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Abstract

Inflammatory myopathies represent a heterogeneous group of autoimmune disorders
affecting skeletal muscle, with distinct pathological features. While muscle biopsy
remains a key diagnostic tool, conventional immunohistochemical approaches are
limited in both number of available markers and spatial resolution. To explore the
feasibility and potential of the MACSima™ Imaging Platform for high-dimensional,
spatially resolved analysis of skeletal muscle tissue in inflammatory myopathies, we
applied a panel of antibodies targeting immune cells, extracellular matrix components,
blood vessels, and lymphatic markers to skeletal muscle cryosections from patients with
different inflammatory myopathies and age-matched controls. Using the MACSima™
platform, we performed iterative immunofluorescence staining and imaging cycles to
generate multiplexed protein maps.

The platform enabled robust signal acquisition and preserved tissue morphology
throughout all cycles. Preliminary spatial analysis revealed distinct immune cell
infiltration patterns, ECM remodeling signatures, and vascular changes across disease
subtypes.

This pilot study demonstrates the feasibility of applying high-dimensional multiplex
imaging to skeletal muscle using the MACSima™ system. Our results represent a first
partial spatial profiling of muscle pathology in autoimmune myopathies using an
innovative methodological approach.
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1. Introduction

Idiopathic inflammatory myopathies (lIMs), generally indicated as myositis, refer to a
diverse set of autoimmune disorders characterized by muscle weakness, inflammation,
and varying degrees of muscle degeneration accompanied by various clinical
manifestations affecting skin, lungs, and joints, along with the production of
autoantibodies [1]. Clinically, patients often present proximal muscle weakness
affecting both upper and lower limbs, myalgia and elevated serum creatine kinase (CK)
levels, with the notable exception of inclusion body myositis (IBM), where CK elevation
may be modest. Diagnhosis generally relies on clinical examination, imaging studies,
electromyography (EMG), serological testing and muscie biopsy [2]. Recent advances in
targeted therapies—including interferon pathway inhibition [3,4], plasma cell-directed
treatments [5], as well as innovative approaches such as CAR T-cell therapies [6,7] and
bispecific antibodies [8]—are demonstrating increasing specificity and promising clinical
efficacy.

Major [IM subtypes include dermatomyositis (DM), immune-mediated necrotizing
myopathies (IMNM), overlap syndromes (OS), anti-synthetase syndrome (ASyS), and
inclusion body myositis (IBM). DM is characterized by complement-mediated
microangiopathy and perifascicular atrophy, whereas IMNM—including anti-HMGCR and
anti-SRP myopathies—is primarily defined by myofiber necrosis. ASyS and OM display
overlapping features with connective tissue diseases and distinct autoantibody profiles.
In contrast, IBM combines chronic cytotoxic T cell-mediated inflammation with
degenerative changes such as protein aggregation and impaired proteostasis, is
typically refractory to immunosuppressive therapies [9-11], and likely arises from a
multifactorial interplay between immune and degenerative mechanisms.

Despite significant advances in unraveling the immunopathogenesis of these disorders,
the molecular determinants that confer specificity to each subtype remain incompletely
elucidated.

HMGCR-Positive Myopathy (HMGCR) is characterized by symmetric proximal weakness,
often, but not always, associated with statin use, and defined by autoantibodies against
HMGCR (HMG-CoA reductase); muscle biopsy shows myofiber necrosis and



regeneration, endomysial CD68+ macrophage-rich infiltrates, and increased MHC class
| expression [12,13].

Dermatomyositis (DM) presents with symmetric proximal weakness and characteristic
skin manifestations (heliotrope rash, Gottron’s papules), possible dysphagia,
malignancy risk, and cardiac involvement; perivascular and perimysial CD4+ T and B
cell infiltrates, complement (C5b-9) deposition, and perifascicular atrophy [14] are the
main features at muscle biopsy.

Overlap Syndromes (OS) combine features of both inflammatory myopathies and
connective tissue diseases, muscle biopsy findings are heterogeneous, including mixed
T and B cell infiltrates, myofiber necrosis and regeneration, and variable vascular
involvement [9].

Inclusion Body Myositis (IBM) typically affects adults over 50, with slowly progressive,
asymmetric weakness of finger flexors and quadriceps, often with associated dysphagia;
muscle biopsy shows endomysial CD8+ T cell invasion of non-necrotic fibers, rimmed
vacuoles and fiber size variability [15].

The pathogenic processes in inflammatory myopathies are multifaceted, involving a
complex interplay between immune-mediated injury, remodeling of the extracellular
matrix (ECM), capillary network alterations, and direct disruption of muscle fiber
architecture and function. However, each myositis subtype is characterized by
distinctive molecular and cellular signatures.

In IMNMs, myofiber necrosis is thought to be driven by autoantibody-mediated
complement activation and membrane attack complex (MAC) deposition on muscle
fibers [16]. Overlap myositis exhibits heterogeneous inflammatory patterns, including
perivascular and endomysial infiltrates, sometimes accompanied by vasculopathy and
fibrosis [17]. In contrast, IBM is characterized by a dual pathogenic mechanism in which
chronic cytotoxic T cell-mediated inflammation coexists with degenerative processes,
including protein aggregation, rimmed vacuoles, mitochondrial abnormalities [18],
NLRP3 inflammasome activation [19] and progressive myofiber loss [20]. Disrupted
proteostasis, including impaired autophagy and protein quality control, further
contributes to disease progression [21].

Advances in spatial transcriptomics have revealed previously unrecognized
heterogeneity within inflammatory and degenerative zones of IBM muscle, highlighting
spatial compartmentalization of pathology. Using single-nucleus RNA sequencing and
spatial transcriptomics, Wischnewski et al. (2024) [20] identified selective vulnerability
of type 2 myofibers, associated with localized cytotoxic T cell and type 1 dendritic cell
infiltration, activation of stress markers (GADD45A, NORAD), protein degradation
pathways (RNF7, p62 aggregates) and increased ACHE expression, consistent with



functional denervation. These findings define distinct molecular states in degenerating
fibers and the interplay of immune-mediated inflammation, cellular stress, and
denervation in IBM pathogenesis. This combination of immune dysregulation and
impaired protein homeostasis drives relentless disease progression, resistant to
conventional immunosuppressive therapies. Kleefeld et al. (2026) [22] further identified
a disease-specific proteomic signature integrating immune and degenerative
mechanisms, providing evidence that polymyositis with mitochondrial pathology (PM-
Mito) may represent an early stage within the IBM spectrum. Recent clinical trials have
explored targeted therapeutic approaches, including anti-IL-1 receptor [23] and
molecular chaperone inducers [24], but definitive disease-modifying treatments for IBM
remain elusive.

Muscle biopsy remains central for diagnosis, enabling the evaluation of inflammatory
infiltrates, fiber necrosis, and microvascular alterations. However, traditional
histopathological and immunohistochemical approaches are limited by the number of
markers that can be assessed simultaneously, as well as by the lack of spatial resolution
needed to interrogate the tissue microenvironment in detail. Mass spectrometry (MS)-
based spatial proteomic approaches, including laser microdissection, MALDI imaging,
and single-fiber analyses, have been widely appiied to human skeletal muscle. These
methods enable the quantification of hundreds to thousands of proteins and allow fiber-
type-specific profiling, as demonstrated by large-scale and single-fiber studies [25-27].
While they provide deep molecular coverage and quantitative insights, they differ from
antibody-based imaging platforms in spatial resolution and in the ability to directly
visualize protein co-localization at the single-cell level and very low abundance proteins.
Recent advances in multiplex imaging platforms have revolutionized tissue-based
research by enabling the simultaneous visualization of dozens of proteins within a single
tissue section while preserving spatial context. Among these, the MACSima™ Imaging
Platform is an automated, high-throughput cyclic immunofluorescence system that
allows the iterative staining, and imaging and signal removal of dozens of markers on
the same tissue section, thereby preserving spatial context while achieving high-
dimensional protein profiling. This approach allows the comprehensive characterization
of cellular phenotypes, tissue architecture, and cell-cell interactions at subcellular
resolution. While this technology has been successfully applied to tumor [28, 29] and
lymphoid tissues [30], its application to skeletal muscle, particularly in the context of
inflammatory myopathies, remains unexplored.

In this pilot study, we aimed to apply the MACSima™ platform to skeletal muscle
biopsies from patients with different forms of inflammatory myopathies and controls.
Our objectives were: (1) to evaluate the technical feasibility and reproducibility of the



platform in muscle tissue and (2) to explore spatial patterns of proteins associated with
muscle structure, extracellular matrix modulation, inflammatory processes, and

lymphangiogenesis.

2. Materials and Methods

2.1 Patients

The patient cohort was composed of 16 patients and 4 age-matched controls, the latter
being individuals who had undergone skeletal muscle biopsy for suspected
neuromuscular disease, but whose biopsy had turned out normal. Muscle biopsies were
performed at the biceps brachii except for three patients for whom quadriceps muscle
was preferred. The patients are subdivided into four pathological groups: HMGCR-statin
related myositis (HMGCR), dermatomyositis (DM), overlap syndrome (OS) and inclusion
body myositis (IBM). All patients were recruited from the Neurology-Neuromuscular and
Rare Disease Unit of Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico of
Milano. The study was conducted in compliance with the ethical standards outlined in
the Declaration of Helsinki, as well as national legislation and institutional guidelines.
All participating subjects provided written inforrmed consent, which had been approved
by the local Ethical Committee, to undergc skeletal muscle biopsy, as well as storage,
analysis, and collection of their data, including clinical information.

2.2 Muscle biopsy

Muscle biopsies were initially performed as part of routine diagnostics and were
reassessed for the purpose of this study. Patient biopsies were selected based on clinical
and serological diagnoses to represent each disease entity. Due to disease
heterogeneity and sampling limitations, individual biopsies may not display all classical
histopathological features.

Tissue specimens were frozen in isopentane-cooled liquid nitrogen and processed
according to standard techniques. For histological analysis, 8 um-thick cryosections
were picked and processed for routine staining with Hematoxylin and Eosin (H&E),
Modified Gomori Trichrome (MGT), myosin ATPase (pH 9.4-4.6-4.3), cytochrome c
oxidase (COX), succinate dehydrogenase (SDH), and NADH-Tetrazolium reductase
(NADH-TR). The number of necrotic fibers was counted on MGT-stained muscle sections
and the percentage of necroses was calculated considering the number of fibers in each
field. On the H&E-stained muscle sections, the fibrotic area (connective and adipose
tissue) was quantified using Leica Application Suite 4.9.0 and Image] 1.53c



(https://imagej.nih.gov/ij/download.html) software. The percentage of fibers with
internalized nuclei was evaluated on H&E-stained muscle sections. For all analyses, on
each section, four randomly, non-overlapping, selected fields were photographed at 20X
objective, using optical microscope Leica DC200 equipped with camera and IM50 image
analysis software (Leica Microsystems, Wetzlar, Germany).

2.3 Tissue preparation for MACSima ™ platform

The MACSima platform allows high-plex spatial analysis of tissue, enabling the
simultaneous detection of multiple biomarkers within the same tissue section. For
MACSima experiments three patients from each pathological group were analyzed.
Preliminary H&E staining was performed on the selected muscles (Fig. 1S,
Supplementary).

8 um-thick cryostat muscle sections were mounted onto a Super Frost plus slide and
fixed with cold acetone for 3 min. at -20°C. After short air drying, the MACSwell ™ Four
Imaging Frame (Miltenyi Biotech, Bergisch Gladbach, Germany) was mounted on the
slide that were washed three times with MACSima ™ Running Buffer (Miltenyi Biotech)
until initial DAPI staining using MACSima Stain Supporit Kit (Miltenyi Biotech). After 10
mins of incubation at room temperature, the samples were washed three times with
Running Buffer and covered with the final sample volume. Antibodies staining and
washing were performed in 250 ul of volume. MACSwell ™ Four Imaging Frame were
sealed with MACSwell Sealing Foil (Miltenyi Biotec) to avoid evaporation.

Antibodies were prepared in a MACSwell™ Deepwell Plate (Miltenyi Biotec) in the
appropriate dilution with MACSima™ Running Buffer. Before being used, the antibodies
were spinned for 20 sec at 1000 x g to sediment possible precipitates. DAPI was added
to the antibody-containing Deepwell Plate in a 1:50 dilution in every eighth antibody
cycle. The acquired image datasets were utilized for subsequent image processing
performed in MACS iQ View Software (Miltenyi Biotec). The antibodies panel applied on
MACSima platform, and the experimental conditions are reported in Table 1
Supplementary.

2.4 MICS imagining

The antibodies were incubated, as reported in Table 1S, for a variable time established
in a preliminary experiment. A detailed description of the MACSima™ hardware (liquid
handling system, microscope, stage) was published previously [28].

Before the iterative cycles were initiated, ROIls were defined, and the focus was
adjusted. ROIs were defined based on the DAPI signal shown in the overview scan. A
detailed description of images acquisition was reported by Scheuermann (2024) [29].



The acquired images were utilized for subsequent image processing performed in MACS
iQ View (Miltenyi Biotec).

Advanced cell segmentation was performed using MACS iQ View segmentation pipeline
and conducted on nuclear (DAPI) and cytoplasmic markers (wheat germ agglutinin, WGA
and Vimentin) on whole muscle section. For nuclear segmentation the “Advanced
morphology for Tissue” nuclear detection was used (Parameters: Min/Max
Diameter=20/70 pixels; Detection Sensitivity=150%; Separation Force=50%;
Smoothing Filters Sigma=1). Cytoplasmic segmentation was performed using the
“Constrained Donut” option based on WGA and Vimentin channels (Parameters:
Detection sensitivity=100%; Donut Width=10 pixels). The accuracy of the segmentation
was confirmed by observing the segmentation image using the MACS iQ View software
(Fig 2S, Supplementary).

2.5 Immunofluorescent staining microscope

For validation immunofluorescence staining, 8 pm-thick muscle cryosections were fixed
with acetone for 3 min, washed three times with PBS, permeabilized with 0.1% Triton-
X100 in PBS for 15 min., blocked with 1% normai goat serum (Vector Laboratories,
Newark, CA, USA) diluted in PBS for 30 min at room temperature (RT) and incubated
overnight with selected conjugated primary aritibodies (Miltenyi Biotec). Following three
washing with PBS, slides were mounted with antifade mounting medium with DAPI
(Vectashield, Vector Laboratories). Laminin-a2 rabbit polyclonal antibody (diluted 1:200;
Sigma, St. Louise, MO, USA) was used to detected sarcolemma. Leica Application Suite

V4.6.2 software was used for image acquisition.

2.6 Data processing

After cell segmentation using MACS iQ View, expression data for each marker were
exported as a CSV file for the normalization step. We applied winsorization to the raw
expression data to mitigate the impact of potential outliers, capping values at the 1st
and 99th percentiles, separately for each marker analyzed. Then, to winsorized data
were applied the inverse hyperbolic sine transformation (arcsinh transformation). The
normalized data were used for subsequent analysis. Graphs were produced using
GraphPad Prism (Version 10.1.2) and images were exported from MACS iQ View (Version
1.2.2).

2.7 Statistical analysis
Quantitative data are shown as bar graphs, violin plots or scatter plots. Clinical and

morphological data are expressed as mean = SEM. Mann Whitney U non-parametric



testing was used for all two-group comparisons and Kruskal-Wallis test for multiple
testing was used for the comparisons involving more than two groups. One-way ANOVA
with QQPlot was performed to evaluate normal distribution of each marker. A one-
sample t-test was performed to evaluate the statistical significance of Log (2fold change
(FC)) for each protein analyzed among patients and controls. Relationships between
continuous variables were assessed using nonparametric Spearman correlation. P-
values =0.001** and <0.05* were considered statistically significant.

High-dimensional proteomic data were analyzed in R (v4.5.3). Features with zero
variance or missing values were excluded, and data were normalized using unit variance
scaling. Principal Component Analysis (PCA; prcomp) assessed global variance and
identified major contributing markers, while non-linear relationships were explored with
UMAP (uwot package, n_neighbors = 30, min_dist = 0.3). Unsupervised clustering was
performed using K-means on UMAP coordinates, and cluster composition was used to
assess diagnostic enrichment.

Gene Ontology (GO) enrichment analysis was conducted usirig STRING (v11.5) [31] and
the clusterProfiler R package [32], focusing on Biological Processes. Significantly
enriched terms were identified using an FDR-adjusted p-value <0.05 (Benjamini-
Hochberg correction) and further filtered by protein count and fold enrichment. Concept
network plots (Cnetplots) visualized functicna! relationships between key proteins and
enriched pathways. Statistical graphics and visualizations were generated with ggp/ot2,
factoextra, pheatmap, and enrichp/ot.

Biological identities were assigned to clusters by analyzing lineage-specific marker
enrichment via heatmaps and violin plots. Tissue composition was quantified as the
relative proportion of each identified cell population within diagnostic groups, expressed
as a percentage of total cells per group.

3. Results

3.1 Clinical aspects

The 16 patients were subdivided into four groups each composed of four patients:
HMGCR seropositive (HMGCR), dermatomyositis (DM), overlap syndrome (0OS) and
inclusion body myositis (IBM).

Hyposthenia, cramps, fatigability and dysphagia were among the most prevalent clinical
symptoms in our patients. Extra muscular clinical manifestations involved skin in DM
and OS patients (50%) and heart in one HMGCR patient. In patients who had undergone
electromyography (EMG), the pattern was predominantly myopathic. Serum creatine



phosphokinase (CK) levels were increased in all patients with values ranging from 486
IU/L to 11831 IU/L (average value 6235.8 £ 4403 IU/L). More in detail, CK value was
8880 + 3089 IU/L in HMGCR, 11831 + 8194 IU/L in DM, 3746 + 997 IU/L in OS and 486
+ 30 IU/L in IBM. The main demographic and clinical features are summarized in Table

1.

Table 1: Demographic and clinical characteristics of patients and controls

Demography Ctrl HMGCR DM (o] IBM
N° subjects N=8 N=4 N=4 N=4 N=4
Female 4 (50%) 2 (50%) 2 (50%) 3 (75%) 1 (25%)
Caucasian 8 (100%) 4 (100%) 4 (100%) 4 (100%) 4 (100%)
Age at biopsy (years) 58.5 = 5.44 71.25 = 3.40 43.75 = 8.03 62.5 + 5.07 72.7 £5.29
ey uration 30223 33333 48 + 76 34 + 27
Eﬁ)r;isc;steroid before 1(33.3%) No No No
Serology HMGCR NXP2+(Nig) _ANA

(1:328-1:500) SAE1+ (N=1) (1:320-1:640)

Clinical Traits Ctrl HMGCR DM os IBM
Hyposthenia 4 (100%) k_(EO‘:/o) 4 (100%) 4 (100%)
Cramps 2 (50%) 3 (75%) 1 (33%) 1 (33%)
Myalgias 4 (100%) 4 (100%) 4 (100%) 2 (50%)
Myoglobinuria 0 0 1 (25%) 0
Dysphagia 2 (50%) 4 (100%) 2 (50%) 4 (100%)
Fatigability 4 (100%) 4 (100%) 1 (33%) 2 (50%)
Skin lesions 0 4 (100%) 2 (50%) 0
Heart 1(33%) 0 0 0

Laboratory data Ctrl HMGCR DM oS IBM
Creatine Kinase (U/L) 6-190 8880 = 3089 11831 + 8194 3746 + 997 486 = 30

Data are presented as mean = SEM or number (%)

3.2 Muscle biopsy

Myopathic changes as fiber size variability and fiber splitting were present in all patients.

Fibers with internalized nuclei were variably increased in all patients compared to

controls, though the increase was significant only in IBM cases (5.06 = 1.13, p=0.04)

(Fig 1A). The percentage of necrotic fibers was increased in all patients compared to

controls, the increase being significant only in HMGCR patients (7.93% = 0.91%,

p=<0.0001). Endo- and perimysial fibrosis was significantly increased in HMGCR (12.8%
+ 1.19%, p=0.0048), DM (15.6% = 1.51%, p=0.0001) and in IBM patients (23.7% =



4.08%, p=< 0.0001) compared to controls (7.49% = 0.49%). The evaluation of cross-
sectional area of fiber type showed a significant decrease of CSA for both type | and
type Il fibers in all patients as reported in Table 2. A significant change in % of fiber
types was detected in IBM patients with a prevalence of type | (66.13% *= 4.05%,
p=0.0038) vs type Il (34.04% =+ 1.61%, p=0.0003) compared to control type | (36.25%
+ 0.63%) and type Il (60.8% + 1.07%) fibers.
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Figure 1. A: Representative hematoxylin and eosin (H&E) stained sections from each patient
group. Scale bar: 50 um. Box plot showing the percentage of fibers with internalized nuclei (B),
the percentage of necrotic fibers (C) and the percentage of fibrotic area (D). E: Representative
ATPase staining at pH 9.4 from each patient group. Scale bar: 50 um. (F) Violin plot depicting the
cross-sectional area (CSA) of type | fibers (F) and of type Il fibers (G). H: Stacked bar graph
showing the distribution of type | and type Il fibers. P-values <0.001** and =<0.05* were
considered statistically significant.



Table 2: Muscle biopsy findings.

P P

p p P
M | P
bi‘;‘; Ctrl HMGCR DM os IBM  HMGC HMGC HMGC DM DM os

DM os I1IBM os i1Bm VSIBM

na— .

f,nlt:::-ﬁ:iixfih 1.769 + 3210+  3.704 + 3.662+ 5'1015;‘21

! 0.354 0.671 1.017 0.7986 -
nuclei p=0.040
% Necrosis 0 76931i 0.558 + 1.109 + 0.943 +
o000l 0176 0.368 0.332
o 12.8 + 15.6 + 23.7 +
f/_obAre_a of 7.49+0.49  1.19 1.51 12.4 = 1.90 4.08
1brosis p=0.0048 p=0.0001 p=<0.0001

CSA type | 4612 + 180 26102541 1677 + 58 2395 + 129 3460 + 96 =0.00 0.000 0.01 =0.00 o0o

(um?2) * 500001 P=00001  p=0.0001 p=00086 01 5 a o1 &

CSA type Il 2464+ 2588 .53, 34 1684 x99 0.000 0.001 0.00 0.000

(Hm2) 3730 =110 130 114 p=0.0001  p=0.0001 1 5 o1 1

H p=0.0001 p=0.0001 =u =2
66.13 +
% Type | 0ox MU= A= 3711x455 405 0.0175
: : : p=0.0038
34.04 +
% Type Il 6080=  096=  4880% 62g9xass L6l 0.0033

p=0.0003

In bold significant data. Abbreviations: CSA cross sectional area

3.3 High-plex protein detection on MACSima "™V platform

To test the panel of antibodies on MACSima platform, three selected patients from each
pathological group were analyzed. The immune panel comprises 34 antibodies that were
grouped for their biological role in four clusters: a “Cluster Muscle” which includes
cardiac actinin (ACTC1), sarcomeric [J-actinin (ACTN1), desmin (DES) and myosin-1
(MYH1); a “Cluster ECM” including collagen | (COL1A1l), fibroblasts (S100A4), fibronectin
(FN1), CD156¢ (ADAIM10) and CD49b (ITGA2); a “ Cluster Inflammation” including CD3
(CD3D), CD63, CD68, CD107a (LAMP1), CD107b (LAMP2), CD206 (MRC1), CD163, CD14,
CD16 (FCGR3A), CD74, HLA-ABC (HLA-DRA), HLA-DR (HLA-A), CD45 (PTPRC) TNF-a and
CD254 (TNFSF11); a “Cluster Lymphangiogenesis” including CD11b (ITGAM), CD31
(PECAM), CD105 (ENG), CD106 (VCAM-1), LYVE-1, podoplanin (PDPN), CD9, CD146
(MCAM), CD171 (L1CAM) and CD201 (PROCR). The markers composing each cluster with
their functional subclassification are depicted in Fig. 2.
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Figure 2: Functional classification of markers based on biological roles. Markers are grouped
into clusters related to Muscle (A), Extracellular matrix (ECM) (B), Inflammation (C), and
Lymphangiogenesis (D), with further subdivision of molecular markers into functional categories.

3.3.1. Cluster Muscle

Myopathic features such as fiber size variability, splitting and necrosis were observed
across all patient groups, necrosis being significantly elevated in HMGCR. While fibers
with internalized nuclei were frequently detected in all subtypes, a significant increase
was noted only in IBM, suggesting an inefficient or impaired regenerative response.
Prominent endo- and perimysial fibrosis in HMGCR, DM, and IBM was indicative of
chronic tissue remodeling. Additionally, a reduction in the cross-sectional area of both
type | and type Il fibers was consistently seen across all cohorts.

Notably, IBM exhibited a significant shift toward type | fiber predominance, reflecting
selective loss of type Il fibers. This finding aligns with the marked downregulation of
MYH1, a myosin heavy chain isoform specific to type Il fibers, and supports the
degenerative nature of the disease. In contrast, structural protein levels in HMGCR, DM,
and OS revealed upregulation of ACTC1 and ACTN1—genes associated with sarcomeric
remodeling and regenerative activity—while DES (desmin) expression remained stable



across all groups, indicating preservation of intermediate filament integrity despite
ongoing pathology.

Significant changes in the expression of key muscle structural proteins were detected
(Fig. 3A). ACTC1 (sarcomeric actin) displayed higher fluorescence intensities in HMGCR
and OS, consistent with enhanced sarcomeric remodeling. ACTN1l (a-actinin)
fluorescence signal expression was significantly increased in HMGCR, DM, and OS,
further supporting a remodeling or regenerative muscle phenotype. Conversely, MYH1
fluorescence signal was markedly downregulated in IBM, in compliance with the well-
documented histopathological loss of type Il fibers. DES fluorescence level remained
unaltered across all disease groups, suggesting that intermediate filament architecture
is maintained regardless of disease-specific alterations in sarcomeric protein levels.
Collectively, these findings highlight distinct molecular signatures underlying
regenerative versus degenerative muscle responses. These alterations likely reflect
contributions from distinct cellular subpopulations, as later supported by single-cell
proteomic analyses. Autoimmune inflammatory myopathies such as HMGCR, DM, and
OS are characterized by molecular markers indicative of active regeneration and
structural remodeling, whereas IBM displays a degenerative profile marked by selective

fiber loss and an insufficient regenerative response.

3.3.2 Cluster ECM

ECM remodeling was prominently observed in specific disease subtypes. COL1Al1 and
CD156¢ (ADAM10) protein ieve!s showed higher fluorescence intensities in HMGCR and
DM, indicating increased collagen deposition and heightened ECM turnover. In DM,
additional increase in fluorescence signal of S100A4, a fibroblast activation marker, and
FN1 (fibronectin) was detected, supporting active fibroblast engagement and matrix
deposition. In contrast, CD49b, a marker associated with integrin-mediated matrix
interactions, showed no significant changes within any group.

Muscle samples from OS patients did not show substantial ECM alterations at the protein
signal level, suggesting that ECM remodeling may be limited or occur in a spatially
heterogeneous manner not fully captured by bulk measurements. In IBM, only COL1A1l
was significantly increased, suggesting isolated collagen accumulation without broader
ECM activation (Fig. 3B).

In DM, the concomitant fluorescence signal increased of S100A4 and FN1 points to
profibrotic remodeling driven by activated fibroblasts. In HMGCR, ECM turnover appears
to be associated with regenerative or reparative processes. Conversely, IBM
demonstrated selective collagen accumulation in the absence of widespread matrix
remodeling, indicating a more limited and likely non-regenerative fibrotic response.



These ECM findings further differentiate disease-specific profiles. Both HMGCR and DM
displayed significant fluorescence signal increased of COL1A1 and ADAM10, with DM
uniquely exhibiting elevated S100A4 and FN1, consistent with active fibroblast-
mediated remodeling. In IBM, COL1A1 was isolatedly increased, while OS showed no
significant ECM-related changes.

Collectively, these data underscore a clear molecular and histopathological distinction
among inflammatory myopathies. HMGCR, DM, and OS exhibit molecular signatures
consistent with inflammation-driven regeneration and structural remodeling. In
contrast, IBM is defined by selective myofiber degeneration, impaired regenerative
capacity, and minimal ECM activation, highlighting fundamentally distinct underlying
pathophysiological mechanisms across these disease entities.

3.3.3 Cluster Inflammation

The most extensive alterations in inflammatory marker protein signals were seen in
HMGCR-associated myopathy. Proteins displaying higher fluorescence intensities
included T-cell markers (CD3), macrophage-associated antigens (CD68, CD206),
lysosomal degranulation markers (CD107b), monocyte markers (CD14), MHC class | and
I molecules (HLA-ABC, HLA-DR), pro-inflammatory cytokines (TNF-a), and antigen
presentation molecules (CD74, CD45). This profile suggests robust activation of both
innate and adaptive immune responses, characterized by antigen presentation, T-cell
infiltration, and macrophage activation (Fig. 3C). Although HMGCR displays the most
extensive molecular activation of inflammatory markers, this does not necessarily
reflect the overall abundance of immune cells within the tissue, as further clarified by
single-cell analyses, suggesting higher activation state per cell rather than increased
cell number. As for the other myopathy subtypes, IBM demonstrated a similarly
prominent inflammatory profile, with increased expression of overlapping markers such
as CD3, CD107a/b, CD14, HLA-ABC, HLA-DR, TNF-a, and CD45. In contrast to HMGCR,
this profile in IBM is associated with a higher proportion of immune cell populations,
indicating a distinct inflammatory pattern characterized by cellular infiltration rather
than predominantly molecular activation. Notably, CD163 was also elevated, indicating
the presence of alternatively activated macrophages and a potential role for chronic
inflammation and tissue remodeling (Fig. 3C).

In contrast, DM and OS showed comparatively fewer changes in inflammatory marker
expression. This suggests either a lower degree of immune cell infiltration or a
predominance of alternative pathogenic mechanisms, such as complement activation
or interferon-mediated pathways, particularly in DM.



3.3.4 Cluster Lymphangiogenesis

The analysis of the lymphangiogenic cluster revealed substantial variability in marker
expression within different pathological groups, highlighting distinct molecular profiles.
A key finding is the consistent increase fluorescence signal of CD105 in HMGCR, DM,
and OS. As a co-receptor for TGF-B signaling, CD105 is critically involved in vascular
remodeling and angiogenesis. Its elevated expression aligns with histological evidence
of neo angiogenesis in response to chronic hypoxia, and suggests an ongoing reparative
or inflammatory-driven endothelial response in these conditions (Fig. 3D). Fluorescence
signal of LYVE-1 was significantly increased only in DM even if its fluorescence signal
was increased in all pathological groups, suggesting a key role for lymphangiogenesis
and immune trafficking in the disease process, potentially contributing to both immune
clearance and chronic immune activation. The increased fluorescence signal of PDPN,
particularly in HMGCR and OS, further supports a shared pathogenic axis involving
oxidative stress and ECM remodeling, which are likely contributors to tissue injury and
fibrotic transformation (Fig. 3D).

In IBM, a distinct molecular signature emerged. Interestingly, CD9, a tetraspanin linked
to muscle regeneration and immune regulation, was significantly reduced in IBM,
indicating disrupted myogenic signaling, satellite cell and immune dysfunction—key
features of IBM pathogenesis (Fig. 3 Box graphi D). CD106 (VCAM-1) was elevated in OS,
reflecting endothelial activation and facilitated leukocyte infiltration into muscle. CD171
(LLCAM), increased in IBM, may suggest neural or regenerative adaptations to chronic
degeneration. CD146 (MCAM) displayed higher fluorescence intensities in both DM and
IBM, which was consistent with endothelial and immune involvement. CD201 (PROCR)
was significantly increased in HMGCR and OS, indicating shared endothelial-immune
dysregulation linked to metabolic and autoimmune mechanisms (Fig. 3D).

Taken together, the molecular profiles point to three converging axes of disease: (1)
angiogenic/endothelial remodeling (CD105, CD146), (2) oxidative and metabolic stress
(PDPN, CD201), and (3) immune-muscle repair imbalance (CD9, CD171). The integration
of these axes supports a refined understanding of inflammatory myopathies, where
vascular and immune signatures could serve as both diagnostic biomarkers and
therapeutic targets. Future studies should investigate the functional consequences
following modulation of these markers, potentially guiding personalized treatment
approaches.

These findings illustrate the molecular and vascular complexity of inflammatory
myopathies. While HMGCR and DM are marked by active vascular remodeling and
immune activation, IBM stands out with a profile dominated by chronic degeneration,

compensatory angiogenesis, and impaired regeneration. OS, on the other hand, appears



to reflect a hybrid profile characterized by oxidative stress, endothelial dysfunction, and
inflammation.

A summary of protein level changes and functional insights for the four groups is
reported in Table 3.

Selected primary antibodies used for the analysis of the image panels were also
employed for validation using the conventional immunofluorescence technique on
selected patients from each pathological group. The results of single
immunofluorescence staining confirmed the staining observed on MACSima™ platform
(Fig. 3S Supplementary).
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Figure 3: Expression profiles of markers across experimental conditions. Box plots show
fold changes in fluorescent intensities for selected markers grouped into four functional clusters:.
Muscle (A), ECM (B), Inflammation (C) and lymphangiogenesis (D). Dotted lines indicate baseline
expression levels. Asterisks denote statistically significant differences compared to controls:

*0 = 0.05, **p <0.001.



Table 3. Comparative molecular signatures and key functional insight for the four
pathological groups for each cluster

Inflammation

TCD107b, TCD14,
THLA-ABC/DR,
TCD74, 1CD45

TCD14, THLA-DR

| TCD1l63, T1CD14,
THLA-ABC/DR

Cluster HMGCR DM (0 1 IBM
Muscle Structural TACTC1,
Proteins TACTC1, TACTN1 TACTN1 1 ACTN1 {MYH1
. . . Degeneration of type
Key Functional . . Sarcomeric Regeneration
Insight Active regeneration remodeling Stress adaptation fi .
ibers
Cluster HMGCR DM (01 IBM
TCOL1AL, No significant
ECM Remodeling | TCOL1Al, T1CD156 1S100A4, chgn es TCOL1Al
1CD156, 1FN1 9
Key Functional Matrix turnover Fibroblast activation- Minimal ECM Mild ECM engagement
Insight Fibrosis remodeling 939
Cluster HMGCR DM (0] IBM
TCD3, T1CD63
' y TCDP3;, 1CD206,
TCD68, 1CD206, 1CD107b, | 1CD107b, 1CD107a, 1CD14

THLA-ABC/DR,
TCD45

Key Functional

Robust adaptive &
innate immune

Subtie immune

Mixed immune

Chronic inflammation

sis / Vascular

TPDFN, TCD201

TLyvel, TCD146

TPDPN, 1CD201

Insight activation involvement profile
o ¢
Cluster HMGCR DM (0] IBM
Lymphangiogene | 1CD11b, tCD105, 123}32' JED105, LCD9 1CD146,

TCD171,

Key Functional
Insight

Angiogenesis
Metabolic stress

Vascular remodeling

Neural adaptation
impaired repair
Endothelial stress

Inflammation

Neural adaptation
impaired repair

Table 3. Overview of protein level changes and functional insights across the four groups. Data
are grouped into functional clusters—muscle structure, ECM remodeling, inflammation, and
vascular/lymphatic changes—highlighting distinct molecular signatures and disease-specific
mechanisms. In red the down-regulated proteins.

3.4 Pathway analysis
The high-plex spatial protein profiling showed the presence of 19 altered expressed

proteins in HMGCR, 13 in DM, 14 in OS and 11 in IBM as shown in Venn diagram (Fig.
4A). The only protein altered in all patient groups was TNF-a. The heatmap for the

protein expression of the four clusters are reported in Figure 4B. To identify enrichment

pathways involved in pathogenetic mechanisms in our patients, the analysis of proteins

by String database was performed.
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Figure 4: Comparative analysis of protein level profiles. A: Venn diagram showing the
distribution of differentially expressed markers in each pathological group and the overlap of
differentially expressed proteins among patients’ groups. B: Heatmaps showing standardized
expression levels (z-score) of representative proteins grouped into functional clusters. C: Protein-
protein interaction (PPl) networks of differentially expressed proteins in each pathological group,
showing molecular connectivity. Networks were generated using STRING database.




Although the number of markers in our panel is limited and does not allow for
comprehensive, unbiased proteome-wide enrichment analysis, the panel was
intentionally designed to target key biological processes relevant to muscle pathology.
In this context, enrichment analysis should be interpreted as a hypothesis-driven,
complementary approach to functionally contextualize observed marker patterns.
Importantly, this targeted analysis is combined with high-resolution, spatially resolved
single-cell data, providing mechanistic insights that cannot be captured by bulk or large-
scale proteomic approaches.

In HMGCR, GO (Gene Ontology) analysis showed the following as the first five Biological
Processes: 1) Immune system process (G0:0002376), Regulation of cell adhesion
(GO:0030155), Positive regulation of response to stimulus (GO:0048584), Positive
thymic T cell selection (G0O:0045059), Positive regulation of leukocyte mediated
cytotoxicity (GO:0001912). The first five Reactome pathways were 1) Immune system
(HAS-168256), 2) Neutrophil degranulation (HAS-6798695), 3) Hemostasis (HAS-
109582), 4) Adaptive Immune System (HAS-1280218), 5) Phiosphorylation of CD3 and
TCR zeta chains (HAS-202427) (Fig 5A). These enrichment analyses revealed a strong
immunological signature in anti-HMGCR myopathy. GO Biological Process terms such as
immune system process and positive regulaticn of response to stimulus reflect the
immune activation characteristic of the disease. Enrichment in regulation of cell
adhesion may relate to immune ceil trafficking, while positive thymic T cell selection
and positive regulation of leukocyte-mediated cytotoxicity suggest aberrant T cell
development and cytotoxic activity, potentially contributing to muscle damage.
Reactome pathways further support the involvement of both innate and adaptive
immunity, including neutrophil degranulation and phosphorylation of CD3 and TCR zeta
chains, indicative of T cell receptor signaling. Enrichment in hemostasis may reflect
vascular involvement or overlapping inflammatory pathways. Altogether, these findings
highlight a coordinated immune response in anti-HMGCR myopathy, involving both
innate and adaptive mechanisms (Fig. 4Supplementary-A).

In DM, GO analysis identified the following as the first five Biological Processes: 1) Cell-
matrix adhesion (G0O:0007160), 2) Response to tumor necrosis factor (GO:0034612), 3)
Positive regulation of cell migration (GO:0030335), 4) Regulation of cell migration
(G0O:0030335), 5) Response to wounding (GO:0009611). The first five Reactome
pathways were: 1) Syndecan interactions (HAS-3000170), 2) Extracellular matrix
organization (HAS-1474244), 3) Neutrophil degranulation (HAS-6798695), 4) Immune
system (HAS-168256), and 5) Integrin cell surface interactions (HAS-216083) (Fig.
4Supplementary-B).



These enrichment analyses revealed strong activation of extracellular matrix
remodeling and immune-related processes.

In OS, GO analysis showed only four Biological Processes: 1) Positive regulation of cell-
cell adhesion (G0:00224093), 2) Regulation of cell adhesion (G0O:0030155), 3) Immune
system process (G0O:0002376) and 4) Response to stress (GO:000695). The first five
Reactome pathways were: 1) Adaptive immune system (HAS-1280218), 2) Immune
system (HAS-168256), 3) Interferon gamma signaling (HAS-877300), 4) Antigen
Processing-Cross presentation (HAS-1236975), 5) Translocation of Zap-70 to
immunological synapse (HAS-202430) (Fig. 4 Supplementary-C). Enrichment analysis
revealed a focused yet biologically coherent set of processes, suggesting the proteins
are involved in intercellular interactions and immune responses, likely related to tissue
homeostasis or inflammation. Reactome pathway analysis further supported this
scenario, highlighting strong enrichment in adaptive immunity pathways, particularly T-
cell activation and antigen presentation. Overall, GO and Reactome data indicate the
gene set is functionally linked to immune regulation, adaptive immune responses, and
mechanisms of cellular adhesion and stress response.

In IBM, GO analysis revealed the following as the first five Biological Processes 1)
Positive regulation of lymphocyte mediated immunity (G0:0002708), 2) Positive
regulation of adaptive immune response based on somatic (G0O:0002824), 3) Regulation
of cell activation (G0:0050865), 4) Positive regulation of leukocyte activation
(G0O:0002696) and 5) Regulation of irnmune response (GO:0050776). No enrichment for
Reactome pathways was identified for IBM (Fig. 4 Supplementary-D).

These enrichments suggesied a prominent role of adaptive immunity and immune cell
activation in the pathophysiology of IBM. The enrichment of processes related to
lymphocyte-mediated and leukocyte-mediated responses suggests ongoing immune
activation, consistent with the chronic inflammatory features observed in muscle
biopsies from IBM patients.

The enrichment analyses across pathological groups reveal a shared immunological
signature dominated by adaptive immune responses—particularly T cell activation and
leukocyte-mediated immunity—while also uncovering disease-specific distinctions:
HMGCR and IBM exhibit strong enrichment in T cell-related processes suggestive of
cytotoxic immune responses; DM is characterized by a pronounced ECM remodeling and
cell migration signature reflecting tissue repair and inflammation; OS shows a more
focused involvement of immune signaling and adhesion pathways, bridging features of
both immune regulation and tissue stress; collectively, these findings underscore both
common and divergent pathogenic mechanisms across IIMs, with immune dysregulation
emerging as a common hallmark across distinct disease-specific molecular signatures.



A summary of GO and Reactome pathway enrichment results and functional
interpretation across the four groups was reported in Table 2 Supplementary.

3.5 Multidimensional proteomic analysis

While initial GO and Reactome enrichment analyses provided a general biological
overview, we applied Principal Component Analysis (PCA) and Uniform Manifold
Approximation and Projection (UMAP) to better capture the complexity of the proteomic
dataset beyond single-marker analyses. PCA revealed that the first two components
explained 46.6% of the variance (Dim1: 30.4%; Dim2: 16.2%) (Fig. 5A), showing a clear
separation between healthy and diseased samples. Controls clustered tightly near the
origin, indicating a stable proteomic profile, whereas inflammatory myopathies
displayed varying degrees of divergence. IBM showed the most pronounced shift along
Diml. DM and OS partially overlapped, indicating shared signatures, while HMGCR
exhibited a distinct distribution along negative Dim2, reflecting a different cellular
response. Broader dispersion in IBM and HMGCR highlights greater heterogeneity.

The PCA loading plot identified key drivers of this separation. Structural muscle proteins
(ACTC1, ACTN1, MHY1) and CD9 correlated positively with Diml and aligned with
controls. In contrast, Dim2 separated two patholcgical axes: a pro-inflammatory/fibrotic
signature (CD3, CD68, S100A4, COL1Al) associated with IBM, and a tissue
remodeling/vascular signature (FN1, CD163, CD63, CD105) associated with DM and OS.
The alignment of CD3 and S100A4 suggests coordinated immune and fibrotic activity in
diseased muscle (Fig.5B).

3.5.1 G/obal proteomic signature and marker frequency

High-dimensional single-cell proteomic profiling revealed distinct protein expression
signatures across myopathy subtypes. In the dot plot analysis, IBM and OS exhibited
broad enrichment of immune and stromal markers, with large fractions of cells
expressing markers such as CD14, CD156¢c, CD45, Fibroblast, and FN1, indicating
widespread immune infiltration and tissue remodeling. HMGCR and DM showed more
selective patterns, with strong expression of specific markers (e.g., FN1, PDPN, TNF-a),
but lower overall prevalence compared to IBM, whereas control samples displayed
minimal expression for all markers (Fig. 5C).

Quantitative assessment of key markers confirmed these trends. IBM showed the
highest proportion of CD171- and CD45-positive cells, reflecting prominent immune
activation, while DM and HMGCR were characterized by elevated Fibroblast and TNF-a-
positive populations. OS demonstrated intermediate enrichment across most markers.
These results highlight disease-specific cellular and proteomic landscapes, suggesting



that IBM and OS are associated with more extensive immune and stromal involvement,
whereas DM and HMGCR display selective immune-stromal interactions (Fig. 5D).

3.5.2 High-resolution cellular clustering and quantitative analysis of tissue
architecture and cellular composition

UMAP analysis revealed a highly structured cellular landscape, with distinct clusters
associated with specific pathologies. Controls showed a limited distribution, mainly
within a central homeostatic cluster and a small distinct population. In contrast,
inflammatory myopathies exhibited a marked expansion of diverse cellular niches. IBM
displayed multiple exclusive clusters, DM and HMGCR also formed distinct populations,
including a prominent DM-specific cluster, indicating that disease-associated proteomic
changes arise from discrete cellular subpopulations rather than uniform tissue shifts
(Fig. 5E).

Quantitative analysis of cell composition highlighted major tissue remodeling among
different pathologies. Controls were dominated by healthy muscle fibers (~85%) with
minimal stromal or immune components. All diseased giroups showed substantial loss
of muscle mass. IBM exhibited the strongest inflammatory profile, with high proportions
of activated macrophages (~35%) and T cells (~30%), together exceeding half of the
tissue. DM was dominated by matrix remodeling/fibrosis (~80%), consistent with a
primarily structural response. HMGCR showed a heterogeneous regenerative profile,
enriched in progenitor, stromal, and vascular cells, suggesting active tissue turnover.
OS displayed a hybrid phenotype, combining fibrosis with a significant vascular
component (Fig. 5F).
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Figure 5. Integration of single-cell proteomic data and cellular composition analysis.
(A) PCA scatter plot of single cells colored by group. Control (blue), DM (yellow), HMGCR (grey),



IBM (red), and OS (light blue). Axes represent PC1 (30.4%) and PC2 (16.2%) of variance. Elljpses
(80% confidence) indicate group distributions. (B) PCA loading plot of 20 protein markers. Arrow
direction indicates correlation with PCs; length and color (red-orange = high, blue-green = low)
reflect contribution to variance.

(C) Integrated dot plot of protein expression across groups. Dot size represents the percentage
of positive cells (>95th percentile of controls), and color (dark purple to light yellow) indicates
mean fluorescence intensity (MFl). (D) Bar plot showing the percentage of cells positive for eight
discriminative markers across groups (threshold: 95th percentile of control fluorescence). (E)
UMAP visualization of single-cell data showing clustering by sample group: Control (red), DM
(blue), HMGCR (green), IBM (purple), and OS (orange). Each point represents one cell, positioned
according to phenotypic similarity based on multiplexed protein expression. Distinct clusters
highlight group-specific cellular phenotypes and heterogeneity across conditions.

(F) Stacked bar plot showing the relative abundance of inferred cell populations across groups.
Cell populations were defined based on marker expression profiles and include activated
macrophages (CD68+), endotheliumy/vessels, healthy muscle fibers, matrix remodeling (fibrosis),
mixed infiltrate/debris, muscle progenitors/satellites, stromal cells, and T cells (CD3+). Bars
represent proportional composition within each group, illustrating disease-specific shifts in
cellular architecture.

3.5.3 Functional integration of proteomic signatures

To link protein expression with biological function, we performed Gene Ontology (GO)
enrichment analysis. The most significantly enriched processes included cell-matrix
adhesion, cell-substrate adhesion, and wound healing (p-adjust < 0.005), primarily
driven by structural markers such as Collagen and Fibronectin in DM and OS. In parallel,
enrichment of acute inflammatory response and cell-cell junction organization reflected
the strong immune infiltration and high expression of adhesion molecules (e.g., CD171)
observed in IBM. Overall, these findings indicate coordinated tissue remodeling and
sustained immune activation (Fig. 6A). Cnetplot analysis further highlighted key proteins
acting as functional hubs linking multiple pathways. Two main modules emerged: an
inflammatory module, centered on acute inflammatory response and driven by CD3 and
CD163, and a structural module, including cell-matrix and cell-substrate adhesion.
These modules were interconnected via Fibronectin, supporting a link between chronic
inflammation and fibrotic remodeling in DM and OS. Additionally, a distinct cluster
involving CD9 and VIM was associated with neuro-muscular interaction pathways,

reflecting the unique signature of IBM (Fig 6B).
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Figure 6: Interaction between differentially expressed proteins and biological
pathways.

(A) Dot plot of top enriched Gene Ontology (GO) terms in the proteomic dataset. (B) Network plot
showing interactions between protein markers and enriched biological processes. Orange nodes
represent biological processes; grey nodes represent proteins, node size reflects the number of
associated proteins. Edges indicate protein-process associations. Key proteins (e.g., TNF-a, FN1,
VIM) are involved across multiple pathways, highlighting major functional axes.

In conclusion, our single-cell proteomic analysis using the MACSima™ platform provides
a high-resolution map of cellular and molecular landscapes in inflammatory myopathies.
PCA and UMAP indicate that disease-associated proteomic changes arise from
specialized, disease-specific cellular niches. IBM emerges as a distinct
immunopathological entity, characterized by the expansion of T cells and activated
macrophages, with CD171 as potential diagnostic marker. In contrast, DM and HMGCR
share a proteomic architecture associated with CD156c¢c expression and matrix
remodeling, suggesting stromal and vascular alterations rather than lymphocytic
infiltration. Overall, these findings highlight how single-cell analysis can reveal possible
disease-specific cellular signatures with potential implications for targeted therapeutic
strategies.

Although the analysis integrates multilevel proteomic profiling and advanced
dimensionality reduction, the limited sample size reduces statistical power, increases
overfitting risk, and may not fully capture biological heterogeneity, thereby limiting
generalizability. Larger cohorts are needed to validate and confirm the identified

signatures and biomarkers.

3.5.4 Integrating imaging-based proteomic signatures with clinical
phenotypes



To contextualize proteomic findings within clinical phenotypes, we integrated high-
dimensional single-cell data with patient-level observations. Dimensionality reduction
analyses identified distinct disease-associated patterns, reflecting the contribution of
immune, stromal, and vascular compartments to pathological heterogeneity.

These signatures align with known clinical features. IBM is associated with chronic
inflammation and selective fiber degeneration, supported by T-cell and macrophage
expansion (CD3, CD45, CD163, CD171). In contrast, DM and HMGCR display prominent
ECM remodeling and vascular adaptation (FN1, COL1A1, CD105, CD156c), consistent
with regenerative and repair processes. OS exhibits a mixed immune-stromal profile,
reflecting its clinical variability.

Functional enrichment analysis further supports these observations, with immune-
related modules linked to inflammatory damage and ECM-related pathways associated
with fibrosis and regeneration. Mapping these processes onto defined cellular
populations provides a mechanistic framework connecting molecular alterations to
clinical phenotypes.

A summary of marker distribution, functional clusters, and associated clinical features
is reported in Table 3S Supplementary. While these results provide a detailed integrative
view, methodological considerations of the MACSima™ platform compared with MS-
based spatial proteomics should be taken into account.

3.6 Limitations of the study and comparison with MS-based spatial proteomics
While the MACSima™ Imaging Platform enables highly multiplexed, spatially resolved
protein analysis at sirigle-cell resolution, it remains a targeted, antibody-based approach
with intrinsic limitations. Quantification is influenced by antibody availability, specificity,
and variable affinity, and signal saturation may restrict absolute protein measurements.
Panel design also constrains the breadth of proteome coverage, potentially omitting
proteins or isoforms of biological relevance.

In contrast, mass spectrometry (MS)-based spatial proteomics offers a broader and
more unbiased assessment of the proteome, including isoforms and post-translational
modifications, and excels in global or fiber-type-specific analyses. However, MS-based
approaches generally lack true single-cell spatial resolution and cannot directly visualize
protein co-localization or cell-cell interactions within intact tissue. Additionally, low-
abundance or cell-type-restricted proteins, such as cytokines and CD markers, may be
poorly detected by MS, but are reliably captured by antibody-based imaging.
Conversely, MACSima™ excels in mapping rare cell populations and in defining their
spatial microenvironments (Supplementary Table 4S). Taken together, these
technologies are complementary: MS-based spatial proteomics provides depth and



unbiased discovery, whereas MACSima™ affords high-resolution spatial context and
sensitive detection of defined targets.

3.7 Multiplex imaging of skeletal muscle biopsies using the MACSima™
platform

Representative images from selected markers and patients are presented in the
following panels (Figures 7-9). These images are organized by disease subtype and
provide an overview of pathology-specific spatial protein fluorescent signals. They
highlight the spatial complexity of inflammatory processes and structural alterations
across disease groups, as revealed by the high-resolution cyclic immunofluorescence
capabilities of the MACSima™ platform.

Figure 10 for a more precise characterization of tissue architecture and disease-specific
microenvironments.

Figures 5S and 6S in the Supplementary section show tissue sections stained with
multiple immunofluorescent markers (CD31, CD201, CD105, CD146, CD171, CD9) to
highlight vascular structures, providing high-magnification views of selected regions of
interest that enable detailed visualization of endothelia! and perivascular components,
illustrating both the distribution and potential co-iocalization of vascular-associated cell
phenotypes and complementing the overview in
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Figure 7. Representative multiplex analysis of selected markers on whole tissue section in a
HMGCR patient. Scale bar 100 um.




Figure 8. Representative multiplex analysis of selected markers on whole tissue section in a DM
patient. Scale bar 100 um.
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Figure 9. Representative multiplex analysis of selected markers on whole tissue section in an
IBM patient, Scale bar 100 um.



Figure 10: Enlarged view of a muscle section from a HMGCR patient (A) showing selected
markers from structural, iriflammatory, and lymphangiogenic clusters. Muscle section from an
IBM patient (B) highlighting selected markers from the lymphangiogenic cluster.

4. Discussion
This pilot study provides the first comprehensive demonstration of the feasibility and
biological relevance of applying high-dimensional multiplex imaging platform to human
skeletal muscle tissue. By employing a custom-designed antibody panel targeting
structural, immune, extracellular matrix, and vascular markers, we generated a partial
high-plex protein detection profile of some IIMs. These findings highlight both the power
of high-plex protein detection and the pathophysiological heterogeneity of IIMs,
revealing disease-specific molecular signatures associated with inflammatory,
regenerative, fibrotic, and degenerative processes. Importantly, integrating high-
dimensional analytical approaches, including PCA and UMAP, extends these
observations by providing a refined view of the cellular architecture underlying these



molecular signatures, offering a multi-layered perspective on disease-specific
mechanisms

This comparative molecular profiling reveals distinct yet overlapping
pathophysiological mechanisms within HMGCR myopathy, DM, OS, and IBM. Analysis of
muscle structural proteins indicates that HMGCR and OS are characterized by
upregulation of ACTC1 and ACTN1, suggesting active regeneration and sarcomeric
repair. In contrast, IBM is marked by downregulation of MYH1, consistent with selective
type Il fiber loss. These findings support a degenerative phenotype with impaired
regeneration, in line with the chronic, treatment-resistant nature of IBM [33-34]. DM
shows moderate structural remodeling, primarily through ACTN1 upregulation. These
structural alterations are further supported by single-cell analyses, which demonstrate
that regenerative and degenerative signatures arise from distinct cellular populations
rather than uniform tissue-wide changes. Interestingly, desmin levels were preserved
across all subtypes, indicating that, despite sarcomeric remodeling or degeneration, the
intermediate filament scaffold remains intact—highlighting a selective, rather than
global, disintegration of structural components.

ECM changes further distinguished disease subtypes [35]. ECM remodeling
signatures are most prominent in DM, with eievated COL1A1, S100A4, CD156 and FN1
expression, reflecting fibroblast activation and pro-fibrotic signaling. Consistently,
single-cell composition analysis revealed a predominance of matrix-remodeling and
fibrotic cell populations in DM, reinforcing the interpretation of ECM remodeling as a
dominant pathologica! feature in this subtype.

HMGCR also displays increased matrix turnover, while OS shows minimal ECM changes.
In contrast, the broader cellular involvement observed in OS suggests that subtle
molecular ECM alterations may translate into heterogeneous tissue remodeling not fully
captured by bulk protein intensity measurements.

IBM presents with mild ECM changes, potentially secondary to chronic stress. Notably,
CD49b, a key integrin involved in ECM interaction, remained unchanged throughout all
groups.

The inflammatory signatures revealed both shared and distinct features [36].
HMGCR exhibits robust activation of both innate and adaptive immune pathways, with
broad upregulation of T cell, myeloid, and antigen-presenting cell markers. In contrast,
DM demonstrates a more limited immune profile, primarily involving
monocyte/macrophage markers and HLA-DR. The limited expression of cellular immune
markers suggests that non-cellular immune mechanisms—such as complement
activation and interferon signaling—may be more relevant in these subtypes. This is in



keeping with previous studies demonstrating the role of type | interferons and
complement-mediated injury in DM pathogenesis [37]. OS displays a mixed immune
signature, whereas IBM shows chronic inflammation marked by persistent antigen
presentation and reduced cytolytic activity, suggesting immune exhaustion or
dysregulation. Notably, integration with single-cell data refines this interpretation,
revealing that while HMGCR is characterized by a strong molecular immune activation,
IBM exhibits a higher abundance of immune cell populations, particularly T cells and
macrophages, indicating distinct, but complementary inflammatory modalities—
functional activation versus cellular infiltration. These findings support the notion that
[IMs encompass distinct immunopathological entities, rather than representing a linear
continuum of immune activation.

Beyond immune infiltration, our data reveal striking differences in vascular and
lymphangiogenic remodeling within IIM subtypes. HMGCR and DM are associated with
increased expression of angiogenic markers, indicating endothelial activation under
stress or inflammatory conditions. CD105, a TGF- co-receptor involved in endothelial
activation and angiogenesis, was significantly upregulated in HMGCR, DM, and OS,
indicating endothelial remodeling in response to chronic inflammation or tissue hypoxia.
PDPN, a multifunctional protein implicated in lyrnphangiogenesis, immune regulation,
and oxidative stress, was also elevated in these subtypes—most notably in HMGCR and
OS—highlighting the role of redox imbalance and vascular dysfunction in disease
progression. These vascular signatures are further supported by the enrichment of
endothelial and stromal ce!l populations observed in single-cell analyses, suggesting
that vascular remocdeling represents a coordinated component of tissue adaptation
rather than an isolated molecular event.

IBM, once again, showed a distinct vascular profile. CD9, a tetraspanin critical for
myoblast fusion [38] and immune signaling [39], was significantly downregulated,
pointing to impaired muscle regeneration and disrupted immune-muscle crosstalk. This
aligns with the degenerative features of sIBM and its limited response to
immunosuppression. Conversely, upregulation of CD171, a neural cell adhesion
molecule involved in regeneration, may reflect chronic compensatory responses to
degeneration [40,41].

Taken together, these data delineate a continuum of muscle disease mechanisms,
ranging from immune-driven regeneration (HMGCR), to fibrosis-dominant inflammation
(DM), to mixed regenerative-immune features (0S), and ultimately to chronic
degenerative pathology (IBM).

Pathway enrichment analysis further contextualized these proteomic findings.
HMGCR myopathy exhibited enrichment in both innate and adaptive immune responses,



including T cell receptor signaling and neutrophil degranulation, consistent with a
cytotoxic immune-mediated pathology. In DM, the dominance of ECM remodeling, cell
adhesion, and integrin-related pathways pointed to tissue repair and fibroblast
activation. OS showed targeted enrichment in antigen presentation and interferon
signaling, while IBM was characterized by pathways related to lymphocyte-mediated
immunity, albeit without significant Reactome enrichment—highlighting its chronic
degenerative and immune-dysregulated nature. TNF-a emerged as the only protein with
higher fluorescence intensities consistently across all subtypes, underscoring its
potential role as a pan-disease inflammatory mediator.

Importantly, these pathway-level findings are consistent with the cellular
distributions identified through PCA and UMAP analyses, indicating that enriched
biological processes arise from specific cellular subsets within the tissue
microenvironment.

To further investigate disease heterogeneity, we applied high-dimensional approaches
which captured the multidimensional structure of the dataset beyond single-marker
analyses.

IBM was characterized by strong immune activation, with expanded T-cell and
macrophage populations, whereas DM and HMGCR exhibited selective stromal and
vascular remodeling. OS displayed an intermediate, hybrid phenotype combining
fibrosis and vascular components. Furnctional integration via GO enrichment identified
coordinated tissue remodeling and immune activation: inflammatory modules were
linked to structural moduies, suggesting interplay between chronic inflammation and
fibrosis, while IBM showed a distinct neuro-muscular signature.

Overall, these findings highlight the value of multidimensional frameworks in providing
an integrated view of inflammatory myopathies. In this context, single-cell resolution
provides a critical link between protein expression patterns and their cellular sources,
enabling a more precise interpretation of disease mechanisms.

Our results highlight the potential of spatial proteomics to identify disease-
specific endotypes—regenerative, inflammatory, fibrotic, or degenerative—that may
guide patient stratification and inform precision treatment strategies. This platform may
also serve as a powerful tool for biomarker discovery in future longitudinal or
interventional studies.

We do recognize, however, that this study has some limitations. As a pilot analysis, the
sample size was limited, which may affect the statistical power of the findings. The study
was cross-sectional, preventing assessment of dynamic changes over time. Although
some markers were validated using conventional immunofluorescence, additional



validation (e.g., Western blotting, single-cell transcriptomics) would strengthen the
findings.

A further development of the protocol will include the possibility to selectively analyze
specific areas of the specimen in greater detail, such as an individual damaged fiber or
a particular region rich in lymphatic or capillary vessels. Importantly, although LMD- and
MALDI-based approaches already allow targeted analyses, MS-based spatial proteomics
offers the added benefit of high-resolution, multiplexed molecular information in these
selected regions [25, 27].

Additionally, the antibody panel applied may be expanded to more precisely investigate
the inflammatory profile. The limited number of muscle biopsies examined in this pilot
study limited the possibility of statistically correlating proteomic data with clinical and
laboratory aspects.

Future research should include a great number of patients to integrate proteomic data
with clinical phenotyping, longitudinal follow-up, and therapeutic outcomes to explore
the utility of these molecular signatures in diagnosis, prognosis, and treatment
stratification.

5. Conclusion

In conclusion, this study establishes the feasiuility and scientific value of applying high-
plex protein detection to skeletal muscle tissue. By revealing distinct molecular
architectures within inflammatory myopathies—including divergent immune,
regenerative, vascular, and ECM-related pathways—we offer new insights into the
pathophysiological heterogeneity of these diseases. Integrating multidimensional
analyses provides a more refined view of disease mechanisms by linking molecular
signatures to their cellular context

The development of more detailed antibody panels for the evaluation of the
inflammatory component will allow us to dissect in even more depth the pathogenetic
molecular mechanisms associated with the different IMMs. These findings lay the
groundwork for precision pathology approaches in neuromuscular medicine and open
new avenues for biomarker development, therapeutic targeting, and individualized
patient care in inflammatory myopathies.
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