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Abstract  

Sporadic inclusion body myositis (sIBM) is a progressive muscle disease causing 

weakness and ambulation difficulty. Muscle of sIBM patients presents with 

inflammation and degeneration. CD8+ T cells infiltrate affected muscles and 

inflammatory cytokines are upregulated. Degenerative/non-inflammatory features are 

observed including sarcoplasmic accumulation of proteins such as TDP-43 and p62, and 

TDP-43 sarcoplasmic mislocalisation. The cause of sIBM symptoms is poorly 

understood and there are no effective treatments. Further understanding of the 

interaction between inflammatory and non-inflammatory features of sIBM may 

elucidate potential treatment targets.  

This thesis aimed to explore the effect of inflammation on non-inflammatory features 

of sIBM in healthy human myotubes. The effects of IL-1β and IFNγ, conditioned 

medium or coculture with a cytotoxic immune cell line TALL-104 on p62 and TDP-43 

sarcoplasmic aggregation, protein expression, and TDP-43 subcellular localisation was 

investigated. Using 3D myotube cultures termed myobundles, the effect of 

inflammatory conditions on force generation was examined. 

No treatment caused aggregation of TDP-43, suggesting these inflammatory factors do 

not trigger TDP-43 sarcoplasmic aggregation in these cells. IL-1β+IFNγ combined but 

not these cytokines separately caused increased size of p62 puncta, but this may 

represent increased autophagic flux instead of dysfunctional p62 aggregation. Active 

force from myobundles representing muscle strength was not affected by IL-1β+IFNγ 

or TALL-104 coculture after 48 hours incubation. IL-1β+IFNγ increased half relaxation 

time and time to peak force, suggesting fatigue induction. This indicates acute 

exposure to inflammatory cytokines or cytotoxic immune cells may not trigger muscle 

weakness. 

Overall, these results highlight TDP-43 aggregation may not be influenced by 

inflammatory factors, but alterations in p62 can occur with simultaneous multiple 

inflammatory insults in cultured muscle cells. This work suggests further investigations 

of myobundle cultures with sIBM-like inflammatory mediators may be warranted to 

investigate muscle weakness. 
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Impact statement 

Sporadic inclusion body myositis (sIBM) leads to progressive muscle weakness, 

especially affecting ambulation and fine motor skills in the hands which can lead to a 

dependency on walking aids and decreased quality of life. Despite reasonable 

understanding of the pathological features of sIBM, both clinically and physiologically, 

the underlying mechanisms that lead to muscle weakness are still not clearly 

understood. Furthermore, there are no effective treatments for sIBM patients that 

either halt or ameliorate progressive loss of muscle strength. There is a clear need for a 

better understanding of the interaction of different pathological mechanisms of sIBM, 

and how these can influence muscle weakness. This could help pave the way for 

investigations of potential treatment targets. 

This project aimed to elucidate whether specific inflammatory mediators contribute to 

non-inflammatory features that are similar to those observed in sIBM, namely protein 

aggregation and mislocalisation, to answer the question of whether inflammation can 

act as a trigger for protein aggregation. The results suggested that there was no clear 

effect of inflammation on protein aggregation or mislocalisation. 

Furthermore, the project utilised a previously developed 3D method of growing muscle 

cells called myobundles that can respond to electrical stimulation and generate force, 

thus mimicking native muscle function better than traditional cell culture techniques. 

By utilising myobundles it was possible to examine how different sIBM-like conditions 

influence muscle strength in a quantifiable manner, without requiring animal models. 

Myobundles could be further utilised to investigate pathological features relevant to 

sIBM to see whether they cause weakness to improve our understanding of this 

disease. Potentially, myobundles could be used for pre-clinical testing of potential 

treatment options. 

Overall, this study helped our understanding of the influence of inflammatory factors 

on skeletal muscle cells, by showing that inflammation may not cause specific features 

of protein aggregation, and by showing that myobundles are a useful tool for 
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investigating causes of muscle weakness and as a platform for testing potential 

treatments.  
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Chapter 1. Introduction  

1.1 Skeletal muscle function 

One of the main functions of skeletal muscle is facilitating movement of the body. 

Within skeletal muscle, regularly repeating structures called sarcomeres are the 

functional unit. Sarcomeres are composed of actin and myosin, as well as sarcomeric 

accessory proteins including troponin and tropomyosin. Skeletal muscle contraction 

operates via the sliding filament theory. During rest, the troponin-tropomyosin 

complex blocks the myosin binding sites on actin. During excitation-contraction 

coupling, calcium ions enter the sarcoplasm which bind to troponin, revealing myosin 

binding sites. The myosin heads then bind actin in cross-bridges and undergo a 

conformational change that requires release of inorganic phosphate formed by 

hydrolysis of ATP, pulling themselves along the actin filaments in a power stroke. 

Detachment of myosin head from actin requires ATP to initiate a new powers stroke 

(1, 2). Figure 1.1 highlights the structure of a sarcomere during relaxation and 

contraction, obtained from (2). 

Excitation contraction coupling is the process by which the motor neurone transmits a 

signal for skeletal muscle contraction. At the motor end plate, the action potential in 

the motor neurone causes release of acetylcholine into the neuromuscular junction. 

Acetylcholine binds nicotinic acetylcholine receptors on the motor end plate on the 

sarcolemma of skeletal muscle. Activation of the acetylcholine receptors by its ligand 

causes the receptor’s associated cation channel to open, allowing passage of Na+ ions 

into the sarcoplasm which depolarises the motor end plate in an end plate potential. 

This potential flows from the end plate to the adjacent resting muscle causing 

activation of voltage gated Na+ channels for further propagation of the signal (3). The 

action potential propagates down T tubules, specialised invagination of the 

sarcolemma that continue towards the centre of the muscle fibre and align closely 

with the sarcoplasmic reticulum, which itself is aligned closely to the I and A bands of 

sarcomeres (4) (Figure 1.2). Action potentials travelling through the T-tubule activate 
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voltage-gated dihydropyridine receptors on the T-tubule, which causes opening of 

ryanodine receptors on the terminal cisternae of the sarcoplasmic reticulum which 

triggers efflux of calcium that is stored in the terminal cisternae into the sarcoplasm (3, 

5). This calcium release then initiates the power stroke as described above. The action 

of the neuromuscular junction can be recapitulated by stimulating isolated skeletal 

muscle with electrodes in organ bath set ups (6). 

 

 

 

 

 

 

 

 

 

 

 

 

The sarcomere is the functional unit of skeletal muscle contained within the Z-bands. The    
 image shows sarcomeric structure during (A) relaxation and (B) contraction. The sarcomere is  
 composed of thick myosin filaments (purple) and thin actin filaments (light green). The  
 sarcomere is composed of zones. The H-zone contains thick myosin filaments only. The M- 
 line contains cytoskeletal elements including myomesin and obscurin. During relaxation,   
 troponin and tropomyosin (yellow, attached to actin) block the myosin binding sites. During  
 contraction, the Z bands move closer and the H zone becomes smaller. Available under a  
 creative commons licence, adapted from: (2). 

 

 

A 

B 

Figure 1.1 Structure of the sarcomere during relaxation and contraction. 
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1.2 Sporadic inclusion body myositis  clinical features and diagnosis 

Sporadic inclusion body myositis (sIBM) is the most common form of myositis in 

people over the age of 50 (7, 8). sIBM belongs to a group of conditions called 

inflammatory myopathies which also includes dermatomyositis, polymyositis, and 

necrotising autoimmune myopathy. The prevalence of sIBM is difficult to estimate 

because of its rarity. In those over the age of 50 prevalence is 3.5-18.2 per 100,000 (9-

11). However, the prevalence may be higher due to under-diagnosis and misdiagnosis 

as related conditions, especially polymyositis. The combination of the rarity of the 

disease and the difficulty of accurate diagnosis causes a delay between disease onset 

and diagnosis on average of 5 years (12). 

Symptoms of sIBM include muscle weakness often beginning in the finger flexors and 

quadriceps, with presentation usually asymmetrical affecting the non-dominant limb 

more. Patients have difficulty standing and walking, are more prone to falls, and have 

reduced grip strength. The disease is slowly progressive with symptoms worsening 

over time, and patients may require mobility aids such as wheelchairs. Muscle strength 

declines at a rate of between 3.5-28 % per year depending on the assessment method 

used. The average time to requiring mobility aids is 10 years for a walking stick (13) 

and 10-15 years for a wheelchair (10, 13). A common progressive symptom is 

dysphagia, which occurs in up to 40-86 % of cases and can be a cause for mortality (13-

15). At present, there is no effective treatment for sIBM patients. 

Diagnosis of sIBM is currently based on a combination of clinical presentations and 

abnormalities in muscle biopsies. Three major sets of diagnostic criteria for sIBM have 

been used. One of the most widely used diagnostic methods relies on histological 

biopsy observations as part of the Griggs criteria, where a definite diagnosis is defined 

as having mononuclear cell invasion into non-necrotic fibres, vacuolated fibres and 

intracellular amyloid deposits/15-18nm tubofilaments. A possible diagnosis in the 

Griggs criteria includes mononuclear infiltration without other histological findings, but 

with clinical features such as muscle weakness in finger flexors and quadriceps with 

age at diagnosis over 30 (16). However these histological features present differently 

depending on time of diagnosis and area of biopsy, which could potentially lead to 
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underdiagnosis (14). Furthermore, the sensitivity of using these features of sIBM for 

diagnosis has been called into question (17), as some histological findings are found 

with very low frequency in affected fibres. The Neuromuscular Disease Centre at the 

MRC criteria developed in 2008/2009 (18) included the Griggs criteria as pathologically 

defined IBM. It also included a diagnostic classification that necessitates clinical 

findings, termed clinically defined IBM. This includes pathological features of 

mononuclear invasion or increased MHC I or rimmed vacuoles, dropping the need for 

amyloid deposits or tubofilaments and not requiring all pathological findings at once. 

Clinically defined IBM also includes duration of weakness over 12 months, age at 

diagnosis over 35, and relative weakness higher in finger flexors and knee extensors. 

This set or criteria also includes a possible IBM diagnosis based on presentation of 

some but not all features of pathologically and clinically defined IBM. The most recent 

diagnostic criteria for sIBM is the ENMC criteria which classifies sIBM as either clinico-

pathologically defined, clinically defined, or probable (19), following a similar 

methodology to the MRC criteria. The ENMC includes a higher age at onset of over 45 

years, the need for either as opposed to both knee extensor and finger flexor 

weakness, and a serum creatine kinase cut off in the clinically defined group. All three 

groups in the ENMC criteria also include assessment of protein accumulation, either of 

amyloid or other proteins including p62 and TDP-43. 

1.3 Muscle force in sIBM 

The main symptom of sIBM is progressive muscle weakness that usually begins in the 

quadriceps and finger flexors. It is not known what causes the weakness in sIBM. One 

way in which muscle strength is assessed is manual muscle testing (MMT). The 

function of different muscles is graded by the observer on a scale based on how the 

muscle performs against gravity or against force applied by the examiner (20). In a 12-

year follow-up investigation of sIBM patients, MMT scores decreased from initial 

observation, with a mean decline of 3.5 % per year (21). Another method of measuring 

muscle strength is dynamometry that quantitatively measures muscle strength (22). 

The average knee extension strength in 22 sIBM patients was found to be 

approximately 45 Newton metres (Nm), which the investigators noted is much less 
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than the approximate 130 Nm observed for healthy older adults. However, no direct 

comparisons with control cases was undertaken (23). A retrospective review of 53 

sIBM patients found a decrease in knee extensor strength was indicative of the need 

for mobility devices such as canes (24). Handheld dynamometry revealed the mean 

rate of strength decline per year was 5.4 % with an initial reading of 2996 ± 913 N vs 

1473 ± 753 N after 12 years (21).  

 

 

 

 

 

 

 

 

 

 

                                                                                             Transverse tubules (T-tubules)  
   extend from the sarcolemma into the centre of the fibre and are closely aligned to the 
   sarcoplasmic reticulum. Source: (25). 

 

 

Muscle strength can be influenced by muscle-extrinsic considerations such as neuronal 

and tendonous factors as well as intrinsic muscle parameters such as muscle size and 

fibre-type composition (26, 27). Electromyography is a technique used to record 

electrical activity in muscle, and can be used to distinguish if muscle weakness is 

caused by neurogenic or myopathic factors (28). Electromyography of sIBM patients 

shows high amplitude and long duration of motor unit potentials (29-31) which can 

  

  

Figure 1.2 Structure of skeletal muscle fibre. 
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indicate reinnervation after denervation (29), or may be due to remodelling of motor 

units after muscle degeneration and regeneration (32). Despite these findings that may 

highlight a neurogenic component of weakness, sIBM is considered a myopathic 

disease (31, 33) with denervation not being a main contributor to skeletal muscle 

weakness. 

1.4 Comorbidities in sIBM 

sIBM is associated with a modest decrease in survival, with the most common cause of 

mortality being respiratory failure and pneumonia (10, 34-36), mostly caused by 

dysphagia. Dysphagia is one of the most common comorbidities in sIBM, especially 

later in the disease progression. In a case series of 18 sIBM patients, dysphagia was 

present in 67 % (37). Peripheral neuropathy is also a common comorbidity in sIBM with 

36 % of 50 sIBM patients experiencing this condition (34). sIBM patients have been 

found to have an increase in cross sectional area of their sciatic nerve compared to 

healthy controls (38). 

Other common comorbidities include hypertension, hyperlipidemia, and diabetes 

mellitus (37, 39). However, a separate study found no difference in the occurrence of 

diabetes mellitus in sIBM compared to age matched non-sIBM controls, therefore the 

association between sIBM and diabetes is currently unclear (34). It is suggested care 

needs to be taken with prescriptions in sIBM as corticosteroids (prescribed in other 

inflammatory myopathies including polymyositis) can exacerbate hypertensive 

problems (37). Case reports have described the coexistence of sIBM with some rare 

conditions. For example, some sIBM patients have been identified with concomitant 

Sjögren’s syndrome (34, 40, 41) or systemic sclerosis (42-44). Other organ systems may 

also be involved. For example, 59 % of sIBM patients in a small cohort study had 

weakness within the muscles controlling ventilation based on forced vital capacity 

results (45).  

sIBM has been associated with T cell large granular lymphocytic (LGL) leukaemia, a rare 

disease involving indolent clonal expansion of cytotoxic T cells that are large in size 

with abundant cytoplasm (46). In a study of 38 patients with sIBM, it was found that 58 
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% met the diagnostic criteria for T cell large granular lymphocytic leukaemia with 

clonal expansion of large granular T cells (47), suggesting some CD8 cells in sIBM may 

be neoplastic in nature. 

1.5 Non-inflammatory features of sIBM 

The pathological features of sIBM are illustrated in Figure 1.3. These features can 

broadly be classified as non-inflammatory/degenerative or inflammatory. Non-

inflammatory features of sIBM include rimmed vacuoles, which are areas of localised 

degeneration in muscle fibres (48). Inclusion bodies are also observed, which are 

protein aggregates within the sarcoplasm and rimmed vacuoles. Many different 

proteins have been identified as aggregated within inclusion bodies (49), and 213 

proteins were found upregulated within rimmed vacuoles compared to non-

vacuolated sIBM muscle regions (50). This includes proteins previously described in 

sIBM such as TDP-43 and p62. The presence of TDP-43 and p62 as non-inflammatory 

features of sIBM is described in Section 1.6 and Section 1.7 respectively. Rimmed 

vacuoles contained proteins involved in the extracellular matrix, sarcolemma, and 

actin dynamics, with the most represented pathway being proteins involved in 

autophagy and protein folding (50). Ubiquitin is found aggregated in sIBM muscle 

fibres (51) suggesting disruption of protein degradation mechanisms such as the 

ubiquitin proteosome system (UPS) and autophagy. Despite the presence of rimmed 

vacuoles being a diagnostic factor of the Griggs criteria, and the high specificity this 

feature has for sIBM, the sensitivity of rimmed vacuoles in sIBM fibres can be low. In 

haematoxylin and eosin stained sections, the percentage of vacuolated fibres was 0.2 – 

8.7 % with a mean of 3.3 % (52). In 20 % of sIBM cases, rimmed vacuoles may not be 

observed (53), and are sometimes only detectable after multiple muscle biopsies, 

making diagnosis of sIBM when analysing for rimmed vacuoles difficult (54). 
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Another protein reported to be aggregated in inclusion bodies is amyloid-β (55-57). 

However, the importance of amyloid-β in sIBM pathology has been called into 

question, with its role in sIBM suggested to be overstated (58). The presence of 

amyloid β aggregates in sIBM myofibres may be low, with some studies showing as low 

as between 0 (59) and 0.4 % (60) of myofibres containing amyloid deposits using 

different methods. On the other hand, amyloid β was found over-represented in 

rimmed vacuoles compared to other areas of the sarcoplasm (50). Some investigations 

of amyloid β in sIBM have relied on detection methods that do not differentiate 

amyloid β from its precursor protein (amyloid precursor protein, APP), which may be 

an important distinction as APP may be detected in regenerating myofibres in many 

muscle diseases (61, 62). 

  

  

Figure 1.3 Pathological features of sIBM.  

 

                                                                                  Some myofibres show degeneration and 
are smaller in size. Rimmed vacuoles of localised areas of myofibre degeneration are 
observed, which can contain protein aggregates. Mitochondrial network abnormalities 
show as ragged red fibres under Gömöri trichrome histological staining. There is a 
strong presence of infiltrating immune cells that are largely composed of cytotoxic T 
cells, and to a lesser extent other immune cells such as macrophages. Immune cells 
infiltrate into the endomysium surrounding muscle fibres and invade into the muscle 
fibres themselves. 
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Dysfunctional mitochondria are also observed in sIBM as ragged red fibres (63) 

showing increase in mitochondrial volume and number (64), and cytochrome c oxidase 

(COX)-negative but succinate dehydrogenase (SDH) positive fibres fibres (65). COX is 

also known as complex IV and is part of the electron transport chain in mitochondria 

(66) whilst SDH, also known as complex II, is part of both the Krebs cycle and the 

respiratory chain and functions to feed electrons to the electron transport chain (67). 

COX genes are encoded by the mitochondrial genome whilst SDH is encoded by the 

nuclear genome, and thus COX- SDH+ fibres may show defects in mitochondrial DNA 

(68). Indeed, deletions in mitochondrial DNA are found in affected COX deficient fibres 

(69, 70). The deletion load of MT-ND4, a gene encoding the NADH-ubiquinone 

oxidoreductase chain 4 protein of complex I (71) was higher in COX deficient compared 

to COX normal fibres in sIBM (70). The number of T lymphocytes in muscle tissue 

correlated with the amount of respiratory deficient fibres identified, however T 

lymphocytes were not always directly associated with respiratory deficient fibres (70). 

Muscle-intrinsic pathology can be observed including variable diameter of muscle 

fibres with observable atrophy and some necrosis (45). The mean fibre diameter has 

been reported to be lower in sIBM fibres compared to healthy control (72). Further, 

sIBM muscle contains increased connective and adipose tissue (45), which may occur 

due to prolonged muscle damage. There is also an upregulation of MHC I (major 

histocompatibility complex I) on muscle fibres (73-75), suggesting antigen presentation 

of skeletal muscles which may contribute to the immune involvement. 

sIBM is not a genetic disease with Mendelian inheritance, but certain polymorphisms 

are associated with sIBM susceptibility. The International Myositis Genetics 

Consortium (MYOGEN) has performed large scale genetic studies of inflammatory 

myopathy patients using Illumina Immunochip genotyping arrays. Genetic studies of 

sIBM have been reviewed by Nagy et al (76). MYOGEN data has revealed that in sIBM 

patients compared to controls, the HLA region was most strongly associated with 

sIBM, but HLA genotypes were not associated with age of disease onset (77). Targeted 

whole exome sequencing of VCP (valosin containing protein) and SQSTM1 (p62) found 

7/181 sIBM patients had missense variants in these genes. Two of the variants, one 
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each for SQSTM1 and VCP, were overexpressed in sIBM compared to control (78). VCP 

missense mutations have also been found in other studies (79). Deep sequencing of 

mitochondrial DNA (mtDNA) revealed sIBM patients had increased levels of large 

duplications and deletions in the mitochondrial genome, which was associated with 

higher levels of heteroplasmy (more than one mtDNA type) (80). Recently, the 

presence of sex chromosome aneuploidy in myositis patients compared to healthy 

controls was investigated. It was found that more males with sIBM had XXY (Klinefelter 

syndrome) than healthy controls and the known occurrence rate of Klinefelter 

syndrome in the general population (81). 

1.6 TDP-43 

Trans-activation response (TAR) DNA binding protein 43 (TDP-43) is a DNA/RNA 

binding protein that belongs to the heterogenous nuclear ribonucleoprotein family. 

The protein structure is composed of an N-terminal domain containing a nuclear 

export signal, two RNA binding domains one containing a nuclear localisation signal, 

and a glycine-rich C terminal domain (82, 83). The nuclear export signal is redundant in 

TDP-43, as it is not required for export out of the nucleus (84, 85). As different sized 

fluorescent tags affect TDP-43 nuclear export, it is suggested that TDP-43 efflux may be 

due to passive diffusion (85), and that the presence of RNA in the nucleus may retain 

TDP-43, preventing its movement to the cytoplasm (84). On the other side, TDP-43 

import from the cytoplasm is regulated by karyopherin α in an energy-dependent 

manner (86) and requires a functional nuclear localisation signal (87). 

TDP-43 has a plethora of roles surrounding DNA and RNA processing, such as mRNA 

transport and stability and splicing regulation. In axonal cells, TDP-43 forms 

ribonucleoprotein granules for transport of mRNA with assistance of microtubules 

(88). TDP-43 also has roles in stress sensing and cell survival, by forming stress granules 

with halted mRNA transcripts (89). These stress granules aim to promote cell survival 

by sequestering mRNAs and RNA-binding proteins during the exposure to cellular 

stresses such as oxidative or osmotic stress (90). The regulation of TDP-43 is under its 

own control via a negative feedback loop where TDP-43 binds to its own mRNA, 

causing mRNA instability, preventing overexpression (91, 92). 
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TDP-43 is found in insoluble inclusions in patients with amyotrophic lateral sclerosis 

(ALS) and frontotemporal lobar degeneration (FTLD). In ALS, 25-35 kDa fragments of 

the C-terminus of TDP-43 are formed through caspase activity. These fragments are 

the predominant form of TDP-43 in ALS inclusions (88). The majority (up to 97%) of 

patients with ALS have inclusions of TDP-43 in neurones (82). TDP-43 mutations are 

found in 3 % of familial ALS cases and 2 % of sporadic cases (93, 94). 

TDP-43 is found aggregated within the sarcoplasm in sIBM (95, 96). The protein levels 

of the full length 43 kDa TDP-43 protein were increased in sIBM patient muscle 

compared to healthy controls (97). A separate study found no increase in 43 kDa full 

length TDP-43 but an increase in 35 kDa, 25 kDa and phosphorylated TDP-43 compared 

to controls in the soluble fraction of protein lysates. However, further solubilisation of 

proteins with SDS (sodium dodecyl sulphate) buffer showed increased full length TDP-

43 in sIBM compared to control muscle (98). There was no difference between healthy 

controls or polymyositis and sIBM for the levels of TARDBP mRNA (99). sIBM myofibres 

with high intra-sarcoplasmic TDP-43 also have intense mitochondrial staining (98). 

Whilst there is broad dysregulation of TDP-43 in sIBM, so far no mutations have been 

found. In 6 patients with sIBM, no exonic mutations in TDP-43 were observed (100). 

Larger scale analyses of TDP-43 mutations could be conducted as in other diseases like 

ALS TDP-43 mutations have been, albeit rarely, identified (101). 

The nuclear localisation of TDP-43 was observed to be decreased in sIBM compared to 

healthy controls (96). The presence of TDP-43 within the sarcoplasm with a lack of 

nuclear TDP-43 has been suggested as a marker of sIBM, with its presence detected in 

25 % of myofibres compared to 2.8 % positivity for the traditional sIBM marker of 

rimmed vacuoles (100). TDP-43 was found accumulated in all biopsies of those 

classified as having definite sIBM, and 31 % of possible sIBM cases (95), although a 

separate study found only 67 % of sIBM cases were positive for TDP-43 aggregates 

(102). TDP-43 inclusions are also found in other muscle diseases including 

oculopharyngeal muscular dystrophy, desminopathy, myotilinopathy, and hereditary 

IBM (none of which are inflammatory myopathies) (103), showing sIBM is not the only 

muscle disease displaying with TDP-43 aggregates. 
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It is not clear how the pathological alterations of TDP-43 aggregation and cytoplasmic 

mislocalisation may cause detrimental effects in sIBM. A possible explanation is that 

when TDP-43 is sequestered in cytosolic inclusions, it loses its ability to perform its 

homeostatic functions, including roles in the nucleus related to RNA processing. This is 

evidenced by decreased RNA stability, reduced splicing, and presence of cryptic exons 

with TDP-43 pathology. In mice overexpressing mutant TDP-43 lacking a nuclear 

localisation signal, cytoplasmic expression of TDP-43 without nuclear TDP-43 caused 

neuronal toxicity, with only occasional TDP-43 inclusion bodies observed. This suggests 

loss of nuclear TDP-43 expression is sufficient to cause pathological effects (104) 

Figure 1.4 Functions of TDP-43.                                                               Diagram showing TDP-43 functions related to RNA in 
neurones including mRNA splicing and transcription. The main functions of TDP-43 are 
within the nucleus, however it is also involved in stress granule formation, translation, and 
stability of cytoplasmic mRNA molecules. Available under a creative commons licence. pA-
mRNA stability. Reproduced with modification from de Boer et al 
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without TDP-43 aggregates in neurological diseases. Furthermore, sIBM patient muscle 

has widespread alterations in RNA metabolism pathways compared to controls (99). 

Cryptic exons are located in introns and are usually excluded from mature mRNAs 

molecules (105). Their inclusion in mature mRNAs can lead to splice variants causing 

premature stop codons or frameshift mutations. TDP-43 is involved in the removal of 

cryptic exons from some mRNAs (106). In ALS-FTLD cases which present with TDP-43 

cytoplasmic mislocalisation and inclusions, cryptic exon repression was impaired (107). 

A study compared the effects of conditional TDP-43 deletion in either muscle, 

neurones, or stem cells. TDP-43 deletion caused cryptic exon inclusion and disrupted 

mRNA processing. Some cryptic exons shared similarity amongst the three targeted 

tissues, whereas the majority were specific to certain cell types (108). This is 

corroborated by a study comparing cryptic exons in the mouse myoblast cell line 

C2C12 compared to the motor neurone-like cell line NSC-34. This study also showed 

that sIBM patient muscle had altered TDP-43-controlled cryptic exon inclusion 

compared to control patients in the ASAP2 (ArfGAP with SH3 domain, ANK repeat and 

PH domain 2-containing protein 2) protein (109). Furthermore, detection of cryptic 

exons in sIBM muscle samples was shown to be 84 % sensitive and 99 % specific in the 

detection of sIBM compared to healthy control and other muscle disease patients 

(110). The cell-type specific effect of TDP-43 deletion on cryptic exon inclusion is an 

important consideration showing results from ALS/neuronal may not translate into the 

same effects in muscle. 

1.7 p62 

p62 is also known as sequestosome 1. Its main role is in involvement of degradation of 

ubiquitinated protein aggregates through selective autophagy, as p62 functions as a 

ubiquitinated cargo receptor (Figure 1.5). In autophagy p62 delivers cargo via its LIR 

domain (111). p62 is transcriptionally regulated by oxidative stress and starvation, 

therefore p62 has a role in stress responses (111). As well as its role in autophagy, p62 

can also act as an adaptor protein for shuttling of polyubiquitinated proteins to the 

proteasome, which forms part of the ubiquitin proteasome system (UPS) (Figure 1.6). 

Like autophagy, the UPS is involved in degradation of proteins. The active or 26S 
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proteasome is a complex of a catalytic core particle (20S) and regulatory particles (19S) 

that functions to hydrolyse and degrade target proteins (112). In the cytoplasm, p62 

bound to polyubiquitinated targets is able to recruit the proteasome through its PB1 

domain. p62 is also able to shuttle to the nucleus, where it recruits the proteasome to 

polyubiquitinated targets (111, 113). p62 is regulated by both the UPS and autophagy. 

When the UPS is downregulated or pharmacologically inhibited with epoxomicin, 

protein levels of p62 increase. On the other hand, p62 is itself degraded during 

autophagy, therefore its protein levels decrease with increasing autophagic activity 

(114). These opposing effects of the UPS and autophagy mean p62 operates as a 

bridge between the two pathways. Increased expression of p62 negatively regulates 

the UPS, whereas autophagic activity is increased (111, 115).  

As with TDP-43, p62 is aggregated within the sarcoplasm of sIBM patients (61, 95), and 

its protein levels are increased in sIBM compared to that of healthy controls (116). p62 

aggregates are often associated with vacuolated areas in affected sIBM fibres (75, 

117). Myofibres with high p62 levels also show high levels of TDP-43 and mitochondrial 

staining (98). There was also increased protein expression of p62 (as well as TDP-43) in 

sIBM muscles compared to healthy controls but decreased levels of proteins 

associated with mitochondrial complexes I and III, suggesting a link between p62 and 

TDP-43 abnormalities and mitochondrial pathologies in sIBM (98). In a mouse-

xenograft model where sIBM muscle was engrafted into immunodeficient mice, p62 

aggregation could be observed in the xenografts. Depletion of human T cells did not 

affect the presence of p62 aggregates or other non-inflammatory features including 

TDP-43 pathology or rimmed vacuoles in xenograft fibres (110), suggesting either that 

non-inflammatory features including p62 aggregation occurs independently of T cell 

infiltration, or that p62 aggregation due to T cell infiltration is not reversible after T cell 

depletion. 
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p62 has been suggested as an sIBM marker as it can be found in 100 % of definite sIBM 

cases and 37 % of possible cases (95). In differentiating between sIBM and 

polymyositis, a combination of p62 with TDP-43 was found to be a sensitive method 

for identifying sIBM, whilst TDP-43 and LC3 offered the highest sensitivity and 

specificity (102). However, p62 can be found in small puncta in other myositis 

conditions like polymyositis, dermatomyositis, and IMNM, but large p62 aggregates 

were found mostly in sIBM muscle samples. The p62 aggregates in sIBM muscle were 

up to approximately 10 µm long. Approximately half of the p62 aggregates colocalised 

with LC3, suggesting a potential role of defective selective autophagy in sIBM (118). As 

described in Section 1.13, IMNM also shows p62 in skeletal muscle with a more diffuse 

staining pattern. LC3 was also accumulated in IMNM muscle fibres (117), suggesting 

  

  

Figure 1.5 Role of p62 in autophagy.                                                                         p62 binds to polyubiquitinated chains on protein 
aggregates in the cytoplasm for selective delivery to autophagosomes. LC3II binds p62 
during formation of the isolation membrane, which encloses around the cargo forming 
the autophagosome. Autophagosome cargo is then delivered to lysosomes for 
degradation (not shown). Ub – ubiquitin. 
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sIBM may not be the only inflammatory myopathy with potentially defective 

autophagic pathways. In a separate study, p62 immunostaining was absent in healthy 

muscle biopsies but present in patients with inflammatory myopathies including sIBM, 

dermatomyositis, polymyositis, and IMNM, as well as in non-inflammatory myopathic 

conditions. The accumulation of p62 was associated with severity of muscle damage. 

p62 mRNA expression was decreased in sIBM compared to healthy controls and other 

inflammatory myopathies. The authors concluded that accumulation of p62 in muscle 

is a response to muscle injury and not a specific biomarker for sIBM. Despite this, p62 

was present in a higher percentage of sIBM cases (92 %) than other inflammatory 

myopathies (polymyositis 29 %, dermatomyositis 57 %, IMNM 87 %). Furthermore, p62 

was the only examined inflammatory myopathy that displayed perivacuolar p62 

immunostaining pattern (in 19 % biopsies) (119), which may represent a more specific 

but not sensitive p62 marker in sIBM. 

1.8 Inflammatory features of sIBM 

Within skeletal muscle fibres of sIBM patients, infiltrates of mononucleated immune 

cells can be seen in the endomysium as well as in the muscle fibres. Interestingly, the 

invaded fibres appear non-necrotic, suggesting an autoimmune reaction or antigen 

presentation from skeletal muscle (120). There is a strong presence of CD8+ T cells as 

well as to a lesser extent other immune cells including macrophages and dendritic cells 

(8, 61, 121). CD68+ macrophages can be found infiltrating into the endomysium of 

sIBM patients (45). Proteomic profiling of skeletal muscle of 13 sIBM patients 

compared to non-sIBM controls with myalgia symptoms showed has been conducted 

to investigate macrophages found in sIBM muscle. This showed upregulation of CD74, 

signal transducer and activator of transcription 1 (STAT1), and CD163. CD74 was found 

in endomysial macrophages, whereas STAT1 was expressed in macrophages that were 

actively involved in myophagocytosis (122). Both pro- and anti-inflammatory 

macrophages are found within sIBM muscle (123). However, compared to other 

inflammatory myopathies there was no difference in infiltrating macrophage levels 

(124). 
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A range of genes for cytokines and chemokines are found upregulated in sIBM 

compared to other inflammatory myopathies including interferon γ (IFNγ), tumour 

necrosis factor α (TNFα), interleukin (IL)-7, and IL-32, as well as chemokines such as C-

X-C motif ligand (CXCL)-9, CXCL-10, and chemokine C-C ligand (CCL) 13 (124). The 

secretion levels of CXCL-9, CXCL-10, CCL-2, IL-12, and IL-1 receptor antagonist (IL-1RA) 

were increased in sIBM patient sera compared to healthy controls, and sIBM patients 

had a higher frequency of CD8+IFNγ+ cells than controls (125). IFNγ and TNFα are both 

produced by CD8+ T cells and cause cytotoxic or cytostatic responses (126). CXCL9 and 

CXCL10 are secreted by cells including monocytes and fibroblasts and are involved in 

recruitment of T cells and natural killer cells. Both CXCL9 and CXCL10 are induced via 

IFNγ (127). CCL13 and CCL2 are involved in chemotaxis of a wide range of immune cells 

(128, 129). These cytokines and chemokines are pro-inflammatory, showing 

  

  

Figure 1.6 p62 in the ubiquitin proteasome system.                                                                                                        p62 binds to polyubiquitinated 
chains on protein aggregates in the cytoplasm or nucleus. Binding of p62 to the 
proteasome delivers the polyubiquitinated cargo for degradation into smaller peptides. 
The ubiquitin is recycled for further use. Ub- ubiquitin 
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inflammatory engagement of the immune system in sIBM. However IL-1RA is an 

antagonist of the pro-inflammatory IL-1 receptor and has anti-inflammatory effects 

(130). 

It is possible there is no singular cause of sIBM. A wide plethora of mechanisms are 

implicated in its pathogenesis, making it difficult to study causal relationships within 

the disease, as well as developing targeted therapies. Due to its association with older 

age, the disease could be linked to environmental factors that precipitate over time, or 

be due to age-related defects in homeostatic mechanisms. The lack of efficacy of 

immunosuppressant medication has been highlighted as evidence that the non-

inflammatory phenotypes of sIBM may be more important in its pathogenesis (61). 

However, to date, no treatment targeting degenerative pathways has shown clinical 

efficacy either (reviewed in Section 1.12). It is possible that neither one of these 

factors is the sole cause, but an interplay between the two could influence sIBM 

pathology and progression. There are many unanswered questions relating to the 

clinical and histological findings of sIBM. It is not known why sIBM affects males more 

frequently than females, why the presentation is asymmetrical with non-dominant 

limbs more affected with initial involvement of finger flexors and knee extensors, or 

what mechanisms are contributing to muscle weakness. 

1.9 Interleukin 1β  

IL-1β is a pro-inflammatory cytokine produced by inflammatory cells including 

macrophages (131). IL-1β signals through the IL-1 receptor type 1 (IL-1R1) which also 

binds IL-1α and IL-1Ra (interleukin 1 receptor antagonist). When IL-1α or IL-1β binds to 

IL-1R1, it undergoes a conformational change allowing binding of IL-1R3, and IL-1R1 co-

receptor. The intracellular TIR (toll-interleukin receptor) domains of IL-1R1 and IL-1R3 

are brought into proximity for binding of MyD88 (132), which leads to a cascade of 

signalling proteins culminating in NF-κB (nuclear factor κB) signalling (133). NF-κB is a 

transcription factor involved in many immune and inflammatory responses including 

the expression of pro-inflammatory cytokines, chemokines, adhesion molecules, and 

anti-apoptotic factors to promote cell survival in immune cells (134). 
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Skeletal muscle sparsely expresses IL-1R1 on the sarcolemma (135), and cultured 

human myogenic cells express IL-1R1 with the highest expression at the start of 

differentiation. Furthermore, human myogenic cells constitutively express IL-1β, with 

increased expression in myotubes compared to proliferating progenitors. Adding 

exogenous IL-1β one day after seeding cells lead to an increase in DNA breaks in 

myogenic cells, suggesting excess IL-1β in the muscle may cause cell death (136). After 

exercise, IL-1β production is increased in muscle for a short duration (137). Further, 

treatment of C2C12 cells with IL-1β causes production of IL-6 via MAP kinase (mitogen 

activated protein kinase) and NF-κB signalling (138). When differentiated C2C12 cells 

were treated with IL-1β, myotube diameter was decreased compared to control, and 

atrophic genes including Trim63 and Fbxo32 were upregulated, showing IL-1β can 

promote muscle atrophy (139).  

When differentiating mouse C2C12 cell line are treated with IL-1β, there is an increase 

in protein synthesis at the initial phases of differentiation compared to untreated cells, 

but this difference is resolved at later differentiation stages. Further, IL-1β treatment 

during differentiation increased production of myogenic proteins myosin heavy chain, 

myogenin, and myoD (140). IL-1β also affects skeletal muscle cell proliferation. 

Addition of IL-1β to C2C12 or primary rat cells caused increased proliferation of 

myogenic precursors (141). Overall, IL-β appears to play a pleiotropic role in skeletal 

muscle by causing atrophy, but also promoting myokine secretion and benefiting 

myogenic differentiation. 

It is not clear if IL-1β is upregulated in sIBM compared to other inflammatory 

myopathies. A study based on compiled microarray data showed no difference in IL-1β 

mRNA expression between sIBM and grouped other inflammatory myopathies 

polymyositis, dermatomyositis, non-specific myositis, and normal muscle (124). A 

separate study found no difference in the amount of IL-1β in serum from patients with 

sIBM compared to those with dermatomyositis, polymyositis, or IMNM (124, 125). 

However IL-1β was detected in muscle of three sIBM patients, whilst being 

undetectable in polymyositis and dermatomyositis (142). IL-1β mRNA expression was 

also detected in one case of sIBM but not in healthy controls (143). Infiltrating immune 



 Introduction 
 

42 
 
 

cells in sIBM were found to be positive for IL-1β but not the muscle fibres themselves, 

whereas in dermatomyositis the fibres show sarcoplasmic IL-1β (144). However, this is 

contradicted by another study showing strong IL-1β immunoreactivity in sIBM muscle 

fibres as well as upregulation of its mRNA compared to healthy controls (145). 

Therefore the expression of IL-1β in sIBM patient muscle may be highly variable, and 

its presence may not be specific compared to other inflammatory myopathies. As 

described in Section 1.12, sIBM patients have been treated with therapies targeting IL-

1β including canakinumab and anakinra. As with all clinical trials so far, this did not 

show clinical benefit. 

1.10 Interferon γ  

IFNγ is a potent antiviral inflammatory cytokine, that is also involved in activating 

neutrophils and macrophages in the defence against bacteria and fungi (146). It is 

produced by CD4+ T helper cells, CD8+ T cells, natural killer cells, B cells, natural killer T 

cells, and antigen presenting cells (APCs) including dendritic cells and macrophages 

(147, 148). IFNγ is the only member of the type II family of interferons and it signals 

through the type II interferon receptor composed of two subunits: IFNGR1 and IFNGR2 

(IFNGR – interferon gamma receptor). Binding of IFNγ to its receptor causes 

dimerization of the receptor subunits which triggers autophosphorylation and 

activation of associated janus activated kinases (JAKs, JAK1 and JAK2) (149). Activated 

JAKs then phosphorylate STAT1, which causes its homodimerisation and activation, 

translocation to the nucleus, and promotion of gene expression by binding γ interferon 

activation sites (GAS) on genes (150). This describes the canonical pathway of IFNγ 

receptor signalling. IFNγ can also signal through non-canonical pathways. For example, 

when STAT1 is not present, IFNGR signalling can instead activate STAT3 for activation 

of genes under the regulation of GAS. In some cell types, IFNγ signalling can also lead 

to activation of other pathways including MAPK (mitogen-activated protein kinase) 

pathway, showing a diverse mode of action of IFNγ signalling (151). 

As well as having effects on immune cells, IFNγ can exert effects on skeletal muscle. 

Figure 1.7 shows mechanisms of IFNγ signalling in muscle. Myofibres express both IFNγ 

and its receptor during muscle injury in mice, as well as in C2C12 cells (152). Major 
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histocompatibility complex (MHC) class II is usually only expressed on APCs such as 

monocytes/macrophages and dendritic cells for presentation of antigens to CD4+ T 

helper cells (153). However, the expression of MHC II can be induced in other non-

antigen presenting cells through exposure to IFNγ. MHC II expression is under 

regulation of CIITA (class II transactivator) which is induced by exposure to IFNγ (154). 

CIITA is a transcriptional co-activator that does not directly bind DNA but co-ordinates 

transcription activation through recruitment of other proteins involved in transcription 

and phosphorylation of RNA polymerase II (155). In non-APCs, IFNγ signalling through 

CIITA results in expression of MHC II mRNA (156) and protein in human skeletal muscle 

cells (157).  

IFNγ can inhibit the differentiation of mouse C2C12 myoblasts into myotubes, through 

myogenin repression via CIITA. This effect is reversible with removal of IFNγ (156). 

Conversely, addition of IFNγ receptor blocking antibodies in wild type mice caused 

reduced myogenic cell proliferation and decreased fibre regeneration, which was also 

accompanied by reduced macrophage infiltration with muscle injury. Furthermore, 

cultured mouse C2C12 cells treated with IFNγ blocking antibody showed reduced cell 

counts, proliferation, and fusion to myotubes (152) showing endogenous IFNγ 

production is important for muscle cell homeostasis, proliferation and differentiation. 

Exogenous IFNγ aided muscle repair after laceration in a mouse model by inhibiting 

pro-fibrotic transforming growth factor β signalling, preventing fibrosis (158). When 

cultured human 3D functional skeletal muscle constructs were treated with IFNγ, their 

force production was decreased and signs of atrophy were observed, which was 

mediated through JAK-STAT signalling (159). Together, this suggesting a complex and 

contradictory role of IFNγ signalling in muscle repair, homeostasis, and injury. 

Exposure to IFNγ, as well as other inflammatory cytokines and oxidative stress, can 

cause formation of the immunoproteasome. This resembles the standard proteasome, 

except with different catalytic core proteins. The transcription of the genes comprising 

the immunoproteasome catalytic subunits (proteasome subunit beta type (PSMB)8, 

PSMB9, and PSMB10) is induced by IFNγ (160). The immunoproteasome also 

associates with a different regulatory complex called PA28, whilst the standard 
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proteasome associates with PA700 (161). One of the main functions of both the 

proteasome and immunoproteasome is targeted breakdown of polyubiquitinated 

proteins for later display by MHC I (160). In mouse C2C12 cells undergoing 

differentiation, there was an upregulation of immunoproteasome mRNA and increased 

proteasomal activity. Furthermore, knockdown of the immunoproteasome subunit 

PSMB9 prevented differentiation (162), suggesting the immunoproteasome is essential 

for mouse muscle differentiation. The expression of the immunoproteasome under 

skeletal muscle disease conditions including aging, denervation, and Duchenne 

muscular dystrophy is increased (161, 163, 164), showing that the immunoproteasome 

may also have deleterious effects in skeletal muscle, or may be activated in disease 

conditions to compensate for muscle damage. 

Calcium/calmodulin dependent protein kinase IV (CaMKIV) is a multifunctional 

serine/threonine kinase involved in transduction of calcium signalling for a range of 

biological functions including cell cycle regulation, apoptosis, and T cell maturation 

(165, 166). A study by Gu et al found that CaMKIV is inducible with IFNγ exposure in 

both myoblasts and myotubes of C2C12 cells and primary murine myogenic 

progenitors. The addition of IFNγ was associated with increased expression of IL-1β 

and IL-6 mRNA in myoblasts and myotubes, as well as increased TNFα in myotubes 

only. Silencing of CaMKIV with shRNA (short hairpin RNA) prevented the upregulation 

of IL-1β and TNFα, whilst IL-6 upregulation was prevented in myoblasts with a 

dampening effect in myotubes (167). A separate study found that IFNγ also stimulated 

secretion of IL-1β from C2C12 myotubes (168). This shows CaMKIV is involved in 

proinflammatory cytokine production in myogenic cells, and that IFNγ exposure in 

myogenic cells stimulates further inflammation. IL-6 modulation has also been found 

to be under control of CIITA with a complex relationship. Overexpression of CIITA in 

C2C12 cells caused increased IL-6 expression, whereas knockdown of CIITA had the 

same result, showing a CIITA-independent mechanism of IL-6 also exists in muscle cells 

(169). The study by Gu et al also found that exposure to IFNγ increased the number of 

myoblasts and myotubes expressing costimulatory proteins CD40, CD86, ICAM-1, as 

well as the co-inhibitory factor PD-1. Silencing of CaMKIV prevented the upregulation 
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of the costimulatory proteins whilst PD-1 was still increased, showing IFNγ signalling 

through CaMKIV is involved in the upregulation of the costimulatory proteins (167).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

                                                                                                               Binding of IFNγ to the 
interferon gamma receptor (IFNGR) canonically signals through the JAK-STAT signal 
transduction pathway. Activation of STAT has pleiotropic roles within skeletal muscle, 
including inhibition of myoblast proliferation and induction of muscle wasting. CIITA can 
be activated by JAK-STAT signalling. In muscle CIITA activates transcription of HLA II genes, 
which leads to expression of MHC II in muscle cells. Further, CIITA with the help of HIC1 
transportation is involved in the prevention of SIRT1 transcription, which leads to decrease 
in genes responsible for energy homeostasis. CIITA also inhibits the activity of myogenin in 
myoblasts but not myotubes, causing inhibition of myogenesis/myofusion. IFNγ can also 
cause increased transcription of inflammatory cytokines via a CaMK4 axis. Furthermore, 
activation of CAMK4 in response to IFNγ can increase expression of CD40, CD86, and 
ICAM-1 on skeletal muscle cells, which are lymphocyte costimulatory receptors. Finally, in 
response to skeletal muscle injury, muscle cells can themselves secrete IFNγ for activation 
of immune cells.  STAT – signal transducer and activator of transcription, CIITA – class II 
major histocompatibility complex transactivator,  HIC1 – hypermethylated in cancer 
protein 1, SIRT1 – sirtuin 1, HLA – human leukocyte antigen, MHC II, major 
histocompatibility complex II, CAMK4 – calcium/calmodulin-dependent protein kinase type 
IV, ICAM-1 – intracellular adhesion molecule 1.  

 

Figure 1.7 Mechanisms of IFNγ action in skeletal muscle. 
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IFNγ is also involved in dysregulated energy homeostasis in skeletal muscle and is 

linked to type 2 diabetes (170). SIRT1 (sirtuin 1) is a protein that functions as a histone 

deacetylase and transcription factor (171). It is involved in energy homeostasis, 

nutrient responses, longevity, and response to chronic inflammation (172). Exposure of 

mouse C2C12 cells to IFNγ caused downregulation of SIRT1 transcription and protein 

expression. This was controlled through IFNγ-induced CIITA upregulation, with CIITA 

being recruited to the SIRT1 promoter via HIC1 (hypermethylated in cancer 1). CIITA 

and HIC1 recruit HDAC4 (histone deacetylase 4) to the SIRT1 promoter where HDAC4 

represses SIRT1 transcription by deacetylation of core histones (173). The IFNγ-

induced SIRT1 downregulation was accompanied by reduced expression of genes 

involved in energy metabolism (170). 

IFNγ transcripts are elevated in sIBM compared to control and other inflammatory 

myopathies (124, 174). In sIBM myofibres attacked by CD8+ T cells, upregulation of 

IFNγ receptor 2 (IFNGR2) was observed compared to healthy or non-attacked 

myofibres. The amount of IFNGR2 upregulation partially correlated with the number of 

attacking CD8+ cells (73). Transcription of the guanylate-binding protein 6 (GBP6) 

gene, which is induced by IFNγ signalling (175), was 7 times higher in sIBM compared 

to controls or other inflammatory myopathies (176). Proteins and transcripts of the 

immunoproteasome are elevated in sIBM (and other inflammatory myopathies) 

compared to healthy controls and immunoproteasome staining in sIBM muscle 

colocalised with MHC I expression (124, 177).  

1.11 CD8+ T cells 

CD8+ T cells are part of the adaptive immune response where they specifically target 

virally or bacterially infected or neoplastic cells. CD8+ cytotoxic T lymphocytes (CTL) 

are MHC class I restricted, where they require antigen presentation via MHC class I for 

full activation. Figure 1.8 shows the process of CD8 T cell activation and differentiation 

to either effector or memory subsets (original source (2)). Activation of naïve CTLs 

usually requires antigen presentation via antigen presenting cells (APC) such as 

dendritic cells, and co-stimulation from CD4 cells that recognise the same antigen 

being presented. The CD4 cells themselves release IL-2 for CTL activation, and also 
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stimulate the APC to upregulate costimulatory molecules such as 4-1BBL for further T 

cell activation (178). For full activation of the CTL, the T cell receptor (TCR)-MHC 

activation signal must be accompanied by a co-stimulatory signal through CD28 on 

CTLs interacting with CD80 or CD86 on antigen presenting cells, macrophages, or B 

cells. This costimulatory signal enhances the stimulation and proliferation of CTLs 

(179). 

The main function of cytotoxic T cells is killing of target cells. Once naïve CD8+ T cells 

differentiate into effector cells with the priming from APCs, they are capable of killing 

cells displaying the antigen to which they have been primed. CTLs induce apoptosis of 

target cells via two mechanisms. In the first, cytotoxic effector molecules granzymes 

and perforin that are stored in cytotoxic granules are released. The release of cytotoxic 

granule contents occurs through an immunological synapse, where adhesion 

molecules attach the CTL to the surface of the target cell (180). Release of cytotoxic 

granules is directed towards the point of contact with the target cell through 

reorganisation of the T cell’s microtubule cytoskeleton and cytotoxic granule stores. 

The process of directed release of cytotoxic granules is dependent on calcium influx 

into CTLs (181).  

Perforin perforates the target cell membrane for entry of granzymes. Multiple 

granzymes exist; most notable are granzyme A, B and K that are all serine proteases. 

Granzyme A triggers caspase-independent apoptosis by causing mitochondrial damage 

by cleaving the mitochondrial protein NDUSF3 (NADH:ubiquinone oxidoreductase core 

subunit S3) and releasing reactive oxygen species (ROS). The ROS cause an 

endoplasmic reticulum associated complex called SET to translocate to the nucleus 

where it causes DNA damage. Granzyme A also directly degrades nuclear proteins such 

as histones and DNA repair proteins (182, 183). Granzyme K functions in a similar way 

to granzyme A through caspase-independent disruption of the mitochondria (184). 

Granzyme B activates caspase 3 and the pro-apoptotic Bcl-2 protein BID (BH3 

interacting domain death agonist). Cleavage of BID into its truncated form t-BID allows 

it to damage mitochondria, releasing cytochrome c (185). This leads to apoptosome 
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formation from oligomerised Apaf-1 protein. Apoptosome causes pro-caspase 9 to 

self-cleave, and activated caspase 9 then activates downstream effector caspases 

including caspase 3 which cleave a wide variety of proteins leading to cell death (178, 

183). Caspase 3 cleaves ICAD (inhibitor of caspase-activated DNase) for activation of 

CAD (caspase-activated Dnase) which causes DNA fragmentation (186, 187). 

CTLs are also capable of triggering target cell apoptosis through Fas signalling. 

Cytotoxic T cells express Fas ligand (FasL) on their surface. This binds to Fas on the 

surface of target cells, causing recruitment of Fas-associated death domain (FADD) to 

the Fas receptor in target cells. FADD then causes the autolysis of inactive pro- 

  

  

Figure 1.8 Activation of CD8 T cells.                                                                       Naïve cytotoxic CD8+ T cells (Tc cells) are activated 
upon presentation of an antigen via MHC I, to which the T cell receptor binds. CD8+ T 
cells differentiation into either effector cells via clonal expansion which destroy 
infected/transformed cells displaying the original antigen. Alternatively, CD8+ cells 
differentiate to memory cells in case the same antigen is encountered later. Available 
under a creative commons licence 
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caspases 8 or 10, converting them into their active caspase forms. Active caspase 8 or 

caspase 10 can then go on to cause cell death through activation of downstream 

caspases 3, 6, and 7, or through cleavage of BID. Fas-mediated cell death is slower than 

granzyme-mediated apoptosis, but the two pathways are interconnected to ensure 

Figure 1.9 Mechanisms of cytotoxic T cell mediated cell death.                                                                                                                            Mechanisms of cell 
death induced by cytotoxic T cells in virally infected cells. Cytotoxic T cells release the 
contents of cytotoxic granules including perforin and granzymes. Perforin forms pores in 
the target cell membrane for entrance of granzymes. Granzymes B activates intrinsic 
apoptosis through cleavage of BID, activation of BAX and BAK, and downstream caspase 
activation. Cytotoxic T cells also cause extrinsic apoptosis through binding of Fas ligand 
(FasL) to Fas receptor on target cell membranes. This causes activation of caspase 8 or 
caspase 10 which cleave bid and lead to activation of downstream effector caspases. 
Image available under a creative commons licence: 
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efficient killing of target cell populations (189). CTLs can also use a similar mechanism 

to trigger extrinsic apoptosis via the death ligand TRAIL (tumour necrosis factor related 

apoptosis-inducing ligand) that interacts with DR4 and DR5 on target cells, leading to 

caspase 8 activation (190). Figure 1.9 shows the mechanisms of both granzyme-

mediated and Fas-mediated cell death. 

CD8+ T cells can be categorised based on their effector and memory capabilities 

through their expression of different markers. T central memory (Tcm) cells are located 

largely in lymph nodes and express high levels of CD62L and CCR7. CCR7 and CD62L are 

involved in homing to secondary lymphoid organs. T effector memory (Tem) cells 

express low levels of CD62L and CCR7. Tem cells express molecules (chemokine 

receptors and integrins) for homing to sites of inflammation in the tissue. Tem are 

highly cytotoxic whereas Tcm have higher capacity to proliferate with lower 

cytotoxicity (191). CD45RA is usually expressed in naïve T cells that have not previously 

been exposed to antigenic stimulation. However, effector memory T cells are capable 

of re-expressing CD45RA (Temra). Temra cells are highly differentiated and show low 

proliferation whilst maintaining cytotoxic functionality (192). Temra cells can be 

negative for the coreceptors CD27 and CD28 (193), as well as CCR7, and have low 

expression of CD127 (191). 

Cytotoxic T cells also secrete cytokines, most notably IFNγ and TNFα. IFNγ upregulates 

the expression of MHC I on cells for further presentation of antigens and recognition 

by CTLs. IFNγ also activates macrophages, and it can trigger death of intracellular 

parasites (194). TNFα exists either as a secreted form or a membrane bound form. 

TNFα can act with IFNγ to increase the activation of macrophages. Furthermore, TNFα 

itself is capable of causing cell death when it binds to TNF receptor I (TNFR1) (178). 

TNFR1 is a death receptor and signals in a similar way to the Fas receptor, as they both 

belong to the TNF receptor superfamily. As well as activating apoptosis, signalling 

through TNFR1 can also activate NF-κB signalling which conversely can lead to anti-

apoptotic effects (195).  

CD8+ T cells are the largest immune cell subgroup infiltrating in sIBM muscle, and have 

been observed to be minimally proliferative and differentiated towards an effector cell 
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phenotype with high cytotoxicity. Different markers have been identified on CD8 T 

cells in sIBM. Killer cell lectin like receptor G1 (KLRG1) has been found on CD8 T cells 

invading the muscle as well as those in the blood in sIBM patients (124). KLRG1 is an 

inhibitory receptor that binds N-, E- and R-cadherins (196). Its expression is induced in 

subsets of effector CD8 T cells that are highly cytotoxic and that have received strong 

activation signals (197). In sIBM, KLRG1 was found co-expressed with cytotoxic genes 

including granzymes and perforin (124). In 10 sIBM patient samples, 79 % of CD8 cells 

surrounding muscle fibres were positive for KLRG1 (198).  

CD57 is a cell surface-bound sulphated carbohydrate that is a marker of terminally 

differentiated senescent T cells and natural killer cells that have been repeatedly 

exposed to antigen (47, 199). The percentage of CD8+ T cells in sIBM muscle that are 

also positive for CD57 was found to be 48 % (198). Unlike KLRG1 which is thought to be 

expressed during earlier phases of T effector memory polarisation, CD57 is expressed 

during the terminal differentiated effector phase, although the two markers are often 

co-expressed (124, 200). CD8 cells that invade into the myofibres are CD57+, and the 

number of CD8+CD57+ cells correlated with the size of large granular lymphocytes in 

sIBM (47).  

When comparing peripheral blood cells from healthy and sIBM patients using 

unsupervised analysis, an increased frequency of CD8+ T cells expressing T-bet, a 

transcription factor involved in differentiation of naïve CD8+ T cells, was found. 

Further, increased frequency of terminally differentiated T effector memory re-

expressing CD45RA (Temra) cells was observed in sIBM patients. These T-bet+CD8+ T 

cells also expressed CD57. There was also a decrease in the co-stimulatory receptors 

CD27 and CD28 in non-senescent CD8+ T cells in sIBM compared to healthy controls 

(7). In comparison to amputee controls, transcriptomics of sIBM patients showed 

dysregulation of calcium-based apoptotic T cell signalling (201), suggesting T cells are 

not responding to homeostatic apoptotic signals. A recent study characterised 

peripheral blood mononuclear cells (PBMCs) isolated from sIBM and other idiopathic 

inflammatory myopathies and compared them to healthy controls (202). There was no 

difference in the total amount of CD8+ cells, however sIBM patients had a higher 
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percentage of Temra CD8 cells compared to healthy controls, and fewer of these 

Temra cells were CD28+. Unlike the findings from Dzangué-Tchoupou et al (7), and 

Greenberg et al (124) these peripheral Temra cells did not overexpress CD57. More 

Terma cells were however positive for CD18, a marker of T cell activation and 

adhesion. Finally, more CD8 Temra cells in sIBM were also positive for IFNγ or TNFα 

than Temra from healthy counterparts (202). Overall, these results suggest a role for 

CD8+ effector memory cells that are senescent, highly cytotoxic, and resistant to 

normal homeostatic apoptotic queues in sIBM. 

1.12 Clinical trials in sIBM 

Unfortunately, there are currently no treatments for sIBM that show clinical benefit. 

Other inflammatory myopathies such as dermatomyositis and polymyositis respond to 

immunosuppressants such as corticosteroids, however these have no long-term 

benefit when given to sIBM patients (61). In fact, immunosuppressive treatment in 

sIBM patients may be associated with lower survival outcomes (8) and more severe 

disability (203). Intravenous immunoglobulin (IVIG) was previously thought to be a 

treatment option for sIBM. Patients treated with IVIG showed improvements in 

manual muscle testing scores, however these effects were not sustained long term 

(204). Blinded randomised clinical trials have shown no clinical benefit of IVIG 

treatment in sIBM (205, 206). Numerous recent clinical trials have focussed on targets 

other than the involvement of the immune system in sIBM (8, 120). Here, the largest 

recent clinical trials will be reviewed. This information is available from the US National 

Library of Medicine clinical trials.gov (available at: https://clinicaltrials.gov/). Many of 

these trials have been extensively reviewed by Naddaf et al (8), and more recently 

(120). 

Bimagrumab BYM338 is a human monoclonal antibody raised against activin type II 

receptor (207), developed to prevent muscle loss. Binding of endogenous ligands 

including myostatin to activin type II receptors on muscle results in negative regulation 

in muscle growth (208, 209). Bimagrumab was tested in sIBM (RESILIENT); randomised, 

multi-centre double-blind, and placebo controlled trial using intravenous 

administration every 4 weeks for a minimum of 48 weeks. Three concentrations of 

https://clinicaltrials.gov/
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bimagrumab were trialled at 1, 3, or 10 mg/kg. Bimagrumab showed a good safety 

profile. However, the phase IIb clinical trial failed to meet its primary endpoint of 

improvement in 6 minute walk distance compared to placebo (210). An extension of 

the RESILENT trial examined the long-term efficacy and safety after two years’ 

treatment. Two-year treatment also showed a good safety profile, however there was 

still no improvement in 6 minute walk distance (211). Previous studies have shown 

conflicting results of myostatin levels in sIBM, with one study showing a transcriptional 

decrease in myostatin in sIBM compared to healthy controls (212), with another 

showing an increase in myostatin associated with amyloid aggregates (213). A large 

retrospective study has recently shown serum myostatin levels are lower in sIBM 

compared to healthy control patients, and myostatin levels correlated positively with 

manual muscle testing (MMT8) (214). Therefore further reducing the efficacy of 

endogenous myostatin may not provide clinical benefit in sIBM patients. 

Sirolimus is a form of rapamycin that acts by inhibiting mammalian target of rapamycin 

(mTOR). The aim of utilising sirolimus in sIBM is to ameliorate dysfunctional 

autophagic pathways, as well as utilising its immunosuppressive effects via inhibition 

of IL-2 signalling (215) and blocking proliferation of T cells (216). Sirolimus has been 

used in a randomised, double blind, placebo controlled, single centre phase IIb clinical 

trial with oral administration. The primary endpoint was a change from baseline to 12 

months for maximal voluntary knee extension strength. The study failed to meet its 

primary endpoint and other muscle strength tests. However, sirolimus showed 

improvement in assessment of disability index, 6 minute walk distance, and thigh fat 

fraction. For safety, treatment with oral sirolimus resulted in 4/22 patients 

experiencing serious adverse events that improved after discontinuation of sirolimus 

treatment (216). Regardless of these concerns, the improvement in some secondary 

outcome measures means sirolimus is currently being investigated in a multicentre 

phase III (120) trial. In a case report of a single sIBM patient who relied on mobility 

aids, oral sirolimus showed clinical benefit with patient able to walk unaided, with 

improvements in manual muscle testing scores, and lack of progression of dysphagia 

(217).  
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Arimoclomol is a small molecule that upregulates the heat shock response by inducing 

heat shock proteins to prevent protein misfolding (218). Arimoclomol was found to be 

safe and well tolerated with four months treatment in a randomised, double blinded 

placebo-controlled trial of safety. There was also weak evidence that arimoclomol 

positively impacted functional and muscle contraction testing (219). A phase II/III 

clinical trial of arimoclomol for sIBM was conducted. A press release from Orphazyme, 

the company responsible for the clinical trial, showed that arimoclomol failed to meet 

its primary endpoint of halting disease progression assessed by the IBM Functional 

Rating Scale (220).  

Non-pharmacological interventions in sIBM have also been investigated, for example 

using exercise regimens. A small randomised controlled trial was conducted with 12 

weeks blood flow restricted exercise training versus a no exercise control group. There 

was no effect on the primary outcome of self-reported physical function. However, 

knee extensor muscle strength was unaltered in the treatment group compared to 

baseline but decreased in the control group, suggesting a preventative effect of blood 

flow restricted exercise on sIBM progression (221). The same group characterised the 

presence of immune cells before and after blood flow restricted exercise in a separate 

group of patients. This showed there was increased infiltration of natural killer cells 

expressing CD8 (CD3-CD8+) with the exercise regimen and no change in the no 

exercise control group. There was no change after exercise in the CD8+ T cell or 

macrophage fractions (123). Finally, it was found that there were no markers of 

hypertrophy or satellite cell proliferation or activation after blood flow restricted 

exercise, despite the protective effects of this treatment (222). 

Other smaller clinical trials have also been conducted. For example phenylbutyrate 

(clinical trial identifier NCT04421677), pioglitazone (NCT03440034), lithium 

(NCT00917956), and etanercept (223). Anakinra is an antagonist for IL-1 receptor, and 

its use in sIBM was explored. In a small pilot study of four patients there was no 

improvement in muscle strength (224). Canakinumab is a monoclonal antibody against 

IL-1β that is currently approved for the treatment of rheumatic disorders including 

Still’s disease and systemic juvenile idiopathic arthritis (225). In five sIBM patients 
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treated with canakinumab, there was no consistent stabilisation or improvement in 

grip force or total muscle strength (226), and no patient showed improvement in these 

measures. ABC008 is a monoclonal antibody against KLRG1, examined in sIBM for its 

ability to deplete differentiated cytotoxic T cells. Results from an ongoing trial of 

ABC008 in sIBM show 6 patients treated with single dose of ABC008 had depletion of 

KLRG1+ CD8+ T cells (227). 

There is a variety of primary endpoints used in sIBM clinical trials. A consensus on 

which primary endpoints to use that accurately reflects clinical benefit to sIBM 

patients would help standardise trials and make comparisons between different trials 

easier (228). Interest in using imaging methods such as magnetic resonance imaging 

(MRI) in sIBM is growing. It has been proposed that quantitative MRI could be utilised 

in clinical trial outcomes to study treatment efficacy and effects of treatments on 

pathological processes. MRI may also be a useful method for monitoring disease 

progression that has the benefit over muscle biopsies of being non-invasive (229-231). 

1.13 Other idiopathic inflammatory myopathies  

sIBM belongs to a group of conditions called idiopathic inflammatory myopathies (IIM) 

which share the features of muscle weakness and inflammation of skeletal muscle 

(232).  The original cause for all IIMs is unknown. The IIMs are comprised of: sIBM, 

polymyositis, dermatomyositis, antisynthetase syndrome, immune-mediated 

necrotising myositis (IMNM), and overlap myositis (233). sIBM shares some similarities 

with other IIMs, but is separated by its refractoriness to treatment. Corticosteroids, 

which reduce inflammation and immune activation (234), are commonly used in the 

treatment of polymyositis, dermatomyositis, antisynthetase syndrome, and IMNM 

(235, 236).  

sIBM is most similar to polymyositis and many sIBM patients are originally 

misdiagnosed with this condition (237). In polymyositis, cytotoxic T cells and 

macrophages surround and infiltrate non-necrotic myofibres. Sarcolemmal expression 

of MHC I is also observed (233, 238). Patients display with symmetrical muscle 

weakness which may be accompanied by elevated creatine kinase levels (238). Many 
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patients originally diagnosed as having polymyositis have later gone one to develop 

features of other inflammatory myopathies (239). Therefore the prevalence of 

polymyositis is likely lower than originally thought, with some calling into question its 

existence entirely, suggesting it as a non-specific description of other inflammatory 

myopathies (240). Polymyositis likely does exist as a distinct pathological entity, but 

was historically used as a less specific term which included conditions that now have 

their own names (241). 

Polymyositis with mitochondrial pathology (PM-mito) is a rare subset of polymyositis. 

As the name suggests, there is mitochondrial involvement with COX-deficient fibres. 

PM-mito shares many similarities with sIBM including involvement of knee extensors, 

slow progression of weakness, lack of response to corticosteroid treatment, and 

endomysial inflammation. However, muscle weakness progresses more slowly in PM-

mito than sIBM (242). It has been suggested that PM-mito may actually reflect an early 

stage of sIBM. Indeed, patients with PM-mito can go on to be diagnosed with sIBM. In 

13 of 14 PM-mito cases, patients were later diagnosed with clinically defined sIBM 

(243). There are differences in the pathogenic features between the conditions, for 

example KLRG1 lymphocytes are upregulated in sIBM compared to PM-mito (243). If 

PM-mito is an early stage of sIBM, this represents a clinical phenotype in which 

treatments for the prevention of further sIBM features could be tested. 

Dermatomyositis can affect children where it is termed juvenile dermatomyositis, as 

well as adults. In adults dermatomyositis affects females more frequently than males 

with an average age of 57 (244, 245). It presents with a skin rash in the large majority 

of cases as well as muscle weakness (232). A heliotrope rash showing purple 

discolouration around the eyes is characteristic of dermatomyositis, and Gottron’s 

sign, a rash that can progress to scales on the fingers, can also be observed (238). 

Dermatomyositis presents with symmetrical weakness in the proximal muscles with 

subacute onset (246). Other organ systems can also be affected in dermatomyositis 

including blood vessels, joints, oesophagus and lungs (247). Dermatomyositis is 

characterised by perifascular myofibre apoptosis and necrosis with blood vessel 

damage (233). The pattern of muscle atrophy in dermatomyositis may be due to 
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capillary destruction which leads to localised hypoxia. Perivascular immune infiltrates 

predominantly composed of B cells can also be observed (238). INFα and IFNβ 

inducible genes are highly expressed in dermatomyositis muscle (248). Autoantibodies 

can be detected in this condition including anti-mi-2 (249, 250), anti NXP-2, and anti-

MDA-5 (251). 

IMNM usually presents with rapidly progressive muscle weakness and is the most 

severe and disabling of the IIMs. Many patients also report experiencing myalgia.  

Muscle weakness mostly affects proximal muscles of the lower limbs (252). Myofibre 

necrosis and presence of macrophages and CD8 cells are observed in IMNM.  

Furthermore, sarcoplasmic p62 is observed. However, contrary to the aggregates seen 

in sIBM, IMNM shows diffuse sarcoplasmic expression (75, 117). There are three 

categories of IMNM based on the presence of autoantibodies; IMNM with signal 

recognition particle (SRP) antibodies, with HMGGCR (3-hydroxy-3-methylglutaryl-

coenzyme A reductase) antibodies, and seronegative IMNM (253). 

Antisynthetase syndrome is characterised by antibodies against aminoacyl transferase 

RNA synthetases such as anti-Jo1 antibodies. Muscle damage can be described as 

perifascular necrotic, with presence of clonally expanded T cells (233). The symptoms 

of antisynthetase syndrome can include interstitial lung disease, Rayndaud’s 

phenomenon, arthritis, myositis, muscle weakness (236) and myalgia (254). 

Phagocytosis of perifascular necrotic muscle via macrophages is observed, but no 

inflammatory endomysial infiltrates are found in antisynthetase syndrome (254). 

Overlap syndrome is a term used to describe the co-occurrence of idiopathic 

inflammatory myopathies with a separate autoimmune disease or connective tissue 

disease. For example, polymyositis and dermatomyositis sometimes occur with 

systemic sclerosis (255). 

1.14 Autoantibody anti-NT5c1A 

Currently there is no singular biomarker for sIBM, although an autoantibody has been 

identified called anti-NT5c1A (cytosolic 5’-nucleotidase 1A). The epitope recognised by 

this antibody (NT5c1A also known as cN1A or Mupp44) was found in perinuclear 
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regions and colocalised with vacuole rims in skeletal muscle of sIBM patients (256). 

This was originally thought to be specific for sIBM, however these antibodies have now 

been identified in autoimmune diseases including systemic erythematous lupus (SLE) 

and Sjögren’s syndrome, and it does not appear specific to diseases involving the 

muscular system (257). The sensitivity of anti-NT5c1A in sIBM is 33-72 % with most 

studies reporting sensitivity of below 50 % (256, 258-263). Patients with anti-NT5c1A 

antibodies were more likely to take longer to stand compared to those without the 

antibody, but there was no difference in the 6 minute walk test, a measure of 

functional exercise capacity (263). A retrospective analysis found correlations between 

presence of anti-NT5c1A antibodies and disease severity, with positive patients having 

a higher mortality risk due to respiratory disease, more likely to have excess 

cytochrome oxidase deficient fibres, and higher rate of facial muscle weakness. Anti-

NT5c1A antibody was not associated with time to use of a mobility aid but was weakly 

associated with overall need for mobility aids (260). Overall, the sensitivity of anti-

NT5c1A antibody appears variable and its function in sIBM are not clear. Further work 

is needed to elucidate the mechanism of action of anti-NT5c1A in sIBM. 

1.15 In vivo investigations of sIBM 

A large amount of what we currently know about sIBM has been obtained through 

patient muscle samples. Investigating pathological features in patient biopsies is highly 

valuable, however it does not offer a dynamic platform to investigate interactions 

between features or causation. In vivo models of sIBM are useful for examining 

pathological mechanisms relevant to sIBM, for testing potential treatments, and 

examining cause and effect. Animal models for sIBM have previously been reviewed in 

2008 by Katsumata and Ascherman (264), and more recently by Afzali et al (265). 

One model used to investigate sIBM is transgenic valosin-containing protein (VCP) 

mouse models. This protein belongs to the ATPases associated with diverse cellular 

activities (AAA+) family that has a wide variety of cellular functions including protein 

degradation, autophagy, and apoptosis (266). In humans, mutations in VCP cause 

inclusion body myositis associated with Paget’s disease of the bone with 

frontotemporal dementia (IBMPFD). This is an autosomal dominant disease that 
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affects multiple organ systems, and patients experience similar muscle symptoms and 

pathology to sIBM. This can include muscle weakness, fibre atrophy, and TDP-43 

sarcoplasmic inclusions. However, there is no evidence of endomysial inflammation in 

IBMPFD (267). There is evidence of VCP variants being over-represented in sIBM 

patients (78). VCP mutations can be used to model some of the degenerative features 

of sIBM. A transgenic mouse model exists where mutant VCP is expressed; the mice 

develop similar pathologies to IBMPFD including progressive muscle weakness, 

rimmed vacuoles, disorganised mitochondria, and TDP-43 inclusions. Furthermore, 

muscle of transgenic VCP mice showed inflammatory infiltrations (268). VCP mice also 

have decreased muscle strength compared to wild type controls. Mouse models 

carrying VCP mutations have been utilised to assess the effect of potential treatments 

such as arimoclomol (219). 

The muscle-specific overexpression of APP under the control of the muscle creatine 

kinase promoter (MCK-betaAPP model) has also been used to model degenerative 

features of sIBM. Overexpression of APP in transgenic mice lead to formation of 

centralised nuclei, infiltration of neutrophils but not macrophages or T cells, and 

decreased motor performance (269). Later studies of the same MCK-betaAPP model 

showed that higher expression of the APP transgene was found in type II fast twitch 

compared to type I slow twitch fibres, which was also found in sIBM muscle samples 

(270). This model was also modified to have knock-in gene expression of the 

presenilin-1 gene, part of the γ secretase complex involved in cleavage of APP (271). 

Additional expression of presenilin-1 resulted in higher intracellular β amyloid42 (a 

toxic isoform (272)) expression, and infiltration of CD8+ cells (273). However, attempts 

to reproduce the original MCK-betaAPP model results were unsuccessful with no 

detection of amyloid β or fibrillar amyloid deposits in muscle, potentially due to 

problems expressing or incorporating the transgene in later mouse lineages (274). 

Another method for recreating the degenerative features of sIBM in animal models is 

treating Wistar rats with chloroquine to inhibit autophagy. This shows increased 

presence of rimmed vacuoles, β amyloid deposition, and increased protein expression 

of atrophic genes (275). In this model, rats undergoing resistance exercise treatment 
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reduced the accumulation of β amyloid and rimmed vacuoles, decreased atrophy, and 

increased mitochondrial biogenesis (276). Other animal models or in vivo 

investigations of sIBM include but are not limited to immunisation of mice with sIBM 

patient-derived anti-cN1A antibodies (261) and feeding rabbits with cholesterol-

enriched diets (277). 

Recently, a xenograft model of sIBM has been created in which sIBM patient muscle 

tissue is engrafted into the hindlimb of immunodeficient mice (110). The grafts 

maintained sIBM characteristics including infiltration by human CD8+ T cells, rimmed 

vacuoles, and protein inclusions. Most importantly, this model recapitulates the two 

major components of sIBM pathology; degenerative features and immune 

involvement. Arguably, due to its semi-humanised nature using patient samples, this 

animal model has the greatest ability to recapitulate real-world sIBM pathology. And 

therefore offers potential for use in pre-clinical screening of therapeutics. 

1.16 Primary human cell culture 

C2C12 cells are a mouse cell line generated from a subclone of a normal adult mouse 

cell line (278). These cells are a useful model to study myogenic processes, however 

their clonality and murine origin mean the applicability of C2C12 cell findings to human 

processes are limited. Whilst humans and mice share similarities in their muscle cell 

characteristics, there are also differences. For example, both humans and mice have 

the muscle stem cell of satellite cells, but murine quiescent satellite cells express CD34 

whilst human cells do not (279). 

Using primary human cells alleviates problems associated with using a clonal lineage 

whilst ensuring relevance to human-specific physiology. Using primary myogenic cells 

from multiple human donors means results are not specific for one individual. 

However, using primary human myogenic cultures also has caveats. For example, most 

primary cells experience replicative senescence where cells withdraw from the cell 

cycle, limiting the amount of time these cells can be used in culture. Contaminating 

cells may also be present in primary muscle cell preparations. In some preparations, 

serial passaging results in cultures being over-run with fibroblasts (280, 281). 
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Furthermore, whilst using multiple primary human cell lines has broader applicability 

than mouse cells or a single human donor, this also introduces inter-donor variability 

and heterogeneity between samples which can cause wide variation in results. 

1.17 In vitro investigations of sIBM 

In vitro models offer a system in which cause and effect can be investigated. One of 

the predominant ways in which sIBM characteristics have been modelled in vitro is 

using transgenic expression of amyloid precursor protein (APP) (219, 282, 283). Ahmed 

et al (219) found that transfecting primary rat muscle cells with human β APP caused 

inclusion body formation containing protein aggregates of β-APP, ubiquitin, and TDP-

43 in myotubes. Furthermore, β-APP overexpression caused TDP-43 to mislocalise to 

the cytoplasm and not be expressed in the nucleus. MHC I protein expression was also 

increased by β-APP overexpression. Therefore, overexpression of APP recapitulated 

some of the key non-inflammatory features of sIBM. Other models have relied on 

addition of pharmacological agents to cause dysregulation of cellular pathways. The 

addition of tunicamycin or thapsigargin to cause endoplasmic reticulum stress (284, 

285), or epoxomysin to inhibit the 26S proteosome system (116, 286) has been 

investigated. For example, treating normal human primary myotubes with epoxomicin 

caused increased expression of p62 protein (116), and αB crystallin (286). These 

culture systems rely principally on modelling the degenerative feature of protein 

aggegation and dysfunctional protein degradation pathways. 

Addition of inflammatory cytokines to myotube cultures has also been used to model 

sIBM. Treatment with IL-1β and IFNγ can recapitulate both inflammatory and 

degenerative features of sIBM. Combination treatment of human primary myotubes 

with IL-1β and IFN-γ caused upregulation of pro-inflammatory chemokines and 

cytokines CXCL-9, CCL-3, CCL-4, IL-6, and IL-1β. Furthermore, IL-1β either alone or 

combined with IFNγ increased APP expression when visualised with 

immunofluorescent microscopy, and combined IL-1β and IFNγ increased APP protein 

expression (145). In a similar set of experiments, primary human myotubes treated 

with IL-1β and IFNγ showed increased αB-crystallin expression as well as increased APP 

(287). αB crystallin is a heat shock protein that is found to be upregulated in sIBM 
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fibres with a mean positivity of 9.8 % of sIBM fibres. Polymyositis fibres can also be 

positive for αB crystallin (288). The protein expression of αB crystallin was also 

upregulated in sIBM compared to neurogenic muscular atrophy control muscle 

samples (289). 

It was found that the release of HMGB1 (high mobility group box 1) from primary 

human myotubes treated with IL-1β and IFNγ was elevated compared to untreated 

myotubes after 24 and 48 hours (290). HMGB1 is a nuclear protein involved in 

chromatin architecture (291) that can also be secreted as an inflammatory cytokine or 

alarmin when it binds to RAGE (receptor for advanced glycosylation end products). 

HMGB1 may be associated with amyloid β pathology in Alzheimer’s Disease (292). Due 

to this and the fact RAGE and HMGB1 were found upregulated in dermatomyositis and 

polymyositis (293, 294), the authors (290) anticipated HMGB1 and RAGE would also be 

upregulated in sIBM. Indeed, as well as IL-1β and IFNγ inducing HMGB1 in myotubes, 

sIBM muscle samples had increased protein (but not mRNA) expression of HMGB1 

(290). IL-1β and IFNγ treatment but not these cytokines individually have also been 

shown to upregulate the mRNA expression of iNOS (inducible nitric oxide synthase) 

and nitrotyrosine in primary human myotubes (295). Nitrotyrosine is a marker of 

oxidative stress (296), and together with iNOS has been found in sIBM muscle (297). 

Another cytokine used in modelling inflammatory stress in sIBM is TNFα (219, 295), 

which has been investigated alone or in combination with IL-1β and/or IFNγ. For 

example, rat myotubes exposed to IL-1β or TNFα had increased expression of APP and 

amyloid-β, but an absence of inclusion bodies was observed (219). 

1.18 Sestrins 

Sestrins are evolutionarily conserved proteins located predominantly in the cytoplasm. 

They function as detectors of leucine and cellular stress, and can exert their 

functionality through inhibition of mTORC (mammalian/mechanistic target of 

rapamycin complex) signalling (298). In humans there are three forms of sestrin 

proteins (numbered 1 to 3), with sestrin-2 being the best characterised of the three. 

Sestrin-2 contains three major protein domains; an N terminal structuring domain 

(NTD), a loop linker domain, and a C-terminal domain (CTD). The NTD has antioxidant 
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activity whereas the CTD and the linker domain are responsible for leucine binding. 

The CTD is also responsible for GATOR 2 binding for mTORC1 inhibition (299). 

Sestrin-2 is important in the regulation of mitophagy by aiding translocation of parkin 

to defective mitochondria, an initiating step in mitophagy (300). In Drosophila 

melanogaster, where there is only one sestrin orthologue (termed dSesn), loss of 

sestrin causes mitochondrial dysfunction including disorganised crystae, muscle 

degeneration and thoracic muscle sarcomeric structure loss, and cardiac malfunction. 

An increase in reactive oxygen species was also observed as well as accumulation of 

polyubiquitinated proteins (301).  

SESN1 (Sestrin-1) belongs to a group of genes called growth arrest and DNA damage-

inducible (GADD) genes, and is highly expressed in skeletal muscle. It shares some of 

the same functions of sestrin-2 including nutrient sensing, inhibition of mTORC1, and 

induction of autophagy. Its expression is regulated by p53 and FoXO (302). In muscle, 

sestrin-1 is regulated by exercise. 48 hours after resistance exercise, the expression of 

sestrin-1 protein was increased, which was also observed under chronic exercise 

conditions (303). However, in a separate study exposing mice to chronic aerobic 

exercise, the levels of sestrin-1 were decreased, whereas acute aerobic exercise 

increased sestrin-1 expression (304). This suggests different forms of exercise may lead 

to differential activation of sestrin-1. Sestrin-2 also plays a role in skeletal muscle 

homeostasis as well as response to exercise, with sestrin phosphorylation increased by 

exercise training in healthy active men, whilst protein expression was not affected by 

acute or chronic resistance exercise (303). On the other hand, chronic aerobic exercise 

reduced sestrin-2 levels in mice, similar to sestrin-1 (304). Further, over-expression of 

dSesn increased exercise endurance even without training, and sestrin-null Drosophila 

had no increased endurance with exercise training (305) suggesting an important role 

for sestrins in mediating exercise endurance.  

Sestrin-2 can also prevent atrophy in aged skeletal muscle through inhibition of 

mTORC1 signalling (306). Furthermore, aged mice that were double-knockout for 

sestrin-1 and 2 had a reduction in muscle stem cells and a decreased ability to 

regenerated injured muscle (307). In men aged 65-80 compared to those aged 18-30, 
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sestrin-1 mRNA was upregulated but sestrin-1 protein expression was decreased. 

Further, sestrin-2 protein quantity was not affected by age, but older men had lower 

expression of the delta isoform of sestrin-2, representing a highly phosphorylated state 

(308). 

Due to their stress sensing abilities and inhibition of mTORC1, sestrins have been 

touted as protective against ageing (309). However, in the immune system sestrins 

have been associated with detrimental ageing. In T cells of older humans and mice, 

there was a higher presence of a complex termed sestrin-dependent MAPK activation 

complex (sMAC) that inhibited T cell functionality through simultaneous activation of 

ERK (extracellular signal-regulated kinase), JNK, and p38 (310). In differentiated 

senescent-like CD8+ T cells there was an association of sestrin-2 with a protein 

complex of NKG2D and DAP12 that promoted cytotoxicity. Decreasing sestrin-2 levels 

decreased this protein complex, and also restored T cell receptor signalling (311).  

It appears that sestrins have beneficial stress sensing and muscle regenerating effects, 

but negative age-associated mechanisms within the immune system. Sestrins have not 

previously been implicated in sIBM. However, due to their functions in muscle 

homeostasis, mitochondrial regulation, stress sensing, and potential pathophysiology 

in ageing immune cells, sestrins may play a role in this disease. Sestrins are regulated 

by cell stress responses that are implicated in sIBM, namely the unfolded protein 

response activated with ER stress (312). Furthermore, when ER stress was induced in 

hepatocytes, overexpression of sestrin-2 prevented ER-stress induced cell death (312, 

313). 

1.19 Hypotheses and aims 

The over-arching hypotheses of the thesis are two-fold. First, that the inflammatory 

features of sIBM cause the non-inflammatory phenotypes within skeletal muscle. 

Second, that inflammation is the causative factor for muscle weakness in sIBM. 

The major aim of this project is to investigate whether inflammatory mediators can 

cause non-inflammatory features in human skeletal muscle cells that are observed in 

sIBM. This will be achieved by examining cultures of healthy primary human myotubes 
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exposed to different inflammatory conditions, building on previous work with 

inflammatory cytokine treatment, as well as investigating novel inflammatory insults 

for myotube responses. The non-inflammatory features relevant to sIBM that will be 

focussed on are TDP-43 and p62 sarcoplasmic protein aggregation as well as TDP-43 

mislocalisation. The second aim of this thesis is to investigate whether certain 

inflammatory insults can cause muscle weakness, by utilising a previously published 

functional 3D muscle construct called myobundles to test active force generation. 

This thesis is structured so that Chapters 4, 5, and 6 investigate the effects on TDP-43 

and p62 of different inflammatory mediators. Chapter 3 characterises TDP-43 and p62 

through myogenesis. The focus of Chapter 7 is investigating force generation from 

myobundles under two inflammatory conditions examined in Chapter 4 and Chapter 6.
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Chapter 2. General methods  

All reagents were purchased from ThermoFisher Scientific, UK unless otherwise stated. 

2.1 Skeletal muscle-derived cell culture 

Skeletal muscle-derived cells from Lonza Clonetics™ (UK, CC-2580) or Cook MyoSite® 

(USA, SK-1111) were grown in either Skeletal Muscle Growth Media (ready-to-use) 

(Promocell®, Germany, C23060) supplemented with 1 % penicillin-streptomycin and 10 

% foetal bovine serum (FBS), or Ham’s F10 nutrient mix supplemented with 20 % FBS, 1 

µM dexamethasone (Sigma, UK), 10 ng/mL basic fibroblast growth factor (bFGF, 

Peprotech, UK), and 1 % penicillin-streptomycin. Appendix Table 0.1 shows a 

breakdown of which donors were used for which experiments. Cells were 

differentiated in N2 differentiation medium: DMEM/F12 1:1, 1 % N2 supplement, 1 % 

L-glutamine, 1 % insulin-transferrin-selenium, and 0.2 % penicillin-streptomycin. Cells 

were maintained at 37 °C with 5 % CO2 in a humidified incubator. Cells were routinely 

passaged by washing once with phosphate buffered saline (PBS) and incubating in 4 mL 

1 % trypsin-EDTA (Sigma, UK T3924) per T75 flask for approximately 5 minutes at 37 °C. 

Trypsin was neutralised with an equal volume of F10 medium containing 20 % FBS and 

cells were counted using a NucleoCounter NC-200 with Via1-Cassettes™ (both 

ChemoMetec, Denmark). Cell solution was centrifuged at 220 xg for 5 minutes, 

supernatant discarded and pellet resuspended in 10 mL fresh growth media for 

addition to a new T75 flask. Skeletal muscle derived cells were split at approximately 

70 % confluency. 

Skeletal muscle-derived cells were used between passages 4 and 7 with most 

experiments conducted at passage 7. For seeding cells for fluorescent microscopy, 13 

mm round coverslips (VWR, UK) were sterilised in 70 % ethanol for approximately 30 

minutes before coating with ready-to-use Geltrex (A1569601) for 1 hour at room 

temperature. Light microscopy images of cells in culture were taken with a Zeiss 

Primovert inverted microscope with Zeiss Axiocam 105 color camera. 
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Skeletal muscle-derived cells were cryopreserved in freezing solution: 40 % FBS, 10 % 

dimethyl sulfoxide (DMSO) and 50 % growth medium, after trypsinising as described 

above. Two to three cryovials were prepared per T75 flask. The cell pellet was 

resuspended in freezing solution, aliquoted into cryovials, and frozen in a Mr. Frosty™ 

freezing container containing 2-isopropanol at -80 °C. Cryovials were transferred to 

liquid nitrogen vapour phase for long-term storage. To defrost cells, cryovials were 

removed from liquid nitrogen storage and quickly warmed until the cryovial contents 

were liquid. The contents of the cryovial was transferred into approximately 5 mL 

prewarmed growth medium and centrifuged at 220 xg to remove DMSO. Cell pellet 

was resuspended in fresh growth medium and added to a T75 flask. 

2.2 Treatment of myotubes with IL-1β and IFNγ 

Cytokines were prepared in 0.1 % w/v bovine serum albumin (BSA) in PBS, 0.2µm 

filtered. Recombinant human IL-1β and IFNγ (both Peprotech, UK 300-02 and 200-01B 

respectively) were used at the following concentrations: IL-1β 20 ng/mL IFNγ 750 

ng/mL, either as a combined treatment or as individual cytokines. Proliferating skeletal 

muscle cells were seeded in 24 well plates at a density of 4x104 cells/well and grown 

for 48 hours in Skeletal Muscle Cell Growth Medium or Ham’s F10 medium. Only one 

proliferation medium was used per set of experiments. After which, cells were 

differentiated to myotubes with N2 differentiation medium. After 7 days 

differentiation, inflammatory cytokines IL-1β+IFNγ, cytokines individually, or control 

(vehicle control equal volume of 0.1 % w/v BSA or no treatment control) was added in 

N2 medium for 48 hours without additional medium change. 

2.3 Cytotoxicity assay 

Cytotoxicity upon addition of inflammatory mediators was measured using CytoTox 

96® non-radioactive cytotoxicity assay (Promega, UK G1780) following manufacturer’s 

instructions. The assay is based on the measurement of lactate dehydrogenase (LDH) 

release from cells that have lost plasma membrane integrity, indicating cell death. 

Cytotoxicity was measured in 50 µL samples of medium from the cultured cells after 

treatment with relevant inflammatory mediators or controls as described in 
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subsequent chapters. Substrate solution was prepared by adding 12 mL of assay buffer 

to the powdered substrate mix. 50 µL of substrate solution was added to samples for 

30 minutes at room temperature in the dark, before addition of 50 µL of stop solution, 

and optical density read at 492 nm using a Multiskan™ FC plate reader. Results were 

normalised to a medium-only control and a positive cytotoxicity control, where cells 

were incubated in lysis solution for 45 minutes before commencing the assay. 

Cytotoxicity was expressed as a percentage of the positive lysis control. 

2.4 Immunofluorescent microscopy 

Skeletal muscle-derived cells were seeded on Gibco Geltrex-coated 13 mm round 

coverslips in 24 well plates. The cells were allowed to proliferate for 48 hours before 

differentiation for 5 or 7 days before treatment (listed in subsequent chapters). All 

volumes for immunofluorescence reagents were 300 µL per well unless otherwise 

stated. At the appropriate time point, medium was removed, cells were washed with 

PBS, and fixed with 4 % paraformaldehyde solution (Fisher Scientific, UK 12777847) for 

10 minutes at room temperature. Paraformaldehyde solution was removed, washed 

once and fresh PBS was added. Cells were stored at 4 °C for up to two weeks at this 

point. Cells were permeabilised with 0.1 % v/v triton X 100 in PBS for 15 minutes 

before being blocked with 5 % goat serum in PBS for 30 minutes to 1 hour. Primary 

antibodies sestrin-2 1:150 TDP-43 1:150 and p62 1:100 (all from Proteintech, UK, see 

Table 2.1 for product codes) diluted in blocking buffer were added by inverting the 

coverslip onto a 30 µL drop of antibody solution on Parafilm®, and incubating in a 

humidified chamber overnight at 4 °C. After washing 3 times in PBS for 5 minutes each, 

coverslips were incubated in Alexa Fluor™-conjugated (Alexa Fluor™ 488 anti-rabbit (A-

11008) or Alexa Fluor™ 546 anti-mouse(A-11030)) secondary antibodies at 1:350 

(Invitrogen, UK) for 1 hour at room temperature. Cells were washed and HCS 

CellMask™ red or deep red was added at 1:5000 in PBS for 30 minutes to visualise all 

cell contents. HCS CellMask™ red was only used with Alexa Fluor™ 488 secondary, HCS 

CellMask™ deep red was used with Alexa Fluor™ 546. Afterwards, DAPI (4',6-

diamidino-2-phenylindole) at 5 μg/mL in PBS was added for 5 minutes. After washing, 

cells were mounted onto glass slides with DAKO fluorescence mounting medium 
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(Agilent, USA), left for up to two hours for mounting media to dry, and sealed with 

clear nail polish.  

To analyse TDP-43, p62 and sestrin-2 distribution, images were captured using an 

Olympus IX81-ZDC inverted widefield fluorescent microscope with Micro-manager 

open source software. For p62 and TDP-43 aggregation analysis, cells were imaged 

using a Zeiss LSM 980 Airyscan 2 inverted confocal microscope with Zen Blue software. 

For each secondary antibody used, a control was imaged on each microscope where 

cells were incubated with secondary antibody only to check for non-specific staining, 

with no non-specific staining visualised at the laser/emitter intensities used. 

2.5 TDP-43 localisation 

TDP-43 localisation in skeletal muscle-derived cells was assessed using widefield 

fluorescent microscopy at 10 X magnification. DAPI and HCS CellMask™ staining was 

used to observe subcellular compartments of the nucleus and sarcoplasm respectively. 

Based on the observed staining TDP-43 was classified as being within the nucleus, 

sarcoplasm, nucleus and sarcoplasm, or neither (not expressed). Localisation was 

quantified for both single nucleated and multinucleated cells. Localisation was 

expressed as a percentage of total number of cells observed with HCS CellMask™ for 

each localisation compartment. For Chapters 4, 5, and conditioned medium 

experiments of Chapter 6, TDP-43 localisation analysis was conducted blinded. 

2.6 p62 particle analysis  

Four z-stacks composed of six images each with voxel depth 0.3 µm were obtained 

using confocal microscopy at 63 X magnification for Chapter 4 and Chapter 5 using a 

Zeiss LSM980 Airyscan 2. For Chapter 6, eight z-stacks each composed of two images 

approximately 0.9 µm apart were captured with a Zeiss LSM 800 upright confocal 

microscope. Images were analysed using NIH Image J (USA). Obtained images were 

split into individual colour channels and converted to 8-bit. p62 and HCS CellMask™ 

channels were manually thresholded. p62 particle frequency and size was determined 

in the p62 channel using NIH Image J using the “analyse particles” function with pixel 

size over 2 for 512x512 sized images or pixel size over 3 for 1024x1024 sized images. 
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p62 frequency was the total number of particles obtained per image with the “analyse 

particles” function and p62 size was the average particle size per image. p62 particle 

frequencies were normalised to percentage area coverage per image using HCS 

CellMask™ staining, to account for differences in myotube size. In the thresholded cell 

mask channel, percentage area of image coverage was obtained with the following 

macro: 

setOption("BlackBackground", false); 

run("Convert to Mask", "method=Default background=Dark"); 

run("Despeckle", "stack"); 

run("Fill Holes", "stack"); 

macro "Measure Stack" { 

       saveSettings; 

       setOption("Stack position", true); 

       for (n=1; n<=nSlices; n++) { 

          setSlice(n); 

          run("Measure"); 

      } 

      restoreSettings; 

  } 

From line 5, the measure stack macro was obtained from 

https://imagej.nih.gov/ij/macros/Measure_Stack.txt. Depending on the cell layout 

within the image, the “Fill Holes” function was omitted to prevent background areas 

being filled in and counted as myotube. p62 particle analysis was conducted blinded. 

2.7 TDP-43 sarcoplasmic aggregate analysis   

The same images for p62 analysis were used for TDP-43 sarcoplasmic aggregate 

analysis as myotubes were stained for both p62 and TDP-43. Sarcoplasmic aggregates 

were identified manually in 3 of 6 slices (first, middle, last) of z-stacks as punctate 

areas of staining. Using Image J, freehand regions were drawn around aggregates to 

https://imagej.nih.gov/ij/macros/Measure_Stack.txt
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measure their area in µm2. TDP-43 aggregate frequencies were normalised to 

percentage area coverage per image of cell mask staining using the cell mask coverage 

results obtained in Section 2.6. TDP-43 colocalisation with p62 was assessed for each 

identified TDP-43 aggregate using thresholded p62 and TDP-43 channels. Any area of 

overlap between TDP-43 and p62 objects over two pixels was considered colocalised. 

Percentage colocalisation is the percentage of TDP-43 aggregates that colocalised with 

p62 puncta for all aggregates observe for one donor under one condition. TDP-43 

aggregate analysis was conducted blinded. 

 

 

 

 

 

 

 

 

 

 

 

 

2.8 SDS PAGE and Western blotting 

SDS PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and Western 

blotting was performed to analyse relative protein expression between conditions. 

Myotubes were seeded directly onto 6 wells of tissue culture treated 24 well plates. 

After differentiation for 7 days and inflammatory treatment for 2 days, cells were lysed 

in RIPA (radio immunoprecipitation assay) buffer (Sigma-Aldrich, UK) with Pierce 

  

  

                                                                                            The aggregation of p62 and TDP-43 
was assessed in the sarcoplasm of myotubes treated with inflammatory conditions. Co-
localisation of TDP-43 aggregates and p62 puncta was also assessed. The localisation of 
TDP-43 (green) was assessed in myotubes as either being not expressed, contained within 
the nucleus, contained within the sarcoplasm, within both the sarcoplasm and nucleus, or 
not expressed.  

Figure 2.1 Diagram of TDP-43 and p62 analysis. 
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protease and phosphatase inhibitors. Cells were washed with ice cold PBS twice before 

45 µL RIPA buffer was added per well and left for 5 minutes. After which, 1000 µL 

pipette tips were used to scrape cells into solution. Cells in RIPA buffer were 

transferred to microcentrifuge tubes and incubated at 4 °C with either shaking or 

rotation for 30 minutes. Lysates were centrifuged at 4 °C at 16000 xg for 20 minutes 

and the aqueous phase was transferred to new microcentrifuge tubes for storage at -

80 °C until later use. 

Protein concentration of lysates was determined using a Micro Lowry kit with 

Peterson’s modification (Sigma, UK) or Pierce bicinchoninic acid (BCA) assay kit. Only 

one type of protein assay kit was used per chapter. For Micro Lowry, fresh BSA (Sigma, 

UK) standards were prepared in distilled water from 400 µg/mL to 50 µg/mL, with 

water blank.  20 or 30 µL of sample was prepared to a volume of 500 µL in distilled 

water. To each sample and standard, 500 µL of Lowry reagent was added and 

incubated for 20 minutes at room temperature, after which 250 µL Folin and 

Ciocalteu’s phenol working solution was added and left for 30 minutes at room 

temperature. 100 µL of each sample and standard mix was transferred to a 96 well 

plate and absorbance was read at 620 nm using a Multiskan™ FC plate reader. The 

blank reading was subtracted from the samples and standards. A standard curve was 

plotted from the prepared standards and used to calculate sample total protein 

amount based on original volume of sample. For the BCA assay, fresh BSA standards 

were prepared in distilled water from 25 to 2000 µg/mL. 25 µL of sample, standard or 

water blank were added to a 96 well plate. Standards were added in duplicate. BCA 

working reagent was prepared by mixing 50 parts BCA reagent A with 1 part BCA 

reagent B. 200 µL of working reagent was added to samples and standards and 

incubated at 37 °C for 30 minutes. The plate was cooled at room temperature for 5 

minutes before reading absorbance at 562 nm using a Tecan plate reader. The blank 

reading was subtracted from standards and samples. Standard curves were generated 

from the standards and used to calculate protein amount in samples. 

Approximately 10 µg of protein was denatured by heating at 95 °C for 5 minutes in 

Bolt™ SDS sample buffer and Bolt™ reducing agent with a combined volume of 60 µL. 
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PAGE separation is a method for separating proteins based predominantly on their 

size. Samples and prestained protein ladder (Proteintech, UK PL0001) were loaded into 

the wells of a Bolt™ 4-12 % Bis-Tris 1 mm mini protein gels. PAGE separation was 

conducted in Bolt™ MOPS running buffer at 200 V for approximately 35 minutes or 

until sample loading band ran near to the end of the gel. Novex XCell SureLock™ 

electrophoresis tanks were used. After electrophoresis, gels were liberated from their 

cases and gel foot was cut off. Polyvinylidene difluoride (PVDF) membranes were 

activated for 2 minutes in methanol, washed once in water and twice in Bolt™ MOPS 

transfer buffer, and added to a transfer sandwich as follows: 3X blotting sponges, filter 

paper, gel, activated membrane, filter paper, 3X blotting sponges. After adding filter 

paper on top of the membrane, bubbles were pressed out using a stripette gently 

rolled over the filter paper. The sandwich was pressed tightly between the blot 

module, added to the transfer tank, and the blot module was filled with Bolt™ MOPS 

transfer buffer. Western blotting was performed for 70 minutes at 30 V. After which, 

membranes were blocked with 5 % w/v skimmed milk powder in TBS-T (1% v/v Tris 

buffered saline (Cell Signalling Technology, UK) in distilled water with 0.1 % v/v Tween 

20 for 1 hour. Primary antibodies (see Table 1) were added in milk overnight at 4 °C 

with gentle rocking. Membranes were washed in TBS-T three times with rocking for 5-

10 minutes each. Secondary antibodies goat anti-mouse HRP (horseradish peroxidase) 

and donkey anti-rabbit HRP (Proteintech, UK) were added at 1:2000 for 1 hour at room 

temperature, after which membranes were re-washed in TBS-T.  

For detection of protein bands, Pierce™ ECL (enhanced chemiluminescence) Western 

Blotting Substrate was made fresh and added to the membrane for 1 minute before 

pouring off. Membranes were developed using either X-ray exposure film or direct 

imaging. For film-based detection, CL-XPosure™ films were placed on top of ECL 

stained membranes wrapped in plastic in the dark. Exposure time was optimised for 

each antibody. Films were developed in the dark with an SRX-101A processor (Konica 

Minolta, UK). For Chapter 5 and LC3 in Chapter 4, a SynGene G:Box gel documentation 

and analysis system was used to directly image membranes. Representative cropped 

Western blots are displayed with approximate location of nearest ladder marker. 
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The same membrane was used to detect multiple target proteins. Between staining for 

some proteins, membranes were stripped using Restore™ Western blot Stripping 

Buffer for up to 1 hour at room temperature with shaking followed by up to 40 

minutes at 37 °C. Membranes were washed and re-blocked with 5 % milk-TBS-T, re-

probed with secondary antibody and re-exposed to check primary antibody removal. 

Densitometry was performed on scanned film or saved direct images using Image J, 

and protein of interest normalised to glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) loading control. Developed films were scanned using an Epson scanner with a 

calibration step ladder with known values using the y = a+b*ln(x-c) function in Image J. 

Direct images of membranes from SynGene G:box gel documentation were calibrated 

using image J using the “uncalibrated OD” function. 

Membranes were probed for combinations of sestrin-2, sestrin-1, p62, TDP-43, myosin 

heavy chain, LC3 and GAPDH (see Table 2.1 for antibodies and concentrations). For 

long term storage, all membranes except those used in Chapter 5 were stripped as 

described above before drying completely at room temperature and freezing at -80 °C 

with membrane sandwiched between filter paper and cardboard. For Chapter 5 

membranes, long term storage was carried out in the same way without stripping. For 

analysis of sestrin-1 and LC3, membranes were defrosted at room temperature, 

reactivated with methanol for 1 minute, and re-blocked with 5 % milk  

 

 

 

 

 

 

 

 

Primary antibody Primary dilution 

Sestrin-2, mouse (Proteintech 66297-1-Ig) 1:1000 (2 µg/mL) 

Sestrin-1, rabbit (Proteintech 21668-1-AP) 1:400 (1.75 µg/mL) 

GAPDH, mouse (Proteintech, 6004-1-Ig) 1:5000 (0.2 µg/mL) 

TDP-43, rabbit (Proteintech, 10782-2-AP) 1:2000 (0.2 µg/mL) 

p62/SQSTM1, mouse (Proteintech, 66184-1-Ig) 1:2500 (0.53 µg/mL) 

Myosin heavy chain, mouse (DSHB, MF20) 1:48 (0.5 µg/mL) 

LC3, rabbit (Proteintech 14600-1-AP) 1:1:250 (0.4 µg/mL) 

Table 2.1 Antibodies for Western blotting. 
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(sestrin-1) or 3 % w/v 0.2 µm filtered BSA (LC3) for 1 hour before re-probing. After 

probing following the above steps, membranes were re-frozen at -80 °C without 

stripping. Uncropped blot scans or images are available in Appendix Figure 0.1. 

2.9 ELISA 

DuoSet® Enzyme-linked immunosorbent assays (ELISA) were purchased from R&D 

systems, UK. Human IFN gamma (DY285B) human IL-12 p70 (DY1270) human IL-6 

(DY206), and human TNF alpha (DY210) were used. ELISA is a technique for measuring 

and quantifying secreted factors such as cytokines, growth factors or chemokines in 

media collected from cells or biological samples. ELISA were performed following 

manufacturer’s instructions. Between each step (except after addition of substrate 

solution) plates were washed three times with wash buffer (PBS with 0.05 % v/v tween 

20) and blotted to remove all liquid. All incubation steps were conducted at room 

temperature. 

Nunc MaxiSorp™ immunoplates were coated with 100 µL recommended dilutions of 

capture antibody in PBS, sealed with plate sealers, and incubated overnight. Plates 

were blocked with 0.2 µm filtered 1 % w/v BSA (reagent diluent) for 1 hour, before 

incubation of samples and standards diluted in reagent diluent for 2 hours in sealed 

plates. Reagent diluent was used as a blank. Recommended concentrations of 

detection antibody diluted in reagent diluent were added for 2 hours in sealed plates. 

Streptavidin horse radish peroxidase (HRP) diluted in reagent diluent was incubated 

for 20 minutes before washing and addition of substrate solution (1:1 mix hydrogen 

peroxide and tetramethylbenzidine, R&D Systems, UK) for 20 minutes. Colour 

development was halted with 2N sulphuric acid. Optical density was determined using 

a Multiskan™ FC plate reader by subtracting readings at 540 nm from 450 nm to 

account for any imperfections in the plate. Blank optical density results were 

subtracted from sample and standard results. Standard curve was generated using 

log10 optical density of the standard concentrations, which was used to calculate 

sample concentrations. 
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2.10 Statistics and figure preparation 

Graph plotting and statistics were performed using Graphpad Prism 7. Normality of 

data was tested using Shapiro-Wilk normality test and appropriate analyses listed in 

each results chapter used. For data not showing a normal distribution, non-parametric 

tests were used, except for two-way ANOVA where normality was not tested. Results 

are displayed and listed as mean ± standard error of mean (SEM) for normally 

distributed data or median ± interquartile range for non-normally distributed data. 

TDP-43 localisation was displayed as mean ± SEM. Statistical significance was set at p < 

0.05, with 0.075 > p > 0.05 results described as “weak evidence”. For 0.075 > p > 0.05 

significance was not indicated on graphs. When more than one treatment was tested 

at a time, post-hoc testing was conducted for differences between the control 

condition and each treatment condition. Illustrated diagrams were prepared with 

Servier Medical Art (https://smart.servier.com/). Images available under a creating 

commons licence were also used. 
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Chapter 3. Basal characterisation of myogenic cells 

3.1 Introduction 

3.1.1 Myogenesis 

In vitro studies of muscle are often conducted using either proliferating myogenic cells 

called myoblasts or differentiated myotubes. Myoblasts differentiate into myotubes in 

a process called myogenesis or myofusion. In this process, proliferating myoblasts are 

removed from the cell cycle forming myocytes. Myocytes merge their sarcolemmas 

together creating multi-nucleated myotubes. In embryonic development or during in 

vivo skeletal muscle repair, these myotubes would go on to fuse together to form 

myofibrils, and eventually myofibres. In adult regenerating skeletal muscle, myoblasts 

can fuse either with each other generating new myotubes, or with existing myofibres 

(314, 315).  

Muscle-specific stem cells exist, called satellite cells which are marked by their Pax7 

expression (316). In vivo, satellite cells are positioned between muscle fibres and the 

basal lamina. They form a quiescent stem cell pool that are activated to build new 

skeletal muscle, for example after injury or during exercise (314, 317) (Figure 3.1). Four 

myogenic regulatory factors (MRFs) MyoD, Myf5, myogenin, and MRF4 are involved in 

proliferation and differentiation of myogenic lineage cells both during development 

and postnatally. Pax7 binds to enhancers of MyoD and promoters of Myf5, triggering 

their expression. When satellite cells are activated, most co-express MyoD, Myf5 and 

Pax7, with MyoD and Myf5 expression continuing in proliferating myoblasts. MyoD 

activates myogenin leading to initiation of differentiation, which is accompanied by 

downregulation of MyoD. Both MyoD and myogenin have auto-regulatory functions, 

controlling their own expression. Differentiated myotubes are marked by joint 

expression of MyoD, myogenin, and MRF4, with myogenin and MRF4 regulating 

expression of myotube genes such as myosin heavy chain (318-320). Other pathways 

are also involved in myogenesis. Wnt signalling through T cell factor (TCF) is essential 

for differentiation of primary human myotubes, with a specific level of pathway 
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activity required for successful myofusion (321). Two muscle-specific fusion proteins 

are responsible for driving myoblast to myotube fusion; myomaker and myomerger-

minion-myomixer. These two proteins together are capable of causing multinucleated 

fusion between fibroblasts expressing these factors (322), showing these proteins are 

the driving force for myofusion.  

In vitro, myogenesis can be quantified by the ratio of nuclei present in a myotube 

compared to those in single nucleated cells. This is termed the myofusion index (MFI) 

(323). Other measures of myofusion include the number of nuclei within a myotube, 

with higher nuclei count representing a more differentiated culture. Furthermore, the 

expression of proteins regulated in myogenesis can be examined. Myosin heavy chain 

(MHC), which forms part of the contractile apparatus of skeletal muscle, increases with 

increasing time of differentiation (324, 325). Alternative methods of assessing 

 

 

 

 

 

 

 

myogenesis have also been proposed, for example using the activity of 

acetylcholinesterase (AChE) in cultured muscle cells (326). Using CD56+ sorted 

myogenic cells, this study found acetylcholinesterase activity reflected the ability of 

cells to fuse into myotubes. The amount of AChE activity was positively correlated with 

the myofusion index. 

  

  

Figure 3.1 Process of myogenic differentiation.                                                                                             Satellite cells are the stem cells of 
muscle and maintain a quiescent pool which become activated upon muscle injury or 
hypertrophy. Myoblasts are capable of proliferation and can integrate into existing 
myofibres for repair. Myocytes are incapable of proliferation and differentiate to form 
multi-nucleated myotubes. In vivo but not in vitro, myotubes assemble into myofibres. 
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3.1.2 TDP-43, p62 and sestrins in myogenesis  

TDP-43 is involved in the regulation of myogenesis. Whilst it is usually found located in 

the nucleus, it can be observed in small granules termed myo-granules in the 

sarcoplasm of healthy cells. These myo-granules are found located at sites of newly 

forming sarcomeres and bind mRNA molecules important in myogenesis, namely 

sarcomeric proteins including titin and myosin. Furthermore, depletion of TARDBP in 

C2C12 cells caused growth arrest and cell death, showing TDP-43 is essential in skeletal 

muscle (327). A role for TDP-43 in forming neuromuscular synapses has also been 

demonstrated using Drosophila models and RNA interference experiments (328).  

There are limited investigations into changes in p62 during myogenesis. In vitro, 

increased time of differentiation of myotubes lead to a decrease in total p62 protein 

expression. This was due to increased autophagic flux during differentiation of 

myotubes, as p62 is degraded with autophagy, and accompanied by increased LC3II 

expression (329). Sestrin-2 mRNA levels are highly elevated on day two of C2C12 cell 

differentiation, whereas there is no difference in SESN2 mRNA expression at later 

differentiation time points (330). Sestrin-1/2 knockout mice have altered metabolism 

and mTORC1 signalling in satellite cells as well as increased satellite cell proliferation. 

Furthermore, aged sestrin-1/2 knockout mice have an increased loss of satellite cells 

and reduced skeletal muscle repair (307). This shows that sestrins are important for 

maintaining the quiescent pool of satellite cells. Overall, TDP-43, p62, and sestrins are 

regulated or involved in myogenesis. 

3.1.3 Aims and hypotheses 

The aim of this chapter is to characterise basal myogenesis in cultured skeletal muscle-

derived cells and to examine whether the proteins of interest p62, TDP-43, and sestrins 

are altered during myogenesis. This is to examine if differences in myogenic 

differentiation between donors may influence analyses of these proteins under other 

experimental conditions. 

It is hypothesised that markers of myoblast fusion including nuclei per myotube, 

myofusion index, myosin heavy chain (MHC) expression, and AChE expression will 
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increase with increased time of differentiation. As TDP-43 has previously been shown 

to be involved in myogenesis through formation of myo-granules, it is hypothesised 

that TDP-43 subcellular localisation and protein expression will change through 

myogenesis. It is hypothesised that p62 protein expression will decrease with 

increased time of differentiation. Sestrin-1 and sestrin-2 protein expression during 

myogenesis have not been extensively examined previously, therefore the hypothesis 

for their expression during myogenesis is two-tailed. 
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3.2 Methods 

3.2.1 Cell culture 

Skeletal muscle-derived cells were cultured as described in Section 2.1. 8 x104 cells/mL 

(4x104 cells per 24-well) was used as a concentration for cell seeding. For myofusion 

index, cells were seeded on Geltrex-covered slides, proliferated for 2 days, before 

differentiation for 9 days. For acetylcholinesterase assay, the same concentration of 

cells was used but seeded directly into 24 well plates. 

3.2.2 Acetylcholinesterase assay 

Acetylcholinesterase assay based on the Ellman’s assay (331) was used to measure 

AChE expression in undifferentiated myogenic progenitors and myotubes 

differentiated for 7 days (DMEM/F12, 2 % horse serum, 1 % L-glutamine, 1 % penicillin-

streptomycin), following the protocol described in Thurner et al with modifications 

(326). Cells were grown in 24 well plates, media was removed at the appropriate time 

point and 300 µL 3 mM 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB,Sigma Aldrich, UK) in 

American Public Health Association Phosphate (APHA)  buffer (13.11 g potassium 

phosphate monobasic, 3.89 g sodium carbonate, and 0.5 mL Triton X 100 in 500 mL 

distilled water) was added to cells for 2 minutes at room temperature. At the same 

time DTNB was also added to a standard curve (250 to 1.95 mU/mL) of 

acetylcholinesterase from electric eel (in APHA buffer, Sigma Aldrich, UK). After two 

minutes, 50 µL 15 mM acetylthiocholine iodide (Sigma Aldrich, UK) in distilled water 

was added to samples and standards and incubated for 20 minutes at room 

temperature in the dark, after which the absorbance was read at 405 nm with a Tecan 

plate reader. Sample activity of AChE was determined from the standard curve of 

absorbances and known concentrations of AChE from electric eel. 

3.2.3 Myofusion index and nuclei per myotube 

Cells were seeded on Geltrex coated 13 mm coverslips and proliferated for two days in 

either F10 growth media or SMG growth media. Only one growth medium was used 

per experiment. For experiments examining differentiation over time, day 0 
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differentiation was collected after two days proliferation. Media was then switched to 

N2 differentiation media, with slides collected and fixed with 4 % paraformaldehyde 

solution on days 4 and 7 of differentiation, or day 9 for myofusion index (MFI) per 

donor. 

MFI was defined as the ratio of nuclei contained within a myotube with three or more 

nuclei relative to the total number of nuclei, expressed as a percentage. Myofusion 

index was calculated from widefield fluorescent images stained for DAPI and HCS 

CellMask™ following the staining protocol as defined in Section 2.4. For individual 

donors, MFI was calculated based on averages from four images at 10 X and two 

biological repeats. For MFI during myogenesis, a widefield stitched image with 10 % 

overlap of 16 individual 10 X images was taken and a region of interest was selected 

encompassing 35 % of the stitched image using NIH Image J. This region of interest was 

used to calculate MFI and nuclei per myotube of myotubes containing over 3 nuclei. 

3.2.4 SDS PAGE and Western blotting 

SDS PAGE and Western blotting was conducted as previously described in Section 2.8. 

Cell lysates were collected at day 0, 4, and 7 of differentiation. Blots were stained for 

p62, TDP-43, sestrin-1 and sestrin-2, and myosin heavy chain at the dilutions defined in 

Table 2.1. 
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3.3 Results 

3.3.1 Basic donor characterisation and myofusion index of myogenic donors  

Figure 3.2 A shows a table containing characteristics of the most commonly used 

myogenic donors as listed by the suppliers. Appendix Table 1 contains a list of which 

donors were used to generate each figure in this thesis. Myofusion index (MFI) was 

measured for each donor (Figure 3.2 B), except HSKMDC 12 which was only used in 

Chapter 7. The range of MFI between donors was between 19 % and 76 % with a mean 

across all tested donors of 39 %. There was no association of MFI with BMI (r2 = 0.093 

p = 0.515) or age (r2 = 0.386 p =0.100) of donors. 

3.3.2 Acetylcholinesterase expression was not different between 
undifferentiated and differentiated myogenic cells  

To examine whether the expression levels of acetylcholinesterase in skeletal muscle-

derived cells could be used as a measure of myotube differentiation, a modified 

Ellman’s assay (331) was used. For 14 myogenic donors including 7 donors that were 

only used for this experiment, there was no significant difference in AChE activity 

between proliferating myogenic precursors and myotubes differentiated for 7 days 

(Figure 3.3). The mean acetylcholinesterase activity in the undifferentiated group was 

12.5 ± 1.9 mU.  

3.3.3 Myotubes were capable of spontaneously contracting  

Spontaneous contraction of myotubes was occasionally observed after 5-9 days 

differentiation. Myotubes that contracted appeared elevated above the plane of the 

tissue culture surface (Figure 3.4), potentially due to increased width of myotubes or 

partial detachment. Myotube spontaneous contraction was observed in both 

untreated tissue culture wells and on coverslips coated with Geltrex. Contraction was 

only observed for a brief period of less than five minutes after removing cells from 

culture incubators, before myotube contraction slowed, then stopped. Spontaneous 

contraction was not observed in all cultured donors, the donors in which spontaneous 

contraction was most frequently observed were HSMM 1, HSKMDC 2, and HSKMDC 9.  
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3.3.4 Myosin heavy chain expression, number of nuclei per myotube, and 
myofusion index was higher during differentiation than proliferation  

To further characterise myogenesis, protein levels of myosin heavy chain (MHC) were 

assessed using Western blotting on days 0, 4, and 7 of differentiation (Figure 3.6). 

Compared to proliferating myoblasts on day 0, there was a significant upregulation of 

myosin heavy chain on day 4 and day 7 of differentiation with approximately 15-fold 

and 24-fold increase respectively. However, there was not a significant difference in 

MHC expression between day 4 and day 7.  

The number of nuclei per myotube and the MFI were also examined during 

differentiation as markers of myogenesis (Figure 3.5). There was a significantly higher 

number of nuclei per myotube on the differentiation timepoints day 4 and 7 compared 

to proliferation on day 0 (Figure 3.5 A). The median number of nuclei was 3 ± 4, 6 ± 7, 

and 6 ± 9.0 for day 0, 4, and 7 respectively. However, there was no difference in the 

number of nuclei per myotube between day 4 and day 7. As the median nuclei per 

myogenic precursor (myoblast) was above 1, proliferating cultures contain some cells 

that have already begun differentiated into myotubes. There was a higher myofusion 

index on both day 4 and day 7 compared to day 0 (Figure 3.5 B). The median 

myofusion index was 0 ± 3 %, 47 ± 27 %, and 53 ± 50 % for day 0, 4, and 7 respectively. 

However, there was no difference between nuclei per myotube or MFI on day 4 to day 

7. 
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Donor Company source Age  Sex BMI Ethnicity Smokes? Drinks 
alcohol? 

HSMM 1 Lonza 17 F 19 Caucasian Y Y 

HSMM 2 Lonza 25 M 33 Black N Y 

HSMM 3 Lonza 20 F unknown Caucasian N Y 

HSKMDC 2 Cook MyoSite 18 M 21 Caucasian N N 

HSKMDC 3 Cook MyoSite 41 M 25 Caucasian Y Y 

HSKMDC 4 Cook MyoSite 32 F 42 Caucasian Y N 

HSKMDC 6 Cook MyoSite 36 F 26 Caucasian Y Y 

HSKMDC 9 Cook MyoSite 51 M 26 Caucasian N N 

HSKMDC 12 Cook MyoSite 18 F 25 Caucasian N N 

  

  

A 

B Figure 3.2 Muscle cell donor characteristics.  

(A) Table showing the characteristics of 
commercially sourced muscle cells. (B) 
Myofusion index (MFI) of the most commonly 
used donors after 9 days of differentiation. 
MFI is the percentage of nuclei within a 
myotube compared to the total number of 
nuclei. n = 2 biological repeats. HSMM – 
human skeletal muscle myoblasts, HSKMDC – 
human skeletal muscle-derived cells. BMI – 
body mass index. 
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                                The expression of acetylcholinesterase was not different between 
undifferentiated myogenic cells and differentiated myotubes (Student’s T test, p = 
0.956). n = 14 myogenic donors. 

0 seconds + 0.4 seconds 

                                                                                                                     Outline from 
timepoint 0 seconds overlayed at + 0.4 seconds (blue line), showing contractile 
movement (blue arrow).  

Figure 3.3 Acetylcholinesterase expression was not different between myoblasts 
and myotubes. 

Figure 3.4 Spontaneous contraction of myotubes in culture.  
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GAPDH 

MHC 

                                                                                                   Myosin heavy chain (MHC) levels 
normalised to GAPDH. There was a significant difference between the three time points 
(one-way ANOVA, p = 0.0008).  Myosin heavy chain levels are significantly higher on day 4 
vs day 0, and on day 7 vs day 0 (Tukey’s multiple comparisons, p = 0.0312 and p = 0.0006 
respectively). There is no significant difference between day 4 and day 7 (p = 0.1395). n = 
6 myogenic donors. 

0 4 7 Day 

A 

                                                                        (A) Number of nuclei per myotube, 
with a minimum of 3 nuclei. There was a significant increase in nuclei from day 0 to day 4, 
and day 0 to day 7, but not between day 4 and 7 (Kruskal-Wallis test with Dunn’s multiple 
comparisons p = 0.0428, p = 0.0428, p = 0.999 respectively). (B) Myofusion index (MFI) 
calculating the percentage of nuclei inside a myotube (minimum 3 nuclei) compared to 
total nuclei count. There was a significant difference in MFI between day 0 and day 4, and 
day 0 and day 7, but not day 4 and day 7 (Kruskal-Wallis test with Dunn’s multiple 
comparisons p = 0.0397, p = 0.0139, and p = 0.999 respectively. n = 5 myogenic donors. 

Figure 3.5 Differentiation over time in myogenesis.   

Figure 3.6 Myosin heavy chain during myogenesis. 

B 
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3.3.5 TDP-43 localisation was consistent and protein levels remained 
constant during myogenesis  

To examine whether localisation of TDP-43 was affected by myogenesis, TDP-43 

localisation was assessed using image analysis on days 0, 4, and 7 of differentiation. 

Examples of TDP-43 localisation in myotubes is shown in Figure 3.7. There was no 

difference in the localisation of TDP-43 between time points via two-way ANOVA. 

However, there was a significant difference in the distribution of TDP-43 between the 

subcellular compartments regardless of time points (two-way ANOVA p < 0.0001) 

showing TDP-43 is not distributed evenly between the subcellular localisations. 

Regardless of differentiation time point, the localisation with the highest TDP-43 

expression was nucleus only with 51 ± 9 % (two-way ANOVA with Tukey’s post-hoc 

test) (Figure 3.8 A-B). TDP-43 protein expression during myogenesis was assessed using 

Western blotting. There was no difference in TDP-43 protein expression between the 

three time points examined (Figure 3.8 C).  

3.3.6 p62 levels did not change during differentiation  

To test whether p62 is altered during myogenesis, p62 protein levels were assessed 

using fluorescent microscopy and Western blotting on days 0, 4, and 7 of 

differentiation. The strongest p62 staining appeared on day 7. For all time points, 

typical punctate staining in the sarcoplasm could be observed, although this was less 

pronounced on day 4 (Figure 3.9 A). At all time points, diffuse sarcoplasmic and 

nuclear expression were also observed. Total p62 protein levels during myogenesis 

were assessed using Western blotting (Figure 3.9 B), which showed no difference in 

p62 protein expression between any of the time points assessed.  

3.3.7 Sestrin-2 was highest on day 7 of differentiation 

To assess whether sestrin-2 was influenced by myogenic differentiation, 

immunofluorescence was used to examine distribution, and Western blotting was used 

to compare protein expression on days 0, 4, and 7 of differentiation. Sestrin-2 

localisation was diffuse throughout the sarcoplasm on all days of differentiation, with 

some puncta of increased staining. There was no sestrin-2 localisation to the nucleus 
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(Figure 3.10 A). Sestrin-2 protein levels were not different between day 0 and day 4, 

however there was increased sestrin-2 protein expression on day 7 of differentiation 

compared to day 0 (Figure 3.10 B). Expression was 4.5 times higher on day 7 compared 

to day 0.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.8 Sestrin-1 protein levels were highest on day 4 of myogenesis  

To better understand the role of sestrin-1 during myogenesis, its protein levels were 

compared via Western blotting on day 0, 4, and 7 of differentiation. Sestrin-1 levels 

were highest on day 4 of differentiation, before decreasing on day 7 to similar levels as 

day 0 (Figure 3.10 C). Sestrin-1 expression was 71 % higher on day 4 compared to day 

0, and 40 % higher compared to day 7. 

  

  

TDP-43  TDP-43    DAPI     Cell mask 

Figure 3.7 Examples of TDP-43 localisation classification.                                                                                                                 TDP-43 
immunofluorescent images showing examples of myogenic cells with nuclear only 
TDP-43 (yellow arrowhead), nuclear and sarcoplasmic TDP-43 (blue arrowhead), and 
sarcoplasmic only TDP-43 (pink arrowhead). Scalebar = 100 µm. 
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                                                                                                                                (A) Images of 
TDP-43 distribution on day 0, 4, and 7 of differentiation. CM- cell mask. Scale bar = 100 
µm. (B) TDP-43 distribution n = 4 myogenic donors. There was no difference in TDP-43 
localisation between timepoints (two-way ANOVA, p = 0.999). (C) Total TDP-43 
expression levels during myogenesis normalised to GAPDH. There was no difference in 
expression between time points (one-way ANOVA, p = 0.716). n = 6 donors. 

Day 4 Day 7 

TDP-43 

TDP-43 DAPI CM 

Day 0 A 

B 

TDP-43 

GAPDH 

0 4 7 Day C 

Figure 3.8 TDP-43 localisation and expression during myogenesis. 
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GAPDH 

p62 

0 4 7 Day 

A 

B 

                                                                    (A) Fluorescent microscopy images of p62 
localisation during myogenesis, scale bar 50 µm. (B) Total protein levels of p62 during 
myogenesis normalised to GAPDH levels. There was no difference between the time 
points (Kruskal-Wallis test p = 0.863). n = 6 donors. 

Day 7 Day 4 Day 0 

p62 

p62   DAPI     Cell Mask  

Figure 3.9 p62 during myogenesis. 

60 kDa 

45 kDa 



 Basal characterisation of myogenic cells 
 

94 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

Sestrin-2 

Sestrin-2  DAPI  Cell Mask  

Day 7 Day 4 Day 0 

Sestrin-2 

0 4 7 Day 

A 

B 

                         (A) Fluorescent microscopy images of sestrin-2 localisation throughout 
differentiation. Scale bar = 50 µm. (B) Representative blots of sestrin-2 and sestrin-1. (C) 
Total protein levels of sestrin-2 during myogenesis normalised to GAPDH levels. There 
was a difference between the days (one-way ANOVA p = 0.0342), with day 7 sestrin-2 
protein levels higher than day 0 (Tukey’s multiple comparisons, p = 0.0396). There was 
no difference between any other time point (day 0 vs day 4 p = 0.0898, day 4 vs day 7 p 
= 0.8994). (D) Sestrin-1 levels during myogenesis normalised to GAPDH. There was a 
significant difference between the three time points (one-way ANOVA, p = 0.0036). 
Sestrin-1 levels are significantly higher on day 4 than on day 0 or day 7 (Tukey’s multiple 
comparisons, p = 0.0068 and p = 0.0092). n = 6 donors. 

60 kDa 

GAPDH 

Sestrin-1  

Figure 3.10 Sestrin-2 and sestrin-1 follow different expression patterns during 
myogenesis. 

60 kDa 
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3.4 Discussion  

The aim of this chapter was to characterise basic features of myogenesis in human 

cultured muscle cells, and to examine any changes to the proteins of interest TDP-43, 

p62, and sestrins during myogenesis. Some of the analyses in later chapters do not 

differentiate between myotubes and single nucleated cells (e.g TDP-43 localisation, 

Western blotting), therefore it is important to know whether differential 

differentiation impacts on these analyses. The time points of differentiation examined 

in this chapter were mostly day 0 during proliferation, day 4, and day 7 of 

differentiation. However, in subsequent chapters, many of the experimental time 

points were conducted at day 9 of differentiation (7+2 treatment). Therefore it would 

have been beneficial to extend all of the analyses to the time point of day 9 to ensure 

that there were no unexpected effects between day 7 to day 9 in TDP-43, p62, or 

differentiation markers.  

Skeletal muscle cells were obtained from commercial sources. The donors did not have 

any reported muscle-related health conditions and were therefore classed as healthy. 

By using healthy skeletal muscle cells, the effect of certain inflammatory conditions on 

non-inflammatory features of sIBM can be examined. However, the demographics of 

the donors does not accurately reflect those of sIBM patients, for example all but one 

donors were below the age of 50 and half were female, whilst sIBM has a male 

predominance (37). An attempt was made to ensure donors were healthy, especially 

considering BMI as obesity may affect pathways relevant to myogenesis (332, 333) and 

skeletal muscle repair (334, 335). However, it was not possible to exclude all donors 

who had a high BMI due to limited availability of donor cell samples, and two donors 

had BMI over 30.  

The skeletal muscle-derived cells were obtained from two separate commercial 

sources, which may mean myogenic cells from one company are different to the other 

due to different isolation and purification procedures. Ideally, myogenic donors would 

only be sourced from one commercial company. Colloquially, there was no obvious 
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differences in cells from the two commercial sources in terms of differentiation or 

proliferation.  

Inter-donor variation also existed in these samples, both with the demographic 

characteristics and the cells themselves. It would have been beneficial to characterise 

the myogenicity of the starting population of cells for each donor, for example in terms 

of their CD56, desmin, and myoD expression to understand the purity and myogenicity 

of the cells. The presence of contaminating fibroblasts could also have been tested, for 

example with staining for TE-7. Furthermore, at the passages used, senescent markers 

such as senescence-associated β-galactosidase staining and p16 expression could have 

been examined (280). Another characterisation that could have been performed is 

testing how long each donor could proliferate in culture before reaching replicative 

senescence. This may have given greater understanding of the variability in some of 

the myogenic features examined here, and if the cells had entered senescence at the 

passages used. 

There was a wide variety in myofusion indices between donors used. This makes it 

difficult to extrapolate between experiments where different donors were used for 

experiments that do not differentiate between myotubes and precursors. The decision 

was made to use multiple human donors instead of a robust cell line such as mouse 

C2C12 cells or one human donor, despite the fact that donor differences could 

influence the response of myogenic cells to inflammatory factors in subsequent 

chapters. This was to ensure that any significant effect was strong enough to occur 

across multiple donor cell populations and avoid results that are less generalisable to 

human cells, despite the small number of donors used here. 

3.4.1 Myogenic differentiation 

Previously, it was thought that human myotubes are not capable of contraction in vitro 

(336, 337), with multiple studies failing to culture contractile human myotubes (338, 

339). Here, spontaneous myotube contraction was observed in multiple cultures 

without complex differentiation formulations (339) or micropatterned surfaces (340) 

that have been used previously. However, as noted by others, this contraction was 
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visible only for short periods before myotubes stopped twitching, indicating a probable 

temperature sensitive contractile response (339). Spontaneous contraction was 

observed in four myogenic donors, whilst others did not show any detectable signs of 

contraction. 

Myogenic differentiation was not significantly different between the two 

differentiation timepoints examined of day 4 and day 7. This suggests maximal 

differentiation may be reached by day 4. However, testing of each day during 

differentiation would be needed to find the maximal differentiation timepoint. An 

important consideration is that some myotubes may be detaching from the surface 

and therefore not being counted in analyses of nuclei per myotube, MFI, and MHC 

expression. Whilst some of these myotubes may be undergoing apoptosis or necrosis, 

it is also possible that healthy myotubes detach from the culture substrate when they 

are spontaneously contracting. The similarity between day 4 and day 7 for 

differentiation markers show day 7 is an appropriate start point for experiments on 

mature myotubes (i.e. when inflammatory factors are administered). In this way, the 

effect on cells undergoing myogenesis should be limited. 

Whilst MFI, nuclei per myotube and MHC expression reflected the difference between 

proliferating and differentiating myotubes, the detection of acetylcholinesterase was 

not an accurate measure of differentiation. Here, detection of myotubes was 

performed manually by eye with HCS CellMask™ and DAPI counterstaining. Usually, 

MFI calculations are based on staining with myosin heavy chain (341), which offers 

another layer of specificity toward differentiated myotubes. Perhaps, the MFI 

calculations performed here overestimated the differentiation of myotube cultures 

based on a general cell stain. There was not a detectable difference in 

acetylcholinesterase activity between myogenic precursors and myotubes. However, 

this may be due to the higher passage number used here (approximately passage 7). 

Previously, it has been shown that acetylcholinesterase levels in myotubes decrease 

with advanced passage (326). The aim of the original study was to examine the 

potency of myogenic cells for cell therapy applications, where measurements of AChE 

may be suitable, however as it is significantly impacted by passage, detection of AChE 
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should not be used as a replacement for more robust myofusion standards such as 

myofusion index and nuclei per myotube. Furthermore, the experiments by Thurner et 

al normalised AChE expression to protein quantification which was not performed 

here. 

3.4.2 TDP-43, p62, and sestrins during myogenesis  

TPD-43 localisation was not different between myoblasts and myotubes, with 

sarcoplasmic TDP-43 visible during proliferation. This is contrary to previous results 

with mouse primary skeletal muscle cells where there is no TDP-43 observed in the 

sarcoplasm in myoblasts (327). Potentially, this could be a result of increased passage 

of the human primary cells resulting in a drift towards a more differentiated 

phenotype in the myoblasts despite observed proliferation. Indeed, this was evidenced 

by the observation of cells containing multiple nuclei in proliferating cultures. TDP-43 

expression was also not affected by differentiation timepoints, showing TDP-43 is 

equally important in proliferation and differentiation of skeletal muscle cells. 

p62 protein expression was not different between the three myogenesis time points 

examined, contrary to previous results showing p62 expression decreased with 

myogenesis due to increased autophagic activity (329). This suggests that further 

investigations of p62 via Western blotting with inflammatory mediators in subsequent 

chapters will not be affected by different levels of differentiation. To determine 

whether autophagic flux also increases with myogenesis in the cells used here, other 

markers of autophagy such as LC3 could be utilised.  

In subsequent chapters, TDP-43 and p62 were assessed for sarcoplasmic aggregation in 

myotubes with confocal microscopy, to see if inflammatory mediators trigger 

aggregation of these proteins similar to what is seen in sIBM. However, the 

aggregation of TDP-43 and p62 was not assessed during myogenic differentiation. 

Amyloid-like inclusions of TDP-43 have been found in the sarcoplasm during myogenic 

differentiation and are involved in regulating sarcomeric mRNA (327). Therefore, TDP-

43 sarcoplasmic aggregation may be different under the differentiation time points 

examined here, which was not examined. In subsequent chapters, TDP-43 
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sarcoplasmic aggregation was selectively assessed in myotubes, therefore any effects 

of differentiation on TDP-43 aggregation should be minimised. 

Sestrin-1 and sestrin-2 were both differentially regulated in myogenesis, however at 

different time points. Sestrin-1 is not maintained throughout myogenesis whilst 

sestrin-2 levels appear elevated at day 7, suggesting its continued presence is 

necessary for myotubes. Previously, sestrin-2 mRNA levels were only found to be 

significantly different from day 0 of differentiation after two days differentiation (330). 

Here, the results do not follow the same expression pattern. However, protein 

expression of sestrin-2 during myogenesis has not previously been examined, and it is 

possible that despite the peak mRNA at day 2, sestrin-2 protein continues to 

accumulate during differentiation at subsequent differentiation time points. The 

temporary upregulation of sestrin-1 during myogenic differentiation appears a novel 

finding, suggesting either sestrin-1 is important for myogenesis or is regulated by 

processes that are upregulated during myogenesis. Sestrin-1 knockout mice showed no 

difference in myofibre size or force generation, but have worsened disuse atrophy 

compared to wild type controls, but specific effects on differentiation or satellite cells 

were not examined (306). 

3.4.3 Summary 

Overall, this chapter shows that the features of TDP-43 and p62 that will be examined 

in later chapters are unlikely to be influenced by myogenesis. However, sestrin-1 and 

sestrin-2 are differentially expressed during myogenesis suggesting an importance for 

these proteins in myogenic differentiation. This, combined with the variability of 

myofusion between donors, may introduce some difficulty in interpreting results of 

sestrin expression with inflammatory treatments.  
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Chapter 4. Effect of IL-1β and IFNγ on myotubes 

4.1 Introduction 

An overview of the inflammatory cytokines IL-1β and IFNγ and their potential 

involvement in sIBM can be found in Section 1.9 and Section 1.10 respectively. An 

overview of in vitro work where myotubes were treated with IL-1β and IFNγ can be 

found in Section 1.17. Many of these previous studies have had a main focus of 

amyloid β or APP accumulation in myotubes. The effect of IL-1β on TDP-43 has 

previously been investigated in primary rat myotubes (219), showing IL-1β contributes 

to TDP-43 sarcoplasmic mislocalisation. However, few previous studies have focussed 

on the effects of IL-1β and IFNγ on p62 in human myotubes, the relationship between 

TDP-43 and p62 in myotubes treated with inflammatory cytokines, and the effect of 

combined IL-1β and IFNγ treatment on TDP-43 in human myotubes. 

Along with the fact IFNγ is upregulated in sIBM muscle and IL-1β and IFNγ have 

previously been used in sIBM in vitro investigations, adding these inflammatory 

cytokines to myotubes can more generally be used to investigate the response of 

muscle cells to inflammation. Furthermore, IFNγ and IL-1β may be secreted by immune 

cells that infiltrate into muscle in sIBM, namely CD8+ T cells and macrophages 

respectively (131, 147), so treatment with these cytokines may partially mimic the 

extracellular environment of sIBM. 

4.1 Aims and hypotheses 

The aim of this chapter is to build upon previous work with a stronger focus on TDP-43 

and p62 using IL-1β and IFNγ to investigate sIBM-like characteristics in skeletal muscle-

derived cells. Here the effect of IL-1β+IFNγ, or the two cytokines individually were 

investigated for effects on TDP-43 and p62 aggregation and expression, as well as TDP-

43 localisation. To characterise the relationship between p62 and autophagy, 

expression of LC3 was also explored. Furthermore, the effect on sestrin-1 and sestrin-2 

expression with inflammatory cytokine treatment was investigated. This chapter also 
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aims to address the more general question of whether inflammation such as here with 

addition of inflammatory cytokines, can preclude non-inflammatory features that are 

observed in sIBM. 

Based on previous work in primary rat myotubes (219), it is hypothesised that IL-1β 

treatment will cause mislocalisation of TDP-43 to the sarcoplasm. Treatment with IFNγ 

or IL-1β+IFNγ will also have an effect on TDP-43 localisation. It is hypothesised that any 

treatment with inflammatory cytokines will cause the size and frequency of TDP-43 

and p62 aggregates in the sarcoplasm to increase compared to control myotubes. 
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4.2 Methods  

4.2.1 Treatment of myotubes with IL-1β and IFNγ 

Treatment of skeletal muscle-derived cells with IL-1β, IFNγ, or these cytokines 

combined was performed as per Section 2.2. Cells were proliferated for two days 

before differentiation for seven days. Myotubes were treated with IL-1β (20 ng/mL), 

IFNγ (750 ng/mL) or IL-1β+IFNγ at the same concentrations for 48 hours. 

4.2.2 Cytotoxicity assay 

Cytotoxicity of IL-1β and/or IFNγ was assessed via LDH release as previously described 

in Section 2.3, except 2.32 x104 cells were grown in 48-well plates for the same length 

of time. 

4.2.3 Immunofluorescent microscopy 

Seeding of cells and staining for immunofluorescent microscopy was conducted as 

described in Section 2.4. Skeletal muscle-derived cells were differentiated for 7 days 

before addition of cytokines for 48 hours. 

4.2.4 TDP-43 localisation with IL-1β + IFNγ treatment  

TDP-43 subcellular localisation was assessed using widefield immunofluorescent 

images as described in Section 2.5. 

4.2.5 p62 puncta and TDP-43 sarcoplasmic aggregate analysis  

Immunofluorescent images obtained using confocal microscopy were used to analyse 

p62 and TDP-43 sarcoplasmic aggregation. p62 puncta analysis was performed as 

described in Section 2.6. TDP-43 sarcoplasmic aggregate analysis was performed as 

described in Section 2.7. 

4.2.6 Nuclear p62 puncta analysis  

As well as sarcoplasmic p62 analysis, for myotubes treated with IL-1β or IFNγ 

individually, nuclear p62 puncta size and frequency was assessed. The same images 

were used for analysis as in Section 4.2.5, except only the third slice in the six-slice z-
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stack was used for nuclear p62 analysis. Using Image J, the DAPI channel was 

converted to a binary mask, and the p62 channel was manually thresholded. The two 

resulting channels were multiplied together using the “image calculator” function in 

Image J to obtain p62 puncta in the nuclei only. p62 puncta size was assessed as 

described in Section 2.6. p62 puncta frequency was assessed in a similar way to the 

methods described in Section 2.6, except instead of normalising to cell mask area, 

frequency results were normalised to area occupied by the DAPI channel (nuclei area) 

that was obtained via the “measure” function.  

4.2.7 SDS PAGE and Western blotting 

SDS PAGE and Western blotting for TDP-43, p62, sestrin-1, and sestrin-2 were 

performed as described in Section 2.8. LC3 densitometry results were expressed as the 

LC3II/LC3I ratio by dividing the densitometry readings of LC3II by LC3I. Total LC3II was 

also assessed by dividing LC3II by GAPDH. 
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4.3 Results 

4.3.1 IL-1β and IFNγ alone or in combination are not cytotoxic to cultured 
myotubes 

To assess whether the concentrations of IL-1β and IFNγ investigated were cytotoxic to 

cultured myotubes, LDH release was measured from myotubes treated with IL-1β, 

IFNγ, or IL-1β+IFNγ after 48 hours incubation. There was no difference in cytotoxicity 

between the control group and any of the cytokine treatment groups (Figure 4.1 B). 

Two of the six donors showed high levels of LDH release even in the control group with 

a mean cytotoxicity between them of 84 %. When these two donors were excluded, 

the mean of the cytotoxicity percentage in the control group was 43 %, and there was 

no difference between the control group and cytokine treatment groups (one-way 

ANOVA p = 0.375). Microscopic images of myotubes cultured under each treatment 

condition were captured in a separate experiment to those used in the LDH release 

assay. This showed no discernible differences in cell morphology between the control 

group and the cytokine treatment groups (Figure 4.1 A). 

4.3.2 IL-1β and IFNγ combined caused increased p62 puncta size 

Confocal microscopy was used to image p62 puncta in the sarcoplasm of myogenic 

cells. Sarcoplasmic p62 displayed as small puncta and all myogenic cells examined 

showed p62 expression. p62 was also observable in the nucleus and with weak diffuse 

staining in the sarcoplasm (Figure 4.2). The effect of IL-1β+IFNγ combined treatment 

on p62 puncta size, and frequency relative to cell area was measured to see if the 

combination of IL-1β+IFNγ affects p62 aggregation. The relative frequency of p62 

particles was not affected by IL-1β+IFNγ compared to control (Figure 4.3 A). However, 

IL-1β+IFNγ treatment caused an increase in p62 puncta size compared to control 

(Figure 4.3 B). The mean size of p62 puncta in the control group was 0.28 ± 0.06 µm2, 

and in the IL-1β+IFNγ treatment group was 0.49 ± 0.13 µm2.  
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4.3.3 TDP-43 sarcoplasmic aggregation was not affected by IL -1β and IFNγ 
combined 

From the same images used to analyse p62 puncta (Figure 4.2), TDP-43 was also 

assessed to examine if IL-1β+IFNγ affected TDP-43 sarcoplasmic aggregation or 

colocalisation with p62. Figure 4.2 shows TDP-43 in the sarcoplasm was mostly diffuse, 

with occasional areas of small aggregation shown as areas with increased  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

(A) Phase contrast images of myotubes treated with cytokines. Scale bar = 100 μm. (B) 
Cytotoxicity relative to positive control. There was no difference in cytotoxicity between 
any of the conditions (one-way ANOVA p = 0.821). n = 6 myogenic donors.  

A 

B 

Figure 4.1 Cytotoxicity of IL-1β and IFNγ alone or in combination on myotubes. 

Control IL-1β 

IFNγ IL-1β+IFNγ 
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fluorescent intensity. TDP-43 was also observable in the nucleus. The frequency of 

TDP-43 sarcoplasmic aggregates relative to cell area was not different between control 

and IL-1β+IFNγ treated myotubes (Figure 4.5 A). Furthermore, TDP-43 aggregate size 

was not affected by IL-1β+IFNγ treatment (Figure 4.5 B). The mean TDP-43 aggregate 

size in the control group was 3.35 ± 1.28 µm2. Some TDP-43 aggregates were observed 

colocalised with p62 puncta. Any colocalisation was mostly partial, with only some of 

the TDP-43 aggregate area also showing p62 puncta staining (Figure 4.4). There was no 

difference in the percentage of TDP-43 aggregates that colocalised with p62 puncta 

between the control and IL-1β+IFNγ treatment group (Figure 4.5 C). The median 

percentage of TDP-43 aggregates that colocalised with p62 puncta was 10 ± 18 %. Not 

all images of myogenic cells showed TDP-43 aggregates. The frequency of images that 

contained any TDP-43 aggregates was not different between vehicle control and IL-

1β+IFNγ treatment groups (Figure 4.5 D). 

 

 

 

 

  

  

p62 TDP-43 p62 TDP-43  

DAPI Cell mask  

Control 

IL-1β+IFNγ 

Figure 4.2 TDP-43 and p62 staining with IL-1β and IFNγ.                                                                                                             Representative 
images of p62 and TDP-43 in myotubes with vehicle control (A) or IL-1β+IFNγ (B) 
treatment for 48 hours. Scale bar = 20 µm. 
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p62 
A 

                                                                                                                  (A) p62 particle 
frequency relative to cell mask (CM) area was not different between vehicle control and 
IL1-β+IFNγ (Student’s T test p = 0.241). (B) p62 particle size increased compared to 
control for myotubes treated with IL-1β+IFNγ (Student’s T test p = 0.0046). n = 6 
myogenic donors.  

Figure 4.3 p62 puncta size was increased with IL-1β+IFNγ. 

B 

p62 
CM 
TDP-43 
DAPI 

Figure 4.4 Examples of TDP-43 and p62 aggregates in myotubes.                                                                                                                               Image of a 
vehicle control treated myotube stained for p62 and TDP-43 under fluorescent 
microscopy. Arrows in insets show TDP-43 sarcoplasmic aggregates, with bottom 
inset showing a TDP-43 aggregate that colocalises with p62 puncta (white arrow). 
Scale bar = 20 µm. 
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4.3.4 TDP-43 subcellular localisation was not altered by treatment with IL-
1β and IFNγ combined 

To examine whether TDP-43 localisation changed with combined IL-1β+IFNγ 

treatment, the subcellular localisation of TDP-43 was classified for each cell as either 

within the nucleus, sarcoplasm, nucleus and sarcoplasm, or neither (not expressed) 

using widefield immunofluorescent microscopy. There was no difference in TDP-43 

 

 

  

A B 

C 

D 

D 

(A) The frequency of TDP-43 aggregates when normalised to cell area through cell 
mask staining was not different between control and IL-1β +IFNγ treated myotubes 
(Mann-Whitney U test p = 0.589). (B) The size of TDP-43 aggregates was not different 
between control IL-1β+IFNγ treated myotubes, (Student’s T test p = 0.376). TDP-43 
aggregates were sometimes co-localised with p62 (C), but there was no difference in 
co-localisation between control and IL-1β+IFNγ treatment (Mann-Whitney U test p = 
0.502). (D) There was no difference in the likelihood of images containing TDP-43 
aggregates between treatment conditions (Fisher’s exact test p = 0.341, four images 
(each with three z-stacks) for of six donors).  n = 6 myogenic donors. 

 

Figure 4.5 TDP-43 aggregate size or frequency was not affected by IL-1β+IFNγ. 
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localisation between the control group and IL-1β+IFNγ treatment group (Figure 4.6). 

There was also no difference in the distribution of TDP-43 within the subcellular 

compartments as assessed via two-way ANOVA (p = 0.0812), suggesting TDP-43 is 

spread evenly between these compartments. 

4.3.5 p62 puncta size or frequency were not affected by IL-1β or IFNγ 
treatment individually 

Following on from the finding that IL-1β+IFNγ treatment caused an increase in p62 

sarcoplasmic puncta size, the effect of these cytokines individually was assessed to 

examine whether this size increase is due to one of these cytokines only. The TDP-43 

analyses were also conducted for IL-1β or IFNγ individually. Three of the same 

myogenic donors were used that were used for IL-1β+IFNγ analysis, and two different 

donors that were not used for IL-1β+IFNγ analysis were assessed. This was due to 

limited stocks of some of the myogenic donors used for IL-1β+IFNγ experiments.  

Confocal microscopy was used to assess p62 puncta in the sarcoplasm (Figure 4.7). All 

myogenic cells showed p62 expression which was localised both to distinct puncta and 

also showed weakly diffuse staining in the sarcoplasm. p62 frequency relative to cell 

area was not different between control and either IL-1β or IFNγ (Figure 4.8 A). 

Furthermore, the size of p62 puncta was not different between control and either IL-

1β or IFNγ treatment (Figure 4.8 B). The mean p62 puncta size in the control group was 

0.33 ± 0.03 µm2. 
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4.3.6 TDP-43 sarcoplasmic aggregation was not affected by IL -1β or IFNγ 

The effect of IL-1β or IFNγ treatment individually on TDP-43 sarcoplasmic aggregation 

was also assessed. Figure 4.7 shows TDP-43 within IL-1β, IFNγ or control myotubes. In 

the displayed images, TDP-43 was located diffusely throughout the sarcoplasm and 

  

  

                                                                                                                 Immunofluorescent 
images of TDP-43 distribution within myotubes. Scale bar = 100 µm. There was no 
difference in TDP-43 localisation between control myotubes and those treated with IL-
1β+IFNy (two-way ANOVA p 0.822). n = 5 myogenic donors.  

TDP-43 

Control IL-1β+IFNγ 

Figure 4.6 IL-1β+IFNγ does not affect TDP-43 localisation. 

TDP-43   DAPI   cell mask 
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was either weakly present or mostly absent from the nucleus. There was no difference 

between the control group and IL-1β, or control and IFNγ for TDP-43 aggregate 

frequency relative to cell area (Figure 4.9 A). Furthermore, there was no difference 

between the control group and either IL-1β or IFNγ for TDP-43 aggregate size (Figure 

4.9 B). The mean TDP-43 sarcoplasmic aggregate size in the control group was 0.89 ± 

0.21 µm2. Not all images of myogenic cells contained TDP-43 aggregates. There was no 

difference in the frequency of images that contained any TDP-43 aggregates between  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

Control 

p62 TDP-43  

DAPI Cell mask  

 IL-1β IFNγ p62 

TDP-43 

Figure 4.7 TDP-43 and p62 in IL-1β or IFNγ treated myotubes.                                                                                                                         Representative 
immunofluorescent images of p62 and TDP-43 in myotubes treated with IL-1β or 
IFNγ compared to vehicle control. Scale bar = 20 µm. 
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the three treatment conditions of control, IL-1β, or IFNγ (Figure 4.9 D). Some TDP-43 

puncta colocalised with p62, however there was no difference between control 

myotubes and either IL-1β or IFNγ for the percentage of TDP-43 aggregates that 

colocalised with p62 puncta (Figure 4.9 C). The median percentage colocalisation in the 

control group was 4 ± 8 %. 

 

 

 

4.3.7 TDP-43 subcellular localisation was not affected by IL -1β or IFNγ  

To investigate whether IL-1β or IFNγ individual treatments affected TDP-43 

localisation, immunofluorescent imaging was used to classify TDP-43 subcellular 

location. There was no difference between the control group and either IL-1β or IFNγ 

for the distribution of TDP-43 within the subcellular compartments (Figure 4.10). 

However, the distribution of TDP-43 between the subcellular compartments regardless 

of treatment condition was different (two-way ANOVA p < 0.0001), showing that TDP-

43 was not distributed evenly within cells. The subcellular localisation that showed the 

highest percentage of TDP-43 was nuclei and sarcoplasm with 60 ± 8 % of cells (two-

way ANOVA with Tukey’s post-hoc test). 

 

  

  

A B 

(A) There was no difference in p62 particle frequency relative to cell area between any 
condition (p = 0.587). (B) There was no difference in p62 puncta size between conditions 
(p = 0.660). n = 5 myogenic donors. One-way ANOVA. 

Figure 4.8 p62 puncta frequency or size was not affected by IL-1β or IFNγ treatment. 
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Figure 4.9 TDP-43 aggregate size or frequency was not affected by IL-1β or 
IFNγ.             (A) There was no difference in TDP-43 aggregate frequency relative to cell 
area (p = 0.421), or TDP-43 aggregate size (B, p = 0.152) between the treatment 
conditions. (C) The percentage of TDP-43 aggregates that colocalised with p62 
particles was not different between any condition (p = 0.729). (D) There was no 
difference in the presence of TDP-43 aggregates within images between the 
conditions (Chi-square p = 0.392). n = 5 myogenic donors. One-way ANOVA or 
Kruskal-Wallis test. 
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4.3.8 p62 expression was increased with IL-1β and LC3II/LC3I ratio was 
increased with IL-1β+IFNγ  

Following the discovery that combined IL-1β and IFNγ treatment caused increased p62 

puncta size, the effect of IL-1β+IFNγ as well as these cytokines individually was 

assessed on p62, TDP-43, and LC3 protein expression using Western blotting (Figure 

4.11 A). Densitometry analysis showed p62 protein expression normalised to GAPDH 

was not different compared to control for IL-1β+IFNγ or IFNγ. However, treatment 

with IL-1β increased p62 protein levels approximately 2.5-fold compared to control 

(Figure 4.11 B). There was no difference between any of the treatment conditions for 

TDP-43 protein expression relative to GAPDH (Figure 4.11 C).  

To further understand changes in p62, the autophagic marker LC3 protein expression 

was also examined to see if p62 changes were due to autophagic flux. Compared to 

control, myogenic cells treated with IL-1β+IFNγ showed increased LC3II/LC3I ratio, 

whilst IL-1β or IFNγ individually showed no difference. The mean LC3II/LC3I ratio in 

control was 0.22 ± 0.04 and in IL-1β+IFNγ was 0.72 ± 0.15, a 3.2 fold increase. All 

LC3II/LC3I ratios were below 1 showing higher expression of LC3I than LC3II (Figure 

4.11 D). However, when assessing LC3II expression normalised to GAPDH, there was no 

difference between any of the conditions (Figure 4.11 E).  
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IL-1β IFNγ Control 

TDP-43 

TDP-43   DAPI   cell mask 

Figure 4.10 IL-1β or IFNγ does not affect TDP-43 localisation.                                                                                                                      Immunofluorescent 
images of TDP-43 distribution within myotubes. Scale bar = 100 µm. There was no 
difference in TDP-43 localisation between control myotubes and those treated with 
either IL-1β or IFNy (two-way ANOVA p = 0.999). n = 5 myogenic donors.  
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Figure 4.11 p62 expression was increased with IL-1β and LC3II/LC3I ratio increased 
with IL-1β+IFNγ. 

A B 

C 

                                   (A) Western blot of p62, TDP-43, and LC3 with GAPDH loading control. 
(B) p62 densitometry normalised to GAPDH. There was an increase compared to control 
for p62 protein expression with IL-1β treatment (p = 0.0223). There was no difference in 
p62 expression compared to control for IL-1β+IFNγ (p = 0.119) or IFNγ (p = 0.147). (C) 
Densitometry analysis of TDP-43 protein expression normalised to GAPDH. There was no 
difference in TDP-43 between any of the conditions (one way ANOVA p = 0.384). (D) Ratio 
of LC3II to LC3I expression. IL-1β+IFNγ increased LC3II/LC3I ratio compared to control (p = 
0.0116). There was no difference compared to control for IL-1β (p = 0.737), but there was 
weak evidence that LC3II/I ratio increased with IFNγ (p = 0.0545). (E) Total LC3II relative to 
GAPDH. There was no difference between any of the conditions (one-way ANOVA p = 
0.352). One-way ANOVA with Dunnett’s multiple comparisons. n = 6 myogenic donors. 
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4.3.9 p62 nuclear puncta size or frequency was not affected by IL -1β or 
IFNγ 

Following on from the discovery that p62 protein levels were increased with IL-1β 

treatment compared to control, without affecting p62 sarcoplasmic puncta size or 

frequency, nuclear p62 puncta were analysed to see if this accounts for the increase in 

p62 protein. It was noticed that a few p62 puncta were localised to the nucleus, whilst 

the majority of puncta were found in the sarcoplasm (Figure 4.12 A). p62 puncta 

frequency relative to nuclei area was not different between control and either IL-1β or 

IFNγ (Figure 4.12 B). Furthermore, the size of p62 puncta in the nucleus was not 

affected by IL-1β or IFNγ treatment compared to control (Figure 4.12 C). The mean size 

of p62 puncta in the nucleus was 0.22 ± 0.05 µm2. 
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Figure 4.12 p62 nuclear puncta were not affected by IL-1β or IFNγ treatment. 

p62 p62   DAPI   cell mask 
A 
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                                                                                                                                                      (A) 
Image of a myotube treated with IL-1β. Inset shows nuclear p62 puncta. (B) Frequency of 
p62 puncta normalised to nuclear area. There was no difference between any of the 
treatments for p62 nuclear puncta frequency (one-way ANOVA p = 0.186). (C) Size of 
nucleus-located p62 puncta was not different between treatment conditions (one-way 
ANOVA p = 0.731). n = 5 myogenic donors. 
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4.3.10 Sestrin-2 protein levels were increased with IFNγ, but not IL -1β or 
combined IL-1β and IFNγ treatment  

To examine if cytokine treatment with IL-1β, IFNγ, or these cytokines combined 

affected sestrins, Western blotting was used to assess protein expression of sestrin-1 

and sestrin-2. Densitometry analysis showed IL-1β+IFNγ or IL-1β alone did not change 

sestrin-2 protein levels relative to vehicle control. However, treatment with IFNγ alone 

caused an increase in sestrin-2 protein expression relative to control, with an 

approximate 2-fold increase between expression medians (Figure 4.13 A). It was 

noticed that sestrin-2 had two electrophoretic bands, termed here heavy (higher 

weight) and light (lower weight). For each of the six donors, the distribution of the 

electrophoretic bands was described (Figure 4.13 B). Between the treatment 

conditions, the sestrin-2 band distribution appeared different with IL-1β showing more 

donors with light band expression and IFNγ showing mostly heavy band expression. It 

was not possible to assess the relative distribution of these bands using densitometry 

as they were too close together. Sestrin-1 protein expression was also assessed using 

Western blotting. Densitometry analysis showed there was no difference in sestrin-1 

protein expression between the control and any cytokine treatment (Figure 4.13 C). 

4.3.11 Control conditions with IL-1β+IFNγ or IL-1β/IFNγ experiments were 
comparable 

As previously mentioned, only three of the donors were the same for the two sets of 

experiments with IL-1β+IFNγ combined, or IL-1β or IFNγ individually. Six donors were 

used for IL-1β+IFNγ, whereas five donors were used for IL-1β or IFNγ for p62 and TDP-

43 sarcoplasmic aggregation analysis. It is not possible to make direct comparisons 

between the two experiments due to the different donors and the fact the 

experiments were not conducted at the same time. However, to ensure a level of 

consistency between the two experiments was maintained, the results from the two 

control conditions were compared (using Student’s T test). There was no difference 

between the controls for p62 frequency (p = 0.116), p62 size (p = 0.208), TDP-43 

frequency (p = 0.578), TDP-43 size (p = 0.120), or TDP-43-p62 colocalisation (p = 0.145). 

There was also no difference in TDP-43 localisation between the two experimental 

controls (two-way ANOVA p = 0.474). 
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                                                                                                                                                      (A) 
Total sestrin-2 protein levels relative to GAPDH. There was increased sestrin-2 expression 
with IFNγ compared to control (p = 0.0212), but not with IL-1β+IFNγ (p = 0.387) or IL-1β 
(p = 0.244). (B) In some samples, two protein bands were visible with Western blotting, a 
heavy and light band. For IL-1β+IFNγ, one donor was not included as it was not clear 
which of the two bands was expressed. The presence and distribution of each band 
appeared variable between conditions and donors. (C) Sestrin-1 protein expression was 
not affected by any cytokine treatment (p = 0.684). Kruskal-Wallis with Dunn’s multiple 
comparisons or one-way ANOVA with Dunnett’s multiple comparisons, n = 6 myogenic 
donors. 

Figure 4.13 Sestrin-2 and sestrin-1 expression with IL-1β and IFNγ treatment. 
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4.4 Discussion  

This chapter explored the effects of IL-1β and IFNγ on TDP-43, p62, and sestrins in 

cultured primary human myotubes, building upon previous work using these cytokines 

in cultured myogenic cells to investigate sIBM features, with a stronger focus on TDP-

43 and p62. Treatment of myotubes with inflammatory cytokines IL-1β and IFNγ has 

been purported to increase protein aggregation based on increased generalised 

immunofluorescent signal of thioflavin-S (145, 290), a dye that binds amyloidogenic 

proteins (342). As well as IL-1β and IFNγ, TNFα and IFNγ combined treatment has also 

been used to investigate sIBM features in vitro (145, 219, 290, 295), which may be 

more representative of the sIBM inflammatory milieu as both of these cytokines are 

secreted by CD8+ T cells, the most abundant immune cells in sIBM muscle. However it 

has previously been shown that combined treatment of IFNγ and TNFα causes 

cytotoxicity to cultured human muscle cells, whilst individual treatments did not (343). 

Overall the relationship between inflammation and non-inflammatory features in sIBM 

is currently poorly understood. The aim of this chapter was to understand whether 

inflammation in the form of IL-1β and/or IFNγ may be responsible for inclusion body 

formation containing TDP-43 and p62 in human myotubes. 

Firstly, the cytotoxic effects of IL-1β and IFNγ either individually or combined was 

assessed. Even in the control group there was relatively high cytotoxicity. This may 

represent suboptimal culture conditions of myotubes, which may be due to the long 

duration of differentiation of nine days, or due to using smaller 48-well plates for this 

experiment. In subsequent chapters using the same culture length but larger 24-well 

plates, control cytotoxicity was not as high as observed in this chapter suggesting a 

larger surface area than 48-well plates may be needed for survival of myotubes. 

Despite this, IFNγ and/or IL-1β did not exhibit cytotoxicity when used alone or in 

combination compared to untreated cells. This corroborates previous findings showing 

IFNγ is not cytotoxic to cultured human muscle cells (343, 344). On the other hand, 

previous results show treatment of human myotubes with IL-1β and IFNγ combined 

caused increased staining with propidium iodide, indicating increased cell death (295), 
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which was not observed here with cytotoxicity assessment. IL-1β treatment has also 

been found to increase DNA breaks when added during human myoblast proliferation 

(136). These different cytotoxic responses of cytokines may be due to differences in 

experimental set up. For example differences in incubation time, with 48 hours used 

here and 72 hours used by Schmidt et al (295), or adding IL-1β during differentiation 

instead of proliferation (136). The concentration of IL-1β chosen here has been used in 

previous studies of sIBM using human muscle cells (145, 290, 295). However, the IFNγ 

concentration was very high which is unlikely to be representative of in vivo 

conditions. A range of IL-1β and IFNγ concentrations should have been tested for their 

effects on TDP-43 and p62 to ensure that no concentration-dependent effects were 

missed. Furthermore, it would have been beneficial to analyse a range of durations of 

cytokine administration. However, the image analysis required for p62 and TDP-43 

analysis was a rate-limiting step so this was not undertaken. 

4.4.1 TDP-43 

Addition of IL-1β+IFNγ or these cytokines individually did not cause TDP-43 

aggregation within the sarcoplasm. This suggests that IL-1β or IFNγ may not cause 

aggregation of p62 in these skeletal muscle cells. Previously, combined treatment of 

primary human myotubes with IL-β and IFNγ caused protein aggregation observed 

through increased immunostaining of thioflavin-S (145, 290), which stains aggregated 

amyloidogenic proteins (345). Whilst there was increased overall signal from 

thioflavin-S (145, 290), this appeared throughout the sarcoplasm of myotubes and was 

not localised to separate aggregates, so this may not be a comparable method for 

identifying individual aggregates that were analysed here. Treatment of primary rat 

myotubes with IL-1β and TNFα did not cause inclusion-like bodies when assessing 

amyloid-β, TDP-43, and ubiquitin aggregation (219). Whilst TDP-43 aggregates were 

identified here under all conditions. These differences between studies in the 

aggregation of proteins in the sarcoplasm with inflammatory cytokine treatment could 

be due to the different treatment cytokines used, the difference in source material 

(human vs rat), and/or the different methods of aggregation identification used. 
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Mislocalisation of TDP-43 into the sarcoplasm without apparent nuclear localisation 

has been described in sIBM skeletal muscle (100). This phenomenon has also been 

shown in previous in vitro sIBM investigations with overexpression of β-amyloid or 

treatment of primary rat myotubes with IL-1β (219). In ALS, loss of nuclear TDP-43 

caused dysregulation of RNA splicing (346), and deficits in DNA repair mechanisms 

(347). Here, TDP-43 localisation was not affected by any treatment with IL-1β or IFNγ, 

contradictory to previous results with IL-1β treatment in primary rat muscle cells 

showing increased sarcoplasmic localisation (219). This may be due to different 

specificities of antibodies used, with a C-terminus-specific antibody showing TDP-43 

mislocalisation in rat myotubes (219), whereas here a polyclonal antibody recognising 

N-terminus as well as a central TDP-43 epitope (348) that is contained within the 

truncated 35 kDa TDP-43 fragment (83, 349) was used. Both antibodies should also 

detect full-length TDP-43. Indeed, Ahmed et al (219) noted that staining with N-

terminal TDP-43 was localised to the nucleus only under control and cytokine 

treatment conditions. This raises interesting questions about the cleavage state of 

TDP-43 after exposure to inflammatory cytokines.  

The antibody used here has also previously been used to stain sIBM muscle showing 

sarcoplasmic aggregation and lack of nuclear localisation (100, 350), as well as loss of 

nuclear localisation in cultured sIBM myotubes (351). Some cells under control 

conditions also showed TDP-43 localisation to the sarcoplasm without clear nuclear 

expression, suggesting this may also be displayed in healthy myotubes. It is not clear 

why treatment of IL-1β failed to recapitulate TDP-43 localisation as previously 

described, potentially a species-specific difference may exist. Analysis was not 

restricted to multinucleated myotubes, but as TDP-43 localisation was not affected by 

myotube differentiation (see Section 3.3.5 and Figure 3.8) this should not interfere 

with interpretations. The effect of IL-1β and IFNγ combined or IFNγ alone on TDP-43 

localisation has not previously been reported. This also showed no effect on TDP-43 

localisation. All together, these results suggest that exposure to inflammatory 

cytokines does not cause TDP-43 mislocalisation in these muscle cells. However, to 

fully test this, it would be necessary to perform experiments with multiple 

concentrations of IL-1β and/or IFNγ for varying exposure times.  
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It has previously been found that compared to controls, sIBM patients have increased 

muscular expression of TDP-43 (97, 98). There was no truncated TDP-43 protein bands 

observed at 25-35 kDa, which are more cytotoxic and found in ALS inclusions (88) and 

increased in sIBM (98). Contrary, a separate study found no increased full-length TDP-

43 in the soluble fraction with sIBM compared to healthy muscle, but an increase was 

observed in the SDS soluble fraction. Further, 35 and 25 kDa TDP-43 were observed in 

the soluble fraction with a higher expression in sIBM muscle (98). These C-terminal 

fragments are less soluble, so may not be sufficiently solubilised with the RIPA lysis 

buffer method used here. Another denaturant such as high concentration urea (352) 

could be used to assess 23-35 kDa TDP-43 fragments, which may show different results 

to the intact TDP-43 protein expression. 

Alternative to the hypothesis tested here, it is also possible that non-inflammatory 

features of sIBM including TDP-43 and p62-containing inclusion bodies are capable of 

triggering inflammation. Much of the previous work investigating TDP-43 has been in 

the context of ALS, FTLD, and Alzheimer’s disease. In fact, TDP-43 overexpression in 

astrocytes caused increased secretion of proinflammatory cytokines including IL-1β, IL-

6, and TNFα (353). Further, exposure of microglia to extracellular TDP-43 aggregates 

lead to IL-1β secretion (354), and similarly extracellular exposure of microglia to wild 

type, truncated, or mutant TDP-43 activated microglia and upregulated TNFα and IL-1β 

expression (355). In iPSC-derived motor neurones, TDP-43 can trigger mitochondrial 

DNA release, which causes upregulation of type I IFN expression (IFNα and IFNβ) (356). 

In favour of inflammation precluding TDP-43 pathology it was found treatment of 

mouse astrocytes and microglia with TNFα or lipopolysaccharide (LPS) as inflammatory 

stimuli caused increased sarcoplasmic expression of TDP-43. Further, treatment with 

LPS/TNFα of wild type and transgenic mice expressing a fragment of TDP-43 A315T 

gene showed increased ratio of TDP-43 in the cytoplasm compared to nucleus in the 

spinal cord as well as increased insoluble fraction of TDP-43 protein (357). The 

involvement of TDP-43 in neuroinflammation has been reviewed (358). Potentially 

there exists a bidirectional or positive feedback relationship where TDP-43 promotes 

release of inflammatory cytokines which in turn promotes further TDP-43 pathology, 
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or inflammation triggers TDP-43 pathology which promotes further inflammation of 

surrounding immune cells. 

Interestingly, IL-1β may be associated with amyloid plaque clearance in an APP 

overexpressing mouse model of Alzheimer’s disease (359, 360). This anti-β amyloid 

effect is also seen for IFNγ (361), TNFα (362), and IL-6 (363) through activation of 

microglia. This suggests inflammatory cytokines play a beneficial role in regulating β 

amyloid aggregation. Potentially the two proteins TDP-43 and APP/β amyloid have 

different involvements with the immune system despite their shared propensity to 

aggregate. In the context of the central nervous system, there is evidence to the 

contrary of the hypothesis that inflammation triggers TDP-43 aggregation, and the 

relationship may be more nuanced. However, the pathology of TDP-43 in the CNS and 

skeletal muscle may not be easily transferrable, due to tissue-specific roles for TDP-43 

(109). Fewer studies have focussed on the interaction of TDP-43 and the cytokines in 

skeletal muscle compared to the nervous system. In transgenic mice with muscle-

specific expression of wild type TDP-43, aggregates of TDP-43 were observed as well as 

fibre size variation and upregulated endoplasmic reticulum stress. However, there was 

no infiltration of immune cells into the muscle, suggesting TDP-43 aggregation is 

insufficient to trigger the immune response observed in sIBM (364). 

4.4.2 LC3 

Autophagy is the process by which material is degraded through the use of lysosomes. 

As described in Section 1.7, p62 functions as a selective receptor in autophagy where it 

binds polyubiquitinated proteins for recognition by LC3 for autophagosome formation. 

LC3 exists in two forms, the cytosolic soluble LC3I and the phosphatidylethanolamine 

conjugated LC3II. During autophagy LC3I is converted to LC3II when it associates with 

the inside of autophagosome membranes. With fusion to the lysosome, LC3II is 

degraded along with the autophagosome contents (365). The ratio of LC3II to LC3I is 

sometimes used to monitor autophagic flux, with an increased ratio representing 

higher autophagic activity. Alternatively, measurement of LC3II expression between 

experimental conditions relative to a loading control is used, due to problems with 

calculating the LC3II/LC3I ratio including the higher affinity of LC3II compared to LC3I 
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for antibodies used to probe their expression (366, 367). Ideally, measurements of 

autophagic flux are compared to treatment with autophagy inhibitors such as 

bafilomycin A1 or chloroquine, to prevent lysosomal degradation of LC3II and thus 

accurately measure whether LC3II increases are due to autophagy blockade or 

increased autophagic flux (366). Here, LC3 protein expression was utilised to further 

understand changes in p62. LC3 itself is relevant to the disease phenotype of sIBM, 

where the number of muscle fibres expressing LC3 is higher than in polymyositis fibres 

(102, 242), increased LC3II expression is observed in sIBM muscle compared to control 

(368), and LC3 aggregates are larger in sIBM than other inflammatory myopathies 

(117). 

4.4.3 IL-1β and p62  

IL-1β significantly increased p62 protein expression. p62 degradation is often used as a 

marker of increased autophagic flux (369), thus its increased expression with IL-1β may 

suggest a disruption to the autophagic machinery. However, p62 protein increase was 

not accompanied by an increase in p62 puncta size or frequency or LC3II changes, 

which would be expected if autophagy was inhibited. Therefore, the increase in p62 

expression may reflect alterations in pathways other than autophagy. p62 protein 

expression is increased when the proteasome is inhibited (114), which could be the 

cause of the observed p62 increase here. However, there is no current indication that 

IL-1β is able to inhibit proteasomal function.  

Alternatively, IL-1β can increase p62 protein expression which may be independent of 

proteasomal or autophagic pathways. NF-κB which is downstream of the IL-1 receptor 

can activate p62 expression. p62 is itself an activator of NF-κB signalling, promoting a 

positive feedback loop for NF-κB activation (370). It has previously been shown that IL-

1β can upregulate p62 expression in prostate cancer cell lines. However, this p62 

increase was lower than that of cells treated with the autophagy inhibitor chloroquine, 

showing that p62 increase with IL-1β was not due to autophagy blockade, but it was 

not clear if increased p62 was due to autophagic flux. This also corresponded to an 

increase in diffuse staining pattern of p62 (371). The mechanism of p62 protein 

increase with IL-1β in this study may however be specific to pancreatic (and breast) 
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cancer cell lines where it plays a role in acquired hormone receptor independence 

through IL-1β signalling (372). On the other hand, in nucleus pulposus cells, treatment 

with IL-1β decreased p62 protein expression through activation of autophagy (373). In 

macrophages, treatment with LPS causes activation of NF-κB, which causes increased 

expression of p62 (374). In both microglia and tri-cultures of microglia, neurones, and 

astrocytes, treatment with IL-1β caused increased p62 protein expression without 

altering the LC3II/LC3I ratio compared to untreated cells. When treating with IL-1β in 

the presence of the autophagy inhibitor bafilomycin A1, LC3II/LC3I ratio and p62 

expression was increased compared to non-IL-1β treated autophagy inhibited cells, 

suggesting IL-1β was activating autophagy (375). The role of IL-1β on p62 may be organ 

or cell line specific. It would be interesting to further probe the mechanism of IL-1β 

induced p62 upregulation in these muscle cells by investigating the expression of NF-

κB proteins, as well as the effect of IL-1β treatment with NF-κB blockade on p62 

expression levels.  

To further investigate the increased protein expression of p62 with IL-1β, nuclear 

puncta analysis of p62 was conducted to see if non-sarcoplasmic changes were 

responsible for increased p62 expression. Nuclear analysis showed no change in p62 

puncta size or frequency with IL-1β compared to control suggesting the increased 

protein expression was not due to non-sarcoplasmic changes. Therefore, it is not clear 

how the increase in p62 protein with IL-1β translates into a change in p62 in terms of 

its cellular distribution. Potentially this discrepancy could be due to different 

sensitivities of the two techniques, with Western blotting able to detect changes in 

protein levels better than analysis of p62 puncta immunofluorescent staining. 

Alternatively, myotubes also contained weak p62 staining diffusely throughout the 

sarcoplasm and occasionally in the nucleus, that was not included in puncta analysis as 

it was removed through thresholding which could account for this change. It is 

important to note that p62 Western blotting analysis included one extra donor that 

was not used for p62 (and TDP-43) immunofluorescence analysis with IL-1β or IFNγ. 

However, exclusion of this donor in p62 densitometry analysis does not influence the 

results. 
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4.4.4 IFNγ or IL-1β+IFNγ and p62 

Unlike IL-1β, there was no effect of IFNγ individual treatment on p62 expression, 

puncta size or frequency. The relationship between IFNγ and p62 has previously been 

examined. In the liver epithelial tumourigenic Huh7 cell line, treatment with IFNγ 

induced autophagy resulting in a concentration and time-dependent decrease in p62 

protein expression (376). On the other hand, in nasal epithelial cells, treatment with 

IFNγ caused increased autophagic flux as detected by LC3. However, this was 

accompanied by increased expression of p62 protein which was not due to autophagy 

deficiency as shown by bafilomycin A1 treatment. The authors concluded IFNγ 

increased autophagy in these cells but insufficiently, which contributed to increased 

apoptosis (377). Furthermore, in the mouse macrophage-like cell line Raw 264.7 IFNγ 

treatment after 24 hours caused increased p62 protein expression (378). IFNγ 

influenced the recruitment of p62 and ubiquitin to Toxoplasma-containing vacuoles in 

mouse embryonic fibroblasts (379). A similar effect was also seen for IFNγ treatment 

and recruitment of p62 to Burholderia cenocepacia co-localisation, with IFNγ 

treatment in infected cells accompanied by decreased p62 expression due to increased 

autophagy (380). Like IL-1β, there appears to be differential effects of IFNγ on p62 

expression. This highlights the pleiotropic roles of p62, as well as potential cell type 

specific differences. The lack of effect of IFNγ treatment here on p62 may suggest that 

in skeletal muscle cells, there is no effect of IFNy on autophagy. 

IL-1β+IFNγ caused an increase in p62 puncta size without increasing total p62 protein 

expression of puncta frequency. IL-1β+IFNγ also increased LC3II/LC3I ratio without 

increasing total LC3II expression. An increase in LC3II/LC3I ratio suggests increased 

autophagic flux, however this would usually be accompanied with a decrease in p62 

expression which was not seen here, as well as an increase in total LC3II protein. An 

increase in p62 puncta size could represent an increase in autophagic activity, a 

blockade of autophagy, or represent an unrelated process. Co-immunofluorescent 

staining of puncta with p62 and LC3 may help elucidate if the observed larger p62 

puncta with IL-1β+IFNγ were autophagosomes. Co-treatment with IL-1β+IFNγ and 

autophagy inhibitors prior to Western blotting would also help answer the cause of 
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p62 puncta size increase. At present the relationship between IL-1β+IFNγ treatment 

and autophagy in these cells is not clear. However, the increase in p62 puncta size with 

IL-1β+IFNγ is unlikely to represent p62 aggregation or inclusion body formation as seen 

in sIBM, as these aggregates are much larger at up to 10 µm in diameter (118). 

Interestingly, the effect of IL-1β+IFNγ on p62 puncta size and LC3II/LC3I ratio appeared 

independent of the effects of these two cytokines used individually. This suggests a 

potential co-operative effect in the signalling pathways of these two cytokines. 

There was some colocalisation of p62 puncta with TDP-43 aggregates under all 

conditions, however this was mostly partial with the rare occurrence of complete 

colocalisation between the two proteins. The frequency of TDP-43 puncta that 

colocalised with p62 with any cytokine treatment was low and not different to control, 

further suggesting a lack of induction of inclusion body formation with treatment of 

these cytokines. 

4.4.5 Sestrins 

Sestrins are proteins involved in stress sensing, skeletal muscle homeostasis and 

response to exercise (see Section 1.18). Sestrins have not previously been implicated in 

sIBM. However due to their stress-sensing and muscle homeostatic roles, their 

expression and activity in skeletal muscle may be beneficial in protecting against sIBM 

muscle damage. The effect of inflammatory cytokines IL-1β and/or IFNγ were 

examined on sestrin-2 protein expression here, with a two-tailed hypothesis. 

Sestrin-1 protein levels were not affected by any cytokine treatment compared to 

control cells. However, sestrin-2 was increased with IFNγ treatment compared to 

controls, whilst IL-1β or combined IL-1β+IFNγ showed no effect. The influence of IFNγ 

on sestrin-2 expression has not previously been reported. The different effects of IFNy 

on the two sestrins highlights that sestrin-1 and sestrin-2 expression are likely 

differentially regulated, which was also observed in myogenesis in Chapter 3 (Section 

3.3.7 and Section 3.3.8). The differential effect of IFNγ on the two examined sestrins 

may mean sestrin-2 increase with IFNγ is caused by a function that is not shared with 

sestrin-1. Both sestrin-1 and sestrin-2 are pleiotropic proteins that have multiple 
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functions, some of which overlap. According to a recent review by Chen et al (302), 

compared to sestrin-1, sestrin-2 has additional effects of maintaining glucose and 

insulin homeostasis, and inhibiting DNA damage and ER stress. IFNγ has previously 

been shown to induce ER stress in lung cancer cells, whilst also causing apoptosis 

(381). IFNγ has been shown to cause decreased expression of genes related to 

metabolic homeostasis (170, 173). Sestrin-2 is necessary for the regulation of energy 

homeostasis where it is required for liver insulin responsiveness ang glucose tolerance 

(382). Potentially IFNγ induces either ER stress or metabolic disruption in muscle cells 

that leads to increased sestrin-2 expression, which would be interesting to examine 

further. 

Two bands of sestrin-2 were observable with Western blotting. When resolved on a 

polyacrylamide gel with reduced bisacrylamide, sestrin-2 separates into 

electrophoretic bands based on its phosphorylation state. When leucine is added to 

cells, α, β, and γ bands are present. However, when cells are starved of leucine, a 

fourth electrophoretic band appears termed δ. As well as appearance of the δ band, 

leucine starvation causes a decrease in the α band. The amount of sestrin-2 in the δ 

band negatively correlates with mTORC1 activation, suggesting this electrophoretic 

shift may be responsible for repressing mTOR signalling in response to leucine levels as 

opposed to sestrin-2 protein upregulation (383). As not all five sestrin-2 bands were 

observable here it is not possible to determine which electrophoretic bands the two 

observed bands correspond to. It would be interesting to perform the Western blotting 

with 7.5 % polyacrylamide gels with 0.19 % bis-acrylamide (383) to examine the full 

range of sestrin-2 electrophoretic bands. 

4.4.6 Summary 

Overall, the addition of the inflammatory cytokines IL-1β and IFNγ either individually or 

combined at the concentrations tested failed to recapitulate the phenotype of 

sarcoplasmic TDP-43 and p62 aggregation observed in sIBM. Although the size of p62 

puncta were increased with IL-1β+IFNγ treatment, this was not accompanied by 

increased protein expression and it was unclear whether the larger p62 puncta were 

due to increased autophagic flux. This suggests treating myotubes with IL-1β+IFNγ may 
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not be a useful model of sIBM. IL-1β increased expression of p62 protein without 

influencing p62 puncta, most likely through an autophagy-independent mechanism. 

The lack of effect on TDP-43 with some effects observed with p62, along with the lack 

of colocalisation suggests differential regulation of these two proteins under exposure 

to inflammatory cytokines. Equally, sestrin-1 and sestrin-2 had different responses to 

IFNγ, with no effect on sestrin-1 and upregulation of sestrin-2 protein expression, a 

novel finding in muscle cells. 
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Chapter 5. Effect of macrophage conditioned medium on 
myotubes   

5.1 Introduction 

Other than cytotoxic CD8+ T cells, one of the other frequently detected immune cells 

in sIBM is macrophages. Macrophages are members of the innate immune system that 

phagocytose bacteria and apoptotic cells (384), secrete inflammatory cytokines 

including IL-1β, IL-6, and IL-12 (385), and perform antigen presentation (386). Different 

subsets of macrophages exist that are differentiated based on their location in the 

body. Tissue resident macrophages are located within the tissue itself whereas 

monocyte-derived macrophages arise from circulating monocytes, which infiltrate into 

the tissue and differentiate into macrophages based on physiological cues. Tissue 

resident macrophages are surveyors of their tissue, ensuring homeostasis (387, 388). 

Monocytes are recruited to tissues based on chemotactic cues, where they 

differentiate into effector macrophages based on the conditions in the tissue (389). 

Macrophages are a plastic cell type that can alter their phenotype based on 

environmental cues. Traditionally, macrophages were defined as either inflammatory 

(M1) or alternatively activated (M2). PBMC-derived monocytes and 

monocyte/macrophage cell lines can be induced to take on M1-like or M2-like 

phenotypes with the addition of exogenous mediators. To simulate inflammatory 

conditions, IFNγ either alone or combined with lipopolysaccharide (LPS) primes 

macrophages towards an M1-like phenotype. The addition of IL-4 and IL-13 is used to 

induce the M2 phenotype (390, 391). More recently, the complexity of macrophage 

plasticity has been realised, and macrophage phenotypes exist on a spectrum that is 

less binary and less easily defined (392, 393).  

In skeletal muscle repair, neutrophils are the first immune cell to infiltrate into injured 

skeletal muscle within 2 hours post injury. These neutrophils phagocytose damaged 

muscle and release factors including cytokines to promote inflammation (394). The 

infiltration of monocytes closely follows neutrophils, which differentiate into 
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inflammatory macrophages where they phagocytose necrotic fibres, with peak 

numbers around one to three days post injury (394, 395). Inflammatory macrophages 

can also promote skeletal muscle cell proliferation (395). Towards the later stages of 

skeletal muscle repair, macrophages transition into a more anti-inflammatory 

phenotype (396) which promote skeletal muscle cell differentiation (395). The 

phagocytosis of material by inflammatory macrophages may encourage their switching 

to an anti-inflammatory cell type contributing to resolving inflammation by producing 

anti-inflammatory cytokines (IL-4, TGF-β1, and IGF-1) that neutralise inflammatory 

cytokines and block neutrophil responses (394). 

In sIBM, macrophages may play a detrimental role by contributing to the inflammatory 

milieu and causing damage to skeletal muscle cells. Compared to cytotoxic T cells, 

there are limited studies characterising infiltrating macrophages in sIBM. Roos et al 

(122) showed sIBM muscle had an increased protein signature of macrophage markers 

CD74, STAT1, and CD163 compared to control muscle samples. Furthermore, different 

subsets of macrophages were identified, including siglec 1+ STAT1+ macrophages that 

were involved in active myophagocytosis (phagocytosis of muscle), and STAT6+ 

macrophages found infiltrating into the endomysium (122). 

In a separate study that compared immune cell populations with blood flow restricted 

exercise in sIBM, there was a presence before treatment of both M1 (CD206-) and M2 

(CD206+) macrophages in the muscle (123). This further demonstrates macrophages in 

sIBM muscle may present with multiple phenotypes. Nitric oxide synthase expression 

was observed in macrophages in sIBM muscle, showing an inflammatory phenotype 

(397). Furthermore, there was a correlation between the amount of invading 

macrophages (as well as the amount of invading CD3+ T cells) and number of 

respiratory-deficient myofibres with mitochondrial abnormalities in sIBM (70), 

suggesting inflammatory cell infiltration may affect myofibre respiratory defects. In 

mice injected with anti-cn1A antibodies, CD68+ macrophages infiltrated more 

frequently into muscle fibres than control, suggesting a potential link between anti-

cn1A antibodies and macrophage activation and recruitment (261). Overall, there is 

evidence of macrophage infiltration in sIBM muscle, with macrophages displaying 
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varied phenotypes. However, their full role and mechanism of action of macrophages 

in sIBM is not fully understood. It is not clear whether macrophages in sIBM muscle 

contribute to the disease and muscle weakness, or if their presence is due to their 

roles in skeletal muscle repair and therefore not actively participating in sIBM 

pathology. 

5.1.1 Aims and hypothesis  

The overall aim of this chapter was to investigate whether macrophages can 

contribute to pathological features observed in sIBM muscle. More specifically, the aim 

was to investigate if secreted factors from inflammatory or unprimed macrophages 

affect TDP-43 and p62 sarcoplasmic aggregation, TDP-43-sarcoplasmic mislocalisation, 

or expression of sestrins. As M2-like macrophages are usually involved in resolution of 

tissue injury, this phenotype was not investigated as it is unlikely to be a causative 

factor in sIBM fibre damage. Instead, this chapter focusses on whether secreted 

factors from pro-inflammatory M1-like M(IFNγLPS) macrophages have a causative role 

in non-inflammatory sIBM-like features. 

It is hypothesised that addition of conditioned medium from inflammatory primed 

macrophages, but not non-inflammatory primed macrophages will lead to TDP-43 and 

p62 sarcoplasmic aggregation, and TDP-43 mislocalisation to the sarcoplasm. 
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5.2 Methods 

5.2.1 THP-1 cell culture 

THP-1 cells are a suspension human mononuclear myeloid leukaemia cell line (398) 

that were chosen as a model cell for monocytes. THP-1 cells were a kind gift from Prof. 

Derek Gilroy, UCL Division of Medicine. THP-1 cells were used between passages 12-20 

and were maintained in ATCC-modified RPMI medium with 10 % FBS, 1 % L-glutamine, 

and 1 % penicillin-streptomycin at 37 °C with 5 % CO2 in a humidified incubator with a 

maximal cell density of approximately 1x106 cells/mL. THP-1 cells were differentiated 

into unprimed adherent macrophages (M(PMA)) by treating 3x105 THP-1 cells in 500 

µL of media with 150 nM phorbol 12-myristate-acetate (PMA) for 24 hours, before 

resting in non-PMA media for 72 hours. M(IFNγLPS) which are similar to M1 

inflammatory polarised macrophages were obtained from M(PMA) THP-1 cells by 

additional 48 hour incubation in 20 ng/mL IFNγ and 10 ng/mL LPS from Escherichia coli 

(Sigma Aldrich, UK L2630). 

5.2.2 Treatment of myogenic cells with macrophage conditioned medi um 

Conditioned medium was collected from 6x105 cells/mL from M(PMA) or M(IFNγLPS) 

THP-1 after additional 24 hour incubation in serum free medium without PMA, IFNγ, or 

LPS. Conditioned medium was centrifuged, re-aliquoted and stored at -80 °C until use. 

4x104 myogenic cells per well in a 24 well plate were grown for 2 days in Skeletal 

Muscle Growth Media, before differentiating in N2 medium for a further 7 days. 

Afterward, 20 % v/v THP-1 conditioned medium was added in fresh N2 medium for 48 

hours. Unsupplemented RPMI at 20 % v/v in N2 differentiation medium was used as 

control.  

5.2.3 Cytotoxicity assay 

The release of LDH from myotubes was used to quantify cytotoxicity of THP-1 

conditioned medium as described in Section 2.3. 
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5.2.4 Treatment of THP-1 cells with myotube conditioned medium 

Cells from four myogenic donors were differentiated for 7 days, cells from one 

myogenic donor were differentiated for 5 days before addition of either IL-1β 20 ng/ml 

+ IFNγ 750 ng/mL or vehicle (equal volume 0.1 % w/v BSA) control for 48 hours. 

Myotubes were washed with PBS before addition of fresh N2 differentiation medium. 

After 24 hours incubation, myotube conditioned medium (CM) was collected and 

centrifuged, re-aliquoted, and stored at -80 °C until use. 

THP-1 cells were differentiated into M(PMA) or M(IFNγLPS) macrophages which were 

treated with 20 % myotube CM or N2 media control in 80 % complete THP-1 growth 

medium for 24 hours. For M(IFNγLPS), CM incubation included IFNγ and LPS. 

Afterwards, macrophages were washed and incubated in serum free RPMI for 24 

hours, before centrifuging at 500 xg to remove debris and storing THP-1 conditioned 

medium at -80 °C before use in ELISA. See Figure 5.1 for a schematic of myotube-

macrophage conditioned media experiments. 

 

 

 

 

 

 

 

  

  

                                                                         Myotubes were either unprimed or primed with 
IL-1β+IFNγ for 48 hours before washing and adding fresh myotube differentiation 
medium. Myotube CM was collected and 20 % added to macrophage growth medium 
for both M(PMA) and M(IFNγLPS) macrophages. After 24 hours incubation, macrophages 
were washed and fresh SF macrophage medium added for 24 hours before collecting 
CM for ELISA. SF – serum free, CM – conditioned medium, LPS – lipopolysaccharide, 
ELISA – enzyme-linked immunosorbent assay. 

Figure 5.1 Schematic of method for secreted factors from macrophages treated 
with myotube conditioned medium. 
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5.2.5 p62 particle analysis, TDP-43 sarcoplasmic aggregate analysis , and 
TDP-43 localisation 

Myotubes were seeded at 4x104 cells per 24 well, proliferated for two days, before 

differentiation for 7 days in N2 medium. 20 % v/v macrophage conditioned medium 

was added to myotubes in N2 medium for 48 hours. After this, myotubes were labelled 

with antibodies against p62 and TDP-43 as described in Section 2.4. p62 puncta 

analysis was performed as described in Section 2.6, and TDP-43 sarcoplasmic 

aggregate analysis was performed as described in Section 2.7. The same cultures for 

TDP-43 and p62 aggregate analysis were also used to assess TDP-43 subcellular 

localisation as described in Section 2.5. 

5.2.6 ELISA for IL-6, IL-12 p70, IL-1β, and TNFα  

THP-1 cells were seeded either in 6 well or 24 well plates at 6x105 cells/mL. After 

differentiating into M(PMA) or M(IFNγLPS) macrophages, cells were incubated for an 

additional 24 hours in serum free medium. Macrophage CM was collected, centrifuged 

to remove debris , re-aliquotted and stored at -80 °C until use. ELISAs were also 

performed for myotube CM treated macrophages. DuoSet sandwich ELISAs for the 

human cytokines IL-6, IL-12 p70, IL-1β and TNFα were performed as described in 

Section 2.9. Serum free RPMI blanks were subtracted from standards and sample 

readings. 

5.2.7 SDS PAGE and Western blotting 

SDS-PAGE and Western blotting for TDP-43, p62, sestrin-2, sestrin-1 and GAPDH was 

performed as described in Section 2.8. For sestrin-1, membranes were stained as per 

Section 2.8 except membranes were cut when dry between 75 and 60 kDa molecular 

markers, and only this section was used for sestrin-1 detection.  
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5.3 Results 

5.3.1 Morphology, IL-6 and TNFα levels were different between M(PMA) 
and M(IFNγLPS) macrophages  

To ensure that inflammatory priming of macrophages with IFNγ and LPS was 

successful, the morphology of cells and the secretion of inflammatory mediators was 

compared between unprimed M(PMA) and M(IFNγLPS) macrophages. M(IFNγLPS) cells 

had a more spindle-like morphology and appear to contain more intracellular granules 

than non-inflammatory primed M(PMA) macrophages (Figure 5.2 A). Secreted levels of 

IL-6, IL-12p70, IL-1β, and TNFα were examined via ELISA (Figure 5.2 B-D). IL-12p70 was 

not consistently detected in either M(PMA) or M(IFNγLPS) cells. IL-1β secretion was 

highly variable between biological repeats, and there was no difference between the 

two macrophage types. The median amount of IL-1β secreted from M(PMA) was 0 ± 11 

pg/ml. However, M(IFNγLPS) THP-1 had higher levels of IL-6 and TNFα than their 

unprimed M(PMA) counterparts (Figure 5.2 B,C). The mean IL-6 release from M(PMA) 

was 1 ± 0 pg/mL and 13 ± 2 pg/mL for M(IFNγLPS), and the mean TNFα release was 6 ± 

3 pg/mL for M(PMA) and 30 ± 4 pg/mL for M(IFNγLPS). Taken together, this shows the 

inflammatory priming of M(IFNγLPS) cells was successful, with detectable biological 

differences compared to unprimed macrophages. 

5.3.2 Macrophage conditioned media was not cytotoxic to myotubes  

To investigate whether secreted factors from macrophages were cytotoxic to 

myotubes, LDH release was measured for myotubes treated with 20 % macrophage 

conditioned medium from M(PMA) and M(IFNγLPS) and compared to myotubes 

treated with 20 % RPMI. There was no change in cytotoxicity compared to myotubes 

treated with RPMI control for either M(PMA) or M(IFNγLPS) (Figure 5.3). The median 

cytotoxicity in the control group was 17 ± 24 %. 

5.3.3 Macrophage conditioned medium did not cause p62 aggregation 

To test whether macrophage secretory factors affect p62 aggregation, image analysis 

of p62 puncta was used. Figure 5.4 shows p62 puncta in myotubes treated with 20 % 

macrophage CM or RPMI control. p62 staining was mostly in puncta with some diffuse 
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sarcoplasmic staining present. When adding conditioned medium from M(PMA) or 

M(IFNγLPS) at 20 %, there was no change in p62 puncta size or relative frequency 

compared to RPMI media control (Figure 5.5 A,B). The mean p62 puncta size in the 

control group was 0.31 ± 0.04 µm2. The effect of macrophage secreted factors on p62  

 

 

 

 

 

 

 

 

 

 

 

 

 

protein expression were also examined via Western blotting. There was no change in 

p62 expression for either macrophage CM type (Figure 5.5 C) compared to myogenic 

cells treated with RPMI control.  

A 

B C 

                                                                                              (A) 
Morphological differences between unprimed M(PMA) macrophages and inflammatory 
primed M(IFNγLPS) macrophages. Scale bar = 100 µm. (B) Secreted IL-6 levels were 
higher in M(IFNγLPS) macrophages than M(PMA) (Student’s T test, p = 0.0055). (C) 
Secreted TNFα levels were higher in M(IFNγLPS) macrophages than M(PMA) (Student’s 
T test, p = 0.006). (D) There was no difference in IL-1β secretion from M(PMA) and 
M(IFNγLPS) (Mann-Whitney U test p = 0.3). n = 3 biological repeats. PMA – phorbol 12-
myristate-13 acetate, LPS – lipopolysaccharide IL-6 – interleukin-6, TNFα – tumour 
necrosis factor α. 

D 

Figure 5.2 Characterisation of macrophage inflammatory priming. 

M(PMA) M(INFγLPS) 
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5.3.4 Macrophage conditioned medium did not cause TDP-43 aggregation 

To investigate whether secretory factors affected TDP-43 sarcoplasmic aggregation, 

image analysis was used to assess presence, size, frequency, and p62 colocalisation of 

TDP-43 aggregates. Figure 5.4 shows TDP-43 within myotubes treated with 20 % 

macrophage conditioned medium or RPMI control. TDP-43 was located diffusely 

throughout the sarcoplasm and was either present or absent from the nucleus. As with 

p62, there was no effect of either type of macrophage CM on TDP-43 aggregation in 

terms of size or relative aggregate frequency (Figure 5.6 A,B). The median size of TDP-

43 aggregates in the control group was 0.40 ± 5.28 µm2. Furthermore, co-localisation 

of TDP-43 aggregates with p62 was not affected by macrophage CM (Figure 5.6 C). The 

mean percentage of TDP-43 aggregates that colocalised with p62 in the control group 

was 28.75 ± 10.44 µm2. Not all images contained TDP-43 sarcoplasmic aggregates. 

There was no difference in the likelihood of observing TDP-43 aggregates in images 

between the three treatment conditions (Chi-squared p = 0.478, Figure 5.6 D). Total 

protein expression of TDP-43 as assessed via Western blotting was not affected by 

addition of either macrophage CM relative to RPMI media control (Figure 5.6 E). 

 

 

 

 

 

 

 

 

 

 

……………………………………………………………………………………………………………………….   . There 
was no difference in cytotoxicity relative to RPMI control for M(PMA) or M(IFNγLPS) 
conditioned media Kruskal-Wallis p = 0.284). n = 5 myogenic donors. 

Figure 5.3 Cytotoxicity of macrophage conditioned medium to myotubes. 
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5.3.5 TDP-43 subcellular localisation was not affected by macrophage 
conditioned medium 

The effect of macrophage CM on the subcellular localisation of TDP-43 was examined 

and compared to myotubes treated with equivalent volume of RPMI. There was no 

difference in TDP-43 localisation between conditions via two-way ANOVA (Figure 5.7). 

There was a significant difference (p < 0.0001) regardless of treatment condition in the  

 

 

 

  

  

                 (A) Representative images of TDP-43 and p62 in myotubes. Scale bar = 20 
µm. 

Figure 5.4 Images of p62 and TDP-43 in macrophage conditioned medium-treated 
myotubes. 

p62 TDP-43  

DAPI Cell mask  

RPMI control M(PMA) CM M(IFNγLPS) CM p62 

TDP-43 
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divide of TDP-43 within the subcellular compartments, showing distribution was not 

split evenly between cellular areas within myotubes. The subcellular compartment 

with the highest percentage of TDP-43 localisation was nucleus and sarcoplasm with 

mean 60 ± 8 % (two-way ANOVA with Tukey’s post-hoc test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

C 

GAPDH 

p62 

 RPMI M(PMA) M(IFNγLPS) 

                                                                     (A) The relative frequency of p62 puncta to cell 
area was not different with M(PMA) or M(IFNγLPS) conditioned media (CM) (p = 0.923). 
(B) There was no difference in p62 puncta size with M(PMA) or M(IFNγLPS) CM (p = 
0.907). (C) Total p62 protein expression, representative blot from one donor. With 
densitometry analysis, there was no difference in p62 expression between myotubes 
treated with RPMI control or any macrophage CM (p = 0.733). One-way ANOVA, n = 4 
myogenic donors. 

Figure 5.5 p62 puncta analysis and protein expression was not affected by 
macrophage conditioned medium. 
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                                           (A) TDP-43 aggregate frequency relative to cell area 
was not affected by M(PMA) or M(IFNγLPS) conditioned medium (CM) treatment (p = 
0.305). (B) TDP-43 aggregate size was not different between control and M(PMA) or 
M(IFNγLPS) CM treatment (p = 0.510). (C) There was no difference in percentage co-
localisation of TDP-43 aggregates with p62 puncta between control and M(PMA), or 
control and M(IFNγLPS) CM (p = 0.768). (D) There was no difference in presence of TDP-
43 aggregates between conditions (Chi-squared p = 0.478, four images (each with 3 z-
slices) for each of four donors). (E) Total TDP-43 protein expression for one myogenic 
donor. There was no difference between RPMI control and M(PMA), or RPMI control and 
M(IFNγLPS) (p = 0.937). One-way ANOVA or Kruskal-Wallis test, n = 4 donors. 

Figure 5.6 TDP-43 aggregation or protein expression was not affected by 
macrophage secreted factors. 
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5.3.6 Macrophage conditioned medium did not affect sestrin-1 or sestrin-2 
expression 

To examine whether secreted factors from macrophages affected sestrin expression, 

Western blotting of myotubes treated with macrophage CM or RPMI control was used. 

There was no difference compared to RPMI control for sestrin-2 expression for 

M(PMA) or M(IFNγLPS) treated myotubes (Figure 5.8 A). Similarly, sestrin-1 expression 

was not affected by incubation with conditioned medium from either macrophage 

type Figure 5.8 B). 

 

 

 

 

 

 

 

 

 

 

                                                                                                  Example 
images of TDP-43 staining in myotubes. Scale bar = 100 µm. TDP-43 localisation was not 
different between the three treatment conditions (two-way ANOVA, p = 0.998). n = 4 
myogenic donors.  

TDP-43 

Figure 5.7 TDP-43 localisation with macrophage conditioned medium. 
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5.3.7 Treating macrophages with myotube differentiation medium 
abrogated cytokine release 

To investigate if a feedback loop exists between myotubes exposed to inflammatory 

insult and subsequent macrophage responses, CM from unprimed or IL-1β+IFNγ 

inflammatory primed myotubes was added to M(PMA) and M(IFNγLPS), then 

macrophage cytokine secretion was quantified via ELISA. For each cytokine, a single 

control was also run for M(PMA) and M(IFNγLPS) where myotube N2 differentiation 

medium (not conditioned with myotubes) was added to macrophages (n = 1). For IL-6, 

TNFα, and IL-1β, incubation with N2 medium control resulted in cytokine levels below 

the detectable limits and below 1 pg/mL. For TNFα and IL-1β, the level of cytokine 

produced when either M(PMA) or M(IFNγLPS) were cultured with inflammatory-

primed or unprimed macrophages was also below the detection limit and below 1 

pg/mL (Figure 5.9 C-F). Treatment of M(PMA) and M(IFNγLPS) macrophages with 

umprimed myotube conditioned medium resulted in IL-6 levels below 1 pg/mL. 

However, when either macrophage type was treated with inflammatory primed 

myotube CM, the IL-6 levels were increased compared to macrophages treated with 

unprimed myotube conditioned medium (Figure 5.9 A,B). IL-6 levels were 6 ± 1 pg/mL 

for M(PMA) treated with inflammatory-primed myotube CM and 6 ± 2 pg/mL for 

M(IFNγLPS) under the same treatment. However, these cytokine levels were below the 

detection limit of 9 pg/mL. For M(IFNγLPS) treated with inflammatory primed myotube 

CM, this was lower than the IL-6 production of 13 ± 2 pg/mL for M(IFNγLPS) with no 

conditioned medium as shown in Figure 5.2 B. 

 



 Effect of macrophage conditioned medium on myotubes 
 

147 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 RPMI M(IFNγLPS)  M(PMA) 

Sestrin-2 

GAPDH 

Sestrin-1 

A 

B 

                                                                         (A) Representative blots from one 
myogenic donor of sestrin-1 and sestrin-2 expression. (B) There were no differences in 
sestrin-2 expression in myotubes treated with 20 % RPMI control, M(PMA) or M(IFNγLPS) 
conditioned medium (p = 0.947). (C) There were no differences in sestrin-1 expression in 
myotubes treated with 20 % RPMI control, M(PMA) or M(IFNγLPS) conditioned medium(p 
= 0.899). One-way ANOVA, n = 4 myogenic donors. 

Figure 5.8 Sestrin-2 or sestrin-1 protein expression was not altered by conditioned 
medium from M(PMA) or M(IFNγLPS) macrophages. 
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                                            Myotubes were primed with vehicle (veh, equal volume 
0.1 % bovine serum albumin) control or inflammatory primed (IL-1β+IFNγ). (A,B) Addition 
of inflammatory primed myotube media to M(PMA) or M(IFNγLPS) macrophages 
increased their production of IL-6 compared to control myotube conditioned medium 
(CM) (p = 0.0129 and 0.0166 respectively). (C, D) Addition of either unprimed or 
inflammatory primed myotube CM resulted in no detectable release of TNFα (C,D) or IL-
1β (E,F) from either M(PMA) or M(IFNγLPS). n = 5 myogenic donors, displayed results 
from 1 of 2 independent macrophage experiments. Student’s T-test. 

 

E F 

Figure 5.9 Inflammatory primed myotubes caused macrophages to secrete more 
IL-6 than unprimed myotubes. 
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5.4 Discussion 

The aim of this chapter was to investigate whether secreted mediators from 

inflammatory macrophages can contribute to non-inflammatory features of TDP-43 

and p62 aggregation and TDP-43 mislocalisation as seen in sIBM. This was compared to 

unprimed macrophages as a control. Firstly, the phenotype of inflammatory primed 

M(IFNγLPS) and unprimed M(PMA) macrophages was characterised. Secreted IL-1β 

showed highly variable levels in both unprimed M(PMA) and inflammatory primed 

M(IFNγLPS) macrophages suggesting this is not a cytokine that is consistently 

upregulated with inflammatory stimulation in this cell line. IL-12p70 was not 

detectable in either macrophage type. It has previously been found that mRNA levels 

of IL-1β were increased with IFNγLPS treatment in THP-1 cells (399, 400), however this 

may not translate to an increased IL-1β protein secretion. A separate study found that 

M(IFNγLPS) macrophages had higher secretory levels of IL-6, and weak evidence of 

higher IL-1β and TNFα (0.07 < p < 0.05) compared to M(PMA). However, IL-12 p70 was 

not different between M(IFNγLPS) and M(PMA) (401). Therefore, it is not clear why IL-

1β was not increased here, but as previously shown IL-12 p70 may not be a sensitive 

marker for THP-1 inflammatory priming. Overall, there were changes in cell 

morphology, TNFα and IL-6 secretion between M(PMA) and M(IFNγLPS), showing 

successful inflammatory priming in M(IFNγLPS) macrophages. However, the levels of 

IL-6 and TNFα from M(IFNγLPS) were low in the range of tens of pg/mL. 

Despite the higher secretion of TNFα with M(IFNγLPS) which is a cytotoxic cytokine 

(402), there was no increased cytotoxicity when culturing myotubes with M(IFNyLPS) 

conditioned medium. Previously, treatment of C2C12 myotubes with 20 ng/mL TNFα 

for 48 hours caused reduced viability and myotube diameter (403). Furthermore, 

treatment of C2C12 myotubes with 1 or 10 ng/mL TNFα resulted in cytotoxicity as 

shown by increased LDH release (404). It is likely that the low secretion of TNFα from 

M(IFNγLPS) compounded by the dilution of macrophage CM for treatment of 

myotubes was not sufficient to induce cell death in myotubes. This highlights that 

concentrations of macrophage secreted factors could be below levels required to elicit 

responses in myotubes. 
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5.4.1 p62, TDP-43, and sestrins 

There was no effect of CM from either macrophage phenotype on any examined TDP-

43 or p62 feature, suggesting that secretory factors from macrophages may not 

contribute to sIBM-like TDP-43 or p62 pathology in these cells at the concentrations 

examined here. This may also show there was no blockade or alteration of autophagy 

that would be represented by p62 changes. Potentially the cell number of 

macrophages from which CM was collected could have been increased to maximise 

any effects of the CM and increase secreted cytokine concentrations. However, there 

are relatively few macrophages found in sIBM muscle, especially compared to CD8+ T 

cell infiltrates. Therefore, the low concentrations of macrophage secreted factors used 

here may more accurately reflect those found in sIBM muscle. Protein levels of p62, 

TDP-43, and sestrin-1 or sestrin-2 were not affected by macrophage conditioned 

medium. This suggests that low concentrations of macrophage inflammatory 

mediators do not regulate production of these proteins. As sestrin-2 is upregulated by 

cell stress, this also suggests macrophage CM at low levels may not cause stress in 

myotubes. 

5.4.2 Myotube secretory factors  

Myotubes were inflammatory primed with IL-1β and IFNγ and the effect of CM from 

these myotubes on macrophage cytokine production was examined, to see whether a 

feedback loop exists between inflamed muscle/myotubes and macrophage 

inflammatory priming. Previously it has been found that CM from C2C12 myotubes 

suppressed the expression of IL-1β from murine macrophages (405). Although not 

biologically repeated, treatment of either macrophage type with 20 % N2 

differentiation medium control abrogated IL-1β, TNFα, and IL-6 production. The lack of 

TNFα and IL-1β with myotube conditioned medium treatment is therefore likely due to 

unexpected effects of myotube differentiation medium on macrophages. Therefore, it 

was not possible to assess the effect of myotube CM on IL-1β and TNFα secretion.  

Myotube differentiation medium is composed of DMEM/F12, 1 % N2, 1 % insulin-

transferrin-selenium, 0.2 % penicillin-streptomycin, and 1 % L-glutamine. Compared to 

macrophage growth medium, the main differences in constituents of myotube 
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differentiation medium are: transferrin, insulin, progesterone, putrescine, selenite, 

alanine, thymidine, pyruvate, lipoic acid, linoleic acid, hypoxanthine, and more 

inorganic salts (based on supplier’s formulation information (406-408)). In the J774A.1 

murine macrophage line, it was found that cells cultured in RPMI maintained a 

suspension phenotype, whereas those cultured in DMEM/F12 were adherent. 

Furthermore, RPMI-macrophages upregulated IL-1β gene expression with LPS 

treatment whereas DMEM/F12 macrophages did not, whilst TNFα transcription was 

inducible via both media types (409). Other components in N2 media can also affect 

inflammatory priming of macrophages. Progesterone can downregulate IL-12 and nitric 

oxide production by macrophages (410), and putrescine impairs M1 gene transcription 

(411, 412). Treatment of macrophages with lipoic acid can alter their cytokine 

secretion, with increased IL-1β but decreased TNFα and IL-6 secretion (413). 

Therefore, it is possible that the components of myotube differentiation medium lead 

to a reversal of the M(IFNγLPS) phenotype, with less inflammatory cytokine secretion. 

However, direct comparisons between macrophages cultured in RPMI and myotube 

differentiation medium would be necessary to establish this. 

Despite the inhibition of expression of IL-1β and TNFα with myotube conditioned 

medium, IL-6 was secreted with myotube CM treatment, albeit below the level of 

detection of 9 pg/mL. IL-6 secretion was higher when either macrophage phenotype 

was cultured in inflammatory primed myotube CM. This suggests inflammatory-primed 

myotubes secrete factors strong enough to influence macrophage cytokine secretion, 

overcoming the effects of N2 medium that could prevent IL-6 release. However, the 

factors secreted by myotubes primed by IL-1β and IFNγ were not investigated so it is 

not known what myotube secreted factor caused this result. 

In skeletal muscle repair, damaged skeletal muscle secretes CCL2 which attracts 

circulating monocytes (414). Few studies have directly investigated the effect of 

inflammatory myotube-macrophage cross-talk. Myotubes treated with palmitate 

activated the NF-κB signalling pathway, which is also activated through IL-1β. 

Palmitate-treated myotubes secreted IL-6, TNFα and CCL2, and conditioned medium 

from these myotubes activated Raw264.7 macrophages towards an inflammatory 
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phenotype (415). In injured skeletal muscle, macrophages infiltrate and produce large 

amounts of IL-6 (416). The role of IL-6 in skeletal muscle is complex, as it is also a 

myokine secreted by the muscle itself. IL-6 promotes muscle repair and hypertrophy, 

however it is also conversely associated with atrophy under chronic exposure 

conditions (417). Subjecting myotubes to IL-1β may have caused activation of NF-κB 

and release of pro-inflammatory mediators, potentially IL-6 itself, that polarise 

macrophages to secrete IL-6 to promote muscle regeneration. It would be interesting 

to investigate the IL-6 secretion from myotubes primed with IL-1β+IFNγ. Furthermore, 

direct effects of IL-6 treatment on macrophages could be examined, as well as 

incubating macrophages in myotube CM containing IL-6 neutralising antibodies. 

5.4.3 THP-1 cells as model macrophages  

THP-1 cells are usually maintained in medium containing the reducing agent 2-

mercaptoethanol which was not included here. It has been found that exclusion of 2-

mercaptoethanol from THP-1 growth medium does not affect proliferation, metabolic 

activity, or differentiation of the cells. However, when THP-1 were deprived of both 2-

mercaptoethanol and FBS, M(PMA) had increased metabolic activity and decreased 

secreted β-hexosaminidase (418), a lysosomal enzyme that can be secreted from 

macrophages important in control of mycobacteria (419). Therefore the omission of 2-

mercaptoethanol here may have unduly influenced the conditioned medium collected 

for transfer to myotubes, as this was performed under serum-free conditions. 

It is important to note that results from this chapter were obtained using a monocytic 

cell line derived from a myeloid leukaemia patient. This cell line was utilised due to its 

ability to proliferate for long periods during cell culture, as opposed to primary cells 

which have finite proliferative capacity and may have high inter-donor variability. THP-

1 cells have been extensively used as models of macrophage-like cells. However, as 

with any transformed cell line, differences can exist in the phenotype and responses 

compared to non-transformed primary cells (420). Notably, THP-1 cells have been 

shown to have an altered cytokine release profile compared to PBMC monocyte 

derived macrophages (401). Furthermore, any sIBM-specific monocyte characteristics 
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would not be observable using THP-1 cells. To increase biological relevance of these 

experiments, the effect of sIBM PBMC-derived macrophages could be investigated. 

5.4.4 Summary 

This chapter aimed to investigate whether secreted factors from inflammatory 

macrophages can cause degenerative features of TDP-43 and p62 aggregation and 

TDP-43 mislocalisation in cultured healthy myotubes. Overall, the results from this 

chapter suggest secreted factors from inflammatory macrophages do not contribute to 

TDP-43 and p62 sIBM-like sarcoplasmic aggregation at the concentration tested in the 

cells examined. Sestrins may also not be affected by macrophage secreted factors. 

Unexpectedly, myotube differentiation medium abrogated release of inflammatory 

cytokines, but conditioned medium from IL-1β+IFNγ-treated myotubes increased the 

secretion of IL-6 from M(PMA) and M(IFNγLPS) macrophages, potentially due to an IL-6 

positive feedback loop. This chapter did not extend to investigating the role of direct 

cell-cell interactions of macrophages with myotubes, which may show different 

effects. 
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Chapter 6. Effect of TALL-104 conditioned medium and co-culture 
on myotubes 

6.1 Introduction 

6.1.1 CD8+ T cells in sIBM 

The role of CD8+ T cells in sIBM has been covered in Section 1.11. CD8+ T cells infiltrate 

into the endomysium and muscle fibres themselves in high quantities in sIBM. These 

CD8+ T cells are highly differentiated and cytotoxic, secreting high levels of cytotoxic 

mediators including perforins and granzymes. Further, the high expression of MHC I on 

sIBM muscle suggests that the muscle itself may be presenting antigens to CD8 cells. 

This is corroborated by evidence CTLs in sIBM are clonally or oligoclonally expanded 

(421-423) suggesting CD8+ T cells are reacting to a currently undetermined antigen(s) 

presented by sIBM muscle. Whilst there is a good body of work characterising the 

CD8+ T cell infiltrate observed in sIBM, there are fewer studies directly investigating 

the effects of cell-mediated cytotoxicity on myotubes in a manipulatable manner. 

There is a need to better understand the interactions between CD8+ T cells and other 

sIBM features such as TDP-43 and p62 sarcoplasmic aggregation to understand which, 

if any, pathological feature precludes the other. 

6.1.2 Natural killer cells  

Natural killer (NK) cells are members of the innate immune system that act in a similar 

way to cytotoxic T cells by killing infected and tumourigenic cells. NK cells cause target 

cell apoptosis in a similar way to CTLs, through formation of an immunological synapse 

and the use of cytotoxic granules containing granzymes and perforin, and through use 

of death receptor signalling including Fas/FasL and TRAIL. NK cells like CD8 T cells 

secrete cytostatic and cytotoxic cytokines including TNFα and IFNγ (424). The main 

difference between NK cells and CTLs lies in their activation. NK cells are activated by 

receptors that recognise molecules on infected and tumourigenic cells. Specifically, NK 

cells express inhibitory and activating receptors, and their activation depends on the 

balance of the signals from these receptors. Unlike CTLs, their cytotoxic capabilities do 

not require prior priming to the target antigen via APCs as they are activated by target 
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cells directly (425). The activation of natural killer cells is enhanced by 

proinflammatory cytokines in the surrounding environment including IFNα and β (426). 

Natural killer cells can be subclassified as dim or bright based on their CD56 

expression. CD3-CD56+dim natural killer cells are cytotoxic, whereas the less abundant 

CD3-CD56+bright NK cells are immunoregulatory via their cytokine production (427). 

Other than the differences in recognition between CD8 and NK cells, there are some 

differences in their cytotoxicity. CD56dim NK cells have higher expression of perforin 

and granzyme A, but lower expression of granzyme B compared to CD57+ CD8+ T cells. 

However, both cell types had similar ability to degranulate in response to target cells 

(428). 

The proportion of natural killer cells in sIBM patient blood was found to be similar to 

that of healthy control patients (429). However, the estimated abundance of different 

immune cells in sIBM muscle has been investigated based on gene expression data, 

showing that after CD8+ T cells, the second most frequent immune signature in sIBM 

muscle belonged to natural killer cells (124). 

6.1.3 TALL-104 cell line 

TALL-104 is an IL-2 dependent cell line developed from a 2 year old T-ALL (T-cell acute 

lymphoblastic leukaemia) patient. These cells are positive for CD8, CD3 (a T cell lineage 

marker(430)), TCR α and β chains, as well as natural killer cell markers including CD56 

(431) and CD161 (432). TALL-104 cells are cytotoxic towards target cells. Most research 

using TALL-104 has focussed on their cytotoxicity towards tumourigenic cells, where 

they specifically target transformed cells whilst sparing healthy cells (433-436). The 

mechanism of TALL-104 cytotoxicity has been investigated, showing that cytotoxicity is 

mediated through direct cell-cell contacts and not secreted factors. Addition of 

blocking antibodies against natural killer cell receptors NKp46, NKG2D, and 2B4 

prevented TALL-104 mediated target lysis, showing TALL-104 activity against 

transformed cells is mediated through NK cell receptors (431). Furthermore, it was 

found that the cytotoxic mechanism employed by TALL-104 cells varied depending on 

the target cell, with combined killing via perforin and TRAIL pathways of B lymphoblast 
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lines, and Jurkat T lymphoblast lines killed through perforin and Fas pathways (432). 

However, a separate study found TALL-104 cells do not express FasL with glioma cells 

(431), further highlighting the complex activity of this cell line towards different 

targets. 

There is an overlap between some of the markers of CTLs and NK cells. Subsets of 

natural killer cells can co-express CD8 (CD8+ CD3- CD56+) (437), and 30 % of blood 

natural killer cells express the CD8αα homodimer, whilst cytotoxic T cells usually 

express an αβ heterodimer (438, 439). A subset of immune cells termed natural killer T 

(NKT) cells also exist which express natural killer cell markers including CD161 (440) 

and  CD56 (441). NKT cells also express a TCR with α and β chains, however unlike T 

cell TCRs that recognise MHC I antigens, NKT TCR recognise lipid antigens from CD1d 

that resembles MHC I (442). Other T cell markers are also expressed by NKT cells, 

including CD3 (441). NKT cells are capable of cytotoxicity through perforin, TRAIL, or 

FasL-mediated mechanisms (443-445), and some NKT subsets express CD8 (446). TALL-

104 cells are not true CD8+ T cells and their mechanism of action is not dependent on 

MHC recognition. TALL-104 cells instead resemble a mixed lineage sharing features of 

NK, NKT and CD8 T cells. 

Culturing primary CD8+ T cells can be a difficult process that usually requires access to 

donor blood samples, FACS or MACS mediated cell separation, and extensive 

characterisation. Further, primary CD8 T cells have a finite lifespan in culture. As TALL-

104 cells are immortalised due to their neoplastic nature, this has benefits of easier 

use compared to continuous isolation and short-term culture of primary-derived CD8 T 

cells. Ideally, matched patient blood and muscle samples from sIBM patients could be 

utilised in culture to investigate whether CD8+ T cells directly contribute to non-

inflammatory features in sIBM including TDP-43 and p62 sarcoplasmic aggregation. 

Here, TALL-104 cells were used as a proxy for cytotoxic immune cells to directly 

investigate effects of cell-mediated cytotoxicity on sIBM non-inflammatory features. 
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6.1.4 Aims and hypothesis  

This chapter aimed to explore the effect of cytotoxic immune cells on non-

inflammatory features of sIBM, focussing on the effects of secreted factors and direct 

coculture interactions of TALL-104 cells on TDP-43 and p62 in myotubes. The effects of 

conditioned medium transfer and addition of TALL-104 cells to myotube cultures were 

investigated for TDP-43 and p62 sarcoplasmic aggregation and TDP-43 mislocalisation. 

It is hypothesised that TALL-104 coculture and conditioned medium will cause 

increased sarcoplasmic aggregation of TDP-43 and p62, as well as mislocalisation of 

TDP-43 to the sarcoplasm. Furthermore, it is hypothesised that addition of conditioned 

medium from myotubes primed with IL-1β+IFNγ will cause increased secretion of 

inflammatory cytokines IFNγ and TNFα from TALL-104 cells. 
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6.2 Methods 

6.2.1 TALL-104 cell culture 

TALL-104 cells were purchased from LGC standards, UK. TALL-104 cells were cultured 

in ATCC-modified RPMI with 20 % FBS and 20 ng/mL IL-2 premium grade (Milltenyi 

Biotec, UK 130-097-744) at 37 °C and 5 % CO2 in a humidified incubator. The optimum 

cell density in culture was between 0.5 x 106 – 1 x 106 /mL. TALL-104 were used 

between passage 4 and 12 with the initial cryovial from the supplier taken as passage 

1. 

6.2.2 Collection of TALL-104 conditioned medium 

TALL-104 cells were seeded at 7 x 105 cells/mL in fresh medium in T75 flasks. Cells 

were counted daily and conditioned medium was collected once cell count reached 

over 9 x 105 cells. This took approximately 3-5 days, with two rounds of conditioned 

media collection performed. As a control, the same volume of complete TALL-104 

medium was incubated for the same duration, without cells. 

6.2.3 Treatment of myotubes with TALL-104 conditioned medium and 
cytotoxicity assay 

Myogenic cells were seeded at 4x104 cells per 24-well. Cytotoxicity was measured 

using a non-radioactive cytotoxicity kit as described in Section 2.3, via two overlapping 

experiments. First, increasing percentages of TALL-104 conditioned medium were 

added to myotubes between 5 – 50 % v/v in N2 differentiation medium and compared 

against a N2-differentiation medium control.  Secondly three concentrations of TALL-

104 CM (10 %, 20 %, and 30 % v/v) were compared against respective percentages of 

TALL-104 medium (RPMI + 20 % FBS + IL-2) which was incubated without cells for the 

same period as the conditioned medium. Myotubes were incubated in TALL-104 CM or 

relevant control for 48 hours before collecting media for cytotoxicity assay. For 

downstream experiments of TDP-43 and p62, 30 % v/v conditioned medium or IL-2 

medium control were chosen. 
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6.2.4 TALL-104 myotube coculture and cytotoxicity assay  

Myotubes were seeded at either 4x104 cells per 24-well with two days proliferation or 

5.5x104 cells per well with one day proliferation followed by 5 days differentiation. 

TALL-104 cells were centrifuged at 170 xg and resuspended in N2 myotube 

differentiation medium with 20 ng/mL IL-2 for addition to myotube cultures. Different 

effector to target (E:T) ratios of 0.5:1, 1:1, 2.5:1, and 5:1 of TALL-104 cells were added 

based on the initial seeding density of myogenic cells for 4, 24, or 48 hours, and 

cytotoxicity was measured as described previously. For downstream experiments 

analysing TDP-43 and p62, 1:1 E:T ratio for 24 hours was chosen. 

6.2.5 IFNγ and TNFα ELISA of cocultured TALL -104 

Medium from TALL-104-myotube cocultures (Section 6.2.4) was also collected for 

ELISA analysis of IFNγ and TNFα levels. TALL-104 cells cultured in myotube N2-

differentiation medium with IL-2, without myotubes were used as a TALL-104 only 

control. Media from 24 hour coculture or TALL-104 only control was used. Media 

samples were frozen at -80 °C until use. ELISA was conducted as previously described 

in Section 2.9 except conditioned medium was diluted to 70 % original concentration 

in reagent diluent before use, which was accounted for in final concentration 

calculations.  

6.2.6 TDP-43 localisation with TALL-104 conditioned medium and coculture 

TDP-43 localisation was imaged using widefield microscopy as described previously in 

Section 2.5. 

6.2.7 TDP-43 aggregate and p62 puncta analysis with TALL-104 conditioned 
medium and coculture 

The same samples used for TDP-43 localisation were used for TDP-43 aggregate and 

p62 puncta analysis imaged using a Zeiss LSM 800 confocal microscope using methods 

described previously in Section 2.6 and 2.7 with minor modifications. Eight images 

each of two z-stacks were captured per condition per donor. p62 aggregates were 

defined as 3 or more pixels in size using Image J “Analyse Particles”. TDP-43 and p62 

sarcoplasmic aggregation analysis was conducted blind. 
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6.2.8 Treatment of TALL-104 with myotube conditioned medium 

 Conditioned medium from unprimed or inflammatory primed myotubes was collected 

as described in Section 2.2, with four donors differentiated for 7 days utilised. 7x105 

TALL-104 cells were seeded in 1 mL of complete TALL-104 growth medium containing 

30 % v/v myotube conditioned medium for 48 hours, after which the medium was 

changed to serum free RPMI for 24 hours. Treated TALL-104 CM was collected, 

centrifuged at 500 xg to remove debris, re-aliquotted, and stored at -80 °C until use for 

ELISA.  
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6.3 Results 

6.3.1 TALL-104 conditioned medium was not cytotoxic to myotubes 

Cytotoxicity of TALL-104 conditioned medium (CM) was assessed to examine if 

secreted factors from TALL-104 cells were cytotoxic to myotubes as well as to choose a 

CM percentage for further experiments. Firstly, percentages of conditioned medium 

ranging from 5 – 50 % v/v were added to myotubes for 48 hours. There was no 

difference between the N2-medium control and any of the examined CM conditions 

(Figure 6.1 A). The mean cytotoxicity in the control group was 22 ± 6 %. For 

downstream experiments, 30 % v/v TALL-104 was chosen to ensure enough 

conditioned medium could be collected for the experiments. To ensure that there was 

no cytotoxic effect arising from addition of IL-2 in the TALL-104 CM that may mask 

cytotoxicity of TALL-104 secreted factors, 10, 20, and 30 % v/v CM was compared to 

respective percentages of RPMI + IL-2 only control. There was no difference in 

cytotoxicity with IL-2 control compared to TALL-104 CM at the three tested 

concentrations. There was also no difference in cytotoxicity for increasing 

concentration of IL-2 control, suggesting IL-2 is not cytotoxic to myotubes (Figure 6.1 

B). The cytotoxicity with N2 control in Figure 6.1 A and the three percentages of IL-2 

RPMI control in Figure 6.1 B were compared. There was no difference between these 

control conditions (one-way ANOVA p = 0.766) further showing IL-2 is not cytotoxic to 

cultured myotubes. 

6.3.2 Inflammatory primed myotubes may affect activation of TALL -104 
cells 

To investigate whether a feedback loop exists between myotubes subjected to 

inflammatory insult and cytotoxic immune cell activation, TALL-104 cells were cultured 

with 30 % v/v conditioned medium from myotubes that were either unprimed or 

primed for two days with IL-1β+IFNγ (Figure 6.2). There was weak evidence that IFNγ 

secretion was higher when TALL-104 cells were cultured with inflammatory primed 

myotube conditioned medium compared to unprimed myotubes (p = 0.0591). The 

mean IFNγ released from TALL-104 with inflammatory primed myotube CM was 5 ± 1 
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pg/mL, compared to 2 ± 1 pg/mL for control primed myotube CM. However, IFNγ 

levels from both conditions were below the limit of detection of 9 pg/mL for the ELISA.  

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

                                                                                                    (A) 
Cytotoxicity of different percentages of TALL-104 conditioned medium (CM). There was 
no difference between N2-medium control and any percentage of TALL-104 conditioned 
medium (One-way ANOVA p = 0.177). (B) Difference between three percentages of TALL-
104 CM and the respective amount of RPMI + IL-2 control medium for myotube 
cytotoxicity. There was no difference between CM and RPMI control for any percentage 
(two-way ANOVA, RPMI vs conditioned medium p = 0.760, difference between 
percentages p = 0.760). n = 6 myogenic donors. 

A B 

               TALL-104 cells were treated with 30 % conditioned medium (CM) from either 
0.1 % bovine serum albumin vehicle (veh)-treated myotubes or IL-1β+IFNγ treated 
myotubes. There was weak evidence of an increase in IFNγ secretion from TALL-104 cells 
with CM from IL-1β+IFNy myotubes (Student’s T-test, p = 0.0591). n = 4 myogenic 
donors. 

Figure 6.1  Cytotoxicity of TALL-104 conditioned medium on myotubes. 

Figure 6.2 Effect of inflammatory conditioned myotube medium on TALL-104 IFNγ 
secretion.   
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6.3.3 p62 puncta frequency or size was not affected by TALL -104 secreted 
factors 

To assess whether secreted factors from cytotoxic immune cells affect p62 

sarcoplasmic aggregation, immunofluorescent analysis was used to assess p62 

sarcoplasmic puncta size and frequency in myotubes treated with TALL-104 CM. Figure 

6.3 shows immunofluorescent images of p62 in myotubes treated with 30 % v/v TALL-

104 CM. p62 was found mostly in the sarcoplasm where it displayed both distinct small 

puncta staining as well as strong diffuse staining in the control and TALL-104 CM 

conditions. Some p62 staining could also be seen in the nuclei. The frequency of p62 

puncta relative to cell area was not different between IL-2 control and 30 % TALL-104 

conditioned medium condition (Figure 6.4 A). Furthermore, the size of p62 puncta was 

not affected by addition of TALL-104 conditioned medium (Figure 6.4 B). The mean p62 

puncta size was 0.54 ± 0.11 µm2 in the IL-2 control group. 

6.3.4 TDP-43 aggregates were more likely in myotubes treated with TALL -
104 CM, but aggregate size or frequency was not affected  

To investigate whether secreted factors from cytotoxic immune cells influenced TDP-

43 sarcoplasmic aggregation, 30 % conditioned medium from TALL-104 cells or IL-2 

RPMI control was added to myotubes, before analysing TDP-43 aggregate size, 

frequency, and presence. Figure 6.3 shows TDP-43 immunofluorescent staining in 

myotubes treated with IL-2 control or TALL-104 CM. TDP-43 was expressed in the 

nuclei as well as diffusely in the sarcoplasm. There was no effect of TALL-104 CM on 

the size or relative frequency of TDP-43 aggregates (Figure 6.5 A,B). The mean size of 

TDP-43 aggregates was 0.72 ± 0.19 µm2 in the IL-2 control group. Furthermore, there 

was no difference between IL-2 control and TALL-104 conditioned medium-treated 

myotubes for the percentage of TDP-43 aggregates that colocalised with p62 puncta 

(Figure 6.5 C). The mean percentage of TDP-43 aggregates that colocalised with p62 

puncta in the IL-2 control group was 19 ± 7 %. When considering whether each image 

(of two z slices) contained TDP-43 aggregates, there was a higher frequency of TDP-43 

aggregates in TALL-104 CM images compared to IL-2 control medium (Fisher’s  
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                                                                                                                            (A) Representative 
images of TDP-43 and p62 in myotubes treated with IL-2 control and TALL-104 
conditioned medium (CM). Scale bar = 20 µm. 

A 

Figure 6.3 p62 and TDP-43 with TALL-104 conditioned medium.  

B 

TDP-43 p62 

DAPI CM 

(A) There was no difference between IL-2 control and 30 % TALL-104 conditioned medium 
(CM) for p62 puncta frequency relative to cell area (p = 0.289), (B) or p62 puncta size (p = 
0.357). Student’s T-test, n = 6 myogenic donors. 

Figure 6.4 TALL-104 conditioned medium did not affect p62 puncta size or frequency. 

TAL-104 CM 

IL-2 Control p62 TDP-43 
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exact test p = 0.0326, Figure 6.5 D). There was no difference in the number of cells 

imaged in each condition (p = 0.322, 3.1 ± 0.2 vs 3.6 ± 0.4 cells per image mean ± SEM 

for IL-2 control and TALL-104 CM respectively). 

6.3.5 TDP-43 subcellular localisation was not affected by TALL -104 secreted 
factors 

TDP-43 subcellular localisation was examined after incubation with 30 % v/v TALL-104 

conditioned medium or IL-2 control. There was no difference in TDP-43 localisation 

between myotubes treated with IL-2 control and those treated with TALL-104 CM 

 

 

 

 

 

 

 

  

  

                                                                                    (A) There was no difference between 
IL-2 control and 30 % TALL-104 conditioned medium (CM) for TDP-43 aggregate 
frequency relative to cell area (p = 0.294), (B) TDP-43 aggregate size (p = 0.155), (C) 
or colocalisation with p62 puncta (p = 0.465). (D) There was a higher frequency of 
images containing TDP-43 aggregates in the TALL-104 CM group compared to IL-2 
control (p = 0.0326, Fisher’s exact test), 8 images for each of 6 donors per condition. 
A-C Student’s T-test. n = 6 myogenic donors. 

A B 

C D 

Figure 6.5 TALL-104 conditioned medium did not affect TDP-43 aggregate 
frequency, size, or colocalisation with p62. 
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for TDP-43 localisation (Figure 6.6). There was a significant difference between 

localisation areas irrespective of treatment condition (p < 0.0001), showing that 

distribution of TALL-104 was not even between the different subcellular 

compartments. Regardless of treatment condition, the localisation areas with the 

highest percentage of TDP-43 were nucleus and sarcoplasm (mean 53 ± 4 %) closely 

followed by nucleus only (mean 47 ± 5 %) (two-way ANOVA with Tukey’s post-hoc 

test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

                    Representative images of TDP-43 localisation with RPMI control or TALL-104 
conditioned media (CM). Scale bar = 100 µm. There was no difference between RPMI 
control and TALL-104 conditioned media (CM) for subcellular localisation of TDP-43. Two-
way ANOVA p = 0.906, n = 5 myogenic donors. 

Figure 6.6 TDP-43 subcellular localisation was not affected by TALL-104 conditioned 
medium. 

RPMI control 

TALL-104 CM 

TDP-43 TDP-43  cell mask  DAPI 
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6.3.6 TALL-104 coculture was cytotoxic to myotubes  

As well as conditioned medium from cytotoxic immune cells, direct coculture was 

investigated. To examine if direct coculture with TALL-104 cells was cytotoxic to 

myotubes, LDH release was measured from cocultures at different E:T (effector to 

target) ratios after 4, 24, and 48 hours. The E:T ratios used were 0.5:1, 1:1, 2.5:1, and 

5:1. In cocultures, large areas of floating debris surrounded by TALL-104 cells were 

observed. Myotubes that remained attached to the surface appeared thinner than 

those in the control condition (Figure 6.7 A). At 4 hours, only the highest E:T ratio of 

5:1 showed a significant increase in cytotoxicity compared to myotubes cultured with 

IL-2 control (Figure 6.7 B). By 24 hours, all E:T ratios showed increased cytotoxicity of 

myotubes compared to control, which was also true for 48 hours co-culture (Figure 6.7 

C,D). At 24 hours, the mean percentage cytotoxicity was 13 ± 2 % in the control, 54 ± 3 

% for 0.5:1, 69 ± 3 % 1:1, 75 ± 9 % 2.5:1, and 94 ± 9 % 5:1. When comparing 

cytotoxicity over time, all E:T ratios showed higher cytotoxicity at 24 hours compared 

to 4 hours, whereas only 5:1 ratio showed increased cytotoxicity from 24 hours to 48 

hours, suggesting most cytotoxic effects occur between 4 and 24 hours (Figure 6.7 E).  

6.3.7 Coculturing TALL-104 with myotubes lead to increased IFNγ and TNFα 
secretion from TALL-104 at higher E:T ratio 

To examine whether coculturing TALL-104 cells with myotubes affected activation of 

TALL-104 cells, ELISA was used to measure secreted levels of IFNγ and TNFα in the 

culture medium. IFNγ and TNFα levels were measured after 24 hours TALL-104-

myotube coculture. This was compared to TALL-104 cells cultured in myotube medium 

without myotubes as a negative control, where IFNγ and TNFα were not detected 

above 1 pg/mL. There was higher IFNγ and TNFα secretion at 2.5:1 and 5:1 compared 

to negative control TALL-104, but not at 0.5:1 and 1:1 (Figure 6.8 A,C). Furthermore, 

there was higher IFNγ and TNFα secretion at 5:1 compared to either 1:1 and 0.5:1 E:T 

ratio, and higher secretion of both cytokines at 2.5:1 than 0.5:1. The median IFNγ 

release was 7 ± 16, 29 ± 18, 91 ± 99, and 171 ± 119 pg/mL for 0.5:1, 1:1, 2.5:1, and 5:1  
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IL-2 control 1:1 TALL-104 A 

B C 

D E 

                                                                                                                (A) Phase contrast images 
of myotubes under IL-2 control or 1:1 TALL-104 effector to target (E:T) ratio after 24 
hours. Fewer myotubes were observed with coculture, and remaining myotubes 
appeared thinner. Scale bar = 100 µm. (B-D) Cytotoxicity of different E:T ratios compared 
to IL-2 control. (B) At 4 hours of coculture, there was higher cytotoxicity in the 5:1 E:T 
condition compared to control (p = 0.0005), but not for any other E:T ratio. (C) At 24 
hours there was higher cytotoxicity for 0.5:1, 1:1, 2.5:1, and 5:1 compared to control (p = 
0.001 0.5:1, p = 0.0001 all other comparisons). (D) At 48 hours, there was higher 
cytotoxicity for 0.5:1, 1:1, 2.5:1, and 5:1 compared to control (p = 0.0001 for all 
comparisons). (E) For each E:T ratio, comparison of cytotoxicity between timepoints. 
There was no difference in cytotoxicity over time in the control group. Cytotoxicity was 
higher at 24 hours than 4 hours for 0.5:1, 1:1, 2.5:1 (p < 0.0001), and 5:1 (p = 0.0223). 
Cytotoxicity was also higher at 48 hours than 24 hours for 5:1 (p = 0.0226). For all E:T 
ratios 48 hours had higher cytotoxicity than 4 hours. (B-D) One-way ANOVA with 
Dunnett’s multiple comparisons. (E) Two-way ANOVA with Tukey’s multiple comparisons. 
n = 4 myogenic donors. 

Figure 6.7 TALL-104 coculture was cytotoxic to myotubes. 
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respectively. The median TNFα release was 0 ± 20, 18 ± 14, 53 ± 28, and 78 ± 50 pg/mL 

for 0.5:1, 1:1, 2.5:1, 5:1 respectively. Figure 6.8 B and D show the same results as 

Figure 6.8 A and C as a linear regression. This shows linearity of IFNγ (r2 = 0.9245) and 

TNFα (r2 = 0.9335) secretion with increasing E:T ratio when considering only the  

 

 

 

 

 

 

 

 

 

  

  

A B 

C D 

                      Different effector (TALL-104):target (myotube) ratios were used. (A) IFNγ 
secretion was higher when cocultured with myotubes than with TALL-104 alone for 2.5:1 
and 5:1 ratios (#, p = 0.0196 2.5:1, p = 0.0009 5:1. Two-way ANOVA with Sidak multiple 
comparisons). No IFNγ was detected from any ratio of TALL-104 cultured alone (data not 
shown). IFNγ secretion was higher in 5:1 vs 0.5:1 (p = 0.0006), 5:1 vs 1:1 (p = 0.0475), and 
2.5:1 vs 0.5:1 (p = 0.0075). Kruskal-Wallis test with Dunn’s multiple comparisons. (B) The 
increase in IFNγ with increasing E:T ratio was mostly linear (r2 = 0.9245). (C) TNFα 
secretion was higher when cocultured with myotubes than with TALL-104 alone for 2.5:1 
and 5:1 ratios (#, p = 0.0001 2.5:1, p < 0.0001 5:1. Two-way ANOVA with Sidak multiple 
comparisons). TNFα secretion was higher for 5:1 than 0.5:1 (p = 0.0016), 5:1 vs 1:1 (p = 
0.0189), and 2.5:1 vs 0.5:1 p = 0.0246). Kruskal-Wallis test with Dunn’s multiple 
comparisons. (D) The increase in TNFα with increasing E:T ratio was mostly linear (r2 =  
0.9335). n = 6 myogenic donors. Median ± IQR. 

Figure 6.8 IFNγ and TNFα secretion from TALL-104 cells co-cultured with 
myotubes. 
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median concentration value for each condition. 

6.3.8 TALL-104 cells attached to and invaded myotubes  

TDP-43 and p62 immunofluorescent staining was conducted in myotube TALL-104 

cocultures. In some immunofluorescent images of cocultures, small rounded cells with 

a high nuclear to cytoplasm ratio were observed which were likely TALL-104 cells. 

TALL-104 cells were observed attaching to myotubes (Figure 6.9 A). They were also 

seen in the sarcoplasm of myotubes, with a halo of darkness surrounding them, which 

may show localised myotube destruction (Figure 6.9 B). Furthermore, TDP-43 and p62 

were visible in TALL-104 cells. TDP-43 was observed in the nucleus of TALL-104 cells, as 

well as strongly staining the edges of the cells. p62 was less pronounced but was also 

localised towards the periphery of the cell cytoplasm. 

6.3.9 TALL-104 coculture did not affect p62 puncta size or frequency 

To examine if direct coculture with cytotoxic immune cells caused p62 aggregation in 

myotubes, immunofluorescent microscopy was used to quantify size and frequency of 

p62 puncta. 24 hours coculture with 1:1 E:T ratio of TALL-104 cells was used. Figure 

6.10 shows immunofluorescent images of p62 in myotubes. p62 was mostly located in 

the sarcoplasm with variable sized puncta and some areas of diffuse staining, 

occasional p62 puncta in the nucleus could also be observed. p62 puncta frequency 

relative to cell area was not affected by TALL-104 coculture compared to IL-2 control 

(Figure 6.11 A). There was also no difference in p62 puncta size between IL-2 control 

and TALL-104 coculture (Figure 6.11 B) with mean p62 puncta size of 0.27 ± 0.02 µm2 

in the IL-2 control group. 

6.3.10 TDP-43 aggregates were less likely in TALL-104 cocultured 
myotubes, but TDP-43 aggregate size or frequency was not affected  

To assess if coculturing TALL-104 cells with myotubes affected TDP-43 sarcoplasmic 

aggregation in myotubes, immunofluorescent image analysis was used to quantify 

TDP-43 aggregate size and frequency. Figure 6.10 shows TDP-43 staining in myotubes. 

TDP-43 was diffusely located throughout the cytoplasm. Some myotubes showed 
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nuclear TDP-43 staining whereas others showed an absence of TDP-43 in the nucleus. 

The frequency of sarcoplasmic TDP-43 aggregates relative to myotube area was not 

different between myotubes cultured with IL-2 control or TALL-104 cells (Figure 6.12 

A). There was also no difference in TDP-43 aggregate size (Figure 6.12 B) or co-

localisation with p62 puncta (Figure 6.12 C) between control and TALL-104 coculture. 

The median TDP-43 aggregate size in the IL-2 control group was 0.65 ± 0.45 µm2. TDP-

43 aggregates were not observed in all images. There was a lower frequency of images 

containing any TDP-43 aggregates in the TALL-104 coculture group than the IL-2 

control group (Fisher’s exact test p = 0.0018 Figure 6.12 D). There was no difference in 

the median number of cells imaged in each condition (p = 0.651, 3 ± 2 vs 3 ± 3 for IL-2 

control and TALL-104 coculture respectively). 

  

  

Control TALL-104 CC 

Control TALL-104 CC 
A 

B 

                                                                                                                                     (A) 
TALL-104 cells attached to myotubes (B) TALL-104 cells invading the sarcoplasm of 
myotubes, some showing morphological changes (top inset). Scale bar = 20 µm.  
White arrows indicate TALL-104 cells. CM – cell mask, CC - coculture. 

TDP-43 p62 

DAPI CM 

Figure 6.9 Attachment and invasion of myotubes by TALL-104 cells. 
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                    Representative images of TDP-43 and p62 in IL-2 control or TALL-104 
coculture (CC) treated myotubes. CM- cell mask. Scale bar = 20 µm. 

A 

Figure 6.10 p62 and TDP-43 in myotubes treated with IL-2 control or TALL-104 
coculture. 

B 

TDP-43 p62 

DAPI CM 

                                      (A) There was no difference in p62 puncta frequency between IL-2 
control and TALL-104 coculture at 1:1 effector to target ratio (p = 0.0796). (B) There was no 
difference in p62 puncta size between IL-2 control and TALL-104 coculture (p = 0.697). 
Student’s T-test, n = 5 myogenic donors. 

Figure 6.11 Coculture of TALL-104 cells with myotubes did not affect p62 particle 
size or frequency. 

IL-2 control p62 TDP-43 

TALL-104 CC 
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6.3.11 TDP-43 subcellular localisation was affected by TALL -104 coculture 

The localisation of TDP-43 within cells was assessed when cells were cultured with 1:1 

E:T ratio of TALL-104 cells for 24 hours and compared to myotubes treated with IL-2-

containing media for the same length of time. There was a significant difference in the 

interaction between TDP-43 localisation category and treatment condition, showing 

TDP-43 localisation was altered with TALL-104 coculture (two-way ANOVA) (Figure 

6.13). The only subcellular localisation that showed a difference between IL-2 control 

and TALL-104 coculture with Tukey’s post-hoc testing was nucleus only, showing fewer 

cells with TDP-43 only in the nucleus in TALL-104 coculture compared to IL-2 control. In 

the immunofluorescent images, in the TALL-104 coculture group there appeared more 

                     (A) There was no difference between IL-2 control and TALL-104 co-culture 
for TDP-43 aggregate frequency relative to cell area (p = 0.728), (B) aggregate size (p = 
0.548), (C) or colocalisation with p62 puncta (p = 0.369). (D) There was a higher 
frequency of images containing TDP-43 aggregates in the IL-2 control group compared 
to TALL-104 coculture (Fisher’s exact test p = 0.0018, eight images (with two z-stacks) 
for each of 5 donors). Student’s T-test or Mann-Whitney U test. n = 5 myogenic donors. 

A B 

C D 

Figure 6.12 TDP-43 aggregate frequency or size was not affected by TALL-104 
coculture. 
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cells with weak TDP-43 sarcoplasmic (and nuclear) expression. There was also a 

significant difference in the localisation of TDP-43 between the subcellular 

compartments (two-way ANOVA p < 0.0001). The localisation with the largest 

percentage of TDP-43 regardless of treatment condition was nucleus and sarcoplasm 

with mean 83 ± 4 % (Tukey’s post-hoc test). 
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Representative images of TDP-43 localisation with IL-2 control and TALL-104 coculture. 
Scale bar = 100 µm. There was a difference in the distribution of TDP-43 between the 
subcellular compartments between the two treatment conditions (two-way ANOVA 
interaction factor p = 0.02). There was a decrease in nuclear only expression of TDP-43 
with TALL-104 coculture compared to IL-2 control (p = 0.0401), but there was no 
difference for the nuclei and sarcoplasm (p = 0.241), sarcoplasm only (p = 0.974), or 
neither (p > 0.999) groups. Two-way ANOVA with Sidak’s multiple comparisons. n = 5 
myogenic donors. 

Figure 6.13 TDP-43 subcellular localisation was affected by TALL-104 coculture. 

* 

IL-2 control 

TALL-104 coculture 

TDP-43 TDP-43  cell mask  DAPI 
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6.4 Discussion 

The aim of this chapter was to investigate the effect of cytotoxic immune cells on 

sIBM-like features of TDP-43 and p62 aggregation, as well as TDP-43 localisation. The 

cytotoxic cell line TALL-104 has features of both CD8+ T cells and natural killer cells and 

is capable of inducing cell-mediated cytotoxicity through release of perforins and 

granzymes and induction of extrinsic apoptotic pathways. The effect of secreted 

factors from cytotoxic immune cells via conditioned medium transfer as well as the 

effect of direct coculture with TALL-104 cells was tested. Initially, the cytotoxicity of 

both CM and co-culture was tested. IL-2-containing medium was used with or without 

RPMI for CM and coculture respectively in the control conditions. IL-2 is a cytokine 

whose main roles are within the immune system (447), therefore it was not expected 

that the inclusion of IL-2 in the controls would have any detrimental effect on 

myogenic cells. IL-2 has been found to reversibly inhibit sodium influx upon 1 Hz 

electrical stimulation in human muscle cells (448, 449), but this is unlikely to affect 

experiments in this chapter. Here, it was found that IL-2-containing medium was not 

cytotoxic to myotubes. 

6.4.1 TALL-104 cytotoxicity and activity with myotubes 

It was expected that TALL-104 coculture with myotubes would not be cytotoxic as 

there should not be any epitopes expressed by myogenic cells that trigger TALL-104 

cytotoxic effects. Furthermore, it has previously been shown that TALL-104 cells spare 

normal cells whilst targeting tumourigenic cells (433-436). Therefore, the 

overwhelming cytotoxicity here was unexpected. The activation of TALL-104 cells is 

MHC-independent, instead relying on combined inhibitory and activation signals from 

natural killer cell receptors (431). Previously, it has been shown that PBMCs containing 

natural killer cells target autologous skeletal muscle cultures from healthy patients. 

This cytotoxicity was caused by PBMCs depleted of macrophages and expressing CD16 

(expressed on NK cells, neutrophils, and macrophages (450-452)), as neutralising 

antibodies against CD16 prevented cytotoxicity. However, the mechanism causing 

natural killer cell mediated auto-cytotoxicity was not tested. On the other hand, 
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autologous myotubes were not targeted or killed by isolated CD8 cytotoxic T cells 

(453). This suggests the culture of myogenic cells may reveal epitopes or receptor 

expression in myotubes that is usually hidden or absent in vivo. Contrary to this, 

another study examining co-culture of rhabdomyosarcoma cells with the natural killer 

cell line NK-92 did not observe high cytotoxicity, suggesting a lack of natural killer-

mediated muscle cell lysis (454). Thus, there are contradicting effects of NK-mediated 

lysis of cultured myotubes. The reasons why TALL-104 cells were reactive to myogenic 

cultures here remains unclear. Potentially, myogenic cells express a high amount of 

activating ligands or a low amount of inhibitory ligands that bind receptors on TALL-

104 cells, causing them to become reactive. Only coculture with myogenic cells was 

used here. The specificity of TALL-104 cells could be tested by co-culturing them with 

other normal cells that have previously not shown reactivity, such as PBMCs (436). The 

lack of reactivity of TALL-104 cells to normal cells such as allogeneic mixed population 

normal brain cells (435) indicates that cytotoxicity against myotubes is unlikely to be 

due to HLA-mismatching or anti-self recognition. 

Previous studies have investigated in vitro myositis models of CD8 T cell mediated 

myotube lysis. Coculture of antigen-specific CD8+ T cells and myotubes has been 

conducted by Kamiya et al to model polymyositis, in which C2C12 cells were 

transduced to express an ovalbumin peptide and MHC I, and cocultured with CD8+ 

cells from transgenic mice that have ovalbumin-specific TCR expression. Myotubes that 

were not transduced to express the ovalbumin target experienced no cytotoxicity 

when cocultured with the CD8+ T cells. However, myotubes expressing ovalbumin died 

with increasing lysis at increasing densities of CTLs. The CD8+ cells infiltrated into the 

myotubes, and myotubes that had CTL invasion died quicker than uninvaded myotubes 

(455). The results from the CD8+ C2C12 coculture supports the notion that TALL-104 

cells mediate cytotoxicity in an antigen-independent and NK cell-like manner, as CD8+ 

cells did not attack normal C2C12 myotubes. This is also an example of a coculture 

method that could be utilised to study muscle-intrinsic pathological features of sIBM 

with disease-relevant cell types. It would be interesting to utilise this approach to 

investigate TDP-43 and p62 pathology and compare it to the TALL-104 coculture here.  
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The effect of coculturing isolated CD8+ T cells from sIBM with autologous myotubes 

has previously been investigated. 1 out of 4 sIBM patient’s CTLs showed cytotoxicity 

against autologous myotubes, whereas 3 of 6 polymyositis and 1 of 5 dermatomyositis 

T cell isolates showed myotube autoreactivity (456). This shows that some sIBM 

patient CTLs may be primed to react to skeletal muscle antigens, however the majority 

of sIBM T cells did not detrimentally target autologous myotubes. In a study (457) 

investigating polymyositis patients only, autologous polymyositis myotubes cultured 

with CD8+CD28- cells had higher cell death compared to coculture with CD8+CD28+ 

cells which was mediated through perforin and granzyme B. Myotubes were more 

susceptible to  this cell death than myogenic precursors. Further, CD4+CD28- 

polymyositis cells were also cytotoxic to autologous myotubes. Lack of the 

costimulatory CD28 molecule in CD8 cells is associated with a cytotoxic inflammatory 

phenotype with some resistance to glucocorticoid suppression (457). 

Under coculture of TALL-104 with myogenic cells, there was a higher expression of 

IFNγ and TNFα in the higher E:T ratios of 2.5:1 and 5:1 compared to TALL-104 cells 

alone. This suggests that direct contact of myotubes with TALL-104 caused activation 

of TALL-104 cells, which is also shown through their cytotoxicity. Another method of 

examining TALL-104 activation in the presence of myogenic cells would be to examine 

their proliferation rate, with a higher proliferation showing activation. 

6.4.2 Secreted factors from TALL-104 

Conditioned medium from TALL-104 cells did not affect TDP-43 or p62 aggregate size 

or frequency, showing in these myotubes secreted factors from cytotoxic cells may not 

trigger this sIBM-like feature. However, there was no detectable secretion of IFNγ or 

TNFα from TALL-104 when cultured alone. This suggests TALL-104 cells are not 

activated under basal culture conditions, and therefore conditioned medium from 

these cells may not accurately reflect the secretory phenotype of invading T cells in 

sIBM. This is in accordance with previous results showing no detection of TNFα or IFNγ 

in TALL-104 cells cultured alone (434, 435, 458). However, this is contrary to another 

study showing TALL-104 cells cultured in the presence of IL-2 secreted IFNγ at 54.7 

U/mL and TNFα at 1.8 U/mL (459). The measurement of TALL-104 IFNγ and TNFα here 
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was conducted in N2 differentiation medium to act as a control for coculture 

experiments. Potentially, as may be the case with macrophage cytokine secretion (see 

Figure 5.9 and Section 5.3.7), culture with N2 medium as opposed to RPMI may 

abrogate cytokine production. Unfortunately, TNFα and IFNγ levels were not 

quantified from TALL-104 cells cultured in basal TALL-104 medium, therefore it is not 

known whether conditioned medium contained these cytokines. 

To ameliorate the potential lack of cytokines in TALL-104 CM, TALL-104 cells could be 

activated via addition of compounds such as PMA, thapsigargin, or ionomycin for 

collection of CM (460, 461). Thapsigargin and ionomycin increase the cytoplasmic 

concentration of calcium ions, forcing binding of cytotoxic granules with the T cell 

membrane and release of their contents (460, 462). PMA activates protein kinase C 

due to its similar structure to diacyl glycerol, the natural ligand of protein kinase C, 

which is involved in a plethora of T cell activation steps including exocytosis of lytic 

granules (463). 

6.4.3 p62 

There was no effect of TALL-104 conditioned medium on p62 puncta size or frequency, 

suggesting that there was no blockade or activation of selective autophagy. With TALL-

104 coculture, there was also no alteration of p62 puncta size or frequency. Therefore,  

sarcoplasmic aggregation of p62 in human myogenic cells may not be triggered by 

exposure to TALL-104 cells . During coculture conditions, it is likely that imaged 

myotubes were experiencing a pro-apoptotic environment as marked by the high 

cytotoxicity. Autophagy is able to occur concurrently or precede apoptotic cell death 

(464), however the lack of p62 puncta alterations here may suggest upregulated 

autophagy accompanied by apoptosis was not occurring. It is also possible that the 

myotubes observed for TDP-43 and p62 sarcoplasmic aggregation with TALL-104 

coculture were not undergoing apoptosis, as they were adhered to the culture surface 

and few myotubes showed characteristics of apoptosis such as membrane blebbing or 

nuclear condensation (465), although this was not quantified. Further staining, for 

example with phosphatidylserine which is present on the membrane of cells 

undergoing the early stages of apoptosis, would help elucidate the viability of these 
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cells. To confirm that no changes in p62 were present with coculture or TALL-104 

conditioned medium, protein expression of p62 could be investigated. To further 

assess the involvement of autophagy, expression of LC3 could also be assessed. 

6.4.4 A role for cytotoxic immune cells in TDP-43 localisation? 

As with the results from other chapters, not all cells or images examined contained 

TDP-43 aggregates. However, both conditioned medium and coculture affected the 

likelihood of finding cells containing any TDP-43 sarcoplasmic aggregates within an 

image, with opposing effects between the two conditions. TALL-104 conditioned 

medium treatment led to an increased likelihood of TDP-43 aggregates compared to IL-

2 control, whilst coculture lead to a decreased likelihood. These results are different to 

finding a higher frequency of aggregates, but instead reflects a change in the number 

of cells containing any TDP-43 aggregates. Importantly, for CM or coculture changes in 

TDP-43 likelihood were not due to a difference in number of cells per image. As there 

was no accompanying effect on TDP-43 aggregate size for either coculture or 

conditioned medium, these aggregates may represent a change in a basal role of TDP-

43, such as its role in RNA processing in myo-granules (327). This suggests that CM 

from resting cytotoxic T cells may increase the number of cells that are producing myo-

granules. This result also highlights that despite the low detection of inflammatory 

cytokines in TALL-104 CM, these cells were secreting soluble mediators capable of 

affecting myogenic cells.  

On the other hand, the decrease in myotubes with TALL-104 coculture may represent 

fewer cells forming myo-granules, potentially as the myogenic cells were in a highly 

cytotoxic environment that triggers apoptosis. When cells are undergoing apoptosis 

there is a rapid degradation of mRNA (466), which may be why fewer cells show TDP-

43 aggregates as TDP-43 is an RNA binding protein. However, with the current results, 

it is not possible to know whether any TDP-43 aggregates represent myo-granules. 

With further investigations it would be interesting to see if under the same treatment 

conditions mRNA molecules of sarcomeric proteins co-localised with these TDP-43 

aggregates which would shed light on the function of these TDP-43 aggregates. TDP-43 

is also localised to stress granules in conditions of cellular stress to aid cell survival 
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(90). To examine if TDP-43 aggregates here are stress granules, the co-localisation of 

TDP-43 with stress granule-specific markers such as G3BP1 (327) could be undertaken. 

However, it would be expected that more stress granules would form under TALL-104 

coculture conditions due to the high cytotoxicity in this environment. 

TALL-104 CM had no effect on TDP-43 localisation, whereas direct coculture resulted in 

a decrease in cells showing nuclear only TDP-43 expression. However, there was not a 

significant change in any other subcellular localisation compartment, therefore it is not 

clear where this TDP-43 localisation had shifted. This also shows that a 

“mislocalisation” of TDP-43 towards the sarcoplasm away from the nucleus as seen in 

sIBM and other in vitro investigations of sIBM with cytokine treatment was not 

recapitulated with TALL-104 coculture, as nuclear expression was still observed. There 

may be a variable effect of TALL-104 targeting towards single nucleated or 

multinucleated myogenic cells which was not explored here. These results could be 

further classified for single and multinucleated cells to examine if TDP-43 nuclear 

expression is differentially affected in these cell types. As Section 3.3.5 shows, there 

was no effect of differentiation on TDP-43 localisation or difference in myotubes and 

myoblasts under basal conditions. The decreased frequency of TDP-43 aggregates in 

images and the decreased nuclear localisation with TALL-104 coculture could be 

influenced by selection bias where only surviving cells were analysed as dead cells 

detach from culture surfaces. The remaining myogenic cells may therefore represent a 

more robust population that are resistant to TALL-104 killing. To help answer if this is 

the case, TDP-43 localisation and aggregation could be analysed after 4 hours of 

coculture at 1:1 E:T ratio, which did not show increased cytotoxicity compared to 

control. 

Western blotting for proteins with TALL-104 CM or coculture was not performed. It 

would be interesting to examine protein levels of TDP-43, p62, and sestrins in TALL-104 

CM cultured myotubes, to see if TALL-104 secreted factors can regulate expression of 

these proteins. Because myotubes underwent cell death with coculture, and the TALL-

104 cells were observed to directly interact with the myotubes, this would make any 

protein measurements difficult in the coculture condition. Under immunofluorescence 
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TALL-104 cells were visualised with both p62 and TDP-43 antibodies, so Western 

blotting of these proteins would highlight expression in both myogenic and TALL-104 

cells. A potential solution to this problem could involve FACS or MACS sorting of 

myogenic cells and TALL-104 after coculture, for example with CD3/CD7 for TALL-104 

depletion prior to Western blotting. 

It is important to note that TALL-104 cells are unlikely to be representative of the CD8+ 

T cells found infiltrating into sIBM muscle. TALL-104 were chosen due to their 

proliferative capacity in culture, cytotoxic effects, and commercial availability over 

other cell sources such as primary CD8+ T cells. However, their mixed CD8+ natural 

killer cell characteristics and transformed nature mean they are likely to respond 

differently to healthy or sIBM-derived CD8+ cells. TALL-104 cells are a neoplastic, 

proliferative cell line whereas sIBM CTLs are highly differentiated and display a 

senescent-like phenotype. However, TALL-104 are capable of inducing cell-mediated 

lysis with mechanisms also used by CD8+ T cells. To improve the biological relevance of 

these experiments, autologous primary human skeletal muscle cells and CD8+ cells 

from multiple healthy or even sIBM donors could be investigated. 

6.4.5 Summary 

Secreted factors from unstimulated TALL-104 cells did not influence TDP-43 or p62 

sarcoplasmic aggregation in myogenic cells. TALL-104 cocultured with myogenic cells 

at higher E:T ratios showed high cytokine secretion, and even at low E:T ratios were 

unexpectedly cytotoxic to myogenic cells. Coculture of myogenic cells with TALL-104 

cells did not affect TDP-43 or p62 aggregate size, however there was a decrease in 

nuclear only TDP-43 staining with coculture. Overall, TALL-104 secreted factors or 

coculture failed to illicit the sIBM-like phenotype of sarcoplasmic inclusion bodies 

containing TDP-43 and p62, but did trigger changes in TDP-43 localisation. 
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Chapter 7. Myobundle culture with cytokine treatment or TALL-
104 coculture  

7.1 Introduction 

7.1.1 3D models of skeletal muscle  

Multiple 3D culture models of skeletal muscle have been created. In the human 

muscle, myofibres are surrounded by the basal lamina that is rich in collagen IV and 

laminin, which is further surrounded by the perimysium and epimysium that are rich in 

collagen I (467). 3D culture models of skeletal muscle have been extensively reviewed 

(468-471), and studies highlighting some of the most commonly used methods are 

included here. Many 3D skeletal muscle cultures use hydrogel-based culture. 

Originally, collagen I was one of the most widely used extracellular matrix proteins for 

this purpose. However, collagen I is a relatively stiff material compared to native 

muscle basal lamina, which affects muscle cell differentiation and contractile force 

generation (467). Alignment of myotubes within 3D skeletal muscle cultures is 

important for biological relevance and force generation. 

One method for generating 3D skeletal muscle cultures is utilising micropatterned 

surfaces to aid alignment of myotubes. Laminin-coated channels inside a silicone 

mould with stiffness-tuned hydrogels were utilised to create 3D muscle constructs of 

C2C12 cells and primary human muscle cells (472). Myofiber sheets have been created 

on thermoresponsive polymer micropatterned substrates. By reducing the 

temperature of cultures on the thermoresponsive substrate, whole intact sheets of 

muscle cells could be harvested (473). Methacrylated gelatine hydrogels have been 

patterned with microgrooves for seeding of C2C12 cells to create engineered 

myofibres (474). This has further been expanded by coculturing C2C12 cells with PC12 

neuronal cells with electrical pulse stimulation (475). Other micropatterned surfaces 

have been used including parallel lanes of regularly spaced rectangles (476). 
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Other 3D culture techniques are more suitable to generate skeletal muscle constructs 

for therapeutic use. This includes the use of 3D printing and electrospinning (477). 

Electrospinning is a technique for producing nanofibers from a biomimetic scaffold 

solution via extrusion under high voltage (471). Electrospinning has been used to 

create nanofibre yarn cores and hydrogel shells which allowed for C2C12 alignment 

amenable to long term culture (478). Electrospun fibrin hydrogels have been used as a 

scaffold for C2C12 culture for regeneration in a volumetric muscle loss model (479). 

Electrospinning can also be used with cell-containing gels, with cells undergoing 

electrospin extrusion. Cell-laden electrospinning has the benefit of the cells being 

incorporated into the fibres as opposed to seeding on top. This approach was utilised 

for C2C12 cells in an alginate/poly(ethylene) oxide fibre (480). 3D bioprinting has been 

used to generate skeletal muscle constructs consisting of human muscle progenitor 

cells in hydrogel with supporting polymer microchannels formed from poly(ε-

caprolactone). These constructed were implanted into rats with defective muscles 

formed by excision of original muscle mass. Implantation of the 3D bioprinted muscle 

constructs restored 82 % of normal muscle force (481). 3D bioprinting has been used 

with C2C12 cell-laden collagen-based bioink combined with uniaxially aligned 

microfibrous bundles coated with collagen (482). 

Many 3D myogenic culture techniques utilise cells cultured in hydrogel with the use of 

tether points that act like artificial tendons. Tethering the hydrogel allows for 

anisotropic alignment and structural organisation of myotubes, as well as contraction 

of the construct through its width. Flexible posts such of those made of silicone have 

been utilised in 3D muscle cultures, and measuring the deformation of the culture 

posts is used to examine force generation by muscle cultures. The use of flexible posts 

has been used in a 96 well format to create a high throughput platform for generating 

3D skeletal muscle cultures for drug testing, called human skeletal muscle microtissue 

array device to investigate force or MyoTACTIC. Using this system, it was possible to 

monitor force generated in situ during culture via deflection of the micro-posts, 

without the need for a sacrificial end-point force measurement (483). Similar methods 

in 96 well format using deflectable posts have been created with mouse cells, using 

image-based motion detection to measure force (484). Another use of tethering posts 
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to generate 3D muscle cultures utilised a method previously created for culture of 

engineered heart tissue in which cells are seeded inside fibrin and Matrigel between 

flexible silicone posts (485). Using this method, it was possible to culture human 

induced pluripotent stem cells (iPSC) from patients with muscular dystrophies (486). 

Other flexible post-based methods have been developed with increased complexity, 

such as with integration into microfluidic devices with iPSC-derived motor neurone 

spheroids for ALS modelling (487). Larger 6 well formats have also been employed 

(488). 

Myobundles are a hydrogel-based tethered culture system developed by the Bursac 

group (489). They consist of myogenic cultures suspended in a mix of Matrigel and 

fibrinogen, tethered at their longitudinal ends for anisotropic alignment of myotubes. 

The myobundles are seeded in a silicone mould in which a frame made of spunbond 

non-woven nylon (Cerex®) is placed (see Figure 7.1 F). The quantities of cells, Matrigel 

and fibrinogen concentrations were previously optimised for the measurement of 

force generation by the myobundles (490). The original myobundle design was 

developed using halved silicone tubing and Velcro® anchors (490) for rat cells, with 

nylon anchors and custom-made silicone moulds being used at a later stage for culture 

of human muscle cells (489). The myobundle design has also been utilised by other 

groups. For example, muscle cells cultured with the addition of stem cell derived 

motor neurones that self-assembled into neuromuscular junctions (491), and to 

evaluate the release of skeletal muscle injury biomarkers (492). The myobundles 

cultures were the first 3D cell culture method that successfully showed force 

generation using human cells, whereas previous models only showed success with 

rodent cells (489). Due to their ability to be used with human cells, the relative lack of 

specialist equipment, the fact they have previously been characterised in depth, and 

their large size amenable to force testing, the Velcro®/Cerex myobundle design was 

chosen as a functional 3D muscle cell culture model in this chapter. 

sIBM-relevant treatments have been investigated in myobundles. The Bursac group 

have previously used IFNγ treatment of myobundles to investigate the effect of this 

cytokine on muscle wasting, and the restorative effect of electrical stimulation as an 
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exercise-like treatment throughout culture (159). This showed that treatment of 

myobundles with IFNγ (20 ng/mL) for seven days resulted in decreased specific force 

generation. Furthermore, IFNγ caused increased half relaxation time and time to peak 

tension showing slower force kinetics and potential fatigue, and myotubes with 

disorganised sarcomeric alpha actinin showing poor sarcomere spacing. The effects of 

TNFα on myobundles has also been studied. This showed that twitch and tetanic force 

were decreased with high concentrations of TNFα. Half relaxation time was also 

increased, but time to peak twitch was not affected when myobundles were 

stimulated 5 days after differentiation. It was suggested the decrease in force with 

TNFα could be due to inhibition of myogenesis or decreased sensitivity to calcium 

(493).  

7.1.2 Aims and hypotheses 

The overarching aim of this chapter was to investigate whether inflammation is 

capable of causing muscle weakness. More specifically, this chapter aimed to 

investigate whether IL-1β and/or IFNγ, or separately TALL-104 co-culture affects the 

amount of active force generated by myobundles with electrical stimulation. As 

secondary aims, this chapter investigated whether cytokine or TALL-104 treatments 

affect force kinetics, markers of atrophy through cross sectional or myotube area 

changes, or sarcomere organisation. 

Based on previously published work with IFNγ treatment of myobundles described 

above, it is hypothesised that treatment with IFNγ will cause decreased active force. 

Furthermore, it is hypothesised that IFNγ will decrease myotube diameter, decrease 

myotube cross striation frequency, and increase half relaxation time. For treatment 

with IL-1β or IL-1β+IFNγ, it is hypothesised that there will be an effect of treatment on 

active force, myotube diameter, cross striation frequency, and force kinetics. 

Based on the high cytotoxicity of TALL-104 coculture to myotubes described in Chapter 

6, it is hypothesised that TALL-104 coculture will cause decreased active force 

generation of myobundles. It is hypothesised that there will be an effect of TALL-104 
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coculture on myobundle force kinetics, myotube or cross sectional area, and cross 

striation frequency. 
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7.2 Methods 

7.2.1 CAD positive moulds 

Autodesk fusion 360 was used to design positive moulds for fabrication of indented 

silicone moulds (Figure 7.1 A,D). Two moulds were designed, termed “Velcro” and 

“Cerex”. Both designs consisted of a rectangular base of dimensions: length 23.7 mm, 

width 19.5 mm, and depth 2 mm. Both designs also contained an inner channel 

protruding from the base with dimensions: length 12 mm, width 2.5 mm, and depth 

2.52 mm. For the Velcro® design, two shorter protruding side channels positioned 

perpendicular to the inner channel above and below had dimensions of length 6.23 

mm, width 2.5 mm, and depth 2.52 mm. For the Cerex design, a rectangular outer 

channel positioned surrounding the inner channel was used so that the central space 

encompassed by the outer channel (and containing the inner channel) was a 13 mm 

square. The rectangular outer channel has apical/basal width of 2.5 mm and lateral 

widths of 2 mm, and depth 2.52 mm (Figure 7.1). Positive moulds were printed by 

B.Made (UCL School of Architecture) using VeroClear with glossy finish on the 

protruding face design. 

7.2.2 Generation of silicone moulds for myobundle culture 

The 3D-printed positive moulds were used to generate reusable silicone moulds for 

myobundle culture. The positive mould faces were rubbed with a light layer of warmed 

petroleum jelly (Vaseline®, Unilever) to aid removal and to prevent curing difficulties 

caused by the 3D printed material. The positive moulds were placed face up in a 6 cm 

dish. SYLGARD™ 184 silicone elastomer kit (polydimethyl siloxane, PDMS from Dow, 

USA) was used, thoroughly mixing 9 parts elastomer base with 1 part curing agent. The 

mix was left at room temperature without vacuum in a shallow dish for 30 minutes to 

degas, with any large bubbles popped with a needle. 4 mL of elastomer mix was added 

to the face-up positive moulds using a 5 mL syringe, avoiding adding the mix directly to 

the mould face. After another 30 minutes to 1 hour additional degassing without 

vacuum, the silicone was cured at 60 °C overnight. After curing, the positive moulds 

were removed from the silicone, and negative silicone moulds were checked for 
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deformities with imperfect negative silicone moulds discarded. On the bottom of the 

silicone moulds, a scalpel was used to remove any raised corners to provide a flat base. 

For some negative silicone moulds with a thick base, the corners of the top of the 

mould were cut to reduce surface tension during culture and allow media to enter the 

mould. 

7.2.3 Preparation of Velcro® anchors and Cerex® frames  

Velcro® anchors were hand-cut to 5 mm length with width cut to 1 row of Velcro® 

hooks. Nylon spunbond fabric with weight 68 grams/cm2 (Cerex®, product code 23200) 

was a kind sample from the manufacturer (Cerex Advanced Fabrics Inc, USA), and was 

hand-cut using a rounded scalpel blade into frames, with inner square diameter 13 

mm, apical/basal widths of 1.5 mm, and lateral widths of 1 mm. 
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                                        Computer-aided design software was used to create positive Velcro 
(A) or Cerex (D) moulds. (B,E) 3D-printed plastic positive moulds (left) were used to create 
an impression in polydimethyl silaxane (PDMS) (right) to form negative moulds for cell 
culture. Scale bar = 5 mm. (C, F) Demonstration of gel without cells in central channel 
anchored to Velcro® pieces (black,D) or Cerex° frame (white square, F) inside a 6 well 
plate.  

D E 

C 

F 

Figure 7.1 Design and fabrication of negative and positive Velcro and Cerex 
myobundle moulds. 
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7.2.4 Processing of silicone moulds and anchors/frames for cell culture  

To prevent excessive spreading of hydrogel mixture along the Cerex® frame, wax dots 

were drawn with an ImmEdge® barrier pen (Vector Laboratories, USA) either side of 

the inner channel positioning. Velcro® anchors, Cerex® frames, and silicone culture 

moulds were sterilised in 70 % ethanol for at least 30 minutes, after which frames and 

anchors were washed with PBS then air-dried. Silicone moulds were coated with 0.2 %, 

0.5 %, or 1 % w/v Pluronic® F127 (Sigma Aldrich, UK) in distilled water for 1 hour to 

minimise myobundle attachment to PDMS, after which moulds were rinsed with PBS 

and left to air-dry. Once anchors/frames and silicone moulds were dry, the Velcro® 

anchors or Cerex® frames were placed in the appropriate channels in the silicone 

mould. 

7.2.5 Myobundle preparation and culture  

Myobundles were prepared following a previously published method (489). Bovine 

thrombin (T7513 Sigma Aldrich, UK) stock solution at 50 U/mL was made in 0.1 % w/v 

BSA in PBS. Bovine fibrinogen (F8630 Sigma Aldrich, UK) stock solution at 20 mg/mL 

was made in PBS. Aliquots of thrombin and fibrinogen stock were stored at –20 ° C. 

After typsinising cells following methods described in Section 2.1, myobundles were 

prepared on ice. 1,725,000 myogenic cells were resuspended in 39.1 μL low glucose 

DMEM, to which 4.6 μL thrombin stock and additional 25.3 μL low glucose DMEM 

were added. In a separate 0.5 mL microcentrifuge tube, 23 μL Matrigel was mixed with 

23 μL fibrinogen. The contents of the two separate tubes were mixed initiating 

gelation and 92 µL mixture was added to the inner channel of the PDMS mould with 

Velcro anchors or Cerex frames placed inside. The final cell number in the myobundle 

was 1,380,000. The cell mixture was allowed to set at 37 °C for 30 minutes before 

addition of myobundle growth medium (F-10, 20 % FBS, 1 % penicillin-streptomycin, 1 

% L-glutamine, 1 µM dexamethasone, and 1.5 mg/mL aminocaproic acid (Sigma 

Aldrich, UK A2504 in distilled water).  

Myobundles were maintained in myobundle growth medium at 37 °C 5 % CO2 for 48 

hours before switching to myobundle differentiation medium (low glucose DMEM, 2 % 
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horse serum, 1 % penicillin-streptomycin, 1 % insulin-transferrin-selenium, and 2 

mg/mL aminocaproic acid in distilled water).  When myobundles were switched to 

differentiation medium, the culture conditions were switched from static to dynamic 

using constant, low frequency shaking. If after two days of differentiation the 

myobundles were sticking to the PDMS moulds, a thin syringe needle was used to 

gently detach myobundles from the mould. Cultures were maintained in 

differentiation medium for a total of 14 days. Cultures were observed frequently for 

spontaneous twitching, a sign of successful differentiation. Some cultures detached 

from the frames at later stages of differentiation, which were discarded. 

7.2.6 Myobundle treatment 

Three myogenic donors were used for treatment. For force testing, 2-3 myobundles 

per donor per condition were used. For IL-1β and IFNγ treatments, myobundles were 

treated on day 10 until day 14 of differentiation, with complete medium change with 

fresh cytokines on day 12. Myobundles were treated under continued dynamic 

conditions. 20 ng/mL IL-1β and 750 ng/mL IFNγ were used in 5 mL myobundle 

differentiation medium. 

For TALL-104 coculture, two conditions were tested. For both conditions TALL-104 cells 

were added to fresh myobundle differentiation medium containing 20 ng/mL IL-2. 

Firstly, 1.3x106 million TALL-104 cells were added to myobundles under dynamic 

conditions. Secondly, 1.4x106 TALL-104 were added directly to the mould face in 1 mL 

of media, left for 4 hours under stationary conditions, before addition of remaining 

medium and continuing to culture under static conditions. Myobundle differentiation 

medium containing 20 ng/mL IL-2 was used as control. Under both conditions, TALL-

104 cells were cocultured with myobundles for 48 hours. 

In a few experiments, acetylcholine was added to myobundles under microscopic 

observation. Acetylcholine chloride (Sigma, UK) was reconstituted to a stock solution 

to 550 mM in distilled water. A volume of acetylcholine stock was added directly onto 

the centre of the myobundle in culture medium so that the final concentration of 

acetylcholine diluted in medium was 10 mM. Live microscopy under phase contrast 
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was used to monitor acetylcholine effects using an Olympus IX81-ZDC inverted 

widefield fluorescent microscope. 

 

 

 

 

 

 

 

 

 

 

7.2.7 Set up of organ bath hardware and software  

An 8-chamber organ bath with 10 mL tissue vessels (Panlab, Spain) was used set to 37 

ºC. The organ bath cavity was filled with distilled water with anti-algae treatment, and 

a thermostat (Panlab, Spain) was used to heat the water. An MP150 data acquisition 

system (Biopac, UK) was used to record electrode stimulation patterns as digital input 

and force transducer readings as analogue input. The MP150 unit was composed of a 

UIM100C component, and multiple DA100C units to which the TR1201HS model force 

transducers (Panlab, Spain) were connected via TC113 adaptors (Biopac, UK). Each 

individual DA100C unit was calibrated for maximal voltage output with gain set to 

maximal (5000 Hz). The electrode stimulator was connected to the digital input of the 

UIM100C component via a NL952 cable (Digitimer, UK) for measuring the timing and 

duration of electrode stimulation. AcqKnowledge 4.4 was used to record and manually 

analyse force transducer readings. Force transducers were calibrated with a handmade 

weight in the AcqKnowledge software before each day’s experiments. 

  

  

                                                                                              At the end point of differentiation, 
myobundles can be removed from PDMS moulds and maintain their length attached to 
the Cerex frames. 

Figure 7.2 Myobundle attached to Cerex frame. 
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Handmade platinum electrodes were constructed and designed by Steve Amos and Dr. 

Tim West, Royal Veterinary College. Electrodes were designed based on dimensions of 

a double ring stimulating electrode (Panlab, Spain) with parallel straight electrode 

probes made of platinum wire (0.3 mm diameter, Merck, UK). Electrodes were 

connected to an electrode stimulator (model D330 Digitimer, UK). The electrode 

stimulator was composed of the following units: D331 sync+gate, D332 pulse, D335 

meter, and 8 D333H dual stim modules. A silk thread (Barnyarns Ripon, UK) was 

attached to one end of the Cerex frame near the myobundle attachment. The other 

end of this thread was wrapped around the force transducer spool. The bottom end of 

the myobundle was secured onto the electrode by threading the electrode mounting 

hook through the Cerex frame. The frame was cut away leaving only the attachment 

points to the electrode and thread to the force transducer (Figure 7.3), and the 

myobundle was submerged in CO2 independent medium (product code 18045054) in 

the organ bath chamber without carbogen bubbling, and left to equilibrate for 15-20 

minutes before commencing stimulation studies.  

7.2.8 Measurement of contractile myobundle force  

Isometric myobundle contractile force with electrical stimulation was tested on day 14 

of culture. Tetanic contractions were measured at 30 Hz, approximately 40 V, 1.5 

second duration and 1.1 ms width and 0.5 mm stretch. Twitch contractions were 

measured at approximately 40 V with a single pulse and 0.5 mm stretch. A minimum of 

2 minutes was left between successive stimulations, and 3 minutes between 

elongation periods. Stretch was applied by movement of the force transducer via the 

inbuilt micromanipulator. For myobundle cultures with TALL-104, a fatigue stimulation 

condition was also used with the same conditions as tetanic contraction, but 

stimulation duration increased to 15 seconds. 

7.2.9 Analysis of active force 

Passive force was taken as the mean force in mN before stimulation. Average total 

force was taken as the mean at the highest point of force curve during electrical 

stimulation. Active force was expressed as total force minus passive force. Specific 
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force was defined as active force normalised to cross sectional area (CSA) of 

myobundles in mN/mm2, measured via dystrophin staining (see Section 7.2.13 and 

Section 7.2.14). Force plots of active force over time are displayed with results 

normalised to average passive force so that passive force is roughly equivalent to 0 

mN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.2.10 Analysis of force kinetics  

Kinetic properties of tetanic contractions were measured (Figure 7.4). Kinetic 

properties were measured manually on the force curves in AcqKnowledge 4.4. Time to 

peak force was measured as the time in seconds from the beginning of the force to the 

highest point of the force curve. Stimulation to force latency was the time in ms from 

the first pulse of stimulation to the beginning of the force initiation. Half contraction 

  

  

1

. 

2 3 4 5

                                                                                                                               (1) Myobundles 
(pink) are seeded onto Cerex frames (grey) inside a silicone mould (yellow). (2) During 
myotube differentiation, the myobundle contracts anisotropically. (3) The myobundle 
attached to the Cerex is removed from the silicone mould at the end point. (4) 
Myobundle is attached to a vertical force transducer by attaching the Cerex frame to 
the hook at the bottom of the electrode, and via a silk thread (green) wrapped around 
the force transducer at the top. The Cerex frame is cut away leaving only the 
attachment points. (5) Myobundle is stimulated to contract via the electrodes placed 
lengthways either side of the myobundle. Image prepared in Autodesk Fusion 360. 

Figure 7.3 Schematic of myobundle preparation and stimulation. 
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time was the time in seconds from the start of contraction until the half value in mN 

between the passive force and force value at end of contraction. Half relaxation time 

was the time in seconds from the end of the force curve (i.e. the beginning of 

relaxation phase) to the time at which the force value during relaxation is half the 

difference between the end force value and the initial mean passive force value. 

Tetanus-twitch ratio was the active tetanus force divided by active twitch force. For 

TALL-104 cocultured myobundles, time to fatigue was also calculated under 15  

 

 

 

 

 

 

 

 

 

 

seconds continuous tetanic stimulation. This was the time in seconds from the 

initiation of contraction to the time at which the force began to decrease linearly 

whilst electrode stimulation was still applied. Furthermore measurements of fatigue 

half relaxation time were made, defined as the time to reach half the force value 

Electrode 
stimulation 

                                                                                      (A) A twitch response to a single pulse 
stimulus generates lower active force than a tetanic contraction with continuous 
stimulation for 1.5 seconds. (B) Example of kinetic characteristics of tetanic contraction. 
Time to peak force is the time from initiation of tetanus to the highest point of 
contraction. Stimulation to tetanus latency is the time difference between the 
electrode stimulation initiation and the beginning of the tetanic contraction. ½ 
relaxation time during relaxation is the time taken to reach ½ the force value between 
the end of the tetanus and the mean passive force. Not shown: ½ contraction time. 

A B 

Figure 7.4 Examples of force characteristics. 
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between that recorded at 1.8 seconds after the initial increase in force in the 

contraction and the mean passive force before stimulation. 

7.2.11 Embedding and sectioning myobundles 

After force testing, myobundles were fixed in 4 % PFA solution for 24-48 hours at 4 °C 

before washing in PBS and maintaining in PBS at 4 °C until use up to 1 month later. 

Myobundles were cut into two sections along their width and added to Q path 

microstar III tissue cassettes (VWR, UK). For TALL-104 coculture myobundles, biopsy 

sponges (VWR, UK) were added to histology cassettes.  Myobundles were embedded 

using a Shandon Duplex processor overnight with a hold at the first step in 70 % 

ethanol, followed by the steps below: 

95 % ethanol 5 % methanol 1 hour 

Four rounds of 100 % ethanol at 1, 1.5, 1.5, and 2 hours progressively 

Two rounds of Histo-Clear™, 1 hour each 

Paraffin wax 1 hour 

Second paraffin wax 30 minutes to 1 hour 

Myobundles were positioned within the wax with one myobundle half oriented along 

its longitudinal axis, and one myobundle half orientated along its transverse axis. 5 µm 

sections were cut with a microtome, floated in a water bath at 37 °C, and mounted on 

silanised microscope slides. For silanisation, slides were degreased in acetone for 5 

minutes, silanated for 5 minutes in 2 % v/v (3-aminopropyl)triethoxysilane in acetone 

for 5 minutes, washed once in acetone and once in water, 5 minutes each, and dried 

before use. 

7.2.12 Preparation of myobundle sections for immunofluorescent staining  

Myobundles were dewaxed and rehydrated after sectioning. Dried slides were placed 

at approximately 65 °C for 1 hour to melt paraffin wax before the following dewaxing 

in Histo-Clear™ and rehydration in ethanol steps with vigorous agitation every 30 

seconds: 

Histo-Clear™ 5 minutes 

Histo-Clear™ 10-15 minutes 
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100 % ethanol 3 minutes 

90 % ethanol 3 minutes 

70 % ethanol 3 minutes 

50 % ethanol 3 minutes 

Two distilled water washes, 3 minutes each. 

After rehydration, sections underwent antigen retrieval in citrate buffer pH 6 (10 mM 

trisodium citrate (BDH, UK) in distilled water with 0.05 % v/v tween 20 (Sigma Aldrich, 

UK), correct pH obtained with addition of dropwise hydrochloric acid) at approximately 

85 °C for 30 minutes followed by 20 minutes at room temperature. Slides were washed 

in water. An ImmEdge® pen (Vector Laboratories, USA) was used to create an island 

around the myobundle sections for addition of solutions. 

7.2.13 Immunofluorescent labelling of myobundle sections  

Sections were prepared and stained using immunofluorescent-conjugated secondary 

antibodies following a previously published protocol (494). Sections were blocked in 

FFPE (formalin-fixed, paraffin embedded) blocking buffer (1 % w/v BSA, 2 % FBS in PBS, 

0.2 µm sterile filtered) for a minimum of 30 minutes. Approximately 60 µL of primary 

antibody (dystrophin 1:250 Abcam ab275391, sarcomeric alpha actinin 1:400 Abcam 

ab137346, and CD7 1:275 Proteintech 60209-1-Ig) were added overnight at 4 °C in a 

humidified chamber. Slides were washed three times 5 minutes each in PBS and Alexa 

Fluor™-conjugated (546 anti-mouse or 488 anti-rabbit, Invitrogen UK) secondary 

antibodies were added for 1 hour at room temperature, 1:500 dilution. 10 µM DAPI 

was added for 5 minutes before mounting coverslips (VWR, UK) with DAKO fluorescent 

mounting medium. After mounting medium dried, coverslip edges were sealed with 

clear nail varnish. Slides were stored at 4 °C until imaging using a Zeiss LSM980 

confocal microscope. 

7.2.14 Analysis of myobundle sections  

Confocal microscopy was used to image myobundle sections. Whole cross-sectional 

area (CSA) was obtained from dystrophin stained cross sections using 10 X images 

stitched together with 10 % overlap. Dystrophin staining was also used to calculate 
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myotube area by measuring myotubes in four regions of the CSA, with region size 

chosen depending on size of myobundle CSA. Sarcomeric alpha actinin staining was 

used to observe organisation of sarcomeres within myotubes in longitudinal 

myobundle sections. For three 20 X magnification regions per myobundle, myotubes 

were classified as having either striated actinin staining or no clear striation pattern. 

Striated myotubes were expressed as a percentage of total observed myotubes. 

Dystrophin and sarcomeric alpha actinin staining analysis was conducted blinded.  
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7.3 Results  

7.3.1 Discontinuation of Velcro mould design 

Early on in the optimisation process for generating myobundles, it was decided to 

discontinue the use of the Velcro design in favour of Cerex frame design. This was due 

to the preferential handling properties of Cerex-based myobundles. Once removed 

from the mould, Cerex-based myobundles are able to maintain their original length 

through the tension of the Cerex frame, as opposed to Velcro-based myobundles 

which contract to a shorter length once removed from the silicone mould. For 

mounting onto the vertical electrode/organ bath set up, the design of the Cerex frame 

was also better suited, as a needle could easily be passed through the Cerex® fabric to 

thread the silk for suspension from the force transducer spool. 

7.3.2 Myobundles exhibited standard responses to voltage and frequency 
changes 

To ensure that prepared myobundles were capable of responding to stimulation in a 

physiological manner, their response to altered frequency and voltage was tested. 

Under single pulse stimulation (1 Hz), myobundles exhibited twitch responses (Figure 

7.4 A, Figure 7.5 A). Between 5 Hz and 10 Hz, an unfused tetanus response was 

created. At 15 Hz and above, tetanic contractions became fused. Increasing frequency 

increased active force until 30 Hz were there was no observed increase in active force 

(Figure 7.5 A). At a constant tetanic frequency of 30 Hz, and altering voltage, there was 

minimal active force observable at 11 V. Increasing voltage increased active force 

production, until 37 V where only slight increases in force were observed to 46 V 

(Figure 7.5 B). 

During the optimisation stage of myobundle design and preparation, the effect of 

chemical mediation of contraction was also tested on some myobundles with the 

addition of acetylcholine. After addition of acetylcholine the myobundles strongly 

contracted. Under microscopic analysis this was observed as a movement of the 

myobundles towards their centre point and an increase in their width (Figure 7.6). 
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During this experiment, myobundles remained in culture with acetylcholine as there 

was no washing or media changing. Despite this, myobundles began to slowly relax in 

the presence of acetylcholine, suggesting a desensitisation response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

                                                                                             (A) At the same voltage (30V) 
and with increasing frequency of stimulation, the twitch response (1Hz, black line) 
turns into an unfused tetanus (5-10Hz), before becoming a fused tetanus around 
15Hz (light blue line). (B) At the same frequency (20 Hz) and with increasing voltage, 
the active force increased. 

A B 

Figure 7.5 Force characteristics of myobundles. 

 Before Ach With 10 mM Ach 

                                                                                                                       Images of 
Myobundles (attached to Cerex frame) at basal tension (left) and after addition of 
10 mM acetylcholine (Ach) during the contractile phase (right). On both images the 
blue shows the outline of the myobundle at passive tension, showing an increase in 
width of the myobundle after Ach stimulation. 

Figure 7.6 Myobundles respond to acetylcholine stimulation. 
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7.3.3 Active force was not affected by IL-1β or IFNγ treatment  

To assess whether IL-1β and IFNγ treatment individually or combined affects skeletal 

muscle force generation, active twitch and tetanus were measured after myobundles 

were cultured with cytokines for four days. Compared to untreated myotubes, there 

was no difference in active twitch (Figure 7.7 A) or active tetanic force (Figure 7.7 B) 

with any cytokine treatment condition. The mean active twitch force in the control 

group was 0.09 ± 0.04 mN, and for tetanic contraction was 0.51 ± 0.16 mN. 

7.3.4 Tetanus kinetics were affected by IL-1β and IFNγ combined treatment  

The effect of IL-1β and IFNγ incubation separately or combined on the kinetic 

properties of tetanic contractions was assessed to examine if these cytokines influence 

the speed of contraction. There was no difference in the ratio of tetanus to twitch 

active force between control myobundles and any cytokine treatment (Figure 7.8 A). 

There was also no difference in the time taken to respond to electrical stimulation to 

initiation of tetanic force (stimulation to tetanus force latency, Figure 7.8 D). The mean 

stimulation latency in the control group was 41.3 ± 2.5 ms. However, half relaxation 

time was increased with combined IL-1β and IFNγ treatment compared to control 

 

 

 

  

  

                                                                                                                                             There was 
no difference in active twitch (A) or tetanus (B) force with any cytokine treatment 
compared to control (p = 0.169 and p = 0.252 respectively). One-way ANOVA, n = 3 
myogenic donors average of 2-3 myobundles per donor. 

A B 

Figure 7.7 Active twitch and tetanus force with IL-1β, IFNγ or combined. 
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(0.35 ± 0.05 s IL-1β+IFNγ vs 0.20 ± 0.01 s control), and there was weak evidence that 

IFNγ increased half relaxation time (0.34 ± 0.05 s, p = 0.0553) (Figure 7.8 B). The time 

to peak force was decreased compared to control with IL-1β only (0.94 ± 0.03 s control 

vs 0.72 ± 0.03 s IL-1β only) (Figure 7.8 C). However, time to peak force was increased 

compared to control for IL-1β and IFNγ combined (1.2 ± 0.03 s IL-1β+IFNγ). Treatment 

with IFNγ showed no difference in time to peak force compared to control (p = 0.0755) 

(Figure 7.8 C). There was no difference compared to control and any treatment group 

for half contraction time (Figure 7.8 E) with median half contraction time of 0.13 

seconds in the control group. 

 

 

 

 

 

 

  

                                                                                                                 (A) Tetanus-twitch ratio 
was not different between control and any cytokine treatment (one-way ANOVA p = 
0.903). (B) Half relaxation time was increased with IL-1β+IFNγ treatment (p = 0.046) 
compared to control, and there was weak evidence that IFNγ increased half relaxation 
time (p = 0.0553). There was no difference with IL-1β (p = 0.990). (C) Time to peak force 
was decreased with IL-1β compared to control (p = 0.0116) and increased with IL-1β+IFNγ 
(p = 0.0139), and was not different with IFNγ (p = 0.0755). (D) There was no difference 
compared to control for stimulation to tetanus latency for any treatment (one-way 
ANOVA p = 0.304). (E) There was no difference compared to control for half contraction 
time (p = 0.0877). One-way ANOVA or Kruskal-Wallis test with Dunnett’s multiple 
comparisons, n = 3 myogenic donors, average of 2-3 myobundles per donor per 
condition. 

A B 

C D 

Figure 7.8 Tetanus kinetics with IL-1β, IFNγ or combined. 

E 
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7.3.5 Cross sectional area or myotube area was not affected by cytokine 
treatment 

As a measure of hypertrophy/atrophy, CSA and myotube area of transverse 

myobundle sections were analysed with dystrophin immunofluorescent staining. CSA 

analysis showed myobundles had variable shapes and sizes (Figure 7.9 A), however 

there was no difference in total CSA between control and any cytokine treated 

myobundles. The average CSA in the control group was 0.448 ± 0.034 mm2. Dystrophin 

is located near the sarcolemma of individual myotubes (495) (Figure 7.9 B). There was 

a significant difference in myotube area between the treatment conditions (one-way 

ANOVA p = 0.0494), however this difference was between IFNγ and IL-1β+IFNγ 

(Tukey’s multiple comparisons p = 0.042), and not between cytokine treatment and 

control. The mean myotube area in the control group was 266 ± 8 µm2. 

7.3.6 IFNγ treatment decreased actinin striation frequency of myotubes in 
myobundles 

The effect of IL-1β and IFNγ cytokine treatment on myotube structural disorganisation 

was assessed. Myotubes were stained with sarcomeric alpha actinin (SAA) antibody to 

visualise sarcomeric structure. This also visualised the alignment of myotubes within 

myobundles, showing under all conditions there is mostly one directional alignment of 

myotubes following the length of the myobundle (Figure 7.10 A,  Figure 7.16 A). 

Individual myotubes were classified as having either striated SAA staining or no clear 

striated SAA pattern (Figure 7.10 B). There was no difference between control 

myotubes and IL-1β treatment, however both IFNγ and IL-1β+IFNγ decreased the 

percentage of myotubes that showed clear SAA striation pattern compared to control 

(Figure 7.10 C). The mean percentage of myotubes showing striated SAA in the control 

group was 42 ± 5 %, for IFNγ alone was 19 ± 7 %, and for IL-1β+IFNγ was 20 ± 2 %. 
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A 

B 

C D 

Control IL-1β 

IFNγ IL-1β+IFNγ 

                                              (A) Representative images of myotube cross sections stained 
with dystrophin. (B) Enlarged area of control cross section showing individual myotubes. A 
and B scale bar = 100 µm. (C) Total cross sectional area is not affected by any cytokine 
treatment (one-way ANOVA p = 0.300). (D) Myotube area was affected by cytokine 
treatment (p = 0.0494) but no cytokine to control comparison was significant (Dunnett’s 
multiple-comparisons). Mean ± SEM. n = 3 myogenic donors except IL-1β n = 2, 1-3 
myobundles per donor per condition.  

Dystrophin 

Figure 7.9 Cross sectional area and myotube area of myobundles was not affected 
by cytokine treatment. 
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A 

B C 

Control IL-1β 

IFNγ IL-1β+IFNγ 

                      (A) Representative images of sarcomeric alpha actinin (SAA) staining with 
cytokine treatment (B) Enlarged area of control, showing myotube with clear banded 
actinin organisation (pink arrowhead), and myotube without clearly banded actinin 
organisation (white arrowhead). A and B scale bar = 50 µm. (C) There were fewer 
myotubes or cells with clear SAA banding in myobundles treated with IFNγ and IL-1β+IFNγ 
compared to control (p = 0.0312 and p = 0.0363 respectively). One-way ANOVA with 
Dunnett’s multiple comparisons. Mean ± SEM. n = 3 myogenic donors except IL-1β n = 2, 
1-3 myobundles per donor per condition.  

 

SAA 

Figure 7.10 Striated sarcomeric alpha actinin was lower with IFNγ and IL-1β+IFNγ 
treatment. 
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7.3.7 Active twitch or tetanic force was not altered by TALL -104 coculture 

The influence of cytotoxic immune cell culture on the ability of myobundles to 

generate force was investigated. Two experiments were conducted for coculture of 

TALL-104 cells with myobundles. In the first, 1.3x106 TALL-104 cells were cocultured 

with myobundles for 48 hours with continuous shaking. Two myogenic donors were 

tested. In this condition, there was no observable difference in active tetanic or twitch 

force between myobundles treated with IL-2 control and those with TALL-104 

coculture (Figure 7.11), although statistical analysis was not performed as n = 2. Under 

light microscopy it was observed that TALL-104 cells were dispersed throughout the 

culture well, including outside of the PDMS mould. 

In the second set of experiments, 1.4x106 TALL-104 cells were cultured with 

myobundles for 48 hours under static conditions. Active twitch or tetanus was not 

different in myobundles cocultured with TALL-104 cells compared to IL-2 control 

myobundles (Figure 7.12 A, B). The mean active twitch force in the IL-2 control 

condition was 0.13 ± 0.04 mN, and active tetanus was 0.71 ± 0.21 mN. Active specific 

force was also measured, defined as the active tetanic force divided by the CSA for 

each myobundle. There was no difference in active specific tetanic force between IL-2 

control and myobundles cocultured with TALL-104 (Figure 7.12 C). The average specific 

force in the control group was 1.49 mN/mm2. 

  

  

Figure 7.11 Active tetanus force with TALL-104 coculture with shaking.                                                                                                                                           There was 
no observable difference in active force from myobundles treated with IL-2 control or 
cocultured with 1.3x106 TALL-104 cells when cultured under constant shaking 
conditions. n = 2 myogenic donors (no statistical tests performed). 
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7.3.8 TALL-104 coculture did not affect tetanus kinetics  

The effect of cytotoxic immune cells on myobundle electrically-stimulated tetanus 

kinetics was assessed to see if TALL-104 cells influenced speed of contraction. The ratio 

of tetanus to twitch active force, half relaxation time, time to peak force, and 

stimulation to force latency were compared between myobundles treated with 48 

hour IL-2 control or TALL-104 coculture. There was no difference in the ratio of tetanus 

to twitch active force between control and coculture myobundles (Figure 7.13 A). 

There was no difference in half relaxation time between control and coculture 

conditions (Figure 7.13 B). The mean half relaxation time in the IL-2 control group was 

  

  

There was no difference in active force between IL-2 control and TALL-104 coculture for 
twitch (A, p = 0.242), or tetanus (B, 0.293). (C) There was no difference in specific 
tetanus force defined as the active force per mm2 of cross-sectional area between 
control and TALL-104 coculture (p = 0.337). Student’s T-test, n = 3 myogenic donors, 2-3 
myobundles per donor per condition. 

A 

B C 

Figure 7.12 Active twitch or tetanus force was not affected by TALL-104 coculture. 
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0.24 ± 0.02 s. Time to peak force was also not different between TALL-104 coculture 

and IL-2 control (Figure 7.13 C). The mean time to peak force in the IL-2 control group 

was 0.95 ± 0.05 s. The stimulation to force initiation (stimulation to force latency) was 

not affected by TALL-104 coculture (Figure 7.13 D), with the mean latency period in the 

control group 39.7 ± 1.1 ms. Half contraction time was not affected by TALL-104 

coculture (Figure 7.13 E) with median half contraction time of 0.13 seconds in the IL-2 

control group. 

 

 

 

 

 

7.3.9 TALL-104 coculture did not affect fatigue responses  

As well as twitch and tetanic stimulation, a fatigue condition was tested for TALL-104 

cocultured myobundles to examine if coculture with cytotoxic immune cells causes 

fatigue in myobundles. This involved continuous stimulation at approximately 40 V and 

                                                                                                                                    (A) There was 
no difference between IL-2 control and TALL-104 coculture for tetanus to twitch ratio (p 
= 0.221), (B) half relaxation time (p = 0.689), (C) time to peak force (p = 0.148), (D) 
stimulation to force latency (p = 0.484), (E) or half contraction time (p = 0.999). 
Student’s T-test or Mann-Whitney U test, n = 3 myogenic donors, 2-3 myobundles per 
donor per condition. 

B A 

C D 

Figure 7.13 Force kinetics were not affected by TALL-104 coculture. 

E 
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30 Hz for 15 seconds. The myobundles in the IL-2 control and TALL-104 coculture 

condition were not capable of continued force production and the active force 

gradually began decreasing towards the level of the passive force (Figure 7.14 A). Two 

measurements of the fatigue response were made. The first was the time after initial 

increase in tetanic contraction until force began to decrease linearly, termed time to 

fatigue. There was no difference between myobundles treated with IL-2 control and 

TALL-104 coculture for time taken to reach fatigue (Figure 7.14 B). The mean time to 

fatigue in the control group was 2.13 ± 0.09 s. The second measurement of fatigue 

response was fatigue half relaxation time, defined as the time to reach half the 

difference between the force value recorded 1.8 seconds after the initial increase in 

force and the passive force. There was no difference in fatigue half relaxation time 

between IL-2 control myobundles and those with TALL-104 coculture (Figure 7.14 C). 

The median half relaxation time during the fatigue protocol was 3.99 ± 0.17 s. 

7.3.10 Cross sectional area was not affected by TALL-104 coculture but 
myotube area may decrease 

To investigate whether coculturing myobundles with cytotoxic immune cells caused 

hypertrophy or atrophy, dystrophin staining was used to quantify CSA and myotube 

area in IL-2 control treated or TALL-104 cocultured myobundles. There was no 

difference in cross sectional area between control and TALL-104 coculture myobundles 

(Figure 7.15 A,B). The median CSA in the IL-2 control group was 0.63 ± 0.33 mm2. There 

was weak evidence that myotube area decreased with TALL-104 coculture compared 

to IL-2 control (Figure 7.15 C, p = 0.064), suggesting culturing myobundles with TALL-

104 cells may lead to atrophy. The mean myotube area in the IL-2 control group was 

216 ± 42 µm2 and with TALL-104 coculture was 104 ± 12 µm2. 
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7.3.11 Few TALL-104 cells infiltrated into myobundles  

As there was no change in active force with TALL-104 coculture, the invasion of 

myobundles by TALL-104 cells was investigated by staining myobundle cross sections 

with CD7, a marker of thymocytes and T cells that is expressed on both natural killer 

cells and CD8+ cytotoxic T cells (496). TALL-104 cells should be 94 % positive for CD7 

(459). CD7 staining in myobundle CSA showed some lack of specificity with some 

patchy staining without association to a nuclear region. In 7 CSAs of myobundles 

  

  

                             (A) Representative force curve with 15 seconds stimulation at 40 V and 
30 Hz. Black arrows indicate start and finish of stimulation. (B) There was no difference 
in the time from beginning of contraction until force begins decreasing between IL-2 
control and TALL-104 coculture (p = 0.174). (C) There was no difference in half 
relaxation time in the fatigue condition between control and TALL-104 coculture (p = 
0.800).  Student’s T-test or Mann-Whitney U test, n = 3 myogenic donors, 2-3 
myobundles per donor per condition. 

A 

B C 

Figure 7.14 Fatigue with continuous tetanic stimulation was not affected by TALL-
104 coculture. 
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treated with TALL-104 coculture, TALL-104 cells were detectable in 5 CSAs. The mean 

number of TALL-104 cells detected in one CSA per myobundle was 7 ± 3 cells. The 

TALL-104 cells were mostly located near the periphery of the myobundles (Figure 7.15 

A inset), the mean distance travelled from the myobundle edge by TALL-104 cells was 

40.2 ± 5.3 µm. 
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control 

TALL-104  
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Dystrophin 

DAPI 
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CD7 

B C 

A 

                              (A) Dystrophin staining of myobundles and inset of TALL-104 coculture 
showing TALL-104 cells labelled with CD7. Cross sectional area scale bars = 100 µm, inset 
scalebar = 20 µm. (B) There was no difference in cross sectional area of myobundles 
cultured with IL-2 or TALL-104 coculture (Mann-Whitney U test p = 0.400). (C) There was 
weak evidence of a decrease in myotube area with TALL-104 coculture compared to IL-2 
control (Student’s T-test p = 0.064). n = 3 myogenic donors, 2-3 myobundles per donor 
per condition. 

Figure 7.15 TALL-104 coculture does not affect cross sectional area but may affect 
myotube area. 
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7.3.12 Actinin striation frequency was not affected by TALL -104 coculture 

Longitudinal sections of myobundles were stained for SAA to assess whether culturing 

myobundles with cytotoxic immune cells disrupted myotube structure. There was no 

difference in the percentage of myotubes that showed clear SAA striation between IL-2 

control and TALL-104 coculture (Figure 7.16). The mean SAA striation percentage in the 

control group was 35 ± 7 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

IL-2 control 

TALL-104 CC 

A 

B 

                                        (A) Sarcomeric alpha actinin (SAA) staining of myotubes treated 
with IL-2 control or TALL-104 coculture (CC). Scale bar = 20 µm. (B) There was no 
difference in percentage of myotubes with striated SAA when myobundles were treated 
with IL-2 control or TALL-104 coculture (Student’s T-test p = 0.302). n = 3 myogenic 
donors, 2-3 myobundles per donor per condition. 

SAA 

Figure 7.16 Sarcomeric alpha actinin striations in myotubes were not affected by 
TALL-104 coculture. 
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7.4 Discussion 

7.4.1 Myobundles responded in a physiological manner  with similar 
parameters to previous results  

This chapter aimed to explore the effect of inflammatory mediators that may be 

relevant to sIBM on the ability of skeletal muscle to generate force, to examine if these 

inflammatory factors can contribute to skeletal muscle weakness. From the previous 

chapters, two inflammatory conditions were examined: treatment with the 

inflammatory cytokines IL-1β and IFNγ, and coculture with the cytotoxic immune cell 

line TALL-104. Cytokine culture was chosen as this condition has previously been 

extensively used as a means of inducing sIBM-like features in vitro, but it is not known 

whether combined cytokine treatment was relevant to the clinical feature of muscle 

weakness in sIBM. Coculture with TALL-104 cells was also chosen as it was the most 

disease-relevant to the invasion of sIBM muscle by cytotoxic CD8 T cells out of the 

inflammatory factors investigated here. 

Firstly, the basal characteristics of myobundles were examined to ensure they were 

physiologically relevant and similar to previously published work. The myobundles 

prepared here had similar responses to increased frequency as previously prepared 

myobundles by Madden et al (489), who showed near-fused tetanus at 10 Hz, with 

fused tetanus at 20 Hz. Here, fused tetanus was achieved at 15 Hz and above. Active 

force production increased with increasing voltage with an apparent non-linear 

fashion, with a lower increase in force between higher stimulation voltages. This 

relationship was used to choose a stimulation voltage for further experiments to 

maximise force output (40 V). 

The myobundles were designed to be larger than those described by Madden et al 

(489) with the myobundle liquid mix volume approximately 1.8 times higher, and 

PDMS moulds designed larger to accommodate this. The stimulation conditions here 

(approximately 40 V and 30 Hz) were similar to those used previously of 20 Hz and 

40V/cm. Despite this, the myobundles in this thesis appeared to produce lower active 

tetanic force than Madden et al’s myobundles at the same differentiation endpoint of 
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two weeks (0.5 mN vs ~ 1 mN). This is likely due to the fact this chapter’s myobundles 

are generated from myogenic cells cultured in Ham’s F10 medium supplemented with 

FGF and 20 % FBS. Madden et al showed that cells and myobundles prepared in F10 

medium produce significantly lower active force than those cultured in 10 % FBS and 

supplemented with epidermal growth factor. Myogenic cells cultured in F10 + 20 % FBS 

+ FGF had an approximate active tetanic force of 0.1 mN (489), whereas here the 

active force was higher (0.5 mN), which may be due to the increased size of the 

myobundles. 

Myobundles responded as expected to both electrical stimulation and chemical 

stimulation with acetylcholine. Stimulation with acetylcholine under microscopy 

showed a long, strong contraction before the myobundle eventually began relaxing 

again. This relaxation in the continued presence of acetylcholine is likely due to 

desensitisation of the nicotinic acetylcholine receptor. In desensitisation, continuous 

binding of the receptor to acetylcholine causes deactivation of the associated ion 

channel, preventing prolonged depolarisation of the sarcolemma with eventual 

repolarisation which halts muscle contraction. In this way, skeletal muscle no longer 

responds to continuous acetylcholine stimulation, but when the stimulus 

(acetylcholine) is removed, the nicotinic acetylcholine receptors return back to a 

sensitised state (497, 498). Repeat stimulation with acetylcholine was not explored 

here so it is not known whether myobundles become re-sensitised.  

Here, cross sectional area of control (untreated) myobundles was 0.448 mm2. This is 

similar to the CSA of 0.5 mm observed for myobundles cultured by Chen et al (159). 

Myotube area here in the untreated control group was 265.7 µm2 which is 

approximately double the myotube area found by Chen et al of 130 µm2. However, it is 

similar to the myotube area of 234.5 µm2 when myobundles were cultured with 

electrical stimulation (159). The myobundles here were stained after force testing 

which may contribute to this discrepancy, although CSA more accurately resembled 

measurements without electrical stimulation during culture. Myobundles here were 

created with a larger mould and volume of myobundle mixture than those previously 
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published. The similarity in CSA suggests that regardless of length and mould width, 

myobundles remodel the matrix and compact a similar amount.  

Sarcomeric alpha actinin staining was used to visualise sarcomeric organisation within 

myotubes. Alpha actinin is associated with the z-line (499) and is involved in the 

attachment of actin filaments to the z-line (500). Here, cross striation frequency 

measured by sarcomeric alpha actinin staining was 42 % in the control group, which is 

very similar to the approximately 45 % cross striation frequency in untreated 

myobundles in Chen et al (159). Overall, the myobundles responded as expected to 

electrical and chemical stimulation, with similar characteristics to previously published 

work, except with lower active force generation likely due to suboptimal culture media 

conditions. 

7.4.2 IL-1β and IFNγ treatment of myobundles  

Active force was not affected by any cytokine treatment. This is contrary to previously 

published results where myobundle treatment with IFNγ caused a decrease in active 

force compared to untreated myobundles as seen by Chen et al (159). This discrepancy 

may be due to the shorter time period of four days for IFNγ incubation used here 

compared to seven days incubation used by Chen et al. This suggests only extended 

IFNγ exposure can affect active force. The time point at which IFNγ is added during 

differentiation was slightly different. Here, IFNγ is added after 10 days differentiation, 

whereas previously it was added after 7 days differentiation. The additional three days 

differentiation may provide a protective effect to IFNγ insult, potentially due to 

increased differentiation or maturity of myotubes.  

Another possibility to differences in active force with IFNγ treatment could be that the 

equipment used here is not sensitive enough to detect small changes in force. The 

force transducer range is 5 mg-25 g (lower limit approximately equates to 0.049 mN). 

The ~ 0.5 mN recorded for control myobundles is within this range so the system 

sensitivity should be high enough. A degree of error is introduced with the Digitimer 

electrode stimulation system which relies on analogue manual controls for voltage and 

frequency, and consistently generating the same voltage between measurements and 
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channels was difficult. This may have influenced the consistency of results between 

myobundle measurements, in turn making it difficult to observe small changes in 

active force generation between treatment conditions. Alternatively, there is a 

difference in the concentration of IFNγ with 750 ng/mL used here and 20 ng/mL used 

by Chen et al (159). Potentially dose-dependent effects of IFNγ on muscle force exist, 

however this does not currently appear to have been investigated. 

Kinetic properties of tetanic contractions were also assessed with cytokine treatment. 

Time to peak force and stimulation to tetanus latency are measurements of the speed 

at which myobundles can respond to the electrical stimulus. Increased half relaxation 

time is a sign of muscle fatigue (501). For example, multiple voluntary maximal 

contractions of a muscle can cause an increase in ½ relaxation time compared to pre-

exercise as the muscle fatigues (502). The relaxation period involves active transport of 

calcium into the sarcoplasmic reticulum and re-covering of myosin binding sites by 

tropomyosin. The latency period between stimulation and onset of contraction is 

governed by the depolarisation of the sarcolemma and movement of the action 

potential along it, as well as the release of calcium from the sarcoplasmic reticulum (5). 

Time to peak force is affected by the kinetics of the cross-bridge formation during the 

power stroke, as well as the rate of calcium transients (503, 504). 

In Chen et al (159) time to peak tension (force) and ½ relaxation time were both 

increased with IFNγ treatment. Here, there was weak evidence that ½ relaxation time 

was also increased with IFNγ treatment. However, there was no difference between 

control and IFNγ for time to peak force, showing only partial recapitulation of IFNγ 

treatment kinetic properties of tetanic contractions. Combined IL-1β+IFNγ or IL-1β 

treatment on myobundles has not previously been investigated. Time to peak force 

was increased compared to control for IL-1β+IFNγ, whereas treatment with IL-1β 

caused a decrease in time to peak force. These opposing results suggest a potential 

combined effect of IL-1β+IFNγ that is not seen with these cytokines individually. 

However, without considering statistical analyses of these results, IL-1β+IFNγ 

treatment more closely followed the same trends in tetanus kinetic responses as IFNγ 

individually which may suggest out of the two cytokines, IFNγ has the dominant effect 
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in combined cytokine treatment. Whilst there were no differences in ½ contraction 

time suggesting the rate of contraction is similar amongst conditions, the results 

followed a similar pattern to those of time to peak force. 

Overall, IL-1β+IFNγ treatment slowed tetanic contraction during both the contraction 

and relaxation phase. However, time taken to respond to electrical stimulation was not 

affected, suggesting the ability of the sarcolemma to depolarise and cause release of 

calcium from sarcoplasmic reticulum stores is not affected. The lack of effect on active 

force but the longer duration of tetanus kinetics shows short durations of IL-1β+IFNγ 

treatment may cause fatigue without triggering weakness.  

The decrease in time to peak force for IL-1β shows IL-1β can speed up response times 

for tetanic contractions. To the best of the author’s knowledge, this is a previously 

undescribed phenomenon and it is not clear what mechanisms underpin this result. 

Treatment of human myometrial smooth muscle cells with IL-1β has been shown to 

increase the expression of SERCA (sarco/endoplasmic reticulum calcium-ATPase) 2b 

protein, which is responsible for transporting calcium ions into the sarcoplasmic 

reticulum from the cytosol. This was accompanied by an increase in cytosolic calcium 

ions when cells were triggered to release their intracellular stores, as well as an 

increased uptake of calcium into the cytoplasm from the media (505). Despite the 

difference in cell type here, potentially IL-1β triggers increased SERCA expression 

which increases the total pool of calcium ions that can be released as well as the 

excitability of myobundles with increased uptake of calcium, which may decrease the 

time to peak force. However if this were the case, it would be expected that increased 

SERCA expression would also lead to a decrease in half relaxation time due to its role in 

sequestering calcium, which was not observed with IL-1β treatment. 

Cross sectional area and myotube area were measured as a proxy for hypertrophy or 

atrophy in whole myobundles and individual myotubes respectively. No cytokine 

treatment affected CSA or myotube area, showing no cytokine treatment induced 

either hypertrophic or atrophic effects. Chen et al (159) found IFNγ treatment caused 

no change in F-actin CSA, an increase in CSA with sarcomeric alpha actinin staining, a 

decrease in myotube density, and a decrease in myotube diameter. They concluded 
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that IFNγ treatment caused myotube atrophy. This is therefore another example of the 

differential responses of IFNγ found here to previous results, potentially due to 

temporal differences in treatment. It has previously been shown that in 2D cultures of 

skeletal muscle cells, treatment with IFNγ at 60 ng/mL for 72 hours does not alter fast-

type myosin heavy chain content or the ratio of protein to DNA, suggesting that during 

this period IFNγ did not promote skeletal muscle catabolism (506), which is in 

accordance with the results observed here. IL-1β has previously been shown to have 

catabolic and atrophic effects on cultured muscle cells. Exposure of C2C12 cells to 

exogenous IL-1β caused reduced myotube width (139, 507), upregulation of atrophic 

genes (139), and reduced sarcomeric actin protein (507). It is not known why IL-1β did 

not illicit atrophic responses here, potentially the duration of treatment was not 

sufficient for these effects to arise. Alternatively, ECM or spatial considerations of the 

myobundle culture may confer a protective effect. 

Sarcomeric alpha actinin staining was used to visualise cross striations of sarcomeres in 

myotubes. There was a significant decrease in the percentage of myotubes that 

showed clear actinin striation in the IFNγ (as well as IL-1β+IFNγ group), which was also 

observed by Chen et al (159). This indicates that there was a disorganisation of 

sarcomere structure within myotubes, with irregular spacing of the z-line. However, 

this observation did not translate into a measurable decrease in active force 

generation in the IFNγ treatment group. Furthermore, no compensatory mechanisms 

with IFNγ treatment seem to be in play such as myotube/myobundle hypertrophy. 

Therefore it is not clear why the decrease in sarcomeric structure did not result in 

decreased active force generation. Potentially, this was due to sarcomeric alpha actinin 

staining being performed on the same myobundles after force testing. The processing 

of myobundles for force testing may have therefore affected myotube integrity. 

7.4.3 TALL-104 coculture with myobundles 

CD8+ T cells are the most prevalent immune cell infiltrating into sIBM muscle. A 

plethora of work has characterised these cells as oligoclonal or clonally expanded, 

highly differentiated and cytotoxic effector cells. However, it still remains unknown 

whether CD8 T cells are responsible for the clinical symptoms of muscle weakness in 
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sIBM. TALL-104 cells were used as a proxy for cytotoxic immune cells, and the effect of 

coculturing these cells with myobundles was investigated to see whether direct 

immune-cell mediated cytotoxicity can contribute to muscle weakness. As a control, 

myobundles were incubated with IL-2, as this was also included in the coculture for 

activation of the TALL-104 cells. IL-2 can affect the activity of sodium channels in 

skeletal muscle (448, 449). However, this effect is reversible with removal of IL-2. Here, 

there was no IL-2 in the CO2 independent medium with force testing, so there should 

not be any confounding effects of IL-2 in the control group. Indeed, there was no 

difference in active tetanus force between the two controls from the cytokine 

experiments (no treatment) and the controls from the TALL-104 coculture (IL-2 

treatment, p = 0.494). 

As previously noted in Chapter 6, TALL-104 have characteristics of both CD8 T cells and 

natural killer cells. Their mechanism of target recognition is MHC-independent, 

meaning their activation is not triggered through the same pathways as CD8 T cells. 

Therefore, any investigations into the mechanism of TALL-104 cell activation with 

myobundle coculture would not be representative of sIBM conditions. However 

despite this difference, the effector function of CD8 T cells and natural killer cells, as 

well as TALL-104 cells, are largely similar and based on release of cytotoxic granules or 

activation of extrinsic apoptotic pathways upon target cell contact. 

The number of TALL-104 cells and duration of coculture was chosen based on results 

obtained in Chapter 6 showing high cytotoxicity for all E:T ratios after 48 hours. The 

number of TALL-104 cells with myobundles in the stationary culture condition 

represents an E:T ratio of approximately 0.8:1. It was expected that active force would 

be decreased or even completely ablated with TALL-104 coculture, with the potential 

of the myobundle disintegrating before the end point. However, this was not 

observed. Few TALL-104 cells were found infiltrated into myobundles, and there was 

no difference in active force.  

Although cytotoxicity was not tested in myobundles, it can be presumed that due to 

the lack of effect of TALL-104 coculture on active force, there was limited cytotoxic 

effect on myotubes contained within myobundles. This potential difference in 
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cytotoxicity between 2D myotubes and myobundles may be due to three causes. The 

first, that the Matrigel and fibrin matrix in the myobundles impedes the detection of 

myotubes by TALL-104 cells, or limits their accessibility. Secondly, in 2D cultures there 

exists a passive effect that brings TALL-104 cells in close contact with cultured 

myotubes, namely gravity causing the sedimentation of the TALL-104 cells. This passive 

effect is lacking in myobundle cultures as the myobundles are not positioned flat at the 

surface of the PDMS mould, but slightly raised in suspension. Therefore, the TALL-104 

cells only have a short period during sedimentation to attach to myobundles and 

interact via cell-cell contacts. After the initial experiments with dynamic coculture of 

myobundles showing no effect on active force, it was chosen to move to static 

conditions with a reduced medium incubation to try to maximise contact of TALL-104 

cells with myobundles. The coculture-myobundle condition may more accurately 

reflect the effects of secreted factors from cytotoxic immune cells. However, no 

characterisation of secreted factors from cocultured TALL-104 cells was performed, 

therefore the activation state of these cells is not known. The final potential reason for 

lack of effects with myobundles compared to 2D culture is that the myobundle 

differentiation medium used may have negatively affected the viability or activation of 

TALL-104 cells, which was not tested. 

Testing the viability of TALL-104 cells as well as their cytotoxicity against myotubes in 

myobundle differentiation medium compared to N2 or RPMI medium would help 

elucidate the lack of effect of TALL-104 in myobundles compared to 2D cultures. 

Further testing with longer exposure times and higher concentrations of TALL-104 cells 

are warranted, which may show different effects to the conditions used here. Despite 

TALL-104 showing activation via increased secretion of TNFα and IFNγ when cocultured 

in 2D, it is possible that this activation did not transfer to myobundle cocultures. TALL-

104 could be pre-incubated with activating factors such as ionomycin and PMA (460, 

461) before myobundle coculture to ensure their activity. TALL-104 sedimentation 

problems could be alleviated by creating adapted PDMS moulds for coculture that are 

designed to have a shallower inner channel in which the myobundle lies. Myobundles 

could be grown as described until the coculture point where they are transferred to 

the new PDMS moulds, which may allow the myobundle to sit flush against the base of 
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the PDMS inner channel. Small metal pins may be required to hold the Cerex frame in 

place and prevent the whole construct floating. Overall, TALL-104 coculture did not 

affect active force, although as described this may be due to poorly optimised 

conditions. It would be necessary to conduct further experiments of TALL-104 

coculture with myobundles before any conclusions on the effect of these cells on 

muscle weakness can be drawn.  

There was weak evidence that myotube area decreased with TALL-104 cells, showing 

myotube atrophy (with no myobundle atrophy). This shows that despite the sub-

optimal culture conditions, TALL-104 cells may exhibit detrimental effects on 

myotubes. sIBM muscle fibres have been shown to have a lower mean diameter 

compared to healthy controls (72), therefore this feature of sIBM was recapitulated via 

myobundle TALL-104 coculture. It would be greatly interesting to optimise the 

preliminary experiments here to examine if atrophic effects are exacerbated, for 

example with higher TALL-104 concentrations. 

7.4.4 Fatigue in sIBM 

Kinetics of contractile force were measured here, showing IL-1β+IFNy treatment 

showed signs of increased muscle fatigue. In sIBM, it appears less is known about 

muscle fatigue specifically compared to weakness. Muscle fatigue can be defined as a 

reduction in maximal voluntary force induced by exercise, whereas endurance can be 

defined as the duration that a constant force output can be maintained (508). When 

sIBM patients underwent a clinical trial of blood flow restricted exercise, two patients 

withdrew from the exercise condition citing severe fatigue due to the training (221). 

Generalised fatigue has also been described in three Japanese sIBM patients (509). It 

has been recommended to use the two-minute walk test as opposed to the six-minute 

walk test in sIBM patients due to 7 % of patients becoming too fatigued in the longer 

condition (510). However, these effects may refer to fatigue more generally and not 

the ability of muscle to contract in response to multiple or sustained stimulations. 

Endurance may be decreased in sIBM patients when measured by functional testing. 

The 30-second chair stand test is a functional test which can measure a patient’s leg 

muscle strength and endurance (511). In a small group of sIBM patients, the mean 
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number of times to stand up from sitting down in 30 seconds was 5-7 with an average 

age of 68-70 (221), which is below average for this age group (511), suggesting 

decreased endurance.    

A fatigue stimulation condition was used with TALL-104 coculture where myobundles 

were stimulated at high frequency for 15 continuous seconds. This showed there was 

no difference in the time to fatigue or half relaxation time with TALL-104 coculture 

compared to control, which is corroborated by the force kinetics with standard tetanic 

contraction indicating no signs of fatigue. The time to fatigue was a measurement of 

time under continuous stimulation which therefore more accurately represents a 

measure of endurance. To better measure fatigue in myobundles, a condition of 

multiple tetanic contractions with minimal rest time between could be used, and 

measurement of active force changes between contractions tested. Overall, short-

term exposure to TALL-104 cells in myobundles failed to induce weakness or fatigue, 

showing this condition does not recapitulate sIBM-like features. 

7.4.5 Previous models of muscle weakness in sIBM 

Previous investigations of muscle weakness in models of sIBM have been performed, 

and models that are amenable to strength testing have been developed. The strengths 

and weaknesses of these methods are summarised in Table 7.1. Transgenic mice 

carrying mutated human VCP have been used to model sIBM as they present with 

inclusion body myopathy, muscle inflammatory infiltrates and develop progressive 

muscle weakness (described in Section 1.15). Mutant VCP mice had decreased grip 

strength and decreased maximal tetanic force at 14 months. Treatment with 

arimoclomol for 10 months showed an amelioration in muscle weakness (219). Whilst 

VCP transgenic mice are a good model of the proteinopathy in sIBM, they also present 

with muscle extrinsic multi-system pathology including Paget’s disease of bone and 

frontotemporal dementia. VCP transgenic mice offer a good platform for testing 

potential treatments to improve muscle weakness in sIBM, but they are not suitable 

for investigating causes of muscle weakness as VCP mutations are not universally 

present in sIBM cases (78). 
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Muscle-specific APP transgenic overexpression in mice has been investigated (269), as 

well as double transgenic APP and presenilin-1 mice (273) as models of sIBM. In the 

rotarod motor test where mice walk forwards to prevent falling off a rotating rod, APP 

transgenic and double APP presenilin-1 transgenic mice had decreased motor 

performance compared to controls, representing decreased strength and endurance. 

CD8+ cells can also be observed in the muscle of this model (270, 273). Whilst 

functional impairment of sIBM was reproduced in this model, specific strength tests 

were not conducted. Further, the relevance of APP to sIBM has been questioned. 

A method of culturing sIBM-derived muscle cells in 2D with murine fibroblast feeder 

cells and exercise-like conditions with electrical stimulation during culture has been 

investigated. The contraction of sIBM myotubes compared to control donors was 

compared using image analysis to calculate the movement index of myotubes. Both 

control and sIBM myotubes were only observed contracting when cultured with 

electrical pulse stimulation. This showed no difference in contraction between sIBM 

and healthy myotubes (351), suggesting sIBM weakness may not be a muscle-intrinsic 

phenomenon, but may instead depend on in situ microenvironmental queues or 

inflammatory infiltration. This model of sIBM force benefits from the use of patient-

derived muscle cells, allowing for direct investigations of sIBM muscle pathology. 

However, it fails to recapitulate the full complexity of sIBM such as the immune system 

involvement. 

The mouse sIBM xenograft model developed by Britson et al (110) uses xenografts 

from sIBM patients engrafted into immunodeficient mice. The xenografts also carry 

over immune cells to the host, so that muscle intrinsic and inflammatory features of 

sIBM are incorporated. Therefore this model comes very close to recapitulating the 

native sIBM environment. Functional and force testing, for example with grip strength 

measurements and tetanic contraction of isolated muscle, could be utilised to examine 

if decreased strength is present in this model, however this has not currently been 

investigated. 
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7.4.6 Summary 

Neither cytokines nor coculture with cytotoxic immune cells at the concentrations and 

durations tested elicited weakness in myobundles. However, some alterations in 

secondary measures of myobundles were observed. IFNγ caused fatigue-like effects in 

myobundles and disrupted sarcomeric structure. TALL-104 coculture may have 

contributed to myotube atrophy without affecting active force. Optimised experiments 

Model Pros Cons 

Transgenic VCP mice • Recapitulates muscle-
intrinsic pathology 

• Recapitulates weakness 

• Lacks CD8+ specific 
pathology 

• Multi-system pathology 
not representative of 
sIBM 

MCK-APP mice • Decreased motor 
performance 

• APP and presenilin 1 
mice show CD8+ 
infiltrates 

 

• No direct strength 
testing 

• APP relevance to sIBM 
questionable 

Electrical stimulation, 
feeder based primary 
sIBM cultures 

• sIBM patient-derived 

• Animal-free 

• Muscle weakness not 
recapitulated 

• Does not recapitulate 
inflammatory 
involvement 

Xenograft model • Relevant to sIBM 
phenotype; recapitulates 
muscle intrinsic and 
inflammatory features 

• Patient-derived 

• Muscle strength not 
investigated 

• Limited by availability of 
sIBM muscle biopsies 

• Potential compensatory 
mechanisms from host 

Myobundles • Allows causes of muscle 
weakness to be 
examined  

• Animal-free 

• Muscle weakness not 
recapitulated 

• Not patient-derived 

• Limited relevance of 
inflammatory conditions 
to sIBM pathology 

Table 7.1 Models for sIBM strength testing.                                                                                      Summary of sIBM models that have either 
previously been investigated for muscle weakness or are amenable to strength/force testing. 
Myobundle strengths and weaknesses refer to results presented in this thesis. See in text 
(Section 7.4.5) for citations. 
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such as longer incubation time for cytokines or higher numbers of TALL-104 cells could 

be investigated. At present, the results in this chapter indicate under the conditions 

tested, neither cytokine treatment nor cytotoxic immune cell interactions affect 

myobundle weakness.
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Chapter 8. General discussion and future work 

8.1 Discussion 

sIBM is a complex disease presenting with diverse inflammatory features including 

infiltration of cytotoxic T cells, macrophages, and other immune cells, as well as 

elevated cytokine expression in the muscle. Furthermore, there is a wide range of non-

inflammatory features observed in sIBM such as the presence of sarcoplasmic inclusion 

bodies, mitochondrial abnormalities, variable fibre size, and rimmed vacuoles. 

The main clinical symptom of sIBM is progressive muscle weakness associated with 

decreased mobility at later stages of the disease. Unfortunately there are currently no 

effective treatments for sIBM patients. It is not clear what triggers muscle weakness in 

sIBM; whether it is a result of the inflammation, the non-inflammatory features, an 

interplay between inflammation and degeneration, or something else entirely. To help 

understand potential mechanisms in sIBM pathology, this thesis aimed to investigate 

the effects of the inflammatory environment on non-inflammatory sIBM-like features, 

mainly focussing on TDP-43 and p62, as sarcoplasmic aggregation of these two 

proteins has been suggested as a potentially specific marker for sIBM. The second 

main aim of this thesis was to examine whether inflammatory factors can contribute to 

muscle weakness. This was achieved by using a previously established 3D functional 

muscle culture system. 

8.1 Experimental considerations 

It was chosen to use primary human myogenic cells from different healthy donors as a 

culture material. As shown in Chapter 3, there was a wide range of demographic 

characteristics of these donors, as well as basic characteristics of the cells including 

their differentiation capabilities. This meant the starting point of all analyses already 

contained variability between the samples. The different demographic characteristics 

of the skeletal muscle cell donors is likely to influence their performance in cell culture 

conditions. It has been found younger (20-39 years old) as well as female donors had 

faster growing myogenic cells compared to older or male donors, however a higher 
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percentage of male donor myogenic cells were positive for MyoD (512). Another factor 

that was not controlled for was which muscle the cells were derived from. Four donors 

had cells isolated from abdominus rectus, one donor from vastus lateralis, and for the 

donors sourced from Lonza the source material was unknown. As the fibre type (slow 

or fast) from which muscle cells are derived influences the isoforms of myosin heavy 

chain that are expressed and different muscle groups differ in fibre composition (513), 

this may have introduced variability between the cells from different donors. 

Furthermore, the overall number of donors used for each experiment was relatively 

low, so any outlier responses to the inflammatory treatments may have affected the 

overall results. To alleviate some of this variability, the samples could be taken from 

donors of similar age and BMI, from the same muscle, and the total number of donor 

samples used could be increased. 

Whilst the aforementioned donor characteristics can cause heterogeneity and large 

variance in results, this also means that any detected effects even in the small sample 

sizes used here, are more robust as they are reproducible across a variety of muscle 

cell phenotypes and donors. However, the high passage of cells used and the potential 

drift to a more differentiated phenotype is a possible confounding factor. Although not 

assessed, it is possible that these cells, whilst still proliferating, may have slowed down 

their growth rate. There is also the risk that some cultures may contain an unduly 

amount of senescent cells which could affect cellular responses to inflammatory 

treatments. On the other hand, this could work in favour of mimicking sIBM conditions 

more than early passage cells as sIBM is associated with ageing, and studies of sIBM 

cultured cells show decreased proliferation and earlier senescence (514). 

It should be noted that whilst p62 and TDP-43 sarcoplasmic aberrations have been 

suggested as specific to sIBM, the inflammatory stimulations tested in this thesis are 

not specific to sIBM. For example, other inflammatory myopathies including 

polymyositis present with CD8+ T cell involvement (233), and elevated muscle cytokine 

levels may occur due to many diseases including sepsis (515). Furthermore, TDP-43 and 

p62 aberrations are also observed in other diseases, for example p62 aggregates in 
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IMNM (75) and TDP-43 myogranules in regenerating muscle (327).  Therefore whilst 

the aim was to investigate sIBM-like characteristics, the factors investigated here do 

not specifically recapitulate the sIBM phenotype. The results presented here may also 

have wider applicability to muscle inflammation more generally. 

As well as the lack of specificity and potentially lack of relevance of the inflammatory 

conditions used here to sIBM, the artificial and reductionist nature of using healthy 

human myotubes to model sIBM also needs to be considered. The treatment with high 

levels of inflammatory mediators on healthy human cells in culture for short time 

periods does not mirror the complexity, potential genetic aspects, time course, or 

inherent pathology of sIBM. Therefore, whilst an attempt was made to investigate 

sIBM-relevant pathological features, the results in this thesis cannot be more broadly 

applied to the condition of sIBM. However, this work may serve to inform future pre-

clinical investigations or models of sIBM.  

Throughout this thesis, the effects of inflammatory treatments were analysed on 

differentiated cultures of myotubes. The choice to use differentiated myotubes as 

opposed to myogenic precursors was taken as most previous in vitro sIBM 

investigations have also used myotube cultures, and because sIBM is an adult-onset 

disease in which the pathological hallmarks accumulate in mature skeletal muscle 

fibres. However, this approach may overlook the importance of proliferating cells, 

especially satellite cells, in sIBM. Satellite cells usually remain quiescent until activated 

by hypertrophic conditions or muscle damage for muscle growth and repair. It has 

been found that compared to healthy controls, sIBM muscle had increased nuclei 

expressing Pax7 as well as myoD and myogenin, showing increased number of satellite 

cells that were activated for myogenic regeneration. Furthermore, there was an 

increased percentage of fibres expressing neonatal myosin and CD56 suggesting fibres 

were regenerating in areas with inflammatory infiltrates (516). However, a separate 

study found there was no difference between control and sIBM muscle for the number 

of Ki-67+ Pax7+ nuclei, showing no increased proliferation of satellite cells in sIBM (72). 

At present, the role of satellite cell dysregulation in sIBM pathology remains unclear. 



General discussion and future work 
 
 

232 
 
 

The effect of the inflammatory mediators investigated in this thesis are likely to have 

differential effects on proliferating cultures compared to myotubes. As an example, 

IFNγ treatment of proliferating myogenic cells causes decreased proliferation and 

differentiation into myotubes (156, 344, 517). Therefore, the importance of the 

inflammatory factors investigated here influencing muscle regeneration, which may 

also be altered in sIBM, was overlooked. 

Inflammation has been investigated in this thesis as a potential causative factor in 

sIBM pathology and weakness. However, as noted in Chapter 5, inflammation also 

plays an important role in muscle regeneration and repair. This usually involves 

members of the innate immune system including neutrophils and macrophages. 

Therefore the presence of these cells in sIBM may not be a causative factor for 

pathology. Instead, the presence of macrophages may represent a continual attempt 

at repair of damaged muscle in sIBM.  

8.2 Sestrins 

Sestrins were investigated with inflammatory cytokine treatment, showing that IFNγ 

caused increased expression of sestrin-2. This may show activation of cell stress 

responses under this cytokine treatment. IFNγ is one of the most abundant cytokines 

released in sIBM muscle (124). It is possible there is a role for sestrins in sIBM muscle 

responses to IFNγ. The sestrin family are also implicated in muscle and energy 

homeostasis. The role of these proteins in sIBM has not previously been determined, 

however it would be interesting to compare the protein expression of sestrin-1 and 

sestrin-2 between sIBM and healthy control patients as the results shown here suggest 

inflammation can alter muscle sestrin-2 expression. 

Whilst it was beyond the scope of this project, it would be interesting to investigate 

the overexpression of sestrins in CD8+ T cells and the effect coculture and secreted 

factors from these cells has on cultured myotubes, as it has previously been shown 

that expression of sestrin-2 in cytotoxic T cells was associated with an innate-like non-

specific cytotoxicity response (311). As TALL-104 cells already mediate cytotoxic effects 

through innate pathways, this cell line would not be a suitable model for sestrin 
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investigations. Instead, primary CD8 T cells would be necessary. It would also be 

interesting to investigate the expression of sestrins in CD8 T cells from sIBM patients 

compared to healthy controls. 

8.3 Inflammatory cytokines 

The inflammatory factors investigated here included cytokine treatment with IL-1β and 

IFNγ. This has previously been utilised in in vitro treatment of myotubes to investigate 

sIBM features. Here, some of these investigations were replicated and expanded upon 

with human muscle cells, focussing on the effects of TDP-43 and p62. Overall, the 

results obtained did not suggest treatment with these cytokines recapitulated the 

phenotype of inclusion body formation as seen in sIBM. However, effects on p62 

puncta size were observed with IL-1β+IFNγ. Instead of representing the large p62 

aggregates seen in sIBM fibres which can be up to 10 µm in length (118), these 

aggregates were relatively small and may instead represent changes in autophagic 

pathways. IMNM also displays with p62 in the sarcoplasm, except with a more diffuse 

pattern than in sIBM. This in combination with the fact there were no observed 

changes in TDP-43 may mean the addition of IL-1β+IFNγ to myotubes more accurately 

recapitulates some IMNM pathological features as opposed to sIBM. No inflammatory 

treatments examined here showed a high percentage of colocalisation between TDP-

43 aggregates and p62 puncta. In sIBM, these two proteins can be found colocalised in 

sIBM muscle fibres (98), therefore it is likely that the aggregates of either protein 

observed here do not accurately reflect inclusion bodies as found in sIBM. Whilst there 

were no effects of inflammatory conditions on TDP-43 aggregation, IL-1β+IFNγ caused 

p62 aggregation, suggesting TDP-43 and p62 may be under differential regulation in 

these muscle cells. 

8.4 Inflammatory cells  

The largest subset of immune cells infiltrating into sIBM muscle is cytotoxic T cells. 

Other immune cells are also implicated, including macrophages. The effect of secreted 

factors from cell lines serving as a proxy for these two cell types were investigated for 

effects on TDP-43 and p62 in myotubes. Like the treatment with inflammatory 
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cytokines IL-1β and IFNγ, there was no recapitulation of the sIBM phenotype of 

sarcomeric inclusion bodies containing TDP-43 and/or p62 for either macrophage or 

cytotoxic cell conditioned medium. Low levels of secreted factors from macrophages 

had no effect on p62 or TDP-43, suggesting macrophage secreted factors at the 

concentrations tested do not influence these proteins. 

There was a need to better characterise the secretory phenotype of TALL-104 cells 

under basal culture conditions. Regardless, treatment with conditioned medium from 

the cytotoxic immune cell line TALL-104 did not affect p62 or TDP-43 aggregation in 

individual cells showing no formation of structures resembling inclusion bodies in 

sIBM. However, there was an increased number of images containing TDP-43 

aggregates when myogenic cells were treated with TALL-104 conditioned medium. This 

is unlikely to reflect TDP-43 features in sIBM, but instead may represent an effect of 

TALL-104 secreted factors on TDP-43 myo-granules, which are involved in sarcomeric 

mRNA processing.  

As well as investigating the effect of secretory factors of cytotoxic immune cells on 

TDP-43 and p62, the effect of direct coculture with cytotoxic immune cells was 

investigated. This showed TALL-104 cells had unexpected cytotoxic effects against 

cultured myogenic cells. TALL-104 cells were observed attaching and invading 

myotubes. Despite the strong cytotoxicity of cell contacts between myotubes and 

TALL-104 cells, there were no effects on TDP-43 or p62 that would reflect inclusion 

body formation. However, coculture with TALL-104 caused muscle cultures to have a 

reduction in TDP-43 localised exclusively to the nucleus. Whilst this is unlikely to reflect 

the mislocalisation of TDP-43 observed in sIBM and previously with other in vitro 

experiments, this is the closest of any inflammatory treatment investigated here to 

showing a shift in TDP-43 localisation. Importantly, this highlights that inflammation in 

the form of cytotoxic immune cells is capable of precluding and causing changes in 

TDP-43. It would be interesting to expand the myotube coculture experiments, for 

example by examining earlier coculture timepoints to visualise more myotubes before 

they succumb to TALL-104-mediated cytotoxicity. 
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The influence of inflammatory priming myotubes on the activity of macrophages and 

cytotoxic immune cells was investigated, showing that both macrophages and TALL-

104 cells may modify their cytokine secretion in the presence of secreted factors from 

inflammatory myotubes. This suggests a positive feedback loop may exist where 

muscle undergoing inflammatory damage themselves trigger further inflammation. In 

sIBM, the exposure of muscle to infiltrating immune cells may cause the muscle to 

secrete cytokines which further encourages the infiltration and activation of immune 

cells in a self-perpetuating cycle. This also highlights the importance of skeletal muscle 

as a mediator of the immune system. However, the cytokines secreted from 

inflammatory-primed muscle cells were not examined, therefore it is not known what 

specific factors regulate this positive feedback. 

8.5 A role for TDP-43 “pathology” in healthy muscle? 

Under every condition, myotubes were detected that contained small p62 puncta and 

TDP-43 aggregates in the sarcoplasm. Furthermore, all conditions showed some 

colocalisation of p62 and TDP-43. This suggests a basal role for TDP-43 and p62 as well 

as their association in healthy myotubes. The presence of p62 puncta in all myotubes 

suggests a basal level of autophagy activation in these cells. Phosphorylation of p62 is 

important in mediating antioxidant protein production in response to exercise, 

showing physiological functions of p62 in muscle exist (518). 

Previous in vitro characterisations of TDP-43 have shown its expression in the nucleus, 

and sometimes also diffusely in the sarcoplasm (219). Under every condition examined 

in this thesis including under untreated control conditions, myotubes that were 

negative for nuclear TDP-43 but positive for sarcoplasmic TDP-43 could be observed. 

TDP-43 mislocalisation out of the nucleus is usually described as a pathological process 

in conditions including sIBM, FTLD, and ALS. In these conditions, TDP-43 in the 

cytoplasm is abnormally phosphorylated, ubiquitinated, and cleaved into insoluble 35 

and 25 kDa fragments which lose their nuclear localisation signal (519) required for 

transport into the nucleus. However, cleaved TDP-43 may not be an exclusively 

pathological process. A study has shown detectable levels of 25 and 35 kDa TDP-43 in 
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age matched healthy control muscle, although the expression was higher in sIBM 

samples (98), suggesting presence of these TDP-43 cleavage fragments may not 

necessitate muscle pathology. Furthermore, whilst most studies report nuclear TDP-43 

localisation in muscle, a study culturing healthy control myotubes on feeder fibroblasts 

found approximately 60 % of myogenic nuclei contained TDP-43 (351). This 

corroborates the results here suggesting not all healthy cultured myotubes universally 

express nuclear TDP-43. This study also found that sIBM myotubes had an increase in 

sarcoplasmic TDP-43 accumulation and decreased nuclei containing TDP-43 compared 

to controls, but only when myotubes were cultured under electrical stimulation. This 

raises the interesting possibility that TDP-43 pathology in sIBM precipitates due to 

exercise/muscle use. Furthermore, the results presented by Li et al (351) show that 

TDP-43 pathology can be present without the presence of inflammation, providing 

evidence that non-inflammatory sIBM features may preclude or occur independently 

of inflammatory features. 

Unfortunately, analysis of insoluble TDP-43 fractions via urea-based solubilisation of 

lysates was not performed here. It would be interesting to know whether 35 and 25 

kDa fragments of TDP-43 existed in the control conditions, which would explain the 

occurrence of myotubes without nuclear TDP-43. As opposed to TDP-43 being cleaved 

in the sarcoplasm and losing its nuclear localisation, it is possible TDP-43 simply 

diffused out of the nucleus, as passive diffusion is the likely mechanism of nuclear to 

cytoplasmic TDP-43 shuttling (84, 85). The lack of nuclear TDP-43 in myotubes may 

mean that the myogenic cells here were not representative of a healthy population, 

potentially due to changes introduced through multiple passages. However, in some 

preliminary experiments, early passage (p3) myotubes and single nucleated cells also 

showed lack of nuclear TDP-43 staining (Appendix Figure 0.2), although no 

quantification between different passages was made. In one myogenic donor 

(HSKMDC 4), there were no cells quantified as having sarcoplasmic only TDP-43 

expression, suggesting variability in normal TDP-43 localisation between donors. 

 



General discussion and future work 
 
 

237 
 
 

8.6 Considerations for future preclinical sIBM research 

As described previously, a study has investigated sIBM myotubes compared to healthy 

donor myotubes on a fibroblast feeder layer under electrical stimulation conditions. 

Very interestingly, there was no difference in contraction of myotubes from sIBM and 

control patients suggesting a muscle-extrinsic cause such as inflammation of weakness 

in sIBM (351). Alternatively, this could also suggest that sIBM muscle weakness does 

not arise from inherent myofibre dysfunction but could be due to global muscle quality 

problems such as fatty infiltration and loss of muscle mass. This result also highlights 

that myogenic precursors in sIBM are not predisposed to weakness. This study raises 

important questions about the biological relevance of myotube culture to represent 

sIBM pathology, as patient’s own muscle cells may not show sIBM features under 

standard culture conditions. To investigate if the inflammatory component in sIBM 

evokes weakness, these results (351) could be expanded by co-culturing with matched 

patient immune cells. 

Many of the non-inflammatory/degenerative features that have received the most 

attention in sIBM are those that share similarities with neurodegenerative diseases 

including ALS and Alzheimer’s disease. This includes TDP-43, amyloid β, tau, and p62. 

This is likely due to the similarities between the presentations of protein aggregation in 

these two diseases (520). However, it is important that other non-inflammatory 

features, proteins, or pathways are not overlooked in favour of those that already have 

a clinical basis in other diseases, and the relevance of using other disease markers in 

sIBM research has been called into question (49).  

The use of less biased approaches such as non-targeted proteomics or transcriptomics 

can serve as a useful tool for identifying strongly dysregulated pathways in sIBM. 

Indeed, a transcriptomic approach for analysing pathways involved in sIBM muscle 

compared to amputee controls showed genes involved in dendritic cell maturation 

were highly dysregulated in sIBM (201). The involvement of dendritic cells in sIBM has 

been poorly studied compared to other inflammatory cells like CD8 T cells (121, 124). 

This study (201) also identified disruption in calcium handling linked to T cell apoptosis, 
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showing the importance of immune dysregulation in sIBM. A separate transcriptomic 

analysis of myositis patient biopsies (521) found shared upregulated networks 

between myositis subgroups including muscle regeneration, as well as shared 

downregulated pathways such as humanin, an anti-apoptotic protein. sIBM-specific 

pathways were also found including upregulation of vasculogenesis and extracellular 

matrix genes. The authors suggested global transcriptomic analysis can highlight 

pathways that are not indicated by current clinical subtypes, which may be useful for 

predicting therapeutic responses. 

The results presented here in Chapter 7 do not point to either short-term exposure to 

inflammatory cytokines or cytotoxic immune cells contributing to muscle weakness, 

however the approach of using myobundles deserves further attention as a 

manipulatable platform that may serve as a steppingstone to help elucidate causes of 

muscle weakness in sIBM and potential therapeutic targets. 

The use of myobundles here in preliminary experiments failed to find a link between 

inflammation that may be relevant to sIBM and muscle weakness, in contradiction to 

previous results with longer term exposure to IFNγ. There was also no effect of TALL-

104 coculture on force generation of myobundles. It is likely that insufficient TALL-104 

numbers, time, or gravitational effects hampered the interaction of TALL-104 cells with 

myobundles. Further investigations into treatments or phenotypes relevant to sIBM 

for myobundle force testing are needed. Myobundles offer a reductionist approach in 

which a single factor can be manipulated at a time, which may make them more 

suitable to initial experiments for treatment testing over using animal models. The 

approach of using other similar 3D functional in vitro muscle constructs in myositis 

research is currently being investigated. At the 4th Global Conference on Myositis 2022 

(522), work by M. Franken et al showed use of a 3D functional culture system to grow 

induced pluripotent stem cell-derived myotubes with addition of anti-cN1A antibodies 

from sIBM patients to investigate effects on force generation. At the same meeting, 

work by L. Covert et al showed use of myobundles treated with type I IFNs to 

investigate force generation in juvenile dermatomyositis. It is hoped that the interest 
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of using in vitro 3D functional models of skeletal muscle in myositis research will 

continue to grow. 

8.7 Summary 

To conclude, the results presented in this thesis hint that inflammation may not trigger 

TDP-43 aggregation in cultured human skeletal muscle cells. p62 can be influenced by 

addition of inflammatory cytokines, however this failed to recapitulate sIBM-like p62 

pathology. Furthermore, the preliminary investigations presented in this thesis suggest 

that short durations of inflammatory cytokines or exposure to cytotoxic immune cells 

do not cause weakness in myobundles, although further investigations over longer 

time periods are warranted.   
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8.2 Future work 

8.2.1 IL-1β and IFNγ signalling  

To confirm addition of IL-1β and IFNγ can exert a response within the cultured skeletal 

muscle cells, proteins in the signalling pathways of these cytokines could be 

investigated. CIITA is increases upon IFNγ stimulation (156, 517). CIITA levels in the 

control and cytokine treatment groups could be measured via Western blotting with 

an expected increase in protein expression with IFNγ. To ensure skeletal muscle cells 

are capable of transducing IL-1β effects, the expression of the IL-1β receptor 1 (IL-1R1) 

or downstream effectors such as NF-κB proteins could be checked. 

8.2.2 Analysis of autophagy with IL-1β+IFNγ  

It was found that treatment with IL-1β+IFNγ caused an increase in the size of p62 

puncta accompanied by a higher LC3II/LC3I ratio but without a total increase in LC3II 

protein. It is hypothesised that the treatment with IL-1β+IFNγ increased autophagic 

flux in myotubes, but more work is needed to confirm this. As LC3II (and p62) are both 

degraded during the autophagic process, it is necessary to run parallel experiments 

with all cytokine treatment groups and autophagy inhibitors such as chloroquine or 

bafilomycin-A1 to confirm increased autophagic flux. Analysis of protein levels via 

Western blotting could then be used to reveal whether changes in p62 aggregates and 

LC3II ratio are due to an increase in autophagic flux or a blockade of the autophagic 

process. 

8.2.3 TDP-43 protein detection in the insoluble fraction and subcellular 
fractionation 

The protein expression of TDP-43 was investigated here in the RIPA-soluble fraction. 

However, TDP-43 inclusions in the cytoplasm are largely composed of insoluble protein 

isoforms, including the 25-35 kDa cleaved C-terminal fragments. To investigate 

expression of these proteins, the insoluble protein fraction after RIPA lysis can be 

extracted using a urea-based buffer. This may more accurately reflect the TDP-43 

isoforms found within sIBM inclusion bodies. Similarly, different primary antibodies 
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could be used for immunofluorescent detection of TDP-43 aggregates that better 

recognise cleaved or post-translationally modified TDP-43, such as phosphorylated 

TDP-43 (Ser409/410) (Proteintech UK, 80007-1-RR) and TDP-43 (C-terminal) 

(Proteintech UK, 12892-1-AP). 

To complement the immunofluorescent analysis of TDP-43 localisation with 

inflammatory treatments, Western blotting of TDP-43 using subcellular fractionation 

could be conducted to examine the organelle-specific expression of TDP-43. This would 

be especially useful for comparing TDP-43 expression in whole cell lysates, the nucleus, 

and the cytoplasm. 

8.2.4 Testing mitochondrial structure and function 

One of the non-inflammatory features observed in sIBM skeletal muscle is abnormal 

mitochondria, seen as ragged red and COX-negative fibres. To test whether the 

inflammatory conditions examined here affects mitochondria in myotubes, the 

bioenergetic function of mitochondria could be assessed using a Seahorse XF analyser 

(524). Further, dyes such as MitoTracker™ or tetramethylrhodamine could be used for 

analysis of mitochondrial network structure. Mitophagy may also be affected in sIBM 

(63). The effect of inflammatory mediators on mitophagy may be analysed by assessing 

translocation of parkin to the mitochondria. Sestrin-2 has recently been found to 

localise to the mitochondria, both under normal conditions and when mitochondrial 

uncoupling is induced (525). The extent of localisation of sestrin-2 to mitochondria 

could be assessed under inflammatory conditions, as well as under mitochondrial 

stress conditions. 

8.2.5 Macrophage coculture 

Here, the effect of M(PMA) or M(IFNγLPS) conditioned media on TDP-43 and p62 

aggregation was investigated. To further understand the role of macrophages on TDP-

43 and p62, direct coculture of macrophages could be carried out. The effect of 

conditioned medium or direct coculture was not investigated in myobundles. Treating 

myobundles with conditioned medium and coculture could shed light on whether 
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macrophages secretory factors or direct cell interactions are capable of producing 

muscle weakness as seen in sIBM. 

8.2.6 Combined treatment of conditioned media  

Conditioned medium from macrophages and TALL-104 cells were used individually. 

However, as combined treatment of IL-1β and IFNγ affected p62 puncta size, it would 

be interesting to investigate the effect of combined treatment of macrophage and 

TALL-104 conditioned media, as this represents a more diverse and potentially more 

sIBM-relevant secretory phenotype. Further, as the conditioned medium from TALL-

104 cells was found to contain minimal levels of IFNγ, conditioned medium from 

activated TALL-104 cells, for example with PMA and ionomycin that causes release of 

cytotoxic granules, should be investigated. To complement this, targeted analysis of 

the secretory phenotype of both TALL-104 and THP-1 cells could be carried out, for 

example with a Luminex® Assay or Proteome Profiler cytokine array. 

8.2.7 Expanding coculture of myobundles with cytotoxic cells  

Despite the high cytotoxicity of TALL-104 cells to myotubes in 2D conditions, there was 

no effect on active force when similar timeframes and cell ratios were used. Further 

experiments could be conducted to elucidate whether different conditions lead to 

changes in myobundle force production. Firstly, to prevent any issues of reduced TALL-

104-myobundle interactions due to sedimentation of TALL-104 cells below the 

myobundle, the myobundles could be transferred to new PDMS moulds before 

addition of TALL-104 cells that have a lower depth of the inner channel, therefore 

causing the myobundle to sit on the bottom of the mould and facilitate TALL-104-

myobundle interactions. Secondly, different quantities of TALL-104 cells and 

incubation time periods could be utilised to maximise any coculture effects. 

In this study, TALL-104 cells were used as a proxy for cytotoxic T cells. However, these 

cells resemble both CD8+ T cells and natural killer cells. From biopsy samples, it is 

possible to culture sIBM myogenic cells (351), which could be expanded and cultured 

as myobundles. It would be interesting to investigate whether myobundles from sIBM 
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patient cells generated lower active force than matched healthy controls. 

Furthermore, with access to blood samples from the same sIBM patients, CD8+ T cells 

could be isolated and cocultured with myobundles to examine effects of inflammation 

on force generation. If a reduction in active force is found intrinsically within sIBM 

myobundles or with autologous CD8+ coculture, this setup could be utilised to test 

effects of drug candidates in a preclinical setting. 

8.2.8 Analysis of calcium handling in myobundles  

Some of the cytokine treatments used here, namely IL-1β+IFNγ, and IL-1β, affected 

tetanus kinetics without affecting force generation. It would be interesting to study the 

calcium handling properties of these myobundles to investigate whether this is 

responsible for altered force kinetics. Calcium binding dyes such as Fluo-8 can be 

added to myotubes before electrical stimulation. Under fluorescent microscopy, the 

calcium signal upon electrical stimulation can be measured. The ratio of calcium dye 

intensity after activation can be compared to the intensity at resting (ΔF/F), which can 

be plotted over time. It is hypothesised that the rate of calcium release, but not signal 

intensity, will be lower in IL-1β+IFNγ treated myobundles which showed increased 

time to peak force.   

8.2.9 TDP-43 and p62 analysis in myobundles  

TDP-43 and p62 sarcoplasmic aggregation was analysed in 2D cultured myotubes. 

However, to further characterise the effects of inflammatory mediators on TDP-43 and 

p62, it would be interesting to investigate sarcoplasmic aggregation in myobundles as 

well. Myobundles represent a more native, biologically relevant environment in which 

to observe p62 and TDP-43 than in 2D cultures. It would be especially interesting to 

see whether p62 puncta size increase with IL-1β+IFNγ carries over into myobundle 

cultures. Furthermore, in sIBM-patient myotubes it was found that pathological 

features of TDP-43 only precipitated with culture under electrical pulse stimulation 

(351), therefore results in myobundles after force testing may differ from 2D cultures. 
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8.2.10 TDP-43/p62 overexpression 

The relationship between sIBM-like features of inflammation and protein aggregation 

remains uncertain. Here, the stance that inflammation precludes degenerative 

features of sIBM was taken, showing limited effect of the examined inflammatory 

milieu on TDP-43 and p62 protein aggregation. It could also be possible to investigate 

the effects of TDP-43 or p62 overexpression in muscle cells on responses such as 

proliferation and cytokine secretion of co-cultured or CM-treated inflammatory cells. 

TDP-43 or p62 overexpression models could be used to investigate the relationship 

between these two proteins and other features in sIBM such as mitochondrial 

abnormalities, as well as force testing in myobundles. 

8.2.11 Manipulation of sestrins in cytotoxic T cells  

The effect of some of the inflammatory conditions used here on sestrin-1 and 2 

expression were examined. Previous work suggests that an increased expression of 

sestrins in CD8+ T cells in aged patients can lead to a senescent-like, highly cytotoxic 

phenotype (311). This may be similar to the highly differentiated cytotoxic CD8 T cells 

in sIBM. Primary human CD8+ cells could be manipulated to over-express sestrins, and 

co-culture or conditioned medium from these cells tested for effects on TDP-43 and 

p62 in myotubes. 
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Appendix 

Figure number Donors used 

Figure 3.3 Acetylcholinesterase expression 

was not different between myoblasts and 

myotubes. 

HSMM 1, HSMM 3, HSKMDC 2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 and 7 

other Cook MyoSite and Lonza donors 

Figure 3.4 Spontaneous contraction of 

myotubes in culture. 

HSKMDC 9 

Figure 3.5 Differentiation over time in 

myogenesis. 

HSMM 17F, HSKMDC 2, HSKMDC 3, 

HSKMDC 3, HSKMDC 4, HSKMDC 9 

Figure 3.6 Myosin heavy chain during 

myogenesis. 

Western blot bands - HSKMDC 3 

Graph - HSMM 1, HSKMDC  2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 3.7 Examples of TDP-43 localisation 

classification. 

HSMM 3 

Figure 3.8 TDP-43 localisation and 

expression during myogenesis. 

A: HSKMDC 6 

B: HSMM 1, HSKMDC 2, HSKMDC 4, 

HSKMDC 6 

C: bands – HSKMDC 6 

graph - HSMM 1, HSKMDC  2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 3.9 p62 during myogenesis. A: HSMM 1 

B: Western blot bands- HSKMDC 9 

Graph - HSMM 1, HSKMDC  2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 3.10 Sestrin-2 and sestrin-1 follow 

different expression patterns during 

myogenesis. 

A: HSMM 1 

B: Western blot bands – HSKMDC 6 

Graph- HSMM 1, HSKMDC  2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

C: Western blot bands – HSKMDC 6 

Graph- HSMM 1, HSKMDC  2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 4.1 Cytotoxicity of IL-1β and IFNγ 

alone or in combination on myotubes.  

A: HSMM 1 

B: HSMM 1, HSKMDC 2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 4.2 TDP-43 and p62 staining with IL-

1β and IFNγ. 

HSMM 2 

Figure 4.3 p62 puncta size was increased 

with IL-1β+IFNγ. 

HSMM 1, HSMM 2, HSMM 3, HSKMDC 3, 

HSKMDC 4, HSKMDC 6 

Figure 4.4 Examples of TDP-43 and p62 

aggregates in myotubes. 

HSMM 3 
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Figure 4.5 TDP-43 aggregate size or 

frequency was not affected by IL-1β+IFNγ. 

HSMM 1, HSMM 2, HSMM 3, HSKMDC 3, 

HSKMDC 4, HSKMDC 6 

Figure 4.6 IL-1β+IFNγ does not affect TDP-43 

localisation. 

Images: HSMM 1 

Graph: HSMM 1, HSMM 2, HSMM 3, 

HSKMDC 3, HSKMDC 4 

Figure 4.7 TDP-43 and p62 in IL-1β or IFNγ 

treated myotubes. 

HSMM 1 

Figure 4.8 p62 puncta frequency or size was 

not affected by IL-1β or IFNγ treatment. 

HSMM 1, HSKMDC 2, HSKMDC 4, HSKMDC 

6, HSKMDC 9 

Figure 4.9 TDP-43 aggregate size or 

frequency was not affected by IL-1β or IFNγ. 

HSMM 1, HSKMDC 2, HSKMDC 4, HSKMDC 

6, HSKMDC 9 

Figure 4.10 IL-1β or IFNγ does not affect 

TDP-43 localisation. 

Images: HSMM 1 

Graph: HSMM 1, HSKMDC 2, HSKMDC 4, 

HSKMDC 6, HSKMDC 9 

Figure 4.11 p62 expression was increased 

with IL-1β and LC3II/LC3I ratio increased 

with IL-1β+IFNγ. 

A: HSKMDC 2 

B-E: HSMM1, HSKMDC 2, HSKMDC 3, 

HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 4.12 p62 nuclear puncta were not 

affected by IL-1β or IFNγ treatment. 

A: HSMM 1 

B: HSMM 1, HSKMDC 2, HSKMDC 4, 

HSKMDC 6, HSKMDC 9 

Figure 4.13 Sestrin-2 and sestrin-1 

expression with IL-1β and IFNγ treatment. 

A: Western blot bands: HSMM 1  

C: Western blot bands: HSKMDC 4 

A-C graphs: HSMM 1, HSKMDC 2, HSKMDC 

3, HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 5.3 Cytotoxicity of macrophage 

conditioned medium to myotubes. 

HSMM 1, HSKMDC 2, HSKMDC 4, HSKMDC6, 

HSKMDC 9 

Figure 5.4 Images of p62 and TDP-43 in 

macrophage conditioned medium-treated 

myotubes. 

A: HSMM 1 

 

Figure 5.5 p62 puncta analysis and protein 

expression was not affected by macrophage 

conditioned medium. 

A, B, C (graph):  HSMM1, HSKMDC 3, 

HSKMDC 4, HSKMDC 6 

Western blot bands –HSMM 1 

Figure 5.6 TDP-43 aggregation or protein 

expression was not affected by macrophage 

secreted factors. 

A-E: HSMM1, HSKMDC 3, HSKMDC 4, 

HSKMDC 6 

E: Western blot bands – HSMM 1 

Figure 5.7 TDP-43 localisation with 

macrophage conditioned medium. 

Images -  HSKMDC 6 

Graph - HSMM1, HSKMDC 3, HSKMDC 4, 

HSKMDC 6 

Figure 5.8 Sestrin-2 or sestrin-1 protein 

expression was not altered by conditioned 

medium from M(PMA) or M(IFNγLPS) 

macrophages. 

A, B (graphs): HSMM1, HSKMDC 3, HSKMDC 

4, HSKMDC 6 

A,B : Western blot bands – HSMM 1 
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Figure 5.9 Inflammatory primed myotubes 

caused macrophages to secrete more IL-6 

than unprimed myotubes. 

HSMM 1, HSKMDC 3, HSKMDC 4, HSKMDC 

6, HSKMDC 9 

Figure 6.1  Cytotoxicity of TALL-104 

conditioned medium on myotubes. 

HSMM 1, HSMM 2, HSKMDC 2, HSKMDC 3, 

HSKMDC 6, HSKMDC 9 

Figure 6.2 Effect of inflammatory 

conditioned myotube medium on TALL-104 

IFNγ secretion. 

HSMM 1, HSKMDC 4, HSKMDC 6, HSKMDC 9 

Figure 6.3 p62 and TDP-43 with TALL-104 

conditioned medium. 

A: HSMM 1 

 

Figure 6.4 TALL-104 conditioned medium did 

not affect p62 puncta size or frequency. 

HSMM 1, HSMM 2, HSKMDC 2, HSKMDC 3, 

HSKMDC 6, HSKMDC 9 

Figure 6.5 TALL-104 conditioned medium did 

not affect TDP-43 aggregate frequency, size, 

or colocalisation with p62. 

HSMM 1, HSMM 2, HSKMDC 2, HSKMDC 3, 

HSKMDC 6, HSKMDC 9 

Figure 6.6 TDP-43 subcellular localisation 

was not affected by TALL-104 conditioned 

medium. 

Image: HSMM 1  

HSMM 1, HSKMDC 2, HSKMDC 3, HSKMDC 

6, HSKMDC 9 

Figure 6.7 TALL-104 coculture was cytotoxic 

to myotubes. 

Image: HSKMDC 2 

Graphs:  HSMM 1, HSKMDC 2, HSKMDC 3, 

HSKMDC 6 

Figure 6.8 IFNγ and TNFα secretion from 

TALL-104 cells co-cultured with myotubes. 

HSMM 1, HSMM 2, HSKMDC 2, HSKMDC 3, 

HSKMDC 6, HSKMDC 9 

Figure 6.9 Attachment and invasion of 

myotubes by TALL-104 cells. 

A: HSMM 1  

B: HSKMDC 6 

Figure 6.10 p62 and TDP-43 in myotubes 

treated with IL-2 control or TALL-104 

coculture. 

A: HSMM 1 

 

Figure 6.11 Coculture of TALL-104 cells with 

myotubes did not affect p62 particle size or 

frequency. 

HSMM 1, HSKMDC 2, HSKMDC 3, HSKMDC 

6, HSKMDC 9 

Figure 6.12 TDP-43 aggregate frequency or 

size was not affected by TALL-104 coculture. 

HSMM 1, HSKMDC 2, HSKMDC 3, HSKMDC 

6, HSKMDC 9 

Figure 6.13 TDP-43 subcellular localisation 

was affected by TALL-104 coculture. 

HSMM 1, HSKMDC 2, HSKMDC 3, HSKMDC 

6, HSKMDC 9 

Figure 7.5 Force characteristics of 

myobundles. 

HSMM 1  

Figure 7.6 Myobundles respond to 

acetylcholine stimulation. 

HSMM 1 

Figure 7.7 Active twitch and tetanus force 

with IL-1β, IFNγ or combined. 

HSMM 1, HSMM 2, HSKMDC 9 

Figure 7.8 Tetanus kinetics with IL-1β, IFNγ 

or combined. 

HSMM 1, HSMM 2, HSKMDC 9 
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Figure 7.9 Cross sectional area and myotube 

area of myobundles was not affected by 

cytokine treatment. 

A, B: HSMM 1 

Graphs: HSMM 1, HSMM 2, HSKMDC 9 

Figure 7.10 Striated sarcomeric alpha actinin 

was lower with IFNγ and IL-1β+IFNγ 

treatment. 

A-B: HSMM 1 

C: HSMM 1, HSMM 2, HSKMDC 12 

Figure 7.11 Active tetanus force with TALL-

104 coculture with shaking. 

HSMM 1, HSKMDC #9 

Figure 7.12 Active twitch or tetanus force 

was not affected by TALL-104 coculture. 

HSMM 1, HSMM 2, HSKMDC 9 

Figure 7.13 Force kinetics were not affected 

by TALL-104 coculture. 

HSMM 1, HSMM 2, HSKMDC 9 

Figure 7.14 Fatigue with continuous tetanic 

stimulation was not affected by TALL-104 

coculture. 

A: HSMDC 9 

Graphs: HSMM 1, HSMM 2, HSKMDC 9 

Figure 7.15 TALL-104 coculture does not 

affect cross sectional area but may affect 

myotube area. 

A: HSMM 1 

Graphs: HSMM 1, HSMM 2, HSKMDC 9 

Figure 7.16 Sarcomeric alpha actinin 

striations in myotubes were not affected by 

TALL-104 coculture. 

A: HSMM 1 

Graphs: HSMM 1, HSMM 2, HSKMDC 9 

Appendix Table 0.1. Myogenic donors used by figure. 
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                                                                                      Scanned Western blot films or 
direct blot images. Display order represents staining order. All blots were 
conducted using the same prestained protein ladder, which is shown in green 
on film scans. Numbers to the side of blots correspond to molecular weight 
markers in kDa. 

Appendix Figure 0.1 Uncropped blot images. 
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TDP-43 

TDP-43   cell mask   DAPI  

Appendix Figure 0.2 Lack of nuclear TDP-43 in early passage myotubes.                                                                                                                                             Images from 
one donor (HSMM 1) showing no or little expression of TDP-43 in the nuclei of myotubes 
and some single nucleated cells. Both images from passage 3 cells. Images on left taken at 
10 X and images on right taken at 20 X. 
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