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Abstract

Aims: Diagnosis of idiopathic inflammatory myopathies (IIM) is based on morphological

characteristics and the evaluation of disease-related proteins. However, although

broadly applied, substantial bias is imposed by the respective methods, observers and

individual staining approaches. We aimed to quantify the protein levels of major

histocompatibility complex (MHC)-1, (MHC)-2 and intercellular adhesion molecule

(ICAM)-1 using an automated morphometric method to mitigate bias.

Methods: Double immunofluorescence staining was performed on whole muscle

sections to study differences in protein expression in myofibre and endomysial vessels.

We analysed all IIM subtypes including dermatomyositis (DM), anti-synthetase syndrome

(ASyS), inclusion body myositis (IBM), immune-mediated-necrotising myopathy (IMNM),

dysferlinopathy (DYSF), SARS-CoV-2 infection and vaccination-associated myopathy.

Biopsies with neurogenic atrophy (NA) and normal morphology served as controls. Bulk

RNA-Sequencing (RNA-Seq) was performed on a subset of samples.

Results: Our study highlights the significance of MHC-1, MHC-2 and ICAM-1 in diagnos-

ing IIM subtypes and reveals distinct immunological profiles. RNASeq confirmed the

precision of our method and identified specific gene pathways in the disease subtypes.

Notably, ASyS, DM and SARS-CoV-2-associated myopathy showed increased ICAM-1

expression in the endomysial capillaries, indicating ICAM-1-associated vascular

activation in these conditions. In addition, ICAM-1 showed high discrimination between

different subgroups with high sensitivity and specificity.

Conclusions: Automated morphometric analysis provides precise quantitative data on

immune-associated proteins that can be integrated into our pathophysiological

understanding of IIM. Further, ICAM-1 holds diagnostic value for the detection of IIM

pathology.
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INTRODUCTION

Idiopathic inflammatory myopathies (IIM) are classified according to

the current integrated classification based on clinical, serological and

morphological findings. These include dermatomyositis (DM),

immune-mediated necrotising myopathy (IMNM), anti-synthetase

syndrome (ASyS) and inclusion body myositis (IBM) [1–3]. Other

myopathies, including hereditary disorders, may mimic IIM [4–6]. In

addition, myopathy with inflammatory features associated with SARS-

CoV-2 infection has been reported in patients with severe COVID-19

[7, 8]. These factors make the accurate diagnosis of IIM more chal-

lenging. However, a better understanding of the immune signature

and a precise diagnosis are required to determine the optimal treat-

ment approach for individual patients.

At the pathophysiological level, major histocompatibility

complex (MHC) classes I and II play major roles in the adaptive

immune system and are important for antigen presentation and

recognition [9]. MHC-1 is an established marker for morphological

IIM diagnosis, showing high sensitivity but low specificity [10, 11]. A

recent study analysed MHC-1 and MHC-2 in a larger cohort of

skeletal muscle biopsies from patients with IIM and reported high

specificity for MHC-2 expression in patients diagnosed with IBM

and ASyS [9, 12–15]. Protein expression was analysed in the

DAB-stained sections using the scores determined by the

observer, but precise protein quantification was not performed.

Additionally, vascular pathology is poorly captured by MHC expres-

sion analysis.

Intercellular adhesion molecule 1 (ICAM-1) is a transmembrane

protein essential for immune synapse formation, endothelial activation

and leukocyte migration [16–18]. Furthermore, it is necessary as a co-

stimulatory ligand for T-cell activation [19]. In dermatomyositis and

mixed connective tissue increased vascular ICAM-1 expression indi-

cates vascular involvement [9, 20, 21]. In previous studies, the results

of protein expression in myositis varied significantly, making interpre-

tation difficult. In addition, a quantitative approach is currently lacking

[9, 22, 23]. Notably, ICAM-1 expression has not yet been analysed in

recognition within the context of the current IIM classification and

may be suited to depict vascular inflammation as well as myofibre

pathology.

This study aimed to establish an automated, objective method

to quantify protein expression in muscle fibres and endomysial

vessels. We included muscle biopsies from patients with IIM

subtypes and compared them with those from myopathies with an

inflammatory component, neurogenic atrophy (NA) and non-diseased

controls (NDC). This analysis aims to improve our understanding

of the immunological signatures of IIMs and identify potential

diagnostic markers.

METHODS

Patients

The patients were recruited from three German neuromuscular

centres. Biopsies were obtained from all participants prior to our

study for diagnostic reasons. The inclusion criterion was a diagnosis of

IIM according to the current integrative classification [1, 24]. Informed

Consent was obtained. Clinical and serological characteristics includ-

ing myositis-specific antibodies (MSA), were retrospectively analysed.

Additionally, skeletal muscle samples from patients with dysferlinopa-

thy (DYSF), myopathy due to SARS-CoV-2 infection or SARS-CoV-2

vaccine-associated non-specific myositis (COVID-19) and NA, as well

as NDCs, were included. NDCs were chosen according to clinical

examination, including laboratory parameters, electrophysiological

analysis and the absence of major pathology in muscle biopsy

samples.

Skeletal muscle morphology

Skeletal muscle biopsies were processed according to standard

routine procedures [25]. All biopsies were re-evaluated according to

the current IIM classification [1, 2, 26, 27]. The degree of pathology

severity, including inflammatory infiltration, muscle fibres alteration

regeneration, degeneration, necrosis, internal nuclei, connective tissue

variations and vascular features, was estimated on H&E-stained

sections using a modified consensus ranking scale (VAS = Visual

Analogue Score), as described previously [28, 29]. The pathology was

Key Points

• Quantification of immune-associated proteins, such as

MHC-1, MHC-2, and ICAM-1, at the protein and gene

levels and identification of specific gene pathways can be

integrated into our pathophysiological understanding of

myositis and improve the diagnostic workflow.

• ICAM-1 expression at the protein and gene levels

provides distinct immune signatures in the various

subgroups of myositis.

• The vascular pathology observed in ASyS, DM, and

myopathy related to SARS-CoV-2 infection may be

related to ICAM-1-mediated endothelial activation.

• With our data, we introduce ICAM-1 as a new diagnostic

marker for the morphological classification of myositis.
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rated from normal (0) to severe (10). In addition, perifascicular atrophy

(PFA), punched-out vacuoles (POV), regeneration, necrosis, oedema

and inflammation were assessed using a score ranging from 0 to 3 in

all specimens.

Immunofluorescence and immunohistochemical
studies

Double immunofluorescence staining was performed for all skeletal

muscle biopsies. Ten micrometers of thick frozen sections were fixed

with cold 100% acetone for 10 min, washed, and then blocked with

10% goat serum (ab7481, Abcam) for 30 min at room temperature

(RT). Primary antibodies were diluted with antibody diluent (S3022,

DAKO), applied to the sections and incubated overnight at 4�C. The

next day, secondary antibodies were applied after further washing

steps and incubated for 2 h at RT, then washed and mounted using

DAPI-aqueous (ab104139, Abcam). The following primary antibodies

were used: MHC class I (ab134189, 1:200, Abcam), MHC class II

(ab170867, 1:200, Abcam), ICAM-1 (ab109361, 1:25, Abcam), CD31

(Clone JC70A, 1:25, DAKO), spectrin (NCL-SPEC2, 1:200, NovoCas-

tra) and desmin (Clone JC70A, 1:200, DAKO). Secondary antibodies:

Goat anti-rabbit Alexa Fluor®568 and goat anti-mouse Alexa

Fluor®488 (Abcam, 1:200–1:400). Immunohistochemistry with anti-

bodies against ICAM-1 (ab109361, 1:100, Abcam) and CD45 (1:500,

LCA antibody, DAKO) was performed using a benchmark automatic

staining platform (Ventana, Heidelberg, Germany), visualised with

Ultra View DAB Detection Kit v1.02.0018, Ventana Medical Systems.

See detailed antibody information in Supplemental Table 1.

Automated morphometric analysis of protein
expression on myofibre and endomysial vessels

Immunofluorescent sections were digitised using a Zeiss Axio Scan.Z1

slide scanner and the ZEN software. Scan settings included z-stacks

(3 μm) for MHC-1/spectrin and MHC-2/spectrin staining and stitching

configuration (offline stitching). The images were converted from czi

files (Carl Zeiss format) to TIFF files using QuPath software to

facilitate the analysis and to reduce file size. The thresholds for each

channel (568 and 488) were set manually and used equally for every

specimen. Each section’s ROI (region of interest) was set manually.

The entire section was analysed. Connective tissue and staining

artefacts were manually excluded. Figure 1A shows a representative

whole-section image of a DM with MHC-1/Spectrin staining. The

Manders overlap coefficient (MOC) was used to estimate the degree

of co-localisation of proteins (MHC-1, MHC-2 and ICAM-1) on muscle

fibres (identified by either spectrin or desmin) using Fiji software and

the plugin BIOP JACoP. A MOC of “0” indicates no co-localisation of

the green and red channels and a MOC of “1” represents a complete

co-localisation of both channels [30, 31] (Figure 1B).

To evaluate the intensity of ICAM-1 expression in endomysial

vessels, the mean grey values (MGV) of areas that expressed both

ICAM-1 and CD31 were assessed using Fiji software. For this, an ROI

was created for each channel and their intersection was used to cre-

ate another ROI, which represented the area expressing both ICAM-1

and CD31 (Figure 1C). To determine the threshold, the Otsu method

was used [32]. The observer was blinded to the specimens.

RNA library preparation and NovaSeq sequencing

RNA Sequencing was performed on 25 skeletal muscle samples stored

in liquid nitrogen before use. Total RNA was extracted from tissue

samples using the Qiagen RNeasy Mini Kit following the manufac-

turer’s instructions (Qiagen, Hilden, Germany). RNA samples were

quantified using a Qubit 4.0 Fluorometer (Life Technologies, Carlsbad,

CA, USA), and RNA integrity was checked with an RNA Kit on the Agi-

lent 5300 Fragment Analyser (Agilent Technologies, Palo Alto, CA,

USA). RNA sequencing libraries were prepared using the NEBNext

Ultra II RNA Library Prep Kit for Illumina according to the manufac-

turer’s instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs were

first enriched with oligo (dT) beads. The enriched mRNAs were

fragmented according to the manufacturer’s instructions. First and

second-strand cDNAs were subsequently synthesised. The cDNA

fragments were end-repaired and adenylated at 30 ends, and universal

adapters were ligated to the cDNA fragments, followed by index addi-

tion and library enrichment by limited-cycle PCR. The sequencing

libraries were validated using an NGS Kit on the Agilent 5300 Frag-

ment Analyser (Agilent Technologies, Palo Alto, CA, USA), and quanti-

fied using a Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, CA, USA).

The sequencing libraries were multiplexed and loaded onto the flow

cell on an Illumina NovaSeq 6000 instrument, according to the manu-

facturer’s instructions. The samples were sequenced using a 2 � 150

Pair-End (PE) configuration v1.5. Image analysis and base calling were

conducted on a NovaSeq instrument using the NovaSeq Control Soft-

ware v1.7 on the NovaSeq instrument. The raw sequence data (.bcl

files) generated by the Illumina NovaSeq were converted into fastq

files and de-multiplexed using the Illumina bcl2fastq programme

version 2.20. One mismatch was allowed for the index sequence

identification.

Statistical analysis

Statistical analyses of the MOC, MGV and VAS scores in the muscle

biopsy cohorts as well as the correlation of protein expression with

clinical parameters were performed using GraphPad Prism 10. The

nonparametric Mann–Whitney U test was used to determine differ-

ences between two individual subgroups, and the Kruskal–Wallis test

was used for multiple comparisons including the uncorrected Dunn’s

test. Boxplots are shown as standard Tukey boxplots representing

medians and the first and third quartiles. The Spearman’s rank correla-

tion coefficient was used to examine the correlation between protein

expression and clinical parameters. Receiver operating characteristics

(ROC) curves and the area under the ROC curves (AUC) were

PRECISE PROTEIN DETECTION IN MYOSITIS 3 of 17
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calculated using GraphPad Prism 10. Sensitivity and specificity were

determined using Youden’s statistic [33]. Figures were created using

Affinity Designer 2. p values are indicated as ≤0.05, ≤0.01 and

***≤0.001.

Bioinformatic analysis

To compare the protein levels between the subgroups, the mean

values of the individual proteins in each subgroup were visualised

using a heatmap with GraphPad Prism 9 software. Different colours

indicate different protein levels. The results were normalised before-

hand. For gene expression values, counts were generated using the R

package Salmon. For differential expression testing, we used DESeq2

to generate a count data matrix for all samples. A principal component

analysis (PCA) was performed for dimensional reduction. Each patient

was treated as a single data point. The data were scaled and centred.

To analyse enriched pathways, we performed an Overrepresenta-

tion Analysis (ORA) of the Gene Ontology Biological Process (GO BP)

database [34]. Differentially expressed genes (DEGs) were calculated

for each entity using a two-sided gene pathway Student’s t-test

adjusted for multiple testing using the False Discovery Rate (FDR) set

at 0.05. Each DEG list was calculated by comparing the corresponding

entities with those of the controls. The DEG list was entered into

WebGestalt (https://www.webgestalt.org/) using the GO BP database

and standard settings.

RESULTS

Patients

Skeletal muscle biopsies of 59 patients (average age at biopsy

52 years; range 17–81 years; 59% female) were analysed in this study.

Thirty-three patients were diagnosed with IIM, including DM (n = 9),

IMNM (n = 7), ASyS (n = 6) and IBM (n = 11). The diagnosis was con-

firmed by clinical, morphological and serological findings. Six patients

were genetically confirmed to have DYSF. Five patients presented

with myopathy post-infection with SARS-CoV-2, and two patients

with myopathy post-SARS-CoV-2 vaccination. NA (n = 5) and NDC

(n = 8) served as controls (Figure 2A). The majority (81%) of the biop-

sies were obtained from the proximal part of the lower limb. However,

19% were taken from the proximal part of the upper limb. Twelve

biopsies of IIM (36%) were obtained before the start of immune

modulating therapy.I n 21 patients (64%) biopsies were obtained

shortly after the onset of therapy (maximum 4 weeks). The detailed

F I GU R E 1 Method for automated quantification of protein expression: digitised whole sections with double immunofluorescence staining
were used for automated morphometric analysis of protein quantification. A representative image of a case with DM stained with MHC-1 and
spectrin (A). Co-expression of proteins on muscle fibres was estimated by the Manders overlap coefficient (MOC). MOC of “0” indicates no
co-localisation of green and red channels. MOC of “1” represents a complete co-localisation of both channels (B). Co-expression of proteins on
endomysial vessels was estimated by the mean grey value (MGV) (C).
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F I GU R E 2 Clinical and morphological findings. Age of patients included in the study at the time of biopsy (A). Muscle pathology score (VAS)
was estimated in H&E-stained sections. Groups were compared by the Kruskal–Wallis test with correction for multiple comparisons (B).
Representative muscle pathology (H&E) and immune cell infiltrates (CD45) in all subgroups (C).
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demographic, clinical and serological characteristics are summarised in

Supplemental Table 2.

Skeletal muscle pathology reveals high pathology
scores in all IIM subtypes

The detailed morphological characterisation is summarised in

Supplemental Table 3. The morphological estimation of the VAS

pathology score showed significantly higher scores in all IIMs than in

NDC and NA, with no difference between the IIM subgroups. The

VAS of the DYSF and COVID-19 cases were significantly higher than

those of the NDC (Figure 2B, Supplemental Table 4). Representative

H&E and CD45-stained sections are shown in Figure 2C.

Automated analysis at immunofluorescence sections
provides accurate protein levels on muscle fibre and
endomysial vessels

Fluorescence microscopy is a powerful tool for evaluating proteins in

different cellular compartments. In this study, we analysed the

co-expression of MHC-1 and MHC-2 in muscle fibres using the

sarcolemmal protein spectrin. ICAM-1 expression in muscle fibre was

analysed using antibodies against desmin, and expression in the

endomysial vessels was analysed using the endothelial marker CD31.

Supplemental Figure 1 shows representative images of an ASyS case.

The merged signal (yellow) demonstrates the co-expression of MHC-1

and ICAM-1 in myofibres and vessels.

Quantification of MHC-1 and MHC-2 expression on
muscle fibres shows distinct levels in myositis
subgroups compared with controls

MHC-1 expression on myofibres (MOC MHC-1/spectrin) was

significantly higher in ASyS, DM, IBM and COVID-19 than in NDC

(Figure 3A, B). The expression of MHC-2 in myofibres (MOC MHC-2/

spectrin) was significantly higher in ASyS, DM, IBM and COVID-19

than in NDC (Figure 3A, C).

Quantification of ICAM-1 expression on muscle fibres
and endomysial vessels highlights endothelial
activation in ASyS, DM and COVID-19

ICAM-1 shows a constitutive expression on the endothelial cells of

normal muscle (NDC). ICAM-1 expression in muscle fibres (MOC

ICAM-1/desmin) was significantly higher in ASyS, DM, IBM, IMNM

and COVID-19 than the NDC (Figure 4A, B). ICAM-1 was expressed

at a significantly higher level in the endothelial cells of ASyS, DM and

COVID-19 cells than in NDC (Figure 4A, B).

The detailed statistical analyses are provided in Supplemental

Table 4.

Comparison of quantified MHC-1, MHC-2 and ICAM-1
levels shows distinct protein patterns in the disease
subgroups

To better visualise the quantification of MHC-1, MHC-2 and ICAM-1,

we summarised their protein levels using a normalised heatmap based

on the individual means of each subgroup (Supplemental Table 5). Key

findings include that MHC-1 is highly expressed in muscle fibres

(MOC) in ASyS, DM and IBM compared with IMNM.

The most pronounced MHC-2 expression in muscle fibres (MOC)

was noted specifically in the IBM subgroup. More pronounced

MHC-2 expression levels were present in ASyS than in DM. All

myopathy samples exhibited higher levels of ICAM-1 in muscle fibres

(MOC) than those of the NA and NDC, with the highest levels

observed in IBM. Notably, a strong capillary ICAM-1 expression

(MGV) was observed in ASyS, DM and COVID-19 (Figure 5A).

High discrimination of ICAM-1 expression in myositis
subgroups

To determine ICAM-1 as a diagnostic marker for myositis, we com-

pared the protein expression of ICAM-1 in myositis subgroups and

controls by calculating ROC curves and determining the AUC [35].

The AUC discrimination was categorised as outstanding if it was ≥0.9,

excellent if it was ≥0.8 and <0.9, and acceptable if it was ≥0.7 and

≤0.8 [36]. The analysis revealed that ICAM-1 expression in the

endomysial vessels (MGV) significantly discriminated ASyS, DM and

COVID-19 from NDC, with ASyS and COVID-19 showing higher

discrimination from IBM and IMNM compared with DM. (Figure 5B).

ICAM-1 on vessels demonstrated a higher specificity (>80%) in ASyS

and COVID-19 than in NDC, IBM and IMNM. Similarly, ICAM-1 on

muscle fibres exhibited a higher specificity (>80%) in ASyS and

COVID-19 than in NDC. (Figure 5C). The detailed statistical analysis is

provided in Supplemental Table 6.

Correlation of MHC-1, MHC-2 and ICAM-1 with
morphological and clinical parameters demonstrates
no meaningful differences between groups

Spearman’s rank correlation coefficient was used to investigate the

relationship between the protein expression of MHC-1, MHC-2 and

ICAM-1 in ASyS, DM, IBM, IMNM and COVID-19 with morphologic

parameter (VAS) and clinical parameters (CK-level). VAS was known in

100% of the biopsies. CK- levels were available for 29/40 patients

(73%). Only in DM, MHC-1 showed a highly significant correlation

with CK levels (p = 0.0028). No further statistically significant

6 of 17 NISHIMURA ET AL.
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F I GU R E 3 Quantification of protein expression of MHC-1 and MHC-2 on muscle fibres. Representative images of merged
immunofluorescence staining show MHC-1 and MHC-2 expression in muscle fibres from different groups (A). Quantification of protein
expression on muscle fibre (MOC) shows significant differences in the expression of MHC-1 (B) and MHC-2 (C) in the groups. The groups were
compared by the Kruskal–Wallis test with correction for multiple comparisons.
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F I GU R E 4 Quantification of protein expression of ICAM-1 in muscle fibres and endomysial vessels. Representative images of merged
immunofluorescence staining show ICAM-1 on myofibres and endomysial capillary expression in different groups (A). Quantification of protein
expression in myofibres (MOC) (B) and on endomysial vessels (MGV) (C) shows significant differences in the expression of ICAM-1 in the groups.
Groups were compared by the Kruskal–Wallis test with correction for multiple comparisons.
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F I GU R E 5 Comparison of protein expression with normalised heatmap shows different protein expression of MHC-1, MHC-2 and ICAM-1
on muscle fibres (MOC) and endomysial vessels (MGV) in the groups, revealing a diagnostic workflow for interpreting muscle pathology (A).
Receiver operating characteristics analysis (ROC) of ICAM-1: ICAM-1 expression on endomysial vessels (MGV) shows significant discrimination of
ASyS, DM and COVID-19 compared with NDC, IBM and IMNM (A). ICAM-1 expression on myofibres (MOV) shows significant discrimination of
ASyS, DM and COVID-19 compared with NDC (B). (AUC = area under the curve).
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correlations were observed. The detailed statistical analysis is pro-

vided in Supplemental Table 4.

Bulk RNA transcriptomics confirms the expression
patterns at the gene level

To corroborate these protein expression findings, we analysed muscle

specimens from each group using bulk RNA transcriptomics. We

included 25 patients for this approach who were also analysed in the

immunofluorescence work-up and who had ASyS (n = 3), DM (n = 4),

IBM (n = 3), IMNM (n = 3), COVID (n = 4), DYSF (n = 3), NA (n = 2)

and NDC (n = 3) (Supplemental Table 3). At the gene level, we con-

firmed the expression pattern of MHC-1, MHC-2 and ICAM-1. Here,

the genes encoding MHC-1 (HLA-A, HLA-B and HLA-C) were found

to be elevated in ASyS, DM, IBM and COVID-19 compared with the

controls (NDC), consistent with protein-level data (A). Concurrently,

the genes encoding MHC-2 (HLA-DPB1, HLA-DPA1, HLA-DMB,

HLA-DOA, HLA-DOB, HLA-DQA1, HLA-DQB1 and HLA-DR)

were increased in ASyS, IBM, IMNM and COVID-19 compared with

the controls (NDC) (B). There were slight differences in the usage of

individual genes encoding either MHC-1 or MHC-2 between the

disease subtypes, without a distinct pattern. At the gene level,

ICAM-1 was significantly higher in ASyS, DM, IBM, IMNM and

COVID-19 compared with controls (NDC) (C) (Figure 6).

Bulk RNA transcriptomics demonstrate distinct
pathways in each disease subtype

To further analyse the bulk transcriptomic dataset, we performed

dimensional reduction using PCA to understand the differences

between the included entities. This analysis revealed that IIMs

and COVID-19 segregated from the controls, whereas DYSF

samples showed the highest overlap with the NDC and NA

samples (Figure 7A). To provide a clearer overview, we excluded the

DYSF and NA samples from the PCA (Figure 7B). The results indicated

that DM, IBM and COVID-19 displayed similar transcriptomic profiles,

with DM showing the greatest divergence from the control samples

on the PCA. In contrast, IMNM and ASyS exhibited distinct patterns,

although some overlapped with the NDC samples. To identify the

specific gene pathways underlying these differences, we computed

the DEGs by comparing IIM entities and COVID-19 with NDC. Each

disease subtype that exhibited distinct pathways is demonstrated in

Figure 7C.

Immunohistochemical DAB staining of ICAM-1 for
light microscopy routine diagnostic use confirms
protein patterns

Our methods for protein quantification in immunofluorescent sections

require special laboratory equipment and are not useful for routine

diagnostic workups. Therefore, we conducted immunohistochemistry

of ICAM-1 with an automated benchmark system and DAB staining.

The DAB-stained sections confirmed the ICAM-1 expression in our

quantitative immunofluorescence studies. In NDC, NA and DYSF,

weak staining of endomysial vessels and no staining of ICAM-1 on

myofibres were observed. However, in ASyS, DM and COVID-19, a

strong increase in endomysial staining was noted. An increase in

myofibre staining was observed in ASyS, DM and IBM while it was

less pronounced in IMNM and COVID-19 (Figure 8).

DISCUSSION

Analysis of muscle biopsies is important for the precise diagnosis of

muscle diseases and for developing therapeutic strategies for individ-

ual patients. Particularly in the field of IIM, myopathological workup

has significantly improved in recent years [26, 27]. In addition, analys-

ing muscle biopsies provides important information for a deeper

understanding of the underlying immune signature, thereby improving

treatments. The differential diagnosis of IIM is also becoming more

challenging as other conditions such as hereditary myopathies or

COVID-19-associated myopathy can mimic IIM. This study aimed to

characterise the protein patterns of established diagnostic markers

MHC-1 and MHC-2 and, in addition, the candidate marker ICAM-1 in

skeletal muscle biopsies of disease subgroups using an objective

morphometric analysis tool. Specific genetic signatures were

estimated by analysing bulk transcriptomics.

MHC-1 and MHC-2 have been implemented in the routine diag-

nostic workup of muscle pathology and reflect different interferon

regulation in myositis subtypes [9–12, 14, 22, 23, 37, 38]. An over-

view of the studies has been recently reviewed by Nelke et al. [15].

Abnormal MHC-1 immunostaining has a high sensitivity and low spec-

ificity to distinguish IIMs from NA and other myopathies [11, 39]. In

particular, MHC-2 is strongly upregulated in IBM and ASyS and is

helpful in morphological diagnosis [12, 13, 40].

In previous human studies, the expression of MHC-1, MHC-2 and

ICAM-1 was analysed in DAB-stained sections and assessed by

subjective scoring. However, correlations with other parameters are

difficult [9–11, 13, 14, 22, 23]. For this purpose, we established a tool

for quantifying protein levels in different cellular compartments using

immunofluorescence of whole muscle sections. The advantage of this

method is that detailed analyses can be performed on limited

quantities of tissue, and muscle morphology can be directly assessed

in the corresponding H&E-stained sections. Using whole-section

analysis, protein levels in large areas can be quantified in an

observer-independent manner. The results can be correlated with

other parameters or graphically visualised using a normalised heat-

map. Furthermore, using imaging tools to analyse expression levels

provides accurate data and is reliable for reproducibly quantifying a

large number of immunofluorescent images [32]. Additionally, the

unequal distribution of different skeletal muscle structures, such as

endomysial capillaries, can be analysed at section level. Additionally,

this method may be useful for validating molecular analysis.
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Using our method, we confirmed, that increased levels of MHC-1

could be detected on muscle fibres in IBM, DM and ASyS, and lower

rates in IMNM. A comparison of the data in the normalised heatmap

showed higher levels of MHC-1 and MHC-2 in IBM and ASyS than

DM, consistent with previous studies introducing MHC-2 as a helpful

marker for IBM and discrimination of ASyS and DM [13, 14]. How-

ever, the correlation between protein levels and muscle morphology

(VAS) showed no significant differences between the groups.

Correlations with clinical parameters revealed a correlation only

between MHC-1 and CK-level in the DM group.

Immune-mediated myopathies have been proposed in association

with COVID-19 [7,41,42]. Skeletal muscle biopsies show non-specific

myositis with varying degrees of lymphocyte infiltration and no evi-

dence of direct viral infection [8]. Post-vaccination myositis has also

been reported [43]. Therefore, identifying specific proteins that play a

role in the immune processes in certain myositis subtypes may help

F I GU R E 6 Bulk RNA transcriptomics confirms the upregulation of disease-driving proteins. Bulk RNA transcriptomics of skeletal muscle from
different IIM entities. The normalised expression values are displayed on the Y-axis for each indicated gene. Expression values for genes
constituting the MHC-1 comparing different IIM entities (A). Expression values for genes constituting the MHC-2 (B). Expression values for genes
constituting the ICAM-1 (C). The groups were compared by the Kruskal–Wallis test with correction for multiple comparisons.
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improve the diagnosis of skeletal muscle biopsies and avoid inappro-

priate therapies. In our study, MHC-1 and MHC-2 were significantly

upregulated in SARS-CoV-2 infection-associated myopathy and post-

vaccination compared with controls, highlighting an interferon-driven

pathology.

ICAM-1 has been implicated in the pathophysiology of autoim-

mune diseases because of several immune processes, including leuko-

cyte trafficking, leukocyte trans-endothelial migration, vascular

endothelia breakdown, immune synapse formation and sustained

engagement of the T-cell receptors with the MHC peptide complex

[16, 44, 45]. Increased serum-soluble ICAM-1 (sICAM-1) is a marker

for endothelial activation [46]. ICAM-1 is expressed by human myo-

blasts throughout myogenesis and is upregulated by various inflam-

matory stimuli, including the cytokine tumour necrosis factor-alpha

(TNF), interleukin 1 beta (IL1β), interferon-gamma (IFNγ) and interleu-

kin 6 (IL-6) [47]. ICAM-1 is a major mediator of adhesion between

F I GU R E 7 Unbiased analysis of the
transcriptomics dataset. PCA showed a
segregation of IIM and COVID-19 from
controls and NA, while DYSF was
between these groups (A). Excluding
DYSF and NA from the analysis revealed
that DM, IBM and COVID displayed
similar transcriptomic profiles (B). The
analysis of gene pathways identified
significant differences in IIM entities and
COVID-19 (C).
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myotubes and lymphocytes through the leukocyte function-

associated antigen receptor [47, 48].

In myositis, serum levels of soluble ICAM-1 are elevated [44, 49].

Initial studies by De Bleecker and Engel analysing ICAM-1 expression

in muscle sections described a constitutive expression of ICAM-1 on

endothelial cells in normal muscle. They also noted a selective induc-

tion of non-necrotic fibres facing invading mononuclear cells and a

selective upregulation of ICAM-1 on endothelial cells in DM [21]. In

F I GU R E 8 ICAM-1 detection with DAB
staining for routine light microscopy.
Representative images of ICAM-1 expression in
the DAB-stained sections demonstrate a high
level of agreement with the data obtained by
immunofluorescence.
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other studies, ICAM-1 expression in IBM was described on both mus-

cle fibres and capillaries, whereas in DM, it was primarily on capil-

laries, showing high sensitivity but low specificity [9, 20, 23, 44, 50].

However, the role of ICAM-1 in IIM remains poorly understood. Nota-

bly, ICAM-1 expression has not been demonstrated in muscle biopsies

classified in accordance with the current myositis classification.

In our analysis, ICAM-1 was strongly upregulated in the myofibres

of all IIM subtypes, including IMNM, with the highest levels observed

in IBM. The pronounced ICAM-1 expression in muscle fibres exhibit-

ing partial invasion of cytotoxic lymphocytes in IBM is consistent with

this function [44]. Whether the increased expression of ICAM-1 in

IMNM underlies immunological pathophysiology or is due to other

stimuli such as reactive oxygen species, impaired glucose metabolism

or oxidative stress, should be addressed in future studies [51–54].

Several studies have demonstrated ASyS as an individual entity with

distinctive interferon pathway regulation, characterised by strong IFN

type 2 expression and specific morphological features [55–57]. In our

study, we demonstrated a stronger upregulation of ICAM-1 in muscle

fibres in ASyS than DM. More strikingly, our data indicates a strong

upregulation of ICAM-1 in the endomysial capillaries in DM, ASyS and

COVID-19. These findings highlight endothelial activation and multi-

organ pathology, such as pulmonary and cutaneous involvement, in

these entities [58, 59]. Overexpression of ICAM-1 by capillary endo-

thelial cells in DM supports the hypothesis that vascular injury is the

major pathology of this disease [21, 60]. In line with our findings,

ICAM-1 expression in human lung endothelial cells can be induced by

sera from patients with Jo-1-antibody-associated ASyS, highlighting

the multi-organ involvement of this disease [61].

In our samples from patients with SARS-CoV-2 infection and

SARS-CoV-2 vaccination-associated myositis, ICAM-1 was upregu-

lated in muscle fibres and vessels. These findings are in line with the

significantly higher serum levels of inflammatory mediators, including

ICAM-1, in patients with COVID-19 [62]. Of note, we observed a

strong upregulation of ICAM-1 in endomysial capillaries, which aligns

with research indicating that the association between cytokine storm

syndrome and endothelial damage is a significant factor in the pathol-

ogy of COVID-19 [63, 64]. Notably, similar to ASyS and DM, patients

with COVID-19 can present with cutaneous symptoms [59]. How-

ever, the limited number of samples included in this study is insuffi-

cient to provide a detailed explanation of the underlying pathology.

Nevertheless, the results strongly suggest endothelial activation in

skeletal muscles, raising questions about the significant risk factor and

why certain organs are more affected than others. However, other

vascular pathologies such as rarefication of endomysial capillaries,

ultrastructural alterations of the vessel wall, or complement deposits

were not analysed in our study [29]. Further studies are required to

provide a deeper understanding of the association between ICAM-

1-dependent endothelial activation and alterations in vessel

morphology.

The advent of transcriptomics in the field of IIM has several

advantages, including a more objective and quantitative assessment

of predefined readouts independent of the investigator [65]. Here,

the transcriptomic levels of MHC-1, MHC-2 and ICAM1

corresponded to the protein levels, providing data on differences

between disease subtypes at two methodological levels. Currently,

large-scale transcriptomic studies on bulk or single-cell/nucleus RNA

levels comparing different types of IIM remain an unmet need. None-

theless, transcriptomic assessment has already been proven to be

informative in the identification of specific disease subtypes in a spe-

cific form of myositis, as recently demonstrated by Pinal-Fernandez

et al., who identified distinct groups of immune checkpoint inhibitor-

induced myositis [65]. A drawback of transcriptomics is that the gene

level does not necessarily correlate with the protein level and, by

extension, with functional consequences. Consequently, transcrip-

tomic studies should be accompanied by immunohistopathological

assessments to provide a robust and comprehensive analysis.

Using PCA, the IIM spectrum and COVID-19 were segregated

from the controls and NA, whereas the DYSF group was intermediate

between the former two. Given the unbiased approach of bulk tran-

scriptomics, this observation points to inflammation as a shared path-

way between IIM and COVID-19, underlying the distinction in PCA

analysis. Among the inflammatory muscle diseases, DM, IBM and

COVID-19 displayed shared clustering whereas IMNM and ASyS were

distinct. Previous transcriptomic data suggested that ASyS, IBM and

DM share a strong interferon type 2 signature, while DM and ASyS

are characterised by interferon type 1 [56]. We speculate that, at the

level of bulk transcriptomics, a shared signal of interferon and inflam-

matory pathways might underlie the observed pattern of clusters. In a

previous study, Amici et al. demonstrated that transcriptomic profiles

displayed sufficient differences between IIM entities to enable an

unbiased differentiation of specific IIM subtypes [66]. Further analysis

revealed distinct gene pathways for each IIM subtype and COVID-19.

Notably, in our dataset, the ASyS samples were enriched for genes

related to energy metabolism, whereas the DM samples were charac-

terised by a strong signature of immune-related pathways. We sus-

pect that these observations align with previous transcriptomic

analyses showing pronounced interferon type 1 in DM, whereas ASyS

is characterised by a loss of muscle function and redox reactions,

potentially pointing to impaired energy metabolism [66]. Furthermore,

IBM was enriched in pathways related to the negative regulation of

axon extension, possibly connected to recent reports from our labora-

tory suggesting a specific loss of NMJs in the IIM subtype [67]. The

observation of the regulation of cell death/development in IMNM

could indicate necrosis and regeneration of muscle cells in this dis-

ease [68]. Notably, we also provided data on COVID-19 at the tran-

scriptomic level, revealing enrichment of pathways such as leukocyte

migration, cell motility and immune response, which are a group of

gene pathways related to ICAM-1. These data align with the increased

protein levels of ICAM-1 observed at the immunohistochemical level.

Taken together, IIM subtypes were characterised by distinct gene

pathways warranting further research into their distinct functional

consequences.

In conclusion, we have provided quantitative data on immune-

associated proteins, such as MHC-1, MHC-2 and ICAM-1, at the pro-

tein and gene levels and identified specific gene pathways that can be

integrated into our pathophysiological understanding of IIM. Our data
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confirm previous findings on MHC-1 and MHC-2 expression and

highlight the role of MHC-2 in myositis pathology with upregulation

in IBM and ASyS. Notably, ICAM-1 expression provides distinct

immune signatures in various myositis subgroups and in patients with

SARS-CoV-2-associated myopathy. There is evidence that the vascu-

lar pathology observed in ASyS, DM and COVID-19 may be associ-

ated with ICAM-1-mediated endothelial activation. Furthermore, our

data introduced ICAM-1 as a new specific diagnostic marker for the

morphological classification of myositis. In future studies, the specific-

ity of ICAM-1 expression in DAB stained sections should be analysed

in a larger cohort of IIM subtypes, including different serological

entities.
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