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Abstract 

Background and objective: The idiopathic inflammatory myopathy Dermatomyositis (DM) is 

an acquired disease that combines muscle, lung and skin impairments. DM patients show a 

wide range of severity of proximal skeletal muscle weakness, associated with inflammatory 

infiltrates, vasculitis and capillary dropout, perifascicular myofiber atrophy. Moreover, DM 

muscles show signs of muscle regeneration. Since muscle stem cells (MuSCs) are 

responsible for myofiber repair, we asked wether the proliferative properties of muscle stem 

cells (MuSCs) are altered in DM muscle. We investigated the role of type-I interferon (IFN-I) 

in this process since DM is associated with sustained inflammation with high IFN-I levels.  

Methods: MuSCs isolated from normal, adult and juvenile DM muscles were grown in culture 

and were analyzed in vitro for their proliferating properties, their myogenic capacities and 

their senescence. Gain and loss of function experiments were performed to assess the role 

of IFN-I signaling in the prolfierative capacities of MuSCs. 

Results: MuSCs derived from 8 DM adult patients (DM-MuSCs) (5 severe form and 3 mild 

form, established from histological evaluation), from 3 juvenile DM patients and from normal 

muscle were used to analyze their myogenesis in vitro. DM-MuSCs exhibited strongly 

reduced proliferating capacities as compared with healthy MuSCs (-31 to -43% for severe 

and mild DM, respectively), leading to poor myotube formation (-36 to -71%). DM-MuSCs 

were enriched in senescent, beta-galactosidase positive cells, explaining partly the 

proliferation defect. Gain and loss of function experiments were performed to assess the role 

of IFN-I on the proliferative capacity of MuSCs. High concentrations of IFN-I decreased the 

proliferation of healthy MuSCs. Similarly, conditioned-medium from DM-MuSCs decreased 

the proliferation of healthy MuSC (-15 to -22%), suggesting the delivery of an autocrine 

effector. Then, pharmacological blockade of the IFN signaling (using ruxolitinib or anti-IFN-

receptor antibodies) in DM-MuSCs rescued their proliferation up to the control values.  

Discussion: These results show that autocrine IFN-I signaling prevents MuSC expansion, 

leading to muscle repair deficit. This process may explain the persistent muscle weakness 

observed in severe DM patients. 
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Introduction 

 Dermatomyositis (DM), the most frequent subgroup of idiopathic inflammatory 

myopathies, is an acquired disease that combines clinicopathological muscle, lung and skin 

impairments of various severity. DM patients show a wide range of severity of proximal 

skeletal muscle weakness, associated with inflammatory infiltrates, vasculitis and capillary 

dropout, and a myofiber atrophy that is preferentially localized in perifascicular areas 1, 2. DM 

occurs in adults and children and is designated juvenile DM (jDM) in the latter case. 

Identification of myositis specific auto-antibodies promoted investigations towards humoral 

immunopathogenesis. However, DM pathogenesis remains partially understood, and seems 

to combine many factors, including genetic background, environmental factors, metabolism 

dysfunction, as well as dysregulation of adaptive and innate immunity 3. Through histologic 

and transcriptomic analyses of DM muscle samples, type 1 interferon (IFN-I, including IFNα 

and IFN-β) was identified as a key element in DM 1, 4, 5 and its expression levels were 

reported to correlate with the disease activity and severity 6, 7. Notwithstanding the use of 

various immunosuppressive drugs to extinguish the autoimmune reaction, the disease 

follows in most cases a chronic course with rare outcomes of recovery of the initial strength, 

and some DM patients sustain muscle atrophy and fat replacement of muscle tissue, leading 

to loss of muscle strength and handicap 8-10. 

 Histological observation of skeletal muscle biopsies shows patterns of both muscle 

damage and muscle regeneration of various extent in all DM patients, indicating that muscle 

regeneration is an active process during DM 11. Post-injury skeletal muscle regeneration is a 

well-understood process leading to the ad integrum restoration of damaged myofibers, 

thanks to the properties of satellite cells, or Muscle Stem Cells (MuSCs). Laying along the 

myofiber as quiescent cells in resting muscle, MuSCs activate upon injury, and undergo adult 

myogenesis that encompasses expansion/proliferation, myogenic differentiation and 

eventually fusion to form new myofibers 12. This process is tightly controlled by the sequential 

expression of myogenic transcription factors in MuSCs and is also regulated by extracellular 

cues provided by the MuSC environment 12.  
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 The involvement of IFN-I has been largely described in DM. We propose here a new focus 

on the process of muscle regeneration itself in DM pathogenesis, through the analysis of the 

intrinsic properties of MuSCs derived from patient's skeletal muscle. Given that DM patients 

exhibit features of chronic muscle damage and regeneration, we hypothesized that the 

intrinsic myogenic properties of MuSCs may be altered in DM. For the first time, MuSCs 

purified from DM patient's skeletal muscle were analyzed for their intrinsic myogenic 

capacities in vitro, with a focus on the first step of myogenesis that is proliferation. We 

showed that DM-MuSCs exhibited a deficit in proliferation. We also investigated the role of 

IFN-I in this process, and sought for a potential autocrine mechanism sustaining the 

proliferation deficit, through IFN-I, and explaining the failure in muscle regeneration observed 

in DM patients. 
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Methods 

Case selection. Eight 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 2018 13. DM 

patients with available clinical data, histological samples, frozen muscle samples and MuSCs 

were selected. Exclusion criterion was immunosuppressive drug administration to the patient 

before muscle biopsy. Healthy controls (HC) MuSCs paired on sex and age were obtained 

from surgical waste of patients undergoing programmed knee or hip surgery (n = 5). None of 

the DM patients were on cytotoxic medication (in particular, statin) at the time of biopsy. 

Biopsies, made at the time of diagnosis, were obtained after institutionally approved protocol. 

Healthy controls (HC) MuSCs paired on sex and age were obtained from surgical waste of 

patients undergoing programmed knee or hip surgery. MuSCs were obtained from the 

Hospices Civils de Lyon cell bank (Cardiobiotec CRB-HCL AC2013-1867). Juvenile DM 

(jDM) patients (n=3) and aged-matched HC controls (n=3) were selected as previously 

described 14.  

 

Standard Protocol Approvals, Registrations, and Patient Consents. Written informed 

consent was obtained from all patients (or legal representative) for the use of their biopy for 

research purposes. The whole procedure was handled by the Hospices Civils de Lyon cell 

bank and the Cochin Hospital Cell Bank, Paris. 

  

Histology and immunohistology. Histological staining and immunohistochemistry of 

muscle sections (7 μm) included hematoxylin and eosin staining (HE), immunohistochemistry 

for endothelial cells (anti-CD31 antibody, M0823 Dako), MuSCs and regenerating myofibers 

(anti-CD56 antibody, NCL-CD56-1B6 Novocastra). All biopsy samples were blindly reviewed 

for clinical data, using the validated scoring tool for muscle biopsy evaluation in DM Patients 

(eTable 1). Visualization and quantification of MuSCs was performed after incubation with 

anti-Pax7 antibody (DSHB) revealed by a FITC-conjugated secondary antibody (Jackson 



 5

Immunoresearch). Slides were scanned using a Zeiss Axio Observer Z1 microscope. Image 

analyses were performed using ImageJ software. Quantification of Pax7pos cells 

distinguished the perifascicular area (2 first rows of myofibers from the perimysium) and the 

rest of the fascicle. 

 

MuSC culture. MuSCs were directly extracted by mechanic and enzymatic digestion from 

fresh muscle biopsies made at the time of diagnosis. After an expansion period, they were 

frozen and stored in liquid nitrogen at the hospital cell bank. After thawing, MuSCs were 

purified at the first passage of primary culture using anti-CD56 coated magnetic beads to 

obtain pure myogenic cell cultures as described previously 14. Cell purity was checked by 

flow cytometry (BD FACSCanto II) using anti-CD56 antibodies (APC-conjugated anti-CD56 

antibodies (BD Pharmingen #555518) and isotypic control (#555751)). MuSCs were cultured 

for a maximum of 4 passages in complete medium (Skeletal Muscle Cell Growth Medium 

[#23060 Promocell] supplemented with Mix C-39365 [Promocell] and heat-inactivated Fetal 

Bovine Serum [FBS, Sigma-Aldrich] 10%). Conditioned-medium was prepared from MuSCs 

cultured during 48h in growing medium. Medium was collected, centrifuged at 2,000 rpm and 

stored at -80°C until use. 

 

Myogenesis assay. Analysis of myogenesis capacities of jDM- and DM-derived MuSCs was 

performed as follows: cells were seeded in 2 well-chambers (Lab-Tek, Nunc) at 3,000 

cells/cm2 in complete medium for 3 days, then they were switched to differentiation medium 

(Skeletal Muscle Cell Growth Medium [#23060 Promocell] supplemented with 10 μg/ml 

Insulin [Sigma-Aldrich] and FBS 0.5%) and cultured for 3 additional days. Proliferation was 

evaluated at day 3 at the end of the expansion phase using EdU incorporation for 6 h (kit 

EdU Click-it Alexa Fluor™ 488, Invitrogen). In some experiments, the proliferation assay was 

performed in conditioned medium (prepared as described above). Myogenic differentiation 

and fusion were evaluated at day 6. Terminal myogenic differentiation was assessed after 

immunolabeling for the transcription factor Myogenin (BD Pharmingen #556358 antibodies), 
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revealed using a biotinylated secondary antibody and DTAF-biotin (Jackson 

Immunoresearch). Fusion was evaluated after desmin immunolabeling (Abcam ab32362), 

revealed by a Cy3-conjugated secondary antibody (Jackson Immunoresearch). In all 

immunofluorescence experiments, cells were briefly incubated in Hoechst 33342 (Sigma-

Aldrich) for nuclei visualization and slides were mounted using Fluoromount (Interchim). For 

each sample, 10-15 pictures were recorded at x20 magnification using an AxioImager Z1 

Zeiss microscope. Proliferation index was defined as the number of EdU positive nuclei over 

the total number of nuclei, differentiation index was defined as the number of Myogenin 

positive nuclei over the total number of nuclei, and fusion index was calculated as the 

number of nuclei present in myotubes (>2 nuclei in the same desmin positive cell) over the 

total number of nuclei. 

 

Modulation of the IFN-I pathway. HC-MuSCs were seeded in 2 well-chambers at 3,000 

cells/cm2 in complete medium for 6 h, time to adhere. In IFN-I activation experiments, 

medium was replaced by Advanced medium (Advanced RPMI 1640 medium [Gibco #12633] 

supplemented with Glutamax [Gibco #35050] and FBS 0.5%) containing or not increasing 

concentrations of human IFN-β-1a (10 to 1000 U/ml) (PBL assay #11415-1). In IFN-I 

inhibition experiments, DM-MuSCs were grown in complete medium in the presence of 

ruxolitinib (INCB018424, Invivogen #tlrl-rux at 2 µM) or anti-Human Interferon Alpha/Beta 

Receptor Chain 2 (PBL assay science, #21385-1 at 5 µl/ml). Concentrations were defined 

from 15, 16. After 48 h of culture, proliferation assay was performed and analyzed as described 

above. 

 

Cell cycle analysis. MuSCs were seeded in T75 flask at 3,000 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 17. Control included treatment with RNAse (2 mg/ml, 
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Sigma-Aldrich). Cells were analyzed by flow cytometry (BD FACSCanto II) to determine G0, 

G1/S and G2/M phases. 

 

Senescence analysis. Senescence was measured by flow cytometry using a protocol 

adapted from 18, evaluating the SA-βgal activity. MuSCs were seeded in T75 flask at 3,000 

cells/cm2 in complete medium. After 4 days of culture, cells were pretreated with bafilomycin 

A1 (Sigma-Aldrich, 100 nM) for 1 h to induce lysosomal alkalization, followed by 1 h 

incubation with 5-dodecanoylaminofluorescein di-β-D-galactopyranoside (C12FDG) (33 μM, 

Sigma-Aldrich), a fluorogenic substrate for β-galactosidase. Cells were washed, harvested, 

resuspended in ice-cold PBS and immediately analyzed by flow cytometry (BD FACSCanto 

II).  

 

MuSC IFN signature. The expression of 6 Interferon Sensitive Genes (ISGs) was evaluated 

according to the Nanostring method described in 19: 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).  

 

Statistics. Results were analyzed using t-test or ANOVA and a p-value below 0.05 was 

considered as statistically significant. 

 

Data Availability. Anonymized data not published within this article will be made available 

by request from any qualified investigator. 
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Results and Discussion 

Additional data are listed in eTable 1 and eFigures 1, 2, 3 in the Supplement. 

Case selection 

DM diagnosis was confirmed after histological analysis of the muscle biopsy if at least 2 of 

the 3 following criteria were present: inflammatory infiltrates, capillary dropout and 

overexpression of Major Histocompatibility Complex-1 (MHC-1) by myofibers (eTable 1). DM 

severity score was set up using a four-domain analysis, adapted from 20 (eTable 1). Severity 

score (Table 1) delineated 2 distinct histological subgroups: mild DM (mDM) and severe DM 

(sDM), with a severity score <7 for mDM and >13 for sDM, resulting in the selection of 8 

patients for the present study (Table 1).  

 mDM muscle showed limited DM features such as few perivascular inflammatory 

infiltrates, moderate perifascicular atrophy, focal capillary dropout (visible after CD31 

immunolabeling), and sparse myofibers undergoing regeneration (positive for CD56/NCAM) 

(Figure 1). In contrast, sDM muscle exhibited important myofiber damage featuring 

heterogeneity in myofiber size, severe perifascicular atrophy, necrosis and myophagocytosis, 

abundant inflammatory infiltrates, fibrosis, multiple areas of capillary dropout associated with 

atrophic areas and strong CD56 expression in perifascicular myofibers (Figure 1). Moreover, 

a simplified clinical correlation was made (Table 1). Globally, creatine kinase level and 

muscle weakness appeared consistent with the mild or severe status of DM patients. 

Persistence of muscle weakness over the years was observed only in sDM patients (Table 

1). 

 

Alteration of myogenic properties of MuSCs in DM  

The expression of CD56 in myofibers indicates that DM patient's muscles undergo post-

damage muscle regeneration. A previous in vivo analysis of DM muscle has shown that the 

number of cells expressing myogenic markers, including Pax7 (quiescent and activated 

MuSCs), MyoD (activated MuSCs) and Myogenin (differentiating MuSCs), is increased in 

myositis, including DM 21. Accordingly, the number of newly formed myofibers (positive for 
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neonatal myosin and CD56/NCAM) is also increased as compared with normal muscle 21. 

Here, we investigated the number of MuSCs in Healthy Control (HC) and sDM muscle via 

Pax7 expression, which specifies both quiescent and expanding MuSCs. Because muscle 

damage and regeneration localize in perifascicular areas in DM 2 (Figure 1), we analyzed 

perifascicular and intrafascicular areas separately (eFigure 1). The number of MuSCs 

(Pax7pos) was increased by 206% in perifascicular areas in DM versus HC muscle, while it 

was similar to the control values inside fascicles (Figure 2). It was previously shown that 

together with the presence of CD56pos myofibers, an increased number of Pax7pos cells 

indicates MuSC activation in attempt to regenerate damaged myofibers in perifascicular 

areas, which is the place of active disease in DM 2. Although not quantified, similar findings 

were observed in jDM with an increased number of Pax7pos cells at the site of perifascicular 

atrophy 22. 

 Upon activation, adult MuSCs follow the myogenesis program to replace damaged 

myofibers, a process that is spontaneously recapitulated in vitro. In vitro myogenesis 

includes 3 major steps that are proliferation, commitment into terminal myogenic 

differentiation and fusion to form multinucleated myotubes that prefigure myofibers (Figure 

3A). Proliferation assay (EdU incorporation in growing cells) showed that sDM-MuSCs and 

mDM-MuSCs exhibited a strong deficit in their proliferative capacities as compared with HC-

MuSCs (-43 and -31%, respectively) (Figure 3B, eFigure 2A). In accordance with our results, 

it was previously shown that MuSCs isolated from DM and polymyositis muscles exhibit a 

slower growth as compared with normal MuSCs 23.  

 After their expansion phase, MuSCs were transferred in differentiation medium and were 

analyzed for their differentiation and fusion capacities (Figure 3A). Figure 3C (and eFigure 

2A) shows that terminal differentiation, assessed by the expression of the myogenic 

regulatory factor Myogenin, was strongly decreased in sDM-MuSCs as compared with HC-

MuSCs (-68%), while mDM-MuSCs did not present a defect in their commitment into 

myocytes. In addition, the fusion capacities of both sDM and mDM were strongly altered as 

compared with those of HC-MuSCs, with a decrease of 71 and 36 % of their fusion index, 
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respectively (Figure 2D, eFigure 2A), leading to a decrease of the number of myotubes that 

were formed (eFigure 2B) and of the formation of large myotubes (eFigure 2C). Because 

MuSCs were purified using CD56 magnetic beads, leading to a range of 83 to 98% of 

CD56pos cells in the resulting population, we checked whether impaired proliferation and 

myogenesis were due to the presence of the 2 to 17% of non-myogenic cells in the cultures. 

Correlation analyses showed that culture purity had no impact on the capacity of MuSCs to 

proliferate (eFigure 2D) and to differentiate (eFigure 2E). In the protocol used, MuSCs were 

expanded before stimulation for myogenic differentiation. Therefore, the defect in 

proliferation may impact on the next steps that are differentiation and fusion. Indeed, 

correlation analyses showed that the low proliferation capacities of the cells did correlate with 

a low differentiation (eFigure 2F), and even further low fusion capacities (eFigure 2G). While 

these results cannot rule out an autonomous defect in differentiation and fusion per se in 

DM-MuSCs, they show that the low proliferation rate observed in DM-MuSCs impacted on 

their whole myogenesis properties. Finally, we showed that in the context of juvenile DM 

(jDM), jDM-MuSCs also exhibited a decrease in their proliferative capacities (-54% as 

compared with age-matched HC-MuSCs) (Figure 3E). 

 Altogether, these results support the presence of activated MuSCs in diseased areas of 

skeletal muscle of DM patients, associated with altered intrinsic myogenic properties of 

MuSCs that may account for the sustained patient muscle weakness. 

  

Increased senescence of MuSCs in DM  

The proliferation defect observed in DM-MuSCs may reflect alterations of cell cycle and/or 

senescence. Cell cycle status of MuSCs was investigated using Pyronin Y/Hoechst staining 

after synchronization of the cells as described in 17. No significant changes in the distribution 

of MuSCs in the various phases of the cell cycle were observed (eFigure 2A). The proportion 

of MuSCs entered into senescence was evaluated via the detection of beta-galactosidase 

activity and size of the cells 18, 24. First, analysis of the cell size by flow cytometry showed an 

increase in the percentage of large cells in both sDM-, mDM- and jDM-MuSC populations, as 
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compared with HC-MuSCs (27.5, 24.6 and 35.1% of senescent cells, respectively, versus 

18.2%) (Figure 4A). In all conditions, large cells showed an increase in beta-galactosidase 

activity, as compared with control (Mean Fluorescence Intensity (MFI) increased by 167, 159, 

and 139% respectively) (Figure 4B), accounting for a global increase of beta-galactosidase 

activity in the whole population. It was shown that in other contexts, such as aging and 

myotonic dystrophy type 2, human MuSCs that enter senescence do not proliferate and 

exhibit a deficit in implementing the myogenesis program, leading to less numerous and 

smaller myotubes 25, 26, as we observed here. In normal regenerating mouse muscle, the 

induction of senescence in MuSCs triggers an increased and sustained inflammation, leading 

to impaired muscle repair and fibrosis 27, as observed in sDM muscles. Interestingly, the 

analysis of the expression of myogenic factors in vivo in jDM showed that while the atrophic 

perifascicular areas are the place for an increased number of Pax7pos cells, no increase of 

MyoD and myogenin positive cells is observed 22, which is in accordance with our in vitro 

analysis. 

 These results point to augmented senescence in DM-MuSCs, which may explain their 

proliferation defect. In vivo, the accumulation of Pax7pos cells in perifascicular areas may be 

due to activated MuSCs that cannot implement myogenesis due to proliferation defect 

because of entry into senescence. Thus, MuSCs get activated due to myofiber damage but 

their limited proliferative properties prevent efficient muscle repair. This is correlated with the 

severity of the disease and may account for the persistent muscle weakness observed in 

some sDM patients. We therefore investigated whether IFN-I plays a role in the proliferation 

deficit of DM-MuSCs.  

 

Involvement of IFN-I in DM-MuSC proliferation deficit 

High IFN-I level is a prominent feature in DM pathology and its expression in muscle and 

blood of patients is associated with the severity of the disease 4, 6. IFN-I involvement in DM 

and jDM pathogenesis has been confirmed by histological studies 28-30, transcriptomic 

analyses 31, 32. Sources of IFN-I in DM skeletal muscle are diverse. Not only immune cells 
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express IFN-I, but endothelial cells, MuSCs themselves and newly formed myofibers 14, 33. 

The relative contribution of each cell type to the delivery of IFN-I in the neighboring milieu is 

not known, neither is the trigger leading to their expression/secretion of IFN-I. Nevertheless, 

we previously showed, using the SIMOA quantification, that jDM-MuSCs express IFN-I in 

vitro and that the expression is correlated with the severity of the disease 14. Here, we 

evaluated the IFN score of adult DM-MuSCs through the quantification of the expression of 6 

Interferon-stimulated genes (ISGs) using the Nanostring technology and found that the 

expression of IFIT44 and IFI27L was increased in sDM-MuSCs (eFigure 3B), confirming that 

IFN signaling occurred in these cells. 

 We therefore sought for a role of IFN-I pathway in the impaired MuSC proliferation in adult 

DM. First, we confirmed in vivo that IFN-signaling was operating in DM samples used in the 

present study. Myxovirus resistance protein A (MxA) is one of the IFN-I‐inducible proteins 2, 5, 

30. MxA immunoreactivity in the sarcoplasm of myofibers was detected in sDM, particularly in 

the perifascicular areas (eFigure 3C), as previously described 5, 30, i.e. in the areas where a 

higher number of Pax7pos cells was found (see Figure 2). Therefore, upon myofiber injury, 

MuSCs get activated in an IFN-I enriched environment. 

 Functional investigation of IFN-I effects on MuSC proliferation was performed using gain- 

and loss-of-function experiments on MuSCs in vitro. Gain-of-function approach used the 

treatment of HC-MuSCs with escalating doses of human recombinant IFN-β. The lower dose 

tested (10 U/ml) induced an increase of 20% of MuSC proliferation while higher 

concentrations of IFN-I inhibited MuSC proliferation in a dose-dependent way to reach 35% 

of inhibition at 1000 U/ml (Figure 5A). This evokes an inhibitory effect of IFN-I on DM-MuSC 

proliferation at high concentrations. The inhibitory effect of IFN-I on the proliferation of 

various cell types is well documented 34 and MuSCs are no exception to the rule. 

Mechanistically, several studies reported that prolonged IFN-I stimulation triggers cellular 

senescence 35, 36. The link between IFN-I signaling, MuSC senescence and alteration of their 

proliferation deserves further investigation. However, it was shown that aged MuSCs reverse 

senescence and increase their proliferation, at the population level, if placed in an 
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environment stimulating their autophagy 37. Finally, IFN-I-driven alteration of MuSC 

proliferation impacts on their myogenesis potential. Accordingly, previous studies showed 

that treatment of mouse C2C12 cell line and healthy human MuSCs with high concentrations 

of IFN-I leads to the inhibition of myotube formation 16, 38. 

 In another series of experiments, we treated HC-MuSCs with conditioned medium 

prepared from growing sDM- or mDM-MuSCs and showed a decreased of their proliferation 

of 22 and 15%, respectively, as compared with conditioned medium prepared from HC-

MuSCs (Figure 5B). This effect evidenced the autocrine nature of the deficit of proliferation 

observed in DM-MuSCs.  

 Loss-of-function experiments included the treatment of sDM-MuSCs with either 

Ruxolitinib, an inhibitor of the JAK/STAT pathway that equally inhibits JAK1, JAK2 and JAK3 

39, or a blocking antibody against the IFN-I receptor (IFNAR) before testing their proliferation. 

Figure 5C shows that both treatments increased the proliferation of sDM-MuSCs by 190%, 

rescuing of the proliferative capacities of DM-MuSCs up to the range of HC-MuSCs (Figure 

5B and 3B). This suggests that IFN-I is the main trigger of the proliferation defect observed in 

DM-MuSCs. To deepen this notion, we asked if Ruxolitinib could counteract the effects of the 

conditioned medium prepared from sDM-MuSC that was tested onto HC-MuSCs in Figure 3E 

above. Results in Figure 5D show that inhibiting IFN-signaling pathway rescued the inhibitory 

effect of the DM-MuSC supernatant (while no impact was observed with HC-MuSC 

supernatant). These data demonstrate that IFN-I secreted by DM-MuSCs is responsible for 

their low proliferation. 

 There are several evidence of IFN-I expression by MuSCs 14, 40, of their expression of 

ISGs (our results and 41, 42) and that Senescence-Associated Secretory Phenotype (SASP) 

includes IFN-I 43. Here, we show that autocrine/paracrine IFN-I delivery by DM-MuSCs is 

responsible of their myogenesis defect. 

 

Conclusion 
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Our results show an unexpected and strong intrinsic alteration of proliferation of MuSCs in 

DM, which leads to impaired myogenesis in vitro. This is in accordance with the deficit in 

muscle repair observed in DM patient biopsies, and provides an explanation for the 

sustained muscle weakness that is observed in some severe forms of the disease. Indeed, 

though improvement of muscle capacities is observed after immunosuppressive treatment, 

some studies have shown that "despite all the immunosuppressive drugs prescribed, 

inflammatory myopathy patients rarely fully recover their initial strength"  8, 9.  

 IFN-I appears to be the main trigger of the alteration in sDM-MuSC proliferation since 

blocking this pathway blunts the proliferation deficit. Chronic inflammation reduces the 

proliferation and migration of neural stem cells 44, blocks basal stem cells of the olfactory 

mucosa in the undifferentiated state through the IFN pathway 45, and alters the balance and 

comitment of hematopoietic stem cell subsets 46, 47. Here we propose that a sustained 

inflammatory environment triggers intrinsic changes in adult tissue stem cells, that affect their 

behavior through an autocrine/paracrine mechanism, including the sustained overexpression 

of IFN-I. Finally, our results advocate for the blockage of IFN-I signaling pathway in MuSCs 

to rewire myogenesis and muscle repair. In this respect, recent case reports presented 

encouraging results of the use of JAK/STAT inhibitors in severe DM or jDM patients 16, 48-50. 

 

Limitations of the study 

There are several limitations to this study, and questions that it does not answer. 

Intrinsic versus environmental causes of DM-MuSC proliferation defect. MuSCs from DM 

patients are exposed to chronic inflammation at the time of their isolation. The isolation 

procedure and cell culture duration exclude the presence of IFN coming from the in vivo 

environment of the cells. However, a sustained increase in IFN expression/secretion by 

MuSCs in vitro was observed by several studies 14, 40, 41, 42, that is correlated with the severity 

of the disease in jDM 14. The in vivo environmental trigger of this increased IFN-I expression 

is not known (IFN or/and other factors), nor the duration of this effect, which would be hardly 

quantified experimentally. 
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Cell cycle and senescence in DM-MuSCs. DM being a chronic disease with repeated 

myofiber damages, MuSCs are constantly activated. An hypothesis would be that may 

exhaust the number of cycles there are capable of before entering into senescence. 

However, answering this question would require larger cohort of MuSC samples 

Clinical relevance of the in vitro data. The small cohort of patient's material used in the 

present study prevents any clinical correlation, for instance in term of muscle damage, 

degree of muscle weakness, type of autoantibody, etc. Also the significance of the autocrine 

IFN-I loop in MuSCs is not possibly correlated with clinical parameters, due to the small 

number of patients. Larger cohort of patients would help to investigate the impact of the 

myogenesis deficit in DM patients from other parameters such as the response of the 

patients to immunosuppressive therapies. 
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Figure legends 

 

Figure 1. Histology of mDM (mild dermatomyositis) and sDM (severe dermatomyositis) 

muscles. mDM muscles (left panel) showed a relatively preserved structure, with 

perivascular inflammatory infiltrates and slight perifascicular atrophy (arrow in Hematoxylin 

eosin [HE] staining), sparse myofibers undergoing regeneration (CD56 positive myofibers, 

arrow), and focal capillary drop out (asterisk in CD31 staining). sDM (right panel) showed 

important myofiber damage, large inflammatory infiltrates and severe perifascicular atrophy 

(arrows in HE staining), numerous myofibers undergoing regeneration with perifascicular 

enhancement (CD56 positive myofibers, arrows), and multiple and large capillary drop outs 

(asterisks in CD31 staining). Bar = 50 µm. 

 

Figure 2. In vivo muscle satellite cells in DM-MuSCs. In vitro immufluorescence. Pax7pos 

cells (arrows showing red labeling) in muscle sections of Healthy control (HC) and sDM 

muscle biopsies (laminin in green to delineate the myofibers, nuclei in blue). The graph on 

the right show the counting when discriminating perifascicular (2-3 first perifascicular 

myofibers) from intrafascicular (rest of the fascicule) areas (see example in eFigure 1). 

Student t-test. ***=p<0.001. Bars = 50 µm. 

 

Figure 3. In vitro myogenesis in DM-MuSCs. (A) Scheme of in vitro myogenesis (upper 

row) and of the culture assay set up (lower row) used for the experiments (representative 

pictures are provided in eFigure 2A). (B) Proliferation was evaluated as the percentage of 

Edupos cells. (C) Differentiation was evaluated as the percentage of Myogeninpos cells. (D) 

Fusion index was evaluated as the percentage of nuclei within myotubes among the total 

number of nuclei. (E) Proliferation of jDM-MuSCs was evaluated as the percentage of Edupos 

cells and compared to age-matched HC-MuSCs. 5 HC-MuSCs, 5 sDM-MuSCs, 3 mDM-

MuSCs, 3 young HC-MuSCs and 3 jDM-MuSCs were used. Statistical tests were 

implemented as follows: one-way Anova followed by Tukey's multiple comparison tests for 

B,C,D; Student t-test in G. *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001. 

 

Figure 4. Senescence in DM-MuSCs. Senescence of MuSCs was analyzed by flow 

cytometry. In (A), the percentage of large cells was evaluated among the whole population 

(representative dot plots are shown in the right where large cells are in upper right position in 

orange, small cells are in pink). In (B), the mean fluorescence intensity (MFI) for beta-

galactosidase activity (C12FDG) is shown for each MuSC population (representative 

histograms are shown on the right with the threshold of the isotypic control in black). 5 HC-

MuSCs, 4 sDM-MuSCs, 3 mDM-MuSCs and 3 jDM-MuSCs were used. Statistical tests 
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included one-way Anova followed by Tukey's multiple comparison tests. *=p<0.05; 

**=p<0.01; ****=p<0.0001.  

 

Figure 5. IFN-signaling in DM-MuSCs. (A) HC-MuSCs were treated with recombinant IFN-I 

at different concentrations. Each color indicates one HC-MuSC sample (5 HC-MuSCs were 

used). (B) HC-MuSCs were treated with conditioned medium from HC-, sDM- and mDM-

MuSCs. Each symbol shape indicates the same HC-MuSC that was treated with different 

supernatants (3 different HC-MuSCs were used and treated with supernatants from 4 HC-

MuSCs, 4 sDM-MuSCs, and 2 mDM-MuSCs). (C) sDM-MuSCs were treated with either a 

JAK inhibitor (Ruxolitinib) or a blocking antibody against IFN-I receptor (IFNAR). Each color 

indicates one sDM-MuSC sample (5 sDM-MuSCs were used). (D) HC-MuSCs were treated 

with conditioned medium from HC- or sDM-MuSCs with or without Ruxolitinib. Each color 

indicates the same HC-MuSC sample (4 different HC-MuSCs were used and treated with 

supernatants from 2 HC-MuSCs and 2 sDM-MuSCs). Statistical tests included one-way 

Anova followed by Tukey's multiple comparison tests. *=p<0.05; **=p<0.01; ***=p<0.001.  
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Table 1. Histology  and clinical score of DM patients  
Patients #1 #2 #3 #4 #5 #6 #7 #8 

Inflammation         

Endomysial inflammatory infiltrates 0 0 1 2 1 1 1 1 
Perimysial inflammatory infiltrates 0 0 0 2 2 2 0 1 
Perivascular inflammatory infiltrates 0 1 0 2 2 2 1 2 

Vessels         

Arterial abnormality  0 0 0 1 1 0 1 1 

Myofibers         

Perifascicular myofiber atrophy  0 0 1 1 1 1 1 1 
Non-perifascicular myofiber atrophy 0 0 1 1 1 1 1 1 
Myofiber regeneration 0 1 1 1 1 1 1 1 
Myofiber necrosis 0 0 0 1 1 1 1 1 
Sarcolemmal C5b9 deposit 0 1 1 1 0 0 1 1 
Central myonuclei in normal fibers  1 0 0 1 1 1 1 1 

Interstitial compartment          

Endo- or perimysial fibrosis  0 0 0 1 1 1 1 1 
Endo- or perimysial lipid deposits 0 0 0 0 0 1 0 1 

Visual Analogic Scale score          

VAS 0.5 0.5 1 4 4 4 4 5 

Histological DM severity score 1.5 3.5 6 18 16 16 14 18 

Classification mDM mDM mDM sDM sDM sDM sDM sDM 

         
Clinical characteristics #1 #2 #3 #4 #5 #6 #7 #8 

Sex M M F M F F M F 
Age (years) 66 39 72 63 57 23 59 28 
Diagnosis delay (months) 9 12 38 13 10 4 6 8 
Time from onset to last follow up (y) 6 3 3 4 9 2 4 3 

Last MRC testing (scale 0-5) 5 5 5 
 

4 
 

4 
 

4 
 

4 
 

4 
 

Worst MRC testing (scale 0-5) 5 5 4 
 

3 
 

4 
 

4 
 

4 
 

4 
 

Proximal/distal muscle weakness / / prox. prox. prox. prox. prox. prox. 
Persistence of muscle weakness* no no no yes yes yes yes yes 
Walking aid device requirement no no no yes no no no yes 
Swallowing disorder no no no yes yes yes yes no 
Maximal creatine kinase (UI/L) 400 300 930 560 780 1200 6500 370 
Aldolase (UI/L) 12.4 20 24.5 9.9 5.5 46 / 17 
Specific auto-antibody MDA5 MDA5 Mi2 / MDA5 Mi2 SAE2 MDA5 
Muscle biopsy site Delt. Quad. Quad. Delt. Delt. Delt. Quad. Delt. 

mDM: mild dermatomyositis; sDM: severe dermatomyositis; F: Female, M: Male, MRC testing 
(Medical research Council score); *: at last follow-up; prox: proximal; Delt.: deltoid; Quad.: quadriceps. 
 

 
 












