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A B S T R A C T

Objectives: This study aimed to investigate the spatial transcriptomic landscape of muscle tissue
from patients with treatment-naive juvenile dermatomyositis (JDM) in comparison to healthy
paediatric muscle tissue.
Methods: Muscle biopsies from 3 patients with JDM and 3 age-matched controls were analysed
using the Nanostring GeoMx Digital Spatial Profiler. Regions of interest were selected based on
muscle fibres without immune cells, immune cell infiltration and CD68+ macrophage enrich-
ment. Differential gene expression, pathway analysis and pathways clustering analysis were con-
ducted. Key findings were validated in 19 cases of JDM using immunohistochemistry and
chemical stains, and a bulk RNAseq dataset of 4 cases of JDM.
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Results: JDM muscle tissues exhibited significant interferon pathway activation and mitochondrial
dysfunction compared to controls. A 15-gene interferon signature was significantly elevated in JDM
muscle and macrophage-enriched regions, correlating with clinical weakness. In contrast, mitochon-
drial dysregulation, characterised by downregulated respiratory chain pathways, was present
regardless of interferon activity or muscle strength. The interferon-driven and mitochondrial signa-
tures were replicated in an independent RNAseq dataset from JDM muscle; the lack of association
between interferon signature and mitochondrial dysregulation was validated in 19 cases by conven-
tional staining methods. Clustering analysis revealed distinct transcriptomic profiles between JDM
and control tissues, as well as between patients with JDMwith varying clinical phenotypes.
Conclusions: This study highlights mitochondrial dysfunction as a consistent pathological feature
in JDM muscle, which may be independent of interferon-driven inflammation. These findings
highlight the potential for mitochondrial-targeted therapies in JDM management and emphasise
the need for further studies to explore their therapeutic value.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Juvenile dermatomyositis (JDM) involves interferon (IFN)-
driven inflammation and immune-mediated muscle damage.

� Mitochondrial abnormalities in blood immune cells persist
despite treatment and contribute to disease pathology.

WHAT THIS STUDY ADDS

� Mitochondrial dysfunction is present in both muscle fibres and
tissue-infiltrating immune cells within JDM muscle.

� These abnormalities are detectable even in clinically less severe
muscle weakness.

� Degree of mitochondrial abnormality at transcript and protein
level may be independent of the strength of IFN-driven signal.

� Mitochondrial dysregulation detected at the transcriptional
level correlates with abnormal transcription of muscle (sarco-
mere) and the subcellular peroxisome organelle.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� Targeting mitochondrial dysfunction could enhance treatment
outcomes for JDM, especially in patients whose disease is
refractory to current therapies.

� Insights from this study support the development of stratifica-
tion tools to detect aspects of pathology which are not tightly
correlated with IFN-driven pathology.

INTRODUCTION

Idiopathic inflammatory myopathies of childhood, of which
the most common is juvenile dermatomyositis (JDM), are severe
paediatric autoimmune conditions characterised by chronic
inflammation of muscle, skin and in some cases major organs. A
clear understanding of pathogenic mechanisms at the sites of tis-
sue damage is lacking, and there is a significant unmet need for
more targeted treatments [1,2]. We have previously detailed
transcriptional changes detectable in blood immune cells in
JDM [3]. We identified that blood CD14+ monocytes from
patients with active disease have severe mitochondrial dysfunc-
tion. Furthermore, we showed that alterations in mitochondrial
biology and morphology in monocytes led to accumulation of
oxidised mitochondrial DNA, which was able to trigger inter-
feron (IFN)-signalling pathways. Interestingly, while the well-
characterised IFN-driven signature detectable at diagnosis was
reduced on treatment, we observed that mitochondrial abnor-
malities detected in peripheral blood monocytes persisted
despite treatment.

Our previous studies on JDM muscle tissue obtained before
treatment showed that proinflammatory, CD68+ tissue
2

macrophages are frequently detectable [4,5] and that CD68+
cell infiltration correlates with weakness [6]. Macrophage infil-
tration may be throughout the endomysium, or in perivascular
clusters, where they are frequently colocalised with infiltrating
T cells [5,6]. Abnormal macrophage polarisation has been impli-
cated in perpetuating inflammation and tissue damage in myop-
athies [7−9]. A recent study in a myositis animal model
suggests a self-perpetuating loop between mitochondrial dys-
function and inflammation [10].

To start to define at tissue level the complex interactions
between immune and muscle cells in JDM-affected muscle tis-
sue, we employed spatial transcriptomics. This method enables
in-situ gene expression analysis while preserving critical tissue
architecture, allowing precise localisation of cell types and their
potential involvement in the pathogenic processes associated
with myositis [11]. We employed the Nanostring GeoMx Digital
Spatial Profiler (DSP) to interrogate the transcriptome of muscle
tissue sections from patients with JDM and age-matched healthy
controls. GeoMx facilitates the staining, selection and sequenc-
ing of specific spatial niches within the tissue known as regions
of interest (ROIs) [12]. We opted to focus initially on CD68
+-enriched areas in the analysis of inflammatory infiltrate.

We confirm that JDM muscle tissue exhibits significant
upregulation of IFN pathways and dysregulation of mitochon-
drial pathways, particularly affecting the electron transport
chain. By comparing tissue areas, we show that muscle weak-
ness correlates with increased IFN signalling in both muscle-
and CD68+-cell-derived transcriptome. Importantly, mito-
chondrial abnormalities were clearly demonstrated even in
muscle with only moderate clinical weakness, and these were
detected in both muscle fibres as well as in the CD68+ infil-
trate. We replicated our findings in another cohort, analysing
bulk RNAseq data, and validated the lack of correlation
between IFN-driven changes and mitochondrial abnormality
at protein level in a larger cohort. We believe that our study is
the first to provide spatial transcriptional insights into JDM
pathogenesis, and will facilitate significant steps towards the
delineation of the contributions of immune and muscle cells,
to JDM pathology. Our results suggest that mitochondrial
abnormalities, which we previously defined in blood cells, are
also present in both muscle and infiltrating monocyte/macro-
phages in JDM even before significant clinical weakness is
apparent.
METHODS

All methods are provided in supplementary information.



Table
Demographics and clinical characteristics of patients with JDM and con-
trols included in the study

Characteristic Value

Sample ID JDM1 JDM2 JDM3 HC1 HC2 HC3

Age at sample (y) 5.83 3.58 4.75 6.28 10.02 4.81
Sex F F F M M F
Disease duration at
time of biopsy,
months

1.05 5.91 3.28 NA NA NA

Myositis-specific
antibody

TIF1-γ TIF1-γ Negative NA NA NA

Disease activity at time
of biopsy:

Physician global assess-
ment score, PGA
(0.0-10.0 cm)

8.0 7.8 6.3 NA NA NA

CMAS (0-52) 30 12 52 NA NA NA
MMT8 (0-80) 44 42 78 NA NA NA
CK, U/L 2611 125 131 NA NA NA
sDASa 4 3 5 NA NA NA
Muscle biopsy score
datab

Inflammatory domain
(0-12)

7 8 7 NA NA NA

Muscle-fibre domain
(0-10)

8 7 7 NA NA NA

Vascular domain (0-3) 2 1 1 NA NA NA
Connective tissue
domain (0-2)

1 2 1 NA NA NA

Total biopsy score (0-
27)

18 18 16 NA NA NA

Histopathology visual
analogue score (0.0-
10.0)

7.0 8.0 7.0 NA NA NA

CMAS, childhood myositis assessment scale; DAS, disease activity score; ID,
identification; JDM, juvenile dermatomyositis; MMT8, manual muscle testing
of 8 muscles; NA, not applicable; PGA, physician global assessment; sDAS,
skin disease activity score.

a Skin disease activity score, or modified skin DAS as defined in Lam et al
[13].
b Data generated using validated JDM muscle biopsy score tool from Var-

sani et al [6].
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RESULTS

Patients and controls

Clinical and demographic features of the 3 patients with JDM
and controls analysed by transcriptome profiling are shown in
Table [6,13]. Of note, 2 of the patients were significantly weak at
the time of biopsy as assessed by the Childhood Myositis Assess-
ment Scale (CMAS) and Manual Muscle Testing of 8 muscles
(MMT8) while the third was less weak but had more severe skin
disease activity. Two patients with JDM tested positive for TIF1γ,
while the third patient was negative for myositis-specific autoanti-
bodies (MSAs). For histological analysis, a total of 19 cases were
included: the 3 transcriptome-profiled patients, along with an
additional 16 JDM cases (Supplementary Table S1).
Selection of ROIs for analysis of areas with or without leukocyte
infiltration in JDM muscle biopsies

To determine the dominant pathways that are altered in the
muscle of patients with JDM compared to healthy muscle and to
test whether mitochondrial pathways are altered in muscle tis-
sue early in JDM, we used spatial transcriptome analysis. Imag-
ing of quadriceps muscle biopsy sections from all 6 cases was
3

performed on the Nanostring GeoMx scanning platform. Immu-
nofluorescence staining was performed to enable selection of
ROIs for sequencing using a nuclear marker and morphology
markers laminin, CD45, and CD68, for identification of muscle
fibres, leukocytes, and macrophages, respectively. For focused
transcriptome analysis of infiltrating macrophages, segmenta-
tion was used, as described [12]. Figure 1A shows control mus-
cle tissue, where no significant immune cell infiltration or
inflammation is observed; Figure 1B shows JDM muscle ROI
without immune cells, while Figure 1C reveals an area with sub-
stantial inflammatory infiltration (CD45+), which was not
observed in the control samples. Figure 1D shows an area with
infiltrating CD68+ cells within JDM muscle with Figure 1E fur-
ther illustrating the ‘segmented’ view of CD68+ cells, allowing
for transcriptomic profiling of this specific cell type. Thus, we
selected 3 different ROI types for sequencing analysis: muscle-
fibre, muscle with immune cell infiltration, and CD68-enriched,
generating a total of 28 ROIs. The breakdown of the ROIs
selected is shown in Supplementary Table S2.

Histological analysis of the muscle biopsy sections is pre-
sented in Supplementary Figure S1. All 3 control cases were
found to have no significant pathology or inflammation, with no
infiltration by CD3+ or CD68+ immune cells, confirmed by a
senior histopathologist (AM) [6,14]. None of the 3 control cases
had a genetic abnormality in known mitochondrial-related dis-
eases. A representative hematoxylin and eosin (H&E)-stained
section from a control case is shown in Supplementary Figure
S1A. Active inflammation in a representative JDM case is dem-
onstrated by H&E staining (Supplementary Fig S1B), CD3 (Sup-
plementary Fig S1C), CD68 (Supplementary Fig S1D), and CD20
staining (Supplementary Fig S1E). These classical signs of JDM
muscle inflammation are reflected in the biopsy scores (inflam-
matory domain) [6] (Table).

Principal component analysis confirms distinct transcriptomic
differences between ROI types and JDM vs control tissues

Initial data quality checks were performed on the Nanostring
platform, assessing tissue and sequencing quality, as well as the
performance of negative control probes. None of the 28 ROIs or
control probes were flagged as unsuitable for analysis. Further
quality control and normalisation techniques were applied to
address technical variation across data generated from ROIs.
Relative log expression plots were used to visualise effects of
normalisation: Supplementary Figure S2A shows unnormalised
data, with Supplementary Figure S2B displaying log counts per
million normalised data. This normalisation method, integrated
into the voom function of the limma-voom pipeline [15], effec-
tively centred the median expression levels of all ROIs around
zero. This indicates successful removal of unwanted technical
variation, enhancing comparability across samples.

We employed principal component analysis (PCA) to assess
variance within the dataset, between patients, and between
types of ROIs (Supplementary Fig S2C and D). Initial PCA analy-
sis by patient revealed that all data from patients with JDM (22
ROIs) clustered into 2 clusters, with clear separation of patients
with JDM from control samples (Supplementary Fig S2C). When
data were labelled by ROI type, the 2 distinct clusters of data
from JDM biopsies were clarified by cell type. As expected,
CD68+-selected ROIs (JDM samples only) formed a separate
cluster (Supplementary Fig S2D blue symbols). Interestingly,
JDM muscle-only (Supplementary Fig S2D red symbols) and
JDM muscle plus-immune ROIs (Supplementary Fig S2D yellow
symbols) clustered together (Supplementary Fig S2D). Note that



Figure 1. Immunofluorescent imaging of the muscle biopsy regions of interest (ROIs). (A-E) Representative fluorescent images of ROI types selected
for sequence analysis and associated staining markers: (A) control muscle; (B) JDM muscle ROI with no infiltrating immune cells; (C) JDM muscle
enriched with immune cells (CD45+); (D) CD68+ macrophage-enriched region. (E) Segmented CD68+ cells in the same region shown in (D). Stain-
ing antibodies: laminin (green), DNA nuclear stain (blue), CD68 (red), and CD45 (cyan), indicating muscle fibres, nuclei, macrophages, and leuko-
cytes, respectively. (B-E) are derived from patient JDM3. JDM, juvenile dermatomyositis.

A.E. Syntakas et al. Ann Rheum Dis 00 (2025) 1−15
segmentation was not performed on CD45+ cells. Again, con-
trol muscle ROIs (Supplementary Fig S2D pink symbols) clus-
tered away from all JDM data.
Differential gene expression analysis confirms a high IFN-driven
signature and demonstrates abnormal mitochondrial gene
signature in JDM muscle compared to control muscle

To investigate differences in the gene expression profiles of
JDM muscle compared to control muscle, the data from muscle-
only ROIs were initially used in the limma-voom differential
gene expression (DGE) analysis pipeline. The analysis revealed
448 genes that were significantly differentially expressed in
JDM muscle (|Log2FC| ≥ 0.58 and adjusted P value ≤.05, using
the Benjamini-Hochberg procedure for multiple testing correc-
tion), of which 336 genes were identified as upregulated and
112 as downregulated in JDM muscle compared to control sam-
ples (Fig 2A). Pathway enrichment using over-representation
analysis (ORA) on significantly differentially expressed genes
(DEGs) was used to identify dysregulated pathways in JDM mus-
cle. The gene ontology (GO) cellular component (CC) gene sets
were initially used to identify differentially expressed pathways.
The GO CC annotations detail the subcellular structures and
complexes involved, making this appropriate for highlighting
mitochondrial functional pathways. Conversely, the GO biologi-
cal process (BP) gene sets were then used to capture dynamic
biological activities and signalling processes, such as immune
response mechanisms, which are central to JDM. The first ORA
(GO CC) indicated 101 significantly differentially expressed
pathways in JDM muscle compared to controls (adjusted P value
4

≤.05, Benjamini-Hochberg procedure) while the second (GO
BP) gave 310 significant pathways.

To simplify the interpretation of these numerous, often over-
lapping pathways, Advanced Pathway Enrichment Analysis
Representation (aPEAR) cluster network analysis was performed
[16], resulting in the construction of plots that visually organise
and group related pathways into coherent clusters, for each of
the 2 GO gene sets that were used. The GO CC network
highlighted several clusters of mitochondria-related pathways,
including clusters such as the ‘respiratory chain complex’, the
‘mitochondrial proton-transporting adenosine triphosphate
(ATP) synthase complex’, and the ‘mitochondrial respiratory
chain complex III’ (Fig 2B). Interestingly, pathways related to
endoplasmic reticulum (ER) to Golgi protein transport were also
differentially expressed in JDM muscle (Fig 2B). The GO BP net-
work highlighted clusters of IFN and immune-related pathways,
with the most prominent clusters being ‘interferon-mediated
signalling pathway’, ‘pattern recognition receptor signalling
pathway’, and ‘T cell mediated immunity’. In addition, several
clusters related to muscle development and function were noted,
including ‘muscle cell development’ and ‘regulation of muscle
contraction’ (Fig 2C).

We were intrigued that a cluster of pathways annotated as ‘T
cell immunity’ was enriched in JDM muscle-only regions
(Fig 2C). Scrutiny of pathways that generated this annotation
revealed 22 pathways ascribed to T cells and 85 others labelled
as antigen processing, regulation of immunity, major histocom-
patibility complex (MHC), or other immune cells (Supplemen-
tary Table S3). Across these pathways, the top DE genes were
HLA (human leukocyte antigen, the human MHC) genes or those
involved in MHC processing such as TAP2 (Supplementary Table



Figure 2. Differential gene expression analysis demonstrates a high interferon-driven signature and abnormal mitochondrial gene signature in JDM
compared to control muscle. (A) Volcano plot illustrating differentially expressed genes (DEGs) between JDM and control muscle ROIs. Genes with an
adjusted P value ≤0.05 and |log2FC| ≥ 0.58 are considered statistically significant (n = 448). Red points represent significantly upregulated genes,
and blue significantly downregulated genes. The 20 genes with the smallest adjusted P values were annotated. (B) Network cluster plot of enriched
gene ontology cellular component (CC) pathways among the 448 DEGs, generated using the aPEAR R package. Each cluster represents groups of simi-
lar cellular components, derived from gene ontology terms. Pathways with an adjusted P value ≤0.05 (Benjamini-Hochberg procedure) were included
in the clustering and network analysis. (C) Network cluster plot of enriched gene ontology biological process (BP) pathways among the 448 DEGs, gen-
erated using the aPEAR R package. Each cluster represents groups of related BPs, highlighting functional pathways involved in JDM. Pathways with an
adjusted P value ≤0.05 (Benjamini-Hochberg procedure) were included in this clustering and network analysis. For (B) and (C), larger dots represent
pathways associated with a higher number of significant genes (shown in key, pathway size). Dot colour intensity corresponds to significance, with
deeper red shades indicating smaller P values (shown in colour bar, adjusted P value). aPEAR, advanced pathway enrichment analysis representation;
FC, fold change; JDM, juvenile dermatomyositis; NS, not significant; ROI, regions of interest.
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Figure 3. Interferon-driven signature is elevated across each cell type analysed in JDM tissue. (A) Heatmap showing the normalised, scaled expression
levels of the 15-gene interferon score across the ROIs. Distinct ROI types (top row) are allocated colours pink, blue, red and yellow as shown; individ-
ual patients (second row sample ID) are allocated colours as shown. Unsupervised clustering groups the ROIs into 3 distinct clusters: one including
ROIs patient JDM1 (light blue ID) and JDM2 (white bordered ID), a second cluster for patient JDM3 (purple ID), and a third for control ROIs (black,
grey and green IDs). The coloured scaled bar red to blue highlights the Z-score ranges, with red indicating a positive Z-score and blue indicating a neg-
ative Z-score. (B, C) Boxplots showing the 15-gene interferon score, calculated as the sum of Z-scores for the 15 ISGs, compared across: (B) different
ROI types and (C) individual patients and controls. For (B), statistical differences between the groups were assessed using the Kruskal-Wallis test, fol-
lowed by post hoc pairwise comparisons using Dunn’s test. For (C), statistical differences were assessed using one-way ANOVA, followed by post hoc
pairwise comparisons using Tukey’s HSD test. ANOVA, analysis of variance; HSD, honestly singnificant difference; ID, identification; ISG, interferon-
stimulated gene; JDM, juvenile dermatomyositis; ROI, regions of interest.
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S4). It is well established that both muscle and endothelium in
adult and juvenile idiopathic inflammatory myopathy (IIM)
express high levels of HLA class I and II proteins which can be
independent of inflammatory infiltrates [17−20]. Therefore, we
ascribe this result to the expression of HLA genes (driven by
IFN) in muscle fibres or endothelium.

To determine whether differentially expressed pathways
were upregulated or downregulated in JDM against controls,
6

gene set enrichment analysis was performed using the Fast Gene
Set Enrichment Analysis (fGSEA) method [21]. This analysis
provides complementary insights by considering the entire
ranked gene list, identifying pathways with subtle but coordi-
nated expression changes. Using fGSEA, 79 and 269 significant
pathways (adjusted P value ≤.05, Benjamini-Hochberg proce-
dure) were identified with the GO CC and GO BP gene sets,
respectively, many of which overlapped with the ORA results.
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Full lists of the significant pathways identified via fGSEA and
their associated fold changes and clusters can be found in Sup-
plementary Tables S5 (GO CC) and S6 (GO BP).

Clustering of the 79 pathways (GO CC) using aPEAR vali-
dated the previous results, with the generated network plots
reinforcing involvement of ER to Golgi transport pathways
(upregulated) and mitochondrial-related pathways (downregu-
lated, Supplementary Fig S3A and Table S5). In contrast, cluster-
ing of the 269 GO BP pathways highlighted the significant
upregulation of IFN signalling pathways, which fall under the
cluster of ‘regulation of response to external stimulus’ (Supple-
mentary Fig S3B and Table S6). Supplementary Figure S3C
shows the 15 most downregulated and 15 most upregulated
pathways from both GO CC and GO BP analyses, visualised by
comparing normalised enrichment scores.

IFN-driven signature is elevated across tissue cell types analysed
in patients with JDM

We next used our previously validated 15-gene IFN-stimu-
lated gene signature [3] to visualise variations in the expression
patterns of IFN-stimulated genes across the different ROIs, from
patients and controls [22]. All 15 of these genes are associated
with both type I and type II IFN signalling as annotated in the
Interferome database [23]. Heatmap visualisation of normal-
ised, scaled expression levels across ROIs revealed distinct pat-
terns of IFN-stimulated gene (ISG) expression between patients,
with unsupervised clustering of ROIs primarily by patient. One
patient with JDM (JDM3) exhibited lower ISG expression com-
pared to the other 2 patients with JDM (Fig 3A). Notably, this
patient was less weak at the time of biopsy than patients JDM1
and JDM2 (Table).

Quantification of the 15-gene ISG score (IFN score) demon-
strated significant elevation in all ROI types from JDM tissues
compared to controls. However, pairwise comparisons using
Dunn’s multiple comparisons test revealed no statistically signif-
icant differences between different ROI types within the JDM
group, indicating a consistent IFN activation signature across
muscle cells, immune-infiltrated regions, and CD68+ macro-
phage-enriched regions (Fig 3B). Analysis of IFN score values by
ROI confirmed that all 3 patients had significantly higher IFN
scores than controls, but that the IFN score of JDM3 was signifi-
cantly lower than scores of JDM1 or JDM2 (Fig 3C).

Mitochondrial dysfunction is consistent across all patients with
JDM

To further analyse mitochondrial involvement within JDM
muscle tissue, the 448 DEGs identified in JDMmuscle ROIs com-
pared to controls (Fig 2A) were further examined based on their
associated GO terms. Of these 448 genes, 75 were annotated
with the GO term ‘mitochondrion’. This list was carefully
curated, removing known ISGs, including 5 which were part of
our IFN score, and other genes which are not specific to mito-
chondrial function, or only interact with mitochondria under
specific conditions (see Supplementary Methods). Unsupervised
clustering of the 41 remaining genes revealed clusters by ROI
type (and therefore cell type), rather than by patient, suggesting
that mitochondrial gene expression patterns are shaped by cell
type and disease state, but were largely consistent across
patients (Fig 4A). Genes included in analysis shown in Figure 4
are listed in Supplementary Table S7. Quantification of the mito-
chondrial gene score using these 41 genes demonstrated signifi-
cant differences between all JDM ROIs and controls (Fig 4B).
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Pairwise comparisons (Tukey’s multiple comparisons test)
revealed that among the JDM patient data, CD68+ macrophage
regions exhibited significantly distinct mitochondrial scores
compared to both JDM muscle (adjusted P < .0001) and control
muscle ROIs (adjusted P < .0001) indicating cell-specific varia-
tion in mitochondrial gene expression patterns (Fig 4B), unlike
the uniformity across cell types seen in IFN dysregulation in
JDM (Fig 3B). No statistically significant difference was
observed between the muscle and muscle+immune cell JDM
mitochondrial scores (Fig 4B, adjusted P = .1438). Analysis of
the 41-gene score across patients confirmed that each patient
had a highly significant altered mitochondrial score compared
to controls, but there were no significant differences in mito-
chondrial scores between patients (Fig 4C). Together, these
results suggested that while the degree of IFN-driven pathology
varied between cases, the mitochondrial abnormality was
observed consistently across these 3 cases.

To validate these findings in an independent cohort, fGSEA
analysis was performed using a publicly available RNAseq data-
set, comparing 4 JDM with 5 control muscle biopsies [24]. As
these data were bulk RNAseq, analysis was performed at the
whole-biopsy level but not for specific regions or cell types
within each biopsy. Analysis confirmed upregulation of IFN-
driven and immune activation pathways, and downregulation of
mitochondrial pathways (including oxidative phosphorylation,
respiratory electron transport chain, ATP synthesis coupled elec-
tron transport), Supplementary Figure S4A. This dataset also
enabled transcriptome-wide quantification, including mitochon-
drial-encoded gene transcripts not captured by the GeoMx
whole transcriptome atlas. Of the 37 mitochondrial-encoded
genes, 20 were significantly (adjusted P value <.05, |Log2FC| ≥
0.58) downregulated in JDM muscle compared to controls (Sup-
plementary Fig S4B), and this was consistent across all cases
(Supplementary Fig S4C). Furthermore, 10 of the 41 mitochon-
drial score genes were significantly and consistently downregu-
lated in JDM in the replication cohort (Supplementary Fig S4D,
E), while 13 genes of the 15-gene IFN score were significantly
upregulated in this cohort (Supplementary Fig S4F). Again, we
observed clear patient heterogeneity in levels of IFN-driven
gene expression (Supplementary Fig S4G).

Relationship between IFN-driven and mitochondrial
abnormalities in JDM muscle

Given our intriguing finding of a lack of correlation between
IFN and mitochondrial pathological gene expression, we investi-
gated this at the protein level using conventional immunohis-
tochemistry and chemical stains in a larger cohort (n = 19),
including 16 further UK Juvenile Dermatomyositis Cohort Bio-
marker Study & Repository (JDCBS) JDM cases and the index 3
JDM cases, all treatment naive. Sections were stained and scored
for IFN-driven MxA protein expression (Fig 5A-D) and mito-
chondrial abnormality (Fig 5E-J) (see Supplementary Methods).
JDM cases exhibited a range of mitochondrial deficiency sever-
ity (6 severe, 10 mild, and 3 none) and IFN-driven MxA protein
expression. However, there was no correlation between these 2
features (Fig 5K, P= .657). In contrast, the level of MxA protein
upregulation on muscle fibres correlated with clinical weakness
measured by MMT8 (adjusted P = .0369, Benjamini-Hochberg
procedure) and CMAS (adjusted P= .0084), replicating our pre-
vious findings in 103 cases [25].

The histological feature of perifascicular atrophy (PFA) is
well recognised in dermatomyositis and has been shown to cor-
relate with COX deficiency and mitochondrial abnormalities in



Figure 4. Abnormal mitochondrial signature is consistent across all patients with JDM but distinct between cell types. (A) Heatmap showing the nor-
malised, scaled expression levels of the 41-gene mitochondrial score differentially expressed in JDM muscle against control ROIs. Distinct ROI types
(top row) are allocated colours pink, blue, red and yellow as shown; individual patients (second row sample ID) are allocated colours as shown. All
ROI types are included in the heatmap analysis. Unsupervised clustering groups the ROIs into 3 distinct clusters: one including JDM muscle ROIs and
muscle + immune cell ROIs, a second for CD68+ ROIs, and a third for control muscle ROIs. The coloured scaled bar highlights the Z-score ranges,
with red indicating a positive Z-score and blue indicating a negative Z-score. (B, C) Boxplots of 41-gene mitochondrial scores, calculated as the sum of
Z-scores for the 41 mitochondrial genes, compared across: (B) different ROI types and (C) individual patients and controls. For (B) and (C), statistical
differences were assessed using one-way ANOVA, followed by post hoc pairwise comparisons using Tukey’s HSD test. ANOVA, analysis of variance;
HSD, honestly significant difference; ID, identification; JDM, juvenile dermatomyositis; ROI, regions of interest.
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JDM and adult DM [26]. We tested whether PFA within the ROIs
analysed by GeoMx was associated with mitochondrial abnor-
mality. All 3 JDM cases demonstrated evidence of PFA. Of the
22 ROIs, 18 contained the edge of a fascicle allowing analysis
for PFA (Supplementary Fig S5A). PFA was present in 55% (10/
18) of these ROI including regions from all 3 cases. In this small
sample, no correlation was observed between PFA and mito-
chondrial abnormality, assessed in the 8 muscle/muscle
+immune ROIs (Supplementary Fig S5B). However, this result
may relate to small sample size, the fact that GeoMx does not
measure expression of mitochondrial-encoded genes, or that
each ROI covers areas with PFA and others without, while
GeoMx generates a bulk-like average 41-gene mitochondrial
score for the whole ROI.
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To define other biological pathways associated with mito-
chondrial dysfunction, 2 complementary approaches were per-
formed. First, for each pathway cluster shown in Supplementary
Figure S3A, B, the most commonly shared genes within each
cluster were used to generate cluster-specific expression scores.
In the second approach, fGSEA was run using MSigDB Hallmark
gene sets, and scores calculated from the leading-edge genes of
each pathway (see Supplementary Methods). Across both meth-
ods, lower mitochondrial gene expression was consistently asso-
ciated with reduced activity in metabolic pathways, including
oxidative phosphorylation, fatty acid metabolism, glycolysis and
genes involved in reactive oxygen species response as expected
(Fig 6A, B). In addition, decreased expression of peroxisome-
related genes and downregulation of sarcomere organisation



Figure 5. Lack of association between interferon dysregulation and mitochondrial deficiency assessed at protein level in an independent JDM cohort.
(A-D) Representative immunohistochemical staining for myxovirus-resistance protein A (MxA), used to assess interferon-driven protein expression in
muscle fibres. Scoring was performed using a 4-point scale: 0 = no staining (A), 1 = weak (B), 2 = moderate (C), and 3 = strong (D). (E-J) Represen-
tative staining for mitochondrial deficiency, assessed using combined COX−SDH histochemistry and supported by immunohistochemistry for MTCO1
(complex IV) and NDUFB8 (complex I). Cases were categorised as having no (0), mild (1), or severe (2) mitochondrial deficiency. (E-G) Representative
staining from a JDM biopsy with mild mitochondrial deficiency: (E) COX−SDH staining, (F) MTCO1, and (G) NDUFB8. (H-J) Representative staining
from a JDM biopsy with severe mitochondrial deficiency: (H) COX−SDH, (I) MTCO1, and (J) NDUFB8. (K) Summary bar plot of 19 JDM muscle biop-
sies, showing the distribution of mitochondrial deficiency scores (0 = none, 1 = mild, 2 = severe) across each level of interferon activity (MxA score
0−3). Bar colours indicate the level of mitochondrial deficiency (none, mild, severe) as shown. Statistical analysis was performed using the U-statistic
permutation test. JDM, juvenile dermatomyositis.
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Figure 6. Pathway-level transcriptional signatures associated with mitochondrial dysfunction in JDM muscle. Dot plots show the significant correla-
tion between the mitochondrial gene score and pathway-specific expression scores across muscle regions of interest (ROIs) from JDM biopsies
(adjusted P ≤ .05, Benjamini-Hochberg procedure). The mitochondrial gene score was calculated per ROI based on z-scores of 41 curated mitochon-
drial genes, using the mean and SD from control muscle as a reference. (A) Correlation with GO-based pathway clusters, derived from fGSEA of JDM
ROIs compared to controls. For each cluster, a core gene signature was defined by selecting genes that appeared in the leading edge of ≥75% of constit-
uent pathways. (B) Correlation with significantly enriched MSigDB Hallmark pathways (adjusted P ≤ .05, Benjamini-Hochberg procedure) identified
through gene set enrichment analysis of JDM vs control muscle. For both (A) and (B), each dot represents a single pathway or cluster. Dot size reflects
the strength of the correlation (r coefficient), and dot colour indicates the statistical significance of the correlation, with deeper red shades correspond-
ing to smaller adjusted P values. The colour scale bar reflects the adjusted P value. GO, gene ontology; JDM, juvenile dermatomyositis.

A.E. Syntakas et al. Ann Rheum Dis 00 (2025) 1−15
were observed to be correlated with more severe mitochondrial
abnormalities.

Transcriptomic differences between distinct regions of affected
muscle and between patients

Since we observed differences in IFN-driven signature
between cases, we tested for other transcriptomic differences
across patients, comparing patient JDM3 with JDM1 and JDM2.
Initially, muscle and muscle-immune ROIs were combined to
increase statistical power. Analysis comparing JDM3 vs JDM1
+JDM2 revealed 176 DEGs between groups (100 upregulated,
76 downregulated genes in patients JDM1+JDM2,
10
Supplementary Fig S6A). Pathway analysis indicated 208
enriched GO BP pathways; cluster network analysis highlighted
IFN and immune-related pathway clusters, including ‘positive
regulation of type I interferon production’ (confirming our 15-
gene IFN score result, Fig 3), ‘antigen processing and presenta-
tion via MHC Class I via ER pathways’, and ‘antibacterial
humoral response’ (Supplementary Fig S6B). In this comparison
between patients, mitochondrial pathways were not differen-
tially expressed, confirming earlier results suggesting consistent
mitochondrial abnormalities in all cases. Separate DGE analysis
performed between the CD68+ cell ROIs of patient JDM3
against those of patients JDM1+JDM2 revealed 63 DEGs
(43 upregulated, 20 downregulated in JDM1+JDM2,



Figure 7. Gene set enrichment analysis reveals increased immune pathways and decreased mitochondrial functional pathways in JDM immune cell-
rich muscle regions compared to JDM muscle-only regions. (A, B) Cluster plots of enriched gene ontology pathways, based on fGSEA performed on all
genes for each comparison ranked by P value and fold change. (A) Plot of enriched GO cellular component pathways. (B) Plot of enriched GO biologi-
cal process pathways. (C) Dot plot of the 20 GO BP and CC pathways with the highest absolute normalised enrichment score (NES). In panels (A-C),
larger dots represent pathways associated with a higher number of genes (shown in key, pathway size), and the dot colour reflects the NES, with blue
indicating negative NES and red indicating positive (shown in colour bar, NES). BP, biological process; CC, cellular component; GO, gene ontology;
JDM, juvenile dermatomyositis.
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Supplementary Fig S7A). Within this analysis, 148 GO BP path-
ways were significantly enriched, with the most prominent clus-
ter being ‘negative regulation of viral genome replication’
(Fig 7B), indicating that expression of ISGs in muscle-infiltrating
CD68+ cells also differed between the patients with JDM. We
also conducted DGE analysis for each ROI type comparing JDM1
+JDM3 vs JDM2, and JDM2+JDM3 vs JDM1. Those compari-
sons did not reveal meaningful differences, yielding between 0
and 4 DEGs only (data not shown).
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Finally, we explored transcriptional patterns in muscle-
immune ROI (which had dense infiltrates of CD45+ immune
cells, including CD3+/CD68+/CD20+ cells), compared to
muscle-fibre only regions. Initial DGE analysis using the
limma-voom pipeline suggested no significant DEGs between
these ROI groups, based on the same fold change and adjusted
P value criteria (data not shown). However, fGSEA analysis
revealed 28 significant pathways in the GO CC gene set and
317 significant pathways in the GO BP gene set (Fig 7A, B,
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respectively). These pathway-level findings suggested that
immune-infiltrated muscle regions exhibited further downre-
gulation of mitochondrial and metabolic pathways, alongside
increased expression of immune-related and leukocyte activa-
tion pathways (Fig 7C). While not captured at the significant
DEG level, these transcriptional differences are consistent with
the expected biological impact of immune infiltration. These
significant pathways are found in Supplementary Tables S8
(GO CC) and S9 (GO BP).

DISCUSSION

Our previous work and that of others studying affected mus-
cle in JDM, a key target tissue of pathology, has demonstrated
upregulated expression of IFN-driven gene and protein expres-
sion. In muscle fibres, this includes overexpression of class I
MHC protein (also known as HLA class I) [6,20,27], and myxovi-
rus-resistance protein A [25]. Expression of IFN-driven proteins
is variable between cases, but typically correlates with the
degree of weakness [25]. Many studies have confirmed a strong
IFN-driven transcriptional signature in both muscle and blood of
both adult and paediatric patients with IIM [3,28−31]. Thera-
pies which target IFN or IFN signalling are increasingly being
tested in myositis [32].

Our previous gene expression analysis of peripheral blood
lineage-sorted immune cells from patients with JDM revealed
not only this known IFN-driven signature, but also a signature of
mitochondrial dysfunction, most marked in blood monocytes
[3] which was confirmed at the functional level and found to
persist, and was not restored to normal by treatment, despite
clear reduction in expression of ISGs on treatment. Furthermore,
we showed that mitochondrial DNA was abnormally released in
patient monocytes and could drive production of IFN and down-
stream ISGs, an effect that was mediated via C-GAS-STING and
TLR9 pathways.

To date, the majority of transcriptional studies published
using muscle tissue of patients with IIM have used bulk RNA
sequencing. In these datasets, it is challenging to understand or
define the role of different cells, or to identify how specific tissue
microniches contribute to pathology. In this study, we have for
the first time used spatial transcriptomic methods to analyse
muscle tissue from children with JDM obtained at diagnosis
before starting treatment compared to age-matched healthy
muscle. Thus, our data are not confounded by the effects of med-
ication. We used Nanostring GeoMx DSP to generate transcrip-
tional data of 3 specific region types within the muscle. This
allowed comparison of regions within the disease tissue includ-
ing those where infiltrating immune cells are scarce, or not
detected, in regions of dense clusters of inflammatory cells, and
in regions where CD68+ infiltrating macrophages were pre-
dominant. Our data confirm successful use of this platform for
analysis using historical cryopreserved muscle tissue.

Initial analysis of JDM compared to control tissue confirmed
high expression of IFN-stimulated genes in all regions analysed.
Furthermore, strong upregulation of pathways related to protein
transport through the ER and Golgi, and ER stress, was observed,
aligning well with our previous studies in human muscle and a
transgenic mouse myositis model [4,33,34]. We also demon-
strate that, as previously observed in blood monocytes, in the
JDM tissue itself, muscle fibres have a highly dysregulated mito-
chondrial signature. Dysregulated pathways included those
related to mitochondrial function, respiratory chain, and mito-
chondrial proton transport: their expression was downregulated
in muscle. In addition, the signal for mitochondrial and
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respiratory chain-related genes was distinct in CD68-enriched
regions. By analysing RNAseq data from a second JDM cohort,
we validated our results for these nuclear-encoded mitochon-
drial genes and additionally showed downregulation of mito-
chondrial-encoded genes. We investigated the relationship of
the signatures to clinical activity as assessed by muscle weak-
ness. We observed a correlation between IFN signature and
weakness, whereby 1 patient who was minimally weak (MMT8
score 78) had lower expression of IFN-induced signature than
the 2 patients who were significantly weak (MMT8 scores 44
and 42). Interestingly, this was different for the mitochondrial
signature detected in tissue, which was independent of the IFN
signature. The downregulation of mitochondrial pathways was
consistently observed for the index 3 patients, regardless of mus-
cle strength, and across the 3 patients this result showed mini-
mal variance for the 41-gene mitochondrial score we defined.
We extended these findings in 19 cases at protein level, and rep-
licated the observation of no correlation between level of IFN-
driven protein expression with mitochondrial abnormality. A
recent study suggested that IFNg itself leads to mitochondrial
dysfunction and oxidative stress in both a mouse model and
patients with adult IIM [10]. In contrast, our previous work in
JDM monocytes suggested that circulating oxidised mitochon-
drial DNA itself may activate IFN pathways. The current study
suggests that mitochondrial dysfunction can be equally promi-
nent in patients with either low or high IFN score at both RNA
and protein level, implying that IFN-independent drivers of
mitochondrial dysfunction exist. If so, blocking of IFN by new
therapeutic agents may not adequately control all aspects of dis-
ease pathology. Supporting this, recent evidence in Inclusion
Body Myositis (IBM) and Polymyositis (PM) suggests that mito-
chondrial-encoded gene mutations lead to inflammation and
immune cell infiltration, activating the cGAS/STING pathway,
in the absence of IFN [35]. In a model of Parkinson’s disease
(PD) and patients with PD, mitochondrial DNA damage triggers
neuron pathology, which is, remarkably, exacerbated in the
IFN-deficient mouse [36]. Collectively, these findings suggest
that the intersection between mitochondrial biology and IFN is
bidirectional and complex, and that pathologies driven by
altered mitochondrial DNA and function can act independently
of IFN. Our demonstration that mitochondrial dysfunction corre-
lates with altered function of the peroxisome, an organelle key
to metabolic pathways which communicates with mitochondria,
may reveal further potential novel treatment targets [37].

Our analysis of JDM muscle compared to healthy muscle also
revealed other dysregulated pathways associated with disease,
including ER to Golgi transport, sarcomere and T cell activation.
We attribute this to the highly upregulated HLA class I and II
DEGs which are known to be upregulated in muscle fibres them-
selves in JDM.

Direct comparison of muscle-only to muscle+immune regions
revealed pronounced downregulation of mitochondrial and meta-
bolic pathways, alongside increased expression of immune-related
pathways, in immune-infiltrated regions. This indicates that rela-
tive mitochondrial abnormalities differ between cell types in
inflamed tissue, and concurs with evidence that the mitochondrial
transcriptome differs across tissue types [38]. To precisely dissect
specific tissue niches and cell interactions in JDM, future single-
cell spatial analyses will provide a more precise understanding of
cell-specific contributions and define cell-cell interactions in JDM
muscle tissue. Single-cell spatial analysis of JDM muscle is under-
way to allow us to distinguish these issues.

This study has several limitations. The initial sample size
(n = 3 in each group) was small which limited our ability to
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detect gene expression differences with a small effect size, which
may still be important to pathology: therefore, our findings
should be interpreted with caution, especially when comparing
2 patients to one other. In addition, the 3 initial JDM and 3 con-
trol cases are not perfectly matched for sex or age, and in this
group size it was not possible to adjust for these variables. Thus,
despite close clustering of the control case data in both PCA and
gene score analyses, larger studies are needed to assess the effect
of these variables on muscle transcription in myositis.

Despite this, key significant differences between patients and
controls were replicated in a second cohort and our findings
were validated at protein level in a larger cohort. Our previous
analysis of 103 JDM muscle biopsies showed significant histo-
logical heterogeneity across cases which varied in part by MSA
status [25]. The current study was not powered to analyse for
association between specific MSA status and transcriptional dif-
ferences. A larger cohort will therefore be essential to capture
the full variance in patient phenotype, MSA status, clinical
severity, and pathology, to provide a robust understanding of
JDM-associated gene expression changes. Furthermore, analysis
of tissue-infiltrating CD68+ macrophages lacked a control com-
parison group due to the absence of CD68+ cells in normal mus-
cle tissue limiting our ability to identify the unique
transcriptomic signature of infiltrating macrophages against
healthy macrophages.

This study represents the first application of spatial transcrip-
tomics to muscle biopsies from a patient with JDM using the
GeoMx technology, unveiling critical insights into mitochon-
drial and immune dysregulation at the tissue level. Importantly,
we have defined parallel gene expression patterns in both the
muscle and macrophage-rich regions of JDM muscle, as previ-
ously identified in blood monocytes. Together, these data sug-
gest that mitochondrial dysfunction is present across tissues
and, that within the muscle itself, this signal is readily detect-
able in both CD68+ infiltrating cells and muscle fibres. Our
results also indicate that this mitochondrial dysfunction is
uncoupled from the characteristic IFN-driven signature. Given
that almost 50% of patients with JDM are not well-controlled on
standard first-line treatments [2], which are currently focused
on the suppression of immune pathways, our demonstration
that mitochondrial dysfunction is present in the muscle of the
majority of cases of JDM in this study has important implica-
tions. First, adjunctive therapies that target the mitochondrial
pathology could be tested in combination with current treat-
ments. Second, this signature may be readily tested and used to
drive treatment choices in the future. Future work to define
whether the mitochondrial signature in tissue correlates with
that in blood will be important for the design of stratification
tools in trials of novel agents targeting the mitochondrial abnor-
mality.

Our findings advance the understanding of JDM pathogenesis
and lay the groundwork for future research into the use of thera-
pies which specifically target mitochondrial dysfunction and
immune-mediated damage.
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