and its influence on neuromuscular disorders. A special 

emphasis will be placed on the development of therapies targeting the complement 

system. Second, we will highlight the „non-canonical“ intracellular role of complement 

in neuromuscular diseases and discuss its potential implications in understanding 

pathophysiological mechanisms. Finally, this work aims to amalgamate contemporary 

perspectives on both extracellular and intracellular complement activities, thereby 

offering a comprehensive synthesis of our present comprehension in this field. 

3. Extracellular complement and its impact on neuromuscular diseases 
The human complement system is a complex network involving over 50 proteins 7. 

These proteins can be found circulating in the blood or residing as cell membrane-

bound proteins. Among these proteins, C3 and C5 stand out as major effector 

molecules, primarily produced by the liver in a pro-enzymatic form. Activation of 

complement C3 and C5 occurs when various activation pathways are triggered in 

response to pathogen- or damage-associated molecular patterns 7. This initial 

recognition leads to the creation of C3 and C5 convertases, subsequently resulting in 

the cleavage and activation of C3 into C3a and C3b, and C5 into C5a and C5b, 

respectively. The assembled C5b unit combines with serum proteins C6 through C9 to 

generate the membrane attack complex (MAC). The MAC, in turn, directly lyses 

pathogens or harmful target cells. Additionally, C3b opsonizes microbes and 

deleterious host cells, marking them for destruction by scavenger cells 7. 

The receptors responsible for binding the anaphylatoxins C3a and C5a – the C3a 

receptor (C3aR) and C5a receptors 1 and 2 (C5aR1 and C5aR2), respectively – are 

expressed by a wide array of host immune and non-immune cells 8. Stimulation of these 

receptors triggers diverse responses, including endothelial activation to facilitate 

adhesion and the influx of immune cells into tissues, contraction of smooth muscle 

cells, and the recruitment and activation of innate immune cells 7. All these processes 
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are fundamental to the classic inflammatory reaction and are widely acknowledged as 

canonical complement functions. 

While historically recognized as a key player of innate immunity, the complement 

system also plays a pivotal role in orchestrating adaptive immunity. One such example 

is the significance of the iC3b/C3dg/C3d-binding complement receptor 2 (CR2) acting 

as a co-stimulatory molecule for B cells 9–11. Its function significantly reduces the 

threshold of B cell receptor (BCR) signaling, amplifying it by up to 10,000-fold. Similarly, 

CD46, a complement regulator and receptor capable of binding and deactivating C3b 

and C4b, offers co-stimulatory signals to human CD4+ T cells 11. These signals are 

essential for the induction of T helper 1 (TH1) cell responses. The viewpoint that 

complement constitutes an integral part of adaptive immunity clarifies the extensive 

influence of complement dysregulation across various human disease states mediated 

by both innate and adaptive immunopathology. 

3.1. Myasthenia gravis as prototypical complement-mediated 
autoimmune disease 

A primary example of complement in autoimmunity is myasthenia gravis (MG). A rare 

and heterogenous condition, MG is characterized by the disruption of signal 

transmission across the neuromuscular junction (NMJ) 6,12. The diverse manifestations 

of MG lead to its classification into distinct subtypes based on variations in 

autoantibodies and the clinical presentation of symptoms. The most frequent antibody 

detected in MG (80 to 85% of patients) is directed against the acetylcholine receptor 

(AChR), densely distributed on the postsynpatic membrane of the NMJ 6,12. The 

mechanisms through which these AChR autoantibodies operate to disrupt synaptic 

transmission at the NMJ encompass the following mechanisms 13: 

Inhibition of acetylcholine binding: By obstructing the binding sites for 

acetylcholine on AChRs. 

Accelerated degradation of AChRs: Prompting the internalization and breakdown 

of AChRs cross-linked by these autoantibodies. 

Complement activation: This process triggers damage to the postsynaptic 

membrane at the NMJ, resulting in a decrease in membrane surface area, along with 

a reduction in both the number of AChRs and voltage-gated sodium ion (Na+) 

channels. 

MG patients without AChR antibodies may, instead, demonstrate antibodies 
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recognizing the muscle-specific kinase (MuSK) or low-density lipoprotein receptor–

related protein 4 (LRP4). These antibodies are rare and only detected in approximately 

5% or less than 1% of patients, respectively 13. Intriguingly, the anti-MuSK-antibody is 

mostly composed by IgG4 and, therefore, unlikely to induce complement activation as 

effector mechanism. Instead, these anti-MuSK-antibodies disrupt the signalling 

pathway of MuSK by obstructing the interaction between agrin, LRP4, and MuSK, 

resulting in reduced AChR density 13. 

In the following sections, we will focus on the activation of complement by AChR-

antibodies and its implications within the context of MG. 

3.2. Evidence for complement activation as pathophysiological driver 
of MG 

Multiple lines of evidence suggest complement in the pathogenesis of MG including 

human and animal studies 13. First, immunization against the AChR was employed to 

generate models of experimental autoimmune myasthenia gravis (EAMG) 14. Here, 

active or passive EAMG models showcased the deposition of complement revealing 

the co-localization of IgG, C3, and MAC deposits specifically at the NMJ. These 

deposits correlate with the deterioration of the postsynaptic membrane, debris 

accumulation within the synaptic space, AChR loss from the endplate region, and a 

noticeable decrease in miniature endplate potential amplitude 14. Studies using 

knockout mice lacking either C3 or C4 have a notably decreased occurrence of active 

EAMG compared to their wild-type counterparts. Despite observing IgG deposits at the 

NMJ in both C3- and C4-deficient animals, MAC formation is largely absent in these 

knockout mice. Similar outcomes are observed in animals lacking C5 or C6. In C5-

deficient mice, immunofluorescence detects IgG and C3 at the NMJ, but not the MAC 
14,15. 

In humans, alterations in the concentrations of different complement proteins within the 

serum of MG patients indicated the active involvement of complement components in 

the disease's pathogenesis. Further studies employing electron microscopy and 

immunohistochemistry to study the NMJ in MG patients, as pioneered by the late 

Andrew Engels, demonstrated the localization of IgG antibodies alongside complement 

components C3 and C9 specifically on the postsynaptic membrane 16,17. Furthermore, 

these elements were identified on fragments of deteriorating junctional folds found 

within the synaptic space. This localization underlines the role of complement activation 
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in the structural and functional alterations observed at the NMJ in individuals with MG. 

3.3. The need for novel therapeutics in MG 
Owing to advancements in treatment strategies and diagnostic tools, the therapeutic 

outcomes for the majority of MG patients have improved 12,18. However, there exists a 

distinct subgroup within the population of MG patients, often labeled as refractory, who 

continue to experience symptoms despite therapy. These patients commonly face 

disease exacerbations and myasthenic crisis (MC), which substantially contribute to 

the overall disease burden. Despite progress in diagnosing and treating MG, individuals 

experiencing MC still confront a considerable mortality rate, estimated at around 5–

12%. The necessity for hospitalization, coupled with the burden of managing the 

disease and the expenses associated with available rescue therapies, underscores the 

critical importance of both preventing and effectively managing MC. 

Indeed, we observed that in a retrospective, observational cohort study of MG patients 

between 2000 and 2021 from eight tertiary hospitals in Germany the risk for MC 

remained high with 26.3% of patients experiencing MC during their individual course of 

disease 12. This study underscores the high disease burden in the time before the 

advent of targeted complement therapies. In this cohort, mean age at disease onset 

was 52.7 years (standard deviation (20) 20.0) and at diagnosis 53.5 years (SD 19.8). 

Early disease onset before the age of 50 years occurred in 300 patients (36.8%), while 

510 patients (62.6%) were late-onset MG (LOMG) 12. The follow-up time was 62.6 

months (SD 73.3) after diagnosis. Out of 815 patients, 217 patients (26.3%) 

experienced a MC during their disease course while 225 patients (27.6%) experienced 

a disease exacerbation. Potential risk factors for the occurrence of a MC or disease 

exacerbation were interrogating using a model of multivariate Cox regression. In this 

cohort, the Myasthenia Gravis Foundation of America (MGFA) class, as surrogate 

marker for clinical severity, correlates inversely with the risk for MC (Figure 1A, B). 

Further, patients with anti-MuSK-antibodies have a higher risk for experiencing MC or 

disease exacerbation (Figure 1C, D) 12. 

Intriguingly, the efficacy of therapeutic management of MG is associated with the 

occurrence of MC and disease exacerbations 12. Minimal manifestation status (MMS) 

is defined in accordance with the MGFA as no symptoms of functional limitation from 

MG but weakness on examination only detectable by examination. To exclude bias due 

to patients presenting with MC or exacerbation as first manifestation, patients with a 
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clinical event up to 6 months after diagnosis were excluded from the analysis of 

treatment response. The risk was reduced for achieving MMS for MC (OR 0.32 95% 

CI 0.17–0.61, p = 0.002) and for exacerbation (OR 0.50 95% CI 0.34–0.70, p < 0.001) 

12. In line, patients without MMS are at an increased for MC and disease exacerbations 

as compared to patients achieving MMS (Figure 1E, F). The analysis of cortisone, as 

binary variable, and dosage, as continuous variable, as predictors for MC or 

exacerbation did not influence the risk for MC (OR 1.12 95% CI 1.05–1.33, p = 0.16) 

and exacerbation (OR 1.09 95% CI 1.01–1.45, p = 0.42) when compared with patients 

who did not receive cortisone. In the group of cortisone-treated patients, assessment 

of cortisone dose did not reveal an association with the risk for MC (OR 1.27 95% CI 

1.16–1.65, p = 0.23) or exacerbation (OR 1.52 95% CI 1.34–1.72, p = 0.18) 12. 
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Figure 1: Survival analysis of MC and disease exacerbation. Survival curves displaying the time (in 

months) between diagnosis and the first MC (myasthenic crisis) or exacerbation. (A) Survival graph 

displaying the time to MC according to MGFA class. (B) Survival graph displaying the time to 

exacerbation according to MGFA class. (C) Survival graph displaying the time to MC according to anti-

Musk-ab status. (D) Survival graph displaying the time to exacerbation according to anti-Musk-ab status. 

(E) Survival graph displaying the time to MC according to minimal manifestation status (MMS) at 

12 months after diagnosis. (F) Survival graph displaying the time to exacerbation according to MMS at 

12 months after diagnosis. Significance between survival curves was assessed by logrank testing. 

****p < 0.0001 ***p < 0.001, **p < 0.01, *p < 0.05. Mit freundlicher Genehmigung des Verlags aus Nelke 
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et al. 2022. 

This data suggests that a subgroup of patients continue to experience severe disease 

despite treatment and that patients are at an increased risk for life-threatening MC if 

symptoms are left unchecked. 

3.4. Novel therapeutics in the management of MG 
The existing standard of treatment for MG includes broad immunosuppressive 

treatments (IST) such as corticosteroids, azathioprine, methotrexate or mycophenolate 

mofetil as well as immunomodulatory treatments such as plasma exchange (PLEX) 

and intravenous immunoglobulins (IVIG) 13. 

This spectrum was expanded in 2017 with the admission of eculizumab. This 

recombinant humanized monoclonal antibody binds to C5  

inhibiting its breakdown into C5a and C5b, thereby preventing the formation of the MAC 
19. Eculizumab pioneered targeted complement therapies and was initially recognized 

by the Food and Drug Administration (FDA) in 2007 for treating paroxysmal nocturnal 

hemoglobinuria. In the phase 3 trial REGAIN, eculizumab demonstrated a convincing 

benefit in patients with refractory generalized MG, despite not achieving a 100% 

response rate. The majority of patients still required continuous, long-term therapy with 

other ISTs. Based on these findings, eculizumab became the first complement-targeted 

therapy for MG 19.  

However, there remains a lack of evidence comparing different treatment approaches 

in MG 20. In a retrospective, observational study, we assessed rituximab and 

eculizumab as treatments for generalized, therapy-resistant anti-AChR-antibody 

positive MG. The primary outcome parameter utilized was the change from the baseline 

quantitative myasthenia gravis (QMG) score, assessed over a 24-month follow-up 

period. Specific study outcomes were predetermined before data analysis commenced 
20. A total of 77 patients were included and matched by propensity score matching using 

an optimal full matching approach as to avoid a selection of patients to remain 

unmatched. The balance between the two groups was assessed by comparing the 

standardised mean differences of the covariates before and after propensity score 

adjustment. Using a model of optimal full matching, we achieved standardised mean 

differences for the selected covariates below 0.1 indicating adequate balancing of the 

two groups 20. 
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Table 1: Baseline characteristics of patients 

 
Rituximab-treated 
patients 

Eculizumab-treated 
patients 

P 
value 

Patients, n 57 20  
Age at baseline, years, mean (SD) 46.5 (17.1) 45.4 (15.2) 0.791 
Age at diagnosis, years, mean (SD) 40.8 (18.2) 36.5 (12.2) 0.351 
Early onset MG, n (%) 36 (63.1) 16 (80.0) 0.266 
Late onset MG, n (%) 21 (36.9) 4 (20.0) 0.266 
Female patients, n (%) 35 (62.5) 12 (54.6) 0.610 
Disease duration, years, mean (SD) 6.3 (4.5) 8.8 (6.3) 0.068 
QMG score at baseline, mean (SD) 10.7 (5.1) 13.2 (5.2) 0.056 
MGFA status at maximum severity, n (%)    
 I 0 (0.0) 0 (0.0) 0.335 
 II 16 (28.1) 10 (50.0) 
 III 20 (35.1) 5 (25.0) 
 IV 16 (28.1) 3 (15.0) 
 V 7 (12.2) 2 (10.0) 
History of thymectomy, n (%) 29 (50.8) 13 (65) 0.308 
Confirmed thymoma, n (%) 8 (14.0) 4 (20.0) 0.487 
Total number of previous ISTs, median 
(minimum–maximum) 

2 (2–3) 2 (2–3) 0.285 

Previous disease modifying therapy, n (%)    
 Azathioprine 49 (85.9) 18 (90.0) 0.729 
 Mycophenolate 26 (45.6) 14 (70.0) 0.072 
 Methotrexate 24 (42.1) 7 (35.0) 0.608 
 Cyclosporine 7 (12.2) 5 (25.0) 0.279 
Cortisone at baseline, mg, mean (SD) 6.0 (10.3) 10.4 (12.6) 0.121 
Number of previous MC, median (minimum–
maximum) 

1 (0–3) 1 (0–3) 0.971 

Table 1: Baseline refers to the first infusion of rituximab or eculizumab. Disease duration was 

defined as the time between symptom onset and baseline. Patients with rituximab were 

compared with patients receiving eculizumab by two-sided Student’s t-test (*) or Fisher’s exact 

test (#). P values are given; significance cut-off was p<0.05. Abbreviations: IST, 

immunosuppressive therapy; MC, myasthenic crisis; MG, myasthenia gravis; MGFA, 

Myasthenia Gravis Foundation of America; QMG, quantitative myasthenia gravis. Mit 

freundlicher Genehmigung des Verlafs aus Nelke, Schroeter et al. 2022. 

Patients treated with eculizumab experienced a stronger benefit from the treatment 

compared to those on rituximab (QMG at 12 months: rituximab 11.2 (SD 7.3) vs. 

eculizumab 8.4 (SD 6.1); p=0.021, Figure 2) 20. Furthermore, we assessed the change 
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to the QMG score from baseline and at 24 months between the rituximab (n=54) and 

eculizumab (n=19) cohorts. Eculizumab-treated patients displayed a stronger reduction 

in the QMG score compared to rituximab-treated patients at 24 months (QMG at 24 

months: rituximab 11.2 (SD 6.4) vs. eculizumab 9.6 (SD 8.5); p<0.001). Notably, the 

presence of a thymoma did not affect the QMG score changes at 12 or 24 months 

(p=0.123 and p=0.848, respectively). 

 

Figure 2: Changes to baseline QMG score. QMG scores were assessed at 6, 12 and 24 months. 

Baseline is defined as start of rituximab or eculizumab therapy. Differences between groups were 

assessed in a model of optimal full propensity score matching. Patients were matched for QMG score at 

baseline, sex, age at diagnosis, age at baseline and thymoma. Error bars display mean (95% CI). 

***p<0.001, **p<0.01, *p<0.05, p≥0.05, not significant. Mit freundlicher Genehmigung des Verlags aus 

Nelke, Schroeter et al. 2022. 

In respect to the occurrence of MC during the 24 month observation period, there were 

nine patients in the rituximab group who experienced a MC, whereas two patients 

showed deterioration in the eculizumab group. However, this discrepancy did not 

achieve statistical significance (MC, n (%), rituximab 15 (15.8%) vs. eculizumab 2 

(10.0%), p=0.510). Interestingly, the time to MC did not display variance between 

rituximab- and eculizumab-treated patients (Figure 3A). At 12 month follow-up, there 

was a difference in the rate of patients achieving MMS between the two groups. Six 



19  

patients achieved MMS in the rituximab group (n=56, 10.7%), while seven patients 

achieved MMS in the eculizumab treatment group (n=19, 36.8%; p=0.031, Figure 3B). 

This effect persisted at the 24 month assessment, with seven patients reaching MMS 

after rituximab (n=54, 12.9%) and seven patients after eculizumab treatment (n=19, 

36.8%; p=0.015). However, one eculizumab patient and three rituximab patients were 

excluded from the analysis due to insufficient information regarding their rescue 

therapies 20.  
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Figure 3: Time to myasthenic crisis 

after baseline. (A) Kaplan-Meier 

curve displaying time to myasthenic 

crisis after baseline. Baseline is 

defined as start of rituximab or 

eculizumab therapy. Differences 

between groups were assessed by 

logrank test. (B) Number of patients 

achieving minimal manifestation after 

12 and 24 months of treatment 

according to treatment. (C) Number of 

rescue therapies per patient in the 24 

months observation period. 

Differences between groups were 

assessed by two-sided Student’s t-

test. (D) Change to cortisone dose at 

baseline at 12 and 24 months of 

treatment. Error bars display mean 

(95% CI). **p<0.01, *p<0.05, p≥0.05, 

not significant. Mit freundlicher 

Genehmigung des Verlags aus Nelke 

et al. 2023. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

The utilization of rescue therapies did not significantly differ between the rituximab and 

eculizumab groups, as indicated by the number of rescue therapies required per patient 

during the 24-month observation period (number of rescue therapies per patient (SD): 

rituximab 2.20 (1.83), eculizumab 1.42 (1.81); p=0.073) (Figure 3C). Additionally, both 
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groups were able to reduce their prednisolone dose after initiating treatment (Figure 
3D). Notably, no significant difference was detected between the groups concerning 

the change in baseline prednisone dose at 12 months (prednisone dose at 12 months, 

mg (SD): rituximab 4.01 (4.90), eculizumab 5.30 (5.63); p=0.721) or at 24 months of 

treatment (prednisone dose at 24 months, mg (SD): rituximab 2.75 (3.67), eculizumab 

3.17 (2.88); p=0.871). 

 

Taken together, these data underline the value of targeted complement therapies for 

the management of MG. Still, there remains a substantial risk for MC independent of 

treatment strategies underscoring the need for intensified monitoring for patients at risk. 

 

3.5. „Off-target“ effects of complement-inhibition with eculizumab 
While eculizumab has exhibited remarkable effectiveness, even in instances of 

autoimmune diseases resistant to treatment, further studies into the long-term safety 

implications and treatment outcomes are needed. This need is underscored by a recent 

surge of novel complement inhibitors approved for the treatment of MG, such as 

ravulizumab18 (monoclonal antibody targeting C5 with longer efficacy than eculizumab) 

or zilucoplan21 (small molecule targeting C5 with subcutaneous application). As 

introduced above, complement is likely to impact not only aspects of innate and 

adaptive immunity, but also to regulate metabolic functions 4. Consequently, the 

therapeutic suppression of the terminal complement cascade is likely to exert broader 

influences on human biology beyond solely inhibiting the formation of the MAC. 

To address this viewpoint, we employed a combined proteomic and metabolomic 

approach to study the serological profile of anti-AChR-antibody MG patients treated 

with eculizumab 6. Investigating the impact of eculizumab on both the serum proteome 

and metabolome, we enrolled three cohorts of patients with MG, each matched in terms 

of age and sex. These cohorts comprised individuals treated with either eculizumab or 

azathioprine (the most common first-line therapy), as well as treatment-naive patients 

serving as the control group. At the time of sampling, patients across all groups were 

around 55 years old, with an equal distribution of 2 women and 8 men in each cohort. 

Among the eculizumab-treated patients, there was an average of 2.8 (with a standard 

deviation of 1.6) prior ISTs, while those receiving azathioprine had an average of 1.5 

(with a standard deviation of 2.5) previous ISTs 6. Notably, thymectomy had been 

performed in three individuals from the eculizumab-treated group, one from the 
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treatment-naive group, and 5 from the azathioprine-treated group. All thymectomies 

took place at least 6 months prior to the patients' inclusion in the study. Importantly, 

there were no discernible differences in steroid dosage between patients treated with 

eculizumab and those treated with azathioprine (p = 0.68) 6. 

Figure 4: Gene set enrichment. (A–C) Manhattan plot illustrating functional enrichment of differentially 

regulated proteins (fold-change > 1.5) from the MF (molecular function), BP (biological process), CC 
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(cellular component), KEGG (Kyoto Encyclopedia of Genes and Genomes), and HPA (Human Protein 

Atlas) databases, respectively. The analysis was performed using the R package gprofiler2 with g:SCS 

multiple-testing correction method applying significance threshold of 0.05. The –log10 P value is 

indicated on the y axis. IDs next to circles are annotated in D. Related GO terms and functional pathways 

were clustered together. (D) Table displaying GO terms and functional pathways of interest shown in A–

C. N = 10 per group. GO, gene ontology. Mit freundlicher Genehmigung des Verlags aus aus Nelke, 

Schroeter et al. 2022. 

 

We performed Gene Set Enrichment Analysis (GSEA) to study the serum proteome of 

each cohort. Here, biological processes (BPs) displayed distinct alterations in the 

eculizumab cohort, particularly in respect to complement activation and the regulation 

of complement activation, likely attributed to the accumulation of terminal complement 

factors. Intriguingly, serum samples from patients treated with eculizumab also 

displayed significant alterations in high-density lipoprotein particle remodelling, 

regulation of wound healing, and cellular detoxification processes when compared to 

both azathioprine-treated and treatment-naive patients (Figure 4A). Concerning 

cellular components (CCs), the eculizumab group exhibited enrichments in GO terms 

associated with immunoglobulin complexes and blood microparticles, among others 

(Figure 4B, C, D). Analysis of the KEGG pathway highlighted an upregulation in 

complement and coagulation cascades within the eculizumab-treated cohort. However, 

analysis of the HPA database did not reveal any significant functional enrichments 6. 

 
Next, we integrated the metaobolimc data. Here, we observed an alteration in the 

arachidonic acid metabolism due to eculizumab treatment. After data pre-processing 

and metabolite identification, we selected 289 unique metabolites for downstream 

analysis. Leveraging sparse partial least squares discriminant analysis (sPLS-DA), 

known for handling noisy data with high collinearity, we tailored a model to suit our 

metabolomics data and reduced the dataset dimensionality (Figure 5A). Each of the 

three groups exhibited distinct metabolome signatures. In order to identify altered 

pathways, we conducted functional enrichment analysis specific to the eculizumab-

treated cohort using the KEGG database (Figure 5B). Notably, the linoleic acid 

metabolism pathway emerged as the most enriched functional pathway within the 

eculizumab-treated cohort. Building upon our earlier observation of reduced ALOX5 

levels in the proteomic data, we hypothesized that the blockade of complement by 

eculizumab in patients leads to an alteration in arachidonic acid (AA) metabolism 6. 

This might be relevant as linoleic acid serves as a precursor lipid metabolized to AA. 
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We observed a positive correlation between 5-HPETE and ALOX5. Hence, we 

suspected that the decreased ALOX5 levels result in a disruption of AA metabolism 

and inhibition of downstream production of leukotrienes given that ALOX5 metabolizes 

AA to leukotrienes. Specifically, ALOX5 metabolizes AA to generate 5-HPETE, which 

undergoes further processing to leukotriene A4 (LTA4). Our comparison between 

groups revealed a reduction in 5-HPETE levels in the serum of eculizumab-treated 

patients (Figure 5C). Importantly, 5-HPETE is a precursor metabolite to LTA4, an 

initiator of downstream leukotriene synthesis. However, our metabolomics approach 

could not definitively detect LTA4. Apart from its involvement in the leukotriene 

pathway, AA also serves as a precursor in prostaglandin metabolism. To investigate 

potential disturbances in prostaglandin metabolism, we assessed levels of PGH2 

resulting from PGH2 synthase enzymatic activity (Figure 5D). Surprisingly, PGH2 

levels remained unchanged across all groups. To validate our earlier findings using a 

different methodological approach, we conducted a targeted analysis of PGH2 and 

LTA4 via ELISA. These metabolites are pivotal precursors in both prostaglandin and 

leukotriene metabolism. LTA4 levels were diminished in eculizumab-treated patients, 

while PGH2 levels remained consistent across groups (5E and F). To confirm these 

observations, we obtained longitudinal samples from patients undergoing eculizumab 

treatment. Specifically, we collected serum samples from 5 patients who had 

transitioned from azathioprine to eculizumab (Figure 5G). These patients, with an 

average age of 52.5 years (ranging from 31 to 73), comprised 3 men and 2 women. 

Following the switch, azathioprine was discontinued, and patients received eculizumab 

treatment for 3 months before serum sample collection. Throughout this period, 

glucocorticoid dosages remained stable across all patients, averaging 5 mg (with a 

standard deviation of 2.5). We assessed LTA4 and PGH2 levels via ELISA, comparing 

their statuses during eculizumab treatment and prior. Consistently, LTA4 exhibited 

decreased levels in eculizumab-treated patients, while PGH2 levels remained 

unchanged (Figure 5H and I) 6. 
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Figure 5: (A) sPLS-DA score 

plot showing the metabolite 
data set for different groups. 

Prediction ellipses are 95% CI. 

(B) Functional enrichment 

analysis of the eculizumab 

cohort compared with other 

groups. Enrichment was 

performed by MetaboAnalystR 

package version 3.0 set to 

GSEA using the KEGG 

database. (C and D) Metabolite 

abundance of 5-HPETE and 

PGH2 displayed as raincloud 

plots. Metabolite levels were 

determined by metabolomic 

analysis. (E and F) Metabolite 

abundance of LTA4 and PGH2 

displayed as raincloud plots. 

Metabolite levels were 

determined by immunoassay. 

Whiskers are 1.5 IQR. (G) For 

longitudinal analysis, samples 

were acquired from 5 patients 

before and under eculizumab 

treatment. (H) Longitudinal 

analysis shows reduction of 

LTA4 level in eculizumab-

treated patients. (I) PGH2 levels remained unchanged after switching to eculizumab. “Before eculizumab” and 

“eculizumab” are represented in dark red and red, respectively. (J) Schematic overview of AA metabolism. 

Changes observed in this study are indicated by arrows. N = 10 per group. 5-HPETE, arachidonic acid 5-

hydroperoxide; GSEA, gene set enrichment analysis; LTA4, leukotriene A4; PGH2, prostaglandin H2; sPLS-

DA, sparse partial least squares discriminant analysis. Mit freundlicher Genehmigung des Verlags aus Nelke, 

Schroeter et al. 2022. 

 

Finally, we aimed to understand the mechanistic connection between inhibiting the 

terminal complement pathway and the resultant alterations in the ALOX5 metabolism. 

Previous studies have highlighted that the binding of the C5aR instigates the synthesis 

and discharge of leukotrien B4 (LTB4). LTB4, a downstream product of AA and LTA4, 

demonstrates pro-inflammatory properties. Consequently, the activity of ALOX5 is 
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crucial for the generation of LTB4. We hypothesized that reduced engagement of the 

C5aR leads to the downregulation of ALOX5 activity in response to C5 inhibition, 

subsequently reducing both LTA4 and LTB4 levels. To validate this hypothesis, we 

employed an in vitro model utilizing polymorphonuclear leukocytes (PMNs), the 

immune cells primarily involved in ALOX5 metabolism. To confirm ALOX5's ability to 

produce LTB4 in PMNs, we exposed these cells to escalating concentrations of 

recombinant C5a (Figure 6A) and quantified LTB4 using an ELISA. Consistent with 

earlier findings, C5a prompted the release of LTB4 in a dose-dependent manner. 

Based on these findings, we opted to proceed with 500 ng/mL of C5a for subsequent 

experiments. Subsequently, our aim was to establish the necessity of C5aR for LTB4 

release in PMNs. For this purpose, PMNs were incubated with both C5a and PBS as a 

control (Figure 6B). We utilized the C5aR inhibitor PMX53 to investigate whether the 

interaction between C5a and C5aR is required for LTB4 generation. Notably, co-

incubation with PMX53 (10 nM) resulted in diminished LTB4 release. Additionally, when 

PMNs were incubated with C5a and the ALOX5 inhibitor zileuton (100 μM), it similarly 

led to reduced LTB4 levels. These collective findings imply that the interaction between 

C5a and C5aR triggers the synthesis of leukotrienes by ALOX5. 

 

Figure 6: In vitro analysis of eculizumab. (A) PMNs were incubated with indicated concentrations of 
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recombinant C5a for 6 hours. (B) PMNs were incubated with indicated substances (C5a 500 ng/mL, C5a 

+ PMX53 10 nM, C5a + zileuton 100 μM, or PBS) for 6 hours (n = 10 per group). (C) PMNs were 

incubated with indicated serum from treatment-naive patients with MG or eculizumab-treated patients 

with MG for 6 hours. PMNs were also incubated with treatment-naive serum and a final concentration of 

PMX53 of 10 nM or PBS for 6 hours (n = 10 per group). Groups were compared by 2-sided Student’s t 

test. ***P < 0.001, **P < 0.01. ALOX5, arachidonate 5-lipoxygenase; LTB4, leukotriene B4; PMNs, 

polymorphonuclear leukocytes. Mit freundlicher Genehmigung des Verlags aus Nelke, Schroeter et al. 

2022. 

 

Subsequently, considering that the C5 inhibitor eculizumab obstructs the cleavage of 

C5 and the release of C5a, we hypothesize that this mechanism was accountable for 

the observed effects. To investigate this hypothesis, we exposed PMNs to the serum 

obtained from the 10 treatment-naive patients involved in this study, alongside serum 

from patients treated with eculizumab (Figure 6C). Upon exposure to the serum from 

treatment-naive patients, we observed higher levels of LTB4 compared to incubation 

with eculizumab-treated serum or PBS. Additionally, we treated PMNs with the serum 

from treatment-naive patients in combination with the C5aR inhibitor PMX53. 

Interestingly, this combination led to reduced LTB4 levels, indicating that the interaction 

between C5a and C5aR is pivotal for the impact of eculizumab on downstream 

products resulting from ALOX5 metabolism. 

In summary, it appears that eculizumab prevents the engagement of C5aR on PMNs 

by impeding the generation of C5a. Activation of C5aR is crucial for initiating ALOX5 

processing AA; hence, eculizumab might attenuate the production of subsequent 

leukotrienes resulting from this pathway. 

3.6. Outlook on complement-targeting therapies for MG 
The advent of complement-targeting therapies has introduced a groundbreaking shift 

to the landscape of MG treatments. These therapies constitute a new class of drugs 

that offer high efficacy while circumventing the drawbacks associated with broad 

immunosuppression. However, it's crucial to acknowledge specific adverse effects, 

such as increased susceptibility to encapsulated bacteria, and also to investigate 

potential "off-target" effects like modulation of AA metabolism that require further 

exploration. 

Going forward, the development of additional options for complement inhibition is likely. 

These upcoming agents will vary in their administration methods (oral, intravenous, or 

subcutaneous) and treatment duration 13. Such advancements are expected to provide 
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clear advantages for both physicians and patients, facilitating tailored treatment options 

that align with individual patient needs. Yet, several lingering questions within the field 

require answers: Are the efficacy profiles of different treatment agents comparable? 

How do co-existing health conditions impact treatment outcomes? What are the 

potential long-term consequences of prolonged complement inhibition? Furthermore, 

understanding the factors and mechanisms contributing to treatment non-

responsiveness remains an important area of inquiry. Addressing these unresolved 

aspects will be crucial in advancing the field and refining the management of MG 

through complement-targeting therapies.  

Finally, we discuss MG and its therapeutic landscape as example of extracellular 

complement activity as we assume that the prevention of MAC formation is the primary 

driver of treatment efficacy. However, the extent to which inhibiting the formation of 

C5a contributes to the effect of complement inhibition remains unclear. C5a, known for 

its interaction with a myriad of receptors, undergoes rapid degradation by 

carboxypeptidases, transforming into C5aDesArg, which exhibits a half-life of less than 

5 minutes in vivo 22. As a result, studying C5a is notoriously challenging, and its 

implications for intracellular signalling are likely underestimated, despite its 

significance. 

 

4. Intracellular complement and its impact on neuromuscular diseases 
In the previous section, we discussed extracellular complement activation in the context 

of MG as prototypical disease mediated by pathogenic antibodies. While inhibition of 

extracellular complement provided a substantial treatment benefit in MG, this efficacy 

is not readily replicated across complement-related conditions. Here, we will explore 

how intracellular complement might impact neuromuscular diseases, such as idiopathic 

inflammatory myopathies (IIM), and how its compartmentalization might hinder 

contemporary treatment approaches.  

Over the last decade, numerous studies have provided evidence for a novel aspect of 

complement function: intracellular complement activation. Coined as the „complosome“ 

3,4, this intricate protein complex operates intracellularly, distinct from the extracellular 

complement system. Notably, complosome constituents not only interact internally but 

also engage with other intracellular defence mechanisms like the inflammasome, 

autophagosomes, and the ribosomal machinery 3,4. The proteins constituting the 

complosome are encoded by the same genes responsible for the circulating 
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complement system, such as C3 or C5. Placed in an intracellular context, specific 

proteases and convertases cleave internal C3 and C5 beneath the cell membrane or 

within subcellular compartments. While most complosome components originate from 

within cells, intracellular C3 can also originate externally or from the cell surface, 

integrating into the functionally active intracellular complosome 3,4,23.  

The essential components of the complosome - C3, C5, their activation products, 

receptors, and some regulators - have been identified within various intracellular 

compartments, including the mitochondria, cytoplasm, or endoplasmic reticulum, and 

even the nucleus 3,4,23. These diverse intracellular locations allow for distinct functional 

roles, diverging from those attributed to classical complement pathways. Specifically, 

the complosome contributes to fundamental cellular processes such as cell 

metabolism, gene expression regulation1, and autophagy. Intracellular receptors like 

mitochondrial, lysosomal, and/or endosomal C3aR and C5aR1 mediate their functions 

by initiating signalling cascades akin to those triggered by their „classical complement“ 

counterparts present on the cell surface. This interaction occurs in spatial separation 

from extracellular complement components. Moreover, comeplement components also 

contribute to immune cell signalling, secreted either in an autocrine or paracrine fashion 

or expressed on the cell surface, challenging the separation between extra- and 

intracellular complement.  

While the prospect of intracellular complement activity is novel, its implications for 

neuromuscular health and disease is intriguing. To exemplify this new prospect, we will 

examine inclusion body myositis (IBM) as unique neuromuscular entity that presents 

an ongoing therapeutic challenge 24. 

4.1. On the pathophysiology of inclusion body myositis 
IBM falls within the spectrum of IIMs, a category encompassing dermatomyositis (DM), 

immune-mediated necrotizing myopathy (IMNM), myositis in antisynthetase syndrome, 

and a group of non-specific IIM 24. However, these classifications likely do not 

encompass the full range of IIM types. Among IIM, IBM is unique as it does not occur 

in children, has a relatively ‘pure’ muscle phenotype, and shows only subtle therapeutic 

response to contemporary treatments, if at all, making IBM difficult to contextualize 

immunologically 25. 

Initial observations by the late Kichii Arahata regarding cytotoxic CD8+ T cell infiltration 

in the endomysium were later reinforced by studies indicating the clonal expansion of 

CD8+ T cells and their T cell receptor (TCR) repertoire in IBM. Recent advancements 
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in this line of argument have emerged through the discovery of effector memory T cells 

re-expressing CD45RA (TEMRA) and CD8+ T cells exhibiting an exhausted 

phenotype, characterized by the presence of CD57 and KLRG1 expressions, among 

other markers. The existence of degenerative aspects like rimmed vacuoles and 

protein accumulations has sparked an ongoing debate about IBM's underlying 

pathophysiology (Figure 7A - F). Taken together, the pathophysiology remains 

enigmatic: Convincing arguments for an autoimmune origin of the disease are 

contrasted by a resistance to immunosuppresive or immunoregulatory therapies 24.  

4.2. A case study of cell-autonomous mechanisms in IBM 
One potential explanation for IBM's resistance to treatment could lie in the initiation of 

cell-autonomous mechanisms that drive disease progression independent of ongoing 

inflammatory activity 24. Skeletal muscle comprises both myogenic and non-myogenic 

cells whose intricate interplay is crucial for maintaining muscle health and resolving 

inflammation. However, IBM introduces a persistent state of inflammation within this 

compartment, potentially disrupting the balance of these cells and leading to a harmful 

muscle state. In response to chronic stress or damage, cells can enter a state of stable 

cell cycle arrest known as cellular senescence. These senescent cells maintain their 

influence on the surrounding environment by adopting a specific senescence-

associated secretory phenotype (SASP), characterized by the release of 

immunomodulatory cytokines, growth factors, and proteases. Building upon this 

perspective, the accumulation of senescent cells in skeletal muscle might represent a 

cell-autonomous mechanism through which resident cells in the muscle perpetuate 

localized inflammation and foster fibrotic remodelling in IBM 24. 
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Figure 7: Characteristic pathomorphology of IBM. Pathomorphological characteristics of IBM 

patients as seen on muscle biopsy. (a) Pronounced fiber size variation with hypotrophic and 

hypertrophic fibers as well as internalized nuclei, myofiber necrosis and endomysial lymphocytic 

infiltrates and rimmed vacuoles. Gömöri trichrome staining (× 200). (b) Pronounced fiber size variation 

with hypotrophic and hypertrophic fibers as well as internalized nuclei, myofiber necrosis, endomysial 

lymphocytic infiltrates and rimmed vacuoles. H&E staining (× 200). (c) Presence of COX-negative, 

SDH-positive myofibers. COX-SDH staining (× 200). (d) Myofibers display sarcolemmal (and 

sarcoplasmic) positivity for MCH class I. MHC class I staining (× 100). (e) Myofibers display 

sarcolemmal (and sarcoplasmic) positivity for MHC class II. MHC class II staining (× 100). (f) Coarse 

p62+ autophagic material mostly localized in vacuoles. p62 staining (× 200). From Nelke et al. 2022. 

COX  cytochrome oxidase immunohistochemistry; H&E  hematoxylin and eosin; IBM  inclusion body 

myositis; MHC  major histocompatibility complex; SDH  succinate dehydrogenase. Mit freundlicher 

Genehmigung aus Nelke et al. 2023. 

 

To understand whether IBM instigates cell-autonomous mechanisms, we studied 
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cellular senescence in the skeletal muscles of IBM patients and compared them with 

those of non-diseased controls (NDC) and IMNM as diseased control. First, we sought 

to determine whether the number of senescent cells is altered in IBM compared to 

NDC and IMNM patients. For this purpose, we recruited a multicentric cohort of 48 

patients (16 per group). Given that age is likely to have a major impact on the 

development of cellular senescence, NDC and IMNM patients were matched to IBM 

by age to account for this confounder. Our initial focus was on examining p21, a well-

established marker indicative of cellular senescence. We evaluated the presence of 

p21+ cells using immunofluorescence (IF), requiring clear co-localization of p21 and 

DAPI within the cell nuclei to classify cells as p21+ (Figure 8A). The quantity of p21+ 

cells was higher in IBM patients compared to both NDC and IMNM patients (Figure 
8B). To further substantiate these findings, we conducted gene-level analysis via 

PCR, observing a higher expression of CDKN1A (which codes for p21) in IBM patients 

compared to NDC or IMNM (Figure 8C). Intriguingly, a significant proportion of p21+ 

cells were located in the perimysial area in IBM. To discern the source of these cells, 

we also tallied the number of p21+ myonuclei (Figure 8D), defined as nuclei situated 

within the boundaries of the respective myofiber (Figure 8E) 26. Interestingly, both 

IBM and IMNM patients exhibited similar quantities of p21+ myonuclei, suggesting 

that non-myogenic cells within the skeletal muscle might predominantly adopt a 

senescent phenotype in IBM. Building on this observation, our goal was to investigate 

senescence at the individual cell (or nucleus) level within the landscape of both 

myogenic and non-myogenic cells present in IBM-afflicted muscles. 

To this purpose, we conducted single nuclei RNA-seq (snRNA) on samples from three 

IBM patients and three NDCs 26. Post quality control, approximately 30,000 nuclei 

were processed, with around 13,000 from IBM muscle samples and about 17,000 

from NDC samples, integrated into a batch-corrected expression matrix for 

subsequent analysis. Using graph-based clustering via uniform manifold 

approximation and projection (UMAP), we identified nine primary cell types or 

subtypes based on distinct marker gene expressions (Figure 9A, B). These cell types 

were classified based on the expression of recognized markers, drawing from earlier 

transcriptomic investigations of skeletal muscle 27,28.  
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Figure 8: p21+ senescent cells are abundant in muscle of IBM. (a) Immunofluorescence staining of 

p21 (red), laminin-β1 (green), and DAPI (blue) in muscle specimens of NDCs (n = 16), IBM (n = 16), and 

IMNM (n = 16) patients. Arrows indicate single p21+ cells or clusters of p21+ cells. (b) p21 + cells were 

counted in randomly distributed 10 HPF (≙ 0.16 mm2). (c) RT-qPCR analysis of CDKN1A coding for 

p21 in muscle specimen (n = 16 per group). (d) Quantification of p21+ myonuclei in muscle in muscle 

specimen (n = 16 per group). (e) Exemplary image of a p21+ nucleus located inside a myofiber. 

Differences between groups were analysed by Kruskal–Wallis test followed by post hoc testing. 

*p < 0.05, **p < 0.01, ***p < 0.001. NDC non-diseased control; HPF high-power field; IBM inclusion body 
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myositis; IMNM immune-mediated necrotizing myopathy; r2 coefficient of determination; RT-qPCR real-

time quantitative polymerase chain reaction. Mit freundlicher Genehmigung aus Nelke et al. 2023. 

 

To understand the distribution of senescence in myogenic and non-myogenic cells, we 

determined the expression of CDKN1A across the dataset (Figure 9C). To compare 

the cluster-specific frequencies, we calculated the number of CDKN1A expressing cells 

as percentage of all cells in a cluster for IBM and NDC (Figure 9D). As described in 

the previous section, the relative frequencies of CDKN1A+ nuclei were comparable 

between IBM and NDC for myonuclei. Intriguingly, the frequencies of CDKN1A 

expressing fibro-adipogenic progenitors (FAPs) were strongly increased in IBM 

compared to NDC. However, it should be noted that the expression of a single gene is 

unlikely to capture the heterogeneity of cellular senescence across tissues. To address 

this caveat and to further corroborate the engagement of senescence pathways, we 

determined the differentially expressed genes (DEGs) between IBM and NDC for all 

cell clusters. Next, we employed the SenMayo gene set for enrichment analysis. Briefly, 

the SenMayo gene set is a panel composed of 125 key genes associated with 

senescence signalling pathways. We chose SenMayo as this gene set has been 

benchmarked against existing senescence or SASP gene sets and outperformed the 

latter in the detection of senescent cells. DEG lists of all clusters were entered into 

GSEA for the SenMayo gene set (Figure 9E) 29. Only the FAPs cell cluster was 

enriched for SenMayo in IBM compared to NDC. Taken together, snRNA-seq 

demonstrates the capability of discerning distinct cellular subtypes and suggests that 

non-myogenic cells assume a senescent phenotype in IBM 26. 
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Figure 9: Single-nuclei RNA sequencing of IBM and NDC muscle. (a) UMAP embedding 

demonstrating distinct clusters of cell types and subtypes. (b) Clustered dot plot visualization of top-

regulated marker genes. The mean expression for each cluster is indicated by colour code. (c) 

Expression of CKDN1A (coding for p21) across the UMAP embedding. (d) Frequency of CDKN1A+ cells 

for each cell cluster as indicated for IBM patients and NDC. (e) Gene set enrichment analysis (GSEA) 

for the SenMayo dataset. **p < 0.01. ACTA2 actin alpha 2; CDKN1A cyclin dependent kinase inhibitor 

1A; CDH5 cadherin 5; COL collagen; EMCN endomucin; FBN1 fibrillin-1; ITGAL integrin subunit alpha 

L; LILRB5 leukocyte immunoglobulin like receptor B5; MRC1 mannose receptor C-type 1; MYBPC2 

myosin binding protein C2; MYL9 myosin light chain 9; NDC non-diseased control; IBM inclusion body 

myositis; SIGLEC1 sialic acid binding Ig like lectin 1; TPM3 tropomyosin 3; PECAM1 platelet and 

endothelial cell adhesion molecule 1; PAX7 paired box 7; PTPRC protein tyrosine phosphatase type C 

(CD45); UMAP uniform manifold approximation and projection. Mit freundlicher Genehmigung aus Nelke 

et al. 2023. 
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Subsequently, our focus shifted towards the FAP population, and we isolated this 

particular cell cluster for in-depth examination (Figure 10A). FAPs represent lineage 

precursors of specialized non-myogenic cells, including activated fibroblasts, 

adipocytes, and osteogenic cells. We performed subclustering on these cells, 

identifying four distinct subpopulations of FAPs (Figure 10B, C). We identified marker 

genes for each FAP subtype, cross-referencing these findings with prior studies, 

including two FAP clusters unique to IBM patients. The first cluster was distinguished 

by the expression of lumican (LUM) and fibrillin-1 (FBN1). LUM+/FBN1+ FAPs were 

previously reported, resembling neprilysin (MME) expressing FAPs associated with 

fatty infiltration in skeletal muscle. Notably, we investigated the expression of CDKN1A 

across FAP subtypes and found it predominantly in the LUM+/FBN1+ FAP population. 

Consequently, we labelled these FAPs as CDKN1A+ to emphasize their senescent 

phenotype and connection to the p21 pathway. This specific FAP phenotype was 

exclusive to IBM patients and absent in NDCs (Figure 10D, E).  

Given the scope of our study, we focused on the CDKN1A+ FAP population. Our goal 

was to ascertain if these FAPs displayed senescent characteristics. We identified 

marker genes for this cell cluster and conducted GSEA utilizing the Biological 

Processes (BP) database (Figure 10F). Notably, the most enriched term for the 

CDKN1A+ FAP population was the humoral immune response. This finding aligns with 

existing knowledge of the senescent phenotype, wherein these cells typically activate 

a pro-inflammatory secretome, such as SASP. To further substantiate the senescent 

profile of these FAPs, we performed GSEA for the SenMayo gene set. This analysis 

indicated that marker genes of CDKN1A+ FAPs were enriched for SenMayo, 

reinforcing the engagement of senescence pathways in these cells (Figure 10G). 

Moreover, CDKN1A+ FAPs appeared to activate the Jun/JunB signalling pathway, 

known to regulate fibroblast senescence by inhibiting insulin growth factor-1 (IGF-1) 29. 

Surprisingly, these FAPs also exhibited upregulation of complement factors like 

complement factor 3 (C3), complement factor H (CFH), and complement factor D 

(CFD). In summary, CDKN1A + FAPs exhibit distinct hallmarks of cellular senescence, 

showcasing senescence markers, pro-inflammatory secretory features, pro-fibrotic 

surface molecules, a transcriptomic signature associated with senescence and 

expression of complement-related factors 26. 
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Figure 10: A novel population of senescent FAPs resides in IBM muscle. (a) UMAP embedding of 

the full dataset. FAPs are highlighted in green. (b) Subcluster analysis of the FAP population. (c) UMAP 
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embedding displaying the origin for each nucleus. (d) Clustered dot plot visualization of top-regulated 

marker genes. (e) Expression of CKDN1A (coding for p21) across the UMAP embedding split into the 

IBM (left) and NDC (right) datasets. (f) Gene set enrichment analysis (GSEA) for the GO-BP dataset for 

the CDKN1A+ FAP cluster. (g) GSEA analysis for the SenMayo dataset for the DEGs obtained from the 

CDKN1A+ FAP cluster. The running-sum statistic is in red, with the position in the ranked DEG list in 

black. Genes were sorted by fold change. (h) Violin plots displaying the normalized gene expression of 

the indicated genes for each FAP cluster. CDKN1A cyclin dependent kinase inhibitor 1A; DNM1 

dynamin-1; FBN1 fibrillin-1; GO-BP gene ontology biological processes; LUM lumican; NDC non-

diseased control; IBM inclusion body myositis; RYR1 ryanodine receptor 1; TRDN triadin; UMAP uniform 

manifold approximation and projection; XAF1 XIAP-associated factor 1. Mit freundlicher Genehmigung 

aus Nelke et al. 2023. 

4.3. Inflammatory reprogramming linked to intracellular complement 
in IBM 

Next, we focused on subpopulations of myonulcei with an inflammatory phenotype 26. 

These myonuclei displayed distinct phenotypes based on their origin (Figure 11A). In 

IBM, these myonuclei exhibited elevated expression of marker genes such as C3 or 

HLA-A, distinguishing them from their counterparts in NDC. Moreover, these 

inflammatory myonuclei notably served as the primary source of transforming growth 

factor beta (TGFB1). To validate the presence of these myonuclei in muscle tissue, we 

conducted intracellular C3 IF staining. Remarkably, expression of C3 was solely 

detected in inflammatory myonuclei from IBM patients, not in other myonuclei subtypes 

in either NDC or IBM. This specificity suggests its potential as a distinctive marker 

(Figure 11B). Furthermore, myofibers exhibiting intracellular C3 staining were notably 

more abundant in IBM muscle compared to both NDC and IMNM muscle (Figure 11C, 
D). To further characterize these myofibers, we performed differential gene expression 

analysis comparing inflammatory myonuclei between IBM and NDC. GSEA focusing 

on these DEGs using the GO-BP database revealed the activation of various pro-

inflammatory pathways. These included pathways related to the immunoglobulin-

mediated immune response, adaptive immune response, innate immune response, 

and notably, the B cell-mediated immune response (Figure 11E). Collectively, these 

findings demonstrate the presence of an altered myofiber phenotype characterized by 

intracellular complement 26. 
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Figure 11: Skeletal muscle cells assume an inflammatory reprogramming in IBM. (a) 
UMAP embedding of the myonuclei split into IBM (left) and NDC (right). (b) Violin plot displaying 

the expression of complement factor 3 (C3) for each myonuclei subset for IBM and NDC. (c) 

Exemplary staining for C3 (red) laminin-β1 (green) and DAPI (blue) for NDC, IBM, and IMNM 

patients. (d) C3+ myofibers were counted in randomly distributed 10 HPF (≙ 0.16 mm2). (e) 
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Visualization of the gene set enrichment analysis (GSEA) for the GO-BP dataset as a gene 

concept network. CHRNA1 cholinergic receptor nicotinic alpha 1 subunit; HLA human leukocyte 

antigen; HPF high-power field; MYH myosin heavy chain; NDC non-diseased control; IBM 

inclusion body myositis; TGFB1 transforming growth factor beta 1; UMAP uniform manifold 

approximation and projection. Mit freundlicher Genehmigung aus Nelke et al. 2023. 

4.4. Outlook on intracellular complement in neuromuscular diseases 
The dysregulation of intracellular complement components was a consistent finding 

throughout our analysis of IBM. In our investigation, we observed a concurrent 

elevation of complement proteins, particularly C3, indicative of inflammatory states in 

both myogenic and non-myogenic cells. Intriguingly, the same set of genes responsible 

for generating the circulating complement system also encodes intracellular 

complement proteins. This observation emphasizes the crucial role of intracellular 

complement in governing tissue inflammation and influencing the transcriptomic 

programming of fibroblasts. A previous study highlighted that upon encountering 

recurring inflammatory stimuli, fibroblasts undergo a 'primed' state in both human and 

murine systems, rendering the tissue vulnerable to persistent inflammation 30. 

Importantly, this transcriptomic shift is under the control of C3, its associated receptor 

C3a, and the mammalian target of rapamycin (mTOR) 30. 

Building on this premise, our observations hint at the involvement of altered intracellular 

complement signalling, potentially contributing to the pathophysiology of IBM. This 

finding strongly suggests the need for further in-depth research to better comprehend 

the role and impact of intracellular complement factors in the context of inflammatory 

muscle diseases. 

This need is further underpinned by a recent trial of zilucoplan in IMNM 31. In contrast 

to IBM, IMNM is considered to harbour pathogenic autoantibodies targeting either the 

3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) or the signal recognition particle 

(SRP) 31. Despite attempts with off-label treatments such as intravenous 

immunoglobulin, glucocorticoids, and immunosuppressants, there are no approved 

therapies for IMNM, leaving many patients with sustained disease activity. Recent 

observations of complement-activating anti-HMGCR and anti-SRP autoantibodies, 

along with the identification of complement deposition on non-necrotic myofibers' 

sarcolemma, have given rise to the theory that complement activation might contribute 

to the pathology of IMNM. As a result, zilucoplan, an inhibitor of complement 

component 5 (C5), has been discussed as a potential therapeutic option. 
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Consequently, in a recent phase 2 multicenter, randomised, double-blind, placebo-

controlled study of IMNM, zilucoplan was tested for efficacy. The primary efficacy 

endpoint was the percent change from baseline in serum CK levels 31. Surprisingly, 

there was no statistically meaningful difference between zilucoplan and placebo in the 

percent change of CK levels. There also was no clinically relevant improvement over 

time within the treatment arm. The authors conclude: „C5 inhibition does not appear to 

be an effective treatment modality for IMNM. Rather than driving myofiber necrosis, 

complement activation may be secondary to muscle injury.“ 31. This study outcome is 

surprising as it contrasts current viewpoints on complement. Despite the presence of 

pathogenic autoantibodies and the clear engagement of MAC on target structures, 

complement inhibition appeared to not be effective for controlling IMNM.  

Collectively, these, and the findings presented before, question our current view on 

complement as pathogenic driver in inflammatory diseases affecting the 

neuromuscular system. Further research is required to understand the 

compartmentalized and context-specific role of complement. This effort could provide 

the groundwork for treatment approaches that are tailored to the specific profile of 

molecular patterns of complement signalling underlying neuromuscular diseases. 
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6. Appendix  

Der Anhang der Publikationen erfolgt mit der 
freundlichen Genehmigung der Verlage. 



 

 



 

 



 

 

 
  



 

 



 

 



 

 



 

 



 

 



 

 

 
  



 

 



 

 



 

 



 

 

 



 

 



 

 



 

 

 
 
  



 

 



 

 

 
  



 

 



 

 



 

 



 

 

 


