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comme un serviteur devant plus grand que soi.  
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ABSTRACT 

Idiopathic inflammatory myopathies (IIM) constitute a heterogeneous group of diseases defined by non-
infectious nor toxic acquired myopathies. Amongst them, dermatomyositis (DM) is the most frequent 
IIM, occurring during child and adulthood, and is potentially life-threatening. Its diagnosis is based on 
the association of muscle weakness, inflammatory infiltrates on histological muscle sections and auto-
antibodies in the serum. Etiopathogenesis, that has mainly focused on adaptative immunity, remains 
largely unknown. In DM, the necrosis/regeneration balance is detrimental to muscle integrity, with a 
chronic course and poor clinical outcome for some patients. Nevertheless, the capacity of muscle 
regeneration has been barely studied. In normal injured muscle, regeneration is achieved by myogenic 
precursor cells (MPCs) that undergo myogenesis process to build new myofibers. The aim of our project 
was to evaluate DM-derived MPC capacity to undertake myogenesis. 

Methods. 
After establishing specific selection criteria, I selected DM (severe [n=5] and mild [n=3]), and healthy 
controls (HC [n=5], sex and age paired) from the Hospices Civils de Lyon database and obtained 
corresponding samples from the hospital biobank. Supplemental investigation was performed on other 
IIM derived-MPCs:  immune-mediated necrotizing myopathy (IMNM) (n=3), inclusion body myositis 
(IBM) (n=3), and anti-synthetase syndrome (ASS) (n=3). Myogenesis was explored in vitro using 
specific MPC culture for the evaluation of proliferation, differentiation and fusion. Proliferation was 
evaluated as the incorporation of a thymidine analog into DNA during proliferation. Terminal myogenic 
differentiation was evaluated by myogenin expression, an essential transcription factor of myogenic 
differentiation. Cell fusion was quantified as the number of nuclei incorporated into myotubes. 
Quantitative analysis was performed using Image J software, and statistical analysis was performed by 
mean comparison (t test or ANOVA). Similar methods were used to evaluate the impact of interferon 
blockers (JAK / STAT inhibitor) on myogenesis. Senescence was analyzed by flow cytometry with 
fluorogenic substrate of SA-βGalactosidase, a senescence-specific marker.  

Results. 
Analysis of MPC proliferation indicates that DM-derived MPCs exhibited a significantly lower 
proliferation than HC-derived MPCs (p=0.0020). Terminal myogenic differentiation was also strongly 
impaired in severe DM-derived MPCs while less altered in mild-DM-derived cells (p=0.001). MPC 
fusion was significantly altered in DM-derived MPCs with a dramatic decreased observed in severe DM 
and to a lesser degree in mild DM (p<0.0001 for each). These results were recapitulated for other IIM, 
with altered myogenesis identified for IMNM (n=3), IBM (n=3), but not for ASS (n=3). Through cellular 
and molecular investigations, we found increased senescence in DM derived-MPCs, and potential 
involvement of interferon type I in myogenesis impairment. Indeed, sDM and mDM derived-MPCs 
myogenesis was improved even restored when culture was performed with JAK/STAT inhibitor, a 
downstream interferon pathway blocker or IFN receptor blocking antibody.   

Conclusion. 
These results show that skeletal muscle regeneration is impaired in DM due to altered capacities of 
MPCs to proliferate, to differentiate and to fuse. This may explain in part the muscle alterations and 
muscle weakness that are observed in patients. These results support the hypothesis of intrinsic 
alterations of MPC properties in DM, potentially linked with interferon pathway, and participating to 
the pathogenesis of the disease. 

 

Key words: Myositis, dermatomyositis, myogenesis, senescence, interferon 



RÉSUMÉ 

Les myopathies inflammatoires idiopathiques (MII) constituent un groupe hétérogène de maladies 
musculaires acquises. Parmi elles, la dermatomyosite (DM) est la plus fréquente, survenant à tous les 
âges de la vie, et pouvant engager le pronostic vital. Le diagnostic repose sur l'association d'une faiblesse 
musculaire, d'infiltrats inflammatoires sur la biopsie musculaire et d'auto-anticorps dans le sérum. La 
pathogenèse apparaît multifactorielle, avec de nombreuses études concentrées sur l'immunité adaptative, 
et reste à ce jour incomplètement comprise. Dans le muscle de DM, la régénération ne compense pas la 
nécrose, et ceci induit une évolution chronique. Néanmoins, la capacité de régénération musculaire a été 
très peu étudiée dans ces pathologies. Dans le muscle normal, la régénération du muscle lésé se fait par 
un processus de myogenèse initié par les cellules souches musculaires (CSM) et permet une réparation 
ad integrum du tissu lésé. L’objectif de ce projet est d'évaluer la capacité des CSM dérivés de DM à 
réaliser le processus de myogenèse. 

Patients et méthodes : 
Une sélection de patients DM (sévère [n = 5] et légère [n = 3]) et des contrôles sains (CT [n = 5]) 
(appariés sexe et âge) a été effectuée dans la base de données des Hospices Civils de Lyon dont les 
échantillons étaient disponibles en biobanque. Une étude complémentaire a été réalisés sur d’autres 
patients IIM : myopathie nécrosante auto-immune (MNAI) (n = 3), myosite à inclusions (IBM) (n = 3) 
et syndrome des anti-synthétases (SAS) (n = 3). La myogenèse a été explorée in vitro par la culture de 
CSM pour l'évaluation de leur prolifération, de leur différenciation en myocytes et la fusion des 
myocytes en myotubes. La prolifération a été évaluée par incorporation d'un analogue de la thymidine 
dans l'ADN. La différenciation myogénique terminale a été évaluée par l'expression cellulaire de la 
myogénine. La fusion cellulaire a été quantifiée comme le nombre de noyaux incorporés dans les 
myotubes. L’étude de la sénescence a été faite par cytométrie en flux avec un substrat fluorescent de 
SA-βGalactosidase, marqueur spécifique de la sénescence. Enfin, l’impact de l'inhibition de la 
signalisation interféron sur la myogénèse in vitro a été évalué avec un inhibiteur des kinases JAK et un 
anticorps bloquant. 

Résultats : 
La prolifération des CSM de DM est significativement plus faible que celle des CSM de CT (p = 0,0020). 
La différenciation myogénique terminale est également très altérée dans les CSM de DM sévères, et à 
moindre niveau dans les cellules de DM légères (p = 0,001). La fusion est significativement diminuée 
dans les DM avec une diminution majeure pour les DM sévères et à un degré moindre pour les CSM de 
DM légères (p <0,0001 pour chacun). Ces résultats ont été reproduits pour les autres IIM, sauf les ASS. 
Grâce à des investigations cellulaires et moléculaires complémentaires, nous avons trouvé une 
sénescence accrue dans les CSM de DM in vitro, et une implication potentielle de l'interféron de type I 
dans l'altération de la myogenèse. En effet, la myogenèse des CSM de DM a été améliorée voire 
restaurée par l’adjonction des inhibiteurs de la signalisation interféron. 

Conclusion : 
Ces résultats montrent que la régénération du muscle squelettique est altérée dans la DM en raison de la 
capacité altérée des CSM à réaliser le processus de myogénèse. Cela peut expliquer en partie les 
altérations musculaires et la faiblesse musculaire observées chez les patients. Ces résultats soutiennent 
l'hypothèse d'altérations intrinsèques des propriétés des CSM dans la DM, potentiellement liées à la voie 
de l'interféron et participant à la pathogenèse de la maladie. 

Mots clef : Myosite, dermatomyosite, myogénèse, senescence, interféron 
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As a result of my dual curriculum of Science and Medicine, my work of PHD consists in 

translational research.   The work is articulated around idiopathic inflammatory myopathies, 

including clinical and basic science research. The results of my PHD will therefore be presented 

in two different parts, first presenting a work focused on an extremely rare disease (around 250 

cases reported across the international literature) in order to further delineate clinically and 

histologically this peculiar entity. In the second part, the work will focus on the study of 

pathogenesis of idiopathic inflammatory myopathies, and more specifically on  the regeneration 

of muscle during the muscular damage. To this end, through ex-vivo and in vitro works, 

myogenic precursor cells and their myogenesis properties have been evaluated. Some 

underlying pathway potentially involved in regeneration alteration have been evaluated, others 

are discussed in the perspectives.



  



 
 
  



 
 
 
 
 
 
 
 
 
 

 

 

 

 

INTRODUCTION



    1. Idiopathic Inflammatory Myopathies (IIM) 

1.1. IIM clinico-sero-pathological definition 

IIM constitute a heterogeneous group of diseases defined by non-infectious nor toxic acquired 

myopathies. Described in 1975 by Peter and Bohan, IIM have been initially classified as 

dermatomyositis (DM) and polymyositis (PM) (Bohan and Peter, 1975). Then, further 

deciphering and understanding of IIM led to the identification of other novel clinic-sero-

pathological entities: inclusion body myositis (IBM), anti-synthetase syndrome (ASS) and 

immune-mediated necrotizing myopathies (IMNM) (Allenbach et al., 2018; Griggs et al., 1995; 

Mammen et al., 2020). IIM represent rare diseases with global prevalence around 6/100,000. 

Other very rare subgroups have also been identified, such as immune checkpoint inhibitor 

related myositis, focal myositis (FM) and granulomatous myositis. 

The main symptom is muscle weakness, with various muscular subgroup impairment, most 

frequently proximal and symmetrical. Clinical features depend from the IIM subgroup, varying 

from mild to life-threatening phenotypes, with various degrees of extramuscular impairment 

including skin, lung, or heart impairment (Table 1).  

Muscular pathology analysis identifies different phenotypes, with inflammatory infiltrates 

within the muscle as the major criteria associated with various kinds of impairment depending 

on the diagnosis (Table 1). Necrosis and regenerating myofibers (stained by CD56 or NCAM), 

Major Histocompatibility Complex class I (MHC-I) sarcolemmal overexpression and 

membrane attack complex (C5b9) capillar or sarcolemmal abnormal staining are other 

pathological hallmarks that help to achieve histological IIM diagnosis.  

The recent discovery of different myositis-specific auto-antibodies (Abs) permitted to revisit 

the old classifications. Dermatomyositis is associated with anti-Mi2, small ubiquitin-like 

modifier activating enzyme (SAE), nuclear matrix protein-2 (NXP2), TIF-1γ or melanoma 

differentiation-associated gene 5 (MDA5) Abs. Immune-mediated necrotizing myopathies are 

associated with anti-signal recognition particle (SRP) or 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMGCR) Abs. One third of inclusion body myositis’ patients also presented anti-

cytosolic 5′-nucleotidase 1A (cN1A) Abs (Benveniste et al., 2016). This tool is now part of the 

current diagnosis process, and is a useful warning for the clinicians since some specific auto-

antibodies have been identified as associated with underlying severe extra-muscular 



impairment or para-neoplastic syndrome. For example, amyopathic DM associated with severe 

pulmonary and skin impairment have been associated with anti-MDA5 DM, cancer have been 

found significantly associated with anti-transcription intermediary factor 1 (TIF-1γ) DM and 

calcinosis with anti-NXP2 DM (Fiorentino et al., 2013; Fodil et al., 2016). IIM outcomes 

depend on the clinical subtype, even if chronic course takes place for most patients. Current 

therapies include immunosuppressive drugs with first and foremost corticosteroids. 

 DM IBM IMNM ASS 
Mean age (years) 40 and younger 50 and older 40 and younger 40 and younger 
Muscle impairment 
 

Mild to severe, proximal 
and symmetric (upper 
limbs++, deltoids) 

Progressive, 
proximo-
distal, 
asymmetric 

Severe, 
proximal and 
symmetric 
(lower limbs ++, 
psoas) 

Mild to severe, 
proximal and 
symmetric 

Swallowing disorder possible frequent possible possible 
Extra muscular 
involvement 

Yes 
 

No Yes Yes 

Cutaneous 
 

DM rash (Gottron’s 
papules, heliotrope rash, 
shawl sign), skin ulcers, 
alopecia 
 

No No Mechanic hands, 
Raynaud 
syndrome 
Phenomenom 
DM-like rash 

Pulmonary 
 
 

Interstitial lung disease 
(ILD) 
Pulmonary arterial 
hypertension (PAH) 

No or 
aspiration 
pneumonia  
 

Rare ILD 
PAH 

Heart Rare No Possible Rare 
Cancer association Particularly in anti-TIF-

1γ DM 
No Particularly in 

seronegative 
IMNM 

Rare 

other Calcinosis, panniculitis, 
limb edema 

Facial 
muscle 
impairment 

 Arthralgia and 
arthritis 

CK level Moderately increase Normal or 
subnormal 

Highly increase variable  
depending of the 
auto-Ab 

Auto-Ab Anti-TIF-1γ 
Anti-Mi2  
Anti-NXP2 
Anti-SAE1/2 
Anti MDA5 

Anti-Cn1A Anti-HMGCR 
Anti-SRP 
 

Anti-Jo1 
Anti-PL7 
Anti-PL12 
Anti-EJ, OJ 
Anti-KS, HA, Zo 

Treatment Steroid, IS, IVIg No Steroid, IS, IVIg Steroid, IS, IVIg 
Outcome Remission possible, 

relapse possible 
Progressive 
course, no 
remission 

Remission 
possible, relapse 
frequent 

Remission 
possible, relapse 
possible 

Table 1. IIM diversity regarding clinical, biological and outcomes phenotypes. 



 

 DM IBM IMNM ASS 
Myofibers Perifascicular 

atrophy, MxA 
overexpression 

Rimmed 
vacuoles  
Invasion of non-
necrotic fibers 
Mitochondrial 
abnormalities 
 

Necrotic 
myofibers 
Regeneration 

Perifascicular 
necrosis, nuclear 
actin aggregates 

Vascular domain 
impairment 

Yes, Capillary 
dropout, 
endothelial 
tubuloreticular 
inclusions  

No No No 

Inflammatory 
infiltrates 

Yes, 
perifascicular 
and perivascular 

Yes, endomysial 
and perimysial 

No or rare Yes  

Composition CD4 CD8 CD68 CD4 
MHC-1 staining Positive Positive Positive Positive 
C5b9 staining Capillary 

deposition 
No or rare No or rare 

Sarcolemmal 
Perifascicular 
sarcolemmal 

Fibrosis/adiposis Variable Variable Variable Variable 

Table 2. Simplified muscle biopsy features found in various IIM. 

 

During the PHD, the IIM subgroups and classification has been reported through an educational 
chapter. (Myopathies acquises idiopathiques, Diagnostic difficiles en médecine interne 
2018, L Gallay, O Landon Cardinal and O Benveniste). This task of synthesis has allowed 
the better understanding of these rare diseases.  

  





















































During this synthesis work, FM was identified as a poorly defined subgroup. This led us to 

consider the need for further investigation about this peculiar entity. New insights about 

clinical, investigational and pathological characteristics are presented in the results section.. 

 

1.2. IIM pathogenesis 

Despite important efforts made in the last decades, the understanding of IIM etiopathogenesis 

remains partial, combining adaptative and innate immunity dysfunction, genetic background, 

and environmental factors (Ceribelli et al., 2016). 

Considering the occurrence of auto-antibodies and the improvement of the disease under 

immunosuppressive drugs, disturbances of the adaptative immune system have been 

extensively explored. Various cytokines play also a role in this disease, notably pro-

inflammatory cytokines such as Th1 and Th17 cytokines, Interleukin (IL)-1 family, and IFN-I 

(Benveniste et al., 2019; Gitiaux et al., 2016; Greenberg et al., 2005). At the cellular level, T 

cells are implicated, either CD4 or CD8 cells. Even if seldomly observed in muscular 

inflammatory infiltrates, B cell involvement is suggested by the efficacy of Rituximab in some 

patients (a chimeric monoclonal antibody against the CD20 protein, which is primarily found 

on the surface of immune system B cells) (Fasano et al., 2017). Complement may also play an 

important role in DM pathogenesis, since capillary loss, perifascicular atrophy and 

inflammatory infiltrates may be related to capillary dysfunction consequent to C5b-9 

(complement final membrane attack complex) deposition (Lahoria et al., 2016; Uruha et al., 

2018).  

 

1.3. IIM and IFN 

1.3.1 IFN family 

Interferons are highly potent cytokines that take their name from their property to interfere with 

viral replication in the host (Weissmann and Weber, 1986). They are widely expressed 

cytokines that have antiviral, antiproliferative and immunomodulatory properties. This 



cytokine family is divided into three classes (type I, II, III), all sharing the ability to induce anti-

viral response after binding to their cognate receptors.  

Type I IFN include IFN-α (mainly produced by plasmacytoid dendritic cells) and β (mainly 

secreted by fibroblasts), and they are also strongly expressed by innate immune cells (Hervas-

Stubbs et al., 2011). Other type I IFN subtypes are known, namely IFN-ω and IFN-τ, but remain 

poorly characterized because of their overlapping function with IFN-α and IFN-β, limited tissue 

expression, and species-to-species differences (Capobianchi et al., 2015; Pestka et al., 2004). 

Type I IFNs bind to a specific cell surface heterodimeric receptor (IFN-ΑR for IFN-α receptor) 

that consists of IFN-ΑR1 and IFN-ΑR2 chains. After IFN-I is bound to its receptor, the two 

chains recruit Janus Activated Kinase (JAK) TYK2 and JAK1. JAK activation leads to tyrosine 

phosphorylation of signal transducers and activators of transcription (STAT) STAT1 and 

STAT2 that associate with IRF9 to form the ISGF3 complex that translocates to the nucleus 

and activates transcription of IFN-inducible genes or IFN-stimulated genes (ISGs) (Chen et al., 

2017).  

Type II IFN corresponds to IFN-γ (mainly secreted by NK and T cells), the result of one gene 

product, typically found in natural killer and T cells (Vilcek, 2006). Through binding to a 

specific receptor composed of IFN-ΓR1 and IFN-ΓR2 subunits, JAK 1 and JAK2 are recruited 

and lead to polymerization of STAT1 (GAF: γ activated IFN), and its translocation to the 

nucleus for binding to γ activated sequences (GAS) and subsequent gene activation.  

Type III IFN consists in IFN-λ (equivalent of interleukins 28 and 29) which is predominantly 

found at the epithelial cell surface (Iversen and Paludan, 2010; Sheppard et al., 2003), and is 

structurally related to type I IFNs and to the IL-10 family. It has a specific receptor composed 

of IL-28R and IL-10R2 chains. Type III IFN signaling cascade causes activation of JAK1 and 

TYK2, recruitment of STAT1 which at least forms ISGF3 transcription factor. 



 

Figure 1. Interferon signaling pathways. Type I IFNs bind to a specific heterodimeric IFN 

Alpha Receptor (IFNAR) that consists of IFNAR1 and IFNAR2. IFN binding triggers the 

recruitment of Janus Activated Kinases (JAK) TYK2 and JAK1, leading to tyrosine 

phosphorylation of STAT1 and STAT2 that bind to IRF9 to form the ISGF3 complex, that 

translocates to the nucleus to stimulate the transcription of IFN-inducible genes or IFN-

stimulated genes (ISGs) via binding to specific DNA binding sites (ISRE). IFN-II, which is 

IFN- γ, binds to the IFNGR1/IFNGR2 receptor that recruits JAK 1 and JAK2 to phosphorylate 

STAT1 leading to the formation of STAT1 homodimers complexes [gamma-activated factors 

(GAFs)], which translocate to the nucleus and targets gamma activated site (GAS) elements in 

the promoters of ISGs, leading to their expression [10]. IFN-III, which is IFN l (also known as 

interleukin 28 and 29), is structurally related to IFNs-I and to the IL-10 family. IFN-III binding 

to its receptor, composed of IL-28R-binding and IL-10R2 chains, causes the activation of JAK1 

and TYK2, leading to the formation of the ISFG3 transcription factor. IFN, interferon. From 

Gallay et al 2019.
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1.3.2 Proofs of IFN involvement in IIM 

1.3.2.1 First evidence 

Initially described in 1992, occurrence of IIM under IFN-α therapy, and of recovery after 

treatment discontinuation has led to consider IFN involvement in IIM pathogenesis (Dietrich et 

al., 2000; Hengstman et al., 2000; Lee et al., 2002; Shiba et al., 2014; Somani et al., 2008; 

Tsutsumi et al., 2002; Warabi et al., 2004). Most of these observations presented two important 

triggers of dysimmunity, namely IFN type I and viral infection (Hepatitis B, C, 

cytomegalovirus, EBV, HTLV1…).  

 

1.3.2.2 Histological analysis 

Myxovirus Resistance A (MxA) is a ubiquitous and cytoplasmic GTPase, that binds elements 

of the cytoskeleton (Horisberger, 1992; Richter et al., 1995). MxA is a marker of IFN-I 

signaling, as it is induced by IFN-α/β but not by other cytokines, notably IFN-γ. MxA is found 

in DM muscle fibers, regardless of the auto-antibody subgroup or life stage of disease 

occurrence, showing perifascicular, diffuse or scattered sarcoplasmic distribution, with 77% 

sensitivity, and 100% specificity (Uruha et al., 2018). In study focused on juvenile DM (jDM) 

on 103 patients, the sensitivity was found at 61.2%, with a strong expression of MxA in NXP2 

Ab subset contrasting with the weak expression in MDA5-Ab subset supporting the hypothesis 

of variability of ISG expression in muscle within an IIM subgroup and related to auto-Ab 

occurrence (Soponkanaporn et al., 2018). This histological evidence was confirmed by 

immunofluorescence study of the skin (Wenzel et al., 2005). In skin of DM, strong expression 

of the MxA protein was detected, indicating involvement of type I IFNs. Expression of MxA 

was closely associated with expression of the interferon-inducible protein IP10 ⁄ CXCL10 (C-

X-C motif chemokine ligand 10 (CXCL10) also known as Interferon gamma-induced protein 

10 (IP-10)) and the presence of lymphocytes with IP10 ⁄ CXCL10 receptor CXCR3 + (a Gαi 

protein-coupled receptor belonging to the CXC chemokine receptor family). These findings 

support the hypothesis of a role  of IFN-I in the recruitment of inflammatory (Wenzel et al., 

2006). 

ISG15 is a ubiquitin modifier identified as an IFN-upregulated gene, and is overexpressed in 

perifascicular areas (Salajegheh et al., 2010). Positive staining was found in perifascicular 



areas, in atrophic DM fibers but, interestingly, not in MDA5-Ab DM subset (Allenbach et al., 

2016). 

Retinoic acid inducible-gene I (RIG-I), an RNA helicase enzyme, is known as IFN-I regulatory 

factor, activated by innate recognition of cytosolic dsRNA. RIG-I has been identified by 

immunochemistry to be overexpressed in pathological DM muscle fibers (Suárez-Calvet et al., 

2014). In a larger cohort (n=115 IIM), the same authors have studied RIG-I expression, 

demonstrating a positivity in 50% of DM samples, as compared with 11% in non-DM samples. 

The positivity was found in 32% of DM patients without perifascicular atrophy (Suárez-Calvet 

et al., 2017).  

 

1.3.2.3 IFN detection in IIM 

IFN may act in IIM etiopathogenesis through secreted/soluble IFN. The direct quantification of 

type I IFNs has been challenging, as circulating IFN soluble proteins are found at very low 

levels, which may reflect the high biological potency of these cytokines, most cell types 

expressing a type I IFN receptor.  

This hypothesis was evaluated in several studies through patient IFN level analysis by ELISA 

(enzyme-linked immunosorbent assay) technologies. Chen et al found a correlation of serum 

levels of IFN-β with cutaneous lesions and occurrence of ILD in DM patients (Chen et al., 

2018). Shen et al reported a significant increase of IFN-γ levels in serum of DM and PM 

cohorts. This was correlated with the muscular enzyme levels (creatine kinase (CK)) and 

occurrence of ILD (Shen et al., 2012). On a global cohort of 93 IIM patients and 36 healthy 

control, Liao et al found detectable level of IFN-β in blood by ELISA for 64% of untreated or 

minimally treated DM and 35% of all DM samples compared with 6% of other inflammatory 

myopathy and 6% of healthy control samples. Blood IFNβ significantly correlated with high 

blood type 1 IFN-inducible gene expression (Liao et al., 2011).  

Moreover, the usefulness of IFN ELISA has been debated, as the outcome and clinical 

correlation may differ according to the study considered. Indeed, some authors reported a lower 

IFN-α serum levels in IIM than in healthy control patients and that, independently of their 

treatment status (Król et al., 2011). Same authors found a negative correlation between 

muscular magnetic resonance imaging (MRI) intensity and IFN-α serum level (Król et al., 



2011). However, others reported high levels of IFN-α and IFN-ω, but these sera did not induce 

an IFN response in a bioassay of IFN activity (Liao et al., 2011). 

Currently, ELISAs are considered as either insensitive or unreliable, leading to the development 

of proxy assays based on type I IFN signaling such as single-molecule array (Simoa) or digital 

ELISA technology (Berger Rentsch and Zimmer, 2011; Hua et al., 2006; Niewold et al., 2009; 

Rius-Rocabert et al., 2019; Seo et al., 2009). Digital ELISA technology is based on counting 

individual enzyme-labeled immunocomplexes of proteins captured on paramagnetic beads in 

Simoa (Rissin et al., 2010; Wilson et al., 2016). Direct quantification of IFNα at attomolar 

(femtograms per milliliter) concentrations was allowed by the combination of this technology 

with unique high-affinity antibodies isolated from APS1/APECED mutation patients, a well-

known hereditary interferonopathy (Meyer et al., 2016). This technology is reported highly 

correlated with ISG expression in sera of patients and with IFN antiviral activity, assessed by a 

cytopathic protection assay (Lebon et al., 1979, 1988; Palmer et al., 2007). Using these 

technologies, Rodero et al found a significant increase of IFN-α level in blood in a cohort of 43 

jDM in comparison to healthy donors (n=20) (Rodero et al., 2017).  

Another way to evaluate IFN involvement is to use reporter cells to measure the ability of sera 

to cause transcription of 3 main ISGs (IFIT-1, MX-1 and PKR). In this study, IFN-α activity 

was significantly increased in jDM as compared with pediatric and adult healthy controls, and 

this was correlated with muscular enzyme increase in blood at the time of diagnosis (Niewold 

et al., 2009). 

 

1.3.2.4 Transcriptomic analysis and IFN signature 

At the end of the last century, studies on IIM pathogenesis tended to focus on the analysis of 

deeper change: the study of transcriptome. Indeed, elucidating the molecular pathways active 

in pathologic tissues has important implications for defining disease subsets, monitoring disease 

activity, and choosing therapy. 

In 1995, cytokine gene expression monitoring demonstrated the up-regulation of IFN-γ in 

muscles of IIM patients (n=7/15) using reverse transcriptase PCR methods (Lundberg et al., 

1995). These findings led to the identification in altered DM muscle of perifascicular 

overexpression of STAT1 (Illa et al., 1997a), which is known to be induced by IFN-γ. 



Consequently, Illa et al demonstrated the overexpression of STAT1 mRNA in cultured 

myoblasts after a treatment with IFN-γ (Illa et al., 1997b). These studies opened the way to the 

consideration of transcriptomic changes in IIM pathogenesis, a new way to evaluate 

dysregulation of muscle and immune system in this disease. 

Transcriptomic analysis has been at first conducted in vivo in IIM muscle, then expanded to 

skin, peripheral blood mononuclear cell (PBMC), and, in vitro, in myogenic precursor cells 

(MPCs) and endothelial cells (ECs) from patients (Table 3.)  (Gallay et al., 2019). In these 

studies, IFNs appear as key elements of IIM pathogenesis. Indeed, in some studies, 21 of the 

top 25 most upregulated genes are known or presumed to be upregulated by IFN (Der et al 

1998, Sanda et al, Indraccolo et al), including CXCL10, IFIH1, ISG15/UBE2L6, C1S/R, IRF7, 

IDO1, MXB and CHN1 (Wong et al., 2012). Interestingly, studies demonstrated that the various 

subtypes of inflammatory myopathies have distinct gene expression signature (Greenberg et al., 

2002, 2005; Walsh et al., 2007). Consecutively, a specific focus on IFN-induced transcripts led 

to the definition of "IFN signature" which represent" a further step in the understanding of the 

disease pathogenesis, and a new tool for diagnosis and follow-up of patients. 

Table 3. Studies reporting about transcriptomic analysis, IFN signature and IFN score in IIM. 

(From Gallay et al 2019). 



While transcriptomic analysis, IFN signature and IFN score popping up in numerous studies, 

no consensus are defined for the use of such tools in IIM medical care. A review has been made 

on IFN-signature in idiopathic inflammatory myopathies (IIMs), in order to summarize 

knowledge, evaluate interests and limitations of this recent tool in clinical practice and the 

research. 

Gallay et al, IFN signature in myositis: a review. Curr Op Rheum 2019. 

















 



 

1.3.2.5 Clinical proof of concept and correlation of disease activity and IFN signature 

 

Multiple studies have stated that the IFN signature correlates with the disease activity 

(Baechler et al., 2007; Greenberg et al., 2012; Huard et al., 2017; Reed et al., 2012). To illustrate 

this point, Baechler et al have set up an IFN score, based on the expression of 43 ISGs in PBMC, 

which appears to be correlated with a simple disease activity score based on muscle strength 

testing, muscle enzyme elevation, skin involvement and patient’s report of functional 

assessment (Baechler et al., 2007). Similarly, transcriptomic analysis of skin shows that, 

patients with inactive skin DM cluster with the healthy controls, in contrast to active skin DM 

patients (Wong et al., 2012). Similarly, Gitiaux et al found a correlation between disease 

vascular severity score and IFN-α levels in lysates of MPCs (but no correlation with IFN 

signature) (Gitiaux et al., 2016). In another work, Ishikawa et al reported that serum levels of 

IFN-γ were significantly higher in DM with rapidly progressive ILD (DM-RP ILD), while 

serum level of IFN-α was increased in all DM subgroup (Ishikawa et al., 2018).  

After demonstration of IFN involvement in DM pathogenesis, the logical next step was to assess 

its therapeutic consequences. The first successful use of JAK/STAT inhibitor in DM patients 

reported appeared due to serendipity. Indeed, a patient suffering from refractory DM with 

partial efficacy of 3 lines of immunosuppressive therapy developed fever, marked 

splenomegaly and thrombocytopenia (Hornung et al., 2014). Testing for the Janus kinase 2 

mutation JAK2 V617F was positive, which resulted in a diagnosis of post–polycythemia vera 

myelofibrosis, and the initiation of a treatment with JAK inhibitor (ruxolitinib). Ruxolitinib is 

a selective inhibitor of JAK1 and JAK2 and was developed for the treatment of myelofibrosis. 

The pharmacological target of the molecule is to block the IFN-β-induced STAT1 (Hornung 

and Wenzel, 2014). Unexpectedly for the patient, DM rapidly improved during ruxolitinib 

treatment. The patient regained muscle strength and body weight, and her skin lesions 

completely resolved (Hornung et al., 2014). Usefulness of JAK inhibitor in refractory DM has 

been corroborated by several other case reports (Dj et al., 2016; Hornig et al., 2018; Ladislau 

et al., 2018; Wendel et al., 2019). In addition, a translational study by Ladislau et al reported 

that type I interferon could abolish myogenic differentiation of myoblasts in vitro, which could 

be counteracted with Ruxolitinib. In the same study, authors reported 4 patients with refractory 



DM whose diseases were improved by ruxolitinib, including skin lesions, muscle weakness as 

well as a reduced serum type I interferon levels and ISG score (Ladislau et al., 2018).  

Considering the recurrent observations of IFN involvement in IIM pathogenesis, the question 

of targeting IFN appears justified. Examples in other diseases have to be considered. Notably, 

in the case of psoriasis patients who present a prominent IFN signature (Yao et al., 2009), 

inhibition of the IFN-I pathway seems to have no clinical effect (Bissonnette et al., 2010). Also, 

the link between in vitro and in vivo data remains complex and requires to be cautious in the 

extrapolation from bench to patients. This highlights the need for a better understanding of the 

components and mechanisms of the IFN response in IIM.  Notably, the interplay of IFN I and 

II in IFN signatures observed in blood and tissues of patients with IIM has to be clarified (Hall 

et al., 2012).  

 

1.3.3 Mechanism of IFN in DM pathogenesis 

IFN has been involved in DM pathogenesis at various levels, such as circulating IFN-I, IFN-I 

inducible genes, IFN-I induced proteins and IFN-I related cytokines (Arshanapalli et al., 2015). 

Several mechanisms have been hypothesized for IFN-I involvement in DM pathogenesis.  

First, cells secreting IFN are present in IIM muscle. Indeed, mature plasmacytoid DCs (pDCs) 

identified CD4, CD123 and CD83 are found in muscle and skin of jDM patients (López de 

Padilla et al., 2007). Interestingly, pDCs are known to be involved in innate immune responses 

and to produce IFN-1 α and β (Colonna et al., 2004), making these cells at a pivotal role in the 

initiation of self-immune response but also for the maintenance of autoimmune lesions. Li et al 

formulated the hypothesis that endogenous production of type I IFN in DM may be generated 

by pDCs, mainly through the Toll like receptor (TLR)-9 pathway, and in part by TLR-7 (Li et 

al., 2015).  

Other sources of IFN-I have been identified, such as the myofiber itself. Suarez-Calvet et al 

demonstrated that in microdissected pathological muscle fibers from DM, retinoic acid-

inducible gene 1 (RIG-I, DDX58) and the novel antiviral factor DDX60, which promotes RIG-

I-mediated signaling, were significantly up-regulated, as well as IFIH1 (MDA5) and TLR3 

(Suárez-Calvet et al., 2014). Immunohistochemistry confirmed RIG-I over-expression in 

pathological muscle fibers, specifically in DM as compared with other IIM and controls. In 

vitro investigations demonstrated that stimulation of human myotubes with a RIG-I ligand (5′ 

ppp-dsRNA) induced a significant secretion of IFN-β and an up-regulation of MHC-I, RIG-I 



and TLR3 expression by IFN-β -dependent and TLR3-independent mechanisms. These results 

indicate that RIG-I pathway activation induces MHC-I over-expression, secretion of IFN-β and 

a positive feedback on RIG-I in myofibers (Suárez-Calvet et al., 2014). In another work, 

immature muscle precursors were identified as a local source of IFN- β, and could be implicated 

in MHC-I over-expression through TLR3 pathway (Tournadre et al., 2012). 

 

Then, IFN as a factor for IIM initiation and maintenance through IFN-I induced proteins. 

MDA5 and RIG-I, two IFN-Is induced proteins may similarly play a role in the positive 

feedback loop involved in DM. Indeed, MDA5 also functions as a cytosolic receptor for viral 

double-stranded RNA that once activated, stimulates an innate immune response including 

production of IFN-I (Chistiakov, 2010; Kato et al., 2008; Nakashima et al., 2010; Sato et al., 

2009). Both MDA5 and RIG-I have been demonstrated to cause IFN-I production in virally 

infected cells (Ikegame et al., 2010), and the association of a positive feedback loop of IFN-I 

production and viral infection raises the controversial question of a viral hit that may initiate or 

perpetuate the autoimmune phenomena. 

 

Lastly, another putative pathway involves IFN-I related cytokines, such as monocyte chemo 

attractant protein-1 (MCP-1/CCL2) which has been found at elevated levels in DM. Staining 

for MCP-1 showed a predilection for endothelial cells near areas of active inflammation, not 

only in DM (De Bleecker et al., 2002) but also in all IIM (De Paepe et al., 2009). This 

endothelial localization suggests that MCP-1 may play a role in complement deposition in the 

microvasculature of affected muscles (Jain et al., 2011). Indeed, DM muscle biopsies express 

C5-b9 on endothelial cells which may play a role in capillary damage (Kissel et al., 1986, 1991). 

The depletion and damage of capillaries may result in hypoxia and in the subsequent damages 

to myofibers seen in DM (Dalakas and Hohlfeld, 2003). Abnormal capillary morphology and 

capillary loss is an early manifestation of DM, often seen prior to inflammatory infiltrates 

(Emslie Smith and Engel, 1990; Kissel et al., 1986).  



 

 

Figure 2. Interferon involvement in DM pathogenesis. Type I interferon pathway. Mechanistic 

pathway showing production of IFN-Is, signaling pathway induced by IFNa and -b, and 

downstream effects including stimulation of genes, production of proteins, and resulting 

inflammation. IFNAR, IFNa receptor; JAK, Janus Kinase; Tyk2, Tyrosine Kinase 2; STAT, 

Signal Transducer and Activator of Transcription; ISGF3, Interferon Stimulated Gene Factor 

3; IRF, Interferon Regulatory Factor; ISRE, Interferon Stimulated Response Element; ISGs, 

Interferon Stimulated Genes; ss, single-stranded; ds, double-stranded; LPS, 

Lipopolysaccharides; TLR, Toll-like receptor; NF-Kb, nuclear factor kappa-light-chain-

enhancer of activated B cells; TBK1, TANK-binding kinase 1. Activation and positive feedback 

pathways of the type I IFN receptor are shown with dotted arrows. From Arshanapalli et al 

2014 

 

1.3.4 IFN and autoimmunity 

The mechanisms of type I IFN- induced autoimmunity has been broadly discussed, as IFNs are 

described at elevated levels in autoimmune disorders, such as systemic lupus erythematosus. 



This has been attributed in part to increased DC activation and antigen uptake/presentation from 

apoptotic cells, as well as increased production of autoantibodies (Jego et al., 2003; Rizza et 

al., 2010). 

In a study conducted by Eloranta et al, immune complexes containing anti-Jo-1 or anti-Ro 

52/anti–Ro 60 autoantibodies and RNA were identified as endogenous IFN-α inducers that 

activate IFN-α production in pDCs (Eloranta et al., 2007). Another study showed that nucleic 

acid associated antibodies (including some antibodies already associated with IIM even if there 

are not specific: anti Ro, La, Sm, and RNP) may stimulate the production of active IFN-α in 

jDM (Balboni et al., 2013). This study demonstrated a correlation between the presence of 

antibodies against RNA-containing autoantigens and both serum IFNα activity and the capacity 

to generate interferogenic immune complexes. This led to hypothesize that RNA-containing 

autoantigens, including Ro, La, Sm, and RNP, play a critical role in the activation of the type I 

IFN system in jDM. 

Piper et al demonstrated that jDM patients with active disease have a significantly expanded 

immature transitional B cell population, which correlated with the IFN-I signature. Activation 

through TLR7 and IFNα may drive the expansion of immature transitional B cells in jDM and 

may skew the cells toward a pro-inflammatory phenotype (Piper et al., 2018). 

 

Despite the above-mentioned evidence of immune system implication, many pieces miss to 

complete the puzzle. This could be one of the reasons for partial efficacy of immunosuppressive 

treatments. Actually, this unfortunate consequence could raise new interrogations, such as the 

potential unbalanced process between muscle damage and repair. Indeed, skeletal muscle of IM 

patients is characterized by inflammatory infiltrates and signs of myofiber regeneration that is 

operated by MPCs to replace damaged myofibers. 

 

 

 

 

 



    2. Adult myogenesis / muscle regeneration (cellular and inter-cellular features) 

Mature muscle cells, also called myofibers, are not able to divide. However, skeletal muscle is 

a tissue which repairs ad integrum after a damage thanks to the involvement of muscle stem 

cells.  

2.1. Muscle stem cells 

Muscle stem cells (MuSC), also called satellite cells, are quiescent mononuclear cells, and were 

discovered through the advent of electronic microscopy by Alexander Mauro in the 1960’s 

(Mauro, 1961). Their name "satellite cells" comes from their particular location beside the 

myofiber, between the plasma membrane of the myofiber and the basal lamina surrounding the 

same myofiber (Figure 3A). 

The functions of MuSC have been identified in 1975, through the in vitro observation of a single 

myofiber regeneration (Bischoff, 1975). By contrast microscopy, it was possible to see in vitro 

cell proliferation at the surface of the isolated myofiber. In 1977, analysis by electron 

microscopy of the satellite cells during muscle regeneration showed for the first time that MuSC 

are activated (and rename myogenic precursor cells (MPC) then differentiate into myoblasts, 

and lastly fuse in myotubes in order to repair the myofiber (Sakai, 1977). Isolation of satellite 

cells and histological analyses allowed the discovery of the marker Pax7, which is highly 

specific of satellite cells in skeletal muscle (Seale et al., 2000) (Figures 3B, 3C).  Pax7 belongs 

to the family of homeodomain paired box transcription factors that are involved in 

development.  

Pax7 is crucial for the establishment of satellite cell population in muscle (Yin et al., 

2013). However, other markers are expressed in mouse satellite cells such as CD34, CXCR4, 

syndecan4, Vcam1 and β1-integrin, ɑ7-integrin (Figure 3D) (Yin et al., 2013). More recently, 

the role of Pax7-expressing cells in muscle repair was evaluated thanks to an inducible cre-lox 

system in the mouse, demonstrating that the Pax7-expressing cells, i.e. satellite cells are 

absolutely required for muscle regeneration (Lepper et al., 2011; Murphy et al., 2011; 

Sambasivan et al., 2011). 

Interestingly, few weeks after an injury, satellite cells are present in the muscle, back to their 

location under the basal lamina, indicating that cells do participate to skeletal muscle 

regeneration, as well as they return to quiescence in order to reform the pool of stem cells 



(Collins and Partridge, 2005; Montarras et al., 2005; Sacco et al., 2008). This phenomenon of 

self- renewal is essential for the long-term maintenance of muscle homeostasis.  

 

Figure 3. Satellite cells express the homeodomain paired box 7 (Pax7) (A) First picture of a 

satellite cell in electron microscopy of a rat muscle (Mauro, 1961). (B) In situ hybridization of 

Pax7 mRNA (blue staining, left picture) reveals that few isolated nuclei present around the 

myofibers express this transcription factor as compared with the total number of nuclei in the 

tissue section (red staining, right picture) (Seale et al., 2000). (C) Immunofluorescence of Pax7 

indicates that Pax7pos (highly red cell, right picture) are located around the myofiber. DAPI 

staining (left picture), which stains all the nuclei of the myofiber, shows the small proportion 



of nuclei expressing Pax7 (Pasut et al., 2013). (D) Satellite cells express several markers, which 

are used for their identification and isolation (Yin et al., 2013). 

MuSCs are present around myofibers in a quiescent state and are located in the so-called 

satellite cell niche. Although not well-characterized yet, this structure is essential for the 

maintenance of satellite cell quiescence. Indeed, protein interactions between the muscle fiber 

and satellite cells were identified to maintain satellite cells in a quiescent state such as those 

implicating M- cadherin and Notch ((Baghdadi et al., 2018; BJORNSON et al., 2012; Evano 

and Tajbakhsh, 2018; Kuang and Rudnicki, 2008; Mourikis et al., 2012). Interactions between 

satellite cells and extra-cellular matrix (ECM), which composes the basal lamina, also 

participate to maintain satellite cell quiescence thanks to integrins  (Evano and Tajbakhsh, 

2018; LaBarge and Blau, 2002). Other cell types participate to the homeostasis of the satellite 

cell niche. Endothelial cells are found to be very close to satellite cells in resting condition 

(Abou-Khalil et al., 2009). After an injury, satellite cell niche alteration is critical for satellite 

cell activation (Yin et al, 2013) (Yin et al., 2013). 

 

Figure 4. The satellite cell niche. In resting muscle, quiescent satellite cells are located in a 

niche. Myofiber itself is involved in the maintenance of the quiescence by Notch and cadherin 

signaling. Other factors are implicated in the maintenance of the quiescence such as 

angiopoietin or Fgf2. Macrophages, mesenchymal stromal cells and endothelial cells are close 

neighbors of the niche (From Evano and Tajbakhsh, 2018). 

 



2.2. Myogenesis and myogenic regulators 

After skeletal muscle lesion, satellite cells leave their quiescent state and start to proliferate 

(Yin et al., 2013). These activated satellite cells, now called MPCs (myogenic precursor cells) 

undergo the myogenesis process in order to achieve muscle repair. This process requires a 

careful orchestration of activation and proliferation of MPCs and their subsequent 

differentiation and fusion into multinucleated myotubes, which leads to the reconstitution of a 

functional contractile apparatus. The complex behavior of MPCs during skeletal muscle 

regeneration is tightly regulated through the dynamic interplay between intrinsic factors within 

MPCs and extrinsic factors constituting the muscle stem cell niche/microenvironment. This 

process follows different steps: activation, proliferation, commitment in differentiation, fusion 

into myotube and lastly, maturation into myofiber. Myogenesis is mainly driven by the family 

of the Myogenic Regulatory Factors (MRFs) (Musarò, 2014), composed of 3 main factors: 

Myf5, MyoD and myogenin. MRFs are differentially expressed at the various steps of 

myogenesis. (Figure 5) 

 

 

Figure 5. MRF expression during myogenesis. Illustration of the lineage progression of adult 

myogenesis during muscle regeneration. Environmental cues (Notch, IGF-1, Wnt, etc.) 

influence the activity of satellite cells (green arrows). Notch and IGF-1 signaling stimulate the 

proliferation of satellite cells, whereas Wnt signaling is involved in the transition from 

proliferation to the differentiation phase of myoblasts. Notch signaling is also necessary for the 

maintenance of the quiescent state of satellite cells. Depending on MyoD activity, satellite cells 

can follow one of two fates: they may maintain Myf5 expression while downregulating MyoD 



and self-renewing; alternatively, they maintain MyoD expression and differentiate. Quiescent 

satellite cells express Pax3 and Pax7. Pax7 regulates MyoD and Myf5 expression (blue arrows). 

Myf5 regulates the expression of MyoD, which in turn promotes the expression of myogenin 

and MRF4 (blue arrows). Myogenin promotes the expression of Myosin (blue arrows) (From 

Musaro et al., 2014). 

 

2.2.1 Activation of MuSCs 

In resting muscle, MuSCs are quiescent. The MuSC cell cycle is arrested in the G0 phase. This 

quiescent state is maintained by the niche structure and environment. When the niche is altered 

by muscle lesion or exercise, MuSCs exit from quiescence and activate to give rise to myoblasts 

or myogenic precursor cells (MPCs) (Yin et al., 2013). An intermediate state between the 

quiescent state and the activated state was recently described and called the G-alert, in non-

injured muscles of a mouse that was injured in a remote muscle. MuSCs in G-alert may be 

considered as pre-activated cells as they are able to activate faster than in G0 state after an 

injury (Rodgers et al., 2014). Regarding the molecular pattern, activated MuSCs express Pax7. 

Quickly after activation, they also express the MRF Myf5 (Figure 5). Myf5 mRNA was shown 

to be expressed by quiescent stem cells but the mRNA is sequestrated in a structure called 

messenger ribonucleoprotein granules. During activation state, these granules are dissociated 

and allow the rapid translation of Myf5 mRNA (Crist et al., 2012).  

MuSC activation depends on multiple pathways, among them some have been further studied. 

Two extrinsic secreted factors have been studied and appear linked: hepatocyte growth factor 

(HGF) and nitric oxide (NO). HGF is a heterodimer of α and β subunits, both of which are 

processed from a single-chain inactive precursor (pro-HGF). HGF is critical for cell growth, 

migration, and organ morphogenesis through its mitogen, motogen, and morphogen activities 

(Ohnishi and Daikuhara, 2003). In skeletal muscle, HGF functions in the early phase of muscle 

regeneration and is one of the key activators of satellite cells (Miller et al., 2000). In intact 

muscle, low levels of HGF mRNA can be detected in satellite cells but not in fibroblasts, 

suggesting an autocrine function of HGF (Sheehan et al., 2000). However, the majority of active 

and inactive forms of HGF are sequestered by heparan sulfate proteoglycans (HSPGs) within 

the basal lamina (Sheehan et al., 2000). Upon injury, the transcription of HGF is increased in 



proportion to the degree of injury, and an active form of HGF is released from the extracellular 

matrix.  

NO is a diffusible small molecule, which can freely pass through cell membranes. It can be 

produced by nitric oxide synthase (NOS) in diverse cell types, including epithelial cells, 

endothelial cells, fibroblasts, hepatocytes, macrophages, and skeletal muscle cells (Bogdan, 

2001). Currently, three NOS isoforms have been identified: endothelial NOS (eNOS), neuronal 

NOS (nNOS), and inducible NOS (iNOS) (Pacher et al., 2007). In vitro and in vivo data have 

revealed that release of nitric oxide synthase (NOS) from the basal lamina after myofiber 

damage leads to the production of NO, which in turn activates matrix metalloproteinases and 

release HGF from local HSPGs (Tatsumi et al., 2006). During regeneration, NO induces 

satellite cell activation, as evidenced by the inhibitory effect of L-arginine methyl ester, a NOS 

inhibitor (Anderson, 2000). NOS inhibition prevents the binding of HGF to its c-Met receptor 

on satellite cells, whereas treatment with L-arginine, the NOS substrate, resulted in an increase 

in satellite cell activation. Accordingly, iNOS-/- mice display delayed satellite cell activation 

following muscle injury, although injured muscles were still able to regenerate (Anderson, 

2000). The function of NO-dependent satellite cell activation stems from the ability of NO to 

promote the release of HGF from the ECM (Yamada et al., 2006, 2008).  

 

2.2.2  Proliferation of MPCs 

After activation, MPCs enter in a phase of proliferation and will reach the cellular density 

required for the next steps of the repair process. On a molecular side, Myf5 mRNA that was 

present under a sequestered form during quiescence re-localizes to induces proliferation. 

Indeed, in the myf5-/- mouse model, MPC proliferation rate is decreased (Ustanina et al., 2007). 

Myf5 is a transcription factor that controls the expression of genes required for proper 

myogenesis (Conerly et al., 2016) (Conerly et al., 2016). The MRF MyoD is also expressed by 

proliferating cells and this factor is important for the differentiation step. Moreover, other 

signaling pathways are required for MPC proliferation such as Notch and Wnt signaling 

pathway (Conboy and Rando, 2002; von Maltzahn et al., 2012).  

Using a model of isolated myofibers maintained in culture, Zammit et al have demonstrated 

that satellite cell progeny adopted divergent fates: although most differentiate, others regain a 



phenotype characteristic of quiescent satellite cells. This variation in satellite cells fates 

appeared tightly regulated by MRF expression, noticeably Pax7 and MyoD (Zammit 2004) 

(Zammit et al., 2004). 

 

 

2.2.3 Differentiation of MPCs into myocytes 

The end of proliferation is marked by the differentiation of MPCs. MPCs enter into 

differentiation as a consequence of multiple modifications of intrinsic and extrinsic regulations 

(Joulia-Ekaza et al., 2006). Moreover, the onset of differentiation is associated with a transition 

from Notch signaling to Wnt signaling in MPCs, with an increased expression of Wnt in the 

tissue and an increased responsiveness of MPCs to Wnt (Brack et al., 2008). Crosstalk between 

these two pathways occurs via GSK3b, which is maintained in an active form by Notch but is 

inhibited by Wnt in the canonical Wnt signaling cascade. Thus, the temporal balance between 

Notch and Wnt signaling orchestrates the precise progression of MPCs along the myogenic 

lineage pathway during adult myogenesis (Brack et al., 2008). 

Regarding MRF, when the dividing process stops, differentiating cells shutdown the expression 

of Pax7 (Figure 6) (Tedesco et al., 2010). Actually, a ratio between Pax7 and MyoD was 

implicated for the induction of the differentiation (Olguin et al., 2007). A low Pax7/MyoD ratio 

was suggested to induce the commitment of proliferating cells to differentiation  (Olguin et al., 

2007). Studies have shown that MPCs deficient for MyoD do not differentiate properly showing 

the essential role of this transcription factor in myogenic cell differentiation (Wood et al., 2013; 

Yablonka-Reuveni et al., 1999). While MyoD appears to be necessary for the early phase of 

differentiation commitment, the MRF myogenin is expressed at the end of the differentiation 

process to specifically trigger the expression of myogenic genes (Bentzinger et al., 2012). 

Myogenin expression induces cell cycle stop through p21 activation (Chargé and Rudnicki, 

2004). Myogenin was originally discovered in 1989 to allow the expression of myogenic 

markers in mesenchymal cells after transfection (Wright et al., 1989). Moreover, myogenin 

null-mice show a defect in embryonic myogenesis showing the importance of this factor for 

myogenesis (Hasty et al., 1993). The sequential and timely expression of the myogenic 

regulators is primordial for MuSC differentiation and skeletal muscle regeneration. 



 

Figure 6. Differentiation of muscle stem cells. After an injury, Pax7+ quiescent cells (green 

cells) are activated. These activated cells express Myf5 and MyoD (green and red cells). After 

proliferation, cells differentiate into myocytes and stop to express Pax7 (red cells). Then, they 

fuse to repair myofibers. A proportion of myogenic proliferating cells (green and red cells) 

returns to quiescence in order to replenish the pool of muscle stem cells (back to green cells) 

(Tedesco et al., 2010). 

 

2.2.4  Fusion of myocytes into myotubes

Differentiated myoblasts, which are called myocytes fuse with each other to form new 

multinucleated myofibers. The fusion process consists of 5 different steps: myocyte alignment, 

cell to cell recognition, inter-cell adhesion, plasma membrane apposition and finally fusion 

itself, i.e. merging of the plasma membranes (Figure 7). The recognition of the fusion partner 

is highly specific since myogenic cells fuse only with myogenic cells. The newly formed 

myofiber is initially centri-multinucleated and secondarily nuclei migrate toward the periphery 

of the myotube. Moreover, fusion events involve cytoskeletal reorganization and implicate the 

regulation of the plasma membrane tension between the two-fusing partner-cells depending on 

actin and myosin (Kim et al., 2015). 

Membrane protein content is important to allow fusion. Integrins and cadherins are essential in 

this process (Chargé and Rudnicki, 2004; Schwander et al., 2003). Recently, a master protein 

involved in fusion was identified, myomaker. Myogenic cells depleted for myomaker are not 



able to fuse and in myomaker-null mice, embryos die perinatally due to the absence of muscle 

fusion (Millay et al., 2013). 

 

Figure 7. Mechanism of myoblast fusion. The fusion of differentiated myoblasts is essential to 

form new myofiber syncytia or to fuse with existing myofibers. Fusion requires specific 

apposition of the cells. Reorganization of the cytoskeleton is essential. Moreover, specific 

proteins are crucial for myoblast fusion, such as myomaker, a transmembrane protein (Sampath 

et al., 2018).  

For human, mice and other species, isolated MuSC cultured in vitro will recapitulate the in vivo 

myogenic program, requiring no extrinsic stimulation. Activation of the MuSC has been 

induced by cells isolation.  This support that myogenic program has to be considered as a very 

potent process.  

 



2.2.5 Myogenesis and cellular environment 

As described below, the myogenic program drive intrinsic cellular orchestration through tightly 

regulated molecular pathway. Despite these considerations, extrinsic factor may alter this repair 

process. Indeed, during muscle tissue repair, MPCs are involved in a synergistic process 

implying MPCs, endothelial cells, fibro-adipogenic progenitors (FAPs) and immune cells 

among which are macrophages.  

 

 

Figure 8. Various cell types in the muscle tissue. The muscle fascicle defines the extremities 

of the local milieu an environment that is more diverse compared with the immediate niche due 

to the heterogeneity of cell types and signaling factors. The local milieu surrounding the satellite 

cell is made up of other myofibers in addition to interstitial cells, capillaries, and neuromuscular 

junctions. Each of these cell types (endothelial cells, fibroblasts and immune cells such as 

monocytes/macrophages or neutrophils) influences the surrounding environment and thereby 

affects the state of the satellite cell. (From Yin et al., 2013). 

 

2.2.5.1. Macrophages 

Muscle injury triggers the release of chemoattractant molecules in the blood stream to recruit 

circulating leukocytes. The main route of monocyte entry into the injured muscle is the 

chemokine CCL2 (MCP1)/CCR2 axis. Once in the tissue, monocytes differentiate into pro-

inflammatory macrophages. Their functions are very specific. First, macrophages allow the 



clearance of cell debris by phagocytosis. They also induce survival and growth of MPCs by 

establishing direct cell-cell contacts, and inhibit their differentiation and fusion  (Chazaud et 

al., 2003; Sonnet et al., 2006). Pro-inflammatory macrophages secrete factors such as IL-6, IL-

1β or Vascular endothelial growth factor (VEGF) that stimulate MPC proliferation (Arnold et 

al., 2007; Saclier et al., 2013). Finally, pro-inflammatory macrophages induce Fibro/adipogenic 

progenitors (FAP) and fibroblast apoptosis to avoid excess of matrix deposition (Juban and 

Chazaud, 2017; Lemos et al., 2015).  

 

Figure 9. Cellular interaction during myogenesis process. During post-injury myogenesis, 

satellite cells proliferate then differentiate, and a small percentage of the cells will return to 

quiescence (self-renewal process). Extrinsic factor, notably various type of cells (macrophages, 

endothelial cells, pericytes, and Fibro-Adipogenic Progenitors (FAPs), and several cytokines, 

will interact during each step of myogenesis. (Adapted from Théret 2016) 

At the time of resolution of inflammation, pro-inflammatory macrophages shift their 

inflammatory status toward an anti-inflammatory phenotype. Signaling pathways involved in 

this switch start to be documented. For now, 3 main intracellular pathways have been described: 

AMPK, p38/MKP1, and CREB-C/EBPβ. However, it was shown that phagocytosis is essential 

for the acquisition of an anti-inflammatory phenotype. Indeed, the expression of pro-

inflammatory markers is reduced and the expression of anti-inflammatory markers is increased 

in macrophages that have ingested apoptotic cells (Fadok et al., 1998; Freire-de-Lima et al., 



2006; Weigert et al., 2006). Anti-inflammatory macrophages exert various roles on several cell 

types in regenerating skeletal muscle. They induce both differentiation and fusion of MPCs as 

well as growth of the newly regenerated myofibers (Arnold et al., 2007; Mounier et al., 2013; 

Saclier et al., 2013). Anti-inflammatory macrophages promote ECM remodeling by inducing 

fibroblast survival and collagen production through the secretion of TGF-β (Juban and 

Chazaud, 2017). They also induce angiogenesis: in vitro experiments showed that anti-

inflammatory macrophages induce endothelial cell sprouting and differentiation, triggering 

vessel formation concomitantly to myogenesis, through the delivery of specific effectors, such 

as Oncostatin M (Latroche et al., 2017). Accordingly, CCR2 KO mice exhibit defect of 

vascularization in regenerating muscle (Ochoa et al., 2007). Thus, anti-inflammatory 

macrophages act on various cell types by simultaneously promoting growth of newly formed 

muscle cells, remodeling of ECM and revascularization in order to obtain a complete functional 

recovery of the muscle. 

 

2.2.5.2 Endothelial cells 

As a consequence of its high metabolic needs, muscle is an opulently vascularized tissue, 

including vessels and capillaries. It was evidenced that MPCs and endothelial cells are localized 

in close proximity (Christov et al., 2007). Interestingly, in cocultures, endothelial cells promote 

myoblast proliferation by secreting a panel of growth factors, such as IGF-I, HGF, FGF, 

platelet-derived growth factor-BB (PDGF-BB), and VEGF (Christov et al., 2007). It is also well 

known that angiogenesis and myogenesis proceed at the same time during muscle regeneration 

(Luque et al., 1995), and that both processes are regulated by some common factors such as 

VEGF (Chazaud et al., 2003; Christov et al., 2007; Latroche et al., 2017). In addition, it was 

found that periendothelial cells (smooth muscle cells) induce a subset of myoblasts (presumably 

ready to self-renew) to return to the quiescent state (Abou-Khalil et al., 2009). 

 

2.2.5.3 Fibro-Adipogenic Progenitors 

FAPs are resident in muscle tissue but arise from a distinct developmental lineage than MuSCs. 

These cells remain quiescent in intact muscle. In response to muscle injury FAPs proliferate to 

transiently establish an environment that enhances myogenic differentiation (Joe et al., 2010). 



Interestingly, FAP behavior is also regulated by infiltrating inflammatory macrophages. 

Through their expression of tumor necrosis factor (TNF)α, pro-inflammatory macrophages 

induce apoptosis of FAPs. However, in case of chronic damages, such as those occurring in 

mdx mice, macrophages express high levels of transforming growth factor β1 (TGF-β1), which 

prevents FAP apoptosis and induces their differentiation into matrix-producing cells. 

 

 

  



3. IIM and muscular regeneration: Does muscle injury evolve chronically as a result of 

muscle regeneration impairment? 

 

Despite all the immunosuppressive drugs prescribed, IIM patients rarely fully recover their 

initial strength (Bronner et al., 2006; Clarke et al., 1995). The explanation of this residual 

muscle dysfunction remains unclear. Some authors have hypothesized that chronic muscle 

dysfunction could be due to possible defects in muscle repair mechanisms, disuse of muscle, or 

replacement of muscle tissue by fibrotic tissue or fat, with an influence of both disease-related 

factors and glucocorticoid treatment (Cseri et al., 2015; Loell and Lundberg, 2011). 

Muscle regeneration process is well understood in physiological condition. Interestingly, 

multiple immune and non-immune dysfunctions in IIM may have an impact on the regeneration 

process itself (Loell and Lundberg, 2011). Several proinflammatory molecules found in muscle 

tissue of IIM patients may impair muscle repair and recovery. In addition, some of the usual 

treatment of IIM are known to impact myogenesis, foremost corticosteroids. The delicate 

balance between the downregulation of proinflammatory molecules by immunosuppressive 

treatments and their inhibitory effects on muscle fiber regeneration requires further 

consideration.  

 

3.1. Impairment of muscle regeneration in IIM 

3.1.1 Muscle regeneration process in IIM 

In the early identification of IIM disease group, skeletal muscle regeneration has been studied, 

and appears frequently associated with necrosis and myophagy. Occurrence of regenerative 

basophilic fibers containing internal nuclei as a mark of ongoing myogenesis process is widely 

described (Winter and Bornemann, 1999). Additional characterization of regenerative 

myofibers are usually reported by the expression of CD56 or neonatal myosin (Gitiaux et al., 

2016; Musarò, 2014).  

Neural cell adhesion molecule (NCAM), also called CD56, is a homophilic binding 

glycoprotein expressed on the surface of neurons, glia and skeletal muscle. In tissue sections, 

CD56 is present on the sarcolemma of the satellite cells and the regenerating or newly 

denervated muscle fibers. Once a fiber becomes innervated NCAM becomes localized to the 

neuromuscular junction. In tissue cultures, CD56 labels myoblasts (Winter and Bornemann, 

1999). Developing skeletal muscles express unique myosin isoforms, including embryonic and 

neonatal myosin heavy chains, coded by the myosin heavy chain 3 (MYH3) and MYH8 genes, 



respectively, and myosin light chain 1 embryonic/atrial, encoded by the myosin light chain 4 

(MYL4) gene. These myosin isoforms are transiently expressed during embryonic and fetal 

development and disappear shortly after birth when adult fast and slow myosins become 

prevalent. These myosins are re-expressed during muscle regeneration and provide a specific 

marker of regenerating fibers in the pathologic skeletal muscle (Schiaffino et al., 2015). 

Several molecules have been identified in myogenesis and have been found overexpressed in 

IIM muscle: DLK1, Neprilysin, Nestin, Cyclin-dependent protein kinase 5, Leukotriene B4, 

C1q (Andersen et al., 2009; Broccolini et al., 2006; Naito et al., 2012; Sjöberg et al., 1994; 

Wilczynski et al., 2000). These findings support the myogenesis involvement during the 

pathogenesis process of IIM. 

 

3.1.2 Cellular alterations that impact the regeneration process 

3.1.2.1 Regenerating myofibers in vivo and IIM muscle regeneration 

In an immunohistochemical study, Baumann et al showed that MRFs were significantly up-

regulated in jDM muscles with different expression in early (irregularly shaped capillaries, 

deposition of C5b-9 on still preserved capillaries and signs of myofiber de- and regeneration) 

and advanced lesions (perifascicular regions with prominent loss of capillaries, myofiber 

atrophy and endomysial fibrosis) (Baumann et al., 2018). The number of satellite cells labelled 

for Pax7 was increased in jDM damaged muscles as compared with control muscles, especially 

in perifascicular atrophic areas. In early lesions, myogenic cells expressing MyoD and 

Myogenin were moderately increased. In advanced lesions, dysregulation of the myogenic 

regenerative pathway was supported by the absence of MyoD in a context of increased 

Myogenin expression (Baumann et al., 2018). In another immunohistochemical study, 

Wanschitz et al found that the number of satellite cells and regenerating fibers were 

significantly increased in DM, PM and IBM, and the increase was proportional to the severity 

of muscle inflammation. In sIBM muscle, MyoD+ nuclei (identifying activated satellite cells 

and proliferating myoblasts) was lower, and myogenin+ nuclei (marker of differentiation) was 

higher in sIBM in comparison to DM and PM (Wanschitz et al., 2013). Such dysregulation of 

MRFs drove the authors on the consideration of muscle repair impairment. 



 

3.1.2.2 MPCs and IIM muscle regeneration 

* IIM derived-MPCs 

Across the literature, only two studies reported analysis of MPCs derived from IIM biopsies 

(IIM-MPC) (Cseri et al., 2015; Hayashi et al., 1990). Starting from cell culture of a single DM 

patient muscle, Hayashi et al evaluated the myogenesis process. After dissection and enzymatic 

digestion, muscle cells were cultured without specific MPC sorting (non-available at that time), 

resulting in mix of various cells and myotubes. The authors found no differences between the 

control muscle culture and the DM muscle culture. In the second work, primary cell cultures of 

human MPCs derived from untreated IIM patients, treated with corticosteroids IIM patients and 

healthy control were compared. The authors identified an impaired proliferation and a slightly 

altered fusion capacity in MPCs started from untreated IIM specimens (Cseri et al., 2015).  Cell 

proliferation was characterized by the increase in the number of myogenic nuclei normalized 

to the value at the 2nd day of culture (Cseri et al., 2015). Differentiation was assessed by fusion 

index (number of myogenic nuclei in the myotubes divided by the total number of the myogenic 

nuclei). Of note, the lack of MPC sorting, may introduced potential severe bias in the 

evaluation, with at least entanglement of other muscle-derived cell types. In addition, Cseri et 

al did evaluate differentiation step by using fusion index, and did not evaluate the MRF 

expression, which would have allowed more accurate myogenesis step deciphering.  

 

 



 

Figure 10. Left panel: Proliferation and fusion properties of myoblasts in primary cultures 

initiated from patients with coxarthrosis and idiopathic inflammatory myopathies (with or 

without corticosteroid treatment). Significance levels are displayed for separate curves versus 

single curve non-linear fitting. a Number of myogenic nuclei normalized to the number of 

myogenic nuclei on the 2nd day of culturing. Two parameter exponential curves have been 

fitted to the measured data. b Ratio of myogenic nuclei in multinuclear cells compared to the 

total number of myogenic cells. Three-parameter sigmoid curves have been fitted to the 

measured data. Right panel: Phase contrast micrographs of myoblasts and myotubes in primary 

culture at the 6th and 10th day of culturing initiated from patients with coxarthrosis (a, d), 

idiopathic inflammatory myopathy without corticosteroid treatment (b, e) and idiopathic 

inflammatory myopathy with previous corticosteroid treatment (c, f). Scale bar indicates 10 

micron, magnification is same for all panels. On the 92 magnified insert of panel a, some 

myogenic nuclei are marked with arrows. (From Cseri et al 2015)  

* In vitro model of IIM micro environment and consequences on myogenesis  

Another approach is to recapitulate in vitro the in vivo pathogenic conditions found in IIM. As 

described above IFN-I is known as a crucial cytokine involved in DM pathogenesis.  IFN-I are 

known as naturally produced negative regulators of growth that can also modify cell 

differentiation in multiple cell types (Hertzog et al., 1994). Regarding IFN-I and in-vitro 

myogenesis, three studies have to be considered, all evaluated human myoblasts (Fisher et al., 



1983; Ladislau et al., 2018), including one  also evaluating C2C12 mice myoblast (Franzi et al., 

2013). 

In the model of the myogenic mouse C2C12 cell line, effects of type I or type 2 IFN on myotube 

formation were assessed by measuring their length, diameter and area, and the induction of 

ISG15 expression by myoblasts. The authors identified that IFN-I, particularly IFN-β, treatment 

impaired myoblast differentiation into myotubes in a dose-dependent manner with the larger 

dose resulting in fewer and shorter myotubes (Figure 11.) (Franzi et al., 2013). 

 

 
 

Figure 11. Effects of type 1 IFNs on mouse C2C12 and human muscle cells. (A) IFN-b results 

in sustained marked expression of ISG15 (196-fold increased at Day 7). (B) Sustained toxicity 

of IFN-b on myotube area. (C–E) Dose-dependent effects of IFN-b 10 U/ml and 100 U/ml on 

myotubes. (C) Dose-dependent reduction in numbers and lengths of C2C12 myotubes at 48 h 

and 72 h. Arrows indicate myotubes. (D) Dose-dependent reduction in C2C12 myotube length, 

diameter, and area at 72h. (Franzi et al., 2013) 

 

Regarding IFN-I consequences on human myoblast myogenesis, two studies identified 

impairment of myotube formation (Franzi et al., 2013; Ladislau et al., 2018). Franzi et al 

identified dose-dependent effect of IFN-b on myotube formation (Figure 12A). Ladislau et al 



performed various activation of IFN-I pathway, and identified a decrease of fusion index, 

surface area of myotubes and myogenin expression (Figure 12 B, C, D).  

Figure 12. Effect of IFN-b on human skeletal muscle myogenesis in vitro (A) Dose-dependent 

effect of IFN-b on 72 h human skeletal muscle with marked inhibition of myotube formation at 

100 U/ml (From Franzi et al., 2013). (B) The activation of the IFN-I pathway induces muscle 

atrophy in vitro. Differentiated myotubes non-stimulated (control) or stimulated with 

Polyinosinic-polycytidylic acid (PIC), IFN-I, IFN-2a, IFN-b or dexamethasone (DEX) were 

stained with anti-myosin heavy chain antibody MF20 (green) and Hoechst (blue). (C) Fusion 

index, (D) Myotube surface and (E) myogenin expression (Lasdilau et al., 2018). 

IFN-I -induced muscle atrophy in vitro was associated with the upregulation of the expression 

of atrophy-genes (TRIM63/MURF-1 and FBXO32/atrogin). Interestingly the in vitro effect of 

IFN-I on myogenesis process was rescued by JAK inhibition (Ladislau et al., 2018).  



Running counter to these findings, Fisher et al demonstrated that IFN induced an acceleration 

of myotube formation (Fisher et al., 1983).To discuss such discrepancies, several differences 

in experimental protocols have to be pointed out: IFN subtype was not defined and consisted in 

recombinant human leukocyte IFN produced in bacteria or from the human myeloblast cell line 

KG-1 in Fischer et al study, whereas in the two other works IFN was type 1 (α or β ) and was 

IFN-α or -b (PBL Interferon Source, Piscataway, NJ) (produced by fibroblast CHO cells or in 

bacteria).  Another crucial point is the percentage of horse serum (20% in Fisher et al versus 

2% in Franzi et al. and 5% in Ladislau et al.), that question a potential interaction between 

serum and IFN.  

Considering type 2 IFN (i.e. IFN-γ), a dose-dependent impairment of proliferation and 

differentiation of non-sorted human skeletal muscle cells have also been demonstrated 

(Kalovidouris et al., 1993).  

 

3.1.2.3 Macrophages and IIM muscle regeneration 

Presence of inflammatory infiltrates is one of the main IIM pathological features. Their 

composition is variable according to the IIM subgroup. However, one cell type is consistently 

found: the macrophage (Loell and Lundberg, 2011). As mentioned above, macrophages exert 

important supportive roles on adult myogenesis by adopting sequential inflammatory status 

(Juban and Chazaud, 2017). 

Hayashi et al have performed a study on a single patient DM muscle compared to control non-

sorted muscle cells culture. The muscle culture was secondarily exposed to DM him-self 

mononuclear cells collected from patient’s blood by density gradient centrifugation methods. 

The authors observed that treatment with autologous mononuclear cells induced vacuolar 

degeneration of myotubes while myoblasts remained unaffected. Authors hypothesized that 

cell-mediated cytotoxicity may be responsible for in vitro and potentially in vivo muscle 

degeneration (Hayashi et al., 1990). 

On another level, macrophage phenotype has been studied in anti-HMGCR-associated 

myopathy. This work defined macrophage as the predominant infiltrating cell type and 

identified prominent M2 polarization (Chung et al., 2015).  Macrophage subtypes are classically 

defined as M1 (or pro-inflammatory macrophages) and M2 (or anti-inflammatory 

macrophages). This suggests that infiltrating macrophages are more likely to be involved in 



muscle repair than in inflammatory respond in such cases (Chung et al., 2015). This pivotal role 

of macrophage cells in muscle regeneration and the consideration of a defective muscle repair 

in IIM call for further evaluation of these cells, and their potential role in muscle repair 

impairment in IIM.  

 

3.1.2.4 Endothelial cells and IIM muscle regeneration 

Capillaries and EC are known to be altered in IIM, and particularly in DM. Reduced capillary 

density, enlargement of capillaries, tubulo-reticular inclusion within the EC, and 

immunoglobulin as well as complement found at EC surfaces are common features of DM 

(Baumann et al., 2018; Lundberg, 2001; Pinal-Fernandez et al., 2019). This consideration 

questions the link between muscle regeneration impairment and EC alteration. As mentioned 

above, MPCs and ECs are privileged partners during muscle regeneration (Latroche et al., 

2017). In an ex vivo study on jDM muscle biopsy, the early phase of myogenesis (defined by 

deposition of C5b-9 on still preserved capillaries and signs of myofiber degeneration and 

regeneration) was associated with EC activation, while MRF expression (MyoD, Myogenin) 

was altered in perifascicular regions with capillary drop out. This supported the contribution of 

myogenic differentiation impairment to perifascicular atrophy of muscle fibers (Baumann et 

al., 2018). 

Lasdislau et al showed that activation of IFN-I pathway impaired EC angiogenesis in vitro. 

After IFN-I treatment, authors reported a sustained reduction in the total segment length, in the 

number of meshes and junctions between EC (Ladislau et al., 2018). In a work focused on jDM, 

an IIM characterized by focal capillary loss in addition to the usual IIM’s pathological features 

and enhanced IFN-I signaling, Gitiaux et al have found that jDM derived-MPCs exhibit highly 

angiogenic properties associated with IFN-I gene upregulation. The authors demonstrated the 

possibility to recapitulate the molecular pattern and the proangiogenic properties of normal 

MPCs by IFN-I treatment (Gitiaux et al., 2018). 

 

3.2 Mechanisms involved in alteration of muscle regeneration in IIM 

Several studies suggest that degree of muscle damage or inflammation found on IIM muscular 

biopsy does not correlate consistently with the clinical severity, arguing for nonimmune 



pathways that may play a role in muscular impairment of myositis patients (DeVere and 

Bradley, 1975; Lundberg, 2001) 

 

3.2.1 Metabolism impairment that alter myogenesis 

3.2.1.1 Hypoxia and muscle regeneration in IIM 

Considering the well-known vascular damage in DM and jDM, hypoxia is considered as an 

important part of the pathogenesis. In addition, several of the cytokines or soluble protein 

reported as overexpressed in IIM, notably TNF-α, IL-1 and HMGB1, can be induced by 

hypoxia. In a study on jDM, Preuss et al found that jDM was mainly characterized by hypoxia-

driven pathology in perifascicular small fibers (numerous atrophic neonatal myosin+ fibers 

costained with markers of hypoxia such as VEGFA) and by macrophages expressing markers 

of hypoxia (Preuße et al., 2016). The RIG-I, an ISG that is overexpressed in perifascicular areas 

of DM muscle, has been characterized as hypoxia-inducible factor in human MPCs, which may 

induce local IFN-I production (De Luna et al., 2017).  In vitro, culture of  MPCs in hypoxic 

conditions mimicked the angiogenic signature of jDM-derived MPCs, and phenocopied their 

proangiogenic properties on ECs, supporting the role of hypoxia in jDM pathogenesis (Gitiaux 

et al., 2018). 

 

3.2.1.2 Mitochondrial impairment and muscle regeneration in IIM 

In a congress abstract, Basualto-Alarçon et al described mitochondrial dysfunction with 

decreased ATP-linked oxygen consumption in IIM-derived MPCs (Basualto-Alarcόn et al., 

2017). Through transcriptomic analysis of DM muscles from untreated patients, mitochondria-

related genes (involved in mitochondria integrity and function) were identified as the most 

down-regulated genes (Basualto-Alarcόn et al., 2017). These findings were corroborated by 

histochemical analyses showing irregular NADH dehydrogenase (mitochondrial respiratory 

complex I) and succinate dehydrogenase (SDH, complex II) activity staining, and a highly 

increased number of cytochrome c oxidase (COX, complex IV) in DM muscles as compared 

with control muscles (Meyer et al., 2017). In situ oxygraphy analysis showed reduced 

mitochondrial coupling between respiration and oxidative phosphorylation in DM muscle. This 

was correlated with increased ROS production, and poor aerobic capacities of DM patient 



muscle. The proposed trigger of such mitochondrial alteration was IFN-β through the induction 

of ROS, supporting the crosstalk between immunity, mitochondrial functions and ROS 

production. This hypothesis was validated on an experimental autoimmune myositis, in which 

mitochondrial impairment, muscle weakness and inflammation were prevented by ROS 

scavenging  (Meyer et al., 2017). 

Boehler et al analyzed the epigenetic changes by methylation profiling in myotubes infected by 

coxsacki B and compared them to epigenetic changes in muscle samples from PM and DM 

patients. The authors identified that harakiri (HRK), a mitochondria-localized activator of 

apoptosis, was upregulated in myositis-derived MPCs. The authors found that the expression 

of HRK was inversely correlated with cell viability, and that HRK-induced mitochondrial 

dysfunction resulted in defective plasma membrane repair. Lastly, the study demonstrated that 

after a damage, healthy control MPCs overexpressing HRK presented an impairment in their 

repair capacities, supporting the hypothesis that HRK may play a role in defective muscle 

regeneration in IIM (Boehler et al., 2019). 

In a work studying Cytochrome c oxidase deficiencies in the muscle of IIM patients (DM, PM 

and IBM), Chariot et al suggested that capillary loss results in tissue hypoxia and may 

contribute to the observed mitochondrial dysfunction (Chariot et al., 1996). 

 

3.2.1.3 Endothelial reticulum (ER) stress and muscle regeneration in IIM 

The ER has several critical roles in the folding, export, and processing of newly synthesized 

proteins. When there is an imbalance between the load of proteins in the ER and the cell’s 

ability to process that load, a collection of signaling pathways that adapt cells to ER stress are 

turned on. The ER stress response can be provoked by a variety of pathophysiologic conditions, 

including ischemia, viral infections, mutations that impair protein folding, and excess 

accumulation of proteins in the ER (Mori, 2000). Cells self-protect against ER stress by 

initiating several responses. At least 4 functionally distinct responses have been identified: 1) 

responses involving up-regulation of the NF-κB pathway (ER overload response), 2) up-

regulation of genes encoding ER chaperone proteins such as BiP/ glucose regulated protein 

(Grp) 78 and Grp94, to increase protein folding activity and to prevent protein aggregation, 3) 

translational attenuation to reduce the load of protein synthesis and to prevent further 



accumulation of unfolded proteins (unfolded protein response), and 4) cell death, which occurs 

when functions of the ER are severely impaired.  

Activation of the ER stress response in IIM and its potential role in muscle fiber damage and 

dysfunction has been supported by several works. In a study evaluating muscle tissue from 

human myositis patients and from a MHC-I transgenic mouse model of myositis, the authors 

demonstrated an activation of the ER stress response. Indeed, the pathways of ER stress 

response, the unfolded protein response (Grp78 pathway), and the ER overload response (NF-

κB pathway) were significantly activated in muscle tissue of human myositis patients and in 

the mouse model (Nagaraju et al., 2005). As discuss below, engagement of Nuclear factor-

kappa B (NF-κB) pathway may then be responsible for muscle regeneration impairment. In a 

study investigating the ER stress-response occurring in myofibers of patients with IIM, 

Vitadello et al identified abnormal Grp94 overexpression, an ER chaperone involved in 

immunomodulation, as a characteristic of regenerating myofibers (Regenerating myofibers 

were identified by human embryonic My isoform labelling) on IIM muscle biopsies. This 

supported an ER-stress response in regenerating myofibers, which could potentially participate 

to defective muscular regeneration (Vitadello et al., 2010). In another study Delaunay et al 

showed overexpression in sIBM muscle of the ER-Bound RING Finger Protein 5 (RNF5), an 

ubiquitin-protein ligase implicated in the ER associated degradation misfolded proteins 

process. In transgenic mice over-expressing RNF5 either ubiquitously or in a muscle specific 

manner, regeneration coupled to myofiber degeneration regeneration was associated with 

altered expression of ER chaperones. A long-term muscle-specific RFN5 overexpression 

recapitulated the sIBM muscle impairment.  Lastly, RNF5 KO mice exhibit a delay in 

regeneration from cardiotoxin-induced muscle damage (Delaunay et al., 2008). All that taken 

together support the hypothesis of RE impairment as part of the altered muscle regeneration in 

IIM. 

 

3.2.2 Molecular pathways involved in impaired muscle regeneration in IIM 

Normal skeletal muscle fibers do not express class MHC-I proteins. During mouse muscle 

regeneration induced by a local freeze injury, MHC-I is expressed by MyoD+ myoblasts but 

not by regenerating myofibers (labelled by embryonic myosin heavy chain) (Pavlath, 2002). 

Interestingly, overexpression of MHC-I by myofibers is a hallmark of IIM histology (van der 

Pas et al., 2004). MHC-I role has been hypothesized in the initiation and maintaining of muscle 



damages, allowing T cell mediated cytotoxicity and presentation of muscle autoantigens by 

muscle fibers themselves. To evaluate the implication of MHC-I in IIM pathogenesis, and 

specifically with muscle repair impairment, several studies have to be considered. A model of 

transgenic mice with MHC-I gene overexpression in skeletal muscle fibers recapitulates the 

histological features of IIM with muscle cell damage and inflammatory infiltrates, arguing 

about the hypothesis of MHC-I involvement in IIM pathogenesis (Nagaraju et al., 2000). In 

another study, experimental IFN-γ overexpression in primary mouse myoblasts and in 

regenerating mouse muscle leads to MHC-I overexpression by regenerating myofibers, and 

impairment of muscle regeneration (Pavlath, 2002). In order to evaluate the direct effect of 

MHC-I on muscle differentiation, the same authors tested MHC-I gene transfer in vivo and in 

vitro, and found myogenesis impairment, notably the differentiation step (Pavlath, 2002). 

Lastly, the link between MHC-I overexpression and RE stress response has been discussed, as 

MHC-I staining in muscle fibers of myositis patients presented cell surface but also 

sarcoplasmic reticulum pattern of internal reactivity, demonstrating that some of the class I 

MHC may be retained in the ER of these fibers. The ER overload response is known to activate 

NF-κB pathway, with subsequent expression of pro-inflammatory cytokine and regeneration 

impairment (Nagaraju et al., 2005).  

  

NF-κB is a transcription factor involved in both immune reactions and myogenesis. NF-κB is 

composed of different subunits responsible for the so-called classical or alternative NF-κB 

signaling pathways. Inhibition of NF-κB pathway favors muscle regeneration in injured and 

diseased skeletal muscle. In a mouse model of the NF-κB p65 subunit haploinsufficiency, Lu 

et al identified enhanced proliferation and myogenic differentiation. These results were 

strengthened by in vitro experiments in which selective pharmacological inhibition of IKKb, 

an upstream activator of NF-κB, enhanced wild type MuSC differentiation into myotubes (Lu 

et al., 2012). Based on this, several cytokines and soluble proteins, such as TNF-α, IL1b, IL15, 

HMGB1 may be implicated in the deleterious activation of this pathway, and their expression 

are in turn potentially induced by NF-κB pathway, creating a positive feedback loop. The 

expression of TNF-α, known as an activator of NF-κB pathway, was shown increased in IIM 

muscle biopsies (De Bleecker et al., 1999; Efthimiou, 2006; Kuru et al., 2003). The role of 

TNF-α in NF-κB up regulation in muscle was confirmed in vitro by an increase in NF-κB nuclei 

translocation, traducing the pathway activation,  after treatment of MPCs by TNF-α (Chevrel 

et al., 2005). This supports the hypothesis of impairment of muscle regeneration by TNFα, 



through activation of NF-κB. Interestingly, in vitro treatment of MPCs by TNF-α also induced 

MHC-I expression by myoblasts (Chevrel et al., 2005). 

The High-Mobility Group Box 1 protein (HMGB1) is an alarmin, responsible for immune 

response stimulation, and has been identified as having multiple effects on skeletal muscle 

regeneration (De Mori et al., 2007). Through immunohistochemical investigation, Cseri et al 

identified a decrease of HMGB1 positive myogenic nuclei in IIM muscle fibers as compared 

with control. HMGB1 has been involved in the TLR4 pathway in PM and DM and may play a 

role in muscle fatigue of the patients by inducing MHC-I expression on muscle fibers and 

reducing the sarcoplasmic reticulum Ca2+ release (Cseri et al., 2015).  

 

Figure 13. A schematic diagram illustrating the positive effects on muscle fiber regeneration 

and remodeling of molecules that might have a dual role in muscle tissue both promoting 

inflammation and affecting skeletal muscle fiber regeneration and remodeling in myositis 

patients. The key molecules can influence each other (red arrows) as well as the different phases 

of skeletal muscle regeneration; the focus in this diagram is on the less frequently described 

positive effects (blue arrows) rather than the established negative effects. The broken blue 

arrow indicates inhibiting effects on muscle fiber differentiation. Upon skeletal muscle fiber 



damage, an inflammatory ⁄ immune response precedes myogenesis. The local immune response 

in muscle tissue has a direct effect on satellite cell activation, proliferation, differentiation or 

fusion. This local immune response might be disturbed (e.g. by immunosuppressive treatment), 

thus potentially influencing the functional restoration of fibers injured in various ways. 

Therefore, suppressing the immune system or blocking single cytokines or receptors might 

disturb skeletal muscle regeneration.SC, satellite cells. (From Loell et al., 2011) 

 

3.3 Muscle regeneration as an actor of IIM pathogenesis 

3.3.1 Muscle regeneration, autoantigens and autoimmunity 

The involvement of regenerating muscle cells in IIM pathogenesis has been proposed by 

Casciola-Rosen et al (Casciola-Rosen et al., 2005). In this work, analysis of IIM muscle 

biopsies identified that regenerating myofibers (defined by expression of CD56 and neonatal 

myosin heavy chain) were overexpressing myositis specific autoantigens (catalytic subunit of 

DNA-dependent protein kinase (DNA-PKcs), and histidyl-tRNA-synthetase (HRS)). 

Overexpressions were reproduced in undifferentiated MPCs in vitro. This has been confirmed 

in another study of muscle regeneration in acutely injured mice (Sciorati et al., 2015). Through 

these observations, authors pointed the fact that the regeneration process may take part in the 

chronicization of IIM. Indeed, increased autoantigen expression in myogenic cells 

accomplishing repair of firstly damaged myofibers could lead to an amplification cycle by long-

lasting presence of the “triggers” of adapted and innate immune responses (Suber et al., 2008). 

Therefore, MPCs could be both victim and victimizer in the pathogenesis leading to abnormal 

immune response and chronic muscle inflammation. In addition, DM are known to be 

associated with cancer in a substantial proportion of cases. Several studies have identified co-

expression of similar autoantigen expression by regenerating myofibers and various 

adenocarcinoma (Casciola-Rosen et al., 2005; Suber et al., 2008), adding by the way a third 

player in this autoimmune reaction enhancement.  

Studying immunopathologic processes of IIM in experimental murine models, Sciorati et al 

found that in the presence of TLR/adjuvant signals and underlying muscle injury, apoptotic 

myogenic precursors expressing high levels of autoantigen could recapitulate IIM features 

(autoantibody formation and inflammatory infiltrates within muscle) (Sciorati et al., 2015).  

 



 

3.3.2 Autoantigens and myogenesis process 

TIF-1γ, an autoantigen identified in DM, also known as a transcription factor involved in 

various tissues, is upregulated in nuclei of myofibers expressing markers of regeneration in DM 

muscle biopsies (Mohassel et al., 2015). Silencing in vitro this protein in cultured C2C12 

myoblasts shows accelerated myosin heavy chain (MyHC) expression (but not myogenin 

expression) and fusion, supporting the hypothesis of a link between autoantibody/autoantigen 

expression and factor involved in myogenesis (Mohassel et al., 2015). The same team has also 

evaluated Mi-2, a chromatin remodeler, known to be another myositis autoantigen. Mi-2 was 

overexpressed in myofibers expressing regeneration markers in DM muscle biopsies, and was 

upregulated during post-injury muscle regeneration in the mouse. Silencing of Mi-2 by RNA 

interference in vitro resulted in accelerated differentiation of MuSCs. Globally, these results 

suggest that high levels of Mi-2 expression in muscle biopsy tissue from patients with DM may 

reflect the presence of incompletely differentiated muscle cells (Mammen et al., 2009).  

 

3.3.3 IFN and regeneration process 

Tournadre et al demonstrated that in vitro, MPCs activated by PIC, the ligand of TLR-3, 

overexpress MHC-1 during myogenesis, thereby reproducing the overexpression observed in 

DM histology. MHC-1 overexpression was decreased after IFN-β blockade. This work also 

demonstrated that after activation by PIC and IFN-γ, MPCs secretes IFN-β through activation 

of the TLR3 pathway (Tournadre et al., 2012). 

 

3.4  Muscle weakness and muscle repair impairment as a result of drug side effect  

Another element that may play a role in ineffective muscle repair of IIM patients is the impact 

of the immunosuppressive drugs used in DM treatment. Notably, glucocorticoids, which are 

the cornerstone treatment of several IIM, are also known to have catabolic effect on muscle 

mass, and direct and indirect inhibitory effects on myogenesis (Hanaoka et al., 2012). 



 

Figure 14. The effects of glucocorticoids on postnatal skeletal muscle regeneration. Following 

injury, muscle stem cells (satellite cells), located under the basal lamina of muscle fibers are 

activated to proliferate and differentiate. Satellite cells, identifiable by the expression of the 

transcription factor Pax7, fuse to form new myofibers. Muscle regeneration is regulated by a 

family of myogenic transcription factors (MyoD, myogenin, Myf5 and MRF4), growth factors 

(FGFs, HGFs, and IGF-1), and myostatin, a negative regulation of differentiation in myoblasts. 

Glucocorticoids affect muscle regeneration by upregulating expression of myostatin, while 

inhibiting myogenic transcription factors (myogenin and MyoD) and growth factors that 

promote satellite cell and myoblast differentiation into myocytes. (From Hanoaka et al., 2012) 



Glucocorticoids inhibit muscle regeneration by decreasing myogenic cell proliferation through 

proteasome-dependent degradation of MyoD in C2C12 myoblasts (Sun et al., 2008). In 

addition, glucocorticoids differentially regulate degradation of MyoD and its negative regulator 

Id1 by N-terminal ubiquitination to promote muscle protein catabolism (Sun et al., 2008). In 

vitro, glucocorticoids also alter differentiation by downregulating myogenin expression 

(Schakman et al., 2009). 

Interestingly, glucocorticoids are also known to play a role on modulation of essential 

interactions between macrophages and MPCs during muscle regeneration (Desgeorges et al., 

2019). 

Analyzing muscle biopsy of PM and DM patients, Sugiura et al observed that muscle cells 

expressed HGF) receptor c-met, and that HGF was expressed by inflammatory infiltrates 

(Sugiura et al., 2010). This study pointed out the fact that corticosteroids decreased HGF 

production by myoblasts, and consecutively downregulated expression of myogenic-related 

genes. This argues for a direct detrimental effect of corticosteroids on skeletal muscle 

regeneration. 

 

As illustrated in this introduction, more and more is known about muscle regeneration during 

IIM. Today's understanding allows to define skeletal muscle regeneration and the adult 

myogenesis process as one of the important points in IIM pathogenesis. Nevertheless, persistent 

grey areas, notably regarding cellular and molecular pathway deserve further deciphering, using 

in vitro and in vitro studies. Better understanding of such element may open the door of future 

therapeutic approaches, and please for adaptation of already in use armamentarium for such 

diseases.  

 

 
 

 

 

 



 

 

 

 

 

 

SPECIFIC AIMS OF THE STUDY 

  



Muscle regeneration is well understood in physiological conditions. After muscle injury, 

regeneration leads to the complete restoration of myofibers. This is made possible thanks to 

myogenic precursor cells (MPCs) that activate upon injury, and then undergo myogenesis 

(proliferation, differentiation and eventually fusion to form new myofibers). This process 

depends on various intracellular or extracellular factors that are provided by the cell 

environment. Cultures of MPCs have been used for a long time to understand cellular and 

molecular mechanisms of myogenesis. 

Idiopathic Inflammatory myopathies (IIM) are a heterogeneous group of autoimmune diseases 

leading to a severe muscle impairment. During the last decades, advances in understanding IIM 

clinicopathology are noteworthy. This progress led to a better delineation of IIM subgroups, 

with organ specificity and adapted therapeutic approaches (Allenbach et al., 2018; Mammen et 

al., 2020; Mariampillai et al., 2018). 

Despite the increased knowledge, grey areas persist, amongst which the residual weakness 

undergone by a significant proportion of patients despite maximal medical care (Bronner et al., 

2006; Clarke et al., 1995; Lundberg, 2001). Considering the muscle damage, regeneration 

process is supposed to repair ad integrum the tissue after the use of immunosuppressive drugs 

to control the dysimmune reaction, which is not the case. A defect in muscle regeneration 

process has been hypothesized by several authors. The pathological mechanisms involving 

muscle fiber damages as well as MPCs for muscle repair are not fully understood. 

 

To better understand the status and the role of muscle regeneration in IIM outcome, namely 

muscle weakness and fatigue, we evaluated the centerpiece of muscle regeneration: the 

myogenic precursor cell (MPC). To this end, DM appeared of particular interest, first because 

it is one of the most frequent IIM. DM affects young as well as adult patients and is 

characterized by a strong IFN-I signature that is correlated with the severity of the disease 

(Greenberg et al., 2012; Huard et al., 2017). Moreover, pathological features are either common 

to other IIM features: inflammatory infiltrates, MHC-I sarcolemmal overexpression, or specific 

to the disease, including microangiopathy (resulting in capillary drop out), perifascicular 

atrophy, and perifascicular regions containing regenerating myofibers (expressing 

NCAM/CD56) (Dalakas, 2015). This points out the involvement of regenerating myofibers in 

the disease process, as well as endothelial cells, a privileged partner of MPCs. Involvement of 

the IFN-I pathway in DM pathogenesis is supported by clinical case reports, 



immunohistological studies and transcriptomic analysis (Baechler et al., 2011; Dietrich et al., 

2000; Greenberg et al., 2005).  

 

Our working hypothesis is that the chronic outcome of DM is potentially due to inefficient 

skeletal muscle regeneration process and we specifically asked if such process would be due to 

altered myogenic properties of MPCs, which ones and how? The understanding of muscle 

regeneration in IIM is crucial to develop new therapeutic strategies to limit muscle damage.  

The specific objectives of my PhD work were: 

- Clinical/histological aim. DM is highly heterogeneous regarding the variation of pathological 

muscle changes and the clinical outcome. The clinical/histological part of the program was to 

delineate pathological severity gradation and to correlate it with simple clinical-biological 

features (muscle weakness, maximal creatine kinase level, auto antibody identified).  

Muscle biopsy alterations were assessed after establishment of a DM severity score, inspired 

by the consensus jDM score tool (Varsani 2015). DM severity score was usable once cases met 

two of the three main pathological criteria: inflammatory infiltrates, capillary dropout 

(identified with CD31 staining) and MHC-I overexpression. This classification helped to define 

two pathological subgroups in DM: mild and severe. Evaluation of MPC pool was performed 

ex-vivo by Pax7 immunostaining on DM and HC muscle biopsies. 

- Cellular aim. This part included the analysis of myogenic properties of DM derived-MPCs in 

vitro, by studying global myogenesis process and then deciphering each step of this process: 

proliferation, commitment into differentiation and fusion in multinucleated myotubes. This 

work evaluated the intrinsic myogenic properties of patient derived-MPCs without external 

additional treatment, since I worked with purified MPCs. DM myogenic cells were compared 

with myogenic cells from healthy age- and sex-matched subjects to gain further insights in the 

pathogenesis of the disease. Next, the microscopic aspect of DM derived-MPCs in culture drove 

us to further investigate MPC fate (cell cycle and senescence). 

- Molecular aim. In this part, the functional and cellular analysis was completed by a molecular 

investigation of the IFN-I pathway that is known to be involved in DM pathogenesis. This 

analysis consisted in assessing IFN-I signature of DM patients and HC derived-MPCs, 

myogenesis rescuing experiments with IFN-I receptor blocker and JAK/STAT pathway 



inhibitor (Ruxolitinib). An IFN-I impairment of the normal myogenesis process was also set up 

in order to determine the possibility to phenocopy DM derived-MPC impairment. 

Considering the results obtained during the first two years of this work, the PHD program has 

been extended to several other IIM, notably, IBM, IMNM and ASS. Preliminary results are 

presented here. 

 

 
  



 
 
 
 
 
 
 
 
 
 

RESULTS 
 
 
 
 

  



1.1. Clinical research: Study of a cohort of focal myositis 

 A first translational research work focused of the delineation of FM in order to further defined 

this particular IIM entity:  Gallay L et al, Focal Myositis: New insights on diagnosis and 

pathology, Neurology 2018 

 



















1.2 Translational research: evaluation of regeneration during DM 

The second part of the results focus on the study of pathogenesis of dermatomyositis, and more 

specifically on the regeneration of muscle during the muscular damage. Personal work at the 

laboratory bench and analysis are completed, and presented below in the form of an original 

article that aim to be submitted to Annals of the Rheumatic Disorder by the end of year 2020. 
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Abstract 

Dermatomyositis (DM) is the most frequent Idiopathic inflammatory myopathies (IIM), occurring 

during child and adulthood, and is potentially life-threatening. Diagnosis is based on the association of 

muscle weakness, specific histological pattern on muscle biopsy and auto-antibodies in the serum. 

Etiopathogenesis remains largely unknown. In DM, the necrosis/regeneration balance is detrimental to 

muscle integrity, with a chronic course and persistent weakness for some patients. Nevertheless, the 

capacity of muscle regeneration has been barely studied. In normal injured muscle, regeneration is 

achieved by myogenic precursor cells (MPCs) that undergo myogenesis process to build new myofibers. 

The aim of our project was to evaluate DM-derived MPC capacity to undertake myogenesis. 
 

Methods. 

DM (severe [n=5] and mild [n=3]), and healthy controls (HC [n=5], sex and age paired) were selected 

in accordance with the 239th ENMC criteria 2020. Supplemental investigation was performed on 

juvenile DM (JDM) derived-MPCs (n=3) with paired HC (n=3). Myogenesis was explored in vitro using 

specific MPC culture set up for the evaluation of proliferation (by incorporation of a thymidine analogue 

into DNA during cell cycle), differentiation (by myogenin expression evaluation) and fusion (by 

quantification of the number of nuclei incorporated into myotubes). Similar methods were used to 

evaluate the impact of interferon blockers (JAK / STAT inhibitor and IFN-I receptor antagonist 

(IFNAR)) on proliferation. Senescence was analysed by flow cytometry with fluorogenic substrate of 

SA-βGalactosidase, a senescence-specific marker. Quantitative analysis was performed using Image J 

software, and statistical analysis was performed by mean comparison (t test or ANOVA). 
 

Results. 

Analysis of MPC proliferation indicates that DM-derived MPCs exhibited a significantly lower 

proliferation than HC-derived MPCs (p=0.0020). Terminal myogenic differentiation was strongly 

impaired in severe DM-derived MPCs while less altered in mild-DM-derived cells (p=0.001). MPCs 

fusion was significantly altered in DM-derived MPCs with a dramatic decreased observed in severe DM 

and to a lesser degree in mild DM (p<0.0001 for each). These results were reproduced for other JDM, 

with altered myogenesis. Our work thus focused on the first step of myogenesis: proliferation. Through 

cellular and molecular investigations, we found an increased senescence in DM derived-MPCs 

(p=0.0020), and a potential involvement of interferon type I in myogenesis impairment. Indeed, DM 

derived-MPC proliferation was improved when culture was performed in the presence of IFN-I blockers.   
 

Conclusion. 

These results show that skeletal muscle regeneration is impaired in JDM and DM due to altered 

capacities of MPCs to proliferate, to differentiate and to fuse. These results support the hypothesis of 

intrinsic alterations of MPC properties in DM, potentially linked with interferon pathway. This may 

explain in part the muscle alterations and muscle weakness that are observed in patients. 



Introduction 

 

Dermatomyositis (DM), the most frequent subgroup of Idiopathic Inflammatory Myopathies, 

is an acquired disease that combines clinic-pathological muscle and skin impairments of various 

severity. This disease occurs in adults and children and is designated juvenile DM (JDM) in the 

latter case. Notwithstanding the use of various immunosuppressive drugs, the disease follows 

a chronic course in most cases with rare outcomes of recovery of the initial strength (Bronner 

et al., 2006; Clarke et al., 1995). Identification of myositis specific auto-antibodies promoted 

studies focused on the classical humoral pathogenetic concept. However, DM pathogenesis 

remains partially understood, and seems to combine many factors, including genetic 

background, environmental factors, metabolism dysfunction as well as adaptative and innate 

immunity dysregulations (Ceribelli et al., 2016). Through histologic and transcriptomic 

analysis of DM muscle samples, Interferon type 1 (IFN-I) and, to a lesser extent, Interferon 

type 2 were identified as key elements in DM (Arshanapalli et al., 2015; De Paepe, 2015; 

Greenberg et al., 2005; Muskardin and Niewold, 2018; Pinal-Fernandez and Mammen, 2018), 

and their expression level was reported to correlate with the disease activity (Huard et al., 2017). 

Interestingly, histological observation of muscle biopsies shows both patterns of muscle 

damage and regeneration of various extent in all DM patients, indicating that muscle 

regeneration is an active process during DM (Winter and Bornemann, 1999).  

Post-injury muscle regeneration is a well-understood process leading to the ad integrum 

restoration of damaged myofibers. This is made possible thanks to myogenic precursor cells 

(MPCs) that activate upon injury, and then undergo adult myogenesis (expansion/proliferation, 

differentiation and eventually fusion to form new myofibers) (Musarò, 2014). This process is 

tightly and intrinsically controlled by the sequential expression of specific transcription factors 

and is also regulated by extracellular cues provided by the cell environment.  

Our working hypothesis was that the chronic outcome of DM is potentially due to alteration of 

the skeletal muscle regeneration process itself. The present study aimed at analyzing the 

myogenic properties of MPCs issued from DM patients, and to investigate a possible role of 

IFN-I in that process.  

 

  



Patients, material and methods 

 

Case selection. DM patients were identified through screening of the MYOLYON database 

(Hospices Civils de Lyon, France) that identifies Idiopathic Inflammatory Myopathies in 

accordance with the EULAR/ACR 2017 or 239th ENMC criteria 2020 (Mammen et al., 2020). 

Eight DM patients with available clinical data, histological samples, frozen muscle samples and 

myogenic precursor cells (MPCs) were selected. Exclusion criterion was administration of 

immunosuppressive drugs to the patient before muscle biopsy. MPCs from patients and healthy 

controls (HC) paired on sex and age were obtained from the Hospices Civils de Lyon cell bank 

(DM studies: Cardiobiotec CRB-HCLAC 2013-1867); JDM studies: Cochin Hospital Cell 

Bank, Paris, agreement n°DC-2009-944). For DM patients, corresponding HC biopsy samples 

were obtained from surgical waste for patients undergoing programmed knee replacement (n = 

5). Three additional JDM and their paired HC derived-MPCs were also analyzed. Details about 

juvenile DM (JDM) patients have been previously described (Gitiaux et al., 2017).  

 

Histology and immunohistology. Histological staining and immunohistochemistry of deltoid 

or quadricipital muscle biopsy cryostat sections (7 μm) included haematoxylin and eosin 

staining (HE), immunohistochemistry for endothelial cells (anti-CD31 M0823, 1/20, Dako), 

regenerating myofibers (anti-CD56, NCL-CD56-1B6, 1/100, Novocastra), human MHC class 

I (anti-HLA-ABC, R7000, 1/ 4000, Dako) and the membrane attack complex (anti-C5b-9, 

M0777, 1/50, Dako).  Slides were scanned using a Zeiss Axio Observer Z1 microscope. All 

biopsy samples were blindly reviewed for clinical data, using the validated scoring tool for 

muscle biopsy evaluation in DM Patients (table 1). Visualization and quantification of 

myogenic progenitor cells (MPC) was labelled after fixation by paraformaldehyde 2%, and 

blocking buffer (0.01% Triton, 2% Fetal Bovine Serum (FBS)) with primary antibodies for 

Pax7 (clone Pax7; 1:50; Hybridoma Bank 4ea 3/29/18 266ug/ml; anti Mouse) with overnight 

incubation in wet conditions at 4°c, and secondary anti Cy3 antibody Jackson Immunoresearch 

code 715-165-150 lot 127319; 1:200; Donkey anti-mouse) with 45 minutes incubation at room 

temperature. Slides were scanned using a (Axio Observer Time lapse Zeiss) and pictures were 

processed to full two-dimensional reconstruction of the section with MetaMorph 7 software 

(Scan-Slide option). Image analyses were performed using homemade ImageJ routines (http:// 

imagej.nih.gov/ij/). Quantification of Pax7 positive cells (corresponding to nuclei fluorescence) 



was evaluated on the global fascicule of muscle, and also by comparison of perifascicular area 

(2 first rows of perifascicular cells) and endomysial area.  

 

MPC Culture. MPCs were isolated after a first passage using antiCD56 coated magnetic beads 

to obtain pure myogenic cell cultures as described previously (Abou-Khalil et al., 2013; Gitiaux 

et al., 2018) and cultured for maximum of 3 passages in complete medium (Skeletal Muscle 

Cell Growth Medium Promocell 23060 supplemented with Penicillin/Streptomycin (P/S) 1%, 

Mix C-39365 and FBS 10%). Cell purity was checked by flow cytometry (BD FACS Canto II) 

using anti-CD56 antibodies (anti-CD56 APC (BD Pharmingen ref 555518) and isotypic control 

(IgG1 APC (BD Pharmingen ref 555751).  

 

Myogenesis assay. Analysis of proliferation, differentiation and fusion was performed for 

jDM- and DM-derived MPCs using step-specific culture conditions and immunofluorescence 

(IF) analyses. For proliferation analysis, MPCs were seeded in 2 well-chambers (Lab-Tek, 

Nunc) at 3000 cells/cm2 in complete medium and proliferation was assessed 48 h later through 

the incorporation of EdU 10 μM for 6 h (kit EdU Click-it Alexa Fluor™ 488, Invitrogen). Cells 

were rinsed with PBS, fixed with formaldehyde 4% for 15 min, rinsed twice, permeabilized 

with Triton 0.5% and EdU was revealed according to the manufacturer's instructions. Cells 

were briefly incubated in Hoechst 33342 (Sigma-Aldrich 14533) for nuclei visualization. After 

a last rinse, slides were mounted using Fluoromount (Interchim) and kept at 4°C protected from 

light until microscopy examination. For each sample, 10 pictures were recorded using a 

AxioImager Z1 Zeiss microscope and proliferation index was defined as the number of EdU 

positive nuclei over the total number of nuclei.  

For assessment of differentiation, MPCs were first cultivated for 2 days in complete medium, 

then cells were trypsinized and seeded at 1000/cm2 in complete medium for 4 hours in 2 well-

chambers (Lab-Tek), before its replacement by differentiation medium SMGM Promocell 

23060 supplemented with P/S 1 % and FBS 0.5%) for 3 additional days of culture. 

Differentiation was analyzed after nuclei immunolabeling for myogenin. Cells were rinsed with 

PBS, fixed with formaldehyde 4% for 15 min, rinsed twice, permeabilized with Triton 0.5% 

and rinsed twice with PBS. Double immunofluorescence labeling was performed using 

Myogenin antibody 1:50 (mouse BD Pharmingen 556358) to label nuclei of myoblasts in 



differentiation and Desmin antibody 1:200 (rabbit Abcam ab32362) to label the shape of the 

cells (through labeling of intermediate filaments) for 2 h at 37°C or overnight at 4°C, protected 

from light. Plates were then rinsed 3 times with PBS and incubated with the secondary 

antibodies for 45 min at 37°C and were rinsed with PBS three times. One of the secondary 

antibodies being biotinylated, plates were incubated with Streptavidine DTAF 1:200 for 20 min 

at 37°C. After 3 rinses, plates were briefly incubated in Hoechst 33342. After a last rinse, plates 

were mounted on coverslips with Fluoromount and kept at 4°C protected from light. For each 

sample, 10 pictures were recorded using a microscope (AxioImager Z1 Zeiss) and 

differentiation index was defined as the number of Myogenin positive nuclei among Desmin 

positive cells over the total number of nuclei in Desmin positive cells.  

For fusion assessment, MPCs were seeded in T75 culture flasks (ThermoFisher) at 500 

cells/cm2 in complete medium for 4 h before changing medium to differentiation medium. After 

7 days of culture, fusion was induced after differentiated cells were seeded in 8 well-chambers 

(Lab-Tek) at 40,000 cells/cm2 in differentiation medium. Then, cells were rinsed with PBS, 

fixed with formaldehyde 4% for 15 min, rinsed twice, permeabilized with Triton 0.5% and 

rinsed twice with PBS. Immunofluorescence was performed with Desmin antibody 1:200 

(rabbit Abcam ab32362) for 2 h at 37°C or overnight at 4°C, protected from light. After that, 

plates were rinsed 2 times with PBS and incubated with the secondary antibody for 45 min at 

37°C. After 3 rinses, plates were briefly incubated in Hoechst 33342. After a last rinse, plates 

were mounted on coverslips with Fluoromount and kept at 4°C protected from light. For each 

sample, 10 pictures were recorded 

 

In vitro IFN-I pathway modulation 

 For IFN-I pathway activation assay, MPCs derived from healthy muscle were seeded in 2 well-

chambers (Lab-Tek, Nunc) at 3000 cells/cm2 in complete medium. After 24 h, medium was 

replaced by Advanced RPMI 1640 (ThermoFisher 12633012) medium + P/S 1% + Glutamax 

4mM + 0.5% FBS , with addition of human IFN-β-1a (PBL assay 11415-1, 105 units) at 3 

different concentrations: 0, 10, 100 and 1000 U/ml. The change in FBS concentration was 

performed accordingly to previous reports in order to avoid high FBS concentration interaction 

with the effects of IFN-I (Franzi et al., 2013; Ladislau et al., 2018). After 48 h of culture, EdU 

was added and 6 h later, immunofluorescence assay was performed as described above. 



For IFN-I pathway inhibition assay, MPCs were seeded in 2 well-chambers (Lab-Tek, Nunc) 

at 3000 cells/cm2 in complete medium in the presence of ruxolitinib (inhibitor of JAK/STAT 

pathway) (INCB018424, CAS number: 1092939-17-7, Invivogen tlrl-rux) or anti-human 

interferon receptor (PBL assay science, Anti-Human Interferon Alpha/Beta Receptor Chain 2, 

Clone MMHAR-2 (MAb), Catalog No: 21385-1). After 48 h of proliferation assay culture, EdU 

was added and 6 h later, immunofluorescence assay was performed as described above. 

 

IFN signature. The expression of 6 Interferon Sensitive Genes (ISGs) was evaluated according 

to Pescarmona et al, 2019: SIGLEC1 (sialic acid binding Ig like lectin 1), IFI27 (interferon 

alpha inducible protein 27), IFI44L (Interferon induced protein 44 like), IFIT1 (interferon 

induced protein with tetratricopeptide repeats 1), ISG15 (interferon-stimulated gene 15) and 

RSAD2 (radical S-adenosyl methionine domain containing 2). Total RNA extraction was 

performed on growing MPCs, and collected using a kit nucleospin RNA XS (740990.50 (MN)) 

according to the manufacturer recommendations. The extraction kit included an individual 

DNAse treatment. Total RNA was diluted in 30 μL RNAse free water and concentration was 

quantified by spectrophotometry using a Nanodrop 2000 (thermoscientific ). The first strand of 

cDNA was synthetized from 1 μg of total RNA using a Transcriptase inverse SuperScript™ II 

(18064071 (Invitrogen)). Nanostring (NanoString Technologies) procedure hybridized 200 ng 

of RNA to the probes (a reporter probe and a capture probe) to evaluate level of transcripts of 

each ISG. Count number obtained for the 6 ISGs were normalized by the geometric mean of 3 

housekeeping genes count numbers (β-Actin, HPRT1 (hypoxanthine phosphoribosyltransferase 

1) and POLR2A (RNA polymerase II subunit A)) as well as the negative and positive controls 

values using nSolver software. The relative expression of each ISG was determined for each 

normalized ISG expression divided by the median normalized expression of each ISG from a 

control group. Finally, the median of these 6 ISG relative expression was used to calculate the 

IFN score. The threshold was previously defined at 2.3.(Pescarmona et al., 2019) 

 

Cell cycle analysis. MPCs were seeded in T75 flask at 3000 cells/cm2 in complete medium. 

After 4 days of culture, cells were harvested, washed and incubated with Hoechst 33342 at a 

final concentration of 10 μg/ml then Pyronin Y was added at a final concentration of 2.5 μg/ml, 

as previously described  (Abou-Khalil et al., 2013). Control cells were obtained after treatment 



with RNAse and DNAse. Cells were analysed by flow cytometry (BD FACS Canto II), and 

Diva software was used to determine G0, G1/S and G2/M phases. 

 

Senescence analysis. Senescence was measured by flow cytometry using a protocol adapted 

from Debacq-Chaniaux et al. (Debacq-Chainiaux et al., 2009) evaluating the SA-βgal activity, 

a enzyme with lysosomal origin. MPCs were seeded in T75 flask at 3000 cells/cm2 in complete 

medium. After 4 days of culture, cells were pretreated with bafilomycin A1 for 1 h to induce 

lysosomal alkalinization. followed by the use of 5-dodecanoylaminofluorescein di-β-D-

galactopyranoside (C12FDG) (33 μM), a fluorogenic substrate for βgal activity, for 1h-

incubation time. Cells were washed, harvested, resuspended in ice-cold PBS and immediately 

analyzed using a BD FACS Canto II cytometer.  

 

Data and statistical analysis 

Results were obtained from at least 3 patients and were analyzed using t-test or ANOVA (for 3 

or more samples) and a p-value below 0.05 was considered as statistically significant. 

  



Results 

 

Case selection and scoring 

Eight DM patients were selected for the study. DM diagnosis was confirmed after histology 

analysis if at least 2 of the 3 following criteria were present: inflammatory infiltrates (identified 

on HE staining), capillary dropout (identified on CD31 staining) and MHC-I overexpression. 

DM severity score was set up using a four-domain analysis, adapted from Varsani et al (score 

instructions are available in Suppl tab. 1) (Varsani et al., 2015). This severity score delineated 

2 distinct histological subgroups: severe and mild DM (respectively sDM and mDM), with a 

severity score <8 for mDM and >12 for sDM, resulting in 8 selected patients (mDM n=3 and 

sDM n=5) (Table 1). Moreover, a simplified clinical correlation (muscle weakness, immune 

status, CK) was made. Apart for one case, CK level combined with muscle weakness was 

consistent with the mild or severe status of DM patients (Table 2). 

Histological and immunohistological analyses were performed to know if severity score in DM 

could correlate with the degree of muscle damages regarding myofibers, vessels and 

inflammatory status (Figure 1). Muscle biopsies from mDM patients showed moderate 

manifestations of dermatomyositis such as presence of perivascular inflammatory infiltrates 

and limited perifascicular atrophy on HE staining, diffuse Major Histocompatibility complex-

1 (MHC-1) sarcolemmal expression, focal capillary dropout (CD31 staining), and sparse 

myofibers undergoing regeneration (CD56 staining). In contrast, sDM exhibited important 

myofiber damages featuring heterogeneity in myofiber size, severe perifascicular atrophy, 

necrosis, and myophagocytosis, abundant inflammatory infiltrates, fibrosis, increased 

perifascicular MHC-1 expression, frequent capillary dropout associated with atrophic areas and 

strong CD56 expression in perifascicular myofibers. Interestingly, CD56 expression in 

damaged tissue suggested that DM patient muscles undergo both myofiber damage and muscle 

regeneration that may be inefficient despite the accumulation of CD56+ cells. This led us to 

investigate in vitro myogenic properties of MPCs from the same patients.  

We investigated MPC numbers in HC and DM muscle biopsies by analyzing the expression of 

Pax7, which specifies both quiescent and expanding satellite cells within the CD56+ cell 

population (Seale et al., 2000). In comparison to HC, the density of Pax7-positive cells appeared 

increased in sDM muscle sections (Figure 2). More precisely, the relative number of Pax7-

positive cells to the number of myofibers increased approximately 2-fold in perifascicular areas 



of sDM (where muscle regeneration is observed) as compared with HC muscle(p=0.0005) 

(Figure 2). Interestingly, no difference could be observed between intrafascicular areas from 

sDM and from HC (Figure 2). This result shows a specific and apparent expansion of satellite 

cell population in the area of active disease in DM. 

 

Myogenic properties of MPCs in DM  

After activation, satellite cells follow a well-defined process leading to muscle regeneration 

including proliferation, commitment and differentiation into myocytes and finally myocyte 

fusion to form multinucleated myotubes that prefigure the myofibers (Figure 3A). This process 

can be recapitulated in vitro, which allows the assessment of proliferation (EdU incorporation), 

differentiation (expression of the myogenic differentiation transcription factor myogenin) and 

fusion (multinucleated cells) in cultures initiated with purified MPCs. Here, MPCs derived from 

muscle biopsy samples obtained from healthy controls, mDM, and sDM were CD56+ cells were 

sorted, resulting in purity ranging from 82.8% to 98.0%. Cells were culture in growing medium, 

during which their proliferation was assessed, then switched to differentiation, to evaluate their 

differentiation and fusion capacities. The percentage of EdU+ cells was significantly decreased 

of about 17.2 and 12.9 % in both DM groups (p=0.0020) (Figure 3B). Terminal myogenic 

differentiation (p=0.0001) was strongly decreased by 43.6 % in the DM groups not in mDM-

derived MPCs (Figure 3C). Finally fusion was reduced in both sDM and mDM cells with a 

stronger impact on sDM MPCs (57.2 % and 28.9 %) (p<0.0001 for each) (Figure 3B). As a 

result, formation of myotubes was critically impaired in DM, as shown in Figure 3C. Since the 

purity of cells was variable from one patient to another, we checked that no correlation was 

found between purity of the samples (% of CD56+ cells) and the proliferation or fusion index 

in all MPC studied (Figure 2D), On the contrary, proliferation capacity of the cells was 

significantly correlated with their differentiation (p=0.008) and fusion (p<0.0001) capacities, 

which strongly suggests that impaired proliferation is an important defect in DM MPCs (Figure 

3D).  

While differentiation and fusion were less affected in mDM than in sDM, proliferation defects 

were similar in both subgroups. In addition, similar alteration in MPC proliferation was also 

observed in JDM-derived MPCs (Figure 3B, right bottom diagram). Altogether, these results 

support a general proliferation defects in DM MPCs that impacts myogenesis and occurs in a 

cell-autonomous manner. 



  

Cellular aspects of MPC proliferation impairment in DM patients 

Microscopy examination of MPC cultures under proliferation conditions showed an increased 

size of DM-derived MPCs as compared with HC-derived MPCs, together with enlargement of 

the nucleus (Figure 4A). Such alterations might indicate cell cycle alteration, return into 

quiescence and/or senescence. We investigated cell cycle status of MPCs derived from HC, 

sDM, mDM, and jDM using Pyronin Y/Hoechst staining and flow cytometry analysis in order 

to distinguish cells in G0, G1/S or G2/M phases of the cell cycle (Abou-Khalil et al., 2013). No 

significant changes in the distribution of MPCs into the cell cycle were observed (Figure 4B). 

Since enlarged cell shape is also a feature of senescent cells, the proportion of MPCs that enter 

into senescence was evaluated using a fluorescent assay of beta-galactosidase activity and flow 

cytometry analysis. First, analysis of the cell size showed that sDM and jDM populations 

exhibited cell enlargement with an increase of the percentage of large cells (9.21 and 16.9% 

respectively) (Figure 4C1) Whatever the pathology, we observed a strong increase of beta-

galactosidase activity in large cells, as compared to control samples (Figure 4C4), while small 

cells were not affected (Figure 4C3). In most severe form of DM, this impacted on the beta-

galactosidase of the whole population (Figure 4C2). These results show an increase of 

senescence in DM-derived MPCs, which may explain the proliferation defect of the cells. 

 

IFN involvement in DM-derived MPC proliferation impairment 

Type I interferon (IFN-I) induction is a prominent feature in DM pathologies, and our previous 

studies have unveiled IFN-I signature in muscle-derived MPCs from JDM patients (Gitiaux, 

2017). Moreover, it was recently shown that inhibition of IFN-I signaling could improve muscle 

function in DM patients refractory to conventional immunomodulatory treatments (Ladislau 

2018). Therefore, we hypothesized that IFN-I pathway activation could be deleterious for MPC 

proliferation in adult DM.  

We first investigated the IFN signature of DM-derived MPCs. Digital quantification of mRNAs 

of ISGs was performed in lysates from HC-, sDM- and aDM-derived-MPCs using a 6-genes 

signature: IFI27, IFI44L, IFIT1, ISG15, RSAD2, and SIGLEC1 (Pescarmona 2019). Global 

IFN score was not significantly increased in DM-derived MPC lysates. However, IFI27 and 

IFI44L transcript expressions were significantly increased in sDM-derived MPCs in 



comparison with HC-derived MPCs, whereas slight but not significant increase in ISG15 

expression was observed in sDM samples and other transcripts were not affected. Moreover, 

no increase of ISG expression was observed in mDM-derived MPCs (Figure 5).  

Effects of IFN-I on MPC proliferation was assessed in vitro by performing recombinant human 

IFN-β dose-response experiments on HC-derived MPCs. Results show a dose-dependent 

inhibition of proliferation from 100 U/ml (-2 and -7.4% for 100 U/ml and 1000 U/ml; p=0.0481 

and 0.0176 respectively), yet lower IFN concentration (10 U/ml) had a slight stimulatory effect 

(+4.4%) (p=0.0485) (Figure 6A). This result suggested possible inhibitory effect of IFN-I on 

DM-derived MPCs. We therefore tested whether inhibition of IFN-signaling would affect 

proliferation of DM-derived MPCs by using either an inhibitor of the JAK/STAT pathway 

(ruxolitinib) or a blocking antibody against the IFN-I receptor (IFNAR). Inhibition of IFN-I 

signaling pathway by ruxolitinib had significant inhibitory effects on HC derived-MPC 

proliferation (p=0.0097) (Figure 6B). On the contrary, both inhibitors significantly increased 

proliferation of sDM-derived MPCs by 14,5 and 16,75% (p=0.001 and p=0.0026, respectively) 

(Figure 6C), resulting in proliferation index close to that of untreated HC-derived MPCs 

(Figure 6B). 

 

 

 

  



Discussion 

This study identified an in vitro impairment of mDM, sDM and jDM derived-MPCs, with an 

alteration of the myogenesis process, particularly a strong impairment of their proliferative 

capacity. IFN-I involvement was supported by the up-regulation of ISG expression in MPC, 

and by the rescue of proliferation by IFN-I pathway blocking strategies.  

 

Myogenesis process impairment 

Myogenesis implemented by MPCs is tightly regulated by many factors, dependent on various 

intra or extracellular cues, the latter being mainly provided by the cell environment. DM and 

JDM are both idiopathic inflammatory myopathies, with an adult- or a pediatric-onset, 

respectively. In this work, the evidence of the maintenance of MPC dysfunction in vitro, remote 

from any inflammatory or cytokinic environment, supports the hypothesis of an intrinsic cell 

dysfunction. These pathological changes have not yet been described and could participate to 

the defect of regeneration of myofibers in DM muscles after the onset of the disease. 

Myogenic properties of IIM-derived cells remain poorly described. Across the literature, only 

two works reported IIM derived-MPC analysis (Cseri et al., 2015; Hayashi et al., 1990). Starting 

from cell culture of a single DM patient muscle, Hayashi et al evaluated the myogenesis 

process.  However, after dissection and enzymatic digestion, muscle was cultured without 

specific MPC sorting, resulting, as showed in the figures of the article, in a mix of various cell 

types and myotubes. The authors found no differences between control and DM muscle culture. 

The lack of MPC purification induces potential severe bias in MPC evaluation, with at least 

entanglement with other cell type functions that may distort the results of these studies. In the 

second work, primary MPCs derived from untreated (n=6) or corticosteroids treated IIM 

patients (n=3) and healthy control (n = 7) were compared. The authors identified an impaired 

proliferation and slightly altered fusion capacity in cultures from untreated IIM specimens. Cell 

proliferation was characterized by the increase in the number of myogenic nuclei normalized 

to the value at the 2nd day of culturing (Cseri et al., 2015).   Nevertheless, this study supports 

our findings with myogenesis impairment of DM derived-MPCs. 

 

 



Muscle stem cell pool in DM and HC muscle biopsies 

In two published works, muscle stem cells pool, identified by PAX7 nuclei expression has been 

evaluated in jDM or IBM, DM and PM PAX7 nuclei cell in muscle biopsies (Baumann et al., 

2018; Wanschitz et al., 2013). Number of satellite cells was significantly increased in 

inflammatory myopathies in comparison to control, and was correlated with the intensity of 

inflammatory infiltrates  (Wanschitz et al., 2013). In the jDM study, PAX7 increase was 

associated with dysregulation of the myogenic regenerative pathway (i.e. MRF expression) in 

advanced muscle lesions (Baumann et al., 2018). These results are consistent with our results. 

In addition, we found that the increased number of PAX7 cells was prominent in the 

perifascicular area (i.e. the two first rows of cells on fascicule edge).  

 

 

Involvement of IFN-I in DM and JDM pathogenesis 

Occurrence of myositis, and particularly DM under IFN-α therapy, and recovery at treatment 

suspension/disruption led to the consideration of IFN involvement in IIM pathogenesis 

(Matsuya 1994)  (Shiba et al., 2014). Involvement of IFN-I in DM and jDM pathogenesis was 

confirmed by histological studies  (Illa et al., 1997; Salajegheh et al., 2010; Uruha et al., 2018) 

and transcriptomic analyses (Greenberg et al., 2002; Lundberg et al., 1995; Rice et al., 2017), 

and was finally correlated with myositis activity (Greenberg et al., 2012). Our work showed 

that adding IFN-β on normal cell culture mimicked proliferation impairment as observed in 

DM, while blockade of IFN-I downstream pathway rescued impaired proliferation of DM-

MPCs, demonstrating that IFN is a major player in altered myogenesis in DM. Paradoxically, 

despite a significant upregulation of 2 over 6 ISGs in sDM-derived MPC lysates, IFN-I 

signature was not different between HC and DM derived-MPCs. This negativity can be 

explained by the variation of ISG expression regarding the tissue tested (i.e. ISG panel is 

different if evaluated on muscle biopsy, PBMCs or MPCs) and advocates for the need of tissue-

specific IFN-I signature built through robust transcriptomic analysis (Gallay et al., 2019). 

 

 

 



IFN and myogenesis process 

The deleterious role of IFN-β on cell growth is well described. Indeed, IFN is known to decrease 

proliferation of tumor and virus-infected cells but also of normal cells (fibroblasts, lymphocytes 

and epithelial cells) by blocking the transition from G0/G1 into the phase S of the cell cycle 

(Hertzog et al., 1994). In this context, IFN-β is a better inhibitor than IFN-α (Hertzog et al., 

1994) and among IFN-I, it is the most expressed in the blood of DM patients. After exposition 

to IFN-I, C2C12 mouse myoblasts and immortalized human MPCs show alteration in 

differentiation, myotubes having a lower surface than untreated myotubes (Franzi et al., 2013). 

After ISG15 silencing by siRNA, there is no more effect of IFN-β exposure on myotubes 

(Franzi et al., 2013). The muscle atrophy caused after IFN-I exposure or after poly(I:C) 

exposure (which activates the IFN pathway through TLR3 activation) on muscle cells is also 

found to be abolished by blocking the IFNAR receptor (Ladislau et al., 2018). To assess impact 

of IFN-I on normal MPC proliferation, we cultured HC derived-MPCs in the presence of IFN-

β. Interestingly, the lowest concentration increased proliferation, meanwhile the 100 and 1000 

U/ml concentrations decreased cell proliferation. These findings supported the fact that IFN-I 

and myogenesis interactions probably follow a nuanced range of variations, from beneficial to 

deleterious. 

Despite the impairment of proliferation, our results found no particular blockade in cell cycle, 

arguing for a global decrease of proliferation. Regarding senescence, our results identified a 

quantitative and qualitative increase of in large cells, that expressed senescence markers. IFN-

β has been demonstrated able to induce senescence in normal human diploid fibroblasts 

(IMR90) (Moiseeva et al., 2006), and could take part in the senescence induction of DM 

derived-MPCs.   

 

Inhibition of IFN-I pathway 

It has been shown that ruxolitinib increases myoblast differentiation and fusion, and prevents 

IFN-β-induced myotube impairment (Ladislau et al., 2018). We blocked JAK-STAT pathway 

by a specific inhibitor: ruxolitinib. Ruxolitinib equally inhibits JAK1, JAK2 and JAK3 (Zhou 

et al., 2014). Indeed, several pathways are involved in IFN-I signaling: JAK-STAT, CRKL, 

PI3K and NFkB, MAPK (Hervas-Stubbs et al., 2011). The choice of JAK1-STAT1-STAT3 

pathway has been made considering a previous study of myoblast proliferation (Sun et al., 



2007). Our results show that treating DM- and jDM derived-MPCs with ruxolitinib, as well as 

blocking the IFN-I receptor, improved their proliferation. These in vitro results support case 

reports describing refractory DM- and jDM-patients treated with JAK-STAT inhibitors, either 

ruxolitinib or tofacitinib, who presented clinical positive outcomes (Hornung et al., 2014; Kahn 

et al., 2018; Ladislau et al., 2018). Taken together, these results advocate for IFN-I induced DM 

or jDM derived-MPCs impairment, which can be partly corrected by IFN-I pathway blockade.  

 

DM subgroups and pathogenesis 

Despite the clear differences in muscle impairment between sDM and mDM, our results support 

the hypothesis of a common alteration of MPC proliferation in both diseases in comparison to 

HC-derived MPCs. These findings rise the question of systemic and soluble factor that may be 

increased regardless to the muscular impairment or severity of histologic damages, and may 

leave a print on the muscle stem cells. Adult and juvenile DM have known common 

pathogenesis process, but also differ on certain points (Baechler et al., 2011; Preuße et al., 

2016). Our results sustain a shared alteration of cellular functioning of MPCs in both jDM and 

DM.  

 

 

Conclusion 

This work identified impairment of DM derived-MPCs, with a potential involvement of IFN-I 

underlying this process. These findings may explain at least partially that DM muscle 

impairment evolve chronically, regardless to the auto-antibody status.  
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Figure 1. Histological assessement of sDM (severe dermatomyositis) and mDM (mild 
dermatomyositis). mDM (upper raw) showed relatively preserved muscle in which 
perivascular inflammatory infiltrates and slight perifascicular atrophy on HE staining were 
observed, as well as diffuse Major Histocompatibility complex-1 sarcolemmal expression, 
sparse myofibers undergoing regeneration (CD56 positive myofibers), and focal capillary drop 
out (star in CD31 staining). sDM (lower raw) showed important myofiber damage 
(heterogeneity in myofiber size, severe perifascicular atrophy, necrosis, myophagocytosis), 
inflammatory infiltrates, fibrosis, diffuse Major Histocompatibility complex-1 sarcolemmal 
expression with perifascicular enhancement, numerous myofibers undergoing regeneration 
with perifascicular enhancement (CD56 positive myofibers), and multiple capillary drop outs 
with related atrophy (CD31 staining). 

 

 



 

Figure 2. Pax7-positive cells in muscle sections of HC and DM muscle biopsies (green is 
laminin, red is Pax7 and blue is nuclei). Counting was distinguished between perifacular (2-3 
first perifascicular myofibers) and the intrafascicular (rest of the fascicule) areas. 

 

 

 

 



 

 

Figure 3. Myogenesis impairment in DM-derived MPCs.  2A. Myogenesis process. 2B. 
Proliferation (evaluated by percentage of EDU positive cells), differentiation (percentage of 
myogenin positive cells), and fusion (by index of fusion) in HC, DM, ADM and JDM derived-
MPCs. 2C. Representative pictures of global myogenesis evaluation in HC and DM. Blue: 
nuclei, red: desmin. 2D. Correlation between CD56 purity and proliferation or fusion index and 
betwwen prolfieration and differentiation or fusion.  

 



 

Figure 4. MPC senescence. 4A. Phase contrast of MPCs after 48 hours of proliferation in 
complete medium. 4B. Cell cycle analysis was pperformed by flow cytometry, and percentage 
of cells in G0, G1, G2 phases.  4C. Analysis of senescent cells by evaluation of cellular beta-
gal expression using flow cytometry. C1: Percentage of large cells in the total MPC populations. 
C2,3,4: Percentage of beta-gal positive cells in total cell population, small and large cells, 
respectively.  

 

 

 

 



 

Figure 5. MPC interferon signature. MPC lysat was evaluated for type I IFN signature using 
Nanostring technology. The IFN signature is composed of 6 IFN stimulated genes (ISGs): 
SIGLEC1 (sialic acid binding Ig like lectin 1), IFI27 (interferon alpha inducible protein 27), 
IFI44L (Interferon induced protein 44 like), IFIT1 (interferon induced protein with 
tetratricopeptide repeats 1), ISG15 (interferon-stimulated gene 15) and RSAD2 (radical S-
adenosyl methionine domain containing 2).  Nanostring (NanoString Technologies) procedure 
hybridized 200 ng of RNA to the probes (a reporter probe and a capture probe) to evaluate level 
of transcripts of each ISG. Count number obtained for the 6 ISGs were normalized by the 
geometric mean of 3 housekeeping genes count numbers (β-Actin, HPRT1 (hypoxanthine 
phosphoribosyltransferase 1) and POLR2A (RNA polymerase II subunit A)) as well as the 
negative and positive controls values using nSolver software. The relative expression of each 
ISG was determined for each normalized ISG expression divided by the median normalized 
expression of each ISG from a control group. Finally, the median of these 6 ISG relative 
expression was used to calculate the IFN score. The threshold was previously defined at 
2.3.(Pescarmona et al., 2019) 

 

 

 



 

Figure 6. IFN-I and myogenesis. A: Effect of type I IFN on in vitro proliferation of HC-MPCs. 
IFN-I was added daily in the medium. and proliferation index was evaluated. B: Proliferation 
of HC derived-MPCs with and without JAK inhibitor (Ruxolitinib) or IFNAR blocker. C: 
Proliferation of DM (including sDM, mDM and jDM) derived-MPCs with and without JAK 
inhibitor (Ruxolitinib) or IFNAR blocker.  



 
Patient options  1 2 3 4 5 6 7 8 

INFLAMMATORY DOMAIN 
endomysial 
inflammatory infiltrates 

0, 1, 2  0 0 1 2 1 1 1 1 

perimysial 
inflammatory infiltrates 

0, 1, 2  0 0 0 2 2 2 0 1 

perivascular 
inflammatory infiltrates 

0, 1, 2  0 1 0 2 2 2 1 2 

Inflammatory domain 
total 

range from 0-6 0 1 1 6 5 5 2 4 

VASCULAR DOMAIN 
Arterial abnormality  0 (N) or 1 (Y)  0 0 0 1 1 0 1 1 

vascular domain total range from 0-1 0 0 0 1 1 0 1 1 

MUSCLE FIBRE DOMAIN 
Perifascicular atrophy  0 (N) or 1 (Y)  0 0 1 1 1 1 1 1 

Fibre atrophy: non-
perifascicular  

0 (N) or 1 (Y)  0 0 1 1 1 1 1 1 

Myofiber rege-
neration (IHC CD56)  

0 (N) or 1 (Y)  0 1 1 1 1 1 1 1 

Myofibers necrosis 0 (N) or 1 (Y)  0 0 0 1 1 1 1 1 

sarcolemmal C5b9 
deposits 

0 (N) or 1 (Y)  0 1 1 1 0 0 1 1 

Internal myonuclei in 
normal fibres  

0 (N) or 1 (Y)  1 0 0 1 1 1 1 1 

muscle fibre domain 
total 

range from 0-6 1 2 4 6 5 5 6 6 

CONNECTIVE TISSUE DOMAIN 
Any endomysial or 
petimysial fibrosis  

0 (N) or 1 (Y)  0 0 0 1 1 1 1 1 

Any endomysial or 
perimysial adiposis 

0 (N) or 1 (Y)  0 0 0 0 0 1 0 1 

Connective domain 
total 

range from 0-2 0 0 0 1 1 2 1 2 

VISUAL ANALOGIC SCALE - OVERALL IMPRESSION OFABNORMALITY 

VAS score  range from 0-5 0.5 0.5 1 4 4 4 4 5 

TOTAL DM SEVERITY SCORE 
Histologic DM severity 
score 

  1.5 3.5 6 18 16 16 14 18 

CLASSIFICATION   mDM
2 

mDM
3 

mDM
4 

sDM1 sDM2 sDM3 sDM5 sDM6 

          



Table 1. Histologic DM severity score for the 8 patients included in the study. DM diagnosis was confirmed after 
histology analysis when at least 2 of the 3 following criteria were present: inflammatory infiltrates (identified on 
HE staining), capillary dropout (identified on CD31 staining) and MHC-I overexpression. The latter essential 
point do not appear in the histologic DM severity score.  

DM severity score was set up using a four-domain analysis adapted from Varsani et al, 2015 (score instructions 
are available in Suppl tab. 1). Histologic DM severity score correspond to the addition of the 4 domains total 
quote. This severity score delineated 2 distinct subgroups: severe and mild DM (respectively sDM and mDM), 
with a severity score <8 for mDM and >12 for sDM. DM: dermatomyositis, IHC: immunohistochemistry, N: no, 
VAS: visual analogic scale, Y: yes 

 

 

 

 

 

 

 

 

CLINICAL AND 
BIOLOGICALDATA 

mDM2 mDM3 mDM4 sDM1 sDM2 sDM3 sDM5 sDM6 

Sex 
  

M M F M F F M F 

Age 
  

66 39 72 63 57 23 59 28 

Muscle weakness (MRC 
testing, proximal/distal) 
  

 5 /5  5/ 5  4+/5 
prox  

3-/5 
prox 

4/5 
prox 

4-/5 
prox 

4/5 
prox 

4/5 
prox 

Maxmimal creatine kinase 
(UI/L) 
  

400 300 1000 560 780 1200 6500 370 

Myostis specific auto-
antibody 
  

MDA5 MDA5 Mi2 / MDA5 Mi2 SAE2 MDA5 

 

Table 2. DM patient demographical, clinical and serological characteristics. DM: dermatomyositis, F: Female, 
M: Male, mDM: mild DM, prox: promimal weakness, sDM: severe Dm 
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1.3 Additional results 

Additional investigations were made to the second part of PHD work in order to: 

- determine if altered capacities of MPCs to proliferate, to differentiate and to fuse could be due 

to a soluble factor acting in an autocrine or paracrine way (Additional figure 1). 

- evaluate if the intrinsic MPC alteration is specific to DM, or if this impairment may be 

common to other IIMs (Additional figure 2). 

- further explore the cellular and molecular mechanisms underlying the intrinsic MPC 

alterations and strengthen the IFN-I involvement in DM pathogenesis (Additional figures 3, 4 

and 5). 

 

 

 

 



1.3.1 Analysis of HC derived-MPC proliferation in the presence of supernatant from DM 

derived-MPC cultures 

In order to study the presence of soluble factors potentially secreted by MPCs themselves, we 

evaluated the proliferation of HC-derived MPCs incubated for 24 h with sDM, mDM or HC 

derived-MPC supernatants.  

Supernatants were collected after 48h of culture of sDM, mDM or HC derived-MPCs seeded 

at 3000 cells/cm2 in complete medium (Mix C-39365 + FBS 10%). Proliferation was then 

evaluated by the addition of the nucleotide analogue EdU for 6 hours,.  

HC derived-MPCs had a significantly lower proliferation when incubated with sDM derived-

MPC supernatant in comparison with HC and mDM derived-MPC supernatants (p=0.0228) 

(additional figure 1), 

 

 

Additional figure 1. Proliferation index of HC derived-MPCs incubated with sDM, mDM or 

HC derived-MPC supernatants. 

These results support the hypothesis that sDM derived-MPCs are responsible for an autocrine 

or paracrine production of soluble factors that altered proliferation.  
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1.3.2 Evaluation of myogenic properties of Inclusion body myositis, immuno-mediated 

necrotizing myopathy and anti-synthetase syndrome derived-MPCs. 

Regarding the results obtained for DM-derived MPCs, and considering the similar chronical 

muscle weakness observed in patients with other IIM, we have extended the investigation to 

other IIM derived-MPCs: immune-mediated necrotizing myopathy (IMNM) (n=3), inclusion 

body myositis (IBM) (n=3), and anti-synthetase syndrome (ASS) (n=3).  

MPC proliferation was assessed by the incorporation into DNA of a nucleotide analogue, EdU 

after 6 h of incubation in complete medium. We assessed differentiation after 3 days of MPC 

culture in differentiation medium by using immunofluorescent labeling of Myogenin, a 

transcription factor which is expressed only at the time of terminal myogenic differentiation. 

Cell fusion was quantified as fusion index and as percentage of myotubes.  

Results show that DM- and IMNM-derived MPCs exhibited a significant lower proliferation 

index than HC-derived MPCs (p=0.0007 and 0.0108, respectively) (additional figure 2). The 

difference was not significant for IBM- and ASS-derived MPCs in comparison to HC-derived 

MPCs. Differentiation index was significantly decreased in DM and IMNM as compared with 

HC (p=0.0053 and p=0.0047 respectively) (additional figure 2). The difference did not reach 

significance for IBM- and ASS-derived MPC differentiation in comparison to HC-derived 

MPCs. The fusion index and percentage of myotubes were significantly decreased (p=0.0003 

and p<0.0001) for all studied IIM-derived MPCs (DM, IBM, IMNM and ASS). 



  

Additional figure 2. Assessment of each step of in vitro myogenesis (including proliferation, 

differentiation and fusion) in HC, DM, IBM, IMNM and ASS derived-MPCs. 

 

These results show that myogenesis is impaired for every IIM subtype derived MPCs. Interestingly, the 

impairment takes place at various steps depending on IIM subgroup. Indeed, DM- and IMNM-derived 

MPC myogenesis was impaired at an early step of the process (i.e., proliferation), whereas IBM and 

ASS derived-MPCs were not able to complete myogenesis process during the latest step (i.e. fusion).  
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Further investigations focused on the cellular and molecular mechanisms underlying 

alterations of MPC myogenic properties (Additional figure 3, 4, 5 and 6) through 

histological analysis of MxA on patient and control muscle biopsies, evaluation of IFN-β 

deleterious effects on proliferation of HC-derived MPCs, measurement of ISG expression as 

well as several pro-inflammatory cytokines transcripts using Nanostring technology on HC-, 

DM-, IBM-, IMNM- or ASS-derived-MPC lysates. 

1.3.3 Histological evaluation of MxA, an interferon stimulated gene, overexpression by 

sDM myofibers, an ex vivo study 

MxA, an ISG, was defined as a valuable histological tool for DM diagnostic (Uruha et al., 

2017), and its expression supports implication of IFN-I in DM pathogenesis. In my PhD work, 

DM-derived-MPC myogenesis impairment was rescued by IFN-I signaling inhibition with the 

JAK inhibitor ruxolitinib or IFN-I receptor blocking antibodies. Considering our findings, we 

performed evaluation of Mxa staining in DM muscle biopsies of the severe cases to confirm 

the activity of IFN-signaling.  

MxA immunostaining was performed for 4 sDM and 4 HC muscles, using a protocol kindly 

provided by Dr Léonard (Hôpital Pitié Salpétrière, Paris, France) that uses monoclonal anti- 

MxAantibodies (Mx1/2/3 [H-285, sc-50509], 1:100 dilution, Rabbit, Poly IgG, Santa Cruz 

Biotechnology, Dallas, TX). MxA staining in the cytoplasm was considered positive except for 

necrotic fibers. 

Positive MxA staining was identified for the 4 sDM patients, with a cytoplasm staining of 

numerous myofibers with diffuse overexpression, and perifascicular enhancement. No positive 

myofibers was found in HC muscle (additional figure 3). 

  



Additional figure 3. MxA cytoplasmic overexpression analysis in sDM (left) and HC (right) 

muscle. 

These findings confirm in vivo  the involvement of IFN-I in muscle dysfunction of sDM. 

1.3.4 Setup for the assessment of IFN-β deleterious effects on proliferation of HC-derived 

MPCs 

In the hypothesis that myogenesis impairment in DM and jDM muscles is caused by activation 

of the IFN pathway, we tried to reproduce proliferation impairment in vitro by activating the 

IFN-I pathway. 

HC-derived MPCs were treated with recombinant IFN-β in order to evaluate proliferation. 

Three different concentrations of IFN-β were used (10 U/ml, 102 U/ml, 103 U/ml), defined in 

accordance to previous studies (Ladislau et al., 2018; Franzi et al., 2011). IFN-I was added daily 

in complete medium (SMGM Promocell 23060 + P/S 1 % + Mix C-39365 + FBS 10% (Fetal 

Bovine Serum) or low FBS medium (SMGM Promocell 23060 + P/S 1 % + FBS 0.5%) to 

investigate potential interactions with the effectors contained in the serum.  

In complete medium culture conditions HC-derived MPCs showed increased proliferation 

proportionally to the IFN-β doses (additional figure 4a), while proliferation was decreased in 

inverse proportion to IFN-β doses in low FBS condition (additional figure 4b).   

 
Additional figure 4. Proliferation quantification of HC-derived MPCs treated by different IFN-

I concentration range and set up in high (a) and low (b) FBS culture conditions.   



After contacting authors of the last publication reporting myogenesis impairment under IFN-I 

treatment (Ladislau et al., 2018)., the experimental set up was clarified with low dose of FBS 

in the medium (only 0.5%)  These results support that FBS, which contains huge quantity of 

various effectors, including potent mitogens, may have masked or may have interact with the 

effect of IFN-I.  

1.3.5 Measurement of ISG transcripts using Nanostring technology on HC-, DM-, IBM-, 

IMNM- or ASS-derived-MPC lysates 

As seen previously, MPCs derived from each IIM patient presented a global impairment of 

myogenesis. In order to further investigate the molecular pathway that underlie this myogenesis 

alteration, and considering the known implication of IFN-I in DM derived-MPC impairment, 

we performed evaluation of ISG expression in HC, DM, IBM, IMNM and ASS derived-MPC 

lysates.  

The expression of 6 Interferon Sensitive Genes (ISGs) was evaluated according to Pescarmona 

et al, 2019: SIGLEC1 (sialic acid binding Ig like lectin 1), IFI27 (interferon alpha inducible 

protein 27), IFI44L (Interferon induced protein 44 like), IFIT1 (interferon induced protein with 

tetratricopeptide repeats 1), ISG15 (interferon-stimulated gene 15) and RSAD2 (radical S-

adenosyl methionine domain containing 2). The 6 ISG expression was normalized by the 

geometric mean of 3 housekeeping genes count number (β-Actin, HPRT1 [hypoxanthine 

phosphoribosyltransferase 1] and POLR2A [RNA polymerase II subunit A]). The median of 

these 6 ISG relative expression was used to calculate the IFN score. The threshold was first 

defined as the mean of control group IFN score+2SD corresponding to a score of 2.3. The IFN 

score was evaluated in vitro in HC (n=6), sDM (n=5), mDM (n=3), IBM (n=2), IMNM (n=3) 

and ASS (n=3) derived-MPCs.   

Global IFN score was not significantly upregulated in all IIM-derived MPC lysates. Data shown 

for sDM and mDM are those reported in our submitted manuscript. IFI27 and IFI44L transcript 

expression were significantly increased in DM-derived MPCs in comparison with HC-derived 

MPCs. ISG15 and RSAD2 transcripts were increased but do not reach the significance in sDM 

and IMNM derived-MPCs.  IFIT1 and SIGLEC1 were not different (additional figure 5).  



 

Additional figure 5. Transcriptional evaluation of ISGs with nanostring technology for HC, 

DM, IBM, IMNM and ASS derived-MPC lysates. 
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1.3.6 Evaluation of transcriptional expression of IL1-β, IL6 and TNF-α in HC, DM, IBM, 

IMNM and ASS derived-MPC lysates 

IL1-β, IL6 and TNF-α are pro-inflammatory cytokines known to be involved in IIM 

pathogenesis (Archanapalli et al., 2015). In order to evaluate the involvement of such cytokines 

in the myogenesis impairment of IIM-derived MPCs, IL1-β, IL6 and TNF-α expression analysis 

was performed as part of the Nanostring experimentation.  

No consistent increase or decrease of IL1-β, IL6 and TNF-α transcripts was found in IIM-

derived MPCs, setting aside this molecular hypothesis (additional figure 6).  

 

   

Additional figure 6. IL1-β, IL6, TNF-α transcripts analysis in IIM derived-MPC lysates. 
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DISCUSSION  



1.1 Focal myositis: new insights in diagnosis and pathology: discussion. 

As discuss within the publication, despite the small cohort presented, which reflected the rarity 

of the disease, our work allows to identify important points regarding this clinical entity. 

Associated disorders were noticeable, notably malignancy and immune mediated inflammatory 

diseases. Amongst the latter, Behcet’s disease was surprisingly found if 5 cases of our cohort 

(14%) and should to be kept in mind for the clinical practice. Our work also highlights the 

potential recurrent outcomes, and argues for the need of FM patients follow up.  

 

 

  



1.2. Impairment of adult myogenesis by muscle stem cells in IIM: discussion 

1.2.1. DM pathological severity gradation scoring 

Pathological scoring of DM cases allowed us to identify variations in the histological muscle 

damages when cases fulfilled several basic pathological criteria (i.e., inflammatory infiltrates, 

capillary dropout (identified on CD31 staining) and MHC-I sarcolemmal overexpression). 

Inspired by jDM consensual pathological scoring (Varsana et al., 2017), we have created an 

objective tool, focused on pathological severity gradation of the disease, which could be further 

used for other clinical or therapeutic DM studies. Considering the present study, apart from one 

patient, the main clinico-biological data were consistent with our defined scoring.  

 

1.2.2. Muscle stem cells pool in DM and HC muscle biopsies 

In two published works, muscle stem cell pool, identified by PAX7 nuclei expression, has been 

evaluated in jDM or IBM, DM and PM muscle biopsies (Baumann et al., 2018; Wanschitz et 

al., 2013). The number of satellite cells was significantly increased in inflammatory myopathies 

in comparison to control, which was correlated with the intensity of inflammatory infiltrates 

(Wanschitz et al., 2013). In the jDM study, PAX7 increase was associated with dysregulation 

of the myogenic regenerative pathway (i.e., MRF expression) in advanced muscle lesions 

(Baumann et al., 2018). Our data are consistent with these results. In addition, we found that 

the increased number of PAX7 cells was prominent in the perifascicular area (i.e., the first two 

rows of cells on fascicule edge).  

 

1.2.3. Myogenesis process impairment  

Myogenesis is tightly regulated by many factors, dependent on various intra or extracellular 

cues, the latter being provided by the cell environment. DM and jDM are both idiopathic 

inflammatory myopathies, with an adult- or a pediatric-onset, respectively. In studying 

myogenesis of DM- or jDM-derived MPCs, we showed that proliferation, differentiation and 

fusion were impaired. In this work, the maintenance of MPC dysfunction in vitro, remote from 

any inflammatory and cytokinic environment, supports the hypothesis of an intrinsic cell 

dysfunction. These pathological changes have not been described yet and could participate to 

the defect of regeneration of myofibers after the onset of the disease. 



Regarding our findings of global myogenesis impairment in DM, we extended the study to other 

IIMs (IBM, IMNM and ASS). For all IIM-derived MPCs, myogenesis was globally impaired. 

Nevertheless, the results regarding proliferation and commitment into differentiation were 

heterogenous, with a proliferation and differentiation significantly impaired in IMNM, and 

slightly decreased for ASS derived-MPCs. Insignificant myogenesis alterations in IBM could 

be explained by the small sample size, with only 2 patients. Two other IBM samples were tested 

but CD56 sorting was not possible, thus making their evaluation impossible.   

Occurrence of regenerative basophilic fibers containing internal nuclei as a signal of 

myogenesis ongoing process is widely described in IIM muscle biopsy, and fore and foremost 

in DM (Dalakas, 2015). Additional characterization of regenerative myofibers are usually 

reported by CD56 staining or neonatal myosin overexpression (Gitiaux et al., 2016). Myogenic 

properties of such cells remain poorly described. Across the literature, only two works reported 

IIM-derived MPC analysis (Hayashi et al., 1990; Cseri et al., 2015). Starting from cell culture 

of a single DM patient muscle, Hayashi et al evaluated the myogenesis process. However, after 

dissection and enzymatic digestion, muscle cells were cultured without specific MPC sorting, 

resulting, as shown in the figures of the article, in a mix of various cell types and myotubes. 

The authors found no differences in culture between control and DM muscles. In the second 

work, primary MPCs derived from untreated IIM patients (n = 6), corticosteroid treated IIM 

patients (n = 3) and healthy controls (n = 7) were compared. The authors identified an impaired 

proliferation and slightly altered fusion capacity in the primary cell cultures from untreated IIM 

specimen (Cseri et al., 2015). Off note, the lack of MPC purification induced potential severe 

bias in myoblast evaluation, with at least entanglement with other cell type functions that may 

distort the results of these studies. Finally, our work is the first study that evaluated properly 

and accurately the myogenic properties of IIM-derived MPCs ex vivo.  

 

1.2.4. Impaired myogenesis process, as part of the downward spiral of the IIM 

pathogenesis? 

The involvement of regenerating muscle cells in IIM pathogenesis has been proposed by 

Casciola-Rosen et al (Casciola-Rosen et al., 2005). In this work, analysis of IIM muscle 

biopsies identified that regenerating myocytes (identified by NCAM and neonatal myosin 

heavy chain) were overexpressing myositis specific autoantigens (catalytic subunit of DNA-

dependent protein kinase, histidyl tRNA synthetase). Such autoantigen overexpression was 



recapitulated in undifferentiated MPCs in vitro. This was reproduced in another study of muscle 

regeneration in mice acutely injured (Sciorati et al., 2014). Through these observations, authors 

pointed the fact that regeneration process may take part in the chronicization of autoimmune 

myositis. Indeed, increased autoantigen expression in myogenic cells accomplishing repair of 

firstly damaged myofibers could lead to an amplification cycle by long-lasting presence of the 

“triggers” of adapted and innate immune responses (Suber et al., 2008). 

 

1.2.5. Soluble factors that impairs myogenesis 

The analysis of the impact of sDM-derived MPC supernatant on HC-derived MPCs drove the 

consideration of a soluble factor involved in MPC myogenesis impairment. Interestingly, MPCs 

derived from sDM were producing more deleterious supernatant than mDM-derived MPCs. 

This questions the fact that surrounding damaged myofibers may secrete deleterious soluble 

factors that may prime nearby muscle stem cells, then resulting in intrinsically altered MPCs. 

One hypothesis is that the soluble factor could be IFN-I, as it was demonstrated that HC-derived 

MPCs were able to secrete IFN-β themselves after stimulation (Tournadre et al., 2012); and that 

jDM derived-MPCs secrete IFN- α (Gitiaux et al., 2018). 

 

1.2.6. Involvement of IFN-I in DM and jDM pathogenesis 

Occurrence of myositis, and particularly DM, under IFN-α therapy and recovery after treatment 

suspension/disruption led to the consideration of IFN involvement in IIM pathogenesis (Shiba 

et al., 2014). Such involvement of IFN-I in DM and jDM has been confirmed by histological 

studies (Illa et al., 1997; Salajegheh et al., 2010; Uruha et al., 2018) and transcriptomic analyses 

(Greenberg et al., 2002; Lundberg et al., 1995; Rice et al., 2017), and was finally correlated 

with myositis activity (Greenberg et al., 2012). Our work showed that adding IFN-β on normal 

cell culture mimicked proliferation impairment as observed in DM, while blockade of IFN-I 

downstream pathway rescued impaired proliferation of DM-derived MPCs, demonstrating that 

IFN is a major player in altered myogenesis in DM. Paradoxically, despite a significant 

upregulation of 2 over 6 ISGs in sDM-derived MPC lysates, IFN-I signature was not different 

between HC and DM derived-MPCs. This can be explained by the variation of ISG expression 

regarding the tissue tested (i.e. ISG panel is different if evaluated on muscle biopsy, PBMCs or 



MPCs) and advocates for the need of tissue-specific IFN-I signature built through robust 

transcriptomic analysis (Gallay 2019). 

 

1.2.7. IFN and the myogenesis process 

The deleterious role of IFN-β on cell growth is well described. Indeed, IFN is known to decrease 

proliferation of tumor and virus-infected cells but also that of normal cells (fibroblasts, 

lymphocytes and epithelial cells) by blocking the transition from G0/G1 into the phase S of the 

cell cycle (Hertzog et al., 1994). IFN-β is a better inhibitor than IFN-α (Hertzog et al., 1994) 

and among IFN-I, it is the most expressed in the blood of DM patients. After exposition to IFN-

I, C2C12 mouse myoblasts and immortalized human MPCs show alteration in differentiation, 

myotubes having a lower area than untreated myotubes. (Franzi et al., 2013) After ISG15 

silencing by siRNA, there is no more effect of IFN-β exposure on myotubes (Franzi et al., 

2013). Muscle atrophy caused after IFN-I exposure or after poly(I:C) exposure (which activates 

the IFN pathway through TLR3 activation) on muscle cells was described by Ladislau and 

colleagues. This effect was abolished by blocking the IFNAR receptor (Ladislau et al., 2018). 

Tournadre et al (2012) demonstrated in vitro, that during myogenesis process, MPCs activated 

by poly(I-C), the ligand of TLR-3, overexpressed MHC-1. This recapitulates the 

overexpression seen in DM histology, and interestingly, this overexpression was decreased after 

IFN-β blockade. 

To assess the impact of IFN-I on normal MPC proliferation, we cultured HC-derived MPCs in 

the presence of IFN-β. We chose three different concentrations of IFN-β based on previous 

studies (Ladislau et al., 2018; Franzi et al., 2013). Interestingly, the lowest concentration 

increased proliferation, meanwhile the 100 and 1000 U/ml concentrations decreased cell 

proliferation. These findings supported the fact that IFN-I and myogenesis interactions 

probably follow a nuanced range of variations, from beneficial to deleterious.  

 

1.2.8. Inhibition of IFN-I signaling 

Following the hypothesis of a negative feedback loop implicating IFN-I, we blocked IFN-α 

receptor (IFNAR) in DM-derived MPC cultures and found positive effects on MPC 

proliferation. For clinical reasons, we next evaluated IFN-I signaling blockade. Several 



pathways are involved in IFN-I signaling: JAK-STAT, CRKL, PI3K and NFkB, MAPK 

(Hervas-Stubbs et al). We chose to block JAK-STAT pathway considering previous study on 

myoblast proliferation that demonstrated the JAK1-STAT1-STAT3 pathway involvement in 

myoblast proliferation and differentiation regulation (Sun et al., 2007). For that we used 

ruxolitinib that equally inhibits JAK1, JAK2 and JAK3 (Zhou et al., 2014). Ruxolitinib was 

previously shown to prevent IFN-β-induced myotube impairment by increasing myoblast 

differentiation and fusion (Ladislau et al., 2018). Moreover, such inhibitors are available for 

patients. Our results showed that treating DM- and jDM-derived MPCs with ruxolitinib 

improved their proliferation and their differentiation. These in vitro results support clinical case 

reports of positive outcome in refractory DM- and jDM-patients treated with JAK-STAT 

inhibitors, either ruxolitinib or tofacitinib (Ladislau 2018; Kahn et al., 2018; Hornung et al., 

2014). Taken together, these results advocate for IFN-I induced DM- or jDM-derived MPCs 

impairment, partly corrected by IFN-I pathway blockade.  

 





 
 

 

 

 

 

 

 

 

 

CONCLUSION & PERSPECTIVES 

 

 



Regarding the clinical research, the findings of the present study lead us to consider FM as a 

clearly identifiable entity, even if the question of whether FM is a syndrome or a disease per se 

remains to be answered. We describe new clinical and pathologic features to further define FM, 

enabling to identify different subsets. Identification of this entity, and its associated disorders, 

appears important for patient management, as it may be a harbinger of malignancy. Further 

investigations of interest could be to evaluate the characteristics of FM when associated with 

other disorders, notably cancer or Behcet’s Disease. 

 

 

 

 

 

Then, considering the translational research focused on muscle regeneration in IIM. Our study 

identified an intrinsic impairment of DM (mild, severe and juvenile)-derived MPCs, with a 

global alteration of the myogenesis process, with a particularly focus on the first step of this 

process that is proliferation. IFN-I involvement in the DM derived-MPC impairment was 

supported by: i) ISG up-regulation in IIM-MPC lysates, ii) the possibility to reproduce in vitro 

myogenesis impairment by incubating HC-derived MPCs with IFN-β and iii) restoring 

proliferation of DM-derived MPCs with IFN-I signaling inhibitors (either IFNAR or 

JAK/STAT blockers).  

Through investigation of the myogenic properties of MPCs, our results further defined DM and 

more generally IIM muscle repair as one of the cornerstones for future therapeutic approaches, 

and for adaptation of already in use armamentarium for such diseases. 

The results obtained during my PhD program provided evidence of a cell-autonomous 

deficiency in IIM-derived MPCs that could clearly participate to the disease pathogenesis 

regarding initial steps or chronicization. However, the precise mechanisms of these alterations 

remain to be elucidated.  

 

 



* Further deciphering of the mechanisms responsible for intrinsic impairment of IIM-

derived MPCs 

 

* Following the track of IFN-I 

Confirmation of IIM derived-MPC autocrine production of IFN-I in vitro could be performed 

by SIMOA analysis of cell culture supernatant. Nevertheless, such analysis may be difficult as 

IFN-I quantity may be found at extremely low concentrations (attomolar values), and the 

potential variability of SIMOA detection results supports the need for a detailed and rigorous 

experimental protocols. 

Another way to further define the IFN-I involvement in IIM derived-MPCs could be to perform 

a transcriptomic analysis of these cells.  

 

 

* To define if the cells have been imprinted by epigenetic events 

Our hypothesis is that in DM muscle, the negative feedback loop allowing to IFN-I production 

containment seems inefficient and replaced by a positive feedback loop: produced IFN is 

secreted, binds to IFNAR on pDCs and leads to IFN production, even without external stimuli 

and that such phenomenon is maintained over time (Liao et al., 2010). Therefore, one 

hypothesis could be the existence of epigenetic modifications induced by IFN in vivo leading 

to secondarily intrinsic cell dysfunction. Following this hypothesis, DM- and JDM-derived 

MPCs may be unable to proliferate consequently to a first IFN-I print followed by an 

autonomous self-sustained cellular dysfunction, leading to a defect of muscle repair that may 

participate to the fact that patients with IIM rarely fully recover their initial strength (Clarke et 

al., 1995; Bronner et al., 2006).  

Accordingly, further investigations may be performed to make a link between IFN-I signaling 

and the epigenetic control of the expression of the myogenic program. For this purpose, several 

lines of research may be explored. 

Our privileged avenue of research would be to evaluate the hypothetical role of HIRA, a histone 

chaperone complex that stands as an essential complex for the deposition of the histone variant 



H3.3, a variant deposited at promoters and regulatory elements in a DNA-synthesis independent 

manner. It has been shown that in human fibroblasts HIRA complex localization depends on 

IFN signaling (Cohen et al., 2018). Upon IFN treatment, HIRA relocalizes in specific nuclear 

bodies called promyelocytic leukemia nuclear bodies (PML-NBs), a process that is reversible 

upon ruxolitinib treatment. Moreover, preliminary data indicate that HIRA is also preferentially 

relocated in PML-NBs in MuSCs from severe DM patients. Interestingly, histone variant H3.3 

was found to be deposited at regulatory and enhancer regions of MyoD, the key myogenic 

regulator factor, playing a critical role for skeletal myogenesis (Yang et al., 2011) 

Together data showing that IFN-I impairs muscle regeneration and above literature suggest the 

involvement of HIRA in a downstream pathway. The experimental perspectives could be: 

- to identify the localization of HIRA in skeletal muscle biopsies of IIM patients, 

- to link IFN levels in MuSCs with the extent of HIRA localization in PML-NBs, 

- to assess whether ruxolitinib treatment restores a normal pan-nuclear localization of HIRA in 

MuSC nucleus. 

 

* Investigating the NFKB pathway 

Overexpression of MHC-I by myofibers is a hallmark of IIM histology (van der Pas et al., 

2004). MHC-I gene transfer results in myogenesis impairment, notably the differentiation step 

both in vivo and in vitro (Pavlath, 2002). In a study evaluating muscle tissue from myositis 

patients and from a MHC-I transgenic mouse model of myositis, authors demonstrated the 

activation of the ER stress response (Nagaraju et al., 2005). The link between MHC-I 

overexpression and RE stress response has been discussed, as MHC-I staining in muscle fibers 

of myositis patients present both cell surface and sarcoplasmic reticulum pattern of reactivity, 

demonstrating that some MHC-I may be retained in the ER of these fibers. The ER overload 

response is known to activate NF-κB pathway, with subsequent expression of pro-inflammatory 

cytokines and regeneration impairment. In addition, it has been demonstrated that NF-κB 

negatively impacts the myogenic potential of muscle-derived stem cells (Lu et al., 2012). 

To assess the involvement of NF-κB pathway in myogenesis properties impairment of IIM-

derived-MPCs, a first step could be to quantify the level of phosphorylated p65, one of the five 

subunits of NF-κB family, that composes the most common form of transcriptionally active 



NF-κB. Another experiment could be to evaluate the consequences of selective 

pharmacological inhibition of IKKb, an upstream activator of NF-κB, on myogenesis from IIM-

derived MPCs. 

 

* Future directions for therapy 

From my study, the main direction for future therapy is the inhibition of JAK/STAT pathway, 

as JAK inhibitors are available and widely used drugs. Indeed, our results support the possibility 

that blocking JAK/STAT pathway has favorable effects on muscle repair. Further 

experimentation including larger cohort of patients remains necessary in vitro, and clinical 

research with clinical trial would be of great value. 

Another interesting pathway could be the evaluation of moderate exercise as this has been 

reported to suppress NF-κB signaling and activates the SIRT1-AMPK-PGC1α axis to attenuate 

muscle loss (Liu et al., 2018). The notion of ‘epi’ memory of skeletal muscle and the influence 

of exercise on such molecular and epigenetic mechanisms enabling skeletal muscle to adapt 

was recently discussed (Sharples et al., 2016). 
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