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Abstract 

Background: Immune-mediated necrotizing myopathy (IMNM) is an idiopathic inflammatory 

myopathy that is characterised by distinct clinical, serological and histopathological features. The 

exact pathophysiology of this disabling disease is unknown, although a direct myofiber-damaging 

effect of disease specific autoantibodies against signal-recognition-particle (SRP) and 3-hydroxy-

3-methylglutaryl-coenzyme A reductase (HMGCR) and complement activation is emerging as a 

central process. Immunosuppressant therapy is not always efficient and seronegative patients are 

common, thus additional processes leading to myofiber impairment must be present.  

Objective: In this context, the appearance of vacuolar structures within myofibers of IMNM 

patients, which have been mentioned but never analysed in more detail, was investigated. Vacuolar 

structures in muscle disease are often associated with specific pathophysiologic processes. In this 

regard, the relation of vacuole formation with immunologic events and cellular proteostasis 

mechanisms were to be illuminated.  

Methods: Skeletal muscle biopsies of 56 patients with immune-mediated necrotizing myopathy 

were analysed retrospectively by histochemical, immunohistochemical and gene expression 

methods. For comparison, skeletal muscle biopsies of eight sporadic inclusion body myositis and 

eight non-diseased control patients were analysed accordingly.  

Results: The majority of IMNM patients´ skeletal muscle biopsies show a variable number of 

vacuole-containing myofibers. Histopathological hallmarks of muscle affection of immune-

mediated necrotizing myopathy (necrosis, myophagocytosis and immune cell infiltration) were 

significantly more pronounced in biopsies containing vacuoles (V+) than in biopsies without 

vacuoles (V-). Investigation of differential immune response, complement involvement, protein 

aggregation and different degradation pathways showed no significant differences between V+ 

and V- IMNM patients. Analysing pathways that can be associated with vacuole formation in 

muscle, a peculiar immunoreactivity pattern of the autophagy-adaptor protein p62 was revealed. 

Moreover, the specific p62 pattern uncovered the involvement of BAG3-mediated selective 

autophagy in immune-mediated necrotizing myopathy. Significantly differing BAG3 mRNA 

expression levels exposed its particular involvement in immune-mediated necrotizing myopathy 

versus sporadic inclusion body myositis.  
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Conclusion: Vacuole formation seems to be collateral myofiber damage in immune-mediated 

necrotizing myopathy rather than the result of a specific disease mechanism and possibly 

represents stronger disease affection. BAG3-mediated selective autophagy is altered in IMNM and 

leads to a distinct histological pattern of p62. The difference in the p62 expression pattern, as well 

as BAG3 transcript expression variance between sporadic inclusion body myositis and immune-

mediated necrotizing myopathy, can not only be used diagnostically, but also gives insight in the 

different disease pathomechanisms. 

Zusammenfassung 

Hintergrund: Die immunvermittelte nekrotisierende Myopathie (IMNM) gehört zu der Gruppe 

der idiopathischen inflammatorischen Myopathien und ist charakterisiert durch spezifische 

klinische, serologische und histopathologische Befunde. Die Pathophysiologie dieser Erkrankung 

ist nicht bekannt, obwohl jüngste Studien eine direkte Muskelfaserschädigung durch spezifische 

Autoantikörper gegen das Signal Recognition Particle (SRP) und die 3-Hydroxy-3-

Methylglutaryl-Coenzym-A-Reduktase (HMGCR) und damit verbundene Komplementsystem-

Aktivierung als zentralen Mechanismus aufdeckten. Eine immunsupprimierende Therapie führt 

nicht immer zu Symptomverbesserung und neben den seropositiven Patienten zeigt ein Großteil 

der Patienten keine typische Autoantikörperbildung. Das Vorliegen zusätzlicher 

Krankheitsmechanismen, die zu Muskelschädigung führen, ist demnach wahrscheinlich.  

Zielsetzung: In diesem Zusammenhang wurde das Auftreten von vakuolären Strukturen innerhalb 

von Muskelfasern von Patienten mit IMNM untersucht. Vakuolenbildung ist bei verschiedenen 

Muskelerkrankungen mit spezifischen pathophysiologischen Prozessen assoziiert. Das Ziel der 

vorliegenden Arbeit ist so die Untersuchung der vakuolären Strukturen in Hinsicht auf Charakter 

und Pathogenese; dabei soll insbesondere der Zusammenhang zu immunologischen Prozessen und 

zu Mechanismen der zellulären Proteinhomöostase aufgeklärt werden. 

Methoden: Skelettmuskelbiopsien von 56 Patienten mit immunvermittelter nekrotisierender 

Myopathie wurden mittels histochemischer, immunhistochemischer und molekularbiologischer 

Methoden untersucht. Analog wurden die Untersuchungen mit Skelettmuskelproben von acht 

gesunden Kontrollpersonen und acht Patienten mit sporadischer Einschlusskörpermyositis als 

Vergleichsgruppen durchgeführt.  
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Ergebnisse: In Skelettmuskelbiopsien der Mehrheit der Patienten mit IMNM fanden sich 

vakuoläre Strukturen in variabler Ausprägung. Histopathologische Zeichen für eine 

Muskelschädigung, wie sie bei der IMNM auftreten, waren bei Patienten, deren Biopsien 

Vakuolen aufwiesen (V+) signifikant stärker ausgeprägt als bei IMNM Patienten ohne Nachweis 

von Vakuolen (V-). Die Untersuchung verschiedener immunologischer Phänomene, des 

Komplementsystems, Proteinaggregation und – abbaumechanismen zeigte keine Unterschiede 

zwischen den beiden Patientengruppen. Bei der Analyse verschiedener Stoffwechselwege, welche 

zu Vakuolenbildung im Muskel führen können, zeigte sich ein auffälliges Färbemuster des 

Autophagie-Adapter-Proteins p62. Dieses Ergebnis führte zu der Entdeckung von Veränderungen 

der BAG3-vermittelten selektiven Autophagie in Muskelfasern von Patienten mit IMNM. 

Weiterhin wurden signifikante Unterschiede in der mRNA Expression von BAG3 zwischen 

Patienten mit immunvermittelter nekrotisierender Myopathie und Patienten mit sporadischer 

Einschlusskörpermyositis aufgedeckt.  

Schlussfolgerung: Das Entstehen von vakuolären Strukturen im Muskel von IMNM Patienten 

scheint als kollaterale Muskelschädigung, möglichweise als Zeichen besonders starker 

Krankheitsaktivität im Rahmen der Erkrankung aufzutreten und ist nicht mit einem spezifischen 

Mechanismus assoziiert. Es liegt eine Veränderung im Stoffwechselweg der BAG3-vermittelten 

selektiven Autophagie vor, was zu einem spezifischen histologischen Muster von p62 führt. Die 

Unterschiede der p62 Morphologie als auch die unterschiedliche BAG3 mRNA Quantität bei 

Patienten mit IMNM bzw. sIBM könnten nicht nur diagnostisch genutzt werden, sondern geben 

zusätzlich Aufschluss über die jeweiligen pathophysiologischen Vorgänge.
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1. Introduction 

1.1. Idiopathic Inflammatory Myopathies: Historical considerations 

Immune-Mediated Necrotizing Myopathy (IMNM) is recognized as an entity within the group of 

idiopathic inflammatory myopathies (IIM), consisting of the entities sporadic inclusion body 

myositis (sIBM), Dermatomyositis (DM), Polymyositis (PM), Immune-mediate necrotizing 

myopathy (IMNM) and non-specific myositis (1).  

The written history of the idiopathic inflammatory myopathies goes back about 150 years to the 

pathologists Ernst Leberecht Wagner and Heinrich Unverricht who in 1887 both independently 

published case reports of a patient with acute muscle weakness, edematous upper limbs and 

histopathological signs of muscle inflammation and degeneration (2). The authors each 

independently chose the title “Polymyositis” for their reported cases and in succession agreed on 

the name of “Polymyositis acuta” for this “new” disease entity, a name that coined the group of 

inflammatory myopathies for most of the time to come.  The name “Dermatomyositis” also 

originates in that decade and is owed to the fact that Unverricht considered skin pathologies as an 

essential component of the disease, thus deeming this term in 1891 as more fitting (2, 3). 

The first systematic assessment of inflammatory myopathies was accomplished by Bohan and 

Peter in 1975, in which they recognized two forms of inflammatory myopathies, Polymyositis 

(PM) and Dermatomyositis (DM) (4, 5).  Whereas Caspary et al. in 1964 and Stern et al. in 1967 

questioned the autoimmune origin of polymyositis due to their findings that autoantibodies 

(antinuclear factor or anti-muscle antibodies) were not significantly more frequent in Polymyositis 

than in “non-immunological muscle wasting disease” (6, 7), several groups in the following years 

did indeed find evidence for anti-myoglobin- and antinuclear- antibodies in polymyositis (8-10). 

The first polymyositis specific antibody against the histidyl-tRNA synthetase “Jo1” was 

discovered in 1983 (11, 12), and shortly after anti-Mi2 was proposed as a Dermatomyositis-

specific antibody against a nuclear helicase protein (13).  

Against the backdrop of increasing interest in immunological pathomechanisms of autoimmune 

diseases, antibodies against small ribonucleoproteins (sRNPs) were described (14-17). In this 

context the cytoplasmic signal recognition particle (SRP), one of the antibodies which still holds 

immense importance for IMNM today, came into focus as a potential antigen. The first description 

of SRP as a target for specific autoantibodies in polymyositis was introduced by Reeves et al. in 
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1986 (18). Moreover, a number of additional antibodies against different cellular structures in the 

group of inflammatory myopathies and overlap syndromes emerged in the following years (17, 

19-23).  

In 1991, based on different myositis-specific antibodies instead of just their pathology, Love and 

colleagues first proposed a systematic distinction of the inflammatory myopathies recognized to 

that date. The study of 212 patients indicated that serological and immunogenic features pose a 

more accurate marker for distinguishing certain myositis subgroups than solely the clinical 

manifestation. Even though each “autoantibody disease subtype” does show distinct clinical 

features that had been discussed before, this paper was the first systematic review (24).  Up to this 

point the group of idiopathic inflammatory myopathies as considered e.g. by Love et al. comprised 

the group of PM, DM, connective-tissue-disease-associated myositis, cancer-associated myositis 

and sIBM. It wasn´t until 2002 that another subgroup with specific clinical and histopathological 

features was introduced by Miller et al., termed “anti-SRP-antibody-syndrome” or “myopathy 

with anti-SRP-antibodies (25). Anti-SRP-antibodies were so far ruled as a serological feature of 

PM but were now proposed as a distinct form of immune-mediated myositis – one that would in 

succession be called immune-mediated necrotizing myopathy.  

The first “official” and international recognition of this new subgroup now called Immune-

Mediated Necrotizing Myopathy (IMNM, or Necrotizing Autoimmune Myopathy, NAM) 

occurred during the 119th European Neuromuscular Center (ENMC) international workshop on 

idiopathic inflammatory myopathies in 2003. It was here that a number of specialists agreed on 

classification criteria for the different IIM subgroups, including officially naming IMNM with 

some distinct but not entirely specific criteria. (26) 

1.2. Immune-mediated necrotizing myopathy as a distinct clinicopathological entity 

Throughout the years, more and more knowledge accumulated about the immune-mediated 

necrotizing myopathy that helped delineate IMNM from other forms of IIMs. The distinct clinical 

and histopathological features of IMNM were consented on at the 224th European Neuromuscular 

Center (ENMC) international workshop in October 2016 (27). 

On the histopathological level, IMNM is first and foremost defined and delineated from other IIMs 

by the presence of a variable number of diffusely distributed necrotic myofibers which are at 

different stages of necrosis, myophagocytosis or myofiber regeneration. In contrast to other IIMs 

lymphocytes are rare, but nevertheless continuously present. The most prevalent infiltrate in 
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IMNM muscle tissue consists of macrophages. Further typical histopathological features are the 

expression of MHC class I on non-necrotic or non-regenerating fibers, sarcolemmal complement 

deposition, and proliferation of the endomysium and enlarged capillaries. (27) The common 

clinical characteristics of IMNM are the subacute onset of moderate to severe proximal muscle 

weakness and an elevated serum creatinine – kinase (CK). Treatment options, always including 

immune suppressive agents, are mostly efficient, but the escalation of medication schemes is 

frequently necessary.  Independent of these obligate clinical features and the histopathological 

criteria, the international group of experts agreed that IMNM can be subdivided into three different 

groups, according to the presence of autoantibodies: “anti-SRP-myopathy”, “anti-HMGCR-

myopathy” and an “antibody-negative myopathy” with no or unknown myositis-specific 

antibodies. (27-29)  

Which pathways on an inter- or intracellular level play a role in myofiber damage are unknown to 

date. A few authors mention the existence of (rimmed) vacuoles in muscle sections of IMNM (30-

34), which led to the present investigation of this phenomenon.  

1.3.  Autophagic vacuolar myopathies (AVMs) 

The pathologic presence of vacuoles within myofibers is frequent in different kinds of myopathies 

and is in fact responsible for the umbrella term “Autophagic vacuolar myopathies” (AVM) (35). 

The term “AVM” for a group of diseases is firstly a descriptive name based on histopathological 

and ultrastructural features that imply their autophagic/lysosomal nature. The possible underlying 

causes for this histopathological “symptom” are numerous: from clearly defined genetic 

myopathies over idiopathic inflammatory myopathies to drug-induced/toxic myopathies. Yet, 

which one could be considered the causative reason in IMNM is still unclear. On plain hematoxylin 

and eosin (H&E) staining, the vacuoles of all AVMs appear similar, although in histochemical and 

immunohistochemical stainings differences in their characteristics can be observed and used to 

draw conclusions to their origin and possible development. The most prominent forms are 

described in the following. 

1.3.1. Hereditary autophagic vacuolar myopathies 

Glycogen storage disease Type II: Pompe disease 

One of the earliest recognized myopathies with autophagic vacuoles and the first discovered 

“lysosomal storage disorders” is glycogen storage disease Type II (GSDII), or Pompe disease (36). 

Pompe disease is an autosomal recessive disease with a number of different mutations within the 
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acid-α-glucosidase (GAA)-gene and subsequent limited activity or complete deficiency of acid-α-

glucosidase (GAA) (36, 37). The extent of the residual enzyme activity correlates with the degree 

of clinical affection: the infantile form of Pompe disease with enzyme activity less than 1% is 

marked by the onset of symptoms in the newborn period and a mostly lethal course of disease 

within the first year of life. The less severe forms of GSDII, the adult-onset Pompe disease (AOPD) 

with onset between adolescence and late adulthood show, amongst other symptoms, only mild to 

moderate skeletal muscle impairment corresponding to enzyme activity levels ranging from 15 to 

40%. The most lifespan limiting complication in these groups is the impairment of respiratory 

muscles, which is common. (36, 38) 

Acid-α-glucosidase (or acid maltase) is an enzyme almost exclusively located in the lysosomal 

compartment of the cells where it catalyses the hydrolysation of glycogen polymers to glucose 

(36, 39-41). The GAA deficiency leads to the formation of large intracytoplasmic vacuoles filled 

with nondescript materials that stain positively for periodic acid schiff (PAS) and acid 

phosphatase, designating the contents as glycogen and lysosome-originating (35, 39). It is possibly 

not only the accumulation of glycogen within lysosomes and cytoplasm but also the excessive 

formation of autophagic vacuoles that disturb myofiber integrity and therefore disturb normal 

muscle function (39). 

Danon disease 

Danon disease is one of the most typical hereditary autophagic vacuolar myopathies. It is 

classified, like Pompe disease, as a primary lysosomal storage disorder, even though the genetic 

context and thus likely the pathophysiological mechanisms differ. Danon disease is an X-linked 

hereditary myopathy with different mutations on the lysosomal-associated membrane protein 2 

(LAMP2) gene which leads to complete LAMP2 deficiency in affected patients. (42) 

As a transmembrane protein, LAMP2 plays a role in maintaining the integrity of assembling 

lysosomes and therefore preventing the release of proteolytic enzymes from the lysosome into the 

cytoplasm (35). Additionally, it is essential for a process called “autophagosome maturation” 

during which autophagosomes fuse with endosomes. The exact mechanism by which the lack of 

LAMP2 eventually leads to muscular weakness, myofiber pathology with myofiber size variations 

and vacuole formation is unclear, although it is hypothesized that impairment of lysosome and 

endosomes impedes autophagosome maturation and consequently leads to autophagosome 

accumulation (43). 
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On an ultrastructural level, the autophagic features of the vacuoles in Danon disease are evident: 

the content is made up of cellular degradation products (“cytoplasmic debris”), electron-dense 

material and myeloid bodies. More specifically, the autophagic vacuoles can be described as 

autolysosomal vacuoles in accordance with the presence of lysosomal integral membrane protein-

1 (LIMP-1)-positive aggregates and basophilic granules in H&E stainings corresponding to the 

LIMP-1 aggregates. (44) Some of these autolysosome accumulations are surrounded by 

dystrophin-positive structures and have thus been termed “autophagic vacuoles with sarcolemmal 

features” (AVSFs). The sarcolemmal nature of these specific vacuoles was corroborated by the 

fact that in addition to dystrophin, the membranes of AVSFs contain all of the typical proteins of 

the sarcolemma: α-sarcoglycan, dystrobrevin, α- and β-dystroglycan, utrophin, dysferlin, caveolin-

3 and collagen IV. (44) 

X-linked myopathy with excessive autophagy (XMEA) 

XMEA is also considered an autophagic vacuolar myopathy and even ranged under the AVSF-

myopathies (44). The genetic background of XMEA are different single-nucleotide mutations in 

the VMA21 gene (45). VMA21 encodes for a chaperone protein that is essential for the correct 

assembly of the vacuolar ATPase (V-ATPase), a membrane-bound proton pump (46, 47). V-

ATPase is a ubiquitously expressed enzyme that, amongst other functions, helps maintaining the 

acidic environment inside of lysosomes (47). Ramachandran et al. postulate that lacking, 

respectively malfunctioning V-ATPase, with subsequently less acidic lysosomal environment and 

a decline in lysosomal enzymatic activity leads to hindrance of the last steps of autophagy, and 

therefore to accumulation of autophagolysosomes with indigestible content (45). This process is 

spurred by an additional upregulation of autophagy by inhibition of the gene for mechanistic target 

of rapamycin kinase 1 (mTORC1) due to lack of free amino acids and as a “feedback mechanism” 

to the missing completion of the autophagy process and accumulation of autophagolysosomes 

(45). Histopathologically, muscle sections of patients with XMEA show a large number of 

cytoplasmic vacuoles, complement and MHC class I deposition in the sarcolemma and duplicated 

basement membranes. (48) Vacuoles also show deposits of complement membrane attack complex 

C5b-9 and stain positively for the sarcolemmal proteins dystrophin, dysferlin, caveolin-3 and 

spectrin (44), as well as acetylcholinesterase (AchE) (48). Electron microscopic studies support 

the autophagic nature of the vacuoles as they are filled with cellular debris and occasionally fuse 

with the sarcolemma in an exocytotic manner. These studies also show the multi-layered basal 

lamina in detail (48). 
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Nishino and colleagues differentiate myopathies with autophagic vacuoles with sarcolemmal 

features (AVSF) from other AVMs. AVSF-containing myopathies are Danon disease, XMEA, 

infantile onset AVM and adult onset AVM. They are characterised by autophagic vacuoles 

surrounded by membranes with sarcolemmal features and acetylcholinesterase-activity in the 

vacuolar membranes. (35) Autophagic vacuolar myopathies that do not contain AVSFs (e.g. 

Pompe disease, hereditary inclusion body myositis (hIBM) and sporadic inclusion body myositis 

(sIBM)) are delineated by the presence of only very few vacuoles with inconsistent staining for 

dystrophin or other sarcolemmal membrane proteins and the complete absence of 

acetylcholinesterase or non-specific esterase (NSE) staining of the vacuoles. (44) 

1.3.2. Toxic myopathies with vacuolar features 

Different drugs, especially those with amphiphilic features are prone to intercalate in biological 

membranes and can cause myopathies with autophagic lysosomal vacuoles (49). 

Chloroquine-induced myopathy 

Examples for drugs causing these myopathies are chloroquine and hydroxychloroquine. These 

anti-malaria and anti-rheumatic drugs may, after intake of 200-500mg/d of chloroquine for one 

year or more, lead to moderate generalized muscle weakness with focus on proximal muscles (50, 

51). Morphological examination reveals (sometimes rimmed) vacuoles inside the cytoplasm that 

stain positively for acid phosphatase, indicating the lysosomal origin of the vacuoles (50-52). 

Vacuolar staining for microtubule-associated protein 1 light chain (MAP1LC3 or LC3) and the 

autophagy adaptor protein sequestosome-1/p62 also strongly suggest their autophago-lysosomal 

nature and can be used diagnostically (53). Ultrastructural analysis confirm the autophagic-

lysosomal origin by observation of myeloid bodies and cellular degradation products inside the 

vacuoles (50-52). The presence of curvilinear, membranous structures in electron microscopy 

images is noted throughout the literature about hydroxychloroquine-induced myopathies (50, 53, 

54) and has even been considered as pathognomonic for this drug-induced myopathy (50). 

Colchicine- induced myopathy 

Colchicine-induced myopathy is another myopathy that presents, among other symptoms, vacuole 

formation inside myofibers (55, 56). Positive vacuolar staining for acid phosphatase and the 

presence of electron-dense cell “debris” and lysosomal degradation products on an ultrastructural 

level also allow the classification of colchicine-induced myopathy as a vacuolar autophagic 

myopathy (55-59). The accumulation of autophagic vacuoles and lysosomes is thought to be the 
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consequence of colchicine-induced impairment of microtubules and therefore disruption of 

intracellular transport namely that of autophagosomes and lysosomes (60, 61). 

Amiodarone-induced myopathy 

Amiodarone has also been reported to cause a myopathy featuring rimmed as well as non-rimmed 

vacuoles. Ultrastructural studies show intracytoplasmic vacuoles filled with lysosomal debris. (62) 

Due to its amphiphilic and cationic features amiodarone is very susceptible to becoming encased 

in lysosomal membranes and to form complexes with phospholipids inside lysosomes that cannot 

be degraded. These amiodarone-phospholipid complexes can accumulate in a number of cells and 

lead to the well-known side effects of amiodarone: interstitial lung fibrosis, cornea opacity and 

neurotoxicity. (63) These side effects are also classified under the term “drug-induced 

phospholipidosis” (64). It can be speculated that the vacuoles observed within myofibers in 

amiodarone treated patients are thus also accumulated lysosomes containing amiodarone-

phospholipid conglomerates failing to be processed or degraded (49, 62). 

1.3.3. Inflammatory myopathy with vacuolar features 

Sporadic Inclusion Body Myositis (sIBM) 

Sporadic inclusion body myositis is the only inflammatory myopathy in which rimmed vacuoles 

are obligatory and part of the histopathological diagnostic criteria, denominating it an interesting 

comparison partner for IMNM.  

SIBM is an idiopathic inflammatory myopathy affecting mainly patients above 50 years of age. 

Clinically and pathologically, it is characterised by a chronical progressive weakness of especially 

finger flexors and knee extensors, combined with swallowing difficulties, and the presence of a 

considerable inflammatory infiltrate, protein aggregates within myofibers and, notably, of rimmed 

vacuoles. (65) Concerning the pathophysiology of sIBM, it is currently postulated that 

degenerative as well as inflammatory processes play a major role in disease development, although 

it is disputed which process stands at the beginning and which is secondary (66-69). Benveniste et 

al. propose that an inflammatory reaction within the muscle with invading CD8+ T cells and 

secretion of different cytokines might pose the first trigger for an intracellular stress response and 

myofiber damage. The subsequent upregulation of different proteins like MHC class I leads to an 

overstrain of protein-processing and -degradation systems. In combination with genetic 

predisposing factors, environmental factors and aging processes’ insufficient protein degradation 

systems (autophagy as well as the ubiquitin-proteasome-system) fail and eventually lead to the 

accumulation of abnormally folded protein, namely amyloid, TDP-43, phosphorylated Tau (p-
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Tau) and p62 (69).  Supporting this hypothesis is the fact that intracellular amyloid deposits due 

to APP mRNA upregulation can be induced by exposure to the pro-inflammatory cytokine IL-1β 

(66). The study of Nogalska et al. found aggregates of paired helical filaments encased by p62 on 

an ultrastructural level as well as the co-localization of p62 and p-Tau in sIBM. This prompted 

their hypothesis of p62 with its attached cargo p-Tau to be hindered by the lumps of paired helical 

filaments; suggesting p62 accumulation as a secondary pathomechanism in sIBM. (70) 

That autoimmunity is a key player in the primary disease pathophysiology of sIBM is underpinned 

by the significantly increased presence of HLA-I (HLA-B8) and HLA-II (HLA-DR3, -DR52, -

DQ2) antigens, corresponding to a higher frequency of mainly HLA-DRB1*03:01 allele in sIBM 

patients (71-75). At a closer look, the correlation of HLA-DRB1 alleles with sIBM was found 

within the amino acid sequence of the peptide binding part (76), possibly suggesting pathological 

antigen binding or an altered antigen presentation mode. The abundant and consistent presence of 

sarcolemmal MHC class I expression in sIBM myofibers and the possible existence of sIBM 

specific autoantibodies also point towards an autoimmune cause (69). Recent work has highlighted 

a putative role of KLRG1+ T cells in the pathomechanism of sIBM as well (77, 78). 

1.4. Cellular degradation pathways (leading to vacuole formation) 

1.4.1. Autophagy 

Autophagy is a ubiquitously present cellular degradation process that allows the turnover of 

cellular components. The turnover of cellular parts is essential for maintaining the homeostasis of 

cell metabolism but is also an integral part of pathophysiologic states. Under conditions of nutrient 

depletion, increased autophagy may replenish energy sources via increased disassembly of 

macromolecules into its basic components. (79, 80) On the other side of the spectrum, autophagy 

facilitates the degradation of misfolded proteins or defective organelles in order to maintain normal 

cell function. The important role of autophagy for intact cell metabolism is underlined by the 

growing knowledge about autophagy in a number of conditions including aging, cancer, infections 

and several neurodegenerative diseases. Vacuole formation and pathologic protein aggregation are 

present in a number of diseases where autophagy is involved or has even been shown to be 

impaired (81).  

Autophagy comprises three main types of degradation mechanisms that are distinguished: 

macroautophagy, microautophagy and chaperone-mediated autophagy. The “classical” form of 

autophagy, macroautophagy, hereafter referred to as autophagy, starts with the formation of an 

isolation membrane or phagophore upon a trigger, for example starvation. (82, 83) Two main 
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protein complexes are responsible for the induction and growth of the phagophore: the Unc-51 

like autophagy activating kinase 1 (ULK1) complex (corresponding to autophagy-related 1 

complex (Atg1) in yeast) and the class III-phosphatidylinositol 3-kinase (PI3K) complex (79). The 

ULK1 complex, consisting of the serine-threonine kinase ULK1, ATG13, ATG101 and FIP200, 

is thought to be the first effector in the cascade of autophagy: upon dissociation of mTORC1, the 

main inhibitor of autophagy under nutrient-rich conditions, it may be activated and subsequently 

activate other autophagy-related (ATG) proteins (80, 84). Class III-PI3K, the other main initiation 

complex, is comprised of VPS34, VPS15, Beclin1 and ATG14. Via the production of 

phosphatidylinositol-3-phosphate, this complex facilitates the formation of a curved membrane 

which allows the binding and recruitment of additional ATG proteins (79, 80). With the help of 

several other ATG protein complexes the conjugation of Atg8 to phosphatidylethanolamine (PE) 

is achieved, which then allows elongation of the isolation membrane and eventually 

autophagosome closing (79, 85). The mammalian equivalent of Atg8, LC3 or MAP1LC3 

(microtubule-associated protein 1A/1B light chain) undergoes two modification steps from the 

cytosolic LC3-I to the membrane-bound PE-containing LC3-II, which is integrated in the 

developing phagophore (86). The protein complex of ATG5 and ATG12 is thought to form a coat 

of the growing phagophore and thereby being another key player of facilitating the membrane 

expansion (82, 86). The macromolecules or parts of the cytoplasm to be degraded by the 

autophagosome are selected by two different mechanisms: first, the so far suspected unselective 

enclosure of parts of the cytoplasm via the expansion and sealing of the phagophore (“bulk 

autophagy”), and secondly the elimination of specifically targeted proteins or protein aggregates. 

In the process termed “selective autophagy” the labelling of proteins to be delivered to the 

autophagosome is similar to the ubiquitin-proteasome system. The protein sequestosome 1, or p62, 

harbours binding structures for ubiquitin as well as LC3-II and thereby acts as a connecting 

element between ubiquitinated proteins and the autophagosome. (87) P62 has been shown to 

provide an intracellular scaffold for shuttling decomposition-prone proteins, protein aggregates or 

even entire organelles to the autophagosome (88). After the sequestration of its target substrates 

and completion of the autophagosome fusion with late endosomes or lysosomes occurs, the 

necessary enzymes for the breakdown of the contents and “building blocks” of the autophagosome 

are yielded (89, 90).  

1.4.2. Chaperone-assisted selective autophagy (CASA) 

Up until recently, three different autophagy pathways were thought to exist: the above illustrated 

macroautophagy, microautophagy and chaperone-mediated autophagy. In microautophagy, direct 
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endocytosis of small parts of the cytoplasm by lysosomes instead of de-novo formation of 

autophagosomes takes place (91). Chaperone-mediated autophagy is a more selective kind of 

autophagy in which a chaperone complex recognizes a specific amino acid sequence motif, 

exposed for instance due to misfolding. The chaperone complex shuttles the recognized protein to 

the lysosome, where via binding and interaction with the transmembrane protein LAMP2A the 

defective protein is transported across the lysosomal membrane and degraded within. (92) 

However, in addition to these processes another type of autophagy has been discovered that 

promises to play an important role for muscle function (93). This chaperone-assisted selective 

autophagy (CASA) appears to be another cascade supplying selective autophagy or it resembles 

the more detailed disclosure of the underlying mechanisms. CASA is characterized by the 

interaction of the chaperone complex of BAG3/CHIP/HSPB8/HSC70 with p62. The ubiquitin 

ligase CHIP (Carboxyl terminus of HSC70-interacting protein), known for its interacting with the 

chaperones Hsp70 and Hsp90 and being the main supplier of the ubiquitin-proteasome-system 

(UPS) with degradation prone substrates (94), here recognizes and facilitates ubiquitination of 

BAG3/HSC70/HSPB8-held proteins (93). Consecutively, BAG3/CHIP recruit p62, which acts as 

a connecting element between the CASA complex plus its ubiquitinated protein and the forming 

of autophagosome. Bcl2-associated athanogene 3 (BAG3) and p62 are ubiquitinated themselves 

and therefore efficiently recycled with the autophagosome contents (90, 93).  

Arndt et al. first described these mechanisms and coined the term “CASA” in starvin-deficient 

(functional homologue of BAG3) Drosophila that presented severe muscle weakness. It was shown 

that CASA assumes an essential task in maintaining myofiber integrity and function by degrading 

“used” Z-disc structures under physiological conditions. (93) This role in physiological muscle 

function was confirmed by Ulbricht et al. for humans, showing an upregulation of CASA 

associated genes and proteins after Z-disc disintegration following physical exercise (95). The 

importance of CASA for normal muscle function in mammals is emphasized by BAG3-associated 

pathologic conditions: BAG3-deficient mice present with a severe myopathy and early death (96) 

and patients carrying a heterozygote BAG3 mutation suffer from a severe type of genetic 

myofibrillar myopathy with muscle weakness, cardiomyopathy and neuropathy (97). In all of these 

BAG3-associated physiological or pathological conditions, the resulting Z-disc defects can been 

observed on an ultrastructural level (93, 95, 97). However, an impairment of CASA or involvement 

of BAG3 in inflammatory myopathies has not been shown before. 
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1.4.3. Ubiquitin-proteasome system (UPS) 

The ubiquitin-proteasome system (UPS) is a lysosome-independent machinery mainly for 

degrading cytoplasmic or nuclear proteins with a short live span (87, 98). The degrading 

component of the UPS is the 26S proteasome which consists of a 20S proteolytic centre and a 19S 

“lid” that regulates substrate uptake. The 20S core of the proteasome has a hollow cylindrical 

shape, formed by α- and β-subunit rings, which bear their hydrolytic sites directed at the centre of 

the cylinder (99). Through this channel the proteins to be dismantled are shuttled. The 19S 

regulatory cap recognizes and binds ubiquitinated proteins, facilitates their unfolding in order to 

enter the proteasome and recycles the ubiquitin tags (87, 100). The ubiquitination is essential for 

proteins to become degraded via this pathway, whereby it doesn´t matter if the substrate is mono- 

or polyubiquitinated (87). The decomposition of short-lived proteins and misfolded or aggregated 

proteins in the “classic” UPS also functions to the end of antigen peptide production (101). This 

production of antigen peptides being presented at the cellular surface via MHC class I is enhanced 

further by another type of proteasome complex, the immune proteasome. The immune proteasome 

comprised the subunits β1i/LMP2, β51/LMP7 and β2i/LMP10 (MECL1) which are expressed at 

higher levels under inflammatory conditions and substitute three constitutively expressed subunits 

of the 26S proteasome. These immune proteasome subunits hydrolyse presented proteins at 

different sites than the “classic” proteasome, generating more peptides that can be presented via 

MHC class I. (102)  

The upregulation of immune proteasome subunits has been shown in muscle tissue and peripheral 

immune cells of the inflammatory myopathies sIBM, dermatomyositis and polymyositis and is 

purported to be induced by IFNγ production, subsequently leading to pathologic T cell activation 

and expansion in skeletal muscle (103).  

1.4.4. Endoplasmic reticulum stress and the Unfolded Protein Response (UPR) 

Endoplasmic reticulum (ER) stress is described as an overload of the ER with un- or misfolded 

proteins caused by the disproportion of an increase in protein synthesis (e.g. due to higher demand 

under certain conditions) that exceeds ER processing capacities. As a consequence, the nascent, 

unfolded proteins aggregate within the ER and disrupt normal ER functioning. (104) The cellular 

answer to this kind of ER stress is the unfolded protein response (UPR), a conjunction of different 

ER-originating pathways that deal with the amassing processing load via adaptation of 

transcription and protein synthesis (104, 105). 
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The “first-line response” to ER stress is a reduction of the number of proteins being transported to 

the ER in order to quickly attenuate the processing load. This is achieved by the protein kinase 

(PKR)-like ER kinase (PERK), which phosphorylates the eukaryotic translation initiator factor 2α 

(eIF2α) and thereby stops 80S ribosome composition, and thus effective translation (106). Other 

mechanisms, including the regulated IRE-1 dependent decay (RIDD) decrease the further transport 

of nascent proteins towards the ER (107). Important for both of these pathways is the ER chaperone 

HSPA5 or GRP78: GRP78 is bound to PERK and IRE-1 in the ER, but dissociates under ER stress 

conditions, enabling the transduction of a stress response via the mentioned pathways (108). In 

addition to PERK, two other main signaling pathways are initiated upon ER stress conditions, the 

ATF6 (activating transcription factor 6) and the IRE1α (inositol-requiring 1α) pathway. These ER-

membrane spanning proteins initiate cascades that both culminate in the upregulation of a number 

of genes involved in ER function and maintenance. IRE1α leads via its RNAse activity to the 

splicing of X-box-binding protein 1 (XBP1) mRNA, which then induces transcription ER 

chaperone genes, ER-associated protein degradation (ERAD) genes and genes enabling ER 

membrane expansion. The downstream effects of ATF6 include direct upregulation of XBP1 and 

ERAD effector genes. (104, 107, 109) All in all, via different effector mechanisms the UPR 

decreases the oncoming number of proteins on the one hand, and on the other increases the protein 

processing ability of the ER to maintain its regular functioning under ER stress conditions. Closely 

connected to the UPR is the ER-associated protein degradation (ERAD), which is upregulated as 

part of the UPR. If unfolded proteins remain in the ER for too long or repair mechanisms fail, 

terminally defective proteins are modified in variable ways and eventually “retro-translocated” 

through the ER into the cytoplasm where they are degraded by selective autophagy or the UPR. 

An important function within this process, termed ERAD, is held by EDEM1 (ER degradation 

enhancing alpha mannosidase-like protein 1), a soluble ER protein that facilitates modification and 

retro-translocation of misfolded proteins. Upon ER stress, EDEM1 is upregulated to help attenuate 

the accumulating burden of defective proteins. (110, 111)  

ER stress has been shown to play a role in some inflammatory myopathies, while the deregulation 

of ER stress response mechanisms, analyzed in mouse models of sIBM and IIM, has been proposed 

as important non-immune pathways in the pathophysiology of IIMs (112, 113). Despite the 

increasing evidence of ER stress-related processes as possible contributors to muscle impairment 

in IIMs, little is known about ER stress in the context of IMNM. 
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1.4.5. Interconnection of cellular degradation pathways 

As elaborated above, mammalian cells hold a multitude of different protein degrading systems 

enabling them to deal with a number of physiological and pathological conditions under which 

fine-tuned homeostasis of the intracellular protein metabolism is challenged. In order to perform 

this task and meet the ever-present need for effective and adequate protein disposal under variable 

provocations, a crosstalk between the different degradation cascades is crucial. Hence, it is not 

surprising that several suspected or proven connections between the cells’ degradation systems 

exist. The most obvious connection of pathways is the fusion of the autophagosome with early 

lysosomes, leaving the process of autophagosome formation without purpose if its contents were 

not decomposed by lysosomal hydrolases.  

A connecting element between the UPS and autophagy are the ubiquitin chains, dedicating proteins 

to a fate of degradation via the UPS or autophagy when conjugated to lysine tails of the particular 

proteins. Though specificity differences in this ubiquitination system exists (e.g. the ubiquitin 

molecules binding to slightly different conformations, UPS ubiquitin chains binding exclusively 

soluble proteins and p62 as an adaptor of ubiquitinated proteins for autophagy), an overlap of the 

two degradation systems proteasome and autophagy due to the ubiquitination is possible and 

results in the possibility of ubiquitinated proteins being degraded by either process if necessary. In 

line with this, it has been shown that autophagy is activated under conditions of proteasome 

inhibition, suggesting that autophagy may compensate an impaired proteasome system via 

decreasing accumulating protein burden. This kind of compensatory mechanism does not seem to 

function the other way around; in contrast, impaired autophagy seems to result in the decrease of 

proteasome function as well. (87, 114) Due to the differences in the substrate characteristics of the 

two pathways (UPS accepting only soluble proteins whereas macroautophagy being able to 

degrade protein aggregates and entire organelles), it may not seem surprising that a compensation 

of the proteasome for the autophagy processes is not possible. Upon defects of the autophagic 

machinery the accumulation of p62 has been hypothesized as being responsible for impaired 

proteasome activity via competitive removal of proteins needed for ubiquitin processing (87, 115). 

As a link between the activation of autophagy and proteasome impairment, the ER and its unfolded 

protein response (UPR) are widely accepted, though the exact mechanisms are disputed (87, 116). 

Drug-induced ER stress in yeast has been shown to upregulate autophagy related genes (116) and 

in murine embryonic fibroblasts, ER stress-induced apoptosis due to aggregating polyglutamine 

could be prevented via induction of autophagy (116, 117). Two of the UPR pathways have been 

purported to be involved in autophagy activation; the IRE1/TRAF2/MAPK8 pathway and the 
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PERK/eIF2α cascade via de-inhibition of ATG12. In addition, calcium- signalling could lead to 

an increase in autophagic processes via inhibition of mTOR, the most potent autophagy inhibitor. 

(116) The association between the ER and its intrinsic degradation system, ERAD with the UPS, 

is clearer. Proteins processed through ERAD are relocated into the cytoplasm where ubiquitination 

and degradation through the proteasome takes place (118). To summarize, crosstalk between the 

different degradation pathways exist and involves the physiological transport of substrates from 

one to another degradation machinery (like feeding of ERAD substrates into the UPS) as well as 

compensatory mechanisms in the case of increased need of protein removal or loss of one of the 

degradation systems.  

1.5. Current state of research 

Vacuole formation and autophagy as well as other cellular degradation and turnover processes 

play an important role in different kinds of myopathies. Common variables are mostly progressive 

muscular weakness of different muscle groups and the formation of intracytoplasmic vacuoles or 

aggregates with mostly distinct features. The underlying mechanisms leading to myofiber damage 

and successive muscular weakness are not well understood. As a recognized idiopathic 

inflammatory myopathy, immune-mediated necrotizing myopathy with the two notable 

components of myofiber necrosis and the presence of specific autoantibodies, is fairly new. 

Although these hallmarks have been described in some detail, the role of the autoantibodies and 

the mechanisms leading to myofiber necrosis remain unexplored. This is of concern since the 

clinical course of IMNM can be severe: in three-quarters of the patients, muscular weakness 

persists during the first year of treatment and can even lead to patients being bedridden or 

wheelchair-bound (119, 120). Moreover, in half of the affected patients, muscle strength does not 

fully recover after four years despite extensive treatment (31), and therapeutic schemes need to be 

escalated frequently with disease-modifying antirheumatic drugs (32). Due to frequent relapses, 

tapering medication is seldom possible (31, 32, 119). The persisting muscle weakness is especially 

concerning because disease manifestation in childhood and adolescence is possible and younger 

age at onset is associated with even less muscle strength (31, 32), making IMNM a possible long-

term disabling condition with great repercussions on both private and professional life. Equally 

alarming is the mostly very rapidly disabling course of disease, leading to disabling muscle 

weakness within six months (119). Owing to these facts, advancement in pathophysiological 

understanding of the disease in order to specify treatment options is urgently needed. Little 

research has been conducted about the underlying pathomechanisms of IMNM so far. It has been 

found that serum containing the IMNM-specific antibodies anti-SRP and anti-HMGCR leads to 
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atrophy of mature myotubes and is associated with increased production of reactive oxygen species 

and pro-inflammatory cytokines (TNFα and IL-6) (121). The atrophy is conceivably caused by IL-

6 mediated upregulation of so-called “atrogenes”. Furthermore, in the presence of anti-SRP and 

anti-HMGCR autoantibodies (aAbs), the amount of anti-inflammatory myokines IL-4 and IL-23 

is significantly decreased and myoblast fusion processes inhibited, rendering impaired muscle 

regeneration another possible antibody-induced effect and reason for chronic muscular weakness 

(121). That humoral autoimmunity is part of the disease pathogenesis seems indisputable, which 

is further supported by studies showing that anti-HMGCR as well as anti-SRP autoantibody levels 

correspond positively to CK levels and, in the case of anti-HMGCR-aAbs inversely correspond to 

muscular strength (31, 121, 122). Nevertheless, the question has persisted as to how interaction 

between immune cell receptors and autoantigens occurs, given the fact that both HMGCR and SRP 

are localized inside the cell and not known to be expressed at its surface (123), although recent 

studies suggest an ectopic expression of the corresponding antigens on the sarcolemma (124). 

Another possible mechanism causing myofiber damage is the complement-mediated cell lysis 

triggered by SRP/immune complex formation. This hypothesis has been prompted by a study 

showing a topological association of activated complement (C3c) and SRP in myoblast cultures 

incubated with anti-SRP+ serum. (125) Recently, Allenbach et al. found evidence for antibody-

mediated activation of the classical complement pathway (124) and Bergua et al. were able to 

demonstrate a complement-mediated myofiber damage by applying IMNM patient derived anti-

SRP- and anti-HMGCR-IgG in a mouse model (126). It has been speculated that due to the special 

histopathology observed in anti-SRP-myopathy, localised ischemic processes could be involved 

in disease pathology (25), although no further studies in that regard have been conducted. Although 

a direct pathogenic role of anti-SRP- and anti-HMGCR-aAbs seems very likely in the light of 

recent results obtained in studies with mice and humans (126), other pathways are likely to be 

involved in IMNM pathogenesis, since immunosuppressant therapy is not always successful and 

a proportion of seronegative IMNM patients exists. Thus, the investigation of other contributing 

pathogenic pathways is crucial.
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2. Objectives 

In the routine medical diagnostic as well as in scientific contexts the presence of vacuolar 

structures in IMNM muscle biopsies can be found. Vacuoles, albeit not commonly noticed or 

commented features of IMNM, are mentioned in the literature. (32, 122, 127) As described above, 

vacuole formation is a histopathological element of a number of different myopathies. It is almost 

always associated with cellular degradation processes, especially autophagy, the lysosomal 

compartment or the ubiquitin-proteasome system. The aim of this study was to investigate the role 

of vacuoles in INMN. In order to achieve this, the following hypotheses were pursued: 

I. Vacuole formation is a specific phenomenon of IMNM  

Vacuole formation in muscle cells can be observed in a number of different pathologies 

and can often be related to specific intracellular pathways, as in the case of Danon disease 

or glycogen storage disease Type II. Likewise, it can be hypothesized that vacuole 

formation in IMNM is a disease specific aspect that stands in affiliation with distinct 

intracellular processes. This raises the following question: 

II. What is the nature and content of the vacuoles in IMNM?  

Since vacuole formation in myopathies is often associated with impairment of the 

autophagic/lysosomal system, one or several steps in these related processes could lead to 

vacuole formation in IMNM. If vacuole formation takes places in the context of irregular 

autophagy this would not only bring new insight in the pathophysiology of the disease but 

also give way to new treatment possibilities. 

III. Vacuole formation is associated with immunological phenomena 

IMNM belongs to the group of idiopathic inflammatory myopathies that are characterised 

by the occurring inflammation. Thus, a predominance of specific inflammatory/ 

immunologic pathways could be involved in vacuole formation.  

IV. Vacuole formation is related to degenerative protein aggregation 

 Autophagy is one of the main cellular machineries able to degrade aggregating proteins, 

and protein aggregates are common pathologic features that can be related to autophagic 

dysfunction in several diseases. Accordingly, vacuole formation in IMNM could also be 
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associated with abnormal protein aggregation.  If this hypothesis cannot be confirmed, the 

following question needs to be considered: 

V. Other intracellular degradation systems are involved in the pathophysiology of IMNM 

and lead to vacuole formation 

In all types of IIMs, IMNM being one of them, muscle cells are exposed to cell stress 

ranging from inflammatory stimuli over ischemic conditions to pathologic protein 

accumulation. As a response to different cell stresses one of the cells compensation 

mechanisms is increased protein synthesis, and at the same time upregulation of protein 

turnover processes. In several myopathies, including sIBM, dysfunction of additional 

intracellular degradation cascades have been associated with myofiber damage (113, 128). 

Therefore, these processes, namely the immune proteasome and the ER stress response 

could be altered in IMNM as well and might be related to vacuole formation. 

VI. Vacuoles are an expression of clinical and morphological disease severity 

Keeping in mind the most often very severe course of disease and the positive correlation 

of CK with disease severity, decreasing muscle strength and autoantibody levels in IMNM 

patients, overall muscle affection including the histopathological features of IMNM could 

be associated with vacuole formation and reflected by an advanced clinical course of the 

disease. 
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3.  Materials 

Table 1: Reagents and general material 

Product Company 

Chloroform Roth, Germany 

Ethanol Baker, Germany 

Isopropanol Merck, Germany 

Nuclease-Free Water   Quiagen, USA  

Dulbecco’s Phosphate buffered saline 

(PBS)  
Biochrom, Germany 

Acetone Merck, Germany 

Normal serum goat Vektor Laboratories, USA  

ROTI-HISTOKITT II    Roth, Germany  

Mayers Hematoxylin Solution  Merck, Germany 

Eosin-Y  Brunschwig Chemie, Netherlands  

Xylol  Baker, Germany 

Eppendorf tubes  

Object slides  

MicroAmp Fast 96-Well Reaction Plate Life Technologies / ThermoFisher, Germany 

MicroAmp Optical Adhesive Film Life Technologies / ThermoFisher, Germany 

VECTASHIELD® Mounting Medium with 

DAPI 
Vektor Laboratories, USA  

Fettstift DakoPen Agilent Technologies, USA 

Table 2: Commercial kits and enzymes 

Product Company 

peqGOLD TriFast™ PEQLAB Biotechnologie, Germany 

Glycogen Invitrogen, Germany 

DNA-free™ DNA Removal Kit Invitrogen, Germany 

High-Capacity cDNA Archive Kit Applied Biosystems, USA 

TaqMan® Fast Universal PCR Master Mix Life Technologies, Germany 
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Table 3: Laboratory equipment 

Product Company 

PCR UnoCycler VWR, Germany 

Cryo-Star Microm HM560 Fisher Scientific, Germany 

Microplate Reader TECAN Infinite 200 Tecan, Germany 

7900 HT Fast Real-Time PCR System Applied Biosystems, USA 

Heraeus Fresco 17 Centrifuge Thermo Scientific 

Heraeus Multifuge 35R+ Centrifuge Thermo Scientific 

Vortex-Genie 2 Scientific Industries 

Table 4: Antibodies 

Specificity Host Clone Dilution Company 

β-Amyloid Mouse  4G8 1:3000 Covance, USA 

α-B-Crystallin Mouse  1B6.1-3G4 1:2500 Abcam, UK 

αLaminin-5 Mouse  4C7 1:30,000 Chemicon, Germany 

BAG3 Rabbit  polyclonal 1:500 Abcam, UK 

β-Spectrin Mouse  RBC2/3D5 1:100 
Novocastra Laboratories, 

UK 

C5b-9  Mouse  aE11 1:200 DAKO, Germany 

CD8 Mouse  C8/144B 1:50 DAKO, Germany 

CD31 Mouse  7C70A 1:25 DAKO, Germany 

CD45 Mouse  2B11 1:400 DAKO, Germany 

CD56 (N-CAM) Mouse  ERIC-1 1:200 Bio-Rad, USA 

CD68 Mouse  EMB11 1:100 DAKO, Germany 

CD138 Mouse polyclonal 1:30 DAKO, Germany 

FUS Rabbit  polyclonal 1:500 Sigma-Aldrich, Germany 

HSP70 Mouse  polyclonal 1:100 Abcam, UK 

LC3-B (I and II) Mouse  2G6 1:50 nanoTools, Germany 

LAMP2 Mouse  5H2 1:500 
Santa Cruz 

Biotechnology, USA 

MHC class I Mouse  W6/32 1:1000 DAKO, Germany 

MHC class II Mouse  C3R/43 1:100 DAKO; Germany 

Neonatal myosin heavy 

chain 

Mouse  NB-MyHCn 1:20 Novocastra Laboratories, 

UK 
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Neonatal myosin heavy 

chain 

Mouse  NB-MyHCn 1:20 Novocastra Laboratories, 

UK 

Phospho-Tau Mouse  AT8 1:40 Thermo Fisher Scientific, 

USA 

SQSTM1/p62  Rabbit  polyclonal 1:100 Abcam, UK 

SQSTM1/p62 Mouse  3/p62 1:100 BD Transduction 

Laboratories, USA 

Ubiquitin Rabbit  polyclonal 1:1000 DAKO, Germany 

Utrophin Mouse  DRP3/20C5 1:10 Novocastra, UK 

TDP43 Rabbit  polyclonal 1:250 Protein Tech Group 

(PTG), USA 

 

Secondary antibody Host 
Target 

species 
Dilution Company 

Cy3  Goat Rabbit 1:100 Dianova, Germany 

Cy3  Goat Mouse 1:100 Dianova, Germany 

Alexa Fluor® 488  Goat Rabbit 1:100 Invitrogen, Germany 

Alexa Fluor® 488  Goat Mouse 1:100 Invitrogen, Germany 
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Table 5: Quantitative Real-Time PCR Assays 

TaqMan Gene Expression Assay  

(Life Technologies/ThermoFisher) 
Reference number 

TaqMan® Gene Exp Assay BAG3 Hs00188713_m1 

TaqMan® Gene Exp Assay Beclin (BECN1) Hs00186838_m1 

TaqMan® Gene Exp Assay CD206 (MRC1) Hs00267207_m1 

TaqMan® Gene Exp Assay Calreticulin (CALR3) Hs00376764_m1 

TaqMan® Gene Exp Assay CCL17 Hs00171074_m1 

TaqMan® Gene Exp Assay CHOP (DDIT3) Hs00358796_g1 

TaqMan® Gene Exp Assay CXCL13 Hs00757930_m1 

TaqMan® Gene Exp Assay EDEM1 Hs00976004_m1 

TaqMan® Gene Exp Assay HSPA5 (Grp78) Hs00976004_m1 

TaqMan® Gene Exp Assay IFNG Hs00989291_m1 

TaqMan® Gene Exp Assay IL1B Hs01555410_m1 

TaqMan® Gene Exp Assay IL12A Hs01011518_m1 

TaqMan® Gene Exp Assay IL4 Hs00929862_m1 

TaqMan® Gene Exp Assay IL4R Hs00166237_m1 

TaqMan® Gene Exp Assay IL6 Hs00985639_m1 

TaqMan® Gene Exp Assay LC3 (MAP1LC3A) Hs01076567_g1 

TaqMan® Gene Exp Assay LMP2 (PSMB9) Hs00160610_m1  

TaqMan® Gene Exp Assay LMP7 (PSMB8) Hs00544760_g1  

TaqMan® Gene Exp Assay p62 (SQSTM1)  Hs01061917_g1  

TaqMan® Gene Exp Assay STAT1 Hs01013989_m1 

TaqMan® Gene Exp Assay PGK1 Hs99999906_m1 

TaqMan® Gene Exp Assay STAT2 Hs01013123_m1 

TaqMan® Gene Exp Assay STAT6 Hs00598625_m1 

TaqMan® Gene Exp Assay TGFB1 Hs00998133_m1 

TaqMan® Gene Exp Assay TNFa (TNF) Hs00174128_m1 

TaqMan® Gene Exp Assay ULK1 Hs00186838_m1 
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Methods 

3.1. Patients 

Retrospective analysis was conducted on skeletal muscle biopsies of 56 IMNM patients. Skeletal 

muscle biopsies of eight sIBM patients and six non-diseased controls (NDC) were used as a 

comparison or, control group, respectively. All biopsies were taken for diagnostic reasons at 

Charité University Hospital in Berlin or Pitié-Salpêtrière University Hospital in Paris and 

immediately cryoconserved in liquid nitrogen. The Charité ethics committee approved the study 

(EA1/204/11), and informed consent was obtained for all patients locally. Muscle specimens were 

stored at -80°C until further processing. Inclusion criteria for IMNM patients were based on the 

histopathological criteria for immune-mediated necrotizing myopathy, defined at the 224th ENMC 

Workshop in October 2016 (“Clinicopathological classification of Immune-mediated necrotizing 

myopathies”, (27)) and the presence of anti-SRP or anti-HMGCR-autoantibodies in patient serum. 

SIBM patients were included based on the diagnosis issued by the Department of Neuropathology 

at the Charité. Biopsies of non-diseased control patients (NDC) were performed for diagnostic 

reasons on muscle pain or weakness but no myofiber damage or changes were observed. 

Additionally, these patients showed normal inflammatory laboratory markers and normal CK 

values.  

3.2. Histology 

The preparation of 8 μm thick muscle sections was carried out with the cryostat Cryo-Star Microm 

HM560 (Fisher Scientific, Germany). Cutting was executed at -20°C, sections mounted on object 

slides and dried for 24 hours at 4°C. The storing of mounted sections was realized at -20°C until 

staining. In addition to the sections, 1 mg of muscle tissue was cut and stored at -80°C for further 

molecular biological analysis. 

3.2.1. Histochemistry and immunohistochemical stainings 

Histochemical stainings were performed with hematoxylin & eosin (H&E), modified Gömöri 

trichrome, non-specific esterase (NSE), acid phosphatase and acetylcholine esterase. A 

histochemical staining protocol is listed below, exemplarily for H&E staining. 

Immunohistochemial stainings were performed using standard diagnostic procedures with 

antibodies against the molecules listed in Table 5. 
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3.2.2. Hematoxylin & eosin staining 

With the hematoxylin and eosin staining, an illustration of the nucleus and the cytoplasm of cells 

is achieved.  Staining of strongly basophilic structures like DNA and histones inside the nucleus 

was done by installing the sections into a hemalum bath for three minutes. Consecutive washing 

of the sections under tap water for two minutes led to the violet-blue coloration of the hemalum 

by means of an increase in the pH. Next, the sections were inserted into eosin for 30 seconds. After 

another washing step, the tissue was dehydrated by using an ascending alcohol series (70%, 80%, 

96%, 100% alcohol for one minute each), after which the tissue was cleared by administration to 

Xylol I and II for one minute each. The sections were mounted with cover slips using ROTI-

HISTOKITT II (Roth, Germany) and dried afterwards. 

3.2.3. Quantification 

The following semi-quantitative scores were defined to assess the histological stainings 

(exemplary score shown in Figure 1):   

Score H&E and NSE 

0 No myophagocytosis 

1 Single myophagocytosis 

2 Diffusely scattered myophagocytosis 

3 Ample amount of diffusely distributed myophagocytosis 

 

Score MHC class I 

0 No sarcolemmal staining 

1 Focal sarcolemmal staining (< 30% of myofibers) 

2 
30% - 60% of myofibers with sarcolemmal staining  

(and/or focal accumulation) 

3 > 60% of myofibers with sarcolemmal staining 
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Score CD56 and MHC neonatal 

0 No sarcolemmal staining 

1 Focal sarcolemmal staining (< 15% of myofibers) 

2 15% - 30% of myofibers with sarcolemmal staining (and/or focal accumulation) 

3 > 30% of myofibers with sarcolemmal staining 

 

Score CD68 

0 No macrophages 

1 Few macrophages focally 

2 Moderate number of macrophages 

3 Ample number of macrophages, diffusely distributed 

 

Score CD45 

0 No leucocytes 

1 Singular leucocytes  

2 Several leucocytes focally 

3 Several leucocytes in diffuse distribution 

 

Score C5b-9 

0 No sarcolemmal staining 

1 Single fibers with sarcolemmal staining 

2 Focally several fibers with sarcolemmal staining 

3 Diffuse distribution of an ample number of fibers   

with strong sarcolemmal staining 
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Score CD8 

0 No CD8+ cells 

1 Singular CD8+ cells 

2 Some CD8+ cells focally 

3 Some CD8+ cells in diffuse distribution 

 

Score LAMP2 

0 Physiological staining of lysosomes 

1 Some fibers with few enlarged lysosomes  

2 Many diffusely distributed fibers with few enlarged lysosomes 

3 Many diffusely distributed fibers with considerably enlarged lysosomes 

 

Score Laminin-α5 

0 No sarcolemmal staining 

1 Focal sarcolemmal staining (< 30% of myofibers) 

2 30% - 60% of myofibers with sarcolemmal staining (and/or focal accumulation) 

3 > 60% of myofibers with sarcolemmal staining, diffuse distribution 
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Figure 1  Semiquantitative score of LAMP2 staining of IMNM skeletal muscle biopsies 

A: Score 0: Physiological staining of lysosomes B: Score 1: Some fibers with few enlarged lysosomes C: Score 2: Many diffusely 

distributed fibers with few enlarged lysosomes D: Score 3: Many diffusely distributed fibers with considerably enlarged lysosomes 

3.2.4. Cell counts 

For the quantification of CD138⁺ cells (plasma cells) and CD8⁺ cells (cytotoxic T cells) cell counts 

per 10 high power fields (HPF, one high-power field is defined as 0.16 mm2) were carried out. 

Also, cell counts/10 HPFs of myofibers staining positive for p62 and LC3, respectively, were 

conducted. 

3.2.5. Double immunofluorescence stainings 

Muscle sections stored at -20°C were adapted to room temperature (RT) for 20 minutes. As a first 

step, specimen sections were fixed in acetone for ten minutes. Afterwards, the sections were 

blocked with serum, followed by the administration of the first primary antibody. After incubation 

for 12 hours at 4°C (or 1h at RT) and a washing step, the secondary antibody was applied. After 

another washing step, the second primary antibody was applied for one hour at room temperature. 

Another washing step in PBS was followed by the application of the second secondary antibody. 

After incubation and a final washing step, the sections were mounted with DAPI medium and left 
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to dry and stored at 4°C without exposure to light. The analysis of the immunofluorescence stains 

and caption of images was carried out with the Olympus BX53F immunofluorescence microscope 

(Olympus, Tokyo, Japan). 

3.3. Gene expression analysis 

3.3.1. RNA-Isolation 

RNA isolation from cryopreserved muscle specimens was executed using the Trizol-Chloroform 

method: muscle tissue is homogenized and dissolved in 1000 μl TRIzol (TriFast™, PEQLAB 

Biotechnologie, Pennsylvania). This dilution, consisting of phenol and Guanidinium Isothiocyanat 

causes cell lysis and protein denaturation. The homogenate was incubated at room temperature for 

five minutes. The addition of 200 μl Chloroform, firm mixing and subsequent centrifugation at 

10,000 G for ten minutes leads to phase separation of the homogenate: denatured proteins and cell 

debris remain on the bottom, organic layer with phenol and chloroform. The DNA stays in the 

middle interphase and the RNA in the upper, watery layer. After transfer of the upper phase into a 

new tube, adding of 0.5 μl RNAse-free glycogen and 500 μl Isopropanol causes RNA precipitation. 

Following ten minutes of incubation at room temperature and ten minutes centrifugation at 12,000 

g, the RNA remains as a pellet at the bottom of the tube. The supernatant is discarded, and the 

pellet washed with 75% ethanol. After another centrifugation step (12,000 g for 10 minutes), the 

ethanol containing supernatant is discarded and the remaining RNA dried at room temperature for 

20 minutes. In a final step, the RNA is resuspended in 30 μl RNAse-free H20.  The RNA 

concentration was determined photometrically using the Microplate Reader TECAN Infinite 200 

(Tecan Trading AG, Switzerland). 

3.3.2. Transcription of RNA to cDNA 

The transcription of extracted RNA into its complementary cDNA sequence was achieved by 

polymerase chain reaction (PCR). At first an enzymatic DNA digestion was performed using 

DNA-free™ DNA Removal Kit (Invitrogen, Germany). RNA was prepared with the following 

components following the manufacturers’ instructions:  

2,2 μg RNA + 5 μl DNase-Buffer (10x) + 1 µl rDNAse + x µl H2O (total volume 50µl) 

The rDNAse eliminates the remaining DNA in the RNA solution. The addition of 5 μl DNAse 

Inactivation reagent ensures inactivation of the enzyme. After two minutes of centrifugation, the 

RNA-containing supernatant was transferred into PCR reaction tubes. The synthesis of the 

complementary single strand DNA was carried out using the High-Capacity cDNA Archive Kit 
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(Applied Biosystems, Foster City, CA). At first a PCR-Master Mix was prepared, containing the 

necessary components for the polymerase chain reaction: 10 μl 10x Reverse Transcriptase Buffer, 

10µl 10x Reverse Transcriptase Random Primer, 4 μl 25x dNTP Mix, 5 μl Reverse Transcriptase 

and 21 μl RNAse-free H2O. 

The cDNA synthesis was carried out in the PCR-Thermocycler Uno-Cycler (VWR, Germany) 

under the following conditions: incubation of the RNA at 25°C for ten minutes, followed by cDNA 

elongation at 75°C for two hours. A heating step up to 85°C for five seconds inactivates the reverse 

transcriptase; afterwards the cDNA is kept at 4°C. The storing of the cDNA until further processing 

takes place at 20°C. 

3.3.3. Quantitative (real-time) polymerase chain reaction (qPCR) 

The quantitative (real-time) polymerase chain reaction (qPCR) differs from the “classical” 

polymerase chain reaction in the way that during qPCR the amplified gene product is detected and 

quantified after each PCR cycle. By measuring the increase of the gene product during the 

exponential phase of the PCR it is possible to draw conclusions about the original amount of the 

gene transcript in question. The measurement of the transcript quantity is carried out via detection 

of a fluorescence signal. Prior to the conduction of the qPCR, a Master Mix for every gene to be 

analysed was prepared. The Master Mix contains the necessary substances for the amplification of 

the gene transcript:  

10 μl PCR Mastermix consisting of heat stable Ampli-Taq-Gold® DNA-Polymerase, Reverse 

Transcriptase, dNTPs with dUTP, Uracil-DNA Glycosylase, Buffer and Passive Reference Dye 

(TaqMan® Fast Universal PCR Master Mix, Applied Biosystems, USA). 

For each reaction 7 μl RNAse-free water and 1 μl of the respective gene assay (Table 6) were 

added. 2 μl per well of each cDNA sample were administered onto a 96-well-PCR plate 

(MicroAmp Fast 96-Well Reaction Plate, Life Technologies). 18 μl of the prepared Master Mix 

per well were added. Each gene was analysed as a triplet. After each PCR cycle the fluorescence 

signal of the amplified DNA sequence was detected by a laser. The fluorescence signal was 

produced by the technique of fluorescence resonance energy transfer (FRET). The qPCR data was 

analysed using the software SDS 2.3. and RQ Manager 1.2.1 (Applied Biosystems, USA). For 

each gene a cycle threshold (Ct-value) was determined. The Ct-value equates to the number of 

PCR cycles, after which the fluorescence signal is detected that is clearly off the background 

signal. It is measured at the vertex of the exponential phase of the DNA amplification. The gene 

PGK1, which corresponds to the enzyme phosphoglycerate kinase (PGK1) which is expressed in 
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all myofibers was used as an internal reference. To determine the relative expression of a target 

gene, first the Ct-value of the genes in one sample was normalized to the mean of the measured 

Ct-values of PGK: ΔCttarget gene= mean Ct target gene – (mean Ct PGK1). 

Next, the ΔCttarget gene was set into relation with the ΔCtcontrol   of the target gene in non-diseased 

control patients: ΔΔCt = ΔCttarget – ΔCtcontrol. This allows the relative quantification (RQ) of the 

target gene in the sample. The RQ-value is calculated by taking the second logarithm of the 

negative ΔΔCt-value:     RQ = 2^-ΔΔCt. 

3.4. Statistics 

All statistics were performed using GraphPadPrism 5.0 and 8.3.0 software (GraphPad Software, 

Inc., La Jolla, USA). Non-normalized distribution was assumed for all datasets. Accordingly, the 

Mann-Whitney U-test was used to assess differences in the histopathology between the V- and the 

V+ group. Differences in mRNA expression were analysed using the Kruskal-Wallis one-way 

ANOVA with Dunn´s multiple comparison test. The significance level was set at p < 0.05. 

4. Results 

4.1. Clinical data 

Of 56 analysed IMNM patients, 64% (36 patients) were female, 36% (20 patients) were male. The 

mean age at the time of biopsy was 55.3 years (standard deviation 18.8) with the youngest patient 

being 16 and the oldest being 92 at the time of biopsy. Female patients were 52 years old on 

average, whereas male patients showed an average age of 62. Regarding the autoantibody status, 

41% (23 patients) of all analysed patients were anti-SRP-positive, 29% (16 patients) anti-

HMGCR-positive and for 30% (17 cases) the status for these two autoantibodies was unknown 

and could not be obtained retrospectively. One patient was reported to be positive for both 

antibodies. 

4.2. General histopathology  

Of the 63 originally analyzed IMNM skeletal muscle biopsies seven samples previously classified 

as IMNM presented for IMNM atypical histological features and were therefore excluded from 

further investigations. The remaining 56 biopsies presented general signs of muscle pathology 

such as variations in myofiber size and internalized nuclei, as shown in Figure 2 B. In addition, 

these biopsies showed the typical histopathological features of IMNM as defined by the 224 th 
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ENMC workshop in different degrees (exemplary image in Figure 2 B) (27). Seven biopsies 

displayed very poor muscle tissue quality which limited their complete evaluation. 37.5% (21 of 

56 patients) showed an ample amount of diffusely distributed myophagocytosis, 36% (20 patients) 

a moderate amount of diffusely scattered myophagocytosis and 23% (13 patients) only single 

myophagocytosis. 3.5% (two patients) showed no myophagocytosis in the section analyzed. The 

same distribution was found for the amount of myofiber necrosis.  

 

Figure 2  Skeletal muscle biopsies in H&E stain of a non-diseased control and an IMNM patient 

A: H&E stain of a skeletal muscle biopsy of a healthy control patient showing a pattern of evenly sized intact myofibers with small 

nuclei at their periphery B: H&E stained skeletal muscle section of an IMNM patient showing irregular myofibers of different sizes 

with partly internalized nuclei (white arrows), necrotic fibers (black arrows) and myophagocytosis (white asterisks). 

Vacuolar structures are frequently found in IMNM 

Vacuolar structures, rimmed as well as non-rimmed, have been observed in immune-mediated 

necrotizing myopathy, but have not been described in more detail (120, 122). The first aim of the 

current study was therefore the detailed analysis and description of vacuoles in IMNM skeletal 

muscle biopsies. The number of vacuoles was assessed in Gömöri trichrome staining or, if section 

quality was too poor for analysis, in standard H&E staining (Figure 3 A-C).  Of 56 IMNM patients, 

37 showed different numbers of myofibers containing vacuoles, eleven displayed no vacuoles and 

eight could not be analyzed due to poor muscle quality. This accounts for 77% of IMNM patients 

showing vacuolar structures and 23% showing no vacuoles within analyzed muscle fibers. 

Total number of IMNM patients analyzed 48 100% 

N° of IMNM patients with vacuoles (V+) 37 77% 

N° of IMNM patients without vacuoles (V-) 11 23% 
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Figure 3  Myofibers contain vacuoles in IMNM patients skeletal muscle biopsies 

A: One HPF of an IMNM patient in Gömöri trichrome stain with three myofibers containing vacuoles (arrow and white asterisks). 

The vacuoles appear in fibers of normal size and shape. B-C: Vacuoles appear in different configurations as shown in two more 

HPF with vacuole-containing myofibers. Stains are H&E in B and Gömöri trichrome in C. D: The observed number of myofibers 

containing vacuoles in IMNM skeletal muscle biopsies ranged from only one fiber up to 94 fibers with vacuoles/10 HPF. Most 

patients showed between one and ten myofibers with vacuoles/10 HPF. One high-power field is defined as 0.16 mm2. 

Primarily, the vacuole-positive group (V+) was subdivided into two subgroups according to the 

number of vacuoles (Group 1: 1-4 fibers with vacuoles/ten high power fields (HPF), Group 2: five 

and more fibers with vacuoles/ten HPF). In the course of the investigation it became obvious that 

these two groups did not significantly differ, neither in expression or distribution of various 

proteins nor in expression of cytokines and chemokines. Hence, merely the differentiation between 

a “vacuole positive” (V+) and a “vacuole negative” (V-) group was made. Nevertheless, it is of 

interest to point out that a considerable variation in the number of myofibers with vacuoles exists, 

ranging from only one fiber with vacuoles up to 94 myofibers with vacuoles per ten HPF (Figure 

3 D). The majority of patients (70%, 26 of 37 biopsies with vacuoles), however, displayed one to 

ten fibers with vacuoles per ten HPF. 
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The mean age of disease onset (age at time of biopsy) in the V- group was 59, and 54 years in the 

V+ group, albeit with no significant difference. The gender distribution in the two groups is also 

balanced: Of ten patients without vacuoles, five were male and six female. In the V+ group, 23 

patients were female and eleven patients male. 

4.3. Comparison of the general histopathology of V+ versus V- patients  

The hallmarks of IMNM muscle pathology, myophagocytosis, myofiber necrosis and regeneration 

have been reported to be present in a very varying amount between patients (32, 122). For a more 

detailed general description of the two groups in question and in order to assess the phenomenon 

of vacuole formation in the context of these myopathic processes, these main features in the two 

groups V- and V+ were evaluated. 

The amount of myophagocytosis, as shown by stain with nonspecific esterase, is significantly 

higher in the V+ group than in the V- group (Figure 4 E). In addition, the group with vacuoles also 

shows a significant higher amount of necrosis, indicated by small myofibers with a pale or 

hyperconcentrated cytoplasm, disruption of the sarcolemma or complete fiber disintegration in late 

stages when compared to the group without vacuoles (Figure 4 A, B, E). Regarding markers of 

myofiber regeneration, neonatal myosin heavy chain (MyHC neonatal) and CD56, no significant 

difference was found between the V+ and the V- group, even though a tendency of more fibers 

being stained with neonatal myosin as well as CD56 could be observed in the vacuole-positive 

group (Figure 4 E). 
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Figure 4  General histopathological features of IMNM are more pronounced in V+ patients 

Comparing the amount of myophagocytosis and necrosis in NSE stain, V- patients show only few necrotic myofibers (arrow in A), 

whereas V+ patients display an ample number of necrotic fibers (exemplary arrows in B). C-D: Both groups display a number of 
regenerating fibers, indicated by positive staining for neonatal myosin heavy chain (MyHC neonatal). E: Semi-quantitative score 

of necrosis and myophagocytosis in IMNM biopsies, assessed by stain for non-specific esterase show a significant higher number 

of myophagocytosis (p=0.0379) and necrosis (p=0.0114) in the V+ group when compared with the V- group. Regeneration 

processes, analyzed by stain with CD56 and MyHC neonatal tend to be increased in V+ patients, though this difference is only 

significant for stain with neonatal myosin heavy chain. The Mann-Whitney U-test was used for statistical analysis. 
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4.4. Effect of infiltrating immune cells and other immunological phenomena in 

IMNM 

Based on different studies and indicators, like the remission under glucocorticoid therapy, presence 

of inflammatory infiltrate and autoantibodies, it is evident, that immunological processes play an 

essential part in the pathogenesis of IMNM. For a more detailed description of the immune reaction 

and differentiation between the two IMNM groups, the existence of various immune cells was 

evaluated. It has been demonstrated repeatedly, and recently international consensus was reached 

on the fact, that the most prominent cellular infiltrate in IMNM consists of CD68+ macrophages 

and that lymphocytes are rather rare in the majority of skeletal muscle biopsies (129). However, 

the role of the infiltrating cells for disease development has not been investigated. Thus, an 

evaluation of the amount and composition of the cellular infiltrate between V- and V+ IMNM 

patients was relevant and an implication for their pathophysiological effect.  

The presence of CD68+ cells in the endomysium is a pronounced feature in both groups, displaying 

few macrophages up to an ample amount in a diffuse distribution. In only 3% of the V+ group (1 

patient, n=34) and 9% of the V- group (1 patient, n=11) no macrophages were found. No 

significant difference in the number of macrophages between the V+ and V- group was seen, but 

a trend towards a higher number of macrophages in the V+ group can be detected, as shown in 

Figure 5 E (left boxplot). As assessed by staining with CD45, there was a significant higher number 

of leucocytes in V+ patients when compared with V- patient muscle biopsies (Figure 5 E, right 

boxplot).  

Furthermore, CD8+ cytotoxic T cells have been observed as part of the cellular infiltrate in IMNM 

(129), which led me to investigate whether their presence might be involved in vacuole formation. 

CD8+ cells are present in 93% of IMNM skeletal muscle biopsies (41 biopsies, n=44), while 7% 

(3 biopsies) contained no CD8+ cells. There was no significant difference in the number of CD8+ 

cells regarding the existence of vacuoles, even though biopsies with vacuoles tend to show a higher 

number of CD8+ cells (Figure 5 E, middle boxplot). 
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Figure 5  Similar distribution of immune cell infiltrate in V- and V+ skeletal muscle biopsies  

A-D: Histopathology of CD68 and CD8 stain in V- and V+ IMNM patient biopsies. Black arrows in A and B point at CD68+ 

macrophages invading necrotic fibers. B: White asterisk indicates necrotic myofiber surrounded by macrophages. White arrows 
point at macrophages close to normal appearing fibers (detail amplified in the box). C-D: Black arrows indicate CD8+ T cells in 

V- (C) and V+ (D) IMNM patient muscle biopsies. The number of CD8+ T cells appears to be similar in both groups. E: A 

significantly higher number of CD45+ cells (p=0.0173) is present in the V+ group (histology not shown). More skeletal muscle 

biopsies with a high number of macrophages are found in the V+ group, as visible in A versus B, though no significance in this 
difference could be observed. Scoring of CD8+ T cells in V- versus V+ confirms that there is no significant difference between the 

groups. Statistical analyses in E) were performed using the Mann-Whitney U-test.  
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Sarcolemmal MHC class I expression on non-regenerating and non-necrotic myofibers has been 

described as a histopathological feature of IMNM in several studies. Needham et al. found a 

“diffuse” or “multifocal” pattern of MHC class I in IMNM skeletal muscle biopsies and MHC 

class I deposition can be used for the diagnosis “idiopathic inflammatory myopathy” (130). Hence, 

an investigation of MHC class I in the context of vacuole formation promised to be illuminating. 

Skeletal muscle fibers of healthy controls showed no sarcolemmal or sarcoplasmic MHC class I 

deposition, as shown exemplarily in Figure 6 C. In contrast, almost all of the analyzed IMNM 

patients (n=48, 92% (44 IMNM patients)) showed some degree of sarcolemmal or sarcoplasmic 

MHC class I expression (Figure 6 D). By applying the semi-quantitative scoring system for 

myofibers displaying MHC class I on the sarcolemma or within the sarcoplasm it could be revealed 

that both V+ and V- IMNM skeletal muscle biopsies showed comparable numbers of non-necrotic 

and non-regenerating myofibers with MHC class I deposition (Figure 6 A, B, D).  
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Figure 6  MHC class I expression on myofibers is present and the degree comparable in both V- and V+ IMNM patients 

A-C: Staining for MHC class I on V-, V+ and NDC patients muscle biopsies. Both V- (A) and V+ (B) biopsies display diffuse 
sarcolemmal and sarcoplasmic staining for MHC class I that does not appear in non-disease controls (C). A: A moderate number 

of myofibers (score 2) with sarcoplasmic MHC class I deposition in a V- IMNM patient. B: A V+ IMNM biopsy with an ample 

amount of sarcolemmal and sarcoplasmic MHC class I deposition (score 3). C: In NDC muscle, no MHC class I deposition is 

found of myofibers (arrow indicates the physiological MHC class I staining of capillaries). D: Both IMNM groups show a 
comparable amount of sarcolemmal or sarcoplasmic MHC class I deposition ranging from zero MHC class I positive fibers (score 

0) over single positive fibers (score 1) up to an ample amount of MHC class I staining (score 3, shown in B). 

Preuße and colleagues have shown that the immune reaction in IMNM skeletal muscle tissue is 

most prominently driven by T helper cells Type I (Th1)/ classically activated macrophages (M1) 

and this finding can even be used diagnostically for differentiating IMNM and non-IMNM (129). 

As this immune reaction appears to be essential in IMNM, further exploration of the relation 

between the Th1/M1 response and vacuole formation in muscle tissue IMNM patients was 

conducted. For a more comprehensive analysis, the T helper cell Type 2/alternatively activated 

macrophage (M2) response was also assessed, which is widely accepted as a rather humoral-

related immune response, in the context of V- and V+ IMNM skeletal muscle biopsies. As shown 

in Figure 7 A, mRNA of all important players of the Th1/M1 immune response, IFNG, TNFA and 

the transcription factor STAT1 and STAT2 are expressed at significantly higher levels in V+ IMNM 

patients than in NDC. IFNG levels are significantly elevated in the V- IMNM group as well, when 
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compared with NDC. Between the V- and V+ IMNM patients, no significant difference in the 

expression of markers of a Th1/M1 response was found. Interestingly, when looking at T helper 

cell Type 2-related markers, significantly higher levels of CD206 (MRC1) and IL4-receptor in the 

V+ group compared with the V- group could be found.  

 

Figure 7  MRNA transcript levels of Th1/M1 and Th2/M2 immune response markers in V- and V+ skeletal muscle biopsies  

A: mRNA expression of Th1/M1-related cytokines IFNy and TNFα and the transcription factors STAT1 and STAT2 is significantly 

increased in V+ IMNM patients when compared with NDC (asterisks, p < 0.0005). IFNG and STAT2 are also expressed at 
significantly higher levels in V- when compared with NDC (asterisks, p < 0.05). B: The mRNA levels of all Th2/M2- associated 

markers are significantly higher in V+ patients than in NDC (asterisks, p < 0.0001). The mRNA levels encoding for the surface 

proteins CD206 and IL4 receptor are significantly increased in V+ IMNM patients compared to V- IMNM patients (p < 0.05). 

Statistical analysis for comparison of both groups versus NDC was accomplished using the Kruskal-Wallis one-way ANOVA with 
Dunn´s multiple comparison test; for comparison of fold-change mRNA expression levels of V- vs V+, the Mann-Whitney U-test 

was performed. The dotted line indicates expression level of respective genes in NDC group (= 1-fold expression). 

TGFβ, an immune modulatory cytokine with various effects on immune response and tissue 

remodelling shows an increase in mRNA expression levels up to 40-fold in IMNM skeletal muscle 

tissue compared with NDC. Comparing V- and V+ patients, fold-change of TGFB levels in V+ are 

significantly higher than in V- IMNM patients (Figure 8). 
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Figure 8  Significant TGFB upregulation in V+ versus V- IMNM patients skeletal muscle biopsies 

MRNA expression of TGFB is increased up to 40-fold in V+ IMNM patients skeletal muscle tissue compared with NDC. In V+ 

IMNM patients, TGFB levels are significantly increased when compared with V- IMNM patients skeletal muscle biopsies. 

Statistical analysis for comparison of both groups versus NDC was accomplished using the Kruskal-Wallis one-way ANOVA with 

Dunn´s multiple comparison test; for comparison of fold-change mRNA expression levels of V- vs V+, the Mann-Whitney U-test 

was performed. The dotted line indicates TGFB expression level in NDC group (= 1-fold expression). 

4.5. Influence of humoral immune mechanisms  

Since the presence of B cells in IMNM, especially in anti-SRP+ patients, has been described before, 

an evaluation of the relation between B cell presence and the formation of vacuoles was also of 

interest. To achieve this, staining for the plasma cell marker CD138 (Figure 9 A) was performed 

which showed that 53% (24 biopsies, n=45) of the IMNM biopsies contained plasma cells, ranging 

from one to 100 plasma cells per ten HPFs. The great majority (87.5%, 21 biopsies) of these 

displayed a number of one to ten plasma cells per ten HPF; two biopsies with more than 50 plasma 

cells per 10 HPF being the exception. 46% (21 biopsies) showed no plasma cells. The number of 

plasma cells observed was similar when comparing the groups V+ and V-, as shown in Figure 9 

B. Of note, the cases with a very high number of plasma cells were found within the V+ group 

(Figure 9 B). 
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Figure 9  A similar number of plasma cells is present in both IMNM groups  

A: Image of three plasma cells (exemplarily indicated by arrow) on one high power field (HPF) of a V+ biopsy. B: A comparable 

number of CD138+ plasma cells is present in V- and V+ skeletal muscle biopsies, with a trend towards more plasma cells in V+ 

biopsies. C: mRNA expression of the B cell activator and attractant CXCL13 is significantly increased in V+ versus NDC (asterisk, 

p = 0.0111) Comparing CXCL13 expression in V- versus V+, CXCL13 appears to be increased in V+ skeletal muscle biopsies, 

though no statistical significance was found when tested with the Mann-Whitney U-test (p=0.2231).  

In order to determine if the trend towards a higher number of plasma cells in V+ IMNM patients 

is also represented by an increased expression of the corresponding chemokine CXCL13, a B cell 

attractor and activator (131, 132), its expression was assessed on mRNA level. The V+ group 

shows a significant increase in CXCL13 mRNA expression compared with non-diseased control 

patients, however, the fold change expression of CXCL13 does not significantly differ between the 

V+ and V- group (Figure 9 C).  

As another arm of the humoral immune response, the presence of the terminal complement 

complex (C5b-9) on the sarcolemma of IMNM myofibers has been consistently described (1, 129, 

130). The present study could confirm these results: sarcolemmal and sarcoplasmic deposition of 

complement was found to different degrees in most IMNM patients, but not seen in muscle of non-

diseased control patients (Figure 10 A-C). On histological examination, a trend towards a higher 
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number of complement decorated fibers in V+ patients compared with V- patients was observed, 

though this trend was not statistically significant (Figure 10 D).   

 

Figure 10 Complement deposition is found to a similar extent in V- and V+ IMNM patients 

A-B: Strong sarcoplasmic complement (C5b-9) staining can be found in V- (A) as well as V+ skeletal muscle biopsies (B), 

exemplary myofiber indicated by arrows. C: Muscle fibers of NDC do not show any staining for C5b-9 (detail shown in box). D: 
Semi-quantitative scoring confirms that the majority of IMNM skeletal muscle biopsies show different numbers of myofibers with 

sarcolemmal or sarcoplasmic complement (C5b-9) deposition. No significant difference in the number of C5b-9+ fibers was found 

between V- and V+ patients. Statistical analysis was conducted using the Mann-Whitney U-test. 

4.6. Summary of general and immunological aspects in IMNM subgroups 

Vacuole formation is a common feature of IMNM, observed in 77% of the present cohort of 58 

retrospectively analysed IMNM patients and not present in 23% of the analysed IMNM skeletal 

muscle biopsies. The distribution of age and gender is comparable in both groups. Comparing the 

two groups of IMNM patients with and without vacuoles, evaluation by general enzyme- and 

histopathological stainings revealed that the V+ group of IMNM patients shows a significantly 

higher number of necrotic myofibers and fibers undergoing phagocytosis. Regarding the 

regeneration markers, both groups display a comparable moderate to high amount of neonatal 
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myosin heavy chain (MyHC neonatal) with a visible trend towards more deposition of MyHC 

neonatal in the V+ group.  

The cellular infiltrate in both groups is comprised of CD68+ macrophages, CD45+ leucocytes and 

CD8+ T cells, with macrophages (and leucocytes) being most prominent. The number of 

infiltrating leucocytes is significantly higher in V+ patients, whereas CD8+ T cell infiltrate is 

similar in V- and V+ IMNM patients. In addition, both groups display a comparable number of 

myofibers with sarcolemmal and sarcoplasmic MHC class I deposition that is not seen in healthy 

control muscle. Regarding the cellular immune response on gene expression level, IMNM patients 

show increased mRNA levels of markers for both the Th1/M1 and the Th2/M2 mediated immune 

reaction (Figure 6). Interestingly, there was no significant difference between V- and V+ patients 

in the expression of Th1/M1-related molecules, whereas markers of the Th2/M2 immune response 

showed significantly higher expression in V+ compared to V- (Figure 6 B). This could also be 

observed for gene expression of the immune-modulatory cytokine TGFβ, which was significantly 

increased in V+ IMNM patients (Figure 7). Involvement of B cell mediated immunologic effects 

also seems to be present in V+ patients, indicated by a significant increase in expression of the B 

cell chemoattractant CXCL13 in V+ IMNM skeletal muscle biopsies in comparison with normal 

controls. Complementing this is also the presence of slightly more CD138+ plasma cells in V+ 

muscle biopsies, although V- IMNM biopsies contain few plasma cells as well. Pronounced 

complement deposition, on the other hand, is present in both IMNM groups.  

4.7. Description and analysis of vacuolar structures in IMNM 

4.7.1. Analysis of protein aggregation  

Vacuoles in IMNM are not characterised by sarcolemmal features and no abnormal protein 

aggregation is found in vacuoles of skeletal muscle biopsies from IMNM patients 

Some myopathies that histopathologically show vacuole formation harbour vacuoles with 

sarcolemmal features like autophagic vacuolar myopathies of adulthood, Vici syndrome, Danon 

disease and sometimes Pompe disease, indicating their sarcolemmal origin as opposed to vacuoles 

that do not possess a sarcolemmal membrane. To assess the origin of the vacuoles found in IMNM 

patient biopsies, stainings for the sarcolemmal protein β-spectrin, and for acetylcholine esterase 

(AchE) were performed. Of 30 exemplary analysed V+ biopsies, 20 (54%) showed no 

acetylcholine esterase activity on the vacuoles. Three biopsies showed single vacuoles staining 

positively for acetylcholine esterase and seven V+ skeletal muscle biopsies showed AchE staining 
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on the sarcolemma but not on vacuoles, indicating extra-junctional AchE activity as a marker for 

regeneration (data not shown). 

For β-spectrin, only single vacuoles staining positively could be found in five skeletal muscle 

biopsies of the V+ group, while twelve biopsies of V+ IMNM patients were β-spectrin-negative. 

In the V- group no positive staining was observed, except for one biopsy with sarcoplasmic β-

spectrin and one biopsy with AchE activity on the sarcolemma (data not shown).  

Abnormal protein aggregation has been shown to be involved in vacuole formation of sIBM, which 

led me to investigate whether protein aggregates are also present in IMNM muscle, especially 

relating to vacuolar structures. The investigation showed no positive staining for Fused in sarcoma 

(FUS) protein in any of the stained biopsies (9 V- and 31 V+, see exemplary image in Figure 11 

B). The same was the case for AT8, an antibody binding phosphorylated tau, and anti-amyloid, for 

which all 41 IMNM patients skeletal muscle biopsies (7 V-, 34 V+) assessed were negative 

(exemplary image in Figure 11 C). Equally, the analysis of TDP-43, a nuclear DNA-binding 

protein that forms pathological aggregates in sIBM, amyotrophic lateral sclerosis and 

frontotemporal dementia (133, 134) showed no staining in 33 biopsies (6 V- and 27 V+) and only 

one V+ biopsy showed a very weak staining pattern (data not shown). 

 

Figure 11 No abnormal protein aggregation in either IMNM subgroups  

A-C: No positive staining of vacuoles or other cytoplasmic structures for ubiquitin, FUS or amyloid was found. Shown are 

representative skeletal muscle sections of V+ patients; ubiquitin stainings were performed on 27 biopsies (7 V-, 20 V+) FUS 

stainings were performed on 40 biopsies (9 V-, 31 V+) and analysis for amyloid included 41 biopsies (7 V-, 34 V+) (data not 

shown). 
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4.7.2. The role of protein degradation mechanisms on vacuole formation 

Autophagy proteins are deposited throughout the sarcoplasm in IMNM patients, but 

autophagy-related genes are only partially upregulated.  

Autophagy is a cellular degradation pathway that plays a relevant role in different myopathies and, 

importantly, for myopathies characterized by vacuole formation (35, 39, 43, 48). Hence, it was of 

importance to explore whether altered autophagic pathways also take part in vacuole formation 

and muscle pathology of IMNM. Since defective autophagic mechanisms also pose a possible 

starting point for new therapies, this approach seemed especially promising and valuable.  

In order to comprehensively assess the autophagic process, several stainings for proteins involved 

in autophagosome formation and lysosome composition were performed and the respective gene 

expression of viable autophagy related genes was evaluated. First of all, a positive staining of 

myofibers for the autophagy-related protein LC3-B (from here referred to as LC3) was observed, 

a protein that marks autophagic structures from the forming isolation membrane/phagophore up 

until fusion of the autophagosome with lysosomes (86, 135) (Figure 12 A-B). Equally, positive 

staining for p62/sequestosome-1 (from here referred to as p62) was found, a protein that connects 

poly-ubiquitinated proteins with LC3 in IMNM (Figure 12 C-D). Staining for both proteins did 

not mark myofibers in the muscle tissue of NDC (Figure 12 E-F). Interestingly, for these 

histological features significant differences between the vacuole positive and vacuole negative 

IMNM groups were present. V+ biopsies displayed significantly more myofibers staining 

positively for p62, and LC3 staining also seemed to be found more often in V+ than in V- biopsies, 

although not statistically significant (Figure 12 G). Morphologically, LC3 showed a distribution 

of several single foci to intense and diffuse staining of great parts of the sarcoplasm. There seemed 

to be a tendency of LC3 deposition on the periphery of the sarcoplasm, close to the sarcolemma. 

Staining for LC3 was mainly found in smaller appearing myofibers (Figure 12 C, D). The 

morphology of p62 resembles that of LC3 with a mild to strong diffuse staining of the entire 

sarcoplasm, even though generally the staining of p62 appeared more pronounced than that of LC3 

(Figure 12 A-D). 

Analysing gene expression of autophagy-related genes via qPCR, IMNM V+ skeletal muscle 

biopsies show significantly increased levels of MAPLC3A mRNA (from here referred to as LC3) 

compared with non-diseased control patients (NDC) (Figure 12 H). MRNA encoding 

SQSTM1/p62 (from here referred to as p62) however, was not significantly more expressed in 

either IMNM group compared to healthy control patients. No significant difference was found in 
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the expression of LC3 or p62 when comparing the V- and V+ IMNM groups. In addition, there 

was no significant increase of BECLIN or ULK1 mRNA levels, both genes related to initiation of 

autophagy, neither in the IMNM groups among each other nor compared to NDC patients (Figure 

12 H).  
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Figure 12 – Legend on next page –  
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Figure 12 V+ IMNM patients show increased levels of autophagy-related proteins upon histological analysis 

A-D: Histological stainings for the autophagy-related proteins LC3 and p62 show positive myofibers in both V- (A) and V+ (B) 

IMNM patients. C and D show the high number of LC3 and p62 positive fibers in V+ IMNM biopsies, while staining for those 
autophagy markers can be significantly less in V- skeletal muscle (A, B). E-F: No staining for LC3 or p62 can be observed in NDC. 

G: Analyzing the histopathology, V+ patients show a significantly higher number of myofibers staining positively for p62. The 

number of LC3 positive fibers was similar in the V- and V+ group. H: mRNA levels of autophagy related gene MAPLC3A is 

significantly increased in V+ patients compared to NDC, while there is no increase in SQSTM1/p62 mRNA expression neither in 
comparison with NDC (data not shown) nor between V- and V+ patients. BECLIN and ULK1 mRNA levels were not significantly 

increased in either IMNM group. Statistical analysis in G was performed using the Mann-Whitney U-test (p=0.0367 for p62) and 

the Kruskal-Wallis one-way ANOVA with Dunn´s multiple comparison test (p=0.0056 for V+ vs. NDC for MAPLC3) in H. The 

dotted line in H indicates expression level of respective genes in NDC group (= 1-fold expression). 

On a closer look at p62 morphology, the variable degree of diffuse staining of the entire sarcoplasm 

of often normal appearing myofibers could be verified (Figure 13 B-D). The observed range 

comprises the presence of very fine p62+ puncta to intense staining of the entire sarcoplasm (Figure 

13 A, B, D), also within the same IMNM biopsy (Figure 13 C).  Sometimes, a peripheral or 

perinuclear accentuation for p62 was found (Figure 13 B).  
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Figure 13 Morphology of p62 staining in IMNM myofibers 

A-D: p62 stainings in IMNM skeletal muscle biopsies show a diffuse distribution of p62 throughout the entire sarcoplasm with 

variable intensity ranging from a subtle pattern of small puncta (A) over increasing density of the puncta (B) and marked fibers in 

C up to a strong staining of the entire myofiber (arrow in C, detail in D).                      

Increased expression of immunoproteasome subunits in V+ skeletal muscle biopsies  

The upregulation of subunits of the immunoproteasome has been shown and a connection to the 

pathological MHC class I and MHC class II expression on myofibers of inflammatory myopathies 

has been proposed (103). The studied group of “inflammatory myopathies” comprised of sIBM, 

DM as well as PM cases, whereas the role of the immunoproteasome specifically in IMNM has 

not been addressed to date. Since most IMNM skeletal muscle biopsies show MHC class I 

upregulation and the proteins presented by MHC class I are processed by the immunoproteasome 

it would be of great interest to know whether this antigen-processing machinery is also altered in 

IMNM and if a relation to vacuole formation exists. Indeed, compared with skeletal muscle tissue 

of healthy control patients, V+ patients showed a significant higher expression of the 

immunoproteasome subunits β1i/LMP2 and β5i/LMP7 mRNA, ranging from 1.3 up to a 30-fold 
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higher expression (Figure 14). When comparing immunoproteasome expression between the V- 

and the V+ group, no significant differences were found (Figure 14).  

 

Figure 14 Increased expression of immunoproteasome subunits in IMNM  

QPCR analysis revealed significantly increased levels of immunoproteasome subunits β1i/LMP2 (p=0.0016) and β5i/LMP7 
(p=0.0005) mRNA in the V+ IMNM group when compared with NDC. Comparing the V- and V+ group with each other, no 

significant difference in immunoproteasome mRNA expression was found. Statistical analysis was performed using the Kruskal-

Wallis one-way ANOVA with Dunn´s multiple comparison test for analysis of V-and V+ vs NDC and the Mann-Whitney U-test for 
comparing fold-change expression of V- vs V+. The dotted line indicates expression level of respective genes in NDC group (= 1-

fold expression). 

ER stress and ER-related degradation mechanisms play a role in IMNM 

The ER stress response has been shown to be activated in other inflammatory myopathies (DM, 

PM and sIBM) and been suggested as an essential non-immune mediated pathway adding to 

myofiber damage (112, 136). Thus, the investigation of the ER response pathway in IMNM was 

an important step in order to evaluate vacuole origin and gain insight into possible disease 

pathogenesis. 

The present analysis revealed that in V+ IMNM muscle tissue mRNA of the ER stress response 

induced genes XBP1 and EDEM1 are expressed at significantly higher levels than in healthy 

control muscle tissue, ranging from four to eight times of normal expression (Figure 15). No 

significant increase in expression of CHOP, an ER stress induced mediater of apoptosis, is present 

for either IMNM group compared with non-diseased control patients. In addition, mRNA levels 

of HSPA5/GRP78, encoding for a constitutive ER chaperone protein that also binds ER stress 
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sensing molecules in their inactivated state are expressed to a similar degree in NDC as well as V- 

and V+ patients (Figure 15). 

 

 

Figure 15 ER stress induced effector genes are upregulated in V+ IMNM patients 

V+ skeletal muscle biopsies show significantly increased mRNA levels of ER stress response induced genes EDEM1 (p=0.0116) 

and XBP1 (p=0.0377) compared with NDC patients. No significant increase in mRNA levels of the ER housekeeping chaperone 
GRP78 or ER stress response mediated apoptosis inducer CHOP was found comparing the V- or V+ group with each other or with 

NDC. Statistical analysis for comparison of NDC vs V- and V+ was performed using Kruskal-Wallis one-way ANOVA with Dunn´s 

multiple comparison test and the Mann-Whitney U-test for comparing fold-change expression of V- vs V+. The dotted line indicates 

expression level of respective genes in NDC group (= 1-fold expression). 

4.8. Summary of alterated protein degradation processes in IMNM 

The exploration of the various cellular degradation pathways in V- and V+ IMNM patients 

revealed intense staining of IMNM muscle fibers with autophagy-related proteins LC3 and p62, 

which is not seen in healthy control muscle biopsies. Both V- and V+ skeletal muscle biopsies 

stained positively for the autophagy-essential molecules LC3 and p62, with significant more 

myofibers in the V+ group staining positively for p62. The observed morphology of p62 staining 

showed a strikingly distinct pattern of moderate to intense diffuse distribution throughout the entire 

sarcoplasm. This alteration of autophagy-related proteins is only partly represented on the gene 

expression level: mRNA levels of LC3 are significantly increased in V+ skeletal muscle biopsies 

when compared with muscle tissue of non-diseased control patients but no change in mRNA 

expression of p62 was found (Figure 12 H).  
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MRNA levels of the immunoproteasome subunits β5i/LMP7 and β1i/LMP2 are signficantly 

increased in V+ patients compared with NDC. Analogous to this, ER stress-induced gene 

transcripts of XBP1 and EDEM1 are expressed at significantly higher levels in V+ patients than in 

NDC. No significant differences can be observed between the two IMNM groups for both the 

immunoproteasome and ER stress markers. 

All in all, IMNM skeletal muscle biopsies and especially those of V+ patients reveal increased 

levels of immunoproteasome- and ER stress response-related gene transcripts. MRNA levels of 

the autophagy related marker p62 is not elevated in IMNM. However, IMNM patients skeletal 

muscle biopsies show immunoreactivity for LC3 and p62 and significant differences in the number 

of p62-immunoreactive myofibers are present between the V- and the V+ group. Since differences 

between V- and V+ IMNM patients appeared not to be present because of specific underlying 

mechanisms, both subgroups were combined for the comparison with sIBM. 

4.9. Comparison of autophagy processes in sIBM versus IMNM 

The presented analysis of autophagy related macromolecules in IMNM showed a peculiar staining 

pattern for LC3 and p62 in the histopathological exploration as well as increased expression of 

LC3 on the mRNA expression level. P62 has been shown repeatedly to form aggregates in sIBM 

and a pathophysiological role is hypothesized (137). Recently, attention has been drawn to an 

sIBM- specific pattern of p62 staining that can be used diagnostically (138). SIBM is thus the only 

inflammatory myopathy where a role and specific morphology for p62-positive aggregates has 

been described. Therefore, sIBM was chosen as comparison partner for IMNM, as the present 

analysis has shown that IMNM is another IIM where a distinct p62 pathology seems to play a 

crucial role. 

For mRNA expression levels, both IMNM patients and sIBM patients showed significantly 

increased mRNA levels of LC3 when compared with non-diseased control patients (up to 20-fold 

in IMNM and up to 10-fold in sIBM, Figure 16). On comparing IMNM and sIBM, similar levels 

of LC3 and p62 were found, and no increase in p62 expression compared with NDC was discerned 

in either group (Figure 16).  
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Figure 16 Similar mRNA expression levels of autophagy markers in IMNM and sIBM  

No significant differences in mRNA expression levels of autophagy-related genes were found between IMNM and sIBM patients. 

Compared with NDC, IMNM patients showed significantly increased levels of LC3 (up to 18-fold), indicated by the asterisks. 
Equally, sIBM patients showed significantly higher mRNA levels of LC3 compared with NDC. Neither IMNM patients nor sIBM 

patients showed increased expression of p62. Statistical analyses between either of the groups with NDC was performed using the 

Kruskal-Wallis one-way ANOVA with Dunn´s multiple comparison test, one asterisk represents a p < 0.05 and two asterisks a p < 

0.005. The Mann-Whitney U-test was applied for comparing mRNA fold-change expression of IMNM vs sIBM. The dotted line 

indicates expression level of respective genes in NDC group (= 1-fold expression). 

On the morphological level, however, striking differences were present. As shown in Figure 17 D-

F the p62 deposits in sIBM appeared as coarse, thick puncta, localized throughout the cytoplasm, 

close to the periphery or around the nucleus. In contrast, p62 in IMNM skeletal muscle fibers was 

distributed in a diffuse manner throughout the entire sarcoplasm as very fine puncta with slight 

emphasis on the periphery of the myofibers (Figure 17 A-C). 
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Figure 17 Distinct differences in the morphology of p62 in myofibers of IMNM versus sIBM patients 

A-C: p62 in IMNM muscle biopsies is distributed as very fine puncta evenly throughout the entire sarcoplasm. D-F: p62 in sIBM 

muscle biopsies appear as coarse circumscribed deposits in the sarcoplasm (arrow in E, myofiber magnified in box; F), 

surrounding vacuolar structures (arrows in D) close to the sarcolemma (F) or surrounding the nucleus (arrows in F).



62 

 

4.10. Chaperone-assisted selective autophagy in IMNM and sIBM 

Since p62 is a robust marker for selective autophagy processes and plays an integral role in the 

chaperone-assisted selective autophagy (CASA) pathway shown to be essential for muscle fiber 

integrity and function, a more detailed analysis of CASA-related proteins in IMNM skeletal 

muscle biopsies was conducted. 

On the histopathological level, as the main chaperone proteins involved in CASA, BAG3 and 

HSP70 show a positive staining reaction in IMNM muscle fibers (Figure 18), not seen in NDC 

patients´ muscle tissue (data not shown). HSP70 appears diffusely distributed throughout the 

sarcoplasm (Figure 18 A, B) and stained the sarcolemma of vacuolated fibers (Figure 18 C). BAG3 

also shows diffuse sarcoplasmic immunoreactivity (Figure 18 D), as well as subsarcolemmal 

staining (myofibers indicated by arrows in Figure 18 E, F). 
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Figure 18 IMNM skeletal muscle biopsies stain positively for CASA key proteins HSP70 and BAG3  

Myofibers of IMNM patients show diffuse sarcoplasmic staining with HSP70 (A-C) and diffuse sarcoplasmic (E-F) as well as 
sarcolemmal staining (arrows in D and E) with BAG3, two of the main proteins involved in chaperone-assisted selective autophagy 

(CASA). 

Upon analysis of serial sections of the same IMNM skeletal muscle biopsy, the deposition of p62, 

HSP70, BAG3 and another small heat shock protein, αB-Crystallin in the same myofiber revealed 

itself, as shown in Figure 19 A-D (the image in the box shows an amplification of the myofiber 
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pointed at by the arrow). In addition, double immunofluorescence stains showed a co-localization 

of p62 with HSP70 (Figure 19 E), BAG3 (Figure 19 F) and αB-crystalline (Figure 19 G).  

 

 

Figure 19 – Legend on next page –  
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Figure 19 Co-localization of p62 with CASA-related proteins and the chaperone αB-Crystallin in IMNM muscle fibers 

A-D: Staining of the same myofibers (arrows; magnified in detail) with p62, HSP70, BAG3 and αB-Crystallin in serial sections of 

an IMNM skeletal muscle biopsy. E-G: Immunofluorescence staining reveal co-localization of p62(red) with HSP70 (green) (E), 

p62 (red) with BAG3 (green) (F) and p62 (red) with αB-Crystallin (green) (G). 

On the mRNA level, BAG3 expression in IMNM patients is comparable with that in non-diseased 

control patients. This is also the case for HSPA8 and HSPB8. Interestingly, CRYAB levels were 

increased by up to two- to threefold compared with NDC, although not statistically significant.  

When comparing gene expression levels of these CASA-related molecules of IMNM with sIBM, 

no significant differences were present for CRYAB, HSPA8 or HSPB8. However, the muscle tissue 

of sIBM patients showed significantly lower BAG3 mRNA levels than the  skeletal muscle biopsies 

of IMNM patients (Figure 20). 

 
Figure 20 Relative mRNA expression of CASA-related genes in IMNM and sIBM 

BAG3 mRNA levels in IMNM skeletal muscle biopsies are comparable with those in NDC. However, BAG3 expression is 

significantly decreased in sIBM patients when compared with V+ IMNM patients (p = 0.0328). For CASA-related genes CRAYB, 

HSPA8 and HSPB8 no significant differences between IMNM and sIBM patients were found. The Mann-Whitney U-test was applied 
for comparing mRNA fold-change expression of IMNM vs sIBM. The dotted line indicates expression level of respective genes in 

NDC group (= 1-fold expression). 
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Since ER stress induced genes are upregulated in IMNM, and ER stress related mechanisms have 

been described in sIBM (136), ER stress gene transcripts of IMNM with sIBM were compared. In 

that analysis, up to 4 to 6-fold higher levels of XBP1 and EDEM1 in sIBM compared with NDC 

were found. Compared with the equally elevated levels of these transcripts in IMNM, there was 

no significant difference (Figure 21). 

 

 
Figure 21 ER stress response genes are equally upregulated in IMNM and sIBM 

MRNA transcript levels of ER stress response effector genes XBP1 and EDEM1 are significantly upregulated in IMNM and sIBM 

patients muscle tissue compared with NDC (asterisks, p <0.05). No significant differences between IMNM and sIBM were present 
in this analysis. Statistical analyses between either of the groups with NDC was performed using the Kruskal-Wallis one-way 

ANOVA with Dunn´s multiple comparison test. The Mann-Whitney U-test was applied for comparing mRNA fold-change expression 

of IMNM vs sIBM. The dotted line indicates expression level of respective genes in NDC group (= 1-fold expression). 

4.11. Connection of immunologic processes to CASA 

The next question was to gain an understanding of the relationship between Chaperone-assisted 

selective autophagy and the immunologic processes that take place within the muscle of IMNM. 

In order to achieve this, double immune fluorescence stainings were performed that showed a co-

localization of sarcoplasmic p62 and MHC class I (Figure 22). MHC class I+ fibers did not always 

show p62-positivity and vice versa (data not shown).  
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Figure 22 Co-localization of p62 and MHC class I in myofibers of IMNM patients 

Immunofluorescence stainings for p62 (A) and MHC class I (B) show a clear sarcoplasmic co-localization in myofibers of IMNM 

patients (C). 

5. Discussion 

Vacuolar structures of different origin are a common feature in several acquired or hereditary 

myopathies, and can, upon their analysis, give valuable clues about disease pathophysiology and 

help in developing targeted therapies. For example, vacuoles form in infantile-onset Pompe 

disease, due to the lack of acid alpha-glucosidase (GAA) and the subsequent accumulation of 

glycogen and lysosomal debris (37). By substitution of human recombinant GAA, which is 

available as a treatment option since 2006, a decrease of intracellular glycogen aggregates can be 

noted. More importantly however, overall life expectancy, ventilator-free survival as well as motor 

skill development of affected patients increased significantly in this previously lethal condition. 

(139, 140) In Danon disease and X-linked myopathy with excessive autophagy (XMEA), the 

nature of the vacuoles helped in drawing conclusions on the underlying pathology (LAMP2 

deficiency in Danon disease and V-ATPase dysfunction in XMEA, respectively) and can therefore 

be useful in promoting treatment options: a gene therapy phase 1 study for Danon disease is 

currently recruiting (141) (142). Identifying the cause for vacuole formation is therefore essential 

and can have a direct impact on therapeutic possibilities. 

In IMNM, the presence of vacuoles has been mentioned in the literature and is apparent in a 

diagnostic context, albeit not yet described or analysed in more detail (30-33). As the present 

results show, vacuoles are indeed a very common histopathological feature of IMNM, being 
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present in more than three quarters of the analysed IMNM skeletal muscle biopsies. In order to 

understand the role of vacuoles and the reason for their formation in the pathophysiology of 

IMNM, first the differences between vacuole negative (V-) and vacuole positive (V+) patients 

regarding the histopathological hallmarks of IMNM were investigated. The analysis revealed 

significantly more necrotic myofibers and fibers undergoing myophagocytosis in V+ skeletal 

muscle biopsies, whereas the number of regenerating fibers was similar in both subgroups. This 

could imply that 1) biopsies containing vacuoles are more severely affected by the underlying 

pathophysiologic processes with increased cellular turnover or that 2) vacuoles are an expression 

of a longer course of disease. Consequently, regenerating processes are as active as in a shorter 

disease duration but no longer effective anymore, leading to damaged, vacuolated myofibers 

through incomplete regeneration. Investigating the inflammatory status in V+ and V- IMNM 

skeletal muscle biopsies, CD68+ macrophages were found to be the most common infiltrating cells 

in both IMNM groups with a trend towards higher numbers of macrophages in V+ patients. This 

trend was confirmed when analysing the presence of all leucocytes via staining for the leucocyte 

common antigen CD45, which shows significantly higher numbers of leucocytes in V+ compared 

to V- IMNM skeletal muscle biopsies. Macrophages, as major players in the innate immune system 

are present in all tissues of the body where they inherit tissue-specific functions (e.g. microglia in 

the central nervous system or osteoclasts in the bone). Correspondingly, a small number of 

macrophages reside in the endo- and perimysium of muscle fibers, adopting an indispensable role 

for muscle repair and regeneration under physiological and pathological conditions. Upon muscle 

damage like exercise-induced microlesions, pathogen invasion or experimentally induced sterile 

myofiber injury resident macrophages are responsible for the first, immediate response. Cytokines 

produced by resident macrophages as well as intracellular components and myokines released 

from damaged myofibers act as so-called damage-associated molecular patterns (DAMPs) and 

lead to the recruiting of blood monocytes. Subsequently, these differentiate into macrophages and 

take over different functions in the injured muscle. (143, 144)  By release of a number of pro-

inflammatory cytokines these macrophages at first induce an “inflamed state” of the muscle that 

is, however, essential for the complete functional regeneration of the muscle (145, 146). The 

reconstitution of the damaged muscle tissue includes phagocytosis and the disposal of impaired 

myofibers and cellular debris, repair and synthesis of components of the extracellular matrix by 

additional activation of fibroblasts and, also via secretion of cytokines and growth factors, the 

initiation of myofiber regeneration by myoblast proliferation and later differentiation into mature 

myotubes (147).  
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The number of macrophages present in the muscle after an injury has been shown to increase with 

time and depending on the type of injury (147), possibly indicating a longer course of disease in 

V+ patients skeletal muscle tissue displaying more leucocytes/macrophages. On the other hand, 

higher numbers of macrophages in V+ skeletal muscle biopsies could also be a phenomenon 

associated with the significantly higher amount of necrosis in this group, as it has been shown in 

cardiotoxin-induced myofiber damage: macrophages surround necrotic fibers after invasion and 

stay within the muscle until regeneration was completed (148). A direct myodestructive role of 

macrophages in IMNM is suggested by a recent study by Allenbach et al. (124). Hence, 

macrophage invasion in IMNM might be a reason for or a result of the variable number of necrotic 

fibers in V- and V+ patients with no specific relation to vacuole formation. Interestingly, in both 

of the analysed IMNM subgroups macrophages were present not only in the proximity of necrotic 

or regenerating fibers as for example in the study of Martinez et al. (148), but distributed between 

normal appearing myofibers. 

A major role in the correct and finely balanced sequence of injury and inflammation followed by 

repair mechanisms and regeneration is achieved by the differential development of the infiltrating 

macrophages. Macrophages can be classified according to their activation modus into M1 

polarized or M2 polarized macrophages. IFNγ and TNFα, cytokines released by T-helper cells 

Type 1 (Th1) are thought to stimulate macrophages towards an M1 phenotype. Thus, blood 

monocytes differentiating into M1 polarized macrophages are, in addition to resident 

macrophages, among the first immune cells at the site of muscle damage. They promote the initial 

pro-inflammatory state by expression of inducible nitric oxide synthase (iNOS) and secretion of 

TNFα, IL-6, IL-1β and GCSF. These cytokines have been shown to be major satellite cell 

proliferation stimuli while at the same time inhibiting terminal myoblast differentiation. After the 

first wave of inflammation and immune cell recruiting, this state must subside in order to allow 

completion of the regeneration processes. This is achieved by transition of M1 polarized 

macrophages into so-called M2 polarized macrophages that exhibit a rather anti-inflammatory 

phenotype. M2 macrophages secrete mainly IL-10 and thereby facilitate myoblast differentiation 

and myotube fusion as well as further tissue repair and neoangiogenesis. (144, 147)  

These different sets of activated macrophages have been shown to be induced by distinct Th1- and 

Th2-derived cytokines in vitro but the exact mechanisms of phenotype transition are unknown, 

and in vivo circumstances deviate highly from in vitro conditions, so a determined separation of 

phenotypes seems questionable. Thus, it is now widely accepted that both kinds of macrophages 
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and additional subtypes exist within a spectrum of activation modes and do not exclude each other 

in presence. (149)   

The present analysis revealed more than tenfold increased mRNA levels of Th1-released cytokines 

IFNγ and TNFα and of M1 secreted cytokines IL-6 and IL-1β in V+ patients´ skeletal muscle 

tissue when compared with non-diseased control patients. Likewise, mRNA levels of Th2/M2-

related cytokines like CD206, IL-4 receptor and TGFβ were significantly increased in V+ patients 

compared with non-diseased control patients. These results demonstrate that M1-promoted pro-

inflammatory effects and repair mechanisms as well as M2-induced attenuation of inflammation 

and completion of the regeneration processes take place at the same time in IMNM muscle. This 

supports the idea that a continuously present trigger for immune cell activation exists within the 

muscle, possibly hampering the completion of repair processes. Comparing V+ and V- IMNM 

patients, no significant differences in the expression levels of Th1/M1-related cytokine transcripts 

could be observed, which indicates that irrespective of the presence of vacuoles the same degree 

of pro-inflammatory environment within the muscle is present. Interestingly, this is not the case 

for any of the Th2/M2-related cytokine transcripts investigated. In contrast, significant differences 

could be observed between V- and V+ IMNM patients regarding the M2-associated molecules 

CD206 and IL-4 receptor, with mRNA all of these being expressed at significantly higher levels 

in V+ patients. Since M1-derived chemokines are upregulated to a similar extent in both groups, 

the significant higher expression of M2-related molecules in V+ compared to V- patients appears 

to be independent of the initial M1 presence and signifies a notable difference between the two 

groups. Increased activity of M2 macrophages in V+ skeletal muscle biopsies might reflect either 

a higher or prolonged anti-inflammatory state possibly due to insufficient suppression of the initial 

inflammation. Alternatively, a dysregulation in the orchestrated process of M1 and M2 activation 

and transition leading to a faulty M2 persistence might be the reason for higher levels of Th2/M2-

related transcripts and result in chronic muscle damage. The up to 40-fold increased expression of 

TGFB in V+ IMNM muscle biopsies is another indicator of a constant cellular immune response 

that is significantly more pronounced in V+ patients. TGFβ is an immune-modulatory cytokine 

secreted by macrophages and other inflammatory cells, which, by influencing T cell 

differentiation, plays an important role in balancing pro- and anti-inflammatory reactions (150, 

151). As TGFβ stimulates fibroblasts and has been associated with the development of fibrotic 

diseases in in vivo models (e.g. scleroderma, pulmonary fibrosis, hepatic fibrosis) (152, 153). It 

also causes fibrotic remodelling of injured skeletal muscle and inhibits proper muscle regeneration 

(153-155). In line with this, Mendias et al. (156) have demonstrated how TGFβ can mediate 
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muscle fibrosis, myofiber atrophy and reduction in contractile strength. Therefore, increased 

TGFB levels in IMNM patient muscle could be a reason for myofiber damage and possibly lead 

to vacuole formation. However, since fibrosis is not a histopathological sign of IMNM and the 

modulating role of TGFβ in context of inflammation is also eminent, I propose that increased 

TGFB levels are a “side effect” of the occurring immune response and immune cell invasion in 

IMNM muscle, and are an expression of the inflammatory environment within the muscle rather 

than a causing agent. 

The presence of CD8+ cytotoxic T cells has been described in IMNM and at times been implicated 

in the immune-mediated origin of myofiber damage (129), although others claim that the minimal 

number of T cells in contrast with high numbers of necrotic fibers disfavour the role of T cells in 

IMNM pathogenesis (157). In the present group of analysed IMNM patient biopsies, CD8+ 

cytotoxic T cells were found in 93% of all skeletal muscle biopsies (which is in contrast to other 

findings with only 50% of the biopsies containing CD8+ T cells (123)), although most patient 

biopsies contain only single or few CD8+ T cells focally. Regarding localization, CD8+ T cells 

were often found in proximity of necrotic or regenerating fibers, although this was not exclusively 

the case. The number of T cells was similar in both V- and V+ IMNM patients, demonstrating that 

vacuole formation is not related to T cell mediated cytotoxic effects. In line with this, sarcolemmal 

or sarcoplasmic MHC class I expression on non-necrotic myofibers was found in comparable 

numbers in both V- as well as V+ skeletal muscle biopsies, ranging from focal areas of MHC class 

I expressing myofibers to more than 60% of all fibers in one biopsy expressing MHC class I on 

the sarcolemma. MHC class I upregulation on myofibers is a common, but not a specific, 

phenomenon of idiopathic inflammatory myopathies that can be used diagnostically (158, 159). 

Pathological MHC class I upregulation in different tissues has been proposed as a potential starting 

point of autoimmune diseases. Likewise, it has been suggested and supported by murine in vivo 

studies, that an aberrant MHC class I expression on myofibers could pose the underlying pathology 

of inflammatory myopathies by triggering an MHC class I/T cell mediated immune response and 

thereby causing autoimmunity (160). An association of T cells with MHC class I-expressing 

myofibers and a consecutive T cell/perforin mediated cytotoxicity has been illustrated in 

Polymyositis (161). In PM, T cells show explicit invasion into the muscle fibers, whereas in IMNM 

T cells are distributed in the perimysium, hence making a direct T cell mediated myofiber damage 

seem unlikely. Given the consistency and not too scarce presence of CD8+ T cells in the analysed 

IMNM skeletal muscle biopsies, the hypothesis of T cell originating chemokines (IFNγ) taking 

part in myofiber damage but not through direct MHC class I/T cell interaction can be favoured. 
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Myofiber damage in IMNM due to humoral processes has been brought forward by different 

investigators based on several observations. The presence of the IMNM-specific autoantibodies 

against SRP and HMGCR molecules, which in case of HMGCR positively correlate with CK 

levels and negatively with muscle strength, strongly supports a pathogenic role. Secondly, the 

upregulation of C5b-9 on normal appearing myofibers underlines this hypothesis by suggesting an 

antibody/complement mediated process. Additionally, a cytotoxic effect of anti-SRP+ serum on 

myoblasts has been demonstrated and more recently, two studies revealed evidence for direct 

complement-mediated myofiber damage via IMNM-patient derived antibodies (124-126). B cells 

and plasma cells, although rare, have been observed in IMNM skeletal muscle. Furthermore, the 

beneficial effects of intravenous immunoglobulin, plasmapheresis and B cell depletion via 

Rituximab hint at humoral mechanisms playing a role in IMNM. I investigated whether plasma 

cell presence could be correlated with the presence of vacuoles, hence pointing at a specific 

vacuole formation mechanism. Small numbers of plasma cells were present in most of both 

analysed IMNM subgroups and no significant differences in the amount could be observed 

between V- and V+ patients, indicating that vacuole formation is not affiliated with a 

humoral/plasma cell-mediated process. It could be discerned, however, that two biopsies with high 

numbers of plasma cells (50 and 100 plasma cells/10 HPFs) were found in the V+ group, possibly 

reflecting a stronger inflammatory reaction in these patients with recruitment of more immune 

cells. The high number of plasma cells might also represent a generally greater involvement of 

humoral immunity in these patients. The analysis of the B cell chemoattractant CXCL13 supports 

a role of humoral immunity in IMNM pathology, as CXCL13 mRNA levels were increased in both 

IMNM subgroups when compared with NDC; up to 200-fold higher in V+ and 20-fold higher in 

V- patients. This complements existing data showing CXCL13 upregulation in IMNM patients, 

though Anti-synthetase syndrome patients were included in that study as well (129). High CXCL13 

transcript levels were for the most part reflected by high numbers of plasma cells in the biopsy, 

proving a functional presence of plasma cells in situ. Regarding complement deposition, positive 

staining for C5b-9 on non-necrotic fibers was observed in both subgroups, supporting existing data 

and possibly implying complement-mediated cytotoxicity. However, this mechanism does not 

seem to be the causing agent for vacuole formation in IMNM, since no significant difference in 

the pattern or degree of complement deposition between V- and V+ patients was present nor was 

C5b-9 reactivity specifically found on vacuole containing myofibers. As observed with infiltrating 

immune cells, more V+ patients displayed a high number of diffusely distributed myofibers with 

a strong MAC deposition on the sarcolemma, possibly reflecting a stronger immune response, 

more severe affection or an advanced course of disease. No specific association of either 
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infiltrating cells, complement or MHC class I deposition with vacuole-containing myofibers was 

found, suggesting that these immune mechanisms are not directly involved in vacuole formation. 

Nevertheless, it should be kept in mind that others have found cues for direct antibody-complement 

induced myofiber destruction (124-126). Notwithstanding, the presented data strongly suggests 

that vacuoles are not a distinct expression of that process but rather a sign of general affection. 

In order to assess the origin of the vacuoles detected in skeletal muscle tissue of IMNM patients, 

different proteins physiologically found on or associated with the sarcolemma of muscle fibers 

were analysed. Sarcolemmal features in vacuoles can be a distinct characteristic and are even 

name-giving for a group of vacuolar myopathies (44). However, most vacuoles in IMNM showed 

no presence of the sarcolemmal proteins β-spectrin and no enzyme activity of acetylcholine 

esterase. In AVMs with AVSFs staining of vacuoles with these and other sarcolemmal proteins 

was a constant phenomenon and especially the reactivity of AchE led Sugie and colleagues to 

hypothesize that AVSFs are formed de novo and are not derived from the sarcolemma (44). The 

absence of sarcolemmal features in IMNM vacuoles therefore implies that the vacuoles are not 

derived from the sarcolemma nor are they enclosed membrane-surrounded cavities, and thus 

cannot be counted among AVM with AVSFs.  

A multiplicity of myopathies with abnormal protein aggregation are known, including myofibrillar 

myopathies, distal myopathies and hereditary IBM (162). Desminopathies and sIBM are only two 

examples in which pathologic protein accumulation and vacuole formation are simultaneously 

present and are strongly asserted to depend on each other (162, 163). Therefore, I hypothesized 

that vacuole formation in IMNM is also related to protein aggregation. However, the analysis of 

common aggregate-prone proteins (FUS, TDP43, amyloid and phosphorylated tau) revealed no 

presence of these molecules in either vacuolar structures or myofibers in general, leading to the 

rejection of this hypothesis. 

The degree of lysosomal-associated membrane protein Type 2 (LAMP2) immunostaining is 

increased in myofibers of both IMNM subgroups compared with non-diseased controls with no 

differences between the V- and V+ subgroups. This excludes vacuole formation as a consequence 

of autophagosome build-up due to a LAMP2 deficiency as in Danon disease. Increased LAMP2 

immunopositivity is not specifically present in vacuolated fibers or found within vacuoles, as in 

sIBM and distal myopathy with rimmed vacuoles (DMRV), implying that vacuoles in IMNM also 

do not originate from the lysosomal compartment (164). In contrast to Vittonato et al. (34), in the 

present study LAMP2 staining was observed not only in necrotic but also in normal appearing 
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IMNM myofibers, a finding indicating a possible involvement of lysosome turnover in IMNM 

pathophysiology. That vacuole formation is directly related to an excess of lysosomes is unlikely, 

since no differences in LAMP2 expression in V- versus V+ patients was detected nor could a lining 

of vacuoles with LAMP2 be observed (data not shown). 

Since the hypothesis that abnormal protein aggregates or lysosomal pathology are reason for 

vacuole formation in IMNM could be rejected, other possible mechanisms causing these 

intracellular defects were to be investigated. The observation of strong staining for LAMP2, 

though not associated with vacuoles, indicated the presence of lysosomes and implied that cellular 

protein degradation pathways resolving in the lysosomal compartment could be altered in IMNM. 

Thus, autophagy, the main intracellular pathway cumulating in lysosomal degradation and one that 

is involved in other myopathies, could be involved in IMNM pathophysiology and might lead to 

vacuole formation. The obtained findings strongly corroborated the hypothesis that autophagic 

processes are modified in IMNM, showing myofiber immuno-positivity for the autophagy proteins 

LC3 and p62 in the majority of IMNM patient biopsies, which is not present in healthy control 

muscle. The distribution of LC3, which is an essential component of the growing phagophore, and 

of p62, the adaptor protein between the autophagosome and its dedicated cargo, was found in a 

diffuse punctate pattern of variable intensity throughout the entire sarcoplasm. Physiologically, 

this expression of autophagosome-related proteins was not observed, leading to suspicion of a 

defect or alteration in the autophagy process in IMNM. But how to interpret these findings? The 

increased staining could be caused by an increased autophagic activity or the disruption of the 

process at some point. This would prohibit correct disassembly and recycling of autophagosomes 

and their components LC3 and p62; subsequently leading to their accumulation.  

One can find abundant literature about the investigation, monitoring and pitfalls of autophagy in 

cell culture models (135, 165-167). However, under stationary conditions as was the case in the 

present study with tissue acquired from patients for diagnostic reasons, autophagy mechanisms are 

more difficult to analyse. Although many limitations remain, several studies aimed at validating 

an immunohistochemical staining protocol have shown that LC3-B and p62 IHC, as in the present 

study, can be used to monitor autophagy in frozen or formalin-fixed paraffin embedded (FFPE) 

tissue (53, 168, 169). Schläfli et al., for example, could show that specific and reliable staining for 

LC3-B and p62 on FFPE tissue is possible and conclude that “applying LC3B and p62 IHC on 

single tissue samples and tissue collections may be a valuable tool for determining the impact of 

autophagy on human diseases…” (169). Taking this study into account, the presence of the 
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cytoplasmic p62-positive puncta in IMNM patient myofibers can be reliably interpreted as a sign 

of the involvement of autophagy.  

In patients treated with drugs known to inhibit autophagy and cause myopathy  (chloroquine, 

hydroxychloroquine or colchicine), p62 and LC3 staining on formalin fixed paraffin embedded 

(FFPE) muscle tissue showed a finely dotted pattern in some fibers, similar to the staining pattern 

observed in IMNM patients muscle biopsies of the present study (53). In the same study, the 

authors were able to show that p62 protein levels were increased and the detected LC3 staining in 

IHC corresponds to an autophagosome-specific LC3 increase in drug-treated patients (53). 

Accordingly, the discoveries on hand of variable punctate staining of p62 and LC3 in 

immunohistochemical studies of IMNM myofiber robustly represent the presence of 

autophagosomes. FFPE tissue of autophagy-deficient (Atg7 or Atg5 knockout) mice shows an 

accumulation of p62 positive puncta (170) and inhibiting autophagy via bafilomycin (hinders 

fusion of autophagosome with lysosome) leads to an increase of p62 accumulations compared to 

starvation (= autophagy-inducing) conditions in lung cancer cells (169). Equally, formation of LC3 

puncta increased upon bafilomycin treatment (169). Thus, the present findings of punctate p62 and 

LC3 staining in IMNM skeletal muscle biopsies indicate a failure to complete the regular 

autophagy process, where the involved proteins that themselves are degraded via autophagy 

accumulate (86, 169, 170). This hypothesis of disturbed completion of autophagy is supported by 

the gene expression analysis showing no change in p62 expression, as Komatsu et al. have shown 

that p62 mRNA levels remain unchanged in tissue of Atg7-deficient mice (Atg7 is essential for 

autophagy in mice) while p62 puncta appear (170). Also, the gene expression analysis revealed no 

increase in mRNA levels of BECLIN and ULK1, both involved in the initiation of autophagosome 

formation in IMNM patients compared with healthy controls. These results, however, have to be 

interpreted with caution regarding p62 mRNA expression as a marker for autophagy induction or 

inhibition, since it is involved in a number of cellular tasks besides its autophagy adaptor function 

and underlies a complex posttranslational modification (83, 171). Intriguingly, on the other hand, 

is the significant increase in LC3 transcript levels in IMNM patients compared with NDC, which 

could indicate that an increased need for autophagosome formation exists. These results suggest 

that induction of autophagy is taking place regularly or slightly increased, indicated by 

significantly increased LC3 levels but autophagosomes (solidly marked by LC3 IHC) and p62-

bodies remain in the cytoplasm. Thus, selective cargo binding or further autophagosome 

processing or substrate recycling is hindered. Curiously, no ubiquitin aggregates were found in the 

present analysis, as other studies investigating the comportment of p62 and LC3 in autophagy 
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deficiency reliably show (170). Parallel to the presented data the group of Girolamo at el. also 

showed a significant expression of LC3 and p62 in IMNM when compared to DM and PM. They 

also observed a high proportion of ubiquitin+ cells, a finding that in this study could not be reported. 

(172) 

With respect to the presence of vacuoles, a similar degree of LC3 staining in the histopathological 

analysis of both V- and V+ IMNM patients was found, but a significantly higher number of 

myofibers expressing p62 was observed in V+ patients. Regarding the mRNA expression of p62 

and LC3, no significant differences between V- and V+ IMNM patients were identified.   

Since both subgroups expressed the proteins in a non-physiological manner and no difference 

between transcript levels of autophagy-related genes was found between the subgroups, one can 

deduce that autophagy does indeed play a role in IMNM pathology, as also proposed by Girolamo 

et al., but does not sufficiently explain vacuole formation. Moreover, autophagosome-resident 

proteins p62 and LC3 were not specifically found in or around vacuolar structures but distributed 

diffusely in normal appearing myofibers, also indicating that vacuoles are not derived from 

merging autophagosomes. The significant difference in the number of p62+ myofibers between V- 

and V+ patients might mean that in V+ myofibers underlying pathophysiologic processes are more 

pronounced. This complements the obtained data about the general histopathological and 

immunologic features, indicating vacuole formation as an expression of a more severe affection 

of V+ IMNM patients without vacuoles holding a causal role in IMNM pathophysiology. 

Since the hypothesis that autophagic processes directly lead to vacuole formation could not be 

confirmed, other major protein degrading pathways were explored to evaluate their role in IMNM 

pathogenesis and the development of vacuoles. Investigating ER stress related transcripts, it could 

be shown that the main ER stress response induced transcription factor XBP1 and the ERAD 

protein EDEM1, which is also induced upon ER stress (173) were both expressed at significantly 

higher levels in V+ patients compared with healthy controls. However, no significantly increased 

mRNA levels of GRP78, encoding for the protein in charge of the UPR initiation (binds all UPR 

effector proteins in an inactive state) or the ER stress induced cell death mediating transcription 

factor CHOP were found in either IMNM subgroup when compared with non-diseased control 

patients. These results suggest that ER stress response mechanisms, represented by increased UPR 

induced transcription factors are needed and present in IMNM. However, the lack of GRP78 and 

CHOP upregulation in the present IMNM subgroups, which in contrast is found in studies about 

ER stress in PM, DM, sIBM patients and transgenic mice overexpressing MHC class I (112, 136) 



77 

 

could signify that the activation of ER stress response pathways is relatively moderate in IMNM. 

The elevated levels of ER stress gene transcripts are especially interesting in IMNM because of 

the pathognomonic autoantibodies against SRP and HMGCR in IMNM, two structures both 

present on the ER. One can therefore suggest that autoantibodies binding to ER structures (SRP, 

HMGCR or unknown antigens in seronegative patients) cause ER stress (174). Overwhelming ER 

stress, in any case, most likely does not contribute to vacuole formation, as no significant 

differences in the mRNA levels of analysed UPR-related genes between V- and V+ IMNM patients 

were found. 

The immunoproteasome seemed to be another intriguing player for IMNM pathophysiology and 

possibly vacuole formation, as positive immunofluorescence staining for immunoproteasome 

subunits β1i and β5i was shown in IMNM (103). Interestingly, while Ghannam and colleagues did 

not find a significant increase in β1i and β5i expression compared with healthy controls, the present 

investigation showed significantly higher mRNA levels of β1i and β5i in V+ IMNM patients, as 

well as significantly higher levels of β5i in V- patients compared with healthy control patients. 

The discrepancy of the results between the two studies could be explained by the small IMNM 

patient group in the study of Ghannam et al. (n=6 vs. n=45 in the present study). Between the V- 

and V+ subgroup, no statistically significant differences in the transcript levels of β1i and β5i were 

found, which allows the conclusion that vacuoles in IMNM can most probably not be traced back 

to changes in the immunoproteasome system. Nevertheless, the immunoproteasome is activated 

in IMNM, which has been indicated by immunofluorescence data of another study and has now 

been supported by the present analysis. The main function of the immunoproteasome, being 

activated in inflammatory conditions upon the influence of IFNγ and TNFα, is the decomposition 

of intracellular proteins/antigenic material for subsequent presentation of produced peptides via 

MHC class I molecules on the cell surface. Thus, the immunoproteasome is regularly expressed in 

professional antigen-presenting cells but can be induced in almost all tissues under inflammatory 

conditions (175), facilitating antigen presentation as a response to a possible infectious attack. In 

line with this, Ghannam et al. proposed an association between the immunoproteasome and MHC 

class I expression in IIMs, based on their observation of co-localization between 

immunoproteasome subunits and MHC class I+ myofibers and myoblast culture experiments. 

Although the induction of the immunoproteasome in myoblasts and IIM muscle tissue is an 

interesting phenomenon and possibly related to pathological MHC class I expression on 

myofibers, a specific role in disease pathogenesis remains questionable. In contrast, an induction 

of the immunoproteasome in context of the prevailing inflammatory environment (high levels of 
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IFN and TNFα, which have been demonstrated to be strong inducers of the immunoproteasome 

(176, 177)) caused by macrophages and T cells seems more likely. It must be added that the 

increased levels of β1i and β5i found in the muscle tissue of   IMNM patients could partly be 

caused by the infiltrating immune cells that constitutively express immunoproteasome subunits.  

Summarizing the results up to this point, in virtually none of the analysed protein degradation 

pathways were significant differences present in the protein expression (as demonstrated by 

selected histopathological stains) or mRNA transcript levels of respective genes between V- and 

V+ IMNM patients. Moreover, vacuoles were not characterised by sarcolemmal features or related 

to abnormal intracellular protein aggregates. This leads to a rejection of the hypothesis that vacuole 

formation is a specific, disease related phenomenon that can be ascribed to a distinct intracellular 

degradation pathway, as is possible in other myopathies with vacuole formation. However, 

analysing the histopathological hallmarks of IMNM and the immune response in both subgroups, 

some significant differences were revealed. Although regeneration processes seem to be 

comparable in both subgroups, a higher amount of both necrosis and myophagocytosis in V+ 

skeletal muscle biopsies was present, which may point to a higher disease activity and severity in 

this group, manifesting itself in disintegration of myofibers. Supporting the hypothesis of vacuole 

formation as a collateral damage of more severe affection and higher disease activity in V+ patients 

is the present data showing a higher number of leucocytes in V+ skeletal muscle biopsies and 

significantly increased TGFB mRNA and markers of the M2/Th2-mediated immune response. 

Nevertheless, gene transcript level of the main markers of the M1/Th1-mediated immune response 

are highly increased in both subgroups and other immunological phenomena such as MHC class I 

expression and complement deposition are similarly high in both groups, which demonstrates their 

role in IMNM pathogenesis and indicates that severe inflammation exists prior to vacuole 

formation. Hence, it can be proposed that vacuole formation in IMNM is indeed a pathological 

feature (being present in almost 80% of IMNM skeletal muscle biopsies) but possibly represents 

a different disease stage or degree of severity. The correlation of vacuole formation with a more 

severe course of disease or longer disease duration would have to be confirmed by clinical data. 

Nevertheless, the peculiar expression pattern of the autophagy proteins LC3 and p62 intrigued me 

to further investigate this phenomenon. In this respect, the comparison of IMNM with sIBM, 

which is the first and only IIM in which the p62 expression pattern has been thoroughly 

investigated and proposed as a useful diagnostic feature (70, 138), was particularly interesting. A 

comparison with sIBM seemed auspicious also because protein aggregates in sIBM are shown to 

co-localize with p62 and other autophagy-related proteins (70, 178), emphasizing the role of 
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autophagy in sIBM and deeming p62 as a sensible starting point for a comparative investigation. 

Since the present exploration generally showed no significant differences between the V- and V+ 

subgroups, and vacuoles probably representative of the disease spectrum, both subgroups were 

combined for comparison with sIBM.  

Several studies, as well as the investigation on hand showed p62 in sIBM as prominent intracellular 

aggregates, displaying coarse, thick, round, “comma-shaped” or “squiggly” shapes up to 10μm 

(70, 137, 138). In striking contrast to that are the present findings of the distribution of p62 in 

IMNM myofibers. In IMNM, a diffuse distribution of p62 puncta throughout the entire sarcoplasm 

in 90% (n=54) of the analysed patients was found. All of them showed the same expression pattern, 

albeit the strength of p62 expression (meaning intensity of the staining) and the number of p62+ 

myofibers was variable. Another noteworthy difference between IMNM and sIBM was that in 

IMNM p62 expression was not only found in smaller, irregular but also in rather normal appearing 

myofibers, whereas in sIBM p62 aggregates were mainly found in vacuolated fibers (70) or 

abnormally shaped fibers, although presence in normal appearing muscle fibers was also noticed 

(137).  

P62 inherits several important functions within the cell that are mediated and can be well-explained 

via its different domains. P62s main cellular role, however, lies in its function as an adaptor protein 

for autophagic processes, which is reflected by three of its domains related to that purpose. The 

N-terminus of p62 contains a PB1 domain that facilitates its self-polymerization into helical 

structures, possibly building a scaffolding structure for autophagosome formation (88). The 

interaction of p62(-helices) with the growing phagophore is facilitated via its LC3-interacting 

region (LIR) domain that binds to LC3 via hydrophobic effects (179). Last but not least, in the C-

terminus of the protein a ubiquitin-associated (UBA) domain is present, which connects p62 to 

mono- or polyubiquitinated proteins (179). Thus, as described above, p62 acts as a main 

connecting element between ubiquitin-labelled, degradation prone aggregates and the forming 

autophagosome, possibly even aiding in its correct assembly. For sIBM, it has been hypothesized 

that defective/insufficient binding of p62 with its cargo attached to LC3, impedes its transportation 

to and subsequent degradation by the autophagosome, leading to the accumulation of p62 as well 

as its cargo, displayed as large intracytoplasmic chunks (137). The pathophysiology of sIBM is 

considered multifactorial and complex, but a central pathophysiological aspect commonly agreed 

on is that accumulation of misfolded proteins (namely APP, TDP43 and αSynuclein) in so-called 

“inclusions” contributes to myodegeneration and co-localization with autophagy-related proteins 

is often seen (70, 180-182). In IMNM a completely different expression pattern of p62 is present 
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and no deposits of common involved misfolded proteins are found, implying that autophagy and 

p62 processing are affected in a distinctly different way. Additionally, I did not find any ubiquitin 

positive deposits in IMNM. We can therefore conclude that a defect in the autophagy pathway 

must lie upstream of p62/ubiquitin binding or must be independent of that reaction.  

Interestingly, some authors report that p62 can deliver some substrates to selective autophagy 

without the Ub-recognition motif (183). Also, posttranslational modifications control the ability 

of p62 ability to either bind ubiquitin or to self-polymerize, thus self-polymerization of p62 is a 

possible explanation for the p62+Ub- puncta in IMNM (184).  

Consequently, it is possible that aggregates in sIBM comprise large p62-Ub+ conglomerates that 

are formed as a futile control mechanism upon the accumulating protein aggregates (185), whereas 

the fine puncta in IMNM might be small p62 oligomers that form without the binding of ubiquitin 

via self-polymerization. It has been shown in several studies using cell culture as well as murine 

models that impairment of the UPS, but also inhibition or absence of the autophagosomal pathway 

result in the accumulation of ubiquitin-positive aggregates (170, 186). A complete impairment of 

either the UPS or autophagy would therefore most likely lead to the accumulation of Ub+ 

aggregates, which I did not find in IMNM myofibers. The presence of the many very small p62 

positive puncta and the absence of ubiquitin reactivity in IMNM skeletal muscle biopsies indicates 

that p62 puncta do not form because of decompensated protein degradation systems. The cause for 

the observed distribution of p62 in IMNM patient muscle possibly lies further upstream before the 

formation of large aggregates at the beginning of its function in conveying single misfolded 

proteins towards the autophagic machinery. The question was therefore: Which p62 related 

pathways are important in skeletal muscle tissue and could be the reason for this peculiar p62 

expression pattern? The co-chaperone BAG3 was interesting in this context.  

BAG3 is part of a protein family of co-chaperones that closely interact with the mammalian 

Hsc70/Hsp70 chaperones (187). BAG3, a 75kDa protein, comprises several different amino acid 

motifs, two of which are essential for its function as a co-chaperone: the BAG-domain that binds 

ATP-dependent to the HSC/HSP70 chaperone and the IPV region that can bind the small heat 

shock proteins HSPB8, HSPB6 und HSPB5 (αB-crystalline) und HSPB1 (188). During recent 

decades, BAG3 has been shown to play an emerging role in different pathophysiological contexts 

as reviewed by Stürner and Behl (189, 190). As commented above, BAG3 also contributes to 

muscle disease, exemplified by severe myofibrillar and dilated cardiomyopathies caused by 

spontaneous genetic mutations (189), making it an interesting candidate for the present study. In a 
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process termed BAG3-mediated selective autophagy, the chaperone complex of BAG3, HSP70 

and HSPB8 feed ubiquitinated, misfolded proteins into the autophagic system via recruiting of 

p62. In cell culture models, BAG3 and its associated chaperones have been shown to relocate 

ubiquitin-labelled substrates to degradation by autophagy, if the proteasome is inhibited (191). 

During this process the cargo is sequestered in small agglomerates that appear as cytoplasmic 

puncta positive for BAG3, HSP70, p62 and ubiquitin (191), resembling our results with the 

staining pattern found in the IHC serial sections of IMNM patient myofibers and double 

immunofluorescence studies (174). 

In muscle tissue, BAG3 has been shown to obtain an additional, myofiber specific function: The 

maintenance of myofiber protein homeostasis by degradation of “used” Z-disc associated proteins 

in order to sustain normal muscle function (93, 95). This specific function of BAG3 in degrading 

myofiber protein has been termed chaperone-assisted selective autophagy (CASA). Strikingly, in 

our study staining for CASA-essential proteins BAG3, HSP70 and αB-Crystallin (HSPB5) 

revealed their expression in IMNM skeletal muscle fibers, which is not present in healthy controls 

(174). Similar to p62, diffuse distribution of BAG3, HSP70 and αB-Crystallin (HSPB5) within the 

entire sarcoplasm was observed, although for BAG3 only subsarcolemmal staining was often 

found. Serial section staining of a skeletal muscle biopsy of an IMNM patient demonstrated that 

the same fibers showed expression of p62, HSP70, αB-Crystallin and BAG3, indicating the 

presence of CASA/BAG3-mediated selective autophagy. Nonetheless, different fibers in one 

biopsy could be positive for either of the proteins, which could be owed to the fact that the CASA 

pathway does not take place synchronically in all fibers and was thus captured at different stages, 

where, for example, the association of HSP70 and BAG3 has already occurred but p62 has not yet 

bound. Immune fluorescence analysis showed that p62 and HSP70 strongly co-localized in the 

same punctate structures within the sarcoplasm and the co-localization of p62 and BAG3, though 

weaker, was also found. (174) This staining pattern in double immune fluorescence staining and 

of the IHC serial sections also resembles the results of the cell culture study of Minoia et al. 

showing the BAG3-mediated delivery of formerly “proteasome-clients” to the autophagosome. 

Sher and her colleagues introduced the model of “BAG-instructed proteasomal to autophagosomal 

switch and sorting” (BIPASS) via modulation of the BAG1/BAG3-ratio if the proteasome is 

inhibited or overloaded (191). Since no ubiquitin aggregates (“pathognomonic” for proteasome 

dysfunction) were found in myofibers of IMNM patients in this present investigation, one can 

assume that CASA/BAG3-mediated selective autophagy in IMNM is not activated due to extreme 

proteasome overload. Nevertheless, as upregulation of ER stress related as well as 



82 

 

immunoproteasome gene transcripts indicate, myofibers in IMNM are exposed to increased 

protein folding/turnover demands, which could lead to a preventive and/or compensatory initiation 

of a shift from proteasome-dominant to an autophagy-dominant handling of protein quality 

control. Gene transcripts of the involved chaperones BAG3, HSPA8 and HSPB8 are not altered in 

IMNM, which indicates that CASA is not transcriptionally upregulated. Yet, immunoreactivity for 

these proteins is found in the sarcoplasm, indicating that CASA is taking place but compensation 

mechanisms for arising protein processing are exhausted. 

In sIBM, we could show that BAG3 transcript levels are significantly decreased compared to 

IMNM (174), which has not been described in the literature before. Since in sIBM degenerative 

protein aggregation is postulated as one disease mechanism, one could speculate that low levels of 

BAG3 in that case reflect an insufficient proteasome to autophagy switch and could be part of the 

pathological processes that lead to protein junk build-up. Nakano et al. have proposed 

compromised selective autophagy in sIBM (137); an observation that might be complemented by 

the present findings of decreased BAG3 mRNA levels, which might be related to a possible  failing 

or insufficient autophagy in sIBM. For IMNM this could mean intact protein quality control 

systems that, upon increasing proteotoxic stress (like overboarding MHC class I production) 

induce BAG3-mediated selective autophagy to alleviate the UPS and increased degradation over 

the autophagic-lysosomal pathway. It is possible that this degradation pathway at one point 

exceeds in its turnover capabilities as well, which leads to the build-up of p62 due to slower self-

degradation via autophagy.  

Another possible factor explaining the diagnostically relevant differing p62 pattern between 

IMNM and sIBM might be a distinct involvement of CASA: a decreased function on the gene 

expression level in sIBM and an increased need for CASA in IMNM that cannot be met, leading 

to a processing error of p62 and Ubiquitin-independent polymerization and therefore the failure of 

completing the process. Interestingly, in addition to the coarse, sIBM-typical p62+ aggregates, 

Nakano et al. observed the formation of smaller, Ub- p62+ puncta and a p62-independent, diffuse 

LC3 staining, similar to the present results. According to their group, this phenomenon might 

develop due to other cell stresses independent of autophagy. (137) This remains a possible 

explanation for p62 deposits in IMNM as well, though the clear co-localization with CASA 

proteins leaves a CASA-related reason more likely.  
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Connection between inflammation, immune response and CASA 

Autophagy is induced under a number of different factors (192, 193), among which ER stress has 

been investigated as an inducer of autophagy, which was reviewed by Yang et al. (165). In 

different human tissue, the provocation of ER stress and the successive initiation of the UPR via 

oxidative stress or chemicals (i.e. Tunicamycin, Brefeldin A, Thapsigargin) leads to autophagy 

activation (194). The present study showed a significant transcriptional upregulation of essential 

ER stress response genes in the muscle tissue of IMNM patients (174). On the background of the 

other cited studies, this allows the assumption that ER stress in myofibers of IMNM patients could 

lead to the induction of autophagy, represented by increased LC3 mRNA as well as by LC3+ and 

p62+ staining pattern of myofibers. Comparing ER stress related mechanisms in both diseases, 

Vattemi et al. have shown that in sIBM essential effector molecules of the UPR are expressed in 

the sarcoplasm of myofibers. Additionally, these UPR effector molecules co-precipitate with 

AβPP and are associated with AβPP in immunofluorescence studies; thus, Vattemi et al. 

hypothesize that they might be involved in futile AβPP folding/degrading. (136) The present 

results showing significantly increased mRNA transcript levels of the UPR effector genes XBP1 

and EDEM1 in sIBM compared with NDC support the findings of Vattemi and his group of an 

activated UPR. Equally, XBP1 and EDEM1 levels are increased up to 2-4-fold in IMNM compared 

with NDC, indicating that here, too, the UPR is active (174). Relating this to the other results on 

hand, it seems highly likely that the processes leading to the activation of the UPR differ between 

IMNM and sIBM. As commented above and in our publication (174), a disease specific and 

probably pathophysiological important aspect in IMNM is the presence of autoantibodies (anti-

SRP, anti-HMGCR) (121), that bind to ER-resident antigens and could, by disturbing orderly 

protein folding, cause ER stress. In sIBM on the other hand, studies indicate that the UPR is 

activated as a result of misfolded proteins (i.e. AβPP, phosphor-tau, α-synuclein) (182), whereas 

in IMNM ER stress is the intracellular starting point of a pathologic cascade, leading to the 

initiation of CASA. Immunohistochemistry on serial sections, as well as double 

immunofluorescence studies, support the hypothesis of operating CASA in IMNM. Gene 

transcript levels of the involved chaperones BAG3, HSPA8 and HSPB8 are not altered, but 

immunoreactivity for these proteins is found in the sarcoplasm, indicating that normal CASA 

function is overwhelmed. This overstrain, as a result, leads to decompensation of the autophagy 

machinery, where components stay in the cytoplasm without being processed and self-

polymerization of p62 occurs. The role of BAG3 in IMNM seems to lie rather in its function as a 

part of the protein quality control systems upon increased proteotoxic stress than in direct 
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mediation of myofiber damage as in the BAG3-mutant myopathies. Strikingly, our results also 

suggest a connection between pathologic MHC class I presentation on myofibers and altered 

CASA, indicated by co-localization of sarcoplasmic p62 and sarcolemmal MHC class I (Figure 

22). As Kettern et al. have proposed, chaperone-mediated protein homeostasis mechanisms play a 

role in antigen presentation via MHC class I in professional antigen presenting cells (195). 

Transferring this to the present study could mean that the overburdened CASA mechanisms affect 

and possibly fuel MHC class I expression, and as a result “mark” myofibers for the immune 

system.  

As a synopsis of the histopathological and molecular findings in IMNM patients’ skeletal muscle, 

the following model can be proposed (modified from Fischer et al. (174)):  

 

Figure 23 Proposed pathomechanism in IMNM 

An inflammatory environment within the muscle with increased processing of putative antigens and MHC class I production poses 

enormous requirements for the protein folding machinery of the cell, leading to ER stress. Autoantibodies against the ER-resident 

molecules SRP, HMGCR and possibly other, not yet identified antigens in seronegative patients impede normal ER function and 

additionally cause ER stress. As a result, (insufficient) ER stress response mechanisms like the UPR are activated. In order to 
contain the increasing proteotoxic stress or within the framework of a proteasome-to-autophagy switch, CASA is initiated and 

starts autophagic degradation of misfolded proteins. Due to persistent ER stress as well as immunologic/inflammatory stress within 

the myofiber environment, autophagy processes are overwhelmed and regulatory mechanisms decompensate, leading to a vicious 

circle with MHC class I presentation, more inflammation and immunologic “attack” and more cell stress; eventually cumulating 

in myofiber necrosis.  
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6. Conclusion and outlook 

All in all, the present exploration revealed that vacuoles, although a common feature in IMNM, 

are not a specific phenomenon but probably an expression of a longer course of disease or sign for 

stronger disease activity. Further clinical studies could show whether IMNM patients harbouring 

vacuoles in myofibers upon diagnosis of the disease profit from earlier or intensified 

immunosuppressant therapy. For the first time, it has been shown that the autophagy protein p62 

is present in a specific pattern in IMNM skeletal muscle biopsies, which could be used for 

diagnostic means. This finding was shortly thereafter confirmed by Girolamo et al. (172). 

Additionally, this p62 pattern led to the discovery of BAG3-mediated selective autophagy as an 

important mechanism in IMNM that is closely linked to immunological events (174).   

Further studies need to be conducted in order to understand the exact relation between the immune 

response in the muscle and BAG3-mediated selective autophagy in IMNM. In this regard, 

investigating the mechanisms of   1) antibody/complement-reaction leading to ER stress and   2) 

the interconnection of ER stress and CASA in myoblast cultures would further elucidate the 

pathological processes in IMNM patients´ skeletal muscle. By illuminating the role of 

CASA/BAG3-mediated selective autophagy in IMNM, new therapeutic approaches via 

autophagy-modulating drugs could be unlocked that might be especially promising for 

immunosuppressant resistant IMNM patients. Concerning the different antibodies in IMNM 

patients, investigating the differential association of CASA with different serotypes could bring 

insight to the general understanding of IMNM as a still heterogeneous disease entity (196). 

Furthermore, special focus is needed on seronegative IMNM patients since they show a 

significantly higher risk for development of cancer within three years before and after a myopathy 

diagnosis (197). Also in this context BAG3 pathology might be of great interest, since its 

involvement in different kinds of malignancies has been shown (190). Taken together, shedding 

light on CASA and BAG3 pathology in IMNM unlocks many promising implications in disease 

understanding and the approach to new therapeutic options for affected patients.
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