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Objectives

The aim of this study was to investigate anti-synthetase syndrome (ASyS) patients who presented with recurrent episodes of fever and systemic inflammation.



Methods

A retrospective cohort of Chinese ASyS patients (n=126) in our center (between January 2013 and January 2020) was included. Patients presenting with concomitant autoimmune rheumatic diseases or malignancies were subsequently excluded. The number of non-infectious fever attacks and attack frequency were recorded and calculated. Patients with two or more attacks and within the upper three quartiles of attack frequency were defined as high-inflammation group. Univariate and multivariate analyses were carried out to characterize the high-inflammation subtype.



Results

Out of 113 eligible patients with an average of 5 years follow up, 25 patients were defined as the high-inflammation group (16 for anti-Jo1, 9 for anti-PL7), with an average of 1.12 attack/patient-year. Compared to low-inflammation group (0–1 attack only and a frequency lower than 0.5 attack/patient-year), the high-inflammation group had higher occurrence of fever and rapid progressive interstitial lung disease (RPILD) as the first presentation (84% vs. 21% and 40% vs. 9%, respectively, both p<0.01). Anti-PL-7 was related to the more inflammatory phenotype (p=0.014). Cumulative disease-modifying agent exposures (>=3) were much higher in the high-inflammation group (60% vs. 26%), while biological agents, i.e., rituximab and tocilizumab, showed better “drug survival” for Jo-1+ and PL-7+ ASyS patients with high inflammation, respectively, in our cohort.



Conclusions

ASyS with recurrent systemic inflammatory episodes reflects a subtype of more aggressive and refractory disease in the spectrum of ASyS. Increased awareness of this subtype might lead to more appropriate management.





Keywords: idiopathic inflammatory myopathies, anti-synthetase syndrome, fever, inflammation, anti-PL-7



Introduction

Anti-synthetase syndrome (ASyS) is one of the most common forms of idiopathic inflammatory myopathies (IIMs) in adults. Although ASyS shares many features with dermatomyositis (DM) and polymyositis, it has distinctive serological and clinical patterns (1). Serological hallmarks, i.e., anti-tRNA-synthetase antibodies (ARSs), have been identified, with anti-Jo-1 (histidyl-) ARS being the most common, followed by anti-PL-7 (threonyl-), anti-PL-12 (alanyl-), anti-EJ (glycyl-), and anti-OJ (isoleucyl-) antibodies, which are tested routinely in clinical practice. ASyS encompasses a cluster of clinical features, including myositis, interstitial lung disease (ILD), arthralgia or arthritis, Raynaud’s phenomenon, fever, and cutaneous manifestations such as mechanic’s hands and DM-like rashes, forming a constellation under the name ASyS (2). A meta-analysis including 27 idiopathic inflammatory myopathy studies (n=3,487) (3) found that patients positive for ARSs presented significantly more ILD (70%, CI 63–73), arthralgia (62%, CI 59–65), fever (43%, CI 43–47), and Raynaud’s phenomenon (47%, CI 43–51) than patients with other myositis-specific autoantibodies (mainly anti-Mi2 and anti-SRP) (4).

It is noteworthy that fever is a common and prominent clinical manifestation of ASyS, which is different from other IIMs, with a reported incidence varying from 26% to 61% (5, 6). Although most disease courses of ASyS are chronic with good-to-moderate response to conventional immunosuppressive treatments, patients who presented with recurrent episodes of fever and elevated acute phase reactants due to systemic inflammation were deemed to be more aggressive and difficult to treat.

In the current study, by analyzing a retrospective ASyS cohort, we focused on a subgroup of patients who presented with recurrent non-infectious fever and systemic inflammation. Our aim was to delineate the clinical characteristics of this special subtype in the spectrum of ASyS in a real-world setting.



Methods


Study Cohort

A retrospective cohort was established with consecutive patients diagnosed with ASyS referred to the Department of Rheumatology, Renji Hospital South Campus, Shanghai Jiao Tong University School of Medicine, from January 2013 to January 2020. The inclusion criteria were a clinical diagnosis of ASyS, with definitive serology findings of one of the five ARSs (Jo-1, PL-7, PL-12, EJ, and OJ) tested, along with at least one triad finding, encompassing myositis, arthritis, and ILD (1). The exclusion criteria were patients with malignancy within 3 years before or after the ASyS diagnosis and overlapping with other connective tissue diseases, such as systemic lupus erythematosus (SLE) and systemic sclerosis (SSc). Erosive or non-erosive arthritis with or without the presence of rheumatoid factor (RF) and anti-citrullinated protein antibody (ACPA) in ASyS patients had been demonstrated (7, 8). Thus, rheumatoid arthritis classification criteria were not implemented as exclusion criteria. This study protocol was approved by the internal ethics committee with informed consent for desensitized clinical data collection obtained from all patients.

Patient demographic information, clinical manifestations, laboratory tests, radiographic findings, and treatments were all retrospectively collected and evaluated. All eligible patients were ranked by the total number of systemic inflammation attacks.



Terminologies

An attack of systemic inflammation was defined as acute episode of fever (with a documented temperature of 38°C or higher) during the disease course with elevated acute phase reactant (ESR >20 mm/h and/or CRP>8 mg/L), not otherwise explained, such as infection or drug fever, and was controlled only by enhanced immunosuppression (glucocorticoids and/or immunosuppressants). Recurrent fever within 1 month was only counted once.

Fever at disease onset referred to fever attack within 3 months from the onset of disease.

Interstitial lung disease (ILD) was identified by chest high-resolution CT (HRCT) with or without a consistent pulmonary function test. Radiological patterns of ILD were predominantly classified as usual interstitial pneumonia (UIP), non-specific interstitial pneumonia (NSIP), or organizing pneumonia (OP) according to the 2002 American Thoracic Society/European Respiratory Society classification criteria (9). All HRCT images were independently evaluated by two experienced investigators who were blinded to the clinical information.

Rapid progressive ILD (RPILD) including acute/subacute interstitial pneumonia was defined as the deterioration of the radiological interstitial changes with progressive dyspnea and hypoxemia associated with ILD within 3 months (10), which was attributed to ASyS per se rather than other causes such as infection, heart failure, or pulmonary embolism.

Myositis was defined as proximal muscle weakness and/or pain along with creatinine kinase elevation, with a compatible muscle magnetic resonance or electromyography or muscle biopsy findings.

Refractory disease was defined as exposure to at least three disease-modifying antirheumatic drugs (DMARDs), including methotrexate, azathioprine, cyclophosphamide, mycophenolate mofetil, cyclosporine, tacrolimus, leflunomide, and biological DMARDs (bDMARDs), namely, rituximab or tocilizumab, as the DMARDs used in our cohort, given sequentially or concomitantly.

A good response to a given DMARD was defined as clinical improvement without fever, active arthritis or myositis, or worsening pulmonary function test results and/or chest HRCT images and allowed glucocorticoids to be tapered to a maintenance prednisone dose of 5 to 10 mg per day or equivalent dosage (11); otherwise, the patient was categorized as a poor responder. Undetermined response was for patients still under follow-up and glucocorticoid tapering but not reaching a maintenance dosage.



Detection of Myositis-Specific Autoantibodies

The identification of the anti-synthetase autoantibodies (anti-Jo-1, anti-PL-7, anti-PL-12, anti-OJ, anti-EJ) was determined by the Euroline Autoimmune Inflammatory Myopathies 16 Ag kit (Euroimmun, Luebeck, Germany). Simultaneously, a Bio-Plex Pro 2200 (Bio-Rad, USA) immunoassay system for Luminex-liquichip was used to detect autoantibodies against extractable nuclear antigens (ENA, anti-Jo1 included) and ACPA.



Statistical Analysis

Categorical variables were compared using Fisher’s exact test or Pearson Chi-square test, while continuous variables were compared for two groups using independent sample Student’s t test or Mann-Whitney U test, as appropriate. One-way ANOVA or Kruskal–Wallis rank sum tests were performed for multiple comparisons. Multivariate logistic regression analysis was performed to assess the independent risk factors and presented as odds ratios [ORs with 95% confidence intervals (CIs)]. All analyses were performed using SPSS V.19 (Armonk, NY, USA) or GraphPad 5.0 (San Diego, CA, USA) software. The difference was considered statistically significant when the p-value was less than 0.05.




Results


Study Cohort

We initially included 126 ASyS patients between January 2013 and January 2020 (Figure 1). Concomitant malignancies within 3 years (n=5, one pancreatic cancer, one lung cancer, one colon cancer, one breast cancer, and one for high clinical suspicion of cancer with bloody pericardial effusion/tamponade who deceased rapidly after being complicated with pulmonary embolism, for whom cytological or pathological evidence of malignancy was not established) and overlap syndrome (SLE, n=6; SSc, n=1; ankylosing spondylitis, n=1) were excluded. Ultimately, 113 patients were eligible, with 55 patients positive for anti-Jo1 (49%), 22 for anti-EJ (20%), 19 for anti-PL7 (17%), 11 for anti-PL12 (10%), and 6 for anti-OJ (5%). The average age at disease onset was 50 years, with a female predominance (76%), and the mean follow-up time was 58 ± 56 months. Myositis and ILD were present in 64% and 89% of patients, respectively. Seven patients died during follow-up and had a 6% 5-year mortality rate in this cohort. The profile is consistent with other ASyS cohorts reported (12).




Figure 1 | Flowchart of patients with ASyS.





Fever Attacks

Overall, 67 patients (59%) experienced fever attacks during the observed follow-up time; of those, 31 (27%) had one, 18 (16%) had two, and 18 (16%) had three or more attacks. As shown in Table 1, significant intergroup differences (according to the numbers of attacks) were revealed for fever at disease onset (p<0.001) and RPILD (p=0.002), which favored patients with two or more attacks. There were no significant intergroup differences in myositis, arthralgia, Raynaud’s phenomenon, mechanic’s hands, or DM-like rashes. The most common radiological pattern of ILD associated with ASyS was NSIP (73%); meanwhile, patients also presented OP (3%), UIP (4%), or NSIP/OP overlap radiological patterns (11%). Of the 12 patients described as a radiological NSIP/OP overlap pattern, up to eight patients presented as RPILD, which was in line with the predisposition of this NSIP/OP overlap pattern among patients with more attacks. Regarding ARSs, 53% of PL-7 patients presented two or more attacks. Stacked column plots displayed discordance of the distribution of such attacks in different ARS subtypes, with a higher cumulative number of attacks among Jo-1+ and PL-7+ ASyS patients (Figure 2A). No significant difference was observed in anti-Ro52, anti-Ro60, anti-La, ACPA, and anti-Pm-Scl. The treatment difference was prominent, with more DMARD (biologics included) exposure among patients with more attacks (p<0.001).


Table 1 | Clinical manifestations regarding the numbers of attacks of systemic inflammation in an ASyS Chinese cohort.






Figure 2 | (A) Distribution analysis of systemic inflammation attacks in different ARS+ ASyS. (B) High-inflammation group is determined as the patients with ≥2 attacks and higher than 0.5 attacks per year during the follow up. Low-inflammation group is determined as patients with no more than one attack and a frequency <0.5 attack/patient-year.





Definition and Characterization of High-Inflammation Subtype in ASyS Patients

We next calculated the frequency of attacks (per patient-year) for all eligible patients. The mean frequency of such attacks in our cohort was 0.39 per patient-year. For the ASyS patients manifested by recurrent (two or more) attacks (n=36), the median frequency was 0.77 (IQR 0.40, 1.26) attacks/patient-year. The lower quartile rounding to 0.5 attack/patient-year was set as the cutoff, and patients with higher frequency attacks and had at least two attacks were defined as high-inflammation group (n=25). For comparison, low-inflammation group was defined as patients who had only 0–1 attacks and no additional attack after at least 2 years of follow-up (<0.5 attack/patient-year, n=47) (Figure 2B). Of note, the rest of the patients who met neither definition were categorized as undetermined (n=41). Comparison analyses between undetermined vs. high-inflammation group and low-inflammation group were presented as Supplementary Table 1. The attack frequencies in the high-inflammation and low-inflammation groups were 1.12 ± 0.53 and 0.07 ± 0.13 (attacks/patient-year), respectively.

Univariate analysis comparing high-inflammation group versus low-inflammation group suggested that the more inflammatory subtype of ASyS patients was more likely to have fever and RPILD as the first presentation (84% vs. 21%, p<0.001 and 40% vs. 9%, p=0.003, respectively, both p<0.01). Importantly, anti-PL-7 (p=0.014) was significantly correlated with high-inflammation subtype compared to other ARSs. These three baseline parameters were subjected to multivariate logistic regression. Finally, fever at disease onset and RPILD remained independent risk factors for the high-inflammation group (p<0.001 and p=0.016, respectively) (Table 2). To further characterize the high-inflammation subtype, the 25 patients were divided into anti-Jo-1+ and Anti-PL-7+ ASyS patients (Table 3). Anti-PL-7+ ASyS patients with high inflammation showed higher CRP/ESR/Ferritin/IL-6 levels during attack compared with Anti-Jo-1+ ASyS patients, but only ESR reached the statistical significance (p<0.01). To evaluate the hyper-inflammation status, HScore were calculated (13), and the median HScore of high-inflammation subtype was around 70 (the probability of having Macrophage Activation Syndrome (MAS) <1%). In addition, PL-7+ ASyS patients with high inflammation had a higher positive rate of ACPA (p=0.028), although no difference in terms of the presence of arthralgia/arthritis compared to Jo-1+ ASyS patients.


Table 2 | Univariate and multivariate analyses in ASyS patients with high inflammation and low inflammation.




Table 3 | Characterization of the high-inflammation group in ASyS patients (Anti-Jo-1+ vs. Anti-PL-7+).





Response to Treatment

The more inflammatory subtype of ASyS patients was more refractory to treatments, as evidenced by higher (>=3) cumulative DMARD exposures (60% vs. 26%) and more bDMARD exposures (72% vs. 19%). The responsiveness to specific DMARDs is presented by a heat map with green, red, and yellow colors, representing good, poor, and undetermined responses, respectively (Figure 3). The overall responsiveness to conventional DMARDs among ASyS patients with high inflammation was poor. Notably, among 11 out of the 16 Jo-1+ ASyS patients with high inflammation receiving rituximab, nine patients had a good response. Conversely, among three out of nine PL-7+ ASyS patients with high inflammation treated with rituximab, two failed treatment; whereas tocilizumab exposure (intravenous standard dose at 8 mg/kg every 4 weeks) in another four PL-7+ ASyS patients achieved a good response.




Figure 3 | Treatment response in the high-inflammation group of ASyS patients. Each column represents one individual patient. * Deceased due to GI bleeding.






Discussion

Currently, there is no international consensus for the classification of ASyS. However, according to the largest ASyS cohort AENEAS (American and European NEtwork of Antisynthetase Syndrome) (1), a combination of ARS and any manifestation of the “triad” (myositis, ILD, and arthritis) might be a legitimate ASyS. By using our single-center cohort, we focused on fever attacks beyond the classic triad among Chinese ASyS patients. We have found that ~60% of patients experienced one or more febrile attacks during an average 5-year follow-up. In addition, ~30% of the patients had recurrent attacks (>=2). We took those with more than two febrile attacks and combined with the time-adjusted frequency of attacks to further define this subpopulation.

These patients, represented ~20% of our ASyS cohort and had three distinctive features. First, these patients experienced more RPILD (40%) and tended to present fever (84%) within 3 months from disease onset, providing important clues for early recognition of the more inflammatory phenotype. Indeed, RPILD has been reported in 7.8–29.2% of ASyS patients (14). The link between recurrent fever attacks and RPILD suggests that RPILD may be a component of profound systemic inflammation. It is noteworthy that this hyper-inflammation status in ASyS is quite different from the classic macrophage activation syndrome, according to our data.

Second, the correlation between PL-7 and the more inflammatory phenotype was informative. The ARS serology of high-inflammation subtype in our cohort was exclusively either PL-7+ or Jo-1+. Nearly ~50% of PL-7 patients in our cohort were labeled as high-inflammation subtype, which might “ring-a-bell” for clinical judgment when PL-7 was encountered. On the other hand, ~30% of Jo-1 patients were classified as high-inflammation group. Therefore, the number of Jo-1+ ASyS patients with high inflammation was more attributed to the high prevalence of Jo-1 in the ASyS cohort. Likewise, none of the EJ+, PL-12, or OJ+ ASyS patients in our cohort fulfilled the high-inflammation subtype definition, which might simply be because of the small number of patients. As an example, in a larger single-center Chinese ASyS cohort (n=234), the authors reported 46 EJ+ patients who had similar occurrences of fever (60.9%) and RPILD (21.7%) (6). Some patients might well be labeled as high-inflammation subtype. And there is no explicit relationship between high-inflammation phenotype and the ARS antibodies that are not routinely measured.

Third, high-inflammation subtype of ASyS patients was more refractory to conventional immunosuppressive therapies. In this descriptive study, we observed a good response to rituximab for most Jo-1+ ASyS patients with high inflammation. The rituximab in myositis (RIM) study and subanalysis suggested that Jo-1+ patients were better responders to rituximab (15, 16). The observation in our study probably reflects evidence-driven decision-making processes. More interestingly, for PL-7+ ASyS patients with high inflammation, this is the first anecdotal report of a promising response to tocilizumab. As an interleukin-6-receptor inhibitor, tocilizumab has been extensively tried out in various hyperinflammatory status. The underlying physiopathology in high-inflammation subtype of ASyS patients might turn out to be a good rationale to justify using tocilizumab instead of conventional treatment. Subsequent clinical trials in PL-7+ ASyS patients are needed to fully address its possible efficacy.

The disease spectrum of ASyS is likely to be continuum, and the high-inflammation subtype of ASyS definition we used in the current study is somewhat arbitrary; however, the terminology reflects the endeavor to understand the systemic inflammatory aspect of ASyS. Another major limitation of this study is the retrospective single-center design and limited number of patients. Larger, independent, multicenter studies ideally covering different ethnic populations are mandatory to thoroughly evaluate this intriguing subtype of ASyS. This will be the only way to surpass the possible “auto-analysis” issue. Finally, the treatment options in the current study were highly investigator-dependent; nevertheless, the data might reflect “drug survival” during “trial-and-error” selection in a real-world setting.
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Background: Anti-melanoma differentiation-associated protein 5 (MDA5) positive dermatomyositis (MDA5+DM) patients have poor outcomes due to rapidly progressive interstitial lung disease (ILD). The accurate assessment of lung involvement is an urgent focus of research.

Methods: A computer-aided lung interstitial image analysis technology has been developed, and a quantitative indicator named effective lung ventilation area ratio (ELVAR) that calculates the proportion of the area outside the lung interstitium in lung tissue has been established. 55 newly diagnosed MDA5+DM patients and 46 healthy individuals, matched for age and gender, were enrolled in this study. MDA5+DM patients were classified into early death group or early survival group according to their survival state within 3 months after diagnosis. Clinical characteristics, laboratory and immunological test results, lung involvement (including ELVAR value) and treatment were compared between early death group and early survival group to determine an index that can predict prognoses of patients with MDA5+DM.

Results: There were significant differences between early death MDA5+DM patients and early survival MDA5+DM patients about 12 indices including age of onset, CRP, ferritin, albumin, and pulmonary involvement including severity of type I respiratory failure at diagnosis, P/F ratio, oxygen supplementation, values of ELVAR, FVC, and DLCO. The results of ROC analysis and correlation analysis showed the value of ELVAR had good diagnostic value and widely correlation with many clinical characteristics. Univariate analysis and Multivariate analysis showed four factors including age of onset, ferritin, value of ELVAR, and oxygen supplementation >4 L/min significantly value for poor prognosis in MDA5+DM patients. A cutoff value of 0.835 about ELVAR had good predictive power for mortality within 3 months in 54.2% of MDA5+DM patients.

Conclusion: The value of ELVAR derived from computed tomography image analysis is a new index that can predict poor outcomes in MDA5+DM patients with rapidly progressive interstitial lung disease.

Keywords: dermatomyositis, anti-melanoma differentiation-associated protein 5 antibody, interstitial lung disease, prognosis, effective lung ventilation area ratio, computer-aided image analysis


INTRODUCTION

Idiopathic inflammatory myopathy (IIM) are heterogenous family of diseases (1). Dermatomyositis (DM) is a subtype of IIM that is characterized by skin rash and myopathy. The incidence of DM in the American population is approximately 1–6 per 100,000 people (2). Although the cause of DM is unknown, recent studies have revealed that anti-melanoma differentiation-associated protein 5 (MDA5) is associated with a subtype of DM (3). MDA5 promotes the production and activation of type I interferon (IFN), which is involved in the pathogenesis of DM (4, 5). Several clinical studies have found that MDA5+DM patients are more likely to develop rapidly progressive interstitial pneumonia (ILD) with life-threatening characteristics (6–9). Even after receiving active drug therapy, MDA5+DM patients may die soon after, and 6-months mortality has been reported to be as high as 59% (10, 11). Therefore, the accurate assessment of prognoses of MDA5+DM patients is an urgent focus of research.

The advantage of high-resolution computed tomography (HRCT) is its ability to detect interstitial pneumonia with mild lesions in the early stage of the disease. The current limitation is the lack of a quantitative method to accurately identify subtle changes in abnormalities. Although several studies on the quantitative analysis of lung interstitial lesions in patients and mice have been conducted (12–16), results have not been convincing. Our study aimed to develop metric tools for clinicians to accurately assess the severity of interstitial pneumonia and establish a methodological plat that combines radiology and computer technology to predict prognoses of patients with MDA5+DM.



MATERIALS AND METHODS


Patient Data Collection

This single-center retrospective study was approved by the ethics committee of the Second Xiangya Hospital of Central South University (approval number: MDA5-IIM2020). All 55 MDA5+DM patients were newly onset and newly diagnosed fulfilling expert consensus from 239th ENMC International Workshop with MDA5 positive characteristic (17). Patients were hospitalized in the ward of Department of Rheumatology and Immunology between January 1st, 2015 and December 31st, 2018. Those who died within 3 months after diagnosis were classified into early death group, and those who had survived more than 3 months after diagnosis were classified into early survival group. Patient survival status was confirmed by medical records or by telephone. The survival status of patients in early survival group was verified 1 year later by telephone. Clinical characteristics, laboratory data, pulmonary involvement, antibody positive, and treatment information were obtained retrospectively from medical records. ILD diagnoses were verified by a radiologist and a respirologist (Figure 1). As control group, 46 healthy subjects, matched for age and gender, were included in the study to compare lung HRCT analysis results with the MDA5+DM patients. Our study complied with the Declaration of Helsinki and informed consents were obtained from all subjects (or their legally authorized representative in cases of patient death).


[image: Figure 1]
FIGURE 1. Flow chart of clinical research design for newly diagnosed MDA5+DM patients. ALB, albumin; ANA, antinuclear antibody; ARS, minoacyl-tRNA synthetase; CRP, C reactive protein; CK, creatinine kinase; DLCO, carbon monoxide diffusing capacity; ELVAR, effective lung ventilation area ratio; ESR, erythrocyte sedimentation rate; Ferr, ferritin; FVC, forced vital capacity; ILD, interstitial lung disease; LDH, lactate dehydrogenase; MAA, myositis associated antibody; Mb, Myoglobin; MDA5, melanoma melanoma differentiation associated gene 5; MSA, myositis specific antibody; PCT, procalcitonin; P/F ratio, PaO2/FiO2 ratio; SRP, signal recognition particle; SAE, anti-small ubiquitin-like modifier antibody; TIF1-γ, transcription intermediary factor 1-gamma.




Computer-Aided Analysis of Lung HRCT

ILD include some basic radiology features in HRCT such as reticulations, septal thickening, ground glass opacities, nodules, bronchiectasis and bronchiolectasis, honeycombing, consolidation, etc. All these features showed the differences of density (CT values) in images. Our quantitative analysis method was proposed from difference of CT values in Digital Imaging and Communications in Medicine (DICOM) of HRCT images. Simply, firstly, a special lung segmentation algorithm of interstitial lung disease was developed. Then, high-precision three-dimensional images of lung interstitium were reconstructed to detect interstitial pixels beyond the limit scope of naked eyes. An index named by Effective Lung Ventilation Area Ratio (ELVAR) were calculated indicting pulmonary ventilation function.


Lung Segmentation

The process of lung segmentation was divided into four stages.

1. Lung coarse segmentation stage.

Original lung HRCT images were collected from lung windows of every 1 mm scan (Figure 2A). Due to difference of CT value, the lung tissue can be separated with other human tissues from mediastinum to chest wall. This leaded to the generation of binary lung tissue region images (Figure 2B).

2. Lung contour detection stage.

The task of this stage was to draw the outlines of lung based on the coarse segmentation results. Firstly, a Gaussian function was adopted to eliminate noise, hence a transition zone was produced near the lung edge, so the binary lung tissue region images were filtered and smoothed (Figure 2C). Subsequently, a Laplace operator was used to produce the inner and outer boundaries on the lung edge. The outer boundary was selected as the candidate lung edge which included all irregular fragments near the boundaries (Figure 2D). The lung contour image was finally generated by filling the interior of the candidate lung edge (Figure 2E).

3. Lung hole elimination stage.

Because the lungs are near other organs, such as the heart, spleen, liver, and stomach, an obvious hole can appear in the CT images of the lower part of the lung. The goal of this stage was to detect and eliminate the hole area. Images detecting hole area (Figure 2D) were superimposed onto the lung contour images (Figure 2E) and were finally shown as Figure 2F. Using the region-growing method, the most lateral region of the lung was identified and set as the background, so that only the hole and blood vessels were preserved. Because blood vessels are small, the larger component with more than a specific number of pixels is regarded as the mask hole (Figure 2G). The quasi- images of lung with mask hole were obtained by subtracting the mask hole from the lung contour image(s).

4. Lung contour shrinkage stage.

The main objective of this stage was to generate a more accurate lung edge. First the candidate lung edges (Figure 2E or Figure 2H) were gradually contracted until they were coincided with the zero-crossing boundary, which were regarded as the accurate edges of the lung, therefore the images of lung masks were obtained (Figure 2I). An “and” operation on the original image (Figure 2A) and its lung mask (Figure 2I) would produce accurate lung segmentation result (Figure 2J). The total number of lung voxels (L) was obtained by counting the lung pixels from accurate lung segmentation results.


[image: Figure 2]
FIGURE 2. Procedure of computer-aided analysis of lung HRCT. (A) Original lung HRCT images were collected; (B) Coarse binary lung tissue region images were acquired due to difference of CT value; (C) Binary lung tissue region images were filtered and smoothed by Gaussian function; (D) Outer boundary of binary lung tissue region images was selected by Laplace operator; (E) The interior of lung edge was filled in binary lung tissue region images; (F) Images detecting hole area were superimposed onto the lung contour images; (G) Images with mask hole were identified; (H) Quasi- images of lung with mask hole were obtained by subtracting the mask hole from the lung contour image; (I) Images of lung masks with accurate edge were obtained; (J) An “and” operation produced accurate lung segmentation images; (K) Lung interstitial enhancement images were generated according to curvature feature of lung interstitium; (L) ELVAR were calculated by formula of (L–I)/L, L were the total number of lung voxels and I were the total number of interstitial voxels.




Lung Interstitial Enhancement

Because the lung interstitium was accompanied with blood vessels, and the pixels in the pipeline significantly differed in the direction of curvature, potential lung interstitial pixels not being detected by normally vision could be detected according to their curvature feature. This allowed the identification as many interstitial pixels as possible and the lung interstitial enhancement images were generated (Figure 2K). Finally, the total number of interstitium voxels (I) was obtained by counting the pixels of all the lung interstitial enhancement images.



Calculation of Effective Lung Ventilation Area Ratio

Using L, the total number of lung voxels, and I, the total number of interstitial voxels, ELVAR can show pulmonary ventilation function by applying the formula of (L–I)/L (Figure 2L), which indirectly correlate with the scope of interstitial lung disease (Figure 3), i.e., low value of ELVAR means high scope of lung interstitium and low ventilation function. Using quantitative analysis method of lung segmentation and lung interstitial enhancement, the original lung HRCT images (Figures 4A1–A4,B1–B4) could be reconstructed into the lung interstitial enhancement images (Figures 4C1–C4,D1–D4) and high-precision three-dimensional images of the lung interstitium (Figures 4E1–E4), and the subtle lung interstitial changes can be more easily observed by comparing the images from different patients.


[image: Figure 3]
FIGURE 3. Calculation procedure of Effective Lung Ventilation Area Ratio (ELVAR). List P were original images of lung windows from HRCT (Figure 2A). List R were segmentation results from List P (Figure 2J). List L were data of calculation results of List R in the algorithm program (Figure 2I). List I were data of lung interstitial enhancement of List R in the algorithm program (Figure 2K).



[image: Figure 4]
FIGURE 4. Lung images of four MDA5+DM patients with different value of ELVAR. (A,B) Original HRCT images in the different level of lung tissue (A was the section from bifurcation of the trachea and B was the section above the top of diaphragm); (C,D) The lung interstitial enhancement images from A and B based on computer aided analysis technique; (E) High precision three dimensional images of the lung interstitium from the same person.





Statistical Analysis

Statistical analysis was performed using the SPSS software version 26.0 (Chicago, IL, USA). Chi-square and Fisher's exact tests were used to compare dichotomous data, and comparisons of continuous variables were performed using Student's t-test or Wilcoxon's rank-sum test. Correlation analysis between ELVAR and other variables were applied with Spearman or Kendall. The receiver operator curve (ROC) analysis was performed to evaluate the diagnostic performance of the statistical significance index. Cox proportional hazards regression analysis was used to assess the prognostic factors based on Duration from treatment to death or 1 year. Odds ratios (OR) were presented with 95% confidence intervals (CI). Twelve months of survival curves of different ELVAR values of MDA5+DM patients were drawn using the Kaplan-Meier method. Two-tailed p < 0.05 were considered significant.




RESULTS


Comparisons Between Early Death Group and Early Survival Group

In Table 1, the data showed that duration from onset to treatment (months) between early death group and early survival group were 2.0(1.0,3.0) and 2.5(1.5,4.0). Therefore, we had enough evidence to show that our patients were at the early stage of disease. For the 55 MDA5+DM patients, there were no significant difference between two groups in duration from onset to treatment and treatment drugs, which indicted the time of diagnosis and different treatment were not the risk factors leading to different prognosis. There was a significant difference in age of onset between early death group and early survival group (56[47.25,61.75] vs. 50[44,55] years), which suggested that patients with elder age onset had a higher risk of early death. Obviously, the difference among duration from treatment to death or 1 year, mortality within 3 months, mortality within 12 months between above two groups were significant. Serum C reactive protein (CRP) and level of ferritin in early death group (12.29[5.81, 23.65] mg/L and 568.35[481.71, 583.02] ng/ml, respectively) were higher than those in early survival group (4.13[2.21,11.10] mg/L and 452.07[320.44, 561.12] ng/L). However, albumin levels in early death group were lower than those in early survival group (24.40[23.50, 27.35] vs. 30.30[27.60,34.10] g/L), which indicated that MDA5+DM patients in early death group had aggressive systemic involvement. Other characteristics, such as the skin and muscle, laboratory data, myositis-specific autoantibody (MSA), myositis associated autoantibody (MAA) revealed no significant differences between groups (Table 1).


Table 1. Comparison between early death group and early survival group in MDA5+DM.

[image: Table 1]

For pulmonary involvement, there were no significant differences in cough, pneumothorax, ILD diagnosis, or radiological features of ILD. The values of ELVAR indirectly reflecting the severity of interstitial structure were significantly different between early death group and early survival group (0.7973[0.7458, 0.8338] vs. 0.8685[0.8155, 0.8956], Figure 5B). The differences among severity of type I respiratory failure at diagnosis (no, mild and severe), P/F ratio and oxygen supplementation (0 and >4 L/min) between two groups were significantly. The two indices of the lung function test, FVC % predicted (FVC PRED) and DLCO% predicted (DLCO%PRED), were 42 (37, 53) and 35 (28, 46)%, respectively, in early death group, which were lower than those in early survival group (79 [78, 81] and 79 [78, 80]%).


[image: Figure 5]
FIGURE 5. Clinical significance of value of ELVA. (A) Comparison of ELVAR values between healthy controls and MDA5+DM patients; (B) Comparison of ELVAR values between early death MDA5+DM patients and early survival MDA5+DM patients; (C) ROC analysis of ELVAR and best cutoff value was 0.835; (D) Comparison of 12-month Kaplan-Meier survival curve between higher ELVAR MDA5+DM patients and lower ELVAR MDA5+DM patients.




ROC Analysis and Correlation Analysis

The ROC analysis of the eight significantly different indices (i.e., age at onset, CRP, level of ferritin, value of ELVAR, P/F ratio, level of albumin, FVC and DLCO) showed that value of ELVAR, level of albumin and P/F ratio had well diagnostic value for early death within 3 months with higher sensitivity (71.8, 87.2, and 87.2%) and specificity (81.2, 75.0, and 75.0%). FVC and DLCO with lower specificity will be verified with more data in the future because only two patients underwent a lung function test and the remaining 14 patients did not accept the lung function test because of intolerability or early death in the early death group of the study (Table 2). As for correlation analysis, level of albumin, value of ELVAR and P/F ratio had different correlation with all indices except for FVC and DLCO, the scope of correlation about value of ELVAR lied in moderate range (Table 3). ROC analysis and correlation analysis indicted value of ELVAR had good diagnostic and correlation with clinical characteristics.


Table 2. Analysis of ROC by eight significantly different indices between early death group and early survival group.

[image: Table 2]


Table 3. Correlation analysis between value of ELVAR, level of Albumin, P/F ration and significant different indices from comparison between early death group and early survival group.

[image: Table 3]



Clinical Significance of ELVAR Values
 
Distribution and Comparison of ELVAR Values Between Healthy Controls and MDA5+DM Patients

Using computer-assisted lung HRCT image analysis, we found that the lungs of MDA5+DM patients differed significantly from those of healthy controls. There were interstitial hyperplasia structures in the outer lung area of patients. In severe cases, it had spread to the middle and upper regions of the lung (Figure 4). Results showed that value of ELVAR in healthy controls were higher than those in MDA5+DM patients (0.9351[0.9311, 0.9414] vs. 0.8487[0.8018, 0.8875]; Figure 5A).



Difference Between the Lower ELVAR Group and Higher ELVAR Group

The ROC analysis of ELVAR values showed that the best diagnostic cutoff value was 0.835 (Figure 5C). Based on this ELVAR cutoff value, 24 MDA5+DM patients were classified into the lower ELVAR group (ELVAR <0.835) and 31 into the higher ELVAR group (ELVAR ≥ 0.835). The comparison revealed that the rates of mortality within 3 months in the lower and higher ELVAR groups were 54.2 vs. 9.7%, respectively, whereas 12-month mortality rates were 54.2 vs. 12.9%, respectively (Figure 5D), which indicated that the ELVAR value was more predictive of early mortality within 3 months. The differences among severity of type I respiratory failure at diagnosis (no), P/F ratio and oxygen supplementation (0 and >4 L/min) between two groups were significantly. For the other indices, dyspnea in lower ELVAR group was more frequent than that in higher ELVAR group (79.2 vs. 48.4%), and lymphocyte count of lower ELVAR group was lower than that of higher ELVAR group (0.65[0.50, 0.87] vs. 0.92[0.63, 1.34] × 109/L; Table 4).


Table 4. Comparison between lower ELVAR group and higher ELVAR group.
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ELVAR as a Risk Factor for Poor Prognosis of MDA5+DM Patients

To identify the indicators of poor outcomes in MDA5+DM patients, we performed Cox regression analysis. Results of the univariate analysis revealed that age of onset, CRP, myoglobin, albumin, ferritin, PCT, ELVAR, severity of type I respiratory failure, P/F ratio, oxygen supplementation, FVC and DLCO were significantly associated with poor outcomes. Only four factors including age of onset, ferritin, value of ELVAR and oxygen supplementation >4 L/min showed significantly value for poor prognosis in MDA5+DM patients in the multivariate analysis (Table 5). FVC and DLCO were excluded from the multivariate analysis because of insufficient data due to patient intolerability and early-death patients.


Table 5. Univariate analysis and Multivariate analysis of prognostic factors in MDA5+DM patients.
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DISCUSSION

It is widely known that the short-term prognosis of MDA5+DM-ILD patients is poor (18). Accurate prediction of MDA5+DM patient outcomes is a key issue in clinical practice. In this study, we established a computer-aided lung interstitial image analysis approach. ELVAR was obtained by calculating the proportion of areas outside the lung interstitium in lung tissue that can indirectly evaluates the severity of lung interstitial lesions. Our results showed that ELVAR values in MDA5+DM patients who died within 3 months after diagnosis were significantly reduced than those who were survival after 3 months. ROC analysis and correlation analysis about value of ELVAR showed that ELVAR values have good predictive power for 3-month mortality and widely correlation with many clinical indices, which indicates that it may be a powerful tool for clinicians to evaluate poor outcomes in MDA5+DM-ILD.

Recently a variety of lung segmentation methods have been advanced (19). According to the different segmentation features used, lung segmentation methods can be divided into threshold-based methods (20), region-based methods (21), and shape-based methods (22). However, these methods had different degrees of partial lung tissue loss. A recent study used deep learning and feature learning to obtain better segmentation results by training with large samples (23). Software package named “CT Pneumonia Analysis” applying in the similar mechanism was used in study by S Ye recently (24). Our design idea was to extent different. We considered deep learning above cannot guarantee the accuracy results for inconsistent diagnosis of complex images and was not feasible for rare diseases such as MDA5+DM. We proposed another lung tissue segmentation method that was suitable for CT images of interstitial lung disease. The lung edges produced by our method were more accurate than those of above mentioned traditional methods (25). The outstanding feature lying in our computer-aided analysis of lung HRCT were outer boundary of binary lung tissue region images selected by Laplace operator and interstitial enhancement generated according to curvature feature of lung interstitium. Because our imagine analysis had based on high density structure from HRCT, we can apprehension that imagine of normal lung interstitium and abnormal imagine including consolidation, reticulations, septal thickening, ground glass opacities, nodules, bronchiectasis, honey combing, cysts could be detected and analysis (26). Because ELVAR was defined with the formula of (L–I)/L (L was the total number of lung voxels and I was the total number of interstitial voxels), which could easily be understood that the level of ELVAR was negative correlation with the scope of abnormal lung interstitium, i.e., high value of ELVAR meant less scope of interstitium and high ventilation, however, the lower value of ELVAR referred to large scope of interstitium and low ventilation which possible indicted poor disease outcome. Finally in our single-center retrospective study, we calculated that value of ELVAR in healthy controls was 0.938 while cut off value of ELVAR by ROC analysis in MDA5+DM-ILD was 0.835. Patients with low ELVAR values (<0.835) had a 54.2% chance of dying within 3 months, which may be valuable for clinicians to administer more active treatments in these patients.

The prediction value of the pulmonary function test could not be evaluated in this study because 14 patients in early death group did not accept the lung function test for early death or intolerability. In terms of albumin levels, it is widely accepted that patients with hypoalbuminemia do not recover easily; however, there is currently no data to directly verify the relationship between albumin level and prognosis of patients with MDA5+DM. In 2020, a prediction model using CRP and Krebs Von den Lungen-6 (KL-6) combined with the anti-MDA5 antibody was shown to be useful for predicting prognosis of patients with DM-ILD (27). As for ferritin, many studies have shown that serum ferritin levels were not only related to the severity of interstitial pneumonia in patients (28) but also predicted the risk of death (29). Recently, a FLAIR model was developed that combined five clinical indices, which included ferritin, lactate dehydrogenase, MDA5 antibody, HRCT Imagine semi-quantitative score, and rapidly-progressive ILD, to predict amyopathic dermatomyositis survival time (30). This FLAIR model was a multivariable model with rigorously established cutoff values that can be applied by clinicians in a uniform way. The 1-year survival in the discovery and validation cohorts were 34.3% and 15.0% for the high-risk group. This will provide a guidepost for making decisions around how aggressively to immunosuppress (31). Our study showed four factors including age of onset, ferritin, value of ELVAR and oxygen supplementation >4 L/min predicted significantly value for poor prognosis in MDA5+DM patients, which was consistent with FLAIR model to some extent. Above all, these findings highlight the value and importance of quantitative lung involvement of ILD. Our research based on computer-based image analysis technology that attempt to directly quantify lung interstitial lesions, which was simpler and more quantitative than FLAIR's multi-index model, and had a certain degree of innovation.

As an exploratory study that combined computer image analysis and prognosis of MDA5+DM, several limitations may be noticed. First, this was a single-center study, and more data from multi-centers are needed to confirm the efficiency of ELVAR values. Second, the role of ELVAR needs to be verified among different diseases' associated ILD. Third, identification will be needed regarding whether computer-aided analysis of lung HRCT based on Siemens system can be applied to GE or Samsung system.



CONCLUSION

An index named by ELVAR basing on lung segmentation and lung interstitial enhancement was successfully established. The study aimed to assess the role of ELVAR value in predicting early death from interstitial pneumonia secondary to MDA5+DM. A retrospective analysis of 46 healthy controls and 55 patients with MDA5+DM from a single center found that the ELVAR value of healthy controls was stable at around 0.938, whereas MDA5+DM patients had lower values. Results showed that early mortality within 3 months of onset in patients with ELVAR values lower than 0.835 was significantly high as 54.2%. This novel index may be valuable for clinicians to efficiently identify severe patients and administer more active treatments.
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Objective

Anti-melanoma differentiation-associated gene 5 (MDA5) autoantibody is a distinctive serology hallmark of dermatomyositis (DM). As an autoantigen, MDA5 is a cytoplasmic RNA recognition receptor. The aim of this study was to address the question of whether the RNA-containing immune complex (IC) formed by MDA5 and anti-MDA5 could activate type I interferon (IFN) response.



Method

Patients with anti-MDA5+ DM (n = 217), anti-MDA5− DM (n = 68), anti-synthase syndrome (ASyS, n = 57), systemic lupus erythematosus (SLE, n = 245), rheumatoid arthritis (RA, n = 89), and systemic sclerosis (SSc, n = 30) and healthy donors (HD, n = 94) were enrolled in our studies. Anti-MDA5 antibody was detected by line blotting, enzyme-linked immunosorbent assay (ELISA), immunoprecipitation, and Western blotting. Cytokine profiling was determined by multiplex flow cytometry, and IFN-α was further measured by ELISA. Type I IFN-inducible genes were detected by quantitative PCR (qPCR). RNA–IC binding was analyzed by RNA immunoprecipitation. Plasmacytoid dendritic cells (pDCs) derived from healthy donors were cultivated and stimulated with MDA5 ICs with or without RNase and Toll-like receptor 7 (TLR-7) agonist. The interaction between MDA5 ICs and TLR7 was evaluated by immunoprecipitation and confocal microscopy.



Results

According to our in-house ELISA, the presence of anti-MDA5 antibody in 76.1% of DM patients, along with 14.3% of SLE patients who had a lower titer yet positive anti-MDA5 antibody, was related to the high level of peripheral IFN-α. ICs formed by MDA5 and anti-MDA5 were potent inducers of IFN-α via TLR-7 in an RNA-dependent manner in vitro.



Conclusion

Our data provided evidence of the mechanistic relevance between the anti-MDA5 antibody and type I IFN pathway.
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Introduction

Anti-melanoma differentiation-associated gene 5 (MDA5) antibody is considered a specific serological marker in dermatomyositis (DM), which is typically linked to the amyopathic phenotype and rapidly progressive interstitial lung disease (ILD) (1). The pathogenesis of anti-MDA5 antibody-positive (anti-MDA5+) DM is largely unknown; however, possible genetic factors (with East Asian predisposition) and environmental triggers (such as viral infection) have been implicated (2). MDA5, encoded by the IFIH1 gene, is the key sensor of viral double-strand RNA (dsRNA) and belongs to the retinoic acid-induced gene I (RIG-I)-like receptors (3), which are actively involved in the type I interferon (IFN-α and IFN-β) pathway. Indeed, type I IFN is well conceived to play a crucial role in the pathogenesis of DM and has profound treatment implications (4). It is noteworthy that systemic lupus erythematosus (SLE) is also characterized by the aberrant activation of the type I IFN pathway (5). There is strong genetic evidence for a link between cytoplasmic RNA sensing pathways (RIG-I/MDA5) and SLE (6, 7). The current knowledge suggested that the anti-MDA5 antibody, as a serological marker, is more likely to be a by-product of an “overloaded” type I IFN pathway in DM (8–11). In the present study, however, we are asking the question whether the anti-MDA5 antibody could enhance the type I IFN response.



Methods


Patients

All DM patients fulfilled the 239th European Neuromuscular Centre (ENMC) criteria (12) with the presence of one of the five DM-specific autoantibodies (anti-MDA5, anti-TIF1γ, anti-SAE1, anti-NXP2, or anti-Mi2), which were determined by EUROLINE Autoimmune Inflammatory Myopathies 16 Ag assays (EUROIMMUN, Lübeck, Germany). Anti-synthase syndrome (ASyS) (12), rheumatoid arthritis (RA), systemic sclerosis (SSc), and SLE patients served as the disease controls, abiding by the respective classification criteria. A Bio-Plex Pro 2200 Luminex LiquiChip immunoassay (Bio-Rad, Hercules, CA, USA) was used to detect autoantibodies against extractable nuclear antigens (ENAs) for all patients. Healthy donor and patient samples were obtained with informed consent. The study protocol was approved by the Ethics Committee of Renji Hospital, Shanghai Jiao Tong University School of Medicine (ethics no. IRB# 2017-041). All participants provided written informed consent.



ELISA for Anti-MDA5 Antibody

ELISA plates were coated overnight at 4°C with 10 μg/well of recombinant full-length MDA5 protein (Shanghai Free Zone Biotechnology Co., Ltd., Shanghai, China). After blocking with 1% bovine serum albumin (BSA), patient sera were used at 1:101 dilution and horseradish peroxidase-labeled anti-human immunoglobulin G (IgG) antibodies (1:60,000; Jackson Laboratory, Bar Harbor, ME, USA) were incubated for 30 min, then stopped by tetramethylbenzidine reagent (Invitrogen, Waltham, MA, USA) and the absorbance read at 450 nm (Sprinter XL, EUROIMMUN, Lübeck, Germany). The cutoff value for this in-house anti-MDA5 antibody ELISA was set as the mean + 3SD of 94 healthy donors. To evaluate the consistency between this in-house and a commercial anti-MDA5 antibody ELISA (MBL, Tokyo, Japan) assay, 92 subjects (DM = 47, HC = 38, and SLE = 7) were tested back to back, with good agreement (κ = 0.847, p < 0.001).



Cytokine Assays

Serum cytokine levels [including IFN-α, IFN-β, IFN-γ, IL-1β, interleukin 2 (IL-2), IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-17F, IL-22, tumor necrosis factor alpha (TNF-α), TNF-β, and granulocyte–macrophage colony-stimulating factor (GM-CSF)] were measured with an AimPlex flow cytometer (Tianjin Kuang Bo Tongsheng Biotechnology Co., Ltd., Tianjin, China) and a commercial IFN-α ELISA kit (PBL Biomedical, Piscataway, NJ, USA) following the manufacturers’ protocols.



Immunoprecipitation and Western Blotting

Immunoprecipitation (IP) assay using a cell lysate overexpressing Flag-tagged MDA5 was generated using a 293 cell line (Shanghai Free Zone Biotechnology Co., Ltd., Shanghai, China). Of the cell lysate, 100 μg was pre-cleared with protein A beads in NP40 lysis buffer (Thermo Fisher, Waltham, MA, USA) and immunoprecipitated with 5 µl patient serum. The immunoprecipitates were blotted with an anti-Flag antibody (Invitrogen, Waltham, MA, USA) and visualized using enhanced chemiluminescence (Thermo Fisher, Waltham, MA, USA) in a FluorChem M chemiluminescence imager (ProteinSimple, San Jose, CA, USA). Recombinant MDA5 protein (60 μg/lane) was electrophoresed on SDS-PAGE gels and transferred into nitrocellulose membranes for the immunoblotting assays. Sera were used at 1:201 dilution for MDA5 immunoblot.



PBMC Isolation and SYBR Green qRT-PCR

Peripheral blood mononuclear cells (PBMCs) were prepared using Ficoll-Hypaque (TBD, Tianjin, China) density gradient centrifugation from DM and SLE patients. The total RNA extracted from PBMCs using the TRIzol reagent (Invitrogen, Waltham, MA, USA) was reverse transcribed into cDNA with the Superscript II Reverse Transcriptase Kit (Takara, Shiga, Japan). The transcription levels of type I IFN-inducible genes (LY6E, OAS1, Mx-1, IFIT1, and IFIT3) were measured using SYBR® Premix Ex Taq™ II (Takara, Shiga, Japan) via an ABI Prism 7900 system. The primer sequences we have previously reported (13) are as follows: LY6E: 5′-CTTACGGTCCAACATCAGAC-3′, 5′-GCACACATCCCTACTGACAC-3′; OAS-1: 5′-GAAGGCAGCTCACGAAAC-3′, 5′-TTCTTAAAGCATGGGTAATTC-3′; Mx-1: 5′-GGGTAGCCACTGGACTGA-3′, 5′-AGGTGGAGCGATTCTGAG-3′; IFIT1: 5′-TCAAAGTCAGCAGCCAGTCTCA-3′, 5′-GCCTCCTTGGGTTCGTCTATAA-3′; IFIT3: 5′-AACTACGCCTGGGTCTACTATCACTT-3′, 5′-GCCCTTTCATTTCTTCCACAC-3′; and GAPDH: 5′-ATTGCCCTCAACGACCACTTTG-3′, 5′-TTGATGGTACATGAAAGGTGAGG-3′. The IFN score was calculated as the sum of the five normalized expression levels of the corresponding tar (14):

	

Gene(DM or SLE) represents the relative expression of a specific gene in DM or SLE patients. The average value   and the standard deviation (SD) of the expression level of each target gene in healthy donors (HD, n = 10) were also presented.



Serum IgG Purification and Immune Complex Formation

IgG from DM and SLE patient sera were purified using a HiTrap Protein G HP column (GE Healthcare, Chicago, IL, USA) and quantified using a BCA Protein Assay Kit (Sigma-Aldrich, St. Louis, MO, USA). The cytosolic protein and nuclear material of 293 cells (2 × 106) overexpressing Flag-tagged MDA5 were extracted with the Paris ™ Kit (Invitrogen, Waltham, MA, USA) and the cytosolic protein and RNA concentrations titrated to 2 mg/ml and 400 ng/µl, respectively. One hundred microliters of cytosolic protein, 50 µl purified serum IgG at a concentration of 1 mg/ml, and 10 µL RNA formed the immune complex (IC).



Purification and Activation of pDCs

Healthy donor blood buffy coat was obtained from Shanghai Blood Transfusion Center and fractionated over Ficoll gradients. Plasmacytoid dendritic cells (pDCs) were isolated from PBMCs using the Plasmacytoid Dendritic Cell Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany). pDCs were cultured at a density of 3 × 104 cells/well in 96-well plates in 200 µl complete RPMI supplemented with 10% fetal calf serum (FCS) and stimulated overnight before the levels of IFN-α and CD80 were measured. The ICs, TLR-7 agonist R848 (2 μg/ml), and RNase (5 μg/ml) were added (both from MedChemExpress, Princeton, NJ, USA) when indicated.



RNA-Binding Protein Immunoprecipitation

ICs were lysed with the EZ-Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Merck Millipore, Darmstadt, Germany) and incubated with goat anti-human IgG antibody-labeled protein A/G at 4°C overnight. The magnetic beads were washed six times with pre-cooled RIPA buffer. Immunoprecipitates were detected by Western blotting using antibody against MDA5 (1:1,000; Abcam, Cambridge, MA, USA). The purified RNA from immunoprecipitates was measured with 1.5% agarose gel electrophoresis.



Co-Immunoprecipitation Assay

ICs and pDCs were incubated overnight. Thereafter, the pDCs were lysed with RIPA lysis buffer (Thermo Fisher, Waltham, MA, USA) on ice for 4 h. The cell lysates were centrifuged at 13,000 rpm for 15 min. The supernatants were subsequently collected and pre-incubated with ImmunoPure Immobilized Protein A (Pierce, Rockford, IL, USA) with gentle shaking at 4°C for 1 h. Subsequently, the mixture was centrifuged at 13,000 rpm for 15 min and the supernatants (1 mg protein) incubated with 1 µg of goat monoclonal anti-human IgG antibody for 1 h, after which they were incubated with 10 µl of protein A agarose beads with gentle agitation at 4°C overnight. After centrifugation, the pellets were washed with lysis buffer. The target proteins were detected by Western blotting using antibodies against MDA5 (1:1,000) and Toll-like receptor 7 (TLR7) (1:2,000; both from Abcam, Cambridge, MA, USA).



Confocal Microscopy

For lysosome co-localization, pDCs were incubated overnight at 37°C with ICs (Alexa Fluor 488-conjugated serum IgG), cytosolic protein lysate, and nuclear lysate. Then, pDCs were allowed to adhere to poly-l-lysine-coated coverslips for 15 min, fixed with 1% paraformaldehyde in phosphate-buffered saline (PBS), and permeabilized with 0.25% saponin. The samples were stained with Alexa Fluor 647-conjugated anti-LAMP-1 in 0.25% saponin. They were then imaged using a Zeiss LSM510 META confocal microscope and the images analyzed for co-localization using SlideBook software.



Statistics

Student’s t-tests, chi-square test, and Spearman’s correlation analysis were used as indicated. The clinical variables were only presented without imputation for those with missing data less than 10%. The in-house and commercial anti-MDA5 antibody detection ELISA kits used the kappa test for consistency comparison (15). All statistics were performed using GraphPad Prism 6.0, with p < 0.05 considered as statistically significant.




Results

The clinical characteristics of the patients with DM and SLE are shown in Table 1 (details of this anti-MDA5+ DM patient cohort had been reported previously (16) and data for other disease controls including ASyS, RA, and SSc are in Table 2). The titers of the anti-MDA5 antibody according to ELISA for each group are presented in Figure 1A. The cutoff value of our in-house ELISA was set at 35 RU/ml, although this study did not include DM-specific antibody-negative DM patients. According to the results of our in-house ELISA, 76.1% of DM patients had anti-MDA5. Anti-MDA5 antibodies were at high titers among line blotting-established anti-MDA5+ DM patients, whereas they were consistently negative across the board among the disease controls, except for SLE. Of the SLE patients, 14.29% (35/245) had low-grade but positive anti-MDA5. Interestingly, anti-MDA5+ SLE was associated with malar rash (with no DM features) and the presence of anti-SmRNP antibody (Table 1 and Figure 1B). This in-house anti-MDA5 ELISA methodology was validated by Flag-tagged MDA5 immunoprecipitation and recombinant MDA5-based Western blotting (Figure 1C).


Table 1 | Clinical and serological characteristics among patients with anti-MDA5+/− dermatomyositis (DM) and systemic lupus erythematosus (SLE).




Table 2 | Clinical and serological characteristics of patients with MDA5− dermatomyositis (DM) and others.






Figure 1 | Anti-melanoma differentiation-associated gene 5 (MDA5) autoantibody and cytokine profiling in dermatomyositis (DM) and systemic lupus erythematosus (SLE) patients. (A) Quantitative anti-MDA5 measured by ELISA in anti-MDA5+ DM, MDA5− DM (n = 68, anti-Mi-2α/β = 13, anti-NXP2 = 17, anti-SAE1 = 15, anti-TIF1γ = 23), anti-synthase syndrome (ASyS; n = 57, anti-Jo-1 = 10, anti-PL-7 = 12, anti-PL-12 = 12, anti-EJ = 10, anti-OJ = 13), SLE, systemic sclerosis (SSc), and rheumatoid arthritis (RA) patients and in healthy donors. The dotted line represents the cutoff value (35 RU/ml) of the anti-MDA5 antibody titer. (B) Overlaps among the anti-MDA5 and anti-SmRNP antibodies in SLE patients. (C) Immunoprecipitation (IP, upper) and Western blotting (WB, lower) were performed to validate the anti-MDA5 ELISA results (representative of more than five independent experiments). (D) Heat map of the cytokine expression profiling of DM and SLE patients. (E) Serum interferon alpha (IFN-α) and peripheral blood mononuclear cell (PBMC) IFN-inducible genes were measured by ELISA and SYBR green qRT-PCR, respectively. The dotted line represents the cutoff value (mean + 3SD of the values of healthy donors) of the serum IFN-α and IFN scores.



Subsequently, we carried out cytokine profiling (including IFN-α, IFN-β, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-17F, IL-22, TNF-α, TNF-β, and GM-CSF) in sera of DM and SLE patients with or without anti-MDA5. We found that IFN-α was significantly higher in anti-MDA5+ DM or SLE patients compared to their counterparts (Figure 1D). This was independently confirmed by an IFN-α ELISA. Furthermore, the IFN signature genes (LY6E, OAS1, Mx-1, IFIT1, and IFIT3) were measured and the IFN scores calculated; there was a positive correlation between the anti-MDA5 titer and the IFN scores among SLE patients (p = 0.002). However, this was not the case among DM patients (Figure 1E).

Based on the link of anti-MDA5 and IFN-α, we speculated that anti-MDA5 might work just like anti-ribonucleoprotein (anti-RNP), which is a typical IFN-α inducer in the form of RNA-containing ICs (17). We then tested this hypothesis using MDA5 and anti-MDA5 ICs to stimulate pDCs. Anti-RNP ICs were treated as the positive control. Indeed, RNA-containing anti-MDA5 ICs could activate pDCs, as evidenced by the upregulation of CD80 expression (Figures 2A, B). The IFN-α production of pDCs was enhanced by the stimulation of RNA-containing ICs, and the effect was more pronounced for the anti-MDA5+ DM-derived ICs. This IFN-α inducer effect apparently required RNA since, in the presence of RNase, the IC-stimulated IFN-α production was significantly inhibited (Figure 2C). Further co-immunoprecipitation (co-IP) analysis confirmed the direct interaction between anti-MDA5 ICs and TLR7 (Figure 2D) and the indirect co-localization of ICs with TLR7 in lysosome (LAMP-1) in pDCs (Figure 2E) (18).




Figure 2 | Anti-melanoma differentiation-associated gene 5 (MDA5) immune complexes (ICs) induce interferon alpha (IFN-α) production in plasmacytoid dendritic cells (pDCs). (A) MDA5 ICs contain RNA (~300 bp). (B) Purified pDCs were cultured with MDA5 ICs overnight and stained for CD80 expression. (C) RNA is required for MDA5 ICs to activate pDCs to release IFN-α. (D) Co-immunoprecipitation (co-IP) verified protein interaction between Toll-like receptor 7 (TLR7) and MDA5 ICs. (E) Confocal images show lysosome-associated membrane protein 1 (LAMP-1) (red), ICs (green), and the merged image (yellow). Results represent at least three biological independent repeats for all experiments (A–E).





Discussion

Anti-MDA5+ DM is a life-threatening disease when complicated with rapidly progressive ILD. The anti-MDA5 antibody was considered to be pathognomonic, with little understanding in terms of its relevance to the pathogenesis. In the current study, using our in-house ELISA, we first identified that a small proportion of SLE patients also had autoantibody against MDA5, albeit with lower titer and probably lower affinity compared to that of anti-MDA5+ DM patients. It is intriguing that the presence of anti-MDA5 in SLE was not linked to DM features such as myositis or ILD; instead, typical lupus malar rash was more frequently documented. More importantly, these patients had salient peripheral IFN signature. In addition, the presence of anti-MDA5 in SLE was correlated with anti-RNP. It has been well established that SmRNP and anti-SmRNP IgG complexes could induce IFN-α production in pDCs through the TLR7 pathway (17). Thus, we came up with the hypothesis that MDA5, as an RNA sensor, could also exert an IC-mediated IFN-α stimulatory effect through pattern recognition receptors. Subsequently, anti-MDA5+ DM patients, along with SLE patients presenting with anti-MDA5 or anti-RNP alone as controls, were subjected to a series of in vitro experiments in order to explore the possible antibody-mediated innate immune response.

We confirmed that anti-MDA5+ DM, just as in anti-MDA5+ SLE, had high levels of peripheral IFN-α. Furthermore, ICs formed by MDA5 and anti-MDA5, either from DM or SLE, are potent IFN-α inducers. The induction of IFN-α is more prominent in the DM-derived anti-MDA5 ICs, which probably reflects a higher affinity effect. As expected, RNA binding is required and interaction with TLR7 is evident in anti-MDA5 ICs. The origin and function of binding RNA will be another intriguing question that deserves further study. Nevertheless, our data implicated a possible vicious loop in the pathogenesis of anti-MDA5+ DM, i.e., trigger-activated (viral) type I IFN pathway and subsequent adaptive immune response (including the generation of anti-MDA5+ autoantibody). In the meantime, anti-MDA5 and its ICs further enhance IFN-α production. A limitation of this study is that the current analysis was performed without including DM-specific antibody-negative DM patients. Moreover, the anti-MDA5 antibody detection in DM patients enrolled in this study was not performed using the gold standard anti-MDA5 antibody IP assay, but with EUROLINE Autoimmune Inflammatory Myopathies 16 Ag assays.

Our data provided additional evidence to understand the anti-MDA5 autoantibody-mediated, type I IFN-centered mechanism of this disorder. It was made more promising by tackling the IFN pathway [such as through Janus kinase (JAK) inhibitors] as a new treatment approach for anti-MDA5+ DM and associated diseases (19, 20).
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Anti-MDA5 dermatomyositis is a rare systemic autoimmune disease, historically described in Japanese patients with clinically amyopathic dermatomyositis and life-threatening rapidly progressive interstitial lung disease. Subsequently, the complete clinical spectrum of the disease was enriched by skin, articular and vascular manifestations. Depending on the predominance of these symptoms, three distinct clinical phenotypes with different prognosis are now defined. To date, the only known molecular component shared by the three entities are specific antibodies targeting MDA5, a cytosolic protein essential for antiviral host immune responses. Several biological tools have emerged to detect these antibodies, with drawbacks and limitations for each of them. However, the identification of this highly specific serological marker of the disease raises the question of its role in the pathogenesis. Although current knowledge on the pathogenic mechanisms that take place in the disease are still in their enfancy, several lines of evidence support a central role of interferon-mediated vasculopathy in the development of skin and lung lesions, as well as a possible pathogenic involvement of anti-MDA5 antibodies. Here, we review the clinical and biological evidences in favor of these hypothesis, and we discuss the contribution of emerging therapies that shed some light on the pathogenesis of the disease.
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Introduction

The idiopathic inflammatory myopathies (IIM) are a heterogeneous group of rare connective tissue diseases, characterized by inflammation of several organs and tissues other than the muscles, such as the skin and the lungs. IIM include necrotizing immune-mediated myositis, inclusion body myositis, antisynthetase syndrome and dermatomyositis (DM) (1). These four subgroups are very heterogeneous in their clinical, prognostic and pathological features, which renders the diagnosis and the treatment challenging. However, the discovery and the inclusion of myositis specific autoantibodies (MSA) in the diagnostic algorithm of myositis allowed a better definition of subgroups of patients in terms of clinical phenotypes, prognosis and response to treatment. One of these MSA, the anti-melanoma differentiation-associated gene 5 (MDA5) antibodies (Abs), was originally identified in a specific subset of DM, named clinically amyopathic DM (CADM), associated with an increased risk for rapidly progressive interstitial lung disease (RP-ILD). The clinical presentation of anti-MDA5 DM differs substantially from the other forms of DM, with three distinct clinical phenotypes, according to the predominance of pulmonary, skin-articular or vascular symptoms (2). The pathogenesis of these three forms of anti-MDA5 DM is largely unknown, and to date, the only common molecular characteristic of these entities is the presence in the blood of the patients of Abs targeting the antigen MDA5, a highly specific biomarker of the disease, sometimes difficult to detect with usual techniques. MDA5 is a cytosolic protein, essential for antiviral host immune responses, which functions as a virus RNA sensor and induces, once activated, the production of type I interferons (IFN-I) and pro-inflammatory cytokines by the cell. The pathogenic role of anti-MDA5 Abs is currently unknown, but its involvement in the disease by targeting a critical actor of the immune system could be congruent with the concept of autoimmunity induced by infectious agents.

In this review, we outline the clinical phenotypes of the DM with anti-MDA5 Abs, the distribution and the functions of MDA5, as well as the biological tools available for the detection of anti-MDA5 Abs and their limitations. We focus on recent biological data that provide insight into the pathogenesis of the disease, and we propose a pathophysiological model centered on vascular dysfunction and dysregulated immune system. In this proposed model, we will discuss whether the Abs specific of the disease could be critical players in disease pathogenesis, and not just biomarkers.



Clinical Spectrum in Adults of the Dermatomyositis With Anti-MDA5 Antibodies

Anti-MDA5 DM is a rare disease representing less than 2% of IIM in Europe (3). Among the subgroup of DM, the prevalence of anti-MDA5 DM ranges from 7 to 60%, with higher prevalence in Asian (11-60%) than in Caucasian (7-16%) (Table 1) (1, 4–19). Similar to other autoimmune diseases, anti-MDA5 DM occurs mainly in women, with a female/male ratio that ranges from 0.6 to 7.3 (F/M >1 in 14 out of 16 studies) (Table 1) (4–19).


Table 1 | Ethnicity and prevalence of dermatomyositis with anti-MDA5 antibodies.



Systemic autoimmune DM are characterized by skin manifestations accompanying or preceding muscle weakness, and, to various extents, lung lesions. The DM associated with anti-MDA5 Abs shares clinical features with DM but also has disease-specific traits. Indeed, the patients with anti-MDA5 DM may have the hallmark cutaneous manifestations of DM, but the disease is also associated with specific skin manifestations. Moreover, the muscle disease is minimal or absent, and pulmonary interstitial lesions may be rapidly progressive which is not the case in other forms of DM.


Muscular Manifestations of Anti-MDA5 Dermatomyositis

Anti-MDA5 DM was first described by Sato et al. in 2005, in a Japanese cohort with CADM and RP-ILD (4). As defined by Sontheimer et al. (20), CADM patients display the hallmark cutaneous manifestations of DM for at least 6 months, without muscle weakness. The hypomyopathic forms of CADM are associated with elevated muscle enzymes and/or abnormalities in EMG or muscle biopsy, whereas amyopathic DM patients have the cutaneous manifestations of DM for at least 6 months, without clinical or biological signs of muscle damage. However, CADM is not sufficient to define anti-MDA5 DM, as not all CADM patients have anti-MDA5 Abs. The proportion of anti-MDA5 Abs positive patients among CADM ranges from 23% to 100%, depending on the cohorts (Table 1) (4–7, 9–14, 17, 19). Conversely, the prevalence of CADM among anti-MDA5 Abs positive patients is also very inconsistent (17 to 100%, Table 1) (4–19).

When present, muscle damage mainly affects proximal muscles (2, 12). Several histological features of muscle biopsies are shared by different forms of DM, and include perifascicular fiber atrophy, perivascular inflammation, infiltrates of T and B cells, diffuse class I major histocompatibility complex (MHC-I) expression and deposition of complement attack complex (21, 22). In contrast, muscle biopsies of patients with anti-MDA5 DM are often normal or highlight only rare anomalies. Inflammation is absent or scarce and cellular infiltrates, mostly macrophages, cluster focally in the perimysium. MHC-I expression is focal or absent. Complement membrane attack complex deposition is rarely observed. Furthermore, IFN signature in skeletal muscles of patients with anti-MDA5 DM is up-regulated, compared with healthy subjects but lower than patients with anti-MDA5 negative DM (21, 22). These observations are consistent with the mild muscle phenotype frequently associated with anti-MDA5 DM.



Mucocutaneous and Articular Manifestations of Anti-MDA5 Dermatomyositis

The hallmark cutaneous manifestations of the DM spectrum occur with similar prevalence in patients with anti-MDA5 DM. They include periorbital heliotrope (blue–purple) rash with edema, erythematous rash on the face, or the anterior chest (in a V-sign), and back and shoulders (in a shawl sign), violaceous papules or plaques located on the dorsal part of the metacarpophalangeal or interphalangeal joints, called Gottron’s papules and cracked palmar fingertips (“mechanic’s hands”). It is important to underline here the danger of potential misdiagnosis of patients with anti-MDA5 DM, given the absence of clinical evidence of myopathy and also sometimes the similarities of DM-specific manifestations, such as Gottron’s papules, with other skin lesions, such as psoriatic lesions (23, 24).

Anti-MDA5 DM is also associated with a more specific cutaneous phenotype, that includes palmar papules and skin ulcerations, reported in both Caucasian (2, 15, 16, 25–28) and Asian populations (9, 10, 12, 29–31). Unlike Gottron’s papules, palmar papules are often located on the palmar surface or lateral sides of the fingers, especially over metacarpophalangeal and interphalangeal joints. Many of these lesions have a central ivory coloration, and they are frequently painful. Palmar papules can be associated with hyperkeratosis, and complicated of ulcerations.

Skin ulcerations associated with anti-MDA5 DM usually manifest as deep painful ulcers localized over Gottron’s papule, involving the digital pulp and nail folds, or over Gottron’s sign on the knees, elbows, or both. The histology of skin ulcerations shows vasculopathy, pauci-inflammatory or characterized by medium vessel wall infiltration with mononuclear cells, and intravascular thrombus (12, 15). Major complications can occur, such as gangrene and osteomyelitis, potentially leading to digital amputation (25, 32, 33).

Less specific auricular skin lesions have also been described in DM with anti-MDA5 Abs, such as antihelix/helix violaceous macules and erythematous auricular papules (34, 35). These particular cutaneous phenotypes, seldom mentioned in the literature, could be clinical markers of poor prognosis, although most previous studies examining auricular skin lesions in the disease have been limited to isolated case reports (36). Other less specific mucocutaneous lesions have been described in DM with anti-MDA5 Abs. They include oral ulcers, panniculitis, alopecia and flagellate erythema (15, 17, 37, 38).

Since 2010, many studies reported the increased prevalence of arthritis (42-82%) and arthralgia in patients with anti-MDA5 DM (2, 9, 15, 16). The arthritis described in the patients closely resembles that found in rheumatoid arthritis, potentially leading to misdiagnosis in the absence of other DM symptoms. They are associated with morning stiffness and are typically symmetric, affecting the small joints of the hands, but also the wrists and the ankles (16, 23, 39). Although rarely described in the literature, the conventional radiography do not show any bone erosion. However, erosions have been exceptionally reported by magnetic resonance imaging (16, 39). When explored, the rheumatoid factor was positive in some cases, but anti-cyclic citrullinated peptide Abs were not detected in any of the patients (27, 39).

Another differential diagnosis of these articular forms of anti-MDA5 DM is the psoriatic arthritis. Indeed arthritis is a common feature associated with psoriasis and some cases of anti-MDA5 DM initially manifest as psoriasiform skin lesions (23, 24, 40). In the literature, one case has been reported of a patient with psoriasiform lesions, associated with severe symmetrical polyarthritis of large and small joints, and a mild proximal weakness in upper and lower extremities. All of these elements initially led to the misdiagnosis of psoriatic arthritis (23). However, thoracic CT scan subsequently showed a bilateral ground-glass pattern, and laboratory tests revealed blood positivity for anti-MDA5 Abs. Thus, the association of arthritis and psoriasiform lesions, associated with weak muscle or pulmonary involvement may lead to a misdiagnosis of psoriatic arthritis, if anti-MDA5 Abs are not explored.

Finally, some patients have a phenotype close to the antisynthetase syndrome (i.e. arthritis, Raynaud’s syndrome, mechanic’s hands, ILD), further complicating the diagnosis (16, 41).



Lung Manifestations of Anti-MDA5 Dermatomyositis

Anti-MDA5 DM is associated with poor prognosis due to a high prevalence of RP-ILD. ILD is the result of inflammation and fibrosis of the lung parenchyma and specific patterns of ground-glass attenuation are observed on high-resolution computed tomography (42). Significant disparities between association of anti-MDA5 Abs and RP-ILD have been described in the cohorts. For instance, in Japan and in East Asia populations, ILD occurs in 82 to 100% of patients with anti-MDA5 DM, and RP-ILD in 39 to 100% of patients (Table 1) (4–14). The incidence of RP-ILD appears less important in Caucasian populations with 38 to 73% of anti-MDA5 DM patients having ILD and 20 to 57% having RP-ILD (Table 1) (15–19), some studies reporting a significant association (17, 25) while others do not (15, 16, 19).

It is of importance to note that ILD can be absent at diagnosis and develop many years later, or completely absent in some patients over years of follow-up. Conversely, ILD can sometimes reveals anti-MDA5 DM. For instance, three Japanese patients with ILD and anti-MDA5 Abs, but without cutaneous nor muscular manifestation, had a fatal outcome within two months after onset (43). Similarly, two patients initially hospitalized for fever and dyspnea developed skin symptoms characteristic of DM one month after onset (44).

The mortality rate of patients who develop RP-ILD is reported to be approximately 50%, with most deaths occurring during the very early stages of the illness (6, 7, 9, 10, 13, 43, 45, 46). Some studies suggest that beyond 6 months after onset, disease progression tends to settle down, and relapse seems uncommon (10). However, recurrences have also been described in the form of cutaneous and/or severe respiratory relapse many years after onset and after months of clinical remission and new treatments are needed to contain the exacerbation (47, 48).



Association of Anti-MDA5 Dermatomyositis With Malignancy

Several DM are associated with an increased risk for cancer, such as DM with anti-TIF1γ Abs, and to a lesser extent, DM with anti-NXP2 Abs (3, 49). By contrast, the association of anti-MDA5 DM with cancer has been explored in large cohorts, without any correlation reported (7, 9, 10, 12). However, few cases of cancer have been reported in patients with anti-MDA5 DM (33, 37, 50). Metastatic small cell carcinoma with liver involvement was detected 12 months after anti-MDA5 DM diagnosis in a 60 year-old French woman (50). Another study presented the case of a man diagnosed simultaneously with both anti-MDA5 DM and thyroid cancer (37). Even if no evident causal link is established, these few cases highlight that anti-MDA5 DM and cancer might not be exclusive.



Other Clinical and Biological Features of Anti-MDA5 Dermatomyositis

Among the constitutional symptoms, the fever has been described in up to 74% of anti-MDA5 DM at onset [33-74%] (7–9, 11, 13, 16). Several distinctive features in blood tests are also reported in the disease, such as elevated ferritinemia, with no significant elevation of C-reactive protein. Ferritin levels correlate with the severity of the disease and ILD (6, 7, 51, 52). Liver dysfunction is also recurrently observed in anti-MDA5 DM, as evidenced by elevated levels of alanine transaminase or gamma-glutamyl transferase, without elevated creatine kinase (6, 7, 21, 53). Liver biopsies show steatosis and hepatocyte ballooning (53). Furthermore, liver enzymes might increase as ferritinemia increases and ILD worsens (7). Decreased CD4+ and CD8+ T cell counts and a raised CD4+/CD8+ ratio are frequently described in peripheral blood of patients with anti-MDA5 DM, even before immunosuppressive treatment (11, 54). When studying the relation between pulmonary lesions and lymphopenia, an increase of CD4+ and CD8+ T cell counts is observed in parallel with pulmonary lesions improvement after treatment. Inversely, CD4+ and CD8+ T cell counts decrease and the CD4+/CD8+ ratio increases in patients with ILD refractory to treatment (54). Finally, positivity for anti-TRIM21 (Ro52) Abs (55, 56) and older age (14, 29) are indicators of poor prognosis while the female sex and articular form might be factors of good prognosis (57).



Dermatomyositis With Anti-MDA5 Antibodies: Three Distinct Clinical Phenotypes

The heterogeneity of clinical features and outcomes among patients with anti-MDA5 DM prompted to divide the clinical spectrum of anti-MDA5 DM into three distinct clinical subgroups (Figure 1) (2). The first one is composed mainly of women with RP-ILD associated with mechanic’s hands, with the highest mortality rate (80%). A rheumatologic group (55% of cases) is also made mostly of women with arthralgia or arthritis (83%), less frequent RP-ILD (17%) and a better prognosis. The third clinical phenotype mainly encompasses men with symptoms dominated by skin vasculopathies, including a Raynaud’s phenomenon (82%), skin ulcers (77%), digital necrosis (32%) and calcinosis (23%). This last subgroup is frequently associated with proximal muscles weakness (68%), with relatively few RP-ILD (23%) and it is of intermediate prognosis. This classification was already suggested by a Spanish group in 2014 (17) and could permit an appraisal of the prognosis of patients with anti-MDA5 DM.




Figure 1 | The clinical phenotypes of anti-MDA5 dermatomyositis. Anti-MDA5 dermatomyositis can be divided into three clinical phenotypes with varying degrees of pulmonary damage, which is inversely correlated with the survival. RP-ILD, rapidly progressive interstitial lung disease.






Juvenile Dermatomyositis Associated With Anti-MDA5 Antibodies

Juvenile DM (JDM) is associated with anti-MDA5 Abs in 6 to 12% of cases in European and North American cohorts, and constitutes the third most frequent DM-associated Abs after anti-TIF1γ and anti-NXP2 Abs (56, 58–62). The prevalence of the anti-MDA5 Abs is higher in Japanese cohorts, with 24 to 38% of patients having anti-MDA5 Abs associated JDM (63–65). The anti-MDA5 JDM phenotype is associated with a higher frequency of constitutional symptoms (weight loss, fever and adenopathy) and milder muscle involvement compared to the other forms of JDM (58, 61, 62, 65).

Similarly to the adult form, the specific cutaneous phenotype found in anti-MDA5 DM, i.e. the palmar papules and skin ulcerations, are also observed in anti-MDA5 JDM, as well as arthritis, which is more frequent than in other subtypes of JDM (58, 59, 61, 64). These lesions distinguish anti-MDA5 JDM from the other forms of JDM. The arthritis associated with the juvenile form is similar to the one observed in adults, characterized by symmetrical pain and swelling of the small joints of the hands (58, 66). Anti-MDA5 JDM is also associated with an increased risk of ILD (58, 61, 63–65, 67), which is more frequent compared with other forms of JDM associated with MSA, except for anti-synthetase Abs-associated JDM. RP-ILD appears to be less common (<10%) in Caucasian anti-MDA5 JDM, compared to the adult form (58). Thus, a major difference between the juvenile form and the adult form of the disease in Caucasian patients is observed in terms of outcome, since anti-MDA5 JDM has comparable outcome with the other forms of JDM, but flares are less frequent in this subset of JDM and necessitates less medication (58, 59, 61). The observations on the association between anti-MDA5 Abs JDM and RP-ILD are more contradictory in the Japanese population. Indeed, although some studies report a much higher frequency of RP-ILD in Japanese anti-MDA5 JDM patients associated with a poor prognosis, a recent multicenter study reported only 19% of RP-ILD in a cohort of 31 anti-MDA5 Abs positive patients, with a lower rate of relapse than other MSA positive patients (63, 67, 68).



MDA5 and Anti-MDA5 Antibodies

In 2005, Sato et al. reported that Abs found in the sera of patients with CADM react with a cytoplasmic protein of 140 kDa (4). In 2009, the same team described MDA5 as the antigenic target of 140 kDa which is recognized by the Abs found in patients with CADM (69).

MDA5 was initially identified in 2002, as a type I IFN-inducible gene in human melanoma cells, and the first function described for this protein was to induce the death of cancer cells (70). Since this first description, MDA5 is now considered as a key sensor of viral infection, mediating the production by the infected cell of IFN-I and the induction of other genes that collectively establish an antiviral host response. MDA5 is encoded by the gene IFIH1 (interferon-induced with helicase C domain 1) and is part of the Retinoic acid Inducible Gene-I-like receptor family that detect molecular patterns of viruses that have gained access to the cytosol of the infected cell. More specifically, MDA5 senses preferentially long (> 300 bp) RNA-RNA strand pairs, which are mainly RNA viruses replicative intermediates, although some DNA viruses also produce them during their life cycle (71, 72). MDA5 senses these double-stranded RNA (dsRNA) via its RNA helicase domain and a C-terminal domain (CTD), and subsequently transmits a signal via its homotypic interacting caspase recruitment domain (CARD). Upon recognition of dsRNA, MDA5 assembles into a filament along the dsRNA axis and adopts a ring-like conformation around dsRNA, allowing MDA5 to bind with a strong affinity to its ligand. MDA5 then interacts with the mitochondrial antiviral signaling protein (MAVS), present on the outer membrane of the mitochondria, peroxisomes and other mitochondria-associated membranes. The interaction between MDA5 and MAVS through their respective CARD leads to the activation of the transcription factors interferon regulatory factor 3 and 7 (IRF3 and IRF7), as well as nuclear factor-kappa B (NF-κB). Phosphorylated IRF3, IRF7 and NF-κB then accumulate in the nuclei where they activate antiviral gene transcription, including IFN-I genes, leading to the production of type I IFN (IFNα and IFNβ) and pro-inflammatory cytokines (73, 74).

By this way, MDA5 is able to detect and limit the replication of several RNA viruses of the picornavirus, flavivirus or coronavirus families, as well as DNA viruses of the herpesvirus family for instance (71, 75). But MDA5 is also able to sense endogenous dsRNA, such as mitochondrial dsRNA generated by bilateral transcription of mitochondrial DNA. This biological mechanism is tightly regulated, by mitochondrial degradasome enzymes such as the polynucleotide phosphorylase (PNPase), avoiding the accumulation of dsRNA and thus deleterious activation of MDA5. As a result, PNPase deficiency can cause a massive accumulation of long mitochondrial dsRNA, escaping into the cytosol and leading ultimately to an uncontrolled activation of MDA5 and an upregulation of interferon-stimulated genes (76). In line with this, patients with hypomorphic mutations in PNPT1, the gene that encodes for PNPase, have type I interferonopathies characterized by a constitutive activation of the IFN-I axis (77).


Tissue Distribution and Cellular Location of MDA5

A greater knowledge of the tissue distribution and cellular location of MDA5 is essential to better understand the pathophysiology of anti-MDA5 DM. MDA5 has low tissue specificity in physiological condition (78). A higher expression in the skin and lung tissues of patients with anti-MDA5 DM would be expected compared to expression in muscle tissues. Although studies on MDA5 expression in these target tissues are very rare, MDA5 expression has been shown to be enhanced in skin biopsies of patients with DM, which could offer an element of response to the severe cutaneous symptoms associated with the disease (79).

Defining the cellular location of MDA5 in a pathological context is also critical as pathogenic Abs necessitate to be internalized when the antigenic target is cytosolic, or act by interacting with a protein expressed at the surface of a target cell. At the cellular level, MDA5 was initially described as an intracellular protein found in the cytoplasm of most cells (70). However, Berger et al. studied MDA5 expression and subcellular localization in neutrophils and showed an overexpression of MDA5 both in the cytoplasm and in secretory vesicles as well as a cell surface expression (80). Expression of MDA5 at the surface of other cell types is still being determined. The identification of transient or constitutive expression of MDA5 on the surface of target cells could constitute a critical element in the understanding of the pathogenesis of the disease, in favor of a potential pathogenic role of anti-MDA5 Abs.



Anti-MDA5 Autoantibodies: The Diagnostic Marker

The identification of the anti-MDA5 Abs in CADM was initially performed by immunoprecipitations (IP) of sera from patients incubated with 35S-methionine-labeled K562 cell extracts (4). Since then, radiolabeled IP is considered as the gold standard testing method to detect anti-MDA5 Abs. Although the substitution of radiolabeled antigenic extracts by biotin-labeled recombinant MDA5 constitute a good alternative to bypass the use of radioactive materials (81), IP remains difficult to use in everyday practice, because time-consuming and expensive. Another major issue of IP assay regarding anti-MDA5 Abs identification is the comigration of the MDA5 antigen with other antigens found in DMs, such as the antigens NXP2, TIF1γ and OJ (18, 59, 82). Great expertise is therefore required for correct identification of anti-MDA5 Abs by IP, and alternative interpretation and other assays are therefore required to confirm a serum positivity.

For all the reasons mentioned above, IP is used only in a limited number of medical laboratories, which opted now for qualitative or quantitative alternative assays. Qualitative assays include indirect immunofluorescence (IIF) staining on HEp-2 cells and immunodot assays (so-called line blot or dot blot) (83). IIF staining performed on HEp-2 cells with diluted sera from patients with anti-MDA5 DM can give rise to a characteristic cytoplasmic staining with a finely granular appearance, in rare clustered cells and in one study in all cells (Figure 2) (4, 84, 85). This difference could be due to the source of HEp-2 cells differentially expressing MDA5 or to the presence of other Abs. However, the scarcity of positive cells generally observed in the microscope field makes the identification of anti-MDA5 Abs by IIF very touchy, and requires a trained eye. Moreover, this IIF pattern is inconstant. In our personal experience that includes a cohort of 31 anti-MDA5 DM, this particular IIF pattern was observed with 50% of sera. Several nonspecific IIF patterns are otherwise observed and have been described, such as a granular cytoplasmic pattern in all cells (which can mask the typical cytoplasmic pattern), or a nuclear speckled pattern, associated or not with the typical cytoplasmic pattern (Figure 2) (4). Finally, anti-MDA5 Abs positive sera can also be negative by IIF (17, 18). IIF results should thus always be interpreted by taking in consideration the clinical context and other specific assays should be conducted to confirm a positive IIF pattern or to further explore a negative IIF, if there is a strong clinical suspicion of anti-MDA5 DM.




Figure 2 | Indirect immunofluorescence patterns of HEp-2 cells stained with anti–MDA5 positive sera. Stainings were performed on HEp-2 cells (Kallestad, Biorad) with sera from patients with anti-MDA5 Abs dermatomyositis. Top left: typical fine granular cytoplasmic staining in rare clustered cells. Top right: granular cytoplasmic pattern in all cells (which can mask the typical cytoplasmic pattern). Bottom left: nuclear speckled pattern, associated with the typical cytoplasmic pattern. Bottom right: isolated nuclear speckled pattern. Note that absence of fluorescence can also be observed with some sera.



Commercialized immunodot assays (Line blot LIA, Euroimmun, Lübeck, Germany and dot blot D-Tek, BlueDiver, Mons, Belgium) and particle-based multi-analyte technology (PMAT, Inova, Diagnostics, US) can be used for the detection of anti-MDA5 Abs. These specific qualitative assays i.e. Line Blot, Dot blot, have been validated using the IP assay as gold standard, with reported specificity of 96-99% or 98% and sensitivity of 75-93% or 76% respectively. High level of agreement was also found between IP and PMAT (86–88).

Enzyme-linked immunosorbent assays (ELISA) have also been recently developed to detect anti-MDA5 Abs and allow their quantification. An ELISA based on a recombinant MDA5 fusion protein produced in insect cells has shown an analytical sensitivity and specificity of 98% and 100% respectively, compared with IP assays (89). A major benefit of anti-MDA5 Abs ELISA is that it allows a precise quantification of the level of anti-MDA5 Abs in the serum of patients, and a follow-up of its variation during the course of the disease or after the introduction of a therapy.



Anti-MDA5 Autoantibodies: A Tool for Monitoring Disease Activity

The quantification of anti-MDA5 Abs level seems to be a way to predict disease outcome. When comparing surviving and deceased patients, anti-MDA5 Abs levels are significantly lower in surviving patients. Moreover, the outcome of patients with low titers of anti-MDA5 Abs is approximately the same as patients without anti-MDA5 Abs (90). Anti-MDA5 Abs titers also correlate with the severity of the disease, and more particularly with the severity of ILD and cutaneous symptoms. Several Japanese studies reported higher levels of anti-MDA5 Abs in JDM patients with RP-ILD (63, 64, 67). One study reported deep necrotic ulcerations in the patients with the highest anti-MDA5 Abs levels and only superficial cutaneous symptoms in those with the lowest value (12).

Furthermore, the value of the anti-MDA5 Abs could also be useful for the evaluation of the response to treatment. In a Japanese cohort, patients with anti-MDA5 Abs levels greater than 500 units/mL (positivity threshold at 8 units/mL) were resistant to treatment by glucocorticoids/cyclophosphamide or intravenous immunoglobulins, and died (12). Inversely, patients with anti-MDA5 Abs levels lower than 500 units/mL had less severe lung lesions and cutaneous symptoms improved after treatment. Finally, monitoring the Abs levels along the course of the disease could permit to objective a remission or to detect a relapse early. Remission induces the disappearance of anti-MDA5 Abs, whereas it remains elevated in the patients who die or who later relapse (91, 92).

In conclusion, the anti-MDA5 Abs are a critical diagnostic biomarker of the disease and the level of Abs could be an important prognostic and predictive parameter to monitor in patients.



Co-Occurrence of Anti-MDA5 Autoantibodies With Other Autoantibodies

Anti-TRIM21 Abs (also known as anti-Ro52/SSA-52 Abs) are nonspecific Abs encountered in several connective diseases, and also frequently detected in the serum of patients with anti-MDA5 DM, with 27 to 62% of dual-positive patients. These patients seem to develop RP-ILD more frequently and have a less favorable prognosis (15, 16, 55, 56).

A study reported the presence of Abs directed against a nuclear protein, the splicing factor proline/glutamine-rich (SFPQ), in the serum of 27 out of 51 patients (53%) with anti-MDA5 DM (93). SFPQ is a multifunctional nuclear protein of 110 kDa, that participates in diverse molecular functions including transcription regulation, and is also involved in the regulation of host innate immune response to viruses (94, 95). Anti-SFPQ Abs have not been detected in other form of DMs, and were identified at diagnosis in 13 patients, while the others turned positive during the disease course (93). Another study observed an apparition of anti-SFPQ Abs at recurrence (47). The clinical relevance of these Abs is unknown, and they are not researched in current practice.




Pathogenesis of the Disease

Owing to the rarity of anti-MDA5 DM, knowledge on the pathogenic mechanisms of the disease remain limited, but they are believed to occur as a consequence of a particular gene-environmental interaction. Although scarce, several studies have underlined an association of HLA and non-HLA alleles with the disease. Moreover, the identification of seasonal and geographical clustering at disease onset suggests that an infectious agent could be a triggering factor, an attractive hypothesis in view of the antiviral function of the MDA5 antigen. As for the pathogenic mechanisms involved in the disease, since MDA5 is an IFN-I inducible gene, IFN-I could be the starting point for most of the pathophysiological pathways.


Genetic Susceptibility

HLA allele associations have been described in Asian cohorts. The strongest disease association was found with alleles of the type II HLA alleles HLA-DRB1. Analyses of the relationship between type II HLA alleles and anti-MDA5 DM in Chinese cohorts demonstrated a higher frequency of HLA-DRB1*04:01,*12:02 and *12:01 alleles in Chinese patients with anti-MDA5 DM (96, 97). However, different risk factors are observed in particular ethnic groups, including combined frequency of HLA-DRB1*01:01 and *04:05 in Japanese patients (98), with no significant difference for the same alleles in Chinese populations (96). In addition, some alleles such as HLA-DRB1*09:01 have been associated with a worse prognosis in Chinese patients (97). To date, no association between HLA alleles and anti-MDA5 DM has been identified in Caucasian population (99).

Although HLA allele associations differ across ethnic populations, amino acid sequence variations observed in the type II HLA-DRB1 alleles might affect the structure of the antigen-binding groove of the HLA molecule and thereby influence the antigenic repertoire, increasing by this way the disease susceptibility.

One non-HLA locus, an intronic variant of WDFY4, has been recently associated with the anti-MDA5 DM in Japanese patients (100). This variant induces a higher expression of a truncated isoform of the WDFY4 protein. Although the precise biological function of WDFY4 was unknown when this work was published, Kochi et al. demonstrated that the truncated form of WDFY4 markedly enhanced the MDA5-mediated NF-κB activation and cell apoptosis. Interestingly, one year later, Theisen et al. uncovered the function of WDFY4, which is in fact a critical regulator of cross-presentation in the conventional CD1c+ dendritic cells (101). This is of particular interest in the context of anti-MDA5 DM since, as it will be discussed later, an inadequate immune response to an infectious agent could be the environmental factor triggering the disease. It is then tempting to speculate that qualitative and/or quantitative alterations of WDFY4 might induce a striking defect in cross-presentation of viral-associated antigens, which may trigger secondarily an aberrant autoimmune response (Figure 3).




Figure 3 | Possible genetic and environmental factors involved in the anti-MDA5 dermatomyositis. Viral double stranded RNA (dsRNA) activates MDA5 in infected cells, leading to type I interferon (IFN-I) production and increased levels of MDA5. Altered WDFY4 impairs antigen cross-presentation by CD1c+ dendritic cells (DCs), favoring an inefficient elimination of infected cells and further activation of MDA5. In parallel, altered WDFY4 also enhances MDA5-mediated nuclear factor-kappa B (NF-κB) pathway leading to the apoptosis of infected cells, and the release of MDA5. Local dysfunctional mitochondrial polynucleotide phosphorylase (PNPase) could lead to intracellular accumulation of endogenous dsRNA, fueling uncontrolled activation and expression of MDA5. Abnormal accumulation of MDA5 may favor a loss of tolerance to MDA5 in an individual with proper genetic background, leading to anti-MDA5 antibodies (Abs).



Other molecular defects, unexplored so far, might also be involved in the pathogenesis of anti-MDA5 DM. For instance, given the role of mitochondrial PNPase in eliminating endogenous dsRNA, local dysregulated expression and/or function of the enzyme could generate an accumulation of endogenous dsRNA, leading to MDA5 activation, IFN-I pathway stimulation and elevated MDA5 expression.



Environmental Factor

The hypothesis of a viral trigger of anti-MDA5 DM is suggested by epidemiological studies that highlighted a seasonal distribution of the disease. Classically, anti-MDA5 DM onset follows a seasonal repartition with an epidemic period in fall and winter, a peak in late winter and spring and a dip in summer, following respiratory virus epidemic period (102, 103). In the hypothesis of a viral infection as a possible initiator of autoimmunity, the scenario could involve an activation of MDA5 in the infected cells, leading to IFN-I production and increased levels of MDA5, followed by an excessive local apoptosis favored by a specific genetic background (intronic variant of WDFY4). The release of the MDA5 antigen into the microenvironment following cell lysis could be the cause of a loss of tolerance towards MDA5, resulting in the production of anti-MDA5 Abs. This mechanism could also be fueled by a defect in the elimination of the virus, due to an inefficient cross-presentation of viral antigens by CD1c+ DCs (Figure 3).

It is also interesting to note that a geographical distribution of the disease has also been reported in Japan, with an increased prevalence of anti-MDA5 DM in patients living in rural areas as opposed to urban areas as well as in patients residing near freshwater (103, 104).



Pathogenesis of the Anti-MDA5 Dermatomyositis: The Vasculopathy Hypothesis

Several pieces of evidence point toward a central role of vascular injury in the pathogenesis of anti-MDA5 DM: (i) Patients frequently show typical cutaneous features such as skin ulcers due to severe vasculopathy; (ii) Histopathology of palmar papules, as well as lung tissues highlights vasculopathy (12, 15, 105); (iii) Biomarkers of endothelial dysfunctions have been identified in the sera of patients (106, 107); (iv) Patients exhibited a strong IFN-I signature distributed in the vasculature of the skin (108, 109). It is important to emphasize that these particular features are observed in the skin and the lungs of patients with anti-MDA5 DM but that there is no or few signs of vasculopathy nor of an enhanced IFN-I signature, compared to other DM, in muscle tissue of anti-MDA5 DM patients (21, 22).

Biomarkers of endothelial dysfunctions released in the sera of anti-MDA5 DM patients include endothelin, thrombomodulin, plasminogen activator inhibitor, von Willebrand factor (vWF), soluble vascular cell adhesion molecule-1 and soluble intercellular adhesion molecule-1 (106, 107). Interestingly, serum levels of endothelin and vWF are higher in anti-MDA5 DM patients who have cutaneous ulcers and ILD and IFN-I signature correlates positively with endothelin levels (106). All together, these data suggest that blood vessels exposure to IFN-I in anti-MDA5 DM may lead to endothelial injury, ultimately responsible for the cutaneous and pulmonary lesions associated with this disease.


Vasculopathy and Pulmonary Lesions

Anti-MDA5 DM is associated with an accumulation of activated macrophages (M2) in alveoli (110, 111). Several markers of macrophage activation are elevated in the serum of anti-MDA5 DM patients, such as a soluble form of CD206, which is highly expressed by alveolar macrophages (110, 112). Other soluble markers of activated macrophages, such as a soluble form of CD163, as well as the chitotriosidase and the ferritin, are also found in the sera of patients at significantly higher levels than in other subtypes of DM (110, 111, 113, 114). Neopterin levels, another marker of macrophage activation, are elevated in DM patients with anti-MDA5 Abs in association with RP-ILD and reduced survival. A positive correlation of neopterin levels with ferritin and markers of disease severity, and a negative correlation with pulmonary function have been demonstrated (115). Multiple chemokines can induce the recruitment of M2 macrophages. Among them, the chemokine CX3CL1 (Fractalkine) is of interest in anti-MDA5 DM since its concentration is elevated in sera of patients (116). CX3CL1 secretion can be induced by IFN-I in pulmonary vascular endothelial cells and induces the recruitment of CX3CR1+M2 macrophages in the lungs (117, 118). It is then tempting to speculate that high levels of IFN-I induce endothelial injury leading to the secretion of CX3CL1, responsible for the recruitment of intrapulmonary profibrotic M2 macrophages. Locally, M2 macrophages produce TGF-β to directly promote pulmonary fibrosis, and could be involved in the recruitment of profibrotic CD4+CXCR4+ T cells. In agreement with this, elevated levels of CD4+CXCR4+ T cells are observed in the peripheral blood and the bronchoalveolar lavage fluids of patients with ILD. Locally, the airway epithelial cells and the macrophages are the main sources of the stromal cell derived factor-1 (SDF-1 or CXCL12), the ligand of CXCR4 (119). Once recruited, the CD4+CXCR4+ T cells may promote pulmonary fibroblast proliferation, partly through the release of IL-21, and secondarily by the production of profibrotic agents, namely TGF-β, α-smooth muscle actin and collagen I. IL-21 is known to induce the differentiation of IL-13 producing-CD8+ T cells, which in turn enhance IL-21 production, creating an activation loop (120). IL-13 may fuel pulmonary fibrosis through two mechanisms: direct activation of fibroblast, and stimulation of the synthesis of TGF-β by activated macrophages (121) (Figure 4).




Figure 4 | Endothelial dysfunctions and immune alterations in anti-MDA5 dermatomyositis. In the skin, CXCL10, a keratinocyte and endothelial-derived chemokine, induces the recruitment of CD8+CXCR3+ T cells, potentially autoreactive and leading to keratinocytes death. Endothelin released by injured endothelial cells, is a strong vasoconstrictor which can induce local ischemia responsible for cutaneous ulcers. In the lung, CX3CL1 can be produced by vascular pulmonary endothelial cells following IFN-I exposure. CX3CL1 recruits CX3CR1+ alternative alveolar macrophages (M2). Alveolar M2 macrophages, as well as airway epithelial cells, release stromal cell-derived factor 1 (SDF-1) which induces the accumulation of intrapulmonary CD4+CXCR4+ T cells. CD4+CXCR4+ T cells produce profibrotic agents (transformation growth factor-β (TGF-β), α-smooth muscle actin (α-SMA) and collagen I), as well as IL-21, which promotes the differentiation of profibrotic CD8+ T cells. CD8+ T cells secrete IL-13, which stimulates macrophages to produce profibrotic factors.





Vasculopathy and Cutaneous Lesions

Histology of skin biopsies from patients with anti-MDA5 DM classically show an interface dermatitis, a histopathological pattern characterized by vacuolar changes, apoptotic keratinocytes and infiltration of CD8+ lymphocytes at the dermoepidermal junction (122–124). The interface dermatitis is also a classical feature observed in systemic erythematosus lupus and lichen planus. Another common feature of all these diseases is the enhanced IFN-I signaling into the skin of patients. A common pathophysiological model has therefore been proposed, based on the secretion of keratinocyte-derived CXCL10 following skin exposure to IFN-I (125–128). Consistent with this observation, the expression of CXCL10 as well as the expression of IFN-I induced proteins (ISG15, MxA) are upregulated in the skin of anti-MDA5 Abs positive patients (108, 109, 126, 129). Endothelial cells stimulated by IFN-I could also constitute another source of CXCL10 (130). CXCL10 then induces the recruitment of CXCR3+CD8+ T cells, potentially autoreactive, responsible for the apoptosis of keratinocytes (125, 126) (Figure 4).

In addition, skin biopsies from anti-MDA5 DM patients also show more severe lesions, affecting the deeper layers of skin, down to the dermis. Epidermal necrosis and typical findings of vasculopathy are observed, with vascular fibrin deposition, thickening of the vascular walls and vascular thrombosis of the small and medium vessels (12, 15, 123, 131). Endothelin, released consequently to endothelial injury caused by chronic exposure to IFN-I, acts as a potent vasoconstrictor. It may in part be responsible for the skin ulcers, by inducing a local ischemia, as is the case in other diseases (132). The regression of skin ulcers in patients treated with bosentan, an endothelin-receptor inhibitor, or with a vasodilator drug, such as sildenafil, supports this hypothesis (133–135). In the same way, pro-coagulant factors (e.g. vWF) released by damaged endothelial cell could lead to blood coagulation activation, as evidenced by the vascular fibrin deposits and thromboses observed histologically (Figure 4).




Potential Contribution of Anti-MDA5 Antibodies to the Pathogenesis

Whether we consider skin or lung lesions, IFN-I seems to be the starting point for all the pathophysiological pathways described above. Indeed, IFN-I signaling is enhanced in anti-MDA5 DM, in skin and in serum, more than in other DM, suggesting the presence of a specific trigger of the IFN-I pathway in the disease (109, 129, 136). Here we assume that anti-MDA5 Abs could be the cornerstone of the dysregulation of the IFN-I pathway in anti-MDA5 DM. Several observations support this hypothesis: (i) The severity of the disease correlates with the titers of anti-MDA5 Abs (12, 63, 64, 67); (ii) The use of therapies that target the humoral immune response has shown its effectiveness in patients with anti-MDA5 DM (137–141); (iii) MDA5 expression has been shown to be enhanced in skin biopsies of patients (79).

In pathological contexts, MDA5 is overexpressed in altered tissues such as the skin of patients and ectopic expression of MDA5 at the cell surface has been reported (79, 80). In this context, anti-MDA5 Abs could then bind to MDA5-positive cells and induce an inappropriate activation of MDA5, leading to the dysregulation and the chronic activation of the IFN-I pathway in target tissues, worsening the existent lesions. Anti-MDA5 Abs binding to its antigenic target could also induce immune-mediated cytotoxicity by complement fixation or antibody-dependent cytotoxicity, further worsening the lesions (Figure 5A). Apart from binding to MDA5 expressed on cell surface, anti-MDA5 Abs could also form immune complexes with the MDA5 proteins released from apoptotic skin and/or lung fibroblasts. These immune complexes could then deposit in organs, for example in dermal/lung vessels, inducing more vascular damage (Figure 5B). Finally, anti-MDA5 Abs could penetrate cells and interact with cytoplasmic MDA5, similarly to what has been described with other Abs, altering several functional pathways (Figure 5C) (142–144).




Figure 5 | Potential contribution of the anti-MDA5 antibodies to the pathogenesis. Anti-MDA5 antibodies (Abs) may contribute to the pathogenesis in several ways. (A) In specific conditions, MDA5 may translocate at the surface of critical stromal cells, or immune cells such as neutrophils. Interaction between the autoAb and the ectopic antigenic target could trigger chronic activation of the type I interferon (IFN-I) signaling pathway, as well as immune mediated cytotoxicity through complement activation (CDC) and/or Ab-dependent cytotoxicity (ADCC). (B) Anti-MDA5 Abs could also bind to MDA5 released from apoptotic cells, to form immune complexes that could contribute to immune-mediated damage. (C) A cell exposed to a stress (infection, genetic background) overexpresses intracytoplasmic MDA5. Anti-MDA5 Abs might penetrate the cell to bind to MDA5, altering several functional pathways.



The isotype and the subclass of anti-MDA5 Abs might also affect their potential pathogenic function. In a Chinese cohort, anti-MDA5 IgA and IgG were the predominant isotypes. Interestingly, anti-MDA5 IgG1 were associated with higher serum ferritin levels, severe interstitial pneumonia, and a higher mortality rate. The combined positivity for anti-MDA5 IgG1 and anti-MDA5 IgG4 was predictive of poor prognosis (145). IgG1 are potent activators of the complement pathway, and as a result, anti-MDA5 IgG1 could be the main subclass involved in the pathogenesis of the disease. The identification of anti-MDA5 IgG4 is more unexpected, as IgG4 are considered non-inflammatory, owing to the unique structure of their hinge region (146). Whether the presence of anti-MDA5 IgG4 in the most severe forms of the disease reflects a modulatory mechanism, although insufficient, remains to be defined.



Similarities Between Anti-MDA5 Dermatomyositis and COVID-19

Anti-MDA5 DM and coronavirus disease 2019 (COVID-19) share several common features, clinical and pathogenic, and exploring the pathophysiological mechanisms of COVID-19 may help to better understand the pathogenesis of anti-MDA5 DM (147).

First, as for anti-MDA5 DM, COVID-19 can be complicated by interstitial pneumonia which can lead to acute respiratory distress syndrome and death. This pulmonary damage is difficult to distinguish from the ILD associated with anti-MDA5 DM (148). Thus, it is important to carefully assess patients with RP-ILD, in particular in the case of a negative RT-PCR test for SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) as RP-ILD may be the sole symptom at anti-MDA5 CADM onset. Anti-MDA5 DM may then be easily confounded with COVID-19, delaying the diagnosis and treatment. Inversely, patients with positive test for anti-MDA5 Abs, or any other MSA, and who develop acute pneumonia should be tested for SARS-CoV-2 infection, as the infection worsens the patient’s condition (149).

Second, anti-MDA5 DM and COVID-19 seem to share several pathogenic mechanisms. Both diseases are characterized by an activation of the IFN-I signaling pathway. However, although in anti-MDA5 DM, dysregulation of the IFN-I axis seems to exacerbate the disease, the role of the IFN-I pathway in COVID-19 appears more complex. MDA5 is a sensor of SARS-CoV-2 in lung cells, and its activation induces an IFN response to eliminate the virus (150–152). The IFN-I pathway plays a major role in the defense against the virus in COVID-19, as illustrated by the impaired IFN-I signaling in severe cases and the presence of anti-IFN-I Abs in the sera of more than 10% of patients with a life-threatening infection (153–156). In this sense, early activation of the IFN-I signaling pathway appears to be an essential weapon against SARS-CoV-2 infection. In contrast, a strong delayed IFN-I response could exacerbate the hyperinflammation associated with the most severe forms of COVID-19 (157, 158).

Another common pathological feature shared by the two diseases is the endothelial injury and the thrombotic manifestations associated with the more severe forms (148, 159, 160). This is highlighted by the presence of markers of endothelial and platelet activation as well as coagulation factors and fibrinolytic enzymes in the serum of patients, such as vWF, thrombomodulin, P-selectin and D-dimer (161). The important systemic inflammatory response and activation of the angiotensin converting enzyme 2 (ACE2), the major cell entry receptor for SARS-CoV-2, expressed on endothelial cells are accountable for these vascular damages (159, 162).

Finally, anti-MDA5 Abs have been identified in the serum of Chinese patients diagnosed with COVID-19 (48.2% of 274 patients), frequently in the most severe cases. Furthermore, the titers of anti-MDA5 Abs appear to correlate with the severity of the disease and were higher in the non-survival cases (163). These preliminary results should, however, be taken with caution. Indeed, although the titers of anti-MDA5 Abs are statistically higher in the non-survivals infected SARS-CoV-2 patients versus the survivals, the orders of magnitude are very low (5.95 ± 5.16 U/mL vs 8.22 ± 6.64 U/mL, P = 0.030). In addition, it is well established that common viral infections, as well as SARS-CoV-2 infection, frequently trigger the induction of transient, low-titer, polyspecific autoantibodies (164, 165). In agreement with this, several myositis-specific autoantibodies have been identified as false positives in patients with COVID (166). To what extent these anti-MDA5 Abs are really specific, to what extent they are present in the infection of other RNA viruses or only during the infection by SARS-CoV-2, and what are their implications for the patient in the short and long term are all unanswered questions to be explored.




Treatment of Anti-MDA5 Dermatomyositis

Although no recommendations for the management of anti-MDA5 DM exist at this time, a combination immunosuppressive (IS) therapy is wildly used. This intensive IS treatment classically consists of an association of glucocorticoids with a calcineurin inhibitor (cyclosporine A or tacrolimus) or a triple therapy with the addition of intravenous cyclophosphamide or mycophenolate mofetil. However, many cases are refractory to this treatment with a reported overall mortality rate after treatment of 40% (167). Resistance to treatment, beyond worsening clinical signs, can be assessed by monitoring the level of anti-MDA5 Abs, ferritin or IL-18 which tend to stabilize or increase in patients refractory to treatment (51, 91, 168, 169). Other studies evaluating the effectiveness of intensive IS therapy highlighted the importance of beginning the treatment early after the diagnosis to improve the prognosis (91, 170). In addition to being partially efficient, the intense IS bi- or tri-therapy is responsible for several adverse events, mostly infections and renal function alteration. Renal function alteration is mostly due to calcineurin inhibitors and lead to treatment interruption in most cases. Bacterial, viral and fungal infections are reported, the most frequent being the reactivation of cytomegalovirus (29, 46, 171, 172). Pneumocystis jirovecii pneumonia is also encountered (29, 173, 174). Whether the infections are the result of IS treatment or of the disease itself is not clear, although DM was associated with a higher risk of developing pneumocystosis in a French retrospective study (175).

Due to the limited effectiveness and frequent adverse events of these treatments, several alternative therapy strategies are currently evaluated to treat refractory cases. The rare studies evaluating alternative therapies, such as the use of vasodilators, inhibitors of the IFN axis, or therapies that target the humoral immune response, illustrate the importance of the dysregulated pathways discussed previously in the pathogenesis of the disease.

Data regarding the improvement of cutaneous lesions after intensive IS treatment are scarce but some case reports of cutaneous lesions refractory to IS drugs have been published (48, 137, 176). As the vascular injury seems to have a central role in the development of skin lesions, drugs such as sildenafil, a vasodilatator, or bosentan, an endothelin-receptor inhibitor, might be added to the IS treatment to treat the skin ulcerations (32, 133–135).

Considering the importance of the IFN-I signaling pathway in anti-MDA5 DM, inhibitors of Janus Kinases (JAK) appear to be a promising treatment for anti-MDA5 DM. Several studies reported the efficacy of tofacitinib and ruxolitinib in patients who experienced a relapse or were refractory to standard treatment (50, 176–179). JAK/STAT signaling pathway is activated by IFNs leading to the transcription of IFN-stimulated genes (ISGs), including MDA5. Tofacitinib and ruxolitinib inhibit this pathway, decreasing MDA5 expression and activation. Furthermore, its effectiveness on refractory forms of ILD reinforces the potential role of IL-21 in the pathophysiology of ILD as JAK-pathway is required for IL-21/IL-21R signaling (119, 180, 181). JAK inhibitors could then be used to treat or prevent severe forms of ILD. Tofacitinib seems well tolerated in most patients but one study reported cytomegalovirus reactivation in 100% of patients, varicella-zoster virus reactivation (60%) and bacterial respiratory infections (80%) (178). Whether these adverse events were caused by the disease or the therapy was not determined. The question remains whether JAK-inhibitors should be administered in patients refractory to classic IS therapy or be initiated at diagnosis to avoid worsening of the disease. A clinical trial including 50 Japanese patients with anti-MDA5 CADM-associated ILD diagnosed for less than 3 months reported a 6-month survival significantly higher (100%) in the group of patients (n=18) who received a glucocorticoid combined with tofacitinb than in the group (n=32) who received conventional immunosuppressive treatment (6-month survival of 78%) (182). JAK inhibitors could therefore have a prominent place in the first-line treatment of anti-MDA5 DM.

A pathogenic role of anti-MDA5 Abs could motivate the use of plasmapheresis, IV immunoglobulins and rituximab. Although evidence is limited to small case series, these therapies seem efficacious (137–141, 183–187), apart from one case report of a patient whose condition worsened after plasma exchange probably due to transfusion-related acute lung injury (188). However, their effectiveness in large cohorts of patients as well as data concerning long-term remission remain to be evaluated.



Conclusion

Anti-MDA5 DM is a systemic autoimmune disease that can be divided into 3 clinical subgroups, with different prognosis, linked to the incidence of RP-ILD which is influenced by the ethnic origin of the patients. Recent publications suggest a central role for IFN-I mediated vasculopathy. It might be responsible for both the pulmonary and the cutaneous lesions, through the secretion of endothelial-derived substances inducing the recruitment and the activation of immune cells, in fine responsible for the lesions observed in anti-MDA5 DM. Anti-MDA5 Abs might also contribute to the pathogenesis by altering the IFN-I pathway. Of course, further studies need to be conducted to confirm these assumptions. Elucidating the precise role of anti-MDA5 Abs associated to the disease will constitute a crucial step in the understanding of the pathogenesis. An improved knowledge of the pathogenesis of the disease will also undoubtedly pave the way for the development of more effective therapeutic strategies.
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Idiopathic inflammatory myopathy (IIM) is a heterogeneous group of acquired, autoimmune muscle diseases characterized by muscle inflammation and extramuscular involvements. Present literatures have revealed that dysregulated cell death in combination with impaired elimination of dead cells contribute to the release of autoantigens, damage-associated molecular patterns (DAMPs) and inflammatory cytokines, and result in immune responses and tissue damages in autoimmune diseases, including IIMs. This review summarizes the roles of various forms of programmed cell death pathways in the pathogenesis of IIMs and provides evidence for potential therapeutic targets.
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Highlights

	Dysregulated cell death in combination with impaired elimination of dead cells, get involved in the pathogenesis of IIMs.

	Programmed necrosis, such as NETosis and pyroptosis, seems to play a more important role in the pathogenesis of IIMs, which contribute to the release of autoantigens, damage-associated molecular patterns and proinflammatory cytokines.

	The mechanisms of PCD seem to vary among different subtypes of IIM and require even more precise studies according to different myositis-specific antibodies.





Introduction

Idiopathic inflammatory myopathy (IIM) is a heterogeneous group of acquired, autoimmune muscle diseases characterized by production of a spectrum of autoantibodies [including myositis-specific autoantibodies (MSAs) and myositis-associated autoantibodies (MAAs)], aberrant regulation of inflammatory responses, and tissue damage of different organs. The most common subtypes of IIMs are represented by dermatomyositis (DM), polymyositis (PM), inclusion body myositis (IBM), immune-mediated necrotising myopathy (IMNM), antisynthetase syndrome (ASSD) and overlap myositis (1). The exact pathogenesis of IIMs has not been fully elucidated, but was reported to be related to genetic and environmental factors, abnormal immune responses and non-immune responses (2).

Almost exclusively found in IIM patients, MSAs include antisynthetase autoantibodies (ARS), anti-Mi-2, anti-signal recognition particle (SRP), anti-melanoma differentiation-associated gene 5 (MDA5), anti-nuclear matrix protein 2 (NXP2), anti-transcription intermediary factor 1γ (TIF1γ), anti-small ubiquitin-like modifier activating enzyme (SAE), and anti- 3-Hydroxy-3-methylglutaryl CoA reductase (HMGCR). Their targeting antigens are ubiquitously expressed and are involved in key cellular processes, including gene expression and developmental regulation (3), but how these intracellular components get exposed to the immune system, elicit immune responses and lead to the generation of MSAs, remain unclear. Besides, overexpressed cytokines have been found in the serum and diseased muscle tissues of IIM patients. For instance, the level of type I interferon (IFN) is increased significantly in the muscles of DM patients (4). Therefore, it is reasonable to speculate that abnormal cell death may play a role in the pathogenesis of IIMs. Currently, accumulating evidences have revealed that excessive cell death in combination with impaired elimination of dead cells and debris contribute to the release of autoantigens, danger-associated molecular patterns (DAMPs) and proinflammatory cytokines, and consequently, the over-activated immune and inflammatory responses in IIMs (5). According to functional aspects, cell death can be classified into programmed cell death (PCD) and accidental cell death (ACD) (6). Used to be mistaken for the synonyms of apoptosis, essentially PCD also incorporates autophagy-dependent cell death and programmed necrosis (7) (such as NETosis, pyroptosis, ferroptosis and necroptosis) (Figure 1).




Figure 1 | Classification of cell death.



In this review, we focus on recent research progression of PCD pathways in the pathogenesis and progression of IIMs to provide evidence for potential therapeutic targets.



Apoptosis and Secondary Necrosis after Apoptosis

Apoptosis is a genetically-controlled non-lytic cell death pathway, designed to dismantle and remove senescent and injured cells, thereby preventing unwanted inflammation during development, homeostasis, and infection (8). The main features of apoptosis are cytoplasmic shrinkage, membrane blebbing, chromatin condensation and nuclear fragmentation (6). Two distinct apoptotic signaling pathways, intrinsic (also called the mitochondrial pathway) and extrinsic pathways, have been defined. The extrinsic pathway can be triggered by death factors of the tumor necrosis factor (TNF) family [including Fas ligand (CD95L, FasL), TNF-α, and TNF-related apoptosis-inducing ligand (TRAIL)], while the intrinsic pathway is activated by microenvironmental perturbations including endoplasmic reticulum stress (ERS), reactive oxygen species (ROS), or lack of nutrient support (9). Mitochondrial outer membrane permeabilization (MOMP) is the critical and irreversible step for intrinsic apoptosis, which is regulated by Bcl-2 family members (10). Both apoptotic pathways are mediated by specific sets of caspases which act in cascades, among which caspase-8 and caspase-9 being the initiators for the extrinsic pathway and the intrinsic pathway, respectively. Once activated, either caspase-8 or caspase-9 activates executioner caspase-3 and caspase-7 and leads to apoptosis of the doomed cell (11). Macrophages engulf these dead cells in a process called efferocytosis by recognizing “find me” signals [such as ATP, UTP, sphingosine-1-phosphate (S1P) and CX3CL1 (fractalkine)] and “eat me” molecules (such as phosphatidylserine, oxidized LDL-like molecules and C1q-bound serum proteins) released by these cells (10). However, when apoptotic cells are not engulfed efficiently and timely, they undergo secondary necrosis, which is featured with permeabilization of plasma membranes and release of intracellular contents that may activate the immune system (7).

Peripheral T cell lymphopenia has been reported in some patients with DM, which is associated with the increased Fas-mediated apoptosis of T cells. The overexpression of retinoic acid-inducible gene I (RIG-I) could induce T cell apoptosis, but the mechanism is far from clear (12). Also, lymphopenia may be resulted from the decreased autophagy, which is discussed later below (13). Noteworthily, in patients of IIM, T cells infiltrating in the muscles are dominated by CD28null T cells, partly due to chronic antigenic stimulation (14), which show an increased percentage in peripheral blood mononuclear cells (PBMCs) as well (15–18). CD28null T cells infiltrating in IIM muscles are generally regarded as terminally differentiated and apoptosis resistant with properties of replicative senescence (16, 17, 19, 20), because of decreased expression of Fas (21), and increased expression of antiapoptotic molecule Bcl-2 (22), Bcl-x1 and cyclin-dependent kinase inhibitors p16 and p57 (20), upregulation of the phosphoinositide 3-kinase pathway (23) (which inhibits Fas-initiated apoptosis), and upregulation of various inhibitory natural killer cell receptors (iNKRs) (24) (such as CD94/NKG2A). CD28null T cells are not capable of costimulatory interaction with CD80 and CD86, but this does not represent a global loss of costimulatory receptor expression. The upregulation of alternative costimulatory molecules, such as inducible costimulator (ICOS), CD134 and CD137, has been reported in CD28null T cells after CD3 ligation (25). Moreover, this T-cell phenotype is suggested to be treatment-resistant for its persistence in muscle tissue after high doses of glucocorticoids and other immunosuppressive treatment, which is correlated with a poor clinical response (17), and could be due to a significant loss of glucocorticoid receptors (GCRs) (26). Therefore, CD28null T cells are an emerging target of interest for treatment in refractory myositis patients. Existing drugs that could downregulate T cells include calcineurin inhibitors (e.g., tacrolimus and cyclosporine) and abatacept. Calcineurin inhibitors could prevent calcineurin from dephosphorylating nuclear factor of activated T cell (NFAT) proteins and then repress transcription of IL-2, and thereby restraining the differentiation and survival of T cells (27). A single-arm prospective clinical trial revealed that initial combination treatment with tacrolimus and GCs could improve short-term mortality of PM/DM-ILD patients with satisfactory safety (28). Abatacept, an agonist of cytotoxic T-lymphocyte antigen-4 (CTLA-4), could interfere with the activation of T cells by binding CD80/CD86 on the surface of antigen‐presenting cells (APCs). A phase IIb, delayed-start clinical trial of abatacept was conducted in 20 refractory DM/PM patients. Decreased disease activity was observed in 42% of the patients, as well as upregulated Foxp3+ regulatory T cells in repeated muscle biopsies (29). There is a phase III, randomized, double-blind trial underway to further evaluate abatacept for myositis treatment (Clinical Trial Identifier NCT02971683).

In PM, CD28null T cells have been demonstrated to be able to exert direct cytotoxicity towards myocytes by polarizing perforin and secreting granzyme B, and indirectly contribute to myotube cell death by releasing proinflammatory cytokines IFN-γ and TNF which could induce surface expression of MHC, rendering the myocytes more sensitive to cytotoxic attacks (30). An in vitro study also identified that culturing myoblasts with IFN-γ or TNF alone could upregulate inflammation related transcription factors (NF-κB, nuclear factor-κB) and induce apoptosis (31), implying that extracellular inflammation induces further inflammatory changes and forms a sustained loop of inflammation leading to cell death. One study on IBM showed that the combination of β-amyloid (Aβ) with IFN-γ stimulating pathogenic   production via induction of iNOS gene expression could induce apoptosis of myocytes (32), while the other found Aβ alone is sufficient for myofiber apoptosis (33). In hereditary IBM, mutations in gene GNE could lead to impaired apoptotic signaling, thus causing degenerative process and muscle loss (34). Moreover, the expressions of Fas and cytoplasmic caspase-8 and -3 of myocytes could be upregulated by proinflammatory cytokines as well (35), but whether myocytes apoptosis mediated by Fas/FasL interaction is involved in the pathogenesis of IIM is controversial. Fas expression in muscle fibers has been reported with very different frequencies (36–39). The presence of myocytes with TUNEL positive nuclei has been reported in IIMs but was very rare. As for this phenomenon, some researchers consider that the frequencies of apoptosis are too low to prove the relevance to pathopoiesis, while others believe that it is attributed to the prompt efferocytosis. These rare apoptotic myocytes were surrounded by CD8+ T cells and granzyme B+ cells with absence of Fas and upregulating MHC-I, favouring a cytotoxic mode of apoptosis induction rather than a Fas-mediated mechanism (37), which is in line with an earlier study, suggesting Fas expression may be attributed to the new gene expression in regenerating fibers (38). The resistance of myocytes to apoptosis is attributable to anti-apoptotic intracellular proteins, such as Bcl-2 (36), FLICE (Fas-associated death domain-like IL-1-converting enzyme)-inhibitory protein (FLIP) (40) and human IAP-like protein (hILP) (41). Notably, in contrast with previous study, Bcl-2 has been reported to exhibit lower expression in diseased muscle compared with normal muscle (39). Therefore, the mode of myocyte death needs to be further investigated.

Nevertheless, some therapeutic strategies regarding apoptosis have been identified. Resistance exercise (RE) has been demonstrated to reduce Aβ accumulation in chloroquine (CQ)-induced rat model of IBM, thus inhibiting mitochondrial-mediated apoptosis of myofibers and improving mitochondrial function through increased mitochondrial biogenesis, upregulated mitophagy, and activated sirtuin 3 signaling (42). Alemtuzumab, a recombinant DNA-derived humanized monoclonal antibody targeting CD52, was also beneficial for IBM patients, as it lowered the count of peripheral and endomysial T cells with reduced mRNA expression of Fas (43). It could enhance apoptosis in B cells by upregulating the expression of caspase-8 and caspase-3 in chronic lymphocytic leukemia as well (44), which may provide a valuable reference for IIM. Besides, pro-senescent interventions consisting of exercise and AMP-activated protein kinase (AMPK) activation induced apoptosis of fibro-adipogenic progenitors (FAP) and promoted muscle regeneration in a murine chronic inflammatory myopathy (CIM) model, suggesting that the FAP-targeted intervention may be therapeutic (45). In PM/DM, expressions of cathepsin B (CB) and calpain are increased in muscle and lung tissues, which promotes cell apoptosis and inflammation. Calpeptin (calpain inhibitor) ameliorated morphological changes of apoptosis in IFN-γ or TNF-α treated myoblasts through both mitochondrial pathway and ERS pathway (31, 46). Also, the administration of CA-074Me, a specific inhibitor of CB, could attenuate apoptosis of myocytes and lung epithelial cells, and reduce lung interstitial inflammation and fibrosis in the guinea-pig model of PM (47, 48).



Autophagy and Autophagic Cell Death

Autophagy is a highly conserved catabolic and homeostatic process by which subcellular components are secluded and degraded via lysosomes under stress conditions, such as ERS, nutritional deprivation, mitochondrial injury, and inflammation (49). It is featured with vacuolization of the cytoplasm and accumulation of double-membraned vacuoles (i.e., autophagosome) in morphology. According to the modes of cargo transferring to the lysosome, autophagy is classified as macroautophagy, microautophagy and chaperone-mediated autophagy (CMA). In addition to elimination of intracellular aggregates and damaged organelles, autophagy plays crucial roles in inflammation and immune-system function, mediating cytoprotective rather than cytotoxic effects. The interplay between autophagy and cytokines is fundamental to modulate inflammatory as well as immune responses. For instance, TNF-α can induce autophagy and in turn, whether autophagy up- or down-regulates TNF-α formation depends on the cellular context (50). Autophagic cell death is a type of PCD that relies upon the autophagic machinery or constituents thereof, with massive autophagic vacuolization of the cytoplasm but without chromatin condensation (51).

Most IIM studies with regard to autophagy focus on IBM. Rare missense variants in autophagy-related genes, such as VCP, HNRPA2B1, BAG3, SQSTM1, FLNC and ZASP have been identified to occur at a higher frequency in IBM patients than in control populations (52). VCP mutations could result in defective myotube formation, increased apoptosis and increased autophagy (53). Moreover, a study based on whole exome sequencing (WES) identified missense variants in FYCO1, which encodes for an LC3-binding protein accumulating at rimmed vacuoles and is implicated in microtubule transport of autophagosomes, were statistically enriched in IBM patients (54). Collectively, these findings revealed a strong tie between IBM susceptibility and autophagy. In IBM muscle tissues, increased formation of vacuolar autophagosomes has been identified along with massive protein aggregation, as indicated by increased levels of p62, LC3, mTOR-mediated phosphorylation of p70SK, α-synuclein and TDP-43 (55–57). These markers could be ancillary tools to differentiate IBM from other IIMs (56). In the inflammatory milieu in muscle, the upregulated proinflammatory cytokines, such as IL-1β (58), TNF-like weak inducer of apoptosis (TWEAK) (59) and TRAIL (60), get involved in stimulating autophagic cell death. Besides, the overexpression of MHC-II in inflamed muscle fibers, partly on account of the increased cytokine TNF-α, could induce autophagy and interact with IFN-γ to translocate intracellular MHC-II to the myocyte surface further (61). Also, defective autophagy could drive increased MHC-I expression because of the weakening ability of MHC-I internalization for degradation (62). All the evidence revealed that dysregulated autophagy might contribute to antigen presentation for MHC-I and II, and maintain the inflammatory response in a vicious circle (63).

The overmuch autophagy reflected by overexpression of autophagic proteins in muscle, and impaired protein degradation, contributing importantly to consequent accumulation of multiprotein aggregates, are key factors in the myofiber degeneration characteristic of IBM (55, 64, 65). Specially, the accumulation of amyloid-β42 oligomers, could cause reduction in muscular peak force and amplitude of Ca2+ transients in mouse models of IBM (66), suggesting that their cytotoxicity contribute importantly to IBM pathogenic cascade. Cylindromatosis (CYLD), a deubiquitinating enzyme, co-expressed with autophagy-related proteins in IBM, contributed to muscle damage by attenuating autophagic clearance of protein aggregates (67). Cacciottolo et al. found the upregulation of CMA components in sIBM muscle fibres, which revealed cellular attempts to activate CMA and remove protein aggregates (68). However, this attempted compensation might not fully work because of the decreased activity of proteolytic enzymes in lysosomes (55). Arimoclomol, an inducer of heat shock response, can upregulate chaperone expression, thereby promoting CMA in stressed cells and curbing the formation of protein aggregates. Treatment with arimoclomol ameliorated IBM-like pathology in myoblasts and mutant VCP mice, and it was safe and well tolerated in a proof-of-concept clinical trial of IBM patients (69). To further evaluate the efficacy of this drug in IBM, a multisite phase II clinical trial has been completed (Clinical Trial Identifier NCT02753530). Moreover, RE could facilitate fusion between autophagosomes and lysosomes in IBM animal models, hence improving impaired macroautophagy (70).

In addition to IBM, autophagy activation could also be detected in PM, DM and IMNM muscle tissues, whereas the autophagic activation, modulation and interaction with the immune system, are different in each type of IIM (60, 71, 72). In IBM, lysosomal enzymes Cathepsin B and D, are inhibited, while in PM, their activities were actually increased (55). Dysfunctional CMA (73) and mitophagy (a specific autophagic elimination of mitochondria) (74), were reported to occur in IMNM muscles. The decreased autophagy and increased apoptosis of circulating CD3+ T cells have been demonstrated in PM/DM patients, and this phenomenon could be turned around by the treatment of autophagy inducer rapamycin, hence preventing lymphopenia, which suggested that autophagy may play a potential cytoprotective role in PM/DM via inhibition of apoptosis in CD3+ T cells (13). Intravenous immunoglobulin (IVIG) therapy has been demonstrated to induce autophagy in PBMCs and reduce circulation proinflammatory cytokines in IIM by activating AMPK and inhibiting mTOR phosphorylation, thus mediating anti-inflammatory effect (75).



NETs and NETosis

Neutrophils are critical immune cells at the frontline of immune defense, responsible for eliminating pathogens by multiple mechanisms, including phagocytosis, production and release of antimicrobial proteins, and formation of neutrophil extracellular traps (NETs) (76). NETs are web-like structures composed of histones, granular proteins and decondensed chromatin, which could be autoantigens and DAMPs to break immune tolerance in predisposed hosts (77–79). NET-derived mitochondrial DNA could induce type I IFN production through the DNA-sensing cGAS-STING pathway in myeloid cells (80). Antimicrobial peptide LL-37 could activate type I IFN as well (81). Also, the components of NETs are detrimental to vessels and muscles (82–86). Citrullinated histones exerted toxic effect to decrease the viability of myotubes (87). Accompanied by the formation of NETs, neutrophils die, which is called the NETosis. Essentially, the internal environment homeostasis of IIM patients is disrupted with abnormal cytokine levels (88), which may generate unexpected NETs formation. These NETs irritate more production of proinflammatory cytokines, maintaining a vicious circle of sustained NETosis. For instance, this lytic process could promote the production of IL-6 and IL-1β in macrophages (89). If excessive NETs cannot be cleared timely and efficiently by DNase I and macrophages, inflammation and autoimmunity will ensue (90).

IIM patients exhibited significant increased NETs, especially in individuals with ILD, which is resulted from decreased activity of DNase I (91). Low-density granulocytes (LDGs), a unique subset of neutrophils with proinflammatory phenotype, are prone to commit NETosis and secrete proinflammatory cytokines (92). LDGs have been reported to display an increased percentage in PBMCs in DM patients, especially those complicated by ILD, along with increased NETs, which may further contribute to the progression of ILD (93). Abnormal regulation of NETs has been reported to be associated with MSAs. An in vitro study showed that anti-MDA5 Ab+ serum could directly induce NET formation (94). Interestingly, NET levels exhibited a significant rise in patients with anti-MDA5 or anti-TIF1 antibodies, yet not in patients with anti-Jo-1 positive (87). Contradictorily, Zhang et al. found patients with anti-Jo-1 antibodies exhibited lower DNase I activity than those without anti-Jo-1 antibodies (91). Therefore, studies with larger sample sizes are needed to clarify the association between MSAs and NETs. NETosis may be related to prognosis as well. Anti-MDA5 antibody positive and hyperferritinemia have been identified as the poor prognostic factors of DM. The level of serum cfDNA, which is the product of NETosis, was reported to significantly increase in anti-MDA5 Ab+ subset and hyperferritinemic subset, hence it may be a potential indicator of prognosis (94).

A recent report described the presence of calcium crystal–induced NETosis in JDM. The engulfment of calcium crystals by tissue-infiltrating neutrophils, triggered NETosis which is NADPH oxidase- and complement–dependent (95). Also, circulating immune complexes may contribute to the elevated NET levels in JDM (95). JDM patients can develop atherosclerosis during progression into adulthood. Such IIM-associated cardiovascular disease may be related to the oxidation of high-density lipoprotein (HDL) through NETs-derived MPO (96).



Pyroptosis

Pyroptosis is a lytic and proinflammatory form of PCD depending on gasdermin family. Three pathways have been identified, including the caspase-1-mediated canonical pathway stimulated by PAMPs or DAMPs, the noncanonical pathway requiring caspase-4, 5 (for human) or caspase-11 (for murine) triggered by lipopolysaccharide (LPS), and caspase-3-dependent pathway. The best-studied pyroptosis pathway is that mediated by gasdermin D (GSDMD) with downstream of nucleotide-binding and oligomerization domain-like receptor family pyrin-domain containing 3 (NLRP3) inflammasome activation, which can recruit and activate inflammatory caspases. The activated caspase-1 or caspase-4/5/11, cleaves GSDMD and exposes its N-terminal domain, which binds to phosphoinositides in the cell membrane and forms large pores, thus driving cytoplasmic swelling, cytolysis, and release of cellular contents (97). Also, caspase-1 cleaves IL-1β and IL-18 to produce mature cytokines, but whether these cytokines are actively secreted or released via pyroptotic membrane rupture remained unclear (98). Other released contents, including cleaved GSDMD, chemokines, ATP and HMGB1, recruit immune cells and expand tissue inflammation (99). Caspase-3, recognized as the apoptotic executioner by convention, has been reported to specifically cleave gasdermin E (GSDME), thereby initiating pyroptosis, and whether cells with caspase-3 activated undergo apoptosis or pyroptosis, depends on the expression level of GSDME (100).

Currently, the three mentioned pathways have all been demonstrated in muscle tissues of IIMs. Liu et al. first reported that the GSDME-dependent pyroptosis got involved in the pathogenesis of perifascicular atrophy (PFA), a pathognomonic histologic feature of DM (101). Soon afterwards, Ma et al. demonstrated the implication of noncanonical pathway in the animal model of experimental autoimmune myositis (EAM) as well, and glyburide and brilliant blue G (BBG) could lower the levels of pyroptotic markers and alleviate symptoms (102). However, these two studies verified pyroptosis by detecting the full length of GSDME or GSDMD, rather than the cleaved forms. Besides, upregulated glycolysis has been reported in the lesioned muscle tissues of DM/PM, which further promoted myocyte pyroptosis by activating the NLRP3 inflammasome and exposing N-GSDMD. Treated IFN-γ-stimulated-myotubes with shikonin, a pyruvate kinase isozyme M2 (PKM2) inhibitor, could mitigate NLRP3 inflammasome activation and suppress pyroptosis (103). Intriguingly, the levels of PKM2 and IL-1β were related to MSAs, and were especially high in patients with anti-SRP autoantibody (103).



Other Forms of PCD: Ferroptosis and Necroptosis


Ferroptosis

Ferroptosis is a newly proposed cell death with unique morphological structures and biochemical expressions, caused by oxidative damage due to the excessive accumulation of iron-dependent lipid peroxidation products. It usually shows necrosis-like morphological changes with mitochondrial abnormalities, such as condensed membrane and reduced or absent crista (104). Whether a cell will undergo ferroptosis is linked with many factors, such as its level of polyunsaturated fatty acid (PUFA), iron metabolism, and glutathione (GSH) biosynthesis. The inhibition of cystine-glutamate antiporter (system Xc-) and the inactivation of GSH peroxidase-4 (GPX4) lead to the depletion of cellular GSH, and the impaired clearance of ROS, thus causing collapse of cellular redox homeostasis and accumulation of ROS from lipid peroxidation or Fenton reaction, ultimately resulting in lipid membrane damages and cell death (7). Ferroptotic peroxidation products are powerful inducers of autophagy (e.g., reactive aldehydes) (104), and excessive autophagy promotes ferroptosis in turn, by degrading iron-storage protein ferritin and hence increasing cellular iron concentration (105). This specific autophagic process is called ferritinophagy. Of note, hyperferritinemia is frequently accompanied by IIM-ILD, and is associated with disease severity and prognosis (106). Moreover, mitochondria play a proactive role in cysteine-deprivation-induced ferroptosis by fueling metabolism and lipid ROS production (107). Besides, mitochondrial abnormalities and increased level of ROS, have been reported in IIM, proposed to be vital mediators in IIM pathophysiology (108–110). Taken together, it is logical to hypothesize that ferroptosis is implicated in the development of IIM, so further in-depth studies are necessary to elucidate the exact role of ferroptosis in IIMs.



Necroptosis

Necroptosis is an inflammatory form of PCD characterized by receptor-interacting protein kinase 3- (RIPK3-) mediated activation of mixed lineage kinase domain-like protein (MLKL) and permeabilization of the plasma membrane (111). Although apoptosis and necroptosis frequently share common triggers, including death receptors and IFN, downstream signaling pathway of these triggers leading to survival, apoptosis or necroptosis depends on the availability of cellular inhibitor of apoptosis (cIAPs), FLIP, or caspase-8 (112). In the absence of caspase-8, the necrosome (i.e., RIPK1/RIPK3 complex) activates necroptotic pathway, thus promoting the recruitment and phosphorylation of MLKL, and then, the activated MLKL translocates to the cell membrane and damages the integrity, leading to the release of cell contents and generating inflammation (113). In addition, necroptosis regulators RIPK3 and MLKL have been reported to play an independent role in inflammation irrespective of cell death – promoting NLRP3 inflammasome activation and IL-1β secretion (114, 115). Collectively, these results indicated that necroptosis can enhance inflammation and may be implicated in the pathogenesis and progression of autoimmune diseases. For instance, necroptosis has been reported to contribute to B-cell lymphopenia in systemic lupus erythematosus (116). IFN-γ could downregulate necroptosis by inhibiting MLKL and cFLIP, thereby exerting protective effects in autoimmune arthritis (117). GSK2982772 is a highly selective inhibitor of RIPK1, while a latest randomized, placebo-controlled study found GSK2982772 no meaningful clinical improvement of RA compared with placebo (118). No studies investigate the association between IIM and necroptosis currently.




Crosstalk Between PCD Pathways

The PCD pathways are tightly connected and the cross regulation between them is complex. In most circumstances, apoptosis and autophagy are mutually inhibited. Autophagy can reduce the abundance of pro-apoptotic proteins in the cytosol (e.g., caspase-8), while activated caspases can degrade essential autophagic proteins (e.g., BECN1) (119). On the contrary, there is a mutual promotion between ferroptosis and autophagy, which is discussed above in the ‘Ferroptosis’ section.

Different cell death pathways can be activated with the same signal. For example, disturbed redox homeostasis and excessive ROS attributed to sustained activation of ER stress pathway, which is clearly of etiological relevance in IIM (120), could activate all the PCD pathways aforementioned. Moreover, biochemical and cellular consequences of one type of cell death can have profound influence on the activity of another type of cell death (121). GSDMD, the executor of pyroptosis, also plays a crucial role in NETosis. During NETosis, serine proteases released from neutrophil granules could cleave GSDMD, and then activated GSDMD in turn permeabilizes granules to enhance proteases release and promotes nuclear expansion. Further, activated GSDMD forms pores in the plasma membrane, promoting NET release (122).

Various cell death modes can coexist, and cells can switch between one death pathway to another. Caspase-8 is a crucial molecular switch for apoptosis, necroptosis and pyroptosis. It can not only directly cleave caspase-3 to induce extrinsic apoptosis, but also get involved in other cell death pathways. When TGF-β activated kinase-1 (TAK1, cell survival kinase) is inhibited, caspase-8 could cleave GSDMD and induce pyroptosis (123). The loss of caspase-8 or its enzymatic activity could lead to MLKL-dependent necroptosis. If necroptosis is blocked, enzymatic inactive caspase-8 could indirectly activate GSDMD and cause pyroptosis by driving ASC (apoptosis-associated speck-like protein, adaptor protein of NLRP3 inflammasome) speck formation, which leads to caspase-1 activation (124). Overall, increasing evidence points to caspase-8 as a central regulator of cell death, and it promotes apoptosis, necroptosis, or pyroptosis depending on its posttranslational state, the cell type, and the stimuli (125). The intricate crosstalk between pyroptosis, apoptosis, and necroptosis has led to the proposal of PANoptosis. It is regulated by the PANoptosome complex, a molecular scaffold for the contemporaneous engagement of key pyroptotic, apoptotic, and necroptotic machinery (125). PANoptosis has been reported in microbial infection, inflammatory diseases, cancer and cytokine storm. For instance, in COVID-19, increased circulating levels of TNF and IFN-γ synergistically induce PANoptosis characterized by activation of pyroptotic (GSDME), apoptotic (caspase-8/3/7) and necroptotic (pMLKL) molecules, facilitate further pathogenic cytokine release through membrane pores and cell lysis, culminating in a life-threatening cytokine storm (126). Whether PANoptosis occurs in anti-MDA5-associated ILD, which is prone to be complicated by cytokine storm, remains uninvestigated.

Therefore, due to the intricacies and connections between each PCD pathways, which death pathway is dominant, and whether there is synergy and the simultaneous activation of multiple pathways in IIM need to be considered. Taking an integral view of cell death in IIM may improve our understanding of pathogenesis and aid in the development of therapeutics.



Conclusion

Immune and non-immune factors contribute to abnormal cell death in IIMs (Table 1), and dysregulation of PCD further amplifies inflammatory responses, playing an important part in the pathogenesis and progression of IIM (Figure 2), although it has not been unveiled clearly. Further in-depth studies on these PCD pathways will extend our knowledge on the pathogenic mechanism of IIMs, and targeting different steps to inhibit PCD processes and promoting the clearance of death materials may be promising therapeutic strategies for IIMs (Table 2). In addition, the particularity of autoantibodies is noteworthy, as patients with diverse autoantibodies exhibit different clinical manifestations, prognosis, organ involvements, and treatment responses, suggesting that potential immunopathogenic mechanisms may be different. Besides, targeted antigens by MSAs are intracellular components, so we speculate that their exposure to immune system and followed generation of MSAs are attributed to the dysregulation of PCD. Therefore, it’s reasonable to put emphasis on the association of distinct MSAs with PCD pathways in further studies. Also, PCD pathways are intimately linked and interdependent, making it necessary to take a comprehensive approach to investigate PCD pathways.


Table 1 | Factors inducing abnormal myocyte death in IIMs.






Figure 2 | PCD pathways in the pathogenesis and progression of IIMs. The immune homeostasis of IIM patients is disrupted with activation of immune cells and release of proinflammatory cytokines, which could lead to dysregulated cell death. T cells infiltrating in the muscles are dominated by CD28null T cells, which are apoptosis-resistant, and could exert polarize perforin and secrete granzyme B to induce myocyte apoptosis, or release IFN-γ and TNF to induce surface expression of MHC, rendering the myocytes more sensitive to cytotoxic attacks. Overmuch autophagy and impaired protein degradation result in accumulation of multiprotein aggregates, which causes myocyte degeneration characteristic of IBM. Excessive programmed necrosis (such as NETosis and pyroptosis) contribute to the release of proinflammatory cytokines, and DAMPs, and activation of NLRP3 inflammasome, further amplifying immune responses.




Table 2 | Possible therapeutic targets for IIMs.
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Immune checkpoint inhibitor (ICI)-related myositis is a rare, potentially fatal condition that warrants further studies. Its incidence, clinical features, and prognosis remain poorly understood. To address these gaps, we conducted a systematic review and meta-analysis to evaluate the risk of myositis associated with ICI for solid tumors by analyzing phase III randomized controlled trials of anti-programmed death-1/ligand-1 (PD-1/PD-L1) and anti-cytotoxic T-lymphocyte antigen-4 (CTLA-4). To complement this analysis with clinical data, we evaluated published ICI case reports along with cases from our institutional registry. This registry comprised 422 patients treated with ICIs alone or in combination from September 2014 to June 2021. The analysis revealed an incidence of ICI-related myositis in 6,838 patients in 18 randomized controlled trials of 0.38% (odds ratio 1.96; 95% confidence interval 1.02–3.75) for patients receiving ICIs compared with controls. Detailed analysis of 88 cases from the literature search and our registry showed that myositis induced by PD-1 inhibitors was more frequent than that induced by anti-CTLA-4 agents, revealing a clinically diverse trend including myasthenia gravis and myocarditis. Importantly, having ptosis at the time of onset was significantly associated with the development of concomitant myocarditis (odds ratio 3.81; 95% CI 1.48–9.83), which is associated with poor prognosis. Regarding treatment, most patients received glucocorticoids, and some received immunosuppressants. Our study revealed the incidence of ICI-mediated myositis and the clinical features of myocarditis, highlighting the need for recognition and early intervention.
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Introduction

Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment by exerting anti-tumor effects on various types and stages of cancer that cannot be achieved with existing drugs, and numerous clinical trials are underway to expand indications (1). However, treatment response to ICIs is variable in terms of both efficacy and adverse effects (2, 3). Autoimmune reactions to various organs—immune-related adverse events (irAEs)—are observed in patients treated with ICIs (4, 5). The phenotypes of irAEs vary and it is currently impossible to predict how often they will occur, and in which organs. ICI-related myositis is rare but has been reported to be potentially fatal (6).

A review by Kadota et al. (7) reported that myositis occurred in patients receiving anti-programmed death-1 (PD-1) alone, anti-cytotoxic T-lymphocyte antigen-4 (CTLA-4) alone, and with combination therapy. Mean time from ICI initiation to the onset of ICI-related myositis was 4 weeks. Causes of death were myocarditis, respiratory paralysis, and cancer progression. In patients without myocarditis or respiratory muscle paralysis, creatine kinase (CK) levels normalized after ICI discontinuation and administration of immunosuppressive drugs, and the prognosis of myositis was good. The review suggested that the clinical features of ICI-related myositis can be divided into two subsets: new onset of myositis as an irAE, and onset of idiopathic inflammatory myositis (IIM). However, because of its rarity, the incidence, clinical features, and prognosis of ICI-related myositis are still poorly understood.

A systematic review on myocarditis has been published (8), but, to our knowledge, no meta-analysis on this topic has been conducted. Since the 2019 publication of the Kadota et al. review (7) many additional cases have been reported, thus there is the opportunity to clarify some of the questions about this condition. With this aim, we conducted a systematic review on ICI-related myositis. To clarify the detailed clinical features of ICI-related myositis, we searched the literature for case reports together with data from the Yokohama City University ICI registry. Here, we report the incidence, clinical features, and potential predictors of fatal myocarditis in these patients.



Materials and Methods


Systematic Review and Meta-Analysis of Randomized Controlled Trials

The systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (9, 10) and was registered in the University Hospital Medical Information Network Center Clinical Trial Registry (Japan) as UMIN000044960 (11). Institutional Review Board approval and patient informed consent were waived for the systematic review and meta-analysis due to nature of the study.

In the electronic search, we systematically searched PubMed, EMBASE, the Cochrane Central Register of Controlled Trials, and Web of Science Core Collection (up to August 16 2021) for randomized controlled trials (RCTs) reporting the risk of myositis associated with ICIs for the treatment of patients with solid tumors. Search formulae are presented in Supplementary Text 1. Two investigators (AM, KT-M) independently screened candidate articles by checking the title and abstract after uploading the citation list into Endnote X9 software (Thomson Reuters, Philadelphia, PA, USA). Inclusion criteria were as follows: (1) phase III RCT study design; (2) the experimental group was treated with at least one type of ICI with or without other systemic chemotherapy and the control group with non-ICIs; (3) three-arm studies where an ICI was included in at least one arm; (4) patients clinically diagnosed with any solid tumor; and (5) the study included the incidence of myositis. Exclusion criteria were as follows: (1) systematic review or meta-analyses; (2) retrospective analyses; (3) single prospective cohort studies with no control group; (4) ICI two-drug combination therapy; (5) republished research literature; (6) studies with no or insufficient safety results at the time of the literature search; and (7) studies published in languages other than English. Only full-text papers were used for analysis. Disagreements in assessing cases or data were resolved via discussion between the two investigators.

Odds ratios (ORs) of any-grade myositis between the ICI treatment arm and non-ICI arm were calculated using a random-effect model meta-analysis. Heterogeneity was assessed using I2 statistics and P-values. Heterogeneity was indicated by I2 wherein 0% indicated no heterogeneity and 100% indicated the strongest heterogeneity. Statistical analyses were performed using Review Manager 5.3 (Cochrane Community, London, UK). The Cochrane Risk of Bias Tool was used to evaluate the risk of bias for each RCT (12). The quality of the RCTs was independently assessed by two reviewers (AM, KT-M).



Patients and Design of the Yokohama City University Institutional Database

Consecutive cancer patients (excluding those in clinical trials) who received ICIs (nivolumab, pembrolizumab, ipilimumab, atezolizumab, or durvalumab) for approved cancer types at the collaborative research department of Yokohama City University Hospital between December 2014 and May 2021 were included. The study was approved by the ethics committee of Yokohama City University (A200500004). In this study, we included patients treated with ICI monotherapy or combination therapy. Demographic, clinical, and treatment data were obtained from clinical charts. The study followed the Ethical Guidelines for Epidemiology Research, published by the Japanese Ministry of Health, Labour and Welfare, and had an opt-out strategy.



Literature Review of Case Reports

We searched the literature for cases of ICI-related myositis using PubMed on September 7, 2021. ‘ICI-related myositis’ was defined according to the previously reported literature review (7). Cases clinically diagnosed as myositis were included in the analysis, but cases with focal myositis, such as orbital myositis, were excluded. We searched PubMed using the following terms: (pembrolizumab OR nivolumab OR ipilimumab) AND (myositis OR myopathy OR myopathies OR dermatomyositis OR polymyositis). Additional related articles were identified through a manual search of the bibliographies of the included studies to ensure that all relevant studies and recent reviews were included.

Data from case reports were divided into two groups: myositis alone, and concomitant myocarditis. Clinical characteristics, the type of ICI, autoantibody status, management, and outcome were evaluated and compared between two groups.

Clinical data were analyzed using both univariate and multivariate analysis. Comparisons of frequencies were made by Fisher’s exact test, or by chi-square test if there were three or more categories for each variable. Continuous variables were compared using Mann-Whitney U test. Logistic regression models were used to identify multivariate predictors of myocarditis, after adjusting for the effects of age and gender. Values of p<0.05 were considered significant. Statistical analyses were performed using software IBM/SPSS Statistics version 22 (Armonk, NY).




Results


Incidence and Risk of ICI-Related Myositis in the Systematic Review and Meta-Analysis

Of 5,471 candidate articles, 120 were potentially eligible after abstract and title screening. From these 120, 19 studies were excluded, and 101 articles were reviewed in detail. Studies of 93 RCTs were insufficient to assess the incidence of myositis. Finally, 18 RCTs (13–30) were included in this meta-analysis (Figure 1). Characteristics of the included studies are summarized in Table 1. Visual inspection of the funnel plot was assessed (Supplementary Figure 1). The overall risk of bias for most studies evaluated was also low (Supplementary Figure 2). There was no clear risk of publication bias in the included studies.




Figure 1 | PRISMA flow diagram for the meta-analysis. Study selection process according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.




Table 1 | Overview of the included studies in the meta-analysis.



A total of 33 events of any-grade myositis were observed in 12,866 participants (ICI treatment arm, n = 6,838; non-ICI treatment arm, n = 6,028) from 18 RCTs. Twenty-six events were observed in the ICI arm and seven events were observed in the non-ICI arm. Among the 26 ICI-related myositis, 11 events were caused by anti-PD-1, 13 by anti-programmed death ligand 1 (PD-L1), and two by anti-CTLA-4, suggesting that any ICI can elicit this condition. We calculated OR and 95% CI to compare PD-1/PD-L1 and CTLA-4 blockade therapies. There was no significant difference in frequencies of myositis between two groups (OR 1.07; 95% CI: 0.27-9.41). The overall incidence of ICI-related myositis was 0.38% (26 of 6,838), and did not seem to be affected by the cancer type or ICI regimen. We found that myositis was significantly increased with ICI treatment compared with non-ICI treatment (OR, 1.96; 95% confidence interval [CI] 1.02–3.75; p = 0.04; I2 = 0%) (Figure 2). These data suggest that ICI-related myositis may be an important component of irAEs in patients receiving ICI therapy.




Figure 2 | Forest plot with risk of bias summary for incidence of immune checkpoint inhibitor-related myositis.





Summary of Single Center Analysis

Meta-analysis provides epidemiological data such as the incidence of ICI-related myositis, but it is difficult to analyze detailed clinical characteristics. To understand the prognosis of ICI-related myositis, we first examined our institutional database. A total of 422 patients were identified. Among these, 365 cases were treated with a PD-1 or PD-L1 inhibitor alone, nine were treated with a CTLA-4 inhibitor alone, and 47 cases were treated with a PD-1 inhibitor and CTLA-4 inhibitor combination. There were three cases of ICI-related myositis (incidence 0.71%). Baseline characteristics are shown in Supplementary Table 1. All three patients were Asian Japanese and one was female, with mean age 71 ± 6.6 years. Mean treatment duration prior to ICI-related myositis was 13.7 weeks (range 3–34). These patients had muscle weakness with elevated CK with a clinical diagnosis of ICI-related myositis. All were treated with glucocorticoids and other drugs were initiated. However, two patients died (one with pneumonia and one with tumor progression). Patient details are shown in Supplementary Text 2.



Clinical Features and Prognosis of ICI-Related Myositis

To clarify the clinical features of ICI-related myositis in a larger patient population, we evaluated the clinical features of published case reports of ICI-related myositis. Of 75 candidate articles, 63 were identified as eligible (31–93). A further 14 relevant articles (7, 94–106) were added through hand searching. Among the 77 articles, 30 were from Japan, 23 were from USA, five were from France and four were from Canada and Australia (Supplementary Table 1). A total of 85 myositis cases associated with at least one ICI were identified. We combined these with the three cases from our institutional database so 88 cases were analyzed in total (precise clinical information of these three patients is noted in the Supplementary Text 2). The most frequent cancer types were lung cancer and melanoma (28 and 27 cases, respectively), followed by urothelial carcinoma. Treatment regimens were as follows: pembrolizumab (anti-PD-1; 37 cases), nivolumab (anti-PD-1; 29 cases), ipilimumab (anti-CTLA-4; four cases), and nivolumab plus ipilimumab (14 cases). Estimated onset time of myositis after ICI administration was 5.6 ± 6.1 weeks and the appearance of autoantibodies varied.

All cases except one were treated with glucocorticoids. Thirty-three patients died, of which 19 deaths were associated with myositis. Because myocarditis is known to be a frequent and fatal complication of ICI-related myositis (107), we compared clinical features of patients with and without myocarditis. Thirty-six of the 88 cases (40.9%) were complicated by myocarditis, confirming the high incidence of myocarditis in ICI-related myositis (Table 2).


Table 2 | Clinical features and prognosis of immune checkpoint inhibitor-related myositis.



There were some significant differences in clinical characteristics in the group that developed myocarditis. First, we analyzed overall ICI use and found that the occurrence of myocarditis was significantly affected by the type of ICI regimen (p=0.015), but was underpowered to detect an association with a specific regimen. Second, in terms of clinical features at the time of myositis onset, ptosis and respiratory muscle paralysis (type II respiratory failure) were significantly more frequent in the myocarditis group (p=0.007; OR 3.81; 95% CI 1.48–9.83 and p=0.001; OR 5.43; 95% CI 2.07–14.26, respectively). The ORs were calculated from multivariate logistic regression analysis, which also revealed that ptosis and respiratory muscle paralysis were independently associated with the development of myocarditis (p=0.031; OR 2.97; 95% CI 1.10–8.02 and p=0.003; OR 4.54; 95% CI: 1.68–12.23, respectively, Supplementary Table 2). Third, in terms of myositis treatment, the myocarditis group received more aggressive treatment such as plasmapheresis and biological agents (p=0.002; OR 4.92; 95% CI 1.81–13.35 and p=0.017; OR 10.20; 95% CI 1.17–88.84, respectively). Finally, in terms of prognosis, myositis symptoms including myocarditis were more refractory to treatment and myositis-related deaths were more common in the group with myocarditis (p=0.002; OR 13.75; 95% CI 2.54–74.30), while the group without myocarditis had a better response to treatment for myositis and more deaths because of cancer progression (p=0.005). These data suggest that myocarditis is a serious complication of ICI-related myositis, the onset of which can be predicted by the development of ptosis.




Discussion

Because ICI-related myositis is extremely rare, reported only in individual RCTs and case reports, its incidence and clinical phenotype are poorly understood. Here, we provide the first evidence that ICI treatment significantly increases the incidence of myositis compared with non-ICI treatment. Furthermore, detailed analysis of case reports showed that myocarditis with the poorest prognosis had ocular symptoms as the initial manifestation. These results are expected to be useful for the optimization of ICI use in clinical practice.

We show here that ICI-related myositis occurred in 0.38% of patients treated with ICIs, and was significantly more frequent in patients treated with cytotoxic anti-cancer agents. Both anti-PD-1/PD-L1 and anti-CTLA-4 antibodies can cause myositis, but anti-CTLA-4 antibodies have been reported less frequently and may cause myositis less frequently than treatment with anti-PD-1/PD-L1 antibodies. The present study was is underpowered to determine differences in myositis-inducing effects of anti-CTLA-4 and PD-1/PD-L1 antibodies. Further accumulation of cases, pathological verification, and analysis of combination therapy with these two antibodies will be of benefit.

As shown in the previous (7) and current studies, myositis resulting from ICI treatment can be complicated by myasthenia gravis and myocarditis, indicating that ICI-related myositis is a distinct phenotype from IIM (108). Therefore, prognosis in myositis may also differ from that in IIM. Although rapid diagnosis of fatal conditions—especially myocarditis—is necessary, there is currently no standardized method for diagnosing ICI-related myositis. Applying existing diagnostic criteria for IIM and myasthenia gravis to ICI-related diseases may be inappropriate and too late for diagnosis. We identified particular key features, namely ptosis and respiratory paralysis, as important indicators of myocarditis. Based on the current data, we suggest that these patients are closely monitored for myocarditis.

ICI myositis may have different clinical features from dermatomyositis and polymyositis as illustrated in Figure 3. Typical cutaneous signs of dermatomyositis were seen in 16 cases (18%) and anti-TIF1γ antibody was positive in 6 of them. These cases met the classification criteria for dermatomyositis. There were no cases in which anti-TIF1γ antibody was measured before the start of ICI treatment, and it is unclear whether anti-TIF1γ was induced by ICI-treatment or not. The complication rate of interstitial lung disease was low (2%). Although most cases of ICI-related myositis are negative for myositis-specific antibodies, some cases of positive anti-striated muscle antibodies have been reported (Supplementary Table 1), and their diagnostic significance needs to be investigated. The fact that myasthenia gravis without thymoma has been reported to be associated with a specific human leukocyte antigen suggests that there may be some immunological predisposition, although no association between irAEs and human leukocyte antigen has been identified as yet (109, 110). The time from the initiation of ICI to the onset of myositis and characteristic symptoms that overlap with myasthenia gravis, such as ptosis as reported in this study, may be important in distinguishing between ICI-related myositis and myositis because of malignancy.




Figure 3 | Presumptive clinical features regarding immune checkpoint inhibitor-related myositis. Development of concomitant myocarditis might be predicted by ptosis, therefore, can help prevent the potentially fatal outcome.



A limitation of this study is that ICI-related myositis is a rare complication, and while its incidence can be calculated from RCT data, it was not possible to extract the clinical characteristics of individual cases. Diagnosis of myositis and myasthenia gravis or myocarditis is made by clinicians, and there are no standard criteria for diagnosis. In particular, myasthenia gravis is diagnosed even in cases where anti-acetylcholine receptor antibodies are not detected, and further clarification of phenotypes are needed. Myositis-associated autoantibodies can help define subgroups of patients in terms of the clinical phenotype of IIM, but published case reports did not always provide information on myositis-specific antibodies.

Now that this study has shed light on the clinical characteristics of ICI-related myositis, further accumulation of cases from around the world will enable the development of more detailed algorithms for diagnosis and treatment.
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Immune-mediated necrotizing myopathy (IMNM) is characterized by manifestation of myonecrosis and regeneration of muscle fibers; however, the underlying pathogenesis remains unclear. This study aimed to investigate the role and mechanism of miR-18a-3p and its target RNA-binding protein HuR in IMNM. HuR and miR-18a-3p levels were detected in the skeletal muscles of 18 patients with IMNM using quantitative reverse-transcription real-time polymerase chain reaction (qRT-PCR) and western blotting analysis. Human myoblasts were transfected with small interfering RNA targeting HuR and miR-18a-3p mimic or inhibitor. Myogenic differentiation markers, myogenin and myosin heavy chain, were analyzed by qRT-PCR, western blotting analysis, and immunofluorescence staining. The results showed that miR-18a-3p was upregulated (p=0.0002), whereas HuR was downregulated (p=0.002) in the skeletal muscles of patients with IMNM. The expression of miR-18a-3p in patients with IMNM was negatively correlated with those of HuR (r = -0.512, p = 0.029). We also found that disease activity was positively correlated with HuR expression (r = 0.576, p = 0.012) but muscle activity was negatively correlated with miR-18a-3p expression (r = -0.550, p = 0.017). Besides, bioinformatics analysis and dual-luciferase reporter assays suggested that miR-18a-3p could directly target HuR. Cellular experiments showed that overexpression of miR-18a-3p inhibited myogenic differentiation by targeting HuR, whereas inhibition of miR-18a-3p led to opposite results. Therefore, miR-18a-3p and its target protein HuR may be responsible for modulating the myogenic process in IMNM and can thus be therapeutic targets for the same.
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Introduction

Immune-mediated necrotizing myopathy (IMNM) is an autoimmune disease that is characterized by severe muscle weakness and myofiber necrosis, but usually low inflammatory cell infiltration and lesser involvement of other organs (1). IMNM consists of three subclasses: anti-signal recognition particle (anti-SRP)-positive, anti-3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)-positive, and seronegative (2). Myoblast fusion in patients with IMNM is abnormal since the mechanism involved in muscle regeneration is impaired (3); however, the pathogenesis of IMNM is still unclear.

MicroRNAs (miRNA) participate in skeletal muscle differentiation (4). miR-17-92, a highly conserved miRNA cluster, comprises miR-17, miR-20a, miR-18a, miR-19a, miR-19b-1, and miR-92a-1; these miRNAs play an essential role in cell proliferation, differentiation, tumorigenesis, and angiogenesis (5–7). The pathogenic role of miRNAs in many diseases, including autoimmune diseases, has been extensively studied. Previous studies have shown that miRNA expression is abnormal in the peripheral blood mononuclear cells, skeletal muscles, plasma, serum, and lungs of patients with idiopathic inflammatory myopathy (IIM); thus, dysregulated miRNA expression may be involved in disease pathogenesis (8–11). Besides, the expression of inflammatory miRNAs and anti-troponin-targeted miRNAs is increased in mice with severe myositis, indicating that miRNAs are involved in muscle injury, inflammation, and myasthenia (12). Our previous study also revealed that several immune-related miRNAs are correlated with dermatomyositis (13); however, the involvement of miRNAs in IMNM remains unclear.

RNA-binding proteins (RBPs) are known to change the fate or function of bound RNA. Of such RBPs, HuR, a member of the ELAVL1/Hu family, has been reported to modulate the fusion of myoblasts into myotubes during skeletal myogenesis by coordinating the expression of myogenic regulatory factors such as myogenin (MyoG), MyoD, and p21 (14–16). Nevertheless, the role of HuR in IMNM has not been investigated.

In this study, we aimed to explore the role and mechanism of abnormally expressed miR-18a-3p and its target RBP HuR in the myogenesis of patients with IMNM. Our results may help in better understanding the pathogenesis of IMNM and developing effective therapeutic targets.



Materials and Methods


Study Population

Patients with IMNM, DM and healthy controls (HCs), who participated in this study, were admitted to the Department of Rheumatology and Physical Examination from 2017 to 2019 in China–Japan Friendship Hospital, Beijing, China. The age and gender of the patients with IMNM were matched with those of the HCs. IMNM was classified according to the pathological criteria described at the 224th European Neuromuscular Center International Workshop (17). This study did not include patients with other autoimmune diseases, tumors, and infections. Skeletal muscle tissue biopsies were obtained from 18 patients with IMNM, 11 patients with DM and 8 HCs. The study was approved by the Ethical Review Committee of the China–Japan Friendship Hospital (2019-25-K19). Before commencing the study, we obtained written informed consent from all patients for the use of their tissues and data.



Clinical Assessment

Detailed results of physical examinations and routine laboratory tests of all patients were recorded at their first visit. Routine laboratory parameters, including the levels of serum C-reactive protein, creatine kinase, alanine aminotransferase, aspartate aminotransferase, and lactate dehydrogenase, and erythrocyte sedimentation rate, were assessed. The damage to the patients with IMNM was evaluated using manual muscle testing 8 (MMT8). A 10 cm visual analog scale (VAS) was used to evaluate the muscle activity component of the myositis disease activity assessment tool (MDAAT-muscle) and physician global assessment (PGA) for disease activity (18).

Serum anti-HMGCR antibodies were detected using an enzyme-linked immunosorbent assay (ELISA) kit (Inova Diagnostics, San Diego, CA, USA). Serum anti-SRP antibodies were detected using a commercially available kit (Euroimmun, Lübeck, Germany).



Myoblast Culture and Differentiation

Human skeletal muscle myoblasts (HSMM) were obtained from Lonza Bioscience (Basel, Switzerland) and cultured using the Clonetics skeletal muscle myoblast cell system (Lonza) in a humidified incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C with 5% CO2. The cells were seeded in 12-well or 6-well plates and incubated for 18 h before transfection. At 80–90% confluence, the cells were transferred into Dulbecco’s modified Eagle medium supplemented with 2% horse serum and 1% penicillin-streptomycin for inducing differentiation.



Cell Transfection

HSMM were seeded in 12-well or 6-well plates; when the cells reached approximately 70% confluence, they were transfected with 100 nM of small interfering RNA targeting HuR (siHuR) or small interfering control RNA (siCtrl), miR-18a-3p mimics or mimics negative control (NC) and miR-18a-3p inhibitor or inhibitor NC (Ribobio, Guangzhou, China) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The culture system was replaced with fresh medium at 12 h post-transfection. The cells were used to stimulate differentiation at 24 h post-transfection.



Dual-Luciferase Reporter Gene Assay

Dual-luciferase reporter gene assay was used to confirm the binding sites of miR-18a-3p and the 3′ untranslated region (UTR) of HuR mRNA. A pmirGLO-HuR-wild type (Hur-WT) or a pmirG-LO-HuR-mutant type (HuR-MUT) and miR-18a-3p mimics or mimics NC were co-transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen). Dual-Glo luciferase assay system (Promega, Madison, WI, USA) was used to measure the luciferase activity in the cell lysates according to the manufacturer’s instructions. The ratios of Firefly to Renilla luciferase activities were used as the result of the dual-luciferase reporter gene assay. The experiments were performed in three independent replicates.



Bioinformatics Analysis

The online databases miRwalk (http://mirwalk.umm.uni-heidelberg.de/) and TargetScan (http://www.targetscan.org/vert_72/) were used to search for the targets of miR-18a-3p (19, 20). Venny (https://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to obtain the common targets from above mentioned databases. Heatmap software(ggplot2) was applied to cluster the enrichment terms obtained after Kyoto Encyclopedia of Genes and Genomes-based analysis of the common genes.



RNA Extraction and Quantitative Reverse-Transcription Polymerase Chain Reaction

Trizol (Invitrogen) was used to extract total RNA from the muscle tissues according to the manufacturer’s instructions. PrimeScript™ RT reagent Kit (Takara, Otsu, Japan) was used to reverse transcribe RNA into complementary DNA (cDNA). Quantitative reverse-transcription PCR (qRT-PCR) was performed using an ABI 7500 sequence detection system (Applied Biosystems, Foster City, CA) with SYBR Green Master Mix (Qiagen, Hilden, Germany). The thermal conditions were as follows: 95°C for 2 min, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. GAPDH was used as the internal reference of gene expression. Each sample was measured in triplicate. The U6 small RNA was used as the internal reference for estimating the levels of miR-18a-3p and other members in miR-17-92 cluster. All relevant PCR primers used in this study are listed in Supplementary Table 1.



Western Blotting Analysis

NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific) was used to extract nuclear-cytoplasmic fraction according to the manufacturer’s instructions. NP-40 lysis buffer (Beyotime, Shanghai, China) and phenylmethylsulfonyl fluoride (Solarbio, Beijing, China) were used to obtain total protein. Protein quantification were performed by BCA Protein Assay kit (Thermo Fisher Scientific) as per the manufacturer’s instructions. The available protein was denatured with 5× sodium dodecyl sulfate (SDS)-PAGE denatured protein loading buffer (Applygen, Beijing, China) at 98°C for 5 min. Next, SDS-polyacrylamide discontinuous gel electrophoresis was used to separate the denatured protein; then, the protein was transferred to nitrocellulose filter membranes (Millipore, Boston, MA, USA) by wetting transfer method for 90 min. Immunoblotting was conducted using specific antibodies listed in Supplementary Table 2 and horseradish peroxidase-conjugated secondary antibody. The membranes were visualized using ChemiDoc XRS+ System (Bio-Rad, Hercules, CA, USA), and the grayscale value of the proteins was estimated using Image Lab 6.0.1.



Immunofluorescence Staining

Differentiated HSMM myotubes or primary myotubes were fixed in 95% ethanol. Then, 0.3% Triton X-100 was used for 15 min for cell membrane penetration. The samples were washed three times, for 5 minutes each time, and then blocked with goat serum for 2 h. The samples were then incubated with anti-HuR (1:500; Abcam, Cambridge, MA, USA), anti-MyoG (1:250; Abcam), and anti-myosin heavy chain (MyHC; 1:400; Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4°C, and then with Alexa 488-conjugated or Alexa 555-conjugated secondary antibody (Abcam) for 30 min at 25°C. Next, 4′,6-diamidino-2-phenylindole (DAPI; Beyotime) was used to stain the cell nuclei, which were observed under a fluorescence microscope (Olympus, Tokyo, Japan). The degree of differentiation was measured by a fusion index, which is defined as the number of nuclei in the myotube and as a percentage of the total nuclei.



Statistical Analysis

Continuous data were expressed as means ± standard deviation for normal distribution or as median and interquartile range for those without normal distribution. Student’s t‐test was used for separating the means of the normal data, whereas Mann–Whitney U test for data that deviated from normal. Spearman’s rank-order correlation was used to test correlations of data with non-normal distribution. A p value < 0.05 was considered as statistically significant. SPSS 22.0 (IBM, Armonk, NY, USA) and GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) were used for all statistical analyses.




Results


Clinical Characteristics of Patients With IMNM

The clinical characteristics of the patients with IMNM are presented in Table 1. Of the 18 patients with IMNM, 61.1% were female. The average disease onset age was 47.6 years, and the median disease duration was 5 months. 12 patients were positive to the anti-SRP-autoantibody, 2 to the anti-HMGCR-autoantibody, and the remaining four patients were myositis-specific autoantibody negative. The average VAS score was 4.7, and the average MMT8 score was 58.0.


Table 1 | Clinical features of immune-mediated necrotizing myopathy (IMNM) patients.





miR-18a-3p Expression in Skeletal Muscles of Patients With IMNM

We found that the expression level of miR-18a-3p was significantly higher in patients with IMNM than in the HCs (p=0.0002) (Figure 1A). Since miR-18a-3p is the member of miR-17-92 cluster, and the miR-17-92 cluster participates in skeletal muscle differentiation (7), we further detected the expression of other miRNAs in this cluster in these samples (Supplementary Figures 1A–E). The Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis revealed that the target genes of miR-18a-3p were involved in regulating numerous pathways, ras and mitogen-activated protein kinase (MAPK) signaling pathway are involved in the regulation of myogenic differentiation (21) (Figure 1B). Bioinformatics analysis predicted that HuR may be a target gene of miR-18a-3p (Figure 1C). Dual-luciferase reporter gene assay showed that overexpression of miR-18a-3p decreased the luciferase activity of the plasmid containing HuR-WT, that is, the luciferase activity of miR-18a-3p binding sequence; however, it did not decrease the activity of HuR-MUT (Figure 1D). Furthermore, overexpression of miR-18a-3p strongly suppressed HuR transcription at 24 h post-transfection (Figure 1E). Accordingly, western blot analysis showed that the protein levels of HuR were reduced by the transfection of the miR-18a-3p mimics (Figures 1F, G). These results demonstrated that miR-18a-3p may directly interact with the predicted target site in HuR.




Figure 1 | miR-18a-3p is highly expressed in skeletal muscle of patients with immune-mediated necrotizing myopathy (IMNM). (A) miR-18a-3p levels in patients with IMNM and healthy controls (HCs) as determined by quantitative reverse-transcription polymerase chain reaction PCR (qRT-PCR). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of miR-18a-3p target genes. (C) Sequence alignment of the 3’ untranslated region (UTR) of HuR mRNA with miR-18a-3p. Nucleotides in deletion mutant (Mut) HuR binding sites are marked in red. (D) Effects of miR-18a-3p on the activity of luciferase reporters, bearing wild-type (WT) or Mut on the binding sites of the 3′ UTR of HuR mRNA. (E) HuR levels at 24 h post-transfection with miR-18a-3p mimics as determined by qRT-PCR. (F) Protein levels of HuR at 24 h post-transfection with miR-18a-3p mimics as determined by western blot analysis. (G) Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control for western blot analysis to normalize the relative protein expression. Relative mRNA expression was estimated using the 2-ΔΔCt method. Data are expressed as means ± standard deviation (SD). *, *** indicate significant differences of p < 0.05 and p < 0.001, respectively. miR, microRNA; NC, negative control.





HuR Expression Levels in Patients With IMNM

Our results showed that the expression level of HuR was significantly reduced in patients with IMNM than in HCs (p=0.002) (Figure 2A), but the expression of HuR in DM patients is significantly higher than in HCs (Supplementary Figure 2). Western blot analysis revealed a decrease in the protein levels of HuR in patients with IMNM than in the HCs (Figures 2B, C). At the same time, miR-18a-3p expressed in patients with IMNM were negatively correlated with those of HuR (r=-0.512, p = 0.029; Figures 2D). Furthermore, MyoG was highly expressed in patients with IMNM, and its transcription levels were positively correlated with those of HuR (r = 0.493, p = 0.037; Figures 2E, F). Besides, the VAS score of patients with IMNM was positively correlated with HuR levels (r = 0.576, p = 0.012); however, the muscle activity component of the Myositis Disease Activity Assessment Tool by VAS (MDAAT-muscle) was negatively correlated with miR-18a-3p expression (r = -0.550, p = 0.017; Figures 2G, H). No association was identified between HuR or miR-18a-3p expression and the MMT8 score.




Figure 2 | The mRNA and protein levels of HuR are decreased in skeletal muscles of patients with immune-mediated necrotizing myopathy (IMNM). (A) mRNA levels of HuR in patients with IMNM and healthy controls (HCs) as determined by qRT-PCR. (B) Protein levels of HuR in patients with IMNM and HCs as determined by western blot analysis. (C) GAPDH was used as an internal control for western blot analysis to normalize the relative protein expression. (D) Correlation of HuR and miR-18a-3p mRNA levels in patients with IMNM. (E) mRNA levels of myogenin (MyoG) in skeletal muscles of patients with IMNM and HCs as determined by qRT-PCR. (F) Correlation of HuR and MyoG mRNA levels in patients with IMNM. (G) Correlation of HuR mRNA levels and Patient Global assessment of disease activity by VAS (0-10). (H) Correlation of miR-18a-3p levels and the muscle activity component of the Myositis Disease Activity Assessment Tool by VAS (MDAAT-muscle). Relative mRNA expression was estimated using the 2-ΔΔCt method. Data are expressed as means ± standard deviation (SD). ** indicate significant differences of p < 0.01.





Involvement of HuR in Myoblast Differentiation

As shown in Figures 3A, B, the nuclear abundance of HuR did not change noticeably during differentiation, whereas the cytoplasmatic abundance increased remarkably at the onset of differentiation and remained elevated throughout the process. We observed that the expression levels of MyoG were consistent with those of cytoplasmic HuR; these results were confirmed using immunofluorescence staining of human myoblasts after differentiation (Figure 3C). Next, we use siRNA technology to solve the role of HuR in myoblast. Three different siRNAs were designed to target human HuR and transfected in myoblast. The results showed that siHuR effectively down-regulated the mRNA expression in myoblast (Supplementary Figures 3A). According to qRT-PCR analysis, transfection of siHuR (100 nM) significantly reduced the cellular level of HuR (>70%) (Supplementary Figures 3B). Besides, we observed that transfection of siHuR significantly inhibited the expression levels of HuR and MyoG during differentiation (Figures 3D, E). Western blot analysis showed that the protein levels of HuR, MyoG, and MyHC in siHuR-treated myoblasts were significantly decreased when compared with that in the control (Figures 3F–I). These results suggested that HuR knockdown could inhibit myoblast differentiation.




Figure 3 | Expression of HuR in human skeletal muscle myoblasts (HSMM) during differentiation. (A) Nuclear and cytoplasmic HuR and myogenin (MyoG) protein levels in HSMM during differentiation as determined by western blot analysis. (B) HuR levels in the human myoblast nucleus as normalized with lamin-B1 (left) and in the human myoblast cytoplasm as normalized with tubulin (right). (C) Immunofluorescence detection of HuR (green) and MyoG (red) in HSMM during differentiation. DAPI (blue) is used as a nuclear stain. Scale bar, 100 μm. (D) mRNA levels of HuR post-transfection with small interfering RNA targeting HuR (siHuR) at days 0, 3, 5, and 7 of differentiation as determined by qRT-PCR. (E) mRNA levels of MyoG post-transfection with siHuR at days 0, 3, 5, and 7 of differentiation as determined by qRT-PCR. (F) Western blot analysis was used to determine HuR, MyoG, and MyHC protein levels post-transfection with siHuR at days 0, 3, 5, and 7 of differentiation. (G–I) GAPDH was used as an internal control for western blot analysis to normalize relative protein expression. Relative mRNA expression was estimated using the 2-ΔΔCt method. Data are expressed as means ± standard deviation (SD). *, *** indicate significant differences of p < 0.05 and p < 0.001, respectively.





HuR Regulation by miR-18a-3p in Myogenic Differentiation

As shown in Figure 4A, miR-18a-3p mimics transfection significantly increased miR-18a-3p expression. MyHC immunofluorescence staining on day 5 of differentiation showed that overexpression of miR-18a-3p reduced the fusion rate of myoblasts in comparison to that of the mimics NC (Figures 4B, C). Furthermore, miR-18a-3p mimics transfection significantly suppressed the transcription and protein levels of HuR, MyoG, and MyHC (Figures 4D–F). The opposite results were obtained after transfection of the miR-18a-3p inhibitor (Figures 5A–F). Our data demonstrated that inhibition of miR-18a-3p might promote myogenic differentiation by targeting HuR.




Figure 4 | Overexpression of miR-18a-3p inhibits myogenic differentiation. (A) miR-18a-3p levels post-transfection with miR-18a-3p mimics at day 5 of differentiation as determined by qRT-PCR. (B) Immunofluorescence detection of MyHC (red) in human myoblasts. Scale bar, 100 μm. (C) Fusion index (ratio of MyHC positive myotubes with ≥ 2 nuclei to the total number of nuclei). (D) mRNA levels of HuR, MyoG, and MyHC post-transfection with miR-18a-3p mimics at day 5 of differentiation as determined by qRT-PCR. (E, F) HuR, MyoG, and MyHC protein levels post-transfection with miR-18a-3p mimics at day 5 of differentiation as determined by western blot analysis. Relative mRNA expression was estimated using the 2-ΔΔCt method. Data are expressed as means ± standard deviation (SD). *, **, *** indicate significant differences of p < 0.05, p < 0.01, and p < 0.001, respectively. NC, negative control.






Figure 5 | Inhibition of miR-18a-3p promotes myogenic differentiation. (A) miR-18a-3p levels post-transfection with miR-18a-3p inhibitor at day 5 of differentiation as determined by qRT-PCR. (B) Immunofluorescence detection of MyHC (red) in human myoblasts. Scale bar, 100 μm. (C) Fusion index (ratio of MyHC-positive myotubes with ≥ 2 nuclei to the total number of nuclei). (D) mRNA levels of HuR, MyoG, and MyHC post-transfection with miR-18a-3p inhibitor at day 5 of differentiation as determined by qRT-PCR. (E, F) HuR, MyoG, and MyHC protein levels post-transfection with miR-18a-3p inhibitor at day 5 of differentiation as determined by western blot analysis. Relative mRNA expression was estimated using the 2-ΔΔCt method. Data are expressed as means ± standard deviation (SD).  *, ** indicate significant differences of p < 0.05 and p < 0.01, respectively. NC, negative control.






Discussion

IMNM is a systemic disease characterized by chronic inflammation in muscle tissues, causing weakness and myofiber necrosis (1). In the present study, we explored the role of differentially expressed miRNAs and target genes in regulating the regeneration and differentiation of muscle tissues in patients with IMNM.

miRNA is involved in the regulation of a wide range of developmental and physiological cell processes, including differentiation, proliferation, growth, and apoptosis (22). Previous studies have shown that miRNAs are abnormally expressed in the muscles of patients with IIM and are probably involved in disease pathogenesis. For instance, miR-221, miR-155, miR-146b, miR-214, and miR-222 are upregulated in 10 primary muscle diseases, including IIM (23). Furthermore, miRNAs found in skeletal muscles and myocardium, such as miR-1, miR-133a/b, miR-208, miR-486, miR-206, and miR-499, participate in the myogenic process by modulating the expression of myogenic regulatory factors (24). Of these, the expression of miR-1 and miR-133a/b is decreased in the muscle tissues of patients with IIM and is negatively correlated with that of TNF-α. The latter inhibits the expression of myogenic miRNAs in an NF-κB-dependent manner, suppressing the differentiation of C2C12 myoblasts into myotubes and leading to muscle regeneration (25). In our study, miR-18a-3p was upregulated in patients with IMNM and participated in myogenic differentiation by regulating HuR expression. We also found that miR-18a-3p expression was negatively related to the VAS score, revealing the potential role of this miRNA in muscle inflammation and the degenerative pathology of IMNM. A previous study on mice with severe myositis has shown that increased expression of inflammatory miRNAs (miR-146a, miR-142-3p, miR-142-5p, and miR-455-5p) and targeted muscle dystrophins (miR-146a, miR-146b, miR-31, and miR-223) are regulated by NF-κB, and may be related to muscle injury, inflammation, and myasthenia (12). Of note, in our study, we found that the expression of HuR in IMNM was decreased compared to HC, while the expression of HuR in the muscle tissue of DM patients was significantly higher than in the HC. The results of this study further indicate that the muscle damage mechanism of DM may be different from that of IMNM.

The miR-17-92 cluster participates in normal development, skeletal myogenesis, immune disease, cardiovascular disease, and tumorigenesis (26, 27), of which miR-20a, miR-92, and miR-17 regulate the proliferation of myoblasts but inhibit their differentiation by targeting ENH1. Further, miR-17 and miR-20a effectively promote the differentiation of C2C12 cells; whereas miR-18a delays the differentiation of the same cells (7, 28). Here, we use bioinformatics software and luciferase reporter gene detection to show that HuR, a RNA-binding protein, is the direct target of miR-18a-3p. Under the overexpression miR-18a-3p, the expression level of HuR RNA and protein was significantly inhibited, and further inhibit myogenic differentiation. On the contrary, interference of miR-18a-3p promoted the expression of HuR and further promote myogenic differentiation. In our study, we found that expression of miR-18a-3p in patients with IMNM was negatively correlated with HuR. miR-18a-3p affected myoblast differentiation by downregulating the expression of HuR. In contrast, use of an miR-18a-3p inhibitor led to opposite results.

HuR is an RBP that protects the 3’-UTR of mRNA from decay and degradation by stabilizing the adenylate-uridylate-rich elements. HuR is mainly present in the nucleus, where it combines with the target mRNA, to form a complex that moves to the cytoplasm. When HuR dissociates from the target mRNA, it returns to the nucleus (29). Previous studies have revealed that HuR regulates various myogenic factors, including MyoG, MyoD, and p21, and that its cytoplasmic accumulation is essential in myogenesis (16, 30). In the present study, we found that the expression of cytoplasmic HuR in myoblasts increased as differentiation progressed and was consistent with that of MyoG. Transfection of siHuR into myoblasts decreased the mRNA and protein levels of MyoG and MyHC in the differentiated myoblasts, thereby inhibiting cell differentiation.

HuR is also involved in the pathogenesis of inflammatory diseases (e.g., rheumatoid arthritis) by binding to the mRNAs of inflammatory cytokines (e.g., TNF-α) (31, 32). We found that the expression of HuR was positively correlated with disease activity in patients with IMNM, suggesting that the participation of this protein in inflammatory response is by stabilizing the mRNAs of inflammatory factors; however, further research is needed to confirm these results.

Overall, our study revealed that miR-18a-3p was significantly upregulated, whereas its target gene HuR was downregulated in the muscle tissues of patients with IMNM compared to DM and HCs. miR-18a-3p were negatively correlated with muscle activity in patients with IMNM, but the expression levels of HuR were positively correlated with disease activity in patients with IMNM. Finally, miR-18a-3p and HuR might regulate myoblast differentiation (Figure 6). To the best of our knowledge, this is the first study to report the mechanism of miR-18a-3p inhibiting myogenic differentiation in IMNM.




Figure 6 | Proposed mechanisms of miR-18a-3p and its target HuR in the IMNM pathogenesis and healthy controls. (A) The physical role of miR-18a-3p and HuR in the myogenesis of skeletal muscle. miR-18a-3p is mainly involved in the post-transcriptional regulation of HuR to inhibit HuR expression. HuR is abundantly localized to the cytoplasm in differentiating myoblasts, which promotes the fusion of myoblasts to form myotubes by stabilizing several myogenic regulatory factor mRNAs such as MyoG. After the myogenesis, HuR returns into the nucleus in the differentiated myotubes. (B) The proposed mechanisms of miR-18a-3p and HuR in the IMNM pathogenesis. Skeletal muscle was damaged and necrosis, which lead to highly expressed miR-18a-3p and decreased HuR, then myoblast regeneration was impaired by the complex interaction of miR-18a-3p and HuR. Ultimately, the skeletal muscle prompt to atrophy.
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Anti-melanoma differentiation-associated gene 5 (MDA5) antibody, a dermatomyositis (DM)-specific antibody, is strongly associated with interstitial lung disease (ILD). Patients with idiopathic inflammatory myopathy (IIM) who are anti-MDA5 antibody positive [anti-MDA5 (+)] often experience chest symptoms during the active disease phase. These symptoms are primarily explained by respiratory failure; nevertheless, cardiac involvement can also be symptomatic. Thus, the aim of this study was to investigate cardiac involvement in anti-MDA5 (+) DM. A total of 63 patients with IIM who underwent electrocardiography (ECG) and ultrasound cardiography (UCG) during the active disease phase from 2016 to 2021 [anti-MDA5 (+) group, n = 21; anti-MDA5-negative (-) group, n = 42] were enrolled in the study, and their clinical charts were retrospectively reviewed. The ECG and UCG findings were compared between the anti-MDA5 (+) and anti-MDA5 (-) groups. All anti-MDA5 (+) patients had DM with ILD. The anti-MDA5 (+) group showed more frequent skin ulcerations and lower levels of leukocytes, muscle enzymes, and electrolytes (Na, K, Cl, and Ca) than the anti-MDA5 (-) group. According to the ECG findings obtained during the active disease phase, the T wave amplitudes were significantly lower for the anti-MDA5 (+) group than for the anti-MDA5 (-) group (I, II, and V4–6 lead; p < 0.01; aVF and V3, p < 0.05). However, the lower amplitudes were restored during the remission phase. Except for the E wave, A wave and Sep e’, the UCG results showed no significant differences between the groups. Four patients with anti-MDA5 (+) DM had many leads with lower T wave and cardiac abnormalities (heart failure, diastolic dysfunction, myocarditis) on and after admission. Though anti-MDA5 (+) patients clinically improved after immunosuppressive therapy, some of their ECG findings did not fully recover in remission phase. In conclusion, anti-MDA5 (+) DM appears to show cardiac involvement (electrical activity and function) during the active phase. Further studies are necessary to clarify the actual cardiac condition and mechanism of these findings in patients with anti-MDA5 (+) DM.
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Introduction

Idiopathic inflammatory myopathy (IIM) is an autoimmune disease that affects skeletal muscles and various systemic organs, such as the skin, lungs, heart, and joints (1, 2). Currently, myositis-specific autoantibodies (MSAs) and myositis-associated autoantibodies are widely used in clinical practice because they help not only in the diagnosis of IIM, but are also useful for the subcategorization and prediction of the clinical characteristics, disease course, and prognosis of the disease.

The anti-melanoma differentiation-associated gene 5 (MDA5) antibody, which is an MSA, was first reported to be an anti-clinically amyopathic dermatomyositis-140 (anti-CADM-140) antibody specific to CADM in a Japanese cohort in 2005, which showed a strong association with rapidly progressive interstitial lung disease (ILD) (3). The anti-MDA5 antibody can be identified in patients with classic dermatomyositis (DM); however, those with anti-MDA5 antibody (anti-MDA5 [+]) DM/CADM rarely present with critical muscle symptoms, making early detection challenging (4).

Previous studies have shown that 6–75% of the patients with polymyositis (PM)/DM have concomitant cardiac disorders (e.g., heart failure, coronary artery disease, conduction abnormalities, and abnormalities on electrocardiography [ECG] or ultrasound cardiography [UCG]) (5, 6). Nonetheless, there is a paucity of data regarding cardiac involvement in anti-MDA5 (+) DM/CADM (7). Therefore, in this study, we investigated whether cardiac involvement is associated with anti-MDA5 (+) DM/CADM. This is the first report on a specific cardiac abnormality observed in patients with anti-MDA5 (+) DM/CADM.



Materials and Methods


Patients and Clinical Data

Patients with PM/DM/CADM who were newly diagnosed and admitted to Kyoto University Hospital for remission induction therapy from March 2016 to September 2021 were enrolled in this study. The patients’ medical records were retrospectively reviewed and analyzed. The remission phase was defined as the period during which the steroid dose could be reduced for more than 3 months after treatment without a relapse. All the patients who underwent ECG and UCG were included. PM and DM were diagnosed according to the criteria outlined by Bohan and Peter (1, 2). CADM was diagnosed for the patients who had skin lesions typical of DM, but little or no muscle-related symptoms (8). ILD was diagnosed based on a physical examination, pulmonary function tests, chest radiography, high-resolution chest computed tomography, and the presence of respiratory symptoms. We collected the included patients’ laboratory data before treatment (just around the admission date). The patients’ serum was screened for MSAs using [35S]methionine-labeled protein/RNA immunoprecipitation and ELISA (MESACUP anti-MDA5, MESACUP anti-TIF1-γ, MESACUP anti-ARS, and MESACUP anti-Mi-2; MBL Co., Ltd., Nagoya, Japan), as previously described (4, 9, 10). We divided the patients into an anti-MDA5 (+) group and an anti-MDA5 (-) group and compared the clinical, laboratory, and physiological data between the two groups.



Ethical Considerations

This study was conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of Kyoto University Graduate School and Faculty of Medicine (approval number: E458). Written informed consent was obtained from all the patients prior to enrollment.



Electrocardiography and Ultrasound Cardiography

ECG and UCG findings were reviewed at the first admission for remission induction. The typical ECG wave forms were analyzed using the QP-170D ECG Viewer software version 9 (Nihon Kohden, Tokyo, Japan). Two cardiologists (Y.K. and E.T.K.) reviewed the ECG and UCG findings. ECG and UCG parameters were then compared between the anti-MDA5 (+) and anti-MDA5 (-) groups.



Statistical Analysis

The differences between the anti-MDA5 (+) and anti-MDA5 (-) groups were analyzed using an unpaired t-test for the continuous variables and a chi-square test for the categorical variables. Data are expressed as the mean ± standard deviation for the continuous variables and as percentages for the categorical variables, unless otherwise noted. All the statistical analyses were performed using the JMP Pro statistical package version 16.0.0 J (SAS Institute Inc., Cary, NC, USA). The differences were considered statistically significant at a two-tailed p < 0.05.




Results


Patient Characteristics

Of the 94 enrolled patients with PM/DM/CADM, 63 underwent both ECG and UCG on admission. We divided these patients into an anti-MDA5 (+) group (n = 21) and an anti-MDA5 (-) group (n = 42), the latter of which comprised fourteen anti-ARS (+), five anti-TIF1-γ (+), seven anti-SRP (+), two anti Mi-2(+), one anti Ku (+), one anti NXP2 (+) and twelve MSA-negative patients. All patients in the anti-MDA5 (+) group had CADM; conversely, all patients in the anti-MDA5 (-) group had PM/DM (Figure 1).




Figure 1 | Study flowchart.



We compared the baseline clinical data between the anti-MDA5 (+) and anti-MDA5 (-) groups (Table 1). ILD and skin ulcers were observed significantly more frequently in the anti-MDA5 (+) group than in the anti-MDA5 (-) group. White blood cell, lymphocyte, serum creatine phosphokinase, lactate dehydrogenase, aldolase, K, and Ca levels were significantly lower in the anti-MDA5 (+) group than in the anti-MDA5 (-) group (p < 0.01). Platelet, AST, ALT, Na, and Cl levels were also significantly lower in the anti-MDA5 (+) group than in the anti-MDA5 (-) group (p < 0.05). On or after admission, four patients in the anti-MDA5 (+) group and six patients in the anti-MDA5 (-) group showed obvious cardiac abnormality (e.g., diastolic dysfunction, heart failure, myocarditis).


Table 1 | Patient characteristics.





ECG and UCG Characteristics of Patients With Anti-MDA5 (+) CADM

Next, we analyzed the ECG findings for each group. While the electrolyte levels in all patients were within the normal range on admission, patients with anti-MDA5 (+) CADM tended to show low T waves during the active phase of the disease, but T wave restoration during the remission phase (Supplementary Figure 1). At the active phase, the most frequent comment regarding the ECG analysis in the anti-MDA5 (+) group was “non-specific T-wave abnormalities” (57%, 12/21); this is the” low T-wave in multiple leads”. The next most frequent comments were “normal range” (19%, 4/21) and “ST-T changes”, such as ST depression (19%, 4/21). In the anti-MDA5(-) group, comments included “normal range” (33%, 14/42), “non-specific T-wave abnormalities” (24%, 10/42), and “ST-T changes” (14%, 6/42). We further analyzed the various ECG parameters (including the R and T wave amplitudes, as well as other categories) and compared them between the groups (Table 2). There were no significant differences in the heart rate, QT interval, and R wave amplitudes between the anti-MDA5 (+) and anti-MDA5 (-) groups; however, the T wave amplitudes from multiple leads were significantly lower for the anti-MDA5 (+) group than for the anti-MDA5 (-) group (I, II, and V4–6, p < 0.01; aVF and V3, p < 0.05). The T wave amplitude from the aVR lead, which reflects the reverse direction of the myocardial electrical flow from the other leads, was higher for the anti-MDA5 (+) group than for the anti-MDA5 (-) group (p < 0.01). Among the MSA-positive patients (MDA5, ARS, TIF1-γ, SRP), the anti-MDA5 (+) group tended to show a lower T wave amplitude than the patients with ARS, TIF1-γ, and SRP antibody (data not shown).


Table 2 | ECG parameters in the active phase.



According to the Minnesota code classification system, a low T wave is defined as a T wave amplitude/R wave amplitude (T/R ratio) <0.1 (11, 12). The T/R ratios for the anti-MDA5 (+) group were lower for some of the leads (V6 p < 0.01; II, aVF and V5 p < 0.05). The four anti-MDA 5 (+) patients with obvious cardiac abnormality had six or more leads with low T-wave.

Because ILD was found to have been present as a complication in the anti-MDA5 (+) CADM group at a significantly higher frequency (100%) than in the anti-MDA5 (-) group (45.2%), we conducted an additional analysis to examine whether the incidence of ILD affected the ECG findings. First, we compared ECG parameters between the anti-MDA5 (-) patients with and without ILD (n = 22 and 20, respectively). The non ILD group had significantly higher T waves in the III lead, and conversely, significantly lower T waves in the aVL lead. We could not conclude that the presence of ILD was related to the number of lead with low T wave (Supplementary Table 1). Moreover, there were no significant differences in the ECG characteristics between the MDA5 (-) non-ILD group and the acute or subacute ILD (A/S-ILD) groups (n = 22 and 13, respectively; Supplementary Table 2). Subsequently, ECG parameters were compared between patients in the anti-MDA5 (+) group (n = 21) and those in the anti-MDA5 (-) group with ILD. The anti-MDA5 (+) group showed a significantly lower T wave than the anti-MDA5 (-) group with ILD (Supplementary Table 3). Furthermore, when the anti-MDA5 (-) A/S-ILD group was set as the control group and compared with the anti-MDA5 (+) A/S-ILD group (n=18), the anti-MDA5 (+) A/S-ILD group still showed a significantly lower T wave (Supplementary Table 4).

Collectively, the low T wave amplitude recorded on admission was a characteristic feature of the anti-MDA5 (+) group, independent of the presence of ILD.

Next, we analyzed the UCG data (Table 3). There appeared to be no difference in the contractile function (left ventricular end-diastolic diameter, left ventricular end-systolic diameter, and left ventricular ejection fraction) between the anti-MDA5 (+) and anti-MDA5 (-) groups. With respect to cardiac diastolic function, the E wave and A wave of the transmitral flow velocity pattern, and movement speed of the mitral valve annulus at the septum (Sep e’) were significantly lower (p < 0.05) for the anti-MDA5 (+) group than for the anti-MDA5 (-) group. However, the E/e’ ratio was not significantly different between the groups, and no significant differences in the diastolic interventricular septum or left ventricular posterior wall thicknesses were observed; in almost all cases of the anti-MDA5 (+) group, there was normal cardiac function on echo. These results suggest that subclinical damage of the left ventricle exists in patients with anti-MDA5 (+) CADM (13). In this study, two patients (10%) had diastolic dysfunction or diastolic failure in the anti-MDA5 (+) group and three (7%) in the anti-MDA5 (-) group.


Table 3 | UCG parameters in the active phase.





Recovery of Low T Waves in Anti-MDA5 (+) CADM After Treatment

For the anti-MDA5 (+) group, we investigated whether ECG changes would be reversible after immunosuppressive therapy. During the active phase of the disease, the number of leads in the 12-lead ECG (not including the aVR lead) that showed a low T wave was higher for the anti-MDA5 (+) group than for the anti-MDA5 (-) group (p < 0.01; Table 4) upon admission. However, during the remission phase, there was no significant difference in the number of leads with low T waves between the two groups. In summary, the low T wave can be reversible, and this is associated with disease activity in the anti-MDA5 (+) group. Four anti-MDA5 (+) patients who had heart dysfunction improved clinically and still had low T waves even though the number of leads with low T wave decreased. At the remission phase, due to small sample size, there was no significant difference between the groups, but the E wave, A wave, and Sep e’ in the anti-MDA5 (+) group were still lower (Supplementary Table 5).


Table 4 | Number of leads with a low T wave in the active and remission phases.





Relationship Between the Number of Low T Waves, Clinical Data, and Echocardiography

Next, we performed a sub-analysis to see if the number of T waves was related to clinical and echocardiographic data within the anti-MDA5 (+) group. Regarding ECG findings, we divided patients into three groups, according to the number of leads with low T wave: Group A, 0–2 leads (N = 7); Group B, 3–5 leads (N = 6); and Group C, 6 or more leads (N = 8). Group C showed lower T wave amplitudes at multiple leads (Supplementary Figure 2). The results showed no significant difference in the frequency of skin ulcers. Epidemiology at admission showed that the percentage of female patients was 100% (N = 7) in Group A, 83% (N = 5) in Group B, and 25% (N = 2) in Group C. All the four patients who had obvious cardiac abnormality were in Group C and were male. Blood counts showed that the number of WBC and neutrophils, but not lymphocytes and platelets, tended to decrease in Group B and C (Supplementary Figure 3). Blood biochemical tests at admission showed that Group B and C tended to have higher CPK and CRP levels; there seemed to be no difference between the three groups in ferritin and KL-6 levels (Supplementary Figure 4). Regarding clinical data and UCG, due to the small sample size, there was no significant difference between the patients that, based on ECG findings, did not completely recover and those that fully recovered (data not shown); the group that did not recover included five men from Group C, including the four patients who had obvious cardiac abnormality.

Collectively, patients with low T wave at multiple leads may develop heart dysfunction or heart failure in anti-MDA5 (+) CADM. The number of leads with low T wave may be associated with some clinical data (e.g., number of WBCs, neutrophils, or levels of CPK and CRP). Even if anti-MDA5 (+) patients achieve remission, some may still have abnormalities on ECG and UCG parameters and cardiac damage.




Discussion

To the best of our knowledge, this is the first report on cardiac involvement in an anti-MDA5 (+) CADM cohort. In this study, we found characteristic subclinical ECG and UCG abnormalities in patients with anti-MDA5 antibodies (a reversible low T wave on ECG and a low E wave, A wave and Sep e’ on UCG), suggesting the extent of cardiac damage. Although there were lower levels of electrolytes in the anti-MDA5 (+) group, there were no severe electrolyte abnormalities that could account for the abnormal ECG findings. With respect to the pathophysiology of anti-MDA5 (+) DM/CADM, elevated levels of several cytokines and chemokines, including interleukin (IL)-6, IL-8, IL-10, IP-10, sCD163, YKL-40, and IFN-α, have been reported (14–17). Several inflammatory cytokines, such as TNFα, the IL-1 family, IL-6, IL-8, IL-10, IL-18, and IFNα have also been shown to play a pathological role in various heart diseases (18). IL-8 stimulates the expression of Na-K+ or Ca+ channels and affects the flow of Ca+ or K+ (19). IL-10, an anti-inflammatory cytokine, correlates with heart inflammation or dysfunction in cardiomyopathy, acute myocarditis, and Takotsubo cardiomyopathy (20–22). Daily IL-18 administration has been reported to induce myocardial dysfunction in BALB/c mice (23), and interferon therapy can lead to reversible cardiomyopathy (24, 25). Thus, a prominent elevated levels of several inflammatory cytokines can cause myocardial impairment in patients with anti-MDA5 (+) DM/CADM.

One hypothesis is that myocardial damage is due to pathological autoantibodies. There have been previous reports of pathological autoantibodies as components of heart damage in mouse models (e.g., anti-myosin antibody, anti-cardiac troponin I antibody) (26). However, it is unclear why anti-MDA5 (+) CADM would have such an abnormal ECG and echocardiography finding. Since the T-wave finding is abnormal, one possibility is that pathological autoantibodies are being produced that causes a defect in ion channels involved in repolarization.

We also speculate that viral infection may be a trigger, with viral-induced myocarditis leading to the development of anti-MDA5 (+) CADM. It has long been suspected that viruses may be involved in the development of PM/DM (e.g., Parvo virus, Coxsackie virus) (27–29). The type1 IFN pathway, which has antiviral effects, is activated in PM/DM (30). There are some reports that seasonality and regionality are related to the development of anti-MDA5 (+) CADM (31, 32). As the phenotype of CADM is different in Asia, Europe, and the United States, the causative virus may be different in each region (33). Thus, environmental factors such as viruses may contribute to the development of the disease. Consistent with this idea, an IFN signature is activated in anti-MDA5 (+) CADM (34).

MDA5 is a viral sensor in the cell, which plays an important role in detecting picornaviruses (e.g., Coxsackie virus) that cause myocarditis and encephalitis (35, 36). During the preparation of this report, COVID-19 became widespread. Recently, there have been increasing reports of an association between COVID-19 infection and autoimmune diseases. COVID-19 infection has been reported to cause the production of autoantibodies and promote the development of autoimmune diseases (37, 38). In COVID-19 infection, MDA5 also acts as a sensor (39), and there has been a report of anti-MDA5 antibody positivity after infection (38). Furthermore, it has been reported that the clinical symptoms, CT images and blood test findings (e.g., hypokalemia, and high levels of ferritin, CPK and CRP) of COVID-19 pneumonia are similar to those of anti-MDA5 (+) CADM (40, 41). COVID-19 infection also results in a high frequency of abnormalities on cardiac MRI and echocardiography, even when the patient is asymptomatic (42, 43). In summary, COVID-19-induced pneumonia and associated autoimmunity provides potential insight into the pathogenesis of anti-MDA5 antibody positive CADM. Since anti-MDA5 (+) CADM was recognized before the spread of COVID-19, we assume that some viruses (recognized by MDA5), which are common in Asia, may be risk factors for the development of anti-MDA5 (+) CADM, including myocardial damage.

We observed that the low T waves recorded in the anti-MDA5 (+) group during the active disease phase were reversible after treatment (Supplementary Figure 1 and Table 4). However, some patients with multiple low T waves developed obvious heart dysfunction and the abnormal T wave did not fully resolve. This suggests that aberrant immune responses associated with anti-MDA5 (+) DM/CADM disease activity affect changes in electrical activity of the heart, leaving some patients with cardiac damage even in remission. We performed a sub-analysis to determine if there was any association between the number of low T waves and clinical data. Although our sample size was small, WBC, neutrophil, CPK and CRP seemed to be associated with the number of leads with low T wave; this may reflect structural damage to the heart. Interestingly, patients with heart dysfunction (e.g., heart failure, myocarditis, and diastolic dysfunction) who had more leads with low T waves were also more likely to be male. The one reported case of anti-MDA5 (+) cardiomyopathy was a 55-year-old man (7). In a model of coxsackie virus myocarditis, males have been reported to be more severely affected (44). In anti-MDA5 (+) DM, muscle, skin, and joint symptoms have been reported to be related to sex (33). One phenotype with high CPK levels and muscle symptoms seemed to be common in male patients (45). Our data suggest that men with anti-MDA5 (+) CADM may be more prone to severe myocardial damage and present low T wave in multiple leads. However, in the patients enrolled, smoking history, hypertension, hyperlipidemia, and diabetes, which are risk factors for heart disease, seemed to be more prevalent in men (data not shown). We would like to collect more cases in the future to clarify the relationship between ECG findings, cardiac function, and clinical data. Investigating the mechanism underlying this electrical abnormality may lead to an understanding of the pathophysiology of anti-MDA5 (+) DM/CADM, which often shows amyopathic or hypomyopathic phenotypes.

In our study, cardiac function was nearly normal for patients with anti-MDA5 antibodies. Some of the UCG parameters (namely, the E wave, A wave and Sep e’) showed significant differences between the groups. In the remission phase, the values of E wave, A wave, and Sep e were not significantly different, likely due to the small sample size; however, as in the active phase, they remained lower in the anti-MDA5 (+) group than in the anti-MDA5 (-) group, suggesting that some cardiac damage may remain even after remission. The E wave represents the early diastolic filling velocity, which is one of the transmitral flow velocity patterns. When the left ventricular diastolic function decreases, left ventricular relaxation is delayed, and the E wave also decreases. Sep e’ is the peak early diastolic mitral annular velocity at the septum (46). A low Sep e’ is an indicator of diastolic disturbance. Previous studies have reported that PM/DM patients are sometimes complicated with left ventricular diastolic dysfunction (LVDD) (12–42%) (6, 47–50). During diastolic dysfunction, the A wave generally tends to be high; therefore, we could not conclude why the A wave was lower in the anti-MDA5 (+) group. The low T-wave and echocardiographic findings suggest that there is an unknown cardiac pathology at this time that does not fit the definition of diastolic dysfunction. In the future, we will try to clarify the cause. Although our findings did not meet the UCG diagnostic criteria for diastolic disturbance (13), our data suggest the possible presence of cardiac involvement in patients with anti-MDA5 antibodies. In our facility, two CADM patients with anti-MDA5 antibodies (10%) and three PM/DM patients (7%) and were diagnosed with LVDD. Although two of the CADM patients with anti-MDA5 antibodies died of respiratory failure, we speculate they may have ultimately had severe heart damage, such as diastolic failure.

We assumed that the ECG results for the anti-MDA5 (+) group were affected by the 100% ILD complication rate in this group; therefore, we conducted a sub-analysis to confirm our hypothesis. Even though ILD was present more frequently in the anti-MDA5 (+) group (Table 1), the ECG findings did not show an association with this observation (Supplementary Tables 1–4). Few studies have reported abnormal ECG findings in association with PM/DM with LVDD (51). In that sense, the ECG findings for the anti-MDA5-antibody positive patients are unique. ECG records cardiac muscle activity, and the T wave represents the period during which the ventricles transition from systole to diastole. A low T wave may be indicative of an electrical activity alteration and structural change. Further serial functional imaging tests may be useful for identifying the extent of cardiac involvement and understanding the clinical implications of these ECG changes. In the present study, most of the anti-MDA5-antibody positive cases had A/S-ILD, and there were three cases of no A/S-ILD (organizing pneumonia, ILD with chronic course), one of which had multiple leads with low T wave. In our department, we previously certified another six cases of anti-MDA5 (+) non-A/S-ILD, in which a few cases showed the same ECG findings. More cases need to be collected to determine if the ECG findings are also detectable in anti-MDA5 (+) CADM with non-A/S-ILD.

Our study has several limitations. First, this was a retrospective study; therefore, we lacked some clinical data for the included patients. A prospective study is needed to confirm our findings. Second, the clinical implications of a low T wave on ECG, and a low E wave, A wave and Sep e’ on UCG, require further assessment. However, our results may provide new insight into whether anti-MDA5 (+) DM/CADM is a multiorgan autoimmune disease. Therefore, further basic investigations are required.

In conclusion, patients with anti-MDA5 antibodies often have specific ECG and UCG findings that indicate subclinical heart involvement. As patients with anti-MDA5 antibodies have a poor prognosis if treatment is delayed, ECG may aid in early detection. Therefore, cardiac function screening and follow-ups for this cohort will be important, even if patients show only slight myocarditis or heart failure.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author at ranran@kuhp.kyoto-u.ac.jp.



Ethics Statement

The studies involving human participants were reviewed and approved by the ethics committee of Kyoto University Graduate School and Faculty of Medicine (approval number: E458). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

TaM, YK, and RN designed the study. TaM and TS collected the data. TaM, YK, and EK reviewed the ECG and UCG data. TaM and YK analyzed the data. TaM, YK, EK, and RN interpreted the data. TaM and RN wrote the manuscript. All the authors reviewed and approved the manuscript.



Funding

This work was supported by a Grant-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (18K16145 for RN). The funding body had no role in the study design, the collection, analysis, and interpretation of the data, or in the writing of the manuscript.



Acknowledgments

The authors thank Sachi Ibuki of Kyoto University for preparing the patient samples, as well as Editage (www.editage.com) for English language editing.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.765140/full#supplementary-material



References

1. Bohan, A, and Peter, JB. Polymyositis and Dermatomyositis. N Engl J Med (1975) 292:344–7. doi: 10.1056/NEJM197502132920706

2. Bohan, A, and Peter, JB. Polymyositis and Dermatomyositis. N Engl J Med (1975) 292:403–7. doi: 10.1056/NEJM197502202920807

3. Sato, S, Hirakata, M, Kuwana, M, Suwa, A, Inada, S, Mimori, T, et al. Autoantibodies to a 140-Kd Polypeptide, CADM-140, in Japanese Patients With Clinically Amyopathic Dermatomyositis. Arthritis Rheum (2005) 52:1571–6. doi: 10.1002/art.21023

4. Nakashima, R, Imura, Y, Kobayashi, S, Yukawa, N, Yoshifuji, H, Nojima, T, et al. The RIG-I-Like Receptor IFIH1/MDA5 Is a Dermatomyositis-Specific Autoantigen Identified by the Anti-CADM-140 Antibody. Rheumatol (Oxford) (2010) 49:433–40. doi: 10.1093/rheumatology/kep375

5. Danieli, MG, Gelardi, C, Guerra, F, Cardinaletti, P, Pedini, V, and Gabrielli, A. Cardiac Involvement in Polymyositis and Dermatomyositis. Autoimmun Rev (2016) 15:462–5. doi: 10.1016/j.autrev.2016.01.015

6. Zhang, L, Wang, G, Ma, L, and Zu, N. Cardiac Involvement in Adult Polymyositis or Dermatomyositis: A Systematic Review. Clin Cardiol (2012) 35:686–91. doi: 10.1002/clc.22026

7. Pau-Charles, I, Moreno, PJ, Ortiz-Ibáñez, K, Lucero, MC, Garcia-Herrera, A, Espinosa, G, et al. Anti-MDA5 Positive Clinically Amyopathic Dermatomyositis Presenting With Severe Cardiomyopathy. J Eur Acad Dermatol Venereol (2014) 28:1097–102. doi: 10.1111/jdv.12300

8. Sontheimer, RD. Would a New Name Hasten the Acceptance of Amyopathic Dermatomyositis (Dermatomyositis Siné Myositis) as a Distinctive Subset Within the Idiopathic Inflammatory Dermatomyopathies Spectrum of Clinical Illness? J Am Acad Dermatol (2002) 46:626–36. doi: 10.1067/mjd.2002.120621

9. Nakashima, R, Imura, Y, Hosono, Y, Seto, M, Murakami, A, Watanabe, K, et al. The Multicenter Study of a New Assay for Simultaneous Detection of Multiple Anti-Aminoacyl-tRNA Synthetases in Myositis and Interstitial Pneumonia. PloS One (2014) 9:e85062. doi: 10.1371/journal.pone.0085062

10. Fujimoto, M, Murakami, A, Kurei, S, Okiyama, N, Kawakami, A, Mishima, M, et al. Enzyme-Linked Immunosorbent Assays for Detection of Anti-Transcriptional Intermediary Factor-1 Gamma and Anti-Mi-2 Autoantibodies in Dermatomyositis. J Dermatol Sci (2016) 84:272–81. doi: 10.1016/j.jdermsci.2016.09.013

11. Blackburn, H, Keys, A, Simonson, E, and Rautaharju P, PS. The Electrocardiogram in Population Studies. A Classification System. Circulation (1960) 21:1160–75. doi: 10.1161/01.CIR.21.6.1160

12. Rautaharju, PM, Surawicz, B, Gettes, LS, Bailey, JJ, Childers, R, Deal, BJ, et al. AHA/ACCF/HRS Recommendations for the Standardization and Interpretation of the Electrocardiogram: Part IV: The ST Segment, T and U Waves, and the QT Interval: A Scientific Statement From the American Heart Association Electrocardiography and Arrhythmias Committee, Council on Clinical Cardiology; the American College of Cardiology Foundation; and the Heart Rhythm Society: Endorsed by the International Society for Computerized Electrocardiology. Circulation (2009) 119:e241–50. doi: 10.1161/CIRCULATIONAHA.108.191096

13. Nagueh, SF, Smiseth, OA, Appleton, CP, Byrd, BF, Dokainish, H, Edvardsen, T, et al. Recommendations for the Evaluation of Left Ventricular Diastolic Function by Echocardiography: An Update From the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J Am Soc Echocardiogr (2016) 29:277–314. doi: 10.1016/j.echo.2016.01.011

14. Gono, T, Kaneko, H, Kawaguchi, Y, Hanaoka, M, Kataoka, S, Kuwana, M, et al. Cytokine Profiles in Polymyositis and Dermatomyositis Complicated by Rapidly Progressive or Chronic Interstitial Lung Disease. Rheumatol (Oxf) (2014) 53:2196–203. doi: 10.1093/rheumatology/keu258

15. Horai, Y, Koga, T, Fujikawa, K, Takatani, A, Nishino, A, Nakashima, Y, et al. Serum Interferon-α Is a Useful Biomarker in Patients With Anti-Melanoma Differentiation-Associated Gene 5 (MDA5) Antibody-Positive Dermatomyositis. Mod Rheumatol (2015) 25:85–9. doi: 10.3109/14397595.2014.900843

16. Jiang, L, Wang, Y, Peng, Q, Shu, X, Wang, G, and Wu, X. Serum YKL-40 Level Is Associated With Severity of Interstitial Lung Disease and Poor Prognosis in Dermatomyositis With Anti-MDA5 Antibody. Clin Rheumatol (2019) 38:1655–63. doi: 10.1007/s10067-019-04457-w

17. Shirakashi, M, Nakashima, R, Tsuji, H, Tanizawa, K, Handa, T, Hosono, Y, et al. Efficacy of Plasma Exchange in Anti-MDA5-Positive Dermatomyositis With Interstitial Lung Disease Under Combined Immunosuppressive Treatment. Rheumatology (2020) 59:3284–92. doi: 10.1093/rheumatology/keaa123

18. Bartekova, M, Radosinska, J, Jelemensky, M, and Dhalla, NS. Role of Cytokines and Inflammation in Heart Function During Health and Disease. Heart Fail Rev (2018) 23:733–58. doi: 10.1007/s10741-018-9716-x

19. Govindaraju, V, Michoud, MC, Al-Chalabi, M, Ferraro, P, Powell, WS, and Martin, JG. Interleukin-8: Novel Roles in Human Airway Smooth Muscle Cell Contraction and Migration. Am J Physiol Cell Physiol (2006) 291:C957–65. doi: 10.1152/ajpcell.00451.2005

20. Guo, Y, Cen, Z, Wei, B, Wu, W, and Zhou, Q. Increased Circulating Interleukin 10-Secreting B Cells in Patients With Dilated Cardiomyopathy. Int J Clin Exp Pathol (2015) 8:8107–14.

21. Izumi, T, and Nishii, M. Diagnostic and Prognostic Biomarkers in Acute Myocarditis. Interleukin-10. Herz (2012) 37:627–31. doi: 10.1007/s00059-012-3661-6

22. Santoro, F, Tarantino, N, Ferraretti, A, Ieva, R, Musaico, F, Guastafierro, F, et al. Serum Interleukin 6 and 10 Levels in Takotsubo Cardiomyopathy: Increased Admission Levels may Predict Adverse Events at Follow-Up. Atherosclerosis (2016) 254:28–34. doi: 10.1016/j.atherosclerosis.2016.09.012

23. Woldbaek, PR, Sande, JB, Strømme, TA, Lunde, PK, Djurovic, S, Lyberg, T, et al. Daily Administration of Interleukin-18 Causes Myocardial Dysfunction in Healthy Mice. Am J Physiol Heart Circ Physiol (2005) 289:H708–14. doi: 10.1152/ajpheart.01179.2004

24. Condat, B, Asselah, T, Zanditenas, D, Estampes, B, Cohen, A, O’Toole, D, et al. Fatal Cardiomyopathy Associated With Pegylated Interferon/Ribavirin in a Patient With Chronic Hepatitis C. Eur J Gastroenterol Hepatol (2006) 18:287–9. doi: 10.1097/00042737-200603000-00010

25. Martin, CS, Ionescu, LN, Barbu, CG, Sirbu, AE, Lambrescu, IM, Lacau, IS, et al. Takotsubo Cardiomyopathy and Transient Thyrotoxicosis During Combination Therapy With Interferon-Alpha and Ribavirin for Chronic Hepatitis C. BMC Endocr Disord (2014) 14:10. doi: 10.1186/1472-6823-14-10

26. Caforio, ALP, Tona, F, Bottaro, S, Vinci, A, Dequal, G, Daliento, L, et al. Clinical Implications of Anti-Heart Autoantibodies in Myocarditis and Dilated Cardiomyopathy. Autoimmunity (2008) 41:35–45. doi: 10.1080/08916930701619235

27. Prieto, S, and Grau, JM. The Geoepidemiology of Autoimmune Muscle Disease. Autoimmun Rev (2010) 9(5):A330-4. doi: 10.1016/J.AUTREV.2009.11.006

28. Svensson, J, Holmqvist, M, Lundberg, IE, and Arkema, EV. Infections and Respiratory Tract Disease as Risk Factors for Idiopathic Inflammatory Myopathies: A Population-Based Case - Control Study. Ann Rheum Dis (2017) 76:1803–8. doi: 10.1136/ANNRHEUMDIS-2017-211174

29. Bax, CE, Maddukuri, S, Ravishankar, A, Pappas-Taffer, L, and Werth, VP. Environmental Triggers of Dermatomyositis: A Narrative Review. Ann Transl Med (2021) 9:434–4. doi: 10.21037/ATM-20-3719

30. Higgs, BW, Liu, Z, White, B, Zhu, W, White, WI, Morehouse, C, et al. Patients With Systemic Lupus Erythematosus, Myositis, Rheumatoid Arthritis and Scleroderma Share Activation of a Common Type I Interferon Pathway. Ann Rheum Dis (2011) 70:2029–36. doi: 10.1136/ARD.2011.150326

31. Muro, Y, Sugiura, K, Hoshino, K, Akiyama, M, and Tamakoshi, K. Epidemiologic Study of Clinically Amyopathic Dermatomyositis and Anti-Melanoma Differentiation-Associated Gene 5 Antibodies in Central Japan. Arthritis Res Ther (2011) 13(6):R214. doi: 10.1186/AR3547

32. Nishina, N, Sato, S, Masui, K, Gono, T, and Kuwana, M. Seasonal and Residential Clustering at Disease Onset of Anti-MDA5-Associated Interstitial Lung Disease. RMD Open (2020) 6(2):e001202. doi: 10.1136/RMDOPEN-2020-001202

33. Nombel, A, Fabien, N, and Coutant, F. Dermatomyositis With Anti-MDA5 Antibodies: Bioclinical Features, Pathogenesis and Emerging Therapies. Front Immunol (2021) 12:773352. doi: 10.3389/FIMMU.2021.773352

34. Pinal-Fernandez, I, Casal-Dominguez, M, Derfoul, A, Pak, K, Miller, FW, Milisenda, JC, et al. Machine Learning Algorithms Reveal Unique Gene Expression Profiles in Muscle Biopsies From Patients With Different Types of Myositis. Ann Rheum Dis (2020) 79:1234–42. doi: 10.1136/ANNRHEUMDIS-2019-216599

35. Kato, H, Takeuchi, O, Sato, S, Yoneyama, M, Yamamoto, M, Matsui, K, et al. Differential Roles of MDA5 and RIG-I Helicases in the Recognition of RNA Viruses. Nature (2006) 441:101–5. doi: 10.1038/NATURE04734

36. Yoneyama, M, and Fujita, T. RNA Recognition and Signal Transduction by RIG-I-Like Receptors. Immunol Rev (2009) 227:54–65. doi: 10.1111/J.1600-065X.2008.00727.X

37. Liu, Y, Sawalha, AH, and Lu, Q. COVID-19 and Autoimmune Diseases. Curr Opin Rheumatol (2021) 33:155–62. doi: 10.1097/BOR.0000000000000776

38. De Santis, M, Isailovic, N, Motta, F, Ricordi, C, Ceribelli, A, Lanza, E, et al. Environmental Triggers for Connective Tissue Disease: The Case of COVID-19 Associated With Dermatomyositis-Specific Autoantibodies. Curr Opin Rheumatol (2021) 33:514–21. doi: 10.1097/BOR.0000000000000844

39. Yin, X, Riva, L, Pu, Y, Martin-Sancho, L, Kanamune, J, Yamamoto, Y, et al. MDA5 Governs the Innate Immune Response to SARS-CoV-2 in Lung Epithelial Cells. Cell Rep (2021) 34(2):108628. doi: 10.1016/J.CELREP.2020.108628

40. Moreno-P, O, Leon-Ramirez, JM, Fuertes-Kenneally, L, Perdiguero, M, Andres, M, Garcia-Navarro, M, et al. Hypokalemia as a Sensitive Biomarker of Disease Severity and the Requirement for Invasive Mechanical Ventilation Requirement in COVID-19 Pneumonia: A Case Series of 306 Mediterranean Patients. Int J Infect Dis (2020) 100:449–54. doi: 10.1016/J.IJID.2020.09.033

41. Kondo, Y, Kaneko, Y, Takei, H, Tamai, H, Kabata, H, Suhara, T, et al. COVID-19 Shares Clinical Features With Anti-Melanoma Differentiation-Associated Protein 5 Positive Dermatomyositis and Adult Still’s Disease. Clin Exp Rheumatol (2021) 39:631–8.

42. Puntmann, VO, Carerj, ML, Wieters, I, Fahim, M, Arendt, C, Hoffmann, J, et al. Outcomes of Cardiovascular Magnetic Resonance Imaging in Patients Recently Recovered From Coronavirus Disease 2019 (COVID-19). JAMA Cardiol (2020) 5:1265–73. doi: 10.1001/JAMACARDIO.2020.3557

43. Dweck, MR, Bularga, A, Hahn, RT, Bing, R, Lee, KK, Chapman, AR, et al. Global Evaluation of Echocardiography in Patients With COVID-19. Eur Hear J Cardiovasc Imaging (2020) 21:949–58. doi: 10.1093/EHJCI/JEAA178

44. Barcena, ML, Jeuthe, S, Niehues, MH, Pozdniakova, S, Haritonow, N, Kühl, AA, et al. Sex-Specific Differences of the Inflammatory State in Experimental Autoimmune Myocarditis. Front Immunol (2021) 12:686384. doi: 10.3389/FIMMU.2021.686384

45. Allenbach, Y, Uzunhan, Y, Toquet, S, Leroux, G, Gallay, L, Marquet, A, et al. Different Phenotypes in Dermatomyositis Associated With Anti-MDA5 Antibody: Study of 121 Cases. Neurology (2020) 95:70–8. doi: 10.1212/WNL.0000000000009727

46. Paulus, WJ, Tschöpe, C, Sanderson, JE, Rusconi, C, Flachskampf, FA, Rademakers, FE, et al. How to Diagnose Diastolic Heart Failure: A Consensus Statement on the Diagnosis of Heart Failure With Normal Left Ventricular Ejection Fraction by the Heart Failure and Echocardiography Associations of the European Society of Cardiology. Eur Heart J Eur Heart J (2007) p:2539–50. doi: 10.1093/eurheartj/ehm037

47. Lu, Z, Wei, Q, Ning, Z, Qian-Zi, Z, Xiao-Ming, S, and Guo-Chun, W. Left Ventricular Diastolic Dysfunction - Early Cardiac Impairment in Patients With Polymyositis/Dermatomyositis: A Tissue Doppler Imaging Study. J Rheumatol (2013) 40:1572–7. doi: 10.3899/jrheum.130044

48. Gupta, R, Wayangankar, SA, Targoff, IN, and Hennebry, TA. Clinical Cardiac Involvement in Idiopathic Inflammatory Myopathies: A Systematic Review. Int J Cardiol Elsevier Ireland Ltd (2011) 148:261–70. doi: 10.1016/j.ijcard.2010.08.013

49. Wang, H, Liu, HX, Wang, YL, Yu, XQ, Chen, XX, and Cai, L. Left Ventricular Diastolic Dysfunction in Patients With Dermatomyositis Without Clinically Evident Cardiovascular Disease. J Rheumatol (2014) 41:495–500. doi: 10.3899/jrheum.130346

50. Diederichsen, LP, Simonsen, JA, Diederichsen, AC, Hvidsten, S, Hougaard, M, Junker, P, et al. Cardiac Abnormalities in Adult Patients With Polymyositis or Dermatomyositis as Assessed by Noninvasive Modalities. Arthritis Care Res (2016) 68:1012–20. doi: 10.1002/acr.22772

51. Gonzalez-Lopez, L, Gamez-Nava, JI, Sanchez, L, Rosas, E, Suarez-Almazor, M, and Cardona-Muñoz, C R-RC. Cardiac Manifestations in Dermato-Polymyositis. Clin Exp Rheumatol (1996) 14:373–9.




Conflict of Interest: RN has received research grants from Takeda and Medical & Biological Laboratories Co., Ltd., as well as speaker fees outside of the submitted work from Bristol Myers Squibb, Astellas Pharma Inc., Boehringer Ingelheim, Actelion Pharmaceuticals, and Mitsubishi Tanabe Pharma. HY has received a speaker fee from Boehringer Ingelheim. MT has received research grants and speaker fees from AbbVie GK, Asahi Kasei Pharma Corp., Astellas Pharma Inc., Ayumi Pharmaceutical Corp., Bristol Myers Squibb, Chugai Pharmaceutical Co., Ltd., Eisai Co., Ltd., Eli Lilly Japan K.K., Pfizer Inc., UCB Japan Co., Ltd., Janssen Pharmaceutical K.K., Mitsubishi Tanabe Pharma Corp., Novartis Pharma K.K., and Taisho Pharma Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Matsuo, Sasai, Nakashima, Kuwabara, Kato, Murakami, Onizawa, Akizuki, Murakami, Hashimoto, Yoshifuji, Tanaka, Morinobu and Mimori. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 13 January 2022

doi: 10.3389/fimmu.2021.747116

[image: image2]


COVID-19 Disease and Dermatomyositis: A Mini-Review


Jie Qian * and Hui Xu


Department of Rheumatology, Affiliated Hospital of Nantong University, Nantong, China




Edited by: 

Michele Maria Luchetti Gentiloni, Marche Polytechnic University, Italy

Reviewed by: 

Alessandra Bettiol, University of Florence, Italy

Ran Nakashima, Kyoto University, Japan

*Correspondence: 

Jie Qian
 drqianjie@126.com

Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology


Received: 25 July 2021

Accepted: 24 December 2021

Published: 13 January 2022

Citation:
Qian J and Xu H (2022) COVID-19 Disease and Dermatomyositis: A Mini-Review. Front. Immunol. 12:747116. doi: 10.3389/fimmu.2021.747116



The pandemic of coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has caused a large number of deaths, and there is still no effective treatment. COVID-19 can induce a systemic inflammatory response, and its clinical manifestations are diverse. Recently, it has been reported that COVID-19 patients may develop myositis and interstitial pulmonary disease similar to dermatomyositis (DM). This condition is similar to the rapidly progressive interstitial lung disease associated with MDA5+ DM that has a poor prognosis and high mortality, and this poses a challenge for an early identification. Suppression of the immune system can protect COVID-19 patients by preventing the production of inflammatory cytokines. This article attempts to explore the possibility of a relationship between COVID-19 and DM in terms of the potential pathogenesis and clinical features and to analyze the therapeutic effect of the immunosuppressive drugs that are commonly used for the treatment of both DM and COVID-19.
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Introduction

In December 2019, a novel infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was reported (1). Compared with SARS-CoV and MERS-CoV, SARS-CoV-2 is more infectious; therefore, coronavirus disease 2019 (COVID-19) has become a global epidemic. The most common symptoms of COVID-19 are fever, cough, dyspnea, myalgia, and fatigue (2), and pulmonary involvement is significantly associated with a poor prognosis and a high mortality. Viruses can cause a variety of autoimmune diseases, and patients with autoimmune diseases are more susceptible to infection due to the pathogenesis of the autoimmune disease and/or the use of immunosuppressants. Among the potential autoimmune diseases that may be related to COVID-19, the most intriguing is idiopathic inflammatory myopathy (IIM), a heterogeneous disease that primarily affects the skeletal muscles and can be divided into polymyositis, dermatomyositis (DM), immune-mediated necrotizing myopathy, anti-synthase syndrome, and inclusion body myositis (3). During the COVID-19 outbreak, several studies have recognized a striking similarity between COVID-19 and DM due to the lung and muscle involvement and the presence of a rash. DM typically presents with characteristic skin manifestations that accompany or precede muscle weakness, and interstitial lung disease (ILD) is a common complication of DM. The pathogenesis of DM is still unclear, although it is likely associated with inappropriate complement activation and interferon (IFN) response (4, 5), which results in the production of myositis-specific autoantibodies that may be related to unique clinical features. Obviously, COVID-19 is closely related to DM.



COVID-19 and Autoimmunity

For many infections, the immune system provides an appropriate response that mediates resistance to the invading microorganism. Appropriate innate and adaptive responses promote the coordinated production of proinflammatory cytokines that can control pathogens. Several environmental factors have been suspected to trigger or even exacerbate existing autoimmune conditions in genetically susceptible patients, and these factors include viral, bacterial, and parasitic infections (6). Viruses can induce autoimmunity in genetically susceptible individuals through multiple mechanisms, including molecular mimicry, epitope spreading, bystander activation, and the immortalization of infected B cells. Chronic relapsing/reactivated infections caused by Epstein-Barr virus (EBV) are associated with the occurrence or onset of various autoimmune diseases, including DM (7). Similar to SARS-CoV, SARS-CoV-2 uses the membranous angiotensin-converting enzyme 2 (ACE2) receptors to enter human cells (8). Then, SARS-CoV-2 can trigger innate and adaptive immune responses, known as cytokine storms. This abnormal elevation of inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-10, interferon γ (IFN-γ), monocyte chemotactic protein-1 (MCP-1), and granulocyte-macrophage colony-stimulating factor, can interact with the complement and coagulation systems, leading to acute respiratory distress syndrome, disseminated intravascular coagulation, and even multiple organ failure (9). Li et al. demonstrated significant expression of ACE2 receptors on alveolar epithelial cells, which may explain why pulmonary involvement is a hallmark of COVID-19 (10). A retrospective study revealed that SARS-CoV-2 might act primarily on lymphocytes, especially T lymphocytes. Moreover, patients with severe COVID-19 had higher neutrophils and fewer lymphocytes than patients with mild COVID-19, indicating that an increased neutrophil-to-lymphocyte ratio (NLR) in patients with severe COVID-19 and the use of lymphocyte subset monitoring are helpful for early screening, diagnosis, and treatment of severe COVID-19 (11).



Pathogenesis and Clinical Characteristics of DM

DM is a rare disease characterized by distinct cutaneous manifestations and a clinically heterogeneous systemic presentation. Pathognomonic skin manifestations such as Gottron’s papules and heliotrope rash are conducive to the early diagnosis of DM. Therefore, DM can be difficult to diagnose in the absence of the characteristic dermatologic features. DM has been suggested to occur more frequently in women and African Americans (12), and the age range of the patients at the time of the diagnosis of DM is bimodal, with the peak frequencies occurring in 5- to 14-year-old children and in 40- to 60-year-old adults (13). Epidemiological data has demonstrated that subsets of DM patients that were diagnosed by the presence of different myositis-specific autoantibodies tend to be diagnosed at specific times of the year (14). The pathogeneses of the different types and subtypes of myositis are incompletely understood. Predisposition to IIM are attributable to genetic and environmental factors, and viral or bacterial infections may induce the occurrence of the disease. The seasonal clustering of symptoms suggests that viral or bacterial infections could be common environmental triggers. A case-control study showed that a higher number EBV genomes are present and that anti-Epstein-Barr nuclear antigen 1 antibodies were detected at a higher frequency in DM patients than in healthy control counterparts (15). Autoimmune mechanisms are important in the pathogenesis of IIM, and myositis-specific or associated autoantibodies can be observed in patients with IIM, which is often associated with particular clinical features (16). With the further study of DM, many novel autoantibodies against myositis have been found, including anti-melanoma differentiation-associated gene 5 (MDA5), anti-transcriptional intermediary factor 1 γ, anti-nuclear matrix protein 2, anti-Ku and anti-Mi-2 (17). Anti-MDA5+ DM is typically associated with rapidly progressive interstitial lung disease (RP-ILD), which has a high early mortality (18). It is still controversial whether the immune activation seen in DM is antibody-dependent or is triggered by a classical complement cascade (4). The IFN pathway is activated in the different clinical subtypes of myositis, and type 1 IFN1 is most upregulated in DM patients (5). The expression level of IFN-induced genes was correlated with the indicators of DM disease activity (19). Three different ligand families activate the IFN pathway by binding to cell surface receptors and by stimulating the expression of IFN-inducible genes via the Janus kinase (JAK)/signal transducer and the activator of transcription (STAT) signaling pathway (20). A persistent IFN response promotes antigen presentation and lymphocyte responses and induces chemokine expression, and the resulting T and B cell activation may also be responsible for the production of autoantibodies (20).

Approximately 80% of DM patients have myopathy, which usually presents as proximal muscle weakness (4). Extramuscular involvement is common in IIM; the skin, lungs, joints, heart, and gastrointestinal tract can be affected in IIM; and the degree of involvement varies according to the different subtypes of IIM (21). ILD is a common complication of DM, and the severity of the pulmonary symptoms varies among patients with different subtypes (22). Patients with mild ILD are stable and respond well to treatment, while some patients with RP-ILD have more severe disease and have a poor prognosis (23, 24). In addition, the extent of muscle involvement can also be fatal for DM patients because weakness of the intercostal muscles may lead to respiratory disorders and acute respiratory distress syndrome (25).



Correlation on COVID-19 and DM

The similarity of COVID-19 and DM implies a common underlying mechanism (Figure 1). MDA5, a myositis-specific autoantibody, is an intracellular sensor of the intermediates or byproducts of double-stranded RNA viral replication that trigger the innate response and subsequent production of cytokines that activate macrophages and helper T cells (26). Increased levels of several cytokines, such as IFN-γ, IL-8, and MCP-1 (which are similar to the cytokine storms seen in severe COVID-19 patients), were found in patients with anti-MDA5+ DM (27). IFN1, which plays a major role in the muscle fiber damage in DM patients, is involved in the organ damage seen in COVID-19 (28). Megremis et al. proposed that DM patients have three linear epitopes of immunogenicity that have a high sequence identity with the SARS-CoV-2 protein; thus, a potential exposure to a virus within the coronavirus family may lead to the development of DM (29). An Italian patient study reported a higher prevalence of COVID-19 in patients with autoimmune diseases than in the general population (30). Movahedi et al. noticed a sudden outbreak of new cases of juvenile dermatomyositis during the COVID-19 pandemic, with a higher incidence among women (31). Notably, 76.5% of COVID-19 patients are women (30), and the ratio of males to females in DM is 1:2 (4). Autoimmune diseases are generally more prevalent in women than men, with the strongest sex biases seen in Sjogren’s syndrome, systemic lupus erythematosus, autoimmune thyroid disease, and scleroderma (32). Estrogen, especially 17-β estradiol and prolactin, can act as humoral immune enhancers, which causes women to be more susceptible to autoimmune diseases (33). In addition, because of incomplete X chromosome inactivation caused by random silencing in females during the early stages of embryogenesis, several immune-related genes may be upregulated, and their overexpression may influence the immune response (34, 35). Several cases of DM associated with COVID-19 have been summarized (Table 1). Of the seven patients that were reported to have both DM and COVID-19, 85.7% were female, and two of these patients were anti-MDA5+. Most patients had distinct cutaneous manifestations, with elevated CK. In addition, the female mortality was 33.3%, even after receiving aggressive treatment. Based on our summary table, we should raise awareness of the fact that women are more susceptible to COVID-19 combined with DM and experience more severe conditions, and effective treatment interventions would help to improve survival. It is increasingly recognized that the features of severe COVID-19 are similar to those of DM, especially anti-MDA5+ DM because these conditions have similar involvement of the lung and are associated with the development of rash, fatigue, and myalgia. In addition, the imaging findings of COVID-19 are comparable to those of the ILD seen in anti-MDA5+ DM because diffuse ground-glass opacifications are often present in both of these diseases, and the presence of the ground-glass opacifications suggest peribronchovascular consolidation (26). Compared with other DM subtypes, the RP-ILD seen in anti-MDA5+ DM usually develops rapidly, rarely relapses, and responds poorly to glucocorticoids and immunosuppressants, which seems to be similar to a viral infection (27). In recent case reports, autoantibodies against myositis, such as anti-MDA5, anti-SAE, anti-Mi2, anti-Ku, and anti-Ro52, have been detected in COVID-19 patients with DM. Viral infections seem to be associated with certain subtypes of DM.




Figure 1 | Common pathogenetic mechanisms between COVID-19 and DM. COVID-19 and DM share three immunogenic linear epitopes with high sequence consistency. SARS-CoV-2 enters human cells through the membranous angiotensin-converting enzyme 2 (ACE2) receptors, triggering an innate and adaptive immune response. This initiates the production of cytokines such as IL-1, IL-6, IL-10 and IFN-γ, which can induce lung and muscle damage. The activation of complement in DM patients results in capillary destruction, which further affects multiple organs, and cytokine storms are associated with the occurrence of certain subtypes of DM.




Table 1 | Cases of COVID-19-associated DM.



More than 10% of COVID-19 patients were reported to have muscular symptoms and elevated CK levels (43). Muscle biopsies from patients with COVID-19 show abnormal presence of Myxovirus resistance protein A in muscle fibers and capillaries. Myxovirus resistance protein A is one of the IFN1-inducible proteins, is overexpressed in biopsy muscle specimens from DM patients and may be a more sensitive marker of DM (44, 45), suggesting that autoimmune myositis may be caused by COVID-19. The SARS-CoV-2 receptor ACE2 is expressed in a variety of human tissues, including the skeletal muscles, where ACE2 expression is the lowest (10). The expression and distribution of ACE2 remind us that SARS-CoV-2 may cause muscle injury through direct or indirect mechanisms. Beydon et al. reported a case of this type of myositis diagnosed by MRI (46). However, SARS-CoV, which has the same receptor as SARS-CoV-2, was not found in the muscle tissue of the patient at autopsy (47, 48). In addition, the muscle manifestations of COVID-19 patients can be contributed to rhabdomyolysis caused by SARS-CoV-2 (49). Rhabdomyolysis is a life-threatening disease that requires aggressive hydration in order to avoid acute renal failure, which can worsen the oxygenation status in COVID-19 patients (49, 50). Therefore, when patients have focal muscle pain and fatigue, the possibility of rhabdomyolysis should be taken seriously (50). Symptoms of myopathy in severe systemic viral diseases are multifactorial, and further muscle biopsies and antibody screening are required.



Treatment Options

Since hyperinflammation underlies COVID-19 and is associated with the disease severity, anti-inflammatory therapy may be beneficial to patients. Immune impairment may inhibit viral-induced cytokine storm syndrome (11). Immunosuppressive agents have a variety of mechanisms targeting the cellular and humoral immune responses, so the use of immunosuppressive agents may have a protective effect for COVID-19 patients. Along with the increased understanding of COVID-19, several drugs commonly used to treat DM have potential therapeutic effects for COVID-19 patients.


Glucocorticoids

Glucocorticoids inhibit inflammatory cytokines and reduce the proliferation and differentiation of lymphocytes and macrophages, and they have immunosuppressive effects on the body and may increase susceptibility to COVID-19 (51). There is no evidence that patients infected with COVID-19 benefit from glucocorticoids, and COVID-19 patients may be more prone to the side effects of glucocorticoid treatment (52). However, retrospective analyses have shown that the use of glucocorticoids reduces hospital mortality in patients with COVID-19 cytokine storms (53). Dexamethasone has been shown to reduce the mortality in patients with COVID-19 who receive invasive mechanical ventilation (54). Strangfeld et al. reported a higher mortality rate in patients receiving higher dosages of glucocorticoids (>10 mg/day prednisolone equivalent dose) than in those who did not receive glucocorticoids (55). The efficacy of glucocorticoids in COVID-19 is controversial, especially in terms of doses and risk of side effects.



Conventional Synthetic Disease-Modifying Antirheumatic Drugs

Some conventional synthetic disease-modifying antirheumatic drugs (csDMARDs), such as methotrexate, hydroxychloroquine (HCQ), and azathioprine, suppress the cytokine storm associated with COVID-19 (11). Methotrexate, a dihydrofolate reductase inhibitor, is widely used in autoimmune diseases because of its pleiotropic therapeutic effects on various immune cells and mediators and its inhibition of the body’s overall inflammatory response (56). In patients with DM, the use of HCQ can effectively improve the skin lesions. Chloroquine (CQ) blocks the fusion of the virus to the host cell by interfering with the terminal glycosylation of the cell receptor, ACE2, and by inhibiting sialic acid biosynthesis, which is used as a receptor by the viruses through inhibiting quinine reductase-2 (57). On the other hand, CQ can also play an antiviral role by reducing IFN1 (51). Wang et al. found that CQ played an important role in multiple stages of COVID-19 in vitro, and it had immunomodulatory effects that synergically enhanced its antiviral effects (58). However, the mortality of COVID-19 patients treated with HCQ increased, and there was no benefit from CQ (59). In addition, adverse drug reactions associated with CQ and HCQ increased dramatically during the COVID-19 pandemic (60). Mycophenolate mofetil, calcineurin inhibitors, and cyclophosphamide as immunosuppressants have also shown a good therapeutic effect in the treatment of myositis. Mycophenolate mofetil is an inhibitor of purine synthesis that inhibits inosine monophosphate dehydrogenase, reduces lymphocyte proliferation, and has antifibrosis properties (61). Mycophenolate mofetil showed anti-SARS-COV-2 activity and it could be worth considering used for clinical treatment of COVID-19 (62). In addition, tacrolimus and cyclosporine produced dose-dependent inhibitory effects on NK cell degranulation and IFN-γ in vitro (63), and tacrolimus also reduced the ability of dendritic cells to stimulate T cells, resulting in decreased production of CXCL-10 and IL-12 (64). Tacrolimus has a positive effect on survival in liver transplant patients with symptoms of COVID-19 compared to other immunosuppressants, including cyclosporine and mycophenolate mofetil (65). Nevertheless, there was no improvement in severe COVID-19 patients who received a combination of methylprednisolone pulses and tacrolimus (66). A prospective study demonstrated that a combination of high-dose glucocorticoids, tacrolimus and intravenous cyclophosphamide improved survival in anti-MDA5+ DM patients complicated with ILD. This regimen also has an increased risk of opportunistic infections, leading to an exacerbation of ILD (67). Some csDMARDs, such as methotrexate, mycophenolate mofetil, and tacrolimus may provide a therapeutic strategy for COVID-19. The efficacy and safety of CQ and HCQ remain controversial and need further research.



Interleukin Receptor Antagonists

Considering the mechanism of COVID-19, cytokine-targeting biologicals and signaling molecule inhibitors are also promising therapeutic approaches (11). Anakinra is a recombinant IL-1 receptor antagonist that can be used to treat autoinflammatory diseases (51). Zong et al. demonstrated that patients with myositis may respond to anakinra, especially DM patients with skin rash (68). Currently, a study is underway that combines anakinra with anti-IFN-γ antibodies for the treatment of patients with COVID-19 (51). IL-6 is a pleiotropic cytokine that plays a key role in the cytokine storm. The IL-6 receptor antagonist tocilizumab is used for the treatment of refractory juvenile DM (69). Tocilizumab may be a salvage therapy for anti-MDA5+ DM associated with RP-ILD patients refractory to an intensive immunosuppressive regimen (70). A retrospective study of patients with severe COVID-19 showed that tocilizumab improved the clinical symptoms and that the early use of tocilizumab effectively controlled the progression of the symptoms (71). Another study also demonstrated that corticosteroids combined with tocilizumab or anakinra reduced mortality in hospitalized patients with COVID-19 and that corticosteroids combined with tocilizumab had better survival outcomes (53). Interleukin receptor antagonists anakinra and tocilizumab may be alternative drugs for COVID-19 patients, but given the intrinsic limitations of retrospective studies, randomized clinical trials are still warranted.



JAK Inhibitors

JAK inhibitors are novel target synthetic immunoregulatory agents that not only inhibit tyrosine kinases, which are involved in intracellular viral transport and epithelial endocytosis, but also inhibit intracellular signal transduction of various inflammatory cytokines (51). A patient with refractory JDM was described as having clinical improvement after treatment with baricitinib. The JAK inhibitor baricitinib binds to cyclin G-associated kinases, a regulator of endocytosis, to block the entry of SARS-CoV-2 into cells and the inflammatory cytokine storm (72). A randomized controlled trial demonstrated that baricitinib combined with remdesivir reduced the recovery time in COVID-19 patients, especially in patients receiving high-flow oxygen or noninvasive ventilation, and it also accelerated the clinical improvement of patients and was associated fewer serious adverse events (73). In the early phase of COVID-19, baricitinib may prevent an excessive inflammatory response and the rapid progression of respiratory failure (74). Kurasawa et al. proposed that tofacitinib combined with conventional treatment might control refractory MDA5+ DM complicated with ILD (75). Furthermore, tofacitinib improved the survival 6 months after the onset of anti-MDA5+ amyopathic DM-associated ILD (76). In a randomized controlled trial, tofacitinib reduced the incidences of mortality and respiratory failure in patients with COVID-19 (77). Baricitinib and tofacitinib can cause thrombosis, and patients with COVID-19 are in hypercoagulable states; therefore, careful monitoring for the development of thrombosis during treatment with JAK inhibitors is necessary (78). JAK inhibitors, such as baricitinib and tofacitinib could be available treatments for COVID-19, thrombosis should be paid extensive attention to.



Intravenous Immunoglobulin and Plasmapheresis

Intravenous immunoglobulin (IVIG) is effective in the treatment of refractory DM (79). IVIG improves patient strength, reduces mortality, and promotes recovery. There is a potential for patients with COVID-19 to respond to early immunotherapy, especially IVIG, which may also provide a variety of potential protective antibodies and anti-cytokine effects (80). Elevated cytokine levels are found in the sera of DM patients with ILD, and plasmapheresis is an option to remove the elevated cytokines as an additional supportive treatment (27, 67). Immunoglobulin and plasmapheresis might be considered in patients affected with SARS-CoV-2. A retrospective study demonstrated that COVID-19 patients who were not treated with DMARDs had a higher mortality rate than those who received methotrexate monotherapy, while leflunomide, antimalarials, TNF inhibitors, abatacept, belimumab, and IL-6 inhibitors were not associated with an increased risk of death (55). The efficacy of high-dose corticosteroids, IVIG, JAK inhibitors, and T-cell modulators for COVID-19 has been reported in a small series of cases, and clinical trials are currently under investigation (81).




Conclusion and Perspectives

During the recent pandemic, several cases of COVID-19 were reported to be related to DM. In this review article, we discussed the possible relationship between COVID-19 and DM based on the similar potential pathogenic mechanisms and clinical manifestations. More importantly, we provide a direction for the treatment of COVID-19 through an analysis of immunosuppressive agents that are commonly used for DM. We have highlighted that the manifestations of DM, such as ILD and myositis, can also be observed in patients with COVID-19. Therefore, these manifestations of DM are difficult to distinguish in the early clinical stages, and even certain subtypes of DM my involve the same immune response that is caused by COVID-19. It is noteworthy that women have been more susceptible to DM during the COVID-19 pandemic and have more severe clinical symptoms, which means that extensive clinical attention should be given to the possibility of autoimmune diseases in female patients with COVID-19 and that the treatment regimens should be more aggressive in these patients.

In conclusion, infection with SARS-CoV-2 can induce the occurrence of DM. COVID-19 and DM potentially have a common pathogenesis, such as IFN1, which not only participates in organ damage of COVID-19 but also mediates muscle fiber damage in patients with DM. Although there have been some studies supporting the relationship between COVID-19 and DM, the exact mechanism is largely unknown, and more evidence is needed to confirm this association. Routinely available drugs for DM have provided an alternative therapeutic strategy for COVID-19. Further studies should be done to assess the efficacy and safety of the regimen to tackle the inflammatory stages of COVID-19. We recommend that all newly diagnosed DM cases should be tested for COVID-19 during the pandemic, especially for certain subtypes of DM patients, such as anti-MDA5+, and early differential diagnosis is helpful to improve the survival of these patients.
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Background

Immunoglobulin (Ig) replacement therapy represents a life-saving treatment in primary antibody deficiencies. The introduction of subcutaneous Ig (SCIg) administration brings a major improvement in quality of life for patients, compared to the traditional intravenous administration. In recent years, an additional role has been proposed for Ig therapy for various inflammatory and immune-mediated diseases. Consequently, the use of SCIg has expanded from immunodeficiencies to immune-mediated diseases, such as polymyositis (PM) and dermatomyositis (DM). Given the rarity of these conditions, it is still difficult to evaluate the real impact of SCIg treatment on PM and DM, and additional data are constantly required on this topic, particularly for long-term treatments in real-life settings.



Aim

This study aimed to increase the knowledge about the anti-inflammatory and immunomodulatory effects of SCIg treatment for myositis. To this aim, a long-term evaluation of the effectiveness of 20% human SCIg treatment (20% SCIg, Hizentra®, CSL Behring) was carried out in patients with PM/DM in care at our Center. In addition, an evaluation of the 20% SCIg therapy in CVID patients was provided. This analysis, beside adding knowledge about the use of SCIg therapy in this real-life setting, was intended as a term of comparison, regarding the safety profile.



Results

Results support the beneficial effect and tolerability of long-term 20% SCIg therapy in PM/DM patients, reporting a significant improvement in creatine kinase levels, muscle strength, skin conditions, dysphagia, disease activity (MITAX score) and disability (HAQ-DI score). None of the patients reported systemic reactions. The duration of the reported local reactions was a few hours in 80% of the patients, and all resolved spontaneously. CVID patients reported an improvement in all the considered effectiveness parameters at the end of 20% SCIg therapy. The frequency of the adverse events reported by PM/DM patients was not different from what reported in CVID patients, where the use of SCIg therapy is more consolidated



Conclusions

This study suggests that 20% SCIg treatment represents a viable and safe treatment for PM/DM patients and a valid therapeutic alternative to IVIg, with important advantages for patients’ quality of life.





Keywords: common variable immunodeficiency, immunomodulation, intravenous immunoglobulin, polymyositis, dermatomyositis



1 Introduction

Immunoglobulin (Ig) administered through intravenous injection (IVIg) represented a lifesaving therapy in primary antibody deficiencies (1–5). More recently, subcutaneous Ig (SCIg) administration has become available, bringing a significant improvement in terms of quality of life for patients (6–9). Indeed, SCIg does not require venous access and is associated with more stable serum IgG levels, is able to potentially reduce the “wear-off effect” and presents a lower incidence of systemic adverse events (AEs) (6–13).

In recent years, an additional role for Ig therapy in the treatment of various inflammatory and immune-mediated diseases has been proposed (14, 15). Consequently, although the related mechanisms of action are complex and only partially understood, the use of SCIg treatment has expanded from immunodeficiencies to autoimmune diseases, as polymyositis (PM) and dermatomyositis (DM) (16–19).

PM and DM are idiopathic immune-mediated myopathies characterized by inflammation and weakness of proximal muscles with extra muscular manifestations (20–22). Besides the involvement of skin, high serum creatinine kinase (CK) levels, serum autoantibodies, inflammatory infiltrates in skeletal muscle, and some peculiar features in electromyography and MRI characterize DM and PM patients (21–24).

A correct diagnosis and an early initiation of therapy are essential in these conditions (23). Dalakas firstly reported the efficacy of IVIg in patients with DM (25). Afterward, additional data supported IVIg to control muscular disease activity and improve muscular strength in patients with PM and DM, and an increased survival in patients treated with SCIg compared with older series published in the 1990s also documented (18). Nevertheless, given the rarity of these conditions, it is still difficult to evaluate the real impact of SCIg treatment on PM and DM and additional data are constantly required on this topic, particularly for long-term treatments in real-life settings.

Ours is a referral center for patients affected by autoimmune disorders and immunodeficiency diseases. From November 2011, a 20% human IgG product for subcutaneous administration (Hizentra®, CSL Behring GmbH, Marburg, Germany; hereafter termed 20% SCIg) has been available in Italy and was introduced as reference therapy for patients in care at our center. Compared to other SCIg products, its characteristics of high-level purity (>98% IgG), higher IgG content (20%) and reduced viscosity (14.7 ± 1.2 mPas) enable a low infusion volumes and high infusion rates (26), thus representing an improved SCIg option.

To increase the knowledge about the anti-inflammatory and immunomodulatory effects of SCIg treatment for myositis, we report our experience in a real-life, long-term evaluation of benefit and safety of 20% SCIg treatment in patients with PM/DM. In addition, we provide an evaluation of 20% SCIg therapy in CVID patients. This analysis, beside adding knowledge about the use of SCIg therapy in this real-life setting, was intended as a term of comparison, regarding the safety profile.



2 Patients and Methods


2.1 Study Design and Setting

This was a single-center retrospective study, carried out at the Clinica Medica, Ospedali Riuniti Ancona and Marche Polytechnic University (central Italy), which is a member of MyoNet (a global, multicenter, interdisciplinary research project on inflammatory myopathies), a regional referral center for IPINet (Italian Primary Immunodeficiencies Network) and Documenting Centre for European Society for Immunodeficiencies (ESID) (27). All patients’ data were analyzed from the dedicated database. Patients who underwent at least one cycle of 20% SCIg treatment and followed-up for more than 1 year were included in the study (cut-off date: June 2021). Patients who initiated a SCIg therapy before 2011 were started on 16% SCIg (Vivaglobin®, CSL Behring GmbH, Marburg, Germany) and then switched to 20% SCIg therapy (28).

The study was notified to the Ethics Committee of Marche Region and was performed in accordance with the International Conference on Harmonization Good Clinical Practice guidelines and the Declaration of Helsinki. All patients previously gave informed consent to demographic, clinical and laboratory data collection and publication (Protocol number: 2012 212024 OR of 02/02/2012; n. 138/DG 20/03/2012 for myositis patients, protocol number: 2016 0561 OR of 27/10/2016; n. 871 DG 7/12/2016 for CVID patients, AOU Ospedali Riuniti, Ancona, Italy).



2.2 PM and DM Patients

The diagnosis of PM/DM was made according to Bohan and Peter’s criteria and confirmed in agreement with the new diagnostic criteria of the European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) (29). The 20% SCIg treatment was administered at the weekly dose of 0.2 g/kg, according to the procedures previously described (30).


2.2.1 Study Assessments

All study measures were assessed before (pre-treatment values) and after (post-treatment values) 20% SCIg therapy.

The routine procedure comprises a general physical examination with emphasis on the muscle and the skin. The muscle evaluation was based on the manual muscle test 8 (MMT8), which assesses changes in skeletal muscle strength in six proximal and two distal muscular districts, with a score range of 0–10 for each tested muscle (31). As a biochemical index of muscle damage, we collected data related to CK (normal values <170 U/L). As a working definition, complete skeletal muscle remission was defined in the presence of MMT8 values ≥78 with normal serum CK levels. Partial remission was present when only one of the above criteria was satisfied.

The immunological parameters included antinuclear antibodies and anti-extractable nuclear antigen antibodies by immunoblotting analysis to detect the different patterns. Testing for serum myositis-specific autoantibodies and myositis-associated autoantibodies has been performed by immunoblotting (Alphadia, Belgium).

Lung function was assessed through the diffusing capacity of the lung to carbon monoxide (DLCO) and the forced vital capacity (FVC) evaluations.

All patients underwent a complete cardiologic evaluation, including an echocardiographic examination.

The presence and severity of dysphagia were quantified using the Dysphagia Outcome and Severity Scale (DOSS), a 7-point scale from 1 (severe dysphagia) to 7 (normal in all situations).

In all patients, the presence of underlying malignancies was investigated. We also collected data related to the treatment with glucocorticoids and immunosuppressive agents and side effects.


2.2.1.1 Assessment of Disease Activity

The disease activity, defined as potentially reversible and related only to the myositis disease process, was evaluated with the Myositis Intention to Treat Activities Index (MITAX). MITAX explores the disease activity in seven organ systems (constitutional, cutaneous, skeletal, gastrointestinal, pulmonary, cardiac and muscle). According to the degree of inflammation, each clinical manifestation is calculated from 0 to 4 (not present – new feature). The summed score is then divided by the maximum possible score. Higher scores reflect a more severe activity (32).



2.2.1.2 Assessment of Damage

The myositis damage index (MDI) score was used to evaluate persistent changes in 9 organ systems (muscular, skeletal, cutaneous, gastrointestinal, pulmonary, cardiovascular, peripheral vascular, endocrine, and ocular) plus infections and malignancies. Each scale comprises 2–8 items scored as present (if persisting for at least 6 months) or absent. The scores were summed to provide a total MDI damage score (potential range: 0–38 in adults). The total MDI of each patient was normalized for the number of items considered for the single patient to obtain MDI values comparable to each other (32, 33).



2.2.1.3 Assessment of Disability

The Health Assessment Questionnaire related to physical disability (HAQ-DI) comprises 20 questions investigating eight activities: dressing and grooming, arising, eating, walking, hygiene, reaching, gripping. The HAQ-DI is graded from 0 (no difficulty) to 3 (unable to do). Responses in at least six of the eight categories are necessary. The highest sub-category score determines the value for each category; the HAQ-DI is then computed by dividing the summed component scores by the number of components answered. Disability was classified as moderate to severe with a HAQ-DI score ≥1.0.





2.3 CVID Patients

CVID was diagnosed according to the revised ESID criteria (34), and/or according to the International Consensus Document criteria, for cases preceding ESID 2019 revision (35, 36). The clinical phenotypes of patients were classified according to the work of Chapel and collaborators (37). The 20% SCIg treatment was administered every 7–10 days at a 0.2 g/kg/weekly dose.


2.3.1 Study Assessments

The following parameters were evaluated before and after 20% SCIg treatment: serum IgG trough levels, the number of infection episodes (serious and non-serious), the number of days out of work, the number of days hospitalized due to infections, the duration of antibiotic use for infection prophylaxis and treatment. Safety data were also collected and compared between PM/DM and CVID patients.




2.4 Patients’ Satisfaction

All patients were asked to respond to a quick satisfaction survey composed of six questions about their personal experience with 20% SCIg treatment.



2.5 Statistical Analyses

All variables of interest were summarized by descriptive statistics. Categorical data were presented as frequencies and percentage values while continuous variables as median values and their relative range. The Wilcoxon and McNemar non-parametric tests were applied to test efficacy indicators before and after SCIg therapy administration, when appropriate. The Mann-Whitney non-parametric test was used to compare independent groups. A p<0.05 was considered statistically significant. All Analyses were carried out with SPSS (SPSS version 21.0, IBM, Armonk, NY, USA).




3 Results


3.1 PM and DM Patients

Overall, data from 30 PM/DM patients were analyzed. Table 1 summarizes the baseline characteristics of these patients.


Table 1 | Baseline characteristics of PM and DM patients (n = 30).



The median duration of 20% SCIg treatment was 42 months (min–max: 7–112 months).

Five out of 30 patients received two distinct cycles of SCIg at 3–5 years between one cycle and another. Five out of 30 patients were still on SCIg therapy at the end of the study period, of whom two were in their second cycle.


3.1.1 Effectiveness Parameters

Overall, serum CK levels were significantly reduced after 20% SCIg treatment (p<0.001). The muscle strength was improved, with the median MMT8 score significantly increased after the treatment (p<0.001). The four patients suffering from dropped head syndrome due to severe weakness of neck extensor muscles improved dramatically after treatment.

Complete and partial skeletal muscle remission was documented in 12 and 18 patients, respectively, with no differences among PM and DM.

Before the initiation of 20% SCIg treatment, all the enrolled DM patients showed multiple skin events as heliotrope rash, periungual erythema, and skin psoriasis. Of them, 10 reported an improvement of skin condition after the treatment, one reported a worsening, whereas two patients remained stable.

The parameters related to the pulmonary function were comparable between the pre- and post-treatment evaluations (pre-treatment mean DLCO: 44% [range: 29–75%]; post-treatment mean DLCO: 48% [range: 28–68%], n=11. Pre-treatment mean FVC: 74% [range: 60–98%]; post-treatment mean FVC: 79% [range: 62–110%], n=11).

High-resolution chest CT documented interstitial lung disease in nine patients, which improved in two of them after combined treatment with glucocorticoid, 20% SCIg and immunosuppressant (methotrexate and rituximab respectively).

Clinically overt cardiac involvement was documented in 11 (36%) patients, ranging from arrhythmic disorders (n=1, 3%) and myopericarditis (n=3, 10%) to non-ischemic cardiomyopathy (n=7, 23%). Heart disease progressed in six patients (20%), with exitus in two of them, despite aggressive treatment. Finally, four patients (13%) had pulmonary arterial hypertension.

A significant improvement in dysphagia was reported after 20% SCIg treatment in nine out of 15 patients. Pre-treatment mean DOSS increased from 5.0 (range: 3.0–5.0) to post-treatment mean DOSS 6.0 (range: 5.0–7.0, p=0.002).

Nine patients (30%) presented with arthritis before the treatment. We documented stable, improved or worsened disease in 5 (16%), 2 (6%) and 2 (6%) patients, respectively. Three DM female patients (10%) had associated neoplasia (thyroid, breast, and vulvar cancers).

Table 2 shows mean MITAX values at the start of SCIg treatment, which improved significantly, as documented at the last evaluation visit (p=0.022). Even if no significant changes were reported for mean MDI scores, HAQ-DI scores significantly improved after treatment (p=0.002).


Table 2 | Selected parameters before and after 20% SCIg treatment in patients with PM and DM.



As for glucocorticoid therapy, the median prednisone-equivalent dose after the treatment was 3.8 mg/day (range 0–25 mg/day), which is significantly lower than the mean prednisone-equivalent dose before the treatment (25 mg/day; range: 5–100 mg/day; Table 2, p<0.001). Seven patients (23%) withdraw prednisone after 20% SCIg therapy.

Fourteen patients (60%) withdrew from the immuno-suppressant at the end of the 20% SCIg therapy; this reduction was significant (p<0.001).

The selected parameters were compared between patients previously treated with IVIg (n=19) versus patients who started Ig therapy with 20% SCIg therapy (n=11). For any indicator, we did not detect any difference between the two groups at the end of 20% SCIg therapy.



3.1.2 Safety Data

Three death events unrelated to SCIg therapy were reported during the study period (10% of patients). These were caused by cardiovascular complications in two cases and COVID-19 in one case. None of the remaining patients reported systemic reactions to the 20% SCIg preparation, and none discontinued the treatment. Local reactions were evaluated on 27 patients and were erythema (n=16, 53%), swelling (n=9, 30%) and nodule (n=2, 6%) (Table 3). In most cases, the duration of local reactions was less than 30 minutes after injection (n=14, 47%). The duration was a few hours for 10 patients (33%) and 1 day for three patients (10%). All the local reactions resolved spontaneously.


Table 3 | Comparison between local adverse events in PM/DM and CVID patients.





Patient Satisfaction

Table 4 shows the results of the satisfaction questionnaire related to the use of 20% SCIg. Overall, most DM/PM patients reported a well-tolerated use of the 20% SCIg treatment.


Table 4 | Satisfaction data in the 27 PM/DM surviving patients.






3.2 CVID Patients

Data of 29 CVID patients were evaluated. All the baseline characteristics of CVID patients are reported in Supplementary Table 1. Recurrent respiratory infections, including upper respiratory infection (URI), lower respiratory infection (LRI) and sinusitis, were present in almost all patients (28/29, 96%). In 15 (51%) patients, URI or LRI were the only features of the CVID, while in 13 (44%) patients, at least two concomitant respiratory infections were present (Supplementary Table 1). Fourteen patients (48%) had chronic lung disease with bronchiectasis. Ten patients (34%) had infections only (“not complicated” phenotype), whereas the remaining patients presented with a “complicated phenotype”. Autoimmune diseases were present in 11 patients (38%), mostly immune thrombocytopenia (ITP; n= 6, 20%) and polyautoimmunity (n=5, 17%). Finally, 12 patients (41%) had polyclonal lymphoproliferation, 7 (24%) enteropathy, and 6 (21%) a neoplasm.

Nine (31%) CVID patients were treated with 20% SCIg as the first Ig treatment, whereas 20 patients (69%) switched to 20% SCIg after IVIg treatment.

The median duration of 20% SCIg treatment was 56 months (min–max: 12–150 months) at a weekly dose of 8 g in 72% of patients (n=21) and 6 g in the remaining patients (n=8, 28%). The standard treatment was followed by 16 patients (55%), whereas 8 (28%) patients followed a seasonal modified regimen, which extends the dosing interval in summer months. Due to severe enteropathy, one patient (3%) underwent a combination treatment (20% SCIg + IVIg). Twenty-two (76%) patients were still on SCIg therapy at the study cut-off date.


3.2.1 Effectiveness Parameters

After 20% SCIg therapy, a significant improvement was observed for all the investigated parameters (Table 5).


Table 5 | Selected parameters before and after 20% SCIg treatment in patients with CVID (n=29).



Considering the infection status, after 20% SCIg therapy, three out of 29 patients (10%) no longer have infections. In eleven patients (38%), the severity of infections decreased, as seven patients (24%) went from a URI + LRI diagnosis to a URI-only diagnosis, and four patients (14%) went from LRI to URI diagnosis.

The diagnostic delay, categorized as ≤10 years versus >10 years, did not affect any of the indicators mentioned in Table 5.

The selected parameters were compared between patients previously treated with IVIg (n=20) versus patients treated with 20% SCIg as the first Ig treatment (n=9). For any indicator, no significant differences were found between the two groups at the end of the 20% SCIg therapy.

An additional analysis was performed comparing CVID patients with a “not complicated” phenotype (n=10, 34%) to those with a “complicated phenotype” (n=19, 66%), In this subgroup of patients, a significant improvement was observed for all the investigated parameters except for the number of hospitalized patients, which reduction was not statistically significant after the therapy (Supplementary Table 2). The complementary analysis performed on patients with “not complicated” phenotype showed that the hospitalized patients, the days in hospital and absences from work were not significantly reduced after the treatment (Supplementary Table 3).



3.2.2 Safety Data

Table 3 summarizes the adverse events (AEs) observed in CVID patients after the treatment with 20% SCIg. All AEs were of a mild entity and self-limiting. Of note, two patients received 20% SCIg therapy (tolerated) after a not tolerated IVIg therapy. Four patients stopped SCIg therapy and switched to IVIg therapy (one for aesthetic reasons, three for poor compliance). Three death events unrelated to the SCIg therapy were reported during the study period (10% of patients). In one case, these were caused by a cerebral hemorrhage and were related to a gastric and a pancreatic cancer in the other two cases.



3.2.3 Patient Satisfaction

Results of the satisfaction questionnaire related to the treatment with 20% SCIg are summarized in Table 6. Overall, a well-tolerated use of 20% SCIg treatment was reported by the majority of CVID patients.


Table 6 | Satisfaction data in CVID patients.







4 Discussion

The experience of our center shows the beneficial effects in terms of immunomodulatory and anti-inflammatory activities and the safety of long-term 20% SCIg administration in PM and DM patients.

Overall, after a median follow-up of 87 months, the CK levels were significantly reduced in these patients after the treatment, compared with before the initiation of therapy (p<0.001). The biological reduction of serum CK levels is mirrored by the clinical improvement in muscle strength and the resolution of dysphagia, as documented by the significant increase in MMT8 and in the DOSS scale (p<0.001 and p=0.002, respectively) and in line with previous data that related SCIg therapy with an improvement in dysphagia (38). Of note, our study reports the first evaluation of MITAX, MDI and HAQ-DI parameters after 20% SCIg treatment.

Although the mechanism of action is still to be clarified, different hypotheses have been formulated to explain the immunomodulatory activity of Ig in autoimmune diseases, such as the anti-idiotype regulation, modifications in cytokine production, inhibition of complement activation, neutralization of autoantibodies, killing of target cells by antibody-dependent cytotoxicity and the blockade of cell–cell interaction. Part of these mechanisms is mediated by the Fc-dependent pathways, which comprise the accelerated clearance of pathogenic antibodies by the saturation of the neonatal Fc receptor, the expansion of regulatory T cells, and the blockade of immune complexes (39–41). In particular, the therapeutic benefits of SCIg therapy in myositis patients could be linked to the administration route with Ig used at low dosages (<1 g/kg/monthly), that guarantees serum IgG steady-state levels which in turn probably influence chronic mechanisms of damage, such as regulation of T regulatory activity and dendritic cells functions (30, 42). As reported in previous studies, the role of T-regulatory cells in autoimmune diseases can be linked to their action in suppressing the activity of self-reactive T cells, contributing to the prevention of autoimmune phenomena (30). This hypothesis could be supported by the long-term evaluation of disability (as reflected by the improvement in HAQ-DI scores). In contrast, the index reflecting the activity of the disease is less impacted by 20%SCIg treatment (less reduction in MITAX scores). Therefore, in the active phase of the disease, it is better to use a more aggressive induction therapy based on glucocorticoid, immunosuppressant and IVIg, whereas the remission could be successfully maintained by the chronic use of 20% SCIg (42, 43).

The use of 20% SCIg in our study was also associated with an important steroid and immunosuppressant sparing effect, further explaining the improvement in HAQ-DI scores. None of the patients reported systemic reactions to the therapy. The duration of the reported local reactions was less than 30 minutes, and all resolved spontaneously. For instance, the frequency of the adverse events reported by PM/DM patients was not different from what reported in CVID patients, where the use SCIg therapy is more consolidated. The results of the satisfaction questionnaire administered to PM/DM patients suggest a good tolerability profile of 20% SCIg therapy.

Within this study, the long-term effectiveness of 20% SCIg therapy was also evaluated in a cohort of CVID patients. A significant improvement was observed for all the considered parameters at the end of the treatment. In these patients, the treatment was effective even in the case of modified therapeutic regimens (e.g., the seasonal regimen), underlining the versatility of 20% SCIg (44, 45). Of note, the analysis of the effectiveness parameters in a subgroup of CVID patients with a complicated phenotype suggested the relevant impact of the 20% SCIg therapy in these patients, with a consequent improvement in their quality of life.

Our data show that serum IgG levels have more than doubled at the end of 20% SCIg treatment in CVID patients. In line with previous data, the achievement of a sustained IgG serum level after 20% SCIg therapy shows to protect patients from recurrent infections, as supported by the significant reduction of days of hospitalization and work absence (9, 46). This also suggests a good adherence to effective dosing and administration in these patients.

The effect of the Ig therapy at replacement dosage on non-infectious concomitant co-morbidities (autoimmunity, polyclonal lymphoproliferation, and enteropathy) are not fully elucidated. All our CVID patients presented with autoimmune disease before the initiation of 20% SCIg therapy, and therefore it was not possible to evaluate the immunomodulatory effect of SCIg treatment in this setting. No patient showed relapses of autoimmune disease during 20% SCIg therapy, except for a patient with recurrence of myelitis and one with the onset of ex novo hepatic granulomatosis (considered as a form of polyclonal lymphoproliferation).

For instance, literature suggests that in patients with specific co-morbidities, such as protein-losing enteropathy, the treatment with SCIg may result in more stable IgG levels compared to IVIg therapy (47).

In our experience, cancer represents the first cause of death in CVID patients. A role for IVIg therapy in the treatment of cancer and its metastases has been suggested in previous studies (48, 49), while no evidence is available on SCIg. It has been suggested that the administration of IVIg supplemented with SCIg can support the cancer treatment, but more evidence is needed to confirm this preliminary observation (50).

Long-term tolerability is a fundamental issue to those with chronic diseases, such as CVID, as treatment is expected to extend throughout a patient’s lifetime. None of our patients reported systemic reactions, and none of them discontinued the treatment. Only local self-limiting AEs were reported, mainly swelling and erythema. It is noteworthy that various reports described the safe use of SCIg in patients with previous serious systemic AEs to IVIg, along with a better-tolerated profile of SCIg (51, 52). In line with this observation, two patients in our cohort of CVID patients tolerated the 20% SCIg therapy after not tolerating IVIg.

Previous studies evaluated the treatment satisfaction with 20% SCIg therapy, showing a significant improvement in the domain ‘Convenience’ in patients switching from IVIg and sustained treatment satisfaction in patients switching from another SCIg regimen, suggesting favorable effects on patients’ quality of life (9, 53). Within this study, the results of the satisfaction questionnaire administered to CVID patients support this evidence.

Even if this study presents some limitations, as the observational nature in a single-center context and the small population, it suggests the feasibility, effectiveness, and tolerability of 20% SCIg therapy in patients with DM/PM offering a valid therapeutic alternative to IVIg with important advantages for the quality of life of patients, especially those with difficult venous access, with unsatisfactory clinical response, and in patients preferring home care administration. Moreover, this study suggests that 20% SCIg therapy represents an important therapeutic alternative to the use of immunosuppressants: therapy with SCIg is, in fact, linked to a lower risk of infections, leading to a global improvement in the quality of life of patients.
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Objective

The effectiveness of rituximab in anti-melanoma differentiation-associated gene 5 (MDA5) dermatomyositis (DM) with interstitial lung disease (ILD) has been explored only in isolated case reports and small series. This paper aims to review the current evidence regarding rituximab (RTX) use in the treatment of ILD related to anti-MDA5 DM (anti-MDA5 DM-ILD).



Methods

We conducted a review by searching PubMed, Web of Science, Embase, and Cochrane for articles with information on patients with anti-MDA5 DM and RTX treatment, published until August 2021, in English language. The selected studies listed variation in chest high-resolution computed tomography (HRCT) and/or pulmonary function test (PFT) as a primary outcome, in patients with anti-MDA5 DM-related ILD after using RTX.



Results

Of the 145 potentially eligible articles, 17 were selected. The information gathered from a total of 35 patients with anti-MDA5 DM-ILD was reviewed, including 13 men and 22 women. Patient age at onset was 47.60 ± 13.72 years old. A total of 11.43% (4/35) of the patients were found to have chronic ILD (C-ILD) and 88.57% (31/30) exhibited rapidly progressive ILD (RP-ILD). Most patients (29/30) had typical DM rashes. Prior to RTX administration, the majority of patients (27/35) were treated with medium- or high-dose glucocorticoids and at least one additional immunotherapeutic agent. With regard to RTX efficacy for ILD in anti-MDA5 DM, 71.43% (25/35) of the patients responded to treatment. Skin rash also improved in more than half of the patients after RTX treatment. The most common side effects were infections, reported by 37.14% (13/35) of the patients after using RTX.



Conclusion

As a CD20 targeting drug, RTX is a promising therapeutic tool for anti-MDA5 DM-ILD, although the risk of infections should be considered before treatment. Further prospective controlled studies are required to evaluate the optimal RTX treatment regimen.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021289714, identifier CRD42021289714.





Keywords: dermatomyositis, melanoma differentiation-associated gene 5, interstitial lung disease, rituximab, targeting CD20



Introduction

Dermatomyositis (DM) is an autoimmune inflammatory disease that predominantly affects the muscles of the proximal extremities and the skin. DM is clinically heterogeneous both regarding patient symptoms and the severity of the disease. Myositis-specific autoantibodies (MSAs) are a class of recently discovered biomarkers that are associated to a unique clinical subset of myositis, and are therefore of great value in the classification of the disease, assessment of prognosis, and formulation of treatment plans (1). An important example of MSAs is the anti-melanoma differentiation-associated gene 5 autoantibody (anti-MDA5 autoAb). Patients positive for anti-MDA5 autoantibody (autoAb) typically exhibit cutaneous manifestations and mild or even no myopathy, but frequently are diagnosed with interstitial lung disease (ILD) (2). The prevalence of ILD in patients positive for anti-MDA5 autoAb has been estimated to be 50%–72.7% in reports from Europe and America (3–5) and 82%–100% in studies from Asia (6–10). In addition, the prevalence of patients that develop rapidly progressing ILD (RP-ILD) among the population of patients with anti-MDA5 DM-related ILD (anti-MDA5 DM-ILD) can be as high as 100% (11). More importantly, patients with anti-MDA5 DM usually have a high mortality rate due to relentless RP-ILD and lack of effective treatment. A recent study revealed that the 6-month survival rate of anti-MDA5 DM-ILD patients was only 33% even when treated with immunosuppressants (12).

Currently, there is no universal treatment for anti-MDA5 DM-ILD. Empiric treatment primarily focuses on glucocorticoid administration combined with the commonly used immunosuppressants - cyclophosphamide (CYC), calcineurin inhibitor (CNI) (12). However, there is still a large group of patients with anti-MDA5 DM-ILD who respond poorly to treatment with glucocorticoids and conventional immunosuppressants (13, 14). Hence, there is an urgent need to identify new treatment options for improving the therapeutic effect and prognosis.

CD20 is a transmembrane antigen selectively expressed on pre-B and mature B lymphocytes and is lost when B cells differentiate into plasma cells. In previous years, rituximab (RTX), a chimeric anti-CD20 monoclonal antibody, has been used in the management of B-cell malignancies (15), antineutrophil cytoplasmic antibody (ANCA)-associated renal vasculitis (16), rheumatoid arthritis (RA) (17), and systemic lupus erythematosus (SLE) (18). Although no guidelines on the treatment of myositis-related ILD have been published by the American College of Rheumatology (ACR) or by the European Alliance of Associations for Rheumatology (EULAR), RTX has also been used off-label in patients who did not respond to conventional therapy, based on a postulated pathogenetic role for B cells in anti-MDA5 DM-ILD. It is important to notice that the evaluation of therapeutic efficacy may be challenging in these conditions, since there are only a few case reports and small series in which RTX has been used in anti-MDA5 DM-ILD treatment.

The present paper aims to systematically review the currently available evidence regarding the use of RTX in anti-MDA5 DM-ILD.



Methods


Literature Search Strategy

This systematic review was registered in PROSPERO (CRD42021289714) and performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) recommendations (19). Two reviewers conducted a search on PubMed, Web of Science, Embase, and Cochrane databases, in an independent and simultaneous manner, for information on case reports, case series, and case-control studies of patients positive for anti-MDA5 DM and/or RTX treatment, reported until August 2021, in English language. The key retrieval terms included dermatomyositis, anti-MDA5, interstitial lung disease, Rituximab, and CD20 targeting. The detailed search strategy is documented in the supplementary file. The reference list of selected papers was also screened to identify additional studies to be included. Figure 1 shows the flowchart of the paper selection process.




Figure 1 | Flow diagram according to Prisma guidelines (20).





Inclusion and Exclusion Criteria

Eligible patients in our review fulfilled the following criteria: i) met the Bohan and Peter criteria of DM (21) or Sontheimer’s criteria of CADM (22); ii) had positive anti-MDA5 antibody confirmed by immunoblotting assay or ELISA; iii) had confirmed interstitial lung diseases (ILD), defined as ground-glass changes and/or fibrosis noted on high-resolution computed tomography (HRCT) (23). iv) had receive RTX treatment. Subsequently, only cases with complete epidemiological data and therapeutic information were selected. Study designs were either randomized control trials (RCTs), cohort studies, case-control studies, case or case series. Exclusion criteria included suffering from malignancy or other overlapping rheumatic diseases, such as systemic lupus erythematosus (SLE) and systemic sclerosis (SSc).



Data Extraction and Quality Assessment

Data recorded included age, sex, clinical manifestation (pulmonary involvement and/or extrapulmonary manifestations), laboratory data at disease presentation, and administered treatment (e.g., prednisolone, immunosuppressive agents, intravenous immunoglobulin, plasma exchange) previous to RTX administration were also recorded. Additional information collected included the RTX treatment schedule, RTX adverse effects, and clinical response to RTX. Two independent researchers assessed the methodological quality of all studies using the Newcastle-Ottawa Scale (NOS) criteria (24), classified according to the selection of the study groups, the comparability of the groups, and the ascertainment of the outcome. The classification scale ranges from 0 (poor methodological quality) to 9 (optimal methodological quality). Any discrepancies were resolved via discussion or consultation with a third researcher.



Response Criteria

Patients were defined as responders if at least one of two criteria were met: i) ≥ 10% increase in forced vital capacity (FVC) and/or ≥ 15% increase in diffusing capacity of carbon monoxide (DLCO) (25); ii) improved outcome of lung imaging by either chest X-rays or HRCT (reviewed by a radiologist blinded to the design of the study) (23).



Statistical Analysis

Data are expressed as the mean ± SD. Differences in quantitative parameters between two groups were assessed using the Mann-Whitney U-test. Fisher’s exact test was used to compare the trends between groups of qualitative variables. All statistical analyses were performed using Prism 8.3 software (GraphPad Software, La Jolla, CA, USA) and a two-sided p value of 0.05 or less was considered significant.




Results

The bibliographic search conducted to identify cases of anti-MDA5 DM-ILD treated with RTX yielded 145 articles. After screening and eligibility check were conducted, 128 articles were excluded, as detailed in Figure 1. Of the 17 articles selected to be included in this review, 16 were case reports and case series, and one was a retrospective case-control study. Clinical data was extracted relating to 35 patients with anti-MDA5 DM-ILD meeting the inclusion criteria (23, 26–41). The demographic characteristics, clinical manifestations, laboratory data, treatment regimen, and outcomes are shown in Tables 1, 2.


Table 1 | Summary of the general characteristics of 35 patients with anti-MDA5 DM-ILD treated with RTX.




Table 2 | Clinical course of 35 patients with anti-MDA5 DM-ILD using RTX.




Clinical Characteristics of Anti-MDA5 DM-ILD Patients Receiving RTX Treatment

The mean age at diagnosis was 47.6 ± 13.72 years. Approximately 62.86% (22/35) of the patients in our study were female and 94.29% (33/35) of patients were Asian. Patients with polymyositis (PM) and/or DM aggravated by ILD can be divided into two main clinical patterns: chronic (C-ILD) and rapidly progressive ILD (RP-ILD) (42), the latter being associated with poorer prognosis. In this study, all enrolled patients had ILD, from which 88.57% (31/35) had RP-ILD, and 11.43% (4/35) had C-ILD. Clinical manifestation data of 30 patients were obtained. Most patients (29/30) had typical DM rashes, such as heliotrope sign (20/30), Gottron’s sign (24/30), palmar papules (8/30), V-neck rash (8/30), shawl sign (5/30), mechanic hand (16/30), and ulceration (15/30). Myalgia and muscle weakness were observed in 10 and 9 patients, respectively. There were 20 patients with fever and 14 patients with arthralgia/arthritis. Raynaud’s phenomenon was observed in 8 patients (Table 1).



Differential Treatment Regimen Across the Anti-MDA5 DM-ILD Patients

Prior to RTX administration, the majority of patients (27/35) in our study were treated with medium or high doses of glucocorticoids and at least one additional immunotherapy treatments, including intravenous cyclophosphamide (18/35, 51.43%), calcineurin inhibitor (18/35, 51.43%), intravenous immunoglobulin (8/35, 22.86%), mycophenolate mofetil (8/35, 22.86%), polymyxin B hemoperfusion treatment (2/35, 5.71%), plasmapheresis (1/35, 2.86%), methotrexate (1/35, 2.86%), azathioprine (1/35, 2.86%), hydroxychloroquine (1/35, 2.86%), and thalidomide (1/35, 2.86%). In this study, 19 patients were treated with two or more immunotherapy treatments. Remarkably, three patients received five treatment modalities. Approximately 42.86% (15/35) of patients were treated with the lymphoma schedule or lymphoma-like schedule (350–375 mg/m2 every 1 or 2 weeks) and 17.14% (6/35) of patients received the rheumatology schedule (500–1000 mg every 2 weeks). Other schedules included 500–550 mg RTX every week in 5 (14.29%) patients. In addition to the above conventional regimens, 9 anti-MDA5 DM-ILD patients were treated with a novel low-dose RTX regimen (100 mg per week)(Table 2).



Efficacy of RTX for Anti-MDA5 DM-ILD Patients

Considering the efficiency of RTX treatment for ILD in anti-MDA5 DM patients, 71.43% (25/35) of patients presented a response to treatment (assessed by chest HRCT and/or PFT). In the C-ILD subgroup, 75% (3/4) of the patients presented a response to RTX, while 70.97% (22/34) of patients in the RP-ILD subgroup presented a response to RTX. Among the low-dose and conventional-dose RTX subgroups, the response rate to treatment was 77.78% (7/9) and 69.23% (18/31), respectively (Table 3). Ferritin data were collected from 24 patients in this study. The levels of ferritin were significantly higher in the RTX treatment responsive subgroup than in the non-responsive subgroup (P=0.0196)(supplementary Fig 1). Seventeen patients had decreased ferritin levels after RTX treatment. A decrease of anti-MDA5 autoAb titers observed in patients 17, 25 and 27 after RTX treatment, while data from other patients were not available. Considering the outcome of cutaneous involvement, 19 patients showed improvement, including reduced degree and size of skin rash or healing of skin ulcers.


Table 3 | Effiacy and safety data of the 35 patients with anti-MDA5 DM-ILD treated with RTX.





Safety of RTX in Treatment of Anti-MDA5 DM-ILD Patients

With regard to safety of RTX in anti-MDA5 DM-ILD patients, infusion reactions were not reported in any of the cases under study, and the most common side effects were infections. A total of 16 infection were reported by 13 patients, after RTX. Noteworthy, 56.25% (9/16) of the infection events were pulmonary infections, and more than half of them were caused by cytomegalovirus (CMV) (Table 4). The infection rate of patients in the low-dose and conventional-dose RTX subgroups was 55.56% (5/9) and 30.77% (8/26), respectively. The survival rates among patients with C-ILD and RP-ILD were 100% (4/4) and 64.52% (20/31), respectively. The survival rates of patients in the low-dose and conventional-dose RTX subgroups were 66.67% (6/9) and 69.23% (18/26), respectively (Table 3). The survival rates of patients in the RTX treatment responsive and non-responsive subgroups were 92% (23/25) and 10% (1/10), respectively (Table 5).


Table 4 | Summary of infections in the patients comprised in the present study.




Table 5 | Clinical data between RTX treatment responsive and non-responsive subgroups in 35 patients with anti-MDA5 DM-ILD.






Discussion

The hallmarks of anti-MDA5 DM are the presence of autoantibodies targeting MDA5 and unique cutaneous features, as well as an elevated risk of ILD. The underlying pathogenesis is not yet fully understood. T and B lymphocytes (23, 43–47), neutrophils (48, 49), macrophages (50, 51), type I interferon (IFN-I) (52, 53) and “Cytokines storm” [which is similarity with SARS-CoV-2 infection (54)] were thought to be involved in the development of the disease (Figure 2). MDA5 protein, as a pattern recognition receptor (PRR), can recognizes viral double-stranded RNA (dsRNA) then activates IFN-I pathway (55) and induces the production of proinflammatory cytokines by the cell. Indeed, the aberrant activation of the type I interferon system has been demonstrated in anti-MDA5 DM in previous studies (52, 53). While MDA5 protein is also an IFN-inducible protein (56), so activation of the IFN-I system can further promote the production of MDA5 protein. Abnormal accumulation of MDA5 protein may lead to a loss of tolerance to MDA5, resulting in the production of anti-MDA5 autoAb. As for how anti-MDA5 autoAbs play their potentially pathogenic role is less well understood and is only briefly described here in light of a recent review on the subject (47). In pathological contexts, MDA5 is strong expressed in skin tissue of DM patients (57) and detectable in cytoplasmic, cell surface, and secretory vesicles in neutrophils (58). Hence, some scholars have speculated that anti-MDA5 Abs can bind to MDA5 on cell surface and induce an inappropriate activation of MDA5, resulting in chronic activation of the IFN-I pathway. Apart from binding to MDA5 expressed on cell surface, they suggested anti-MDA5 Abs could also form immune complexes with the MDA5 proteins released from apoptotic cell and interact with cytoplasmic MDA5, which may similar to other Abs described previously (59, 60). In the lungs, the chemokine CX3CL1 can be produced by vascular endothelial cells when exposed to IFN-I and induce recruitment of CX3CR1+ M2 macrophages (61, 62). Local production of transformation growth factor-β (TGF-β) by M2 macrophages directly promotes pulmonary fibrosis. Moreover, there is a CD4+CXCR4+ T cell subset in anti-MDA5 DM-ILD, which can produce profibrotic agents (TGF-β, α-smooth muscle actin (α-SMA), collagen I, and IL-21) (46). In addition, the process of activated neutrophils releasing neutrophil extracellular traps (NETs) could expose autoantigens that have the potential to break immune tolerance and lead to production of autoantibodies (63). In recent years, accumulating evidence suggested that B lymphocytes may play a critical role in the pathogenesis of anti-MDA5 DM-ILD. First, plasma cells that secrete antibodies derive from B lymphocytes, while multiple studies have already demonstrated that anti-MDA5 autoantibodies are closely related to disease activity and ILD in patients with anti-MDA5 DM (64, 65); Secondly, B cell activating factor (BAFF) is a member of the tumor necrosis factor (TNF) superfamily, playing a key role in the survival and balance of peripheral B cells and plasma cells. It not only promotes the maturation of B cells, but also regulates immunoglobulin class-switching (66, 67). Data from Kobayashi et al. showed that juvenile dermatomyositis (JDM) patients with a high titer of anti-MDA5 autoantibodies had higher levels of BAFF than those with low titers (68). Another study noted that higher levels of BAFF were detected in patients positive for anti-MDA5 autoantibodies, when compared to negative patients, and that the levels of BAFF correlated positively with the titers of anti-MDA5 autoantibodies. The same study also indicates that the BAFF level of anti-MDA5 DM patients aggravated by ILD was significantly higher than anti-MDA5 DM patients not suffering from ILD, and the level of BAFF was parallel with KL-6, an indicator of the severity of ILD, suggesting that patients with anti-MDA5 DM complicated with severe ILD tend to have higher levels of serum BAFF (52); Thirdly, a recent study by Shuang Ye et al. revealed that the peripheral percentage of CD4+CXCR4+T cells is relevant to the severity of ILD in idiopathic inflammatory myopathy (IIM), especially to anti-MDA5 DM-ILD. Furthermore, they confirmed that the circulating CD4+CXCR4+T cell subset expresses high levels of IL-21 (46), which can induce the differentiation of B cells into plasmablasts by binding to the IL-21 receptor on the surface of B cells (69).




Figure 2 | Schematic representation of the hypothesized pathogenesis in anti-MDA5 DM-ILD. MDA5 protein can recognizes viral dsRNA then activates IFN-I pathway. Activation of the IFN-I system promote the production of MDA5 and cause MDA5 overexpression. Abnormal accumulation of MDA5 protein may lead to a loss of immune tolerance, resulting in the production of anti-MDA5 autoAb. Anti-MDA5 autoAbs may potential contribute to the pathogenesis through binding to MDA5 on cell surface, forming immune complexes, and interacting with cytoplasmic MDA5. In the lungs, CX3CL1 can be produced by endothelial cells when exposed to IFN-I and induce recruitment of alveolar M2 macrophages. Local production of TGF-β by M2 macrophages directly promotes pulmonary fibrosis. CD4+CXCR4+ T cell subset in anti-MDA5 DM-ILD can produce profibrotic agents (TGF-β, α-SMA, collagen I, and IL-21). The process of activated neutrophils releasing NETs could expose MDA5 autoantigens. MDA5, melanoma differentiation-associated gene 5; DM, dermatomyositis; ILD, interstitial lung disease; autoAb, autoantibody; RTX, rituximab; dsRNA, double-stranded ribose nucleic acid; NETs, neutrophil extracellular traps; NETosis, neutrophil extracellular traps externalization process; IFN-I, type I interferon; TGF-β, transformation growth factor-β; α-SMA, α-smooth muscle actin.



Based on the possible causative role of B cells, targeting CD20 in the treatment of anti-MDA5 DM-ILD seems to be of great importance. Hence, RTX is empirically used as a therapeutic agent for patients with anti-MDA5 DM-ILD. All currently published studies on the efficacy of RTX in the treatment of anti-MDA5 DM-ILD are case reports, case series, or case-control studies. The present work offers a systematic review of the effects of RTX in 35 anti-MDA5 DM-ILD patients. The clinical response after using RTX for ILD could be defined by the improvement of chest HRCT and/or PFT. After RTX treatment, 71.43% (25/35) of patients responded positively, according to chest HRCT and/or PFT. According to the data here analyzed, anti-MDA5 DM patients with RP-ILD (22/31, 70.97%) had a lower rate of response to RTX than C-ILD (3/4, 75.0%) patients. We also observed that patients in the low-dose RTX subgroup (7/9, 77.78%) had a higher response rate than patients in the conventional-dose RTX subgroup (18/26, 69.23%). In addition, patients with anti-MDA5 DM usually exhibit typical cutaneous manifestations. Previous studies that assessed the efficacy of RTX for cutaneous lesions in anti-MDA5 DM patients have demonstrated different therapeutic effects (70, 71). In our study, skin rash improved in more than half of the patients that used RTX, whereas the rate of response to RTX treatment on cutaneous lesions in anti-MDA5 DM patients cannot be accurately calculated due to the unavailability of information on some cases. Further large-sample studies are required to evaluate the efficacy of RTX on the cutaneous lesions of patients with anti-MDA5 DM. Similarly, we observed that ferritin levels decreased in more than half of the patients, after RTX treatment. A study by Gono et al. showed that ferritin level is a poor prognostic factor in RP-ILD patients with anti-MDA5 DM, and also indicated that ferritin concentrations are useful for the evaluation of the response to treatment in patients with anti-MDA5 DM-ILD (72). This indicates that the condition of most patients in our study improved after RTX. Considering the results described above and the fact that all patients in our study received glucocorticoids and/or immunosuppressants prior to RTX treatment and had poor response to these drugs, RTX may be an effective treatment for anti-MDA5 DM-ILD resistant to glucocorticoids and multiple immunotherapies.

From a safety perspective, 37.14% (13/35) of patients developed infection after RTX therapy, and four patients died of pulmonary infection in our study. Although there seems to be an increased risk of clinical infections after RTX treatment, the rate of infection is poorly correlated with the types of immune diseases and is closely correlated with low hypogammaglobulinemia, neutropenia, CD4+ T cell dysfunction, etc. (73). Recently, a registry-based study estimated at 30% the efficacy and safety for RTX treatment in anti-synthetase syndrome, which was similar to the rate of infections after RTX administration in anti-MDA5 DM-ILD in the present review. In addition, 55.56% (5/9) of the patients in the low-dose subgroup were infected, which proved to be higher than the percentage of infections in the conventional-dose subgroup (30.77%) (8/26). This is most likely due to the fact that 6 patients who received low-dose RTX in Reference 17 were not included (due to lack of chest HRCT and/or PFT data), which led to biases in the results. Given that the response rate to RTX treatment of patients to in the low-dose subgroup (77.78%) was also higher than that of patients from the conventional-dose subgroup, and that this low-dose RTX regimen has been successfully used in several other immune diseases (74–76), we speculate that low-dose RTX (100 mg per week) may lead to a better therapeutic response than the conventional dose regimen. However, due to the limited number of patients in our study, whether low-dose RTX is recommended for anti-MDA5 DM-ILD remains to be verified in larger sample trials.

To our knowledge, the data on anti-MDA5 DM-ILD patients treated with RTX reviewed in this study were larger than those in previous studies, and we describe the detailed regimen used for RTX administration. In addition, we evaluated the changes in ILD through HRCT and/or PFT, providing more evidence for the efficacy and safety of RTX in the treatment of anti-MDA5 DM-related ILD. However, there are some limitations to this study. First, the statistical analysis of the results was limited by the small sample size, which is not easy to circumvent due to the rarity of the disease. Second, the appropriate timing of RTX administration was not demonstrated in the present study. Third, the information of anti-MDA5 autoAb titers before and after RTX treatment were not available in most cases. Finally, multiple immunosuppressants were administered prior to RTX therapy in most patients, which may prevent the attribution of improvement to RTX treatment alone.

In summary, this systematic review allows us to conclude that as a CD20 targeting drug, RTX has a good response in the treatment of ILD related to anti-MDA5 DM. Combined with the current evidence that B cells may be involved in the pathogenesis of this disease, we suggest that RTX could be a promising treatment for anti-MDA5 DM-ILD. Also, patients with anti-MDA5 DM-ILD often have a condition with worse prognosis and were treated with multiple immunosuppressants previously or simultaneously to RTX administration, the risk of infection, especially opportunistic infections, should be considered during the use of RTX, and a low dose of RTX (100 mg every week) may also be applied; In addition, belimumab, a human monoclonal antibody targeting BAFF, may also be considered as a candidate therapy for anti-MDA5 DM-ILD, since some cases in our study showed poor response to RTX treatment. Finally, further prospective controlled clinical studies are required to evaluate the status and optimal regimen of RTX in anti-MDA5 DM-ILD.
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Objectives

Anti-TIF1γ is an important autoantibody in the diagnosis of cancer-associated dermatomyositis and the most common autoantibody in juvenile onset dermatomyositis. Its reliable detection is important to instigate further investigations into underlying malignancy in adults. We previously showed that commercial assays using line and dot blots do not reliably detect anti-TIF1γ. We aimed to test a new commercial ELISA and compare with previously obtained protein immunoprecipitation.



Methods

Radio-labelled immunoprecipitation had previously been used to determine the autoantibody status of patients with immune-mediated inflammatory myopathies and several healthy controls. ELISA was undertaken on healthy control and anti-TIF1γ sera and compared to previous immunoprecipitation data.



Results

A total of 110 serum samples were analysed: 42 myositis patients with anti- TIF1γ and 68 autoantibody negative healthy control sera. Anti-TIF1γ was detected by ELISA in 41 out of 42 of the anti-TIF1γ-positive samples by immunoprecipitation, and in none of the healthy controls, giving a sensitivity of 97.6% and specificity of 100%. The false negative rate was 2%.



Conclusion

ELISA is an affordable and time-efficient method which is accurate in detecting anti-TIF1γ.





Keywords: TIF1γ, cancer, autoantibodies, myositis, ELISA - enzyme-linked immunosorbent assay, myositis - diagnosis, dermatomysitis



Highlights

	1. Anti-TIF1γ is a key autoantibody in the diagnosis of cancer-associated dermatomyositis and juvenile dermatomyositis

	2. ELISA is a quick and easy method in accurately detecting anti-TIF1γ autoantibodies

	3. Diagnosis of IIMs should include ANA immunofluorescence, line or dot blot, and anti-TIF1γ ELISA





Introduction

The ability to detect myositis -specific and -associated antibodies (MSAs and MAAs), which can be found in the sera of 60 – 70% patients with immune-mediated inflammatory myopathies (IIMs) (1), has greatly improved the diagnosis and phenotyping of these rare diseases. Not only do they aid diagnosis, but they also guide further investigation and management (2). For instance, it is well-known that IIMs, and dermatomyositis (DM) in particular, are strongly linked with cancer, with estimates varying between 7 and 32% (3).

Anti-transcription intermediary factor 1γ (TIF1γ) autoantibodies are found in both juvenile dermatomyositis (JDM) and adult IIMs. They are present in 7% of European adults with DM and 20 – 30% of children affected by JDM (2). Strikingly, 38 – 84% of patients adult DM patients ≥ 39 years of age who are TIF1γ-positive in both European and Japanese cohorts develop cancer in the 3 years before and after DM diagnosis (4–6). Anti-TIF1γ detection in patients with a new diagnosis of DM ≥ 39 years of age may therefore prompt a thorough investigation for the detection of cancer and reduce cancer mortality rates, making the accurate detection of anti-TIF1γ a research priority.

Currently the reference standard in the detection of MSAAs is immunoprecipitation (IP) due to its ability to detect well-described and novel autoantibodies. However, this technique is impractical for use in clinical practice owing to its expense and the length of time it takes to reach a result which usually takes a minimum of 2 – 3 weeks. For this reason, several commercially available immunoassays have become available which are low cost, easy to use, and are reported to detect an array of MSAAs. However, these immunoassays are subject to both false positives and false negatives. A number of them have recently been tested by our group and others (7, 8). In particular, anti-TIF1γ was found to be particularly problematic with false negatives found in 40% samples analysed by line blot and 76% by dot blot (7). Espinosa-Ortega et al. (8) also found low concordance between anti-TIF1γ detected by line/dot blot and immunoprecipitation, with a Cohen’s kappa of 0.56. This is likely because anti-TIF1γ frequently target a conformational epitope, meaning the tertiary antigen structure is required to remain intact to be recognised by the autoantibody (9). Whereas line and dot blot immunoassays utilise denatured antigen, enzyme-linked immunosorbent assays (ELISAs) maintain the tertiary structure of the protein. Fujimoto et al. (10) recently tested a newly-developed ELISA in a Japanese cohort of patients with a spectrum of IIMs, and found this approach to be highly effective with 100% sensitivity and specificity which was a result comparable to immunoprecipitation.

In this study, we aimed to test the same commercial ELISA kit (Medical & Biological Laboratories Co. Ltd., Nagoya, Aichi, Japan) for the detection of TIF1γ autoantibodies in a European cohort of adult IIM patients and compared results with samples previously analysed using immunoprecipitation.



Methods


Sample Selection

Myositis serum samples used in this study were chosen as previously described (7) from a biobank of more than 3000 samples collected for research or diagnostic purposes (2, 11). All serum samples had previously been analysed by immunoprecipitation locally and contain at least one MSAA. Twenty-five anti-TIF1γ samples had also been previously analysed by line and dot blot (7). Briefly, sera were stored at -20°C prior to analysis in a facility at the University of Bath. The study had ethical approval through the host Institute (University of Bath EIRA reference number 17-01211). All samples from research cohorts had existing ethics in place.



ELISA

ELISA was performed on 5µL of diluted serum sample as per the manufacturer’s instructions (Medical & Biological Laboratories Co. Ltd., Nagoya, Aichi, Japan). All samples were run in duplicate. Briefly, samples were thawed and diluted to a 1:101 concentration and incubated on a microwell plate for 30 minutes. Wells were then incubated with a horseradish peroxidase-conjugated goat anti-human IgG antibody conjugate for 30 minutes followed by a TMB/peroxide substrate for 15 minutes. The reaction was terminated by 0.25 mol/L sulfuric acid. All incubations took place at room temperature with 4 wash cycles between steps. The absorbance of each well was read on a FLUOstar Omega microplate reader (BMG Labtech Ltd., Aylesbury, Buckinghamshire, Great Britain) at 450 nm wavelength. Positive and negative cut off values were calculated according to previous work described by Fujimoto et al. (10) and expressed in arbitrary units (au).



Immunoprecipitation

Radio-immunoprecipitation had been previously undertaken as described by Tansley et al. (7). Briefly, sera were mixed with protein-A-Sepharose beads and a 35(S)methionine radiolabelled K562 cell extract, followed by fractionation by SDS-PAGE and analysis by autoradiography. A characteristic doublet band at 155/140 was read as being positive for TIF1γ (12).



Data Analysis

Statistical analysis was undertaken using Prism 9 version 9.2.0 for macOS (GraphPad Software, LLC., San Diego, CA, USA). Confidence intervals (CI) are expressed at 95%.




Results

A total of 110 serum samples were analysed, of which 42 were known to have anti-TIF1γ and 68 were healthy control sera. Immunoprecipitation data was held for all samples. Diagnoses included DM (n=27), clinically amyopathic DM (n=4), JDM (n=5), polymyositis (n=4), and overlap syndrome (n=2). All HC samples tested were autoantibody negative by immunoprecipitation.


Commercial TIF1γ ELISA Performed as Well as Immunoprecipitation

Forty-one patient samples with anti-TIF1γ tested positive by ELISA as defined by a cut-off point of 32 au. None of the HC samples tested positive using this cut-off point. The remaining anti-TIF1γ positive sample was just under the cut-off for positivity (30.2 au). This gives an area under the ROC curve (AUC) of 0.988 (CI 0.961 – 1.000, P < 0.0001) which is equivalent to sensitivity of 97.6% (CI 87.7% - 99.9%) and a specificity of 100% (CI 94.65% - 100%). In this case, Cohen’s Kappa would give a value of 1.

Quantitative results for the ELISA values are shown in Figure 1. Briefly, the median ELISA assay result for HC samples was 5.99 au. (median CI 4.74 – 7.87) and for the TIF1γ samples was 128.5 au. (median CI 110.4 – 135.4).




Figure 1 | TIF1γ ELISA values for 68 healthy controls and 42 TIF1γ serum samples.



Graph showing the relative ELISA titres for healthy control and TIF1γ samples expressed in arbitrary units for each individual serum sample (circles). Dashed line represents the positive cut-off point as previous described (10). All 68 healthy control (HC) samples were underneath the cut-off and all but one of the 42 TIF1γ samples were above the cut-off. The TIF1γ sample below the cut-off had a weak band in the 140/155 kDa region.



Low Anti-TIF1γ ELISA Titres Are Associated With False Negative Line Blot Results

Given that our group previously tested 25 anti-TIF1γ samples by line blot, we were able to compare ELISA titres in this study with this data to try and understand which samples might test negative by line blot. The results are shown in Figure 2. All anti-TIF1γ positive samples by ELISA with low titres (between 30 – 100 au.) tested negative by line blot. However, 3 out of the 9 samples testing negative by line blot had high anti- TIF1γ titres (> 100 au.). The difference in ELISA titres between those testing negative and positive by line blot was statistically significant (P = 0.0041, two-tailed Mann-Whitney test), suggesting that lower anti-TIF1γ antibody titres lead to false negative line blot results. Similarly, dot blot samples returned only 7/24 (29%) true positives out of the anti-TIF1γ samples that tested positive by ELISA and immunoprecipitation.




Figure 2 | Comparison of anti-TIF1γ ELISA titre and line blot result. **P ≤ 0.01.



Graph showing a comparison between anti-TIF1γ ELISA titre and line blot result, as previously tested by our group (7). ELISA titres are expressed in arbitrary units and calculated as per the manufacturer’s instructions. Lines and error bars represent median values with 95% confidence intervals. The line blot results are expressed as negative (–), low positive (+), moderately positive (++), and high positive (+++). The median ELISA values for negative, low positive, moderately positive, and high positive results were 63.5 au., 123.5 au., 145.8 au., and 151.2 au., respectively. A two-tailed Mann Whitney test comparing ELISA titres between negative (–) and positive (+, ++, +++) line blots found a statistical difference between the two groups (P = 0.0041).




Discussion

This data has shown that accurate detection of anti-TIF1γ can be achieved by ELISA and confirms the findings made by Fujimoto et al. (10). The accuracy of detection is high and would be acceptable for use in clinical practice. Compared to other cost- and time- effective methods such as line and dot blot which have false negative rate of 40% - 70% (7), this data found that ELISA has a false negative rate of 1/42 (2%). This data has also shown that anti-TIF1γ titre correlates with a positive line blot result. This result is not unexpected given that the line blot is a semi-quantitative method of detecting autoantibodies. Importantly, where ELISA was able to detect samples with low titres of anti-TIF1γ (between 30 – 100 au.), line blot was unable to do so. Line blot also failed to detect some samples with high anti-TIF1g titres (> 100 au.). Taken together, anti-TIF1γ ELISA performs better than line blot in detecting this clinically important autoantibody.

Anti-TIF1γ status by immunoprecipitation was determined by recognition of 155/140kDa bands alongside an anti-TIF1γ standard control. It remains possible that the sample negative by ELISA has an unknown autoantibody with an identical band pattern although this would seem unlikely. Furthermore, the sample produced an ELISA result just below the positive threshold and may simply be a low-titre positive. The ELISA threshold could be adjusted to reduce the likelihood of this occurring, but this is likely to lead to some false positives. The most appropriate cut-off threshold may depend on the clinical context, for example, a low false positive rate may be tolerable in patients with confirmed dermatomyositis to inform the intensity of malignancy screening.

The current study was not designed to investigate the relationship between anti-TIF1γ titres and cancer detection rates. It would, however, be useful to investigate how anti-TIF1γ titre using ELISA correlates with malignancy. Recent work by Fiorentino et al. (13) found anti-TIF1γ titre positively correlated with cancer detection rate in DM, ranging from 8% detection for low titres to 36% detection for high titres. Furthermore, some of our healthy control samples had low anti-TIF1γ titres just below the positive cut-off and it would be of interest to investigate if these healthy subjects had a higher malignancy rate compared to a negative anti-TIF1γ control population.

The detection of anti-TIF1γ in adult DM patients should be considered a red flag for malignancy (4–6). Accurate and timely detection of anti-TIF1γ autoantibodies is therefore vital for these patients to ensure underlying malignancy is diagnosed and treated promptly. We suggest that, when investigating IIMs, anti-TIF1γ ELISA is undertaken alongside, ANA testing and a multiplex immunoblot assay to ensure accurate detection of this important autoantibody.
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Background

Heat shock proteins (Hsp) are chaperones playing essential roles in skeletal muscle physiology, adaptation to exercise or stress, and activation of inflammatory cells. We aimed to assess Hsp90 in patients with idiopathic inflammatory myopathies (IIM) and its association with IIM-related features.



Methods

Hsp90 plasma levels were analyzed in a cross-sectional cohort (277 IIM patients and 157 healthy controls [HC]) and two longitudinal cohorts to assess the effect of standard-of-care pharmacotherapy (n=39 in early disease and n=23 in established disease). Hsp90 and selected cytokines/chemokines were measured by commercially available ELISA and human Cytokine 27-plex Assay.



Results

Hsp90 plasma levels were increased in IIM patients compared to HC (median [IQR]: 20.2 [14.3–40.1] vs 9.8 [7.5–13.8] ng/mL, p<0.0001). Elevated Hsp90 was found in IIM patients with pulmonary, cardiac, esophageal, and skeletal muscle involvement, with higher disease activity or damage, and with elevated muscle enzymes and crucial cytokines/chemokines involved in the pathogenesis of myositis (p<0.05 for all). Plasma Hsp90 decreased upon pharmacological treatment in both patients with early and established disease. Notably, Hsp90 plasma levels were slightly superior to traditional biomarkers, such as C-reactive protein and creatine kinase, in differentiating IIM from HC, and IIM patients with cardiac involvement and interstitial lung disease from those without these manifestations.



Conclusions

Hsp90 is increased systemically in patients with IIM. Plasma Hsp90 could become an attractive soluble biomarker of disease activity and damage and a potential predictor of treatment response in IIM.





Keywords: heat shock protein 90, idiopathic inflammatory myopathies, skeletal muscle involvement, disease activity, disease damage, response to treatment



Introduction

Idiopathic inflammatory myopathies (IIM) are a heterogeneous group of rare acquired diseases characterized by inflammatory, immune-mediated skeletal muscle involvement associated with mostly painless, symmetric, and predominantly proximal muscle weakness and low muscle endurance. In addition, IIM may also affect the skin and internal organs, mostly the lungs, esophagus, and heart (1). Based on specific clinical and immunological features and histopathology of the skeletal muscle, IIM can be classified into four major subtypes: polymyositis (PM), dermatomyositis (DM), inclusion body myositis (IBM), and immune-mediated necrotizing myopathy (IMNM) (2). Although the exact mechanisms of pathogenesis are still ill-defined, these complex autoimmune disorders are believed to develop as a consequence of abnormal immune activation and non-immune mechanisms, such as autophagy dysregulation, the presence of free radicals, and endoplasmic reticulum (ER) stress (3). ER stress leads to non-immune mediated muscle damage, accumulated unfolded proteins, and imbalanced muscular protein homeostasis (3, 4). Processes caused by ER stress activate heat-shock protein (Hsp) response to protect muscle cells against protein accumulation and inflammation (3, 5).

Heat shock proteins belong to a large family of molecular chaperones, which were discovered upon exposing cells to higher temperatures. Their primary role is to stabilize, activate, and protect proteins against degradation in the proteasome (6). Hsp90 is a highly ubiquitous ATP-dependent molecular chaperone, which is involved in several biological processes, e.g., controlling cell cycle and survival, maintaining homeostasis, stabilizing and activating cellular proteins. It plays an important role in the innate and adaptive immune system through activation and maturation of antigen-presenting cells and induction of pro-inflammatory cytokines [e.g., interleukin (IL)-1β, IL-12, and tumor necrosis factor (TNF)] (6, 7). Hsp90 also participates in autoimmune response, oncogenesis, viral infections, and neurodegenerative diseases (7–10).

To date, only a few studies examined the role of Hsp90 in rheumatic diseases. In rheumatoid arthritis (RA), an association of serum Hsp90 with disease activity and systemic inflammation was found despite the lack of significant differences between patients and healthy controls (11). Similarly, increased Hsp90 expression in peripheral blood mononuclear cells was detected in patients with more active systemic lupus erythematosus (SLE) (12). Our previous study described an increased expression of Hsp90 in the involved skin of scleroderma (SSc) patients and demonstrated its pro-fibrotic properties both in vitro and in vivo (13). Recently, we demonstrated a potential therapeutic application of Hsp90 inhibitors in SSc and showed increased Hsp90 plasma levels in SSc patients, predominantly in patients with skin and lung involvement (14, 15). In axial spondyloarthritis (ax-SpA), we observed elevated Hsp90 plasma levels, which were associated with inflammation of the sacroiliac joints (16). A potential role of Hsp90 in IIM was investigated by De Paepe et al., who described an increased local expression of Hsp90 in muscle biopsy samples from patients with PM, DM, and IBM, specifically in the regenerating and atrophic muscle fibers, and in macrophages and cytotoxic T-cells actively invading non-necrotic muscle fibers. In spite of the potentially protective effect of Hsp90 expression in regenerating muscle fibers, more evidence suggests the negative and pro-inflammatory role of Hsp90 in IIM (17–19).

Given the lack of organ- and disease-specific biomarkers for IIM, we aimed to examine the systemic levels of Hsp90 in patients with IIM and in healthy individuals, to analyze their association with IIM-related clinical features, and to evaluate their response to pharmacological intervention.



Materials and Methods


Patients and Healthy Controls

For the cross-sectional analysis of systemic levels of Hsp90, plasma samples were obtained from 277 Caucasian patients with IIM and 157 healthy Caucasian individuals. In total, two longitudinal cohorts (LC) were included to assess the effect of standard-of-care pharmacological therapy (LC1, LC2). LC1 included consecutively recruited IIM patients from the cross-sectional cohort with a short disease duration (≤ 6 months since the first symptom). Additionally, patients in LC1 had plasma samples and clinical data available at the 6-month and 12-month follow-ups after treatment initiation. LC2 was comprised of consecutively recruited IIM patients with established disease and ongoing treatment. Patients in LC2 had plasma samples and clinical data available at the 6-month follow-up after treatment initiation, and were originally recruited as a control group (i.e., treated with a standard-of-care pharmacotherapy only) in our recently published study on physiotherapy intervention in IIM patients (20). Patients with DM and PM were diagnosed using the Bohan and Peter classification criteria (21), and patients with IMNM fulfilled the definite or probable criteria of the European Neuromuscular Centre (ENMC) (22). Patients with dermatomyositis who developed cancer within three years of the diagnosis were classified as CDM (23). General age-appropriate screening was performed in all IIM patients; it was guided by clinical suspicion and included basic noninvasive examinations, such as chest X-ray, ultrasound of the abdomen, fecal occult blood, and gynecological evaluation or prostate-specific antigen analysis. For patients with DM and positivity of anti-TIF1-γ, anti-NXP2, or anti-SAE, and for patients without other myositis-specific antibodies (MSAs) or myositis-associated antibodies (MAAs), an additional extensive malignancy screening was performed, including serum cancer markers, comprehensive blood tests, whole-body PET-CT or CT scans of the chest, abdomen, and pelvis.



Clinical Evaluation

All patients have been clinically evaluated and treated at the Institute of rheumatology in Prague (IoRP) from 2007 by a board-certified rheumatologist experienced in diagnosing and treating IIM (JV, HM, OK) according to international guidelines (24). Physical functioning and clinical disease activity were assessed by the core set measures of disease activity proposed by the International Myositis Assessment & Clinical Studies Group (IMACS): myositis disease activity assessment tool (MDAAT), which includes the assessment of muscle disease activity (MDA) and physician global assessment of disease activity using the visual analogue scale (VAS), manual muscle testing (MMT) and the health assessment questionnaire (HAQ) (25). In addition to MMT8, we routinely measured muscle strength also in m. triceps brachii and m. iliopsoas. The myositis damage index (MDI) was used to evaluate IIM associated damage (25). All participants gave informed consent prior to participation. Our research was approved by the Ethics Committee of the IoRP. All methods were performed in accordance with the relevant guidelines and regulations.



Laboratory Measurements

Peripheral blood samples were collected into commercially available EDTA-treated tubes, immediately centrifuged, and stored at -80°C until use. Serum levels of C-reactive protein (CRP), creatine phosphokinase (CK), lactate dehydrogenase (LD), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and myoglobin (Mb) were determined using Beckman CoulterAU 680 analyzer (Beckman Coulter, USA). Erythrocyte sedimentation rate (ESR) was measured according to the Fahreus and Westergren method. Antinuclear antibodies (ANA) were detected using indirect immunofluorescence on HEP2 cells (ImmunoConcepts, Sacramento, CA, USA), and the MSAs and MAAs were determined by Myositis Line Immunoassay (IMTEC, Berlin, Germany) (detects anti-Mi-2, anti-PM-Scl, anti-Jo-1, anti-PL-7, anti-PL-12 antibodies) and Myositis Westernblot (Euroimmun, Lübeck, Germany) (detects anti-Mi-2, anti-TIF1-γ, anti-MDA5, anti-NXP2, anti-SAE, anti-Jo-1, anti-SRP, anti-PL-7, anti-PL-12, anti-EJ, anti-OJ antibodies). Plasma Hsp90 was quantified using a commercially available high-sensitive ELISA kit (eBioscience, Vienna, Austria) according to the manufacturer’s protocol. The calculated sensitivity is 0.03 ng/mL, and the absorbance value was determined at 450 nm by an ELISA reader (SUNRISE; Tecan, Grödig, Austria). The plasma concentrations of selected cytokines/chemokines were measured by a commercially available Bio-Plex Pro™ human Cytokine 27-plex Assay (BIO-RAD, California, USA) according to the manufacturer’s instruction. This kit measures the concentration of 27 cytokines, chemokines or growth factors: interleukin (IL)-1β, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, eotaxin, fibroblast growth factor (FGF) basic, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), interferon gamma-induced protein (IP)-10, monocyte chemoattractant protein (MCP)-1 (CCL2), macrophage inflammatory proteins (MIP)-1α (CCL3), MIP-1β (CCL4), platelet-derived growth factor (PDGF)-bb, regulated on activation/normal T cell expressed and secreted (RANTES, CCL5), tumor necrosis factor (TNF), and vascular endothelial growth factor (VEGF). The absorbance of the Bio-Plex Pro™ human Cytokine 27-plex Assay (BIO-RAD, California, USA) was established by Luminex BIO-PLEX 200 System (Bio-Rad, California, USA). Samples were measured as duplicates and the mean value was used.



Statistical Analysis

Basic descriptive statistics (mean, median, interquartile range [IQR], skewness, and kurtosis) were computed for all variables, which were subsequently tested for normality using the Kolmogorov–Smirnov and Shapiro-Wilk tests. Differences in interval variables (e.g., Hsp90) were evaluated using the Mann-Whitney U test, while the chi-square test was used to compare frequency counts of categorical variables (e.g., gender). The bivariate relationships between variables under study were assessed using the Spearman correlation coefficient. A correlation coefficient (r) of 0.1 to 0.3 was considered weak, 0.3 to 0.5 was considered moderate, and 0.5 to 1.0 was considered strong. Multivariate regression analysis was used to predict patients’ Hsp90 levels by a set of predictors (levels of muscle enzymes, MITAX, and current prednisone equivalent dose). Repeated longitudinal measurements were analyzed by one-way repeated ANOVA followed by post hoc comparisons. Diagnostic utility of Hsp90 plasma levels was assessed by the receiver operating characteristic (ROC) curve and area under the curve (AUC) analyses. Data are presented as median (IQR) unless stated otherwise. Statistical significance was set at p<0.05. All analyses were conducted using SPSS version 25 (SPSS, Inc., Chicago, IL, USA). Graphs were created using GraphPad Prism 5 (version 5.02; GraphPad Software, La Jolla, CA, USA).




Results


Characteristics of Patients

The cross-sectional study group comprised 104 patients with PM, 104 patients with DM, 42 patients with cancer-associated dermatomyositis (CDM), and 27 patients with IMNM. The clinical and demographic characteristics of this cohort are shown in Table 1. The median interval between the diagnosis of cancer and the subsequent diagnosis of DM (n=19) was 24 months, whereas the median interval between the diagnosis of DM and the subsequent confirmation of cancer (n=23) was 3 months. The most prevalent malignancies involved the breast (29%), ovaries (17%), lung (12%), kidney (10%), thymus (10%), and esophagus, urinary bladder, and liver (5% each). Cancer of the cervix, lymph nodes, skin, and large intestines was present in one patient each. The most prevalent antibodies in CDM patients included anti-TIF1-γ (43%), anti-Ro-52 (17%), anti-Mi-2 (12%), and anti-PM-Scl (5%). Whereas anti-NXP2, anti-Jo-1, and anti-Ro-60 were present only in one patient each; 7 patients (17%) had no detectable MSAs or MAAs.


Table 1 | Clinical and demographic characteristics of IIM patients and healthy controls: cross-sectional cohort.



The first longitudinal cohort (LC1) comprised 39 Caucasian IIM patients from the cross-sectional cohort, including 11 treatment-naïve patients and 28 patients with a short disease duration (median disease duration: 1.2 months), who recently started pharmacological treatment. The clinical and demographic characteristics of this cohort are shown in Table 2.


Table 2 | Baseline clinical characteristics of treatment-naïve and early-disease IIM patients treated with standard-of-care pharmacological therapy: longitudinal cohort 1.



The second longitudinal cohort (LC2) comprised 23 Caucasian IIM patients with established disease (median disease duration: 2.8 years) and ongoing pharmacological treatment. The clinical and demographic characteristics of this cohort are shown in Supplementary Table 1.



Plasma Hsp90 in Patients With Idiopathic Inflammatory Myopathies and in Healthy Controls: A Cross-Sectional Analysis

We observed increased plasma levels of Hsp90 in all IIM patients (n=277) compared to healthy individuals (n=157) (median [inter-quartile range]: 20.2 [14.3–40.1] vs 9.8 [7.5–13.8] ng/mL, p<0.0001). Circulating Hsp90 levels were also elevated in all individual subgroups of IIM compared to healthy controls (PM: 19.7 [14.3–42.2], DM: 22.0 [14.1–41.2], CDM: 18.9 [11.7–29.7], IMNM: 19.6 [16.3–45.5] ng/mL, p<0.0001 for all comparisons) (Figure 1A). Since healthy controls were significantly younger with a higher proportion of males compared to our IIM cohort (Table 1), additional analysis was performed, and all above-mentioned differences remained statistically significant (p<0.001 for all) even after adjusting for age and sex (using a general linear model). Interestingly, no significant differences among all four subsets of IIM were detected (p>0.05 for all comparisons) (Figure 1A).




Figure 1 | Plasma Hsp90 levels were increased in patients with IIM compared to healthy controls and were associated with serum markers of muscle damage. (A) Systemic levels of Hsp90 are significantly elevated in patients with idiopathic inflammatory myopathies (IIM) and individual subtypes of IIM (PM, polymyositis; DM, dermatomyositis; CDM, cancer-associated dermatomyositis and IMNM, immune-mediated necrotizing myopathy) compared to healthy controls (HC). Horizontal bars represent the median. Increased plasma Hsp90 is associated with elevated serum levels of (B) lactate dehydrogenase (LD) and (C) aspartate aminotransferase (AST).





Hsp90 Plasma Levels in Relation to Disease-Related Features: A Cross-Sectional Analysis

Increased Hsp90 plasma levels were found in male patients and those with IIM-associated interstitial lung disease, cardiac involvement, dysphagia, the positivity of anti-Ro (52kDa) antibodies, and current use of conventional synthetic antirheumatic drugs (csDMARDs) (p<0.05 for all comparisons to patients without these features) (Table 3). Furthermore, the bivariate analysis demonstrated a significant association of plasma Hsp90 with several clinical and laboratory measures of disease activity and damage. A positive correlation of plasma Hsp90 was found with enzymes reflecting skeletal muscle involvement: lactate dehydrogenase (LD; strong correlation), and aspartate aminotransferase (AST; moderate correlation) (Figures 1B, C). In addition, increased plasma Hsp90 was weakly associated with elevated alanine aminotransferase (ALT), decreased muscle strength (decreased MMT-8 total score, specifically in the proximal muscles including m. biceps brachii, m. gluteus maximus, and m. iliopsoas), increased disease activity (MITAX, MYOACT, pulmonary and muscle disease activity, and global disease activity assessed by both the patient and the doctor), increased damage (MDI extent, severity, and extended), and higher current prednisone equivalent dose (Supplementary Table 2). Differences in significant disease-related predictors of plasma Hsp90 among individual subtypes of IIM are presented in Table 4. To validate the reliability of potential predictors of Hsp90 levels, which were established by the bivariate analysis, three main variables were selected for a multivariate regression analysis model: a composite of muscle enzymes (CK, LD, AST, and ALT), MITAX, and the current prednisone equivalent dose. However, only association with muscle enzymes remained significant (β=0.358, p<0.001) in this multivariate analysis model (Supplementary Table 2). Concentrations of extracellular Hsp90 were not significantly affected by other main clinical or laboratory parameters of IIM, such as disease duration (either from the first symptom or from the diagnosis), MSAs, or MAAs (except for anti-Ro-52) (data not shown).


Table 3 | Elevated plasma Hsp90 in subgroups of patients with IIM.




Table 4 | Significant disease-related predictors of Hsp90 plasma levels in patients with individual subsets of IIM based on bivariate correlations.



In addition, weak to moderate positive correlations between Hsp90 and several crucial cytokines/chemokines involved in the pathogenesis of IIM were identified by the bivariate analysis, such as IL-1β, IL-6, IL-8, IL-17, interferon (IFN)-γ, C-X-C motif chemokine ligand 10 (CXCL10), monocyte chemoattractant protein 1 (MCP1, CCL2), macrophage inflammatory protein 1-alpha (MIP-1-α, CCL3), MIP-1-β (CCL4), vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF-BB) (p<0.05 for all correlations) (Table 5).


Table 5 | Cytokines and chemokines involved in the pathogenesis of IIM and their correlation to plasma Hsp90 based on the bivariate analysis in all IIM patients (n=277).





The Impact of Pharmacotherapy on Plasma Hsp90: A Longitudinal Analysis (LC1 and LC2)

The potential effect of the standard-of-care pharmacotherapy was assessed in two independent cohorts of IIM patients with longitudinally collected blood samples: LC1 comprising treatment naïve patients (n=11) and patients with early disease (n=28) with recently started pharmacological treatment, and LC2 representing patients with established disease (n=23) with ongoing pharmacological treatment.

In LC1, significantly increased levels of plasma Hsp90 compared to age- and sex-matched healthy controls (n=39) were found in both treatment naïve patients, in patients with early disease, and combined (healthy controls: 8.6 [6.3–11.4], treatment naïve 18.9 [15.2–27.0], early disease 25.1 [14.3–41.1], treatment naïve/early disease 25.1 [15.2–41.1] ng/mL, p<0.0001 for all mentioned comparisons). No significant differences were observed between treatment naïve patients and patients with early disease (p=0.607) (Figure 2A). In brief, pharmacological treatment significantly decreased the mean serum levels of LD and CK at month 6 and 12 compared to baseline (LD: by 38% and 48%; CK: by 40% and 69%, respectively, p<0.01 for all comparisons) (Table 2). Upon treatment, we found a significant decrease in Hsp90 plasma levels in the whole LC1 at both month 6 and 12 compared to baseline levels (baseline: 25.1 [15.2–41.1], month 6: 7.8 [5.8–11.6], month 12: 7.7 [6.6–11.8] ng/mL, p=0.0001 for both comparisons) (Figure 2B). The decrease in plasma Hsp90 levels over 12 months was strongly associated with the decrease in LD over 12 months (r=0.540, p=0.006) (Figure 2C). Moreover, baseline Hsp90 was able to predict the change in LD levels at both 6 months (r=0.370, p=0.031) (Figure 2D) and 12 months (r=0.458, p=0.021).




Figure 2 | The effect of pharmacotherapy on plasma Hsp90 levels in patients with IIM. (A) Plasma Hsp90 levels were increased in both treatment naïve patients with idiopathic inflammatory myopathies (naïve IIM) and patients with short disease duration with recently started pharmacological treatment (early IIM) compared to healthy controls (HC). Horizontal bars represent the median. (B) Upon 6 and 12 months of standard-of-care pharmacotherapy, plasma Hsp90 levels significantly decreased in treatment naïve/early IIM patients. (C) The 12-month change in Hsp90 was associated with the 12-month change in LD levels. (D) Baseline Hsp90 predicted the 6-month change in LD levels. (E) In IIM patients with established disease, ongoing standard-of-care pharmacotherapy resulted in a significant decrease in plasma Hsp90 levels over six months. (F) Baseline Hsp90 levels were able to predict the 6-month change in the levels of LD. The red line and whiskers represent the mean and standard error of the mean (B, E).



In patients with established disease (LC2), we did not observe any significant change in the mean serum levels of LD and CK at month six compared to baseline (LD: -9%, p=0.897; CK: +5%, p=0.154) (Supplementary Table 1). However, upon treatment, we also detected a significant decrease in plasma Hsp90 levels at month six compared to baseline levels (baseline: 15.7 [9.8–29.5], month 6: 12.9 [9.7–16.6] ng/mL, p=0.042) (Figure 2E). In line with the findings in LC1, baseline Hsp90 in LC2 was able to predict the change in LD levels at month six (r=0.447, p=0.037) (Figure 2F). In addition, Hsp90 baseline levels also predicted the change in AST and CK levels at month six (r=0.494, p=0.020; r=0.430, p=0.046, respectively).



Performance of Plasma Hsp90 in Comparison to Traditional Soluble Biomarkers

We evaluated the ability of plasma Hsp90 to distinguish IIM patients and its subsets (PM, DM, CDM and IMNM) from HC using the AUC-ROC analysis, and compared it to that of the traditional serum biomarkers such as CRP, CK and LD (Supplemetary Table 3). Plasma Hsp90 outperformed serum CRP and CK levels in discriminating between IIM vs. HC (Supplementary Figure 1A), as well as between PM vs. HC (Supplementary Figure 1B) and DM vs. HC (Supplementary Figure 1C), as demonstrated by higher AUC, sensitivity, specificity, and odds ratio (Supplementary Table 3). The discriminatory ability between CDM vs. HC (Supplementary Figure 1D), and IMNM vs. HC (Supplementary Figure 1E) was comparable between Hsp90 and CK (Supplementary Table 3). Notably, out of all four biomarkers, plasma Hsp90 attained slightly higher AUC for discriminating between IIM patients with and without interstitial lung disease, and with and without cardiac involvement (Supplementary Figures 1F-G and Supplementary Table 3).




Discussion

In the present study, we demonstrate elevated systemic levels of Hsp90 in patients with IIM and their association with several disease-related clinical and laboratory features. To date, several different roles of Hsp90 in muscle biology have been proposed. During myogenesis, increased expression of Hsp90 and ubiquitin in regenerating myofibers suggests that both are largely regulated by the activation of developmental mechanisms rather than by any particular disease (26). In damaged muscle fibers, De Paepe et al. propose a general protective role of Hsp90, i.e., counteracting mechanisms involved in the injury of myofibers. Whereas in PM or IBM, they suggest a specific cytotoxic role in the active invasion of myofibers by macrophages and cytotoxic T-cells, which is typically found in these subtypes of IIM (3, 17–19). Furthermore, Hsp90 alpha is secreted by activated endothelial cells and was postulated as a positive regulator of angiogenesis in wound healing (27). We hypothesize that damage to muscle fibers could be associated with an increased formation of a complex of Hsp90 with its client proteins and stabilizing peptides. However, these Hsp90-antigen complexes are recognized by antigen-presenting cells (APCs) such as macrophages or dendritic cells, and are presented by MHC class I or II molecules on APCs to CD8 or CD4 T lymphocytes, which actively invade non-necrotic muscle fibers or infiltrate the perivascular milieu (3, 17, 28). Activation of inflammatory cells leads to a release of pro-inflammatory cytokines and chemokines and an increased production of nitric oxide, which enhances the cytotoxicity of macrophages in myofibers (19, 28, 29).

Hsp are traditionally regarded as intracellular molecules. However, upon necrotic cell death and other stress stimuli, Hsp can be released into the extracellular compartment (29). In line with an increased Hsp90 expression in the involved skeletal muscles demonstrated by de Paepe et al. (17–19), herein, we demonstrate for the first time increased systemic levels of Hsp90 in IIM patients compared to healthy controls. Systemic levels of Hsp90 were comparable among all four IIM subtypes investigated (PM, DM, CDM, IMNM). Since Hsp90 is commonly overexpressed in cancer cells and secreted Hsp90 is believed to promote cancer cell invasion and metastasis (8, 30), it may be surprising that plasma Hsp90 was not actually higher in CDM, possibly due to the different volumes of the involved tissues. Increased plasma Hsp90 does not seem to be specific for IIM. Using the same methodology, our recently published studies demonstrated increased plasma Hsp90 also in patients with axial spondyloarthritis (axSpA) and SSc, and comparable levels in psoriatic arthritis (PsA) when compared to healthy individuals (15, 16). Furthermore, increased plasma Hsp90 in IIM patients was associated with several measures of disease activity (e.g., elevated serum levels of LD, AST and ALT, increased muscle weakness, higher physicians’ assessment of global, muscle and pulmonary activity, MITAX, MYOACT) and damage (increased MDI). However, all of these associations (except for that with LD) were weak. Higher plasma Hsp90 was detected in patients with interstitial lung disease (ILD) or anti-Ro-52 antibodies, which are associated with ILD in IIM (31) and cardiac involvement. These findings are in line with a possible role of Hsp90 previously described in SSc-ILD, idiopathic pulmonary fibrosis, heart failure and pathological cardiac remodeling (15, 32–34). Moreover, increased Hsp90 was found in patients with dysphagia and in those currently treated with csDMARDs or with a higher prednisone equivalent dose, which is in line with elevated Hsp90 in patients with higher disease activity. Higher Hsp90 in male IIM patients could be due to a larger muscle mass and higher disease activity in males than in females (MYOACT: 0.08 [0.015-0.135] vs 0.04 [0.02-0.11], respectively, p=0.082). In addition, elevated plasma Hsp90 was weakly associated with increased systemic levels of several key pro-inflammatory and pro-angiogenic cytokines/chemokines implicated in the pathogenesis of IIM, e.g., IL-1β, IL-6, IL-8, IL-17, IFN-γ, CXCL10, CCL2-4, VEGF, and PDGF (1–3, 35–42). However, only the muscle enzymes were confirmed by multivariate analysis as the strongest predictors of plasma Hsp90 in IIM.

Due to the well-known role of Hsp90 in regulating the activity of glucocorticoid receptors (43, 44), the fact that corticosteroids remain the cornerstone therapy in IIM (1, 2), and the positive correlation between plasma Hsp90 and the current prednisone equivalent dose in our cross-sectional cohort, we were interested in analyzing plasma Hsp90 in glucocorticoid naïve IIM patients and assessing the effect of glucocorticoid therapy (with csDMARDs). In treatment naïve IIM patients, plasma Hsp90 was higher than in healthy controls and was comparable to patients with short disease duration, who recently commenced pharmacological treatment (LC1). Interestingly, pharmacological treatment significantly decreased plasma Hsp90 in the pooled treatment naïve/early IIM group (LC1), which was associated with a decline in serum LD levels. A similar decrease in Hsp90 induced by pharmacological therapy was observed in patients with established IIM (LC2). Of particular interest, baseline Hsp90 levels were able to predict the 6-month change in serum LD levels in both LC1 and LC2. Similarly, our recently published study in patients with active SSc-ILD treated with cyclophosphamide demonstrated that baseline Hsp90 predicted the 12-month improvement in diffusing lung capacity for carbon monoxide (DLCO) (15).

Given the lack of organ-specific and disease-specific biomarkers for IIM used in routine clinical practice, we analyzed the diagnostic utility of plasma Hsp90 in IIM and its subsets and compared it to that of traditionally used soluble biomarkers such as CK, LD and CRP (45). Additionally, muscle-derived enzymes such as CK, aldolase, ALT, AST and LD have been used as indirect markers of various conditions causing myolysis, and usually indicate disease activity in patients with IIM (45). Due to their relative muscle specificity, serum CK levels are most frequently used for the diagnosis and monitoring of IIM, while the other markers (such as LD and transaminases) are present in almost all living cells and are far less specific for muscle damage (45). Moreover, elevated serum CRP is rarely seen in IIM, and is mostly observed in IIM-associated arthritis, ILD or cancer (46–48). In contrast, based on our diagnostic utility analysis, plasma Hsp90 outperformed CK and CRP in distinguishing IIM from HC, as well as PM and DM from HC. Of particular interest, plasma Hsp90 attained a slightly higher AUC than CK, LD or CRP in distinguishing IIM patients with ILD and cardiac involvement from those without these manifestations. The latter finding is of some potential, since CRP and ESR are the only routine biochemistry parameters demonstrated to be associated with PM/DM-ILD according to a recent meta-analysis (47). It is also worth mentioning that cardiac troponin isoform I (cTnI) is the only reliable serum marker associated with IIM-related myocardial damage, while other traditional cardiac enzymes need to be interpreted with caution (49, 50).

There are a few limitations to our study. Since IIM is an orphan disease, the number of patients for longitudinal analyses was relatively limited. However, possible selection bias was minimized by consecutive recruitment of patients. Neither aldolase, nor traditional serum markers of myocardial damage were available in our patients for comparative diagnostic utility analysis. Most of the detected associations of plasma Hsp90 with clinical or laboratory parameters of interest were weak and thus need to be interpreted with caution regarding their potential clinical utility. Furthermore, the results of disease activity (MITAX or MYOACT) were unavailable for most of the patients in the longitudinal cohorts at the follow-up examinations, which precluded us from evaluating the associations of the dynamics of plasma Hsp90 with disease activity. Despite these limitations, we believe that our study provides substantial evidence for plasma Hsp90 as a potential biomarker for IIM.



Conclusion

In summary, this is the first study demonstrating elevated systemic levels of Hsp90 in patients with IIM and its potential association with several measures of disease activity and tissue damage, including functional impairment of the muscle and organ involvement. Plasma Hsp90 decreased upon pharmacological treatment in IIM patients with both early and established disease, and was able to predict the response to standard-of-care pharmacological therapy. Plasma Hsp90 demonstrated slightly superior ability to discriminate IIM patients from healthy controls, as well as IIM patients with interstitial lung disease or cardiac involvement from those without these manifestations, when compared to traditional soluble biomarkers such as CRP and CK. Thus, plasma Hsp90 could be a potential novel biomarker of disease activity, involvement of the skeletal muscle, lungs and heart, and a promising predictor of treatment response in IIM.
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Immunoglobulin A nephropathy (IgAN) is the most common primary glomerulonephritis characterized by IgA deposits in the mesangial area of glomeruli. Connective tissue disorders are some of the most frequent causes of secondary IgAN. Nevertheless, IgAN rarely occurs in systemic autoimmune myopathies (SAMs). The present case study reports on a 58-year-old patient with dermatomyositis with positive anti-transcription intermediary factor (TIF)-1γ antibodies who was diagnosed with IgAN during standard immunosuppressive therapy. Moreover, we have made a systematic review regarding the association of SAMs and IgAN. To the best of the authors’ knowledge, this is the first case study describing a patient with anti-TIF1γ antibody-positive dermatomyositis who developed IgAN, which demonstrates a potential relationship between anti-TIF1γ-positive dermatomyositis and IgAN. It is important for clinicians to be aware of the possibility of renal involvement in patients with SAMs, even in those with anti-TIF1γ-positive dermatomyositis.
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Introduction

Systemic autoimmune myopathies (SAMs) are a complex heterogeneous group of diseases characterized by muscle inflammation and involve extramuscular organs, including the skin, joints, lungs, heart, and gastrointestinal tract (1, 2). Dermatomyositis (DM) and polymyositis (PM) are two main types of SAMs. Unlike respiratory and gastrointestinal involvement, renal involvement rarely occurs in SAMs compared with other autoimmune diseases, such as systemic lupus erythematosus and scleroderma (3). Immunoglobulin A nephropathy (IgAN) is the most common primary glomerulonephritis characterized by IgA deposits in the mesangial area of glomeruli. Connective tissue disorders are some of the most frequent causes of secondary IgAN (4). Nevertheless, SAM-associated IgAN has rarely been reported. Here, to the best of our knowledge, we describe for the first time a 58-year-old patient with DM with positive anti-transcription intermediary factor (TIF)-1γ antibodies who developed IgAN during standard immunosuppressive therapy.



Case Presentation

A 58-year-old Chinese man was admitted to our hospital in June 2020 due to a six-year history of a recurrent rash and a new onset of haematuria and proteinuria. In June 2014, the patient was diagnosed with DM based on the presence of a heliotrope rash and Gottron’s papules, progressive proximal muscle weakness with a significant elevation in creatine kinase (CK 1867 U/L, reference range 25-192), and proximal myopathic changes indicated by electromyography (5). The routine urinalysis was normal. Methylprednisolone (80 mg/day), methotrexate (12.5 mg/week) and cyclophosphamide (400 mg/week) were initiated. However, the patient developed a pulmonary cytomegalovirus infection within a month (July 2014) and therefore was changed from methotrexate and cyclophosphamide to tacrolimus (4 mg/day). His DM was stable without any rash or muscle weakness for five years with low-dose prednisolone (5 mg/day) and tacrolimus (2 mg/day) for maintenance therapy.

In May 2019, the patient again developed a heliotrope rash and proximal muscle weakness, with a mild elevation in CK (362 U/L). His routine urinalysis was normal. Further tests revealed that his anti-TIF1γ antibodies were positive based on an immune blotting assay. A positron emission tomography-computer tomography (PET-CT) was unremarkable. There was no evidence to suggest infection or malignancy. Therefore, the methylprednisolone dosage was increased to 40 mg/day and the tacrolimus dosage was increased to 3 mg/day, resulting in gradual improvement of his rash. In April 2020, the methylprednisolone was gradually tapered until it was discontinued, and tacrolimus (3 mg/day) was continued for maintenance therapy. In June 2020, the patient’s rash reoccurred, and there was a new onset of haematuria (3+) and proteinuria (2+) on the urinalysis. He denied other past medical history, including diabetes mellitus, hypertension, and nephropathies.

Physical examination on admission revealed the presence of a heliotrope rash and Gottron’s papules (Supplementary Figures 1A, C) without any signs of muscle weakness or pain. Laboratory tests revealed the following metabolic levels: CK at 171 U/L, lactate dehydrogenase (LDH; reference range 110-240) at 281 U/L, alanine aminotransferase (ALT; reference range 0-40) at 85 U/L, aspartate transaminase (AST; reference range 0-40) at 59 U/L, C-reactive protein (CRP; reference range <5) at 3.46 mg/L, erythrocyte sedimentation rate (ESR; reference range 0-20) at 30 mm/h, ferritin (reference range 11.0-306.8) at 708.7 ng/mL, immunoglobulin A (reference range 0.7-4.5) at 6.25 g/L, serum urea nitrogen (BUN; reference range 2.5-7.5) at 3.99 mmol/L, and creatinine (Cr; reference range 44-133) at 58 µmol/L. A urinalysis revealed a proteinuria (0.3 g/L) with a strongly positive haematuria with a 24-hour urine protein (reference range 0.028-0.141) of 0.94 g. Further assessment of urinary red blood cell morphology by phase-contrast microscopy showed that the urinary red blood cell count was 35854/ml, with only 22% normal urinary red blood cells, and there was no evidence of malignancy, diabetes, hypertension or urolithiasis. The main laboratory results are shown in Supplementary Table 1.

A percutaneous renal biopsy was performed to confirm nephropathy. The renal biopsy revealed that one was globally sclerotic among 30 glomeruli sampled. The remainder had mild to moderate mesangial hypercellularity, accompanied by excessive intracapillary cells (Figures 1A, B). Segmental sclerosis, interstitial fibrosis or tubular atrophy, or cellular or fibrocellular crescent could not be found in the renal biopsy. Immunofluorescence staining demonstrated proliferative mesangial deposits of IgA (3+) (Figure 1C), C3 (2+), IgM (1+), kappa (1+), and lambda (2+). In addition, electron-dense deposits in the mesangium and matrix were also detected by electron microscopy (Figure 1D). The Oxford MEST-C score (M: mesangial hypercellularity; E: endocapillary hypercellularity; S: segmental sclerosis; T: percentage of interstitial fibrosis or tubular atrophy; C: active cellular or fibrocellular crescent) was M1E1S0T0C0 according to the Oxford classification of IgAN (6). These findings led to the diagnosis of a DM flare complicated by IgAN. Therefore, methylprednisolone (40 mg/day) and methotrexate (10 mg/week) with valsartan were initiated for the patient, and tacrolimus was discontinued. During the follow-up, the patient’s rash gradually improved. After 3 months of immunosuppressive treatment, the patient’s rash substantially improved (Supplementary Figures 1B, D), with normal levels of CK, LDH, ALT, and AST. His 24-hour urine protein decreased to 0.640 g, but red blood cells were still found on the urinalysis. At the time of writing this report, the patient was being treated with 6 mg/day methylprednisolone, 15 mg/week methotrexate and valsartan, and his DM was stable with a minimal rash on his face and neck. The clinical course of the patient is shown in Table 1.




Figure 1 | Histopathological changes of renal biopsy in the patient. (A, B) Light microscopy shows a glomerulus with mild to moderate mesangial hypercellularity and endocapillary hypercellularity. (A) Periodic acid-Schiff staining; original magnification ×400. (B) Periodic acid-silver methenamine staining; original magnification ×400. (C) IgA deposits along the glomerular mesangial area by immunofluorescence. original magnification ×400. (D) Deposits along the mesangium and matrix by electron microscopy. original magnification ×5000.




Table 1 | Timeline of the disease and treatment.





Discussion

SAMs consist of five main forms: DM, PM, anti-synthetase syndrome, immune-mediated necrotizing myopathy and inclusion body myositis (2). Over the last few decades, several DM-specific autoantibodies have been discovered, such as anti-Mi2, anti-nuclear matrix protein (NXP)2, anti-TIF1γ, anti-small ubiquitin-like modifier activating enzyme (SAE) and anti-melanoma differentiation-associated protein (MDA)5 antibodies (7). Approximately 70% of patients with DM have DM-specific autoantibodies, and each of these has been associated with a unique clinical phenotype (8). TIF1γ, encoded by the tripartite motif containing (TRIM) 33 gene, is involved in various biological pathways, such as transforming growth factor (TGF)-β signaling pathway and Wnt/β-catenin pathway (9). The relationship between anti-TIF1γ antibodies and cancer in patients with DM has been well established. As many as 50% of anti-TIF1γ-positive DM patients have developed cancers within 3 years from the onset of myositis (7). The pathogenic mechanism of the anti-TIF1γ antibody is not yet clear and may be related to the tumorigenic role of the TIF1 family proteins (10). In this study, a diagnosis of anti-TIF1γ antibody-positive DM was established in our patient. However, there was no evidence of malignancies in the patient during the six-year follow-up. Intriguingly, a new onset of IgAN was found in the patient. To the best of our knowledge, we describe for the first time that a DM patient with anti-TIF1γ antibodies developed IgAN during standard immunosuppressive therapy. Our case study highlights a potential association between anti-TIF1γ-positive DM and IgAN, suggesting the need for close monitoring of new-onset IgAN during the course of the preexisting DM for an early diagnosis and management of IgAN. Renal biopsy is advisable in patients who manifest with persistent renal abnormalities during the follow-up. It is important for clinicians to be aware of the possibility of renal involvement in patients with SAMs, even in those with anti-TIF1γ-positive DM rather than only considering the association with malignancy.

Renal involvement is rare in SAMs. The most common renal involvement includes acute tubular necrosis and chronic glomerulonephritis (11, 12). A multicentre study including 150 patients with SAMs (DM, PM, or anti-synthetase syndrome) showed that renal involvement occurred in 35 patients (23.3%): acute kidney injury in 16 patients (10.7%) and chronic kidney disease in 31 patients (20.7%). The main cause of acute kidney injury was acute tubular necrosis caused by drugs or myoglobinuria (11). Yen et al. (12) reported that 14 out of 65 patients with PM/DM had renal involvement. Takizawa et al. (13) reported 21 cases of PM/DM-associated glomerulonephritis confirmed by biopsy. The diagnosis included 12 cases of glomerular proliferative glomerulonephritis, six cases of membranous glomerulonephritis, one case of minimal change glomerulonephritis and two cases of crescentic glomerulonephritis. A common finding of PM is mesangial proliferative glomerulonephritis, while that of DM is membranous glomerulonephritis. However, IgAN is rarely reported in SAMs according to the previously published literature, which was confirmed in our patient based on the biopsy.

IgAN is the most common primary glomerulonephritis in the world. Renal histopathology has shown that IgA was the major immunoglobulin in glomeruli, usually accompanied by complement C3, and often accompanied by IgG and IgM (4). Abnormal glycosylation of the IgA1 molecule has been reported to be the key cause of IgAN. Abnormal IgA1 molecules polymerize or bind with IgG or IgA1 antibodies in vivo as autoantigens to form immune complexes, which promote inflammatory reactions and complement activation. Complement activation can also increase the direct damage to podocytes caused by various cytokines or chemokines. Notably, an in vitro study has revealed a decreased activity of β-1,3-galactosyltransferase that is essential in IgA1 glycosylation in IgA1-producing cells, which contributes to hypoglycosylation of IgA1 in patients with IgAN (14). Secondary IgAN is mainly reported in IgA vasculitis, liver diseases, chronic infections, and tumors (4, 15). In addition, IgAN may also be associated with a variety of rheumatic diseases, including inflammatory bowel disease (IBD) (16), spondyloarthritis (17), systemic lupus erythematosus (18), Sjögren syndrome (19) and rheumatoid arthritis (RA) (20). Case reports of PM/DM complicated with IgAN are not common. To date, 11 cases of SAMs with IgAN have been reported previously: two cases of juvenile DM (21, 22), two DM (23, 24), three PM (25–27), and four anti-synthetase syndrome (11, 13, 28). The details of the reported 11 cases are shown in Table 2. Current studies have revealed a similar galactose-deficient IgA1-mediated pathogenesis in secondary IgAN (15). Furthermore, the pathogenesis of IgAN in Sjögren syndrome is probably attributed to the deposition of IgA-containing circulating immune complexes that are secreted by activated monoclonal B lymphocytes and the dysregulation of polymeric IgA (19). However, the relationship between IgAN and DM is still unclear. It is more likely that the two immune diseases may have similar immune pathogenic mechanisms (21), both of which are mainly mediated by humoral immune system. Nevertheless, the relationship between IgAN and PM seems to be unclear, in which cellular immunity is considered to be the dominant mechanism (26).


Table 2 | Case reports regarding systemic autoimmune myopathies with IgA nephropathy.



Intriguingly, our patient developed IgAN during standard immunosuppressive therapy, which is the first case report describing the development of IgAN in a DM patient with anti-TIF1γ antibodies. However, IgAN is known as a “multi-hit hypothesis” of pathogenesis (29), and the mechanism by which TIF1γ may be associated with the development of IgAN is still unclear. TIF1γ, as a member of TRIM family, has E3 ubiquitinprotein ligase activity (9), which may be involved in the degradation of the specific glycosyltransferases in IgA1 glycosylation, such as β-1,3-galactosyltransferase mentioned above. Moreover, anti-TIF1-γ antibodies have been reported to be specially associated with human leucocyte antigen (HLA)-DQB1*02 in adult-onset patients (30). Genome-wide association analyses of IgAN identified HLA-DQB1 as one of the loci with high susceptibility (31, 32). Therefore, a similar genetic predisposition may partially explain the relationship between anti-TIF1γ antibody and IgAN. In addition, an active immune response could directly or indirectly contribute to inducing the excessive production of galactose-deficient IgA1 and subsequent heightened immune responses (33, 34). Of note, the new onset of haematuria and proteinuria was found simultaneously with a flare of DM in this patient. Therefore, the development of IgAN may also be attributed to a systemic active immune response in the patient. Additional studies are required to determine the pathogenetic mechanisms of IgAN underlying anti-TIF1-γ antibody-positive DM. On the other hand, the prevalence of IgAN varies largely according to geography and ethnicity, and IgAN is more common among Asians than in Caucasians (35). Importantly, IgAN has been reported to account for 54.3% of primary glomerular diseases in China (36). In this respect, this case study might simply reflect the higher prevalence of IgAN in China. The possibility of a coincidence finding between IgAN and anti-TIF1-γ antibody-positive DM in this patient cannot be completely ruled out. Additionally, although time intervals between the occurrence of SAMs and IgAN reported previously can be as long as 18 years (11), it might be, to some extent, more likely to be coincidental rather than causative relationship between these two diseases due to the relatively long time interval (six years) in this patient.

There are currently no guidelines for the treatment of secondary IgAN. According to the different clinical conditions of the patients, the standard treatment for primary IgAN is the use of angiotensin-converting enzyme inhibitors and steroids or even immunosuppressants. However, recent studies have shown that adding immunosuppressive therapy to the intensive supportive treatment of patients with high-risk IgAN does not significantly improve the prognosis, because the estimated glomerular filtration rate does not change and more adverse reactions have been observed (37). Accordingly, a single angiotensin receptor blocker was added to treat the IgAN in our patient due to having no crescent formation found in the kidney biopsy and a normal renal function. Compared with patients with primary IgAN, patients with secondary IgAN were older, had more complications and had higher levels of haematuria but lower levels of proteinuria. The pathological changes and clinical outcomes of secondary IgAN were similar to those in primary IgAN (38). The conclusion of this retrospective study may not be robust enough and should be interpreted with caution, due to the fact that only 16 patients with systemic autoimmune diseases were included. Intriguingly, several recent studies have demonstrated that secondary IgAN, such as spondyloarthritis-associated and IBD-associated IgAN, is related with a poor renal outcome, with an elevated risk of progression to end-stage kidney disease (17, 39). Compared with those without renal involvement, an increased risk of cardiovascular diseases was observed in RA patients with renal abnormalities (40). Taken together, it could be reasonable to postulate that IgAN secondary to systemic autoimmune diseases may have a worse prognosis than primary IgAN, probably due to the underlying systemic diseases. Therefore, careful monitoring of urinalysis and renal function should be performed routinely in patients with systemic autoimmune diseases, such as DM, for the purpose of early diagnosis of IgAN and avoiding nephrotoxic immunosuppressants. However, more studies are needed to investigate the prognosis of patients with DM and concurrent IgAN.

The main limitation of the current study is that this is a case report. Although several cases of IgAN developing in SAMs have been previously described, to the best of our knowledge, this is the first case study depicting an anti-TIF1γ antibody-positive DM patient complicated with IgAN, which indicates that IgAN may be secondary to DM with positive anti-TIF1γ antibodies. Further studies are needed to explore the relationship between SAMs and IgAN, as well as the underlying mechanisms.



Conclusion

We describe the first case of a patient with DM with positive anti-TIF-1γ antibodies who was diagnosed with IgAN during standard immunosuppressive therapy, which adds to the small body of existing evidence on the possible association of SAMs and IgAN. Urinalysis and renal function tests should be performed routinely in patients with SAMs, even in those with anti-TIF1γ-positive DM, for an early diagnosis and management of IgAN. Further studies are needed to explore the relationship between SAMs and IgAN.
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Background

Anti-TIF1γ antibodies are a class of myositis-specific antibodies (MSAs) and are closely associated with adult cancer-associated myositis (CAM). The heterogeneity in anti-TIF1γ+ myositis is poorly explored, and whether anti-TIF1γ+ patients will develop cancer or not is unknown at their first diagnosis. Here, we aimed to explore the subtypes of anti-TIF1γ+ myositis and construct machine learning classifiers to predict cancer in anti-TIF1γ+ patients based on clinical features.



Methods

A cohort of 87 anti-TIF1γ+ patients were enrolled and followed up in Xiangya Hospital from June 2017 to June 2021. Sankey diagrams indicating temporal relationships between anti-TIF1γ+ myositis and cancer were plotted. Elastic net and random forest were used to select and rank the most important variables. Multidimensional scaling (MDS) plot and hierarchical cluster analysis were performed to identify subtypes of anti-TIF1γ+ myositis. The clinical characteristics were compared among subtypes of anti-TIF1γ+ patients. Machine learning classifiers were constructed to predict cancer in anti-TIF1γ+ myositis, the accuracy of which was evaluated by receiver operating characteristic (ROC) curves.



Results

Forty-seven (54.0%) anti-TIF1γ+ patients had cancer, 78.7% of which were diagnosed within 0.5 years of the myositis diagnosis. Fourteen variables contributing most to distinguishing cancer and non-cancer were selected and used for the calculation of the similarities (proximities) of samples and the construction of machine learning classifiers. The top 10 were disease duration, percentage of lymphocytes (L%), percentage of neutrophils (N%), neutrophil-to-lymphocyte ratio (NLR), sex, C-reactive protein (CRP), shawl sign, arthritis/arthralgia, V-neck sign, and anti-PM-Scl75 antibodies. Anti-TIF1γ+ myositis patients can be clearly separated into three clinical subtypes, which correspond to patients with low, intermediate, and high cancer risk, respectively. Machine learning classifiers [random forest, support vector machines (SVM), extreme gradient boosting (XGBoost), elastic net, and decision tree] had good predictions for cancer in anti-TIF1γ+ myositis patients. In particular, the prediction accuracy of random forest was >90%, and decision tree highlighted disease duration, NLR, and CRP as critical clinical parameters for recognizing cancer patients.



Conclusion

Anti-TIF1γ+ myositis can be separated into three distinct subtypes with low, intermediate, and high risk of cancer. Machine learning classifiers constructed with clinical characteristics have favorable performance in predicting cancer in anti-TIF1γ+ myositis, which can help physicians in choosing appropriate cancer screening programs.
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Introduction

Idiopathic inflammatory myopathies (IIMs, collectively called myositis) are a group of highly heterogeneous systemic autoimmune diseases. IIMs have five main subgroups—dermatomyositis (DM), polymyositis (PM), immune-mediated necrotizing myopathy (IMNM), sporadic inclusion body myositis (sIBM), and overlap myositis (including antisynthetase syndrome) (1, 2). An increased cancer risk in adult myositis patients has been observed in numerous large population studies, and the incidences vary from 6.7% to 32.0% (3–5). Most cancers are diagnosed within 3 years of myositis diagnosis, and the time span of cancer-associated myositis (CAM) is accordingly defined (4, 6–8). DM has a stronger association with cancer than other IIM subgroups, and the cancer types are influenced by the geographical and ethnic backgrounds of myositis patients (9).

Autoantibodies are important biomarkers in IIMs. Myositis-specific autoantibodies (MSAs) are specific to IIMs, while myositis-associated autoantibodies (MAAs) are associated with myositis overlap syndromes. MSAs are closely correlated with distinct disease phenotypes; for example, anti-MDA5 antibodies are associated with clinically amyopathic DM and rapidly progressive interstitial lung disease (RP-ILD) (10).

Transcriptional intermediary factor 1γ (TIF1γ) is a protein belonging to the tripartite motif (TRIM) superfamily that plays diverse roles in transcriptional elongation, DNA repair, cell differentiation, mitosis, and embryonic development. Anti-TIF1γ antibodies were first referred to as anti-p155 in the serum of myositis patients, which immunoprecipitated a 155-kDa nuclear protein (11, 12). Anti-TIF1γ antibodies are found in 7% of adult IIMs and are considered as one of the MSAs present in DM (10, 13, 14). Many studies have reported a strong correlation between anti-TIF1γ antibodies and malignancies. Approximately 50% of anti-TIF1γ+ adult myositis patients are diagnosed with cancers within 3 years (12, 15). However, even if the high risk of cancer in anti-TIF1γ+ myositis is known, physicians still cannot exactly predict the anti-TIF1γ+ myositis patients developing cancer or not at the first diagnosis. More extensive cancer screening is needed for the anti-TIF1γ+ patients who will develop cancer, while less effort is needed for those who will not. Thus, earlier identification of anti-TIF1γ+ patients with probable cancers will be clinically important.

In this study, we analyzed 44 clinical characteristics at baseline of 87 anti-TIF1γ+ adult myositis patients and their outcome of cancer during the follow-up time. Fourteen variables most important for distinguishing cancer and non-cancer were selected. Then, multidimensional scaling (MDS) plot and hierarchical cluster analysis divided anti-TIF1γ+ myositis into three clusters based on sample similarities calculated with these variables, which corresponded to patients with low, intermediate, and high cancer risk. Distinct clinical characteristics were found among clusters. In addition, machine learning classifiers for cancer were constructed and verified with excellent performances. Overall, our study highlighted a new strategy to manage anti-TIF1γ+ patients with machine learning algorithms to stratify and predict their cancer risk at their first visit at hospitals.



Materials and Methods


Study Design and Participants

This was a longitudinal study conducted at Xiangya Hospital in Hunan Province, south-central China, from June 2017 to June 2021. The inclusion criteria were a clinical diagnosis of myositis in adult patients according to either the 1975 Bohan/Peter (16) or 2017 EULAR/ACR (1) classification for IIMs, with serological positivity for anti-TIF1γ antibodies, and follow-up for three years from the diagnosis of myositis unless cancer was diagnosed earlier. The exclusion criteria were patients who withdrew or failed to finish the follow-up. Myositis overlapping with other connective tissue diseases, such as systemic lupus erythematosus (SLE) and Sjogren’s syndrome (SS), was not excluded, because overlap myositis is also recognized as one main subtype of IIMs (2). The antibody repertoire of myositis was detected with serum using commercially available kits (Euroimmun, Germany, and KingMed, China). A flow diagram of the study protocol is shown in Supplementary File 1. This study was approved by the Ethics Committee of the Institutional Review Board at Xiangya Hospital (#201212074), and written informed consent was obtained from all patients.



Data Collection

Medical records of patients at the time of enrollment before treatment were reviewed, and data on 44 clinical variables (Supplementary File 2) were collected with no missing data. In addition, the cancer categories and time interval from myositis diagnosis to cancer diagnosis were also obtained. In our study, CAM was defined as cancers occurring within 3 years of the myositis diagnosis (before or after) (17).



Variable Selection, Clustering Analysis, and Construction of Machine Learning Classifiers

Machine learning algorithms were performed in R or Python. Elastic net was used to select the most important clinical variables out of all 44 clinical variables for the classification of anti-TIF1γ+ myositis with cancer or not. The importance of selected variables was evaluated by random forest with mean decrease Gini. The similarities (random forest proximities) of samples were calculated with the selected variables, based on which multidimensional scaling (MDS) plot and hierarchical cluster analysis were used to cluster and visualize these samples. Five machine learning classifiers [random forest, support vector machines (SVM), extreme gradient boosting (XGBoost), elastic net, and decision tree] were also constructed with these selected clinical variables to predict cancer probability of anti-TIF1γ+ patients. Stratified 10-fold cross-validation was performed to estimate the accuracy of each model and optimize the models with hyperparameter tuning. Eighty-seven patients were split into a training set containing 70% of the observations and a test set containing the remaining 30%. The training set was used to build the classificatory models, and the testing set was used to evaluate the accuracy of the model. All steps were performed using Python V.3.9.1, scikit-learn V.0.24.2, NumPy V.1.19.5, and pandas V.1.2.1. ROC (receiver operating characteristic) curves were drawn with Matplotlib V.3.3.3.



Statistical Analysis

The statistical analysis of comparisons among anti-TIF1γ+ myositis patients in the three clusters was performed in SPSS v.22 or GraphPad 8.0, and p <0.05 was considered statistically significant. Quantitative data were described as the means (standard deviations) or medians (interquartile ranges) according to data distribution and homoscedasticity. Qualitative data were described as frequencies (percentages). Accordingly, one-way ANOVA or Kruskal–Wallis tests (adjusted with Dunnett T3 or Dunn’s test) and Pearson chi-square test or Fisher’s exact test (adjusted with Bonferroni test) were performed to compare multiple groups. The heatmap was plotted by ggplot2 in R.




Results


Characteristics of 87 Anti-TIF1γ+ Patients and Their Temporal Relationship Between Myositis and Cancer

Anti-TIF1γ+ myositis patients enrolled in our study were mainly female (64.4%), with an average age of 57 years and a median disease duration of 6 months. Their most common manifestation was typical DM rashes (95.4%), followed by proximal weakness (56.3%), ILD (17.2%), and arthritis/arthralgia (11.5%). Two patients (2.3%) were complicated with another connective tissue disease—Sjogren’s syndrome.

Forty-seven (54.0%) of our anti-TIF1γ+ patients in total met the diagnostic criteria of CAM. Their temporal relationships between the diagnosis of myositis and cancer are shown in Figure 1. None of the anti-TIF1γ+ patients had cancer until 1.5 years before the myositis diagnosis when two female patients were diagnosed with breast and ovarian carcinomas. From 0.5 to 1.5 years before the myositis diagnosis, six cases of cancer were diagnosed, consisting of five female patients and one male patient. Within 0.5 years before and after the myositis diagnosis, 36 anti-TIF1γ+ patients were diagnosed with cancer, and 72.2% of them had the diagnosis of cancer and myositis simultaneously. Nasopharyngeal carcinoma was the most frequent cancer type, and all cases were developed in males. During the period of 0.5 to 1.5 years after the myositis diagnosis, only three more patients (two male and one female) were reported to have cancer. No cancer was reported in the remaining follow-up time. Overall, cancer was most frequently diagnosed within 0.5 years before and after the myositis diagnosis, especially at the time of myositis diagnosis. A total of 45.0% (9/20) female and 7.4% (2/27) male patients had an earlier diagnosis of cancer before myositis developed. Nasopharyngeal carcinoma, breast cancer, and lung cancer were the top 3 tumor categories with the highest incidence.




Figure 1 | The Sankey diagram showed temporal relationships between the diagnosis of myositis and cancer in 87 anti-TIF1γ+ myositis patients. Seven time points, including 0.5, 1.5, and 3 years before or after myositis diagnosis and the time of the myositis diagnosis, were analyzed.





Subtypes in Anti-TIF1γ+ Myositis Patients

Anti-TIF1γ+ patients exhibit differences in whether complicated with cancer or not. Using the elastic net and random forest method, 14 variables that contribute most to discriminating between cancer and non-cancer were selected. To identify the heterogeneities among anti-TIF1γ+ myositis, the similarities (random forest proximities) of patients were calculated by these 14 variables. As shown in the MDS plot and hierarchical clustering tree (Figures 2A, B), the 87 anti-TIF1γ+ patients can be separated into three distinct clusters. The patient numbers in clusters 1, 2, and 3 were 28 (32.2%), 28 (32.2%), and 31(35.6%), respectively. Twenty-seven (96.4%) patients in cluster 2 developed cancer, which was almost the opposite of cluster 1 with only one (3.6%) cancer patient. Cluster 3 had 19 (61.3%) patients with cancer and were intermediate between clusters 1 and 2. Therefore, we inferred clusters 1, 2, and 3 corresponded to three stratifications with low, high, and intermediate cancer risk. The importance of the 14 selected clinical variables was ranked with random forest algorithm according to mean decrease Gini (Figure 2C). The top 10 important variables were disease duration, percentage of lymphocytes (L%), percentage of neutrophils (N%), neutrophil-to-lymphocyte ratio (NLR), sex, C-reactive protein (CRP), shawl sign, arthritis/arthralgia, V-neck sign, and anti-PM-Scl75 antibodies.




Figure 2 | (A) The MDS plot and (B) hierarchical cluster analysis of 87 anti-TIF1γ+ myositis patients based on random forest proximities that were calculated by 14 clinical variables showed three distinct clusters and the distribution of cancer in each cluster. (C) The bar plot represents the importance of clinical variables evaluated by random forest.





Comparison of Clinical Characteristics Among the Three Clusters of Anti-TIF1γ+ Myositis

We then analyzed the clinical characteristics of anti-TIF1γ+ patients in the three clusters (Table 1). Significant intergroup differences between cluster 1 (low-risk cancer group) and cluster 2 (high-risk cancer group) were found. For instance, patients in cluster 2 were all male, but most patients in cluster 1 are female (p < 0.001). Patients in cluster 2 had an older age (p = 0.020); a higher percentage of skin ulcers (p = 0.008); a shorter disease duration (p < 0.001); higher levels of CRP (p = 0.005), lactic dehydrogenase (LDH) (p < 0.001), creatine kinase (CK) (p = 0.005), N% (p = 0.013), and NLR (p < 0.001); and a lower level of L% (p < 0.001). Clusters 1 and 3 also had significant difference in disease duration (p < 0.001), LDH (p < 0.001), N% (p < 0.001), L% (p < 0.001), and NLR (p < 0.001). Interestingly, clusters 2 and 3 differed obviously in cancer types: 87.5% patients with breast cancer were in cluster 3 and 100.0% patients with nasopharyngeal carcinoma were in cluster 2 (p = 0.005 and p < 0.001). Ovarian cancer, peritoneal tumor, renal pelvis cancer, pancreatic cancer, pelvic tumor, and tonsil cancer were all developed in cluster 3. Conversely, bladder cancer, esophageal cancer, retroperitoneal cancer, and liver cancer were all found in cluster 2 (Figure 2). The autoantibody profile of myositis in our patients is displayed in Figure 3A. A total of 14 (16.1%) anti-TIF1γ+ myositis patients had other MSAs, such as anti-MDA5, anti-Jo1, and anti-PL12. Anti-Ro52 was the most common MAAs. However, there was no difference in the intensities of anti-TIF1γ antibodies or the count of total antibody types among anti-TIF1γ+ myositis patients in the three clusters (Figures 3B, C).


Table 1 | Characteristics of anti-TIF1γ+ myositis patients among three clusters at the time of first visit at our hospital.






Figure 3 | (A) The heatmap showed the autoantibody profile of 87 anti-TIF1γ+ myositis patients. (B) The comparison of anti-TIF1γ intensities and (C) the comparison of count of total antibody types among anti-TIF1γ+ myositis patients in three clusters. n.s. represents no significance.





Machine Learning Classifiers Predicting Cancer in Anti-TIF1γ+ Patients

Early diagnosis of cancer in anti-TIF1γ+ myositis is crucial for improving prognosis, especially for patients with intermediate and high cancer risk in clusters 2 and 3. We constructed machine learning models with the selected 14 most important variables to predict anti-TIF1γ+ myositis with or without cancer. The ROC curves of machine learning models calculated using the training and testing sets are shown in Figure 4. The SVM model had an AUC (area under the ROC Curve) of 100.0% in the training set and 90.0% in the test set. The elastic net and XGBoost models also had good performance with AUCs higher than 85.0%. In addition, we trained the random forest model with all 87 samples and the AUC was 90.9%. To conveniently predict the cancer risk of anti-TIF1γ+ myositis patients in clinical practice, we built a decision tree model in the training set (Figure 4C). This model included three variables—disease duration, NLR, and CRP. Its AUCs in the training set and test set were 95.0% and 70.0% (Figures 4A, B), respectively.




Figure 4 | (A) The ROC curves of four machine learning models in the anti-TIF1γ+ myositis training samples. (B) The ROC curves of four machine learning models (elastic net, decision tree, SVM, XGBoost) in the anti-TIF1γ+ myositis testing samples and random forest model in all patient samples. (C) Decision tree model showed disease duration, CRP, and NLR as important clinical features in the prediction of cancer in anti-TIF1γ+ myositis patients.






Discussion

In this study, anti-TIF1γ+ myositis is separated into three different clinical subtypes. Clusters 1, 2, and 3 correspond to patients with low, high, and intermediate risk of cancer, respectively. Anti-TIF1γ+ patients with low cancer risk have distinct clinical characteristics from those with high and intermediate cancer risk, which enables the construction of models to predict cancer in anti-TIF1γ+ patients. Indeed, machine learning classifiers (random forest, SVM, elastic net, decision trees, and XGBoost) showed good classification in discriminating anti-TIF1γ+ patients with cancer or not. In particular, the prediction accuracy of random forest was >90%. Decision tree can conveniently stratify and manage anti-TIF1γ+ myositis patients with disease duration, NLR, and CRP in clinical practice. It is of great value because myositis patients who are positive for anti-TIF1γ antibodies and predicted to develop cancers by our models should undergo more careful and intensive tumor screening than those predicted with low cancer risk.

Fourteen clinical variables were selected for model construction in our study. The top 10 variables ranked by importance were disease duration, L%, N%, NLR, sex, CRP, shawl sign, arthritis/arthralgia, V-neck sign, and anti-PM-Scl75 antibodies. The disease duration (from myositis onset to visit at our hospital) was shorter in the cluster with intermediate and high cancer risks than in the cluster with low cancer risk. This may be related to the more severe disease state of patients in clusters with higher cancer risk, manifested as more patients with deteriorated general condition and increased CK levels. Anti-TIF1γ+ myositis patients in clusters with intermediate and high cancer risk had a higher N% and NLR but a lower L%. Neutrophil dysregulation is pathogenic in myositis, mainly through neutrophil extracellular traps (NETs) and the subset of low-density granulocytes (LDGs) (18). The underlying mechanisms for decreased L% are uncertain and need further exploration. Our anti-TIF1γ+ myositis patients in cluster 2 with the highest risk of cancer were more often males, had higher CRP levels, and more frequent shawl sign and V-neck sign. These clinical characteristics were proven to be related factors for CAM (9, 19–22). For example, a meta-analysis including 69 studies concluded that DM subtype, older age, male gender, dysphagia, cutaneous ulceration, and anti-TIF1γ positivity were associated with increased cancer risk (21). Another large-scale multicenter cohort study found CAM patients had more common older age, heliotrope rash, shawl sign, and V sign (22). In fact, anti-TIF1γ+ myositis patients with cancer account for nearly half of the CAM cases, that is why they exhibit large clinical similarities (15, 17).

There were no differences in anti-TIF1γ intensities (at the time of visit in our hospital) among clusters with different cancer risks. It is still controversial whether the levels of anti-TIF1γ antibodies correlate with the evolution of cancer (23–25). Tests of anti-TIF1γ antibodies at different time points (e.g., after cancer therapy) might be helpful. Although 41 (47.1%) anti-TIF1γ+ patients had more than one type of autoantibody, we found no association between cancer risk and the number of antibody types in our study. All three anti-TIF1γ+ patients with anti-PM-Scl75 antibodies developed cancer in our study. Anti-PM-Scl75 antibodies are usually suggestive of overlapping myositis accompanied by the manifestation of systemic sclerosis (26, 27). The relationship between anti-PM-Scl75 antibodies and CAM is unknown. In another Chinese CAM cohort, a higher positive rate of anti-PM-Scl75 antibodies was also found in cancer patients than in cancer-free patients (4.1% vs. 2.8%) (28). In our study, one anti-TIF1γ+ patient with cancer was positive for another MSA also related to cancer—anti-NXP2 antibody (29, 30). The standardized incidence ratio of anti-TIF1γ antibodies for estimating cancer risk was 17.28, twice that of anti-NXP2 antibodies (17). It is reasonable to believe that anti-TIF1γ antibodies are predominant to link with the presence of cancer in our myositis patient. There are some new potential biomarkers of cancer in myositis: the IgG2 isotype of anti-TIF1γ helps to identify the risk of mortality in anti-TIF1γ+ patients (31); soluble programmed death ligand 1 (sPD-L1), combined with anti-TIF1γ antibodies, yielded greater specificity and positive predictive value in diagnosing cancer, reaching values of 95% and 70%, respectively (32). These indexes show promising values in clinical practice and needed further verification in larger study populations.

Our study showed that 78.7% (37/47) of cancers were diagnosed within 0.5 years of the myositis diagnosis. A time span of 3 years before and after myositis diagnosis is emphasized in the definition of CAM (4, 6–8). In fact, most cancers were diagnosed simultaneously with or during the first year after the diagnosis of myositis according to previous studies (7, 33). Anti-TIF1γ was significantly associated with a shorter time between myositis and cancer onset (34–36). In one study with 10-year follow-up, all the detected malignancy cases in the anti-TIF1γ+ cohort occurred between 3 years prior to and 2.5 years after DM onset, whereas cancers were detected in the following 7.5 years in anti-TIF1γ- patients (34). We also found 23.4% (11/47) of cancers diagnosed before the myositis diagnosis; 81.8% (9/11) of these patients were females in cluster 3. This may be partially explained by the theory of paraneoplastic myositis syndrome, which regards manifestations of the skin and skeletal muscle as consequences of underlying malignancy (37). Nasopharyngeal carcinoma (34.0%), breast cancer (17.0%), and lung cancer (10.6%) were the 3 three cancers with the highest incidence in our cohort. The organs where myositis patients are prone to develop a tumor vary in different studies (8, 38–40). This is influenced mainly by genetic background and ethnicity (9). The finding in our study is comparable with the local general population because most patients enrolled in the study live in southeastern China—an area with a high incidence of nasopharyngeal cancer. Interestingly, the nasopharynx and breast were the most common cancer sites in male and female patients, respectively, emphasizing different screening targets in male and female patients.

This is the first study identifying subtypes and predicting cancer in anti-TIF1γ+ myositis by machine learning algorithms, although several limitations exist. First, compared with anti-MDA5 (30%) and anti-JO1 (19%) antibodies, the positive rate of anti-TIF1γ antibodies (7%) among myositis patients is relatively low (41). Thus, multicenter cooperation and a large sample size are needed for further study. Second, the mechanism by which anti-TIF1γ+ myositis patients develop cancer was not explored in our study. We can predict the cancer risk of anti-TIF1γ+ myositis patients and prompt early discovery but cannot prevent the occurrence of cancer from the pathogenesis of the disease.

In conclusion, anti-TIF1γ+ myositis can be divided into three distinct subtypes based on their clinical characteristics, which are corresponding to patients with low, intermediate, and high cancer risk. Machine learning models showed satisfactory accuracy in the prediction of cancer in anti-TIF1γ+ myositis patients. These findings suggested that the stratified management of anti-TIF1γ+ myositis patients is necessary to avoid excessive cancer screening examinations in patients with low cancer risk and make the best use of targeted cancer screening in patients predicted to develop cancer.
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Objective

Interstitial lung diseases (ILDs) secondary to anti-synthetase syndrome (ASS) greatly influence the prognoses of patients with ASS. Here we aimed to investigate the peripheral immune responses to understand the pathogenesis of this condition.



Methods

We performed single-cell RNA sequencing (scRNA-seq) of peripheral blood mononuclear cells (PBMCs) from 5 patients with ASS-ILD and 3 healthy donors (HDs). Flow cytometry of PBMCs was performed to replenish the results of scRNA-seq.



Results

We used scRNA-seq to depict a high-resolution visualization of cellular landscape in PBMCs from patients with ASS-ILD. Patients showed upregulated interferon responses among NK cells, monocytes, T cells, and B cells. And the ratio of effector memory CD8 T cells to naïve CD8 T cells was significantly higher in patients than that in HDs. Additionally, Th1, Th2, and Th17 cell differentiation signaling pathways were enriched in T cells. Flow cytometry analyses showed increased proportions of Th17 cells and Th2 cells, and decreased proportion of Th1 cells in patients with ASS-ILD when compared with HDs, evaluated by the expression patterns of chemokine receptors.



Conclusions

The scRNA-seq data analyses reveal that ASS-ILD is characterized by upregulated interferon responses, altered CD8 T cell homeostasis, and involvement of differentiation signaling pathways of CD4 T cells. The flow cytometry analyses show that the proportions of Th17 cells and Th2 cells are increased and the proportion of Th1 cells is decreased in patients with ASS-ILD. These findings may provide foundations of novel therapeutic targets for patients with this condition.





Keywords: interstitial lung disease, anti-synthetase syndrome, scRNA-seq, immune responses, differentiation of CD4 T cells



Introduction

Interstitial lung diseases (ILDs), which encompass a large spectrum of distinct etiologies, can be idiopathic or manifest as a pulmonary complication of a connective tissue disease (CTD), such as idiopathic inflammatory myositis (IIM) (1, 2). With the discovery of myositis specific antibodies (MSAs) and development of more commercially available assays for MSAs, anti-synthetase syndrome (ASS) has been recognized as an important cause of ILDs (3). ASS is characterized by myositis, ILD, “mechanic’s hands”, fever, arthritis, and Raynaud’s phenomenon (4). The hallmark in the diagnosis of ASS is detecting an anti-synthetase antibody in the serum of patients. Up to now, there are 8 anti-synthetase antibodies, including anti-histidyl (Jo-1), anti-threonyl (PL-7), anti-alanyl (PL-12), anti-isoleucyl (OJ), anti-glycyl (EJ), anti-asparaginyl (KS), anti-phenylalanyl (Zo), and anti-tyrosyl (Ha)-tRNA-synthetase antibody (5). ILD is an increasingly recognized complication of ASS, and it is reported that 67-100% of ASS patients develop ILD (6). Besides, ILD is the leading cause of deaths related to ASS (7). The most frequent high-resolution computed tomography (HRCT) pattern of ASS-associated ILD (ASS-ILD) is non-specific interstitial pneumonia (NSIP), followed by organizing pneumonia (OP); usual interstitial pneumonia (UIP), and concomitant NSIP and OP are less common HRCT patterns (8). ILD may occur alone without signs of muscle or skin involvement, to differentiate ASS-ILD from other types of ILD is not easy but of great significance (9). Early diagnosis, timely intervention, regular screening, and referral to promising clinical trials might help to improve the prognoses of patients with ASS-ILD.

Although great advances have been made in the pathogenesis of this condition, there remain substantial gaps in our knowledge of ASS-ILD. A prospective Pittsburgh ASS cohort study reported that 33% (66/202) of patients died and 6% (12/202) of patients received lung transplantation from 1985 to 2009. The 5-year and 10-year unadjusted cumulative survival rate was 84% and 61%, respectively. ILD is associated with high mortality, 49% of mortality was attributed to pulmonary fibrosis in the cohort study (7). The mainstay of treatment regimens for ASS is glucocorticoids combined with immunosuppressant or biological agents, including azathioprine, calcineurin inhibitors, methotrexate, cyclophosphamide, mycophenolate mofetil, and rituximab (10, 11). Options for ASS-ILD patients who are refractory to conventional therapies are lacking, further investigations into the pathogenesis of this condition may help to target specific pathogenic pathways.

Dysregulated immune equilibriums contribute to the development of CTDs (12). The pathogenic roles of autoantigen and auto-reactive CD4 T cells in ASS have been proposed (13, 14). However, a global visualization of the pathogenic immune responses has not been reported. Here, we used single-cell RNA sequencing (scRNA-seq) technology to depict a high-resolution visualization of cellular landscape in peripheral blood mononuclear cells (PBMCs) from patients with ASS-ILD, which will facilitate a better understanding of the pathogenesis of this condition.



Materials and Methods


Subjects and Sample Collection

This study was approved by the ethics committee of the China-Japan Friendship Hospital, China (2019-123-K85), and each donor signed written informed consent. All patients who were hospitalized at the department of pulmonary and critical care medicine, China-Japan Friendship Hospital, China, were consecutively enrolled after the successful screening. The patients were divided into two cohorts, one is the single-cell RNA sequencing (scRNA-seq) cohort, and the other is the flow cytometry cohort. In our scRNA-seq cohort, five patients with anti-synthetase syndrome-associated interstitial lung disease (ASS-ILD) and three healthy donors (HDs) were recruited. There are overlapping chest radiological manifestations between ASS-ILD and idiopathic interstitial pneumonia (IIP), and clues for differential diagnoses are of great significance. So we enrolled patients with IIP as disease controls in the flow cytometry cohort. In our flow cytometry cohort, sixteen patients with ASS-ILD, ten patients with idiopathic non-specific interstitial pneumonia (iNSIP), ten patients with idiopathic pulmonary fibrosis (IPF), five patients with cryptogenic organizing pneumonia (COP), and ten HDs were recruited. To be included in this study, ASS-ILD and IIP (including iNSIP, COP, and IPF) must be diagnosed by a multi-disciplinary team (MDT), including at least two pulmonologists, a radiologist, a pathologist, and a rheumatologist. ASS was defined according to Connors GR’s diagnostic criteria, which included strong positive testing for an anti-synthetase antibody (identified by immunoblotting assays) and one or more of the following conditions: myositis, ILD, arthritis, unexplained and persistent fever, Raynaud phenomenon, and “Mechanic’s hands” (15). In both cohorts, all patients received no immunosuppressive therapies prior to our enrollment. And patients vaccinated within 3 months, with malignancy, infection, or other autoimmune diseases were all excluded. Chest high-resolution computed tomography (HRCT) pattern was categorized as usual interstitial pneumonia (UIP), NSIP, organizing pneumonia (OP), and NSIP/OP pattern according to the 2013 American Thoracic Society (ATS) classification of IIP independently by at least a radiologist and two pulmonologists. The classification of different entities of IIP was also determined according to ATS classification criteria (16, 17). In the scRNA-seq cohort, 10 ml of peripheral venous blood was collected from each sample, and peripheral blood mononuclear cells (PBMCs) were immediately isolated using density-gradient centrifugation with Ficoll-Hypaque according to the manufacturer’s protocol. For each sample, cell viability exceeded 90%. In the flow cytometry cohort, 6 ml of peripheral venous blood was collected from each sample, and PBMCs were isolated using density-gradient centrifugation with Ficoll-Paque Plus (GE Healthcare) according to the manufacturer’s protocol; then cells were frozen in fetal bovine serum (FBS) with 10% dimethyl sulfoxide (DMSO) for storage in liquid nitrogen until use.



Single-Cell RNA Sequencing

Using a Chromium Next GEM Single Cell 5’ Library and Gel Bead Kit v1.1 (10X Genomics, 1000165) and Chromium Next GEM Chip G Single Cell Kit (10X Genomics, 1000127), we loaded the fresh cell suspension (300 to 600 living cells per microliter counted by Count Star) onto a Chromium single cell controller (10X Genomics) to generate single-cell gel beads in the emulsion (GEMs) in accordance with the manufacturer’s protocol. Briefly, we suspended single cells in phosphate-buffered saline (PBS) containing 0.04% bovine serum albumin (BSA). And about 10,000 cells were added to the individual channel and approximately 5,000 target cells were recovered. Captured cells were then lysed and the released RNA was barcoded through the process of reverse transcription (RT) in each GEM. RT was conducted on a S1000TM Touch Thermal Cycler (Bio Rad) at 53°C for 45 min, followed by 85°C for 5 min and held at 4°C. The complementary DNA (cDNA) was generated and amplified, after that, quality assessment was performed using an Agilent 4200 (performed by CapitalBio Technology, Beijing). According to the manufacturer’s introduction, scRNA-seq libraries were constructed using a Single Cell 5′ Library and Gel Bead kit. The libraries were then sequenced using an Illumina Novaseq6000 sequencer with a sequencing depth of at least 100,000 reads per cell with a pair-end 150-bp (PE150) reading strategy (performed by CapitalBio Technology, Beijing).



Single-Cell RNA Sequencing Transcriptome Analysis

Raw gene expression matrices of each sample were aggregated using Cell Ranger (v.6.0.0) Pipeline coupled with human reference version GRCh38. The merged matrices were transferred to the R statistical environment for further analyses using the Seurat package (v.4.0.3). And genes expressed at more than 0.1% of the cells and cells with more than 200 genes detected were selected for further analyses. Cells with >10% mitochondrial unique molecular identifiers (UMIs), >12000 UMIs, or over 3000 or below 500 genes were removed as low-quality cells (Supplementary Figure 1A). After removal of low-quality cells, gene expression metrices were normalized using the SCTtransform normalization, and 3,000 highly variable genes (HVGs) were identified by the FindVariableFeatures function. Batch effects were corrected by SCT Integration (Supplementary Figure 1B). In order to reduce the dimension of the datasets, principal component analysis (PCA) was performed with HVGs by the ScaleData function. Cells were then clustered using the FindNeighbors and FindClusters functions with a resolution of 0.4. After that, clusters were projected into a two-dimensional plot for visualization using the RunUMAP function.



Cell-Type Annotation and Cluster Marker Identification

Cells were clustered using the FindNeighbors and FindClusters functions in Seurat, and non-linear dimensional reduction was conducted with the RunUMAP function. Cells were clustered together according to common transcriptome features, and FindAllMarkers function was performed to find marker genes for each cluster. Clusters were then identified and annotated according to the expression of canonical markers. Cells expressing more than one canonical cell-type markers were regarded as doublets and excluded for further analysis. Naïve T cells, central memory T cells, effector memory T cells, γδ T cells, and proliferative T cells were combined. After integration, PCA and sub-clustering were performed as described above. PCA and sub-clustering were also conducted in B cells.



DEG Identification and Functional Enrichment

Differentially expressed genes (DEGs) were analyzed using the FindMarkers function with parameter ‘test. use = Wilcox’ by default. The false discovery rate (FDR) adjusted p-value was calculated by the Bonferroni correction method. DEGs were calculated using a minimum log (fold change) of 0.3 and a maximum FDR adjusted p-value of 0.05. Then the upregulated expressed genes were mapped to terms in the Geno Ontology (GO) database. Only GO Biological Process was used in this study. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed in the same way as GO.



Antibodies and Flow Cytometry Analysis

Cells recovered from liquid nitrogen were incubated with human Fc Block (BD Pharmingen) after being washed by Dulbecco’s PBS (D-PBS). BD Horizon™ Fixable Viability Stain 510 (FVS510) was used for the exclusion of dead cells. Each sample was then stained for expressions of cell surface markers, including CD3 (BUV 395), CD4 (BUV496), CD45RA (BV711), CCR6 (BB515), CCR4 (BV421), CXCR3 (PE), and intracellular marker of Foxp3 (Alexa Fluor 647). Prior to intracellular staining, Transcription Factor Buffer Set (BD Pharmingen) was used for cell fixing and permeabilization. Fluorescence minus one (FMO) controls for CD3, CD4, CD45RA, CCR6, CCR4, CXCR3, and Foxp3 were used. Single-stained Comp Beads (Anti-Mouse Ig, κ/Negative Control Compensation Particles Set, BD) were applied for compensation controls. Each T cell subset was defined as follows: CD3+CD4+ T cells were selected according to CD3 and CD4 expressions in lymphocytes. Five CD3+CD4+ T cell subsets were defined according to CD45RA and Foxp3 expressions, including a naïve T cell subset (CD45RA+Foxp3-), a memory T cell subset (CD45RA-Foxp3-), an activated T cell subset (CD45RA-Foxp3int), a naïve Treg cell subset (CD45RA+Foxp3int), and an activated Treg cell subset (CD45RA-Foxp3high). The total memory CD4 T cells included the memory T cell subset and activated T cell subset. Distinct Th cell subsets of total memory T cells were defined according to chemokine-receptor expressions. CCR6- total memory T cells were divided into two subsets, including a Th1 cell subset (CXCR3+CCR4-), and a Th2 cell subset (CXCR3-CCR4+). CCR6+ total memory T cells were divided into three subsets, including a Th17 subset (CXCR3-CCR4+), a Th17.1 cell subset (CXCR3+CCR4-), and a double positive cell subset (CXCR3+CCR4+) (18). Monoclonal antibodies were purchased from BD Pharmingen, and we processed PBMCs in accordance with the manufacturer’s protocol. Cells were analyzed using FlowJo software version 10.8 or Becton Dickenson FACS DIVA software version 7.0.



Statistical Analysis

We used the Mann-Whitney test to compare differences between ASS-ILD group and different control groups (iNSIP group, COP group, IPF group, and HD group) for continuous variables, respectively. Analyses were determined using GraphPad Prism version 9. The results were regarded as statistically significant when a two-sided p-value was <0.05.




Results


Single-Cell Transcriptomic Profiles of PBMCs

To characterize the immunological features of patients with ASS-ILD, we performed scRNA-seq (10X Genomics) on PBMCs from 5 patients with ASS-ILD (ASS-ILD 1-5) and 3 healthy donors (HD 1-3) (Figure 1 and Supplementary Figure 2A). The clinical manifestations, laboratory features, chest HRCT patterns, and pulmonary function test (PFT) parameters of recruited patients and HDs were detailed in Supplementary Tables 1 and 2. We analyzed a whole of 52973 PBMCs from 5 ASS-ILD and 3 HD samples. Poor-quality cells were filtered out, we integrated all high-quality cells into an unbiased and comparable dataset. Using uniform manifold approximation and projection (UMAP), we identified the transcriptomes of 14 clusters, and 2 of them were identified as doublets (Supplementary Figures 2B, C). Thus 12 major cell types were clustered and annotated based on the expressions of canonical marker genes (Figures 2A, B). These cells included naïve T lymphocytes (Naïve T, CD3D+CCR7+), central memory T lymphocytes (TCM, CD3D+CCR7+S100A4+), effector memory T lymphocytes (TEM, CD3D+ S100A4+ GZMA+), γδ T cells (gdT, TRDC+), proliferative T cells (pro T, CD3D+MKI67+), natural killer cells (NK, KLRF1+FCGR3A+), CD14+ monocytes (CD14 mono, LYZ+CD14+), CD16+ monocytes (CD16 mono, LYZ+FCGR3A+), B cells (CD19+MS4A1+), dendritic cells (DC, CD1C+CLEC10A+), plasmacytoid DCs (pDC; LILRA4+CLEC4C+), and platelets (PPBP+GP9+) (Figures 2C, D). In downstream analyses, platelets were excluded. To reveal cell compositions between patients with ASS-ILD and HDs, we compared the relative percentages of the 12 cell types between them. No significant differences in cell compositions were found (Supplementary Figures 3A, B).




Figure 1 | Schematic of overall experimental workflow.






Figure 2 | Single-cell RNA sequencing of PBMCs from patients with ASS-ILD and HDs. (A) A two-dimensional UMAP plot for visualization of 52973 cells from patients with ASS-ILD (n=5) and HDs (n=3). (B) Annotating condition of each patient with ASS-ILD and HD. (C) Violin plot depicting the expression distribution of selected marker genes in the 12 clusters. The rows represent selected marker genes and the columns represent clusters with the same color as in (A). (D) Expressions of canonical marker genes for 12 major cell types as represented in the UMAP plot. Data are colored according to expression levels and the legend is labeled in log scale. PBMC, peripheral blood mononuclear cell; ASS-ILD, anti-synthetase syndrome-associated interstitial lung disease; HD, healthy donor; UMAP, uniform manifold approximation and projection; TCM, central memory T lymphocyte; TEM, effector memory T lymphocyte; pro T, proliferative T cell; NK, natural killer cell; mono, monocyte; DC, dendritic cell; pDC, plasmacytoid DC.





Features of NK Cells and Monocytes in Patients With ASS-ILD

Among innate immune cells, CD14 mono, CD16 mono, and NK cells were the most three prevalent subsets, and next, we further characterized the transcriptomic features of these three subsets. We first compared the expression patterns of the patients with those of the HDs in NK cells. We found that significantly differentially expressed genes (DEGs) were involved in responses to type I and II interferons, neutrophil activation, and antigen processing and presentation of peptide antigen via MHC class II in patients with ASS-ILD using Geno Ontology (GO) analysis (Figure 3A). For CD14+ and CD16+ monocytes, DEGs were associated with responses to type I and II interferons, neutrophil activation, and chemokine or cytokine production (Figures 3B, C). A dot plot showed the average expression and percentage of expressed cells of selected marker genes in each labeled cell subset (Figure 3D). IFN-signature appears a typical feature of IIM, and it varies among different subtypes (19). In our study, we found that monocytes and NK cells both showed upregulated responses to type I and II interferons. These results suggest that innate immune cell types in patients with ASS-ILD show consistent inflammatory responses, like upregulated responses to interferons.




Figure 3 | GO enrichment analyses of the upregulated genes in patients with ASS-ILD. (A) GO enrichment analysis for NK cells. (B) GO enrichment analysis for CD14 monocytes. (C) GO enrichment analysis for CD16 monocytes. (D) Dot plot depicting average expression and percentage of expressed cells of selected marker genes in each labeled cell subset. GO, Geno Ontology; ASS-ILD, anti-synthetase syndrome-associated interstitial lung disease; NK, natural killer.





Features of T Cell Subsets in Patients With ASS-ILD

To trace the transcriptomic changes of different T subtypes, we sub-clustered T cells into 18 subsets and those with similar T cell markers were categorized together (Supplementary Figures 4A–H). Then we identified 11 subsets of T cells based on the expressions of canonical T cell markers: 4 subsets of CD4+ T lymphocytes (CD3D+CD4+), 2 subsets of CD8+ T lymphocytes (CD3D+CD8A+), and 5 subsets of other T cells (Figures 4A, B). The 4 subsets of CD4+ T lymphocytes included naïve CD4+ T lymphocytes (CD4 Naïve, CCR7+SELL+), and central memory CD4+ T lymphocytes (CD4 TCM, CCR7+SELL+S100A4+), effector memory CD4+ T lymphocytes (CD4 TEM, S100A4+GZMA+), and regulatory CD4 T lymphocytes (Treg, FOXP3+CTLA4+); the 2 subsets of CD8+ T lymphocytes included naïve CD8 T lymphocytes (CD8 Naïve, CCR7+SELL+), and effector memory CD8+ T lymphocytes (CD8 TEM, S100A4+GZMA+); other T cells included γδ T cells (TRGV9+TRDV2+), NKT cells (CD3D+NKG7+TYROBP+), mucosal-associated invariant T (MAIT) cells (TRAV1-2+SLC4A10+), double-negative T cells (DNT, CD4-CD8A-), and pro T (MKI67+RRM2+) (Figures 4C, D). A dot plot showed the average expression and percentage of expressed cells of selected marker genes in each labeled T cell subset (Figure 5A). No significant differences in cell compositions were found in each cluster except pro T cells (Supplementary Figures 5A, B). However, the number of pro T cells was too small to get a robust result, so we didn’t perform further analysis. Next, we compared the expression of CD4 and CD8 between patients with ASS-ILD and HDs, no significant differences were found (Supplementary Figure 5C). Then the ratios of CD4 TCM to CD4 Naïve, CD4 TEM to CD4 Naïve, CD8 TEM to CD8 Naïve were compared between patients with ASS-ILD and HDs, respectively. Only the differences in the ratio of CD8 TEM to CD8 Naïve were statistically significant (Figure 5B). After that, we further compared the ratios of CD8 TEM GZMK, CD8 TEM GNLY, and CD8 TEM TRAV27 to CD8 Naïve between patients with ASS-ILD and HDs, respectively; only the differences in the ratio of CD8 TEM GNLY to CD8 Naïve were statistically significant between patients and HDs (Figure 5C).




Figure 4 | Immunological features of T cell subsets. (A) UMAP visualization of 26843 T cells, including 4 CD4+ T cell subsets, 2 CD8+ T cell subsets, and 5 other T cell subsets. (B) Annotating condition of each patient with ASS-ILD and HD. (C) Violin plot depicting the expression distribution of selected marker genes in the 11 T cell subsets. The rows represent selected marker genes and the columns represent clusters with the same color as in (A). (D) Expression of canonical marker genes for 11 T cell subsets as represented in the UMAP plot. Data are colored according to expression levels and the legend is labeled in log scale. UMAP, uniform manifold approximation and projection; ASS-ILD, anti-synthetase syndrome-associated interstitial lung disease; HD, healthy donor; TCM, central memory T lymphocyte; TEM, effector memory T lymphocyte; Treg, regulatory CD4 T lymphocyte; NKT, natural killer T cell; MAIT, mucosal-associated invariant T cell; DNT, double negative T cell; pro T, proliferative T cell.






Figure 5 | Comparisons of T cell subsets between patients with ASS-ILD and HDs. (A) Dot plot depicting the average expression and percentage of expressed cells of selected marker genes in each labeled T cell subset. (B) Box plot of the ratios of CD8 TEM cells to CD8 Naïve T cells in patients with ASS-ILD and HDs, the result calculated by the Mann-Whitney test. The result was considered significant when a two-sided p-value was <0.05. (C) Box plot of the ratios of CD8 TEM GNLY cells to CD8 Naïve T cells, analysis similar to (B) ASS-ILD, anti-synthetase syndrome-associated interstitial lung disease; HD, healthy donor; TEM, effector memory T. *p < 0.05.



To gain insights into the differential transcriptomic changes in T cells between patients with ASS-ILD and HDs, we compared their expression profiles of T cells. We observed that DEGs upregulated in patients with ASS-ILD were involved in processes including responses to type I and II interferons, cellular response to interleukin-1, cellular response to tumor necrosis factor, and NF-kappaB signaling using GO analysis (Figure 6A). We also did Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Of note, Th1, Th2, and Th17 cell differentiation signaling pathways were enriched in T cells, indicating the involvement of Th1, Th2, and Th17 cells in the pathogenesis of ASS-ILD (Figure 6B). Enriched genes associated with Th1, Th2, and Th17 cell differentiation signaling pathways included HLA-DRB5, HLA-DQA1, IL2RG, HLA-DPA1, HLA-DPB1, HLA-DRB1, and HLA-DRA. The expressions of genes associated with the differentiation of CD4 T cells were mapped (Figures 6C, D). To validate these findings, we performed flow cytometry experiments to compare the differences in Th1 proportions, Th2 proportions, Th17 cell proportions, Th17.1 proportions, and ratios of Th17 cells to Th1 cells between patients with ASS-ILD and patients with idiopathic interstitial pneumonia (IIP, including iNSIP, COP, and IPF), and HDs, respectively. The clinical manifestations, laboratory features, chest HRCT patterns, and PFT parameters of recruited patients and HDs were detailed in Supplementary Tables 3 and 4. The results indicated that the proportion of Th1 cells among total memory CD4 T cells was lower in patients with ASS-ILD than that in HDs; the proportion of Th2 cells among total memory CD4 T cells was higher in patients with ASS-ILD than that in patients with IPF, and HDs, respectively; the proportion of Th17 cells among total memory CD4 T cells was higher in patients with ASS-ILD than that in HDs, patients with iNSIP, patients with COP, and patients with IPF, respectively; the proportions of Th17.1 cells among total memory CD4 T cells were similar in patients with ASS-ILD and HDs; the ratio of Th17 cells to Th1 cells was higher in patients with ASS-ILD than that in patients with iNSIP, patients with IPF, and HDs, respectively (Figures 7A, B).




Figure 6 | Enrichment analyses for T cells. (A) GO enrichment analysis of upregulated genes for T cells. (B) KEGG pathway enrichment analysis of upregulated genes for T cells. (C) Th17 cell-related gene expressions in the UMAP plot. (D) Enriched genes associated with Th1, Th2, and Th17 cell differentiation signaling pathways. GO, Geno Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; UMAP, uniform manifold approximation and projection.






Figure 7 | Flow cytometry experiments. (A) Representative flow cytometry analyses of PBMCs from one patient with ASS-ILD. (B) Percentages of Th1, Th2, Th17, and Th17.1 cells in total memory CD4 T cells among PBMCs of 16 patients with ASS-ILD, 10 patients with iNSIP, 10 patients with IPF, 5 patients with COP, and 10 HDs, respectively. And the ratio of Th17 cells to Th1 cells. The results were calculated by the Mann-Whitney test, respectively. The results were considered significant when a two-sided p-value was <0.05. PBMC, peripheral blood mononuclear cell; ASS-ILD, anti-synthetase syndrome-associated interstitial lung disease; iNSIP, idiopathic non-specific interstitial pneumonia; IPF, idiopathic pulmonary fibrosis; COP, cryptogenic organizing pneumonia; HD, healthy donor. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not statistically significant.





Features of B Cell Subsets in Patients With ASS-ILD

To characterize changes of different B subsets, we sub-clustered B cells into 8 subsets and those with similar B cell markers were categorized together (Supplementary Figures 6A–H). Then we identified 4 subsets of B cells based on the expression of canonical B cell markers (Figures 8A, B). We identified naïve B lymphocytes (CD79A+CD19+IGHD+), IgM+ memory B lymphocytes (CD79A+CD19+CD27+IGHM+), IgM- memory B lymphocytes (CD79A+CD19+CD27+IGHM-), and plasma (CD38+MZB1+) (Figures 8C, D). No significant differences in cell proportions were seen in B cells (Supplementary Figures 7A, B).




Figure 8 | Immunological features of B cell subsets. (A) UMAP visualization of 4709 B cells. (B) Annotating condition of each patient with ASS-ILD and HD. (C) Violin plot showing the expression distribution of selected marker genes in the 4 B cell subsets. The rows represent selected marker genes and the columns represent clusters with the same color as in (A). (D) Expression of canonical marker genes for 4 B cell subsets as represented in the UMAP plot. Data are colored according to expression levels and the legend is labeled in log scale. UMAP, uniform manifold approximation and projection; ASS-ILD, anti-synthetase syndrome-associated interstitial lung disease; HD, healthy donor.



To investigate the differential transcriptomic changes in B cells between patients with ASS-ILD and HDs, we then compared their expression profiles of B cells. We observed that DEGs upregulated in patients with ASS-ILD were involved in processes including responses to type I and II interferons, regulation of viral life cycle, and response to reactive oxygen species (Figure 9A). We also performed KEGG pathway analysis, Influenza A, Measles, antigen processing and presentation were enriched in B cells (Figure 9B). A dot plot showed the average expression and percentage of expressed cells of selected marker genes in each labeled B cell subset (Figure 9C).




Figure 9 | Enrichment analyses for B cells. (A) GO enrichment analysis of upregulated genes for B cells. (B) KEGG pathway enrichment analysis of upregulated genes for B cells. (C) Dot plot depicting average expression and percentage of expressed cells of selected marker genes in each labeled B cell subset. GO, Geno Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.






Discussion

Currently, the management of patients with ASS-ILD relies on glucocorticoids combined with immunosuppressant or biological agents (10, 11). However, the pathogenesis of ASS remains to be clearly elucidated and specific target therapies are still lacking. Several studies have shown the features of innate and adaptive immune responses, which have helped us understand the pathogenic immune responses of ASS-ILD (13, 20, 21). It is evident that both the innate and adaptive immune responses contribute to the breakdown of immune tolerance to self-antigen in autoimmune diseases, and adaptive immune cells including T and B cells are primary contributors. In this study, we aimed to profile the immunological landscape in PBMCs from patients with ASS-ILD at single-cell resolution and investigate the roles of different CD4 T cells in this condition.

First, patients with ASS-ILD showed upregulated interferon responses among NK cells, monocytes, T cells, and B cells in PBMCs, which is consistent with previous studies (19, 21). In autoimmune diseases, the presence of persistent production of both type I and type II interferons has been well established (22). The most well-defined type I interferons are interferon α and interferon β, and type II interferon only includes interferon γ (23). Interferon α, β, and γ induce the expression of transcription factors, especially canonical interferon-stimulating genes (ISGs), by activating different JAK-STAT pathways (23). Targeting therapies against JAK-STAT pathways have been developed and some of them were used in clinics as an alternative to biological therapies. Tofacitinib is an oral small molecule targeting all JAKs but preferentially inhibits JAK1 and JAK3, and it is the first approved JAK inhibitor for rheumatic arthritis (24). Two prospective clinical trials reported that tofacitinib is effective in treating amyopathic dermatomyositis-associated ILD (25, 26). The efficacy and safety of tofacitinib in patient with ASS-ILD have only been reported in a case report (27). There are more small-molecule compounds targeting JAKs in development and different JAK inhibitors show different specificities (28, 29). Tofacitinib and other JAK inhibitors may be of benefit in treating ASS-ILD, but further investigations are still warranted to evaluate their efficacy and safety profiles.

Second, the proportion of naïve CD8 T cells in patients with ASS-ILD measured by scRNA-seq seemed lower than that in HDs, while the proportion of CD8 TEM cells seemed higher, but no significant differences were detected. We further compared the ratio of CD8 TEM to CD8 Naïve, patients with ASS-ILD showed a significantly higher proportion than that in HDs. CD8 TEM could be categorized into 3 subsets according to specific transcriptional features in this study: CD8 TEM GZMK, CD8 TEM GNLY, CD8 TEM TRAV 27. GZMK, GNLY, TRAV 27 was specifically up-regulated in these three subsets, respectively. GZMK and GNLY are different lytic granules (30), TRAV 27 gene encodes V region of the variable domain of T cell receptor α chain to participate in antigen recognition (31). We only found significant differences in the ratio CD8 TEM GNLY to CD8 Naïve between patients with ASS-ILD and HDs. Current researches have reported the correlations between GNLY or CD8 T cells and several autoimmune diseases, such as differential expressions of GNLY in rheumatic arthritis and healthy state, an association of GNLY expressions in CD8 cells and steroid resistance in polymyositis, an association of disease flares and proportions of activated CD8 T cells in systemic lupus erythematosus (32–34). Our study showed that CD8 T cells in the blood of patients with ASS-ILD were skewed towards an activated phenotype characterized by high expression of GNLY. Further investigations into whether CD8 T cells infiltrate and mediate damages in target organs might help to better illustrate the role of CD8 T cells in ASS-ILD. And the role of GNLY and other cytolytic granules in CD8 T cells is worth exploring to disclose various functions of CD8 T cells.

Third, Th1, Th2, and Th17 cell differentiation signaling pathways were enriched in T cells in this study. Using scRNA-seq here was unable to directly compare the differences in the compositions of Th1, Th2, and Th17 cells between patients with ASS-ILD and HDs. We performed validation experiments using flow cytometry, which was consistent with our scRNA-seq results. In consideration for overlapping chest radiological manifestations between ASS-ILD and IIP (especially NSIP, COP, and IPF), we enrolled patients with IIP as disease controls in validation experiments. The proportions of Th2 cells and Th17 cells were higher in patients with ASS-ILD, and the proportion of Th1 cells was lower. Although hallmark pathogenic conditions associated with Th2 cells are allergy and asthma (35), it is worth mentioning that Th2 dominant autoimmune diseases are present, like multiple sclerosis (36). Besides a shift to a predominant Th2 response has been reported to lead to chronic inflammation and pulmonary fibrosis in sarcoidosis and hypersensitivity pneumonitis, as well as airway fibrosis induced by asthma (37–39). It is worth thinking whether the dynamic changes of Th2 cells are related with the fibrotic evolution of ILD in ASS. Establishing the risk factors for fibrotic ASS-ILD could provide us with the opportunity to early identify and intervene the progression of pulmonary fibrosis. Th17 cells have been demonstrated to play important roles in several autoimmune diseases and chronic respiratory diseases, such as rheumatic arthritis, psoriasis, multiple sclerosis, asthma, and sarcoidosis (18, 40, 41).Th17 cells are characterized by the hallmark cytokine of IL-17A, and have a critically important role in the induction of multiple autoimmune disorders (40). Th17 cells display remarkable plasticity, which is also closely associated with their pathogenicity (42, 43). Here we used chemokine receptors to define different subsets of CD4 T cells and found the increased numbers of Th17 cells in this study. It remains uncertain how Th17 cells with a high grade of plasticity function in this condition. It is not only important to evaluate Th17 cell frequency in this condition, but also to explore the proinflammatory capacity of Th17 cells. Thus how Th17 cells function in this condition is worthy of exploration.

Fourth, GO analysis for NK cells showed the enrichment of antigen processing and presentation of peptide antigen via MHC II, which needs to be interpreted carefully. NK cells are not professional antigen-presenting cells (APCs), and they are important members of the innate immune system to directly eliminate virus-infected cells and tumor cells through their natural cytotoxic capacity without prior priming (44). Genes enriched for antigen processing and presentation mainly included human leukocyte antigen (HLA) -DPB1, HLA-DPA1, HLA-DQA1, HLA-DRB1, and HLA-DRB5, all these enriched genes are classical HLA II molecules. HLA-DR-expressing NK cells have been reported to be detected in the blood and tissues in healthy individuals, and their functions are associated with enhanced production of proinflammatory cytokines, degranulation, and proliferation upon stimuli (44). In vitro, HLA-DR-expressing NK cells pre-activated with cytokines have been reported to induce nonspecific activation and partial differentiation of CD4 T cells in previous publications (45, 46). However, how NK cells process and present antigen is unclear and in vivo validation experiments are still lacking. The ability of antigen processing and presentation remains to be determined for NK cells. Type I interferons are well-known powerful regulators of NK cell activation (47), and HLA-DR expressing NK cells are reported to display profound ability to induce secretion of interferon γ (48). Functional divergence of NK cells from patients with ASS-ILD and HDs exists based on our analysis. We speculate that DEGs associated with classical HLA II molecules could be the effect of interferons in this condition. Nevertheless, more analyses are needed to verify the enriched functions profiled by scRNA-seq analyses.

There are several limitations in our study. First, the sample size is comparatively small. Second, we don’t have tissue samples, limiting our interpretation of cellular interchange between target organs and peripheral compartments. Third, longitudinal follow-up studies are needed to further elucidate the pathogenic roles of upregulated interferon responses, altered CD8 T cell homeostasis, and involvement of differentiation signaling pathways of CD4 T cells in the pathogenesis of ASS-ILD. Fourth, scRNA-seq of PBMCs is a powerful tool for visualization of peripheral cellular landscape, but it remains to be interpreted carefully owing to technical limitations and heterogeneity of algorithms for data analyses in different researches. Nevertheless, our research reveals peripheral immune responses in patients with ASS-ILD, and may provide foundations for further exploration into the pathogenesis of this condition.

In conclusion, our study reveals that patients with ASS-ILD are characterized by upregulated interferon responses, altered CD8 T cell homeostasis, and involvement of differentiation pathways for different subsets of CD4+ T cells. And the proportions of Th17 cells and Th2 cells are increased in patients with ASS-ILD than those in HDs based on the expression patterns of chemokine receptors through flow cytometry, while the proportion of Th1 cells is decreased. Further studies with longitudinal samples from more patients and investigations into cellular interchange between target organs and peripheral immune cells are still warranted to advance our understanding of the pathogenesis, which may pave the way for novel therapeutic interventions against ASS-ILD.
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The idiopathic inflammatory myopathies (IIM) are a rare clinically heterogeneous group of conditions affecting the skin, muscle, joint, and lung in various combinations. While myositis specific autoantibodies are well described, we postulate that broader immune endotypes exist in IIM spanning B cell, T cell, and monocyte compartments. This study aims to identify immune endotypes through detailed immunophenotyping of peripheral blood mononuclear cells (PBMCs) in IIM patients compared to healthy controls. We collected PBMCs from 17 patients with a clinical diagnosis of inflammatory myositis and characterized the B, T, and myeloid cell subsets using mass cytometry by time of flight (CyTOF). Data were analyzed using a combination of the dimensionality reduction algorithm t-distributed stochastic neighbor embedding (t-SNE), cluster identification, characterization, and regression (CITRUS), and marker enrichment modeling (MEM); supervised biaxial gating validated populations identified by these methods to be differentially abundant between groups. Using these approaches, we identified shared immunologic features across all IIM patients, despite different clinical features, as well as two distinct immune endotypes. All IIM patients had decreased surface expression of RP105/CD180 on B cells and a reduction in circulating CD3+CXCR3+ subsets relative to healthy controls. One IIM endotype featured CXCR4 upregulation across all cellular compartments. The second endotype was hallmarked by an increased frequency of CD19+CD21loCD11c+ and CD3+CD4+PD1+ subsets. The experimental and analytical methods we describe here are broadly applicable to studying other immune-mediated diseases (e.g., autoimmunity, immunodeficiency) or protective immune responses (e.g., infection, vaccination).




Keywords: idiopathic inflammatory myopathies (IIM), dermatomyositis (DM), polymyositis (PM), mass cytometry (CyTOF), immunophenotype



Introduction

The idiopathic inflammatory myopathies (IIM) are a family of autoimmune diseases afflicting 2.4 to 33.8 per 100,000 individuals. IIM are associated with significant morbidity and mortality (1). IIM patients have a three-fold increased risk of death (2), and 14% cannot dress independently (3). Clinically, IIM are quite heterogenous and causes varying degrees of skin rash, proximal muscle weakness, esophageal dysmotility, and interstitial lung disease (ILD). The presence of different autoantibodies is associated with specific clinical phenotypes (4–15). For example, Mi-2 positive patients frequently manifest with classical rashes, mild to moderate muscle involvement, and rarely have ILD (15), whereas MDA5 positive patients have cutaneous ulcerations, arthritis, and progressive lung disease that can rapidly lead to death (14). Immune subsets interact and influence each other (16–23). B cells, T cells, dendritic cells, and monocytes have been independently characterized in IIM patients (24–29), but all compartments have not been immunophenotyped in tandem from the same patient. Recent technical and analytical advances create an opportunity to probe relational changes in all of these subsets simultaneously to build a more complete picture of immune dysfunction in IIM.

Cryopreserved PBMC samples enable longitudinal studies of the same donor as one batch. Aliquots of the same sample can also be run in different assays. Several groups have shown that cryopreserved lymphocytes approximate fresh ex vivo results (30–33). To improve our understanding of IIM immunophenotypes across all PBMC compartments, we performed detailed immunophenotyping using mass cytometry by time of flight (CyTOF) to analyze cryopreserved PBMC samples isolated from a cohort of IIM patients with active disease compared to healthy controls. A challenge in analyzing mass cytometric data is the number of parameters analyzed simultaneously. While canonical immune subsets (34) and previously described autoimmune-prone subsets (35–40) can be analyzed using traditional biaxial gating, dimensionality reduction tools, such as t-SNE and UMAP, facilitate discovery of non-canonical immune subsets that may otherwise be missed by manual biaxial gating approaches that require a priori knowledge to identify subsets. Dimensionality reduction tools convert plots of cells in multi-dimensional space into a two-dimensional map for manual review by scientists (41). In contrast, clustering algorithms, such as CITRUS (42) and FlowSOM (43), use automated approaches to detect and define cell populations for downstream analyses, including manual biaxial gating. While FlowSOM stands out compared to other unsupervised clustering tools due to its fast and accurate grouping of cells by phenotype, FlowSOM does not analyze external categories as part of finding cell clusters (44). In contrast, CITRUS is a statistically robust tool for supervised analysis, meaning that it allows the user to guide the analysis using an external categorization of comparison groups and incorporates key statistical concepts like false discovery rate. Additional algorithms, such as marker enrichment modeling (45), can further characterize these clusters and facilitate the development of biaxial gating schemes for cluster validation. We therefore elected to use t-SNE, as well as CITRUS and MEM to identify immune perturbations that distinguished groups and manual biaxial gating to validate proportional differences in these putative populations between groups.

Previously, CD21lo/neg (46) and CD180lo (37) B cell subsets were found to be increased in IIM. We hypothesized that machine learning would identify additional atypical B cell populations. Therefore, in addition to measuring perturbation of canonical PBMC (34) and autoimmune prone B cell subsets (35–37, 39, 40) in IIM patients via biaxial gating, we employed t-SNE to visualize the B cell immunophenotypes in IIM and identify additional atypical populations. We then grouped patients by the presence of atypical B cell subsets and exploited the statistical robustness of CITRUS to identify other PBMC subsets associated with the t-SNE identified B cell subsets, which would support the hypotheses that immune endotypes exist within IIM. Such immune endotypes may have important clinical correlates such as disease severity, end-organ involvement, or treatment response.



Materials and Methods


Patients

Institutional Review Board approval was obtained (VUMC IRB 141415). Patients clinically diagnosed with IIM were enrolled into the Myositis and Scleroderma Treatment Initiative Center (MYSTIC) Cohort in either the outpatient clinic or inpatient setting at Vanderbilt University Medical Center between 9/17/2017 and 9/30/2018. Individuals enrolling as healthy controls completed a health questionnaire to verify a negative review of systems and no personal or family history of autoimmunity in a first degree relative. We performed clinical phenotyping by chart abstraction to estimate the date of symptom onset and collected serologic data, including anti-nuclear antibodies (ANA), rheumatoid factor (RF), cyclic citrullinated peptide (CCP), and an extended myositis panel obtained through ARUP (Salt Lake City, UT), which included Jo-1, PL-7, PL-12, EJ, OJ, Ro52, Ro60, Ku, MDA5, Mi-2, NXP-2, P155/140, Pm/Scl 100, SAE-1/SUMO, SRP, Tif-1γ, U1RNP, and U3RNP. We defined patients as having ILD if a radiologist determined that fibrosis was present on a CT scan. If the treating clinician escalated immunosuppression, the patient was defined as having active disease. Clinical data are reported as the mean ± standard deviation unless otherwise indicated. We isolated peripheral blood mononuclear cells (PBMCs) from blood collected in sodium heparin CPT tubes (BD Biosciences, San Jose CA) per manufacturer’s directions and cryopreserved for future study.



Mass Cytometry

Seventeen IIM patients with active disease and eighteen healthy controls were included for CyTOF analysis. For CyTOF acquisition, we thawed 3-5 million PBMCs per individual, viability stained with cisplatin, and stained for surface and intracellular markers (see Supplemental Methods and Tables S1, S2). Data were acquired using a CyTOF Helios 3.0 (Fluidigm Sciences, Sunnyvale, CA) and CyTOF software (version 6.7.1014) at the Vanderbilt University Medical Center Mass Cytometry Center of Excellence. Dual count calibration and noise reduction were applied prior to acquisition; 100,000-400,000 events were collected per sample.



Flow Cytometry

We selected six representative IIM patients and six healthy controls for flow cytometric studies of CD180 expression, for which 4-5 million cells per individual were thawed and stained (see Supplemental Methods and Table S3). We measured intracellular and extracellular CD180 levels simultaneously on the same day. All data were acquired on a BD LSRII Fortessa instrument.



Data Analysis

Mass cytometry FCS files underwent Fluidigm bead normalization and analysis using Cytobank software per established methods (47). Dimensionality reduction (t-SNE (41) and UMAP (48)), clustering (CITRUS (42)), or supervised (traditional biaxial gating) analyses were conducted using CytoBank (Santa Clara, CA). Marker enrichment modeling (MEM) labels (45) aided in determining biaxial gating schemes for CITRUS-identified populations. Details of mass cytometric data analysis are included in the Supplemental Methods and Tables S4, S5. Fluorescence cytometry data was analyzed using FlowJo version 9.9.6.



Statistical Methods

Population statistics were exported from CytoBank or FlowJo as appropriate and analyzed with Prism software (GraphPad, La Jolla, CA) to calculate descriptive statistics. Data are expressed as mean ± standard deviation unless otherwise indicated. If multiple groups were compared, we performed a Kruskal-Wallis ANOVA and, if p<0.05, post-hoc Mann-Whitney U-tests were performed. For comparison of two continuous variables, we utilized Mann-Whitney U-tests. For comparison of two dichotomous variables, a Fisher’s exact test was performed. Spearman’s correlation coefficients were utilized to identify the presence of a statistical correlation between populations.




Results


Patient Characteristics

We studied 17 patients clinically diagnosed with IIM and 18 healthy controls. Basic demographics and clinical information are shown in Table 1. Detailed clinical phenotyping is shown in Supplemental Table S6. IIM patients were slightly older than healthy controls (56.8 ± 12.0 v. 46.4 ± 12.0 years, p=0.01). Seven patients were receiving corticosteroids at the time of enrollment; one patient was taking methotrexate at the time of enrollment with active skin, lung, and joint involvement. Eleven patients met the 2017 classification criteria for probable or definite IIM. Those not meeting classification criteria all had interstitial lung disease and myositis-specific autoantibodies.


Table 1 | Patient demographics.





Lymphoid and Myeloid Subsets Are Altered in IIM Patients Compared to Healthy Controls

We evaluated common myeloid, T, and B cell subsets based on standardized immunophenotypic markers (34) using traditional biaxial gating (Supplemental Figure S1). Regions for each subset are pseudocolored on a t-SNE plot including all donors concatenated (Figure 1A) or divided into concatenated healthy control or IIM t-SNE plots, in which major subset regions are indicated by shading (Figure 1B). Figure 1C shows a heatmap of all markers for each population to ensure all populations were correctly identified. Table 2 shows the average, standard deviation, and p value comparing all populations between IIM and healthy controls based on manually-defined populations on t-SNE plots. Complete blood count with differential was available for 14 IIM patients and 14 healthy controls. There was no difference between the number of circulating PBMCs between IIM patients and healthy controls (Figure 1D). There was no difference in the percent of live cells for healthy controls compared to IIM patients (92.2 ± 5.1% v. 94.2 ± 2.7%, p=0.27). As shown in Figure 1E, IIM patients had a decreased frequency of class-switched (CD19+CD27+IgM-) and non-class-switched (CD19+CD27+IgM+) memory B cells compared to healthy controls; there was no difference in the frequency of naïve (CD19+CD27-IgD+) or total B cells. While there was no statistically significant difference in CD8+ T cells, there was a decrease in CD4+, CD4-CD8- and CD4+CXCR5+PD1+ T cells. Classical monocytes (CD14+CD16-CD19-CD3-) were increased in IIM patients compared to healthy controls, but there was no difference in the frequency of natural killer cells (CD16+CD19-CD3-CD14-) or non-classical monocytes (CD14+CD16+CD19-CD3-).




Figure 1 | IIM patients show differences in peripheral blood immune subsets from healthy controls. (A) Live PBMCs from healthy controls (n=18) and IIM patients (n=17) were visualized using t-SNE and manually assigned to traditional immune cell populations (indicated by color). (B) Density contour maps of concatenated healthy controls versus IIM patients. (C) Expression heatmaps of representative markers for t-SNE islands displaying the arcsinh ratio by table’s minimum. (D, E) Clinical seropositivity for the indicated autoantibodies is shown by legend symbols at the bottom of Panel (E). Individual donors are plotted. (D) Absolute number of circulating PBMCs for healthy controls (n=14) and IIM patients (n=14) for whom count data were available. (E) Comparison of major circulating PBMC subsets between healthy controls and IIM patients using t-SNE visualization and manual gating from panel (A). Statistical comparisons were performed using Mann-Whitney U tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, not significant (n.s.).




Table 2 | Peripheral blood mononuclear cell (PBMC) subsets and median mass intensities (MMI) in healthy controls and idiopathic inflammatory myopathy (IIM) patients.





Autoimmune-Prone CD21lo and DN B Cell Subsets Are Increased in IIM Compared to Healthy Controls

Next, we used manual biaxial gating to investigate the previously described autoreactive CD24hiCD38hi transitional B cell (40), CD21lo/negative B cell (36), CD27-IgD- DN B cell (50), and BND cell (35) subsets as shown in Figure 2A. There was no difference in the frequency of CD24hiCD38hi transitional B cells or BND cells in IIM patients compared to healthy controls. However, IIM patients had increased CD21lo/neg and DN B cells compared to healthy controls (Figure 2B). CD21lo/negative cells were previously shown to be autoreactive and/or anergic (36). The frequency of CD21lo/negative cells can be increased in systemic lupus erythematosus (51), rheumatoid arthritis (36), juvenile idiopathic arthritis (52), and systemic sclerosis (53, 54).




Figure 2 | Autoreactive-prone CD21lo and DN B cells and CD180 surface expression are reduced in IIM patients. (A) Mass cytometry gating scheme to identify CD19+CD24hiCD38hi transitional B cells, CD19+CD21lo cells, CD19+CD27-IgD- (DN B) cells, and CD27-IgD+IgM- (BND) cells in healthy controls (n=18) and IIM patients (n=17). (B) Population frequencies for panel A subsets are shown for each donor; symbols represent clinical autoantibody status as in Figure 1. (C) CD180/RP105 mean mass intensity (MMI) for naive and memory CD19+ populations. (D) Fluorescent cytometry data quantifying CD180 expression on the cell surface and (E) intracellularly for four heathy controls and six IIM patients. Data are expressed as the mean ± standard deviation. (F) Ratio of intracellular to extracellular CD180 mean fluorescence intensity (MFI). Statistical comparisons were performed using Mann-Whitney U tests, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, not significant (n.s.).



Kikuchi et al. reported an RP105/CD180 lo B cell population that was increased in dermatomyositis (37). Examination of CD180 median mass intensity (MMI) revealed decreased expression on naïve, class-switched memory, and non-class switched memory B cells in IIM patients compared to healthy donors (Figure 2C). There was no difference in the CD180 MMI on CD19+ cells of patients taking or not taking prednisone (41.7 ± 3.7% v. 54.2 ± 17.5%, p=0.14). To evaluate whether surface CD180 expression was decreased due to global protein downregulation, fluorescence cytometry was performed on IIM patients and healthy controls to quantify extracellular versus intracellular protein. Extracellular CD180 median fluorescent intensity was decreased in IIM patients compared to healthy controls, whereas intracellular CD180 expression was not different (Figures 2D–F). These data are consistent with surface downregulation, rather than reduced expression of CD180 in IIM B cells.



Circulating Subsets of CXCR3+ T Cells Are Decreased in IIM

We used previously defined biaxial gating schemes (34, 55) to evaluate CD4+ T cell subsets (Figures 3A, B and Supplemental Figure S2A) as defined in Table 2. There were no differences in CD4+ naïve, central memory, effector memory, or effector cells between IIM patients and healthy controls (Supplemental Figure S2B). IIM patients had an increased frequency of CD8+ effector cells but not CD8+ naïve, central memory or effector memory cells (Supplemental Figure S2C). However, as shown in Figure 3C, all CXCR3+ Th subsets, including Th1, Th1Th17, CXCR3+Th2, and CXCR3+Th17 cells, were strikingly decreased in IIM compared to healthy controls. There was no difference in the CXCR3- subsets Th0, Th2, and Th17. We additionally determined that the CXCR3+ subsets of CD8+ and CD4-CD8- T cells were decreased in IIM compared to healthy controls, but there was again no difference in the CXCR3- subsets (Figures 3D, E). There was no difference in the global frequency of CXCR3+ T cells in IIM patients taking prednisone compared to those not on prednisone (2.6 ± 3.2% v. 2.6 ± 1.7% of live PBMCs, p=0.37).




Figure 3 | CXCR3+ T cell subsets are decreased in IIM. (A) Mass cytometry biaxial gating scheme to identify subsets of CD4-CD8-, CD4+, and CD8+ T cells for healthy controls (n=18) and IIM patients (n=17). (B) Expression heatmap of surface markers for CD4+ subsets displaying the arcsinh ratio by table’s minimum. (C–E) CXCR3- and CXCR3+ T cell populations were examined. Frequencies of biaxially gated T cell subsets are shown for each donor; clinical autoantibody status is indicated as in Figure 1; (C) CD4+, (D) CD8+, and (E) CD4-CD8- T cell populations. Statistical comparisons were performed using Mann-Whitney U tests. *p < 0.05, **p < 0.01, ***p < 0.001, not significant (n.s.).





Dimensionality Reduction Algorithms Reveal Two Abnormal CD19+ Cell Populations in IIM

Population identification using biaxial gating strategies relies on prior phenotypic marker knowledge. However, t-SNE plots represent multidimensional cellular information in 2D space, allowing for unbiased population identification and manual visual comparison (41). The t-SNE plots in Figure 4A and heatmap in Figure 4B show two atypical CD19+ cell subsets with varying frequencies in IIM patients as well as the previously seen decrease in class-switched and non-class switched memory CD19+ cell subsets (46) (Figure 4C). The CD19+CXCR4hiCCR7hi subset was increased in IIM patients compared to healthy controls. The second CD19+CD21loCD11c+ subset did not reach statistical significance but was increased in some IIM patients. The atypical populations identified via manual gating of t-SNE plots could also be found using biaxial gating (Supplemental Figure 3) and UMAP (Supplemental Figure 4). Thus, dimensionality reduction visualization of resulting data identified perturbed CD19+ cell subsets that were not captured by previous IIM studies.




Figure 4 | CD21loCD11c+ and CXCR4hiCCR7hi B cell subsets are increased amongst IIM patients. CD3-CD19+ B cells were visualized using t-SNE. (A) Concatenated t-SNE maps for all healthy controls (n=18) and IIM patients (n=17) showing traditional B cell subsets and two IIM-associated B cell subsets identified through manual gating of t-SNE plots. (B) Expression heatmaps of representative markers for CD21loCD11c+ and CXCR4hiCCR7hi subsets displaying arcsinh ratio by table’s minimum of channel median. (C) Frequencies of CD21loCD11c+ and CXCR4hiCCR7hi subsets are shown for each donor where various myositis associated and specific autoantibodies are coded as follows: Statistical comparisons were performed using Mann-Whitney U tests, **p < 0.01, not significant (n.s.).





High Frequencies of Abnormal CD19+ Populations Predict the Presence of Altered Circulating CD4+ Populations

CITRUS is a fully automated machine learning algorithm that identifies cell populations correlated with a particular biologic or clinical feature (42). CITRUS also incorporates regularized regression modeling to make statistically robust comparisons between groups, which was highly valued given the cohort heterogeneity. As specific B cell subsets can affect T cell phenotype (19, 20, 23), we used CITRUS to investigate correlations between CD19+CXCR4hiCCR7hi and CD19+CD21loCD11c+ cell subsets with T cell subsets. We created three mutually exclusive groups of IIM patients with high expression of CD19+CXCR4hiCCR7hi, CD19+CD21loCD11c+, or neither compared to healthy controls (Table S7). IIM patients assigned to the CD19+CXCR4hiCCR7hi group had ten-fold more cells in that population than the average for healthy controls. IIM patients assigned to CD19+CD21loCD11c+ group had two-fold more cells in that population than the average for healthy controls. As shown in Figure 5A, CITRUS identified increased abundance of CD4+CXCR4hiCD38hi naïve cells (Cluster A) in IIM patients defined by increased CD19+CXCR4hiCCR7hi cell frequency. CD4+CD27-PD1+ effector memory cells (Cluster B) were increased in the group with a high frequency of CD19+CD21loCD11c+ cells. To further characterize the phenotype of CD4+ cells in Clusters A and B, a heatmap of surface marker expression is shown for both populations. Figure 5B shows that Cluster A is comprised of a CD4+ naïve T cell subset with high levels of CCR7, CXCR4, and CD127 expression while Cluster B consists of a CD4+ effector memory cell subset positive for CX3CR1 and PD1. CITRUS also identified several populations of T cells that were decreased in IIM patients (Supplemental Figure S5).




Figure 5 | CITRUS identifies T cell clusters associated with abnormal CD19+CXCR4hiCCR7hi and CD19+CD21loCD11c+CD27- populations. CD3+ T cells were clustered via CITRUS using four groups (healthy control, n=18, CXCR4hi, n=5, CD21lo, n=6, and other B cell phenotype, n=6) and the nearest shrunken centroid algorithm. (A) Increased abundance of clusters A and B are predicted by the presence of the CXCR4hi and CD21lo subsets, respectively. (B) Expression heatmap of markers for Clusters A and B displaying arcsinh ratio by table’s minimum. (C) Algorithmic determination of biaxial gating scheme using marker enrichment modeling (MEM) for Clusters A and B Scale 1-10. (D) Biaxial gating scheme derived based on MEM definition; Cluster A: CD4+CD45RO-CCR7+CXCXCR4hiCD38+, and Cluster B: CD4+CR7-CD45RO+CD27-PD1+. Representative healthy control HC and IIM patient plots are shown. (E, F) CITRUS determined abundance and corresponding biaxial gating frequency for (E) Cluster A and (F) Cluster B are plotted for individual donors. If Kruskal-Wallis p<0.05, then post-hoc Mann-Whitney U tests were used to compare to healthy controls. **p < 0.01, ***p < 0.001, ****p < 0.0001.



To confirm this finding, marker enrichment modeling (MEM) computationally identified differentially expressed markers “enriched” in each cluster (45) to guide biaxial gating (Figures 5C, D). Biaxial population frequencies approximated the CITRUS-determined abundances (Figures 5E, F and Table S8). CD19+CXCR4hiCCR7hi and CD19+CD21loCD11c+ population frequencies were plotted against the biaxially gated frequency of the CD4+CXCR4hiCD38+ and CD4+CD27-PD1+ subsets, respectively (Supplemental Figure S6). We calculated Spearman’s correlation coefficients (Table S9) and confirmed a statistical correlation between CD19+CXCR4hiCCR7hi and CD4+CXCR4hiCD38+populations (r=0.62, p=0.009) and between CD19+CD21loCD11c+ and CD4+CD27-PD1+ populations (r=0.60, p=0.01). Subset frequencies for individual patients are shown in Tables S10. These data show that patients defined by specific CD19+ subset perturbations show correlative changes with particular CD4+ T cell subsets.



An Increased Frequency of CD19+CXCR4hiCCR7hi Cells Predicts the Increase of Two Myeloid Populations

Using the previous IIM group assignments (Table S7), CITRUS clustered CD3-CD19- cells to correlate myeloid cell abundance with CD19+ cell phenotypes. Two clusters of increased abundance were predicted by having an increased frequency of CD19+CXCR4hiCCR7hi cells (Figure 6A). A heatmap of surface marker expression for both populations is shown in Figure 6B. While both Cluster C and Cluster D are classical monocytes, differential expression of CXCR4, CD45RO, and CD180 are readily apparent. MEM analysis confirmed Cluster C as a CD180+CXCR4+ classical monocyte and cluster C as a CD180-CXCR4- monocyte (Figure 6C). The MEM-derived biaxial gating scheme did not have clear visual cut-offs and final biaxial gating (Figure 6D) required the use of a training data set. Thus, myeloid cluster increases were further validated by t-SNE analysis (Supplemental Figure S7). Both the biaxial and t-SNE frequencies approximated the CITRUS abundance (Figures 6E, F and Supplemental Figure S7D). Spearman’s correlation coefficients confirmed a statistical correlation of the CD19+CXCR4hiCCR7hi subset with both the biaxially gated classical monocyte (r=0.61, p=0.01) and the CXCR4-CD180- myeloid population (r=0.66, p=0.01). The CD4+CXCR4hiCD38+ population also correlated to both the CD180+CXCR4+ (Spearman r = 0.64, p = 0.007) and CD180-CXCR4- (Spearman r = 0.64, p = 0.007) classical monocyte populations (Supplemental Figure S5). Subset frequencies for individual patients and group assignments are again shown in Tables S10.




Figure 6 | CITRUS identifies myeloid cell clusters that are increased in IIM. CD3-CD19- cells were clustered via CITRUS using four groups (healthy control, n=18, CXCR4hi, n=5, CD21lo, n=6, and other B cell phenotype, n=6) and the nearest shrunken centroid algorithm. (A) Increased abundance of Clusters C and D are increased across all IIM subsets. No clusters of decreased abundance were identified. (B) Expression heatmap of markers for Clusters C and D displaying arcsinh ratio by table’s minimum. (C) Algorithmic determination of biaxial gating scheme using marker enrichment modeling (MEM) for Clusters C and D. (D) Biaxial gating scheme derived based on MEM enrichment shown for a representative IIM patient. Additional t-SNE gating is shown in Supplemental Figure 4. (E) CITRUS determined abundance and corresponding biaxial gating frequency for Cluster C and (F) Cluster D. If Kruskal-Wallis p<0.05, then post-hoc Mann-Whitney U tests were used to compare to healthy controls. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Discussion

Our key findings are summarized as follows. First, all IIM patients had decreased memory B cells, low RP105/CD180 surface B cell expression, and reduction of circulating CD3+CXCR3+ subsets, including Th1, Th1Th17, CXCR3+Th2, and CXCR3+Th17 cells. Second, we identified two distinct immune signatures, which we will term endotypes, amongst a cohort of IIM patients. Endotype 1 was characterized by increased CXCR4hi surface expression across all cellular compartments. Endotype 2 featured increased CD19+CD21loCD11c+ and CD4+CD27-PD1+ T cell populations. To our knowledge, these are the first immune endotypes to span multiple immune compartments in IIM.

Our B cell findings complement those of prior reports. Jo-1 autoantibody-positive IIM patients were previously reported to have decreased memory B cells (26), which we find across IIM patients independently of which myositis autoantibody was positive or which clinical disease manifestations were observed. Thus, our data suggest decreased peripheral blood memory B cells is a common feature of IIM that extends beyond Jo-1+ IIM patients. While the increase of CD24hiCD38hi (transitional) B cells did not reach statistical significance, some patients did have an increased frequency of this population, as previously observed in juvenile dermatomyositis (27). Decreased surface expression of RP105/CD180 was also found to be a common B cell feature in this clinically heterogeneous IIM patient cohort. CD180 is an alternative B cell signaling cascade capable of activating B cells either independently or synergistically with TLR9 or BCR engagement. CD180 is internalized after binding an unknown ligand, after which signaling occurs through an incompletely elucidated pathway (56). Thus, we postulate decreased surface expression of CD180 may reflect increased CD180 internalization and signaling in IIM patients.

We also identified a general decrease in circulating T cells expressing CXCR3. This may be due to CXCR3+ T cell migration into sites of inflammation. In support of this, interferon gamma and tumor necrosis factor alpha, which are increased in IIM, can induce secretion of the CXCR3 ligand CXCL10 by muscle fibers (57), and CXCR3+ T cells have been identified in the muscle biopsies of polymyositis, dermatomyositis, and inclusion body myositis patients (58). Of interest, CXCR3 ligands, CXCL9 and CXCL10, are increased in the serum of Jo1+ and SRP+ myositis patients (59), and CXCL10 is a validated disease activity biomarker for juvenile dermatomyositis (60).

The two immune endotypes identified here may have clinical correlations. Endotype 1 was hallmarked by increased CXCR4hi surface expression across all immune subsets. Increased surface CXCR4 expression on circulating B and T cells was previously associated with increased disease severity in SLE (61) and 4/5 patients in our IIM cohort with this endotype were enrolled in the inpatient setting. We therefore postulate that the CXCR4hi endotype is also associated with disease severity in IIM. Our sickest patient who was requiring extracorporeal membrane oxygenation also had the highest frequency of CXCR4hi cells. Previously, CD4+CXCR4+ T cells were found to be correlated to high-resolution CT score, % predicted forced vital capacity, and 6-month mortality in IIM-ILD. In vitro, CD4+CXCR4+ T cells were found to stimulate fibroblast proliferation via IL-21, which was abrogated following co-culture with anti-IL21 blockade or tofacitinib (29). While CXCR4 can be upregulated by several stimuli (62–64), the cause of CXCR4 upregulation in IIM is currently unclear and represents a potential area of future research.

Endotype 2, comprised of the CD19+CD21loCD11c+ and CD4+CD27-PD1+ populations, may represent a pro-fibrotic phenotype. These CD19+ cells may represent DN2 B cells previously reported in SLE amongst patients with RNP antibodies, which are associated with skin and lung fibrosis. In those studies, DN2 B cells were characterized as CD19+CD21loCD27-IgD-CXCR5-CD24-CD11c+Tbet+, appeared to be plasma cell precursors, and were also exquisitely sensitive to TLR7 stimulation (65). The association of DN2 cells with RNP autoantibody positivity is of particular interest as this, like Pm/Scl, is an autoantibody that tends to be associated with features of systemic sclerosis, another fibrotic disease. In our study, most IIM patients with increased CD19+CD21loCD11c+ cells were Pm/Scl+. Alternatively, the numerous myeloid markers observed here raise the possibility that this CD19+ subset may not be of the B cell lineage (66, 67) or that the B cells may have acquired surface markers from follicular dendritic cells (68). CD4+PD1+ T cells have been reported in a number of fibrotic diseases including subglottic stenosis (69), idiopathic pulmonary fibrosis (IPF), and sarcoidosis (70). A trend towards increased frequency of CD4+PD1+ T cells has also been reported in systemic sclerosis (71).

Since these samples were obtained from an observational cohort, potential confounders, including steroid exposure, must be carefully considered. While sample size precluded formal multivariate and confounder analyses, qualitatively, there is no evidence that steroid exposure drove immune endotype. Four of the five patients with endotype 1 and 3/6 patients with endotype 2 were on at least 40 mg/day prednisone. Patients off all medications exhibited both immune endotypes. Additionally, CD180 surface expression and frequency of CXCR3+ T cells was decreased in all IIM patients, regardless of prednisone exposure. Future studies using larger IIM patient cohorts will be required to formally determine whether IIM medications contribute to the perturbed immune phenotypes identified here.

Studies identifying immunophenotypic signatures in rare diseases such as IIM are complicated by limited patient sample numbers, which limits the power to detect changes of modest magnitude or that are heterogeneously represented among the cohort. However, as our study demonstrates, supervised and unsupervised approaches successfully capture larger immune perturbations, which can provide important insight into disease biology. An additional limitation is the lack of concordant muscle or lung sampling precludes us from correlating our peripheral blood findings to end-organ inflammation and damage.

Overall, CyTOF facilitated simultaneous evaluation of multiple PBMC subsets using minimal sample with single cell resolution. Inclusion of hospitalized patients permitted us to investigate the entire spectrum of disease severity. Incorporating unsupervised analysis with traditional biaxial gating confirmed prior findings while also identifying novel subsets in a comprehensive and minimally biased way among IIM patients. The identification of two immune endotypes represents an important step forward in dissecting the immune phenotypes that contribute to clinical manifestations in IIM.
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Inflammatory rheumatic diseases (IRD) and autoimmune liver diseases (AILD) share many similarities regarding epidemiology, genetics, immunology and therapeutic regimens, so it is not surprising that approximately 20% of patients with AILD are diagnosed with an IRD as well. Clinical features and biochemical hallmarks of IRD and AILD often intertwine and cross diagnostic criteria. Therefore, the real distinction of underlying disorders in a patient with these comorbidities may be challenging. The present report is the first report of simultaneously developed juvenile dermatomyositis (JDM) and autoimmune sclerosing cholangitis (ASC) with both entities fulfilling the latest guidelines for a definite diagnosis. Both of these diagnoses are difficult to definitely establish since ASC has a similar serologic profile as autoimmune hepatitis and liver histological analysis is frequently non-specific, whereas clinically amyopathic JDM diagnosis depends mostly on classical dermatological symptoms, while the rest of the diagnostic criteria, including the necessity for skin or muscle biopsy and the presence of myositis specific antibodies, are still not uniformed. In spite of these challenges, our patient clearly met European League Against Rheumatism/American College of Rheumatology classification criteria for CAJDM and The European Society for Pediatric Gastroenterology, Hepatology and Nutrition diagnostic criteria for ASC. Since elevated serum transaminases, the presence of serum antinuclear antibodies and hypergammaglobulinemia could be explained as a part of both JDM and ASC, the underlying pathophysiology remains debatable. Intriguingly, JDM and ASC share genetic predisposition including human leukocyte antigen allele DRB1*0301 and tumor necrosis factor α 308A allele. Furthermore, both humoral and cellular components of the adaptive immune system contribute to the pathogenesis of JDM and ASC. Moreover, recent findings indicate that the loss of the CD28 expression on T-cells plays a significant role in their pathogenesis along with the Th17 immune pathway. Despite these common features that suggest shared autoimmunity, AILD and autoimmune myositis are traditionally studied and managed independently. The lack of therapies that target the underlying cause results in a high rate of adverse events due to unspecific immunosuppressive therapy. Shared autoimmunity is an ideal area to develop new, targeted immunotherapy that would hopefully be beneficial for more than one disease.
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Introduction

Juvenile dermatomyositis (JDM) is an autoimmune inflammatory disease affecting skeletal muscle tissue and skin, with an incidence of 3.2 per million children per year (1, 2). Clinically amyopathic JDM (CAJDM), or more recently called skin-predominant JDM, is DM subphenotype which includes hallmark cutaneous manifestations of DM without muscle weakness lasting for at least 6 months, affecting only around 10% of all JDM patients (3, 4). Autoimmune sclerosing cholangitis (ASC) is autoimmune liver disease (AILD) affecting intrahepatic and extrahepatic bile ducts, with an incidence of 1 per million children per year (5). The diagnosis is based on elevated liver enzymes, serological profile similar to autoimmune hepatitis (AIH) and bile duct lesions visualized on cholangiography (6). Therefore, a concomitant development of both of these autoimmune diseases in the same patient is exceptional.

Among patients with autoimmune myositis (AIM), elevated serum liver enzymes are a common phenomenon. Patients with DM frequently have simultaneously elevated creatine kinase (CK), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) at the presentation, usually of skeletal muscle origin. Serum transaminases usually normalize proportionally to CK serum level (7). Consequently, concomitantly elevated CK, AST and ALT may be attributed to myositis leaving a concurrent liver disease unrecognized, while elevated transaminases without a determination of serum CK level may be misdiagnosed as a liver disease.

Along with elevated liver enzymes, patients with AIM as well as those with AILD often have positive antinuclear antibodies (ANA) and hypergammaglobulinemia. Therefore, in a case of increased transaminases without elevation of serum CK in patients with myositis, additional liver disease should be excluded. Here we report an extraordinary case of JDM and ASC co-occurrence and discuss shared clinical, biochemical, immunological and genetic features of these two distinct clinical entities.



Case Report

A 16-years old, previously healthy boy presented at our Department of Pediatrics with a 12-months history of skin rash. There was no history of photosensitivity, oral ulcers, alopecia, Raynaud’s phenomenon, joint pain, morning stiffness, fever, myalgia or weight loss. Physical examination revealed characteristic cutaneous features of DM including Gottron’s papules (multiple erythematous papules over the dorsal aspect of metacarpophalangeal and interphalangeal joints, Figure 1), Gottron’s sign (violaceus macules over extensor surfaces of elbows and medial malleoli), heliotrope rash (violaceous erythema of the eyelids or periorbital skin) and the malar rash, including the nose bridge (Figure 2). The rest of the physical examination was unremarkable. There was no clinically detectable muscle weakness. Chest radiograph, echocardiogram and renal ultrasound were normal.




Figure 1 | Characteristic cutaneous features of DM called Gottron’s papules (multiple erythematous papules over the dorsal aspect of metacarpophalangeal and interphalangeal joints).






Figure 2 | Characteristic cutaneous features of DM called heliotrope rash (violaceous erythema of the eyelids or periorbital skin) and the malar rash.



Laboratory investigations were: C-reactive protein 4.2 mg/l (normal <3 mg/l), erythrocyte sedimentation rate 11 mm/h (normal <12 mm/h), AST 69 U/l (normal 10–42 U/l), ALT 107 U/l (normal 10–37 U/l), γ-glutamyltransferase 178 U/l (normal 10-43 U/l). Serum CK levels and lactate dehydrogenase were within normal range (233 U/l and 287 U/l, respectively). Fecal calprotectin was 316 mcg/g and fecal occult blood test was negative. Immunoglobulin (Ig) G levels were increased up to 22.1 g/l (normal 7-16 g/l) as well as total serum protein and albumin to globulin ratio. The rest of the laboratory findings where within the reference range, including blood count, coagulogram, urea, creatinine, alkaline phosphatase, bilirubin, complement (C3, C4), anti-tissue transglutaminase antibodies, rheumatoid factor, anti- cyclic citrullinated peptide antibodies, alpha1-antitrypsin, copper, ceruloplasmin and urine analysis (including proteinuria and copperuria). Hepatitis A, B, C, EBV, CMV, Toxoplasma and HSV1 serology as well as quantiferone test were negative.

Immunological blood tests revealed positive ANA, while antibodies against double-strained DNA and extractable nuclear antigens were negative. Furthermore, cytoplasmic (c-) and atypical perinuclear (a p-) anti-neutrophil cytoplasmic antibodies (ANCA) were positive, whereas p-ANCA were firstly negative, but on a second examination were positive. Anti-cardiolipin (ACA), anti-beta2 glycoprotein I (B2GPI) and anti- glycoprotein 210 (gp210) antibodies were also positive. Anti-liver/kidney microsomal type 1(LKM-1), anti-liver cytosol type 1 (LC-1), anti-smooth muscle antibodies (SMA), anti-soluble liver antigen (SLA) and anti-mitochondral (AMA) antibodies were all negative. Amongst myositis specific antibodies (MSA) only anti-transcriptional intermediary factor 1 gamma (anti-TIF1γ) antibodies were positive.

Although serum CK levels were within normal range, electromyography showed occasional polyphasy and decreased action potential amplitudes on both peroneal nerves. Furthermore, our patient was positive for myositis specific anti-TIF1γ antibodies, which are, according to the most recent guidelines, an additional criterion for diagnosing skin-predominant DM (8, 9). Based on the European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) classification criteria for idiopathic inflammatory myopathies and more recently proposed classification criteria by the Delphi project group our patient was diagnosed with CAJDM (Tables 1, 2) (2, 8).


Table 1 | Clinical practice guidance table for the diagnosis of juvenile dermatomyositis (9) and results in our patient.




Table 2 | EULAR/ACR classification criteria table for adult and juvenile idiopathic inflammatory myopathies and their major subgroups (2) and score in our patient.



Since there was no correlation between serum transaminases and CK levels, other source of transaminases, rather than skeletal muscles, was suspected. Abdominal ultrasound revealed dilated common bile duct and magnetic resonance cholangiopancreatography (MRCP) confirmed distended common and intrahepatic bile ducts (Figure 3). Finally, histological analysis of the liver biopsy specimen showed a dense mononuclear cell infiltration with peripheral piecemeal necrosis in 1 out of the total 10 portal places encompassed within the specimen (Figure 4). Although the histological finding was non-specific, it was compatible with the diagnosis of ASC. Based on the European Society for Pediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) scoring system ASC diagnosis was finally established (Table 3) (6).




Figure 3 | Distended common bile duct and intrahepatic bile ducts on magnetic resonance cholangiopancreatography (MRCP).






Figure 4 | Liver biopsy shows mononuclear infiltration of portal tract with focal interface hepatitis (PAS-D stain, magnification 200x).




Table 3 | ESPGHAN table of scoring criteria for the diagnosis of juvenile autoimmune liver disease (6) and results in our patient.



After being diagnosed with both CAJDM and ASC, our patient was managed in an interdisciplinary manner. Since high-dose steroid is the preferred initial treatment for both JDM and ASC, the patient commenced prednisone at a dose of 60 mg/day. The dose was gradually decreased in parallel to the decline of serum transaminases. Azathioprine (100 mg/day) was added as a steroid-sparing agent (6, 9). According to the ESPGHAN protocol, ursodeoxycholic acid (UDCA, 750 mg/day) was also administered (6). Because of the deterioration of skin symptoms despite a good patient’s compliance, 6 months after the therapy initiation, hydroxychloroquine (200 mg/day), which is recommended for skin predominant JDM by the Children’s Arthritis and Rheumatology Research Alliance (CARRA), was added to the therapy regimen (10). Eventually, the treatment resulted in clinical and laboratory improvement. Since the patient’s follow-up to this date is only a year long, further interdisciplinary monitoring is planned.

With an aggressive early treatment, 30–50% of patients have the potential to reach remission within 2–3 years of disease onset with a mortality rate of less than 4%, whereas 40-60% of patients have a persistently active disease leading to complications like calcinosis, persistent muscle weakness, skin or muscle atrophy and lipodystrophy (11). Based on Single Hub and Access point for pediatric Rheumatology in Europe (SHARE) recommendations, biologics that include intravenous immunoglobulin (IVIG) in immunomodulatory dosage as well as B cell depletion therapy (rituximab) may be a useful adjunct for resistant or refractory disease. IVIG are given to patients with prominent skin features and it usually takes 2-3 months of therapy for the clinical improvement. The effect of rituximab can take up to 26 weeks to be seen. Anti-TNF agents may also be considered in a refractory disease; infliximab or adalimumab are favored over etanercept. The SHARE group recommends withdrawing treatment if a patient has been off steroids and in remission on a disease-modifying antirheumatic drug a minimum of 1 year (11).



Discussion


Classification and Diagnosis

Skin-predominant DM or CADM can be challenging to diagnose since, until recently, it has not been recognized by the most of classification guidelines in the field. As a consequence, more than a half of these patients have had an alternate diagnosis prior to eventually being diagnosed with DM, with a median diagnostic delay of 15 months. The most common alternate diagnosis was systemic lupus erythematosus (SLE) (12). This is not surprising considering skin lesions occur very early in the disease course in both SLE and DM and show a similar distribution. In order to resolve the existing classification dilemma for patients with CADM, the latest EULAR/ACR classification criteria for inflammatory myopathies include three DM associated skin manifestations: Gottron’s sign, Gottron’s papules and heliotrope rash (2). In spite of this enormous improvement, approximately 26% of patients with CADM still do not meet criteria for a definite classification (13). For this reason, additional efforts have been made to develop skin-focused classification criteria. With the identification of MSA, new phenotypes have been characterized depending on the type of cutaneous lesions, autoantibody profile, systemic involvement and outcome (14). The presence of MSA has been proposed as an additional criterion when classifying patients with CADM (8, 9).

Our patient was diagnosed with CAJDM based on hallmark cutaneous manifestations of DM (Gottron’s papules, Gottron’s sign, heliotrope rash) lasting for more than 6 months with no clinical signs of myositis. Since he had electromyographic signs of muscle involvement and positive MSA, skin biopsy was not performed, even though EULAR/ACR classification guidelines recommend skin biopsy in patients without muscle involvement. However, the EULAR/ACR criteria do not include MSA except for anti-Jo-1 autoantibody, whereas the latest guidelines include positive anti-TIF1γ autoantibodies as an additional criterion (8, 9). CAJDM includes two subphenotypes named amyopathic JDM and hypomyopathic JDM, with the latter group having evidence of subclinical myositis upon laboratory, electrophysiological and/or radiologic evaluation (15). Accordingly, our patient appertains to the hypomyopathic group. Analysis of hypomyopathic DM patients in the literature shows that none of the reported adult or juvenile hypomyopathic DM patients, despite of laboratory (abnormal CK), electrophysiological (abnormal EMG) and/or radiologic (MRI) evidence of myositis, developed clinically significant myositis during a mean follow-up exceeding 5 years (15–18). Therefore, the presence of subclinical myositis is not predictive of a future clinically significant myositis.

Elevated transaminases are frequently found in patients with AIM. This elevation generally follows the trend of serum CK level suggesting the skeletal muscle, rather than the liver, as the source of transaminases. Approximately 80% of all patients with AIM have elevated serum transaminases at the time of presentation and their serum level normalization following the normalization of CK levels, confirming the strong correlation between CK level and transaminases (7, 19). Therefore, evaluation for additional liver disease is not routinely required. However, if elevated liver enzymes do not follow serum CK level, further evaluation is required. A wide range of hepatic disorders in patients with AIM have been reported, including fatty liver, hepatic congestion, non-specific reactive hepatitis and AILD (20). Mostly reported concomitant rheumatic diseases in patients with AILD are SLE, rheumatoid arthritis, Sjogren’s syndrome and systemic sclerosis, while concurrent AIM is extremely rarely observed. Only a few cases of AIH type 1 patients with polymyositis have been reported to this date (21–27) and only one case each AIH type 1 (28) and AIH-primary biliary cirrhosis overlap syndrome (29) associated with DM. However, all of the reported patients were adults and had at least one additional autoimmune disease. To our knowledge, the present case is the first report of concomitant DM and ASC (or even AILD in general) development in pediatric population.

ASC affects about a half of children presenting with AILD. These patients usually have the same serological profile and liver histology as AIH but with an abnormal cholangiography finding already at presentation (30, 31). Since approximately 25% of the children with ASC have no histological features suggesting bile duct involvement, cholangiography is crucial for diagnosis. However, International Autoimmune Hepatitis Group (IAIHG) scoring systems do not include cholangiography at the disease onset (32). A prospective study showed that almost a half of the children whit serological and histological features of AIH have bile duct damage demonstrable by cholangiography (30). Therefore, although cholangiography in adults is recommended in a case of cholestasis, it is mandatory in children with AIH or ASC regardless of cholestatic enzyme levels and abnormal cholangiography findings have been proposed as an additional criterion when diagnosing ASC (6). Although in our patient the liver histology was not typical of AIH, it was compatible with AIH and MRCP was abnormal. Additional fulfilled ESPGHAN criteria for ASC diagnosis in our patient were positive ANA, apANCA, high titer IgG, presence of extrahepatic autoimmunity and the absence of viral hepatitis, non-alcoholic steatohepatitis, Wilson’s disease and drug exposure (6).



Autoantibodies

ANA positivity is common in a number of autoimmune liver and rheumatic diseases, as well as in up to 15% of healthy individuals (33). MSA, on the other hand, are highly specific antibodies for AIM and are not identifiable in other rheumatic diseases (34). Our patient was positive with anti-TIF1γ, the most common MSA identifiable in 20 -35% of JDM patients (34, 35). Patients with CADM more frequently have anti-TIF1γ autoantibodies than DM patients (75 vs. 37%) (36). This autoantibody is associated with more severe cutaneous lesions, rash in photo-exposed pattern, a chronic disease course, focal or generalized lipodystrophy and milder muscle involvement (35, 37–40). Raynaud’s phenomenon and arthritis, as well as interstitial lung disease, are less frequent in anti-TIF1γ positive patients, but adults seem to have a much higher risk (>5x) for an associated internal malignancy (paraneoplastic DM), whereas anti-TIF1γ positive juvenile patients have a decreased association with internal malignancy (11, 41).

Antiphospholipid antibodies, including anti-cardiolipin (ACA) and anti-beta 2 glycoprotein I (anti-B2GPI) antibodies, exhibit a broad range of target specificities and affinities and can be positive in a wide range of autoimmune diseases. Though they have not been associated with DM, anti-B2GPI antibodies are frequently positive in patients with AILD and are associated with a large bile-duct involvement, increased mortality and increased cholangiocarcinoma risk in these patients (42). Interestingly, our patient was also positive with anti-gp210 antibodies, autoantibodies against the nuclear pore complex protein, which are highly specific of primary biliary cholangis (PBC), but have not been associated with other liver (autoimmune or non-autoimmune) or non-liver autoimmune diseases (43). In patients with PBC, positive anti-gp210 antibodies are an independent predictor of poor prognosis, a more rapid disease progression and a lower 5-year transplant-free survival compared to anti-gp210 negative patients. Furthermore, the degree of anti-gp210 expression is positively correlated with the intensity of inflammation around small bile ducts. The persistence of anti-gp210 after UDCA treatment is a risk factor for the progression to end-stage hepatic failure, whereas the disappearance of anti-gp210 after therapy indicates a more favorable clinical course in PBC (43). However, a possibility of a prognostic role of positive anti-gp210 antibodies in patients with ASC remains to be investigated.

Perinuclear ANCA (pANCA), though commonly associated with ASC, were initially negative in our patient, but on a second examination were positive, possibly due to the fact that the presence of ANA may interfere with pANCA detection, since neutrophil nuclei are stained by ANA, masking the perinuclear staining by pANCA (44). Atypical pANCA (or perinuclear anti-neutrophil nuclear antibodies, pANNA) have been associated with both ASC and AIH with a higher prevalence in patients with ASC (30, 45) and are included in both IAIHG and ESPGHAN criteria for AILD diagnosis. Even though the clinical significance of ANCA in these disorders remains unclear, detection of pANCA in a pediatric patient with hepatitis of unknown etiology points toward the diagnosis of AIH or ASC with the cholangiography finding crucial for the distinction between these two clinical entities.



Autoimmune Mechanisms and Genetic Predisposition

In both ASC and JDM, along with humoral immunity, features of cellular immunity also play a prominent role in the disease development. Autoantibodies may be the actual pathogenic agents or they may occur secondary as a consequence of tissue damage by autoreactive T cells.

Defective regulatory T cells (CD4+CD25+ T cells) play a major role in the loss of tolerance that leads to autoimmune disease since these cells control the process of autoantigen recognition by preventing proliferation of autoreactive T cells. In children with AILD, regulatory T cells are defective in number and function compared with healthy controls and even when compared between patients at disease onset and those in remission (46). Regulatory T cells in children with AILD produce interferon (IFN) -γ and interleukin (IL)-17 and thereby sustain inflammation and hepatic damage. This is reflected in peripheral blood and liver by increased number of Th17 cells, IFN-γ and IL-17 (47). Intriguingly, an increased expression of these cells and cytokines was also found in serum, muscle and skin tissue of patients with DM (48, 49). In addition to that, one study found even higher gene expression of Th17 related cytokines in JDM than DM patients, indicating that Th17 pathway plays a more prominent role in the pathogenesis of JDM than DM (50).

Furthermore, these two distinct clinical entities share genetic predisposition. Both ASC and JDM are associated with higher frequency of HLA-DRB1*0301 allele (51–53). In HLA-DRB1*0301-positive individuals, TNF-α and IFN-γ secretion is increased (54). Furthermore, both JDM and ASC patients have a higher frequency of the TNFα-308A allele than healthy controls and this genotype is associated with a higher serum and local (muscle fibres and liver, respectively) expression of TNFα (55, 56). TNF-α induces CD28 loss in T cells (57). The loss of CD28 expression on CD8+ T-cells, or so-called aging of T-cells, appears to play an important role in the pathogenesis of both JDM and ASC. CD8+CD28- T cells are apoptosis-resistant and are easily triggered to produce proinflammatory cytokines, mostly IFN-γ and TNF-α (57). In JDM patients, a high frequency of these cells is present in circulation and muscle tissue (58), whereas in AILD patients these cells accumulate in liver and localize around bile ducts (57). CD28- T cells can increase adhesion molecule expression on biliary epithelial cells and, consequently, contribute to the activation of cytolitic mechanisms leading to cholangiocyte apoptosis (57).

On top of all that, disease onset in both ASC and JDM has been associated with infective agents as a trigger. Most of the JDM patients (>60%) report symptoms of a respiratory or gastrointestinal infection around 3 months before the disease onset (59), while in ASC pathogenesis a possible role of bacteria has been proposed, since atypical pANCA cross-react with the bacterial cell division protein (60). In addition to that, a molecular mimicry has been described with protein products of the Escherichia coli mutY gene and Salmonella typhimurium mutB gene and the gp210 epitope, suggesting that anti-gp210 antibodies may arise by molecular mimicry of bacterial antigenic determinants (61). However, since defective regulatory T cells, increased IL-17 production, HLA-DRB1*0301 allele, TNFα-308A allele and an infective trigger are a common findings in a wide range of autoimmune disease, these shared autoimmune mechanisms and genetic predisposition do not necessary mean a shared autoimmunity.

Considering the important role TNF-α clearly has in the pathogenesis of both ASC and JDM, TNF-α inhibitors might be effective in both of these diseases as well as in a case of their co-existence. Indeed, effectiveness of infliximab has been reported in both refractory AILD and JDM (62–64). However, a number of reports on anti-TNF-α-induced AIH and AIM has been published (65–68), highlighting the dual effects that anti-TNF-α agents might have. This paradox of anti-TNF-α therapy has been mainly attributed to the disruption of the regulatory role of TNF-α signaling in immune pathways (68). In addition to that, the high risk for serious infections is a well-recognized side effect of anti-TNF-α therapy (63, 68), making TNF-α antagonists a therapeutic option only for refractory cases of AIH. A better understanding of the TNF-α role in the pathogenesis of these diseases is a prerequisite to introducing TNF-α-blockers to therapy. Furthermore, considering both of these diseases show defective regulatory T cells, introducing sirolimus (a therapeutic agent that selectively expands regulatory T cells) could be beneficial for more than one disease (69). Further research is required to elucidate benefits of biologic therapy for ASC and JDM.




Conclusion

ASC and CAJDM are rare diseases that are challenging to diagnose and treat separately, but even more of a diagnostic and therapeutic challenge when coexisting. Since scoring systems for classification include interfering features like liver enzyme abnormalities, hypergammaglobulinemia and abnormal titer of serum ANA, the question of concomitant development of these two clinical entities in the same patient remains debatable. In addition to the mentioned interfering data, histological examination of a liver biopsy specimen in ASC and skin biopsy specimen in JDM often may not be helpful for a correct diagnosis due to a lack of specificity.

The present report is, to the best of our knowledge, the first report of simultaneously developed JDM and ASC with both entities fulfilling the latest guidelines for a definite diagnosis. Intriguingly, although extremely rarely associated, these two distinct clinical entities share multiple immunopathogenic features as well as genetic susceptibility factors. The present report emphasizes the need for further research in order to better understand underlying pathogenesis and resolve the remaining dilemmas in the field of shared autoimmunity. Furthermore, in inflammatory rheumatic diseases affecting the skin, including JDM, a more detailed characterization of skin lesions, serological markers and their correlation with disease outcomes and therapeutic responses is an imperative for a more individualized approach.

The coexistence of autoimmune liver and rheumatic diseases represents an ideal area for investigating and developing new therapeutic agents and personalized treatments. Research goals for the future should include further elucidation of shared autoimmune pathways across the spectrum of autoimmune diseases what will eventually lead to the identification of novel therapeutic targets. Targeted immunotherapy aimed at shared components of immunopathogenesis in frequently associated autoimmune diseases would be highly beneficial for more than one disease and would, consequently, minimize potential adverse effects of treating each comorbidity separately.
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Background

Interstitial lung disease (ILD) is frequently observed in anti-melanoma differentiation-associated protein 5 (MDA5) antibody positive dermatomyositis (DM) and anti-synthetase syndrome (ASS), where they often develop a rapidly progressive ILD (RP-ILD) leading to poor prognosis.



Objective

The aim of this study was to construct multivariable prediction risk factors for rapid progressive ILD (RP-ILD) in anti-MDA5 positive DM (MDA5+DM) and ASS.



Methods

333 idiopathic inflammatory myopathy (IIM) associated ILD patients were studied retrospectively. Risk factors for RP-ILD in MDA5+DM and ASS patients were identified by univariate and multivariable logistic regression analysis. The mortality was assessed using Kaplan-Meier analysis.



Results

RP-ILD was more prevalent in MDA5+DM patients than ASS patients. MDA5+DM patients with RP-ILD had significantly lower survival rates than those in ASS patients. The independent risk factors for RP-ILD in MDA5+DM patients were fever (OR 3.67, 95% CI:1.79-7.52), lymphopenia (OR 2.14, 95% CI:1.01-4.53), especially decreased levels of CD3+T cells (OR 2.56, 95% CI:1.17-5.61), decreased levels of CD3+CD4+ T cells (OR 2.80, 95% CI:1.37-5.73), CD3+CD8+T cells (OR 2.18, 95% CI:1.05-4.50), elevated CD5-CD19+ B cells (OR 3.17, 95% CI:1.41-7.13), elevated ALT (OR 2.36, 95% CI:1.15-4.81), high lactate dehydrogenase (LDH) (OR 3.08, 95% CI:1.52-6.27), hyper-ferritin (OR 4.97, 95% CI:1.97-12.50), elevated CEA (OR 2.28, 95% CI:1.13-4.59), and elevated CA153 (OR 3.31, 95% CI:1.50-7.27). While the independent risk factors for RP-ILD in ASS patients were elevated CEA (OR 5.25, 95% CI: 1.73-15.93), CA125 (OR 2.79, 95% CI: 1.10-7.11) and NSE (OR 4.86, 95% CI: 1.44-16.37). Importantly, serum ferritin>2200ng/ml predicted patient’s death within half a year in MDA5+DM patients with RP-ILD, but not in ASS patients.



Conclusions

There were significant different mortality and multivariable risk factors for RP-ILD in MDA5+DM patients and ASS patients. Potential clinical benefits of using these different risk factors deserve assessment of severity and prognosis in IIM patients.





Keywords: idiopathic inflammatory myopathy, anti-MDA5 antibody, anti-synthetase syndrome, rapidly progressive interstitial lung disease, hyperferritinemia



Introduction

IIM comprises a group of systemic autoimmune disorders, including DM, polymyositis, ASS, immune-mediated necrotizing myopathy (IMNM), inclusion body myositis (IBM), affecting skeletal muscles and other organs. In patients with IIM, interstitial lung disease (ILD) is a common extramuscular involvement associated with poor prognosis (1). RP-ILD is defined as a progressive deterioration associated with ILD within 3 months (2).

In the past year, there have been several studies that reported on the risk factor model of amyopathic dermatomyositis combined with ILD, which provides a favorable basis for better clinical assessment of disease progression (3, 4). However, these studies did not separately discuss risk factors and prognosis of RP-ILD in MDA5+DM and ASS patients.

Researches in recent years have shown that myositis-specific antibody (MSA) profiles help IIM classification. Different antibody-positive IIM has different clinical characteristics. Our previous research showed that ILD had different types in patients with different antibodies (5), in addition, RP-ILD was found both in MDA5+DM and ASS patients. Our previous study has reported that anti-MDA5 was an independent risk factor for RP-ILD (6). ASS patients with ILD generally have slower disease progression, however, another research from our study showed that anti-threonyl tRNA synthetase (PL-7), one of the subtypes of anti-aminoacyl-tRNA synthetase (ARS) antibodies, was closely associated with RP-ILD (7). However, there is no report of exact clinical difference between RP-ILD patients with anti-MDA5 and anti-ARS. Additionally, it is still unclear as to the disparity in survival between the two groups. Furthermore, hyperferritinemia has been proven to be the hallmark and a predictor of poor outcome of ILD associated with MDA5+DM, however different studies have different cut-off values of ferritin for prognosis (8, 9) and as far as we know, there is no separate study on ferritin in the RP-ILD population.

Thus, this retrospective study was conducted to elucidate clinical difference and survival rates of RP-ILD in anti-MDA5 positive and anti-ARS positive patients, to analyze the susceptibility factors of RP-ILD in two groups of patients separately. Furthermore, prognostic value of serum ferritin in anti-MDA5 positive patients with RP-ILD was evaluated.



Materials and Methods


Patient Population

A total of 333 patients with IIM associated ILD (IIM-ILD) were enrolled in this study. 175 patients were positive for anti-MDA5 antibody, and 158 patients were positive for anti-ARS antibodies. All patients were treated in China-Japan Friendship Hospital between July 2013 and October 2018. DM was diagnosed on the basis of the Bohan and Peter criteria, and 239th European Neuro Muscular Centre International Workshop guidelines (10, 11). ASS was diagnosed with definitive serology findings of one of anti-ARS antibodies tested, along with at least one triad finding, including myositis, arthritis, and ILD (12). The exclusion criteria were patients with infections, cancers and/or other CTDs. All patient data were used anonymously with written informed consent from all participants. This study was approved by the Human Ethics Board of the China-Japan Friendship Hospital (approval number: 2016-117).



Data Collection

Clinical data collected included demographics, clinical characteristics, laboratory findings containing auto-antibodies, creatine kinase (CK), serum ferritin, and tumor marker levels; pulmonary function test results (forced vital capacity (FVC), forced expiratory volume in the first second (FEV1) and diffusing capacity of the lung for carbon monoxide; BALF analyses mainly included cell types of fluid. All these routine tests were done in all patients at the first visit in our cohort. Among 333 patients, 122 patients had lung function tests. 100 patients had BALF analyses, and mainly performed when ILD worsened. The follow-up time was defined as the time between the first visit for our cohort to the death or the end of 28 February 2019.

ILD was divided into two categories based on clinical manifestations: RP-ILD and chronic ILD. RP-ILD was defined as displaying two or more of the following within 3 months: 1) dyspnea exacerbation; 2) an increase in parenchymal abnormality on high-resolution computed tomography (HRCT) scan; and 3) one of the following physiological changes: >10% decrease in vital capacity (VC) or >1.33 kPa decrease in arterial oxygen tension (PaO2). The chronic form was defined as a slowly progressive ILD with gradual deterioration over 3 months (2).



Autoantibody Analyses

The autoantibody tests were performed on the patients’ first admission. The serum anti-nuclei antibody profiles and MSAs including anti-MDA5, anti-histidyl tRNA synthetase (Jo-1), anti-threonyl tRNA synthetase (PL-7), anti-alanyl tRNA synthetase (PL-12), anti-isoleucyl-tRNA synthetase (OJ), and anti-glycyl-tRNA synthetase (EJ) were tested using commercially available kits (EUROIMMUN, Lübeck, Germany) according to the manufacturer’s instructions.



Analysis of Lymphocyte Subsets in Peripheral Blood of Patients With DM

Lymphocyte subsets analyses were underwent in 286 patients at the first visit in our cohort. A part of patients (n=92) did not receive glucocorticoids therapy before, however, there were still a number of patients (n=194) received glucocorticoids therapy for a short time at other hospitals, which may affect the predictive value of lymphocyte subsets. The counts of CD3+CD4+T cells, CD3+CD8+T cells, CD3-CD19+B cells and CD3-CD16+CD56+ NK cells in peripheral blood were detected by flow cytometry (Beckman Coulter, USA) using specific monoclonal antibodies (Beckman Coulter, USA), respectively. Data were analyzed using Cytomics FC500 (Beckman Coulter, USA).



Statistical Analysis

Statistical analysis was performed using SPSS version 11.0 (SPSS Inc. Chicago, IL, U.S.A.). For group comparisons involving demographic characteristics, clinical symptoms and laboratory tests, we used χ2 tests for the categorical data and the Mann–Whitney U test or two-sample t-tests to analyze continuous data. Univariate and multivariate logistic regression analysis were used to determine the predictors of RP-ILD. The prediction was quantified by the odds ratio with its 95% CI and P<0.05 was considered statistically significant. Survival curves were drawn by the Kaplan-Meier method. The log-rank test was used to compare survival rates. In order to compare the predictive performance of serum ferritin, ROC analysis was performed. We calculated alternative cut-off point by the Youden’s index.




Results


Clinical Features and Prevalence of RP-ILD of MDA5+DM and ASS Patients

The demographics, clinical manifestations, laboratory test results at diagnosis, pulmonary function test results, and BALF analyses of the 333 enrolled patients with IIM-ILD having either anti-MDA5 or anti-ARS antibodies are summarized in Table 1. The mean age at disease onset was 49.7 ± 12.3 years. The majority of the patients were women (M: F ratio = 1:2.3). Of the 333 patients, 175 (52.6%) were positive for anti-MDA5 antibody and 158 (47.4%) were positive for anti-ARS (including 79 anti-Jo-1, 35 anti-PL-7, 17 anti-PL-12, 27 anti-EJ respectively) antibodies. We also found that anti-Ro-52 was identified as the most frequent myositis-associated autoantibody in 113 (33.9%) patients.


Table 1 | Characteristics of study participants at diagnosis.



Among the 333 patients with IIM-ILD, 180 (54.1%) experienced a RP pattern, of whom 110 (61.1%) were anti-MDA5 antibody-positive and 70 (38.9%) were anti-ARS antibody-positive. The percentage of RP-ILD was significantly higher in MDA5+DM patients than in ASS patients (62.9% vs. 44.3%; p = 0.001; Table 2). The frequencies of RP-ILD varied among the anti-ARS subgroups; however, no statistically significant differences were observed.


Table 2 | Frequencies of RP-ILD among patients with different MSAs.





Variables Associated With RP-ILD in MDA5+DM and ASS Patients

In first, we identified the incidence of typical rash, including the heliotrope, Gottron, V, and Shawl signs, and skin ulcer and the levels of serum alanine transaminase (ALT), aspartate transaminase (AST), and ferritin were significantly higher, whereas CK levels in MDA5+ DM patients with RP-ILD were much lower (all p values < 0.05). The counts of lymphocytes in the peripheral blood (PBL) were also significantly lower in MDA5+DM patients with RP-ILD. Further the counts of CD3+CD4+ T cells, CD3+CD8+T cells, CD5+CD19+ B cells, and NK cells were much lower, whereas the proportion of CD5-CD19+ B cells was higher in MDA5+ DM patients with RP-ILD than in ASS patients (all p values < 0.05) (Table 3).


Table 3 | Clinical difference between anti-MDA5 positive and anti-ARS positive patients with RP-ILD.





Risk Factors Independently Associated With RP-ILD in MDA5+DM and ASS Patients

To determine the independent risk factors for RP-ILD in either MDA5+ DM or ASS patients, we employed univariate and multivariate analyses to identified that fever (OR 3.67, 95% CI:1.79-7.52, p=0.000), lymphopenia (OR 2.14, 95% CI:1.01-4.53, p=0.046), especially decreased levels of CD3+T cells (OR 2.56, 95% CI:1.17-5.61, p=0.019), decreased levels of CD3+CD4+ T cells (OR 2.80, 95% CI:1.37-5.73, p=0.005), CD3+CD8+T cells (OR 2.18, 95% CI:1.05-4.50, p=0.036), elevated CD5-CD19+ B cells (OR 3.17, 95% CI:1.41-7.13, p=0.005), elevated ALT (OR 2.36, 95% CI:1.15-4.81, p=0.019), high LDH (OR 3.08, 95% CI:1.52-6.27, p=0.002), hyperferritinemia (OR 4.97, 95% CI:1.97-12.50, p=0.001), elevated CEA (OR 2.28, 95% CI:1.13-4.59, p=0.022), and elevated CA153 (OR 3.31, 95% CI:1.50-7.27, p=0.003) were risk factors for RP-ILD in MDA5+DM patients. Interestingly, arthralgia was identified as a protective factor for the development of RP-ILD in MDA5+DM patients (Figure 1).




Figure 1 | Risk factors of RP-ILD in patients with anti-MDA5 antibody.



In deviation with MDA5+DM patients, the age and sex adjusted multivariate analyses showed that fever, increased levels of serum ferritin, ALT, or LDH, lymphocytes subpopulations including CD3+T cells, CD3+CD4+ T cells, CD3+CD8+T cells were not risk factors for RP-ILD in ASS patients. Of note, elevated tumor marker CEA (OR 5.25, 95% CI: 1.73-15.93, p=0.003), CA125 (OR 2.79, 95% CI: 1.10-7.11, p=0.031) and NSE (OR 4.86, 95% CI: 1.44-16.37, p=0.011) were both significant independent risk factors for RP-ILD in ASS patients (Figure 2). Further, the subtypes of anti-ARS antibodies including anti-Jo-1, anti-PL-7, anti-PL-12, and anti-EJ, were not related to high risk for RP-ILD. Similar to that in MDA5+DM, arthralgia, myalgia, and muscle weakness appeared to be protective factors for RP-ILD in ASS patients.




Figure 2 | Risk factors of RP-ILD in patients with anti-ARS antibody.





Mortality in RP-ILD in MDA5+DM and ASS Patients

The duration of the follow-up period ranged from 1 to 384 months for all patients. The median follow-up time was 32.4 months. Overall, MDA5+DM patients with RP-ILD had significantly lower survival rates than in ASS patients (p<0.001, Figure 3A). The 1-year survival rates of MDA5+DM patients with RP-ILD and ASS patients with RP-ILD were 53% and 89%, respectively. The 5-year survival rates of MDA5+DM patients with RP-ILD and ASS patients with RP-ILD were 45% and 76%, respectively. These results indicated MDA5+DM patients with RP-ILD had the highest mortality within the first year after disease onset.




Figure 3 | Mortality in RP-ILD in anti-MDA5 and anti-ARS positive DM and prognostic value of serum ferritin Survival analysis in RP-ILD patients with anti-MDA5 or anti-ARS antibodies (A) and prognostic value of serum ferritin in MDA5+DM (B).



Considering serum ferritin as a significant risk factor for RP-ILD in MDA5+DM patients, we next explored the optimal cut-off levels of serum ferritin in predicting the mortality of MDA5+DM patients. Of the 110 anti-MDA5 antibody-positive patients with RP-ILD, 48 died during follow-up due to exacerbation of ILD or infection. A total of 34 (70.8%) patients died within 6 months from disease onset, and 43 (89.6%) died within 1 year. Because some of the surviving patients had not been followed up for >1 year, we used ROC analysis to study the value of ferritin required to predict patient’s mortality within half a year. As shown in Figure 3B, the optimal cutoff point for serum ferritin was 2200 ng/mL (AUC, 0.66 (95% CI 0.51–0.80). Using the manufacturer’s cutoff value for serum ferritin ≥ 2200 ng/mL, the prognostic sensitivity was 41.7% (95% CI 20.4%–62.9%), whereas the prognostic specificity was 93.2% (95% CI, 86.6%–99.8%). In addition, the positive predictive value for serum ferritin was 71.4% (95% CI 44.4%–98.5%), and the negative predictive value was 79.7% (95% CI 70.0%–89.4%).




Discussion

The present study indicated the following: (1) MDA5+DM was related to a higher frequency of RP-ILD and a worse prognosis than ASS; (2) There were great different multivariable risk factors for RP-ILD in MDA5+DM and ASS. A more unique result showed serum hyper-ferritin was the risk factor and prognostic value for RP-ILD in MDA5+DM patients but not in ASS patients.

Previous studies had demonstrated that MDA5+DM associated ILD can frequently progress rapidly and have a poor outcome, whereas ASS associated ILD usually responds to therapy. The comparison of the incidence of RP-ILD between the two groups was consistent with observations from literature reports; however, in our cohort, ASS patients could also have RP-ILD, especially in patients with anti-PL-7; however, no statistical difference in incidence compared with that in other subgroups of anti-ARS antibodies was observed.

We further selected patients with RP-ILD and compared the clinical differences between the two groups of patients with different antibodies. MDA5+DM patients were more likely to have typical dermatomyositis rashes, whereas more ASS patients have elevated CK levels. Considering that RNA helicase encoded by MDA5 is a key molecule participating in the innate immune defense against viruses, viral infection may play an important role in the pathogenesis of DM with anti-MDA5 antibody positivity and RP-ILD (13). In our study, MDA5+DM patients with RP-ILD were more likely to have elevated transaminase and ferritin levels and decreased lymphocyte counts, which is consistent with the clinical characteristics of viral infection, and also reflects the difference in pathogenesis of the two groups of patients with RP-ILD having different antibodies.

In addition to the differences in clinical indicators, we also analyzed the survival of the two groups of patients. To our best knowledge, this is the first large sample study showing the difference in survival of patients with RP-ILD having either anti-MDA5 or anti-ARS antibodies. A study on the survival of MDA5+DM patients conducted by Koga T et al. suggested that all of the deaths of MDA5+DM patients occurred within the first six months from the first visit to the hospital (14). Another study on the prognostic significance of ASS patients indicated that the 10-year survival rate was also significantly higher in the ASS group than in the non- ASS group (15). Our research found that patients with RP-ILD having anti-MDA5 antibody had significantly lower survival rates than those having anti-ARS antibody. Furthermore patients with anti-MDA5 antibody had the highest mortality within the first year of disease onset. Thus, for patients with RP-ILD having anti-MDA5 antibody, early and more powerful treatment is critical.

Anti-MDA5 antibody- and anti-ARS antibody-positive patients have some similarities in terms of the risk factors of RP-ILD. Elevated tumor markers indicated an increased risk of RP-ILD in both groups, consistent with our previous observations (5); however, the exact function of tumor-associated markers in IIM-ILD remains unknown. In the present study, arthralgia was identified as a protective factor for the development of RP-ILD in both groups, which was different from the observations of other research teams (16). This may be owing to differences in sample sizes; therefore, further confirmation studies are needed.

Furthermore, for MDA5+DM patients, we found periphery CD4+ and CD8+ T cells in the RP-ILD group, were significantly lower than in chronic ILD group, confirming previous clinical findings (6, 17), and indicating that T cells play an important role in the development of disease. Knowledge on exactly how the lymphocytes, especially the T cells, work in MDA5+DM patients requires more research. Previous research has speculated that lymphocytes migrate to the lungs to take part in the local immune response, causing a decrease of periphery blood lymphocytes (17). Because the onset of MDA5+DM may be associated with a history of pre-infection, we speculate that infection by viruses or other pathogens also causes the depletion of lymphocytes in MDA5+DM patients. In addition to abnormal T cells, an elevated level of B2 (CD5-CD19+) cells was also a risk factor for RP-ILD in the MDA5+DM group. Rituximab is effective in some MDA5+DM patients with RP-ILD (18). Our results and subsequent further research should provide a trial basis for the application of clinical drugs.

Studies have suggested that serological markers are associated with the prognosis of MDA5+DM patients, including CRP and KL-6 (3). Nevertheless, our study with a larger sample size showed that serum ferritin was an independent risk factor for poor prognosis, thus providing more parameters for evaluating the prognosis of MDA5+DM patients, especially those with RP-ILD. Hyperferritinemia has been considered a predictor of poor outcomes for patients with DM having anti-MDA5 antibody; however different researches have different cutoff values of ferritin for prognosis. The research by Gono et al. showed that all patients with a ferritin level of >1600 ng/mL died of respiratory failure (8) while Kurasawa et al. reported that a ferritin level of >1000 ng/mL before treatment was a risk factor for poor outcome in MDA5+DM patients (9). Lian et al. established a mortality risk score model in amyopathic dermatomyositis-associated ILD, identifying a ferritin level of 636 ng/mL as the optimal clinical threshold (4). In this study, we aimed to provide a more accurate cutoff value of ferritin for the prognosis of RP-ILD for MDA5+DM patients. Through ROC curve analysis, a serum ferritin level of >2200 ng/mL predicted mortality within half a year in MDA5+DM patients with RP-ILD with a sensitivity of 41.7% and specificity 93.2%. Based on our previous observations, the pathogenesis of DM may be related to the activation of macrophages (5, 19), and in this study, patients with RP-ILD having anti-MDA5 antibodies tended to have hyperferritinemia and lower NK cell counts, supporting previous observations.



Conclusion

There were significant different mortality and multivariable risk factors for RP-ILD in MDA5+DM patients and ASS patients. Potential clinical benefits of using these different risk factors deserve assessment of severity and prognosis in IIM patients. Further studies are required to elucidate any difference in pathogenesis between anti-MDA5 antibody and anti-ARS antibody positive patients.
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Dermatomyositis (DM) is an idiopathic inflammatory myopathy primarily involving skin and muscles. Clinically amyopathic dermatomyositis (CADM), a subset of DM, presents with characteristic cutaneous manifestations without clinical evidence of myositis. Although rare, vesiculobullous eruptions could develop in DM patients. Such “bullous DM” is commonly considered a sign of internal malignancy. However, some cases with similar presentations were diagnosed as autoimmune blistering disease eventually. Herein, we reported two cases of CADM with autoimmune blisters formed. Case 1 presented with vesicles and was diagnosed with CADM initially. However, this patient developed blisters again years later and was diagnosed with “pemphigus foliaceous” (PF) accordingly. Case 2, with a history of nasopharyngeal carcinoma and CADM, developed bullous pemphigoid several days after using a heat patch on her abdomen. The association between disease occurrence and local skin damage might provide more evidence to support the “epitope spreading” hypothesis. Moreover, we reviewed related literature and discussed the differences between the two disease entities in clinical presentations, pathogenesis, therapy, and the risk of complications.




Keywords: dermatomyositis, clinically amyopathic dermatomyositis, bullous dermatomyositis, autoimmune blistering disease, malignancy, interstitial lung disease



Introduction

Dermatomyositis (DM) is an idiopathic inflammatory myopathy characterized by typical skin lesions and skeletal muscle involvement. Clinically amyopathic dermatomyositis (CADM) is a subset of DM with characteristic cutaneous manifestations and no clinical evidence of myositis (1). These characteristic skin lesions include heliotrope, Gottron’s papules, and Gottron’s sign. However, vesiculobullous eruptions are rarely observed. If blisters are presented, they are defined as “bullous DM” and are usually considered a sign of internal malignancy (2).

Nevertheless, it was also noted that some mimics can be diagnosed as autoimmune blistering diseases (AIBDs). AIBDs involve a group of dermatoses that autoantibodies bind to antigens in the skin and mucous membranes. AIBDs can be divided into three types, subepidermal split formation (pemphigoid diseases), acantholysis (pemphigus), and dermatitis herpetiformis. Furthermore, the common pemphigoid diseases include bullous pemphigoid (BP), mucous membrane pemphigoid (MMP), and epidermolysis bullosa acquisita (EBA). In contrast, the common pemphigus includes pemphigus vulgaris (PV) and pemphigus foliaceous (PF).

Herein, we reported two cases of CADM with blisters. Case 1 presented with characteristic DM skin lesions and vesicles on the lower back, without muscle weakness or tenderness. The biopsies from erythema and vesicle showed compatible with DM and severe edema of the dermal papilla, respectively. Therefore, the diagnosis of “bullous CADM” was made. Years later, the patient developed blisters and erosions again. This time, the histology, immunohistopathology, and serology tests all suggested the diagnosis of “PF”. Case 2, with a medical history of nasopharyngeal carcinoma (NPC) and CADM, this patient developed erythema and dense blisters several days after using a heat patch. “BP” was made with the evidence of histology and serologic findings. These two cases presented with a unique disease progress with different patterns of blister formation and skin damage-triggered AIBD, respectively.



Case Description


Case 1

In 2017, a 55-year-old Chinese woman presented at the study hospital with 2-month history of skin erythema and 1 week of vesicles. Physical examination showed periorbital erythema, Gottron’s papules, Gottron’s sign, and erythema on the upper chest and back. Clustered dense vesicles were also observed on her lower back (Figure 1A). She had no muscle weakness or muscle tenderness. This patient had a medical history of hypertension and took telmisartan and felodipine for 2 years. Laboratory investigations showed increased levels of lactate dehydrogenase (LDH) [247 IU/L, normal range (NR) 98–192] and aspartate aminotransferase (AST) (50 IU/L, NR 8–40). Myositis-specific antibodies (MSAs) were also positive, including anti-small ubiquitin-like modifier activating enzyme (SAE) and -Jo-1 antibodies (immunoblotting). However, her creatine kinase (CK) was normal (92 IU/L, NR 22–269). No significant abnormality was found on electromyogram (EMG), muscle magnetic resonance imaging (MRI), or muscle biopsy. One skin biopsy from an erythema lesion on the back showed liquefaction of basal cells, edema of the dermal papilla, and mild superficial and middle perivascular lymphocyte infiltration (Figure 1B). Another skin biopsy from a vesicle lesion showed severe edema of the dermal papilla and perivascular lymphocyte infiltration (Figure 1C). Direct immunofluorescence (DIF) was negative. Screening for interstitial lung disease (ILD) and malignancy was negative. The patient was diagnosed with bullous CADM and treated with methylprednisolone 40 mg/day and hydroxychloroquine 200 mg/day initially. The dose of methylprednisolone was tapered after 2 weeks of treatment due to the significantly reduced skin eruptions and decreased levels of LDH and AST (201 and 16 IU/L, respectively).




Figure 1 | (A) Erythema and vesicles formation on the lower back. (B) Histology from an erythema on the upper back showed focal parakeratosis of the epidermis, liquefaction of basal cells, edema of dermal papilla, and mild superficial and middle perivascular lymphocyte infiltration. (C) Histology from a vesicle on the lower back showed severe edema of dermal papilla and perivascular lymphocyte infiltration. (D) Multiple ruptured bullae and erosions on the back. (E) Histological examination from a bulla on the abdomen showed acantholysis and intraepidermal bulla formation. (F) The patient’s condition was stable at the last follow-up.



Approximately one and a half years later, the patient was hospitalized because of itchy blisters over a month and the dose of prednisone that time was 12.5 mg/day. Physical examination showed some ruptured bullae and erosions on the trunk and extremities (Figure 1D). Immunological findings in serum by ELISA showed positive anti-desmoglein (Dsg) 1 antibody (130.5 U/ml, NR ≤20) and negative anti-Dsg3 antibody. Histopathological examination showed acantholysis and intraepidermal bulla formation (Figure 1E). DIF revealed intercellular binding of IgG and C3 within the epidermis. Repeat screening for ILD and malignancy was negative. Based on these results, CADM associated with PF was diagnosed. The patient was treated with oral prednisone 12.5 mg/day, methotrexate 7.5 mg/week, and topical halometasone cream. After 2 months, erosions were controlled and the prednisone dose was tapered. At the last follow-up in December 2021, the skin condition was stable with very few skin eruptions (Figure 1F).



Case 2

In 2017, a 68-year-old Chinese woman presented a 1-year history of purple erythema on her face. Physical examination showed periorbital and malar purple erythema without muscle weakness or tenderness. She took 2 months of radiotherapy in 2015 due to NPC. Laboratory investigations showed normal levels of muscle enzymes. MSAs showed anti-transcription intermediary factor 1-γ (TIF1-γ) antibody positive (immunoblotting, ELISA), and skin biopsy showed focal liquefaction and degeneration of basal cells, tortuosity of small vessels, and mild perivascular lymphocyte infiltration. Screening for ILD and internal malignancy was negative. The patient was diagnosed with CADM and treated with thalidomide 50 mg/day and hydroxychloroquine 200 mg/day.

This patient developed abdominal bullous eruptions 2 years later after using a heat patch for several days. The eruptions got aggravated and widespread to the whole body within a week. Physical examination showed widespread erythema with bullae and erosions on the trunk, neck, and extremities, including the armpits and groins (Figure 2A). The Nikolsky’s sign was negative. Immunological findings showed positive anti-BP180 antibody (138.16 U/ml, NR ≤9), while anti-Dsg1, -Dsg3, and -BP230 antibodies were negative. Histology showed a subepidermal bulla and eosinophil infiltration in the bullous fluid and the superficial dermis (Figure 2B). Both DIF and indirect immunofluorescence (IIF) were negative. The patient was diagnosed with CADM associated with BP and treated with oral hydroxychloroquine 200 mg/day, minocycline 200 mg/day, and topical halometasone cream. Two months later, the bullous eruptions were controlled (Figure 2C). During our latest follow-up in September 2021, this patient presented with no sign of recurrence of BP or malignancy.




Figure 2 | (A) Bullae and erosions presented on the back. (B) Histology from a bulla on the right forearm showed subepidermal bulla formation and the bullous fluid and the superficial dermis were infiltrated by eosinophils. (C) The bullous eruptions were stable 2 months later.






Discussion

DM with blister has been reported in different terms in the literature, including DM with vesicle formation, vesiculobullous DM, and bullous DM (3). Apart from this, as reported in this study, there were a total of 14 cases reported so far in the literature that DM patients with blisters turned out to be AIBD eventually (Table 1) (4–16).


Table 1 | A summary of reported cases of DM associated with AIBDs.



Fujimoto et al. (14) reported a 39-year-old Japanese woman who presented with PF over 2 years after the onset of CADM. MSAs of that patient showed anti-nuclear matrix protein 2 antibody positive, which is a risk factor of malignancy. Our Case 1 presented a similar disease process with different positive MSAs (i.e., anti- SAE and -Jo-1 antibodies). Additionally, to the best of our knowledge, Case 1 was the first report of vesiculobullous eruptions formed in autoimmune disease at different clinical stages with distinct mechanisms, suggesting that blisters in DM patients could be caused by the aggravation of the primary disease or other autoimmune diseases. Garcia et al. (15)  reported a 69-year-old woman who was diagnosed with BP and CADM simultaneously when treated for mucosa-associated lymphoid tissue (MALT) gastric lymphoma. This woman also showed positive anti-melanoma differentiation-associated gene 5 antibody, which is a risk factor of rapid progressive ILD (15). Differently, our Case 2, with a 3-year history of CADM and a 4-year history of NPC, presented with positive anti-TIF1-γ antibody, a biomarker associated with malignancy. Furthermore, Case 2 showed typical progress of BP after using a heat patch, which might imply that the exposure of an antigen caused by local cutaneous damage played an essential role in the pathogenesis.

Though both disease entities, bullous DM and AIBD, manifested as blister formation in DM patients, they had respective features to recognize. Moreover, due to the dissimilar pathogenesis, the differences in therapy and risk of complications should be considered. Clinically, blisters in bullous DM patients commonly present an erythema background with negative Nikolsky’s sign. Such blisters tend to appear on irritated areas such as the extensors of the arms, knees, upper chest, and back (2). The period of its occurrence is transient and in which there is usually a concurrence of edematous erythema elsewhere. Histopathology of bullous DM commonly presents with papillary dermal edema and mucin deposition with negative DIF. No specific antibodies are detected. However, the vesiculobullous eruptions of AIBDs have unique features of skin manifestation, histopathology, immunopathology, and serum immunology. Pathogenetically, the parallel of bullae and DM was observed (17). It was even postulated that the two clinical forms, edematous and vesiculobullous, could be the same or overlapping manifestations (18). Contrarily, while the AIBD erupted, both of our patients showed no evidence of aggravation of CADM. The association between DM and AIBD remains unknown. AIBD can occur before, simultaneously with, or after the onset of DM. The most acceptable hypothesis for the coexistence of these two autoimmune diseases is epitope spreading. Sequestered antigens being exposed due to tissue damage can lead to a secondary autoimmune disease in some situations (19). Case 2 developed BP after applying a heat patch to her abdomen, which might directly damage the local skin tissue or lead to contact dermatitis. With exposure to autoantigens, this patient may eventually develop BP. Therapeutically, when Case 1 presented vesicles during her first-time hospital visit, we focused on the acute progress of CADM and treated her with methylprednisolone 40 mg/day. However, when she got readmitted to the hospital, we focused on the eruption of AIBD and the therapy was much more prudent. The skin lesions of both cases got relieved after an additional therapy with topical halometasone and immunosuppressant without increasing the corticosteroid.

The primarily fatal complications of DM are malignancy and ILD. The association between bullous DM and malignancy has been validated. It is reported that the risk of developing malignancy in bullous DM can reach as high as 68% (2). As for DM associated with AIBD, among 16 cases (14 cases reported historically and two cases in this study), three of them (18.8%) had a malignant tumor, including colon carcinoma, MALT gastric lymphoma, and NPC. It was notable that all three cases were BP, which accounted for 60% (3/5) among all BP cases. At present, the association between bullous DM and ILD is still uncertain. Among all cases, two of them were diagnosed with ILD (12.5%), and both were diagnosed with CADM. During our last clinical follow-up, Case 1 presented with no sign of malignancy and Case 2 showed no evidence of new malignancy or NPC recurrence. Our follow-up showed no link between blister formation and malignancy in CADM. Nevertheless, a longer follow-up and more cases are warranted for such validations.
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Background: Idiopathic inflammatory myopathies (IIM) are associated with systemic inflammation, limited mobility, and glucocorticoid therapy, all of which can lead to metabolism disturbances, atherogenesis, and increased cardiovascular (CV) risk. The aim of this study was to assess the CV risk in IIM patients and healthy controls (HC), and its association with disease-specific features.

Methods: Thirty nine patients with IIM (32 females; mean age 56; mean disease duration 4.8 years; dermatomyositis: n = 16, polymyositis: n = 7, immune-mediated necrotizing myopathy: n = 8, anti-synthetase syndrome: n = 8) and 39 age-/sex-matched HC (32 females, mean age 56) without rheumatic diseases were included. In both groups, subjects with a history of CV disease (angina pectoris, myocardial infarction, cerebrovascular, and peripheral arterial vascular events) were excluded. Muscle involvement, disease activity, and tissue damage were evaluated (Manual Muscle Test-8, Myositis Intention to Treat Activity Index, Myositis Damage Index). Comorbidities and current treatment were recorded. All participants underwent examinations of carotid intima-media thickness (CIMT), pulse wave velocity (PWV), ankle-brachial index (ABI), and body composition (by densitometry and bioelectric impedance). The risk of fatal CV events was evaluated by the Systematic COronary Risk Evaluation (SCORE, charts for the European population) and its modifications.

Results: Compared to HC, there was no significant difference in IIM patients regarding blood pressure, ABI, PWV, CIMT, and the risk of fatal CV events by SCORE or SCORE2, or subclinical atherosclerosis (CIMT, carotid plaques, ABI, and PWV). The calculated CV risk scores by SCORE, SCORE2, and SCORE multiplied by the coefficient 1.5 (mSCORE) were reclassified according to the results of carotid plaque presence and CIMT; however, none of them was demonstrated to be significantly more accurate. Other significant predictors of CV risk in IIM patients included age, disease duration and activity, systemic inflammation, lipid profile, lean body mass, and blood pressure.

Conclusions: No significant differences in CV risk factors between our IIM patients and HC were observed. However, in IIM, CV risk was associated with age, disease duration, duration of glucocorticoid therapy, lipid profile, and body composition. None of the currently available scoring tools (SCORE, SCORE2, mSCORE) used in this study seems more accurate in estimating CV risk in IIM.
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INTRODUCTION

Idiopathic inflammatory myopathies (IIM) are orphan diseases with diverse clinical presentations affecting primarily the skeletal muscle (1). The most prevalent and first recognized subtypes are dermatomyositis (DM), polymyositis (PM) (2, 3), and inclusion body myositis (IBM) (4). Most patients previously diagnosed with PM are now classified as immune-mediated necrotizing myopathy (IMNM) or antisynthetase syndrome (ASS) (5). Despite their various histopathologic and clinical features, all subtypes share similar pathologic mechanisms and involvement of the immune system and inflammation (6).

Inflammation plays a key role in atherogenesis. It has been established that cardiovascular (CV) morbidity and mortality due to exacerbation of atherogenesis is higher in patients with autoimmune diseases than in the general population (7, 8). Moreover, traditional risk factors, such as aging, dyslipidaemia, arterial hypertension, dysregulation of glucose metabolism, and smoking, promotes vascular damage, the formation of atherosclerotic plaques, and ultimately to atherosclerosis (ATS) (9). These traditional risk factors can be attributed to only about 75% of CV manifestations in rheumatic patients (10). Therefore, the inflammatory burden, as a non-traditional risk factor, appears to increase CV risk (11).

Unlike more common rheumatic diseases, few studies have evaluated CV risk in rarer rheumatic diseases like IIM. CV diseases are the leading cause of mortality in IIM patients, who have a 2.24 times higher CV risk (12), and almost four times higher overall mortality compared to the general population (13). An increased risk of myocardial infarction (MI) has been observed especially during the first years of IIM (14) due to accelerated ATS (15).

In the general population, Systemic COronary Risk Evaluation (SCORE) (16), or the recently validated SCORE2 (17) are the most widely used CV risk scoring systems in the European populations. Given the increased CV risk associated with inflammatory rheumatic diseases, European Alliance of Associations for Rheumatology (EULAR) recommended modifying the scoring systems for patients with inflammatory arthropathy, such as rheumatoid arthritis (RA), psoriatic arthritis (PsA), and ankylosing spondylitis (AS) by multiplying SCORE by the coefficient 1.5 (mSCORE) (18). However, there is no specific recommended scoring system to estimate CV risk in IIM or other orphan rheumatic diseases.

Moreover, according to a large Atherosclerosis Risk in Communities (ARIC) study in the general population, the measurement of carotid intima-media thickness (CIMT) and plaque detection by B-mode ultrasound examination can significantly improve CV risk prediction (19). The ultrasound examination of carotid arteries, together with other non-invasive methods, such as ankle-brachial index (ABI) and carotid-femoral pulse wave velocity (cf-PWV), are the standard non-invasive methods widely used for assessing subclinical ATS (11, 20, 21).

This cross-sectional pilot study aimed to evaluate CV risk in IIM patients, compare it to healthy controls, and assess factors contributing to CV risk in IIM patients.



MATERIALS AND METHODS


Patients and Healthy Controls

This is a cross-sectional, observational, prospective study on CV risk in patients with IIM compared to age-/sex-matched HC. In total, 39 patients with IIM who fulfilled the classification criteria for adult IIM (22), were consecutively recruited from May 2018 to April 2021 at the Institute of Rheumatology in Prague (IoRP). Inclusion criteria were: aged 18 years and older, regularly followed up by the attending rheumatologist, and treated with standard-of-care therapy. Exclusion criteria included other rheumatic disease, active neoplasia, chronic infection, and a history of manifested ATS and CV disease (i.e., angina pectoris, myocardial infarction, cerebrovascular events including stroke or transient ischemic attack, peripheral artery disease, or peripheral embolization). IIM patients were excluded in the case of severe, life-threatening diseases, severe lung involvement requiring continuous oxygen therapy, or disability to undergo all examinations. In total, 39 healthy controls (HC) matched by age and sex, without any rheumatic disease, chronic diseases including chronic infectious disease, active neoplasia, or a history of manifested atherosclerosis or CV disease, were enrolled from the Healthy Control Registry of IoRP, consisting of employees, their relatives and acquaintances using the snowball method. The detailed recruitment process of IIM patients and HC is presented in Supplementary Figure 1. All participants signed an informed consent prior to inclusion in the study, which was approved by the local Ethics Board of IoRP. All examinations were performed according to the relevant regulations and guidelines.



Baseline Characteristics

In IIM patients, disease-specific features were assessed by an experienced rheumatologist according to international guidelines (23). Disease activity and tissue damage were evaluated by the Myositis Intention-to-Treat Activity Index (MITAX) and the Myositis Damage Index (MDI) (24), respectively, muscle involvement by the Manual Muscle Testing (MMT)-8 (25), and comorbidities were recorded from the medical documentation. In all participants, traditional risk factors were recorded from medical documentation and a questionnaire on health status. All participants filled out the Patient Reported Outcomes (PRO) questionnaires on functional status (Health Assessment Questionnaire, HAQ) (25, 26), quality of life (Medical Outcomes Study 36-item Short Form Health Survey, SF-36) (25, 27), fatigue [Fatigue Impact Scale, FIS (28) and Multidimensional Assessment of Fatigue Scale, MAF (29)], physical activity (Human Activity Profile, HAP) (30), and depression (Beck's Depression Inventory-II, BDI-II) (31). Further details on the PRO questionnaires used and the validated Czech versions can be found in our recently published studies (32, 33). Additionally, current therapy with glucocorticoids (GC) and immunosuppressive drugs was documented; total cumulative dose of GC (prednisolone equivalent dose) and total exposure time to GC were calculated based on patients' medical documentation.



Laboratory Methods

Blood samples were obtained after 8 h of fasting. Routine biochemical assessment was performed using the Beckman CoulterAU 680 analyzer (Beckman Coulter, USA) for C-reactive protein (CRP), fasting glucose, fasting plasma concentrations of insulin, C-peptide, calcitriol (1,25-dihydrocholecalciferol) and markers of lipid metabolism: total cholesterol (TC), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), triglycerides (TAG), lipoprotein(a), apolipoprotein-A1 (apo-A), and apolipoprotein-B (apo-B). Atherogenic index of plasma (AI) was calculated as log (TAG/HDL) (34). All participants underwent a glucose tolerance test, except for those previously diagnosed with diabetes mellitus. In IIM patients, laboratory tests also included erythrocyte sedimentation rate (ESR, according to the Fahreus and Westergren method), muscle damage markers: creatine kinase (CK), myoglobin, and lactate dehydrogenase (LDH), antinuclear antibodies (ANA, using indirect immunofluorescence on HEP2 cells), and myositis–specific (MSA) and myositis-associated antibodies (MAA) by the Myositis Line Immunoassay (Human Diagnostica, Wiesbaden, Germany) and Myositis Westernblot (Euroimmun, Lübeck, Germany). Blood samples were analyzed for plasma levels of selected cytokines and chemokines using the Bio-Plex ProTM Human Cytokine 27-plex Assay (BIO-RAD, California, USA) as previously described (33): interleukin (IL)-1β, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, eotaxin, interferon gamma-induced protein (IP)-10 (CXCL10), monocyte chemoattractant protein (MCP)-1 (CCL2), macrophage inflammatory proteins (MIP)-1α (CCL3), and MIP-1β (CCL4), platelet-derived growth factor (PDGF)-bb, regulated on activation/normal T cell expressed and secreted (RANTES, CCL5), and tumor necrosis factor (TNF).



Assessment of Body Composition

Body-mass index (BMI) was calculated, and body composition was assessed using bioelectrical impedance analysis (BIA) and dual-energy X-ray absorptiometry (DXA). BIA was performed using a multi-frequency bioelectrical impedance analyzer (BIA-2000M, Data Input GmbH, Pöcking, Germany), according to the standardized protocol (35) in the morning after 8 h of fasting, as described in a previous study (33). Densitometry was performed using Lunar-iDXA (GE Healthcare, Milwaukee, WI, USA) according to the manufacturer's protocol. The basic parameters evaluated in both methods were body fat (BF)%, lean body mass (LBM), and fat-free mass (FFM). Other parameters of interest included bone mineral content (BMC), android/gynoid fat ratio, resting metabolic rate (RMR), Relative Skeletal Muscle Index (RSMI), estimated visceral adipose tissue volume and mass for DXA, and total body water (TBW), intracellular water (ICW), extracellular water (ECW), extracellular mass (ECM), body cell mass (BCM), ECM/BCM, and BCM/FFM for BIA, as described elsewhere (33).



Assessment of Subclinical Atherosclerosis

All participants underwent an ultrasound examination of carotid arteries to evaluate the carotid intima-media thickness (CIMT), the presence of plaque (carotid artery disease), pulse wave velocity (PWV), and ankle brachial index (ABI) on the same day or within 2 weeks after blood sample collection and body composition analysis. Measurements were performed by two trained cardiologists (one for CIMT, one for PWV) and one experienced cardiology nurse (for ABI), blinded to the group allocation. Patients were educated to fast 2 h prior to examination and strictly avoid drinking coffee, tea or alcohol 12 h prior to examination.


Carotid Intima-Media Thickness

CIMT was assessed by carotid ultrasound (Vivid 9 ultrasound system, GE Healthcare, Chicago, IL, USA) using a 15-MHz linear array transducer ML6-15-D over a 1 cm segment of the common carotid artery, 1 to 2 cm proximal to the carotid bifurcation as described elsewhere (36). The mean of six measurements in both carotid arteries (3 on each side) was documented. We used two criteria to classify pathologic CIMT values: (i) over the 90th percentile of the corresponding age and sex groups (37), and (ii) CIMT >0.9 mm (38).



Carotid Plaques

Carotid atherosclerotic plaques were screened for in common, internal and external carotids. The recent recommendations from the American Society of Echocardiography define carotid plaque as any focal thickening encroaching into the lumen of any segment of the carotid artery (protuberant-type plaque) or thickening of artery wall ≥1.5 mm as the cutoff value of CIMT (diffuse-type plaque) (39).



Ankle Brachial Index

The ankle brachial index was examined by Doppler ultrasound (Doplex mini D900, Huntleigh Healthcare, Cardiff, Wales, United Kingdom) on the posterior tibial artery and the dorsalis pedis artery of each foot, and blood pressure was meas-ured by an automatic sphygmomanom-eter (M3 Comfort, Omron, Kyoto, Japan), with subjects in the supine position after 5 min of rest; the average of three consecu-tive measurements was recorded. ABI values <0.9 were considered pathologic (0.8–0.9 incipient arterial disease, 0.5–0.8 moderate arterial disease, <0.5 severe arterial disease) (40).



Pulse Wave Velocity

Aortal stiffness was measured by the carotid-femoral pulse wave velocity (cf-PWV) using SphygmoCor CV Management System (CvMS) software version 9 (AtCor Medical, Sydney, Australia) according to protocol (41, 42). The mean of three measurements was documented. Values were estimated according to the Reference Value for Arterial Stiffness Collaboration (2010) standardized for the normal (no additional CV risk factor) and reference (presenting CV risk factor) population, categorized according to age and blood pressure: normal values range from 6.2 m/s (age <30) to 10.9 m/s (age >70) (43).




Evaluation of CV Risk by Scoring Systems

CV risk was evaluated using scoring systems estimating the 10-year risk of fatal CV events (SCORE), and fatal and non-fatal CV events (SCORE2). We applied SCORE (16), SCORE2 (17), and mSCORE (18) in IIM, and SCORE and SCORE2 in HC. SCORE was calculated according to the appropriate chart for the European population. SCORE2 was calculated using the online calculator (https://u-prevent.nl/calculators) for high-risk population (Czech Republic). mSCORE was SCORE multiplied by 1.5 (18).



Assessment of CV Risk According to the Cardiovascular and Ultrasound Examination

All participants were divided into three categories of overall CV risk based on the scores and the findings on the carotid ultrasound examination: (i) the low-risk category included individuals with SCORE or mSCORE with a 10-year risk of fatal CV events <5%, SCORE2 with a 10-year risk of fatal and non-fatal CV events <2.5%, 5% or 7.5% (according to age), and normal values of CIMT and no plaque formation was detected; (ii) the intermediate-risk category included individuals with a calculated CV risk of fatal CV events between 5 and 10% for SCORE or mSCORE and a risk of fatal and non-fatal CV events 2.5–7.5, 5–10, or 7.5–15% (according to age) for SCORE2, and normal CIMT and a maximum of one plaque <1.9 mm; (iii) the high-risk category included individuals with a calculated CV risk ≥10% for SCORE or mSCORE and ≥7.5%, ≥10%, or ≥15% (according to age) for SCORE2, or pathologic CIMT or one plaque >1.9 mm or >1 carotid plaques (16–19, 44).



Statistical Analysis

Statistical analysis was performed using STATISTICA 12 (StatSoft CR s.r.o., Prague, Czech Republic). Continuous variables were reported as means with standard deviation (SD), and the two-sample t-test was used for a simple comparison between groups in the univariate analysis. Categorical variables were reported as percentages, and Pearson's chi-squared test was used to compare groups in the univariate analysis. The relationships between two parameters were evaluated by the Pearson's correlation coefficient. P-values <0.05 were considered statistically significant. Variables with p <0.25 from univariate analyses were taken into a multivariate logistic regression analysis to determine an adjusted influence of variables on the outcome. A p-value of < 0.05 was then used in the final model. The graphs were created by Excel 2016 (v 16.0, Redmond, Washington, USA). Data are presented as mean ± SD or median (interquartile range).




RESULTS


Clinical Characteristics

We have included 39 patients with idiopathic inflammatory myopathies [32 (82%) females, 7 (18%) males, mean ± SD age 56.0 ± 11.0 years], and 39 age-/sex-matched healthy controls [32 (82%) females, 7 (18%) males, mean age 55.9 ± 11.2 years]. IIM patients had the following subtypes: DM (n = 16; 41%), PM (n = 7; 18%) IMNM (n = 8; 20.5%) and ASS (n = 8; 20.5%). Median disease duration was 4.8 years, and disease activity was predominantly mild (MITAX 0.13) and disease damage low (MDI 0.05). The most common manifestation was muscle weakness (88%) and interstitial lung disease (ILD) (41%). ILD was defined as interstitial lung fibrosis or alveolitis based on high-resolution computed tomography and pulmonary consultation excluding other etiology of lung involvement (45). Most of the patients were treated with GC (92%). Methotrexate (MTX) (28%) and azathioprine (AZA) (21%) prevailed among conventional synthetic disease-modifying anti-rheumatic drugs (csDMARDs). The mean cumulative dose of GC (prednisolone equivalent dose) during the course of the disease was 13,052 mg and the mean duration of GC exposure was 3.9 years. The baseline characteristics of both groups are shown in Table 1.


Table 1. Clinical and demographic characteristics of IIM patients and healthy controls.
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Traditional Risk Factors

The prevalence of traditional risk factors was not significantly different between IIM and HC. There was a trend to a higher occurrence of diabetes in IIM (15%) compared to HC (5%) (p = 0.136). The presence of other traditional CV risk factors was comparable in both cohorts. The only notable difference was in current alcohol intake, where IIM patients reported no alcohol consumption, while the majority of HC consumed alcohol (64%) (p < 0.001) (Table 2).


Table 2. Comorbidities and traditional cardiovascular risk factors in IIM and HC.

[image: Table 2]



Comparison of the CV Risk Between IIM Patients and Healthy Controls

The results of non-invasive CV examinations, i.e., carotid plaques (presence, total count, and total sum of thickness of plaques in each individual), CIMT, ABI, and PWV, were compared between IIM and HC using the two-sample t-test, and the chi-square test for the presence of plaques. Only PWV was significantly different between the two cohorts. The mean PWV was significantly increased in IIM compared to HC (7.98 ± 2.12 vs. 5.96 ± 4.01 m/s, p = 0.015). However, the percentage of pathologic results of PWV was comparable in both cohorts with only a weak trend toward higher values in IIM (p = 0.176). On the other hand, the prevalence of pathologic CIMT and ABI were comparable in both groups (p = 0.498, p = 0.411, respectively). Similarly, the calculated SCORE and SCORE2 did not significantly differ between both cohorts (p = 0.847, p = 0.519, respectively).

To exclude the impact of traditional CV risk factors, all parameters of CV ultrasound examination, as well as SCORE and SCORE2, were adjusted for the traditional CV risk factors (Table 2). Adjustment for age and gender was unnecessary, since both cohorts were matched for age and sex. Initially, the chi-square test was used to assess multicollinearity. Due to the identified collinearity between arterial hypertension and antihypertensive therapy, between diabetes and insulin therapy, and between antihypertensive and insulin therapy, the latter parameters were excluded from further analysis. Subsequently, univariate analysis was performed, and significant variables (p <0.250) were analyzed in a multivariate model. After the adjustment and subsequent analysis, no significantly different factors arose. Moreover, the significance of PWV values was lost. In short, after adjusting for traditional CV risk factors, no significant difference was observed between the IIM and HC cohorts regarding the findings from CV examinations (carotid plaques, CIMT, ABI and PWV) and the CV risk estimated by SCORE and SCORE2 (Table 3).


Table 3. Subclinical atherosclerosis (ultrasound and cardiovascular examination) and cardiovascular risk (SCORE, SCORE2) in IIM and HC.
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Cardiovascular Risk Categories

To evaluate the overall CV risk in both cohorts, we divided the individuals into four categories based on the level of risk calculated in (i) SCORE (CVR-SCORE), (ii) SCORE2 (CVR-SCORE2), (iii) mSCORE (CVR-mSCORE), and (iv) carotid ultrasound findings including CIMT, presence of carotid plaque, and plaque thickness (CVR-US). Each category was divided into three levels of risk: Level 1 = low risk, defined as a 10-year risk of fatal CV events of <5% (SCORE, mSCORE) or fatal and non-fatal CV events of <2.5, 5 or 7.5% (according to age, SCORE2) for categories i–iii, and as CIMT <0.9 mm and no carotid plaques for category iv; Level 2 = intermediate risk, defined as a 10-year risk of fatal CV events of 5–10% (SCORE, mSCORE) or fatal and non-fatal CV events of 2.5–7.5, 5–10, or 7.5–15% (according to age, SCORE2) for categories i–iii, and as CIMT 0.9–1 mm or 1 carotid plaque <1.9 mm for category iv; Level 3 = high risk, defined as a 10-year risk of fatal CV events of ≥10% or fatal and non-fatal CV events of ≥7.5, ≥10 or ≥15% (according to age, SCORE2) for categories i–iii, and as CIMT >1 mm or 1 carotid plaque >1.9 mm or >1 carotid plaque (total plaque thickness>1.9 mm) for category iv (Table 4). The mean level of each category in both cohorts was calculated, and compared between IIM and HC using two-sample t-test. No significant difference was found (p > 0.05 for all), suggesting that IIM patients have a comparable CV risk to HC, evaluated both by SCORE, SCORE2, and carotid ultrasound examination (Table 5). mSCORE was not included in this analysis, as it has been proposed for inflammatory arthropathies, and herein calculated for IIM only.


Table 4. Definition of the cardiovascular risk categories and levels based on the CV risk score (SCORE, SCORE2, mSCORE) and carotid ultrasound examination (CIMT, and plaque detection).
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Table 5. Comparison of the cardiovascular risk levels in the cardiovascular risk categories between IIM and HC.
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Change in CV Risk Categorization

To verify which scoring system (SCORE, SCORE2, or mSCORE,) corresponds best to the CV risk estimated by carotid ultrasound examination (CIMT, plaque count, and thickness), we reclassified every individual from the CVR-SCORE, CVR-SCORE2, or CVR-mSCORE category according to the findings on carotid ultrasound examination: the CV risk level increased in the case of plaques or high CIMT; on the contrary, individuals in the intermediate-risk or high-risk level based on a calculated scoring system, with normal CIMT and no plaque, remained at the same CV risk level (Tables 6, 7, Supplementary Figures 2A–E). Based on SCORE, 28 (72%) IIM patients were classified as low risk, 9 (23%) as intermediate risk, and 2 (5%) as high risk. After comparing SCORE and ultrasound findings, 14 (36%) patients in total were reclassified to a higher risk level (Table 6, Supplementary Figure 2A). When evaluating SCORE2, 18 (46%) IIM patients were originally classified as low risk, 11 (28%) as intermediate risk, and 10 (26%) as high risk. After carotid ultrasound examination, 6 (15%) in total were reclassified to a higher risk level (Table 6, Supplementary Figure 2B). Finally, using mSCORE, 26 (67%) of IIM patients were at low risk, 5 (13%) at intermediate risk, and 8 (20%) at high risk, and subsequently, 9 (23%) in total were reclassified to a higher CV risk level due to the findings of carotid ultrasound (Table 6, Supplementary Figure 2C). Based on the total number of reclassified IIM patients, SCORE seemed to underestimate CV risk more than SCORE2 and mSCORE, whereas SCORE2 was the most accurate when compared to carotid ultrasound findings. Nevertheless, there were no statistically significant differences between the three scoring tools in underestimating or overestimating CV risk (Table 6).


Table 6. Reclassification of the original cardiovascular risk category in IIM based on SCORE, SCORE2, and mSCORE to the cardiovascular risk category based on subclinical atherosclerosis markers on carotid ultrasound examination.
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Table 7. Reclassification of the original cardiovascular risk category in HC based on SCORE, SCORE2, and mSCORE to the cardiovascular risk category based subclinical atherosclerosis markers on carotid ultrasound examination.

[image: Table 7]

To compare the reliability of the CV risk tools in IIM and the general population, we also performed the same reclassification in our HC cohort (Table 7, Supplementary Figures 2D,E). In HC evaluated by SCORE, 25 (64%) individuals were classified as low risk, 13 (33%) as intermediate risk, and 1 (3%) as high risk. Overall, 11 (28%) individuals were reclassified to a higher CV risk level after ultrasound examination (Table 7, Supplementary Figure 2D). Regarding SCORE2 in HC, the CV risk was low in 12 (31%) individuals, intermediate in 16 (41%), and high in 11 (28%). After reassessment, the CV risk level changed in 2 (5%) to a higher CV risk level (Table 7, Supplementary Figure 2E).

Although the above-mentioned numbers and differences (Tables 6, 7, Supplementary Figures 2A–E) could indicate that some scoring systems could estimate CV risk more accurately than others, this assumption was not confirmed in IIM patients by the subsequent statistical analysis. We compared the percentages of congruency and disparity between each pair (CVR-SCORE vs. CVR-US, CVR-SCORE2 vs. CVR-US, and CVR-mSCORE vs. CVR-US) using chi-square test. There was no significant difference in the percentage of changes, or the ability to estimate CV risk by any method used in IIM patients (p = 0.106). On the contrary, in HC, we observed significantly higher total percentage of reclassified HC from SCORE (28%) compared to SCORE2 (5%) (p = 0.006 comparing CVR-SCORE vs. CVR-US with CVR-SCORE2 vs. CVR-US). Therefore, we have observed high accuracy of SCORE2, while SCORE underestimated CV risk in healthy controls.



Association of the CV Risk and Disease-Specific Features in IIM Patients

Next, we analyzed the potential associations between disease-specific features, selected based on a priori clinical judgment, and CV risk or pathologic findings from carotid ultrasound and CV examination. Statistically significant correlations (Pearson's correlation coefficient) from the univariate analysis were selected and subsequently analyzed in a multivariate model. The univariate analysis demonstrated that age and mean arterial pressure were the most significant parameters correlated positively with the calculated CV risk by SCORE, SCORE2, and mSCORE. This is not surprising since all SCORE calculators include age and blood pressure. Furthermore, the univariate analysis revealed other significant associations of lipid profile, body composition, disease activity and serum levels of cytokines/chemokines (IL-9 and IP-10) with CIMT, carotid plaques, and overall CV risk estimated by US. As presumed, we also observed an association between CV risk (estimated by scoring systems and US examination) and CV examination findings. The significant correlations from the univariate analysis are shown in Table 8. Furthermore, categorical variables were also tested for significant associations with CV risk and the findings from CV examination. We included traditional risk factors and their treatment (Table 2), the presence of the most prevalent autoantibodies (ANA, anti-Jo-1, and anti-Ro-52), clinical features [Raynaud's phenomenon (RP), mechanic's hands (MH) and ILD], and pharmacotherapy (GC, MTX, and AZA) (Table 9).


Table 8. Association of cardiovascular risk factors and subclinical atherosclerosis markers with disease-specific features, body composition parameters, and traditional risk factors in IIM, based on bivariate correlations.
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Table 9. Significant differences in subclinical atherosclerosis markers and cardiovascular (CV) risk scores based on presence or absence of traditional CV risk factors and their treatment and selected autoantibodies.
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Traditional Risk Factors

Arterial hypertension was the main factor associated with a higher SCORE (as expected), carotid plaque count and thickness, PWV, and an overall CV risk (p < 0.05 for all). Antihypertensive treatment was associated with an increase in carotid plaque count (p = 0.020) but a more favorable (higher) ABI (p = 0.004). Treatment with lipid-lowering drugs was associated with an increase in carotid plaque count and thickness (p = 0.009, p = 0.008) and higher CVR-US (p = 0.047). Diabetes was associated with lower (worse) ABI values (p = 0.034), while prediabetes with a higher count (p = 0.036) and thickness (p = 0.011) of carotid plaques, and also with a worse (higher) CVR-US (p = 0.006). Patients treated with insulin had a higher count of carotid plaques (p = 0.009) and a higher CVR-US (p = 0.047). Peroral antidiabetic treatment and smoking had no influence on the CV risk or US pathological findings. However, some of these observations need to be interpreted with caution, since there were only two IIM patients treated with hypolipidemics or insulin and three smokers in our IIM cohort (Table 9).



Autoantibodies

ANA positivity was found in 24 (62%) of our IIM patients, while other most prevalent antibodies included anti-Jo-1 in 10 (26%) and anti-Ro-52 in 12 (31%) patients. Other autoantibodies were sporadically prevalent, and therefore were not analyzed (Table 1). Only anti-Jo-1 positivity was associated with a lower (better) CIMT (p = 0.034) and lower SCORE and its modifications, as well as the estimated CV risk based on these scoring systems: SCORE (p = 0.002), SCORE2 (p = 0.038), and mSCORE (p = 0.002) (Table 9).

On further examination, compared to anti-Jo-1 positive patients (n = 10), anti-Jo-1 negative patients (n = 29) showed a trend toward lower percentage of females (76% vs. 100%, p = 0.086), significantly higher age (p = 0.006), higher BMI (p = 0.013), higher prevalence of arterial hypertension (62% vs. 0%, p < 0.001) and a trend toward higher prevalence of diabetes (21% vs. 0%, p = 0.118). No other traditional CV risk factors significantly differed between these two groups. The presence of ILD was numerically higher in the anti-Jo-1 positive group as expected, but did not reach statistical significance (60% vs. 35%, p = 0.157). However, the anti-Jo-1 positive group had significantly higher levels of CK, myoglobin, and higher ESR compared to the anti-Jo-1 negative group (p < 0.05 for all). Additionally, disease activity (MITAX), tissue damage (MDI), muscle strength (MMT-8), treatment with MTX and AZA, as well as the cumulative dose and exposure time of GC were comparable in both groups (p > 0.05 for all, data not shown).



Clinical Manifestations

Due to potential bias by a very high or very low prevalence of some clinical manifestations, such as muscle weakness (88%), cardiac involvement (8%), skin rash and arthritis (13% each), only parameters with a prevalence of 20–80% were included in the analysis. ILD was present in 41%, RP in 26% and MH in 21% of IIM patients (Table 1). Nevertheless, no association between ILD, RP or MH, and the CV risk or findings of CV examination were detected in our IIM cohort.



Treatment

Similarly to clinical manifestations, analysis of a highly prevalent treatment [such as GC (92%)] or an infrequent treatment [such as cyclophosphamide (5%), leflunomide (5%), or mycophenolate mofetil (3%)] could cause significant bias (Table 1). Therefore, we only assessed the current (long-term) therapy with MTX and AZA; however, we have found no significant associations with the CV risk or the CV examination results. Because of the known potential negative impact of GC therapy on CV risk, we focused on the long-term GC therapy. We tested the association of the cumulative dose of GC (assessed as the prednisolone equivalent dose) and the time of exposure to GC. No significant association between CV risk and the GC cumulative dose was found. The only significant observation was the association of the exposure time to GC therapy with the total count of carotid plaques (p < 0.001) and with the maximum carotid plaque thickness (p = 0.003) on US.



Multivariate Analysis Models

Only variables with p < 0.25 from the univariate analysis were included in the subsequent multivariate analysis. Variables with p < 0.05 were considered significant. The age of the patients was the most significant factor, which affected most of the parameters (SCORE and its modifications, PVW, CIMT and the total count of carotid plaques). Exposure time to GC therapy was another significant factor that affected the total count and maximum thickness of the carotid plaques. Other significant predictors in the multivariate analysis included TC and AI (for ABI), mean arterial pressure (for PWV), disease duration (for the total count of carotid plaques), and chemokines (MCP-1 and MIP-1b for CIMT, and MIP-1a for PWV). Detailed data are shown in Table 10.


Table 10. Association of cardiovascular risk and subclinical atherosclerosis markers with disease-specific features, body composition parameters, and traditional risk factors in IIM, based on multivariate regression analysis.

[image: Table 10]





DISCUSSION

This is preliminary data from a cross-sectional study on CV risk in IIM compared to sex- and age-matched healthy controls. To our knowledge, it is the first study in IIM to include lipid profile, body composition (BIA and DXA), three non-invasive examinations of subclinical atherosclerosis, and assessment of CV risk (SCORE, SCORE2, and mSCORE).

To date, there are only limited data on CV morbidity and mortality in IIM. CV diseases are the leading cause of mortality in IIM (13), especially due to accelerated ATS of coronary arteries and myocarditis (15). CV diseases account for one-fifth of hospitalisations and double the risk of death in DM patients (46). Overall, IIM patients have more than double the CV risk as the general population (12). A recent study RI.CAR.D.A. (47) described significantly higher aortic stiffness and subclinical ATS in ASS patients compared to HC. Contrarily, we did not demonstrate any significant increase in the CV risk in our IIM patients, despite slightly worse findings on CV examination (carotid ultrasound, CIMT, ABI, and PWV). There was no significant difference between IIM and HC in the CV risk assessed by SCORE or CV examination, probably due to a relatively short disease duration (median 4.8 years), mild disease activity (median MITAX 0.13), and low disease damage (median MDI 0.05).

Due to the lack of recommendations or adequate tools for evaluating CV risk in rare rheumatic diseases, EULAR issued recommendations to multiply SCORE by the coefficient 1.5 for patients with inflammatory arthropathy (18). Similarly, multiplication of Framingham risk score by 2 is recommended for patients with SLE (48). Herein, we calculated CV risk using the recently validated SCORE2 (17) for the general population, but also included the original SCORE (16). For the IIM cohort, we used mSCORE (18) since the Framingham risk score is currently not widely used in Europe (49). Reclassification after incorporating carotid ultrasound examination showed that none of these scoring systems is accurate and was significantly superior or inferior in IIM. Numerically, the proportion of IIM patients reclassified to the higher CV risk level was the highest when originally estimated by SCORE (35.9%) and the lowest when originally estimated by SCORE2 (15.4%); however, this difference was not statistically significant. On the other hand, using SCORE2 in our HC resulted in significantly lower reclassification of CV risk level compared to SCORE algorithm (5.1% vs. 28.1%, respectively). Similarly, the RI.CAR.D.A. study demonstrated the limitations of SCORE and mSCORE in ASS patients for estimating CV risk, in comparison to cf-PWV and carotid ultrasound examination. Nevertheless, SCORE and mSCORE were not significantly different between ASS and the control group, which is consistent with our results (47). Recently, another similar study compared CV risk and clinical examination in patients with psoriatic arthritis, and recommend combining scoring tools with carotid ultrasound examination (CIMT) (50). To date, no studies have validated the CV risk estimation tools currently used in IIM, except for RI.CAR.D.A.

Increased arterial stiffness and CIMT have previously been described in PM and other rheumatic diseases compared to HC, while PM patients had milder arterial impairment (by PWV) compared to patients with systemic sclerosis (51). Another study demonstrated a tendency of increased CIMT and PWV in IIM compared to HC (52). Even adult patients with a history of juvenile DM may exhibit worse subclinical ATS (53).

When comparing the prevalence of traditional CV risk factors, there were no significant differences between our IIM cohort and HC. However, diabetes was non-significantly more prevalent in our IIM group. Studies on IIM reported significantly higher BMI and more prevalent arterial hypertension, diabetes, hypercholesterolemia (54–56), and metabolic syndrome compared to the general population (57).

While systemic inflammation in rheumatic diseases is generally related to atherogenesis (58), our data did not indicate more severe subclinical ATS in IIM, even after adjusting for traditional risk factors. A possible explanation is the small sample size and mild disease activity in our IIM patients. Generally, CRP is only slightly elevated in IIM patients (59, 60). Increased systemic inflammation is also associated with anti-Jo-1 positivity (60, 61). Anti-Jo-1 is the most common antibody associated with ASS (62, 63), and has also been implicated in the pro-inflammatory response (64). However, anti-Jo-1 is not specifically associated with an increased ATS-related CV risk. Surprisingly, in our IIM cohort, anti-Jo-1 positivity was associated with a lower SCORE and a decreased CV risk. Moreover, despite a higher prevalence of ILD and levels of muscle damage markers and ESR in the anti-Jo-1 positive compared to anti-Jo-1 negative patients, disease activity and tissue damage were similar in both groups. In contrast, anti-Jo-1 negative patients had more prevalent CV risk factors, such as arterial hypertension and diabetes, higher age and BMI, which may be the cause of the increased CV risk in our anti-Jo-1 negative patients.

Regarding clinical manifestations, ILD negatively influences physical condition, physical activity and thus probably worsen CV status (45). Additionally, previous studies showed that RP could be associated with a higher risk of CV disease (65). Nevertheless, no association between disease-specific clinical features and worse CV risk was demonstrated in our study.

Interestingly, several chemokines and cytokines were associated with an increased CV risk and markers of subclinical ATS on bivariate or multivariate analysis: MIP-1a, MIP-1b, IP-10, MCP-1, and IL-9. MIP-1a (CCL3) participates in the chemotaxis of inflammatory cells, granulocyte activation, atherogenesis, and CV disease development (66, 67). It is a potential biomarker of CV diseases or a prognostic factor of CV events (68, 69). The association of PWV with MIP-1a levels in our IIM cohort seems to confirm its relation with CV risk. MIP-1b (CCL4) participates in the adhesion of monocytes to the endothelium, and its serum levels can be a predictive factor for CV events (70, 71). MCP-1 (CCL2) attracts monocytes, memory T cells, and dendritic cells to the inflammation site, and is important for the formation of atherogenic plaques via its chemotactic activity on monocytes, which penetrate into the subendothelial space and become foam cells (72). IP-10 (CXCL10) is stimulated by interferon γ (IFN-γ) and attracts cells of monocyte/macrophage system and others. IP-10 levels and other chemokines are related to adverse remodeling of the myocardium accompanying ventricular dysfunction and heart failure (73, 74). IL-9, a cytokine with pleiotropic functions produced by multiple cell types, Th-9 specifically, is involved in various autoimmune and allergic inflammation (75). Elevated IL-9 levels were described in patients with atherosclerotic disease of the carotid and coronary arteries (76), and an increased Th-9 count could be involved in atherogenesis (75).

We also assessed the potential influence of immunosuppressive treatment on CV risk. The role of GC in CV risk in the rheumatic population is rather controversial. On the one hand, it suppresses inflammation, leading to endothelial dysfunction and damage; on the other hand, GC promotes the traditional risk factors (77). A long-term GC therapy at high doses (>7.5 mg of prednisolone daily) in patients with RA potentially increases CV risk. Nevertheless, the effect of low doses is not clear (78). Herein, we observed an association of the GC exposure time with carotid plaques. However, there was no association with the cumulative dose. This suggests that rapid dose tapering and discontinuation of GC are more important than the doses per se, especially during the manifestation and relapse of the disease. MTX and AZA were the most used csDMARDs in our cohort, but neither affected CV risk or subclinical ATS parameters. MTX has been even described as a potentially cardioprotective drug in rheumatic diseases (79), although this effect was not confirmed in the general population with an increased CV risk (80). The effect of AZA and other csDMARDs has not been sufficiently described. A Canadian study described a potential protective effect of non-steroid immunosuppressive drugs on the risk of arterial events in IIM patients (81). Nevertheless, therapy with GC-sparing agents (csDMARDs) should be preferred to GC monotherapy in IIM (82).

Finally, the main limitation of our study is a small IIM cohort, which precluded analysis on individual subsets. We used only non-invasive methods for CV examination, which could be inaccurate. Carotid plaque assessment, instead of CIMT, is preferred as a predictive marker for CV diseases or events (39), but CIMT monitoring could be beneficial in estimating CV risk (83). However, the cutoffs for the plaque thickness or count have not been clearly defined; therefore, threshold of high-risk plaques (plaque thickness >1.9 mm) and a risk plaque count >1 (total plaque thickness >1.9 mm) in our study were based on previous studies (44).



CONCLUSION

CV risk in our cross-sectional cohort of IIM patients does not appear to be significantly increased compared to HC. Validated scoring systems for CV screening (SCORE2, mSCORE) comparably underestimate or overestimate CV risk in IIM patients with respect to subclinical atherosclerosis. Since there are currently no established tools for CV risk screening in IIM, both of these scoring systems, as well as clinical examination of subclinical atherosclerosis, should be considered for assessing CV risk in IIM patients. Regarding the potentially adverse effect of long-term therapy with glucocorticoids, and the potentially favorable effect of methotrexate on CV risk, glucocorticoid therapy should be as short as possible with preferable use of corticoid-sparing DMARDs.
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Background

The objective of this study is to assess the frequency of autoantibodies against 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) in a single center myositis cohort and to analyze associations with statin exposure, clinical features, and outcome of disease course.



Methods

A total of 312 patients with idiopathic inflammatory myopathies (IIMs) followed at the rheumatology clinic, Karolinska University Hospital, were identified in the Euromyositis registry between 1988 and 2014 and were classified according to the 2017 European Alliance of Associations for Rheumatology/American College of Rheumatology (EULAR/ACR) criteria. Available serum samples were analyzed for anti-HMGCR autoantibodies by ELISA. Positive sera were confirmed by immunoprecipitation. Clinical data were extracted from Euromyositis registry and medical records. Muscle samples were examined by two pathologists blinded to the subjects’ autoantibody status.



Results

Of 312 patients, 13 (4.3%) were positive for anti-HMGCR. Two of the 13 (15%) anti-HMGCR–positive patients had histories of statin use versus 12 (4.2%) in the anti-HMGCR–negative group. In the anti-HMGCR–positive group, five (38%) had a clinical phenotype compatible with dermatomyositis. Muscle biopsies of patients with HMGCR autoantibodies showed findings consistent with immune-mediated necrotizing myopathy in all cases except for one. Five (38%) patients required treatment with intravenous immunoglobulin compared to seven (2.3%) without this antibody. At the last visit, seven patients had chronic, active disease course, and five of 13 patients were in remission, including three without treatment.



Conclusions

Patients with IIM related to anti-HMGCR autoantibodies may present with a wide range of symptoms, more than previously anticipated. When a broad approach to screening for these antibodies is applied, only a minority of patients was found to have previous statin exposure. The results of this study justify the addition of anti-HMGCR autoantibodies to routine diagnostic procedures in patients with myositis.
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Introduction

Immune-mediated necrotizing myopathy (IMNM) is currently characterized as one of the most severe subtypes of idiopathic inflammatory myopathies (IIMs). It is known for pronounced proximal muscle weakness, increased serum levels of creatine kinase (CK), often widespread necrosis of muscle fibers on muscle biopsy with no or only mild infiltration of inflammatory cells, and high prevalence of life-threatening dysphagia with paucity of other extramuscular symptoms. As in other autoimmune myopathies, serology plays an important role in stating the diagnosis and predicting course of the disease. There are currently two known myositis-specific autoantibodies (MSAs) associated with IMNM: anti-SRP (signal recognition particle) and anti-HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reductase) (1). Statins, the main inhibitors of HMGCR, have been associated to the latter; however, the direct linkage has not been unequivocally proven.

Recently, pathogenicity of anti-HMGCR antibodies was demonstrated (2–4). When the antibodies were transferred from patients with positive IMNM to mice genetically modified with the human complement system, they were able to induce a similar disease and formation of C5b-9 (membrane attack complex, MAC) in the cellular membrane. In vitro, their presence produced muscle fiber atrophy. They also correlated with disease activity in individual patients (2). On the basis of these observations, clinical trials have already begun with the intention to selectively treat IMNM patients (e.g., zilucopan, a C5 inhibitor).

Because of low availability, testing for anti-HMGCR was rarely performed only in the most severe cases and without extra-muscular involvement. This selection bias resulted in many previous reports, suggesting that anti-HMGCR–related myopathy is an exclusively muscular disease with acute onset and unfavorable prognosis.

On the other hand, in these initial reports, only 44%–63% of IMNM patients with these antibodies had known history of statin exposure (3). There are reports of anti-HMGCR–related myopathy occurring in childhood (4, 5), whereby it is unlikely that lipid-lowering agents were prescribed. Therefore, with close examination of the literature, direct association with statin exposure becomes less evident. Moreover, the exclusive association between anti-HMGCR autoantibodies and the clinical subgroup IMNM has been questioned. There is a rising number of positive anti-HMGCR autoantibody cases reported with dermatomyositis (DM), other inflammatory diseases, or even with asymptomatic hyper-CK-emia (2, 3).

Our hypothesis was that anti-HMGCR–related IIM, contrary to the common paradigm, does not always present as the IMNM phenotype nor in association to statin exposure. This study was intended to screen a comprehensively characterized cohort of patients with IIM for frequency of anti-HMGCR autoantibodies and investigate the association with clinical manifestations, disease course, and previous exposure to statins.



Methods

This is a single center retrospective study from rheumatology clinic at Karolinska University Hospital, Stockholm, Sweden. Subjects with a diagnosis of IIM between 1988 and 2014 were enrolled to ensure prospective follow-up. All patients were confirmed to have IIM, all retrospectively fulfilled the 2017 ACR/EULAR classification criteria for IIM (6). The most recent European Neuromuscular Centre (ENMC) criteria for IMNM were applied to the patients positive for anti-HMGCR autoantibodies (1). At the first clinic visit and after signing informed consent for study participation, blood samples were drawn and stored in −80°C freezer for later analysis. The study was approved by the Regional Ethics committee in Stockholm.

Information on demographic, clinical, and treatment data was retrieved from the international electronic myositis registry, Euromyositis, and patient’s records. Disease activity has been recorded in the form of the Core Set Measures (7) in Euromyositis prospectively at visits since 1993. As no approved definition of remission in IIM exists, disease activity was assessed by an experienced clinician based on patient’s records, physical examination, and change in the Core Set Measures as either high disease activity, chronic active disease, low disease activity, remission, or drug free remission.

All patients were screened for interstitial lung disease (ILD) with high-resolution computed tomography and pulmonary function tests: spirometry, plethysmography, and diffusing capacity for carbon monoxide. Dysphagia was confirmed by radiology with barium sulphate contrast. Arthritis, Raynaud’s phenomenon, and skin lesions were confirmed on physical examination by an experienced physician. Heart involvement was regarded at investigators discretion as any cardiac abnormality resulting from disease activity after other causes were excluded. All patients were screened for MSA by EUROIMMUNE Line blot assay and ELISA for anti-FHL1.

Anti-HMGCR autoantibodies were kindly analyzed by Dr. Andrew Mammen, Muscle Disease Unit, National Institutes of Health, USA. Serum samples from all patients (n = 312) were screened for anti-HMGCR autoantibodies by enzyme-linked immunosorbent assay (ELISA) and confirmed by immunoprecipitation of in vitro transcribed and translated HMGCR protein (IP-IVTT). Cutoff for positivity in ELISA was set as 0.35 arbitrary units (AU)/ml. Strong or weak positivity was determined by IP-IVTT strength of band.

Patient’s archived biopsies were all examined by two experienced muscle pathologists, who were blinded to autoantibody status (I. Nennesmo and O. Danielsson). Staining of biopsies was performed according to a standard myositis protocol. The following features were evaluated: necrotic myofibers, regenerating myofibers, inflammatory cell infiltrates, scattered inflammatory cells, perimysial infiltration, centralized nuclei, and major histocompatibility complex (MHC) class I upregulation. For all pathology features, a semi-quantitative scale was used: absent (“0”), mild (“1+”), moderate (“2+”), and pronounced (“3+”). Findings like endomysial infiltration, perifascicular atrophy, atrophic fibers, fiber size variation, and increased amount of adipose tissue were also examined.

Blood samples for genetic assessment have been stored and analyzed upon separate informed consent. Human leukocyte antigen (HLA)-DRB1 genotyping was performed by Olerup SSP DR low-resolution kit.



Results

Of 312 patients enrolled 13 (4.3%) patients were positive for anti-HMGCR autoantibodies. All were Caucasian. All fulfilled the 2016 ENMC criteria for IMNM or anti-HMGCR myopathy (1). Median age at diagnosis of IIM in patients with anti-HMGCR autoantibodies was 52 years (range 34–75 years). Of the 13 anti-HMGCR–positive patients, 11 were women (92.3%) compared to 61% in the HMGCR-negative group.


Statin Exposure

Two of 13 patients (15%) had been exposed to statins prior to disease onset—a 70-year-old woman and a 75-year-old man—had both been exposed to simvastatin. Both were classified as polymyositis according to the ACR/EULAR 2017 criteria. Among the 299 patients who were negative for anti-HMGCR antibodies, 12 (4.2%) had been exposed to statins prior to onset of disease. For 11 patients, the history of previous statin intake remained uncertain (Table 1).


Table 1 | Comparison between anti-HMGCR–positive and anti-HMGCR–negative groups.



Of the 11 statin-naïve anti-HMGCR–positive patients, four were prescribed statins after the diagnosis. Statins had to be withdrawn in three of these four patients due to side effects within 6 months. One patient with statin exposure prior to diagnosis was reintroduced to simvastatin after the initiation of immunosuppressive treatment and did not worsen.



Clinical Presentation

Among the 13 patients with anti-HMGCR autoantibodies when classified according to the ACR/EULAR criteria from 2017, eight (62%) were as polymyositis and five (38%) as dermatomyositis with typical skin manifestations: Gottron’s sign (30%), Gottron’s papules (15%), heliotrope rash (15%), V-sign (8%), or periungual lesions (23%).

Four anti-HMGCR–positive patients (30%) presented with Raynaud’s phenomenon. Dysphagia occurred in four and ILD was observed in two (15%) patients. Arthritis and mechanic’s hands were present in one patient each (8%).



Serology Status

Of the five anti-HMGCR–positive patients with dermatomyositis, three were also positive for other MSAs (1 with anti-NXP2 and FHL1, 1 anti-Jo1, 1 anti–TIF1-γ autoantibodies). The patient with anti–TIF1-γ was diagnosed with ovarian cancer 1 month after occurrence of IIM symptoms (Table 2).


Table 2 | Comparison of anti-HMGCR–positive patients with phenotype of polymyositis and dermatomyositis.



In the PM/IMNM subgroup, one of eight patients had anti-Jo1 autoantibodies and fulfilled the Connor’s criteria for antisynthetase syndrome (8). There were no anti-HMGCR–positive patients with inclusion body myositis.

Eight patients (62%) had strong positivity of anti-HMGCR antibody, and five patients had weak positivity (38%). Patients with strong positivity had shorter mean time from diagnosis (and initiation of treatment) to sample collection. Dermatomyositis patients were found in both strong- and weak-positive groups. Patients with previous statin exposure had equal representation in both strong and weak positivity for anti-HMGCR antibody subgroups (Table 2).



Pathology Findings

All anti-HMGCR–positive patients had muscle biopsies performed. All biopsies, except for one, revealed histopathological features compatible with immune-mediated necrotizing myopathy: necrotic fibers, fiber size variation, fiber regeneration, and sparse or scattered inflammatory infiltrates. All patients, for whom MHC class I expression was assessed (8 of 13), had upregulation of this molecule in the muscle fibers. MAC staining was performed in only one patient with PM/IMNM and showed presence in the myofibers and capillaries.



Disease Course

Disease activity was measured longitudinally by the International Myositis Assessment and Clinical Studies Group (IMACS) Core Set Measures. Increased serum levels of CK were observed at the first assessment in nine of 13 (69%) with mean value 29.3 microcat/L (7.54 times upper normal limit, range 1.5–127 microcat/L). Mean MMT8 at the first visit equaled 69/80 (range 55–80). One patient had normal strength at the first assessment and complained of myalgia. This was the patient with the highest serum CK level (27 times the normal upper limit), anti-Jo1 co-positivity, who later gradually improved with treatment (Supplementary Table).

At the last follow-up (mean time from the first to the last observation was 161.5 months), all patients had improved after treatment. Mean MMT8 was 76/80 points, mean CK equaled 5.7 microkat/L (1.37 times upper limit), and had normalized in six patients (Table 3). Mean dose of steroids at the last follow-up equaled 2.79 mg of prednisone (range 0–10 mg). Most frequently used steroid-sparing agent was azathioprine in eight patients (62%), followed by methotrexate (n = 5, 38%), mycophenolate mofetil (MMF) (n = 4, 30%), rituximab (n = 2, 15%), and cyclophosphamide (n = 2, 15%). High-dose intravenous immunoglobulin (IVIG) was administrated to five (38%) patients. When we compared treatment between anti-HMGCR–positive and anti-HMGCR–negative patients, we observed that 38% of the anti-HMGCR–positive patients had been treated with IVIG. This was significantly more often than in the anti-HMGCR–negative patients (2.3%) (p < 0.005).


Table 3 | Disease course in anti-HMGCR–positive patients.



Two of the patients with DM required multiple immunosuppressive therapies, whereas the other two had good response and were stable without treatment at the last visit. One patient with mild muscle weakness and normal CK was treated without systemic steroids but with hydroxychloroquine and topical therapy with good results (Supplementary Table).

From the two patients with statin exposure history, one had refractory disease requiring use of rituximab, and another was managed primarily with methotrexate and then low-dose prednisone at last follow-up.

At the last assessment, five patients were in remission (including three with drug-free remission), five had chronic active disease, and two had low disease activity. One patient had positive anti–TIF1-γ autoantibodies with a clinical phenotype of dermatomyositis, but their muscle biopsy had clear pathological features of IMNM. This patient died due to ovarian cancer (Supplementary Table).



Genetic Assessment

We did not see significant enrichment of any HLA-DRB1 genotype/allele in analyzed group of anti-HMGCR–positive patients. None were found with HLA-DRB1*08:03 nor HLA-DRB1*11:01 (9).




Discussion

In this cross-sectional study of a European cohort of patients with IIM, we recorded a frequency of anti-HMGCR autoantibodies of 4.3%. Two of the 13 anti-HMGCR–positive patients had previously been treated with statins.

In a previous study from China, 405 patients with IIM were examined and anti-HMGCR autoantibodies were present in 22 individuals (5.4%), whereas previous statin use was ascertained in only four (16%) (10), which is similar to our results. In another cohort of 227 Chinese IIM patients, 21 were found positive for anti-HMGCR and nine had clinical features of dermatomyositis, but the muscle biopsy features resembled IMNM, and none had typical histopathological DM findings (11).

In a Japanese cohort of 460 patients with IIM, anti-HMGCR antibodies were detected in 12% (10). Muscle biopsies were most often consistent with IMNM. Chronic progression of muscle weakness over 12 months, which mimicked muscular dystrophy, was also observed. Most patients required multiple immunosuppressants. Exposure to statins was confirmed in 18% of these anti-HMGCR–positive subjects (10).

One European study exclusively included patients with IMNM and anti-HMGCR autoantibodies; nevertheless, 57% were found with skin lesions attributable to the disease (Table 4) (12).


Table 4 | Comparison of studies screening large IIM cohorts for anti-HMGCR autoantibodies.



To our knowledge, this is the first study that performed testing for anti-HMGCR autoantibodies in a large European, mainly Caucasian cohort of IIM patients. As a result, a wide spectrum of symptoms among patients positive for anti-HMGCR was observed. In our study, five patients (38%) with anti-HMGCR autoantibodies had skin rash attributable to dermatomyositis. One of them had muscle pathology findings consistent with DM, whereas the other four predominantly had features of IMNM on muscle biopsy. Two patients had accompanying perifascicular atrophy, which is a known histopathological feature of DM. Dermatomyositis cases with anti-HMGCR autoantibodies have been anecdotally reported previously; one study even suggested presence of distinctive skin lesions (13). Here, we present a group of patients with both clinical and histopathological features of dermatomyositis associated with anti-HMGCR autoantibodies.

Some of our patients had a mild disease course, three of them had normal CK at the onset, and one patient had normal muscle strength (Supplementary Table). Five patients were in remission (including three with drug-free remission) at the last follow-up. One patient with anti-HMGCR autoantibodies had muscle weakness resembling limb-girdle muscular dystrophy. This similarity has previously been described (14). In this particular patient, this ambiguity caused delay in diagnosis for many years with suboptimal treatment as a result.

Because serology was performed retrospectively on archived sera, the patients in our cohort were managed based on their clinical phenotype and the treatment approach had not been influenced by the awareness of anti-HMGCR positivity. Given this fact, it is interesting that almost half of the anti-HMGCR–positive patients were treated with IVIG, especially at a center that rarely uses this medication. This supports the hypothesis that routinely adding anti-HMGCR to baseline diagnostic assessment could be advantageous in predicting course of disease and adjusting optimal treatment, even if the phenotype is not always consistent. Histopathology features of IMNM, namely, necrotic, regenerating myofibers, fiber size variation, or scattered inflammatory cells, were present in almost all specimens of the anti-HMGCR–positive subjects, including those with dermatomyositis. Only one dermatomyositis patient had pathology findings strongly indicating DM. A limitation of the study is that most of the samples lacked MAC staining, none was stained for p62, which would be a great asset, but it was not a routine procedure at the time when most of the samples were stained.

An interesting observation of our study is presence of other myositis-specific antibodies (MSA) in 30% of patients, although they were not confirmed by other laboratory methods. Furthermore, the line blot results of patients positive for anti–TIF1-γ, anti-NXP2, and anti-Jo1 corresponded to typical clinical presentation. The seropositivity for anti-HMGCR can have a false positive rate of up to 0.7%, prompting our confirmation with IP-IVTT. Again, this suggests that adding anti-HMGCR to routine assessment can be helpful in the diagnostic workup even when other MSAs are present. Of note, 70% of the anti-HMGCR–positive patients would have remained seronegative, if the anti-HMGCR antibodies were not assessed.

The number of patients with history of statin use prior to the onset of myositis (two cases) is smaller than in previous reports (10, 11, 15). However, this likely speaks to selection bias between IMNM and anti-HMGCR–positive DM patients. It is also worth mentioning that prescription of statins during the time of serum collection (1988–2014) was not common in Sweden, as non-pharmacologic interventions have been regarded as primary treatment. In our observation of the latest patients with anti-HMGCR autoantibodies from the same site, the proportion of patients exposed to statins has increased. This study is unique as we analyzed archived sera from before the wider introduction of statins.

Statins are not the only identified HMGCR inhibitors; other known sources are red yeast rice and certain mushrooms species (e.g., Pleurotus spp. and Agaricus bisporus), many probably remain yet to be discovered.

With this study, we propose to include anti-HMGCR autoantibody testing in the IIM diagnostic routine, applying to patients with phenotype of polymyositis, dermatomyositis, and, perhaps, some cases of asymptomatic hyper-CK-emia and myalgia (e.g., unclear cases resembling muscle dystrophies).



Conclusions

Patients with IIM related to anti-HMGCR autoantibodies may present with a wide range of symptoms. A minority in our cohort had previous statin exposure, which suggests a different pathogenesis than drug-related. This study indicates that screening for anti-HMGCR autoantibodies in patients with suspected IIM is justified and could be helpful in the diagnostic workup not only in individuals with previous statin exposure. Longitudinal follow-up of large cohorts will contribute to understanding the prognostic value of anti-HMGCR autoantibodies in a broad clinical spectrum of disease.
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Objective

The clinical features of interstitial lung disease (ILD) in patients with dermatomyositis (DM) and negative myositis autoantibodies had not been exactly demonstrated previously. This study aimed to describe and expand the phenotype of interstitial lung disease (ILD) in this cohort of patients.



Methods

A total of 1125 consecutive Chinese patients with idiopathic inflammatory myopathies (IIM) between 2006 and 2020 were screened retrospectively. All proven cases of isolated ILD with both negative myositis-specific autoantibodies (MSA) and negative myositis-associated autoantibodies (MAA) were selected for inclusion. The clinical features and outcome among this group, MDA5+DM (DM patients with positive anti-MDA5 antibody) and ASS (patients with positive anti-aminoacyl tRNA synthetases antibodies were recorded and compared.



Results

Of 1125 IIM patients with an average follow-up of 6 years, 154 DM patients with negative MSA and MAA (MSA/MAA) were identified, with an ILD incidence of 46.8%. DM-ILD Patients with negative MSA/MAA presented younger age at onset (p<0.001), lower incidence of elevated CA153 (p=0.03) and fever (p=0.04)than those ILD patients with MDA5+DM and ASS.The estimated high-resolution computed tomography patterns of ILD showed non-specific interstitial pneumonia (66.6%), followed by organizing pneumonia in patients with negative MSA/MAA. OP pattern was more common in patients with MDA5+DM (69.7%), and the ratios of the OP (48.7%) and NSIP (51.3%) patterns were almost equal in patients with ASS. Of these DM-ILD patients with negative MSA/MAA, 25% developed rapidly progressive interstitial lung disease (RP-ILD). Patients with RP-ILD had a shorter disease duration (p=0.002), higher percentage of positive ANA(p=0.01) and organizing pneumonia patterns (p=0.04), elevated CYFRA211(p=0.04) and decreased FiO2/PaO2 (p<0.001) than those with chronic progressive ILD. The incidence of OP pattern in RP-ILD patients with negative MSA/MAA was lower than in those RPILD patients with MDA5+ DM (75%) and ASS (89%) (p=0.006). The cumulative 5- and 10-year survival rates in the DM-ILD patients with negative MSA/MAA were 91% and 88%, respectively, during the long-term follow-up study. And they had more favorable survival rate compared with ILD patients with MDA5+DM and ASS (p<0.001). An independent prognostic factor was identified as decreased PaO2/FiO2 (hazard ratio, 0.97; p=0.004].



Conclusions

This study indicates DM-ILD patients with negative MSA/MAA had favorable long-term outcomes. Decreased baseline PaO2/FiO2 acted as an independent prognostic factor for this group of patients.





Keywords: negative myositis autoantibody, interstitial lung disease, RPILD, dermatomyositis, myositis specific autoantibody, myositis associated autoantibody



Introduction

Idiopathic inflammatory myopathy (IIM) is a heterogeneous autoimmune disease characterized by muscle weakness and multiple extramuscular manifestations, including varying degrees of skin, joint and lung involvement. Interstitial lung disease (ILD) is the most crucial extramuscular manifestation of IIM because of its high prevalence and mortality rate (1). Poor survival and impaired quality of life are most commonly observed in patients with acute or chronic progressive ILD in patients with IIM. Serum myositis-specific autoantibodies (MSAs) and negative myositis-associated autoantibodies (MAAs) are identified in recent years. Many of these are associated with a unique clinical subset of IIM, making them useful for predicting and monitoring certain clinical manifestations (2, 3). The association between ILD and these antibodies has been confirmed in several studies. Anti-melanoma differentiation-associated gene 5(MDA5) antibodies with amyopathic dermatomyositis (ADM) or clinical amyopathic dermatomyositis (CADM) are often complicated by rapidly progressive ILD (RP-ILD) (4). Studies have confirmed an association between anti-aminoacyl tRNA synthetases (ARS) antibodies and IIM-ILD (5). The anti-Ro-52 antibody is one of MAAs, which also associated with ILD and RP-ILD in previous studies and our team’s studies (6, 7). However, little attention has been paid to the special group of dermatomyositis with ILD, in which both MSA and MAA are negative. The serological, radiological, and clinical outcomes of these patients are unclear. This study aimed to describe a cohort of ILD patients with dermatomyositis with negative MSA and MAA(MSA/MAA).



Materials and Methods


Study Design and Subjects

This was a retrospective cohort study of adult patients who visited the Department of Rheumatology, China-Japan Friendship Hospital, from January 2006 to July 2020. Muscle biopsies were performed for all patients. Patients with a definite diagnosis of DM fulfilled the Bohan and Peter classification criteria and the 239th ENMC International Classification of Dermatomyositis (8). All patients provided written informed consent in accordance with the Declaration of Helsinki. This study was approved by the China-Japan Friendship Hospital review board (approval number: 2016-117). Baseline demographic data, clinical data, laboratory data and radiographic data at presentation were extracted from the medical records.

The presence of ILD was determined by high-resolution computed tomography (HRCT) findings. RP-ILD was defined as a condition of worsening radiological interstitial change with progressive dyspnea and hypoxemia within 1 month of the onset of respiratory symptoms. chronic progressive ILD(CP-ILD) was defined as an asymptomatic, nonrapidly progressive ILD or slowly progressive ILD over 3 months (9). HRCT scan patterns were classified as non-specific interstitial pneumonia (NSIP), usual interstitial pneumonia (UIP), and organizing pneumonia (OP) by two experienced radiologists, according to the 2013 American Thoracic Society (ATS) and European Respiratory Society (ERS) policies (10).



Detection of Serum Autoantibodies

To avoid confounding and variability associated with testing techniques and reference values between laboratories, we only included patients who had MSA and MAA autoantibody profiles performed at the first visit at the Rheumatology Laboratory of China-Japan Friendship Hospital. In patients included before 2016, MSA status was assessed retrospectively based on stored baseline serum samples using the Euroline assay. Since seroconversion was observed, repeated MSA measurements during follow-up were performed in all enrolled patients, and serum aliquots were frozen at −80°C until assayed. Autoantibodies (antigen including MDA5,PL-12,PL-7,Jo-1,EJ,OJ,KS,Mi-2,TIF1-γ,NXP2,SRP,SAE,PM-Scl-75,PM-Scl-100,Ku,Ro-52,HMGCR) were measured by immunoblotting(Euroimmun, Germany; MBL, Japan). Anti-nuclear and ENA antibodies were detected using commercial kits from Euroimmun Germany. Each sample was analyzed in triplicate to ensure accuracy.



Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) eligible patients with DM who had complete medical records and follow-up information. (2) Both MSA- and MAA-negative DM patients with ILD during the initial visit and follow-up time.

The exclusion criteria were as follows: (1) DM without ILD, (2) any MSA- or MAA-positive DM with ILD, (3) patients with other connective tissue diseases, and (4) Patients with evidence of pulmonary infections at their first admission, which were identified by clinical diagnosis and pathogens.



Statistical Analysis

The chi-squared or Fisher’s exact test was used for binary data. Student’s t-test or Mann–Whitney U-test or One-way ANOVA analysis were used for continuous data. Survival probability was evaluated using the Kaplan-Meier method, and survival curves were compared using the log-rank test. To demonstrate possible significant explanatory risk factors for death, we analyzed prognostic factors using univariate and multivariate Cox regression models, and the hazard ratios (HRs) and 95% confidence intervals for death were calculated using Cox proportional-hazards models; two-sided p<0.05, considered statistically significant. All statistical calculations were performed using the SPSS software (SPSS, Chicago, IL, USA).




Results


Screening ILD Patients of DM With Negative MSA/MAA

The study cohort included 1,125 patients with IIM. A total of 273 patients tested negative for both MSA and MAA. 28 patients with other connective tissue diseases were excluded. A total of 182 (74%) of 245 patients with IIM were diagnosed as DM. To avoid potential interference from pulmonary infection, 28 patients were excluded because of complications of pulmonary infection at their first visit to our hospital. A total of 154 patients with DM and negative MSA/MAA were enrolled, of them,72 patients (46.8%) were complicated by ILD (Figure 1). The characteristics of all the DM patients with negative MSA/MAA were mainly include: lymphocytic infiltrates and MHC-I expression in all patients, perifascicular atrophy observed in 55.6% of patients (n=86).




Figure 1 | Flowchart of DM-ILD patients with negative MSA/MAA. IIM, idiopathic inflammatory myopathy; MSA, myositis specific autoantibody; MAA, myositis associated autoantibody; PM, polymyositis; IBM, inclusion body myopathy; IMNM, immune mediated necrotizing myopathy; ILD, interstitial lung disease.





Clinical Features of Negative MSA/MAA Associated ILD in DM Patients

The general and clinical characteristics of the patients are shown in Table 1 and Supplemental Table S1. The prevalence of ILD in DM patients with negative MSA/MAA was 46.7%; however, ILD was much less common in patients with Juvenile dermatomyositis (JDM) (1.4%) (p=0.03). ILD Patients with negative MSA/MAA showed older age at onset (p<0.001), shorter disease duration (p=0.007), and elevated levels of serum ferritin (p=0.008) and C-reactive protein (p=0.016) compared with patients without ILD. Importantly, the incidence of Gottron’s sign (p=0.049), mechanic’s hands (p<0.001), and arthralgia (p=0.002) was higher in DM-ILD patients with negative MSA/MAA. In addition, ILD patients with negative MSA/MAA had higher rates of tumor markers CEA and CA153 (both p=0.003) (Supplememtal Table S1).


Table 1 | The comparison of clinical features among ILD patients with negative MSA/MAA, anti MDA5 and anti-ARS antibodies.



The comparison of clinical features of ILD were made among DM with negative MSA/MAA,MDA5+DM (DM patients with positive anti-MDA5 antibody) (n=175) and ASS (patients with positive anti-aminoacyl tRNA synthetases antibodies (n=158)patients in our cohort (Table 1). DM Patients with negative MSA/MAA presented younger age at onset (p<0.001), lower incidence of elevated CA153 (p=0.03) and fever (p=0.04)than those ILD patients with MDA5+DM and ASS. Patients with negative MSA/MAA and ASS showed higher lymphocyte counts (p<0.001), lower levels of ferritin (p=0.01), lower incidence of elevated CEA (p<0.001) and higher incidence of elevated CA125 (p<0.001) than those in MDA5+ DM Patients. The duration in ASS+ILD patients were longer than those in the other two groups of patients (p<0.001).



Characteristics of the Estimated HRCT Patterns in DM-ILD Patients With Negative MSA/MAA

It had previously not exactly indicated the estimated high-resolution computed tomography (HRCT) patterns in DM-ILD patients with negative MSA/MAA. We next evaluated the HRCT patterns in this group of patients. The results showed that the non-specific interstitial pneumonia (NSIP) pattern was the most frequent finding (66.6%), followed by the OP patterns (32.8%), and the UIP patterns (0.6%) in DM-ILD patients with negative MSA/MAA. The HRCT patterns were different in patients with negative MSA/MAA from patients with MDA5+DM and ASS (p<0.001). OP pattern was more common in patients with anti-MDA5 antibodies (69.7%), and the ratios of the OP (48.7%) and NSIP (51.3%) patterns were almost equal in patients with anti-ARS antibodies (Table 1).

Considering that DM-ILD patients with negative MSA/MAA had a higher prevalence of mechanic’s hand and arthritis/arthralgia, we wanted to further explore whether there were associations between HRCT patterns and the clinical characteristics of mechanic’s hand and arthritis/arthralgia. As shown in Supplementary Table S2, no significant differences were noted between negative MSA/MAA associated ILD patients with mechanic hands and arthralgia/arthritis (both p>0.05). However, patients with mechanic’s hand showed more common OP than those with arthralgia/arthritis (34.2% vs. 22.9%, p=0.38), while patients with arthralgia/arthritis were more common with NSIP than those with mechanic’s hand (76.5% vs. 63.2%, p=0.206) (Supplementary Table S2).



Prevalence and Characteristics of RP-ILD in DM Patients With Negative MSA/MAA

Our previous study indicated that RP-ILD is mainly found in patients with anti-MDA5 and anti-ARS or isolated anti-Ro-52 positive DM (7, 11, 12). Notably, 18 patients (25%) presented with RP-ILD, suggesting that patients with DM-ILD patients with negative MSA/MAA could develop RP-ILD. Most patients presented with chronic progressive ILD (CP-ILD) (75%) (Table 2).


Table 2 | Prevalence and characteristics of RP-ILD in DM-ILD patients with negative MSA/MAA patients.



Furthermore, we compared the clinical features of the RP-ILD and CP-ILD groups in the DM Patients with negative MSA/MAA group. The clinical features of the two groups are summarized in Table 2. Disease duration was significantly shorter in the RP-ILD group than that in the CP-ILD group (p=0.002). The ratio of ANA positivity in the RP-ILD group was higher than that in the CP-ILD group (P=0.01). More importantly, PaO2/FiO2, FVC%, FEV1%, and DLco% were all decreased in the RP-ILD group compared to the CP-ILD group (all p<0.01). In addition, RP-ILD patients presented a higher ratio of elevated CYFRA21-1 levels, more than twice as high as those of CP-ILD patients (88.9% vs. 43.5%, p=0.04). Notably, although OP and NSIP were the main HRCT patterns in the two groups, OP containing consolidations in the lower lung zone of HRCT findings was more common in the RP-ILD group (55.6% vs. 24%, p=0.01). No significant differences were found in skin rash, arthralgia, muscle weakness, serum CK, LDH, lymphocytes, serum ferritin, ESR, and CRP levels between the two groups (all p>0.05).

There were 110 ILD patients with MDA5+ DM (62.9%) and 70 patients with ASS+ILD (44.3%) developed RP-ILD in our cohort. The clinical features of RP-ILD among DM patients with negative MSA/MAA, MDA5+ DM and ASS patients were also compared. RPILD patients with negative MSA/MAA and ASS showed higher incidence of elevated CA125 (p<0.001) and positive ANA (p=0.01), lower incidence of elevated CEA (p<0.001), higher lymphocyte counts (p<0.001) and lower levels of ferritin (p=0.007) than those patients with MDA5+DM. The incidence of OP pattern in RPILD patients with negative MSA/MAA was lower than in those patients with MDA5+ DM (75%) and patients with ASS (89%) (p=0.006) (Table 3).


Table 3 | The comparison of clinical features among RPILD patients with negative MSA/MAA, anti-MDA5 and anti-ARS antibodies.





Prognosis and Predictors of DM-ILD Patients With Negative MSA/MAA

We explored the prognosis of all DM patients with negative MSA/MAA (with and without ILD). After a median follow-up period of 6 years, there were both seven patients died in the patients with ILD and without ILD. All deaths occurred in 9.1% of the patients with negative MSA/MAA. In brief, among the seven patients without ILD, two of seven patients died of respiratory failure, one of seven patients died of severe asthma, and four of seven patients died of cancer (three lymphomas and one esophageal cancer). All seven patients in the ILD group died of respiratory failure. The Kaplan-Meier survival analysis showed no statistically significant difference in prognosis between sero-negative patients with ILD and those without ILD (P>0.05) (Figure 2A). Figure 2B also showed that the cumulative 5-and 10-year survival rates of DM-ILD patients with negative MSA/MAA were 91% and 88%, respectively. In addition, Figure 2C showed that the overall survival rate was lower in the RP-ILD group than in the CP-ILD group (p<0.05). Of the seven patients who died, two RP-ILD and one CP-ILD patients complicated by severe infection after glucocorticoids and immunosuppressive treatments. The Kaplan-Meier survival analysis were also conducted among patients with DM-ILD patients with negative MSA/MAA, MDA5+DM and ASS. the DM-ILD patients with negative MSA/MAA had the most favorable prognosis while MDA5+DM associated ILD patients had the worst prognosis (p<0.001) (Figure 3). The cumulative 5 year survival rates of ILD patients with MDA5+ DM and ASS were 69% and 87% respectively.




Figure 2 | (A) The Kaplan-Meier survival analysis of negative MSA/MAA patients with or without ILD(p>0.05). (B) The cumulative 5 and 10-year survival rate of the DM-ILD patients with negative MSA/MAA was 91% and 88%; (C) Kaplan-Meier survival analysis of RP-ILD and CP-ILD patients with negative MSA/MAA (with p<0.05).






Figure 3 | Kaplan-Meier survival analysis of ILD patients with negative MSA/MAA,MDA5+DM patients and ASS patients. NMA, negative myositis autoantibody.



To determine the predictors of DM-ILD patients with negative MSA/MAA, we first compared the differences in demographic characteristics of the surviving and dead NMA+ILD+DM groups during follow-up. As shown in Table 4, there were significant differences in disease duration, RP-ILD, elevated CYERA-21-1, ferritin decreased PaO2/FiO2, and DLCO% (p=0.009, <0.001, 0.02, 0.048,0.003, and 0.024, respectively). Next, we used univariate and multivariate analyses to compare the risk factors between the death and survival groups in patients with NMA+ILD+DM. Variables with P ≦ 0.05 were considered possible confounders and those previously reported risk factors, including serum ferritin, LDH, and decreased T cells, were also retained in subsequent multivariate Cox proportional hazard analysis. According to the univariate analysis, RP-ILD (HR=32, p=0.002), decreased PaO2/FiO2 (HR=0.978, p<0.001), and DLco% (HR=0.91, p=0.04) were predictors of prognosis for DM-ILD patients with negative MSA/MAA. Age- and sex-adjusted multivariate regression analysis revealed that only decreased PaO2/FiO2 (HR=0.97, p=0.013) was an independent predictor of prognosis in this group of patients (Table 5).


Table 4 | Comparison of clinical characteristics between the dead and survival DM-ILD patients with negative MSA/MAA.




Table 5 | Univariate and multivariate prognostic analyses of risk factors in DM-ILD patients with negative MSA/MAA.






Discussion

Many studies have found that anti-ARS, anti-MDA5, and anti-Ro-52 antibodies are strongly associated with PM/DM-ILD (4–7). However, a cohort of patients with DM, without these autoantibodies, is also complicated by ILD. The present study from a large single center illustrated the clinical and radiologic characteristics and outcomes of patients with DM complicated by ILD without MSAs and MAAs for the first time. Our study suggested that DM-ILD patients with negative MSA/MAA had unique clinical characteristics and HRCT patterns. The cohort had long-term favorable outcomes, although some patients could develop RP-ILD. Our study expands the phenotype of interstitial lung disease (ILD) in patients with DM.

The prevalence of ILD in the DM patients with negative MSA/MAA was 46.7%. The prevalence of ILD was 84.5% in MDA5-DM,87.3% in ASS-PM/DM, and 58% in patients with Ro-52-DM in our center (7, 11, 12). DM-ILD patients with negative MSA/MAA is associated with Gottron’s sign, mechanic’s hands, arthralgia, elevated levels of serum ferritin, CEA, and CA153. As mechanic’s hands and arthralgia usually exist in patients with ASS, it is unclear whether undetected anti-synthase antibodies exist in this group of patients. However, 76% of ILD patients with negative MSA/MAA had elevated ferritin levels, while only 36% of patients with ASS+ILD had elevated serum ferritin levels in our previous study (11). Besides, the age at onset,the disease duration and the incidence of Gottron’s sign and fever are differed in patients with negative MSA/MAA and ASS in the present study. Elevated serum tumor markers CEA and CA153 were found in DM-ILD patients with negative MSA/MAA as well as MDA5+DM and ASS. Recent research has indicated a positive correlation between serum tumor marker levels and CTD-ILD. Higher levels of CA153 and CYFRA21-1 suggest an increased risk of developing ILD (13). Our previous and other recent studies indicated that the tumor markers CEA, CA-199, and CYFRA21-1 were associated with ILD in DM (14–16). Our results also suggest that elevated levels of serum CEA and CA153 could be useful biomarkers for detecting ILD in DM patients with negative MSA/MAA in the clinical setting.

We also analyzed the estimated HRCT pattern of ILD patients with negative MSA/MAA. NSIP was the dominant pattern in this cohort (66.6%), whereas the OP pattern was more common in patients with anti-MDA5 antibodies, and the ratios of the OP and NSIP patterns were almost equal in patients with anti-ARS antibodies in our cohort. To note, Patients with DM-ILD patients with negative MSA/MAA presented younger age at onset and lower incidence of fever than those ILD patients with MDA5+DM and ASS in our cohort. The findings indicated that patients with DM-ILD patients with negative MSA/MAA had unique clinical features and estimated HRCT pattern.

RP-ILD was observed mainly in patients with anti-MDA5 antibody-positive DM and those with anti-ARS antibodies in previous studies (17–19). Among the ILD patients with negative MSA/MAA, 25% developed RP-ILD in our study. Therefore, it was necessary to be vigilant that some DM patients with negative MSA/MAA developed RP-ILD although the ratio of RP-ILD was lower in this group of patients than in the MDA5+DM and ASS patients. RP-ILD in patients with negative MSA/MAA was associated with positive ANA and elevated CYFRA21-1 levels. Of the patients with RP-ILD, 84.6% had positive ANA and 88.9% had elevated CYFRA211.which indicated positive ANA and elevated CYFRA21-1 levels may be useful markers for the development of RP-ILD; however, further prospective studies are needed to verify this. RPILD patients with negative MSA/MAA and ASS showed lower incidence of elevated CEA, higher lymphocyte counts and lower levels of ferritin than those RPILD patients with MDA5+ DM, which were consistent with previous studies (16).

Importantly, although NSIP was the main pattern in patients with ILD, OP containing consolidations in the lower lung zone of HRCT findings was more common in the RP-ILD group (55.6%). A similar association was found in RP-ILD patients of DM with anti-MDA5, anti-ARS, and anti-Ro-52 antibodies in our present and previous study (7, 16). This could remind clinicians that OP containing consolidations in the lower lung zone of HRCT may predict the development of RP-ILD in patients with DM, despite the presence or absence of myositis autoantibodies.

Long-term follow-up was conducted for all DM patients with negative MSA/MAA. There was no statistical difference in prognosis between the patients with and without ILD in negative MSA/MAA groups. The cumulative 5- and 10-year survival rates of patients with DM-ILD patients with negative MSA/MAA were 91% and 88%, respectively. And The Kaplan-Meier survival analysis showed the DM-ILD patients with negative MSA/MAA patients had the most favorable prognosis while MDA5+ DM+ILD had the worst prognosis, All of which indicating that DM-ILD patients with negative MSA/MAA had a favorable prognosis, although some patients may develop RP-ILD. Univariate analysis showed that RP-ILD, decreased PaO2/FiO2, and DLco% were risk prognostic factors, whereas multivariate regression analysis revealed that only decreased PaO2/FiO2 was an independent predictor of prognosis. There may be two reasons why RP-ILD was not an independent prognostic risk factor. One explanation is that RP-ILD patients responded well to intensive treatment with methylprednisolone in combination with CSA and/or intravenous CYC. Three of the seven patients died of complications of severe infections during treatment instead of death due to RP-ILD. Another explanation may be the small sample size for death, which may have biased the results of the prognostic analysis. Several studies have shown that ferritin, LDH, decreased lymphocytes, KL-6, FVC, and tumor markers are associated with poor prognosis in DM (14, 15, 20, 21). However, these risk factors were not associated with the prognosis of DM-ILD patients with negative MSA/MAA. These differences suggest that DM-ILD patients with negative MSA/MAA had an isolated clinical phenotype. Based on these findings, we are conducting ongoing research to identify new myositis autoantibodies and explore the disease mechanisms of DM-ILD patients with negative MSA/MAA.

The present study has several limitations as a retrospective study. First, we used immunoblotting kits to detect MSA and MAA. The specificity may be lower in comparison with the gold standard Immunoprecipitation. However, the immunoblotting kit is well proven and widely used in clinical practice. Second, there may be undescribed antibodies existed in the cohort, which need further identification. Finally, as mentioned previously, prognostic analysis may have biased results, as the number of deaths was small. More data should be collected to confirm our results in the future.



Conclusion

NSIP existed in two-thirds of the estimated HRCT patterns in NMA+ILD+DM, while OP, especially containing consolidations in the lower lung zone, was the main pattern in patients with RP-ILD. Although 25% of ILD patients developed RP-ILD, the overall mortality was favorable in the NMA+ILD+DM group at long-term follow-up.
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Mortality Risk Stratification Using Cluster Analysis in Patients With Myositis-Associated Interstitial Lung Disease Receiving Initial Triple-Combination Therapy
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Objective: To stratify patients with polymyositis/dermatomyositis-associated interstitial lung disease (ILD) who were initially treated with an intensive regimen consisting of high-dose corticosteroids, a calcineurin inhibitor, and intravenous cyclophosphamide (triple-combo therapy) into subgroups based on mortality outcomes by a cluster analysis using a large-scale multicenter retrospective cohort of Japanese patients with myositis-associated ILD (JAMI).

Methods: Two-step cluster analysis of preclustering and subsequent hierarchical clustering was conducted in 185 patients who received triple-combo therapy in an unbiased manner. Initial predictors for mortality previously reported in patients with myositis-associated ILD were used as variables and included age, sex, disease duration, classification of myositis, requirement of supplemental oxygen, anti-aminoacyl tRNA synthetase (ARS) antibody, anti-melanoma differentiation-associated gene 5 (MDA5) antibody, and serum levels of C-reactive protein (CRP) and Krebs von den Lungen-6 (KL-6). The cluster model was further applied to 283 patients who received conventional regimens consisting of corticosteroids with or without a single immunosuppressive agent (dual-combo therapy or monotherapy). Cumulative survival rates were compared using Kaplan-Meier analysis, and the log-rank test was used to test for significant differences between two groups.

Results: We developed a cluster model consisting of 6 clusters, which were categorized by age at onset, clinically amyopathic dermatomyositis, CRP, KL-6, requirement of supplemental oxygen, anti-ARS antibody, and anti-MDA5 antibody. This model was judged to be of good quality based on the silhouette measure of cohesion and separation of 0.6. These clusters were regrouped into three subsets based on low (<10%), moderate (10-50%), and high (>50%) mortality rates. The performance of the clustering was generally replicated in patients who received initial dual-combo therapy or monotherapy. Survival benefits of triple-combo therapy over dual-combo therapy or monotherapy were not observed in any of the clusters.

Conclusion: We successfully developed a cluster model that stratified patients with myositis-associated ILD who were treated with initial triple-combo therapy into subgroups with different prognoses, although this model failed to identify a patient subgroup that showed survival benefits from triple-combo therapy over dual-combo therapy or monotherapy.

Keywords: interstitial lung disease, polymyositis (PM), dermatomyositis (DM), anti-MDA5 antibody, cluster analysis, triple-combo therapy


INTRODUCTION

Idiopathic inflammatory myopathies often affect extramuscular organs such as the skin, joints, lungs, heart and gastrointestinal tract (1). In particular, interstitial lung disease (ILD) is one of the major manifestations associated with poor mortality in patients with polymyositis (PM)/dermatomyositis (DM) (2). The management of ILD in patients with PM/DM aims to ameliorate, stabilize, or slow its progression based on the disease behavior of ILD (3). In terms of treatment for myositis-associated ILD, systemic corticosteroid therapy is usually combined with immunosuppressive agents, such as azathioprine, cyclophosphamide, mycophenolate mofetil, methotrexate, cyclosporine, tacrolimus, and/or rituximab, although there is little evidence to support the efficacy of these individual agents (4). Since the clinical course, response to treatment, and prognosis are highly variable among patients with myositis-associated ILD (3, 5), the treatment regimen is decided based mainly on the progression speed and severity of ILD. On the other hand, many studies have reported clinical, laboratory, and imaging features predicting subsequent treatment response and prognosis (6–11).

Among myositis-specific autoantibodies, anti-melanoma differentiation-associated gene 5 (MDA5) and anti-aminoacyl tRNA synthetase (ARS) antibodies are associated with ILD (2). Anti-MDA5 antibody is useful for predicting rapidly progressive ILD and poor survival in patients with myositis-associated ILD (9, 12). Approximately 30 to 50% of patients with anti-MDA5-associated ILD die of respiratory failure within 6 months after diagnosis (9, 13, 14). In a large-scale multicenter retrospective cohort of Japanese patients with myositis-associated ILD (JAMI), the major cause of death was respiratory insufficiency directly related to ILD and ant-MDA5 antibody was the strongest predictor of mortality regardless of the initial treatment regimen (9, 11). To overcome this devastating condition, an intensive immunosuppressive regimen consisting of high-dose corticosteroids, a calcineurin inhibitor maintained at a high serum trough level, and intermittent intravenous cyclophosphamide (“triple-combo” therapy) is empirically used mainly in Japan without firm evidence for efficacy (15–17). A prospective, multicenter, single-arm study in patients with anti-MDA5-associated ILD suggested superiority of initial triple-combo therapy over historical controls who received sequential combination therapy (18). On the other hand, a retrospective cohort reported that more than half of patients with myositis-associated ILD who received triple-combo therapy developed serious infection events, including bacterial, fungal and cytomegalovirus infection (19). In addition, it has been reported that some patients with anti-MDA5-associated ILD favorably respond to corticosteroids combined with a single immunosuppressive agent (“dual-combo” therapy) or corticosteroids alone (monotherapy) (20). In fact, over 80% of patients with anti-MDA5 antibody survived without receiving initial triple-combo therapy in the JAMI cohort (our unpublished data). On the other hand, patients with myositis-associated ILD who were negative for anti-MDA5 antibody are sometimes resistant to initial dual-combo therapy (11); initial triple-combo therapy might have a role in this patient population. Therefore, a personalized approach is necessary to optimize the initial immunosuppressive regimen in patients with myositis-associated ILD, especially those with anti-MDA5-associated ILD. In this study, the JAMI cohort was used to stratify patients with myositis-associated ILD who were initially treated with triple-combo therapy into subgroups based on mortality outcomes by a cluster analysis.



MATERIALS AND METHODS


Study Subjects

JAMI is a multicenter, retrospective cohort of 499 adult incident cases with myositis-associated ILD who visited 44 participating centers across Japan between October 2011 and October 2015. The detailed study protocol was described previously (9). Briefly, inclusion criteria were fulfillment of the criteria for definite or probable PM/DM proposed by Bohan and Peter (21) or Sontheimer's criteria for clinically amyopathic DM (CADM) (22), except that patients were not required to meet the condition of no clinical evidence of myositis for at least 6 months. Patients with ILD alone without any muscle involvement or hallmark cutaneous manifestation of DM were excluded. For this study, we selected 468 patients from the JAMI cohort based on a record of initiation of immunosuppressive treatment at diagnosis and availability of data required for the cluster analysis. Anti-ARS and anti-MDA5 antibodies were measured at the central laboratories with an RNA immunoprecipitation assay (23) and an in-house enzyme-linked immunosorbent assay (24), respectively. The treatment regimen was decided by attending physicians without information on autoantibodies. Triple-combo therapy was defined as a combined regimen consisting of high-dose corticosteroids, a calcineurin inhibitor, and intermittent intravenous cyclophosphamide, while dual-combo therapy was defined as a combination of corticosteroids and a single immunosuppressant, such as cyclophosphamide, cyclosporin, and tacrolimus. Monotherapy was defined as corticosteroids alone. Treatment drugs used within 2 weeks after treatment initiation were defined as an initial regimen. Before introduction of the immunosuppressive treatment, all patients underwent screening of latent infection of microorganisms, such as hepatitis B virus, Pneumocystis jiroveci and Mycobacterium tuberculosis, and prophylactic medications if necessary. The study protocol was approved by the Ethics Committee of the coordinating center (Nippon Medical School, Tokyo, Japan; 26-03-434) and by individual participating centers. The JAMI cohort was registered in the University Hospitals Medical Information Network Clinical Trial Registry (UMIN000018663).



Statistical Analysis

All statistical analyses were conducted by an independent medical statistician (KM) using SPSS Statistics version 23 (IBM, Tokyo, Japan). Continuous values are shown as the median (25–75 percentile) according to the distribution of the data. Two-step cluster analysis of preclustering and subsequent hierarchical clustering was conducted in 185 patients who received triple-combo therapy in an unbiased manner. This procedure automatically determined the optimal number of clusters according to the Bayesian Information Criterion (25). Initial predictors for all-cause mortality or mortality due to respiratory insufficiency directly related to ILD reported in the JAMI cohort (9, 11), including age, sex, disease duration at diagnosis, classification of myositis, requirement of supplemental oxygen, anti-ARS antibody, anti-MDA5 antibody, and serum levels of C-reactive protein (CRP) and Krebs von den Lungen-6 (KL-6), were used as nominal and numerical variables. The number of clusters was estimated to organize homogeneous groups characterized by a combination of prognostic factors. We applied a final model that was divided into 3 groups stratified by mortality rates (low, moderate, and high) and comprised the greatest number of explanatory variables and clusters. In some instances, the two-step cluster analysis was conducted in anti-MDA5 antibody-positive patients alone; in this case, anti-MDA5 antibody was excluded from the initial predictor variables. The quality of the cluster model was assessed using the silhouette measure of cohesion and separation: ≥ 0.5 was shown to be good quality (25). The cluster model developed for patients receiving initial triple-combo therapy was also applied to patients who received dual-combo therapy or monotherapy using significant variables identified based on predictor importance, in which a score ≥ 0.4 indicated a significant variable (26).

To compare variables between the groups, the chi-square test, Fisher's exact test, or the Mann–Whitney U test was employed where applicable. Cumulative survival rates were compared using Kaplan–Meier analysis, and significant differences were tested using the log-rank test. P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics of Myositis-Associated ILD Patients Who Received Initial Triple-Combo Therapy

The JAMI cohort enrolled incident cases of myositis-associated ILD, with a short disease duration of 2 months (median) and a predominant disease classification of CADM (54%). Anti-ARS and anti-MDA5 antibodies were detected in 31% and 42% of patients, respectively. Of 468 patients, 185 (40%), 208 (44%), and 75 (16%) patients were initially treated with triple-combo therapy, dual-combo therapy, and monotherapy, respectively. The median follow-up period from the cohort entry to the latest visit or death was 19.5 (5–42) months. Table 1 shows the baseline characteristics of the 468 patients with myositis-associated ILD stratified by the initial treatment regimen. Clinical characteristics in patients who received triple-combo therapy in comparison with those who received dual-combo therapy or monotherapy included a higher prevalence of CADM, fever, skin ulcerations, lower consolidation/ground-glass attenuation and random ground-glass attenuation on chest high-resolution computed tomography, and requirement of supplemental oxygen; higher levels of CRP and ferritin; lower levels of CK and SP-D; and a higher proportion of anti-MDA5 antibody and lower proportion of anti-ARS antibody.


Table 1. Baseline characteristics of patients with myositis-ILD stratified by therapeutic regimen.
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Clustering of Myositis-Associated ILD Patients Who Received Initial Triple-Combo Therapy Based on Mortality Rates

The unbiased two-step cluster analysis in 185 patients with myositis-associated ILD who received initial triple-combo therapy identified 6 clusters, which were categorized by the following 7 explanatory variables: age at disease onset, CADM, CRP, KL-6, requirement of supplemental oxygen, anti-ARS antibody, and anti-MDA5 antibody (Figure 1). The silhouette measure of cohesion and separation of this clustering model was 0.6, indicating good quality. These clusters were regrouped into three groups based on low mortality rate (<10%; clusters #1 and #2), moderate mortality rate (10–50%; clusters #3, #4, and #5), and high mortality rate (>50%; cluster #6).


[image: Figure 1]
FIGURE 1. Heatmap showing the clinical characteristics in each cluster. CADM, clinically amyopathic dermatomyositis; CK, creatine kinase; CRP, C-reactive protein; KL-6, Krebs von den Lungen-6; SP-D, surfactant protein-D; GGA, ground-glass attenuation; anti-ARS, anti-aminoacyl transfer RNA synthetase; anti-MDA5, anti-melanoma differentiation-associated gene 5.


The patients with myositis-associated ILD who initially received triple-combo therapy were divided into 6 clusters, and clinical characteristics in individual clusters are shown in Supplementary Table S1. The median age at disease onset was older in cluster #5. CADM was more common in clusters #2, #3, and #6. In terms of autoantibody profiles, anti-ARS antibody was more frequent in cluster #1, while anti-MDA5 antibody was more frequent in clusters #3, #4, and #6. Supplemental oxygen was frequently required in clusters #5 and #6. The levels of serum CRP and KL-6 were higher in clusters #5 and #6. The overall patient profiles at presentation in individual clusters are illustrated in Figure 2. These include cluster #1, anti-ARS antibody-positive patients without the requirement of supplemental oxygen; cluster #2; patients negative for anti-ARS or anti-MDA5 antibody without the requirement of supplemental oxygen; cluster #3, anti-MDA5 antibody-positive patients classified as having CADM without the requirement of supplemental oxygen; cluster #4, anti-MDA5 antibody-positive patients classified as having classic DM without the requirement of supplemental oxygen; cluster #5, anti-MDA5 antibody-negative elderly patients with high levels of CRP and KL-6 who required supplemental oxygen; and cluster #6, anti-MDA5 antibody-positive patients classified as having CADM who required supplemental oxygen. Kaplan–Meier analysis demonstrated that cumulative survival rates were significantly different between patients in clusters #1 or #2 (low mortality group) and those in clusters #3, #4, or #5 (moderate mortality group) or #6 (high mortality group) or between patients in clusters #3, #4 or #5 (moderate mortality group) and those in cluster #6 (high mortality group) (Figure 3A).


[image: Figure 2]
FIGURE 2. Main characteristics of the 6 clusters (clusters #1–#6) of patients with myositis-associated ILD treated with initial triple-combo therapy. (A) Proportions of each cluster with the main clinical characteristics of clinically amyopathic dermatomyositis (CADM), anti-aminoacyl transfer RNA synthetase (ARS) antibody, anti-melanoma differentiation-associated gene 5 (MDA5) antibody, and requirement of supplemental oxygen. (B) Age at disease onset and serum levels of C-reactive protein (CRP) and Krebs von den Lungen-6 (KL-6) at diagnosis in each cluster. (C) Mortality rates during the observation period in patients treated with initial triple-combo therapy and those treated with dual-combo therapy or monotherapy in each cluster.
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FIGURE 3. Cumulative survival rates in each cluster in patients treated with initial triple-combo therapy (A) or those treated with initial dual-combo therapy or monotherapy (B). Cumulative survival rates were compared using Kaplan–Meier analysis, and the log-rank test was used to test for significant differences between two groups.


Since anti-MDA5 antibody was the strongest predictor of mortality in the JAMI cohort (9), we further conducted the two-step cluster analysis in 134 patients with anti-MDA5 antibody who initially received triple-combo therapy (Supplementary Table S2). The patients were divided into three clusters, but separation based on mortality rate was not efficient; clusters were regrouped into two groups based on moderate mortality rate (10–50%; clusters #M1 and #M2), and high mortality rate (>50%; cluster #M3). In fact, the clusters derived from the analysis of anti-MDA5-positive patients were almost concordant to those from the analysis of the whole cohort. Specifically, the patients included in cluster #M1 and cluster #3 were identical, while the patients included in clusters #M2 and #M3 were almost the same as those included in clusters #4 and #6, with one or two additions, respectively.



Application of the Cluster Model to Myositis-Associated ILD Patients Who Received Initial Dual-Combo Therapy or Monotherapy

We further tested whether the clustering model developed for patients who received initial triple-combo therapy was applicable to patients who received initial dual-combo therapy or monotherapy. Anti-MDA5 antibody, anti-ARS antibody, CADM, and requirement of supplemental oxygen were identified as significant variables for application in the clustering model for patients who received initial dual-combo therapy or monotherapy based on predictor importance (Supplementary Figure S1). When a total of 283 patients who received initial dual-combo therapy or monotherapy were combined, the performance of the clustering was generally replicated in this patient population: mortality rates in clusters #1–#6 were 4, 6, 16, 7, 40, and 67%, respectively, while there was a considerable difference in the mortality rate between patients in clusters #3 and #4 and those in cluster #5 (Figure 2). The clinical characteristics of patients in each cluster were somewhat different between the triple-combo and dual-combo therapy or monotherapy groups, i.e., a low prevalence of CADM and a high prevalence of the requirement of supplemental oxygen in cluster #2, a younger age at diagnosis and a lower level of CRP in cluster #3, and a lower level of CRP in cluster #4 (Supplementary Table S3). These clusters fell into two groups, clusters #1-#4 and clusters #5 and #6, based on cumulative survival rates (Figure 3B).

When cumulative survival rates in each cluster were compared between the triple-combo therapy and dual-combo therapy or monotherapy groups, there was no cluster that showed survival benefits from triple-combo therapy over dual-combo therapy or monotherapy groups (Figure 4). In addition, cumulative survival rates were even lower in the triple-combo therapy group than in the dual-combo therapy or monotherapy group in clusters #3 and #4 (P = 0.04 and 0.03, respectively).
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FIGURE 4. Cumulative survival rates of patients treated with initial triple-combo therapy and those treated with initial dual-combo therapy or monotherapy in each cluster (clusters #1–#6). Cumulative survival rates were compared using Kaplan–Meier analysis, and the log-rank test was used to test for significant differences between two groups.





DISCUSSION

We successfully developed a clustering model that predicts survival in patients with myositis-associated ILD who received initial triple-combo therapy. The patient subsets categorized by optimal clustering differed with regard to age at disease onset, disease classification, autoantibodies, serum biomarkers, and severity of ILD, which are known as predicting factors for mortality in patients with myositis-associated ILD (6–11). Our findings suggest that subgrouping of patients with myositis-associated ILD based solely on the presence or absence of anti-MDA5 antibody may not capture the heterogeneous treatment responses to the intensive immunosuppressive regimen. This model enables us to predict the survival of patients with myositis-associated ILD undergoing triple-combo therapy but fails to identify patients who benefit from initial triple-combo therapy over dual-combo therapy or monotherapy. It was of note that prognosis in patients with myositis-associated ILD correlated with baseline characteristics, such as autoantibodies profiles and ILD severity, rather than the intensity of initial immunosuppressive treatment.

Triple-combo therapy has often been used for myositis patients who develop acute/subacute ILD, particularly those with anti-MDA5 antibody (15–17). Survival rates in patients with anti-MDA5-associated ILD who received triple-combo therapy ranged from 42 to 85% according to previous reports (16, 18, 27, 28). Our cluster model was able to classify anti-MDA5-positive patients who received triple-combo therapy primarily into two subsets based on prognosis: a subset with moderate mortality rates (clusters #3 and #4) and a subset with high mortality rates (cluster #6). In addition, a minor population of anti-MDA5-positive patients was included in the low mortality group (cluster #1). Cluster #6, with poor treatment responses to triple-combo therapy, was characterized by older age at disease onset, increased levels of CRP and KL-6, and hypoxia at diagnosis, which were reported as poor prognostic factors in patients with myositis-associated ILD (9, 11). These patients probably require novel treatment approaches, such as the use of a Janus kinase inhibitor and plasma exchange (29–36). However, no survival benefit of triple-combo therapy over dual-combo therapy or monotherapy was shown in clusters #3, #4, or #6. In addition, our cluster model failed to identify patients with anti-MDA5-associated ILD who did not require triple-combo therapy. Finally, our findings did not support a better prognosis in patients with anti-MDA5-associated ILD treated with initial triple-combo therapy over those treated initially with dual-combo therapy or monotherapy (18). This finding was a rather unexpected. The precise reason for considerable difference in the mortality between anti-MDA5 antibody-positive patients undergoing triple-combo therapy in the study by Tsuji et al. (18) and those in the JAMI cohort was unclear, but this might be attributable to the different criteria for inclusion. In the study by Tsuji et al. (18), all consecutive patients identified to be positive for anti-MDA5 antibody received initial triple-combo therapy irrespective of the prognostic factors. On the other hand, in the JAMI cohort, anti-MDA5 antibody was measured using the stored serum samples later in the central laboratories and attending physicians had to decide initial treatment regimen without knowing the presence or absence of anti-MDA5 antibody. Therefore, in the JAMI cohort, triple combo therapy was chosen based on physician's expertise, not on information of the presence of anti-MDA5 antibody. Actually, 28% of the patients in the triple-combo therapy group were anti-MDA5 antibody-negative. The patients with more severe ILD or those with multiple prognostic factors for poor outcomes were likely to be included in the triple-combo therapy group in the JAMI cohort.

On the other hand, the efficacy of triple-combo therapy in patients negative for anti-MDA5 antibody remains uncertain. In our clustering model, clusters #1, #2, and #5 mainly consisted of anti-MDA5 antibody-negative patients. According to previous reports on anti-MDA5 antibody-negative patients with myositis-associated ILD, the cumulative survival rate over 5 years was >80%, regardless of the initial immunosuppressive regimen (12, 37–39). Our cluster model identified patients who had worse survival despite treatment with triple-combo therapy among anti-MDA5 antibody-negative patients with myositis-associated ILD (cluster #5). The cluster #5 consisted mainly of elderly patients with high levels of CRP and KL-6 who required supplemental oxygen at diagnosis. Patients with such features at presentation need to be managed with caution even in the absence of anti-MDA5 antibody. On the other hand, in anti-MDA5 antibody-negative patients categorized into clusters #1 and #2, there was no survival benefit of triple-combo therapy over dual-combo therapy or monotherapy.

Unexpectedly, in clusters #3 and #4, survival rates were better in the dual-combo therapy or monotherapy group than in the triple-combo therapy group. This finding needs to be carefully interpreted, and could be potentially due to inadequate adaptation of the clustering model developed for patients treated with triple-combo therapy to those treated with dual-combo therapy or monotherapy. In fact, clinical characteristics were somewhat different between the triple-combo therapy group and the dual-combo therapy or monotherapy group in individual clusters. Since the treatment regimen was decided by attending physicians based on their expertise without information of autoantibody profiles in the JAMI cohort, the JAMI dataset might not be able to capture all relevant factors related to the physician's expertise for selection of the initial treatment regimen, such as patient report outcomes and physician's global estimate of patient status.

There are several limitations in this study. First, the participating centers of the JAMI cohort consist mainly of tertiary referral hospitals, which are likely to enroll patients with more severe disease, such as those with anti-MDA5 antibody. Second, the JAMI cohort did not enroll patients with anti-ARS antibody without any muscle or skin symptoms, which are often encountered in clinical practice. Third, pulmonary function test and arterial blood gas data at diagnosis were missing in considerable proportions of patients enrolled in the JAMI cohort, while baseline forced vital capacity was identified as the prognostic factor for mortality in anti-MDA5 antibody-positive patients with DM-associated ILD (40). Finally, we used initial predictors for all-cause mortality or mortality due to respiratory insufficiency directly related to ILD reported in previous reports using the JAMI cohort (9, 11) as variables in the cluster analysis, although there are many other prognostic factors for mortality in patients with myositis-associated ILD reported previously (6–8, 10, 39, 40).



CONCLUSION

We successfully developed a cluster model that categorizes patients with myositis-associated ILD who were treated with initial triple-combo therapy into subgroups with different prognoses. However, the patient subgroup that benefitted from triple-combo therapy was not identified in this cluster analysis.
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Anti-synthetase syndrome (ASSD) is an autoimmune disease characterized by the presence of autoantibodies targeting one of several aminoacyl t-RNA synthetases (aaRSs) along with clinical features including interstitial lung disease, myositis, Raynaud’s phenomenon, arthritis, mechanic’s hands, and fever. The family of aaRSs consists of highly conserved cytoplasmic and mitochondrial enzymes, one for each amino acid, which are essential for the RNA translation machinery and protein synthesis. Along with their main functions, aaRSs are involved in the development of immune responses, regulation of transcription, and gene-specific silencing of translation. During the last decade, these proteins have been associated with cancer, neurological disorders, infectious responses, and autoimmune diseases including ASSD. To date, several aaRSs have been described to be possible autoantigens in different diseases. The most commonly described are histidyl (HisRS), threonyl (ThrRS), alanyl (AlaRS), glycyl (GlyRS), isoleucyl (IleRS), asparaginyl (AsnRS), phenylalanyl (PheRS), tyrosyl (TyrRS), lysyl (LysRS), glutaminyl (GlnRS), tryptophanyl (TrpRS), and seryl (SerRS) tRNA synthetases. Autoantibodies against the first eight autoantigens listed above have been associated with ASSD while the rest have been associated with other diseases. This review will address what is known about the function of the aaRSs with a focus on their autoantigenic properties. We will also describe the anti-aaRSs autoantibodies and their association to specific clinical manifestations, and discuss their potential contribution to the pathogenesis of ASSD.
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Introduction

Anti-synthetase syndrome (ASSD) is an autoimmune condition characterized by the presence of autoantibodies directed against an aminoacyl transfer RNA synthetase (aaRS) along with clinical features that include interstitial lung disease (ILD), myositis, Raynaud’s phenomenon, fever, mechanic’s hands, and arthritis (1, 2). ILD is the primary cause of morbidity and mortality in patients with ASSD (3–5).

Aminoacyl-tRNA synthetases (aaRSs) are a family of enzymes that catalyze the charging of amino acids onto their cognate tRNAs for protein synthesis (6). Twenty members are included in the aaRS family in most species with some exceptions (7). In humans, there are two sets of aaRSs for their actions in cytosol or mitochondria, respectively. In total, 37 aaRSs genes are encoded, which include 18 for cytoplasmic subunits (2 genes coding for separate subunits of the same aaRSs, and one gene for two fused aaRSs), 17 for mitochondrial subunits, and 2 for both sites (8). The discovery of autoantibodies against eight of these aaRS represented the first connection between aaRSs and human diseases (9).

The discovery of anti-aminoacyl-tRNA synthetase autoantibodies has allowed for the characterization of ASSD. The first detected autoantibody against an aaRS was reported in 1980 in patients with idiopathic inflammatory myopathies (IIM) (10). In 1983, Mathews et al. identified the target of Jo-1 autoantibody to be tRNAHis by immunoprecipitation (9). Afterwards, autoantibodies associated with similar clinical manifestations were identified against seven other aaRSs, including ThrRS, AlaRS, GlyRS, IleRS, AsnRS, PheRS, and TyrRS and were named anti-PL-7, anti-PL-12, anti-EJ, anti-OJ, anti-KS, anti-Zo, and anti-HA, respectively (11–17). At the time of discovery, it was thought that these autoantibodies identified subtypes of myositis. In 1991, Love et al. were the first that grouped patients representing distinctive clinical features with aaRSs antibodies as a unique syndrome, and in 1992, Targoff proposed to name this syndrome as ASSD (18, 19).

This review will address what is known about the function of the aaRSs and their potential autoantigenic properties. We will also describe the anti-aaRSs autoantibodies together with the associations to specific clinical manifestations and discuss their possible contribution to the pathogenesis of ASSD.



Aminoacyl-tRNA Synthetases

The history of aaRSs dates back to 1950s, when it was found that ATP was needed for the incorporation of amino acids to a polypeptide in vitro (20). Later in the mid-50s, Francis Crick introduced the adaptor hypothesis in which he proposed that each aaRS is synthesized by a unique amino acid specific enzyme (21). According to Crick, the minimum number of adaptors should be 20, one for each amino acid (22). Subsequently these adaptors were identified and are now known as tRNA molecules. The first complete tRNA sequence was published in 1965 and the structure of tRNAPhe was determined in 1974 (23) (Figure 1).




Figure 1 | The history of aaRSs and discovery of antibodies against eight aaRSs. Anti-Jo-1; HisRS, anti-PL-7; ThrRS, anti-PL-12; AlaRS, anti-OJ;  IleRS, anti-EJ; GlyRS, anti-KS; AsnRS anti-Ha; TyrRS, and anti-Zo; PheRS.



The aaRSs are grouped into two classes: class I and class II based on distinct features of the reactions they catalyze. Class I aaRSs approach the 3’-end of their cognate tRNA with their Rossmann nucleotide binding fold-based catalytic domain (CD), whereas class II aaRSs approach their cognate tRNAs from the major groove side with anti-parallel β-sheet and flanking α-helices (24, 25). In mammals, aaRSs can also be classified as free and complex-bound forms. In fact, eight of the aaRSs (LeuRS, IleuRS, EPRS, MetRS, GluRS, ArgRS, LysRS, and AspRS) do not function as single proteins as they are part of a multi-tRNA synthetase complex (MSC) together with 3 scaffold proteins called aaRS-interacting multi-functional proteins (AIMPs) (26, 27). The MSC is thought to contribute to the cellular homeostasis maintenance in higher eukaryotes (28–30). The AIMPs also exert diverse functions other than protein synthesis, encompassing induction of synthesis of various pro-inflammatory cytokines and chemokines, angiogenesis suppression, and prevention of hyperproliferation of lung cells (29). The canonical functions of aaRSs, which include charging of tRNA synthesis, aminoacylation, and editing, are highly conserved between species. However, during the evolution from prokaryotes to vertebrates, some aaRSs acquired additional domains with characteristic structures that were not required for the canonical functions. These evolved domains, mostly found on the amino (N-) or carboxy (C-) terminus, were indicated for non-canonical activities, including translation control, transcriptional regulation, signal transduction, cell migration, angiogenesis, inflammation, and tumorigenesis (31). Evidence from recent studies suggest that either canonical or non-canonical functions of aaRSs are associated with human diseases (32).

This review will focus on the contribution of the 20 cytoplasmic aaRSs to ASSD and other diseases. To date, autoantibodies against eight of these aaRSs have been reported to be associated with ASSD. They can be listed based on the prevalence of autoantibodies against them: HisRS, ThrRS, AlaRS, GlyRS, IleRS, AsnRS, PheRS, and TyrRS (Table 1). Additional aaRSs that have been linked to other diseases are LysRS, GlnRS, TrpRS, and SerRS. Autoantibodies against TrpRS and SerRS have also been found in patients with other autoimmune diseases; however, the clinical features were more associated with rheumatoid arthritis (RA) or systemic lupus erythematosus (SLE) and not ASSD or myositis (33–36). We will also discuss what is known about the remaining eight aaRSs, since even though they have not yet been indicated to play a role in the pathogenesis of diseases, mutations in their encoding genes have been associated with different pathological conditions.


Table 1 | Information on aaRSs groups based on their contribution to diseases.





Overview of Clinical Manifestations in ASSD

According to Connors criteria, diagnosis of ASSD is made when an individual is positive for one of the eight described anti-aaRS autoantibodies (anti-Jo-1, PL-12, PL-7, EJ, OJ, KS, Ha, or Zo) and presents with at least one clinical manifestation among myositis, ILD, arthritis, Raynaud’s phenomenon, mechanic’s hands, or fever (Table 2) (2). The clinical spectrum of ASSD associated with the different anti-aaRSs autoantibodies is not identical but rather heterogeneous, whereby isolated or combined features are possible (46, 47). Anti-Jo-1 antibodies are found in 20%–30% of patients with IIM while those targeting other aaRS are less common, each with a prevalence below 5% (47).


Table 2 | Common antisynthetase autoantibodies in ASSD.



ILD often dominates the clinical picture of patients with ASSD without anti-Jo-1 autoantibodies, being the initial manifestation especially in patients with anti-PL-7, PL-12, and EJ autoantibodies (48). Severity range of ILD in patients with ASSD is broad, going from asymptomatic cases to acute distress respiratory syndrome. Within ILD patterns in patients with ASSD, non-specific interstitial pneumonia (NSIP) is the most frequent, followed by organizing pneumonia (OP) and usual interstitial pneumonia (UIP). Diffuse alveolar damage (DAD) has been reported in anti-EJ patients (49). Cumulative survival seems to be higher in anti-aaRS-positive patients with ILD compared to those with idiopathic pulmonary fibrosis (IPF) (50). Within patients with ASSD, rapid progressive ILD has been observed in individuals with anti-PL-7 or anti-EJ antibodies (51). Several longitudinal cohort studies have shown that anti-PL-12 and anti-PL-7 autoantibodies are associated with more prevalent and severe ILD compared to anti-Jo-1 patients (4, 37, 38, 48, 52–54), with a lower frequency or absence of myositis (40, 55). The ILD could lead to a secondary increase in the intrathoracic pressure or lower esophageal involvement manifested by increased gastrointestinal manifestations (37, 52). The overall outcome of ILD in the group of anti-PL-7/PL-12 is worse when compared to anti-Jo-1 patients, with a higher death rate associated with lung complications (37). This lower survival rate has been associated with a delay in diagnosis, since up to 50% of the non-Jo-1 anti-synthetase patients were initially diagnosed with an overlap disorder with minimal or no evidence of myositis (38, 56). However, this mortality rate might vary as suggested by another longitudinal cohort study where, despite finding more severe lung involvement in anti-PL-7 and anti-PL-12 autoantibody-positive patients than in those with anti-Jo-1, there were no significant mortality differences between the autoantibody groups. Possible explanations for differences among the studies might be due to characteristics of the populations and disease duration before diagnosis (52).

Myositis occurs more frequently in anti-Jo-1-positive patients than non anti-Jo-1 (49). Clinically, muscle involvement may be consistent with both polymyositis and dermatomyositis, while histologically, perifascicular atrophy, a characteristic feature of dermatomyositis, although with perifascicular necrosis, seems to be characteristic for the ASSD group. In addition, electron microscopy-based nuclear actin aggregation has been seen in ASSD muscle biopsies but not in other IIM subgroups (58–60). Anti-PL-12 antibodies have also been reported in patients with immune-mediated necrotizing myopathy (61). Esophageal muscles with subsequent dysphagia are affected in one-third of patients with ASSD (62). Arthritis usually occurs at the onset of ASSD, more frequently in anti-Jo-1 compared to other ASSD autoantibody groups. The arthritis spectrum in ASSD is non-erosive rheumatoid arthritis-like with smaller joints more often involved than the larger joints, especially in case of co-occurrence of anti-aaRS and ACPA antibodies (5-14% of ASSD cases) (48, 49). Mechanic’s hands, described as erythematous and fissured hyperkeratosis of the palmar or lateral edges of the fingers, highly correlate with ASSD diagnosis, although they have been reported in other overlap myositis, especially in the presence of anti Pm-Scl and anti-MDA5 autoantibodies. Mechanic’s hands have not been reported as an isolated initial manifestation (63, 64). Other skin lesions such as Gottron’s papules/sign, heliotrope rash, shawl, holster, or V sign, typically seen in DM, have also been described in patients with ASSD (65, 66). Raynaud’s phenomenon has more frequently been observed in patients with anti-PL-12 and anti-PL-7 than in patients with other anti-aaRS autoantibodies (49, 67). Relapsing-remitting fever is one of the symptoms in 20%–60% of ASSD patients (49).

Increased risk of cancer in myositis especially in dermatomyositis has been extensively studied and reported. However, there are some discrepancies in the literature concerning prevalence of cancer in ASSD due to the varying definitions of cancer-associated myositis, the timing of malignancies, insufficient number of patients, and referral bias. Some studies show that the presence of ASSD autoantibodies, in particular anti-Jo1 and -EJ, have been associated with a lower risk of cancer (68–72), whereas some other studies and case reports describe an increased risk of cancer in anti-Jo-1-positive patients (37, 73, 74). On the other hand, a retrospective study including a small cohort showed that being male, over the age of 60, and the coexistence of anti-SSA/Ro autoantibodies along with ASSD were risk factors for the development of neoplasm (51). Hence, larger studies with proper age-matched controls are required to determine if there is an association between cancer and ASSD. Moreover, systematic reviews and meta-analysis recommend careful cancer screening in PM/DM patients with ILD, especially those with multiple risk factors for malignancy (75).



Autoantigenic aaRSs in Anti-Synthetase Syndrome and Clinical Associations

There are eight yet identified aaRSs that have become targets of the immune system with the development of autoantibodies and the clinical ASSD. The pathogenic mechanisms for this syndrome are not clear. The individual aaRSs have somewhat different properties and functions within the cells and extracellular functions. Here, we give an overview of these eight aaRSs and detailed clinical associations to the corresponding autoantibodies (Table 3).


Table 3 | tRNA synthetases, epitopes and immune activities.




Histidyl-tRNA Synthetase

Histidyl tRNA synthetase (HisRS) is a homodimeric enzyme, whose location is mainly cytoplasmic. HisRS is responsible for the incorporation of histidine into a growing peptide (95–97). The N-terminal fragment or CD includes the residues 1–320 and is responsible for the specific aminoacylation of tRNA (98). The C-terminal fragment is essential for the dimeric structure of the enzyme. Additionally, at least two HisRS-splice variants (SV) have been identified lacking the CD (Figure 2). Besides the intracellular cytoplasmic location of HisRS, this enzyme can also be found in the extracellular compartment (98), although its extracellular functions have not been fully clarified. Both in vitro and animal studies have suggested that HisRS is involved in several regulatory mechanisms of cell metabolism and the regulation of immune responses. Howard et al. have demonstrated that the N-terminal domain serves as a chemoattractant for naïve lymphocytes and immature dendritic cells (DCs) through interaction with CCR5 (77). The N-terminal has also been considered to be the immunodominant epitope, specifically the 1–60 amino acid fragment (100). In particular, in vitro studies performed in myositis samples showed that T-cell stimulation assays using a 13-mer peptide from the HisRS N-terminal domain elicited an inflammatory response in blood and bronchoalveolar lavage fluid (BALF) T cells (78). Interestingly, in vivo the levels of extracellular HisRS were higher in sera of anti-Jo-1-negative patients compared to healthy individuals and were almost undetectable in patients with Jo-1 antibodies. This observation suggested that another possible immune mechanism could be involved, such as the formation of immune complexes of autoantibodies with the protein, but this still needs to be confirmed.




Figure 2 | (A) HisRS structure visualized using PDB ID: 4G84 and 2LW7 (98). (B) Schematic figure of HisRS constructs, adapted from Notarnicola et al. (99). HisRS-FL, HisRS-full length; WHEP, WHEP domain; CD, catalytic domain; ABD, anti-codon binding domain; SV, splice variant.



Anti-HisRS autoantibodies (anti-Jo-1) were initially identified in 1983 by Mathews M. and Bernstein R (9). Anti-Jo-1 autoantibodies are the most common among the myositis-specific autoantibodies (MSAs) with frequencies between 20% and 30% in patients with IIM (101–103).

Worldwide epidemiological studies have shown that patients presenting with anti-Jo-1 autoantibodies can develop ILD in up to 90% of the cases (38, 41, 104). In the American and European Network of Antisynthetase Syndrome (AENEAS) cohort study of anti-Jo-1-positive patients, ILD was present in 50% at disease onset and in 84% after 80-month follow-up (67).



Threonyl-tRNA Synthetase

Threonyl-tRNA synthetase, ThrRS, also referred to as TRS and the target of anti-PL-7 autoantibodies, is an aminoacyl-tRNA synthetase that catalyzes the aminoacylation of tRNA by transferring threonine. Besides its essential function of catalyzing aminoacylation, ThrRS can be secreted into the extracellular compartment where it can have other non-canonical functions (105). In particular, the extracellular secretion of ThrRS has been associated with the exposure of vascular endothelial cells with proinflammatory cytokines such as tumor necrosis factor-a (TNF-a) or vascular endothelial growth factor (VEGF). Additionally, in vitro and in vivo assays have shown that ThrRS stimulates endothelial cell migration and angiogenesis, indicating that ThrRS can acts as an angiogenic pro-migratory extracellular signalling molecule (79).

A recent study showed that ThrRS can induce maturation and activation of DCs with a Th1 response in vitro and in vivo, upregulation of CD4+ and CD8+ T cells, increased IFN-gamma secretion associated with viral clearance in influenza virus (H1N1)-infected mice, and increased IL-12 production by the MAPK/NF-kB pathways. Interestingly, CD4+IFNg+ and CD8+IFNg+ T cells and IFNg levels of ThrRS-DC immunized mice were significantly upregulated in BALF compared with the control group (80).

In the muscle, ThrRS may play a role as negative regulator in myogenic differentiation, by inhibiting Axin1, through the kinase c-Jun N-terminal (JNK), a downstream target of ThrRS. In particular, the presence of UNE-T or TGS domains was necessary for ThrRS myogenic function (106). Further studies analyzing the role of this protein in the innate and immune response as well as the ThrRS expression in muscular diseases are still needed to further understand the role of this aaRS in the disease.

There are few reports on clinical presentations of patients specifically with anti-PL-7 autoantibodies. In a European multicenter study, the frequency of anti-PL7 was 1.87% (18/964) (107), whereas a single-center retrospective cohort from China reported that anti-PL-7 autoantibodies had the same frequency (27% 30/108) as anti-Jo-1 autoantibodies (30.5% 33/108) (108). In Asian studies, the most common ILD pattern observed in anti-PL-7-positive patients was NSIP (15%), which was in line with an earlier study that reported mainly NSIP patterns (50%) followed by OP (41.7%) (109). In this study, UIP was only observed in the anti-PL7-positive group (4%) and was associated with a low response to therapy (108). In addition, the presence of this autoantibody predicted the long-term deterioration in ILD (110).



Alanyl-tRNA Synthetase

In contrast to most aaRS, alanyl-tRNA synthetase (AlaRS), the target of anti-PL-12 autoantibodies, recognizes its substrate in an anticodon-dependent manner with recognition of a single G3:U70 wobble base pair, which is the dominant identity determinant for tRNA aminoacylation (82). This simplified mechanism increases the likelihood of mischarging by AlaRS and has been associated with neurodegenerative disorders such as Charcot-Marie-Tooth disease (CMT) type 2, which is characterized by axonal peripheral neuropathy with muscle weakness, wasting, and impaired sensation in the extremities (82).

Autoantibodies against alanyl-tRNA synthetase, also known as anti-PL-12, was the third myositis-specific autoantibody identified in 1986 by Bunn et al. (12). Unlike anti-Jo-1 and anti-PL-7 autoantibodies, anti-PL-12 IgG recognizes independently two antigens: alanyl-tRNA synthetase and its cognate tRNAAla, suggesting that this recognition occurs by separate autoantibodies. The antigenic epitope is located in the anticodon region (83), and an epitope mapping of this protein identified the immunoreactive region outside the CD, within amino acids 730–951 (111) (Table 2). In the case of anti-PL-12 autoantibodies, the severity of the clinical manifestations is mainly driven by the ILD, which was notable in cases associated with pulmonary hypertension (55). Both in American and European reports, a series of anti-PL-12-positive patients showed a low prevalence of muscular involvement, mechanic’s hands, and Raynaud’s phenomena (55, 112, 113). Regarding the histopathologic and radiographic features, UIP is the most common pattern of lung involvement (114).



Glycl-tRNA Synthetase

Glycyl-tRNA synthetase (GlyRS), the target of anti-EJ autoantibodies, is a dual-localized homodimeric aaRS, found in both the cytoplasm and the mitochondria. It catalyzes the attachment of glycine to its cognate tRNA. Mutations in the gene coding for human GlyRS are associated to neurodegenerative diseases including the distal spinal muscle atrophy type V and CMT disease (115). The impairment in the mitochondrial metabolism in neurons is one of the mechanisms through which mutations in GlyRS lead to neurological diseases (116). GlyRS has been also shown to circulate in serum of human subjects but, in contrast to HisRS, extracellular levels of GlyRS were not found to be significantly different between healthy individuals and patients with myositis (97). In vitro experiments have demonstrated that it can be secreted from macrophages in response to Fas ligand that is released from tumor cells (85). Therefore, it has been suggested that GlyRS is involved in immune surveillance against cancer (85).

Autoantibodies against GlyRS (anti-EJ) were described for the first time in 1990 by Targoff in patients with myositis and ILD (13). In anti-EJ-positive patients from the AENEAS cohort and a large Chinese cohort, ILD was the most frequent clinical manifestation, being isolated in almost 40% of the patient group (48, 117). ILD has been reported as an early manifestation of the anti-EJ-ASSD disease course (117, 118). Regarding ILD patterns, NSIP, UIP, OP, and DAD have been described in patients with anti-EJ antibodies (117–119). OP was also found to be an independent risk factor for developing rapidly progressive ILD (117). Among other ASSD features, fever, mechanic’s hands, and Raynaud´s phenomenon have been reported as accompanying findings (48, 117, 119).



Isoleucyl-tRNA Synthetase

Isoleucyl-tRNA synthetase, IleRS (IARS), the target of anti-OJ autoantibodies, is a component of the multi-enzyme complex (MSC) described above that is important for the stabilization of the interactions between the components (28–30, 120). In addition, IleRS is important for protein synthesis and signaling pathways.

The anti-isoleucyl-tRNA synthetase autoantibody (also known as anti-OJ) was identified in 1990 and was initially described in a patient with a history of severe, progressive pulmonary fibrosis and pulmonary hypertension (13). This autoantibody has a low prevalence (<5%) among patients with IIM (57). Anti-OJ autoantibodies react with lysyl-tRNA synthetase (KARS) and the epitope of anti-OJ autoantibodies could be based on quaternary interactions between MSC components (57), making the detection in the clinical practice problematic. The low frequency of this autoantibody might be associated to the elusiveness of the primary target(s) of anti-OJ. In the clinical setting, multiplex assays based on immunoblotting such as line immunoassay (LIA) and dot blot assays (DBA) have poor performance of anti-OJ (121, 122). Anti-OJ autoantibodies have also been difficult to detect in ELISA, even with the use of recombinant proteins from Escherichia coli and Hi-5 (insect cell line), suggesting that either anti-OJ autoantibodies might recognize other components of the MSC or that the structural conformation of the complex is important for the recognition by this autoantibody (123). To date, immunoprecipitation (IP) remains the preferred method for anti-OJ autoantibody detection.

A review of 52 published cases identified ILD as the main clinical manifestation in 90% of the anti-OJ positive cases, with the patterns of UIP, OP, and NSIP being the most frequent. Prevalence of myositis seems to vary according to the criteria applied for ASSD classification and the ethnicity of the population included in the studies. In an Asian cohort, the frequency of severe myositis was reported to be as high as 57% (62), while in the AENEAS cohort study, 40% of the patients with anti-OJ autoantibodies had hypomyopathic forms of ASSD or never developed myositis (124). Arthritis, fever, Raynaud’s phenomenon, and mechanic’s hands are also present, but in a lower frequency, being an incomplete presentation of the ASSD frequent (57).



Asparaginyl-tRNA Synthetase

The asparaginyl-tRNA synthetase (AsnRS), the target of anti-KS autoantibodies, catalyzes the attachment of asparagine to its cognate tRNA during translation. As for non-canonical functions, AsnRS has been shown to be involved in growth regulation mediated by the Hippo signaling pathway (a pathway involved in growth regulation, dysregulation observed in many cancers) and, therefore, possibly implicated in tumorigenesis (125). Studies also reported pro-inflammatory functions of AsnRS. In particular, AsnRS was shown to induce CCR3-expressing cells to migrate and, like HisRS, chemoattract DCs (77). The non-translational chemokine activity of AsnRS is thought to be exerted by an additional domain at the N-terminal of the protein sequence, not present in the prokaryotic system. The modulating activity of AsnRS on CCR3 signaling has been suggested to be implicated in the pathophysiology of ASSD and ILD (126). Similar to GlyRS, AsnRS has been detected in extracellular compartments and serum levels were not significantly different between myositis patients and healthy individuals (97).

Autoantibodies against AsnRS (anti-KS) occur in less than 5% of patients with IIM and were first described in 1999 in two patients with ILD and no evidence of myositis (14). A review of the published literature about the clinical features associated with anti-KS autoantibodies has shown that ILD with NSIP or UIP patterns is the dominant feature, being the only manifestation in 50% of patients (63). Myositis seems to rarely affect this group of patients, while arthritis, Raynaud’s phenomenon, and mechanic’s hands may occur in one quarter of them (127)



Phenylalanyl-tRNA Synthetase

Phenylalanyl-tRNA synthetase, PheRS, the target of anti-Zo autoantibodies, has been linked to cancer by reports of increased expression in some cancers (128–130), and suggested to be a prognostic indicator for some cancers (131). Thus, expression of PheRS was increased in gastric cancer tissue and the levels of expression correlated with distant metastasis and poor survival (132). Mechanistically, PheRS regulates anti-apoptotic signaling and cell proliferation through its upstream interaction proteins (133); however, the regulation of oncogenesis and development of gastric cancer by PheRS need further investigation.

The presence of autoantibodies against PheRS, anti-Zo, was first described in 2007 in a patient with ASSD (15). Anti-Zo is a rare anti-synthetase autoantibody. The largest cohort positive for anti-Zo autoantibodies was a case series of nine patients in UK (134). Seven (78%) of the patients had ILD, and two patients had evidence of muscle involvement, suggesting that anti-Zo autoantibodies are associated with features of ASSD. Moreover, two-thirds of the patients had autoantibodies against anti-Ro52, which has been previously reported to co-exist with other anti-synthetase autoantibodies and more severe ILD (135, 136). A more recent study reported the prevalence of anti-Zo autoantibodies as 1.4% in patients with ILD and novel associations of anti-Zo with connective tissue-disease related ILD (CTD-ILD) and idiopathic pneumonias (45).



Tyrosyl-tRNA Synthetase

Tyrosyl-tRNA synthetase or TyrRS, the target of anti-YRS/anti-HA autoantibodies, can split into two separate fragments, and these fragments have distinct cytokine activities whereas the full-length TyrRS is inactive for cytokine activities (42, 137). Secretion of both fragments are induced by leukocyte digestion and active forms of TyrRS can be naturally generated by alternative splicing or proteolytic cleavage (42, 137). The fragment that includes the C-terminal domain induced migration of mononuclear phagocytes and stimulated production of TNFa. On the other hand, the N-terminal domain induced migration of polymorphonuclear leukocytes (PMNs) in a dose-dependent manner very similar to the CXC chemokine interleukin -8 (IL-8) (42). Similarities in the effects of IL-8 and mini TyRS (N-terminal) on PMNs indicate a possible functional correlation between mini TyrRS and IL-8 activity. In addition, human mini TyrRS induced angiogenesis in vivo in different organisms similar to IL-8 (138). The N-terminal domain of TyrRS was also reported to be present in platelets, from which they are released by unknown mechanisms and to regulate monocytes/macrophage differentiation during bacterial infections (139).

The first report of autoantibodies against TyrRS referred to as anti-YRS or anti-HA was published in 2005 in a patient with ASSD features (17). The prevalence of anti-HA autoantibodies in a large cohort of patients with ILD (n = 1,194) was 2% (45).




Possible Autoantigens in Other Diseases


Lysyl-tRNA Synthetase

As mentioned previously, aaRSs gained additional domains and functions throughout evolution. One example is Lysyl-tRNA synthetase (LysRS), also referred to as KRS or SC. LysRS binds to macrophages and monocytes leading to macrophage migration and TNF production when present in the extracellular media (140). Moreover, there are many reports in the literature indicating a role for LysRS in human immunodeficiency virus (HIV) replication, signal transduction, and neurodegenerative diseases (141). The mechanism of how LysRS contributes to HIV replication has been well studied, and it has been established that HIV recruits LysRS to serve as the reverse transcriptase through the interaction of LysRS and Gag protein (142–149). In addition, the contribution of LysRS in cancer has been established by many studies. LysRS has been shown to promote cancer metastasis by inducing cancer cell migration through the interaction with 67LR protein (150). LysRS can be secreted by cancer cells to induce inflammatory responses (151), whereas a more recent study showed a novel mechanism for the secretion of LysRS via exosomes or exosome-like extracellular vesicles from cancer cells, which is controlled by a caspase-8-dependent pathway (94).

There is also a possible connection of LysRS with amyotrophic lateral sclerosis (ALS). In some patients with ALS, a mutation in SOD1 is observed. The mutation in SOD1 induces apoptosis of motor neurons, thus leading to the onset of neurodegeneration and interestingly LysRS associates with mutant but not wild-type SOD1 (152). The abnormal interaction between SOD1 and LysRS contributes to mitochondrial dysfunction in ALS (153). In addition, a loss-of-function mutation in the CD of LysRS was implicated in CMT disease. It was reported that the mutation in LysRS severely affects the enzyme activity (154).



Glutaminyl-tRNA Synthetase

Glutaminyl-tRNA synthetase (GlnRS) is one of the two enzymes in this family that is not found in all organisms, such as Gram-positive eubacteria, archaebacteria, and organelles, suggesting that this aaRS has evolved along independent evolutionary pathways (155). Additionally, GlnRS appears to be the largest polypeptide in the human multienzyme synthetase complex and shares three significant regions of sequence similarity with the translation elongation factor EF-1 (156).

In humans, it is bifunctional, being specific for two amino acids (glutamine and proline) (28), acquiring the term glutamyl-prolyl-tRNA synthetase [Glu-ProRS or EPRS (157)]. Among the non-canonical functions of GlnRS is the ability to block apoptosis trough a negative regulation of the apoptosis signal-regulating kinase 1 (ASK1) (158). Additionally, in vivo studies in a rat model to evaluate changes in sensory neurons after nerve injury showed that the expression of GlnRS was decreased in the dorsal root ganglia (DRG). Thus, this aaRS may play a potential role as a neurotransmitter; however, further research is required (159). In addition, GlnRS expression may affect macrophage recruitment to injured DRG neurons (159–161).

Mutations in the gene encoding GlnRS have been associated to early-onset epileptic encephalopathy (162, 163). GlnRS deficiency has been associated with neurodegenerative disorders associated with severe developmental delay, microcephaly, delayed myelinization, and intractable epilepsy, which seems to be more severe than other disorders associated with mutations in tRNA synthetases (164).



Tryptophanyl-tRNA Synthetase

Mammalian tryptophanyl t-RNA synthetase, TrpRS or WRS, has gained functions such as alternative splicing and proteolytic cleavage through evolution. This aaRSs is found not only in the cytosol but also in the nucleus. In the cytosol, it plays a role in innate immune responses, angiogenesis, and type II IFN signaling.

TrpRS is secreted into the extracellular milieu by monocytes upon infection with certain pathogens and it interacts with TLR2 and TLR4 leading to the secretion of TNFα, neutrophil infiltration, and increased phagocytotic abilities (90–92). These responses help to clear out infections at the early phase, indicating the importance of TrpRS as a ligand for immune regulation through TLR signaling. In support of this hypothesis, high levels of TrpRS were found in sera of patients with sepsis, a potentially fatal complication due to infection, when compared to healthy controls (92). Additionally, increased TrpRS expression from CD4+ T cells resisted indoleamine 2,3-dioxygensase (IDO)-mediated immunosuppression from DC in Graves’ disease (89). Autoantibodies against TrpRS have been found in patients with autoimmune diseases, where the clinical features were associated with rheumatoid arthritis (33–35).



Seryl-tRNA Synthetase

There are few studies investigating the non-canonical functions of seryl-tRNA synthetase, SerRS. It was reported that SerRS interacts with a transcription factor called Yin Yang 1, to form a complex that negatively regulates vascular endothelial cell growth factor A during angiogenesis (165)

Autoantibodies against SerRS have been detected in a few cases of systemic lupus erythematosus or rheumatoid arthritis but not in myositis (36, 77, 166).




Others

So far, there are no reports in the literature about the remaining eight aaRSs being recognized as autoantigens. However, recently, several mutations in encoding genes in mitochondrial or cytosolic compartments have been identified. These mutations resulted in dysfunctional aaRSs that lead to a variety of multi-organ, neuronal, and metabolic disorders (Table 4) (8). Fifty-five percent of mutations in genes encoding for mitochondrial aaRSs were associated with disease, whereas in cytoplasmic aaRSs, the percentage is 20% (177). Notably, mutations in genes encoding for mitochondrial aaRS are often associated with some form of myopathy (Table 4).


Table 4 | Mutations in genes encoding mitochondrial or cytosolic aaRSs and associated disorders (8).





Mechanisms of Pathogenicity

There are different ways on how aaRSs contribute to the disease pathogenesis as discussed in this review. One mechanism is due to the aaRSs being recognized as autoantigens, thus inducing an abnormal immune response. Other possible mechanisms in disease pathogenesis are impairments in their canonical or non-canonical functions due to mutations as described above.

In many systemic autoimmune diseases, it has been established that substrates of granzyme B cleavage, which is a serine protease involved in apoptosis, are more often autoantigenic rather than the native form of the protein (39, 197). Autoantigens are usually secreted or located extracellularly, in membranes, or in apoptotic blebs and contain specific structures or sequences such as coiled-coil motifs, granzyme B cleavage sites, or ELR (Glu-Leu-Arg) motifs (198). Importantly IleRS, HisRS, and AlaRS all go through granzyme B cleavage and release fragments, which contain epitopes recognized by autoantibodies (128). For example, the WHEP domain, released from HisRS upon granzyme B cleavage, which is 50 aa long, has a helix-turn-helix conformation that is also referred as a “coiled-coil”. This has been recognized as a major epitope for anti-Jo-1 autoantibodies (98). Similarly, granzyme B cleavage sites are found in GlyRS, AlaRS, and IleRS, which are autoantigens for anti-EJ, anti-PL12, and anti-OJ, respectively (8). Although it is still a mystery how aaRSs are released to the extracellular environment to accomplish all the non-canonical functions, it has been proposed that it might be through passive release from cells that are undergoing necrosis. At least five aaRSs, HisRS, ThrRS, GlyRs, TyrRs, and AsnR, have been reported to be secreted out of cells (8, 42–44, 98, 199) during tissue damage, angiogenesis, and in cancer. For the remaining four aaRSs that have been reported as autoantigens in ASSD, (i) AsnRS has also been detected in serum of healthy individuals and myositis patients possibly due to tissue damage, (ii) the levels of PheRS were reported to be associated with various types of cancer whereas there are no reports yet on the extracellular location of (iii) IleRS and (iv) AlaRS. Interestingly, some of the aaRSs are secreted or directly act on monocytes such as TrpRS, GlyRS, TyrRS, and LysRS during infections, which could be a link between infection and ASSD (85, 90–92, 139, 140).

In addition to autoantigenic motifs, mutations in genes encoding aaRSs that lead to impaired functions were reported in multi-organ disorders, neurological diseases, or cancer (Table 3). The most common aaRS-associated monogenic disorder is CMT, a genetic peripheral nerve disorder (8). Currently, seven known members of aaRSs (GlyrRS, TyrRS, AlaRS, HisRS, TrpRS, MetRS, and LysRS), have been implicated in CMT disease, representing the largest protein family in CMT etiology, although the role of aaRSs in this disorder is still unclear (115, 200).



Conclusions

ASSD is an autoimmune condition characterized by the presence of autoantibodies targeting one of several aminoacyl t-RNA synthetases (aaRS) along with distinct clinical features. Although in the literature, reference to autoantibodies against 11 aaRSs can be found, autoantibodies against only eight aaRSs have been identified so far in ASSD patients as described in this review. We summarized clinical features of ASSD, what is known about ASSD-associated aaRSs, and also reviewed the known properties of the remaining aaRSs. It seems that even though the remaining aaRSs have not been confirmed to be autoantigens in diseases, their non-canonical functions inside and outside of the cell and impairment in their functions contribute to the pathogenesis of diseases such as cancer, multi-organ disorders, or neurological disorders. This strongly implicates that aaRSs have an essential role in the regulation of immune responses and more attention is needed to understand the underlying mechanisms of their pathogenic functions.
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The idiopathic inflammatory myopathies (IIM) are rare, heterogeneous systemic autoimmune disorders, characterized by inflammation of skeletal muscle and multi-organ involvement. Studies to identify genetic risk factors and dysregulated gene expression in IIM aim to increase our understanding of disease pathogenesis. Genome-wide association studies have confirmed the HLA region as the most strongly associated region in IIM, with different associations between clinically-defined subgroups. Associated genes are involved in both the innate and adaptive immune response, while identification of variants reported in other autoimmune disorders suggests shared biological pathways. Targeted imputation analysis has identified key associated amino acid residues within HLA molecules that may influence antigen recognition. These amino acids increase risk for specific clinical phenotypes and autoantibody subgroups, and suggest that serology-defined subgroups may be more homogeneous. Recent data support the contribution of rare genetic variation to disease susceptibility in IIM, including mitochondrial DNA variation in sporadic inclusion body myositis and somatic mutations and loss of heterozygosity in cancer-associated myositis. Gene expression studies in skeletal muscle, blood and skin from individuals with IIM has confirmed the role of interferon signalling and other dysregulated pathways, and identified cell-type specific signatures. These dysregulated genes differentiate IIM subgroups and identify potential biomarkers. Here, we review recent genetic studies in IIM, and how these inform our understanding of disease pathogenesis and provide mechanistic insights into biological pathways.
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Introduction

The idiopathic inflammatory myopathies (IIM) are a rare heterogeneous group of systemic autoimmune disorders. IIM are characterized by chronic inflammation of skeletal muscle resulting in muscle weakness, and multiple other organ systems may be involved. Individuals with IIM can be classified into different disease subgroups based on clinical and/or serological criteria. Our understanding of disease pathogenesis in IIM is limited, and some individuals respond poorly to treatment, with consequently poor health outcomes. Research to identify genetic risk and protective factors, and dysregulated gene expression, has been facilitated by rapid advances in biotechnology and computational approaches. These studies can identify genetic similarities and differences between IIM subgroups, and how these ‘myositis spectrum disorders’ relate to other connective tissue diseases and autoimmune diseases more generally. This knowledge increases understanding of disease pathogenesis, and yields mechanistic insights into biological pathways and potential drug targets. Knowledge of genetic risk factors that contribute to different myositis phenotypes may enable more precise classification and inform clinical decision-making for targeted disease management and treatment. Here, we review our current knowledge of myositis genetics gained from genome-wide and targeted studies of both common and rare genetic variants, and studies of gene expression. For the purposes of this review, we consider the following IIM clinical subgroups: dermatomyositis (DM), polymyositis (PM), anti-synthetase syndrome (ASS), sporadic inclusion body myositis (sIBM), cancer-associated myositis and immune-mediated necrotising myopathy (IMNM) (1). We highlight key findings and suggest potential avenues as future research priorities.



Large Epidemiological Studies Estimate Familial Risk and Heritability in IIM

The first large epidemiological study of familial aggregation and heritability in IIM used nationwide healthcare register data from Sweden (2). This study included 1620 individuals diagnosed with IIM between 1997 and 2016 and their first-degree relatives, compared to matched individuals without IIM. The adjusted odds ratio (OR) for individuals with IIM to have one or more first-degree relatives affected with IIM was 4.32 (95% confidence interval (CI) 2.00-9.34) compared to individuals without IIM, and was 2.53 (95% CI 1.62-3.96) in full siblings. The heritability of IIM was 22-24% among first-degree relatives and full siblings (2). These data show that having at least one first-degree relative with IIM is strongly associated with risk of IIM, and that >20% of the phenotypic variance of IIM is due to additive genetic variance in the Swedish population (2). A similar study using Swedish medical records calculated familial risk for six rheumatic autoimmune diseases (3). The standardized incidence ratio for PM/DM was 4.03 (95% CI 1.27-8.35) when any first-degree relative was considered. The familial risk of rheumatoid arthritis and systemic lupus erythematosus was also significantly increased for individuals with PM/DM (3), suggesting extensive familial poly-autoimmunity between these diseases. Due to the rarity of IIM, these studies did not have sufficient power to investigate whether familial aggregation or heritability differs between clinical subgroups or for juvenile-onset IIM. Although the heritability estimates of 22-24% for IIM (2) are lower than those reported for other autoimmune disorders such as rheumatoid arthritis or type 1 diabetes mellitus, they are considerably higher than a previous estimate of 5.5% for DM and 8.3% for PM of phenotypic variance explained by genetic variants on the Immunochip (below) (4). These lower estimates may reflect the selected content of the Immunochip and may also suggest the involvement of rare genetic variants in IIM.



Large Scale ‘Genome-Wide’ Association Studies in IIM

Two large-scale genetic studies of IIM were conducted by the International Myositis Genetics Consortium (MYOGEN) using the Immunochip genotyping array (Illumina, USA) (5, 6). The Immunochip was designed based on genetic variants or loci associated with 12 different autoimmune or inflammatory diseases, with extended coverage across the major histocompatibility complex (MHC), so does not have full genome-wide coverage. These Immunochip studies of 2566 cases with IIM of European ancestry identified a strong signal in the MHC region meeting genome-wide significance (p< 5x10-8), with association to alleles of the 8.1 ancestral haplotype; HLA-DRB1*03:01 in PM and juvenile-onset dermatomyositis (JDM), and HLA-B*08:01 in adult-onset DM (6). Conditional analysis suggested that multiple alleles on the 8.1 ancestral haplotype contribute independently to disease risk. In sIBM, this first ‘genome-wide’ association study (GWAS) also identified a strong association to HLA−DRB1*03:01, and independent associations to HLA−DRB1*01:01 and HLA−DRB1*13:01; these latter two alleles were specific to sIBM (5). Homozygotes for HLA-DRB1*03:01 and HLA-DRB1*01:01 carried a lower risk for sIBM than heterozygotes, with the HLA-DRB1*03:01-HLA-DRB1*01:01 and HLA-DRB1*03:01-HLA-DRB1*13:01 genotypes observed at higher frequency than expected. Departure from additivity has been observed for other autoimmune disorders, and may reflect increased antigen binding and presentation in heterozygous individuals (7). Further analysis showed that alanine or serine at amino acid position 57 of HLA-DQB1 confer increased risk of DM. Asparagine or arginine at positions 77 and 74 respectively of HLA-DRB1 are associated with PM, while amino acid positions 11 and 26 of HLA-DRB1 are associated with IBM (5, 6). An extended genome-wide study focussed specifically on JDM identified a novel association at amino acid position 37 within HLA-DRB1, which may distinguish juvenile- from adult-onset DM (8). These amino acids may be more strongly associated than classical HLA alleles, and affect the structure of the HLA molecule to influence antigen recognition and presentation of peptides to the immune system. However, this analysis approach (9) does not capture non-classical HLA genes, and other genes within the MHC, such as copy number variants of complement genes (10), may contribute to IIM disease risk.

Outside the HLA region, genes involved in both the innate and adaptive immune response were implicated from these Immunochip studies, including STAT4 (Signal Transducer and Activator of Transcription 4), TRAF6 (TNF Receptor Associated Factor 6), UBE2L3 (Ubiquitin Conjugating Enzyme E2 L3) and PTPN22 (Protein Tyrosine Phosphatase Non-Receptor Type 22) in IIM. PTPN22 [rs2476601 (R620W)] reached genome-wide significance specifically in the PM subgroup [OR (95%CI) 1.58 (1.38-1.81)] (6). PTPN22 and STAT4 affect T cell signalling, while TRAF6 and UBE2L3 affect B cells and nuclear factor kappa-β (NF-κB) signalling in response to pro-inflammatory cytokines. In the relatively small cohort of 252 patients with sIBM, a strong association to chromosome 3 [OR (95% CI) 0.42 (0.29-0.60)] implicated a frameshift mutation (rs333) in the CCR5 (C-C motif chemokine receptor 5) gene as the possible functional variant (5). CCR5 binds pro-inflammatory chemokines, and a non-functional CCR5 receptor and/or decreased expression of CCR5 may reduce migration of T cells into muscle fibres.

A recent imputation analysis based on the MYOGEN Immunochip data was conducted to identify novel associated variants, validate existing signals and to fine-map existing associations in IIM (11). The HLA locus was again strongly associated, with the strongest subgroup association observed in the 311 cases with anti-Jo1 autoantibodies [OR (95% CI) 5.15 (4.21-6.32)]. Four non-HLA loci were identified at genome-wide significance, including NAB1 (NGFI-A binding protein 1) in the PM subgroup [OR (95% CI) 1.41 (1.24-1.60)]. The associations to STAT4 and DGKQ (diacylglycerol kinase theta) in IIM, NAB1 and the FAM167A-BLK (family with sequence similarity 167 member A - BLK proto-oncogene, Src family tyrosine kinase) region in PM, and CCR5 in sIBM were more significant than previously reported, and several associations were localized to single genes, although no significant associations outside the HLA region were identified in the anti-Jo1 subgroup. The associated variants were significantly enriched in regions of open chromatin in primary CD19+ B cells and CD3+ T cells, implicating functionally relevant cell types in IIM, although it is worth noting that variants were imputed and identified from an immune-focussed array (11).

To investigate the possible shared genetic basis of four seropositive systemic rheumatic diseases, genome-wide data from individuals of European ancestry with IIM, rheumatoid arthritis, systemic lupus erythematosus or systemic sclerosis was meta-analysed (12). This systematic approach leveraged power across studies to identify 26 genome-wide significant non-HLA loci associated with at least two diseases, emphasizing the shared genetic relationship between these diseases, and supporting the epidemiological study described previously (3). Five loci with a role in immune processes, NAB1, KPNA4-ARL14 (karyopherin subunit alpha 4 - ADP ribosylation factor like GTPase 14), DGQK, LIMK1 (LIM domain kinase 1) and PRR12 (proline rich 12), had not been associated at genome-wide significance with these diseases previously. The associated variants were predicted to have functional effects in disease-relevant immune cells. Proteins regulated by associated variants were also enriched as targets for drugs at any stage of development for treatment of these diseases, indicating the potential for drug repositioning between these disorders where there are few existing specific treatments (12).

Trans-ancestry GWAS have generated significant insights in several autoimmune disorders, increasing power and breaking down ancestry-specific linkage disequilibrium to localise association signals, but have not yet been conducted in IIM. A IIM GWAS reported in an Asian population included 576 adults from Japan, including 33 individuals with clinically amyopathic dermatomyositis (CADM) (13). Notably, there were no significant associations, including to the HLA region, in IIM or the PM or DM subgroups. However, this study identified genome-wide significant association to a variant of the WDFY4 (WDFY family member 4) gene in CADM [OR (95% CI) 3.87 (2.23-6.55)], with nominal association of neighbouring WDFY4 variants in 21 adults with CADM of European ancestry. WDFY4 interacts with pattern recognition receptors, and the significantly associated splicing variant was shown in vitro to create a new coding exon and a truncated WDFY4 protein isoform, which increased NF-ĸB activity, altered MDA5 (melanoma differentiation-associated gene 5) signalling and increased MDA5-induced apoptosis (13). Anti-MDA5 autoantibodies are more often found in amyopathic patients with rapidly progressive interstitial lung disease. This strong association in the Japanese population may therefore reflect different anti-MDA5 autoantibody frequency in the Japanese compared to European CADM samples (13/18 (72%) vs 0/17 (0%) positive of those tested) (13), and different geographic viral triggers (14), given the role of MDA5 as a cytoplasmic viral dsRNA sensor in the host anti-viral response.

A pharmacogenomics study using the Estonian Biobank integrated whole genome sequencing with drug prescription and adverse drug effect data from electronic health record databases to identify genetic variants associated with drug response (15). This population-based study of >2200 individuals identified a novel intronic variant of the Catenin alpha 3 (CTNNA3) gene associated with myositis and myopathies in individuals taking nonsteroidal anti-inflammatory oxicams (15). The encoded protein plays a role in cell-cell adhesion in muscle cells, so these findings on drug-induced myositis may have relevance to idiopathic inflammatory myopathies.

Overall, the different associations at some loci identified from genome-wide studies suggests different pathophysiology between clinically defined IIM subgroups. Re-analysis using the more recent EULAR/ACR classification criteria for adult and juvenile IIM (16) might be informative. The more numerous associated loci identified in PM compared to DM, based on the Immunochip content, conflicts with the current notion of PM as a ‘diagnosis of exclusion’ and DM as more homogeneous. Adult-onset DM likely constitutes a heterogeneous collection of more genetically homogeneous serology-defined subgroups, while the PM-specific PTPN22 association may reflect a pan-autoimmune locus. Strong association to the HLA region in sIBM, irrespective of anti-cytosolic 5′-nucleotidase 1A (cN1A) autoantibody positivity, indicates an autoimmune (rather than degenerative) pathogenesis, at least in some sIBM patients. Overall, the studies in populations of European ancestry described here indicate that associations to the HLA region show the largest effect size in serology-defined subgroups, followed by sIBM and PM, with adult- and juvenile-onset DM showing weaker HLA associations. Given the clinical heterogeneity of IIM, ongoing studies of clinically defined endophenotypes with significant morbidity, such as calcinosis in JDM, are likely to be informative. Furthermore, the finding that IIM-associated variants overlap with those reported in several other autoimmune disorders, including celiac disease, rheumatoid arthritis, systemic lupus erythematosus and type 1 diabetes (Figure 1), is consistent with an earlier GWAS in DM (17) and again suggests shared biological pathways.




Figure 1 | Genetic overlap between idiopathic inflammatory myopathies and other autoimmune diseases. IIM associated loci meeting genome-wide significance (p<5x10-8) for IIM as a whole, or for different clinical subgroups are indicated by the reported gene/s, and ordered by chromosomal location (x axis). Shaded squares show loci associated with IIM, and other autoimmune traits (y axis) reported in the GWAS catalogue v1.0.2 (www.ebi.ac.uk/gwas/home; Experimental Factor Ontology “Immune system disorder”). AAV, Anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis; AITD, autoimmune thyroid disease; AS, ankylosing spondylitis; ASS, anti-synthetase syndrome; BS, Behcet’s syndrome; CADM, clinically amyopathic dermatomyositis; CD, celiac disease; DM, dermatomyositis; IIM, idiopathic inflammatory myopathies; JDM, juvenile dermatomyositis; JIA, juvenile idiopathic arthritis; MS, multiple sclerosis; PM, polymyositis; RA, rheumatoid arthritis; sIBM, sporadic inclusion body myositis; SLE, systemic lupus erythematosus; SS, Sjogren’s syndrome; SSc, systemic sclerosis; UC, ulcerative colitis.





HLA Associations can Discriminate Serology-Defined Subgroups

The identification of differentially associated HLA alleles and amino acids in clinically-defined subgroups lends support to IIM as a heterogeneous collection of myositis spectrum disorders. To address this question, international collaboration through MYOGEN enabled identification of a significant number of individuals positive for mutually exclusive myositis-specific autoantibodies (18). Targeted analysis of the HLA region using SNP2HLA (9) identified study-wide significant association (p<2.9 x 10-5) to classical HLA alleles and specific amino acids, for eight of twelve serology-defined subgroups with >10 individuals (18). Associations to the 8.1 ancestral haplotype (including HLA−DRB1*03:01 and HLA−B*08:01) were identified for the anti-Jo1, anti-PM/Scl and anti-cN1A subgroups, with associations independent of this haplotype for anti-Mi-2 (HLA−DRB1*07:01) and anti-HMGCR (HLA−DRB1*11:01). Amino acid residues were often more strongly associated than classical HLA alleles, indicating key positions within the HLA molecule that may increase risk, such as amino acid position 74 in HLA-DRB1 for anti-Jo-1, PM/Scl, cN1A and SRP. This amino acid faces inwards of the peptide binding groove and has been associated with risk for development of several autoimmune diseases (19). Notably, amino acids, but not classical HLA alleles, were significantly associated for the anti-SRP and anti-SAE autoantibody subgroups (18), possibly reflecting amino acid residues shared across multiple HLA alleles. Individuals with anti-TIF1 autoantibodies were associated with HLA-DQB1. However, haplotypic associations differed with age of onset, with the strongest associations to HLA-DQB1*02:01 (8.1 ancestral haplotype) and HLA-DQB1*02:02 in juvenile- and adult-onset DM respectively (18). Different associations also have been reported for a small number of individuals with anti-HMGCR-positive juvenile- (HLA−DRB1*07:01) vs adult-onset (HLA−DRB1*11:01) IMNM (20, 21).

Autoantibody-phenotype associations appear to be broadly consistent across ethnic groups in IIM. A study of 179 Korean adults with IIM investigated HLA-DRB1 and HLA-DPB1 associations with anti-MDA5, anti-aminoacyl-tRNA synthetase (ARS), anti-Mi2, anti-TIF1 and anti-SRP autoantibodies (22). Association of the most common autoantibody, anti-MDA5, was observed to HLA-DRB1*12:02 [OR (95% CI) 5.46 (2.67-11.20)] (22). Although no significant associations of the anti-MDA5 subgroup were observed in the MYOGEN study (18), anti-MDA5 is less frequent, and HLA-DRB1*12:02 is rare, in populations of European ancestry (23). Conversely, the 8.1 ancestral haplotype is rare in Asian populations, and anti-ARS autoantibodies were associated with HLA-DRB1*08:03 in the Korean population [OR (95% CI) 4.15 (1.89-9.09)] (22). Association of anti-Mi-2 to HLA-DRB1*07:01 [OR (95% CI) 10.23 (3.81-27.51)] (22) was consistent with the European ancestry population (22). Studies of specific HLA alleles and autoantibody subgroups carried out in Vietnamese and Chinese Han populations have reported different, and sometimes conflicting, associations (24–26).

Overall, the strong associations observed for some autoantibody subgroups despite a relatively small cohort size suggests homogeneity and argues for a serology-defined nomenclature in IIM. The lack of significant associations observed for the anti-NXP2 and anti-MDA5 autoantibody positive subgroups in Caucasians (18) may reflect smaller sample size, or a more heterogeneous cohort containing juvenile- and adult-onset individuals with these autoantibodies. Well-powered trans-ancestry studies are needed to refine HLA allele and amino acid associations and determine whether amino acid associations are shared across ethnic groups. Further studies should investigate the possible interaction of the HLA region with environmental risk factors, and determine whether amino acid associations are shared across diseases for autoantibodies such as PM/Scl.



Mitochondrial DNA Variation Is Identified in Sporadic Inclusion Body Myositis

Mitochondrial pathology is frequently observed in sIBM muscle, presenting as ragged red fibres and cytochrome c oxidase (COX)-deficient muscle fibres causing mitochondrial respiratory chain deficiency. Deep sequencing of mitochondrial DNA (mtDNA) identified an increased frequency of somatic large mtDNA deletions and duplications correlating with a higher heteroplasmy level in sIBM muscle compared to age-matched controls (27). Recurrent deletions or duplications in sIBM patients were mainly localised to three mtDNA regions. There was also an increase in the number of somatic coding single nucleotide variants, and a reduced mtDNA copy number, in sIBM muscle (27). Previous studies have reported that large scale mtDNA deletions in COX-deficient muscle fibres in sIBM correlate with T-lymphocyte infiltration and muscle fibre atrophy (28, 29). These findings suggest an accelerated mitochondrial muscle aging process in sIBM, possibly related to chronic inflammation.



Rare Genetic Variation Likely Plays a Role in IIM Disease Risk

The fact that IIM are rare heterogeneous disorders suggests the potential role of rare genetic risk factors, at least in a subset of individuals. Rare genetic variants (minor allele frequency <1%) are generally not well captured by genome-wide genotyping arrays, and may require alternative approaches for detection, such as next generation sequencing. Targeted DNA sequencing of ~1900 immune-related genes was used to investigate the contribution of rare and common genetic variation in a Scandinavian case-control cohort including 454 IIM cases (30). Gene-based aggregate testing, rare variant and enrichment analyses were applied. IFI35 (interferon-induced protein 35) was identified as a significant novel genetic risk locus for IIM, suggesting type I interferon activation and a possible regulatory effect of associated variants on the skeletal muscle-specific gene PTGES3L (prostaglandin E synthase 3 like). Aggregate genetic associations to AGER (advanced glycosylation end-product specific receptor) and proteasomal genes PSMB8 and PSMB9 (proteasome 20S subunit beta 8/9) were identified in individuals with anti-synthetase syndrome (ASS). An increased burden of rare non-coding variants, and synonymous variants particularly in genes in the JAK-STAT signalling pathway, was also identified in individuals with IIM irrespective of myositis subtype, although there was no enrichment of missense coding variants (30).

The existence of hereditary diseases that mimic sIBM supports the contribution of rare genetic variation to this IIM subtype. Guttches et al. (31) identified a possible role of rare missense variants in the FYCO1 (FYVE and coiled-coil domain autophagy adaptor 1) gene in sIBM using whole exome sequencing. Similarly, sequencing of candidate genes involved in neuromuscular or neurodegenerative diseases related to sIBM, and whole exome sequencing of genes encoding proteins overrepresented in rimmed vacuoles from skeletal muscle, identified rare variants in the VCP (valosin containing protein), SQSTM1 (sequestosome1) and FYCO1 genes in sIBM patients (32, 33). These findings suggest impaired protein homeostasis, autophagy and proteasomal degradation in sIBM, again supporting both degenerative and inflammatory pathways in sIBM pathogenesis.

Individuals with IIM may present with temporally associated cancer, particularly in adult-onset DM with anti-TIF1 (transcription intermediary factor 1) autoantibodies. A mutation in the tumour may cause an increase in neo-antigen expression, which triggers an anti-tumour response and paraneoplastic autoimmune rheumatic disease (34). Supporting this hypothesis, an increased rate of somatic mutations and loss of heterozygosity was observed in the genes encoding TIF1 in tumour DNA from anti-TIF1 positive cancer-associated myositis patients compared to anti-TIF1-negative myositis patients (35). These mutations were not observed in blood genomic DNA. Similar findings have been reported in the polymerase (RNA) III subunit A (POLR3A) locus encoding RPC1 in tumour DNA from autoantibody positive patients with systemic sclerosis, but not in patients without autoantibodies to RPC1, or in peripheral blood (36).

Collectively, these findings support the contribution of both rare and common genetic variation to disease susceptibility in IIM. However, it is not yet clear where some individual patients with IIM, or different IIM subgroups, sit on the Mendelian - polygenic, complex disease axis.



Sex Chromosome Aneuploidies May Contribute to Disease Risk in IIM

Many autoimmune diseases show a gender bias with females more typically affected, as seen in PM and DM. The reason for this gender bias is not known, but hypotheses include a gene dosage effect of genes escaping X-inactivation [such as Toll-like receptor 7 (TLR7) and TLR adaptor interacting with endolysosomal SLC15A4 (TASL or CXorf21)] in 46,XX females, compared to 46,XY males. In keeping with this hypothesis, an increased rate of X chromosome aneuploidies, particularly 47,XXY (Klinefelter’s syndrome) and 47,XXX, was reported in individuals with systemic lupus erythematosus or Sjögren’s syndrome (37, 38). To investigate the frequency of X chromosome aneuploidies in IIM, genotyping data from the MYOGEN Immunochip studies (5, 6) was analysed. Elevated rates of 47,XXY were observed in males with PM or DM compared to controls and to published live birth rates; a finding that was replicated in the Japanese GWAS data (39). Five of the seven PM or DM 47,XXY cases had cancer-associated myositis (39). Notably, the prevalence of 47,XXY was particularly elevated in sIBM, together with an increased frequency of 47,XXX in females with sIBM (39), despite sIBM showing the opposite gender bias to PM and DM, with more males affected. Although a causal relationship has not been established, these findings of increased 47,XXY and 47,XXX in IIM may offer mechanistic insights in a subset of patients, and in IIM more generally.



Gene Expression Studies Differentiate IIM Subgroups and Identify Potential Biomarkers

Complementing studies of genetic variation, an increasing number of studies of gene expression in IIM have been conducted in recent years. By applying array, RNA sequencing, qRT-PCR and pathway and network analysis approaches, altered gene expression has been investigated in clinically and serology-defined IIM subgroups in skeletal muscle, skin, blood and specific cell populations.

Several systemic autoimmune connective tissue diseases including IIM show a strong type I interferon (IFN) signature in blood and target organs which has been associated with disease activity. Signatures of type I and type II IFN pathway activation were therefore investigated using RNA sequencing of muscle biopsy samples from different subtypes of myositis, compared to normal muscle biopsies (40). Expression of type I IFN-inducible genes was high in DM, moderate in ASS and low in sIBM and IMNM, whereas type II IFN-inducible gene expression was high in DM, sIBM and ASS, but low in IMNM, suggesting differential interferon pathway activation across myositis subtypes. The type I IFN signature was also up-regulated in DM-specific autoantibody subgroups. Expression of IFN-inducible genes correlated with genes involved in inflammation and muscle regeneration, but not genes encoding mature muscle structural proteins (40). Similarly, although positivity for a myositis-specific autoantibody did not correlate with expression of the corresponding autoantigen in myositis muscle biopsies, myositis autoantigens were highly expressed during muscle regeneration. Myositis autoantigen expression correlated with regeneration genes, and inversely correlated with markers of mature muscle (41).

IFN and IFN-regulated gene expression has also been studied in juvenile-onset myositis. Expression of IFN-induced 15-kd protein (ISG15), a negative regulator of type I IFN, in deltoid muscle biopsy samples discriminated juvenile IIM patients from those with non-immune myopathies, and was highest in anti-MDA-5 positive JDM patients (42). Systemic IFNα protein concentrations were also higher in anti-MDA5 positive juvenile patients (43). Type I interferonopathies are genetically heterogeneous Mendelian disorders with persistent upregulation of type I IFN (44). A high prevalence of overlapping autoimmune disease is reported in some interferonpathies, and disorders such as chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) syndrome and STING-Associated Vasculopathy with onset in Infancy (SAVI) share clinical and immunological features with JDM. The IFN-regulated gene signature from peripheral blood was found to be lower in JDM than CANDLE and SAVI patients, but overlapped with SAVI particularly in anti-MDA5 positive JDM, and correlated moderately with disease activity measures (45).

Targeted studies of the mRNA and protein levels of immune-related molecules have also been carried out in both juvenile- and adult-onset IIM, and in serology-defined subgroups. Serum levels of galectin-1, galectin-9, CXCL10 (C-X-C motif chemokine 10 precursor) and TNFRII (TNF receptor superfamily member 1B) proteins correlated with severity of disease activity in treatment-naïve JDM patients (46). Galectin-9 mRNA was also increased in peripheral blood mononuclear cells from DM and anti-MDA5 positive adult-onset patients and correlated with the type I IFN inducible genes MX1 (MX dynamin like GTPase 1) and IFIH1 (interferon induced with helicase C domain 1) (47). Similarly, serum levels of galectin-9 protein were increased and correlated with disease activity (47).

In sIBM, studies of muscle using gene expression microarrays identified a muscle cytotoxic T-cell signature and a highly differentiated CD8+ T-cell signature compared to normal samples, and distinct from other forms of IIM and other autoimmune and non-immune muscle diseases, including muscular dystrophies and mitochondrial myopathies (48). Expression of markers of T-cell autoimmunity were also higher in sIBM, including T-cell related cytokines, interferon-gamma induced chemokines and upregulation of the immunoproteasome (48).

Further analysis of muscle biopsy RNAseq data identified upregulated gene expression networks in IIM including muscle regeneration, acute phase response and neutrophil degranulation, while some pathways such as myofilaments and mitochondrial envelope were suppressed (49). Myositis subtype-specific networks were also identified, including type I IFN signalling and Titin in DM, RNA binding in ASS and vasculogenesis in sIBM, suggesting different pathophysiological mechanisms (49). Application of machine learning and deep learning approaches showed that patients could be assigned to clinical groups and further molecular sub-clusters based on their muscle biopsy transcriptome profile (49, 50). Similarly, unsupervised clustering of gene expression data generated using the NanoString® nCounter PanCancer Immune Profiling Panel™ stratified anti-TIF1 and anti-Mi-2 positive DM patients, and identified a type I IFN signature in anti-Mi-2 muscle biopsy samples (51).

Finally, the transcriptional profile of DM lesional skin biopsies was compared to cutaneous lupus erythematosus, as these are often difficult to distinguish histologically (52). Dysregulated type I IFN signalling was common to both diseases, but DM skin lesions could be differentiated from cutaneous lupus erythematosus by a biomarker panel of five genes including IL18 (interleukin 18). Based on single cell RNA sequencing, keratinocytes were identified as the possible source of IL18 upregulation in DM skin (52).

Overall, these gene expression studies are adding to our knowledge of IIM pathogenesis, linking genetic variation to mRNA expression and protein translation, and providing mechanistic insights, potential therapeutic targets and biomarkers for monitoring disease activity.



Molecular Characterisation of IIM

More precise molecular classification of patients with IIM into well-characterised subgroups should inform clinical decision-making for more targeted management and treatment of disease. This may increase the success of clinical trials. Classification ‘labels’ are important in this respect, and parallels can be drawn to oncology where common cancers such as melanoma and non-small cell lung cancer are now collections of rare cancers. Our interpretation of some current findings may be altered by application of more recent classification criteria to define IIM clinical subgroups (16). Alternatively, a serology-defined nomenclature could be used. However, this is not without challenges; approximately one-third of patients with IIM are known myositis-specific or -associated autoantibody negative, many individuals have as yet unidentified autoantigens, and there is no consistent and accepted approach for autoantibody identification.

Increasingly, researchers are conducting more integrated multi-omics profiling, including genetic, genomic, proteomic, metabolomic, epigenetic and microbiome data. A molecular taxonomy to classify patients with seven systemic autoimmune diseases was recently reported (53). This study used unsupervised clustering of whole blood transcriptome andmethylome data, and clinical, serological (including autoantibodies and cytokines) and cellular features from flow cytometry (53). Four clusters of patients were defined independent of clinical diagnosis, with three of the clusters representing inflammatory, lymphoid and interferon molecular signatures, suggesting different disease mechanisms. Furthermore, in a separate cohort, the large majority of patients remained in the same cluster after longitudinal follow-up. Notably, HLA genetic associations in this study related to molecular clusters, rather than clinical diagnosis (53). Similar approaches using high-dimensional data and integrated datasets could be informative, but have not yet been applied at scale, in IIM.



Looking Forwards in IIM Genetics Research

Collectively, the genetic studies reviewed here have increased our knowledge of the pathogenesis of these rare, heterogeneous immune-mediated inflammatory disorders. However, it is not yet clear where some individual patients with IIM, or different IIM subgroups, sit on the Mendelian - polygenic, complex disease axis. We might expect a juvenile-onset disorder such as JDM to have a higher burden of rare, more penetrant, risk alleles. Advances in genetic technology will enable investigation of larger numbers of patients through whole exome and whole genome sequencing studies to better characterise the role of rare and non-coding genetic variants in IIM. Genetic studies can also provide insight into the autoimmune - auto-inflammatory axis and inflammatory versus degenerative pathology, including the role of mitochondria, autophagy and the immunoproteasome, in different IIM subgroups.

Single-cell transcriptomic approaches will allow better characterisation of gene expression in different cell types, unmasking cellular heterogeneity and addressing the multi-organ pathology and inflammatory and degenerative components of IIM. Towards this aim, numerous analytical approaches now exist based on known cell-type gene expression signatures to estimate the abundance of constituent cell types in a mixed cell population from bulk RNA-sequencing data, to distinguish between changes in cell-type composition and changes in cell state.

Novel approaches applied to existing IIM data might be instructive. For example, a shrinkage approach using GWAS summary statistics increased power to identify novel associations, look for similarities and differences, and biologically characterise multiple immune-mediated diseases (54). Other statistical approaches such as machine learning, Mendelian randomization and polygenic risk score analysis are currently being applied in IIM. Studies can also leverage public and private biobanks and repositories including genetic data such as UK Biobank, gnomAD (55), FinnGen and 23andMe.

The role of environmental factors, and gene-environment interactions, also needs further investigation, given the involvement of smoking (56, 57) and statins, and the possible role of viruses and seasonal variation in IIM. Overall, the validity and clinical utility of genetic findings will rely on our ability to translate these biomarkers into improved patient classification, disease management and treatment, and improved health outcomes for individuals with IIM.
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Background

Dermatomyositis is an autoimmune disease characterized by damage to the skin and muscles. CD4+ T cells are of crucial importance in the occurrence and development of dermatomyositis (DM). However, there are few bioinformatics studies on potential pathogenic genes and immune cell infiltration of DM. Therefore, this study intended to explore CD4+ T-cell infiltration–associated key genes in DM and construct a new model to predict the level of CD4+ T-cell infiltration in DM.



Methods

GSE46239, GSE142807, GSE1551, and GSE193276 datasets were downloaded. The WGCNA and CIBERSORT algorithms were performed to identify the most correlated gene module with CD4+ T cells. Matascape was used for GO enrichment and KEGG pathway analysis of the key gene module. LASSO regression analysis was used to identify the key genes and construct the prediction model. The correlation between the key genes and CD4+ T-cell infiltration was investigated. GSEA was performed to research the underlying signaling pathways of the key genes. The key gene-correlated transcription factors were identified through the RcisTarget and Gene-motif rankings databases. The miRcode and DIANA-LncBase databases were used to build the lncRNA-miRNA-mRNA network.



Results

In the brown module, 5 key genes (chromosome 1 open reading frame 106 (C1orf106), component of oligomeric Golgi complex 8 (COG8), envoplakin (EVPL), GTPases of immunity-associated protein family member 6 (GIMAP6), and interferon-alpha inducible protein 6 (IFI6)) highly associated with CD4+ T-cell infiltration were identified. The prediction model was constructed and showed better predictive performance in the training set, and this satisfactory model performance was validated in another skin biopsy dataset and a muscle biopsy dataset. The expression levels of the key genes promoted the CD4+ T-cell infiltration. GSEA results revealed that the key genes were remarkably enriched in many immunity-associated pathways, such as JAK/STAT signaling pathway. The cisbp_M2205, transcription factor-binding site, was enriched in C1orf106, EVPL, and IF16. Finally, 3,835 lncRNAs and 52 miRNAs significantly correlated with key genes were used to build a ceRNA network.



Conclusion

The C1orf106, COG8, EVPL, GIMAP6, and IFI6 genes are associated with CD4+ T-cell infiltration. The prediction model constructed based on the 5 key genes may better predict the level of CD4+ T-cell infiltration in damaged muscle and lesional skin of DM. These key genes could be recognized as potential biomarkers and immunotherapeutic targets of DM.
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Introduction

Dermatomyositis (DM) is an autoimmune inflammatory disease and a subtype of idiopathic inflammatory myopathy characterized by typical skin lesions and symmetrical proximal muscle weakness; besides, the most common complications and causes of death are interstitial lung disease (ILD) and malignant tumors (1–3). According to the current internationally recognized diagnostic criteria for DM, such as the Bohan and Peter criteria, characteristic skin features, including heliotrope rash across the periorbital, Gottron’s sign, V-neck sign, and shawl sign, are indispensable for the diagnosis of DM (4). Although muscle involvement is common, it often occurs months or years later than skin damage, and approximately 10%–20% of DM characterized by typical skin manifestations with subtle or no muscle involvement is defined as clinically amyopathic dermatomyositis (CADM) (5, 6). Therefore, early diagnosis of DM is relatively difficult if patients lack characteristic skin lesions. Cutaneous lesions are closely associated with the disease activity and prognosis of DM, and some atypical cutaneous manifestations can be used to predict the possibility of current or future systemic diseases in DM patients. For example, mechanic’s hands are related to an increased risk of ILD in patients with DM, skin necrosis is related to an increased risk of malignant tumors in patients with DM, and skin ulceration is linked to the low survival rate of DM patients (7, 8). Due to the lack of the ability to identify atypical skin lesions of DM, patients tend to miss or delay the optimal treatment time. In addition, the difficulty of treating DM lies in that the symptoms of myositis may be significantly improved after drug treatment, but the skin lesions will still be recurrent, resulting in changes in appearance, persistent itching, and light sensitivity, which seriously affect the quality of life of DM patients (9, 10). Most importantly, the targeted therapeutic drugs for skin lesions of DM, such as the application of topical corticosteroids, systemic immunosuppressants, or biological agents, may be of some efficacy, but the efficacy is variable, lacks prospective studies, and is accompanied by many side effects (9, 10). Notably, among all types of DM, CADM has the lowest survival rate (7). All of these challenges indicate that it is urgent to develop more effective and safer novel drugs for treating skin lesions in patients with DM. Further understanding of the molecular pathogenesis of skin inflammatory injury in DM may reveal better molecular markers and more effective therapeutic targets.

Ahmed et al. pointed out that skin biopsy was sufficient to diagnose DM without muscle biopsy in the presence of the characteristic skin manifestations and muscle symptoms of DM (11). Therefore, the biopsy of skin lesions is important for the early diagnosis of DM. The histopathological features of DM skin lesions are often manifested as interface inflammatory infiltration, perivascular inflammatory infiltration, increased apoptosis of keratinocytes in the epidermis basal layer, mucin deposition in the dermis, vacuolization of basal cells, keratinizing disorder, endothelial cell damage, etc. (12). The pathogenesis of skin inflammatory injury in DM is still unclear and may involve cellular immunity, mechanical stress, sunlight exposure, etc. (13). Multiple studies have observed that CD4+ T lymphocytes are the most important inflammatory infiltrating cells in the skin lesions of DM, mainly distributed at the dermal–epidermal junction around the blood vessels (14–16). Most of the infiltrating CD4+ T lymphocytes express CD40L, indicating that activation of CD4+CD40L+ T cells may be the main mechanism leading to the characteristic skin immune damage of DM (16). CD4+ T lymphocytes and activated CD4+ memory T cells in skin lesions are positively correlated with the area and severity index score of DM skin lesions (14). Maddukuri et al. found that compared with skin from the healthy controls and peripheral blood mononuclear cells (PBMCs) of patients with DM, the inflammatory infiltration of CD4+ T lymphocytes in the skin lesions in DM patients increased, and CD4+ T lymphocytes significantly expressed cannabinoid type 2 receptor (CB2R) and also produced interleukin (IL)-4, IL-31, interferon (IFN)-γ, and IFN-β. Notably, after treatment with lenabasum (a CB2R antagonist), the infiltration of CD4+ T lymphocytes, as well as the expression of CB2R, IL-31, IFN-γ, and IFN-β were all downregulated in the skin lesions, but this phenomenon was not observed in the PBMCs of DM patients (9). Their study not only indicated that CB2R regulating CD4+ T-cell–mediated immune inflammation is a specific skin lesion mechanism of DM but also suggested that although CD4+ T-lymphocyte infiltration is dominant in the lesional skin, damaged muscle, and peripheral blood of DM, there may be some differences in the immune regulatory mechanisms. DM is regarded as a CD4+ T-cell–driven disease, and CD4+ T cells might participate in the occurrence and development of DM in the following ways: mediating the growth, proliferation, classification, and transformation of B cells, indirectly participating in the production of myositis-specific autoantibodies (MSAs) and myositis-associated autoantibodies (MAAs), and the differentiation of T helper (Th) cells (17–21). However, the mechanism of CD4+ T-lymphocyte infiltration in DM remains unclear. Therefore, the identification of novel biomarkers associated with CD4+ T-cell infiltration may contribute to the exploration of the immune infiltration mechanism of DM, and plays an important guiding role for the early diagnosis, the evaluation of prognosis, and the discovery of new therapeutic targets of DM, especially for DM with skin lesions.

With the rapid development of bioinformatics, increasing online tools are being applied to find novel biomarkers, particularly those correlated to immunity. Weighted gene coexpression network analysis (WGCNA) is a powerful tool for the identification of biologically relevant associations between phenotypes and gene modules (22). It has been extensively utilized for the recognition of new biomarkers and therapeutic targets for diverse diseases at the transcriptional level (23, 24). Cell type identification by estimating relative subsets of RNA transcripts (CIBERSORT) is a deconvolution algorithm to analyze gene expression data of different immune cells (25). The least absolute shrinkage and selection operator (LASSO) regression is an analytical method that prevents overfitting through L1 regularization and is used to identify the key genes with high forecast accuracy (26).

In this study, gene expression profiles of lesional skin samples from DM patients and the normal control group were downloaded from the Gene Expression Omnibus (GEO) database. The CIBERSORT algorithm was performed to quantify the proportion of infiltrating immune cells in DM lesional skin. The infiltration scores of seven T-cell subtypes were selected as WGCNA phenotypic data for the WGCNA analysis to recognize coexpressed genes and explore the interrelation between gene modules and phenotypes. Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were applied to further assess the underlying function of the key gene module. By the LASSO method, the key genes were identified and a prediction model was constructed. We validated the performance of the constructed prediction model on another skin biopsy dataset and a muscle biopsy dataset from DM patients. The key gene expression levels of affected skin in DM, the relationship between the key genes and CD4+ T-cell infiltration, and the interactions between the key genes were analyzed. To explore the underlying molecular mechanisms that the key genes might be involved in, we performed gene set enrichment analysis (GSEA), researched the relationship between the key genes and disease-regulating genes, and built a network of transcriptional regulators. To gain insight into the upstream regulatory sites of the key genes, we established a long noncoding RNA (lncRNA)-microRNA (miRNA)-messenger RNA (mRNA) network, based on the competing endogenous RNA (ceRNA) theory. From what we know, this is the first time that CIBERSORT, WGCNA, and LASSO methods have been used in combination to identify novel biomarkers associated with CD4+ T-cell infiltration of DM, construct a prediction model evaluating CD4+ T-cell infiltration, and investigate the regulatory mechanisms of the key genes.



Materials and Methods


Data Download

We downloaded GSE46239, GSE142807, GSE1551, and GSE193276 datasets as Series Matrix Files from the NCBI GEO public database. The GSE46239 dataset (as a training set) was annotated by the GPL570 platform and involved the expression profile data from 52 samples of skin biopsies, including 48 DM patients and 4 normal samples (Supplementary Table S1). The GSE46239 dataset was chosen as the training set as it has a larger sample size compared to other skin biopsy datasets, with better statistical representation. GSE142807 was annotated by GPL17692 and consisted of the expression profile data from 48 skin biopsies, including 43 DM patients and 5 normal samples (Supplementary Table S2). GSE1551 was annotated by GPL96 and was composed of the expression profile data from 23 muscle biopsies of 13 DM patients and 10 normal samples (Supplementary Table S3). GSE193276 was annotated by GPL16791 and comprised the expression profile data from 14 skin biopsies of 7 DM patients before and after treatment (Supplementary Table S4). GSE142807, GSE1551, and GSE193276 were used as validation sets. Figure 1 presents the workflow of this study.




Figure 1 | The workflow of this study.





Immune Cell Infiltration Analysis

The CIBERSORT algorithm is commonly utilized to evaluate the types of immune cells in the microenvironment. This algorithm utilizes the gene expression values, consisting of 547 genes, to evaluate the proportion of 22 different infiltrating immune cells. In this study, we applied the CIBERSORT-R package to assess the relative percentage of immune cell infiltration at the site of lesional skin in DM. In addition, the Spearman correlation analysis was performed on the immune cell infiltration levels and gene expression levels.



Coexpression Network Construction and Identification of Key Gene Module

The transcriptional data of all genes were extracted from the GSE46239 dataset. The gene coexpression network was constructed by using the WGCNA-R package, and the top 5,000 genes were filtered out for further analysis based on the algorithm. The function “sft$powerEstimate” determines the soft-thresholding value β; we set the β to 5. Firstly, the expression level of an individual transcript similarity matrix was transformed into an adjacency matrix, and the topological overlap matrix (TOM) was generated from the adjacency matrix to estimate the network connectivity. Secondly, the clustering tree was constructed by TOM and average linkage hierarchical clustering. One branch of the tree represents one gene module, and one color represents one module. In accordance with the weighted correlation coefficients, the genes were clustered based on their expression patterns, and genes with similar expression patterns were classified into one module. All genes were divided into several gene modules in the above way. Module eigengene (ME) is viewed as the main component of each gene module. For that reason, MEs can reflect the level of gene expression in the module. The correlation between gene modules and CD4+ T-cell infiltration was evaluated through the Pearson correlation test in WCGNA. Eventually, the gene module most significantly related to CD4+ T-cell infiltration was identified as the key gene module for further analysis.



Functional Enrichment Analysis of Key Gene Module

To understand the biological functions and pathways of the key gene module, GO functional enrichment and KEGG pathway analyses were performed using Metascape (http://metascape.org). The enrichment cutoff used in this study was set to Min overlap ≥3 and p ≤ 0.01.



Construction and Validation of Prediction Model

The LASSO regression was applied to establish the prediction model based on all genes in the key gene module. After enrolling each gene expression value, we calculated the formula for the risk score of each sample in the training set. The risk score formula was established by weighting the estimated regression coefficients in the LASSO analysis. We used the median risk score as the cutoff point and drew the receiver operating characteristic (ROC) curves to evaluate the model’s accuracy. Subsequently, the prediction model was validated by the GSE142807 and GSE1551 datasets. We used the “Circlize package” and “corrplot package” to analyze key gene correlation visualized the result using Circos analysis.



Gene Set Enrichment Analysis

GSEA is the process of sorting genes based on the expression difference of genes from two disparate samples using a predefined gene set (according to the KEGG database) and then determining if the predefined set of genes is enriched at the top or bottom of the sorting list. To explore the underlying molecular mechanisms for the involvement of the key genes, the GSEA software (https://www.broadinstitute.org/gsea) was employed to investigate the differences in the KEGG pathways between the high- and low-expression groups of key genes. The number of the permutations was set to 1,000, and the type of the permutations was set to phenotype. The absolute value of the normalized enrichment score (NES) >1, the false-positive rate (FDR) q-value <0.25, and the nominal p-value <0.05 were deemed as the significantly enriched pathways.



Enrichment Analysis for Transcription Factors of Key Genes

Transcription factors (TFs) participate in the initial process of eukaryotic gene transcription and can be classified into two types according to their mechanism of action (27). The first type is general TFs assembled with RNA polymerase II to form the transcription initiation complex. Under these conditions, the transcription can start at the correct location (27). The second type is cis-acting elements, including promoters, enhancers, and so on, involved in the regulation of gene expression (27). In this study, TF enrichment analysis was performed to identify key TFs related to the key genes. This process used the Gene-motif rankings and annotation of TFs by motifs based on the “R package RcisTarget”. The GeneCards database (https://www.genecards.org) was used to identify the regulatory genes of DM. The relationship between the key genes and regulated genes was also analyzed.



Construction of lncRNA-miRNA-mRNA (ceRNA) Regulatory Network

MiRcode (http://mircode.org/) was performed to forecast the miRNAs of the key genes and establish the pairs of miRNA-mRNA. The DIANA-LncBase (https://diana.e-ce.uth.gr/lncbasev3/home) was applied to predict the lncRNAs through the known miRNAs and establish the pairs of lncRNA-miRNA. The commonly identified mRNAs were then incorporated. Based on the lncRNA-miRNA-mRNA interactions, a ceRNA network was built by applying the Cytoscape software. The top 5 lncRNAs with the highest connectivity were identified using the “table” function.



Statistical Analysis

Statistical analysis was performed using R version 4.0. All statistical tests were two-sided and p-values of <0.05 were considered as statistically significant differences.




Results


Results of Immune Cell Infiltration

We assessed the relative abundance of immune cell infiltration of every sample through the CIBERSORT algorithm. The cumulative histogram shows the relative fractions of 20 immune cell subtypes (Figure 2A). The heatmap of the correlation between immune cells is presented in Figure 2B.




Figure 2 | The landscape of immune infiltration between the DM and normal groups. (A) The cumulative histogram indicates the relative proportions of 22 immune cells. (B) The heatmap shows the correlation in the infiltration of 22 immune cell type proportions. Colored squares represent the strength of the correlation; the red color represents positive correlation, and the blue color represents negative correlation. The deeper the color, the stronger the correlation.





Results of the WGCNA Analysis

According to CIBERSORT, the infiltration fractions of seven T-cell subtypes in each sample were used as the trait data for the WGCNA analysis. Samples in the GSE46239 dataset were clustered by calculating average linkage and Pearson’s correlation coefficient. A gene coexpression network was established by the expression values of the top 5,000 genes using the WGCNA-R package, and a sample dendrogram and trait heatmap were constructed (Figure 3A). The power of β = 5 (scale-free R2 = 0.9) was chosen as the soft-thresholding parameter to construct a scale-free network based on the scale-free topological criteria (Figures 3B, C). After building the hierarchical clustering tree by a dynamic hybrid cutting method, ten gene coexpression modules were generated (black module, blue module, brown module, green–yellow module, grey module, magenta module, pink module, salmon module, tan module, and yellow module) (Figure 3D). Gene names in each module are presented in Supplementary Table S5. Correlation analysis between gene modules and phenotypes showed that the brown module exhibited the highest correlation with CD4+ T cells (correlation coefficient (Cor) = 0.7, p = 1e−08) (Figure 3E). Also, module membership (MM) in the brown module presented a significantly positive correlation with T-cell CD4 memory activated (Cor = 0.9, p < 1e−200) (Figure 3F). We selected the brown module as the key module for subsequent analysis to explore the underlying functions and mechanisms of these genes driving CD4+ T-cell infiltration in DM.




Figure 3 | Identification of key module. (A) Sample dendrogram and trait heatmap. A branch indicates a single sample in our training set. (B, C) The process of β selection, the scale-free fit index, and the average connectivity for different β. (D) Cluster dendrogram. A color branch of the cluster tree represents a coexpression module. The two-colored rows below the cluster tree represent the primitive module and coalesced module. (E) Heatmap shows the correlations of ME with T-cell infiltration. The background color of single cells indicates the correlation strength. The red color represents positive correlation with phenotypic trait; the blue color represents negative correlation. The number in each cell indicates the correlation coefficient (R), and the p-value (in parentheses) represents correlation significance (p < 0.01 indicated the significant correlation). ME, module eigengene. (F) The correlation between ME in the brown module and T-cell CD4 memory activated (Cor = 0.9, p < 1e−200) (p < 0.01 indicated the significant correlation).





Functional Enrichment Analysis Results of Key Gene Module

GO enrichment and KEGG pathway analyses identified the top 20 terms enriched in the brown module, which were immune-related terms. Among them, the four terms with the highest fold enrichment were response to the virus, regulation of response to biotic stimulus, positive regulation of immune response, and immune effector process (Figure 4A). Supplementary Table S6 shows the 50 representative genes enriched by the KEGG pathways. We selected the most representative terms from each of the 20 clusters to construct a network layout (Figure 4B). The interaction network of all genes in the brown module was established through the string online database (https://string-db.org) and visualized using Cytoscape (Figure 4C).




Figure 4 | Functional enrichment analysis of key module and identification of key genes related to DM. (A) Bar chart of the top 20 enriched terms (The enrichment cutoff was set to Min overlap ≥3 and p ≤ 0.01). (B) Network diagram showing the enriched terms. Each enrichment term is a node; nodes with the same color share the same cluster ID. (C) Protein–protein interaction network of genes in the brown module. (D) The confidence interval of each lambda. The horizontal axis shows the logarithm of the lambda, the vertical axis shows mean-squared error. (E) The distribution of the LASSO coefficient. Each color line shows the changing tendency of each gene coefficient chosen by the LASSO algorithm. The horizontal axis shows the log value of lambda, the vertical axis shows the coefficient corresponding to lambda, and the numeral on the upmost axis shows the number of genes whose coefficient is not zero at different log lambda values. (F) Five genes were screened out by LASSO regression and their coefficient.





Construction and Validation of Prediction Model and Identification of Key Genes

The strongly connected genes in the brown module may be the underlying key factors driving the infiltration of CD4+ T cells. A total of 506 candidate key genes were identified from the brown module based on the cutoff standard (module membership >0.8 and gene significance >0.5). Feature selection was conducted by LASSO regression in candidate key genes. Eventually, 5 genes that can be used as characterized genes of DM were identified, which were chromosome 1 open reading frame 106 (C1orf106), component of oligomeric Golgi complex 8 (COG8), envoplakin (EVPL), GTPases of immunity-associated protein family member 6 (GIMAP6), and interferon-alpha inducible protein 6 (IFI6) (Figures 4D–F). We referred to these five genes as key genes. The prediction model was established according to the LASSO algorithm based on the expression levels of the key genes and the regression coefficients of LASSO. The risk score formula was: risk score = C1orf106 × (-0.00944194461775629) + COG8 × (-0.00881190286420128) + EVPL × (-0.0075305737266484) + GIMAP6 × 0.00937653812406344 + IFI6 × 0.0695325226398151. We found that the gene prediction model constructed by the 5 genes has a better predicted performance in the training set (the dataset of skin biopsies), with an area under the curve (AUC) of 0.974 (Figure 5A). The prediction model was verified in the GSE142807 validation set (another dataset of skin biopsies) with an AUC of 0.976 (Figure 5B). To understand whether this model also presents a good predictive performance in muscle biopsy tissue from DM patients, we validated the model performance in the GSE1551 dataset with an AUC of 0.807 (Figure 5C). The above results demonstrated that the prediction model has better stability and prediction ability in both the skin and muscle biopsy datasets. On the basis, we further evaluated the predictive value of each key gene through the ROC curve, and the results showed that the AUC values of the 5 key genes were as follows: 0.943 (C1orf106), 1.000 (COG8), 0.969 (EVPL), 0.945 (GIMAP6), and 0.964 (IFI6), respectively (Figures 5D–H). The results described above demonstrated that the prediction model based on the training set had superior accuracy, and the 5 key genes could well predict the inflammatory infiltration level of CD4+ T cells in DM patients.




Figure 5 | The validation of the model predictive efficacy and the evaluation of the independent predictive performance of key genes. (A) ROC curve analysis of the training set, AUC = 0.974. (B) ROC curve analysis of the GSE142807 validation set, AUC = 0.976. (C) ROC curves analysis of the GSE1551 validation set, AUC = 0.807. (D–H) ROC curve analyses respectively of C1orf106 (AUC = 0.943), COG8 (AUC = 1.000), EVPL (AUC = 0.969), GIMAP6 (AUC = 0.945), and IFI6 (AUC = 0.964).





Expression and Interaction of Key Genes and the Relationship With CD4+ T-Cell Infiltration Level

The expression of the key genes in damaged skin tissues of DM patients was analyzed, and the results suggested that, compared with the normal group, the expression of C1orf106, COG8, and EVPL was lower, and the expression of IFI6 and GIMAP6 was higher in the DM group (Figures 6A–E). The correlation analysis of the key genes suggested that C1orf106 presented a significantly positive correlation with COG8 and EVPL, IFI6 presented a significantly positive correlation with GIMAP6, and the remaining genes were pairwise negatively correlated (Figures 6F–J). These mechanisms require further exploration.




Figure 6 | (A–E) The expression level of the five key genes between the DM and normal groups (**p < 0.01; ***p < 0.001; p < 0.05 were considered significantly different). (F–J) The correlation analysis between key genes and T-cell CD4 memory activated expression. The correlation coefficients and p-values were shown at the top of the graphs (p < 0.01 indicated the significant correlation). (K) The Circos diagram depicts Pearson correlations between key genes. The red color represents positive correlation, and the green color represents negative correlation.



The correlation analysis between the expression levels of the key genes and CD4+ T cells indicated that the expression of C1orf106, COG8, and EVPL was significantly negatively correlated with the expression of T-cell CD4 memory activated. Whereas, the expression of GIMAP6 and IFI6 presented a remarkably positive correlation (Figure 6K). The results presented above suggested the expression levels of the key genes in DM all promoted the infiltration of CD4+ T cells. To evaluate the changes of the key gene expression levels in the lesional skin before and after treatment of DM patients, we analyzed the GSE193276 dataset and found that the EVPL expression level was significantly increased and the IFI6 expression level was significantly decreased after treatment (Supplementary Figure S1). It indicated that EVPL and IFI6 may not only be related to the infiltration of CD4+ T cells but also are more likely to participate in the progression of DM compared with the other three key genes.



GSEA Analysis Results of Key Genes

Furthermore, to investigate the underlying molecular mechanisms of the key genes affecting the CD4+ T-cell infiltration in DM, we conducted enrichment analysis for the 5 key genes involved in signaling pathways. GSEA analysis showed that the key genes involved in many immune-related pathways were significantly enriched. The Janus Kinase/Signal transducers and activators of transcription (JAK/STAT) signaling pathway, NOD-like receptor signaling pathway, natural killer cell-mediated cytotoxicity, etc., were significantly enriched in the low-expression group of C1orf106. The chemokine signaling pathway, NOD-like receptor signaling pathway, cytokine–cytokine receptor interaction, etc., were significantly enriched in the low-expression group of COG8. The TOLL-like receptor signaling pathway, antigen processing and presentation, chemokine signaling pathway, etc., were significantly enriched in the low-expression group of EVPL. Leukocyte transendothelial migration, the JAK/STAT signaling pathway, complement and coagulation cascades, etc., were significantly enriched in the high-expression of GIMAP6. The JAK/STAT signaling pathway, retinoic acid inducible-gene I (RIG-I)-like receptor signaling pathway, intestinal immune network for IgA production, etc., were significantly enriched in the high-expression group of IFI6 (Figure 7). The above results suggest that C1orf106, COG8, EVPL, GIMAP6, and IFI6 genes may affect the infiltration of CD4+ T cells in DM through diverse immune-related pathways.




Figure 7 | The results of GSEA. Enrichment analysis of pathway and KEGG-involved key genes. (A–E) Graphs respectively show the GSEA results of C1orf106, COG8, EVPL, GIMAP6, and IFI6 genes. Each graph includes 2 parts. The first part is line graph of enrichment score (ES), the horizontal axis represents ranked gene set, and the vertical axis represents running ES (NES represents normalized ES). The score at the peak of the line graph is the ES for that gene set. The position of gene set was marked by the vertical line in the second part (The absolute value of the NES >1, the false-positive rate (FDR) q-value <0.25, and the nominal p-value <0.05 were considered as the significantly enriched pathways).





Enrichment Analysis for Transcription Factors of Key Genes

Gene modules are composed of coexpression genes, suggesting potential coregulatory mechanisms such as multiple transcription factors. In view of this, the enrichment analysis of transcription factors was performed (Figure 8). The enrichment analysis includes three steps: (1) The cumulative recovery curve was used for enrichment analysis; (2) the annotation of Motif-TF; and (3) the significant gene selection. The enrichment analysis results indicated that the highest NES of Motif-TF annotated as cisbp_M2205 was 7.46, and the 3 key genes (C1orf106, EVPL, and IFI6) were enriched in this motif, indicating that the transcription binding domain was the master regulatory factor for key genes C1orf106, EVPL, and IFI6. Meanwhile, all the enriched motifs and corresponding transcription factors for the 5 key genes are displayed in Supplementary Table S7.




Figure 8 | (A) Histogram of AUC. The first step to assess the overrepresentation of each motif for key genes is to calculate the AUC. The red vertical line represents the significance level that motifs with a greater AUC than the significance level are regarded as significant motifs. (B) The recovery curve for a few motifs. The red line represents the global mean of recovered curve of motifs, and the green line represents mean ± standard deviation. Motifs greater than mean ± standard deviation were regarded statistically significant. The blue line represents the recovered curve of the current motif. The motif cisbp_M2205 was significantly enriched in key genes (C1orf106, EVPL, and IFI6), while cisbp_M0456 and cisbp_M1261 did not reach the significance level.





Correlation Analysis Between Key Genes and Disease-Regulating Genes

These genes involved in the development and progression of diseases are called disease-regulating genes. Regulatory genes identified by the GeneCards database were most likely involved in the development of DM and were analyzed for differential expression between DM groups and normal groups. The results showed that regulatory genes chromodomain-helicase-DNA-binding protein (CHD) 3, CHD4, interferon induced with helicase C domain 1 (IFIH1), interferon-stimulated gene 15 (ISG15), microRNA 21 (MIR21), and tripartite motif-containing 33 (TRIM33) had significant differences in expression between the two groups (Figure 9A). The correlation analysis of the key genes and differential regulatory genes indicated that COG8 was significantly negatively correlated with ISG15 (Pearson correlation coefficient = -0.84, p = 1.34e−14) and GIMAP6 was significantly positively correlated with IFIH1 (Pearson correlation coefficient = 0.74, p = 2.56e−10) (Figure 9B). The above results suggested that COG8 and GIMAP6 may take part in the regulation of ISG15 and IFIH1 on DM, respectively.




Figure 9 | (A) Differential analysis of disease-regulating genes. Regulatory genes of CHD3, CHD4, IFIH1, ISG15, MIR21, and TRIM33 showed significantly different expression between the DM and normal control groups. Compared to normal control, CHD3, CHD4, and TRIM33 were lowly expressed in the DM group, while IFIH1, ISG15, and MIR21 were highly expressed (*p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance; p < 0.05 were considered significantly different). (B) The correlation analysis of key genes and differential regulatory genes. The first plot indicates COG8 was significantly negatively correlated with ISG15, the second pot indicates visualization of Pearson correlation between regulatory genes and key genes, and the third plot indicates GIMAP6 was significantly positively correlated with IFIH1. The Pearson correlation coefficients and p-values were shown at the top of the graphs (p < 0.01 indicated the significant correlation).





Construction of the lncRNA-miRNA-mRNA (ceRNA) Network

According to the ceRNA hypothesis, miRNAs negatively regulate the expression of their target mRNAs by binding to response elements in target mRNAs, while lncRNAs inhibit miRNAs’ negative regulation on target mRNAs through acting as molecular sponges (28, 29). We constructed a lncRNA-miRNA-mRNA (ceRNA) network. Based on the mRNAs of the 5 key genes, miRNAs of the key genes were predicted reversely by applying the miRcode database, and 396 miRNA-mRNA interaction pairs were obtained. Afterward, we used the DIANA-LncBase database to identify reversely lncRNAs, and 8,769 lncRNA-miRNA interaction pairs were obtained. A total of 18,598 lncRNA-miRNA-mRNA relation pairs were obtained, involving 52 miRNAs and 3,835 lncRNAs (Supplementary Table S8). Eventually, the ceRNA network was constructed, using the Cytoscape software to visualize this network (Supplementary Figure S2). The top 5 connectivity degree of lncRNAs were CTC-459F4.3, KCNQ1OT1, AC006548.28, MIR6818, and RP3-323A16.1.




Discussions

The definitive pathogenesis of DM has not been fully determined, but it is widely believed to be an autoimmune response that environmental factors trigger in genetically susceptible individuals. The most favorable evidence in support of immune-mediated pathogenesis is the presence of multiple immune cell infiltration and autoantibodies in muscle biopsies of DM patients. Studies have shown that T lymphocytes are related to the pathogenesis of DM and the disease activity, but the specific mechanism remains unclear (30). CD4+ T cells are the most considerable immune infiltrating cells in the skin, muscle, and bronchoalveolar lavage fluid of DM patients, so it is crucial to explore potential therapeutic targets based on CD4+ T cells. However, no studies so far have systematically screened biomarkers correlated with CD4+ T-cell immune infiltration and evaluated their value in the immune infiltration process of DM. CD4+ T cells are related to the area and the severity of skin lesions, and some skin manifestations are associated with the prognosis of patients, indicating that CD4+ T cells play an important role in the pathogenesis and prognosis of DM skin damage. This study first identified the key genes associated with CD4+ T-cell infiltration in skin biopsy samples of DM patients by integrating bioinformatics analysis and then validated the better model performance in a muscle biopsy dataset from DM patients to further search for potential targeted genes involved in the pathogenesis of DM.

The WGCNA analysis suggested that the brown module was the most correlated with the level of CD4+ T-cell infiltration within the WGCNA coexpression network. Gene enrichment analysis identified the brown module was highly correlated with immunity. The 5 key genes related to the CD4+ T-cell infiltration level, namely C1orf106, COG8, EVPL, GIMAP6, and IFI6, have been identified by the LASSO regression model. Moreover, the expression levels of the 5 key genes could promote CD4+ T-cell infiltration in DM patients. This model was well validated in the DM muscle biopsy dataset, indicating this predictive model may also assess the level of CD4+ T-cell infiltration of the muscle involvement in DM. These results indicated that the 5 key genes are factors affecting the immune infiltration of CD4+ T cells in DM patients.

C1orf106, also known as innate immunity activator (INAVA), is located on chromosome 1 and encodes the C1orf106 protein (31). The C1orf106 protein is an epithelial junction protein that maintains the junction of the functional epithelial cells through the direct interaction with adhesins and is essential for maintaining the integrity of the intestinal epithelial barrier (31). The polymorphism of C1orf106 is a susceptibility factor for inflammatory bowel disease (IBD), and the decrease of C1orf106 protein expression could lead to the loss of intestinal mucosa barrier integrity, resulting in increased susceptibility to IBD (32). Human macrophages carrying the C1orf106-risk allele rs7554511 reduced the expression of C1orf106 protein, decreasing the NOD2 signaling and the secretion of cytokines initiated by pattern recognition receptors (PRR) (33). The impaired T-cell function and Th cell differentiation were observed in the absence of NOD2 (34). We found that the NOD-like receptor signaling pathway was enriched in C1orf106 low expression, but the result seems different from that of the previous study (33), which may be one of the reasons why C1orf106 low expression promotes the infiltration of CD4+ T cells in DM patients. Our study suggested that other molecular mechanisms such as the enrichment of the JAK/STAT signaling pathway may be related to the low expression of C1orf106, promoting CD4+ T-cell infiltration. Studies have shown that methylation changes of CD4+ T cells affect the polarization of CD4+ T cells, which may be the pathogenesis of psoriasis (35, 36). Zhou et al. found that the single nucleotide polymorphisms (SNPs) rs2853953 in C1orf106 may mediate the genetic risk of psoriasis through DNA methylation (37). The above studies indicated that the SNPs in the C1orf106 gene may affect CD4+ T-cell polarization through methylation. Overexpression of C1orf106 was associated with invasive breast cancer and its poor prognosis and could be used as a novel marker to predict the aggressiveness and prognosis of breast cancer (38). In addition, 2 SNPs (rs442905 and rs59457695) in the C1orf106 gene and protein expression levels could be used to predict the therapeutic effect of infliximab in patients with Crohn’s disease (39). Based on the above, it appears particularly interesting to further explore the relationships between the C1orf106 gene and DM, C1orf106, and CD4+ T cells.

The COG8 gene encodes the COG8 protein which is involved in intracellular membrane transport and protein glycosylation (40). The dysfunction of the COG complex interferes with the glycosylation of proteins by affecting the separation of glycosyltransferase (41). Receptors related to T-cell differentiation, such as CD4, CD8, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and Notch receptors, are glycoprotein receptors whose expression and function depend on normal glycosylation (42). Previous studies suggested that glycosylation has a certain regulatory effect on T-cell–mediated diseases such as multiple sclerosis (MS), systemic lupus erythematosus (SLE), and IBD (43–46). The silencing of COG8 could enhance the expression of immune-related genes (47). Chemokines are the key drivers of inflammation. Their functions include not only appealing leukocytes to the inflammation sites but also activating adhesion molecules to permit leukocyte extravasation (48). Liu et al. found, after silencing the COG8 gene, the mean fluorescence intensity (MFI) of the chemokine receptor C-X-C motif chemokine receptor 4 (CXCR4) on the surface of CD4+ T cells infected with human immunodeficiency virus (HIV)-1 had a slight increase (49). Dendritic cells induce germinal center (GC) CD4+ T-cell migration by upregulating CXCR4 on the surface of CD4+ T cells (50). Schjetne found CXCR4 was one of the extraordinary targets for Ab-mediated delivery of Ag for major histocompatibility complex, class II (MHC-II) presentation and could promote CD4+ T-cell proliferation (51). Moreover, CXCR4 was related to idiopathic CD4+ T lymphocytopenia (52). Our results also indicated a chemokine signaling pathway was associated with COG8 low expression. A worthy of consideration is that COG8 may promote CD4+ T-cell infiltration in the skin by multiple pathways, including the chemokine signaling pathway and glycosylation. Nevertheless, since there are no studies between COG8 and DM, it requires further experimental validation. COG8 is a potential prognostic biomarker in kidney renal clear cell carcinoma (KIRC), and the KIRC patients with low expression of COG8 showed worse progression-free survival and disease-free survival (53). Whether COG8 can be used as a prognostic marker in DM remains to be explored.

The EVPL protein is encoded by the EVPL gene and is a member of the plakin protein family, predominantly expressed in the skin, esophagus, and other tissues. The cornified envelope is indispensable for the skin barrier function, while envoplakin, periplakin, and involucrin jointly form the protein scaffolds of the cornified envelope (54). Sevilla et al. found that combined loss of the cornified envelope protein (EPI−/−) could not only damage the epidermal barrier but also increase CD4+ T-cell infiltration and decrease γδ T cells, changing the composition of T-cell subsets (54). The expression levels of cytokines and chemokines increased, and the responsiveness of lymphoid stress surveillance intensified (55). Shen et al. found that the EVPL protein expression was downregulated in mouse atopic dermatitis skin lesions, the skin injury was significantly improved, and the expression of EVPL in skin lesions was upregulated after resveratrol treatment (56). Similarly, our results also found the expression of EVPL in skin lesions was also increased. It has been shown that EVPL, as a novel biomarker in metastatic melanoma, can be used to predict the poor prognosis of patients with metastatic melanoma (57). Although there are presently no studies about EVPL related to the pathogenesis of DM, combined with the evidence presented above, we thought that EVPL deficiency may lead to skin damage in patients with DM, which is most likely related to CD4+ T-cell infiltration.

The GTPase of immunity-associated proteins (GIMAPs) are a family of genes thought to be involved in the development, signaling, and apoptosis of lymphocytes, having an essential role in immune system homeostasis (58). GIMAP6 is located on chromosome 7q36.1 and encodes the GIMAP6 protein. GIMAP6 protein is an antiapoptotic protein associated with T cells and a member of the GIMAP family that is dominantly expressed in CD3+ T lymphocytes (59). GIMAP6 protein can act on the regulation of the activation and apoptosis of peripheral T cells to maintain the homeostasis of peripheral T cells, and the dysregulation of T-lymphocyte homeostasis is closely linked to autoimmune diseases (58, 60). The apoptosis of CD4+ T lymphocytes was accelerated and the number of CD4+ T cells was significantly reduced in the peripheral blood of the GIMAP6 gene-deficient mice (60). Genetic association studies have shown that the GIMAP gene is related to autoimmune diseases such as SLE, Behcet’s syndrome, type I diabetes (61–63). An increase in GIMAP6 protein level enhances the survival rate of activated T cells by increasing the resistance to cell death induced by genotoxic restimulation and activation (59). Thereby, in autoimmune diseases, GIMAP6 may promote the T-cell–mediated immune response immunity by regulating T-cell activity. Combined with our results that GIMAP6 expression was significantly upregulated in DM, we speculated that GIMAP6 might contribute to regulating the development, activation, and apoptosis of CD4+ T cells. GIMAP6 has been recognized as a prognostic biomarker in head and neck squamous cell carcinoma, breast cancer, and female lung adenocarcinoma and as a predictor of response to immunotherapy in lung adenocarcinoma (64–66). We are looking forward to furthering studies exploring the relationship between GIMAP6 and CD4+ T cells in DM.

IFI6 is an interferon-stimulated gene (ISG), and its expression is highly induced by IFN-α (67). IFI6 protein, encoded by IFI16, participates in the immune system response to type I interferon (IFN-I) by activating the JAK/STAT signaling pathway engaged in immune regulation and antiapoptosis (67). It has been clear that the pathogenesis of DM is related to IFN-I, especially IFN-β, which is highly expressed in T cells in DM cutaneous lesions, and the IFN-I pathway is highly active in DM skin lesions (14). The infiltration of CD4+ T lymphocytes increased in DM skin lesions and strongly expressed IFN-β and IFN-γ (9). In juvenile dermatomyositis (JDM) patients, the disease activity relates to the IFN-I and IFN-II scores (68). Sustained IFN responses mediated by continuous stimulation of antigen-presenting cells are implicated in a variety of autoimmune diseases, and the resulting activation of T and B cells may be accountable for the generation of autoantibodies (69). Studies implied that the mRNA expression of IFI6 was remarkably increased in the muscle tissue of DM patients (70). IFI6 was highly expressed in SLE, psoriasis, and type I diabetes and was also able to forecast the treatment response of rheumatoid arthritis patients to tocilizumab (71–73). The IFN-I pathway also mediates the upregulation of hundreds of ISG through the JAK/STAT signaling pathway (74). Our study also showed that the JAK/STAT signaling pathway was enriched in the high expression of IFI6. Therefore, IFI6 and IFN-I may form a positive feedback loop. IFN-α and IFN-β can activate CD4+ T cells, and IFN-α can mediate the differentiation of CD4+ T cells towards Th1 cells (75–77). This evidence indicated that the highly expressed IFI6 may promote the infiltration of CD4+ T cells and regulate the body’s immune function to participate in the occurrence and development of DM by being involved in the IFN-I signaling pathway.

Wong et al. found that a large group of genes involved in T cells and IFN-induced genes were overexpressed in skin lesion biopsies of patients with DM, especially in active skin lesions such as ISG15 and IFIH (78). ISG15 is an IFN-1 induced gene and encodes ISG15 protein, which is highly upregulated in muscle, blood, and skin of DM patients (78–80). ISG15 is widely considered to be a regulatory gene in DM and may regulate the pathogenesis of DM by driving injury mechanisms of myofibers and capillary DM (81). IFIH1 is also named melanoma differentiation–associated gene 5 (MAD5), and the IFIH1 protein encoded by this gene acts as a cytoplasmic sensor that recognizes viral double-stranded RNA and then triggers transcription of genes encoding type I interferons (24). The IFIH1 protein is considered a specific autoantigen target of DM, and the anti-MDA5 antibody is highly expressed in DM (82, 83). It is speculated that the virus may trigger the overproduction of IFN-I, thereby promoting the development of anti-MDA5–associated DM. Patients with anti-MDA5–associated DM have unique cutaneous manifestations and an increased risk of rapidly progressive interstitial lung disease (RP-ILD), leading to high mortality (24). The biological pathways of ISG15 and IFIH1 include T-cell activation, antigen processing, complement activation, etc. (78). The percentage of CD4+CXCR4+ T cells in the peripheral blood of idiopathic inflammatory myopathy–related ILD (IIM-ILD) patients was significantly increased. CD4+CXCR4+ T cells are a novel biomarker of IIM-ILD, which could predict disease severity and prognosis (84). Our study found that the key genes COG8 and GIMAP6 were related to the upregulation of ISG15 and IFIH in DM skin lesions, suggesting that COG8 and GIMAP6 may be involved in the occurrence and development of DM and may mediate the infiltration of CD4+ T cells in DM through regulatory genes. Further studies on the relationship between the key genes, disease-regulating genes, and CD4+ T cells may better reveal the pathogenesis of DM.

In the end, we constructed the ceRNA regulatory network to gain insight into the upstream regulatory sites of the key genes. However, this study has some limitations. Only bioinformatics methods were used for key gene screening and verification, which is in the prediction stage. Additional clinical samples, in vivo and in vitro experiments, and functional studies are needed to validate the prediction results.



Conclusions

In summary, we found that the 5 key genes, C1orf106, COG8, EVPL, GIMAP6, and IFI6, were associated with the CD4+ T-cell infiltration in lesional skin tissues of DM, and the prediction model constructed based on the 5 key genes may better also predict the level of CD4+ T-cell infiltration in damaged muscle tissues of DM. Therefore, these key genes could be underlying diagnostic markers and immunotherapy targets for DM. This study may provide a novel perspective for further understanding the mechanism and new orientations for the treatment of DM based on CD4+ T cells.
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Objective

To evaluate adrenomedullin mRNA levels in the peripheral blood mononuclear cells (PBMCs) of patients with dermatomyositis (DM) as well as their correlation with the severity of interstitial lung disease (ILD).



Methods

A total of 41 DM patients and seven immune-mediated necrotizing myopathy (IMNM) patients were recruited, in addition to 21 healthy controls (HCs). The adrenomedullin mRNA levels in PBMCs were measured via quantitative reverse-transcription real-time polymerase chain reaction (qRT-PCR). The associations between adrenomedullin expression levels and major clinical, laboratory, pulmonary function parameters and the prognosis of patients with DM-related ILD (DM-ILD) were analyzed. Immunohistochemical analysis was performed on lung tissues of DM-ILD patients to determine adrenomedullin expression.



Results

Adrenomedullin mRNA levels in PBMCs were significantly higher in DM patients than in IMNM patients and HCs (p = 0.022 and p<0.001, respectively). Among DM patients, the levels were significantly higher in those with rapidly progressive ILD (RP-ILD) than in those with chronic ILD (p = 0.002) or without ILD (p < 0.001). The adrenomedullin mRNA levels in DM-ILD were positively correlated with serum ferritin (r =0.507, p =0.002), lactate dehydrogenase (LDH) (r =0.350, p =0.045), and lung visual analog scale (VAS) (r=0.392, p=0.021) and were negatively correlated with pulmonary function test parameters, including predicted forced vital capacity (FVC)% (r = −0.523, p = 0.025), forced expiratory volume in 1 s (FEV1)% (r = -0.539, p = 0.020), and diffusing capacity of carbon monoxide (DLco)% (r = -0.495, p = 0.036). Immunohistochemical analysis of adrenomedullin confirmed higher expression in the alveolar epithelial cells and macrophages of DM patients with RP-ILD. Among the DM patients with ILD, the six decedents exhibited higher adrenomedullin levels than the 28 survivors (p = 0.042). The cumulative survival rate was significantly lower (62.5% vs. 100%, P = 0.005) in patients with an adrenomedullin level > 0.053 than in those with a level <0.053.



Conclusions

Adrenomedullin levels are upregulated in DM patients with RP-ILD and are associated with ILD severity and poor prognosis. Adrenomedullin may be a potential prognostic biomarker in DM patients with ILD, although need further investigation.





Keywords: adrenomedullin, interstitial lung disease, dermatomyositis, prognosis, disease severity



Introduction

Dermatomyositis (DM) encompasses a group of heterogeneous autoimmune conditions that affect not only the muscles and skin, but also several other organs including the lungs and heart (1, 2). Interstitial lung disease (ILD) is considered the most common and serious complication of DM and is usually resistant to high-dose glucocorticoids or other immunosuppressive therapy, contributing the morbidity and mortality of DM patients. ILD is difficult to detect in the early stages of disease. Some patients with DM-ILD develop rapidly progressive ILD (RP-ILD) within three months of onset. Without effective treatment, only 40-45% of these patients survive after 6-months (3–6). Although several biomarkers, such as ferritin (7, 8), IL-18 (9), and Krebs von Nest Lungen-6 (KL-6) have been used as indexes for inflammatory activity within the lungs (10, 11), the exact mechanism of DM-ILD pathogenesis remains unclear.

Adrenomedullin is a bioactive peptide composed of 52 amino acids, originally found in the acid extract of human pheochromocytoma tissue (12). Studies have shown that it is not only produced in the normal adrenal medulla but is also widely distributed in various tissues and cell types, including alveolar macrophages, bronchoalveolar epithelial cells, and lung endothelial cells (13–15). Adrenomedullin participates in various pathological and physiological processes, including in inflammatory pathways, and regulates angiogenesis and lung tissue repair (16). Studies have confirmed that plasma adrenomedullin levels are increased in certain connective tissue diseases. For example, the increased expression of plasma and cellular adrenomedullin has been widely associated with disease activity in rheumatic diseases, including systemic sclerosis, systemic lupus erythematosus, and rheumatoid arthritis. These studies also revealed that adrenomedullin is involved in the pathogenesis of the above-described conditions (16–20). It was recently reported that the expression of plasma adrenomedullin increases in chronic obstructive pulmonary disease (COPD), which may reflect the severity of disease and serve as an independent predictor of prognosis (21). However, whether adrenomedullin levels are elevated in DM patients as well as the relationship between adrenomedullin levels and ILD severity remains unknown.

Here, we investigated adrenomedullin expression levels in the PBMCs of patients with DM and assessed the association of adrenomedullin with clinical characteristics, focusing on ILD and prognosis.



Materials and Methods


Patients

A total of 41 DM and seven IMNM patients admitted to the China-Japan Friendship Hospital between September 2016 and September 2020 were enrolled in our study. All patients were diagnosed according to the 2017 ACR/EULAR classification criteria for IIMs (22), IMNM was classified by ENMC IMNM classification criteria (23). Patients complicated with other connective tissue diseases and those aged <18 years were excluded from the current study. We also excluded patients with following conditions which include cardiopulmonary disease (including hypertension, heart failure, coronary heart disease and chronic obstructive disease), diabetes, kidney disease, and pregnancy, because it has been reported that the levels of adrenomedullin were elevated in patients with these conditions (15) before study. The selection process for DM patients was shown in Figure 1. In addition, 21 sex- and age- matched healthy controls (HCs) from the Physical Examination Center of the China-Japan Friendship Hospital were included. Patients’ medical history information was obtained from the hospital’s electronic information system, including age, sex, clinical manifestations, laboratory data, and lung function tests. Physician global assessment (PGA), which was recorded on a continuous 10 cm visual analog scale (VAS), was used to assess disease activity of patients with DM. The scale provides a comprehensive score for the whole body, including the joints, heart, lungs, gastrointestinal system, skin, and muscle organs or systems (24). All patients in the current study were followed up with for at least 12 months until July 2021. Each participant gave written informed consent before enrollment, and the study was approved by the Research Review Committee and Ethics Review Committee of the China-Japan Friendship Hospital.




Figure 1 | Selection flowchart.





Classification of ILD

ILD diagnosis was established by the high-resolution computed tomography (HRCT) (25). DM patients with ILD were divided into two clinical subgroups, RP-ILD and chronic ILD. RP-ILD is defined as rapidly progressing ILD with severe dyspnea symptoms and new interstitial abnormalities on HRCT within 3 months (25). The diagnosis of chronic ILD is based on asymptomatic, slowly progressive ILD or non-rapidly progressive ILD imaging for more than 3 months (26).



Measurement of Adrenomedullin

Peripheral blood mononuclear cells (PBMCs) were separated from 6 ml of peripheral blood samples of DM, IMNM, and HCs via Histopaque (1.077g/mL, Sigma-aldrich, St. Louis, USA) density gradient centrifugation and stored in liquid nitrogen. The rapid RNA extraction kit (Yishan, Shanghai, China) was used to extract total RNA from PBMCs, and RNA concentration was quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Total RNA was reverse transcribed into cDNA using the PrimeScriptTM RT reagent (Takara, Otsu,Japan). To compare the mRNA levels of adrenomedullin (forward primer: 5’-TTGTCCTCCCCTATTTTAAGACG -3’, reverse primer: 5’-CTTCCACACAGGAGGTAATCAGTC-3’), qRT-PCR was performed using an ABI 7500 sequence detection system (Applied Biosystems, Foster City, CA) with SYBR Green Master Mix (Qiagen, Hilden, Germany). The cycling conditions were as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Stability analysis and identification of candidate internal reference genes are listed in Supplementary material. Geometric mean of RBS18 and GAPDH was used as the reference genes for gene expression analysis. Each sample was measured in triplicate. The 2-ΔCt method was used to calculate relative expression levels of RNA normalized to an endogenous control.



Immunohistochemistry

Lung tissue sections were obtained via percutaneous lung biopsy. 10% formalin was used to fix the tissues. The fixed tissues were embedded in paraffin (6 µm thickness), deparaffinized, and preheated for 30 min in epitope retrieval solution (Citric acid Retrieval Solution, Aladdin, Shanghai, China). The tissue sections were incubated with rabbit anti-adrenomedullin polyclonal antibody (1:500 dilution; Proteintech, Wuhan, China) overnight at 4°C, and then incubated with a goat anti-rabbit IgG secondary antibody (Gene Tech Shanghai Company Limited, Shanghai, China) for 30 min at room temperature. Peroxidase activity was determined using 3,3’-Diaminobenzidine (Gene Tech Shanghai Company Limited). The tissues were counterstained with hematoxylin.



Statistical Analysis

Normally distributed data were expressed as the mean ± standard deviation (SD) and compared by a t-test. Non-normally distributed data were expressed as median [with interquartile range (IQR)] and were compared by the Mann-Whitney U test. Spearman’s correlation analysis was used to test correlations. Fisher’s exact test was performed to calculate categorical data. When predicting patient prognosis, the best predicted cut-off points were calculated using receiver operating characteristic (ROC) analysis. The Kaplan-Meier test was used to calculate survival rates. Differences of p < 0.05 were considered statistically significant. Statistical analysis was carried out using SPSS 25.0 and GraphPad Prism 8.0.




Results


Comparison of Baseline Clinical Features Between DM Patients With or Without RP-ILD

There were 41 patients with DM recruited in the current study. Among these, 30 were women. The mean onset age was 52.0 years, and the median disease duration was 6.0 months. There were 34 patients (82.9%) with ILD, while 13 (31.7%) were classified as having RP-ILD. Clinical features, laboratory data, and pulmonary function test parameters are described in Table 1. The onset age in DM patients with RP-ILD was significantly higher than in those without ILD. Further, the frequency of mechanic’s hands and skin ulcers was significantly higher in DM patients with RP-ILD than in those with chronic ILD. The frequency of anti-MDA5 positivity was significantly different between DM patients with RP-ILD and those without ILD. Ferritin levels, which indicate ILD disease activity, were significantly elevated in patients with RP-ILD than in those without it. Moreover, CEA levels were obviously higher in patients with RP-ILD than in those without ILD. The FVC% and FEV1% indicated more severe pulmonary involvement in DM patients with RP-ILD. All DM patients received corticosteroids plus other immunosuppressive agents, with 24.3% receiving triple therapy including corticosteroids, immunosuppressants (cyclosporine or tacrolimus), and intravenous cyclophosphamide. Intravenous immunoglobulin (IVIG) therapy was more frequently used in patients with RP-ILD than in those with chronic ILD (Table 1).


Table 1 | Clinical and laboratory characteristics of DM patients with vs without RP-ILD.





Adrenomedullin mRNA Expression Levels in PBMCs Were Markedly Increased in DM Patients With RP-ILD

To elucidate the association between adrenomedullin and DM, we first compared adrenomedullin mRNA levels among PBMCs from 41 patients with DM, 7 patients with IMNM, and 21 healthy controls (HCs) (Figure 2A). No significant age or sex difference was observed among the three groups (data not shown). The median adrenomedullin mRNA level in patients with DM was 0.047 (0.026-0.112), which was significantly higher than that in IMNM patients (0.020 [0.004-0.036], p = 0.022) and HCs (0.011 [0.004-0.025], p < 0.001) (Figure 2A). However, no significant difference in adrenomedullin expression was observed between IMNM patients and HCs. We then analyzed the relationship between adrenomedullin expression and clinical characteristics. We observed that adrenomedullin expression was significantly higher in patients with ILD than in those without (p = 0.009) (Figure 2B). The former group was further divided into patients with RP-ILD or chronic ILD. The adrenomedullin mRNA levels in patients with RP-ILD were significantly higher than in those with chronic ILD and without ILD (p = 0.002 and <0.001, respectively) (Figure 2C). No statistical difference was observed in the expression of adrenomedullin mRNA between patients with chronic ILD and those without ILD. These results indicate that adrenomedullin mRNA levels are closely related to ILD, especially RP-ILD.




Figure 2 | Adrenomedullin mRNA levels from PBMCs were elevated in DM patients with RP-ILD. (A) Adrenomedullin mRNA levels in DM patients were significantly higher than those in IMNM patients and HCs. (B) Adrenomedullin mRNA levels in DM patients with ILD and those without ILD. (C) The adrenomedullin mRNA levels in DM patients with RP-ILD, chronic ILD, and those without ILD. DM, dermatomyositis; IMNM, immune-mediated necrotizing myopathy; HC, healthy control; ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease. NS indicates no significant difference. Differences between the levels were expressed as relative expression via the 2-ΔCt method. Data were expressed as the mean ± standard deviation (SD).





Elevated Adrenomedullin mRNA Expression Levels in PBMCs Were Correlated With the Severity of Lung Involvement in DM Patients With ILD

We investigated the association among adrenomedullin mRNA levels in PBMCs and various clinical parameters in 34 DM patients with ILD. The adrenomedullin mRNA levels were positively associated with serum ferritin (r = 0.507, p = 0.002) and lactate dehydrogenase (LDH) (r = 0.350, p = 0.045) (Figures 3A, B). No association was found between adrenomedullin levels and C-reactive protein (CRP), creatine kinase (CK), or erythrocyte sedimentation rate (ESR) (p-values > 0.05). Additionally, lung VAS scores were evaluated when blood samples were collected. We found that adrenomedullin mRNA levels were positively associated with the lung VAS score (r = 0.392, p = 0.021) (Figure 3C). To test the association between adrenomedullin mRNA levels in PBMCs and the severity of lung involvement in DM patients with ILD, we analyzed the correlation between adrenomedullin mRNA levels and pulmonary function test (PFT) parameters, including FVC%, FEV1%, and DLco%. Although only 18 patients underwent pulmonary function tests, the results showed that FVC%, FEV1%, and DLco% were negatively associated with adrenomedullin mRNA levels (r = −0.523, -0.539, and -0.495; p = 0.025, 0.020, and 0.036, respectively) (Figures 3D–F). DLco%≤40% was defined as severe ILD, and this group of DM patients had significantly higher adrenomedullin mRNA levels than patients with mild-moderate ILD (DLco%>40%) (Figure 3G). These results reveal that DM patients with ILD have higher adrenomedullin mRNA levels and present with more severe pulmonary symptoms.




Figure 3 | Elevated adrenomedullin mRNA levels in PBMCs were correlated with the severity of lung involvement in DM patients with ILD. (A) Adrenomedullin mRNA Levels were positively correlated with ferritin levels in DM-ILD. (B) Adrenomedullin mRNA Levels were positively correlated with LDH levels in DM-ILD. (C) Correlation between adrenomedullin mRNA levels and lung VAS in DM-ILD. (D) Adrenomedullin mRNA levels were negatively correlated with FVC% in DM-ILD. (E) Adrenomedullin mRNA levels were negatively correlated with FEV1% in DM-ILD. (F) Adrenomedullin mRNA levels were negatively correlated with DLco% in DM-ILD. (G) Adrenomedullin mRNA expression levels in patients with severe ILD (n = 3) and mild-moderate ILD (n = 15). DM, dermatomyositis; ILD, interstitial lung disease; LDH, lactate dehydrogenase; VAS, visual analogue scale; FVC, forced vital capacity; FEV1, forced expiratory volume in 1s; DLco, carbon monoxide diffusion capacity.





Immunohistochemical Analysis for Adrenomedullin Expression in the Lung Tissues

To investigate the cellular location and the source of adrenomedullin in the lungs, we performed immunohistochemical staining for adrenomedullin from two patients with DM patients with ILD. Sections from DM patients with chronic ILD exhibited weak staining for adrenomedullin in macrophages and alveolar epithelial cells (Figures 4A, B), whereas those from DM patients with RP-ILD were strongly positive for adrenomedullin in macrophages and alveolar epithelial cells (Figures 4C, D).




Figure 4 | Enhanced adrenomedullin expression in the lung tissue of DM patients with RP-ILD. (A, B) The lung of a DM patient with chronic ILD. Positive adrenomedullin staining was detected in macrophages (black arrowhead) and alveolar epithelial cells (white arrowhead). (C, D) The lung of a DM patient with RP-ILD. Positive adrenomedullin staining was detected in macrophages (black arrowhead) and alveolar epithelial cells (white arrowhead). Scale bar = 50 μm. DM, dermatomyositis; ILD, interstitial lung disease; RP-ILD, rapidly progressive ILD.





Survival Analysis Based on Adrenomedullin mRNA Levels in DM Patients With ILD

As adrenomedullin mRNA levels were elevated in DM patients with RP-ILD and involved in more severe pulmonary symptoms, we investigated their relationship with patient survival. Adrenomedullin mRNA levels in PBMCs from DM patients with ILD were significantly higher in decedents than those in survivors (0.137 [0.064-0.221] vs 0.047 [0.026-0.094], p = 0.042) (Figure 5A). To accurately distinguish between decedents and survivors, we identified the cut-off value for adrenomedullin mRNA levels in PBMCs. In the ROC curve analysis, the highest AUC of adrenomedullin was 0.767, with a cut-off value of 0.053 (Figure 5B). Similarly, we calculated the optimal cut-off values for ferritin and LDH to distinguish between decedents and survivors as well. The AUCs for ferritin was 0.778, close to that of adrenomedullin, suggesting comparable values of adrenomedullin and ferritin in predicting decedents in DM-ILD. But we did not observe similar value of LDH in our samples. Based on this cut-off value (sensitivity, 100%; specificity, 64.2%), the patients were divided into high or low adrenomedullin level groups. The 1‐year cumulative survival rate of the patient group with adrenomedullin mRNA levels > 0.053 was 62.5%, while the patient group with adrenomedullin mRNA levels <0.053 had a survival rate of 100% (p= 0.005) (Figure 5C). Finally, Kaplan–Meier survival curves were performed for DM patients based on RP-ILD status. The 1‐year cumulative survival rate for patients with chronic ILD was 100%, whereas that for patients with DM and RP-ILD was 53.8%. RP-ILD status was closely corrected with a higher risk of mortality (p <0.001) (Figure 5D).




Figure 5 | Prognostic value of adrenomedullin in DM patients with ILD and survival analysis. (A) The adrenomedullin mRNA levels in PBMCs were higher in decedents than survivors among DM patients with ILD. (B) Receiver operating characteristic curve analyses to predict the mortality of DM patients with ILD. (C) The cumulative survival rate was significantly lower in the group with adrenomedullin mRNA levels >0.053 than in those with adrenomedullin mRNA levels <0.053 (62.5% vs 100%, log-rank test, P = 0.005). (D) Kaplan–Meier curves showed that the cumulative survival rate was significantly lower in DM patients with RP-ILD than in those without RP-ILD (53.8% vs 100%, log-rank test, P < 0.001). DM, dermatomyositis; ILD, interstitial lung disease; RP‐ILD, rapidly progressive ILD.






Discussion

In this study, we revealed that adrenomedullin mRNA levels are obviously increased in DM patients, especially in those with RP-ILD. Adrenomedullin expression was elevated in the lung tissues specimens of patients with RP-ILD. Further, increased adrenomedullin levels were associated with clinical indicators associated with ILD and poor prognosis. This is the first study to determine the clinical significance of PBMC adrenomedullin in DM.

A previous study showed that plasma and joint tissue adrenomedullin concentrations were higher in patients with rheumatoid arthritis (RA) than in those with osteoarthritis and increased with RA disease activity (19). In addition, plasma adrenomedullin and CRP levels were positively correlated. Adrenomedullin may participate in the regulation of inflammatory processes in RA (19). Additional studies identified constitutive adrenomedullin expression in PBMCs from patients with RA and suggested multiple biological roles (20). Plasma adrenomedullin levels were obviously elevated in patients with systemic lupus erythematosus (SLE) compared to those in healthy controls, and a positive correlation was found between plasma adrenomedullin levels and SLEDAI-2K, which may serve as a potential indicator of disease activity (17). In the current study, we found that adrenomedullin mRNA levels from PBMC were higher in DM patients than in HCs or IMNM patients. Previous studies have shown that proinflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor (TNF)-α, and IL-1, stimulate adrenomedullin expression in smooth muscle, endothelial cells, and macrophages (27, 28). These pro-inflammatory cytokines play a significant role in mediating the inflammatory pathogenesis of DM (29, 30). Further, they may stimulate adrenomedullin production in various cell types in DM. Mononuclear macrophages are an important cell population responsible for elevated plasma adrenomedullin (31). Monocytes are among the key immune cell types involved in DM immunopathogenesis (2). These mechanisms may underpin the elevated levels of adrenomedullin in DM patients.

Our study shows that adrenomedullin mRNA levels are correlated with disease severity in DM patients with ILD, upregulated in both the PBMCs and tissues. Moreover, immunostaining of ILD specimens revealed that adrenomedullin was expressed not only in alveolar epithelial cells, but also in macrophages, suggesting that adrenomedullin may be involved in inflammatory processes in DM patients with ILD. RP-ILD is characterized by aberrant inflammation (6–10). In DM patients with RP-ILD, macrophage activation is known to be involved in pathogenic processes (7, 32). The number of CD163-positive macrophages in the alveolar space was significantly increased in patients with RP-ILD compared with patients with chronic ILD (32). Studies have shown that serum ferritin level are a key biomarker of macrophage activation and can indicate the severity of RP-ILD in DM patients (9). Macrophages can produce adrenomedullin, which is induced by inflammatory cytokines (28). Inflammation can damage lung cells in RP-ILD leading to the release of LDH into blood (11). We found that PBMC adrenomedullin levels were positively correlated with the above RP-ILD-related markers. Higher levels of adrenomedullin may reflect disease progression in RP-ILD. Therefore, adrenomedullin may act as a reflection of the inflammatory state and participate in the pathogenesis of DM with RP-ILD (Figure 6).




Figure 6 | A proposed role of adrenomedullin in the develop and progress of ILD in DM. Adrenomedullin stimulates macrophage activations and activated macrophage could also secrete adrenomedullin and other inflammatory cytokines, type I interferon, promote the production of TGF-β, and collagen-I which could contribute to the develop and progress of ILD in DM.



We found that PBMC adrenomedullin levels in DM patients with ILD associated with pulmonary function test results, higher adrenomedullin mRNA levels correlated with worse lung function in DM patients with ILD, which may help assess the severity of ILD (33, 34). In addition, deterioration of lung function, especially forced vital capacity (FVC) and DLco, is known to indicate disease progression and to be corelated with prognosis in DM patients with ILD (34). Therefore, PBMC adrenomedullin levels can be indicative of disease severity and prognosis in these patients. Herein, we found that the cumulative survival rate of the PBMC adrenomedullin levels > 0.053 group was obviously decreased. These data reveal that PBMC adrenomedullin levels may act as a prognostic factor. Therefore, highly increased adrenomedullin mRNA levels require more active attention and management in clinical practice.

The current study had several limitations. First, the sample size was relatively small and was a retrospective study, which affects further analysis and statistical power. In order to prove that the observed effect is not due to chance, a larger sample size is usually required. Second, the serum adrenomedullin levels of patients were not determined. As the current study was retrospective and carried out at a single center, large-scale prospective observational studies will help validate the prognostic significance of adrenomedullin. Third, we only did immunohistochemical staining in one patient with RP-ILD and C-ILD, respectively, which could not acquire the statistical analysis. At last, the exclusion of some diseases, such as diabetes, limit its generalizability and clinical value to some extent, however, our results still suggest a correlation with severity and poor prognosis of interstitial lung disease.

In conclusion, the current study preliminarily shows the upregulation of adrenomedullin levels in PBMCs from DM patients, especially those with RP-ILD. Further, we evaluated the prognostic value of adrenomedullin expression in patients with DM-ILD. Our findings provide novel insights into the pathogenesis of DM. Further research is needed to elucidate the working mechanism of adrenomedullin in DM.
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Objectives: To evaluate associations between sarcopenia, type of autoimmune disease and risk of heart failure (HF) and myocardial infarction (MI) in patients with systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA).

Methods: In this population-based, cross-sectional study, discharge data from the 2005–2014 US Nationwide Inpatient Sample (NIS) of hospitalized patients with SLE or RA were extracted and analyzed. Univariate and multivariable regression analyses were conducted to determine associations between sarcopenia, type of autoimmune disease and risk of HF/MI.

Results: After exclusions, 781,199 hospitalized patients diagnosed with SLE or RA were included. Among the study cohort, 127,812 (16.4%) were hospitalized with HF, and 12,781 (1.6%) were hospitalized with MI. Sarcopenia was found in only 0.1% of HF/MI patients. Logistic regression analyses revealed that sarcopenia was not significantly associated with presence of either HF or MI. Patients with RA had significantly lower odds of HF than SLE patients (aOR = 0.77, 95%CI: 0.76, 0.79) or MI (aOR = 0.86, 95%CI: 0.82, 0.91).

Conclusion: In the US, among hospitalized adults diagnosed with SLE or RA, patients with RA are significantly less likely to have HF or MI than those with SLE. Whether sarcopenia leads to increased HF or MI remains inconclusive. Further studies are warranted to investigate the pathophysiology underlying discrepancies between RA and SLE regarding risk for MI or HF.

Keywords: sarcopenia, heart failure, rheumatoid arthritis, SLE, myocardial infarction


INTRODUCTION

Systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are relatively common autoimmune disorders in which the immune system selectively attacks certain healthy tissue in the body, affecting joints and muscles and causing persistent systemic inflammation, pain, reduced physical activity, extra-articular complications, loss of muscle mass and muscle strength, and altered body composition; together these complications lead to daily functional disability and reduced quality of life (1–4). Increased risk of cardiovascular diseases such as heart failure (HF), acute myocardial infarction (AMI), or atherosclerotic cardiovascular disease (ASCVD) were observed in patients with SLE (5–10). In addition, previous studies have shown that an excess burden of CVD in patients with RA is an established pattern (11, 12). However, no prior study directly compared the risk of HF or MI between patients with SLE vs. those with RA.

Previous studies on body composition have reported that sarcopenia is highly prevalent in HF patients, suggesting that it contributes to poor prognosis, and that age-related muscle decline may be the most critical contributor to reduced cardiorespiratory fitness in older adults with HF (13–15). Importantly, systemic inflammation may represent a risk for altered body composition. Women with SLE or RA are more likely to have an abnormal body composition phenotype, although differences exist between the two diseases (16). Other studies have also reported a higher prevalence of sarcopenia and sarcopenic obesity in RA patients (17, 18). However, more evidence is needed before consensus can be reached on the associations between sarcopenia, SLE and RA. Therefore, the present study aimed to evaluate the associations between sarcopenia, HF and MI and the relative risk of these diseases in patients with autoimmune SLE and RA.



MATERIALS AND METHODS


Study Design and Data Source

This population-based, cross-sectional study extracted data from the US Nationwide Inpatient Sample (NIS) database, which is the largest all-payer, inpatient care database in the US, including about 8 million hospital stays each year (19). The database is administered by the Healthcare Cost and Utilization Project (HCUP) of the US National Institutes of Health (NIH) and developed through a Federal-State-Industry partnership and sponsored by the Agency for Healthcare Research and Quality (AHRQ). All admitted patients are initially considered for inclusion. The continuous, annually updated NIS database derives patient data of about 1,050 hospitals from 44 States in the US, representing a 20% stratified sample of the US community hospitals as defined by the American Hospital Association.



Ethics Statement

All data were obtained through request to the Online HCUP Central Distributor (available at: https://www.distributor.hcup-us.ahrq.gov/), which administers the database (certificate # HCUP-833FWV78H). This study conforms to the NIS data-use agreement with HCUP. As this study analyzed secondary data of the NIS database, patients' data were not used directly used. This study was approved by the Institutional Review Board of the Chang Gung Medical Hospital (202100234B0). As we conducted this retrospective analysis of the NHIRD and all the individual information were de-identified, we could not obtain informed consent from the recruited patients.



Study Population

Adults ≥20 years old admitted to US hospitals between 2005 and 2014 with a primary or secondary diagnosis of SLE or RA were identified in the NIS database through the International Classification of Diseases, Ninth Revision (ICD-9) diagnostic codes (code 710.0 or 714.0). Patients with congenital heart disease, asthma, HIV, heart surgery, and cancer were excluded. Patients with incomplete data for outcomes and main variables of interest were also excluded from the study cohort.



HF, MI, and Sarcopenia

HF was identified by ICD-9 code 428.x, which covered any type of HF regardless of ejection or reduced ejection fractions. MI was identified through code 410.x, which covered all types of MI. Since no unique code for “sarcopenia” is included in the ICD-9 coding system, sarcopenia was defined using the code 728.2x (muscular wasting and disuse atrophy) in accordance with a previous study (20).



Covariates

Patients' baseline characteristics included age, gender, race (ethnicity), household income level, insurance status (primary payer), admission type, smoking, alcohol consumption, diabetes, hypertension, and hyperlipidemia. In addition, hospital characteristics, including hospital bed size, location, hospital region, and length of stay, were also extracted from the database as part of the comprehensive data available for all patients in the NIS database. Length of stay is calculated by subtracting the admission date from the discharge date. Details on hospital characteristics are documented on the NIS webpage (https://www.hcup-us.ahrq.gov/db/vars/hosp_locteach/nisnote.jsp).



Statistical Analysis

Descriptive statistics of the patients are presented as unweighted counts (n) and weighted percentage (%) or mean ± standard error (SE). Differences between the groups were evaluated using PROC SURVEYFREQ and SURVEYREG for analysis of categorical and continuous data. Logistic regression analysis was performed using PROC SURVEYLOGISTIC to determine factors associated with the presence of HF and MI. Variables that were significant in univariate regression analysis were adjusted in multivariable analysis. Since the NIS database covers 20% of samples of the USA annual inpatient admissions, weighted samples (DISCWT), stratum (NIS_STRATUM), cluster (HOSPID) were used to generate national estimates for all analyses. All p-values were two-sided and p < 0.05 was considered statistically significant. All statistical analyses were carried out with SAS 9.4. A two-tailed P-value < 0.05 was considered statistically significant.




RESULTS


Patient Selection and Study Cohort

The detailed patient selection process is shown in Figure 1. Data of 1,225,241 patients aged 20 years or older who were diagnosed with SLE, RA or both were extracted. After excluding patients with congenital heart diseases (n = 3,906), asthma (n = 127,207), HIV (n = 1,334), previous cardiac procedure (n = 57,216), cancer history (n = 100,882), and incomplete data (n = 153,497), finally 781,199 patients (representing 3,865,575 US inpatients) were included as the study cohort (Figure 1).


[image: Figure 1]
FIGURE 1. Flow diagram of study population.


A total of 0.1% patients had sarcopenia, 25.6% had SLE alone, 71.2% had RA alone, and 3.2% had overlapping diagnoses between SLE and RA. Mean age was 63.2, and the majority of patients were female (79.1%), White (71.0%), non-smokers (99.9%) and did not consume alcohol (99.6%). Most patients were admitted emergently (77.8%), with income levels at the lowest quartile (29.6%), and insurance covered by Medicare/Medicaid (72.6%) (Table 1).


Table 1. Characteristics of SLE/RA patients with or without HF.

[image: Table 1]



Characteristic of Patients With or Without HF

Characteristics of patients with or without HF are summarized in Table 1. Among all patients, 127,812 (16.4%) had HF and 653,387 (83.6%) did not. Patients with HF had higher proportions of sarcopenia (0.13% vs. 0.10%, p-value = 0.003) and RA (75.9% vs. 70.3%, p < 0.001) than those without HF. Also, HF patients were older (74.1 vs. 61.7 years, p < 0.001), stayed longer in the hospital (6.2 vs. 4.9 days, p-value < 0.001), included more males (24.7% vs. 20.2%), were White (71.8% vs. 70.8%) or Black race (18.2% vs. 15.4%), had lower household income (Q1:31.9% vs. 29.1%; Q2: 26.0% vs. 25.7%), insurance covered by Medicare/Medicaid (87.0% vs. 69.7%), emergent admission (89.0% vs. 75.6%), were non-drinkers (99.8% vs. 99.5%) and had more diabetes, hypertension and hyperlipidemia (all p-value < 0.001) (Table 1).



Characteristics of Patients With or Without MI

Characteristics of patients with or without MI are summarized in Table 2. Among all patients, 12,781 (1.6%) had MI, and 768,418 (98.4%) did not. RA occurred more frequently in MI patients (79.6% vs. 71.1%, p-value < 0.001) than in those without MI. The incidence of sarcopenia was not significantly different between patients with or without MI (Table 2).


Table 2. Characteristics of SLE/RA patients with or without MI.
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Prevalence of Sarcopenia in Patients With HF or MI, Stratified by SLE/RA Diagnosis

As shown in Table 3, prevalence of sarcopenia among HF patients was 0.1, 0.1, and 0.2% among patients diagnosed with SLE alone, RA alone, and both SLE and RA, respectively. In addition, prevalence of sarcopenia among MI patients was 0.1, 0.1 and 0% among patients diagnosed with SLE alone, RA alone and both, respectively.


Table 3. Prevalence of sarcopenia in patients with HF or MI, stratified by SLE/RA.
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Associations Between Sarcopenia, Type of Autoimmune Disease and Presence of HF

The results of univariate and multivariate regression analysis on the associations between sarcopenia, type of autoimmune disease and HF are summarized in Table 4. After adjusting for relevant confounders, no significant associations were found between sarcopenia and odds for HF (aOR: 1.12, 95% CI: 0.94–1.33). Patients with RA had significantly lower odds of HF occurrence (aOR = 0.77, 95% CI: 0.76–0.79) than SLE patients.


Table 4. Associations between sarcopenia, type of autoimmune disease and the presence of HF.

[image: Table 4]



Associations Between Sarcopenia, Type of Autoimmune Disease and the Presence of MI

The results of univariate and multivariate regression analysis on associations between sarcopenia, type of autoimmune disease and MI are summarized in Table 5. Univariate analysis revealed no associations between sarcopenia and odds for MI. After adjusting for relevant confounders, RA patients had significantly lower odds for MI (aOR = 0.86, 95% CI: 0.82–0.91) than SLE patients.


Table 5. Associations between sarcopenia, type of autoimmune disease and the presence of MI.
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DISCUSSION

The present study is the first to analyze hospitalized SLE/RA patients and to compare their relative risk for the occurrence of HF and MI, as well as to evaluate the role of sarcopenia in this patient population. The prevalence of HF and MI in the whole study population was 16.4 and 1.6%, respectively. The overall prevalence of sarcopenia in SLE/RA patients was relatively low (0.1%). These results suggest that sarcopenia may not be associated with increased risk for HF or MI among patients with these autoimmune diseases. Logistic regression analysis showed that RA patients were significantly less likely to have cardiovascular events such as HF or MI than SLE patients after adjusting for relevant confounders.

The increased risk of CVDs, including HF and MI, among SLE patients has been recognized consistently during the past two decades (7–10, 21–23). Specifically, SLE has been reported to be associated with significant alterations in cardiac structure and function (8). Risk of HF is reported to be increased by various SLE manifestations and therapies together with the conventional risk factors for atherosclerotic CVD (9). In the US Medicaid population, the incidence of HF among SLE patients was 2.7-fold higher than among those without SLE (10).

RA has also been found to be associated with increased risk for CVD compared with the general population (24). RA patients were reported to have almost twice the risk of HF than individuals without RA (25). A previous population-based study using the same NIS database as used in the present study documented an increased number of hospitalizations with AMI-RA in the US from 2002 to 2016. More recently, RA was also reported to be associated with lower in-hospital mortality, particularly in cases of STEMI (26).

However, few studies in the medical literature have directly compared CVD risk between RA and SLE. A population-based study in Taiwan found that RA and SLE are associated with in-hospital mortality, overall mortality and major adverse cardiac events either after AMI or stroke (27), although differences in risk of developing MI between the two autoimmune diseases was not studied. Another recent database study focusing on younger adult patients < 55 years reported that SLE was associated with higher risk of AMI, whereas RA was associated with lower risk (28). However, that study still did not directly compare the risk of HF or MI between RA and SLE. An earlier single-center, small-sample study assessed lipid profiles in women with RA or SLE, concluding that women with SLE and RA have a distinct CVD risk profile and the contribution of traditional CV risk factors to atherogenesis may be different in these two autoimmune diseases (29). The present study found that RA patients had a significantly lower risk for MI or HF compared to SLE patients. We surmise that the pathophysiology underlying the distinct cardiovascular risk between RA patients vs. SLE patients could be multifactorial and cannot be answered by the present study design. Nevertheless, these preliminary results highlight directions for future research.

Previous studies have reported that sarcopenia was highly prevalent in HF patients, contributing to its poor prognosis, and suggesting that age-related muscle decline may be an important cause of reduced cardiorespiratory fitness in older adult patients with HF (13–15). Nevertheless, the prevalence of sarcopenia in the present study was relatively low (< 0.2%), and it is probable that the discharge code utilized in the present analysis did not capture sarcopenic patients accurately. Therefore, although the present analysis did not show an increased risk for MI or HF in patients with sarcopenia, a firm conclusion cannot be made on the associations between sarcopenia and risk for MI or HF in patients with autoimmune SLE/RA.


Strengths and Limitations

The major strengths of this study were the use of the large national representative database of the US, which provided good statistical power. In addition, traditional risk factors for MI or HF were considered and carefully adjusted. However, the study still has several limitations. First, the study uses secondary cross-sectional data and retrospective analysis, both of which may limit generalization to other populations or locations outside the US and prevent long-term follow-up of patients. Also, the lack of information regarding disease duration or activity for SLE and RA populations hindered further adjustment in the analyses. Subgroup analyses based on different severity levels, ejection fraction type and stage of HF, or types of MI (i.e., STEMI, NSTEMI) were also not performed. Lastly, although important, medications used and laboratory parameter values were not provided for patients in the NIS database and could not be included in data analysis, which may have shed light on individual differences between SLE/RA patients. Prospective studies are needed to help elucidate such differences.




CONCLUSION

The prevalence of HF and MI in patients with SLE or RA in the US is notable. Patients with RA alone are significantly less likely to have HF or MI than those with SLE alone. Whether sarcopenia leads to increased HF or MI remains inconclusive. Further well-designed prospective studies are highly warranted to explain the pathophysiology underlying discrepancies between RA and SLE regarding risk for MI or HF.
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Objective

This study aimed to analyze the clinical features and prognostic factors of imaging progression and survival in patients with antisynthetase syndrome (ASS) complicated by interstitial lung disease (ILD) in a large Chinese cohort.



Methods

Medical records, imaging, and serological data of 111 patients with ASS-ILD (positive for at least one of the following autoantibodies: anti-Jo1, anti-PL7, anti-PL12, and anti-EJ) from the Affiliated Yantai Yuhuangding Hospital of Qingdao University database were retrospectively investigated. According to the changes in high-resolution computed tomography (HRCT) outcomes at 1 year follow-up, Patients were categorized into three groups: the regression, stability, and deterioration groups. Univariate analysis was performed to evaluate the possible prognostic factors of ILD outcome and death, and multivariate analysis was performed to determine the independent predictors of ASS-ILD outcome and death by logistic regression.



Results

The number of CD3-CD19+ cells and initial glucocorticoid dosage were correlated with imaging progression, and may be independent risk factors for ILD deterioration. Dyspnea as the first symptom, hypohemoglobinemia, the serum ferritin level, oxygen partial pressure at diagnosis, and different treatment types were important factors affecting survival, and the initial serum ferritin level may be an independent risk factor for survival.



Conclusions

The clinical characteristics of patients with ASS-ILD with different antisynthetase antibody subtypes are different. An increase in the CD3-CD19+ cell level is an independent risk factor for the deterioration of HRCT imaging. Early intensive treatment with high-dose glucocorticoids can effectively improve imaging prognosis of ILD. Patients with significantly elevated serum ferritin levels should be treated intensively.
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Introduction

Antisynthetase syndrome (ASS) is a rare chronic autoimmune disease characterized by the presence of serum antibodies to aminoacyl-tRNA synthetase (anti-tRNA synthetase antibodies [ASA]) and inflammatory myopathy, interstitial lung disease (ILD), arthritis, fever, Raynaud’s phenomenon, and mechanic’s hands (1). At the 2017 European League Against Rheumatism and the American College of Rheumatology Annual Meeting, ASS should be categorized as a new independent disease separated from other myopathies. To date, at least 10 ASAs have been identified. Anti-histidyl (anti-Jo-1) antibody is the first and most common antibody discovered, followed by anti-threonyl (anti-PL7), anti-glycyl (anti-EJ), anti-alanyl (anti-PL12), and anti-isoleucyl (anti-OJ), while anti-KS, anti-Zo, anti-Yrs, anti-SC, and anti-JS antibodies are less frequently detected (2). Although patients with ASS have common clinical manifestations, previous studies have observed that patients with different ASAs have different clinical features (3, 4).

The lung is the most frequently involved organ and usually manifests as ILD (5). In patients with ASS, ILD is usually dominant at the time of occurrence, and its prevalence is between 63% and 100%, which is considered the main determinant of prognosis (3, 6). There may be differences in the clinical features, laboratory indices, and imaging of patients with ASS-ILD with positive ASA. However, in clinical diagnosis and treatment, the diagnosis time for ASS-ILD is different, the treatment scheme is not standardized, and there are some differences in the prognosis of patients with different subtypes of ASS-ILD. Therefore, there are differences in the prognoses of patients with ASS-ILD. Studies have shown that the prognosis of patients with ASS with positive anti-PL7 and anti-PL12 antibodies is poor, and the survival rate is lower than that of patients with positive anti-Jo1 antibodies (3, 7). Lung involvement is one of the main risk factors for poor survival. Therefore, systematic evaluation of the severity of ILD and follow-up observation of the response to therapeutic drugs are key factors affecting the prognosis of ASS-ILD. Moreover, we hope that through the analysis of survival factors, we can obtain independent risk factors that seriously affect survival time and identify and actively intervene in clinical diagnosis and treatment in advance to improve the survival time of patients. Currently, there are few reports on this topic. Furthermore, there are only a few studies on imaging follow-up and long-term prognosis in ASS-ILD. Therefore, this study systematically reviewed the clinical characteristics of patients with different subtypes of ASS-ILD, evaluated the lung status of patients with ASS-ILD for the first time, provided active drug intervention, followed up the lung imaging changes of patients with ILD, and predicted the factors influencing poor prognosis of ILD on HRCT. At the same time, independent risk factors for survival curves were analyzed.



Methods


Study population

This retrospective, single-centered study was conducted at the Yantai Yuhuangding Hospital affiliated with Qingdao University. Consecutive Patients hospitalized between January 2013 and August 2020 were included in this study. ASS-ILD was diagnosed by a multidisciplinary team, including an expert rheumatologist and two experienced radiologists specializing in chest CT. ASS was diagnosed based on the criteria proposed by Solomon et al. (8). Patients with other identifiable causes of ILD were excluded, including medication-related lung injury, malignancy, environmental and occupational exposures. Patients initially diagnosed with heart failure and infectious pneumonia were also excluded.

Demographic data collected from the medical records included age at diagnosis, sex, clinical characteristics at onset, laboratory data at onset, ILD performance at baseline and continuous follow-up, pulmonary function test (PFT), treatment types, ILD results and prognosis, and survival time.

The study was approved by the ethics committee of Yantai Yuhuangding Hospital of Qingdao University (Yantai, China; approval number: 2022-84). Informed consent was waived due to the retrospective study.



Clinical and laboratory data

All clinical data from the medical charts were obtained during the period from admission to the initiation of treatment. All patients underwent a detailed medical history and physical examination. Blood tests included measurement of hemoglobin (HGB), lactate dehydrogenase (LDH), creatine kinase (CK), C-reactive protein (CRP), ferritin, immunoglobulin (IgG, IgA, IgM, and IgE), lymphocyte subset count, antinuclear antibody (ANA), anti-Ro52 antibody, and anti-tRNA synthetase antibodies (ASAs). Lymphocyte subset counts were detected by Fcm according to the BD Multitest 6-Color TBNK Reagent. ANA was detected by indirect immunofluorescence according to the EU kit. The titer level of ANA ≥ 1:100 indicated that ANA was positive. Using the myositis antibody spectrum kit of OMG (Beijing) Medical Diagnostic Technology Company, the ASAs were identified by EUROIMMUN immunoblot according to the manufacturer’s instructions, including the anti-Jo1, anti-PL7, anti-PL12, anti-EJ, and anti-OJ antibody. And anti-Ro52 antibody was detected by EUROIMMUN immunoblot. The results that showed positive (++) and strong (+++) results were judged as positive, and negative (-) and weak (+) results were judged as negative. PFT data included forced vital capacity (FVC) and carbon monoxide diffusion capacity (DLCO). Values are expressed as percentages of predicted normal values. The restrictive ventilatory dysfunction was defined as a total lung capacity < 80% of the predicted value. The blood gas analysis results were also recorded.



Imaging data

Lung HRCT images (slice thickness of 1.0 or 1.5 mm) acquired at the first ILD diagnosis and 1 year (at least more than half a year) of follow-up were reviewed. The duration of follow up was noted. Patients who lacked HRCT images before and after treatment in our hospital were excluded. Two radiologists with more than 5 years of experience independently evaluated the lung HRCT images without knowing the clinical information or whether the scans were initial study or follow-up studies and classified the HRCT results according to the 2013 American Thoracic Society classification of idiopathic interstitial pneumonia (9, 10) and the recommendations of the Fleischner Society (11) as follows: usual interstitial pneumonia (UIP), nonspecific interstitial pneumonia (NSIP), organizing pneumonia (OP), NSIP/OP and rapidly progressive ILD (RP-ILD). Follow-up CT images were compared with the initial findings to determine the extent of abnormalities. The ILD course was classified as regression, stability, and deterioration by continuous CT evaluation according to the interpretation of the study radiologists using the method described by Akira et al. (12). Deterioration and regression of the overall ILD range in HRCT images were defined as an increase or decrease of at least 10% of the overall ILD image, whereas stability was defined as changes of less than 10% (12).



Survival period

All 111 patients diagnosed with ASS-ILD were followed up from enrollment, and the survival time was observed. We all got the ID information and the phone numbers of patients and their guardians at the time of their enrollment, and no follow-up patients were lost.



Statistical analysis

Normally distributed continuous variables were presented as mean ± standard deviation and compared using analysis of variance (ANOVA). Continuous variables with abnormal distributions were presented as medians (interquartile ranges) and compared between groups using the nonparametric Wilcoxon test. Differences in categorical data were compared using the chi-squared test or Fisher’s exact test. We applied univariate cumulative logistic regression analysis to assess the correlation between each variable of interest and this imaging change. Variables with p-values less than 0.1 were subsequently selected for multivariable analysis. Survival plots were generated by applying the Kaplan-Meier product limit method. Cox regression models were used to assess the association between each variable of interest and all-cause mortality during the follow-up period. Variables with p-values < 0.1 were subsequently selected for multivariable analysis. The results are presented as odds ratios (ORs), hazard ratios (HRs), ± 95% confidence intervals (CIs), andp-values. Statistical significance was set at P<0.05. All statistical analyses were performed using Stata (version 14.0; StataCorp LLC, College Station, TX, USA).




Results


Clinical characteristics of ASS-ILD

Of the 111 patients with ASS-ILD included in the study, 70 (63.1%) were anti-Jo1-positive, 17 (15.3%) were anti-PL7-positive, 15 (13.5%) were anti-EJ-positive, and 9 (8.1%) were anti-PL12-positive. The general clinical characteristics and comparisons among the 4 groups are shown in Table 1. The mean age at onset was 57.0 ± 10.6 years. Most patients were women (Male : Female = 27:84). No differences were observed between the demographic features of the four groups.


Table 1 | Comparison of demographic and clinical features of patients with ASS-ILD.



The initial symptoms of patients with ASS-ILD were analyzed. Among 111 patients with ASS-ILD, 28 cases (25.23%) were diagnosed with polymyositis (PM), including 19 cases in anti-Jo1 antibody group, 4 cases in anti-PL7 antibody group, 1 case in anti-pL12 group and 4 cases in anti- EJ group. 47 cases (42.34%) were diagnosed with dermatomyositis (DM), including 29 cases in anti-Jo1 antibody group, 12 cases in anti-PL7 antibody group, 3 case in anti-PL12 group and 3 cases in anti-EJ group. In this study, rash was described in DM patients, including heliotrope rash (8/47, 17.02%), shawl sign (11/47, 23.4.%), V sign (rash on antior neck) (12/47, 25.53%), Gottron papules (40/47, 85.11%), and skin ulcer (2/47, 4.26%). Gottron papules is the most common manifestation of skin lesions in patients with ASS-ILD. Some patients with DM have two or more different forms of rash. The most common first symptom of all patients with ASS-ILD was dyspnea (31.53%), followed by arthritis (29.73%), cough (20.63%), and myasthenia/myalgia (19.09%). The initial clinical manifestations in patients with ASS-ILD with positive ASA in different subtypes were different. Arthritis was the most common first symptom in the anti-Jo1 antibody-positive group, but respiratory symptoms were the most common first symptoms in the other subgroups. Statistical data showed that the incidence of dyspnea was significantly higher in the anti-PL12 antibody group than in the other groups(P=0.024). The incidence of cough as the first symptom in the PL12 and anti-EJ antibody groups was also significantly higher than that in the other groups(P = 0.000).

The comparisons of serological features of patients with ASS-ILD are shown in Table 2. The baseline data before treatment showed that the levels of IgG (P=0.006) and IgE (P=0.027) in the anti PL-12 group were higher than those in other subgroups, and the difference was statistically significant. The number of CD16+ CD56+ (NK) cells in the anti-PL7 and anti-PL12 groups decreased significantly, which was statistically significant (P<0.01). There was no significant difference in the positive levels of ANA and anti-Ro52 antibody, CK, CRP, and serum ferritin, as well as in initial oxygen partial pressure (P>0.05).


Table 2 | Comparison of serological features of patients with ASS-ILD.



As a whole, the most common type of ILD was NSIP-OP (42 cases, 37.83%), followed by NSIP (38 cases, 34.23%), and OP (25 cases, 22.52%). The incidence of UIP was very low (two cases, 1.80%). The other types of ILD include NSIP+UIP and NSIP+OP+UIP. Moreover, HRCT cannot classify ILD in one patient of anti-PL7 antibody positive. There are some differences in the classification of ILD among different ASS-ILD subtypes (Table 3). In the anti-Jo1 antibody-positive group, NSIP-OP was the most common type of ILD (32 cases, 45.71%), followed by OP (16 cases, 22.83%), NSIP (15 cases, 21.43%). Similar results were found in the anti-pL12 antibody positive group, the most common type of ILD was NSIP-OP (5 cases, 55.56%), followed by NSIP (2 cases, 22.22%), and OP (2 cases, 22.22%). However, in the anti-PL7 antibody and anti-EJ antibody positive group, NSIP was the most common type of ILD [anti-PL7, 9 cases, 52.94%; anti-EJ, 9 cases, 60%], followed by OP [anti-PL7, 4 cases, 23.53%; anti-EJ, 3 cases, 20%], and NSIP-OP [anti-PL7, 3 cases, 17.65%; anti-EJ, 3 cases, 20%]. The incidence of NSIP in anti-PL7 and anti-EJ groups was significantly higher than that in anti-Jo1 and anti-PL12 groups (P<0.01). Howere the incidence of  NSIP+OP in anti-Jo1 and anti-PL12 groups was higher than that in anti-PL7 and anti-EJ groups(P<0.0). Other ILD types were not statistically different among the groups (P<0.05). And there was no significant difference in FVC% and DLCO% among the groups (P<0.05). Among the patients with ILD, 13 (11.71%) had RP-ILD. The incidence of RP-ILD in the anti-PL12 group was the highest, followed by that in the anti-Jo1 group, although there was no significant difference between the groups (P=0.075).


Table 3 | Comparison of pulmonary function test and imaging features of patients with ASS-ILD.





Analysis on the prognostic factors of imaging progress

A total of 111 patients with ASS-ILD were followed up, and 86 patients (including 53 patients in the anti-Jo1 antibody group, 10 in the anti-PL7 antibody group, 9 in the anti-PL12 antibody group, and 14 in the anti-EJ antibody group) had pre-treatment and post-treatment HRCT imaging data within 1 year (at least more than half a year). The follow-up time of patients in each group was noted. The average duration of the anti-Jo1 antibody group was 9.4 months, the anti-PL7 antibody group was 11 months, the anti-PL12 antibody group was 9.75 months, and the anti-EJ antibody group was 9.4 months (Table 3).

The patients were divided into three groups according to the imaging changes during ILD follow-up: the regression (49 cases), stability (27 cases), and deterioration (10 cases) groups. Changes in the overall extent of lung parenchymal abnormalities during follow-up between the three groups are shown in Figure 1. Specific lesion range values in HRCT findings include the overall extent, and the GGO extent and reticulation extent were in Table 4. In the regression groups, 32 cases (32/53, 60.38%) were complicated with anti-Jo1 antibody, 3 cases (3/10, 30%) with anti-PL-7 antibody, 6 cases (6/9, 66.67%) with anti-PL12 antibody, 8 cases (8/14, 87.14) with anti-EJ antibody. In the deterioration groups, 9 cases (9/53, 16.98%) were complicated with anti-Jo1 antibody, 1 case (1/9, 11.11%) with anti-PL12 antibody. Univariate cumulative logistic regression analysis was used to evaluate the correlation between each variable of interest and imaging changes (Table 4). Variables with p-values < 0.1 were subsequently selected for multivariable analysis(Table 4). The results of this study showed that the initial number of CD3-CD19+ cells in patients with ASS-ILD in the deterioration group increased significantly, while the initial dosage of glucocorticoids in patients in the improvement group was higher. Statistical data showed that the initial number of CD3-CD19+ cells (OR = 1.0013, P=0.014)and the amount of initial glucocorticoid (OR = 0.9603, P = 0.04) were correlated with the outcome of HRCT imaging. The baseline PFT (FVC% and DLCO%), different types of ILD before treatment, and different subtypes of ASA were not significantly different from the outcome of HRCT imaging (P>0.05). A total of 86 patients with ASS-ILD were treated with different immunosuppressants, including oral or intravenous cyclophosphamide (CTX), mycophenolate mofetil (MMF), cyclosporine (CsA), tacrolimus, and azathioprine(AZA). Some patients chose the initial combination treatment of the above two immunosuppressants. However, the choice of immunosuppressants was not related to the outcome of HRCT imaging (P>0.05). Other clinical data and laboratory indices were not found to be correlated with the imaging changes in HRCT (P>0.05).




Figure 1 | Changes in the overall extent of lung parenchymal abnormalities during follow-up between Regression group (A), Stability group (B)and Deterioration group (C).




Table 4 | Analysis on the prognostic factors of imaging progress in patients with ASS-ILD.





Survival analysis

All 111 patients diagnosed with ASS-ILD for the first time were followed up to observe their survival time. The shortest follow-up time was 6 months, and the longest was 98 months. The five treatment schemes for patients with ASS-ILD were included in this study were as follows: untreated [Survival group, 4/102, 3.92%; Death group, 2/9, 22.22%], anti-fibrosis drugs alone [Survival group, 1/102, 0.98%; Death group, 0], glucocorticoids alone [Survival group, 8/102, 7.84%; Death group, 1/9, 11.11%], hormone-combined immunosuppressants [Survival group, 84/102, 82.35%; Death group, 6/9, 66.67%], hormone-combined immunosuppressants and anti-fibrosis drugs [Survival group, 5/102, 4.9%; Death group, 0]. Nine patients died during follow-up, including seven patients in the anti-Jo1 group (10%), one in the anti-PL7group (5.9%), and one in the anti-PL12 group (11.1%). One patient died of liver failure at the 48th month of follow-up, and the other eight patients died of aggravation of interstitial pneumonia or pulmonary infection.

The predictors of adverse outcomes in the survival and death groups were also analyzed (Table 5). Survival plots were generated using the Kaplan–Meier product limit method (Figure 2). Cox regression models were used to assess the association between each variable of interest and all-cause mortality during the follow-up period. The research data showed that the first symptoms combined with dyspnea (HR=5.8731, P=0.025), severe hypoxemia at diagnosis (HR=0.9196, P=0.025), hypohemoglobinemia (HR=1.0661, P=0.021), elevated serum ferritin level (HR=1.0005, P=0.007), and different treatment regimens (HR=0.5331, P=0.022) were important factors affecting survival time, and there was statistical significance. But, there was no correlation between different ASA subtypes, ILD types, overall extent, GGO extent, baseline FVC% and DLCO% and survival (P>0.05). Variables with p-values < 0.1 were subsequently selected for multivariable analysis. Multivariate analysis showed that only the serum ferritin level was a risk factor affecting survival, and there was a statistically significant difference (HR=1.0007, P=0.049).


Table 5 | Analysis on the survival factors patients with ASS-ILD.






Figure 2 | Survival duration of ASS-ILD patients with different ASA antibody positive.






Discussion

Compared to other inflammatory myopathies, ASS is more likely to be associated with ILD. ILD is the first manifestation in many patients and is easily missed and misdiagnosed (13). Previous data show that patients with ASS have a high incidence of ILD, which is the main cause of morbidity and death (14–16). However, the pathogenesis of ASS-ILD remains unclear. Some studies suggest that the lungs may be the primary affected organ in patients with ASS (17). In susceptible genes, exposure to environmental factors leads to damage to bronchial mucosal epithelial cells (18, 19). Through nonspecific immunization, autoantigens are produced to induce the aggregation of local T and B cells, which causes lung tissue damage by producing specific antibodies (20). However, previous reports on ASS-ILD have a small sample size and lack follow-up data analysis. The overall status of ASS-ILD cannot be fully understood or evaluated. This is the first comprehensive and systematic retrospective study to analyze the clinical characteristics of ASS-ILD, the risk factors for imaging outcomes, and survival factors according to the database.

Previous studies have shown that ASS-ILD is more common in middle-aged and elderly women (5). Our cohort was similar to previous ASS studies in terms of sex distribution and age at diagnosis. The most common symptoms are cough and dyspnea, but all lack specificity. Fever and mechanic’s hands are common, while myositis-related myasthenia is rare. For the clinical manifestations of respiratory system involvement, especially in middle-aged and elderly women with dermatomyositis-related skin changes, such as mechanic’s hands, it is necessary to improve the awareness of ASS-ILD diagnosis. Even if there are no myositis-related manifestations, such as myalgia/myasthenia, screening for anti-synthase antibodies cannot be ignored. As a disease, there are some differences among the ASA subtypes (21). This study not only analyzed the overall clinical, laboratory, and imaging conditions of ASS-ILD patients, but also compared the differences between different ARS-positive ASS-ILD patients to gain a deeper understanding of the overview of ASS-ILD patients. Different subtypes of ASS-ILD also show some heterogeneity in clinical manifestations and hematology. A total of 111 patients with ASS-ILD were included in this study, of which anti-Jo1 was the most common, followed by anti-PL7 and anti-EJ antibodies. Dyspnea and dry cough were the most common initial symptoms, followed by arthritis, which is consistent with previous studies (21). However, there were differences between the subtypes. Arthritis is the most common symptom in patients positive for anti-Jo1 antibody. Therefore, for patients with arthritis complicated by ILD, attention should be paid to screening for ASS. The incidence of respiratory symptoms as the first manifestation of ASS-ILD in patients with positive anti-PL7, PL12 and EJ antibodies was higher. Therefore, for patients with only ILD for the first time, the diagnosis of ASS cannot be ignored when examining the etiology of ILD. This study found that the levels of IgG and IgE in anti-PL12 antibody-positive patients were higher than those in other subgroups before treatment, while the number of CD3+CD4+, CD3+CD8+, and CD16+CD56 + cells decreased significantly compared with other subgroups. However, the number of CD3-CD19+ cells was higher, and the incidence of RP-ILD was higher than that in other subgroups, which was consistent with the previous literature that anti-PL12 positive patients were more likely to develop RP-ILD (3, 7, 21, 22). Some reports emphasize that patients with ASS positive for ant-Jo1 and anti-SSA/Ro antibodies have more severe ILD and a reduced treatment response (23). Our data showed that 74.5% of patients with ASS-ILD were positive for anti-Ro52 antibodies, but no effect on ILD results was found. Whether the coexistence of anti-Ro52 antibody and ass leads to more serious lung diseases requires further study.

Our study found that the baseline FVC% and DLCO% of patients with ASS-ILD with positive ASA in different subtypespatients decreased compared with healthy people. The mean FVC% was less than 80%, which proved to be restrictive ventilatory dysfunction. The decrease of FVC% and DLCO% in the anti-PL12 antibody group was more obvious. Although there was no significant difference, it still provides assistance for clinical diagnosis and treatment. PFT can represent an important prognostic tool for diagnosis and follow up of ILD. Research has found that an FVC% < 60% in Idiopathic Inflammatory Myositis (IIMs) was correlated with a worse prognosis (24). And FVC% seems to be able to predict the response to therapy (25). FVC% and DLCO% also showed correlation at baseline with disease extent on HRCT (26). But Ungprasert et al. Reported a significant correlation was found only for TLC after a 1-year follow up (27). In our study, we did not observe the correlation between FVC% and radiographic outcome and survival factors, and we need to further expand the sample size to explore the value of FVC% in the outcome of ILD and the risk of predicting death. Due to the lack of sufficient specificity or sensitivity of PFT, an HRCT jointly with PFT should be performed when evaluating the severity and follow-up changes of ILD. In this retrospective cohort study, during the follow-up period of 1 year, the majority of ASS-ILD patients lacked the follow-up data on PFT. Therefore, the value of changes in follow-up data for PFT in predicting the outcome of ILD needs to be further confirmed in future studies. In terms of imaging, HRCT of patients with ASS-ILD is characterized by axial, peripheral, and coronal distributions (28). The imaging type of pulmonary interstitial disease is mainly NSIP, followed by NSIP-OP (28). The results of this study showed that NSIP-OP is the most common ILD type of ASS-ILD, followed by NSIP. NSIP-OP is a mixed variant of ILD (29). A typical OP appears in the background of the NSIP. The imaging performance of the NSIP-OP is relatively rare in other ILDs. When imaging NSIP-OP, we should look for the presence of an anti-synthase antibody. At present, there are few studies on imaging follow-up and long-term prognosis of ASS-ILD. In this study, the HRCT imaging findings of patients with ASS-ILD were followed up for 1 year, and survival was followed up for a long time.

In addition, this study revealed potential risk factors for HRCT image deterioration in patients with ASS-ILD. It was found that the initial number of CD3-CD19+ cells and initial glucocorticoid dosage were correlated with imaging progression. At the same time, this study found that an increase in the number of B lymphocytes before treatment, whether using univariate or multivariate analysis, was an independent risk factor for the deterioration of ASS-ILD, which also provides a basis for biologically targeted drugs to eliminate B lymphocytes for the treatment of refractory ASS-ILD. However, this study did not re-compare the lymphocyte counts at the end of imaging follow-up in patients with ASS-ILD. B-lymphocytes play an important role in the pathogenesis of rheumatic diseases. An increasing number of studies have shown that clearing B cells can be used to treat a variety of refractory autoimmune diseases (30, 31). Krystufkova et al. (32) observed 99 patients with ASS and found that the level of B-cell stimulating factor (BAFF) in the serum of patients with ILD was higher than that of patients without ILD (P<0.05). Another study found that the serum BAFF level of dermatomyositis (DM)/polymyositis(PM)patients with positive anti-Jo1 antibody was positively correlated with the titer of anti-Jo1 antibody, and the fluctuation of BAFF levels could indicate the activity of myositis (33). The results showed that the B-cell analysis pathway may be involved in the pathogenesis of this type of disease. On the other hand, it also suggests that targeted killing of B cells can be used as a treatment method for patients with ASS-ILD. Marie et al. (34) reported that seven patients with refractory ASS-ILD were followed up for 12 months after receiving rituximab (RTX) treatment and found that FVC/DLCO increased and a decreased/stabilized in the extent of ILD. A retrospective study showed that the PFTs of 24 RTX-trarted ASS with severe ILD patients were improved after a median 52 months follow up (35). Due to retrospective clinical studies, the patients with ASS-ILD enrolled in this study were not treated with RTX, combined with the results of this study and the data of previous studies, it provides a basis for our follow-up treatment of refractory ASS-ILD. In the future, the relationship between CD3-CD19+ and deterioration needs to be further confirmed by increasing the sample size.

Some studies have reported that the mode of ILD (such as UIP) is an independent risk factor for the poor prognosis of ILD (36); however, this study did not draw this conclusion, and is considered to be related to the very low incidence of UIP in the mode of ASS-ILD. Previous reports on ASA and prognosis have indicate that various types of ASA can predict different prognosis (7, 37). Positive anti-PL7 and anti-PL12 antibodies are associated with a poor prognosis of ILD (38). In the long-term follow-up, the prognosis of anti-EJ antibody patients was better than that of other patients, but the survival rate of anti-PL7 antibody patients decreased faster in the early stage than in the late stage (3). However, we found that there is no correlation between the ASA subtype and ILD prognosis in the univariate and multivariate analyses. Love et al. (22) found that the poor prognosis of ASS seems to be unrelated to ASA subtypes, but to the high incidence, severity, and steroid resistance of ILD. We believe that this view is reasonable. As this was a retrospective study, larger prospective studies are needed to evaluate the possible association between ASA subtypes and Prognosis of ASS-ILD in the future.

This study also analyzed the survival factors of ASS-ILD patients. In the univariate analysis, dyspnea, decrease in HGB, increase in serum ferritin titer, decrease in oxygen partial pressure, and treatment type were the risk factors for predicting death in patients with ASS-ILD. The level of serum ferritin in the ASS-ILD death group was significantly higher than that of survival patients, which was an independent risk factor for predicting survival, whether univariate or multivariate analysis. As an acute-phase protein, serum ferritin plays an important role in the storage and circulation of iron metabolism, as well as the immune response of the host. Moreover, its level was significantly higher in patients with inflammatory diseases, autoimmune diseases, chronic infections, and malignancies. Shi J et al. (2) found that according to survival analysis, RP-ILD and high serum ferritin are indicators of poor prognosis in patients with anti-synthase syndrome. This was similar to our results. However, our study did not find that RP-ILD was associated with the risk of death, which needs to be further confirmed by increasing the sample size in the follow-up. At the same time, their results also showed that serum ferritin was significantly increased in patients with ASS complicated with RP-ILD. Gono et al. (38) reported that patients with DM/CADM with increased ferritin levels showed a higher incidence of RP-ILD, and the survival rates of patients with higher ferritin levels were significantly lower than those with low ferritin levels. The results showed that the level of serum ferritin not only conferred a poor outcome, but also can be related to the disease activity of ILD. Therefore, for patients with ASS-ILD with significantly increased serum ferritin levels, the initial treatment should be strengthened and close follow-up observation should be conducted to improve the survival rate of patients. Study has found that the initial HRCT diagnosis may affect the long-term survival rate of patients, especially when chronic lesions such as Honey combing and Fibrosis exist in the early stage of the disease (12). No correlation between the initial HRCT findings and mortality rate was found in this study. For ASS-ILD patients, there are many factors affecting the prognosis of patients in the long-term follow-up treatment process, including patients’ self-withdrawal of drugs, long-term immunosuppressive therapy leading to infection, which will affect the survival rate of patients. Therefore, follow-up prospective studies should be carried out to explore the correlation between HRCT initial findings and survival in ASS-ILD patients.

This study had several limitations. First, the number of non-anti-Jo1 antibody patients and deaths included in the study was relatively small, and the sample size needs to be expanded in the future. Second, due to the small number of patients in the non-Jo1 antibody group, this limits the analysis of confounding factors. Third, the diagnosis of ILD lacks histological evidence. And due to the retrospective nature of the study, follow-up data for FVC% were lacking.



Conclusion

Our study showed that in patients with ASS-ILD with dyspnea and cough as the first symptoms, the levels of IgG and IgE and the number of CD16+ CD56+ (NK) cells were significantly different among the four different ASA groups. The number of CD3-CD19+ cells and the initial glucocorticoid dosage were correlated with imaging progress, and were independent risk factors for ILD deterioration. Dyspnea as the first symptom, hypohemoglobinemia, serum ferritin level, oxygen partial pressure at diagnosis, and different treatment types were important factors affecting survival, and serum ferritin level was an independent risk factor for survival. Knowing the predictors of ILD imaging progress in patients with ASS is important for the early rational management of disease and improving prognosis. However, further prospective series studies are needed to better determine the risk factors for long-term deterioration of ILD and conduct clinical validation in the future.
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Parameter

C-reactive protein

Lactate dehydrogenase

Creatine kinase

Aspartate aminotransferase

Alanine aminotransferase

Manual Muscle Testing 8 (MMT-8) total
Myosits intention to treat activity index (MITAX)
Patient disease global activity (PDGA)
Doctor disease global activity (DGDA)
Pulmonary disease activity

Muscle disease activity

Constitutional disease activity

Myositis damage index (MDI) extent
Myositis damage index (MDI) extended
Current prednisone equivalent dose

(Spearman’s r; p-value)

PM (n=104)

0.636; 0.001

0.485; 0.001
0.234; 0.015

0.223; 0.024
0.258; 0.010
0.264; 0.008

0.247;0.012
0.250; 0.011
0.248; 0.025

0.382; 0.001

DM (n=104) CDM (n=42)
0.497; 0.007
0.574; 0.001 0.535; 0.004
0.317; 0.001
0.395; 0.042
-0.210; 0.039
0.244; 0.016
0.232; 0.021
0.224; 0.049
0.270; 0.017

IMNM (n=27)

0.584; 0.002
0.485; 0.014
0.475; 0.019

0.504; 0.028

0.474; 0.040

0.450; 0.036

CDM, cancer-associated dermatomyositis; DM, dermatomyositis; IIM, idiopathic inflammatory myopathies; IMNM, immune-mediated necrotizing myopathy: PM, polymyositis.
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Cytokine/Chemokine Spearman’s r p-value
Interleukin 1B 0.188 0.002
Interleukin 6 0.182 0.003
Interleukin 8 0.242 <0.001
Interleukin 17 0.201 0.001
Interferon y 0.229 <0.001
C-X-C motif chemokine ligand 10 (CXCL10) 0.224 0.001
Monocyte chemoattractant protein 1 (CCL2) 0.161 0.007
Macrophage inflammatory protein 1-o. (CCL3) 0.208 <0.001
Macrophage inflammatory protein 1-B (CCL4) 0.229 <0.001
Vascular endothelial growth factor 0.260 <0.001
Platelet-derived growth factor-BB 0.426 <0.001

IIM, idiopathic inflammatory myopathies.
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Parameters 1IM patients (n=277) Healthy controls (n=157) p-value
Sex: Female/Male, n (%) 198 (71)/79 (29) 92 (59)/685 (41) 0.006
Age, years 56.5 (45.9 - 64.4) 46.0 (34.0 - 60.0) 0.001
Clinical features

Disease duration, years 1.7 (0.6 -5.9)

IIM subtype, n (%): PM/DM/
CDM/IMNM

IM-associated symptoms, n (%):
MW/SR/MH/RP/

A/ILD/CI/D

MITAX

MYOACT

MDI extent

MDI severity

MDI extended

MMT-8

HAQ

Laboratory features
Autoantibodies, n (%):
ANA/Ro-52/Jo-1/TIF1/PM-Scl/
Mi-2/Ro-60/HMGCR/SRP/U1RNP/MDAS5/
La/PL-7/Ku/SAE/NXP2

CRP, mg/L

CK, pkat/L

LD, pkat/L

Current treatment

Prednisone equivalent dose, mg/day
GC/MTX/AZN

CPA/CSA, n (%)

104 (37.5)/104 (37.5)/
42 (15)/27 (10)

236 (85)/133 (48)/96 (35)/78 (28)/
76 (27)/126 (45)/50 (18)/120 (43)
0.13 (0.08 - 0.21)

0.05 (0.02 - 0.12)

0.08 (0.03 - 0.14)

0.03 (0.01 - 0.06)

0.08 (0.00 - 0.13)

65.0 (55.0 - 74.0)
0.9(03-15)

124 (45)/80 (29/64 (23)/21 (8)/29 (11)/
20 (7)/18 (6.5)/14 (6)/10 (4)/9 (3/6 (2.2)/
4(1.4/3 (1.1)/2 0.7/2 (0.7)4 (0.4)
25(1.3-639)
26(09-12.4)
48(35-7.4)

20.0 (7.5 - 47.5)
227 (82)/83 (30)/22 (8)/
1(03/5 @)

Data are presented as median (inter-quartile range) unless stated otherwise; A, arthritis; ANA, antinuclear antibodlies; AZA, azathioprine; CDM, cancer-associated dermatomyositis; Cl,
cardiac involvement; CK, creatine kinase; CPA, cyclophosphamide; CRP, C-reactive protein; CSA, cyclosporin A; D, dysphagia; DM, dermatomyositis; GC, glucocorticoids; HAQ, Health
Assessment Questionnaire; HMGCR, anti-3-hydroxy-3-methylglutaryl-CoA reductase; IIM, idiopathic inflammatory myopathy; ILD, interstitial lung disease; IMNM, immune-mediated
necrotizing myopathy; Jo-1, anti-histidyl-tRNA synthetase; Ku, anti-Ku (against the nuclear DNA-dependent protein kinase subunit); La, anti-La (against La(SS-B), a nuclear 47 kD
phosphoprotein, associated with small RNA synthesized by RNA polymerase Ill); LD, lactate dehydrogenase; MDAS, anti-CADM-140 (melanoma differentiation-associated gene 5); MDI,
Myositis Damage Index; MH, mechanic’s hands; Mi-2, antinuclear helicase 218/240 kDa; MITAX, Myositis Intention to Treat Activity Index; MMT-8, Manual Muscle Testing of eight
muscles; MTX, methotrexate; MW, muscle weakness; MYOACT, Myositis Disease Activity Assessment visual analogue scale; NXP2, anti-NXP2 (nuclear matrix protein); PL-7, anti-
threonyl-tRNA synthetase; PM, polymyositis; PM-Scl, anti-Pm-Scl (anti-core complex 11-16 proteins); Ro, anti-Ro (52/60kDa, against cytoplasmic RNA and associated peptides); RP,
Raynaud'’s phenomenon; SAE, anti-SUMOT1 (small ubiquitin-like modifier 1) activating enzyme; SR, skin rash; SRP, anti-signal recognition particles; TIF1, anti-TIF1 (transcriptional

intermediary factor-1); UTRNP, anti-U1-RNP (ribonucleoprotein).
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Parameters

Baseline (Month 0) (n=39) Month 6 (n=39)

Month 12 (n=39)

Sex: Female/Male, n (%)

Age, years

Clinical features

Disease duration, months

IIM subtype, n (%): PM/DM/

IMNM

lIM-associated symptoms, n (%): MW/SR/MH/
RP/A/ILD/

CI/D

MITAX

MYOACT

MDI extent

MMT-8

HAQ

Laboratory features

Autoantibodies, n (%): ANA/Ro-52/Jo-1/TIF1/
PM-Scl/Mi-2/HMGCR/Ro-60/SRP/UTRNP
CRP, mg/L

CK, pkat/L

LD, pkat/L

Current treatment:

Prednisone equivalent dose, mg/day
MTX/AZA, n (%)

29 (74)/10 (26)
57.1(53.2-63.3)

1.2 (0.0-28)

13 (33)/18 (46)/

8(21)

39 (100)/24 (62)/14 (36)/
10 (26)/10 (26)/26 (67)/
8 (21)/21 (54)
02(0.1-03)

0.1 (0.03-0.2)
0.1 (0.08-0.13)
65.0 (65.0 - 71.0)
0.9(04-14)

15 (38)/11 (28)/11 (28)/1 (3)/
4(10)/4 (10)/4 (10/3(7)//2 6)/1 (3)

27(13-81) 22(1.0-86)

3.8(1.3-18.3) 1.4(0.6-7.3)

5.9 (4.0-85) 40@85-62)
20 (0 - 50) 20 (10 - 25)
9(23)/3 (8) 14 (36)/5 (13)

1.6 (0.9 - 15.0)
1.4(0.7-8.7)
4180-49)

10 (7.5 - 20)
12 (31)/9 (28)

Data are presented as median (inter-quartile range) unless stated otherwise; A, arthritis; ANA, antinuclear antibodies; AZA, azathioprine; CDM, cancer-associated dermatomyositis; Cl,
cardiac involvement; CK, creatine kinase; CRP, C-reactive protein; D, dysphagia; DM, dermatomyositis; HAQ, Health Assessment Questionnaire; HMGCR, anti-3-hydroxy-3-
methylglutaryl-CoA reductase; IIM, idiopathic inflammatory myopathy; ILD, interstitial lung disease; IMNM, immune-mediated necrotizing myopathy; Jo-1, anti-histidyl-tRNA
synthetase; LD, lactate dehydrogenase; MDI, Myositis Damage Index; MH, mechanic’s hands; Mi-2, antinuclear helicase 218/240 kDa; MITAX, Myositis Intention to Treat Activity
Index; MMT-8, Manual Muscle Testing of eight muscles; MTX, methotrexate; MW, muscle weakness; MYOACT, Myositis Disease Activity Assessment visual analogue scale; PM,
polymyositis; PM-Scl, anti-Pm-Scl (anti-core complex 11-16 proteins); Ro, anti-Ro (52/60kDa, against cytoplasmic RNA and associated peptides); RP, Raynaud’s phenomenon; SR, skin
rash; SRP, anti-signal recognition particles; TIF1, anti-TIF1 (transcription intermediary factor-1); UTRNP, anti-u1-rnp (ribonucleoprotein).
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Parameter (number of patients presented with the parameter) Present median (IQR) Absent median (IQR) p-value

Male sex (n=79) 25.3(15.6 - 50.0) 19.6 (13.4 - 35.6) 0.040
Interstitial lung disease (n=126) 25.4(15.5-50.7) 18.9 (12.8 - 30.3) 0.003
Cardiac involvement (n=50) 27.5(18.1-51.5) 19.3 (13.3-39.3) 0.004
Dysphagia (n=120) 25.0 (15.9 - 50.0) 18.2 (13.4 - 34.3) 0.018
Ro-52 (n=80) 29.6 (156 - 57.2) 19.2 (13.9-31.4) 0.001
csDMARDs (n=111) 22.0(15.6 - 50.4) 18.9 (12.8 - 32.1) 0.014

csDMARDs, current treatment with conventional synthetic antirheumatic drugs; lIM, idiopathic inflammatory myopathies; IQR, interquartile range; Ro, anti-Ro52 autoantibodies (52 kDa,
against cytoplasmic RNA and associated peptides).





OPS/images/fimmu.2022.811045/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.811045/fimmu-13-811045-g001.jpg
e = i 4

H

 ewom
YT E—

pe0000t
60001

00001

Hepso (ngimt)

Lo (ukattt)

p<00001
o3

BT (bt}





OPS/images/fmed-09-882911/fmed-09-882911-t002.jpg
Study variables Mi

Yes No P-value
(n=12,781) (n =768,418)

Sarcopenia 0.568
No 12,770 (99.9) 767,635 (99.9)

Yes 110.1) 783(0.1)

Autoimmune disease <0.001
SLE alone 2,323 (18.2) 197,684 (25.7)

RA alone 10,175(79.6) 545,662 (71.1)

Both 283(2.2) 25,072 (33)

Patients’ characteristics

Age, years 73.4+0.13 63.10.07 <0.001
20to <45 4213.3) 121,002 (15.7) <0.001
45-64 2,498 (19.5) 251,913 (32.8)

65+ 9,862 (77.2) 395,503 (51.5)

Gender <0.001
Male 3,376 (26.4) 159,829 (20.8)

Female 9,405 (73.6) 608,589 (79.2)
Race/ethnicity <0.001
White 9,949 (77.9) 544,377 (70.9)

Black 1,479 (11.6) 122,687 (16.0)

Hispanic 815(6.3) 67,041 (8.7)

Asian/Pacific Islander 220(1.7) 12,277 (1.6)

Native American 77(06) 5,576 (0.7)

Others 241(1.9) 16,460 (2.2)

Household Income 0.044
Lowest Quartile 3,607 (28.3) 226,934 (29.6)

Second quartile 3,383 (26.5) 197,577 (25.7)

Third quartile 3,049 (23.8) 182,510 (23.7)

Fourth quartile 2,742 21.4) 161,397 (21.0)

Insurance <0.001
status/Primary Payer

Medicare/Medicaid 10921(85.5) 555,597 (72.3)

Private including HMO 1,611 (11.8) 175,389 (22.8)

Self-pay/no 349 (2.7) 37,432 (4.9)

charge/other

Admission type <0.001
Elective 972.(7.6) 173,073 (22.5)

Emergent 11.800(92.4) 595,345 (77.5)

Smoking 0817
No 12,764 (99.9) 767,345 (99.9)

Yes 17 0.1) 1,073 0.1)

Alcohol consumption 0413
No 12,733 (99.6) 765,146 (99.6)

Yes 48(0.4) 3,272 (0.4)

Diabetes <0.001
No 9,079 (71.0) 593,684 (77.2)

Yes 3,702 (29.0) 174,734 (22.8)
Hypertension <0.001
No 12,552 (98.2) 760,661 (99.0)

Yes 229(1.8) 7,757 (1.0)
Hyperlipidemia <0.001
No 8,047 (62.9) 567,032 (73.7)

Yes 4,734 37.1) 201,386 (26.9)

Hospital characteristics

Hospital bed size <0.001
Large 7,262 (57.1) 461,484 (60.2)

Medium 3,466 (27.1) 196,108 (25.6)

Small 2,053 (15.8) 110,826 (14.2)
Location/teaching <0.001
status

Rural 1,881 (14.9) 90,999 (11.9)
Urban-nonteaching 5,666 (44.0) 328,885 (42.6)
Urban-teaching 5,234 (41.0) 348,534 (45.5)

Hospital region <0.001
Northeast 3,009 (24.1) 149,054 (19.8)

Midwest 2,402 (18.9) 139,507 (18.3)

South 4,876 (37.9) 330,326 (42.8)

West 2,494 (19.1) 149,441 (19.1)

Length of stay, days 6.6+007 6.1 4001 <0.001

HMO, Health maintenance organization; M, myocardial infarction; RA, rheumatoid
arthritis; SE, standard error; SLE, systemic lupus erythematosus. Categorical data are
presented as unweighted counts (weighted %); continuous data are presented as mean
+ SE. Significant results were shown in bold.
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Study variables Total HF

(n=781,199) Yes No P-value
(n=127,812) (o =653,387)

Sarcopenia 0.003
No 780,405 (99.9) 127,651(99.9) 652,754 (99.9)

Yes 794 (0.1) 161 (0.1) 633(0.1)
Autoimmune <0.001
disease

SLE alone 200,007 (25.6) 27,520 (21.5) 172,478 (26.4)

RA alone 555,837 (71.2) 96,886 (75.9) 458,951 (70.3)

Both 25355(32)  8897(27)  21.958(3.4)

Patients’ characteristics

Age, years 632+£007  71.4+008  617+£007 <0.001
2010 <45 121423 (155)  7259(56) 114,164 (17.4) <0.001
45-64 254,411 (32.5) 27,582 (21.5) 226,879 (34.7)

65+ 405,365 (52.0) 93,021 (72.8) 312,344 (47.9)

Gender <0.001
Male 163,205 (209) 31,480 (24.7) 131,725 (20.2)

Female 617,004 (79.1) 96,332 (75.3) 521,662 (79.8)
Race/ethnicity <0.001
White 654,326 (71.0) 91,715(71.8) 462,611 (70.8)

Black 124,166 (15.9) 23,240 (182) 100,926 (15.4)

Hispanic 67,856(87)  8086(63)  59,770(0.1)
Asian/Pacific 12497 (16)  1659(1.3) 10838 (1.6)

Islander

Native American 5,653 (0.7) 772(06) 4,881 (0.8)

Others 16,701 22)  2340(1.8)  14361(22)
Household <0.001
Income

Lowest quartile 280,541 (29.6) 40,692 (31.9) 189,849 (29.1)
Second quartle 200,960 (25.7) 33,224 (26.0) 167,736 (25.7)

Third quartile 185,550 (28.7) 29,167 (22.8) 156,392 (23.9)

Fourth quartile 164,139 (21.0)  24,729(19.3) 139,410 (21.3)
Insurance <0.001
status/Primary

Payer

Medicare/Medicaid 566,518 (72.6) 111,201 (87.0) 455,317 (69.7)

Private including 176,900 (22.6) 13,473 (10.5) 163,427 (25.0)
HMO

Self-pay/no 37781 (48)  3138(25)  34643(53)
charge/other

Admission type <0.001
Elective 174,045 (22.2) 14,086 (11.0) 159,959 (24.4)
Emergent 607,154 (77.8) 113,726 (89.0) 493,428 (75.6)
Smoking 0.149
No 780,109 (99.9) 127,652 (99.9) 652,457 (99.9)

Yes 1,090 (0.1) 160 (0.1) 930 0.1)

Alcohol <0.001
consumption

No 777,879 (99.6) 127,585 (99.8) 650,294 (99.5)

Yes 3,320 (0.4) 227(02) 3,003 (0.5)

Diabetes <0.001
No 602,763 (77.1) 85242 (66.7) 517,621 (79.2)

Yes 178,436 (22.9) 42570(333) 135,866 (208)
Hypertension <0.001
No 773213 (99.0) 124,801 (97.7) 648,412 (99.2)

Yes 7986(1.0) 301123  497508)
Hyperlipidemia <0.001
No 575079 (73.6) 86219 (67.4) 488,860 (74.8)

Yes 206,120 (26.4) 41,593 (32.6) 164,527 (25.2)

Hospital characteristics

Hospital bed size <0.001
Large 468,746 (60.2) 74,911 (68.8) 393,835 (60.5)

Medium 199,674 (25.6) 33,590 (26.3) 165,984 (25.5)

Small 112,879 (14.2) 19,311 (14.9) 93,568 (14.0)
Location/teaching <0.001
status

Rural 92,880 (120)  17963(142) 74917 (11.6)

Utban- 334,551 (42.6) 54,396 (42.3) 280,156 (42.6)
nonteaching

Utban-teaching 353,768 (45.4) 55,453 (43.5) 298,315 (45.8)
Hospital region <0.001
Northeast 152,063 (19.9) 24,267 (19.4) 127,796 (20.0)

Michwest 141,999 (183) 26,491 (20.9) 115508 (17.8)

South 335202 (42.7) 54,740 (42.6) 280462 (42.7)

West 151935 (19.1)  22314(17.1) 120,621 (19.5)
Lengthof stay, 5.1 +001 62008  49+001  <0.001
days

HF, heart failure; HMO, Health meintenance organization; RA: rheumatoid arthrtis; SE,
standard error; SLE, systemic lupus erythematosus. Categorical data are presented
as unweighted counts (weighted %); continuous date are presented as mean = SE.
Significant results were shown in bold.
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Characteristics

DM with RP-ILD (n=13)

DM with chronic ILD (n=21)

DM without ILD (n=7)

Female gender, no. (%)
Onset age (years, mean + SD)
Disease duration [months, median (IQR)]
Clinical features, no. (%)

Muscle weakness

Heliotrope rash

Gottron papules

Mechanic’s hands

V sign, no. (%)

Skin ulcers

Arthritis/arthralgia

Dysphagia
Laboratory examinations

Anti-ARS

Anti-MDA-5

CK, lun

LDH, lur®

AST, U/

ALT, IUA

CRP, mg/d®

ESR, mm/H

Ferritin, ng/mi®

CEA, ng/ml®

CYFRA211, ng/mi®
Pulmonary function test

FVC (%)°

FEV1 (%)°

DLCO (%)°
Treatment

Corticosteroid alone, n (%)

Corticosteroid+ immunosuppressant, n (%)

cyclosporine, IVCY, n (%)
Triple treatment, n (%)
IVIG, n (%)

9 (69.2%)
56.0+ 5.3
4.0(1.5-7.5)

5 (38.4%)
8 (61.5%)
9 (69.2%)
10 (76.9%)
46.1%)

(23.0%)
(38.4%)

6
(:
(
(15.3%)

3
5
2

0(0)
12 (92.3%)
39.0 (18.0-104.5)
332.5 (279.8-442.0)
38.0(17.5-51.0)
46.0 (25.5-84.0)
0.46 (0.25-0.71)
33.0 (15.5-42.0)
1011 (477.6-1849)
5.3 (2.6-12.4)
4.7 (32-6.9)

74.24 +22.01
70.38 + 19.44
63.16 + 20.34

0
13 (100%)

0 (76.9%),2(15.3%)
4(30.7%)
6 (46.1%)

15(71.4%)
51.0+£ 118
8.0(4.0-19.0)

9 (42.8%)
10 (47.6%)
8 (38.0%)
4(19.0%)"™
8 (38.0%)
000"
6 (28.5%)
2(95%)

5(23.8%)
13 (61.9%)
49.0 (32.0-149.0)
297.0 (226.0-447.5)
21.0 (17.0-35.5)
28.0 (16.5-73.5)
0.62 (0.21-1.35)
8.0 (6.0-38.0)
367.2 (70.2-875.9)"
25 (1.3-4.9)
3.3(2.0-6.7)

93.43 + 15.66
83.84 + 11.50
73.71+12.84

3(14.2%)
20 (95.2%)

12 (67.1%), 3(14.2%)
5 (23.8%)
2(9.5%)"

6(85.7%)
30.7 £ 11.8™*
2.0(1.3-9.0)

1(14.2%)
00
311.0(40.0-1553.0)
308.0(190.0-448.0)
49.0(15.0-81.0)
38.0(19.0-147.0)
0.17(0.14-0.46)
7.08.0-16.0)
172.4(32.6-565.2)"
1.4(0.8-1.6)"
2.6(1.8-22.5)

105.70 + 2.62**
111.10 + 6.36™
93.97 + 24.33

0
6(85.7%)
0, 2(28.5%)
1(14.2%)
1(14.2%)

DM, dermatomyositis; ILD, interstitial lung disease; RP-ILD, rapidly progressive ILD; CK, creatine kinase; LDH, Lactate dehydrogenase; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; CEA, carcinoembryonic antigen; CYFRA211:Cytokeratin 19 fragment; FVC, forced vital capacity; FEV1,
forced expiratory volume in 1s; DLco, diffusing capacity of carbon monoxide; IVCY, intravenous cyclophosphamide; Triple treatment, corticosteroid, immunosuppressants (ciclosporin or
tacrolimus) and intravenous cyclophosphamide; IVIG, intravenous immunoglobulin. a,b,c,d,e Data were available for 40, 39,38,31 and 21 patients, respectively.*P < 0.05,”P < 0.01, and
***D < 0.001.
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Cluster 1n =28 Cluster2n =28 Cluster 3n =31 Global pagj

Age (years) 50 + 18* 61+10 58 + 14 0.018
Sex
Men 3 (10.7%)* 28 (100.0%) 0(0.0%)* <0.001
Women 25 (89.3%)" 0 (0.0%) 31 (100.0%)*
Disease duration (months) 40.5 (49.5)" 3.0 (6.25) 5.0 (10.0) <0.001
General condition/inflammation
Fever 1 (3.6%) 2(7.1%) 1 (3.2%) 0.836
Deterioration of general condition 0(0.0%) 3 (10.7%) 2 (6.5%) 0.272
ESR (mm/h) 26 (52) 55 (57) 33 (38) 0.127
CRP (mg/L) 2,52 (5.85)" 14.25 (17.85) 3.12 (5.00) 0.007
Skin lesions
Heliotrope rash 24 (85.7%) 26 (92.9%) 27 (87.1%) 0.765
Gottron’s sign 12 (42.9%) 16 (57.1%) 16 (51.6%) 0.572
V-neck sign 15 (53.6%) 20 (71.4%) 18 (58.1%) 0.408
Shawl sign 11 (39.3%) 15 (53.6%) 12 (38.7%) 0.451
Holster sign 2(7.1%) 7 (25.0%) 7 (22.6%) 0.186
Mechanic’s hands 1 (3.6%) 0(0.0%) 3(9.7%) 0.319
Raynaud phenomenon 0(0.0%) 0(0.0%) 2 (6.5%) 0.326
Skin ulcers 0(0.0%)* 6 (21.4%) 1(3.2%) 0.008
Muscular manifestations
Proximal weakness 11 (39.3%) 17 (60.7%) 21 (67.7%) 0.076
LDH (UL) 211.4 (88.9)" 327.5 (209.7) 355.1 (161.0) <0.001
CK (UL 81.1(161.2% 403.1 (2008.0) 156.0 (355.4) 0.006
Lung manifestations
ILD 4 (14.3%) 5(17.9%) 6 (19.4%) 0.938
Lung infection 1 (3.6%) 7 (25.0%) 2 (6.5%) 0.049
Other rheumatologic manifestations
Arthritis/arthralgia 4 (14.3%) 3(10.7%) 3(9.7%) 0.916
Blood cells
WBC (x10%L) 5.5 (1.6) 6.7 (4.4) 6.8(2.7) 0.090
Hb (g/L) 124 £17* 122 £15 112+£18 0.010
N% 65.4 (14.0)" 722 (13.5) 76.7 (13.1) <0.001
L% 253 +7.0" 145+ 49 16.0+7.3 <0.001
NLR 29 (1.9 5.1 (3.7) 6.1(4.6) <0.001
M% 85 (5.2) 9.9 (3.4) 8.0(3.9 0.067
Cancer 1 (3.6%)" 27 (96.4%) 19 (61.3%)* <0.001

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; LDH, lactic dehydrogenase; CK, creatine kinase; ILD, interstitial lung disease; WBC, white blood cells; RBC, red blood cells;
N%, percentage of neutrophils; L%, percentage of lymphocytes; NLR, neutrophil-to-lymphocyte ratio; M%, percentage of monocytes.
#n < 0.05 for comparison between cluster 1 and cluster 2: *p < 0.05 for comparison between cluster 1 and cluster 3: ¥p < 0.05 for comparison between cluster 2 and cluster 3.
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Timeline

June
2014

July
2014

May
2019

June
2020

Symptoms/diagnosis

Heliotrope rash, Gottron's papules, muscle
weakness with elevated creatine kinase, and
myopathic changes indicated by electromyography;
normal urinalysis

Pulmonary cytomegalovirus infection; normal
urinalysis

Heliotrope rash and muscle weakness with elevated
CK, positive anti-TIF1y antibodies; normal urinalysis

Heliotrope rash and Gottron’s papules without
muscle weakness; new-onset of hematuria and
proteinuria, and biopsy-proven IgAN

Treatment

mPSL (80 mg/day), MTX (12.56 mg/week) and CTX (400 mg/week)
as initial therapy

Changed MTX and CTX to tacrolimus (4 mg/day); low-dose
prednisolone (5 mg/day) and tacrolimus (2 mg/day) for maintenance
therapy

mPSL (40 mg/day) and tacrolimus (3mg/day); mPSL was tapered
until discontinued, and tacrolimus (3 mg/day) was remained for
maintenance therapy

Tacrolimus was stopped; mPSL (40 mg/day), MTX (10 mg/week)
and valsartan as initial therapy; mPSL (gradually tapered to 6 mg/
day), MTX (15 mg/week) and valsartan at the time of writing this
report

Outcome

Improved

Improved and stable for 5 years

Improved

Rash improved, 24-hour urine
protein decreased, but urine red
blood cells could still be found

IgAN, IgA nephropathy; anti-TIF1y, anti-transcription intermediary factor; mPSL, methylprednisolone; MTX, methotrexate; CTX, cyclophosphamide.
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Ref Sex/ Myopathy Concomitant disease Time' Antibody Treatment Outcome
age
1) F14 JDM None 0 Negative GCs, MTX Improved
(22) Mm/10 JDM None 0 Negative GCs, MTX Improved
(23) F/26 DM None 15 NA GCs, AZA NA
years
(25) M/32 PM Scleroderma, adult coeliac disease and diabetes 1 year RF, anti-nucleolus, anti- GCs Improved
mellitus reticulin
(24) M/49 DM Pulmonary fibrosis and lung cancer 0 Negative GCs Dead
(26) M/35 PM Acute lung injury 6 Negative GCs, AZA, CYC Improved
months
(27) F/56 PM Thyroid papillary carcinoma 0 ANA (speckled pattern, GCs, CYC, MG, total Improved
1:320) thyroidectomy
(13) M/58 ASS Interstitial lung disease 0 Anti-Jo-1 GGCs, Vg, CSA Improved
(28) F/65 ASS Lung cancer 0 Anti-Jo-1 Surgical treatment of lung Improved
cancer
(11) F/38 ASS None 0 Anti-Jo-1, anti-SSA, anti- GCs, MTX, IVIg, TNF-i Improved
SSB,
(11) M43 ASS None 18 years Anti-Jo-1, anti-SSA GCs, MTX Improved

Ref, reference; NA, not available; JDM, juvenile dermatomyositis; DM, dermatomyositis; PM, polymyositis; ASS, anti-synthetase syndrome; GCs, glucocorticosteroids; MTX, methotrexate;
AZA, azathioprine; CYC, cyclophosphamide; CyA, cyclosporine A; MMF, mycophenolate mofetil; RF, rheumatoid factor; IVIg, intravenous immunoglobulin; TNF-i, TNF-ecinhibitor; M, male;
F, female.
*Time between myositis onset and IgA nephropathy.
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Satisfaction data

Opinion about the experience with the 20% SClg treatment:

* Very good
e Good
o Sufficient

Opinion about the training period:
e Very good
e Good

Difficulty in preparing the infusion:
* No difficulty

Support from the healthcare staff:
* Yes

During the infusion, patients reported:
* To stay still
e Towalk
* Todo small jobs

All patients receive the infusion in the abdomen.

n=27, n (%)

18 (62)
7 (24)
2(7)

11(38)
16 (55)

27 (93)
27 (93)
10 (34)

2(7)
15 (52)
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Parameters n Pre-treatment; median (min-max) Post-treatment; median (min-max) p-value
CK levels 30 884 (33-1,525) 104 (24-800) <0.001
MMT8 29 67 (46-78) 78 (48-80) <0.001
PDN, mg* 30 25 (5-100) 4 (0-25) <0.001**
Disease activity

MITAX 26 0.11 (0-0.52) 0.09 (0-0.32) 0.022
Assessment of damage

MDI 28 0.09 (0-1.04) 0.14 (0-0.90) 0.100
Assessment of disability

HAQ-DI 16 0.31 (0-3.0) 0.66 (0-3.0) 0.002

"Mean previous versus current daily prednisone-equivalent dose.

“Wilcoxon non-parametric test.
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Erythema

Erythema + swelling
Swelling

Erythema + swelling +
subcutaneous nodules
Subcutaneous nodules
None

PM/DM, n (%)

16 (53)
0(0)
9(30)
0(0)

2(6)
3(10)

CVID, n (%)

9(31)
6(7)
10 (35)
10

1)
6 (21)

p-value

0.275
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Satisfaction data n=27; n (%)
Opinion about the experience with the 20% SClg treatment:

e Good 14 (47)

* Very good 13 (43)
Opinion about the training period:

e Good 14 (47)

* Very good 13 (43)
Difficulty in preparing the infusion:

*  No difficulty 23 (77)

¢ NA 4 (15)
Support from the healthcare staff:

e Yes 24 (80)

* No 2(7)

¢ NA 1(4)
During the infusion, patients reported:

* To stay stil 14 (47)

* Towalk 7(23)

* To do small jobs 6 (20)

NA, not available. All patients receive the infusion in the abdomen.
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Pre-treatment; median (min-max)

IgG 347 (24-618)
No. of infections 5.5(2-9)
Patients with serious infections, n (%) 21(72)
No. of serious infections 1(0-6)
No. of antibiotics administration per year 4.5 (1-8)
Hospitalizations (per year) 1(1-4)
Hospitalized patients, n (%) 13 (43)
Days in hospital 7 (2-30)
Absence from work (days) 7(2-30)

*Wilcoxon non-parametric test; **McNemar non-parametric test.
Statistically significant p-value are reported in bold.

Post-treatment; median (min-max)

875 (326-1250)
0.5 (0-3.5)
3(10)
0(0-2)

0.5 (0-2.5)
1(0-1)
6(21)

4 (0-30)

4 (3-9)

p-value*

<0.001
<0.001
<0.001**
<0.001
<0.001
0.001
0.050
0.002
0.010
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Authors Year Sex Age Antibody Clinical characteristics Treatment Outcomes

Zhang etal. 2020 F 58 Anti-SSA, Anti-  Muscle weakness, dyspnea, myalgia, CKt Antiviral drug, MP, HCQ, tocilizumab Recovered
(36) SAE, Anti-Ku

Kogami 2020 F 46 Anti-MDAS Erythematous papules Antiviral drug Recovered
et al. (37)

Cao et al. 2020 F 45  Anti-Ro52 Fever, myalgia, Gottron's sign, RP-ILD, ferritint, IL-61, CK1, Antiviral drug, MP, CTX, IVIG Died

(38) LDHt

Borges 2021 F 36  Anti-Mi2 Sore throat, fatigue, Gottron's papules, muscle weakness, MP Recovered
et al. (39) Raynaud phenomenon, CKt

Quintana- 2021 F 11 Anti-MDA5, Gottron’s papules with calcinosis, heliotrope rash, palmar Antiviral drug, glucocorticoids, HCQ, Died
Ortega Anti- Ro/SSA papules, dysphagia, cervical subcutaneous emphysema, MMF, TAC, CTX, tocilizumab,

et al. (40) RP-ILD, SF1, IL-61 tofacitinib, IVIG, PE

Ho et al. 2021 M 88 NA Fatigue, myalgias, muscle weakness, Gottron’s sign, Glucocorticoids, MTX, Recovered
(41) heliotrope rash, CKt

Liquidano- 2021 F 4 Anti-RNP/Sm, Muscle weakness, Gottron’s papules, heliotrope rash, Glucocorticoids, HCQ, MTX, CsA, IVIG  Recovered
Perez et al. Anti-Scl-70, dysphagia, CKt

(42) Anti-Sm

CK, creatine kinase; CTX, cyclophosphamide; CsA, cyclosporine; DM, dermatomyositis; F, female; HCQ, hydroxychloroquine; IL-6, interfeukin-6; IVIG, Intravenous immunoglobulin; LDH,
lactate dehydrogenase; M, male; MMF, mycophenolatemofetil; MP, methylprednisolone; MTX, methotrexate; NA, not available; PE, plasmapheresis; RP-ILD, rapidly progressive interstitial
lung disease; TAC, tacrolimus.
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%

Age at diagnosis (years), median (min-max) 58 (18-77)
Gender: Females 24 80
Type of myositis
PM 16 54
DM 14 46
Autoantibodies positivity:
Antinuclear antibodies 13 43
Anti-SRP 3 10
Anti-Jo1 3 10
Anti-Mi-2 3 10
Anti-MDA-5 1 3
Anti-myositis-associated autoantibodies (SSA, SSB, RNP) 6 20
Previous IVIg treatment 19 63
Other therapies
Oral prednisone/methylprednisolone 29 100
Hydroxychloroquine 6 20
Immunosuppressant (CsA, MTX, MMF) 23 7
Rituximab 2 6
Organ involvement
Interstitial lung disease 9 30
Clinically overt heart involvement 1" 37
Dysphagia 15 50
Arthritis 9 30
Median follow-up period (min-max) (From 20% SClg start to the last visit; months) 87 (12-148)

CsA, Cyclosporin A; MTX, Methotrexate; MMF, Mycophenolate mofetil: SClg, Subcutaneous Immunoglobulin.
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Infection Type Number of linfection Events

Remarks

Upper respiratory infection
Pulmonary infection
Urinary tract infection
Appendicitis

Skin infection

Herpes infection

CMV, cytomegalovirus; N.A., not available.

LaapoON

Occurred in patients 31, 32.

Occurred in patients 4, 6, 11, 13, 14, 27, 32, 33, 34; Five of them were CMV infection.
Occurred in patient 27, the other one is unknown.

N.A.

Occurred in patient 12.

N.A.
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RTX Treatment Responsive RTX Treatment Non-Responsive

Total 25 10
Mean age, years (mean + SD) 46.96 + 13.68 49.20 + 14.41
Female, n (%) 14 (56%) 8 (80%)
C-ILD, n (%) 3 (12%) 1(10%)
RP-ILD, n (%) 22 (88%) 9 (90%)
Survival, n (%) 23 (92%) 1(10%)

RTX, rituximab; DM, dermatomyositis; MDAS, melanoma differentiation-associated gene 5; ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; C-ILD, chronic
interstitial lung disease.
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Characteristics

Demographic
Age at onset (years), mean + SD
Female, n (%)

Asian, n (%)

ILD, n (%)

C-ILD, n (%)

RP-ILD, n (%)

Cutaneous involvement
Heliotrope rash
Gottron’s papules or sign
Palmar papules
V-neck rash
Shawl sign
Mechanic hand
Ulceration

Myalgia

Muscle weakness

Fever

Arthralgia/arthritis

Raynaud’s phenomenon

Patients with anti-MDAS5 DM-ILD

47.60 + 13.72
22(62.86)
33(94.29)
35 (100)
4(11.43)
31(88.57)

29/30
20/30
24/30
8/30
8/30
5/30
16/30
15/30
10/30
9/30
20/30
14/30
8/30

RTX, rituximab; DM, dermatomyositis; MDA5, melanoma differentiation-associated gene
5, ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; C-ILD,

chronic interstitial lung disease.
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Patient no./ Previous Therapy RTX Treatment Schedule Co-Intervention Fenitin Levels at Outcome Outcome of Lung (Chest CT or RTX Ref.

Age at with RTX Admission/After  of Skin PFT) Response/
Entry, RTX(ng/m)  Rash Outcome of
Years/Sex Survival
1/36/F PSL, IVCY, CNI, MMF 375 mg/m? i.v. at Day 0,Day 14 PSL 1mg/kg/d, 771108 Not Chest CT improved, DLCO roseto ~ Success/ 1
MMF, CNI improved  72.8% from 55% after RTX aive (23)
2/59/M PSL 375 mg/m? i.v. at Day 0,Day 14 PSL imghkg/d, MG,  1119.3/110.7  improved ~ Chest CT improved, DLCO Success/
CNI rose to 61.3% from 33.8% after dive
RTX
8/24/M PSL, CNI, MTX, IVCY 375 mg/m? i.v. at Day 0,Day 14 PSL 1mg/kg/d, CNI 749.8/366.5 improved  Chest CT improved after RTX Success/
dive
4/41/F PSL, VCY, VIG 375 mg/m? iv. at Day 0,Day 14 PSL 2mg/kg/d, IVCY 276.1/N.A. Not Chest CT deteriorated Failure/died
improved
5/37/F PSL, IVCY, MMF,VIG 375 mg/m? iv. at Day 0,Day 14 PSL 2mg/kg/d, MG 1811/118 Not Chest CT improved after RTX Success/
improved aive
6/51/M mPSL, AZANCY 375 mg/m? i.v. at Day 0,Day 14 PSL 2mgkg/d, IMIG ~ 14335/1169  improved  Chest CT deteriorated Failure/died
7/56/F mPSL, IVCY, CNI 375 mg/m? i.v. at Day 0, Day 14 PSL 1mg/kg/d, CNI 4902/533  improved  Chest CTimproved, DLCO roseto  Success/ 1
71% from 36.6% after RTX alive (23)
8/53/F PSL, IVCY 100mg/w i.v. (for 4 ws) PSL 1mg/kg/d, CNI 187.1/11.5 improved  Improvement in chest CT, PFT was Success/
inftially not completed alive

because of dyspnea. After RTX,
DLCO rose to 70.1%

9/28/M mPSL, MG 100mg/w i.v. (for 4 ws) PSL 1mg/kg/d, CNI 4676/24.4 improved  Improvement in chest CT, PFT was Success/
initially not completed because of aive
dyspnea. After RTX, DLCO rose to
95.8%
10/36/F mPSL, CNI, MIG 100mg/w iv. (for 4 ws) PSL 1mg/kg/d, CNI 1141.2/36.3 improved  Chest CT improved after RTX Success/
aive
11/39/M PSL, MMF, THD, VCY ~ 100mg/w i.v. (for 2 ws) PSL 1mg/kg/d 1042.8/789 improved  Chest CT deteriorated Failure/died
12/49/F PSL, MMF, CNI, IVCY,  In Ref.2, three in four patients use PsL. N.A./23 improved  Chest CT improved, FVCrose to Success/ 2
VG RTX 1gi.v. at Day 0, Day 14; one in 67% from 39% after RTX alive (26)
13/50M PSL, MMF, IVCY, CNI four patients use RTX 500mg/w i.v. PSL, CNI N.A/260 improved  Chest CT improved, FVCrose to Success/
(for 4 ws) 106% from 76% after RTX alive
14/38/M PSL, MMF, CNI, MG PsL. 2844/902 improved  Chest CT unchanged, FVC rose to  Success/
121% from 94% after RTX alive
15/48/M PSL, CNI PSL N.A/170 improved  Chest CT improved, DLCO roseto  Success/
72% from 54% after RTX aive
16/71/F mPSL 1gx3d, followed ~ 350mg/m?/Aw i.v. (for 4 ws) PSL, CNI 3149.8/253.1 improved  Chest CT improved after RTX Success/ 3
by PSL 1mg/kg/d, CNI, aive ©7)
IVCY, Vig, PMX
17/48M mPSL 1gx3d, followed ~ 350mg/m?/w i.v. (for 4 ws) PSL, CNI 781/186 improved  Chest CT improved after RTX Success/ 4
by PSL 1mg/kg/d, CNI, alive (28)
ey
18/71/F mPSL 1gx3d,followed  350mg/m?/w i.v. (for 2 ws) PSL, CNI 507/1740 Not Chest CT deteriorated Failure/died 5
by PSL 1mg/kg/d,CNI, improved (29)
vey
19/69/F mPSL 1gx3d, followed ~ 350mg/m?/w i.v. (for 2 ws) PSL, CNI, IVCY 219/1930 Not Chest CT deteriorated Failure/died
by PSL 1mg/kg/d, CNI improved
20/57/M PSL 1mg/kg/d, CNI, 550mg/w iv. (for 4 ws) PSL, CNI, MMF, 1178/continued  N.A. Chest CT improved after RTX Success/ 6
IVCY, PMX, MMF MG to decrease alive (30)
21/49/F PSL, HCQ 1g iv. at DayO,Day 14 PSL, MG, CTX, CNI,  N.A/N.A. N.A. Chest CT deteriorated, Initial PFT Failure/died 7
EMCO results showed FVC and DLCO 1)
were 87.5% and 59% respectively
22/56/F mPSL 500mg/week 375mg/m?Aw (for 4 ws) PSL 1mgkg/d, CNI  1630/N.A. improved  Chest CT improved, FVC rose o Success/ 8
88% from 60% after RTX alive (32)
23/64/F mPSL 500mgx3d, 375mg/m? (use twice) mPSL 500mgx3d, 300/ N.A. Chest CT deteriorated, Initial PFT Failure/died 9
followed by mPSL 40- followed by mPSL results showed FVC and DLCO (33)
80mg/d, CNI, IVCY, 40-80mg/d, CNI, were 83.2% and 68.6% respectively
VIG MG
24/70/F mPSL pulse therapy,  375mg/mP/w (for 4 ws) PSL, CNI NAMNA. improved  Chest CT improved after RTX Success/ 10
followed by PSL, CNI, alive (34)
ey
25/29/F mPSL 1gx3d, followed  375mg/m®/w (for 4 ws) PSL 40mg/d, CNI 77/decrease improved  Chest CT unchanged Failure/alive 1"
by PSL 45mg/d, CNI, (35)
IVCY, PE
26/50/F PSL 25mg/d, MMF 1gi.v. at DayO,Day 14 PSL 12.5mg/d N.A/MN.A improved  Chest CT improved, DLCO roseto  Success/ 12
56% from 42% after RTX alive (36)
27/62/M mPSL pulse therapy, 500 mg i.v. at Day 3,Day 10, Day 17 mPSL pulse therapy, 6711.3/nomal  N.A. Chest CT improved after RTX Success/ 13
followed by PSL 60mg/ IVCY, CNI, TOF(5mg aive (37)
d, VCY, CNI bid),PE(days 1,7, 8,
9
28/37/F mPSL pulse therapy, 500 mg/w i.v. mPSL pulse therapy, 412.2/N.A. NA. Chest CT improved after RTX Success/ 14
followed by PSL 50mg/ IVCY, CNI, TOF, PE alive (38)
d
29/42/F mPSL 1gx3d, 500 mg/w i.v. (only once) None 169.4/N.A. N.A. Chest CT deteriorated Failure/died 15
mechanical ventilation (39)
30/16/F mPSL 1gx3d, followed  1gi.v. at Day 1, Day 15 VCY, VIG 2006/normal improved  Chest CT improved, DLCO roseto ~ Success/ 16
by PSL1mg/kg/d, CNI 80% from 59% after RTX alive (40)
31/44/M GC 100 mg i.v. (only once) GC, CNI, Other NA/MNA. NA. Chest CT improved after RTX Success/ 17
treatments are not alive (41)
mentioned
32/36/F GC 100 mg i.v. (only once) GC, CNI, Other NAMNA. N.A. Chest CT improved after RTX Success/ 1w
treatments are not alive (A1)
mentioned
33/55/F (c'e; 100 mg i.v. (only once) GC, CNI, Other NA/NA. NA. Chest CT improved after RTX Success/
treatments are not died
mentioned
34/59/M GC 100 mg i.v. (only once) GC, CNI, Other NAMNA. N.A. Chest CT improved after RTX Success/
treatments are not died
mentioned
356/37/F GC 100 mg i.v. (only once) GC, CNI, Other NA/MNA. N.A. Chest CT deteriorated Failure/died
treatments are not
mentioned

RTX, rituximab; PSL, prednisolone; mPSL, methylprednisolone; IVCY, intravenous cyclophosphamide; IVIG, intravenous immunoglobulin; CNI, calcineurin inhibitors; MMF, mycophenolate
mofetil; MTX, methotrexate; AZA, azathioprine; TOF, tofacitinib; THD, thalidomide; PMX, polymyxin B hemoperfusion treatment; HCQ, hydroxychloroquine; PE, plasma exchange; w/ws,
week/weeks; m, month; i.v., intravenous; N.A., not available; PFT, pulmonary function testing; FVC, forced vital capacity; DLCO, diffusing capacity of carbon monoxide; MAS, macrophage
activation syndrome; HBV, Hepatitis B Virus; TB, tuberculosis; RFP, rifampin; success/failure, interstitial lung disease respond/did not respond to RTX treatment.
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Pattern of ILD RTX Treatment Schedule

C-ILD RP-ILD Low-Dose RTX Conventional-Dose RTX
Total 4 31 9 26
Mean age, years (mean + SD) 34.75 £ 11.30 49.26 + 13.25 43 +10.46 49.19 £ 14.51
Femnale, n (%) 3(75) 19 (61.29) 5 (55.56) 17 (65.39)
Response to RTX Treatment, n (%) 3(75) 22 (70.97) 7(77.78) 18 (69.23)
Infection, n(%) NA. N.A. 5 (55.56) 8(30.77)
Survival, n (%) 4 (100) 20 (64.52) 6 (66.67) 18 (69.23)

RTX, rituximab; DM, dermatomyositis; MDAS, melanoma differentiation-associated gene 5; ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; C-ILD, chronic
interstitial lung disease; N.A., not available.
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43 records excluded:
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Variables

ANA positive, n (%)
Anti-Ro52" positive, n (%)
IgG, g/L

IgA, g/L

IgM, g/L

IgE, IU/mL

CK, IU/L

LDH, IU/L

CRP, mg/dl

Serum ferritin, ng/ml
HGB, g/L

PaO,, mmHg
CD3+CD4+, cells/ul
CD3+CD8+, cells/ul
CD3-CD19+, cells/ul
CD16+CD56+, cells/ul

Overall, n = 111

103 (92.79)

53 (74.65)
145+ 44
2.69 (2,01, 3.26)°
1.44 (0.95, 2.11)
26.1 (15.0, 49.1)
270 (67, 1121)
311 (242, 459)
6.28 (2.0,19.6)
197.3 (108.7, 382)
1283+ 153
77.5 (70.8, 85.8)
503 (343.5, 730)
326 (213.5, 482.5)
180 (107.5, 296)
194 (122, 315.5)

Jol,n =70

65 (92.86)

26 (86.67)
135 + 3.6
2.65 (2.00, 3.25)
1.38 (0.92, 2.18)
15 (15, 34)*
424.5 (74.3, 1400.3)
320 (250.3, 542.8)
624 (2,15.78)
193.5 (107.9, 278.6)
127.9 166
78 (71, 89)

501 (364.5, 757)
385 (236, 504)
171 (126.5, 271)
176 (122, 303)

PL7,n =17

16 (94.12)

10 (58.82)
167 £ 4.9
273 (2.19,3.22)
1.58 (1.23, 2.02)
37.1 (253, 139.1)
388 (63.5, 689)
314 (241, 395)
45(2,19.9)
180.9 (69.9, 399)
1288 + 10.1
77.5 (72.8, 89.4)
567 (328.5, 978.8)
2695 (156.8, 450.5)
219.5 (46, 460.3)
178 (89.8, 328)

PL12, n=9

9 (100)
8 (88.89)

17.5 + 2.4*
251 (1.96, 4.05)
1.32 (0.94, 1.74)
38.8 (27.1, 68.8)

62 (46, 181.5)
343 (258.5, 385)
137 (2.7,34.4)
470.2 (361.3, 2264.7)
124.8 £ 19.2*
67.2 (62.8, 82.8)
3235 (267.5, 526.8)
237 (110.5, 564)
217 (105.3, 346)
134.5 (61.8, 236.5)*

El,n=15

13 (86.67)
9 (60.00)
153 +6.2
2.87 (1.95, 3.36)
158 (09, 2.2)
18.1 (15.0, 81.3)
88 (54, 703.3)
256 (208, 369)
622 (2,25.8)
2624 (97.9, 483.4)
1313 + 11.2*
813 (65.6, 84.6)
597.5 (368, 809.8)
359.5 (278.3, 604.5)
160.5 (51.5, 969.5)
279.5 (228, 377.3)*

P value

0.805
0.066
0.006
0.963
0.215
0.027
0.072
0.266
0.759
0.060
0.044
0.427
0.187
0.307
0.832
0.003

ANA, antinuclear antibody; IgG,immunoglobulin G; IgA, immunoglobulin A; IgM, immunoglobulin M; IgE, immunoglobulin E; CK, creatine kinase; LDH, lactate dehydrogenase; CRP,
C-reactive protein; HGB, Hemoglobin; PaO2, partial pressure of oxygen; CD, cluster of differentiation; Jo-1, histidyl tRNA synthetase; PL7, threonyl tRNA synthetase; PL12, alanyl tRNA

synthetase; EJ, glycyl tRNA synthetase; *P < 0.05 between the groups; Anti-Ro52% n=71; °, average value (minimum value, maximum value).
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Variables Opverall, n =111
Age at diagnosis (years) 57 +10.64
Female, n (%) 84 (75.68)
Initial clinical characteristics
Arthritis, n (%) 33(29.73)
Dyspnea, n (%) 35 (31.53)
Cough, n (%) 34 (30.63)
Myasthenia/Myalgia, n (%) 21 (19.09)
Mechanic’s hands, n (%) 10 (9.01)
Raynaud, n (%) 3(2.70)
Fever, n (%) 8 (7.21)

Jol,n =70

56.36 + 10.31
54 (77.14)

26 (37.14)
18 (25.71)*
11 (1571)*
16 (23.19)
5 (7.14)
1(143)
6(8.57)

PL7,n =17

57.59 + 13.29
12 (70.59)

4(2353)
5 (29.41)
6 (35.29)
1 (5.88)
3(17.65)
1(5.88)
0 (0)

PL12, n=9

57.22 991
7 (77.78)

0 (0)
7 (77.78)*
7 (77.78)*
1(1L11)
0(0)
0(0)
1(1L11)

EJ,n=15

59.2 +9.94
11 (73.33)

3(20.00)
5(33.33)
10 (66.67)
3(20.00)
2(13.33)
1(6.67)
1(6.67)

Jo-1, histidyl tRNA synthetase; PL7, threonyl tRNA synthetase; PL12, alanyl tRNA synthetase; EJ, glycyl tRNA synthetase; *P < 0.05 between the groups.

P value

0.552
0.930

0.083
0.024
0.000
0.439
0.400
0.307
0.584
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Univariate Multivariate

OR (95% Cl) p-value aOR (95% CI) p-value
Sarcopenia
No Ref Ref Ref Ref
Yes 082(0.41,1.69) 0569 - =
Autoimmune disease
SLE Ref Ref Ref Ref
RA 1.58 (1.51,1.66) <0.001 0.86 (0.82, 0.91) <0.001

Cl, confidence interval; aOR, adjusted odds ratio; M), myocardal infarction; RA,
rheumetoid arthritis; SLE, systemic lupus erythemetosus. Adjusted for age, gender,
race/ethnicity, household income, insurance status / primary payer, admission type,
diabetes, hypertension, hyperiopidemia, hospitel bed size, location/teaching status,
hospital region. Significant results were shown in bold.
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Univariate Multivariate

OR (95% Cl) p-value aOR (95% CI) p-value
Sarcopenia
No Ref Ref Ref Ref
Yes 1.30 (1.09, 1.54) 0.003 1.12(0.94,1.33) 0219
Autoimmune disease
SLE Ref Ref Ref Ref
RA 1.32(1.30, 1.35) <0.001 0.77 (076, 0.79) <0.001

Cl, confidence interval; aOR, adjusted odds ratio; HF, heart feilure; RA, rheumatoid
arthiits; SLE, systemic lupus erythematosus. Adjusted for age, gender, race/ethnicity,
householdincome, insurance status/primary payer, admission type, alcohol consumption,
diabetes, hypertension, hyperfipidemia, hospital bed size, location/teaching status,
hospital region. Significant results were shown in bold.
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Total Autoimmune disease P-value

SLEalone  RA alone Both

HF 0019
No 127,651 (99.9) 27,507 (99.9) 96,755 (99.9) 3,389 (99.8)
sarcopenia

Sarcopenia 16104 2200 18101 802

Ml -
No 12,770(99.9) 2,321(99.9) 10,166 (99.9) 283 (100.0)
sarcopenia

Sarcopenia 11(0.1) 2(0.1) 9(0.1) =

HF, heart failure; Mi, myocardial infarction; RA, rheumatoid arthritis; SLE, systemic
lupus erythematosus.
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Variables Total Regression Stability Deterioration Univariate Analysis Multivariate Analysis

(n = 86) (n = 49) (n=27) (n = 10)
0dds Ratio 95% Conf. Interval p value Odds Ratio 95% Conf. Interval p value

Age, yrs 57 + 10.64 57.0 £ 10.26 $73 %1112 56.6 + 11.61 1.0020 0.9616-1.0403 0.992
Female, n (%) 69 (80.23) 40 (81.63) 20 (74.07) 9 (90) 0.9516 0.3466-2.6126 0923
ANA positive, n (%) 81 (94.19) 48 (97.96) 25 (92.59) 8 (80) 0.1672 0.0296-0.9429 0.043
RO-52* positive, n (%) 42 (75) 22 (75.86) 14 (73.68) 6(75) 0.9286 0.2938-2.9351 0.900
CRP, mg/L 4.6 (2,156)" 45(2,19.1) 49(2,13.1) 26(2,23.0) 0.9992 0.9705-1.0287 0.955
LDH, IU/L 307 (241.8, 391.5) 319 (254, 504) 292 (224, 362) 317.5 (2318, 457) 0.9990 0.9969-1.0011 0.362
CK, IU/L 188.5 (62.8, 1055.5) 190 (62.0, 1394.5) 364 (68, 1040) 1125 (31.5, 1223.0) 1.0000 0.9997-1.0003 0.994
Serum ferritin, ng/ml 189.3(92.2,341.0)  193.7 (109, 3727) 1355 (64.8, 305.7) 195.2 (121.2, 1379.0) 1.0002 0.9997-1.0006 0458
Pa0,, mmHg 77 (70.8, 85.6) 76.7 (674, 90.6) 77.5 (724, 85.0) 78.0 (71.0, 85.3) 0.9925 0.9601-1.0259 0.654
CD3+CD4+, cells/ul 534 (342, 746) 439 (302.3, 732.3) 585 (472, 714) 650.5 (301.8, 1164.3) 1.0005 0.9991-1.0018 0.502
CD3+CD8+, cells/ul 367 (244, 536) 352 (204.8,517.3) 310 (249, 571) 598.5 (424.8, 837.5) 1.0008 0.9985-1.0031 0.505
CD3-CD19+, cells/ul 177 (107, 292) 147 (84, 224.9) 262 (165, 948) 273 (235.5, 825) 10010 1.0000-1.0019 0.046 10013 1.0003-1.0023 0.014
CD16+CD56+, cells/ul 194 (121, 311) 190.5 (121.5, 333.5) 222 (72, 249) 156 (127, 493.3) 0.9988 0.9949-1.0027 0.556
JoLn (%) 53 (61.6) 32(65.3) 12 (44.4) 9 (90) 0.9344 0.4047-2.1572 0.874
PL7,n (%) 10 (11.6) 3(6.12) 7(259) o 1.9367 0.6167-6.0826 0.258
PL12,n (%) 9 (10.5) 6(12.2) 2(74) 1(10) 0.6667 0.1576-2.8192 0.582
EJ.n, (%) 14 (163) 8(16.3) 6(222) o 0.8014 0.2674-2.4017 0.693
RP-ILD,n (%) 10 (11.6) 8(16.3) 0 2(20) 0.3786 0.0737-1.9456 0.245
Baseline FVC, % 73.4 (589, 83.8) 68.7 (57.3, 84.8) 74.6 (63.7, 81.9) 745 (54.1, 87.9) 1.0040 0.9738-1.0352 0.797
Baseline DLCO, % 55.2 (4.5, 65.4) 54 (42.4, 66.6) 56.3 (47.8, 63.5) 569 (31.3,72.1) 1.0050 0.9762-1.0347 0737
Initial glucocorticoid dose, mg/d 50 (40, 60) 60 (50, 60) 50 (30, 60) 50 (40, 50) 0.9728 0.9486-0.9976 0.032 0.9603 0.9239-0.9981 0.040
HRCT findings
Initial overall extent, % 3371+ 1584 38.10 + 15.61 23.85 + 10.98 38.80 + 18.03
Last overall extent, % 20.34 £ 187 11.78 £ 9.47 20.37 £ 9.13 622+ 16.34
Initial GGO extent, % 2612+ 17.17 26.86 + 18.33 20.78 £ 12.21 36.90 + 19.38
Last GGO extent, % 19.81 + 18.67 1245 £ 10.35 17.93 £ 10.25 61.0 + 1631
Initial reticulation extent, % 682 +335 652 +3.38 7.26 + 3.54 6.32+£3.13
Last reticuls extent, % 6.34 £ 287 5.84 +2.76 7.03 £294 7.54 £ 421

ANA, antinuclear antibody; CRP, C-reactive protein; LDH, lactate dehydrogenase; CK, creatine kinase; PaOy, partial pressure of oxygen; CD, cluster of differentiation; Jo-1, histidyl tRNA synthetase; PL7, threonyl tRNA synthetase; PL12, alanyl tRNA
nthetase; EJ, glycyl tRNA synthetase; RP-ILD, rapidly progressive-interstitial lung disease; FVC, forced vital capacity; DLCO, carbon monoxide diffusion capacity; HRCT, high-resolution computed tomography; GGO, ground-glass opacity; RO-52",
*_average value (minimum valve, maximun value).
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Variables Overall, n = 111 Jol,n =70 PL7,n=17 PL12,n=9 EJ, n=15 P value

FVC, % 7292 + 15.16 7434 + 16.18 76.29 + 10.06 5673 + 13.28 72.19 £ 12.57 0.196

DLCO, % 56.42 + 1692 60.00 + 16.24 51.82 + 1975 42.8 1545 5433 £ 13.70 0.627

ILD pattern on HRCT
NSIP, n (%) 35 (31.53) 15 (21.43)" 9 (52.94)" 2(22.22) 9 (60)* 0.005
OP, n (%) 25 (22.52) 16 (22.83) 4(23.53) 2(22.22) 3(20) 1
NSIP+OP, n (%) 43 (38.74) 32 (45.71)7 3 (17.65) 5 (55.56)" 3(20) 0.046
UIP, n (%) 2 (1.80) 2 (2.86) 0(0) 0 (0) 0(0) 1
NSIP+UIP, n (%) 1 (3.60) 4(5.71) 0(0) 0 (0) 0(0) 0.845
NSIP+OP+UIP, n (%) 1 (0.90) 1(1.43) 0(0) 0(0) 0(0) 1
RP-ILD, n (%) 13 (11.71) 9 (12.86) 0(0) 3(33.33) 1 (6.67) 0.075
Uncertain type, n (%) 1(0.90) 0(0) 1(5.88) 0(0) 0(0) 0.369
HRCT follow-up within 1 year, n (%) 86 (77.48) 53 (75.71) 10 (58.82) 9 (100%) 14 (93.33) -
Median follow up, (months) 9.64 (6, 12)* 9.4 (6, 12) 11 (10, 12) 9.75 (8, 11) 94 (8,12) =

FVC, forced vital capacity; DLCO, carbon monoxide diffusion capacity; ILD, interstitial lung disease; HRCT, high-resolution computed tomography; NSIP, nonspecific interstitial
pneumonia; OP, organizing pneumonia; UIP, usual interstitial pneumonia; RP-ILD, rapidly progressive-interstitial lung disease; GGO, ground-glass opacity; Jo-1, histidyl tRNA synthetase;
PL7, threonyl tRNA synthetase; PL12, alanyl tRNA synthetase; EJ, glycyl tRNA synthetase; *, average value (minimum value, maximum value); “P < 0.05 between the groups.
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Variables Total (n =111) Survival (n =102)  Death (n =9) Univariate Analysis Multivariate Analysis

Haz. Ratio  95% Conf. Interval pvalue Haz. Ratio 95% Conf. Interval p value

Ageyrs 57 + 10.64 56.3 + 10.06 649 +14.18 1.0569 0.9945-1.1232 0.075

Female, n (%) 84 (75.7) 78 (76.5) 6 (66.7) 0.3007 0.0668-1.3546 0.118

Initial symptoms

Arthritis, n (%) 88 (80) 81 (80.2) 7(77.8) 0.8592 0.5642-1.3085 0480

Dyspnea, n (%) 35 (31.5) 31 (30.4) 4 (44.4) 5.8731 1.2467-27.6673 0.025

Cough, n (%) 34 (30.6) 31 (30.4) 3(333) 3.0260 0.6550-13.9804 0.156

Myasthenia/Myalgia, n (%) 21 (19.1) 20 (19.8) 1(1L1) 0.5244 0.0628-4.3774 0.551

HGB, g/L 12834153 12784153 1333152 10661 1.0099-1.1255 0021 09907 09214-1.0653 0802
CK, IU/L 270 (67, 1121)° 267 (67.8, 1104.5) 908 (44, 1890) 0.9999 0.9994-1.0004 0742

Serum ferritin, ng/ml 1973 (1087, 382) 1927 (1074,3410) 6925 (2643, 32815) 10005 1.0001-1.0009 0007 10007 1.0000-1.0013 0.049
PaO;, mmHg 775 (708, 85.8) 78 (709, 86.8) 743 (610, 83.2) 0919 0:8544-0.9897 0025 10034 08914-1.1296 0955
CD3+CD4+, cells/ul 503 (343.5, 730) 5185 (351, 710.8) 351 (324, 1468) 1.0000 0.9973-1.0028 0981

CD3+CD8+, cells/ul 326 (213.5, 482.5) 328 (225, 485.8) 292 (123.5, 569) 1.0002 0.9959-1.0045 0924

CD3-CD19+, cells/ul 180 (107.5, 296) 178.5 (89.8, 279.3) 385 (1435, 713) 1.0008 0.9994-1.0022 0258

CD16+CD56+, cells/ul 194 (122, 315.5) 198.5 (1215, 317.8) 194 (83.5, 409.5) 1.0004 0.9939-1.0071 0.897

ASA subtypesb - - = 1.1947 0.4892-2.9176 0.696

ILD type® -~ - - 0.7522 0.4495-1.2587 0278

RP-ILD, n (%) 13 (11.71) 12 (11.8) 1(1L1) 9.6894 0.7896-118.9042 0.076

Overall extent, % 3226 £ 15.95 3371 +£15.93 33.11 £ 2355 0958 0.943-1.029 0491

GGO extent, % 2635+ 15.76 26.06 +15.93 29.67 +2220 0.966 0.919-1.015 0.166

Baseline FVC, % 7292+ 1516 7305 £ 12.02 5598+ 5.78 L1515 0947-13888 0.140

Baseline DLCO, % 56.3 (458, 65.8) 56.1 (45.9, 67) 57 (37.6, 53.8) 0.9680 0.9018-1.0390 0.368

Initial glucocorticoid dose, mg/d 50 (40, 60) 50 (40, 60) 60 (50, 60) 09987 09483-1.0518 0960

treatment type? - - - 05331 03109-09141 0022 02533 0028222722 0220

HGB, Hemoglobin; CK, creatine kinase; PaOy, partial pressure of oxygen; CD, cluster of differentiation; ASA, anti-tRNA synthetase antibody; ILD, interstitial lung disease; RP-ILD, rapidly progressive-interstitial lung disease; GGO,
ground.-glass opacity; FVC, forced vital capacity; DLCOcarbon monoxide diffusion Capacity; *, average value (minimum value, maximum value); ASA subtypes®, including anti-Jol antibody, anti-PL7 antibody, a
and anti-E] antibody; ILD type‘, including NSIP, OP, NSIP+OP, UIP, NSIP+UIP, NSIP+OP+UIP; treatment type®, including untreated, anti-fibrosis drugs alone, glucocorticoids alone, hormone-combined immunosuppressants,
hoxmemsscomhinsd Tmmimbseonnessartts and snth-Bhrode:drogs: . the setiical sftorsre: @i nue outpat Ao,
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VARIABLE

ANA
and/or SMA*
Anti-LKM-1* or

Anti-LC-1
Anti-SLA
PANNA
oG

Liver histology

Absence of viral hepatitis (A,B,E,EBV), NASH, Wilson disease & drug exposure
Presence of extrahepatic autoimmunity

Family history of autoimmune disease

Cholangiography

TOTAL POINTS

CUT-OFF

> 1:20%

> 1:80

> 1:10"

> 1:80
Positive®
Positive®
Positive

> ULN
>1.20 ULN
Compatible with AIH
Typical of AH
Yes

Yes

Yes

Normal
Abnormal

POINTS

AIH

S S SR I T S CELC I SR R

-2

> 7: probable AlH;
> 8: definite AIH

> 7: probable ASC;
> 8: definite ASC

OUR PATIENT

+ o+ 1

"
+

+
6 for AIH
11 for ASC

AlH, autoimmune hepatitis; ASC, autoimmune sclerosing cholangitis; ANA, anti-nuclear antibody; SMA, anti-smooth muscle antibody; anti-LKM-1, anti-liver kidney microsomal antibody
type 1; anti-LC-1, anti-liver cytosol type 1; anti-SLA, anti-soluble liver antigen; IgG, immunoglobulin G; EBV, Epstein Barr virus; NASH, non-alcoholic steatohepatitis; ULN, upper limit of

normal.

*Antibodies measured by indirect immunofluorescence on a composite rodent substrate (kidney, liver, stomach).

*Addition of points achieved for ANA, SMA, anti-LKM-1, anti-LC-1 and anti-SLA autoantibodies cannot exceed a maximum of 2 points.
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Variable

Age of onset

Muscle
weakness

Skin
manifestations

Other clinical
manifestations
Laboratory
measurements

Muscle biopsy
features-
presence of:

TOTAL
SCORE

Finding

Age of onset of first symptom assumed to be related to the disease > 18 years and < 40 years
Age of onset of first symptom assumed to be related to the disease > 40 years

Objective symmetric weakness, usually progressive, of the proximal upper extremities
Objective symmetric weakness, usually progressive, of the proximal lower extremities

Neck flexors are relatively weaker than neck extensors

In the legs proximal muscles are relatively weaker than distal muscles

Heliotrope rash: Purple, lilac-colored or erythematous patches over the eyelids or in a periorbital
distribution, often associated with periorbital edema

Gottron's papules: Erythematous to violaceous papules over the extensor surfaces of joints,
which are sometimes scaly. May occur over the finger joints, elbows, knees, malleoli and toes
Gottron’s sign: Erythematous to violaceous macules over the extensor surfaces of joints, which
are not palpable

Dysphagia or esophageal dysmotility

Anti-Jo-1 (anti-histidyl-tRNA synthetase) autoantibody present

Elevated serum levels of creatine kinase (CK) or lactate dehydrogenase (LDH) or aspartate
aminotransferase (AST) or alanine aminotransferase (ALT)

Endomysial infiltration of mononuclear cells surrounding, but not invading, myofibres
Perimysial and/or perivascular infiltration of mononuclear cells

Perifascicular atrophy

Rimmed vacuoles

Probability of IIM without muscle biopsy=1/[1+exponential(5.33-score)] or probability of [IM
including muscle biopsy=1/[1+exponential(6.49-score)] or by using a web calculator at www.
imm.ki.se/biostatistics/calculators/iim

IIM, idiopathic inflammatory myositis; JOM, juvenile dermatomyositis.
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EXAMINATION FINDING FINDINGS

IN OUR
PATIENT
1) Dermatological  a) Heliotrope rash: reddish purple edematous erythema in the eyelids, unilateral or bilateral a)+
symptom b) Gottron's signs: Erythematous or violaceous macules on extensor surface of the finger joints with hyperkeratosis and dermatrophy  b) +
¢) Erythema of extensor surfaces of the joints of the elbow, knee etc.”". o)+
d) Findings of skin biopsy consistent with dermatomyositis'2 d) ND
2) Muscular Muscle weakness of proximal muscles in upper or lower extremities*® -
symptom
3) Imaging Findings indicating myositis with MRI: High intensity on T2 weighted/fat suppression MRI and normal intensity on T1 weighted MRI ND
4) Biochemical Elevated serum level of muscle enzymes (creatine kinase or aldolase) -
examination
5) Immunological Positive result for myositis-specific autoantibodies** +
examination
6) Pathological Pathological findings indicating myositis with muscle biopsy (degeneration of muscle fibers and cellular infiltration) ND
examination
7) Exclusions Myositis caused by infections, eosinophilic myositis, autoinflammatory diseases with rash similar to DM such as Nakajo-Nishimura -

syndrome, drug-induced myopathy, myopathy due to endocrine abnormality or congenital anomaly, muscle symptoms due to
electrolyte abnormality, muscular dystrophy and other congenital muscular diseases, muscle weakness due to central or peripheral
neuropathy, psoriasis, eczema, and other related diseases with other causes such as allergy.

DIAGNOSIS Classical JDM: The presence of 1 or more items of (1) dermatological symptoms (a) to (c) (2), muscular symptom and 2 or more -
items of (3) to (6) during the follow-up without any of items of (7).
JHDM: The presence of 1 or more items of classical dermatological symptoms (a) to (c), and 1 or more items of findings indicating +
myositis (3) to (6) without clinical muscle weakness without any of items of (7).
JADM: The presence of 1 or more items of classical dermatological symptoms (a) to (c) without any evidences of myositis (2) to (6) -
without any of items of (7).
JPM: The presence of 3 or more items of (2) to (6) without dermatological symptoms (1) without any of items of (7). -

“Ulcerative lesions or secondary infection may modify the appearance of rash.

“2Hyperkeratosis, vacuolation of basal keratinocytes, deposition of melanin, perivascular lymphocyte infittration, increased dermal edema, mucin deposition and thickening or atrophy of
skin are observed, but it is difficult to differentiate JOM from SLE by pathological findings alone. Thus, single symptom is not adopted as a dermatological finding.

“SMuscle weakness ranges from mild ones (e.g., stumbling, new onset of difficulties in exercise) to advanced ones (e.g., difficulties in standing up from sitting position or rolling over in the
bed).

“Although only anti-Jo-1 antibodies could be measured at the time of revision of these guidelines, anti-ARS, anti-MDAS, anti-Mi-2, and anti-TIFI-y antibodlies are currently listed on the
national health insurance price list.

*, Positive finding; -, Negative finding; ND, not done; JDM, juvenile dermatomyositis; JHDM, juvenile hypomyopathic dermatomyositis; JADM, juvenile amyopathic dermatomyositis; JPM,
juvenile polymyositis.
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Population

Total number of circulating PBMCs (cells/mL)

CD19+

Total CD19+"
CD19+CD27- (naive) *
CD19+CD27+gM+ (non-class switched memory) *
CD19+CD27+IgM- (class switched memory) *
CD19+CD24hiCD38hi*
CD19+CD21lo*
CD19+CD27-IgD- (DN B cells) *
CD19+CD27-IgD+lgM- (BND cells) *
CD19+ CD180 MMI
CD19+CD27- CD180 MMI
CD19+CD27+igM+ CD180 MMI
CD19+CD27+IgM- CD180 MMI
CD19+CXCR4hICCRThICD21lo (t-SNE) *
CD19+CD2110CD11c+ (t-SNE) *

CD3+
CD3+CXCR3+!
CD3+CXCR3-

CD3+CD4+

Total CD3+CD4+"
CD3+CD4+CD45RO-CCR7+ (CD4+ Naive)®
CD3+CD4+CD45RO+CCR7+ (CD4+ Central Memory)®
CD3+CD4+CD45RO+CCR7- (CD4+ Effector Memory)®
CD3+CD4+CD45RO-CCR7- (CD4+ Effecton®
CD4+CD45RO-CCR4-CCR6-CXCR3- (ThO)®
CD4+CD45RO+CCR4-CCR6-CXCR3+ (Th1)®
CD4+CD45RO+CCR4-CCRB+CXCR3+ (Th1Th17)
CD4+CD45RO+CCR4+CCRB-CXCR3- (Th2)$
CD4+CD45R0+CCR4+CCR6-CXCR3+ (Th2CXCR3+)8
CD4+CD45RO+CCR4+CCR6+CXCR3- (Th17)

CD4+CD45RO+CCR4+CCR6+CXCR3+ (Th17CXCR3+)S

CD3+CD4+CXCR5+PD1+ (T follicular helper) $
CD3+CD4+CCR4+CD25+CD127- (Treg)
CD3+CD4+CXCR4hiCD38- (Cluster “A")®
CD3+CD4+CD27-PD1+ (Cluster “B")®
CD3+CD8+
Total CD3+CD8+"
CD3+CD8+CXCR3+%
CD3+CD8+CXCR3-S
CD3+CD8+CD45RO-CCR7+ (CD8+ Naive)®
CD3+CD8+CD45RO+CCR7+ (CD8+ Central Memory)®
CD3+CD8+CD45RO+CCR7- (CD8+ Effector Memory)$
CD3+CD8+CD45RO-CCR7- (CD8+ Effecton®
CD3-CD4-CD8-
Total CD3+CD4-CD8-"
CD3-CD4-CD8-CXCR3+5
CD3-CD4-CD8-CXCR3-
CD19-CD3-
CD3-CD19-CD14+ Classical Monocytes’
CD3-CD19-CD14+CD16+ Non-classical monocytes’
CD3-CD19-CD14-CD16+ NK celis
Biaxial “Cluster C” *
Biaxial “Cluster D" *

Healthy
(n=18)

2443 £ 614

10.3 +4.3%
7.5 +4.0%
0.9 + 0.6%
0.7 + 0.3%
38+17%
58+22%
7.4 +29%
27+£1.0%

60.9 £20.8

58.3 +22.5

80.9 + 19.1

735 +19.0
0.1 +0.1%
23+12%

96+81%
45.6 +9.8%

35.1 +6.6%
27.7 +9.0%
18.5 +4.9%
13.5+3.9%
22+12%
27.9 + 8.8%
28+20%
11+£21%
10.1 £4.6%
19+1.3%
15+£1.4%
0.6 + 0.8%
0.4 +0.2%
2208
0.3 +0.3%
1.5+£1.6%

137 +4.3%
7.6 +56%
16.1 +6.9%
5.5+23%
33+13%
89+4.1%
26+27%

63+47%
4.7 +6.5%
5.7 +8.2%

53+21%
62+18%
92+41%
23+14%
19+£12%

M
(n=17)

2649 + 1301

108+7.8
8.6 +6.9%
0.3 +0.3%
0.4 +0.3%
49+51%
MN7£72%
12.7 £5.8%
26+1.7%
39.8 £ 16.0
38.5+16.3
58.5+15.2
38.2 +28.5
6.1+19.1%
4.1 +3.8%

26+24%
37.1+13.4%

243 +7.8%
31.8+17.8%
15.7 £ 5.9%
11.3 + 6.9%
3.4 +3.0%
31.9+16.1%
0.8 +0.8%
0.1+0.1%
1.1 +£47%
0.8 +0.6%
13+£1.2%
0.1+0.1%
0.1 +0.09%
27+20
55+8.6
32 +3.3%

11.9+81%
4.2 +4.6%

225+ 11.5%
4.5 +3.5%
1.8+ 1.4%
8.8 +8.3%
7.1 £6.8%

32+27%
1.0+0.7%
6.0 + 4.0%

189+9.1%
8.6 +4.4%
10.6 £ 6.3%
6.3 +5.3%
3.9 +2.0%

P value

0.72

0.61
0.96
<0.0001
0.03
0.66
0.001
0.002
0.33
0.002
0.009
0.0005
<0.0001
0.0001
0.09

0.0004
0.08

0.0001
0.89
0.23
0.13
0.19
0.64

0.0002
0.01
0.66

0.003
0.57
0.03

0.0001

0.88
<0.0001
0.25

0.40
0.03
0.06
0.26
0.002
0.42
0.02

0.006
0.0002
0.71

0.0003
0.10
0.66

0.0029

0.0001

Values reported as average + standard deviation. Statistical comparisons performed using Mann-Whitney U-test.
Frequency of all PBMCs, *frequency of all CD19+ cells, $frequency of all CD3+ cells, "frequency of all CD3-CD19- cells.





OPS/images/fimmu.2022.756018/table1.jpg
Average Age
Female Gender
Race
Caucasian
African American
Other
Average Disease Duration in Months (median, IQR)
Clinical Categorization
Dermatomyositis
Polymyositis
Anti-synthetase syndrome
Interstitial Lung Disease
Average % predicted FVC (n=11)
Average % predicted DLCO (n=9)
Supplemental oxygen use at enrollment
History of elevated creatinine kinase
Serologic Status
+ANA
+Rheumatoid factor (n=14)
+Ro52
+Myositis specific or associated autoantibody

Probable or definite idiopathic inflammatory myositis according to 2017 classification criteria (49)

1IM Patients
n=17)

56.8 + 11.7
8 (44.4%)

13 (76.4%)
4(23.5%)
0 (0%)
10.8 (8.4,15.6)

6 (35.3%)

4 (23.5%)

7 (41.2%)

14 (82.3%)
569 +11.9%
491 £ 15.1%

6 (42.9%)

9 (52.9%)

8 (47.0%)
5 (35.6%)
6 (35.3%)
16 (94.1%)
11 (64.7%)

Healthy Controls
(n=18)

46.4 +11.7
4 (82%)

16 (88.8%)
1 (5.6%)
1 (5.6%)

Data reported as mean + standard deviation unless otherwise noted.
FVC, forced vital capacity; DLCO, diffusing capacity of the lung for carbon monoxide; ANA, anti-nuclear antibodies.
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Variables MDAS*DM patients

lower ELVAR group N = 24 higher ELVAR group N =31 P-value
Female, n (%) 20(83.3) 22(71.0) 0289
Age of onset (y) 53(46.25, 59.25) 5242, 59) 0440
Duration from onset to treatrment, m 3.0@2.0,4.0) 2.0(1.0,3.0) 0.005
Duration from treatment to death or 1 year, m 2.25(0.5, 12.0) 12.0(12.0, 12.0) 0.000*
Mortality within 8 months, n (%) 13(54.2) 30.7) 0.000°
Mortality within 12 months, n (%) 13(54.2) 4(12.9) 0.001*
Smoking history, n (%) 3(125) 5(16.1) 0708
Clinical feature
Muscle weakness, n (%) 12(50.0) 21(67.7) 0.187
Gottron sign, n (%) 720.2) 7(22.6) 0582
Heliotrop rash, n (%) 8(33.3) 11(35.5) 0869
Skin ulcer, n (%) 6(25.0) 8(25.8) 0946
Raynaud phenomenon, n (%) 00.0) 30.7) 0.120
Fever, n (%) 8333) 7(22.6) 0379
Cough, n (%) 4(16.7) 7(22.6) 059
Dyspnea, n (%) 19(79.2) 15(48.4) 0.021*
Peumothorax, n (%) 1(@.1) 1382) 0855
Concomitant neoplasia, n (%) 0(0.0) 12.6) 0.379
Laboratory data
Neutrophil Count, X10°/L. 3.31(2.67, 4.74) 3.29(2.37, 4.63) 0.754
Lymphocyte Count, X10%/L. 0.65(0.50, 0.87) 0.92(0.63, 1.34) 0.022*
ESR, mmvhr 4331, 62) 32.50(24.50, 56.25) 0.164
CRP mg/L 9.21(2.60, 18.09) 5.16(2.60, 11.10) 0222
CK, UL 76.20(45.83, 144.29) 87.4(44.6,201.2) 0.905
LDH, UL 378.60(332.80, 525.56) 358.50(268.25, 441.05) 0.157
Myoglobin, ug/L 69.60(49.50, 108.78) 69.4(38.5,95.2) 0.457
Alburmin, g/L 27.40(24.33, 30.83) 29.8(26.7,34.2) 0.051
Feritin, ng/ml 519.05(375.45, 570.19) 485.18(357.90, 562.67) 0.131
PCT, ng/ml 0.09(0.088, 0.14) 0.07(0.085, 0.11) 0214
Pulmonary involvement
LD diagnosis, n (%)% 2201.7) 26(83.9) 0394
Radiological feature of ILD at diagnosis
Reticulations, n (%) 6(25.0) 8(25.8) 0946
Septal thickening, n (%) 8(33.3) 11(35.5) 0.869
Ground glass opacities, n (%) 7(29.2) 6(19.4) 0.400
Nodules, n (%) 3(125) 9(20.0) 0.145
Bronchiectasis/Bronchiolectasis, n (%) 14.2) 2(6.5) 0714
Honeycombing, n (%) 00.0) 26.5) 0.209
Consolidation, n (%) 18(75.0) 16(51.6) 0079
ELVAR 0.7893(0.7442,0.8143) 0.8823(0.8638,0.9025) 0.000°
Severity of type | respiratory failure
no/mild/moderate/severe, n (%) 11/4/7/2 (45.8/16.7/29.2/8.3) 24/4/3/0 (77.4/12.9/9.7/0) 0.009"
1o, n (%) 1145.8) 24(77.4) 0.017*
mild, n (%) 416.7) 4(12.9) 0.697
moderate, n (%) 720.2) 30.7) 0.066
severe, n (%) 283) 00) 0.105
P/F ratio, mmHg 260(192.5, 419) 417(308, 471) 0.025*
Oxygen supplementation
0/1-2/3-4/>4U/min, n (%) 5/5/7/7 (20.8/20.8/29.2/29.2) 17/4/8/2 (64.8/12.9/25.8/6.5) 0.007*
oUmin, n (%) 520.8) 17(54.8) 0011*
1-2U/min, n (%) 5(08) 4(12.9) 0435
3-4Umin, n (%) 7(202) 8(25.8) 0783
>4Umin, n (%) 7(202) 2(6.5) 0.025*
FVC, % PRED 79(71,82) 79(78,81) 0843
DLCO, % PRED 79(77.26,79.75) 79(68.50,80.25) 0902
Antibody positive
ANA, 1 (%) 7(202) 10(32.3) 0807
MAA profile 19(79.2) 22(71.0) 0.493
SSA,n (%) 28.3) 6(19.4) 0255
SSB, n (%) 28.3) 13.2) 0412
Ro-62, 1 (%) 18(75.0) 21(67.7) 0560
CENP-B, n (%) 1(4.2) 182) 0855
Ku, n (%) 00.0) 182) 0379
PM-Scl, n (%) 28.3) 0(0.0) 0.105
MSA profile, n (%) 7(202) 6(19.4) 0.400
anti-ARS antibodies, n (%) 28.3) 309.7) 0865
Jo-1,n (%) 00.0) 2(6.5) 0209
PL-7,n (%) 0(0.0) 18.2) 0379
PL-12,n (%) 1(4.2) 182) 0855
£4,n (%) 00.0) 0(0.0) 1.000
0J.n (%) 14.2) 00.0) 0256
Non-anti-ARS antibodies, n (%) 5(08) 5(16.1) 0657
SRP, n (%) 14.2) 182) 0855
TIF1-y, n (%) 14.2) 2(6.5) 0714
Mi-28, n (%) 28.3) 30.7) 0865
SAE, n (%) 14.2) 0(0.0) 0256
Treatment
Glucocorticoid, <1 /=1 mg/kg/d, n (%) 12/12(50.0/50.0) 16/15(51.6/48.4) 0.906
Methotrexate, n (%) 2(8.3) 30.7) 0865
Cyclophosphamide, n (%) 19(79.2) 20(64.5) 0240
Cyclosporine A, n (%) 14.2) 7(22.6) 0.057
Tacrolimus, n (%) 2(8.3) 5(16.1) 0394
Plasma exchange, n (%) 4(16.7) 39.7) 0.445
Single drug or Gombination drugs
1 drug 3(12.5) 5(16.1) 0708
2 drugs 15(62.5) 16(51.6) 0424
3 drugs 5(08) 8(25.8) 0670
> 4 drugs 1(4.2) 2(6.5) 0.714
P <005,

LD dliagnosis by a radiologist and a respirologist simultaneous.

ANA, antinuclear antibody; CRP, C reactive protein; CK, creatine kinase; DLCO, carbon monoxide diffusing capacity; ELVAR, Efficient Lung Vetiation Area Ratio; ESR, erythrocyte
sedimentation rate; FVC, forced vital capacity; ILD, interstitial lung disease; LDH, Lactic dehydrogenase; MDAS, melanoma melanoma differentiation-associated gene-5; PCT,
procalcitonin; P/F ratio, PaO2/FiO2 ratio; SAE, anti-small ubiquitin-like modifier antibody; SRR, signal recognition particle; TIF1-y, transcription intermediary factor 1-gamma.
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Variable

Female
Age at onset
Duration from onset to treatment
Mortality within 3 months
Mortality within 12 months
Smoking history
Muscle weakness
Gottron sign
Heliotrop rash
Skin ulcer
Raynaud phenomenon
Fever
Cough
Dyspnea
Preumothorax
Concomitant neoplasia
Neutrophil Count
Lymphocyte Count
ESR
CcRP
oK
LDH
Myoglobin
Alburmin
Ferritin
PCT
ILD diagnosis
Reticulations.
Septal thickening
Ground glass opacities
Nodules
Bronchiectasis/Bronchiolectasis
Honeycombing
Consolidation
ELVAR
Severity of type | respiratory failure
Mid
Moderate
Severe
P/F ratio
Oxygen supplementation
1-2
34
>4
Ve
DLCO
ANA
SSA
ss8
RO-52
CENP-B
Ku
PM-Scl
Jo-1
PL7
PL12
oy
SRP
TIFA-y
Mi-28
SAE
Glucocorticoid
Methotrexate
Cyclophospharmide
Cyclosporine A
Tacrolimus
Plasma exchange
Single drug or Combination drugs.
1 drug
2drugs
3drugs
=4 drugs

*P < 0.05.

NG, only 2 patients in early death group accepted lung function test and other 14 patients in early death group didn't accept lung function test for rapidly death or intolerable. Hence

Univariate analysis

HR (95%Cl)

0.420(0.095-1.852)
2.776(1.031-7.471)
0.550(0.200-1.515)
0.000(0.000~1.845)
0.001(0.000-1.294)
2.300(0.743-7.171)
0616(0.231-1.644)
1.811(0.455-3.776)
0.598(0.193-1.856)
0.384(0.087-1.689)
0.045(0.000-351.921)
2.336(0.869-6.282)
0527(0.120-2.321)
2.254(0.725-7.002)
2.142(0.282-16.282)
0.048(0.000-216181.008)
0.272(0.036-2.058)
0.448(0.163-1.237)
0.328(0.093-1.156)
4.665(1.616-13.474)
5.104(0.674-38.674)
36.822(0.430-3154.017.039)
3.004(1.124-8.081)
0.109(0.035-0.342)
7.807(2:862-21.793)
2.793(1.012-7.707)
25.672(0.061-10818.508)
0.630(0.179-2.210)
2.228(0.835-5.940)
1.202(0.388-3.730)
1.542(0.535-4.440)
1.413(0.186-10.712)
2.142(0.282-16.282)
2.081(0.671-6.454)
0.133(0.038-0.468)

7.399(2.370-23.106)
8.453(3.075-23.234)
8.516(1.719-42.197)

0.095(0.030-0.298)

3.370(0.958-11.853)
4.802(1,542-14.954)
3.711(1.337-10.299)
1.000
1.000
0.296(0.067-1.303)
0.037(0.000-11.180)
0.045(0.000-351.921)
2.985(0.677-13.150)
2.142(0.282-16.282)
0.048(0.000-216181.008)
0.047(0.000-2632.428)
0.047(0.000-2532.428)
0.048(0.000-216181.008)
0.047(0.000-2532.428)
4.085(0.531-31.432)
0.047(0.000-2632.428)
1.239(0.164-9.388)
2.196(0.625-7.713)
0.048(0.000-216181.008)
1.831(0.665-5.043)
0.042(0.000-48.056)
1.176(0.379-3.648)
0.363(0.048-2.747)
0.415(0.056-3.143)
2.812(0.900-8.787)

0.894(0.203-3.935)
1.119(0.254-4.923)

0.514(0.146-1.804)
239(0.164-9.388)

multivariate analysis didn’t include the FVC and DLCO into analysis.

P- value

0.252
0.043"
0.247
0.069
0.059
0.148
0.334
0.616
0.374
0.205
0.498
0.093
0.397
0.160
0.462
0.698
0.207
0.121

0.083
0.004*
0.115
0.112
0.028*
0.000*
0.000*
0.047"
0.293
0470
0.109
0.750
0.422
0.738
0.462
0.205
0.002*

0.001*
0.000*
0.009"
0.000

0.058
0.007*
0012
1.000
1.000
0.107
0.259
0.498
0.148
0.462
0.698
0.582
0.582
0.698
0.682
0.176
0.682
0.836
0.220
0.698
0.242
0.378
0.779
0.326
0.395
0.075

0.882
0.882
0.299
0.836

Multivariate analysis

HR (95%Cl)

9.842(1.434-67.528)

2.172(0.480-0.841)

3.347(0.783-14.306)
0.307(0.053-51.785)

11.265(2.084-60.786)
0.954(0.217-4.187)

0.098(0.017-0.564)

0.001(0.000-4.093E+100)
5.360(0.676-42.654)
1.062(0.088-12.815)

0.000(0.000-4.865E+99)

3.476(0.286-42.194)
0.010(0.001-0.146)
NC¥
NC¥

P- value

0.020*

0314

0.103
0.189
0.005*
0.950

0.009%

0.995
0.112
0.962
0941

0.328
0.001"





OPS/images/fimmu.2021.743704/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-728487/fmed-08-728487-g005.gif
Sonsitivitys

60,

40

2

~ lowsr ELVAR MDAS* DM

Probabllity of Survival

“P0.001

o

20 40 60 80 100
100% - Spcifiity’
RROC Analysis of ELVAR

0% T ; )
o H o 15
Follow up time (months)





OPS/images/fmed-08-728487/fmed-08-728487-t001.jpg
Variables MDAS*DM patients

Early death group N = 16 Early survival group N = 39 P-value
Female, n (%) 14(87.5) 28(71.8) 0217
Age of onset (y) 56(47.25, 61.75) 50044, 55) 0.033*
Duration from onset to treatrment, m 20(1.0,3.0) 2.5(1.5,4.0) 0315
Duration from treatment to death or 1 year, m 0.75(0.5, 1.5) 12(12.0, 12.0) 0.000
Mortality within 8 months, n (%) 16(100) 0(0) 0.000°
Mortality within 12 months, n (%) 16(100) 12.6) 0.000*
Smoking history, n (%) 4(25.0) 4(103) 0.163
Clinical feature
Muscle weakness, n (%) 8(50.0) 25(64.1) 0337
Gottron sign, n (%) 5(31.3) 9(23.1) 0531
Heliotrop rash, n (%) 4(25.0) 15(38.5) 0345
Skin ulcer, n (%) 212.5) 12(30.8) 0.162
Raynaud phenomenon, n (%) 00.0) 37.7) 0258
Fever, n (%) 7(43.8) 8(20.5) 0.082
Cough, n (%) 212.5) 9(23.1) 0377
Dyspnea, n (%) 12(75.0) 22(56.4) 0202
Peumothorax, n (%) 1(63) 1(2.6) 0511
Concomitant neoplasia, n (%) 00.0) 12.6) 0522
Laboratory data
Neutrophil Count, X10%/L 3.31(2.57, 4.59) 3.20(2.43, 4.86) 0978
Lymphocyte Count, X109/ 0.86(0.45, 1.14) 0.85(0.56, 1.21) 0670
ESR, mmvhr 43(25, 61) 385(28.5, 56.26) 1.000
CRP, mg/L 12.20(5.81, 23.65) 4.13@2.21, 11.10) 0.026°
CK, UL 80.10(49.30, 144.28) 84.70(41.50, 191.40) 0.704
LDH, UL 382.56(351.30, 535.40) 364.30(266.90, 445.40) 0.069
Myoglobin, ug/L 101(57.65, 111.35) 66.20(38.50, 95.20) 0.132
Alburmin, g/L 24.40(23.50, 27.35) 30.30(27.60, 34.10) 0.000*
Feritin, ng/ml 568.35(481.71, 583.02) 452.07(320.44, 561.12) 0.001*
PCT, ng/ml 0.11(0.058, 0.198) 0.07(0.04, 0.108) 0.089
Pulmonary involvement
ILD diagnosis, n (%)% 16(100) 32(82.1) 0072
Feature of ILD at diagnosis
Reticulations, n (%) 3(18.75) 11(28.21) 0.469
Septal thickening, n (%) 8(50.00) 11(28.21) 0.126
Ground glass opacities, n (%) 4(25.00) 9(23.08) 0880
Nodules, n (%) 5(31.25) 7(17.95) 0282
Bronchiectasis/Bronchiolectasis, n (%) 1(6.25) 2(5.13) 0869
Honeycombing, n (%) 1(6.25) 1(2.56) 0511
Consolidation, n (%) 12(75.00) 22(66.41) 0.202
ELVAR 0.7973(0.7458, 0.8338) 0.8685(0.8155, 0.8956) 0.001*
Severity of type | respiratory failure
no/mild/moderate/severe, n (%) 4/3/7/2 (25.0/18.8/43.7/12.5) 31/5/3/0 (79.5/12.8/7.7/0.0) 0.000°
1o, n (%) 4(25.0) 31(79.5) 0.000°
mild, n (%) 3(18.8) 5(12.8) 0575
moderate, n (%) 743.7) 37.7) 0.002*
severe, n (%) 212.5) 00) 0.026*
P/F ratio, mmHg 206(188, 297.75) 417(312, 476) 0.000°
Oxygen supplementation
0/4-2/3-4/>4, Unin, n (%) 3/1/6/6 (18.8/6.2/37.5/37.5) 19/8/9/3 (48.7/20.6/23.1/7.7) 0.008*
OUmin, n (%) 3(188) 19(48.7) 0.040"
1-2Umin, n (%) 1(62) 8(20.5) 0.198
3-4Umin, n (%) 6(37.5) 9(23.1) 0.280
>4Umin, n (%) 6(37.5) 37.7) 0.007*
FVC, % PRED 42(37, 53) 79(78, 81) 0.004*
DLCO, % PRED 35(28, 46) 79(78, 80) 0.004"
Antibody positive
ANA, 1 (%) 2(12.5) 15(38.5) 0,061
MAA profile 14(87.5) 27(69.2) 0.162
SSA,n (%) 0(0.0) 8(20.5) 0,052
SSB, n (%) 000.0) 32.7) 0.258
Ro-52, n (%) 14(87.5) 25(64.1) 0.086
CENP-B,n (%) 163) 12.6) 0511
Ku, n (%) 000.0) 12.6) 0522
PM-Scl, n (%) 0(0.0) 2(5.1) 0.361
MSA profile, n (%) 5(313) 8(20.5) 0.399
anti-ARS antibodes, n (%) 163) 4109 0,642
Jo-1,n (%) 0(0.0) 26.1) 0361
PL-7,n (%) 0(0.0) 1(2.6) 0522
PL-12,n (%) 0(0.0) 26.1) 0361
EJ,n (%) 0(0.0) 00.0) 1.000
0J,n (%) 1(6.3) 00.0) 0118
Non anti ARS antibodies, n (%) 4(25.0) 6(15.4) 0.405
SRP, n (%) 000.0) 26.1) 0361
TIF1-y, n (%) 1(6.9) 265.1) 0.869
Mi-28, n (%) 3(18.8) 26.1) 0.114
SAE, n (%) 000.0) 12.6) 0522
Treatment
Glucocorticoid, <1 /21 mg/kg/d, n (%) 6/10(37.5/62.5) 22/17(56.4, 43.6) 0.207
Methotrexate, n (%) 000.0) 512.8) 0.187
Cyclophosphamide, n (%) 12(75.0) 27(69.2) 0672
Cyclosporine A, n (%) 1(6.3) 717.9 0.268
Tacrolimus, n (%) 1(6.3) 6(15.4) 0.360
Plasma exchange, n (%) 4(25.0) 37.7) 0,083
Single drug or Gombination drugs
1 drug 2(12.5) 6(15.4) 0.785
2 drugs 11(68.8) 20(51.3) 0.240
3 drugs 2(12.5) 11(28.2) 0217
>4 drugs 1(6:3) 26.1) 0.869
P <005,

LILD diagnosis by a radiologist and a respirologist simultaneous.

ANA, antinuclear antibody; CRP, C reactive protein; CK, creatine kinase; DLCO, carbon monoxide diffusing capacity; ELVAR, Efficient Lung Vetiation Area Ratio; ESR, erythrocyte
sedimentation rate; FVC, forced vital capacity; ILD, interstitial lung dlisease; LDH, Lactic dehydrogenase; MDA, melanoma melanoma differentiation associated gene 5; PCT,
procalcitonin; P/F ratio, PaO2/FiO2 ratio; SAE, anti-small ubiquitin-like modifier antibody; SRR, signal recognition particle; TIF1-y, transcription intermediary factor 1-gamma.





OPS/images/fmed-08-728487/fmed-08-728487-t002.jpg
Analysis of ROC

AUC  Valueof  Sensitivity Specificity p value
cut-off (%) (C1) (%) (C)

Ageatonset  0.684 545 56.3 744 0.033*
CRP 0.692 851 68.8 74.4 0.026
Ferritin 0.776 568.34 53.8 9.9 0.004*
ELVAR 0.795 0.835 71.8 812 0.001*
P/F ratio 0.822 269.5 87.2 75.0 0.000*
Aloumin 0.829 26.65 87.2 75.0 0.000%
Fvch 1.000 645 100.0 00 0.004*
pLco* 1.000 61.0 100.0 0.0 0.004*
P <0.05.

#Only two patients in early death group accepted lung function test and other 14 patients
in early death group didn't accept lung function test for rapicly death or intolerable.

CRR Creactive protein; DLCO, carbon monoxide diffusing capacity; ELVAR, Effcient Lung
Ventilation Area Ratio; FVC, forced vital capacity; P/F ratio, PaO2/FiO2 ratio.
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Correlation analysis

Duration from treatment to death or 1 year
ELVAR

Alburmin

P/F ratio

Feritin

Age at onset

CRP

FVC

DLCO

Mortality within 3 months.

Mortality within 12 months
Oxygen supplementation

Severity of type | respiratory failure

P < 0.05.

Spearman p

0.488
/
0.363
0323
-0.205
-0.247
-0.219
-0.010
-0.016

Value of ELVAR
P-value Kendall
0.000"
/
0.008"
0.016"
0.029"
0.069
0.108
0.953
0.928
0.382
0.363
—-0.287
—-0.287

P-value

0.001*
0.001"
0.006"
0.007*

Spearmanp

0.502
0.363
/
0433
-0.391
-0.356
—0.455
—0.046
-0.197

Level of Albumin

P- value

0.000*
0.006"
/
0.001*
0.003*
0.008"
0.000*
0.785
0.236

Kendallz

0.428

0.429
-0.219
—-0.301

P- value

0.000*
0.000"
0.035*
0.008*

CRR C reactive protein; DLCO, carbon monoxide difiusing capacity; ELVAR, Efficient Lung Vetiation Area Ratio; FVC, forced vital capacity; P/F ratio, PaO2/FiO2 ratio.

Spearman p

0.511
0.323
0.433
/
—0.245
-0.211
-0.322
0.029
0.286

P/F ratio

P-value

0.000"
0.016"
0.001"
/
0.072
0.121
0.017
0.865
0.082

Kendall

0419
0.399
—-0.658
-0.725

P-value





OPS/images/fmed-08-728487/fmed-08-728487-g002.gif
ml' SR YA





OPS/images/fmed-08-728487/fmed-08-728487-g003.gif
o D

obtained from a medical
examination list,

Generate the lung segmentation
image group lsts based on list

Generate lung mask group s, Generate the lung intersital
based on binarization of each enhancement image group ls
image inlsty based onlisty
Calculate the lung volume L Calculate the lung inters
based onlist, volume 1 based on st

Calculate the Value of ELVAR
based on Land |

e

End






OPS/images/fmed-08-728487/fmed-08-728487-g004.gif
HE HE
R R
e v lw






OPS/images/fimmu.2022.866701/table1.jpg
Anti-HMGCR- Anti-HMGCR-

positive IIM negative IIM
Number of patients 13 299
Statin exposure prior to onset on IIM 2 (15%) 12/288* (4.2%)
Treatment with IVIG ever 5 (38%) 7 (2.3%)
Female 11 (92%) 182 (61%)

/i, idiopathic inflammatory myopathy; IVIG, intravenous immunoglobulins; *, information
on prior statin use missing for 11 subjects.
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Correlated parameters

SCORE
SCORE2
mSCORE
CIMT

ABI

Carotid plaques (total count)

Carotid plaques (maximum
thickness)

Disease features, CV
risk factors, body
composition

Age
Age

Age

Age

MCP-1

MIP-1b

T

Al

Age

MIP-1a

T

Age

Disease duration
GC-exposure time
GC-exposure time

0121
0.568
0.162
0.006
—0.001
0.0006
0.055
—-0.042
0.059
0.667
0.607
0.034
-0.128
0.0008
0.0004

p-value

0.016
0.023
0.043
<0.001
0.013
0.003
0.016
0.003
0.036
0.046
0.030
0.042
0.037
<0.001
0.003

ABI, ankle brachial index; AV, atherogenic index of plasma b, regression beta coeffcient;
CIMT, carotid intima-media thickness; CV, cardiovascular; GC, glucocorticoids; MAP,
mean  arterial pressure; MIP-Ta, macrophage inflammatory protein-1a; mSCORE,
modified Systematic COronary Risk Evaluation; PWV, pulse wave velocity; SCORE,
Systematic COronary Risk Evaluation; TC, total cholesterol.
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Parameters CV risk factors and their p-value
treatment, antibodies

Avterial hypertension (n)

Present (18)  Absent (21)

SCORE 4667(336)  1905(2234)  0.004
SCORE2 17.333(18.846) 6.143(10.442) 0025
mSCORE 7.000(6.093) 2.857(3361) 0004
Carotid plaques (total count) 1778(1.896) 0571(1.165)  0.020
Carotid plaques (max. thickness) ~ 0.967 (0.944) ~ 0.400 (0.771)  0.046
W 8753(1.716)  7.207 (2.249) 0043
CVR-SCORE 1.656(0.705)  1.143(0359)  0.024
CVR-SCORE2 2298(0.752)  1.381(0.669) 0005
CVR-mSCORE 1.833(0.024)  1.286(0.645)  0.036
CVR-US 2.056(0998) 1.429(0811) 0037

Antihypertensive treatment ()

Present (11)  Absent (28)

Carotid plagues (total count) 2001@2.119) 0750(1.266) 0020
ABI 1.099(0.186) 0942 (0.145)  0.004

Hypolipidemics (n)

Present(2)  Absent (37)

Carotid plaques (total count) 40000)  0973(1.53) 0009

Carotid plaques (max. thickness) ~ 4.100(1.556) 0911 (1.568)  0.008

CVR-US 3000(0)  1.649(0.919) 0047
Diabetes (n)

Present(6)  Absent (33)
ABI 1.412(0.182) 0964 (0.158)  0.034

Prediabetes (1)

Present (11)  Absent (28)

Carotid plaques (total count) 2.000(1612) 0.786(1.548) 0036
Carotid plaques (max. thickness) ~ 1.964 (1.985) ~ 0.725(1.499)  0.039
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Present(2)  Absent (37)
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Anti-Jo-1 positivity ()

Present (10)  Absent (29)
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SCORE2 2500 (2503) 14.345 (17.247)  0.089
mSCORE 1050 (1.428) 6052 (4735  0.002
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CVR-SCORE 1.0000) 1.448(0632) 0032
CVR-SCORE2 1.100(0.316)  2.034 (0823)  0.001
CVR-mSCORE 1.000 (0) 1724(0882) 0014

Data are presented as mean (standard deviation). ABI, ankle brachial index; CIMT,
carotid intima-media thickness; CV, cardovascular; CVR, cardiovascular risk; CVR-
mSCORE, cardiovascular risk estimated according to the calculated mSCORE; CVR-
SCORE, cardiovascular risk estimated according to the calculated SCORE; CVR-
SCORE2, cardiovascular risk estimated according to the calculated SCORE2; CVR-US,
cardiovascular risk based on carotid ultrasound examination (plagues, CIMT); Jo-1, anti-
histicyI-tRNA synthetase; PYW, pulse wave velocity; SCORE, Systematic COronary Risk
Evaluation; US, ultrasound (examination).
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ABI, ankle brachialindex; A, atherogenic index of plasma; apo-A\, apolipoprotein-A; BMR-
'DXA, basal metabolic rate measured by duel energy X-ray absorptiometry; CIMT, carotid
intima-media thickness; CRP, C-reactive protein; CV, cardiovascular; CVR, cardiovasculer
risk; CVR-mSCORE, cardiovascular risk estimated according to the calculated mSCORE;
CVR-SCORE, cardlovascular risk estimated according to the calculated SCORE; CVR-
SCORE?, cardiovascular risk estimated according to the calculated SCORE2; CVR-US,
cardiovascular risk based on carotid ultrasound examination (plaques, CIMT); ECM/BCM,
extracellular mass/body cell mass ratio; ESR, erythrocyte secimentation rate; HDL,
high-density lipoprotein; IL-9, interleukin-9; IP-10, interferon-gamavinduced protein 10
(CXCL10); LBM-DXA, lean body mass measured by dual energy X-ray absorptiometry;
MAR, mean arterial pressure; MITAX, Myositis Intention to Treat Activity Index; PWY, puise
wave velocity; SCORE, Systematic COronary Risk Evaluation; TC, total cholesterol; US,
ultrasound (examination).
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CVR scoring system Original CVR Patients, New CVR Better/same/ n % Total n (%) of reclassified to a

category n (%) category worse higher CV risk level

CVR-SCORE 1 28(71.8) 1 Same 20 51.3 Total 14 (35.9)
2 Worse 2 5.1
3 Worse 6 16.4
2 9(23.1) 2 Same 3 77
3 Worse 6 15.4
3 2(5.1) 3 Same 2 5.1

CVR-SCORE2 1 18 (46.1) 1 Same 17 436 Total 6 (15.4)
2 Worse 0 00
3 Worse 1 26
2 11(282) 2 same 6 15.4
3 Worse 5 128
3 10(25.6) 3 same 10 256

CVR-mSCORE 1 26(66.7) 1 Same 20 513 Total 9 (23.1)
2 Worse 1 26
3 Worse 5 12.8
2 5(12.8) 2 Same 2 5.1
3 Worse 3 7.7
3 8(20.5) 3 Same 8 205

CVR, Cardiovascular risk; SCORE ~ Systematic COronary Risk Evaluation; CVR-SCORE, Cardiovascular risk estimated according to the calculated SCORE; CVR-SCOREZ,
Cardiovascular risk estimated according to the calculated SCORE2; CVR-US, Cardiovascular risk estimated according to the carotid ultrasound examination (total plaque count,
plaque thickness, carotid intima-media thickness).
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Cardiovascular risk category ~ CVR level

M
(n=39)
CVR-SCORE 1.33 (0.58)
CVR-SCORE2 1.79 (0.83)
CVR-US 1.72 (094)

CVR level
HC
(n=39)

1.38(0.54)
1.97 (0.78)
1.66 (0.91)

p-value

0.687
0.297
0.467

Data are presented as mean (standard deviation). CVR, Cardiovasculer risk;
CVR-SCORE,  Cardiovascular ~ risk  estimated according to  the calculated
SCORE; CVR-SCORE2, Cardiovascular risk estimated according to the calculated
SCORE2; CVR-US, Cardiovascular risk estimated according to the carotid ultrasound
examination (total plaque count, pleque thickness, carotid intima-media thickness); M,
idiopathic inflammatory myopathies; HC, healthy controls; SCORE, Systematic COronary

Risk Evaluation.





OPS/images/fmed-09-861419/fmed-09-861419-t004.jpg
Cardiovascular risk category

CVR-SCORE

CVR-SCORE2

CVR-mSCORE

CVR-US

Based on

Calculated SCORE

Calculated SCORE2

Calculated mMSCORE

Carotid ultrasound

Level

LR S T A S VR

Definition

<5%
5-10%

>10%

<2.5% (for <50 years); <5% (for 50-69 years); < 7.5% (for =70 years)
2.5-7.5% (for <50 years); 5-10% (for 50-69 years); 7.5~15% (for 70 years)
27.5% (for <50 years); =10% (for 50-69 years); 15% (for =70 years)

<5%

5-10%

>10%

CIMT <0.9mm AND no carolid plagues

CIMT 0.9-1 mm OR 1 carotid plaque <1.9 mm

CIMT > 1mm OR 1 carotid plaque >1.9mm OR >1 carotid plaque <1.9 mm

1, low; 2, intermediate; 3, high risk; CIMT, carotid intima-media thickness; CVR, cardiovascular risk; mSCORE, modified Systematic COronary Risk Evaluation; SCORE, Systematic

COronary Risk Evaluati

US, carotid ultrasound examination.
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Parameter

Coronary artery disease (carotid plaques); n (%)
Carotid plaques total count

Carotid plaques total thickness (mm)
CIMT (mm)

ABI

PV (mvs)

Pathologic GIMT (>0.9mm); n (%)
Pathologic ABI (<0.9); n (%)
Pathologic PWV: n (%)

SCORE

SCORE2

1IM (0 = 39)

15 (38.5)
1.13(1.64)
1.07 (1.07)
072 0.15)

0988 (0.158)
7.98(2.12)

6(15.4)

7(179

7(17.9)
3.18(3.12)
11.3(15.75)

HC (1 =39)

11(28.2)
087 (1.51)
086 (1.67)
069 (0.15)

1.019 (0.158)
596 (4.01)
4(10.3)
10 (25.6)
3.7
331 (2.74)
9.33(10.68)

p-value

0.337
0.475
0.672
0.328
0.393
0.015
0.498
0.411
0.176
0.847
0519

Data are presented as mean (standard deviation) unless stated otherwise. Statistically significant differences (o < 0.05) are highlighted in bold. ABJ, ankle-brachial index; CIMT, carotid

intima-media thickness; HC, healthy controls; IIM, idiopathic inflammatory myopathies; PWV, puise wave velocity; SCORE, Systematic COronary Risk Evaluation.
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Attacks >3 Global P value

Total cohort 0 1 2
No. of patients 113 46 (41%) 31 (27%) 18 (16%) 18 (16%)
Age at onset, years 50 + 14 51+13 51+ 15 52 +14 47 + 14 0.632
Female 86 (76%) 37 (80%) 20 (65%) 15 (83%) 14 (78%) 0.378
Disease duration, months 58 + 56 51+ 65 45+ 34 74 £ 60 73+33 0.129
Attacks per patient-year* 0.39 + 0.54 0 0.43 + 0.39 0.73+0.72 1.00 + 0.42 0.000
Fever at disease onset* 44 (39%) 0 (0%) 19 (61%) 12 (67%) 13 (72%) 0.000
Clinical findings
Myositis 72 (64%) 26 (57%) 22 (71%) 10 (56%) 14 (78%) 0.285
Arthralgia 55 (49%) 17 (37%) 17 (65%) 11 (61%) 10 (56%) 0.216
ILD 102 (90%) 40 (87%) 28 (90%) 18 (100%) 16 (89%) 0.466
HRCT pattern of ILD
NSIP 82 (73%) 35 (76%) 23 (74%) 10 (56%) 14 (78%) 0.363
oP 3(3%) 1(2%) 1(3%) 1 (6%) 0(0%) 0.763
NSIP/OP overlap* 2 (11%) 2 (4%) 3(10%) 7 (39%) 0(0%) 0.000
uiP 5 (4%) 2 (4%) 1(8%) 0 (0%) 2(11%) 0.417
RPILD* 7 (16%) 3 (7%) 4 (13%) 8 (44%) 2(11%) 0.002
DM-like rashes 64 (57%) 24 (52%) 24 (77%) 8 (44%) 8 (44%) 0.051
Mechanic’s hand 27 (24%) 11 (24%) 10 (32%) 2 (11%) 4 (22%) 0.431
Raynaud’s phenomenon 15 (13%) 8 (17%) 3(10%) 1(6%) 3 (17%) 0.671
Serositis 42 (39%) 15 (36%) 10 (382%) 11 (65%) 6 (33%) 0.124
Antibodies
Subtypes of ARS
Anti-Jo-1 55 (49%) 20 (44%) 13 (42%) 12 (67%) 10 (56%) 0.292
Anti-EJ* 22 (20%) 4 (30%) 5(16%) 3(17%) 0 (0%) 0.031
Anti-PL-7* 9(17%) 3(7%) 6 (19%) 2 (11%) 8 (44%) 0.005
Anti-PL-12 1 (10%) 4 (9%) 6 (19%) 1 (6%) 0(0%) 0.159
Anti-0J 6 (5%) 5(11%) 1 (3%) 0 (0%) 0(0%) 0.303
Anti-Ro52 79 (73%) 34 (77%) 20 (67%) 13 (81%) 12 (67%) 0.611
Anti-Ro60 27 (25%) 9 (21%) 6 (19%) 4 (25%) 8 (47%) 0.169
Anti-La 14 (13%) 4 (9%) 2(7%) 2(11%) 6 (33%) 0.060
Anti-Pm-scl 6 (5%) 1(2%) 1(38%) 1(6%) 3(17%) 0.111
ACPA 12 (11%) 4 (9%) 2 (7%) 3 (17%) 3(18%) 0.523
Treatments
Maintenance GC, mg/d 10.2 + 6.1 85+56.1 74+52 106 +5.8 11.0+ 5.4 0.062
cDMARDs
Methotrexate 24 (21%) 7 (15%) 6 (19%) 7 (39%) 4 (22%) 0.219
Azathioprine 52 (46%) 20 (44%) 13 (42%) 10 (56%) 9 (50%) 0.777
Cyclophosphamide 47 (42%) 17 (387%) 13 (42%) 8 (44%) 9 (50%) 0.803
Mycophenolate mofetil 45 (40%) 22 (48%) 9 (29%) 4 (22%) 10 (56%) 0.074
Cyclosporine 17 (156%) 6 (13%) 7 (23%) 1(6%) 3(17%) 0.419
Tacrolimus 21 (19%) 8(17%) 4(13%) 2 (11%) 7 (39%) 0.099
Leflunomide 4 (4%) 2 (4%) 0(0%) 0(0%) 2 (11%) 0.179
bDMARDs
Rituximab* 28 (25%) 8(17%) 6 (19%) 5 (28%) 9 (50%) 0.045
Tocilizumab* 5 (4%) 0 (0%) 1(38%) 1 (6%) 3(17%) 0.004
Cumulative DMARDs exposure >3* 34 (30%) 10 (22%) 5 (16%) 5 (28%) 14 (78%) 0.000
Use of bDMARDs* 33 (29%) 8 (17%) 7 (22%) 6 (33%) 12 (67%) 0.003
Deaths 7 (6%) 4 (9%) 2 (7%) 0(0%) 1 (6%) 0.430

Data are presented as mean + SD for continuous variables and number (frequency) for categorical variables. Missing data<5%.

*global p value < 0.05.

ILD, interstitial lung disease; RPILD, Rapidly Progressive Interstitial Lung Disease; DM, dermatomyositis; ARS, aminoacyl tRNA synthetase; ACPA, anti-citrullinated protein antibody; GC,
glucocorticoids, expressed as the daily dose of prednisone equivalent; cDMARDs, Conventional disease modifying antirheumatic drugs; bDMARDs, Biologic disease-modifying
antirheumatic drugs; DMARDs, disease-modifying antirheumatic drugs (including cOMARDs and bDMARDS).
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Patients admitted between
January 2013 and January 2020
(n=126)

Excluded (total =13)

« Concomitant malignancies (n=5)

« Overlap syndrome (SLE, n=6; SSc, n=1
ankylosing spondylitis, n=1)

Assessed for eligibiity (n=113)

All patients were positive for one of the 5 ARSS The more inflammatory
o anti-Jo-1 (n=55) subtype (n=25)

anti-EJ (n=22)

Other patients
(n=88)
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Low-inflammation
group (n=47)

Baseline characteristics

Age, years 50 + 14
Gender, female 38 (81%)
Fever at disease onset 10 (21%)
RPILD 4 (9%)
Anti-Jo-1 20 (43%)
Anti-PL-7 5 (11%)
Follow-up characteristics

Attacks per patient-year 0.07 £0.13
Maintenance GC, mg/d 85+5.3
Cumulative DMARDSs exposure>3 12 (26%)
Use of bDMARDs 9 (19%)
Deaths 3 (6%)

High-inflammation
group (n=25)

49+ 15
19 (76%)
21 (84%)
10 (40%)
16 (64%)
9 (36%)

1.12 £ 0.53
11.1£6.1
15 (60%)

18 (72%)
1 (4%)°

P-value

0.923
0.629
0.000*
0.003*
0.083
0.014*

0.000*
0.069
0.004*
0.000*
1.000

Multivariate analysis

OR 95% ClI
20.62 5.05, 84.14
8.03 1.48, 43.52

P-value

0.000*
0.016*

Data are presented as mean + SD for continuous variables and number (frequency) for categorical variables.

OR, Odds Ratio, *p < 0.05.

*Two patients died from opportunistic infection. Another death was family members reported with definitive cause of death unavailable.
bThe only patient in high-inflammation group died from gastrointestinal (Gl) bleeding.
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High-inflammation group (n=25) P

value
Anti-Jo-1 Anti-PL-7
(n=16) (n=9)
Age at onset, years 51+16 46 + 13 0.462
Female 12 (75%) 7 (78%) 1.000
Disease duration, months 48 + 35 63 + 28 0.283
Fever at disease onset 13 (81%) 8 (89%) 1.000
Attacks per patient-year 1.14 + 0.56 1.09 + 0.50 0.820
Clinical findings
Myositis 11 (69%) 4 (44%) 0.397
Arthralgia 11 (69%) 5 (56%) 0.671
ILD 14 (88%) 9(1000%)  0.520
RPILD 6 (38%) 3 (33%) 1.000
DM-like rashes 5 (31%) 6 (67%) 0.115
Mechanic's hand 2 (13%) 3 (33%) 0.312
Raynaud’s phenomenon 1 (6%) 1(11%) 1.000
Laboratory values
Anti-Ro52 12 (75%) 6 (67%) 0.635
Anti-Ro60 4 (25%) 5 (56%) 0.383
Anti-La 4 (25%) 2 (22%) 1.000
ACPA? 1 (6%) 4 (50%) 0.028
CRP*, mg/L 241+ 265 33.6 +17.3 0.346
ESR*, mm/h 19.6+11.6 851 +27.7 0.002
Ferritin*, ng/ml 300.6 +219.5 43895327 0.910
IL-6*T, pg/ml 65+6.8 98+99 0.365
HScore* 68 + 30 72 £30 0.778
Treatments
Maintenance GC, mg/d 126+ 6.4 85+4.8 0.107
Cumulative DMARDSs exposure 8 (50%) 6 (67%) 0.691
>3
Use of bDMARDs 11 (69%) 7 (78%) 1.000
Response rate of RTX 9/11 (82%) 1/3 (33%) 0.176
Response rate of TCZ = 4/4 (100%) =

Data are presented as mean = SD for continuous variables and number (frequency) for
categorical variables.

*Collected or calculated during the fever attack phase.

Tvalid cases for variables with missing data: ACPA (n= 24), IL-6 (h=21).
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Traditional cardiovascular risk factor

Gender, n (%): female/male

BMI (kg/m?); median (IQR)

Arterial hypertension (treated or untreated); n (%)
Antihypertensive treatrment; n (%)
Dyslipidaemia (treated or untreated); n (%)
Hypolipidemics (statins, fibrates); n (%)
Prediabetes; n (%)

Diabetes; n (%)

Insuiin treatment; n (%)

Peroral antidiabetic drugs; n (%)

Smoking; n (%)

Family history of cardiovascular diseases; n (%)
Alcohol (regular drinking); n (%)

1M (n = 39)

32(82)7 (18)
25.9(232-31.1)
18 (46.2)
11(282)
28(71.8)
2(6.1)
11282
6(15.)
2(6.1)
2(6.1)
3(.7)
6(15.9)
0

HC (n = 39)

32 (82)77 (18)
27.5(23.9-31.7)
21(53.9)

12 (30.8)
24(61.5)
3(7.7)

10 (25.6)
25.1)
0(0)
26.1)
5(12.8)
9(23.1)

25 (64.1)

p-value

0.422
0.497
0.804
0.337
0.644
0.799
0.136
0.152
1.000
0.456
0.389
<0.001

Statistically significant differences (o < 0.05) are highlighted in bold. BMI, body-mass index; HC, healthy controls; lIV, idiopathic inflammatory myopathies; IQR, inter-quartile range.
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Parameter 1M (n = 39) HC (n = 39)
Gender, n (%): female/male 32(82)/7 (18) 32(82)/7 (18)
Age (years) 56.0 (47.7-64.1) 56,0 (48.3-64.2)
BMI (kg/m?) 25.9(23.2-31.1) 27.5(23.9-31.7)

Clinical features
Disease subtype, n (%): DM/PM/IMNM/ASS
Disease duration (years)

Disease activity (MITAX)

Disease damage (MDI)

Muscle strength (MMT-8)

IIM-associated clinical manifestations, n (%):
MW/OD/SR/MH/RP/A/ILD/CI

Laboratory features

GRP (mg/L)

ESR (mmvh)

CK (ukat/L)

LD (kat/l)

Myoglobin (ug/L)

Autoantibodies (positive), n (%):

ANA/MI-2/TIF-1y/MDA-6/SAE/NXP-2/SRP/Jo-1/PM-Scl/

RNP/Ku/Ro-52/Ro-60/HMGCR
Treatment

Current dose of GG—prednisolone equivalent dose (mg/day)
Cumulative dose of GC—predhisolone equivalent dose (mg)

GG exposure (years)
Current treatment, n (%):
GC/MTX/AZA/CSA/CPA/LEF/MMF

16 (417 (18Y8 (20.5/8 (20.5)
4.84(1.96-8.83)
0.13 (0.06-0.29)
0.05 (0.03-0.08)
64 (54-70)

35 (88)/7 (18)/5 (13)/8 (21)/10 (26)/5 (13)/16 (41)/3 (8)

3.0(1.4-6.0)
13 (8-25)
3.0(1.3-9.4)
37(84-52)
98,6 (60.4-250.2)

24 (62)/3 (8)/3 (8)/0 (0)/0 (010 (0)/3 (8Y/10 (26)/5 (13)/
5(13/0 (0Y12 (317 (18)2 (5)

69(25-16.9)
13,052 (7,921-29,055)
39(0.9-86)

36 (92)/11 (28)/8 (21)/5 (13)/2 (B2 (511 (3)

Data are presented as median (inter-quartie range) unless stated otherwise. A, arthritis; ANA, antinucleer antibodlies; ASS, antisynthetase syndrome; AZA, azathioprine; BMI, body-mass
index; Cl, cardiac involvement; CK, creatine kinase; CPA, cyclophosphamide; CRR, C-reactive protein; CSA, cyclosporin A; DM, dermatomyositis; ESR, erythrocyte sedimentation rate;
GG, glucocorticoids; HC, healthy controls; IV, idiopathic inflammatory myopathies; ILD, interstitial lung disease; IMNM, immune-mediated necrotising myopathy; Jo-1, anti-histicyl-tANA
synthetase; Ku, anti-Ku (against the nuclear DNA-protein kinase subunit); LD, lactate dehydrogenase; LEF, leflunomide; MDA-5, anti-antigen associated with melanoma differentiation;
MME, mycophenolate mofeti; MH, mechanic’s hands; Mi-2, anti-nuciear helicase 218/240 kDa; MITAX, Myositis Intention to Treat Activity Index; MMT-8, manual Muscle Testing-8;
MTX, methotrexate; MW, muscle weakness; NXP2, anti-nucleer matrix protein; OD, oesophageal motilty disorder; PM, polymyositis; PM-Sci, anti-Pm-Scl (anti-core complex 11-16
proteins); NP, anti-ribonucleoprotein; Ro, anti-Ro (52/60 kDa, against cytoplasmic RNA and associated peptides); AP, Raynaud's phenomenon; SAE, anti-SUMOT (smallubiquiti-lke
activating enzyme); SR, skin rash; SRR, anti-signal recognition particles; TIF1, anti-transcription factor-1.
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Variable ARS, n=70 MDAS5,n=110 P value

Heliotrope sign (%) 18.6 (13/70) 73.6 (81/110) <0.001
Gottron sign (%) 31.4 (22/70) 80.9 (89/110) <0.001
V sign (%) 14.3 (10/70) 50.9 (56/110) <0.001
Shawl sign (%) 86 (6/70) 34.5 (38/110) <0.001
Skin ulcer (%) 1.4 (1/70) 24.5 (27/110) <0.001
CK (IUA) 541.0 + 1430.6 2502 + 747.3 0.001
ALT (UA) 434 £342 87.9.+89.7 <0.001
AST (IUL) 403 £320 1119 £ 2418 <0.001
Ferritin (ng/mi) 374.7 + 461.2 14153 + 1991.1 <0.001
PBL (cell/ul) 1598.0 + 947.2 7706 + 487.4 <0.001
CD3+T 1107.7 + 655.7 548.9 + 354.7 <0.001
CD4+T 690.4 + 546.7 359.4 + 249.9 <0.001
CD8+T 4282 + 357.8 189.2 + 165.0 <0.001
NK 186.8 + 189.8 39.6 + 46.9 <0.001
NK (%) 124477 55+53 <0.001
B1 (CD5+CD19+) 75.4 + 113.4 232+372 <0.001
B2 (CD5-CD19+)% 11.9+84 19.7 £ 11.7 <0.001
BALF Mac% 149+ 11.5 212+ 155 0.090
BALF LYM% 19.3 £20.5 27.7 £25.0 0.096
BALF NE% 56.7 + 28.6 476273 0.184

BALF Mac%, percentage of macrophage in bronchoalveolar lavage fluid; BALF LYM%, percentage of lymphocyte in bronchoalveolar lavage fluid; BALF NE%, percentage of neutrophil in
bronchoalveolar lavage fluid.





OPS/images/fimmu.2022.845988/table2.jpg
MSAs

Total
Anti-MDAS
Anti-ARS
Jo-1

PL-7
PL-12

EJ

Cases

333
175
158
79
35
17
27

RP-ILD

180(54.1)
110(62.9)
70(44.3)
34(43.0)
19(54.3)
6(35.3)
11(40.7)

Chronic ILD

153(45.9)
65(37.1)

MSAs, myositis specific autoantibodies. *indicated that the results were certain MSA positive group comparison with negative group.

P value*

0.001
0.001
0.024
0.977
0.111
0.148
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Values Range

Age on set, years 49.7 £12.3 (7-79)
Male/Female 102/231 (1:2.3)
Fever 158 (47.4%)
CK, IU/L 433.9 + 1082.8 (12-10762)
(Normal 26-200)
Ferritin, ng/mL 793.0 + 1370.0 (6.7-11871)
(Normal 11-306.8)
Anti-MDAS antibody 175 (52.6%)
Anti-ARS antibodies 158 (47.4%)

Anit-Jo-1 antibody 79 (23.7)

Anti-PL-7 antibody 35 (10.5)

Anti-PL-12 antibody 17 (5.1)

Anti-EJ antibody 27 8.1)
Anti-Ro-52 antibodly 113 (33.9%)
FVC% 74.8 +19.2 (39-140)
FEV1% 71.8+16.9 (40-112)
DLCO% 549 +15.5 (29-100)
BALF LYM% 24.4 + 231 (0-97)
BALF NE% 50.7 +28.2 (2-99)
BALF Mac% 20.8 +15.8 (1-74)
Treatment of MDA5*DM (n, %)

Glucocorticoids 175 (100%)

Pulse steroid therapy 8 (4.6%)

Calcineurin inhibitors 70 (40.0%)

Cyclophosphamide 42 (24.0%)

Mycophenolate mofetil 10 (6.7%)
Treatment of ASS (n, %)

Glucocorticoids 1568 (100%)

Pulse steroid therapy 2 (1.3%)

Calcineurin inhibitors 12 (7.6%)

Cyclophosphamide 64 (40.5%)

Mycophenolate mofetil 17 (10.8%)

FVC%, percentage of the predicted forced vital capacity; FEV'1%, percent of forced expiratory volume in the first second; DLCO%, percentage of the predicted diffusion capacity for carbon
monoxide; BALF LYM%, percentage of lymphocyte in bronchoalveolar lavage fluid; BALF NE%, percentage of neutrophil in bronchoalveolar lavage fluid; BALF Mac%, percentage of
macrophage in bronchoalveolar lavage fluid.
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Variables Whole group  Available data Triple-combo Tx Dual-combo Tx MonoTx P values*
(n = 468) per outcome (n=185) (n=208) (=75

Demographics

Age at diagnoss, years 57 (47-65) 468 (100%) 59 (48-65) 51(46-64) 67(66-ND) Triple Tx vs. Dual Tx: 0.04
Triple Tx vs. Mono Tx: 0.36
Dual Tx vs. Mono Tx: 0.02

Meale, no. (%) 160 (34%) 468 (100%) 71(38%) 61(29%) 28(37%)  Tiiple Tx vs. Dual Tx: 0.06
Triple Tx vs. Mono Tx: 0.88
Dual Tx vs. Mono Tx: 0.20

Disease duration at diagnosis, 2(1-5) 468 (100%) 2(1-9) 3@-7) 2(1-7) Triple Tx vs. Dual Tx: 0.03

months Triple Tx vs. Mono Tx: 0.44
Dual Tx vs. Mono Tx: 0.18

Disease classification

PM, no. (%) 71(15%) 468 (100%) 10 (6%) 47 (23%) 14(19%)  Tiiple Tx vs. Dual Tx: 0.01
“Triple Tx vs. Mono Tx: <0.001
Dual Tx vs. Mono Tx: 0.74

Classic DM, no. (%) 144 (31%) 42 (28%) 73 (35%) 29 (39%)

GADM, no. (%) 258 (54%) 133 (72%) 88 (42%) 32 (43%)

Clinical features

Fever, no. (%) 223 (49%) 455 (97%) 121 (65%) 85 (42%) 1726%)  Triple Tx vs. Dual Tx: <0.001

Triple Tx vs. Mono Tx: <0.001
Dual Tx vs. Mono Tx: 0.02
Raynaud's phenomenon, no. (%) 63 (15%) 419 (90%) 12 8%) 40 (20%) 11(17%)  Triple Tx vs. Dual Tx: <0.001
Triple Tx vs. Mono Tx: 0.32
Dual Tx vs. Mono Tx: 0.67
Anthritis/arthralgia, no. (%) 213 (46%) 445 (95%) 91(51%) 99 (50%) 23(34%)  Tiiple Txvs. Dual Tx: 0.83
Triple Tx vs. Mono Tx: 0.02
Dual Tx vs. Mono Tx: 0.03
Skin uiceration, no. (%) 44(9%) 432 (92%) 28(16%) 12 (6%) 4@7%) Triple Tx vs. Dual Tx: 0.002
Triple Tx vs. Mono Tx: 0.07
Dual Tx vs. Mono Tx: 087

Laboratory parameters

CK, UL 199 (78-748) 460 (98%) 159 (76-439) 206 312(99-1,200) Triple Tx vs. Dual Tx: 0.10
(80-1,298) “Tiple Tx vs. Mono Tx: 0.05
Dual Tx vs. Mono Tx: 0.41
Aldolase, IU/L 9.0(6.7-18.6) 400 (85%) 82(6.4-12.9) 106 88(7.1-21.7)  Triple Tx vs. Dual Tx: 0.65
(6.9-22.8) Triple Tx vs. Mono Tx: 0.38
Dual Tx vs. Mono Tx: 0.89
CRP, mg/dL 080 453 (99%) 1.1 (0.3-2.6) 06 05(0.1-1.9)  Triple Tx vs. Dual Tx: <0.001
(02-1.8) “Triple Tx vs. Mono Tx: 0.002
Dual Tx vs. Mono Tx: 086
Ferritin, ng/mL 358(141-767)  B44(75%) 645 (267-1219) 251 212(116-873)  Triple Tx vs. Dual Tx <0.001
(117-573) Triple Tx vs. Mono Tx <0.001
Dual Tx vs. Mono Tx 0.05
KL-6, UL 803(540-1268) 454 (97%) 762 (541-1,226) 865 716 (459-1,101)  Triple Tx vs. Dual Tx: 0.17
(567-1,428) Triple Tx vs. Mono Tx: 0.10
Dual Tx vs. Mono Tx: 0.008
SP-D, ng/mL. 94 (48-176) 356 (76%) 64 (37-184) 116 187 (93-242)  Triple Tx vs. Dual Tx: <0.001
(62-215) Triple Tx vs. Mono Tx: <0.001

Dual Tx vs. Mono Tx: 0.18

Chest HRCT findings

Lower consolidation/GGA, no. (%) 257 (55%) 467 (99%) 120 (65%) 104 (50%) 33(44%)  Triple Tx vs. Dual Tx: 0.002
Triple Tx vs. Mono Tx: 0.002
Dual Tx vs. Mono Tx: 0.37

Lower reticulation, no. (%) 152 (33%) 467 (99%) 37 (20%) 81(39%) 34(45%)  Tiiple Txvs. Dual Tx: <0.001
Triple Tx vs. Mono Tx: <0.001

Dual Tx vs. Mono Tx: 0.33
Random GGA, no. (%) 57 (12%) 467 (99%) 32 (17%) 19 (9%) 6(8%) Triple Tx vs. Dual Tx: 0.02

Triple Tx vs. Mono Tx: 0.05
Dual Tx vs. Mono Tx: 0.77

Supplemental oxygen, no. (%) 46 (10%) 468 (100%) 33 (18%) 11(5%) 2(3%) “Tiple Tx vs. Dual Tx: <0.001
Triple Tx vs. Mono Tx: <0.001
Dual Tx vs. Mono Tx: 0.35

Myositis-specific autoantibodies™ 155 (31%) 468 (100%) 24 (13%) 93 (45%) 38(51%)  Tiiple Tx vs. Dual Tx: <0.001

Anti-ARS antibody, no. (%) Triple Tx vs. Mono Tx: <0.001
Dual Tx vs. Mono Tx: 0.78

Anti-MDAS antibody, no. (%) 195 (42%) 468 (100%) 133 (72%) 54 (26%) 8(11%) Triple Tx vs. Dual Tx: <0.001

Triple Tx vs. Mono Tx: <0.001
Dual Tx vs. Mono Tx: 0.006

Continuous variables are shown as the median (25-75 percentile).

*Comparisons between two groups using the chi-square test, Fisher's exact test or Mann-Whitney U test when applicable.

Two patients had both anti-ARS and anti-MDAS antibodlies.

ILD, interstital lung dlisease; T, therapy; ND, not determinate; PM, polymyositis; DM, dermatomyositis; CADM, clinically amyopathic dermatomyositi; CK, creatine kinase; CRR, C-
reactive protein; KL-6, Krebs von den Lungen-6; SP-D, surfactant protein-D; HRCT, high-resolution computed tomography; GGA, ground-glass attenuation; anti-ARS, anti-aminoacyl
tRNA synthetase; anti-MDAS, anti-melanoma differentiation-associated gene 5.
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Disease duration
RP-ILD

Ferritin

LDH

Decreased T cells
Elevated CYFRA21-1
PaO2/Fi02

DLco%

Univariate

HR (95%Cl)

32(3.5,295)

0.978(0.967,0.99)
0.91(0.84,0.99)

P value

0.27
0.002
0.38
0.8
0.9
0.25
<0.001
0.04

Multivariate

HR (95%Cl) P value

0.97(0.95,0.99) 0.013

(Table 5 Breakdown), RPILD,

, rapidly progressive interstitial lung disease;

LDH, Lactate Dehydrogenase; DLco, diffusing capacity for carbon monoxide.
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Age at onset (years)

Gender (F) (n,%)

Disease duration (M)

RP-ILD (n,%)

Heliotrope sign (n, %)
Mechanic’s hand (n,%)
Gottron's signs (n,%)

Muscle weakness (n,%)
Arthralgia (n,%)

Fever (n,%)

ANA positive (n,%) (N=65)
Decreased T cells counts
Elevated CK (n,%)

Elevated LDH (n,%)

Ferritin

Elevated CRP (n,%) (N=67)
Elevated ESR (n,%) (N=67)
Elevated CEA (n,%) (N=58)
Elevated CA7-24 (n,%) (N=27)
Elevated CA125 (n,%) (N=58)
Elevated CA199 (n,%) (N=57)
Elevated CA153 (n,%) (N=57)
Elevated NSE (n,%) (N=32)
Elevated CYFRA21-1 (n,%) (N=32)
PaO2/FiO2

FVC%

FEV1%

DLco%

HRCT patterns

OP (n, %)

NSIP (n, %)

UIP (n, %)

Death (N=7)

48 + 21
5/2 (71.4%)
1(1.3
6 (85.7%)
4 (57%)
4 (57%)
6 (85.7%)
5 (71.4%)
4 (57%)
4 (57%)
2 (33.3%)
3 (50%)

1 (14.3%)
4 (57%)
552 (226,1153)
3 (42.9%)

3 (42.9%)
3 (42.9%)
2/2 (50%)
1 (14.3%)
1 (14.3%)
3 (42.9%)
0 (0%)
6 (100%)
238 (310,343)
71+25
68 + 26
43 +8
4(57.1%)
3 (42.9%)
0(%)

survival (N=65)

469 + 11
43/22 (66.2%)
3(6,16)
12 (18.5%)
38 (58.5%)
33 (50.8%)
38 (58.5%)
43 (66.2%)
30 (46.2%)
19 (29.2%)
25 (42.3%)
17 (34.7%)
22 (33.8%)
31 (49.2%)
225 (106,649)
9 (32.2%)
29 (48.3%)
11 (21.6%)
7 (30.4%)
10 (19.6%)
9 (18%)
9 (18%)
12 (48%)
2 (46.2%)
357 (429,448)
87 27
83 +27
62+ 18
18 (27.7%)
46 (70.8%)
1(1.5%)

P value

0.29

0.009
<0.001

0.23

07
0.19

0.65
0.4

0.048
0.6

0.34
0.58

0.15
0.1
0.02
0.003
0.21
0.25
0.024
0.22

(Table 4 Breakdown): Continuous data were presented as M (mean) + SEM (standard error of the mean), or medians (interquartile range). Binary data were presented as n (%) of the
patients; RPILD, rapidly progressive interstitial lung disease; CK, creatine kinase; LDH, Lactate Dehydrogenase; CRP, c reactive protein;ESR, erythrocyte sedimentation rate; FVC, Forced
Vital Capacity; FEV1, Forced Expiratory Volume In 1s; DLco, diffusing capacity for carbon monoxide; UIP, usual interstitial pneumonia; NSIP, nonspecific interstitial pneumonia; OP,

organizing pneumonia.
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First Year Cancer Cancer Study setting ICl arm Non-ICI arm Number of patients
author types status
[¢] Non-ICI

All Myositis All Myositis

André (12) 2020 MSI-High Advanced First-line Pembrolizumab Chemotherapy 153 1 143 0
Colorectal

Eggermont 2018 Melanoma Resected Adjuvant Pembrolizumab Placebo 509 1 502 0

(13) stage Il

Ferris (14) 2016 HNSCC Recurrent After platinum-based  Nivolumab MTX, Docetaxel, or 236 0 1 1

chemotherapy Cetuximab
Galsky (15) 2020 Urothelial Metastatic First-line Atezolizumab + platinum- Placebo + platinum- 453 3 390 1
based chemotherapy based chemotherapy

Gutzmer 2020 Melanoma  Advanced First-line Atezolizumab Placebo 230 1 281 0

(16)

Kojima (17) 2020 Esophageal ~Advanced Second-line Pembrolizumab Chemotherapy 314 1 296 0

Kuruvilla 2021 HL Relapsed or Second or later line Pembrolizumab Brentuximab 148 1 162 0

(18) refractory

Mies (19) 2021 TNBC Metastatic First-line Atezolizumab + PTX Placebo + PTX 431 1 218 0

Mittendorf 2020 TNBC Stage II-lll First-line Atezolizumab Placebo 164 1 167 0

(20)

Moore (21) 2021 Ovarian Ssage llI-IV Neoadjuvant Atezolizumab + CBDCA + Placebo + CBDCA + 642 4 644 5

PTX + Bevacizumab PTX + Bevacizumab

Powles (22) 2018 Urothelial Advanced or  After platinum-based  Atezolizumab Vinflunine, PTX, or 459 1 443 0
metastatic chemotherapy Docetaxel

Powles (23) 2020 Urothelial Advanced or First-line Avelumab + BSC BSC alone 344 1 345 0
metastatic

Reck (24) 2016 SCLC Extensive- First-line Ipilimumab + CDDP/CBDCA  Placebo + CDDP/ 562 2 561 0
stage + VP-16 CBDCA + VP-16

Rini (25) 2019 RCC Advanced First-line Pembrolizumab + Axitinib Sunitinib 429 2 425 0

Rini (26) 2019 RCC Metastatic First-line Atezolizumab + Bevacizumab  Sunitinib 451 i 446 0

Rudin (27) 2020 SCLC Stage IV First-line Pembrolizumab + EP Placebo + EP 223 1 228 0

Schmid 2020 TNBC Stage II-Ill First-line Pembrolizumab + Placebo + 781 3 389 0

(28) chemotherapy Chemotherapy

Winer (29) 2021 TNBC Metastatic Second or later line Pembrolizumab Chemotherapy 309 1 292 0

MSI-H, microsatelite-instability-high; NSCLC, non-small cell lung cancer; HNSCC, head-and-neck squamous cell cancer; TNBC, triple-negative breast cancer; SCLC, small cell lung
cancer; RCC, renal cell carcinomay ICI, immune checkpoint inhibitor; PTX, paclitaxel; CBDCA, carboplatin; BSC, best supportive care; CDDP, cisplatin; VP-16, etoposide; EP, etoposide
and platinum; MTX, methotrexate.
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Total Myocarditis (+) Myocarditis (-) P value OR 95% Cl

(n=88) (n=36) (n=52)
Age Mean, years 68.0 71.9 653 0.089
Median, years 7 735 705
Gender Male, n 62 27 35 0.484 1.46 0.56-3.77
Female, n 2 9 17
Onset date Mean, weeks 56 44 65 0.462
Median, weeks 38 37 39
Cancer type, (n) Melanoma (27) Melanoma (12) Melanoma (15) 0075
NSCLC (28) NSCLC (7) NSCLC (21)
uTC (12) UTC (8) uTC (4)
HNC 3) HNC (0) HNC (3)
RCC (4) RCC (2) RCC (2)
HL (2) HL (0) HL (2)
Others (12) Others (7) Others (5)
Cl, (n) Nivolumab (29) Nivolumab (8) Nivolumab (21) 0015
Pembrolizumab (37) Pembrolizumab (16) Pembrolizumab (21)
Nivolumab + Ipiimumab (14)  Nivolumab + Ipiimumab (8) Nivolumab + lpilimumeb (6)
Ipiimumab (4) Ipiimumab (0) Ipiimumab (4)
Others (4) Others (4) Others (4)
Ginical presentation
Ptosis, n (%) 45/84 (54) 24/33 (73) 21/51 (41) 0.007 3.81 1.48-9.83
Ophthaimoplegia, n (%) 28/72 (39) 13/24 (54) 15/48 (31) 0076 2.60 0.95-7.13
Dysphasia, n (%) 33/80 (41) 15/31 (48) 18/49 (37) 0355 1.61 0.65-4.02
Respiratory muscle paralysis, n (%) 34/82 (41) 21/32 (66) 13/50 (26) 0.001 5.43 2.07-14.26
Limb weakness, n (%) 79/84 (94) 28/33 (85) 51/51 (100) 0.008 0.05 0.00-094
Rhabdomyolysis, n (%) 8/88 (9) 5/36 (14) 3/52 (6) 0.264 2,63 059-11.81
Myasthenia gravis, n (%) 34/88 (39) 19/36 (63) 15/52 (29) 0.028 276 1.13-6.70
Interstitial lung disease, n (%) 2/88 (2) 0/36 (0) 2/52 (4) 0511 0.28 0.01-594
Cutaneous marifestations*1, n (%) 16/88 (18) 0/36 (0) 16/52 (31) <0.001 0.03 0.00-0.52
Other IrAEs, (n) Thyroiditis (2) Hypothyroidism (2)
Dianhea (1) Thyroiditis (2)
Rheumatoid arthrits (1)
Coltis (1)
Cerebral meningtis (1)
Autoantibody
Anti-ACHR, (%) 17/37 (46) 8/21(38) 9/16 (56) 0.331 0.48 0.13-1.80
Anti-striated muscle, n (%) 14/15 (93) 1112 (92) 3/3 (100) 1.000 1.10 0.04-33.38
Anti-TIF1y, n (%) 6/6 0/0 6/6
Treatment
PSL, n (%) 87/88 (99) 36/36 (100) 51/52 (98) 1.000 213 0.08-53.67
VIG, (%) 43/88 (49) 19/36 (53) 24/52 (46) 0.665 1.30 0.56-3.06
Apheresis, n (%) 25/88 (28) 17/36 (47) 8/52 (15) 0.002 4.92 181-13.35
Bio (Inflximab or Rituximab), n (%) 7/88 (8) 6/36 (17) 1/52 (2) 0017 1020 1.17-88.84
Immunosuppressants, (n) MTX (2), Tac (1), MMF @) MTX (3), Tac (3), AZA (1), HCQ (1)
Pyridostigmine*2, n (%) 12/89 (13) 5/37 (14) 7/52 (13)
Outcome
Recovery of myositis, n (%) 55/81(68) 12/29 (41) 43/52 (83) <0.001 0.15 0.05-0.41
Prognosis
Al deaths, n (%) 33/85 (39) 18/34 (53) 15/51 (29) 0.041 2.70 1.09-6.66
Directly caused by myostts, n (%) 19/33 (58) 15/18 (83) 4415 (27) 0.002 1375 254-74.30
Infection related to myositis, n (%) 4133 (12) 118 6) 3/15 (20) 0.308 0.24 0.02-2.54
Progression of a cancer, n (%) 13/33 (39) 3/18(17) 10/15 (67) 0.005 0.10 0.02-052
Other reasons, n (%) 1/33 (3) 118 6) 0/15 (0)

NSCLC, non-small cell lung cancer; UTC, urothelial carcinoma; HNC, head and neck cancer; RCC, renal cell carcinoma; HL, Hodgkin's lymphoma; ICI, immune checkpoint inhibitor; irAEs,
immune-related adverse events; AChR, acetyicholine receptor; TIF1y, transcription Intermediary factor 1y, PSL, prednisolone; IVIG, intravenous immunoglobulin; Bio, biological therapy;
MTX, methotrexate; Tac, tacrolimus; AZA, azathioprine; MMF, mycophenolate mofetil; HCQ, hydroxychloroquine. *1, typical cutaneous signs of dermatomyositis; *2, treatment of
myasthenia gravis.





OPS/images/fimmu.2021.780237/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.803410/fimmu-12-803410-g001.jpg
5,471 relevant articles identified after initialsearching
PubMed 251
EMBASE 3182
Cochrane Library 1,08
‘Webof science Core 349

[ 2,399 duplicatesremoved

v

3,072 recordsafter duplicates excluded

2,952 recordsremovedafter

—
screeningtitlesand abstracts

v

120 articles reviewed in detail or eligibilty

19 articles excluded
6 Duplicate
6 Incorrect trial design
[————— 3stugyprotocol
1Phase1,2 studies
1Pooledanalysis
1Review article
1Not outcome of interest

101 articles for eligibilty

93 articles removed

|
because of the insufficientdata

v

18 articles included in the meta-analysis






OPS/images/fimmu.2021.803410/fimmu-12-803410-g002.jpg
foed Gontrol (Odds Retlo (Odds Ratio
Study or Subgroup. Events Total_Evnts Total_ Weight M-, Random, 98% C1 1, Rangom, 35% 01
e, 7. 2020 T 1 0 143 4% 28200116980

Eggemant A M. M. 2018 tose o s 4 2080127208 =1

Forr, R L. 2016 0 26 1 M 4 016001385 —

Galsy, WD, 2020 3 a3 1 o s 259272503 b
‘Gutamer, R 2020 120 0 2 4% 36800159076 —
Kojma . 2020 Toms 0 e s 2040126982 o —
Koruvia, . 2021 Toue 0 1 4% 3100137675 —T
Mes, D, 2021 1o 0 28 a1 15200069759 R——
Mtondor, € A 2020 Tote 0 16 a1 30700127599 ——
Moore, K. 2021 4 B2 5 64 2 080021300 —

Powles, T.2018 T4 0 4 4 20001271420 —r—
Powls, T, 2020 Tous 0 M5 4w 30200127439 R En—
Rock. . 2016 2 s2 0 st 4e% 50102610457 o e—
R B.1.2010-1 2 a0 0 a5 aen  4s8(024,10397 =
Rin, 8.1 20192 Toas 0 s a1 2970127338 —r—
Rudn,C M.2020 om0 oz 4w 3otpmew —r—
Schmid,P.2020 3 78 0 e ame  aspiseren o e —
Winer. £ P 2021 Towe o oz am  2spiz7on) ——
Total (5% ) o3 02 1000%  196(102,375) -
Toalovents » 7

Heerogenaiy: Tau* = 000: Ch* = 590, df = 17 (P = 099) F = 0% s mr—

et for overaleffect 2= 203 (P = 0.04)

Riskof bt egend
(8)Random seauenc genaatn (solocion bias)
(8)Alocation concealment slecton bias)

(C)Binaing of paricipants and porsonnl (peormanca bas)
0)Binding of utcomo asessmont (dtecton bias)

(8 Incomgiet outcome data(tsion bias)

() Solcta fopatng (eporing bas)

(@ Otherblas.

Higher sk wihoul 11 Higher sk wih CI






OPS/images/fimmu.2022.879266/table3.jpg
RPILD DM with negative MSA/MAA (N=18) MDA5+DM (N=110) ASS (N=70) P value
Age at onset (years) 49+13 516+ 10 54 +12 0.18
Gender (F,%) 12 (66.7%) 75/35 55/15 0.28
Disease duration (weeks) 3(1,4) 3(2,6) 5(1.5,36) 0.02
Heliotrope sign (n,%) 11 (61.1%) 81 (73.6%) 13 (18.6%) <0.001
mechanic’s hand (n,%) 10 (55.6%) 48/62 (43.6%) 35 (50%) 05
Gottron’s signs (n,%) 12 (66.7%) 89/21 (81%) 22 (31.4%) <0.001
muscle weakness (n, %) 10 (565.6%) 62/48 27/43 0.06
Arthralgia (n,%) 6 (33.3%) 46 28 0.3
ANA positive (n,%) 1 (68.8%) 45/44 (50.6%) 48/18 (72.8%) 0.01
Lymphocyte counts (cell/ul) 1256 + 657 770 + 487 1598 + 947 <0.001
CK (IUL) 78 (39,294) 50 (28,117) 95 (50,424) o1
LDH (UL) 283 (235,537) 326 (255,404) 314 (225,430) 0.44
Ferritin (ng/ml) 311 (176,1034) 706 (360,1694) 175 (81,499) 0.007
Elevated CEA (n,%) 4(30.7%) 60/39 (61%) 16 (27.1%) <0.001
Elevated CA7-24 (n,%) 3 (50%) 16/50 (24%) 5 (18.5%) 0.26
Elevated CA125 (n,%) 2 (15.4%) 3(3%) 18 (30.1%) <0.001
Elevated CA199 (n,%) 2 (15.4%) 18 (18.3%) 17 (28.8%) 0.26
Elevated CA153 (n,%) 5 (38.5%) 48 (49.5%) 28 (47.5%) 0.75
Elevated NSE (n,%) 4 (50%) 37 (52%) 16 (42%) 0.6
Elevated CYFRA21-1 (n,%) 8(88.9%) 57 (78%) 36 (82%) 0.7
CRP (mg/dl) 0.96 (0.39,3.22) 1(0.2,1.7) 1(0.2,3.8) 0.09
ESR (mm/h) 16.5 (6,41) 29 (17,51) 26 (12,43) 0.1
Pa0O2/FiO2 300 + 54 308 + 58 310 + 46 0.8
FVC% 69 + 18.9 67 +18.2 68 + 17 0.8
DLco% 48 + 11 46 +12 49 +12 0.9
HRCT patterns

oP 10 (55.6%) 83 (75%) 62 (89%) 0.006
NSIP 8 (44.4%) 27 (24%) 8 (11%)

(Table 3 Breakdown): Continuous data were presented as M (mean) + SEM (standard error of the mean), or medians (interquartile range). Binary data were presented as n (%) of the
patients. DM, dermatomyositis; CK, creatine kinase; LDH, Lactate Dehydrogenase; FVC, Forced Vital Capacity; DLco, diffusing capacity for carbon monoxide; UIP, usual interstitial

pneumonia; NSIP, nonspecific interstitial pneumonia; OP, organizing pneumonia.
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RP-ILD (N=18) CP-ILD (N=54) P value

DM type 0.5

M (n,%) 15 (83.3%) 48 (88.9%)
CADM (n,%) 3(16.6%) 5(9.3%)
JDM (n,%) 0 (0%) 1(1.8%)
Age at onset (years) 49 +13 46 12 0.8
Gender (F,%) 12 (66.7%) 36 (66.7%) 1
Disease duration (weeks) 3(1,4) 7 (3,19.5) 0.002
Heliotrope sign (n,%) 11(61.1%) 31 (657.4%) 0.78
Mechanic’s hand (n,%) 10 (55.6%) 27 (50%) 0.68
Gottron’s signs (n,%) 12 (66.7%) 37 (68.5%) 0.88
Muscle weakness (n,%) 10 (55.6%) 38 (70.4%) 0.25
Arthralgia (n,%) 6 (33.3%) 29 (53.7%) 0.13
Fever (n,%) 8 (44.4%) 15 (27.8%) 0.18
ANA positive (n,%) 11 (68.8%) 17 (34%) 0.01
T cells counts (cell/ul) 926 + 512 962 + 600 0.9
CK (IUL) 78 (39,294) 79 (43,298) 0.87
LDH (U/L) 283 (235,537) 237 (196,360) 0.1
Ferritin (ng/mi) 311 (176,1034) 244 (88,651) 0.17
Elevated CEA (n,%) 4 (30.7%) 10 (22.2%) 0.53
Elevated CA7-24 (n,%) 3 (50%) 6 (28.6%) 0.33
Elevated CA125 (n,%) 2 (15.4%) 9 (20%) 0.7
Elevated CA199 (n,%) 2 (15.4%) 8(18.2%) 0.8
Elevated CA153 (n,%) 5 (38.5%) 7 (15.9%) 0.09
Elevated NSE (n, %) 4 (50%) 8(38.1%) 0.68
Elevated CYFRA21-1 (n,%) 8 (88.9%) 10 (43.4%) 0.04
CRP (mg/di) 0.96 (0.39,3.22) 0.45 (0.21,0.76) 0.007
ESR (mm/h) 16.5 (6,41) 17 (7.5,35.5) 0.92
PaO2/Fi02 300 + 54 423 + 49 <0.001
FVC% 69 +18.9 92 £27 0.007
FEV1% 67 +19.8 87 £27 0.022
DLco% 48+ 11 66 + 18 0.003
HRCT patterns
oP 10 (65.6%) 13 (24.1%) 0.04
NSIP 8 (44.4%) 40 (74.1%)
uIP 0 (%) 1(1.8%)

(Table 2 Breakdown): Continuous data were presented as M (mean) + SEM (standard error of the mean), or medians (interquartile range). Binary data were presented as n (%) of the patients.
DM, dermatomyositis; CADM, Clinical amyopathic dermatomyosttis; JOM, Juvenile dermatomyositis; CK, creatine kinase; LDH, Lactate Dehydrogenase; FVC, Forced Vital Capacity; FEV1,
Forced Expiratory Volume In 1s; DLco, diffusing capacity for carbon monoxide; UIP, usual interstitial pneumonia; NSIP, nonspecific interstitial pneumonia; OP, organizing pneumonia.
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ILD

Age at onset (years)
Gender (F,%)

Disease duration (weeks)
Heliotrope sign (n,%)
mechanic’s hand (n,%)
Gottron’s sign (n,%)
muscle weakness (n, %)
Arthralgia (n,%)

Fever (n,%)

Perlungual erythematous (n,%)
Lymphocyte counts (cell/ul)
CK (UL

LDH (U/L)

Ferritin (ng/mi)

CRP (mg/dl)

ESR (mm/h)

Elevated CEA (n,%)
Elevated CA7-24 (n,%)
Elevated CA125 (n,%)
Elevated CA199 (n,%)
Elevated CA153 (n,%)
Elevated NSE (n,%)
Elevated CYFRA21-1 (n,%)
FVC%

DLco%

HRCT patterns

OP

NSIP

uiP

DM with negative MSA/MAA (n=72)

471+12
48 (66.7%)
4.5(2.3,135)
42 (58.3%)
37 (51.4%)
49 (68%)
48 (66.7%)
34 (47.2%)
23 (31.9%)
8(11.1%)
1110 (600,1581)
79 (42,287)
252 (204,367)
244 (123,669)
053 (0.23,0.96)
17 (7,36)
14 (24.1%)
8 (30.7%)
11 (19%)
10 (17.5%)
12 (21%)
12 (41.4%)
18 (56.3%)
87.8+25
66+ 17

23 (31.9%)
48 (66.7%)
1 (1.4%)

MDA5'DM (n=175)

49+ 11
117 (66.8%)
3(2,6)

132 (75.4%)
84/91 (48%)
141 (81.7%)
100 (57%)
95/80 (54.3%)
86 (49.1%)
27 (15.4%)
750 (510,1060)
51 (28,107)
287 (225,378)
542 (210,1378)
0.61(0,1)
22 (13.42)
81 (50.9%)
30 (28.8%)

4 (2.5%)

28 (17.6%)
60 (38%)

51 (48%)
78 (72%)
82.5 + 23
65+17.6

122 (69.7%)
53 (30.3)
0

ASS (n=158)

544118
112 (70.8%)
8(2,24)

34 (21.5%)
77/81 (48.7%)
57 (36.1%)

77 (48.7%)

80 (50.6%)

72 (45.6%)

6 (3.8%)
1000 (1440,2057)
114 (51,605)
291 (204,396)
188 (79,375)
10223
21 (11,49)

22 (17.2%)

9 (16.4%)

28 (21.9%)

9 (22.7%)
(40 3%)
3 (30.7%)
(73 2%)
75+19.8
636+ 16

77 (48.7%)
81 (52.6%)
0

P value

<0.001
0.68
<0.001
<0.001
0.8
<0.001
0.03
0.57
0.04
0.002
<0.001
0.48
1
0.01
0.1
0.2
<0.001
0.18
<0.001
0.5
0.03
0.001
0.16
0.075
0.6

<0.001

(Table 1 Breakdown): Continuous data were presented as M (mean) + SEM (standard error of the mean), or medians (interquartile range). Binary data were presented as n (%) of the
patients. DM, dermatomyositis; CK, creatine kinase; LDH, Lactate Dehydrogenase; FVC, Forced Vital Capacity; DLco, diffusing capacity for carbon monoxide; UIP, usual interstitial

pneumonia; NSIP, nonspecific interstitial pneumonia; OP, organizing pneumonia.
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I[IM patients admitted between

January 2006 and December 2019

Excluded MSA and/or MAA
positive IIM patients (total n=852)

Negative Myositis Autoantibody
(NMA) IIM patients ( n=273)

Excluded overlap  syndrome
patients (n=28)

NMA IIM patients ( n=245)

Excluded (n=63):
® PM patients (n=49)
® IBM patients (n=2)
® IMNM patients (n=12)

NMA DM patients ( n=182)

Excluded complicated  with
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NMA DM patients ( n=154)
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Ge et al. (11) Watanabe et al. (10) Williams et al. (12) Current study

Population 405 patients (Bohan and Peter 387 patients (exclusion of non- 23 IMNM anti-HMGCR- 312 patients (ACR/EULAR
diagnostic criteria from 1975) IIM and IBM patients) positive patients classification criteria from 2017)
Anti-HMGCR autoantibodies ~ ELISA ELISA Chemiluminescence ELISA, IP-IVTT
assessment method
Anti-HMGCR-positive patients 22 (5.4%) 47 (12%) 23 (100%) 13 (4.3%)
Dermatomyositis phenotype 8 (36%) 2 (4%) 13 (67%) 5 (38%)
Females 16 (73%) 31 (69%) 8 (35%) 11 (92,3%)
Previous exposure to statins 3/20 (15%) 8 (18%) 20 (87%) 2 (15%)
Dysphagia 11 (50%) 20 (44%) = 4 (31%)
Elevated CK at the diagnosis 18/21 (85.6%) 42 (93%) 100% 9 (69%)
IMNM features in muscle 8/12 (67%) - 19/23 (83%) 12 (92%)
biopsy
Co-occurrence of other MSA 3 (14%) 0 - 4 (31%)

lIM, idiopathic inflammatory myopathies; IBM, inclusion body myositis; CK, creatinine kinase; IMNM, immune-mediated necrotizing myopathy; MSA, myositis-specific autoantibodies;
ELISA, enzyme-linked immunosorbent assay; IP-IVTT, immunoprecipitation of in vitro transcribed and translated protein.
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At the diagnosis At the last follow-up*

Mean 29.3 microcat/L (range 1.5-127) 5.7 microcat/L (range 0.9-29.7)
CK

Mean 69/80 points (range 55-80, 73/80 points (range 59-80,
MMT8 median 69/80 points) median 76/80 points)

CK, creatinine kinase (normal range 0.6-4.7microcat/ml); MMT, manual muscle test;
* mean time from the first assessment was 161.5 months.
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IMNM/Polymyositis Dermatomyositis Total anti-HMGCR

Number of patients 8 (62%) 5 (38%) 13

Statin exposure 2 (25%) 0 2 (5%)

Mean age of onset of IIM (years) 54 (range 37-75) 52 (range 28-70) 52

Male 2 (25%) 0 2 (15%)
Female 6 (75%) 5 (100%) 11 (85%)
Patients with multiple MSA 1 (18%)* 3 (60%)** 4 (30%)

Ever treated with IVIG 4 (50%) 1(20%) 5 (38%)
Strong positivity for anti-HMGCR 5 (63%) 3 (60%) 8 (62%)

/IM, idiopathic inflammatory myopathy; IVIG, intravenous immunoglobulins; IMNM, immune-mediated necrotizing myopathy; MSA, myositis-specific antibodies; *, anti-Jo1; **, anti~TIF1-y,

FHL 1 + NXP2, and anti-Jo1.
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ucG MDAS5 (+) n=21 MDAS5 (-) n = 42 p value

LVEF (%) 67.7 +9.5 69.7 £ 6.0 0.31

LVDd (mm) 415+ 46 424+438 0.44
LVDs (mm) 259+ 47 259+ 441 0.99
IVSTd (mm) 93+16 9727 0.52
PWTd (mm) 9417 95+18 0.94
LADs (mm) 33.8+5.6 327+4.2 0.87
E wave (m/sec) 0.58 + 0.14 0.74 +0.23 <0.01
A wave (m/sec) 0.61 +£0.19 0.74+0.18 0.01

E/A 1.1 +0.61 1.1+0.51 0.94
DcT (msec) 218.3 +49.4 2385+ 735 0.27
Sep E/e’ 9.5+43 95+37 0.8

Sep e’ (cm/sec) 6.7 2.0 8939 0.02
Sep a’ (cm/sec) 10.3 £ 3.4 101 241 0.75

Statistical significance: p < 0.05.

LVEF, left ventricular ejection fraction; LVDd, left ventricular diameter at end-diastole; LVDs,
left ventricular internal dimension in systole; IVSTd, interventricular septal thickness at end-
diastole; PWTd, posterior LV wall thickness at end-diastole; LADs, left atrial dimension in
systole; E wave, early diastolic filing velocity; A wave, atrial filing velocity; E/A, E wave/A wave
ratio; DcT, deceleration time; Sep E/e’ ratio, E wave/e’ ratio at the septum of the left ventricle;
Sep €', peak early diastolic mitral annular velocity at the septum of the left ventricle; Sep a’,
peak atrial systolic mitral annular velocity at the septum of the left ventricle.
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Number of Leads p-value

0-1 >1

Active phase MDAS5 (+) 2 12 <0.01
MDAS (-) 14 7

Remission phase MDAS5 (+) T 7 n.s.
MDAS (-) 9 12

Statistical significance: p < 0.05; n.s., not significant.

“Low T wave" is defined according to the major ECG criteria (Minnesota code) as a T/R
ratio <0.1. The T/R ratio at the aVR lead was excluded from the analysis. We counted the
number of leads with Low T wave at 11 leads except foraVR (V1-6, |, Il, lll, aVL, aVF leads)
for each patient. “>1" means that there are more than two leads with a low T wave; ‘0-1’
means that there is less than one. The p-value reflects the results of the analysis between
the anti-MDAS5 (+) and anti-MDAS (-) groups.
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<2016, March - 2021, September

PM/DM, CADM N = 94

ECG, UCG data N =63

No ECG or UCG
N=31

Anti-MDAS (+)
N=21
(CADM; 21)

Anti-MDAS (-)
N=42
(PM; 18, DM; 24)
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MDAS5 (+) (N = 21) MDAS (-) (N = 42) p value
Age (years) 55.6 £ 9.6 58.9 + 16.6 04
Female (%) 66.7 7341 0.59
Disease duration (Months) 6.2+ 124 4.8 +30 0.49
ILD (%) 100 452 <0.01
Heart disease (%) 14.3 12.5 0.8
Malignancy (%) 4.7 16.7 0.18
Skin ulcer (%) 333 24 <0.01
WBC (/uL) 5959.0 + 2557.9 8553.1 + 3625.9 <0.01
Lymphocytes (/uL) 730.0 +227.4 1368.6 + 558.2 <0.01
Neutrophils (/uL) 4677.6 + 2450.0 6193.1 + 3394.5 0.08
Platelets (10°/uL) 232+58 28.0 £ 84 0.03
KL-6 (U/mL) 775.0 £ 292.9 683.5 + 860.0 0.65
ESR (mm/1 h) 69.7 + 101.6 40.4 + 359 0.13
CPK (IU/L) 227.7 + 258.7 3043.3 + 3724.3 <0.01
LDH (IU/L) 355.8 + 105.5 617.0 £ 326.1 <0.01
AST (IU/L) 69.7 + 65.4 1232 +£107.3 0.04
ALT (IU/L) 441 £30.7 83.0+719 0.02
CRP (mg/dL) 0.7 +0.9 12+19 0.33
Ferritin (ng/mL) 630.9 + 664.3 3562.7 + 555.6 0.13
Aldolase (U/L) 72+21 34.1+£29.4 <0.01
Na (mEq/L) 137.2+39 139.2+23 0.01
K (mEq/L) 38+03 42:03 <0.01
Cl (mEq/L) 101.4 + 4.2 1035+ 2.2 001
Ca (mg/dl) 8903 9.2+04 <0.01
TP (g/dL) 6.7+04 6.9+09 0.38
ALB (g/dL) 33+05 34+07 0.46

Statistical significance: p < 0.05.

Continuous variables were compared using the unpaired t-test, and are expressed as the mean + standard deviation. Categorical variables were compared using the chi-square test, and
are expressed as percentages (%), unless otherwise noted. Ca refers to corrected total serum calcium (protein-bound calcium, complexed calcium, and ionized calcium). The correction

formula is as follows; Corrected Ca value (mg/di) = serum total Ca value + 4- serum albumin value.

ILD, interstitial lung disease; WBC, white blood cell count; KL-6, Krebs von den Lungen-6; ESR, erythrocyte sedimentation rate; CPK, creatine phosphokinase; LDH, lactate
dehydrogenase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CRP, C-reactive protein; TP, total protein; ALB, albumin.
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ECG HR (bpm) QT Int (ms)

MDAS (+), n = 21 79.5+13.1 369.9 + 30.4

MDAS (-), n = 42 789+ 147 374.1 £28.0

p-value 0.43 0.97

R wave (uV) I n m avR avL avF
MDAS5 (+), n = 21 554.8 + 266.0 757.1 £ 293.1 339.8 + 313.1 61.4 +62.5 284.5 +241.7 522.1 +299.5
MDAS (-), n = 42 464.9 + 234.5 740.- £ 451.8 485.7 + 4441 82.6 +£99.3 274.9 + 269.9 594.2 + 4441
p-value 0.24 0.32 0.09 0.8 0.29 0.17

T wave (uV)

MDAS (+), n = 21 85.0 + 43.0 113.1 £ 84.8 343724 -97.4 £ 57.6 27.9 +40.8 65.5 +78.9
MDAS (-), n = 42 137.7 £ 63.1 185.8 + 107.4 40.0 £ 111.8 -159.5+71.0 476 £72.3 1186 + 1025
p-value <0.01 <0.01 0.6 <0.01 0.26 0.04

T/R ratio

MDAS (+), n = 21 0.21+0.19 0.16 £ 0.16 0.09 +0.82 -1.98 + 1.51 0.04 + 0.65 0.12+£0.19
MDAS (-), n = 42 0.45 £ 0.54 0.42 + 0.46 0.32 £ 0.96 -2.70 £2.20 0.34 £ 0.92 0.33 £0.39
p-value 0.06 0.02 0.35 0.17 0.2 0.03

R wave (uV) vi V2 V3 v4 V5 V6
MDAS5 (+), n = 21 168.6 + 102.8 386.4 +212.8 596.2 + 342.2 1206.0 + 601.0 1627.9 + 563.9 1286.2 + 387.8
MDAS (-), n = 42 221.5 + 200.1 482.6 +375.9 7250 +512.5 1222.7 + 663.9 1342.4 + 542.1 1093.7 + 461.5
p-value 0.08 0.12 0.14 0.64 0.08 0.3

T wave (uV)

MDAS5 (+), n = 21 443 +116.4 286.7 + 195.6 315.0 + 206.7 238.6 + 192.0 169.8 + 145.7 1143 £ 1171
MDAS (-), n = 42 279+ 1153 349.9 +222.1 452.1 £ 251.0 405.7 + 226.6 316.4 + 180.8 229.5 +137.9
p-value 0.6 0.28 0.04 <0.01 <0.01 <0.01
T/R ratio

MDAS (+), n = 21 0.30 £+ 0.86 0.79 + 0.64 0.69 + 0.62 0.28 £ 0.34 0.12£0.13 011 £0.11
MDAS (-), n = 42 0.04 + 1.49 0.96 + 1.04 0.83 +0.69 0.42 +£0.33 0.30 + 0.34 023 +0.15
p-value 0.47 0.25 0.46 0.14 0.02 <0.01

Statistical significance: p < 0.05.

The amplitudes of the R and T waves on ECG were calculated for all the leads.

HR. heart rate; QT int, QT interval.
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Characteristics

Patients (n =18) HCs (n=8)

Female, no. (%)

Age of onset, mean + s.d. years

Disease duration, median of IQR months

Clinical features, no. (%)

Muscle weakness

Myalgia

Laboratory data

MSA, no. (%)

Anti-SRP- positive
Anti-HMGCR- positive
MSA-negative

CK (IU/L), median (IQR)

ALT (IU/L), median (IQR)

AST (IU/L), median (IQR)

LDH (U/L), median (IQR)

ESR (mm/h), median (IQR)

CRP (mg/dl), median (IQR)

MMT8, mean =+ s.d.

PGA VAS, mean + s.d.

11(61.1%) 5 (62.5%)
476+ 156 50.8 + 17.1
5(2-9.7)

15 (83.3%)
6 (33.3%)

12 (66.6%)
2(11.1%)
4(22.2%)
3597 (1356-7521)
207.5 (61.4-319)
119.5 (39.7-160.8)
674 (426.5-1113)
7 (5-20.5)
0.36 (0.25-0.45)
58.0+ 129
47+1.8

Average values or numbers of each group are shown. Standard deviation (s.d.),
interquartile range (IQR), or percentages are shown. MSA, myositis-specific antibody;
IMNM, immune-mediated necrotizing myopathy; SRP, signal recognition particle;
HMGCR, 3-hydroxy-3-methyl coenzyme A reductase; CK, creatine kinase; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; ESR,
erythrocyte sedimentation rate; CRP, C-reactive protein; PGA, physician global
assessment; VAS, visual analog scale; MMT8, manual muscle test 8 (0-80).
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Dermatomyositis(DM) admitted between

September 2016 and September 2020 (n=387)

Randomly selected 50 DM patients
Excluded cardiopulmonary disease (including
hypertension, heart failure, coronary heart disease

and chronic obstructive disease),diabetes, kidney
disease, and pregnancy that existed before DM
diagnosis(total n=7

DM patients (n=43)

Excluded connective tissue diseases (n=2)

DM patients (n=41)

ILD+DM ILD-DM
patients (n=34) patients (n=7)
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Index DM SLE

MDA5"™ (N = 68) MDAS5* (N = 217) p-value MDA5™ (N = 210) MDAS"* (N = 35) p-value
Sex, female, n (%) 28 (41.18) 84 (38.71) 0.776 192 (91.43) 33 (94.29) 0.747
Age (years), mean (SD) 54.39 (13.14) 49.91 (11.35) 0.007 36.05 (11.74) 35.23 (7.00) 0.687
Heliotrope/Gottron’s, n (%) 61 (89.71) 189 (87.10) 0.675 s s
Malar rash, n (%) = - - 43 (20.48) 13 (37.14) 0.048
Myositis, 1 (%) 52 (76.47) 27 (12.44) <0.001 4(1.90) 2 (6.71) 0.206
ILD, n (%) 11 (16.18) 217 (100.00) <0.001 14 (6.67) 3(8.57) 0.718
Fever, n (%) 7 (10.29) 139 (64.06) <0.001 11 (5.24) 0(0.00) 0373
Arthralgia, n (%) 36 (52.94) 97 (44.70) 0.266 71(33.81) 8 (22.86) 0.243
LN, n (%) = - - 5 (26.19) 12 (34.29) 0.314
NPSLE, n (%) - - - 5(2.38) 1(2.86) >0.999
WBC (10*/l), mean (SD) 7.46 (2.54) 6.92 (3.05) 0.220 5.77 (2.67) 5.29 (1,98) 0317
HB (g/L), mean (SD) 127.89 (26.29) 124.54 (16.80) 0.244 117.40 (31.10) 120.00 (41.26) 0.665
Lymphopenia (<0.8 x 10%4), n (%) 11 (16.18) 128 (58.99) <0.001 55 (26.19) 14 (40.00) 0.106
PLT (10%/ul), mean (SD) 209.05 (68.76) 196.67 (81.51) 0.298 201.22 (82.82) 201.42 (57.07) 0453
CKmax (U/L), mean (SD) 2450.19 (5349.61) 279.33 (675.59) <0.001 94.23 (60.32) 87.26 (74.21) 0.546
Ferritin (ng/ml), mean (SD) 841.45 (1032.73) 1677.12 (2434.33) 0.032 157.43 (177.09) 115.83 (123.12) 0.157
C3 (g/L), mean (SD) 0.95 (0.42) 1.01(0.22) 0.200 0.83 (0.26) 0.88 (0.21) 0.107
C4 (g/L), mean (SD) 0.25 (0.10) 0.26 (0.08) 0.491 0.19 (0.10) 0.12 (0.06) 0.209
CRP (mg/L), mean (SD) 10.87 (24.36) 11.26 (14.97) 0.891 6.48 (12.86) 4.08(8.27) 0.287
ESR (mnvh), mean (SD) 28.76 (22.02) 33.24 (20.74) 0.128 21.39 (22.54) 23.06 (17.49) 0.681
l9G (g/L), mean (SD) 14.08 (4.94) 15.29 (5.50) 0214 14.38 (5.06) 17.17 (6.47) 0.001
Anti-dsDNA (IU/mi), n (%) 0(0.00) 0(0.00) NA 120 (57.14) 19 (54.29) 0.854
Anti-Sm (A1), n (%) 0 (0.00) 0(0.00) NA 82 (39.05) 15 (42.86) 0711
Anti-SmRNP (Al), n (%) 0(0.00) 0(0.00) NA 111 (52.86) 25 (71.43) 0.045
Anti-Ribo P (Al), n (%) 0(0.00) 0(0.00) NA 65 (30.95) 12 (34.29) 0697
Anti-SS-A52 (Al), n (%) 3(4.41) 139 (64.06) <0.001 83 (39.52) 13 (37.14) 0.853
Anti-SS-A60 (Al), n (%) 0.00 (0.00) 0.00 (0.00) NA 133 (63.33) 23 (65.71) 0.851
Anti-MDAS titer (RU/m), mean (SD) 14.23 (6.37) 186.22 (54.98) <0.001 20.68 (6.47) 51.68 (17.91) <0.001

Results are depicted as the mean and SD. Student’s t-test was used for continuous variables and Fisher’s exact test for dichotomous variables. MDA5~ DM included patients with anti-Mi-
20/ (n = 13), anti-NXP2 (n = 17), anti-SAET (n = 15), and anti-TIF1y(n = 23).

ILD, interstitial lung disease; CKmax. peak plasma CK; LN, lupus nephritis; NPSLE, neuropsychiatric systemic lupus erythematosus; WBC, white blood cell; HB, hemoglobin; PLT, platelet;
CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IgG, immunoglobulin G.

P-value <0.05 is statistically significant in bold text.
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Index NXP2* (N=17) TIF1y* (N=23) Mi-20/p* (N= SAE1* (N=15) ASyS (N =57) RA (N =89) SSc (N = 30)

13)

Sex, female, n (%) 11 (64.71) 10 (43.48) 12 (92.31) 14 (93.33) 35 (61.40) 70 (78.65) 21 (70.00)
Age (years), mean (SD) 48.59 (18.17) 57.00 (9.50)  53.77 (1365)  58.00(820)  53.03(13.28)  57.81(11.20)  52.10 (12.10)
Myositis, 1 (%) 14 (82.35) 17 (73.91) 13 (100.00) 8(53.33) 22 (38.60) 0(0.00) 0(0.00)
ILD, n (%) 3(17.65) 1 (4.35) 2(15.38) 5(33.33) 36 (63.16) 11 (12.36) 19 (63.33)
Fever, n (%) 4(23.53) 3(13.04) 0(0.00) 0(0.00) 16 (28.07) 4 (4.49) 0(0.00)
Arthralgia, 1 (%) 11 (64.71) 13 (66.52) 8 (61.54) 4(26.67) 14 (24.56) 55 (61.80) 2(6.67)
WBC (10%4), mean (SD) 9.89 (4.94) 8.82 (3.59) 8.83 (2.75) 754 (1.79) 9.83 (4.04) 7.18 (3.01) 6.42 (2.70)
HB (g/L). mean (SD) 1115(24.82) 15252 (28.46) 12000 (697) 129.08 (17.65) 136.23 (12.60) 115.42(24.18)  137.79 (30.38)
Lymphopenia (<0.8 x 10%/4l), n (%) 4 (23.59) 2(8.70) 2(15.38) 4(26.67) 11 (19.30) 3(3.37) 1(3.33)
PLT (10%), mean (SD) 212,07 (62.60)  244.04 (66.25) 265.00 (64.49) 237.25(72.78) 242.33(35.02) 296.57 (124.38)  253.33(77.59)
CKmax (U/L), mean (SD) 5,207.00 (8464.68)  1,312.77 184517 80630 (425.30)  1,164.82 43.72 (46.63)  53.00 (37.22)

(2479.27) (1826.54) (1904.91)
Ferritin (ng/ml), mean (SD) 1,616.22 (1614.39) 558.94 904.54 439.30 (549.87) 487.66 218.65 (243.52)  108.69 (91.17)

(578.12) (829.75) (514.54)
CRP (mg/L), mean (SD) 19.22 (38.74) 7.84(1174)  1272(2138)  282(068)  14.87(19.03  19.30 (28.87) 559 (7.49)
ESR (mnvh), mean (SD) 20.79 (22.75) 14.89(13.36)  24.71(1347)  13.00 (1055  23.85(19.69)  38.83(27.67)  15.08 (11.75)
IgG (g/L), mean (SD) 10.56 (3.28) 1690 (3.72)  15.33(8.01) 1400 (6.06)  14.47(5.83)  22.85(55.28) 16.36 (3.75)
Anti-SS-A52 (Al), n (%) 0(0.00) 1 (4.35) 0(0.00) 2(13.33) 23 (40.35) 15 (16.85) 0(0.00)
Anti-MDAS titer (RU/ml), mean (SD) 18.90 (8.64) 13.56 (5.87) 1210 (421)  11.83(1.31)  16.28(558)  13.97 (6.14) 14.50 (5.79)

Anti-MDAS, anti-melanoma differentiation-associated gene 5; ASyS, anti-synthase syndrome; RA, rheumatoid arthritis; ILD, interstitial lung disease; WBC, white blood cell; HB,
hemoglobin; PLT, platelet; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IgG, immunoglobulin G.
P-value <0.05 is statistically significant in bold text.
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Aminoacyl HGNC Mitochondrial Cytosolic
tRNA-synthetase  name

1. AspRS DARS Myopathy, myoclonic epilepsy and psychomotor progression (167-171). Brain and neuromuscular disorder (172-174).
2. GluRs EARS/ Myopathy, respiratory failure, leukoencephalopathy, retinitis pigmentosa, Multi-organ disorder (176).
EPRS exercise intolerance (175)
3. LeuRS LARS Type-2 diabetes, premature ovarian failure and hearing loss in Perrault Infantile liver failure syndrome type 1 (178-180).
syndrome/ovary and ear (177).
4. MetRS MARS Myopathy (181) Multi-organ disorder (ILD, liver failure, etc.). Pulmonary
alveolar proteinosis (182, 183)
5. ProRS PARS Myopathy, encephalomyopathy (184, 185).
6. SerRS SARS Encephalomyopathy, ataxia, mental deterioration, deafness, myopathy, Brain and neuromuscular disorder (187).
exercise intolerance, MERRF, and MELAS (186).
7. ArgRS RARS Multi-organ disorder, CMT (188-191)
8. CysRS CARS Multi-organ disorder (192).
9. ValRS VARS Multi-organ disorder, neurological disorders (193-196).

MERRF, Myoclonus Epilepsy with Ragged-red fibers; MELAS, Mitochondrial Encephalopathy, Lactic Acidosis and Stroke like episodes; CMT, Charcot-Marie-Tooths.
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Autoantigen

Immune modulatorydomains of the protein

Immune activities

1.HisRS GrB B cleavage site: LGPD*-E T-cell proliferation (76).
Immunogenic peptide: VKLQGERVRGLKQ N-terminal domain: chemoattracts lymphocytes and immature dendritic cells trough
Immunogenic region: N-terminal 151 amino acids interaction with CCRS5 (77, 78).
Immunogenic site: N-terminal domain, WHEP Domain  VKLQGERVRGLKQ peptide: CD40L upregulation in CD4*T cells, with cytokine production
of IFNg, IL-2, IL-17 (78).
2.ThrRS Secreted ThRS has autocrine and possibly paracrine Stimulate endothelial cell migration and angiogenesis. Activation and maturation of DC,
functions Upregulation of CD4* and CD8* T cells, and increased IFN-g secretion (79, 80).
3.AlaRS Nine-base region of the anticodon loop Astrocyte IL-6 release, hMSC differentiation (81)
Immunoreactive region: amino acids 730-951 Human AlaRS shows substantial mischarging activity, which can generate mistranslated
proteins that can potentially participate in cellular stress responses and adaptations (82-84).
4.GlyRS N-terminal domain Secretion from macrophages in response to Fas-L from tumour cells 85, 863).
5.lleRS GrB B cleavage site:VTPD®®-Q Promote cell migration /o cytokine release (57, 87).
Quaternary interactions in the MSC
6.AsnRS GrB B cleavage site: VAPD®*2-R Activation via CCR3+ CCR5+ chemokine receptors (87).
7.PheRS o subunit Stimulates cell proliferation,cell differentiation (88).
8.TyrRS N- and C-terminal domain C-terminal domain: migration of monocytes and stimulation of TNFa. Includes the amino
Truncated mini-TyRS: Met'-AsP3*® acid sequence Pro®**-Ser528 associated with MP and PMN chemotaxis.
PMN elastase cleavage site: Pro***-Ser®%® Truncated mini-TyRS Met'-AsP>** chemoattractant only for PMN.
N-terminal: migration of PMNs in a dose dependent manner. Possible functional correlation
with IL-8. Can be present in platelets, playin a role in monocyte/macrophage differentiation
during bacterial infection (42).
9.TrpRS N-terminal domain is cleaved under the catalysis of IFN-g induces the secretion of TrpRS by macrophages, endothelial cells and fibroblasts.
Mmp7/Mmp8, generating the peptide **"WRS, unable  High expression in CDAT cells can resist IDO-mediated immunosuppresion from DC in
of activating TLR2/TLR4 Grave's disease (89).
Secretion by monocytes upon infection. Interacts with TLR2/TLR4 leading to the secretion of
TNFa and IL-8, neutrophil infiltration and phagocytic abilities (90-92).
10. LysRS N- and C-terminal domain Presence of phosphorylated KRS in activated mast cells (93).

Caspase-8 mediated the release of LysRS from tumor cells and the released KRS induced
macrophage migration. Secretion via exosomes or exosomes-like extracellular vesicles (94).

GrB, granzyme B; DC, dendritic cell, MSC, multienzyme synthetase complex; hMSC, human mesenchymal stem cells; IDO: indoleamine 2,3-dioxygensase; PMN: polymorphonuclear
cells; MIN, mononuclear phagocytes; Mmps, matrix metalloproteinases.
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Autoantibody
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Protein name

HisRS

ThrRS

AlaRS

GlyRS

lleRS

AsnRS

PheRS

TyrRS

tRNA
synthetase

Histidyl

Threonyl

Alanyl

Glycl

Isoleucyl

Asparaginy!

Phenylalanyl

Tyrosyl

Prevalence in IIM

15-30%

5-15%

5-10%

<5%

<6%

1-8%

1%

<1%

Clinical Manifestation

ILD (50-90%), fever (27-70%)
Arthritis (58-75%), myositis
(57%), muscle weakness (59—
78%), mechanic’s hands (20—
56%), Gottron’s sign (44%), RP
(19-60%) (37-39).

ILD (65-76%), fever (34%),
myositis (48%), muscle
weakness (40-52%), arthritis
(31%), Gottron’s sign (41%), RP
(38%) (38-40).

ILD (69-89%), fever (36-44%),
pulmonary hypertension,
esophageal involvement (20%),
myositis (36%), muscle
weakness (17%), arthritis (22—
35%), Gottron’s sign (33%), RP
(44%)

(38-41).

ILD (73-84%), fever (39-60%),
arthritis (24%), myositis (40%),
muscle weakness (39-55%),
Gottron’s sign (45%), RP (13%)
(38, 39, 42).

ILD (44->90%), fever (13%),
myositis (40-80%), muscle
weakness (25%), arthritis (13—
60%), mechanic’s hands (40%),
Gottron’s sign (13-30%), RP
(13%) (38, 39, 43).

ILD (>90%), fever (5-8%),
arthritis (26-31%), mechanic
mands (30%), muscle weakness
(7%), Gottron's sign (8%), RP
(B1%) (14, 39, 44)

ILD (77%), myositis (77%),
Arthritis (66%) (44, 45) £.

ILD (62%), HP, Rash, arthritis
(17, 45) €

ILD* Myositis
++NSIP, OP, UIP ++
++UIP, NSIP, DAD +
++UIP, NSIP +
+NSIP, OP, +
UIP, DAD
++OP, UIP, +++
NSIP
++NSIP, UIP +
+NSIP, UIP ++
oP
+UIP, NSIP +

*Patterns of ILD observed in ASSD (NSIP, Nonspecific interstitial pneumonia; UIP, usual interstitial pneumonia;OP, organizing pneumonia; DAD, diffuse alveolar damage); HP;
hypersensitivity pneumonitis.* Obtained from a cohort of n = 9 cases. €Obtained from n = 24 cases.
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Factors Death pathways Effects Year References

Perforin, granzyme B Apoptosis Exert direct cytotoxicity 2016 (30)

IFN-y, TNF Apoptosis, Induce surface expression of MHC 2011, 2016 (30, 31, 61)
autophagy

AB, IFN-y Apoptosis Stimulate NO3 production via induction of iNOS gene expression 2000, 2001 32, 33)

Mutations in gene GNE Apoptosis Increase caspases-3 and -9 expression 2007 (34)

IFN-y, TNF, IL-18 Apoptosis Increase Fas, caspases-3 and -8 expression 2009 (35)

Mutations in gene VCP Autophagy, Lead to impaired protein degradation 2009 (53)
apoptosis

Missense variants in gene Autophagy Lead to impaired microtubule transport of autophagosomes 2017 (54)

FYco1

IL-1B, IFN-y Autophagy Increase phosphorylation of the mitogen activated protein kinases and induce 2017 (58)

accumulation of amyloid
TRAIL Autophagy Induce NF-kB activation and autophagic cell death 2011 (60)
MSAs NETosis Unclear 2014, 2018, (87, 91, 94)
2020

Calcium crystal, immune NETosis Induce formation of NETs 2020 (95)

complexes

PKM2 Pyroptosis Activate NLRP3 inflammasome 2021 (103)

iINOS, inducible nitric oxide synthase; AB, B-amyloid; VCP, valosin containing protein; FYCO1, FYVE and coiled-coil domain containing 1; TRAIL, TNF-related apoptosis-inducing ligand;
PKM2, pyruvate kinase isozyme M2.
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Targets Interventions Death pathway
AR/ Resistance Apoptosis,
macroautophagy exercise autophagy
FAP Exercise and Apoptosis
AMPK
Calpain Calpeptin Apoptosis
Cathepsin B CA-074Me Apoptosis
mTOR Rapamycin Autophagy
Heat Shock Arimoclomol Autophagy
Factor-1
AMPK MG Autophagy
NLRP3 Glyburide Pyroptosis
P2X7 receptor Brilliant blue G Pyroptosis
PKM2 Shikonin Pyroptosis

Year

2017,
2019
2020

2010,
2011
2013,
2015
2017
2016

2018
2021
2021
2021

References
@2, 70)
(45)

(31, 46)
(47, 48)

(19
(69)

(74)
(102)
(102)
(108)

AP, B-amyloid; FAP, fibro-adipogenic progenitor; AMPK, AMP-activated protein kinase;
mTOR, mammalian target of rapamycin; IVIG, intravenous immunoglobulin; P2X7,
adenosine triphosphate gated cationic channel: PKM2, pyruvate kinase isozyme M2.
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Country DM Anti- Detection CADM among CADM Anti-MDA5* Prevalence of ILD among RP-ILD among Ref Publication

cases* MDA5* technique anti-MDA5* cases(n) among CADM women anti- anti-MDA5*  anti-MDA5* year
(n) MDAS5*

Japan 42 19%  IP/IB/IF 100% 15 53% 75% 88% 50% ) 2005

Japan 30 271% IP 75% 18 46% 88% 100% 100% () 2009

Japan 65 22%  IP/ELISA 57% 16 53% 79% 100% 1% 6) 2010

Japan 37 35% IP/B 85% 15 73% 69% 92% 54% (7) 2010

Japan 55 1% P 17% ND ND 50% 83% 50% (8) 2011

Japan 376 11%  IP/IB/ELISA 77% 51 65% 79% 93% 65% ©) 2011

Japan 79 22%  IP/ELISA 82% 21 67% 88% 94% 71% 2012
(10)

China 84 23%  ELISA 26% 8 63% 58% ND 79% 2012
(1)

China 64 23% ELISA 80% 32 38% 60% 100% 60% 2012
(12)

China 43 60%  ELISA 35% 9 100% 39% 100% 39% 2013
(13)

China 213 21% D 77% 81 42% 71% 82% 64% 2020
(14)

North 7 18% IP 50% ND ND 88% 67% 20% 2011
America (15)

North 160 7% P 46% ND ND 73% 73% ND 2013
America (16)

Spain 17 12%  ELISAMIB/IF 57% 16 53% 64% 64% 57% 2014
a7

Italy 34 15%  IP-WB/ 100% ND ND 60% 60% 20% 2014
ELISAMVIIF (18)

Brazil 131 16%  ELISA 24% 22 23% 71% 38% ND 2018
(19)

France 54 9% IF/D ND ND ND ND ND ND (1) 2018

*Selection of cohorts with at least 30 patients (cohorts with JOM patients excluded).
DM, dermatomyositis; CADM, clinically amyopathic dermatomyositis; JDM, juvenile dermatomyositis; ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; IP,
immunoprecipitation; 1B, immunoblot; IIF, indirect immunofiuorescence; ELISA, enzyme-linked immunosorbent assay; WB, western blot; ID, immunodot assay; ND, not done.
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