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Mitochondrial damage is associated with an 
early immune response in inclusion body 
myositis
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Polymyositis with mitochondrial pathology (PM-Mito) was first identified in 1997 as a subtype of idiopathic inflamma
tory myopathy. Recent findings demonstrated significant molecular similarities between PM-Mito and inclusion body 
myositis (IBM), suggesting a trajectory from early to late IBM and prompting the inclusion of PM-Mito as an IBM pre
cursor (early IBM) within the IBM spectrum. Both PM-Mito and IBM show mitochondrial abnormalities, suggesting 
that mitochondrial disturbance is a crucial element of IBM pathogenesis.
The primary objective of this cross-sectional study was to characterize the mitochondrial phenotype in PM-Mito 
at histological, ultrastructural and molecular levels and to study the interplay between mitochondrial dysfunction 
and inflammation. Skeletal muscle biopsies of 27 patients with PM-Mito and 27 with typical IBM were included for 
morphological and ultrastructural analysis. Mitochondrial DNA (mtDNA) copy number and deletions were assessed 
by quantitative PCR and long-range PCR, respectively. In addition, full-length single-molecule sequencing of the 
mtDNA enabled precise mapping of deletions. Protein and RNA levels were studied using unbiased proteomic profil
ing, immunoblotting and bulk RNA sequencing. Cell-free mtDNA was measured in the serum of IBM patients.
We found widespread mitochondrial abnormalities in both PM-Mito and IBM, illustrated by elevated numbers of cyto
chrome c oxidase (COX)-negative and succinate dehydrogenase (SDH)-positive fibres and prominent ultrastructural 
abnormalities, with disorganized and concentric cristae within enlarged and dysmorphic mitochondria. mtDNA copy 
numbers were significantly reduced, and multiple large-scale mtDNA deletions were already evident in PM-Mito 
compared with healthy age-matched controls, similar to the IBM group. The canonical cyclic GMP–AMP synthase/ 
stimulator of interferon genes inflammatory pathway was activated in PM-Mito and IBM, and we detected elevated 
levels of circulating cell-free mtDNA indicative of mtDNA leakage. In PM-Mito and IBM, these findings were accom
panied by dysregulation of proteins and transcripts linked to the mitochondrial membranes.
In summary, we identified that mitochondrial dysfunction with multiple mtDNA deletions and depletion, disturbed 
mitochondrial ultrastructure and defects of the inner mitochondrial membrane are features of PM-Mito and IBM, 
underlining the concept of an IBM-spectrum disease. Notably, mitochondrial abnormalities precede tissue remodel
ling and infiltration by specific T-cell subpopulations (e.g. KLRG1+) characteristic of late IBM. The activation of inflam
matory, DNA-sensing pathways might be related to mtDNA release, which would indicate a significant role of 
mitochondria-associated inflammation in the pathogenesis of IBM-spectrum disease. This study highlights the cru
cial role of early mitochondrial abnormalities in the pathomechanism of IBM, which might lead to new approaches to 
therapy.
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Introduction
Polymyositis with mitochondrial pathology (PM-Mito), first identi
fied in 1997 as a subtype of idiopathic inflammatory myopathy, is 

characterized by significant mitochondrial abnormalities and in

flammation.1 Recently, we described a considerable histological 

and molecular overlap between PM-Mito and inclusion body myo

sitis (IBM).2 We showed that >90% of patients diagnosed with 
PM-Mito developed IBM in their later course, which was confirmed 

by follow-up biopsies several years apart, and we proposed inclusion 

of PM-Mito as an early form of IBM within the spectrum of IBM 

(IBM-spectrum disease, IBM-SD).2 Although specific inflammatory 
features and characteristic tissue damage of skeletal muscle, includ

ing protein aggregates and rimmed vacuoles, are less pronounced in 

PM-Mito compared with typical IBM, we observed a similar quantity 

and quality of mitochondrial abnormalities defined by light micros

copy [cytochrome c oxidase (COX)-negative and succinate dehydro
genase (SDH)-positive fibres], pointing towards mitochondrial 

abnormalities and likely dysfunction being an early feature of IBM. 

Indeed, multiple mitochondrial DNA (mtDNA) deletions, typically 

seen in IBM, have also been reported in smaller cohorts of PM-Mito 

patients.3 However, mitochondrial abnormalities in PM-Mito have 

not been studied in depth. Mitochondrial morphological abnormal

ities with multiple mtDNA deletions and depletion were shown to 

be a characteristic feature of IBM.4,5 However, the mechanisms link

ing these mitochondrial abnormalities and inflammation to the 

pathogenesis of IBM remained puzzling.
Recently, abnormal mitochondria have been reported to con

tribute to interferon-mediated inflammation in dermatomyositis 
by activating the canonical cyclic GMP–AMP synthase/stimulator 
of interferon genes (cGAS/STING) pathway.6 CGAS/STING activa
tion has also been identified in other idiopathic inflammatory my
opathies, including immune-mediated necrotizing myopathy,7 and 
in a range of autoinflammatory syndromes, such as hereditary in
terferonopathies.8 Notably, the role of the cGAS/STING pathway 
in IBM remains unknown to date.

In IBM, a link has been suggested between degenerative features 
(e.g. TDP-43 deposition) and mitochondrial pathology.9 These find
ings have led to the assumption that IBM might be a primary degen
erative disease of skeletal muscle.10 Moreover, this hypothesis has 
been supported by the failure of previous immunosuppressive 
treatment strategies. However, IBM also shows distinct features 
of a complex immune-mediated disorder, possibly involving cyto
solic 5′-nucleotidase 1A (cN1A) antibodies, CD8+ lymphocytes, 
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macrophages and cytokines, such as interferons (IFN).11-13 Yet, im
munization with cN1A antibodies could reproduce only inflamma
tory features but no mitochondrial abnormalities in mice.14 Despite 
extensive research, whether mitochondrial dysfunction should be 
viewed as a downstream consequence of persistent inflammation 
or mitochondria might be at the core of disease pathophysiology re
mains unsolved.

In the present study, we hypothesized that mitochondrial dysfunc
tion is an early feature of IBM and might be linked mechanistically to 
the development of autoimmunity and inflammation. Studying a well- 
characterized, unique cohort of PM-Mito muscle biopsy specimens, our 
primary research focused on providing an in-depth characterization of 
the mitochondrial phenotype observed in PM-Mito at the histological, 
ultrastructural and molecular levels. In addition, we investigated the 
interplay between early mitochondrial damage and activation of canon
ical inflammatory pathways. We identified that mitochondrial dysfunc
tion, including multiple mtDNA deletions and mtDNA depletion, along 
with disturbed mitochondrial ultrastructure and membrane defects, is 
an early feature of IBM. Activation of inflammatory pathways related 
to mtDNA release highlights the significant role of mitochondria- 
associated inflammation in IBM pathogenesis, where mitochondrial 
abnormalities precede tissue remodelling and T-cell infiltration.

Materials and methods
For this study, experiments were conducted in Berlin, Germany 
(Charité-Universitätsmedizin Berlin, Department of Neuropathology; 
histology and electron microscopy), Cambridge, UK [University of 
Cambridge, Department of Clinical Neurosciences; immunoblotting, 
long-range and quantitative PCR (qPCR)], Barcelona, Spain [Centro 
Nacional de Análisis Genómico (CNAG); nanopore sequencing of 
mtDNA], Dortmund, Germany (Leibniz-Institut für Analytische 
Wissenschaften-ISAS e.V.; unbiased proteomic profiling) and 
Bethesda, MD, USA (the National Institutes of Health; bulk RNA se
quencing). Approval for the study was obtained from the institutional 
ethics review board of Charité-Universitätsmedizin Berlin (EA2/107/14 
and EA1/019/22), and a Material Transfer Agreement (MTA) was estab
lished between the participating institutions. The study adhered to 
the principles outlined in the 1964 Declaration of Helsinki, and patient 
and control data were anonymized following the guidelines of the lo
cal institutional ethics review board.

Patients, samples and clinical assessment

This study included skeletal muscle biopsy specimens showing 
signs of polymyositis with mitochondrial pathology (referred to as 
‘PM-Mito’) and clinically and pathologically confirmed IBM according 
to the 2011 European Neuromuscular Centre (ENMC) criteria.15 The 
definition of PM-Mito was based on established histopathological 
criteria, including endomysial inflammation, invasion of non- 
necrotic muscle fibres, and >3% of muscle fibres with deficient 
COX activity (visualized by combined COX–SDH enzyme histochem
ical preparations).1 Using these criteria, PM-Mito is defined as an in
flammatory myopathy (‘polymyositis’) characterized by pronounced 
mitochondrial dysfunction and the absence of vacuoles, the latter 
serving as the key pathological feature distinguishing it from IBM. 
Clinical and serological (auto-antibodies) features were not consid
ered when classifying PM-Mito patients, to ensure comparability 
with previous studies on PM-Mito. All available biopsies with signs 
of PM-Mito were included from the cohorts in Berlin and Giessen, 
Germany. To minimize selection bias, IBM biopsies were selected 
randomly from available samples in Berlin without preselection 

based on comorbidities, sex or antibody status. Control biopsy speci
mens from individuals with normal creatine kinase levels, negative 
myositis line blots (Myositis profile 4 EUROLINE immunoblot; 
EUROIMMUN AG, Lübeck, Germany) and unremarkable skeletal 
muscle morphology were also included. None of the controls had a 
family history of neuromuscular disease. All biopsies were obtained 
for diagnostic purposes at Charité-Universitätsmedizin Berlin, 
Germany, and Justus Liebig University Giessen, Germany, and ana
lysed by myopathologists (H.-H.G., W.S., F.K. and A.S.). All patients’ 
medical data, including a complete neurological examination at 
the time of biopsy, were collected. In addition, laboratory data (cre
atine kinase; myositis line blot) were collected.

Skeletal muscle biopsies

We examined skeletal muscle biopsy specimens from PM-Mito (n =  
27) and IBM (n = 27) patients, all sourced from quadriceps femoris 
muscles. The specimens were snap-frozen and cryopreserved at 
−80°C before histological and immunohistochemical analysis or 
fixed and embedded directly after the biopsy for transmission elec
tron microscopy.

Histological and immunohistochemical analysis

Samples were processed following standardized protocols at the 
Department of Neuropathology, Charité-Universitätsmedizin, 
Berlin. Routine staining, immunohistochemical and double im
munofluorescence reactions were carried out as described previ
ously.2,16,17 In short, the 7-µm-thick cryostat sections were 
stained with haematoxylin and eosin, modified Gömöri trichrome, 
for non-specific esterase, alkaline phosphatase, etc., as described in 
a consensus statement,18 and with a comprehensive panel of anti
bodies for immunohistochemistry and double immunofluores
cence as described previously.16,17 Double immunofluorescence 
was performed after blocking with the appropriate serum [1:10 in 
phosphate buffered saline (PBS)], dependent upon the source of 
the secondary antibody, and incubated with primary antibodies 
for 1 h at room temperature. The secondary antibody was added 
for 1 h. This was repeated with the second primary antibody and 
appropriate secondary antibodies. The sections were mounted 
aqueously and stored at 4°C. The following antibodies were used 
for immunohistochemistry: C5b-9 (Dako, aE11, 1:200), CD8 (Dako, 
C8/144B, 1:100), CD45 (Dako, 2B11, 1:400), CD56 (Serotec/MCA591 
ERIC-1, 1:400), CD57 (Zymed, SPM129, 1:50), CD68 (Dako, EBM11, 
1:100), major histocompatibility complex (MHC) class I (Dako, w6/ 
32, 1:1000), MHC class II (Dako, CR3/43, 1:100), SQSTM1/p62 
(Abcam, polyclonal, 1:100) and KLRG-1 (Proteintek, 10974-1-AP, 
1:50). Appropriate positive and negative controls (tissue reactions) 
were used where necessary. Additionally, histologically normal 
muscles (e.g. for MHC class I or II positivity of capillaries) were 
used as negative controls for immunohistochemical reactions.

The above-mentioned comprehensive antibody panel was also 
used to ensure negative staining results by studying so-called ‘ir
relevant antibodies’ for validation. ‘Irrelevant antibodies’ are used 
to ensure the specificity of staining and to maintain quality control 
standards. These are antibodies directed against antigens not pre
sent in the tissue under investigation, serving as negative controls 
to validate staining results. For quantification of mitochondrial 
morphological alterations (i.e. COX negativity) and immune cells 
(CD8+ T cells, CD68+ macrophages and CD45+ leucocytes), muscle fi
bres and immune cells were counted in 10 high power fields (based 
on the microscope used and the respective oculars (Olympus 
WH10x-H/22), ∼0.16 mm2).
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Transmission electron microscopy

For transmission electron microscopy, muscle biopsy specimens 
were fixed and embedded according to standard protocols and as 
described previously.19 In brief, muscle specimens were fixed in 
2.5% glutaraldehyde diluted in 0.1 M sodium cacodylate buffer for 
a minimum of 24 h at 4°C, osmicated in 1% osmium tetroxide in 
0.05 M sodium cacodylate buffer, dehydrated using a graded acet
one series including combined en bloc staining with 1% uranyl acet
ate and 0.1% phosphotungstic acid in 70% acetone, infiltrated in 
RenLam resin, then polymerized for 48–72 h at 60°C. Semithin sec
tions (500 nm) were stained with Richardson solution (methylene 
blue) for microanatomical examination. Ultrathin sections (60– 
70 nm) were stained with uranyl acetate and lead citrate. Next, ul
trastructural analysis was performed using TEM 902 and TEM 906 
(Zeiss).

Unbiased proteomic studies

Muscle biopsy specimens were prepared for proteomic analysis 
following established protocols and as described previously.20

The analysis included 14 samples from PM-Mito patients and 10 
from IBM patients. The PM-Mito cohort included 11 female and 3 
male patients with a mean age of 64.9 years (±12.4 years). The 
IBM cohort included four female and six male patients with a 
mean age of 70.7 years (±5.8 years). Five age-matched adult male 
and two female patients with normal family histories, histological 
studies and laboratory work-ups served as controls. These indivi
duals were biopsied diagnostically for muscle pain but showed 
no pathological changes upon microscopic examination. Using 
a bottom-up unbiased proteomic approach21 with label-free 
peptide quantification based on our previously published data- 
independent-acquisition (DIA) workflow,20 we relatively quanti
fied proteins based on detecting a minimum of more than two 
unique peptides in the PM-Mito and control groups. The mass 
spectrometry proteomics data have been deposited into the 
ProteomeXchange Consortium via the PRIDE partner repository,22

with the dataset identifier PXD053742.
For the statistical analysis of proteomic data, each dataset was 

converted into a standardized format, with sample identifiers as 
row names and protein measurements as columns. To address 
missing values in the proteomics datasets, an imputation approach 
was implemented. Missing values were replaced by random draws 
from a truncated normal distribution with parameters adjusted 
relative to the distribution of observed values: the mean was shifted 
by 1.8 times the SD, and the SD was scaled by 30%. Imputed values 
were logged to match the distribution of observed data. A binary 
column tracked imputed data points for transparency. Columns 
with zero variance were identified and removed from the datasets 
to ensure meaningful downstream analyses. This step eliminated 
potential artefacts from invariant features. Principal component 
analysis (PCA) was performed on the datasets to visualize sample 
groupings and explore variance explained by the primary compo
nents. Data were scaled and centred prior to principal component 
analysis. Principal component analysis plots were generated to dis
play the first two principal components, with samples colour-coded 
by their corresponding groups in the annotation table. Ellipses re
presenting 95% confidence intervals for each group were overlaid 
on the plots. To identify differentially expressed proteins, Welch’s 
t-tests were conducted between groups for each protein. Log2 fold 
changes were calculated to measure the relative expression levels. 
Multiple testing correction was performed using the fdrtool pack
age to compute q-values, ensuring control of the false discovery 

rate. A volcano plot was generated to visualize the results of the dif
ferential expression analysis. Proteins were plotted based on their 
log2 fold change and q-value. Gene set enrichment analysis 
(GSEA) was performed using GeneTrail v.3.2 using standard settings 
for GSEA and the Kolmogorov–Smirnov test.

Immunoblotting

Muscle biopsy samples were lysed in 100 μl of lysis buffer: 50 mM 
Tris–HCl (Applichem Biochemica A3452), pH 7.8, 150 mM NaCl 
(Merck), 1% sodium dodecyl sulphate (Carl Roth) and supplemented 
with proteases/phosphatases inhibitors (Roche), using a manual 
glass grinder followed by sonication. Samples were centrifuged at 
4°C for 5 min at 5000g. The protein concentration of the super
natant was determined with the Pierce™ Rapid Gold BCA Protein 
Assay Kit (Thermo Fisher) according to the manufacturer’s 
protocol.

For immunoblotting, 10 μg of total protein extract was used for 
each sample analysed. The samples were loaded on a gradient poly
acrylamide gel (NuPage 4%–12% Bis-Tris Protein gel, Thermo Fisher) 
and separated for 60 min at 150 V. Proteins were then transferred to 
a polyvinylidene fluoride membrane (Invitrogen transfer stacks) 
using the iBlot2 dry transfer system (Thermo Fisher) according to 
the manufacturer’s protocol. Membranes were blocked with 5% 
milk powder diluted in PBS (Gibco) or Tris-buffered saline (Santa 
Cruz) with 0.1% Tween-20 (Sigma-Aldrich) for 2 h and four washing 
steps using PBS with Tween 20 (PBS-T). Membranes were next incu
bated with primary antibodies (Total OXPHOS Human WB Antibody 
Cocktail, Abcam, ab110411; dilution 1:800; TOM20: Recombinant 
Anti-TOM20 antibody, ab186735, dilution 1:2000; GAPDH: 
Anti-GAPDH antibody, ab8245, dilution 1:2000, ATP5a: Abcam, 
ab14748, dilution 1:2000; CHCHD3: Proteintech, 25625-1-AP, dilution 
1:5000; ATAD3a: Abcam, ab112572, dilution: 1:1000; SAM50: 
Proteintech, 28679-1-AP, dilution: 1:1000; TIM23: Abcam, ab230253, di
lution 1:1000; VDAC1: Abcam, ab14734, dilution: 1:1000; STING: Cell 
Signaling Technologies, 13647, dilution 1:1000; pSTING: Cell 
Signaling Technologies, 50907, dilution 1:1000; CASP-1: Proteintech, 
22915-1-AP, dilution 1:5000; and ACTB: Proteintech, dilution 1:5000) 
at 4°C overnight, then washed three times in 1× PBS-T. Horseradish 
peroxidase-conjugated secondary goat anti-mouse antibody 
(Thermo Fisher) and goat anti-rabbit (Thermo Fisher) antibodies 
were diluted at 1:5000 and added to the membranes for 2 h. 
Imaging was performed after washing polyvinylidene fluoride mem
branes three times in PBS-T for 10 min using enhanced chemilumin
escence and a horseradish peroxidase substrate (Super-Signal West 
Femto, Pierce). Signals were detected using an Amersham Imager 
680 machine (GE Life Sciences). GAPDH was used as a loading control, 
and mitochondrial content was normalized to the mitochondrial pro
tein TOM20. Three control muscle biopsy specimens were used, from 
patients who were biopsied diagnostically for muscle pain but 
showed no pathological changes upon microscopic examination.

Quantification of mtDNA copy number

Following a previously published protocol, the relative mtDNA copy 
number per cell was quantified by a multiplex Taqman qPCR assay 
(Bio-Rad).23 B2M transcript levels were used as nuclear-encoded 
reference gene, and MT-ND1 was used as a mitochondrial- 
encoded gene. The primers used for the qPCR reaction were as 
follows: B2M forward 5′-CACTGAAAAAGATGAGTATGCC-3′ and 
reverse 5′-AACATTCCCTGACAATCCC-3′; and MT-ND1 forward 
5′-ACGCCATAAAACTCTTCACCAAAG-3′ and reverse 5′-GGGTTCAT 
AGTAGAAGAGCGATGG-3′. All samples were run in triplicate, and 
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replicates with a difference of >0.5Ct were removed. The relative 
amount of mtDNA was calculated as the difference in cycle threshold 
(Ct) value of B2M and MT-ND1, where ΔCt equals the sample Ct of the 
mitochondrial gene (MT-ND1) subtracted from the sample Ct of the nu
clear reference gene (B2M). Six healthy and age-matched controls (four 
females and two males, >50 years of age) were included for this 
analysis.

Long-range PCR for mitochondrial DNA deletions

The presence of mtDNA deletions in the major arc (10 kb) of the mito
chondrial genome was assessed by long-range PCR. Custom-made 
primers were used (forward 5′-CCCTCTCTCCTACTCCTG-3′ and re
verse 5′-CAGGTGGTCAAGTATTTATGG-3′). PCR amplification was 
performed on a T100 Thermal Cycler (Bio-Rad) using 1 µl of DNA 
and PrimeSTAR GXL DNA Polymerase (Takara Bio Europe) according 
to the manufacturer’s recommendations. PCR products were electro
phoresed on a 0.7% agarose gel for 65 min. Three healthy and age- 
matched controls (two male and one female) were included in the 
analysis.

Multiplexed full-length single-molecule sequencing of the 
mitochondrial genome by Cas9-mtDNA Oxford nanopore 
sequencing

We applied a method to target, multiplex and sequence at high 
coverage full-length human mitochondrial genomes as native single 
molecules, using the RNA-guided DNA endonuclease Cas9 (for de
tailed methods, see Keraite et al.24). Combining Cas9-induced breaks 
that define the mtDNA beginning and end of the sequencing reads as 
barcodes, we achieved high demultiplexing specificity and delinea
tion of the full-length mtDNA, regardless of the structural variant 
pattern. The long-read sequencing data were analysed using a pipe
line with custom-developed software, Baldur, which efficiently de
tects single nucleotide heteroplasmy to <1%, physically determines 
the phase and can accurately disentangle complex deletions.

Bulk RNA sequencing

Bulk RNA sequencing was performed on frozen muscle biopsy spe
cimens as previously described.25 In short, RNA was extracted from 
fresh-frozen biopsies using TRIzol (Invitrogen) and quantified using 
NanoDrop. Libraries for bulk RNA sequencing were prepared using 
NEBNext Poly(A) mRNA Magnetic Isolation Module and Ultra II 
Directional RNA Library Prep Kit for Illumina (New England 
BioLabs, Cat. Nos. E7490 and E7760). The input RNA and the result
ing libraries were analysed with Agilent 4200 Tapestation for qual
ity assessment. Transcript levels are reported as log2[trimmed 
mean of M-values (TMM) + 1]. Histologically normal muscle biop
sies were included as controls. These samples were obtained 
from the Johns Hopkins Neuromuscular Pathology Laboratory (n  
= 12), the skeletal muscle biobank of the University of Kentucky 
(n = 8) and the National Institutes of Health (n = 13). The normal 
muscle biopsies from the Johns Hopkins Neuromuscular 
Pathology Laboratory were obtained for clinical purposes but did 
not show any histological abnormality; the rest of the normal biop
sies were obtained from healthy volunteers. Pathway analysis was 
done using GSEA with clusterProfiler/4.12.6 and enrichplot/1.24.4 
for the Reactome and the Hallmark datasets.26

Quantification of cell-free mtDNA from serum

Serum samples were available from nine IBM patients and nine 
healthy age-matched controls and cryopreserved at −80°C. For 

DNA extraction, 100 µl of serum was centrifuged at 2000g for 
5 min to remove debris and processed using the DNeasy Blood 
and Tissue Kit (Qiagen), with the ethanol precipitation step per
formed overnight at −20°C. Samples were concentrated to half 
the volume using DNA110 SpeedVac. Equal volumes of DNA were 
loaded for mtDNA copy number qPCR as described above, with 
the addition of the MT-ND4 marker. The primers used for MT-ND4 
were as follows: forward 5′-ACCTTGGCTATCATCACCCGAT-3′ and 
reverse 5′-AGTGCGATGAGTAGGGGAAGG-3′. Relative MT-ND1 and 
MT-ND4 copy number were calculated by multiplying Ct values 
from the calculation 2 × 2−Ct and normalizing values to the average 
of the controls. Two outliers from the control group were removed 
after subsequent statistical testing.

Quantification and statistical analysis

Categorical variables are reported as numbers and percentages and 
were compared using Fisher’s exact test. Quantitative variables are 
reported as the mean (±SD) and compared using Mann–Whitney or 
Kruskal–Wallis with Dunn’s multiple comparison tests. Spearman 
rank-order correlations were used to calculate the association’s 
quantitative variables. A P-value of <0.05 was considered signifi
cant. Outliers were identified and removed using the ROUT method 
at Q = 1%. GraphPad Prism v.9.2.0 (GraphPad Software, Inc., La Jolla, 
CA, USA) was used for analysis.

Results
Clinical and demographic data of the patient cohorts

Our study included skeletal muscle biopsy specimens from 27 pa
tients with PM-Mito (22 female and 5 male) and 27 patients with 
typical IBM (13 female and 14 male), meeting the ENMC criteria 
for clinicopathologically defined IBM.15 We previously reported 
the clinical features of these cohorts in detail.2 Significantly, the 
two patient groups did not differ in age at biopsy (PM-Mito 66 ± 12 
years, IBM 69 ± 9.2 years, P = 0.25). All patients with IBM presented 
with the pathognomonic clinical pattern, whereas PM-Mito pa
tients showed a spectrum of clinical symptoms. The most common 
clinical presentations at the time of muscle biopsy for PM-Mito pa
tients were proximal muscle weakness (bilateral quadriceps fe
moris muscle weakness) and other incomplete IBM-like patterns 
not meeting 2011 ENMC criteria (e.g. isolated knee extensor weak
ness, long finger and wrist flexor weakness). Creatine kinase levels 
were moderately elevated [≤10 × the upper limit of normal 
(≥174 U/l)] in both groups, again without statistically significant dif
ferences (data not shown). In the PM-Mito group, only one patient 
(PM 23) tested positive for anti-cN1A antibodies, whereas in the 
IBM subgroup, 6/27 patients (IBM 1, 5, 8, 9, 10 and 13) tested positive 
for anti-cN1A antibodies. Twelve PM-Mito and nine IBM patients 
were ANA-positive with low titres (≤1:320). Two PM-Mito patients 
(PM 6 and 21) had equivocal TIF1-gamma antibody results, but re
testing was negative in both cases. None of the patients in this co
hort exhibited myositis-associated skin manifestations.

As previously reported,27 all late IBM and 16/27 PM-Mito patients 
have received immunosuppressive/immunomodulatory treatment 
before and/or after muscle biopsy, which has not led to sustained 
clinical improvement in any of the patients. Immunotherapy con
sisted of intravenous immunoglobulin treatment in all IBM patients 
(according to the German Myositis Treatment guidelines). PM-Mito 
patients were treated with methotrexate (10/27), azathioprine 
(6/27) and corticosteroids (14/16). However, none of the IBM and 
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only four patients in the PM-Mito subgroup received immunosup
pressive/immunomodulatory treatment with low-dose (7.5–20 mg 
daily) oral prednisolone at the time of biopsy (see Table 1; PM 2, 6, 
10 and 13). No other patients received immunosuppressants within 
3 months before the biopsy.

Functional, structural and molecular alterations of 
mitochondria

COX-negative/SDH-positive muscle fibres were present in 
both PM-Mito and IBM muscle

Twenty-seven muscle biopsy specimens derived from PM-Mito pa
tients were available for comprehensive histological analysis, and 
27 randomly selected specimens showing classic IBM features 
were studied. All muscle biopsy samples showed a combination 
of mild to moderate fibre-size variation, with endomysial lympho
monocytic infiltrates, mildly increased numbers of internalized 
myonuclei and intense sarcolemmal staining by MHC class I 
(Fig. 1). Focal MHC class II positivity was observed, particularly in 
areas with CD8+ T-cell infiltrates. As published previously, vacuoles 
and p62+ intracellular aggregates were absent in all PM-Mito cases,2

because these would classify these cases as IBM according to the 
ENMC criteria.

PM-Mito skeletal muscle biopsy specimens revealed small 
clusters of infiltrates (Fig. 1, top row) of T cells within the endomy
sium, often encircling individual myofibres or small groups of 
myofibres with interspersed macrophages. All PM-Mito muscle bi
opsy specimens showed an increased amount of COX-negative 
(SDH-positive) muscle fibres for the patients’ age according to es
tablished criteria (i.e. >3% of muscle fibres).28 Quantifying 
COX-negative muscle fibres revealed no statistical difference in 
the percentage and total amount of COX-negative fibres per 10 

high power fields between PM-Mito cases (4.2% ± 2.1%) and typical 
IBM cases (4.8% ± 2.4%; P = 0.33; see Supplementary Table 1). 
Mitochondrial abnormalities were evident throughout all stages 
of the disease, including very mild cases with few inflammatory 
infiltrates. Three representative PM-Mito cases showing only 
mild myopathic alterations, without evident fatty–fibrotic tissue 
remodelling and with few infiltrates but pronounced mitochon
drial abnormalities in COX/SDH stains, are illustrated in Fig. 1.

Distinct ultrastructural mitochondrial abnormalities in 
PM-Mito and IBM

Transmission electron microscopy was performed on 10 randomly 
selected PM-Mito cases and 10 IBM cases. Overall, in transmission 
electron microscope studies, all muscle biopsy specimens showed 
mitochondrial abnormalities with quantitative rather than qualita
tive differences between the individual patients. Non-specific 
signs, such as swollen, elongated and dysmorphic mitochondria 
and subsarcolemmal accumulation, were present in all PM-Mito 
and IBM cases. We also observed discontinuity of the mitochondrial 
membranes, accompanied by leakage of mitochondrial content 
into the sarcoplasm, which was observed in both patient groups 
in 70% of the electron microscope images (Fig. 2A). Other features 
included paracrystalline inclusions (Fig. 2B) type 1 and 2, concentric 
cristae (Fig. 2C) and giant mitochondria with densely packed cristae 
membranes (GM29; Fig. 2D). We quantified these distinct ultrastruc
tural abnormalities in PM-Mito and IBM cases at 12 000- to 
20 000-fold magnification. Paracrystalline inclusions were detected 
in 8.7% of PM-Mito and in 12.6% of IBM mitochondria. Concentric 
cristae were found in 10.8% and 11.8%, and GM in 0.6% and 12.6% 
of mitochondria, respectively. Mitophagy was occasionally seen 
but was not a prominent ultrastructural finding. None of the control 

Table 1 Demographic and clinical characteristics of PM-Mito and IBM patients

Patient Age at biopsy (years) Sex Clinical pattern Patient Age at biopsy (years) Sex Clinical pattern

PM 1 64 F IBM pattern IBM 1 75 F IBM pattern
PM 2 51 F Prox. paraparesis IBM 2 72 F IBM pattern
PM 3 68 F Prox. paraparesis IBM 3 66 M IBM pattern
PM 4 57 F Prox. paraparesis IBM 4 77 M IBM pattern
PM 5 76 F Prox. paraparesis IBM 5 64 F IBM pattern
PM 6 52 M Prox. paraparesis IBM 6 69 M IBM pattern
PM 7 83 F Prox. paraparesis IBM 7 62 M IBM pattern
PM 8 56 F Asymptomatic IBM 8 75 M IBM pattern
PM 9 78 F Prox. tetraparesis IBM 9 61 F IBM pattern
PM 10 48 F Prox. tetraparesis IBM 10 63 F IBM pattern
PM 11 81 F Prox. paresis upper limbs IBM 11 73 F IBM pattern
PM 12 77 F Prox. paraparesis IBM 12 75 M IBM pattern
PM 13 73 F Prox. tetraparesis IBM 13 86 M IBM pattern
PM 14 79 F Prox. paraparesis IBM 14 45 F IBM pattern
PM 15 67 M Prox. tetraparesis IBM 15 83 F IBM pattern
PM 16 52 F Asymptomatic IBM 16 58 M IBM pattern
PM 17 60 F Prox. paresis upper limbs IBM 17 55 F IBM pattern
PM 18 51 F Myalgia IBM 18 58 M IBM pattern
PM 19 55 M Myalgia IBM 19 66 F IBM pattern
PM 20 68 M Myalgia IBM 20 67 F IBM pattern
PM 21 77 M Prox. tetraparesis IBM 21 72 M IBM pattern
PM 22 69 M IBM pattern IBM 22 78 F IBM pattern
PM 23 60 F IBM pattern IBM 23 72 F IBM pattern
PM 24 70 M IBM pattern IBM 24 69 F IBM pattern
PM 25 52 F Prox. tetraparesis IBM 25 68 M IBM pattern
PM 26 84 F IBM pattern IBM 26 60 M IBM pattern
PM 27 79 F IBM pattern IBM 27 81 M IBM pattern

F = female; IBM = inclusion body myositis; M = male; prox. = proximal; PM-Mito = polymyositis with mitochondrial pathology.
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samples exhibited the above-mentioned mitochondrial changes. In 
summary, ultrastructural abnormalities of mitochondria were de
tected throughout all stages of the disease, including cases showing 
very mild signs of inflammation. However, giant mitochondria with 
densely packed cristae were more abundant in typical IBM cases.

Multiple mtDNA deletions and depletion are early signs of 
IBM-SD

PCR-based mtDNA copy number measurements were performed 
on 10 PM-Mito, 8 IBM and 13 control muscle biopsy specimens 
(Fig. 3A). The level of mtDNA showed a statistically significant re
duction in PM-Mito patients (7.1 ± 0.91) and typical IBM patients 
(6.57 ± 0.88) compared with healthy, old-age control specimens 
(8.2 ± 0.61, Fig. 3A). Of note, there was no difference between the 
PM-Mito and IBM groups (P = 0.33); however, mtDNA copy numbers 
were significantly different in both PM-Mito (P = 0.0077) and IBM 
(P = 0.0002) compared with controls, indicating that the mtDNA de
fect is maintained throughout all stages of the disease.

To investigate further a possible link between mitochondrial 
dysfunction and deletions of the mtDNA, we performed a long- 
range PCR of the major arc, where most mtDNA deletions are 
known to be located.30 Nine PM-Mito, five typical IBM and five con
trol cases were studied using this technique. Given that mtDNA de
letions are known to accumulate in ageing skeletal muscle, controls 
representing a similar age range (50–83 years) were included. We 
detected a similarly high number of multiple mtDNA deletions in 
PM-Mito and IBM (Fig. 3B), suggesting that mtDNA deletions arise 
early in the pathophysiology of the disease.

Multiplexed full-length single-molecule sequencing of the 
mitochondrial genome

We detected a large number of multiple mtDNA deletions of differ
ent sizes in both PM-Mito (n = 8) and IBM (n = 9) samples, much 
more than in age-matched controls (n = 7) (Fig. 3C). All samples 

showed deletions, with a range of sizes and heteroplasmy rates be
tween ∼1% and >50% (median ∼11%). Deletions tend to cover regions 
from 8 to 12 kb, but deleted regions often span large regions from 3 to 
16 kb. The number of single nucleotide mutations in the mtDNA was 
less prominent in the patient samples than mtDNA deletions.

The number of mtDNA deletions was significantly higher in 
IBM-SD (IBM and PM-Mito) patient samples than in controls, but 
not significantly different between PM-Mito and IBM patients (P =  
0.82; Fig. 3C). The heteroplasmy rate was slightly higher in 
PM-Mito than in IBM, but did not reach statistical significance. 
These results confirm data obtained by long-range PCR analysis in
dicating that the mtDNA alterations are early signs of the 
pathology.

Unbiased proteomic profiling and bulk RNA sequencing

We performed unbiased proteomic profiling of 14 PM-Mito and 10 
IBM muscle biopsy specimens. We detected 3787 proteins using 
this approach, of which 33 were statistically significantly downre
gulated and 20 were upregulated in PM-Mito patient samples ver
sus controls. Principal component analysis showed segregation of 
non-disease controls (NDC), PM-Mito and IBM patients. PM-Mito pa
tients clustered between NDC and IBM, reflecting the proteomic 
characteristics of skeletal muscle with mild to moderate patho
logical alterations (Fig. 4A). Interestingly, 11/33 downregulated pro
teins were linked to mitochondrial function, including complexes I 
and III of the respiratory chain, and 2 of the 10 most downregulated 
proteins were related to the inner mitochondrial membrane 
(SMDT1 and TIM21; Fig. 4B). The most upregulated protein, with a 
6.1-fold upregulation, was TMEM14C (Transmembrane protein 
14C), a protein located in the inner mitochondrial membrane and 
involved in various mitochondrial processes, including haem 
biosynthesis.

Gene Ontology (GO) analysis revealed that respiratory chain and 
mitochondrial function were the most significantly downregulated 
biological processes and components in PM-Mito (Fig. 4C and D). 

Figure 1 Inflammation and mitochondrial dysfunction in three cases of PM-Mito. Cases 1–3 illustrate muscle biopsy specimens with few inflammatory 
infiltrates (arrows) but pronounced mitochondrial abnormalities, evident as COX-deficient myofibres. Top row: Gömöri trichrome stain. Bottom row: 
COX-SDH histochemistry. COX = cytochrome c oxidase; PM-Mito = polymyositis with mitochondrial pathology; SDH = succinate dehydrogenase.
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Conversely, extracellular space emerged as the most upregulated 
process and component in IBM skeletal muscle, possibly reflecting 
(fibrotic) tissue remodelling at the protein level (Fig. 4C and D).

Bulk RNA sequencing analysis of muscle biopsy specimens from 
nine IBM and seven PM-Mito patients revealed significant downre
gulation of transcripts associated with mitochondrial function. 
Concurrently, transcripts linked to inflammatory processes, par
ticularly interferon-gamma signalling, were upregulated in both 
PM-Mito and IBM (Fig. 4E). The downregulation of mitochondrial 
transcripts was observed for both nuclear- and mtDNA-encoded 
genes, consistent with the protein-level findings (Supplementary 
Fig. 1 and Supplementary Tables 2 and 3).

Immunoblotting of mitochondrial membrane-associated 
proteins

To study the molecular underpinnings of morphological and ultra
structural abnormalities of mitochondria, we immunoblotted 

mitochondrial membrane-associated proteins in three PM-Mito 
and three IBM patient samples compared with three control sam
ples. There was a marked decrease in key inner mitochondrial 
membrane proteins, including ATP5A and CHCHD3/MIC19 (Fig. 5A 
and B and Supplementary Figs 2 and 3). Unfortunately, in one 
PM-Mito sample, successful immunoblotting was achieved only 
for CHCHD3 and β-actin. Owing to insufficient material, it was not 
possible to repeat the immunoblotting on this sample.

Recent work has shown that a functional complex forms be
tween mitochondrial proteins SAM50, ATAD3A and MIC19/MICOS 
(mitochondrial contact site and cristae organizing system) to main
tain membrane and mtDNA stability.31 All the proteins play key 
roles in the organization and maintenance of the mitochondrial 
membranes, including the structure of cristae. Furthermore, we 
saw a decrease in the mitochondrial outer membrane protein 
VDAC1. Given that VDAC1 is located on the outer mitochondrial 
membrane and is associated with mitochondrial dysfunction and 
mtDNA release,32 we wanted to assess the extent of the 

Figure 2 Ultrastructural features of abnormal mitochondria in IBM-SD. Representative images of mitochondrial pathology in PM-Mito (A–C) and IBM 
(D). (A) Disruption of mitochondrial membranes and leakage of mitochondrial content (arrows). (B) Paracrystalline inclusions (arrows). (C) Circular 
mitochondrial membranes (with lack of cristae) (arrows). (D) Mitochondria with densely packed concentric cristae (arrows). IBM-SD = inclusion 
body myositis spectrum disease; PM-Mito = polymyositis with mitochondrial pathology.
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mitochondrial membrane defect in the context of PM-Mito/IBM. 
The results confirm the diverse spectrum of mitochondrial mem
brane proteins affected in this disease context.

Inflammation and mitochondrial dysfunction in 
PM-Mito and IBM

Activation of canonical pro-inflammatory pathways

It has previously been described that mitochondrial damage can 
lead to the intracellular leakage of mtDNA, which may activate 
the pro-inflammatory cGAS/STING pathway.33 Therefore, after 
confirming the presence of widespread mitochondrial abnormal
ities in PM-Mito, we studied the expression levels of proteins linked 
to the cGAS/STING pathway by immunoblotting. We detected an 
upregulation of cGAS downstream targets pSTING, total STING 
and pro- and active forms of caspase-1 in both PM-Mito and IBM 
but not in control samples (Fig. 6A and C and Supplementary Fig. 4). 
Caspase-1 is closely linked to the cGAS/STING-mediated inflamma
some assembly.33

Bulk RNA sequencing confirmed an upregulation of the cGAS/ 
STING pathway in PM-Mito and typical IBM compared with controls 
at the gene expression level. Interestingly, cGAS/STING activation 
was more pronounced in PM-Mito samples at the RNA level 
(Supplementary Fig. 5). Further correlation analysis showed that 
cGAS/STING-associated transcript levels showed a positive correl
ation with immune cell markers (e.g. CD8, CD68) and negative cor
relation with markers of muscle regeneration and structure (e.g. 
MYH3, ACTA1; Supplementary Fig. 6).

To investigate whether the activation of DNA sensing pathways 
might be associated with the leakage of mtDNA, we analysed pa
tient serum samples for cell-free mtDNA to assess its extracellular 
release. Cell-free mtDNA has been shown to act as a potent 
pro-inflammatory trigger in other diseases.34 However, its role in 
activating the cGAS/STING pathway in muscle fibres has not been 
demonstrated conclusively.

IBM samples showed more circulating cell-free mtDNA than 
controls, with more than double circulating mtDNA levels of the 
two mitochondrial genes MT-ND1 and MT-ND4 (Fig. 6B). This indi
cated that mtDNA release from the mitochondria is prominent in 
IBM and might be a potential inflammatory trigger.

Inflammatory infiltrates, p62 deposits and the extent of 
mitochondrial pathology

To study whether the amounts of infiltrating immune cells (CD8+ T 
cells, CD68+ macrophages and CD45+ leucocytes) and COX– 
SDH-positive cells were correlated in the PM-Mito and IBM cohorts, 
we performed Pearson correlation analysis. This revealed no correl
ation between CD8+ T-cell-mediated inflammation and the extent 
of mitochondrial alterations (i.e. COX–SDH-positive fibres) in the 
PM-Mito (P = 0.6) and typical IBM (P = 0.84) cohorts. Furthermore, 
neither the number of CD68+ macrophages (PM-Mito P = 0.93; typ
ical IBM P = 0.91) nor the total CD45+ leucocyte count (PM-Mito P =  
0.61; typical IBM P = 0.98) was correlated with COX–SDH abnormal
ities in the patient groups. In addition, there was no correlation be
tween the amount of p62+ fibres and the extent of mitochondrial 

Figure 3 Alterations of mtDNA in PM-Mito and typical IBM. (A) Quantitative PCR based mtDNA copy number assessment showing a reduction in copy 
numbers in IBM-spectrum disease patients, but no significant difference between PM-Mito and IBM patients. (B) Long-range PCR of the mtDNA major 
arc showing multiple, age-inappropriate mtDNA deletions in PM-Mito (n = 9) and IBM (n = 5) muscle biopsy specimens, compared with age-matched 
controls (n = 5). (C) Multiplexed full-length single-molecule sequencing of mtDNA detected several medium- and large-scale deletions with similar de
letion patterns in PM-Mito (n = 8) and IBM (n = 9). The multiple mtDNA deletions were detected in heteroplasmy rates between ∼1% and >50%, and often 
covered regions from 8 to 12 kb, but deleted regions spanned 3–16 kb. The amount of mtDNA deletions was significantly higher in patients compared 
with age-matched controls (n = 7), and the heteroplasmy rate was slightly higher in PM-Mito than in late IBM. *P = 0.0077 and **P = 0.0002. IBM = inclu
sion body myositis; mtDNA = mitochondrial DNA; PM-Mito = polymyositis with mitochondrial pathology.
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Figure 4 Unbiased proteomic profiling and bulk RNA sequencing of PM-Mito and IBM muscle biopsy specimens. (A–D) Unbiased proteomic profiling. 
(E) Bulk RNA sequencing. (A) Principal component analysis showing segregation of NDC, PM-Mito and IBM patients, with PM-Mito patients clustering 
between NDC and IBM patients. (B) Volcano plot illustrating dysregulated mitochondrial proteins in PM-Mito, showing a profound dysregulation of pro
teins associated with complexes I and III, in addition to inner mitochondrial membrane proteins. Among the dysregulated proteins, only MT-CYB 
(highlighted in red) represents a mitochondrial DNA-encoded protein. (C) Gene ontology (GO)-based gene set enrichment analysis (GSEA) for 
PM-Mito, including biological process (BP) ontology and cellular component (CC) ontology. Processes and components linked to extracellular remod
elling and turnover are strongly enriched in IBM, whereas mitochondria-associated processes and components are negatively enriched in PM-Mito. 
(D) GSEA enrichment plots of strongly enriched cellular components from (C): extracellular space (IBM) and mitochondrion (PM-Mito). (E) GSEA 
dot plots illustrating RNA-sequencing data, highlighting shared dysregulated pathways in PM-Mito (left) and IBM (right). Notable findings include up
regulation of inflammatory and interferon-gamma signalling pathways, alongside a pronounced downregulation of mitochondria-associated 
pathways. IBM = inclusion body myositis; NDC = non-disease controls; PM-Mito = polymyositis with mitochondrial pathology.
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Figure 5 Structural and functional alterations of mitochondria in PM-Mito. (A) Representative images of immunoblotting for mitochondrial membrane 
proteins illustrating dysregulation of mitochondrial membrane proteins in PM-Mito (n = 2) compared with typical IBM (n = 3) and controls (n = 3). 
(B) Quantification of protein expression normalized to β-actin and relativized to the average of controls. *P < 0.05. IBM = inclusion body myositis; 
PM-Mito = polymyositis with mitochondrial pathology.
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alterations (i.e. COX–SDH-positive fibres; P = 0.56) and CD8+ infil
trates (P = 0.45) in the IBM cohort. There was no spatial association 
between COX–SDH abnormalities and the distribution of inflamma
tory infiltrates.

Discussion

This study focused on mitochondrial alterations as an early feature 

of IBM pathophysiology. To study this, we investigated PM-Mito as 

Figure 6 Mitochondria-associated inflammation in PM-Mito and typical IBM patients. (A) Representative images of immunoblotting for cGAS/ 
STING-associated proteins and caspase-1. (B) Quantification of protein expression normalized to β-actin and relativized to the average of controls. 
(C) Cell-free mtDNA quantification of mitochondrial genes MT-ND1 and MT-ND4 from the serum of IBM patients showed elevated levels of circulating 
mtDNA in the patient group (n = 9) compared with controls (n = 7), indicating a leakage of mtDNA from muscle cells into the blood. *P < 0.05 and **P <  
0.01. cGAS/STING = cyclic GMP–AMP synthase/stimulator of interferon genes; IBM = inclusion body myositis; mtDNA = mitochondrial DNA; PM-Mito =  
polymyositis with mitochondrial pathology.
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an early form of IBM. We observed mitochondrial abnormalities in 
both PM-Mito and typical IBM at the histological, ultrastructural 
and molecular levels. The numbers of COX-negative fibres were 
similar and higher than expected according to the age of the pa
tients in both PM-Mito and IBM. The extent of mitochondrial dam
age was not correlated with the amount of inflammation, 
suggesting no causative effect. Abnormalities such as disorganized 
and circular mitochondrial membranes, along with enlarged and 
dysmorphic mitochondria, were prevalent in both PM-Mito and 
IBM patients. Interestingly, ultrastructural abnormalities also in
cluded disturbed cristae architecture and discontinuity of the mito
chondrial membranes, allowing leakage of mitochondrial content 
into the sarcoplasm.

Furthermore, elevated levels of cell-free mtDNA were detected 
in the blood samples of IBM patients. Multiple large-scale mtDNA 
deletions and reduced copy numbers were evident in PM-Mito com
pared with healthy age-matched controls. Notably, there was no 
significant difference in these mitochondrial DNA alterations be
tween the PM-Mito and IBM groups. Additionally, structural pro
teins of the inner mitochondrial membrane also involved in 
quality control of the membrane and mtDNA (SAM50, ATAD3A 
and MIC19/MICOS) were differentially regulated in PM-Mito and 
IBM samples compared with age-matched control muscle. 
Immunoblotting confirmed dysregulation of proteins related to 
mitochondrial ultrastructure and MICOS (e.g. TIM21, SMDT1), 
thus validating data on unbiased proteomic and transcriptomic 
profiling. We observed activation of the canonical cGAS/STING 
pathway at various stages of IBM-SD (in both PM-Mito and IBM), in
dicating that the release of mitochondrial DNA from cells, along 
with subsequent activation of the innate immune response, might 
play a role in the underlying mechanisms involved. PM-Mito and 
IBM share significant similarities in mitochondrial abnormalities, in
cluding the presence of COX-negative fibres, ultrastructural defects 
and large-scale mtDNA deletions, demonstrating that mitochondrial 
dysfunction is a central and early feature in both conditions. 
Although PM-Mito is likely to represent an early form of IBM, there 
are subtle differences, such as the presence of giant mitochondria 
with pronounced ultrastructural abnormalities observed predomin
antly in late-stage IBM. This finding is likely to result from advanced 
disease progression and does not indicate fundamental differences 
in pathophysiology. Importantly, we demonstrate that mitochon
drial dysfunction occurs before the onset of fibrotic tissue remodel
ling and cellular inflammatory infiltrates, reinforcing that it is an 
upstream event in the disease cascade.

Furthermore, mitochondrial abnormalities are not correlated 
with the degree of inflammation, suggesting that they are not sec
ondary effects of inflammation but are integral to disease patho
genesis. These findings corroborate our earlier work,27 which had 
shown that mitochondrial dysfunction is a key aspect of IBM-SD, 
highlighting its importance as a main factor rather than only a re
sult of ongoing inflammation. However, the specific causes of these 
mitochondrial issues still need to be clarified. A potential limitation 
in this context is the impact of the biopsy site on vacuole detection, 
which might have resulted in some IBM patients being diagnosed as 
PM-Mito. Given that IBM is likely to be a progressive disease with 
various stages, such variability is inherent to its pathogenesis.

In general, mitochondrial abnormalities are not a typical feature 
of idiopathic inflammatory myopathies, with the exception of 
dermatomyositis showing perifascicular COX-SDH abnormal
ities.35,36 However, the molecular mechanisms underlying mito
chondrial dysfunction in dermatomyositis differ from those 
observed in IBM, because single point mutations and depletion of 

the mtDNA in dermatomyositis37 have been restricted to focal 
areas with inflammatory infiltrates.38 In contrast, IBM muscle is 
characterized by large-scale deletions in the major arc of mtDNA 
molecules39 and lower mtDNA copy numbers than healthy subjects 
of similar age groups.40

We could reproduce these findings in both cohorts of PM-Mito 
and IBM patients, further substantiating the involvement of mito
chondrial dysfunction in these conditions.

At the protein level, combined unbiased proteomic analysis and 
immunoblotting highlight the involvement of the inner mitochon
drial membrane, as evidenced by the downregulation of TIM21 and 
TIM23, which are close interaction partners within the inner mito
chondrial membrane protein complex.41 The disruption of this intri
cate protein network is likely to contribute to altered mitochondrial 
ultrastructure, impaired mtDNA replication and, possibly, release of 
mtDNA. Consistent with these molecular findings, previous studies 
have demonstrated significant morphological abnormalities in IBM 
myofibres, including shortened and enlarged cristae, membrane dis
ruption and a reduced mitochondrial length-to-width ratio.42 We ob
served giant mitochondria with highly abnormal cristae, which were 
almost exclusively detected in IBM, but not in PM-Mito, suggesting 
that these ultrastructural abnormalities develop at a later stage. 
This peculiar ultrastructural abnormality has already been described 
in the context of IBM.29,43 Our ultrastructural data clearly showed 
similar patterns in PM-Mito and IBM, underlining the functional im
pact of the dysregulation of (inner) mitochondrial membrane pro
teins. However, it is also important to acknowledge that the 
mitochondrial ultrastructural abnormalities reported here are not 
specific to IBM-SD. Similar changes have been described in other 
conditions characterized by profound mitochondrial dysfunction, 
including mitochondrial myopathies. As an example, skeletal mus
cle biopsies of patients with m.8344A>G mutations show similar ul
trastructural abnormalities.44

Another relevant ultrastructural feature observed in this study 
was the disruption of mitochondrial membranes and leakage of 
mitochondrial content into the sarcoplasm. The release of mtDNA 
and mitochondrial content into the cytosol has been described to 
act as mitochondrial-derived damage-associated molecular pattern 
(DAMP),34 triggering inflammatory cascades such as the cGAS/STING 
pathway.33,45 DAMPs are recognized as foreign by the pattern recog
nition receptors of the immune system, and this triggers the activa
tion of pro-inflammatory pathways, such as toll-like receptor (TLR) 
signalling.46 For example, the binding of oxidized cardiolipins to 
TLR4 in the cytosol can initiate nuclear factor-κB signalling, leading 
to increased myostatin expression, which has been detected in IBM 
muscle.47 Thus, it is possible that the profound mitochondrial abnor
malities observed in PM-Mito could trigger canonical inflammatory 
pathways, further contributing to the disease progression. Testing 
this hypothesis, we observed an upregulation of the cGAS/STING 
pathway at both RNA and protein levels in our PM-Mito and IBM 
cohorts. This finding is particularly relevant, because it indicates a 
significant role of mitochondria-associated inflammation in the 
early pathophysiology of IBM-SD, i.e. before fatty–fibrotic tissue 
remodelling and massive lymphocytic infiltration are observed. 
Interestingly, it has been shown that IBM is characterized by a dis
tinct interferon signature at the gene expression level, with a pre
dominance of type II interferons.48 This interferon signature was 
also clearly evident in our transcriptomic data. The downstream ef
fects of STING, a potent transcriptional activator of interferon- 
stimulated genes, might explain this signature.49

Interestingly, a recent study demonstrated that increased circu
lating cell-free mtDNA levels are associated with the activation of 
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the cGAS/STING pathway in primary mitochondrial diseases (mito
chondrial encephalomyopathy, lactic acidosis, and stroke-like epi
sodes and chronic progressive external ophthalmoplegia).50 This 
finding provides additional support to our hypothesis that mito
chondrial dysfunction, including mtDNA release, contributes to 
the activation of inflammatory pathways in IBM, further highlight
ing the relevance of mitochondrial-derived DAMPs in the early 
stages of the disease. However, the evidence for mtDNA release 
into the cytosol in this study is indirect, based on ultrastructural ob
servations and the presence of circulating cell-free mtDNA. To gain 
a better understanding of mtDNA release in the context of PM-Mito 
and IBM, appropriate techniques (e.g. for in situ visualization within 
muscle cells) are needed. Future studies will be essential to address 
significant methodological challenges and provide direct evidence 
for mtDNA release in muscle tissue.

On the morphological level, the prominent upregulation of MHC 
class I in PM-Mito also clearly indicates a role for interferon type I 
in the pathogenesis of the disease. In this context, the release of 
IFN-II (i.e. IFN-gamma), which has been well described in IBM, might 
be explained by downstream effects of IFN-I and persistence 
of a pro-inflammatory milieu, leading to the invasion of IFN- 
gamma-releasing immune cells (e.g. CD4+ T cells, macrophages). 
However, this interplay warrants further investigation. Our data indi
cate that these immune phenomena might be secondary to mito
chondrial dysfunction and associated inflammation in the IBM 
cascade. This, in turn, could suggest that IBM can be viewed as a pri
marily degenerative disease with peculiar (auto-)inflammatory fea
tures. Indeed, recently published data from mouse xenograft 
models pointed towards IBM being a primarily degenerative disease 
of skeletal muscle,51 in which inflammation might be a bystander or 
a secondary phenomenon. Although supported by the early and ex
tensive mitochondrial dysfunction observed in our study, this hy
pothesis remains unproved and warrants further investigation to 
clarify the temporal and mechanistic relationship between degen
erative processes and inflammatory features in IBM-SD.

We detected large-scale deletions of mtDNA in PM-Mito pa
tients, raising the possibility that mtDNA damage could be a pri
mary cause of mitochondrial dysfunction in IBM-SD. Long-range 
PCR allowed for the detection of higher heteroplasmy rates of 
mtDNA deletions in IBM and PM-Mito samples, and single- 
molecule long-read sequencing provided a more sensitive and pre
cise mapping of these deletions, highlighting the methodological 
differences between these approaches. Several explanations for 
these mtDNA deletions in the context of IBM have been discussed: 
errors in DNA replication, accumulation of reactive oxygen species, 
impaired DNA repair systems, and defective autophagy (mito
phagy).52 Moreover, the reduced mtDNA copy numbers point to
wards an mtDNA maintenance defect. Notably, single nucleotide 
polymorphisms in key genes involved in mtDNA replication and 
maintenance, such as the DNA helicase Twinkle, DNA polymerase 
γ (POLG) and ribonucleotide-diphosphate reductase subunit M2B 
(RRM2B), have been identified in IBM patients.53 However, no sig
nificant differences in variant prevalence in POLG were found be
tween the IBM groups or between IBM patients and the control 
population. Thus, the pathogenic role of these single nucleotide 
polymorphisms has not been demonstrated convincingly.53 We hy
pothesize that the multiple mtDNA deletions and depletion might 
be related to the severe abnormalities of mitochondrial cristae, 
where mtDNA replication occurs. Whether variants in nuclear 
genes involved in mtDNA replication have a modifying role on 
this process is currently unclear. However, understanding the exact 
mechanism of these events requires further studies.

Another interesting hypothesis, derived from studies per
formed in the context of amyotrophic lateral sclerosis, links mito
chondrial damage and the release of mtDNA to the deposition of 
TDP-43 in the cytosol and in mitochondria.54 Indeed, TDP-43 mislo
calization and sarcoplasmic deposition are characteristic, but not 
specific, features observed in IBM muscle.55 We and others recently 
demonstrated the presence of TDP-43-associated cryptic exons in 
IBM muscle,2,51 pointing towards a potential functional impact of 
TDP-43 pathology.

Lastly, from a clinical perspective, patients with PM-Mito pre
sent a spectrum of clinical symptoms, including non-specific com
plaints, such as myalgia. Defining the onset of the disease in this 
cohort is challenging, because IBM-SD might begin insidiously, 
with vague, non-specific symptoms. Therefore, previous and pre
sent studies might have missed even earlier forms of the disease, 
and the progression of this diverse phenotype into the characteris
tic clinical pattern of IBM remains unclear. Recently published 
studies on muscle MRI patterns in PM-Mito have yielded conflicting 
results, showing muscle involvement patterns similar to IBM in 
one56 and partly different patterns in another study.57 However, 
the data reported here again illustrate the considerable molecular 
overlap between PM-Mito and IBM, underlining the importance of 
considering IBM as a disease spectrum with early and late stages.

Conclusion
In conclusion, this study established mitochondrial abnormalities 
as an early and characteristic finding in IBM-SD. PM-Mito and 
typical IBM did not differ significantly regarding mitochondrial 
morphology, ultrastructure and molecular characteristics of 
mitochondrial damage. Based on our data, we hypothesize that in
flammation might not induce mitochondrial dysfunction in a time- 
dependent manner; instead, mitochondrial dysfunction appears to 
be an early event in disease pathogenesis. Considering ongoing IBM 
clinical trials with immunosuppressants, this finding might have 
important implications for clinical practice.
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