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Editorial on the Research Topic 


Prognostic and predictive factors in autoimmune connective tissue disorders


Autoimmune connective tissue diseases (CTD) are a complex group of diseases involving multiple organs and resulting in devastating visceral complications and even death. One of the most recognized challenges related to them is their variable disease courses that range from indolent ones to rapidly progressive clinical disease trajectories. This disease-associated heterogeneity is associated with differences in the severities of organ involvement, disease-specific damage accrual, autoantibody profiles, response(s) to treatment, and, ultimately, long-term survival. Hence, prognostic biomarkers that are ideally associated with the pathogenesis of these diseases are desperately needed.

In this Research Topic, “Prognostic and Predictive Factors in Autoimmune Connective Tissue Disorders”, submissions were solicited for original research articles, brief research reports, and review papers with a particular emphasis on novel serological biomarkers of disease severity, evaluation of gene expression and protein levels of inflammatory mediators, adhesion proteins, cytokines, and pro-resolving molecules, recent applications of routinary laboratory parameters and instrumental techniques for assessing disease severity and systemic involvement, and development of new multi-parametrical disease activity score for autoimmune CTD. Since the Research Topic was open to submission, 39 manuscripts were submitted, of which 27 were rejected, and 12 were published. The Research Topic was viewed about 20,500 times, highlighting the scientific community’s interest in the subject, and its relevance to patients.

An original research article by Atzeni et al. evaluated the soluble receptor for advanced glycation end products (RAGE) and its ligand high mobility group box 1 (HMGB1) as a potential predictor of pulmonary arterial hypertension (PAH) in systemic sclerosis (SSc). SSc (in general) and PAH (in particular) are characterized by a systemic progressive obliterative vasculopathy. Both interstitial lung disease (ILD) and PAH significantly impact the long-term survival of SSc patients. Early in the disease, SSc patients may develop pulmonary hypertension which may stem from ILD or PAH. Notably, there are no biomarkers can preferentially identify patients developing these complications. The authors demonstrated that high systemic levels of sRAGE in SSc patients at baseline might be useful for predicting new-onset PAH. Indeed, sRAGE were much lower in patients who developed ILD, suggesting that elevated sRAGE may be more specific for PAH in SSc patients. Also, sRAGE levels were inversely proportional to patient survival. Future studies assessing a role for sRAGE in promoting vasculopathy (e.g., cardiovascular disease), or in resistant pulmonary arteries may provide added insights related to its role in the pathogenesis of SSc as both complications are more common in this group of patients (compared to age and sex-matched controls).

Zheng et al. focused on developing and validating a new diagnostic prediction model using machine learning and differential expression of ENHO and NOX4 for the progression of skin fibrosis in skin from patients with SSc. Increased ENHO and NOX4 are associated with immune cell activation and fibroblast, respectively, both of which play a pivotal role in the pathogenesis and progression of SSc. The goal set by the authors is valuable since patients with rapidly progressive forms of diffuse SSc have a small window for clinical intervention with immunomodulation. Hence, early identification of these patients may result in improved survival, whereas poor identification of these patients may result in increased disease-associated morbidity and poor outcomes.

Other notable contributions related to the development of predictive biomarkers were provided by Zhang et al. and Wang et al. Using peptidomics, Zhang et al. were able to identify three peptides (sequence: DSGEGDFLAEGGGVRGPR, NGFKSHAL, ISEQFTAMFR) in sera from patients with AS that promoted the proliferation of fibroblasts derived from patients with AS. This is highly relevant to the pathogenesis of AS, as fibroblasts in AS are known to promote one of the earliest changes related to new bone formation. Further to this, Wang et al. performed a two-sample Mendelian randomization and meta-analysis and found that elevated levels of serum lipid metabolites may contribute to the development of autoimmune diseases.

Other authors in this Research Topic focused on patients with severe outcomes related to dermatomyositis (DM). Rapidly progressive ILD (RP-ILD) is a major cause of death in patients with anti-melanoma differentiation-associated gene 5 positive DM (anti-MDA5+DM). Wang et al. used Cox proportional hazards models to identify risk factors of RP-ILD. In particular, the authors selected four independent risk factors and then created a new RP-ILD risk prediction model, which was designated as the CROSS score (comprised of elevated C-reactive protein (CRP) levels, anti-Ro52 antibody positivity, male sex, and short disease duration < 3 months from disease onset). Predictors of RP-ILD in anti-MDA5+ DM were also evaluated by Li et al., along with assessing prognostic factors. The analysis conducted in 73 MDA5+ DM patients showed that elevated lactate dehydrogenase (LDH) and elevated prognostic nutritional index (PNI) were independent prognostic factors. Moreover, an elevated LDH was an independent risk factor for RP-ILD (> 356 U/ml with a mortality rate of approximately 65% after 3 years). In another research article by Dong et al., the anti-carbamylation protein antibodies (anti-CarPA) assessment was proposed as a prediction biomarker for the development of ILD in patients with PM/DM, rheumatoid arthritis, and primary Sjögren’s syndrome. Finally, Ji et al. compared clinical characteristics and risk factors for mortality between clinically amyopathic dermatomyositis (CADM) and classic DM (CDM) to clarify the distribution and impact of anti-MDA5 antibodies in patients with these conditions. The retrospective case-control study, which included 330 patients showed that CADM patients display higher anti-MDA5 antibody levels, worse symptoms, and worse prognosis, often requiring an earlier and more aggressive treatment than CDM.

In an intriguing study by Wang et al., the authors determined the probability of response to treatment in lupus nephritis by closely examining the tubulointerstitial macrophage infiltrations in 430 patients at the time of the renal biopsy. Importantly, the density of tubulointerstitial macrophage infiltration is a favorable independent predictor for treatment response (with an AUC of 0.78). Hence, this simple predictive biomarker could be added to the clinicopathological data at the time of biopsy for improved risk stratification. Renal involvement influences the prognosis of several other autoimmune conditions. Further to this, Uchida et al. found that the renal risk score (RRS), which is comprised of the percentage of normal glomeruli, the frequency of tubular atrophy/interstitial fibrosis, and the estimated glomerular filtration rate, is a reliable predictor of renal survival in Japanese patients with ANCA-associated glomerulonephritis.

This Research Topic also included novel observations relevant to patients with autoimmune CTDs. For instance, Maranini et al. presented the first case of a patient with eosinophilic granulomatosis with polyangiitis (EGPA) and middle lobe syndrome, which completely resolved through fiberoptic bronchoscopy, underlying the concept that the identification of this condition in EGPA patients may be essential to guide their management, treatment, and prognostication. Further to this, Xian et al. investigated the correlation between systemic erythematous lupus and Graves’ disease. In their study, they suggested that the presence of SLE may potentially increase the risk of Grave’s disease, highlighting a unifying common pathway related to immune dysregulation.

In conclusion, the articles published in this Research Topic have led to novel insights related to the prediction of autoimmune CTDs and their sequelae. They also linked previously unrelated clinical observations with laboratory ones to provide additional information related to the diagnosis and prognosis of patients with these diseases. Together, these developments may lead to personalized treatment strategies which may improve the care of patients with these devastating autoimmune diseases.
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Background

This study aimed to explore the differential expression of peptides associated with ankylosing spondylitis (AS) patients, enabling identification of potential functional peptides to provide the basis for the novel intervention targets for AS.



Material and Methods

3 AS patients and 3 healthy volunteers were enrolled in this study. The expression profiles for peptides present in the plasma of AS patients and the healthy individual were analyzed by liquid chromatography-tandem mass spectrometry (LC‐MS/MS). The physicochemical properties and biological functions of identified peptides were further analyzed by bioinformatics. The results of peptide identification were verified by cell viability analysis, using CCK8 and Edu staining assay, and the differential peptides relevant to the disease were screened.



Results

52 differential peptides were successfully identified using mass spectrometry. 44 peptides were up-regulated, while eight were down-regulated. FGA-peptide (sequences: DSGEGDFLAEGGGVRGPR), C4A-peptide (sequences: NGFKSHAL), and TUBB-peptide (sequences: ISEQFTAMFR) were screened out that could significantly promote the proliferation of fibroblasts in AS patients. Bioinformatics analysis showed these differentially expressed peptides might be associated with “MHC class I protein binding” and “pathogenic Escherichia coli infection” pathways, which might further affect the progression of AS.



Conclusion

This pilot study shows 3 differentially expressed peptides may have the potential function for the occurrence and development of AS, may provide novel insights into the underlying molecular mechanisms of AS based on peptide omics.





Keywords: ankylosing spondylitis, peptidomics, LC-MS/MS, CCK8, edu



1 Introduction

Ankylosing spondylitis (AS) is one of the unsolved problems in the field of rheumatism, which finally results in bony ankylosis, discomfort, and impairment and mostly damages the lumbar spine as well as sacroiliac peripheral joints (1). As the disease progresses, the quality of life of AS patients gradually decreases. During the late stage, it might involve fusion of the spinal joint, sacroiliac joint, hip joint, and other joints. Consequently, the patients completely lose the ability to work and self‐care, adding a burden to society and patients’ families. AS is one of the most intractable diseases with high occurrence, a great risk of impairment, as well as a significant cost of care. Its root cause of the “three high” lies in our insufficient understanding of the occurrence and development of AS. Although the “arthritogenic peptide” theory has been proposed on the mechanism of HLA-B27 induced AS in recent years (2), and some scholars have also proposed that AS and HLA-B27 may be related to deficiency gut immunity (3), however, the exact pathogenesis of AS remains unclear, so far it has not been effectively treated. Therefore, it is still necessary to conduct in-depth research on the pathogenesis of AS, open new directions for the development of more effective therapeutic drugs and promote the final victory over AS.

Plasma is a source of biomarkers that reflects physiological and pathological conditions in the body. A growing number of studies are focused on proteins and peptides, including a number of studies conducted as part of the Human Proteome Project (HPP) of the Human Proteome Organization (HUPO). It is becoming increasingly apparent that proteomics and peptidomics techniques can be used in the development of novel preventative measures in precision medicine. With the advent of plasma proteomics and peptidomics, it has become possible to study the pathogenesis of diseases (e.g., COVID-19 and cancer) to identify valuable biomarkers and improve the clinical management of these diseases (4). Peptidomics is an emerging field of proteomics (5). In general, it is a method that is widely used for the assessment of liquid chromatography-tandem mass spectrometry (LC-MS/MS) for the detection of peptides contained in diverse biological materials (6, 7). It can be used for systematic, qualitative, and quantitative assessment of the composition and content of endogenous peptides occurring in organisms under physiological or pathological conditions. Developments in the peptidomics field assisted in the identification of a group of small‐molecule peptides of 3 to 50 amino acids that have a role in a number of biological processes, including cell differentiation (8), apoptosis (9), immune regulation (10), nervous system regulating (11), as well as reproduction regulation (12). It has been previously established that the variety and quantity of proteins and peptides mostly change even before the appearance of obvious symptoms or pathological changes of the disease (13). Therefore, the study of peptidomics exhibits great potential to explore the possible pathogenesis of various diseases.

In view of the effectiveness of peptideomics in exploring the underlying mechanisms of various diseases and few studies on peptideomics analysis related to AS so far, in this pilot study we perform peptidomic analysis of plasma in AS patients to explore the expressed peptides which may be involved in AS, could also provide fresh perceptions into the molecular pathways behind AS based on peptide omics.



2 Materials and methods


2.1 Subjects

A total of 6 subjects including 3 AS patients and 3 healthy volunteers were enrolled in this study. The patients with AS were recruited from the Orthopedic and Rheumatology Department at the Shanghai Tongren Hospital. The patients were required to meet the New York criteria for their inclusion (14). Patients with other chronic diseases such as hypertension or diabetes and those who have received treatment with a TNF inhibitor were excluded from this study. The Tongren Hospital’s Ethics Committee gave their approval to this research. (IRB: 2021-006-01). All subjects in this study provided their signed informed consent. Their peripheral blood was sampled and centrifuged (maximum time intervals between venepuncture and serum separation 1h); the supernatant plasma samples were immediately stored in the refrigerator at -80°C until further processing (15).



2.2 Sample processing steps

To the plasma samples (500 µL), -20°C of pre-cooled methanol was added in the ratio of 1:2. The mixture was vortexed at 4°C and precipitated for 1hr at periodically rotated every ten minutes. At 4°C, the resulting supernatant was centrifuged at 12000 xg for 20 min. Its resultant supernatant was collected and dried by freezing using a centrifugal concentrator. Then, ultrafiltration was used to remove more fluid and high-molecular-weight solutes. Phosphate-buffered saline (PBS) was added to dissolve the dried sample, and the solution was transferred to a new 10-kDa ultrafiltration tube (RT-UFC501096-5; Millipore). The ultrafiltration device was Spin at 10000 xg for 30 min at 4°C. Collect the filtrate. next, HiPPR-derivative removal spin column kit(Thermo Scientific, cat log: Thermo Scientific) and C18 micro columns (Thermo Scientific, cat log: 89870) were used to remove potential contamination for the following mass spectrometry analysis (16).



2.3 Identification of peptides using LC-MS/MS

The peptides were identified using the nanoLC-MS/MS on the Fusion Lumo (Thermo Fisher Scientific, Inc.) in combination with the EASY-nano-LC1200. For chromatographic separation, MilliQ water was mixed with 2 percent acetonitrile and 0.1 percent formic acid as solvent A buffer, and 90 percent acetonitrile and 0.1 percent formic acid as solvent B buffer. The plasma samples were reconstituted in 20 µL of solvent A, processed through the nano-LC for separation, and then subjected to an online electrospray tandem MS analysis. Onto the analytical column (75×250 µm; Acclaim PepMap C18; Thermo Fisher Scientific, Inc.), 8L of the peptide sample were loaded. The peptides were then eluted with 5% of solvent B for 5 minutes, 5-40% of solvent B for 65 minutes, 40-80% of solvent B for 1 minute, 80% of solvent B for 4 minutes, and 5% of solvent B more than 20 minutes at 300 nL/min. The MS spectra were collected with a mass resolution of 120K across the mass range of 350-2,000 m/z.

The sample was analyzed by on-line nanospray LC-MS/MS on an Thermo Scientific™ Orbitrap Fusion Lumos ™ coupled to an EASY-nano-LC 1200 system (Thermo Fisher Scientific, MA, USA). 5L peptide was loaded (analytical column: Acclaim PepMap C18, 75 pm x 25 cm) and separated with a 60 min linear gradient, from 6% B (B: 0.1% formic acid in 80% ACN) to 60% B. The column flow rate was maintained at 400 nL/min with the column temperature of 40°C. The electrospray voltage of 2 kV versus the inlet of the mass spectrometer was used.

The mass spectrometer was run under data dependent acquisition mode, and automatically switched between MS and MS/MS mode. The parameters were: (1) MS: scan range (m/z) = 100-1500; resolution=120,000; AGC target=4e5; maximum injection time=50ms; include charge states=1-7; (2) HCD-MS/MS: resolution=15,000; isolation window=3; AGC target=5e4; maximum injection time=35 ms; collision energy=30.

Peptides were identified using PEAKS (17) search program across the Swissprot_human database (https://www.uniprot.org/taxonomy/9606) with the following search parameters: monoisotopic parent mass tolerance of 10 ppm; fragment mass tolerance of 0.5 Da; modifications – oxidation of methionine; unspecific peptide cleavage. The result filters were set as PSM FDR <1% (16).



2.4 Bioinformatics analysis

Label-free quantification was used to determine the peptides’ intensity, whereas Peaks software was used to evaluate the MS/MS data. A fold change greater than 2 with P less than 0.05 (Student’s t-test) was the selection criteria for the differentially expressed peptides. The programme MetaboAnalyst 5.0 was used to create the heat map. Online calculators were used to determine the peptides’ molecular weight (MW) as well as isoelectric point (PI) (https://web.expasy.org/prot-param/). The UniProt database (http://www.uniport.org/) was used to evaluate the discovered peptides’ progenitor proteins. According to the “Molecular Function,” “Cellular Component,” and “Biological Process” subcategories of the Gene Ontology (GO) (18), the putative functions of the precursor proteins derived from the discovered peptides were examined GO as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (19) utilizing DAVID Bioinformatics Resources 6.8’s Functional Annotation Tool (https://david.ncifcrf.gov). The protein interactions were analyzed using the STRING website (https://string-db.org/, version:11.0) and Cytoscape 3.5.1 software. The amino acid sequences of the different species were analyzed using the protein database on the NCBI website (https://www.ncbi.nlm.nih.gov/homologene/), and the results were compared with DNAMAN (version 9.0) software.



2.5 Screening and synthesis of peptides

We screened differential peptides according to the principles of high activity fraction of peptide ranker, large difference between groups and small difference within groups. The website also forecast the bioactivity of peptides(http://bioware.ucd.ie/), and the peptides with the top 10% activity were selected for preliminary functional evaluation. A total of 3 differential peptides were screened out. The physical and chemical properties were examined online using the website (https://web.expasy.org/protparam) and EMBL-EBI analysis (https://www.ebi.ac.uk/). These peptides were synthesized and the purity of peptides was >95%.



2.6 Cell viability analysis verification


2.6.1 Cell culture

The fibroblasts in patients with AS were obtained from the ligamentum teres of the hip during total hip arthroplasty. The ligament tissue samples were collected from the operating table and immediately placed into a sterile bottle containing DMEM/F-12 medium, stored at 4°C, and primary cultured within 2 hr. First, PBS was used to clean the ligament tissue samples thrice to remove the blood and other components. After centrifugation for five minutes, The supernatant was eliminated, and two times as much DMEM/F-12 solution containing type-I collagenase was added and digested at 37°C for 4 hr. Next, 0.25% trypsin was added to the tissues for 15 minutes. Following digestion, the cells were filtered via a 200-mesh screen for collection, centrifuged at 800 rpm for five minutes, and the supernatant was discarded. The cells were suspended in DMEM/F12 media supplemented with 20% foetal bovine serum (FBS), 100 µg/M1 penicillin, and 100 g/M1 streptomycin. Initially, the cells were cultured for 24 hours at 37°C with 5 percent CO2 and saturated humidity after being injected at a density of 1×103/cm2 in a 25-cm2 plastic culture container. Afterwards, 5 mL of new media was added to wash off the suspended contaminants, blood cells, as well as non-adherent cells after seeing the ligament fibroblasts under a microscope. The media was then changed to DMEM/F-12 with penicillin and 10% foetal bovine serum. Under the microscope, ligament fibroblasts were observed to grow in a dense monolayer. Meanwhile, the cells were subcultured. After washing the cells with PBS, 2 mL of 0.25% trypsin solution was added; the cells were observed to have shrunk into a single round cell under the microscope. The cells were gently blown to suspend them, and then DMEM/F-12 medium supplemented with 10% foetal bovine serum was given. The supernatant was then removed from the cell solution by centrifuging it for five minutes at 800 rpm in a sterile 15-mL tube. A fresh medium was added to re-suspend the cells, and the cell concentration was adjusted to 3×103/cm2, after which the cells were inoculated into a new plastic cell culture bottle for further culture. In the experiment, the cells were subcultured in the ratio of 1:3. The third generation of fibroblasts in the patients with AS was used in this study.



2.6.2 CCK-8 assay

Fibroblasts from the AS patients were plated in a 96-well plate at a density of 1 × 104 cells per well and grown at 37°C in a 5 percent CO2 environment. Cells were introduced at 70–80% confluency with varying amounts of the three produced peptides (50 μmmol/L), 5 compound wells per concentration,and each group was grown for 24 hours at 37°C with 5% CO2. In the control group, no peptide was introduced. 10 μL CCK-8 (Beyotime) reagent was then used, and the plate was cultured for an additional 4 hours after that. To determine the cell viability, the absorbance was measured at 450 nm using a Tecan Infinite M1000 Pro microplate reader (San Jose, CA, US). Cell viability = (absorbance of experimental wells - absorbance of blank wells)/(absorbance of control wells - absorbance of blank wells)×100%. The experiment was repeated three times.



2.6.3 Edu staining assay

The fibroblasts in each group were inoculated into a 24-well plate with approximately 0.5×105 cells/well and cultured overnight. The cells were treated with 50 μmmol/L peptides the next day in a biosafety cabinet. The cells were washed three times with sterile 1×PBS after the cell culture supernatant was removed and discarded. The diluted peptides were added at the rate of 100 uL/well. No peptide was added in the control group. The proliferation was detected by Edu immunofluorescence staining at 24 hr. Cell proliferation rate = number of proliferating cells/total number of cells × 100%.




2.7 Statistical analysis

Every piece of data was represented as mean standard deviation (SD). To examine statistical differences, either a one-way analysis of variance (ANOVA) with Bonferroni’s adjustment for multiple comparisons or an unpaired two-sided Student’s t-test were used. The threshold for statistical significance was fixed at P less than 0.05.




3 Results


3.1 Process followed for peptidomics analysis

For peptidomics analysis, the plasma samples were collected from AS patients and healthy volunteers. The individuals were all of the same age. (30–40 years). All these subjects were male and presented no previous history of any other chronic diseases. The clinical characteristics of the subjects were shown in Table 1. Using LC-MS/MS, the expression patterns of peptides found in the plasma of AS patients and a healthy person was compared. In Figure 1, the schematic procedure can be seen.


Table 1 | The clinical characteristics of the subjects.






Figure 1 | The process of peptide identificationin peripheral blood in patients with ankylosing spondylitis by LC/MS mass apectrometry.





3.2 Identification of peptide expression profiles

The results of MS analysis detected a total of 1559 peptides. Among these, 52 peptides exhibited differential expression in AS patients, against the control group (P less than 0.05 and fold change ≥2) (Table 2). Eight peptides were downregulated, whereas 44 were increased (Figure 2A). The heat map showed that the peptide profiles of AS patients and healthy people were significantly different from one another (Figure 2B). The distribution of 52 peptides in terms of length of the peptide revealed that these peptides were mainly concentrated in the range of 3–12 amino acids (Figure 2C). MW of these peptides was recorded to be in the range of 0.2–1.8 kDa, as well as PI scores were found to be between 3 and 10 (Figures 2D, E). Differentially expressed peptides’ MW and PI distributions were correlated, and this connection showed that these peptides were mostly concentrated into four groups, particularly close to PIs 4, 5, 6, 9, and 10. (Figure 2F).


Table 2 | The details of the 52 differentially peptides (AS group VS Control group).






Figure 2 | Identification and features of differentially expressed peptides. (A) Identification of the number of differentially expressed peptides. (B) Heat map of the differentially expressed peptides. (C) Distribution of the differentially expressed peptides by length. (D) Molecular weight (MW) of the differentially expressed peptides. (E) Isoelectric point (PI) of the differentially expressed peptides. (F) The correlation between the distribution of differentially expressed peptides by MW and PI. (G) Four cleavage sites of the differentially expressed peptides.



These differentially expressed peptides’ C- and N-terminal cleavage sites were examined in the research. It’s interesting to note that these peptides mostly had four cleavage sites: the N-terminal amino acid of the detected peptide, the C-terminal amino acid of the identified peptide, and the N-terminal amino acid of the next peptide. Notably, Leucine (L) and Lysine (K) were found to be the most prevalent amino acids at the N-terminus of the detected peptide, whereas Arginine (R) was revealed to become the most abundant amino acid present at the C-terminus of the preceding peptide. Additionally, it was discovered that arginine (R) was the most prevalent amino acid at both the C-terminus of the detected peptide and the N-terminus of the next peptide (Figure 2G).



3.3 Bioinformatics analysis

The precursor proteins of these peptides were analyzed using the GO and KEGG pathways in the current investigation, to predict their potential functions. The results for GO analysis revealed enrichment of 10 ‘Molecular function’ categories for these peptides, which included “GTPase activity”, “GTP binding”, “structural constituent of cytoskeleton”, “Major histocompatibility complex (MHC) class I protein binding”, et al. (Figure 3A). Among of these, the “MHC class I protein binding” has been proved to be relevant to the occurrence of AS. The most enriched ‘cellular component’ categories included “extracellular exosome”, “blood microparticle”, “platelet alpha granule lumen”, et al. (Figure 3B). For these precursors, the ‘Biological function’ categories were mainly associated with “platelet degranulation”, “microtubule‐based process”, “muscle filament sliding”, “cytoskeleton organization”, “striated muscle contraction”, “muscle contraction”, “sarcomere organization”, “platelet activation”, “ATP metabolic process”, and “negative regulation of endopeptidase activity” (Figure 3C).




Figure 3 | Bioinformatics analysis of pepetide precursor proteins: Gene ontology of 9 (A) Biological process of differentially expressed peptides precursor proteins. (B) Cellular components of differentialy expressed peptides precursor proteins. (C) Molecular function of differentially expressed peptides precursor proteins. (D) KEGG pathway analysis of the precursor proteins of the differentially expressed peptides. (E) Interaction network of precursor proteins of the differentially expressed peptides as determined with STRING (https://string-db.org/, version: 11.0). The confidence level: medium confidence 0.400.



Additionally, the KEGG pathway analysis revealed that the precursor proteins were mostly linked to “Pathogenic Escherichia coli infection”, “Phagosome”, “Gap junction”, et al. (Figure 3D). For the “pathogenic E. coli infection” signal pathway, some inflammatory factors that affect the process of AS, such as TNF α, IL-1 β, IL-1, IL-8 as well as NF-κB, are associated with this signal pathway. The STRING website was used to further examine the interaction network of these peptide precursor proteins. Figure 3E shows an illustration of a typical STRING network interaction.



3.4 Screening and synthesis of peptides

3 peptides from the differential peptides based on the activity fraction of peptide ranker, difference multiple, and P-value in this study were screened out. The FGA-peptide (sequences: DSGEGDFLAEGGGVRGPR), C4A-peptide (sequences: NGFKSHAL), and TUBB-peptide (sequences: ISEQFTAMFR) which be named according to their precursor proteins were screened out in this experiment. Table 3 displays the peptides’ chemical and physical attributes.


Table 3 | The physical and chemical properties of 3 differentially peptides.





3.5 Cell viability analysis


3.5.1 Cell culture

The cultured ligament fibroblasts, obtained from AS patients, were found/observed to be long and branched. Among these, few cells were flat and polygonal, with round or oval nucleus, and exhibited adherent growth patterns. When the bottom of the bottle became full, these fibroblasts got arranged in polar, indigo vortex, or radial shape, and the size of the cell body was observed to be the same.



3.5.2 CCK‐8 assay

Additionally, a CCK-8 test was used to confirm the impact of 3 differentially expressed peptides, namely FGA-peptide, C4A-peptide, and TUBB-peptide, on cell viability. The results for the assay showed that these three differentially expressed peptides could significantly promote the rate of viability in fibroblasts at 24 hr (P < 0.05). Among of these, TUBB-peptide was the most significant difference of the rate of cell viability (%) (P less than 0.01) (Figure 4A).




Figure 4 | The results of Cell viability analysis verification by CCK8 and Edu staining: (A) The results of CCK8. (B) The results of Edu staining. (C) The 200x laser confocal microscope and photograph of Edu staining. * and ** indicates significant difference (P < 0.05) extremely significant difference (P < 0.01) compared with the control group.





3.5.3 Edu staining assay

The results for Edu staining showed that these three differentially expressed peptides could significantly promote the proliferation of fibroblasts at 24 hr, as compared to the control group (P<0.05). The CCK8 assay’s findings and these results were in agreement (Figures 4B, C).

These results revealed that FGA-peptide (peptide sequences: DSGEGDFLAEGGGVRGPR), C4A-peptide (peptide sequences: NGFKSHAL), and TUBB-peptide (peptide sequences: ISEQFTAMFR) could significantly promote the proliferation of fibroblasts in vitro, which might be highly relevant to the occurrence and development of AS.





4 Discussion

As an immune-mediated chronic inflammatory disease, AS is the most prevalent type of spinal arthritis worldwide, occurring at a high rate. AS is characterized by persistent inflammation of the spinal joints as well as attachment sites along with spinal fusion due to he formation of new bone (20). The etiological mechanism of AS is complex and develops through the integration of genetic, microbial, environmental and immune factors (21–23). Peptidomystomics was used in the current work to thoroughly investigate alterations in the peptide profiles of AS patients, and differently expressed peptides were effectively found in the patients’ plasma samples. The development of AS diagnosis and therapy will be aided by the possible bioactive peptides found in our investigation. The differently expressed peptides’ physicochemical characteristics & bioinformatics research provided a fresh perspective on AS’s mechanisms.

52 differentially expressed peptides that showed a change of more than 2 fold were found in this investigation. These peptides usually had 25 or fewer amino acids, and their molecular weights (MWs) were less than 3.0 kDa, indicating the validity of the peptides discovered in the current investigation. The same precursor protein served as the source of several of these peptides. Proteases are crucial in the process of protein cleavage, which produces the majority of peptides and necessitates the precise identification of cleavage sites. Importantly, the biological function of the resultant cleaved peptides would be greatly influenced by the proteases’ identification of various cleavage sites (24). The process of protein cleavage by proteases often adheres to a set of guidelines. The choice of candidate peptides is aided by physicochemical characteristics including peptide length, MW, PI, and cleavage sites.

The results for GO analysis revealed that ‘MHC class I protein binding’ was one of the 10 leading categories under “Molecular function” that were found to be highly enriched with regard to these peptides. This suggested that MHC class I protein was one of the proteins that were associated with AS. These outcomes matched the results of Wang et al. (25) and Watad et al. (26). MHC Class I molecules are important for the initiation and propagation of immune responses (27, 28). AS is a chronic, progressive inflammatory diseases, which might result in the MHC class I presentation of viral peptides and is a chronic infection that finally clears up or persists for the whole life of the host (29). The “Pathogenic Escherichia coli infection” route was mostly linked to the precursor proteins, according to the KEGG pathway analysis. Importantly, among immune-mediated inflammatory illnesses, ankylosing spondylitis (AS), psoriatic arthritis (PsA), psoriasis, inflammatory bowel disease (IBD), and noninfectious uveitis form a separate category (30, 31). Interestingly, the “Pathogenic Escherichia coli infection” pathway might be associated with these immune-mediated inflammatory diseases, especially AS and IBD and genetic factors in these two diseases might also be related. Ergin et al. found that the E. coli-specific Th1 response was significantly reduced in Crohn’s patients and to a lower extent also in AS patients (32), and Syrbe et al. found that the high frequency and enrichment of E coli-specific CD4 T cells in the inflamed joints of patients with AS (33), which suggested that the “Pathogenic Escherichia coli infection” might be relevant to AS. For the “Pathogenic Escherichia coli infection” pathway, the study recognized some important inflammatory factors, such as TNF-α, IL‐1β, IL‐1, IL‐8, and NF‐κb, which were associated with different signaling pathways. These factors might affect the progression of the disease (31).

The most prevalent cell type in connective tissue, fibroblasts, are primarily in charge of producing and transforming the extracellular matrix, which contains a high concentration of collagen as well as other macromolecules (34). They exhibit osteogenic traits and could develop into osteoblasts that are crucial for pathological heterotopic ossification & wound healing (35). The majority of research has demonstrated that fibroblasts act as the starting point for AS ligament ossification (36). Thus, identifying target molecules that prevent fibroblasts from diffusing into osteoblasts could serve as a theoretical foundation for the therapy of AS, which is extremely crucial for enhancing the prognosis of AS patients. Numerous studies have concentrated on the various signaling pathways engaged in the ectopic ossification of AS (37), but there have been relatively few investigations on peptideomics evaluation in relation to this process. This study further screened out 3 up‐regulated peptides from these differentially expressed peptides, according to activity fraction of peptide ranker, difference multiple, and P‐value. These three peptides included FGA-peptide (sequence “DSGEGDFLAEGGGVRGPR”), C4A-peptide (sequence “NGFKSHAL”), and TUBB-peptide (sequence ISEQFTAMFR). These three synthesized peptides were added to the fibroblasts derived from the patients with AS. Further tests to confirm the impact of these differentially expressed peptides included CCK-8 and Edu staining experiments. Synovial cell secretion could induce differentiation of fibroblasts into osteoblasts in ligaments, which might be one of the reasons for new bone formation in AS. Fibroblasts present in the granulation tissue of subchondral bone of hip joint and sacroiliac joint in AS patients proliferate abnormally, such that granulation tissue forms bone via the process of endochondral ossification, resulting in joint ossification and ankylosis (38). The results of the present study further revealed that these three differentially expressed peptides could significantly promote the proliferation of fibroblasts in vitro and verified the results of peptide identification. These results further suggested these peptides might be highly relevant for the occurrence and development of AS, provide new ideas for the prevention and treatment of as.

Precursor protein-encoding FGA-peptide (sequences: DSGEGDFLAEGGGVRGPR) is Fibrinogen alpha chain which associated with vascular endothelial growth factor (VEGF). FGA may activate the VEGFA-VEGFR2-FAK signalling pathway to promote angiogenesis (39). VEGF is a crucial regulator of angiogenesis, inflammation, vascular permeability, as well as tissue repair (40).Vascular endothelial growth factor (VEGF), which is typically elevated in axial spondyloarthritis, is associated to coagulation and fibrinolysis (axSpA) (41). VEGF plays a significant role in bone repair and regeneration by affecting angiogenesis and inflammation (42). Additionally, it has been mentioned as a predictive biomarker for axSpA, with greater VEGF levels being linked to an increased risk for the disease’s radiographic progression (43). Ankylosing spondylitis, as a type of axSpA, characterized by the sacroiliac joint’s spinal development on radiographs, the levels of VEGF can be elevated ≥600 pg/mL (41). Thus, in the current research in vitro, the FGA-peptide was speculated. FGA-peptide could increase the proliferation of fibroblasts with AS may contribute to inflammatory processes of AS by activating the VEGFA-VEGFR2-FAK signalling pathway.

Precursor protein-encoding C4A-peptide (sequence: NGFKSHAL) is Complement C4A. The complement system’s traditional route includes C4A. Systemic lupus erythematosus and type 1 diabetes are both linked to C4A deficiency, whereas schizophrenia and bipolar illness are linked to C4A overexpression (44). An essential component of humoral and innate immunity is the complement system. Inhibiting the complement system in an animal model of AS might enhance therapy for the condition (45). Patients with systemic sclerosis, a musculoskeletal condition, have an active complement system (46). Ji-Hyun Lee et al. (47) has identified C4A as a potential biomarker for AS. Thus, we supposed that C4A-peptide might be related to the progress of AS by affecting the complement system.

Among these 3 peptides, the TUBB-peptide (sequence: ISEQFTAMFR) was associated with the most significant difference in cell proliferation. Precursor protein-encoding TUBB-peptide forms a dimer with α‐tubulin and functions as a microtubule’s structural component. TUBB serves as an aprotein-coding gene, which encodes for β‐tubulin protein. Diseases associated with TUBB include cortical dysplasia, complex brain malformations, skin Creases, and congenital symmetric circumferential (48). GTP binding and structural molecular activity are two Gene Ontology (GO) annotations associated with TUBB. Signaling pathways related to TUBB include the development Slit‐Robo signaling and the innate immune system (49). In a previous study, Chang et al. (50) revealed that TUBB exhibited higher expression in the synovial membranes of patients with rheumatoid arthritis. In fact, TUBB has been reported to be one of the differentially expressed genes in rheumatoid arthritis (51). TUBB might be associated with autoimmune diseases. In the present study, one of the peptides with differential expression in the plasma of AS patients was found to be the TUBB-peptide. It significantly increased the proliferation of fibroblasts in vitro. Therefore, the study conjectured that TUBB-peptide might be highly relevant for the occurrence and development of AS by influencing the Slit‐Robo signaling pathway.



5 Conclusion

The present study reported the use of peptidomics for the first time for the analysis of the peptides present in the plasma of AS patients. The study identified 52 differentially expressed peptides using mass spectrometry. Further bioinformatics research revealed that these differently produced peptides maybe associated with “MHC class I protein binding” and “Pathogenic Escherichia coli infection” pathways, which might affect the progression of AS. Cell viability analysis verified the results of peptide identification and identified 3 peptides (sequence: DSGEGDFLAEGGGVRGPR, NGFKSHAL, ISEQFTAMFR) which might be highly relevant for the occurrence and development of AS, and may enhance this dangerous disease’s clinical results. Overall, this research might provide fresh perspectives on the AS molecular mechanisms based on peptide omics.

It should be noted that this study has certain limitations. Firstly, due to the relatively small sample size, further data collection is still needed in future research. Secondly, the mechanism of the relationship between these differentially expressed peptides and AS would be explored in the future. Further cell function research, signal pathway research and animal experimental research will be carried out according to the results obtained.
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Background

In patients with anti-neutrophil cytoplasmic antibody (ANCA)-associated glomerulonephritis, prediction of renal survival should guide the choice of therapy, but a prediction of the histological classification has inconsistencies.



Objectives

To evaluate the usefulness of renal risk score (RRS) for Japanese patients with ANCA-associated glomerulonephritis (AAGN) and compare the prediction for end-stage renal disease (ESRD) between RRS and the histological classification.



Methods

We retrospectively analyzed 96 patients with AAGN who underwent a renal biopsy. Renal survival was categorized by RRS, and the histological classification was assessed separately. We compared the predictive values for RRS and the histological classification.



Results

The median observational period was 37.5 (interquartile range [IQR] 21.5–77.0) months. The median RRS point at the time of renal biopsy was 2 (IQR 0–7.8), and the patients were categorized into low- (n = 29), medium- (n = 43), and high-risk groups (n = 24) using RRS. As expected, the renal prognosis was the worst in the “high-risk” group and the best in the “low-risk” group. In the histological classification, the survival deteriorated progressively from “focal” (best) to “mixed,” “crescentic,” and “sclerotic” (worst) classes, different from the order in the original proposal for this system. Multivariable Cox regression analysis revealed that RRS was independently associated with ESRD. The difference in prediction for renal survival between RRS and the histological classification was not significant using area under receiver-operating-characteristic curves.



Conclusion

We evaluated the usefulness of RRS in Japanese patients with AAGN and found it a stable predictor of renal survival in such patients.





Keywords: ANCA, ANCA-associated glomerulonephritis, end-stage renal disease, renal risk score, histological classification



Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a systemic vasculitis of small vessels accompanied by ANCAs (1). The major variants of AAV include eosinophilic granulomatosis polyangiitis (EGPA), granulomatosis polyangiitis (GPA), and microscopic polyangiitis (MPA) (2). Renal involvement is frequent in GPA and MPA, and 20-40% of cases develop the end-stage renal disease (ESRD) within 5 years (3–5). Renal involvement is also associated with a worse prognosis than AAV patients without impaired renal function (4, 6, 7). Clinicians need to perform prompt diagnosis and initiation of adequate immunosuppressive therapy to preserve patient and kidney outcomes, but avoidance of adverse events such as treatment-related complications, infection, cardiovascular diseases, and cancer is also a priority (8). Therefore, careful selection of patients who would benefit from intensive immunosuppressive therapy is highly required. Berden et al. proposed a histological classification to predict renal outcomes in patients with ANCA-associated glomerulonephritis (AAGN) in 2010 (9). However, several meta-analyses demonstrated that the histological classification did not accurately predict the renal prognosis of the mixed and crescentic classes (10–13). Recently, Brix et al. proposed another scoring system, a renal risk score (RRS), for predicting the renal prognosis (14). The RRS differs from the histological classification in that it is based on three parameters: percentage of normal glomeruli, tubular atrophy and interstitial fibrosis rate of the kidney, and estimated glomerular filtration rate (eGFR), which are scored according to the severity and classified into three groups with different prognoses. This scoring system has been validated in several studies and one meta-analysis (15–20). We aimed to validate the usefulness of the RRS for Japanese patients over a long-term observation period.



Patients and methods


Patients

The patients with ANCA-associated glomerulonephritis (AAGN) who underwent a renal biopsy at Nagasaki University Hospital and its associated hospitals between 1992 and 2019 were enrolled and assessed for eligibility in this study. The inclusion criteria were as follows: ANCA was detected in the sera; renal biopsy revealed necrotizing and/or crescentic glomerulonephritis; and follow-up of patients lasted at least 12 months (including patients who died or ESRD and required renal replacement therapy within 12 months). EGPA cases were not included because the biological and clinical presentation differed from GPA and MPA cases. Patients with secondary vasculitis or comorbid kidney disease were excluded. The baseline characteristics evaluated were the patient’s age, sex, diagnosis, white blood cell count, hemoglobin, C-reactive protein (CRP), eGFR calculated as per the Japanese-based equation: eGFR (ml/min/1.73 m2) = 194 × serum creatinine −1.094 × age−0.287 (if female, ×0.739) (21), proteinuria, hematuria, ANCA subtype determined by indirect immunofluorescence or enzyme-linked immunosorbent assay, use of antidiabetic drugs, smoking history, hypotensive drug, and immunosuppressive medication. The Birmingham Vasculitis Activity Score (BVAS) was used to assess the activity of the disease at the initial presentation (22). An opt-out strategy was chosen for the informed consent procedure; data from those who indicated an unwillingness to participate were excluded. This study was reviewed and approved by the Institutional Review Boards of Nagasaki University (approval no. 20021012).



Histopathologic evaluations

Biopsies were independently scored by two expert nephrologists blinded to clinical data (KM, MK). All specimens had at least five glomeruli per biopsy. Various calculations were performed for the RRS assessment, including the percentage of normal glomeruli, tubular atrophy/interstitial fibrosis, and renal function at the time of diagnosis (14). The histological classification was made according to the definition proposed by Berden et al. (9).



Outcome measures

The primary endpoint was the cumulative percentage of patients who developed ESRD over time censored by death. ESRD was defined as requiring long-term renal replacement therapy or renal transplantation. Renal survival time for each patient was calculated from the time of biopsy to the last time of follow-up or the time point of reaching ESRD.



Statistical analyses

Data are expressed as a median with an interquartile range (IQR) or n (%). Wilcoxon’s rank sum test was used to compare the continuous variables, and Fisher’s exact test to compare categorical variables. Renal survival was assessed using the Kaplan-Meier method, and differences between survival curves were compared with the log-rank test. Univariate and multivariable Cox proportional hazard regression analyses were performed to identify factors related to ESRD. Variables with p-values <0.15 and factors expected to be associated with the univariate Cox regression analyses were entered in the multivariable Cox regression analyses. Due to the collinearity between the explanatory variables and the RRS scoring system, eGFR was excluded. Discrimination capacity to predict dialysis dependency was assessed using the area under the receiver operating characteristic curve (AUC). We calculated differences using DeLong’s test. P-values <0.05 were considered statistically significant.

Statistical analyses were performed using JMP® Pro 16 software (SAS Institute, Cary, NC) and RStudio version 2022.07.1, an integrated development environment for R version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria) (23).




Results


Baseline characteristics

Of the 128 patients, 96 patients with ANCA-associated renal vasculitis were enrolled (Figure 1). The patients included 83 with MPA, 10 with GPA, and 3 with renal-limited vasculitis. The mean BVAS was 14 (IQR 12–18). The baseline characteristics are summarized in Table 1, and the comparison of baseline characteristics between the patients who progressed to ESRD or not are summarized in Supplementary Table S1.




Figure 1 | Flowchart summarizing the enrollment of the patient with ANCA-associated renal vasculitis ANCA, anti-neutrophil cytoplasmic antibody; EGPA, eosinophilic granulomatosis polyangiitis.




Table 1 | Baseline characteristics of patients with ANCA-associated renal vasculitis.





Evaluating the patients with RRS and histological classification

The median RRS at diagnosis was 2 (IQR 0–7.8), and the patients were categorized by RRS into low- (n = 29), medium- (n = 43), and high-risk groups (n = 24), respectively. The distribution of the RRS parameters is summarized in Table 2. Patients were also classified according to the histological classification (9) as focal (n = 12), crescentic (n = 18), mixed (n = 48), or sclerotic (n = 18). Comparisons of baseline characteristics by RRS and the histological classification are summarized in Supplementary Tables S2, S3, respectively.


Table 2 | The distribution of the parameters of renal risk score in patients with ANCA-associated renal vasculitis.





Evaluating renal outcome with RRS and histological classification

The median length of the observation period was 37.5 (IQR 21.5–77.0) months. Fifteen (15.6%) patients progressed to ESRD and required renal replacement therapy. Kaplan-Meier curve of RRS-predicted risk demonstrated that renal prognosis was the worst in the “high-risk” group and the best in the “low-risk” group (Figure 2). There were significant differences in renal survival rates among the three groups (p<0.001). In the histological classification, the Kaplan-Meier curve showed that renal survival rates deteriorated in the order of “focal” (best) to “mixed,” “crescentic,” and “sclerotic” (worst), respectively (Figure 3). There were significant differences in renal survival rates among the four groups (p<0.001); however, the order of the classes differed from that of Berden et al. (9).




Figure 2 | Kaplan-Meier curve demonstrating renal survival of Japanese patients with ANCA-associated renal vasculitis according to the renal risk score groups ANCA, anti-neutrophil cytoplasmic antibody.






Figure 3 | Kaplan-Meier curve demonstrating renal survival of Japanese patients with ANCA-associated renal vasculitis according to the histological classification ANCA: anti-neutrophil cytoplasmic antibody.





Risk factors related to ESRD

To identify risk factors associated with ESRD, we analyzed the baseline characteristics of the patients and the RRS using univariate and multivariable Cox regression analysis (Table 3). Univariate analysis showed that CRP and RRS were associated with ESRD. The multivariable analysis demonstrated that RRS was independently associated with ESRD among these factors.


Table 3 | Independent risk factors for end-stage renal disease in patients with ANCA-associated renal vasculitis.





Predictive values of RRS and histological classification

The AUC value of RRS was 0.890 (95%CI, 0.819–0.959) for developing ESRD. The AUC value of the histological classification for progression to ESRD was 0.857 (95% CI, 0.773–0.942). Two receiver operating characteristic (ROC) curves are shown in Figure 4 and did not show significant differences (p=0.474). We also calculated the AUC value using the points of RRS, which was 0.913 (95%CI, 0.833-0.994) for developing ESRD, and the cut-off value was 7.5 points (sensitivity: 86.7%, specificity: 86.6%) (Supplementary Figure S1).




Figure 4 | The receiver operating characteristic curves for predicting end-stage renal disease using the renal risk score and the histological classification.






Discussion

Our present study demonstrated the usefulness of RRS for predicting renal survival among patients with AAGN in Japan. In 2010 Berden et al. devised a histological classification to predict renal outcomes in patients with AAGN (9). It categorized renal pathological findings into four groups: focal, crescentic, mixed, and sclerotic. Among their subjects, the focal group had the best renal survival, the crescentic class had the second-best, the sclerotic class had the worst renal prognosis, and the mixed class had the second-worst. However, several studies and meta-analyses have reported that the histological classification does not accurately predict the renal outcomes of the mixed and crescentic classes (10–13). Unlike the results of Berden et al. (9), our analysis found the mixed class had a better prognosis than that of the crescentic class. Several previous studies obtained similar results (24–26). We speculatively attributed these differences to the following considerations. First, in patients with AAGN in Japanese and Chinese patients, MPO-ANCA is more common than PR3-ANCA. Histological differences between MPO-AAV and PR3-AAV have been found in several reports (27–30): namely, more fibrotic changes, such as glomerulosclerosis, interstitial fibrosis, and tubular atrophy, are typically recognized in MPO-AAV than in PR3-AAV (28–30). Second, the rate of >25% normal glomeruli was lower in the crescentic class than in the mixed class (Supplementary Table S2). Hillhorst et al. showed that renal survival was significantly worse when the percentage of normal glomeruli was less than 25% (26).

Recently, Brix et al. proposed the RRS as another method to predict renal survival (14). We demonstrated that RRS was a stable predictor for ESRD in our analysis. In the baseline characteristics of our study, patient age was older, and MPO-ANCA positivity was higher than in the cohort of Brix et al. (14). Despite the differences in ANCA positivity between European and Asian cohorts mentioned above, the higher MPO-AAV rate did not degrade the ability of RRS to predict ESRD, not only in our cohort but in other Asian cohorts (19, 31). You et al. demonstrated that the prognostic value of RRS in Chinese patients with AAGN of the crescentic or mixed class was better than the histological classification (32). Saito et al. reported a validation study of RRS in Japanese patients with AAGN (19). They demonstrated that high-risk group patients had significantly poorer renal prognosis than other groups using the RRS, and that RRS was an independent renal prognostic factor in 86 Japanese biopsy-confirmed MPO-ANCA-positive GN patients. Our study likewise found the renal prognosis using RRS accurate in Japanese patients even when the histological classification was not predictive, and the rate of systemic AAV was higher than the report by Saito et al. (19).

In this study, we also evaluated how treatment for ANCA-associated renal vasculitis impacts the risk of ESRD. We found that the use of methylprednisolone pulse, dose of prednisolone, plasmapheresis, or cyclophosphamide did not significantly influence the risk of ESRD. Regarding the use of rituximab, only two patients were treated with it, and we did not include the analysis. We could confirm that RRS was the independent renal prognostic risk factor using multivariable Cox regression analyses, consistent with the previous report (19).

Next, we also analyzed the subgroup of patients with MPO-AAV and obtained the same results (data not shown).

We also compared the predictive value of RRS and histological classification using AUC values. In previous studies, An et al. compared the predictive values using ROC curves, and they showed that AUC values (95%CI) of RRS and histological classification were 0.742 (0.679–0.804) and 0.587 (0.515–0.659), respectively, with RRS having better performance (31). Saito et al. evaluated the AUC values (95%CI) of RRS and histological classification as 0.80 (0.69–0.91) and 0.74 (0.62–0.86), respectively (19). In our study, the AUC values of the RRS and the histological classification calculated based on the ROC for developing ESRD were 0.890 (95%CI, 0.819–0.959) and 0.857 (95% CI, 0.773–0.942), respectively. We found that the difference in prediction for renal survival between the RRS and the histological classification was insignificant. Assessment using the histological classification does not necessarily show a gradual deterioration in survival from “focal” (best) to “crescentic,” “mixed,” or “sclerotic” (worst), as was the case in our results. The evaluation results using the RRS were consistent across different cohorts, and we believe it is a highly reproducible prognostic tool.

There are several limitations to this study. First, this is a retrospective study, and the treatment regimen by clinicians changed over the years as new evidence came to light. Second, the number of patients and events did not provide robust evidence. Third, we must consider that the patients may have had a period of undiagnosed AAGN before the diagnosis was made. Fourth, there may be a selection bias for the patients with AAGN in this cohort since a bias would have been introduced by excluding cases where the patients refused biopsy. Fifth, there was a variation in the induction therapy protocol in our cohort over the course of a long-term follow-up period. More extensive and prospective studies are needed in the future.



Conclusions

We demonstrated the stable predictive ability of the RRS for renal survival in Japanese patients over the long term, in contrast to the histological classification. However, further studies are necessary for validation.Abbreviations

AAV, anti-neutrophil cytoplasmic antibody-associated vasculitis; AAGN, anti-neutrophil cytoplasmic antibody-associated glomerulonephritis; ANCA, anti-neutrophil cytoplasmic antibody; AUC, area under the receiver operating characteristic curve; BVAS, Birmingham Vasculitis Activity Score; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; EGPA, eosinophilic granulomatosis polyangiitis; ESRD, end-stage renal disease; GPA, granulomatosis polyangiitis; IQR, interquartile range; MPA, microscopic polyangiitis; ROC, receiver operating characteristic; RRS, renal risk score.
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Introduction

Pulmonary arterial hypertension (PAH) and interstitial lung disease (ILD) are the leading causes of death in systemic sclerosis (SSc). Until now, no prospective biomarker to predict new onset of SSc-ILD or SSc-PAH in patients with SSc has reached clinical application. In homeostasis, the receptor for advanced glycation end products (RAGE) is expressed in lung tissue and involved in cell-matrix adhesion, proliferation and migration of alveolar epithelial cells, and remodeling of the pulmonary vasculature. Several studies have shown that sRAGE levels in serum and pulmonary tissue vary according to the type of lung-related complication. Therefore, we investigated levels of soluble RAGE (sRAGE) and its ligand high mobility group box 1 (HMGB1) in SSc and their abilities to predict SSc-related pulmonary complications.





Methods

One hundred eighty-eight SSc patients were followed retrospectively for the development of ILD, PAH, and mortality for 8 years. Levels of sRAGE and HMGB1 were measured in serum by ELISA. Kaplan-Meier survival curves were performed to predict lung events and mortality and event rates were compared with a log-rank test. Multiple linear regression analysis was performed to examine the association between sRAGE and important clinical determinants.





Results

At baseline, levels of sRAGE were significantly higher in SSc-PAH-patients (median 4099.0 pg/ml [936.3-6365.3], p = 0.011) and lower in SSc-ILD-patients (735.0 pg/ml [IQR 525.5-1988.5], p = 0.001) compared to SSc patients without pulmonary involvement (1444.5 pg/ml [966.8-2276.0]). Levels of HMGB1 were not different between groups. After adjusting for age, gender, ILD, chronic obstructive pulmonary disease, anti-centromere antibodies, the presence of puffy fingers or sclerodactyly, use of immunosuppression, antifibrotic therapy, or glucocorticoids, and use of vasodilators, higher sRAGE levels remained independently associated with PAH. After a median follow-up of 50 months (25-81) of patients without pulmonary involvement, baseline sRAGE levels in the highest quartile were predictive of development of PAH (log-rank p = 0.01) and of PAH-related mortality (p = 0.001).





Conclusions

High systemic sRAGE at baseline might be used as a prospective biomarker for patients with SSc at high risk to develop new onset of PAH. Moreover, high sRAGE levels could predict lower survival rates due to PAH in patients with SSc.





Keywords: PAH, sRAGE, predictability, SSc, scleroderma, ILD





Introduction

Interstitial lung disease (ILD) and pulmonary arterial hypertension (PAH) are the leading causes of death in systemic sclerosis (SSc) (1), a heterogeneous disease characterized by vasculopathy and immune activation, eventually leading to irreversible skin and internal organ fibrosis. Currently, no disease-modifying therapies are showing satisfactory results. Therefore, identifying disease markers that might help to predict the course of the disease is very useful. Some biomarkers have been identified for diagnosis, prognosis, and response to treatment in SSc-ILD (2). Other biomarkers were linked to SSc-PAH (3, 4),. However, no reliable prospective biomarker has been identified that can predict new onset of SSc-ILD or SSc-PAH in patients with SSc.

RAGE, a multi-ligand cell surface receptor that is expressed on a wide range of cell types, including fibroblasts, endothelial cells, and smooth muscle cells, has been implicated in numerous diseases (5, 6). Besides being the most important receptor for advanced glycation end products (AGEs), RAGE can bind exogenous and endogenous molecules, such as danger-associated molecular patterns (DAMPs) including S100A8, S100A9 and S100A12/calgranulin and high mobility group box 1 (HMGB1), leading to inflammation through NF-kB activation (7). Its soluble form (sRAGE) is established by alternative splicing of RAGE mRNA, or proteolytic cleavage of the membrane-bound form (mRAGE) by Matrix Metalloproteinase 9 (MMP9) or A-Disintegrin and Metalloprotease 10 (ADAM10) (8, 9). Although sRAGE may act as a decoy receptor for RAGE ligands which could lead to tissue damage (10), its exact role is still not completely clear.

RAGE is ubiquitously expressed in almost all tissues at relatively low levels. However, it is highly expressed in healthy lung tissue, especially on the alveolar type I cells, suggesting that RAGE may have a significant role in lung homeostasis, particularly in cell spreading and growth (11). While RAGE overexpression has been demonstrated in the fibrotic conditions in different organ systems, mRAGE and sRAGE expressions are strongly decreased in blood and lung tissue of patients with idiopathic pulmonary fibrosis (IPF) (11, 12). Also, in airway diseases such as chronic obstructive pulmonary disease (COPD) decreased sRAGE levels are described (12). In contrast, upregulation of (s)RAGE has been shown in serum and lung tissue of patients with PAH compared to healthy controls, giving rise to extracellular matrix accumulation, pulmonary artery smooth muscle cell proliferation, and apoptosis resistance (13, 14).

A potential role for HMGB1 has also been described in PAH development (14). HMGB1 is known to be released extracellularly in response to cellular injury or stress and functions as a DAMP that signals, as mentioned, through RAGE but also through the toll-like receptors (TLR4 and TLR2). The downstream processes of the HMGB1-RAGE/TLR4 axis are pro-inflammatory (15). Its serum and lung tissue levels have been reported to be increased in PAH patients and serum levels correlated with mean pulmonary arterial pressure (mPAP) (16). Similarly, serum HMGB1 is reported to be elevated in patients with SSc-ILD compared to SSc patients without ILD and healthy controls (17).

Thus, we hypothesized that high levels of sRAGE and/or HMGB1 would predict new onset of PAH and PAH-related mortality in patients with SSc while low levels would predict ILD. This may enable early identification of these devastating complications, and potentially set the stage for early intervention strategies in future studies.





Materials and methods




Patients

In the current study, a total of 188 SSc patients were included from 2013 to 2020. Patients were classified according to ACR/EULAR criteria for SSc (18). Demographic and disease data were gathered retrospectively by screening medical records. Also, the use of medication was collected and divided into three groups: immunosuppression or antifibrotic therapy, glucocorticoids, and vasodilators. Pulmonary function tests (PFTs) and blood were collected from routine clinical care through our outpatient clinic. The date of first blood sampling was considered as baseline and all serum was stored at -20°C. PFTs were following ATS/ERS guidelines and were defined by diffusing capacity for carbon monoxide (DLCO), forced vital capacity (FVC), or forced expiratory volume in 1 second (FEV1). An abnormal DLCO was defined when the predicted value was < 80% and an abnormal FVC when the predicted value was < 70%. The FEV1/FVC ratio and medical history were used for the diagnosis of COPD. ILD was diagnosed by PFTs and high-resolution computed tomography (HRCT) using the diagnostic algorithm according to the British Thoracic Society guidelines (19). Patients underwent a right heart catheterization if echocardiography showed tricuspid regurgitant velocity > 2.8 and/or typical echocardiographic features of PH. PAH was diagnosed based on pulmonary arterial pressure ≥ 25 mmHg and pulmonary artery wedge pressure ≤ 15 mmHg at rest measured by right heart catheterization according to the ESC/ERS 2015 guidelines (20). Other pre-capillary causes of PH were excluded using a standardized work-up and discussion in a multidisciplinary expert team. Development of ILD, PAH, and mortality were assessed during follow-up, adjudicated by two investigators, reaching a consensus diagnosis. When a consensus diagnosis was not reached, patients were discussed in multidisciplinary consultations and a final diagnosis was concluded. According to Dutch law and University Medical Centre Groningen regulations, this type of study did not fall within the scope of Medical Research Involving Human Subjects Act. The local ethics committee provided approval with exemption from written informed consent. This study was registered in the research register of the University Medical Centre Groningen (201900260).





Enzyme-linked immunosorbent assays

HMGB1 and sRAGE serum concentrations were measured by enzyme-linked immunosorbent assays (ELISAs). HMGB1 was quantified using a commercial ELISA kit (TECAN, the Netherlands) while sRAGE was measured using a Duoset kit (R&D systems, United Kingdom), according to manufacturers’ instructions. High-performance ELISA buffer (Sanquin, the Netherlands) was used during serum incubation to prevent non-specific reactions. ELISAs were read using a microplate reader at 450-575nm and analyzed using Softmax software.





Immunohistochemistry

For a pilot study, formalin-fixed paraffin-embedded human lung tissues obtained from two SSc-PAH patients were used for immunohistochemistry studies. Briefly, the lung tissues were cut at 3 microns sections, mounted on glass slides, and deparaffinized. For RAGE immunohistochemistry, antigen retrieval was performed with tris-HCl and EDTA. Mouse-anti-human RAGE (Santa Cruz, (A-9): sc-365154, Dallas, Texas, USA) was added overnight. Consecutively, samples were incubated with rabbit anti-mouse-HRP conjugate (Dako, 0260, Santa Clara, USA), and stained with diaminobenzidine as a substrate (Dako K4006, Santa Clara, USA). Negative control staining was performed by omission of RAGE antibody showing no aspecific binding. For determining RAGE localization, additional staining was performed on serial sections as follows. For comparison, standard histochemical Haematoxylin-Eosin and Verhoeff’s elastin stains were performed, in addition to, immunohistochemical stains for CD31 (endothelial cells), alpha-smooth muscle actin ([α-SMA] myofibroblasts and smooth muscle cells), and desmin (smooth muscle cells). The latter immunohistochemical stains were performed using an automated Ventana Benchmark Ultra immunostainer (Roche Diagnostics Netherlands) in our ISO15189 accredited pathology department.





Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version 23. Patients were divided based on pulmonary involvement into four groups: no history of pulmonary involvement, ILD, PAH, or ILD and PAH. Data are presented as median and interquartile range (IQR) or as number (%). The Kruskal Wallis test and Mann-Whitney U test were used for comparison between groups. Spearman correlation coefficients were performed to measure associations. Kaplan-Meier survival curves were performed to predict lung events and mortality, and event rates were compared with log-rank test. Univariate analysis was used to identify factors potentially associated with PAH. In addition to age and gender, variables with significant associations were then used in the multivariate model. Multiple linear regression analysis was performed to examine the association between sRAGE and important clinical determinants at baseline. In our first model, we adjusted for age, gender, and PAH. Second, we added ILD and COPD. Third, anti-centromere antibody (ACA) positivity was added. Fourth, we added the presence of puffy fingers or sclerodactyly, and, finally, use of immunosuppression, antifibrotic therapy, glucocorticoids, or vasodilators were added. P-values < 0.05 were considered significant.






Results




Patient characteristics

The patient characteristics are shown in Table 1. At baseline, of the 188 included patients, 124 had no history of pulmonary involvement, 41 had ILD, 12 had PAH, and 11 had a history of both ILD and PAH. In all subgroups, the limited cutaneous form of SSc was most prevalent. As expected, the percentage of predicted FVC and DLCO was lower in ILD- and PAH- patients compared to SSc patients without pulmonary involvement. Moreover, treatment with immunosuppression was most often seen in ILD- and ILD+PAH- patients, while vasodilators were more prevalent in PAH- and PAH+ILD- patients.


Table 1 | Patient characteristics at baseline.







Baseline comparison of sRAGE and HMGB1 levels

At baseline, levels of sRAGE were significantly higher in SSc-PAH patients (4099.0 pg/ml [936.3-6365.3], p = 0.011) but significantly lower in SSc-ILD (median 735.0 pg/ml [IQR 525.5-1988.5], p = 0.001) compared to patients without pulmonary involvement (1444.5 pg/ml [966.8-2276.0]). Levels of sRAGE in patients with both ILD and PAH (1487.0 pg/ml [670.0-5319.0]) were comparable to those without pulmonary involvement. No differences in HMGB1 levels were present between the different patient subgroups (No lung involvement: 3.3 [1.7-5.2]; ILD: 3.6 [1.3-5.7]; PAH: 3.9 [2.0-5.1]; ILD+PAH: 3.9 [1.4-7.3]) (Figure 1).




Figure 1 | Serum levels of the sRAGE (A) and HMGB1 (B). (A) Serum concentration levels are significantly elevated in SSc-PAH (PAH, N=12) patients compared to SSc-ILD (ILD, N=41) and SSc patients with no lung complications (No pulm., N=124). SSc-ILD patients had significantly lower concentration levels of serum sRAGE compared to SSc patients with no lung complications. SSc patients with PAH and ILD had serum sRAGE concentration levels comparable to SSc patients with no pulmonary complications. (B) Serum concentration levels of HMGB1 were comparable in all groups. Measurements are median values of sRAGE or HMGB1. sRAGE, soluble receptor for advanced glycation end products; HMGB1, high mobility group box 1; No pulm., no pulmonary involvement; ILD, interstitial lung disease; PAH, pulmonary arterial hypertension.



In the entire cohort, levels of sRAGE correlated positively with age (r = 0.218; p = 0.003), FVC (r = 0.242; p = 0.002), FEV1 (r = 0.254; p = 0.001) but not with DLCO (r = -0.023; p = 0.769). sRAGE levels were significantly higher in females compared to males (p = 0.002), also in patients who were positive for ACA (p < 0.001) compared to ACA negative patients, and in patients with puffy fingers or sclerodactyly (p = 0.039) compared to patients with no puffy fingers or sclerodactyly. sRAGE did not differ between lcSSc- and dcSSc patients, pitting scars or digital ulcers, telangiectasia, Raynaud’s phenomenon, calcinosis cutis, or intestinal involvement. HMGB1 levels were lower in patients with puffy fingers or sclerodactyly (p = 0.033) and higher in patients with telangiectasia (p = 0.027) compared to patients without puffy fingers or sclerodactyly, or telangiectasia.

Table 2 shows the results of the regression analyses between sRAGE and important clinical determinants. The model showed that baseline sRAGE levels remained independently associated with PAH after adjustment for age, gender, ILD, COPD, ACA positivity, puffy fingers or sclerodactyly, use of vasodilators, and use of immunosuppression, antifibrotic therapy, or glucocorticoids. Noticeably, the presence of ACAs (p < 0.001) and puffy fingers or sclerodactyly (p = 0.017) were significantly associated with sRAGE levels at baseline (model 5).


Table 2 | Multiple linear regression models: sRAGE and important clinical determinants.







Follow-up

Follow-up data of 124 patients without pulmonary involvement identified 11 (9%) patients with newly developed ILD and 5 (4%) patients with newly developed PAH (Table 3). The total median time of follow-up was 50 months (25-81 months); 56 months (33-82 months) for the development of ILD and 57 months (35-83 months) for the development of PAH. In the subcohort without PAH at baseline, sRAGE levels in the highest quartile (4th quartile) predicted the development of PAH (p = 0.01) during follow-up (Figure 2A). Low sRAGE levels did not predict ILD development (p = 0.713). However, preliminary data from a small subset of 3 patients, in whom sequential samples were taken, showed that sRAGE levels decreased by approximately 250 pg/ml prior to ILD development. In this population, levels of HMGB1 did not predict PAH (p = 0.317) or ILD (p = 0.875).


Table 3 | Patient characteristics at follow-up.






Figure 2 | Predictive capacity of sRAGE for long-term pulmonary arterial hypertension rate (A), and survival related to pulmonary arterial hypertension (B). Survival curve of baseline sRAGE serum concentrations in SSc patients with no pulmonary involvement stratified into quartiles. (A) sRAGE concentration levels in the 4th quartile significantly predicted the development of PAH in SSc patients (p=0.01). (B) sRAGE concentration levels in the 4th quartile significantly predicted PAH-related mortality (p=0.001). sRAGE, soluble receptor for advanced glycation end products; PAH, pulmonary arterial hypertension.







Mortality

Overall mortality was in 38% of the cases related to PAH, 17% to ILD, and 21% to other SSc-related complications including gastro-intestinal complications and progressive disease. During follow-up, in the entire cohort, sRAGE (p = 0.126) or HMGB1 (p = 0.404) were not predictive of overall mortality. However, a trend was seen for sRAGE levels in the 1st and in 4th quartiles to predict overall mortality (not shown). PAH-related mortality was significantly predicted by sRAGE levels in the highest quartile (4th quartile) [p = 0.001 (Figure 2B)]. Mortality related to ILD was not predicted by low baseline sRAGE levels.





Immunohistochemical expression of RAGE

From our pilot immunohistochemical study, Figures 3, 4 show representative images of RAGE expression in primary lesions in small arterioles related to SSc vasculopathy, and in secondary lesions developed in due course in PAH in the pulmonary vasculature of SSc patients with PAH. The primary lesion (Figure 3) showed a clearly thickened media and a slightly thickened cellular intima, while the secondary lesion (Figure 4) showed clear, but irregular intima hyperplasia and a relatively normal surrounding media. In Figure 3B, expression of RAGE is seen most pronounced in the intima (inner layer; desmin negative), but also, somewhat less strong, in the thickened media, the surrounding, desmin positive layer. In Figure 4B, RAGE is located predominantly in the media and less in the intima. Comparing RAGE expression with desmin and α-SMA immunostains, the cells stained for RAGE are mainly smooth muscle cells in the media and are myofibroblasts in the intima. The endothelial layer appears negative for RAGE in the primary and secondary lesions. A summary of the IHC results is included in Table 4.




Figure 3 | Representative images of RAGE staining in a primary pulmonary artery of a patient with SSc-related PAH. (A) shows standard Haematoxylin and Eosin-stained lung tissue, (B) shows RAGE staining, (C) shows desmin staining, and (D) shows alpha-smooth muscle actin staining. Arteriopathy in SSc is consistent with PAH with concentric thickening of the media and also concentric cellular increase in thickness of the intima. Scale bar, 50 µm. RAGE: receptor for advanced glycation end products; SSc: systemic sclerosis; PAH: pulmonary arterial hypertension.






Figure 4 | Representative images of RAGE staining in a secondary pulmonary artery of a patient with SSc-related PAH. (A) shows standard Haematoxylin and Eosin-stained lung tissue. (B) shows RAGE staining. (C) shows CD31 staining of endothelial cells. (D) shows Verhoeff’s elastin staining, delineating the inner and outer arterial elastic membrane, and some more diffusely stained elastin in intima and media. (E) shows α-smooth muscle actin staining of the media, and also quite extensively in the irregularly thickened intima, likely mainly myofibroblasts. (F) shows desmin staining, mainly smooth muscle cells in the media, and some in the intima. Scale bar, 100 µm. This representative image of a SSc-related PAH patient shows predominant expression of RAGE in smooth muscle cells in the media, followed by prominent expression in likely mainly myofibroblasts in the intima. RAGE: receptor for advanced glycation end products; SSc: systemic sclerosis; PAH: pulmonary arterial hypertension.




Table 4 | Summary of IHC studies.








Discussion

PAH and ILD are severe complications in SSc patients, and early detection is still a challenge. Since (s)RAGE acts as a major mediator in pulmonary disease, we investigated the capacity of sRAGE and its ligand, HMGB1 to predict future incidence of SSc-related pulmonary complications. This study shows that sRAGE is significantly higher in sera of patients with SSc-PAH, while it is significantly lower in patients with SSc-ILD, when compared to SSc patients without pulmonary disease. Moreover, we show that high baseline sRAGE levels could potentially be predictive for development of PAH and PAH-related mortality in SSc.

sRAGE has been implicated in various pathological processes in the lung (5, 10, 20). Iwamoto et al. (21) showed that sRAGE was lower in patients with COPD. Similarly, another study showed that levels of sRAGE were lower in patients with IPF and other types of ILD compared to control subjects (22). This is in line with our data as we found lower levels of sRAGE in SSc-ILD patients. In in vitro experiments, blocking of RAGE resulted in cell-matrix adhesion impairment, and RAGE knockdown led to an increase in cell proliferation and migration of alveolar epithelial cells and lung fibroblasts (23). This implies that loss of RAGE can lead to fibrotic changes in lung tissues, of which ILD/IPF are important examples. Although in our current study we were not able to demonstrate a predictive value of low sRAGE levels for SSc-ILD, we did find in a small subset of patients (N=3) in whom sequential samples were taken that sRAGE decreased prior to ILD development. This is in line with the correlation of sRAGE with FVC, but not with DLCO, potentially indicating the decrease in sRAGE occurs in more advanced stages of ILD. This observation needs validation in a larger cohort with sequential measurements.

Recently, a group of scientists ran a panel of eight proteins to find a proteomic biomarker signature using a machine-learning approach to distinguish SSc patients with and without PAH (24). Serum samples of 77 patients with PAH and 80 patients without PAH underwent proteomic screening using a multiplex immunoassay. Among all proteins, RAGE turned out to be the most prominent protein to identify SSc-PAH patients. Moreover, a recent study by Nakamura et al. (25) demonstrated the potential role of RAGE in the proliferation of pulmonary artery smooth muscle cells in patients with PAH. This might implicate the pathogenetic role of RAGE and clarify its upregulation in sera of SSc-PAH patients. While these findings confirm the importance of RAGE in the classification and pathogenesis of PAH, our follow-up findings show that high baseline sRAGE levels may also be used to identify SSc patients who will develop PAH. Our results also show that sRAGE may be used to predict PAH-related mortality in SSc.

Our regression analysis shows that ACA presence is significantly correlated with sRAGE levels. Several studies have associated the presence of ACA with development and progression of PAH but could not define whether ACA has pathogenetic effects leading to development of PAH (26, 27). There is indeed a growing body of evidence that immune complexes of SSc-related autoantibodies have pathogenetic effects on skin fibroblasts and endothelial cells. However, to our knowledge, no study has investigated whether these effects lead to PAH development. Finding the primary pathogenetic factor, or possible RAGE-ACA interactions, should be subject to further studies.

In general, HMGB1 is released after cell injury. However, while some studies report increased HMGB1 levels in PAH and IPF, others report no differences between patients and controls (28, 29). We showed that levels of HMGB1 were not different between the subsets in our study and neither predicted pulmonary events nor mortality. This is in accordance with a previous study showing that sRAGE, but not HMGB1, was higher in patients with pulmonary hypertension, especially in PAH and chronic thromboembolic pulmonary hypertension (28). Based on this, we conclude that HMGB1 may not be an appropriate marker for pulmonary involvement and survival in SSc. This may implicate that the upregulation of RAGE in SSc lung tissue is not related to HMGB1 but is possibly due to other RAGE ligands. These include other DAMPs (AGEs and/or calgranulins) which have previously been shown to be strongly associated with vascular disease and arterial wall remodeling and are increased in PAH (14, 30).

Taken together, it is plausible that the HMGB1 (or other DAMPs) and ACA-autoantibodies together are the actual pathogenetic factor forming immune complexes binding to RAGE in the lung and leading to the development of PAH in SSc patients. And the high sRAGE levels are a coping mechanism (decoy receptor) working to attenuate the overstimulated DAMPs-RAGE axis which, for unknown reasons, does not work in patients developing PAH. Page et al. (31) have demonstrated that co-stimulation of peripheral blood mononuclear cells (PBMCs, regulators of the immune system) with calgranulin leads to increased levels of proinflammatory cytokines (in a RAGE-dependent manner) in ANCA-associated vasculitides (AAV), a group of systemic autoimmune diseases with specific phenotypes. They also reported that DAMPs levels in the circulation vary according to the activity/subtype of the disease. Similarly, sRAGE levels were comparable except for active AAV patients where sRAGE levels were significantly lower. The reasons for these differences are unknown but the authors claim that this is due to disease-specific differences. Our data add considerable strength to what the authors reported by showing distinct levels of sRAGE in different disease subtypes.

Patients with IPF had worse survival rates after a 3-year follow-up when sRAGE levels were low at baseline (32). In our study, low sRAGE levels did not significantly show decreased ILD-related survival. This may have been due to that our study is underpowered, or it might be because while SSc-ILD and IPF pathogeneses could share some similarities, they are two distinct diseases. Importantly, SSc-ILD differs from IPF as it is a fibro-inflammatory disease complication, while the latter is predominantly fibrotic which might allow a divergent profile of sRAGE between both diseases (33).

Different therapies, like nifedipine, have the ability to downregulate the expression of RAGE (34). We were not able to investigate the association between sRAGE levels and calcium antagonists because no patient with SSc-PAH in our cohort used this type of medication. Nakamura et al. (25) reported that AS-1, an inhibitor of RAGE signalling, suppressed the proliferation of smooth muscle cells of patients with idiopathic and heritable PAH, showing that inhibition of RAGE signalling may be a new therapeutic target for PAH. Also, a recent study demonstrated inhibitory effects of a short and single-stranded DNA directed against RAGE (RAGE aptamer) on the development of PAH in rats (35). This addresses a new therapeutic option for PAH which should be investigated in further studies.

Our pilot immunohistochemical data show expression of RAGE in the thickened intima of the primary arterial lesion related to SSc vasculopathy while the endothelium appears to be negative. Secondary arterial lesions developed in due course in PAH show also clear RAGE staining in the thickened intima. The thickening of the intima in both lesions may be due to infiltration by myofibroblasts since the intima is desmin negative and grossly α-SMA positive. Additionally, the media of both vascular lesions is clearly positive for RAGE, which has been reported before in other forms of PAH (25). Although speculative on these limited pilot data, we hypothesize that the higher systemic RAGE levels in SSc patients who develop PAH are associated with higher RAGE expression in the intima. Possibly, the absence of RAGE staining on endothelial cells might indicate shedding of RAGE into circulation. Additionally, we cannot rule out the possibility that smooth muscle cell proliferation in the media could contribute to a certain extent to the development of other forms of pulmonary hypertension.

This study has some limitations. First, PAH is defined as mPAP > 20 mmHg in the most recent guideline of PAH (36). In this study, the 2015 ESC/ERS guideline for the diagnosis of PAH by Galiè et al. (20) was used to define PAH as mPAP > 25 mmHg as it was practised at our center. This may have resulted in missing patients. Second, measures of diagnostic accuracy have not been calculated due to the limited sample size of affected patients. Also, as a consequence, Cox regression and prediction of mortality in the subset of patients with PAH could not be calculated. Preferably, these measurements should be conducted in future, prospective larger studies and correction for potential confounders need to be performed. Third, the smoking status of the patients was not analyzed, which may have influenced levels of sRAGE. Fourth, we could not check the values of other ligands of RAGE such as AGEs or s100 proteins. Finally, due to the limited availability of PAH lung tissue sections, our immunohistochemistry studies left us with cautious conclusions regarding RAGE source and location. These preliminary data need further exploration in larger series, and this hypothesis needs to be confirmed in experimental studies.

Of importance, our data may be useful to design prospective, longitudinal, multi-center studies on early biomarkers in pulmonary involvement and mortality in SSc to improve and strengthen our observations. As mentioned above, preliminary data of sRAGE values in consecutive blood samples of a few patients with SSc showed a clear drop in sRAGE before the development of ILD. Therefore, it would be essential to repeat sRAGE measurements in longitudinal samples of SSc patients to investigate whether sRAGE levels follow the disease course on- and off-treatment, in order to qualify as a biomarker for SSc lung complications.

Nowadays, screening for PAH is performed by transthoracic echocardiogram and diagnosed by right heart catheterisation (20, 36). Our study stresses the importance of further investigations to establish this novel predictive “non-invasive” biomarker for the new onset of PAH in SSc. Ultimately if our results are replicated independently, this could mean that sRAGE levels may be used as a simple blood test to differentiate between low-risk and high-risk patients prone to developing PAH in practice, consequently with the possibility of earlier referral of high-risk patients to a cardiologist.

In conclusion, we show that high sRAGE levels, but not HMGB1, in patients with SSc at baseline may be used to predict new onset of PAH related to SSc. Moreover, high sRAGE levels may predict lower survival rates due to PAH in SSc. Future research should focus on including a larger cohort to correct for confounding factors and finding a cut-off value to calculate diagnostic accuracy. Finally, our findings suggest that sRAGE may function as a disease biomarker that identifies development of SSc-PAH and allows early intervention.
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Objective

Several studies have demonstrated that anti-carbamylation protein antibodies (Anti-CarPA) are persistent in patients with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic sclerosis (SSC), primary Sjögren’s syndrome (pSS), and interstitial lung disease associated with RA (RA-ILD). However, the relationship between anti-CarPA and other rheumatic diseases (RDs) and non-RA-ILD is not known till now. This study sought to examine the presence of anti-CarPA in Chinese Han patients with RDs and its clinical significance.





Methods

The study included 90 healthy controls (HCs) and 300 patients with RDs, including RA, SLE, polymyositis/dermatomyositis (PM/DM), pSS, SSC, spondyloarthritis (SpA), anti-neutrophil cytoplasmic autoantibodies associated with vasculitis (AAV), undifferentiated connective tissue disease (UCTD), and Behcet’s disease (BD). Antibodies against carbamylated human serum albumin were detected using commercial enzyme-linked immunosorbent assay kits. Correlations between clinical and laboratory parameters were analyzed.





Result

Serum levels of anti-CarPA in RA (34.43 ± 33.34 ng/ml), SLE (21.12 ± 22.23 ng/ml), pSS (16.32 ± 13.54 ng/ml), PM/DM (30.85 ± 17.34 ng/ml), SSC (23.53 ± 10.70 ng/ml), and UCTD (28.35 ± 21.91 ng/ml) were higher than those of anti-CarPA in the HCs (7.30 ± 5.05 ng/ml). The concentration of serum anti-CarPA was higher in patients with rheumatic disease-related interstitial lung disease (RD-ILD), especially RA-ILD, PM/DM-ILD, and pSS-ILD. Patients with RD-ILD who tested positive for anti-CarPA were more likely to have a more severe radiographic classification (grades II, p = 0.045; grades III, p = 0.003). Binary logistic regression analysis suggested that anti-CarPA had an association with ILD in RA (p = 0.033), PM/DM (p = 0.039), and pSS (p = 0.048). Based on receiver operating characteristics (ROC) analysis, anti-CarPA cutoffs best discriminated ILD in RA (>32.59 ng/ml, p = 0.050), PM/DM (>23.46 ng/ml, p = 0.038), and pSS (>37.08 ng/ml, p = 0.040). Moreover, serum levels of anti-CarPA were correlated with antibodies against transcription intermediary factor 1 complex (anti-TIF1) (R = –0.28, p = 0.044), antibodies against glycyl-transfer ribonucleic acid synthetase (anti-EJ) (R = 0.30, p = 0.031), and antibodies against melanoma differentiation-associated gene 5 (anti-MDA5) (R = 0.35, p = 0.011).





Conclusion

Serum anti-CarPA could be detected in patients with RA, PM/DM, pSS, SSC, and UCTD among the Chinese Han population. And it may also assist in identifying ILD in patients with RA, PM/DM, and pSS, which emphasized attention to the lung involvement in anti-CarPA-positive patients.
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Introduction

Rheumatic diseases (RDs) are characterized by long disease duration, diverse clinical manifestations, and various prognoses. The diagnosis of these diseases is primarily determined by the clinical manifestations and the presence of specific autoantibodies. In clinical practice, early diagnosis of RDs among some patients is challenging due to the absence of specific autoantibodies. Exploration of new antibodies is essential in the study of RDs. Anti-carbamylated protein antibody (anti-CarPA) is one of the new autoantibodies discovered in recent years. According to some studies, patients with RDs always have higher levels of anti-CarPA than healthy individuals. Indeed, antibodies to anti-CarPA are widely used in rheumatological research in RA and have been demonstrated to be associated with its diagnostic efficiency (1), risk stratification (2, 3), and treatment evaluation of RA patients (4), making it an ideal biomarker.

Carbamylation is a non-enzymatic process by which self-proteins are added to a cyanate group. In this process, lysine is converted to a homo-citrulline in the tertiary structure (5). Several proteins in the body, including albumin, low density lipoprotein, fibrinogen, enolase, 78 kDa glucose regulatory protein, vimentin, and α-1 antitrypsin, could be carbamylated (6–10). Many physiological and pathological processes, such as aging, cataracts, atherosclerosis, chronic kidney disease, and nervous system disorders, are also affected by carbamylated proteins (11). Additionally, some studies have suggested that the positive charge is inhibited after protein carbamylation, changing the interactions among ions on the protein surface. During these processes, the secondary and/or tertiary structure of proteins could be changed, exposing the abnormal region of the protein, thereby producing anti-CarPA (11, 12). Initially described in 2011 among patients with RDs, anti-CarPA could recognize homocitrullinated peptides (13). In subsequent studies, anti-CarPA was found in non-RA RDs, such as systemic lupus erythematosus (SLE), systemic sclerosis (SSC), and primary Sjögren’s syndrome (pSS), with different outcomes (14–20). Studies on anti-CarPA have revealed that it is associated with poor disease outcomes, including increased disease activity, radiographic progression, and mortality in patients with RA (1–3, 21, 22). Recent studies have also linked anti-CarPA with RA associated interstitial lung disease (RA-ILD), which may explain the increased mortality rate among anti-CarPA-positive patients with RA (2, 23).

Rheumatic disease-related interstitial lung disease (RD-ILD) is a common complication in patients with RDs. Depending on the screening method and the sample population, ILD affects 3–70% of patients with RDs. Difficult diagnosis, poor prognosis, and lack of effective treatments made RD-ILD one of the main causes of death in patients with RDs, thus prompting greater efforts to detect the disease as early as possible. However, clinically effective biomarkers for RD-ILD are still lacking, and early detection is problematic. A number of risk factors have been identified in patients with RD-ILD; they include smoking, male gender, higher disease activity, longer disease duration, older age, positive rheumatoid factor (RF), and anticitrullinated protein antibodies (ACPAs) (23, 24). Several biomarkers have also been proposed for RD-ILD screening, but none has been universally accepted. Recent studies have identified anti-CarPA as a potentially useful biomarker for RA-ILD, but other RD-ILDs have not been studied yet. Besides, the clinical significance in RDs other than RA was still unclear. Therefore, we sought to determine the presence of anti-CarPA in Chinese Han patients with RDs and its clinical significance. In this study, serum anti-CarPA levels and the association between anti-CarPA and its clinical significance including RD-ILD were also investigated among a diverse population of patients with RDs.





Materials and methods




Study population

This retrospective study involved 300 patients and 90 healthy controls (HC) consecutively admitted to the Rheumatology Department, Shandong Provincial Hospital from November 2020 to January 2022. All of patients were Han population. The inclusion criterion was diagnosis of one of the RDs, defined according to the updated international classification criteria, which is as followed: RA (25): American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) classification criteria in 2010; SLE (26): The Systemic Lupus International Collaborating Clinics (SLICC) criteria for SLE in 2012; PM/DM (27): diagnostic criteria proposed by Bohan and Peter in 1975; pSS (28): ACR classification criteria in 2012; AAV (29): ACR classification criteria in 1990; SSC (30): ACR/EULAR classification criteria in 2013; SpA (31):International Spondyloarthritis Assessment Association SpA classification criteria in 2009; UCTD (32): definition proposed by Marta Mosca in 2014; BD (33): International Criteria for Behçet’s Disease in 2014. The exclusion criteria included (1) diagnosis of two or more kinds of RDs and (2) history of diagnosis and therapy for RDs (Figure 1). Furthermore, we divided the participants into subgroups based on whether they had ILD or not. The high-resolution computed tomography (HR-CT) was performed on all patients. If patients without ILD developed persistent symptoms, such as cough, chest distress or dyspneal, they would be suspected of ILD and repeated HR-CT. The patterns of ILD were classified by HR-CT, which was reviewed by two experienced radiologists according to the ATS/ERS International Multidisciplinary Consensus Classification of the Idiopathic Interstitial. According to the HR-CT manifestations of RD-ILD, patients were classified into three types: usually interstitial pneumonia (UIP), non-specific interstitial pneumonia (NSIP), and unclassifiable (34). The classification was based on clinical criteria for the definition of idiopathic interstitial pneumonia by the Japanese Ministry of Health and Welfare (35). The classifications included grades I (the lesion range does not exceed the peripheral lung field), II (the lesion range exceeds the peripheral lung field but does not exceed the medial lung field), and III (the lesion range exceeds the medial lung field). The local ethics committee of Shandong Provincial Hospital validated the study protocol, and all participants provided informed consent before enrolment (SZRJJ: NO.2021-438).




Figure 1 | Study cohort.







Detection of antibodies against carbamylated human serum albumin

Autoantibody status was measured in sera collected at study enrolment. We used a commercial human anti-CarPA enzyme-linked immunosorbent assay (ELISA) kit (Fine Test, Wu Han, China) to measure anti-CarPA levels in patients with RDs and HCs. This kit quantifies all isotypes of anti-CarPA. After dialyzing at 4°C against distilled water for 36 hours, all reaction mixtures were stored at 20°C. The manufacturer’s instructions were followed, and the detailed procedure was as follows. ELISA microplates were coated with carbamylated human serum albumin and washed with the wash buffer. Sera were diluted with sample dilution buffer at a ratio of 1:2 and subsequently added to the ELISA wells (300 ul/well) for 90 minutes at 37°C. After washing with the wash buffer, biotinylated secondary antibodies were added to the ELISA wells (100 ul/well) for 60 minutes at 37°C. After additional washing with wash buffer, strept avidin-biotin complex (SABC) was added to the ELISA wells (100 ul/well) for 30 minutes at 37°C. The reaction was developed with tetramethylbenzidine (TMB) (90 ul/well) for 15 minutes at 37°C and then terminated with the stop solution (50 ul/well). Optical density (OD) was measured at 450 nm using an ELISA spectrophotometer (ThermoMultiskan GO Type:1510). Serum anti-CarPA levels were expressed in ng/ml. The detection limit of anti-CarPA was 0.781-50ng/ml, and the sensibility was 0.469ng/ml.






Collection of clinical and laboratory indices

Beside the level of anti-CarPA, the following clinical information of RD patients was collected directly from the medical record (all of patients were hospitalized): rheumatoid factor (RF), anti-cyclic citrullinated peptide antibodies (CCP), antinuclear antibody (ANA), anti-Smith antibodies (SM),anti-double-stranded DNA antibody (dsDNA), antibodies reactive against the ribonucleoprotein antigens Ro/Sjögren’s syndrome A antigen (SSA), antibodies reactive against the ribonucleoprotein antigens La/Sjögren’s syndrome B antigen (SSB), and myositis-specific autoantibodies (MSAs). RF was detected by immune turbidimetry (0–20KU/L). SSA, SSB, and dsDNA were measured by ELISA with the normal range: SSA (0–20 RU/ml), SSB (0–20 RU/ml), and dsDNA (0–100 IU/ml). ANA was detected by indirect immunofluorescence. CCP and SM were measured by chemiluminescent immunoassay with the normal range: CCP (0–20 U/ml) and SM (0–20 CU). MSAs were detected using line blot techniques.





Statistical analysis

Data analyses were performed using SPSS 26 software for Windows (IBM SPSS Inc., Chicago, USA) and GraphPad Prism 9 for Windows (San Diego, CA, USA). Results from parametric data were expressed as mean SD, and differences between groups were analyzed using a student’s T test. For nonparametric data, results were expressed as median (interquartile range) values, and differences between groups were analyzed using the Mann-Whitney test and Kruskal and Willis test. A correlation analysis between two continuous variables was performed using Spearman’s analysis. Multivariable analysis was then used to compare variables that had a p-value <0.1 by single-variable analysis. For all statistical analyses, p-values <0.05 were considered statistically significant.





Results




Baseline characteristics of the study population

A total of 300 patients with RDs were enrolled in the main study. They included 78 patients with RA, 63 patients with SLE, 53 patients with PM/DM, 32 patients with pSS, 14 patients with anti-neutrophil cytoplasmic autoantibodies (ANCA)-associated vasculitis (AAV), 9 patients with SSC, 20 patients with undifferentiated connective tissue disease (UCTD), 6 patients with Behcet’s disease (BD), and 25 patients with spondyloarthritis (SpA). The diseases were further grouped into ILDs and non-ILDs: RA (12 vs 66), SLE (14 vs 49), PM/DM (38 vs 15), pSS (7 vs 25), AAV (4 vs 10), SSC (5 vs 4), and UCTD (5 vs 15). There were no ILD patients in SpA group and BD group, so we didn’t set up ILD sub-group in them. Patients in this study were predominantly female (230/300) with a gender ratio of 76.67%, mean age of 50.46 ± 15.75 years, disease duration of 12.00 (3.00, 60.00) months, and smoking percentage of 12.00% (36 patients). Ninety HCs, comprising 25 men and 65 women, were included; they had a mean age of 46.32 ± 15.74 years. No significant differences were observed between the patients and HCs at baseline (Table 1).


Table 1 | Demographic and clinical characteristics of the 300 patients with RDs and 90 Healthy controls.







Clinical features of patients with RDs and the distribution of anti-CarPA

Consistent with findings from previous studies, our findings showed that the serum levels of anti-CarPA in patients with RA, SLE, and pSS were 34.40 ± 32.96 ng/ml (p <0.0001), 21.12 ± 22.23 ng/ml (p = 0.005), and 16.32 ± 13.54 ng/ml (p = 0.005), respectively, which were higher than those of HCs (7.30 ± 5.05 ng/ml). Moreover, the anti-CarPA titers were higher in patients with PM/DM (30.85 ± 17.34 ng/ml, p <0.0001), SSC (23.53 ± 10.70 ng/ml, p = 0.0019), and UCTD (28.35 ± 21.91 ng/ml, p <0.0001) than in HCs. No differences in the mean levels of anti-CarPA was observed between patients with AAV [8.85 (7.05, 32.15) ng/ml, p = 0.10], SpA (14.41 ± 10.70ng/ml, p=0.19), and BD [5.72 (2.73, 9.08) ng/ml, p >1.00] and HCs. As reported previously, the anti-CarPA levels in HCs were comparable (Figure 2A).




Figure 2 | (A) Distribution of anti-CarPA in RDs. Serum sample obtained from 78 patients with rheumatoid arthritis (RA), 63 patients with systemic lupus erythematosus (SLE), 53 patients with polymyositis/dermatomyositis (PM/DM), 32 patients with primary Sjögren’s syndrome (pSS), 14 patients with anti-neutrophil cytoplasmic autoantibodies associated vasculitis (AAV), 9 patients with systemic sclerosis (SSC), 20 patients with undifferentiated connective tissue disease (UCTD), 6 patients with Behcet’s disease (BD), 25 patients with spondyloarthritis (SpA), and 90 healthy controls. Serum levels of anti-CarPA in RDs patients was measured by ELISA. Kruskal-Wallis rank sum test were used in multiple samples; Dunnett’s multiple comparisons test was used for pairwise comparisons. (B) Distribution of anti-CarPA in RD-ILD. Mann-Whitney test used for pairwise comparisons. (C) Distribution of anti-CarPA in different image classifications of RD-ILD. Kruskal-Wallis rank sum test were used in multiple samples; Bonferroni adjustment used for pairwise comparisons. (D) Distribution of anti-CarPA in different image grades of RD-ILD. Kruskal-Wallis rank sum test were used in multiple samples; Bonferroni adjustment used for pairwise comparisons. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, NS:p>0.05.



The clinical varieties of patients with RDs who are anti-CarPA negative and positive were compared. Compared to the RA patients without anti-CarPA, those with anti-CarPA had higher levels of WBC (6.39 ×109/L vs 5.53 ×109/L, p = 0.048), RF (145.50 vs 59.95 KU/ml, p = 0.004), and DAS28 (5.05 vs 4.69, p=0.047) (Table 2A). In SLE, patients who were anti-CarPA-positive had higher levels of ESR (55.24 vs 35.68 mm/h, p = 0.006), rRNP (58.65 vs 17.22 RU/ml, p = 0.006), U1RNP (464.60 vs 17.05 CU/ml, p = 0.048), and SLEDAI [6.50 (4.75, 8.00) vs 4.00 (3.00, 7.00), p=0.036] (Table 2B). Anti-CarPA-positive patients with PM/DM had a high prevalence of arthralgia (p = 0.034) (Table 2C). Among anti-CarPA-positive patients with pSS, PLT levels were not frequently decreased (275.29 ×109/L vs 193.05 ×109/L, p = 0.026) (Table 2D). Additionally, the levels of autoantibodies and inflammatory markers in patients with SSC and UCTD did not differ significantly between the anti-CarPA-positive and negative groups.


Table 2 | Clinical and laboratory characteristics of patients with RDs.







Association between anti-CarPA and RD-ILD

Eighty-seven patients with ILD were identified in this cohort. Compared to those without ILD, patients with ILD had higher serum levels of anti-CarPA (33.41 vs 22.51 ng/ml, p = 0.0002). Anti-CarPA was found to be higher in ILD groups of RA, PM/DM, and pSS (RA-ILD vs RA-non-ILD: 49.65 vs. 28.17 ng/ml, p = 0.014; PM/DM-ILD vs PM/DM-non-ILD 34.37 vs 23.81 ng/ml, p = 0.045; pSS-ILD vs. pSS-non-ILD, 26.15 vs 13.57 ng/ml, p = 0.027) than in the non-ILD group. In patients with SLE, SSC, AAV, and UCTD, however, anti-CarPA titers were not significantly different between the ILD and non-ILD groups (Figure 2B). Additionally, we examined the relationship between anti-CarPA and the radiographic features, including the image classification and image grading, in patients with RD-ILD. The image classification of RD-ILD seemed not to be significantly associated with anti-CarPA levels (UIP: 32.52 ng/ml, NSIP: 35.81 ng/ml, unclassifiable: 31.10 ng/ml, p = 0.62) (Figure 2C). Additionally, among the subgroups of ILD, differences in serum levels of anti-CarPA were observed (grade I: 21.90 ng/ml, grade II: 38.16 ng/ml, and grade III: 41.61 ng/ml, p = 0.0027). In pairwise comparisons, differences were observed between grade I and grade II (p = 0.045) and grade I and grade III (p = 0.003) (Figure 2D).





Association between anti-CarPA and RA-ILD

The differences in clinical and laboratory features between RA-ILD and RA-non-ILD patients are shown in our results. Patients with RA-ILD had older age (67.67 vs 52.65 years, p=0.001) and a higher level of CRP than RA-non-ILD patients (53.63 vs 8.43 mg/ml, p = 0.004). In terms of other laboratory markers, such as disease duration, ESR, CCP, RF, and MCV, no significant difference was observed (Table 3A). To further exclude the effects of clinical confounders, single factor regression was performed. A factor could be added to a multi-factor regression with only p <0.1 in single factor regression. In this study, age, gender, smoking, and CRP were all considered covariates in RA. According to the logistic regression model adjusted for covariates, anti-CarPA was independently associated with RA-ILD (OR: 1.02, 95% CI: 1.00–1.04, p = 0.033) (Table 3B). Additionally, we examined the association between disease course and RA-ILD, ESR, RF, CCP, and MCV and found no significant association. The results of our study demonstrated no significant differences in CCP, MCV, or RF, depending on ILD status. The results were not altered after adjusting for clinical confounding factors. To determine whether serum anti-CarPA could act as a diagnostic biomarker of ILD among patients with RA, receiver operating characteristic (ROC) curve analysis was performed, resulting in an AUC of 0.860 for RA-ILD. The serum anti-CarPA >32.59 ng/ml was used as a cut-off value to diagnose ILD in patients with RA, with a sensitivity and specificity of 78.79% and 58.33%, respectively (Figure 3A).


Table 3 | Analysis of the risk factors for patients with RA-ILD.






Figure 3 | Diagnostic performance of serum anti-CarPA. (A) Receiver operating characteristic (ROC) curve analysis of serum anti-CarPA for diagnosis of RA-ILD[area under curve (AUC) 0.67, 95%CI 0.49-0.86)]; (B) ROC curve analysis of serum anti-CarPA for diagnosis of PM/DM-ILD (AUC 0.68, 95%CI 0.51-0.85); (C) ROC curve analysis of serum anti-CarPA for diagnosis of pSS-ILD (AUC 0.72, 95%CI 0.51-0.93).







Association between anti-CarpA and PM/DM-ILD

The differences in clinical and laboratory features between PM/DM-ILD and PM/DM-non-ILD patients are summarized in Table 4. Patients with PM/DM-ILD had older age (55.61 vs 49.00 years, p = 0.022), longer disease duration (8.00 vs 2.00 months, p = 0.005), and higher levels of CRP (7.32 vs 1.21 mg/ml, p = 0.012) than PM/DM-non-ILD patients (Table 4A). Age and smoking status, which were selected by a single factor regression and a previous study, were controlled as confounders in the PM/DM group. An analysis of multi-factor logistic regression demonstrated that anti-CarPA is independently associated with PM/DM-ILD (OR: 1.05, 95% CI: 1.00–1.10, p = 0.040) (Table 4B). However, ESR, CRP, and autoantibodies, including anti-threonyl-transfer ribonucleic acid synthetase anti-body (anti-PL-7), anti-glycyl-transfer ribonucleic acid synthetase antibodies (anti-EJ), anti-histidyl-transfer ribonucleic acid synthetase antibody (anti-JO-1), anti-melanoma differentiation-associated gene 5 antibodies (anti-MDA-5), and antibodies of Ro-52 (anti-Ro-52), showed no significant difference in association with PM/DM-ILD. Following this, Spearman’s correlation analysis was applied to determine if different MSAs were associated with anti-CarPA. According to our study, the levels of anti-CarPA were negatively correlated with anti-transcription intermediary factor 1 complex antibodies (anti-TIF1) (R = –0.28, p = 0.044), while positively correlated with anti-EJ (R = 0.30, p = 0.031), and anti-MDA-5 (R = 0.35, p = 0.011). No association between other MSAs and anti-CarPA were observed. Additionally, ROC of anti-CarPA was generated for patients with PM/DM-ILD, with serum anti-CarPA >23.46 ng/ml (AUC: 0.68, p = 0.038, sensitivity: 66.67%, specificity: 73.68%) being the optimal cutoff (Figure 3B).


Table 4 | Analysis of the risk factors for patients with PM/DM-ILD.







Association between anti-CarPA and pSS-ILD

The clinical and laboratory characteristics of patients with pSS grouped by ILD show a higher level of PLT in the pSS-ILD patients than in the pSS-non-ILD patients (Table 5A). The binary logistic regression analysis showed a relationship between pSS-ILD and anti-CarPA. Single factor logistic regression suggested that anti-CarPA was independently associated with pSS-ILD (OR = 1.07, 95% CI: 1.00–1.10, p = 0.048). From single factor logistic regression, no risk factor could be adjusted (Table 5B). ROC curve of anti-CarPA in pSS-ILD showed that the best cut-off for anti-CarPA in pSS-ILD was a level >37.08 ng/ml (AUC: 0.773, p = 0.040, sensitivity: 33.33%, specificity: 96.00%) (Figure 3C).


Table 5 | Analysis of the risk factors for patients with pSS.








Discussion

Anti-CarPA was shown to be widely distributed among patients with RDs in this study. Past studies have shown that anti-CarPA persists in parts of RDs: Verheul et al. (1) enrolled more than 5,000 patients with RA, and the positive rate of anti-CarPA was 34–53%. Nakabo et al. (14) included 241 patients with SLE in Japan, and the positive rate of anti-CarPA was 54.4%. Two studies from Europe showed that the positive rates of anti-CarPA in patients with pSS were 26.9% and 30%, respectively (15, 18). Riccardi et al. (17) included 448 French patients with SSC, and the positive rate of anti-CarPA was 14%. These studies showed that anti-CarPA were not the specific antibody for RA, which inspired us it may exist in various RDs. Besides, the clinical value of anti-CarPA in different RDs remained unclear, which should be identified whether it related to occurrence and development of some manifestations in RDs. Currently, the research object of previous studies were mainly among Caucasian, but the research on the distribution of anti-CarPA among the Chinese Han population remains insufficient. Therefore, we conducted this study among the Chinese Han population to explore the distribution and clinical significance of anti-CarpA. Our study confirmed the presence of anti-CarpA in several RDs, including RA, SLE, pSS, SSC, PM/DM, UCTD, SpA, and BD. In our study, anti-CarPA was detected in 48.70% of patients with RA, 28.57% of patients with SLE, 31.25% of patients with pSS, 62.26% of patients with PM/DM and 55.00% of patients with UCTD, further confirming and expanding these findings. As described above, preliminary results indicated that anti-CarPA antibodies are broadly distributed and have a low specificity in RDs. According to our observations, the serum titer of anti-CarpA was obviously higher in RA than in other RDs. Furthermore, anti-CarPA was proven to be detectable almost 14 years before RA appeared (36). Anti-CarPA seemed to play a significant role in the diagnosis and prediction of RA, especially among patients with RA-ILD.

In terms of clinical and laboratory variables, anti-CarPA-positive and negative patients were quite different in several aspects. Patients with anti-CarPA positive RA had younger onset ages and longer disease durations, which were consistent with previous observations (3, 22, 37). In spite of these findings, we observed that RA patients with positive anti-CarPA had higher levels of RF and DAS28, which potentially resulted in more severe joint damage (38, 39), and could indicate poor prognosis. A significant increase in ESR and SLEDAI were observed in SLE individuals with positive anti-CarPA in our study. Li et al. (19) observed that anti-CarPA was associated with high disease activity in SLE patients. It was consistent with our results, and suggested that anti-CarPA was associated with disease activity in patients with SLE. Massaro and Ceccarelli (40, 41) confirmed that anti-CarPA was associated with joint damage in patients with SLE. However, our results showed no significant difference between anti-CarPA and arthralgia. It could be accounted for that joint ultrasonography was not a regular examination for SLE patients in our department, so that patients with joint damage in early stage, especially patients with mild symptom, were prone to miss in this study. In the PM/DM group, we observed an association between anti-CarPA and arthralgia (p = 0.034). The most common finding in joint damage of idiopathic inflammatory myopathies (IIM) is active synovitis, which is similar to RA (42). Highly abundant neutrophils in synovium have been observed to be capable of forming neutrophil extracellular traps (NETs) that externalize carbamylated autoantigens to the extracellular space, resulting in an increase in the production of anti-CarPA (43, 44), which in turn causes joint inflammation. Anti-CarPA may play a role in arthritis associated with PM/DM in a manner similar to RA. However, further validation is required. The correlation between anti-CarPA and RA-ILD has been proposed in recent years (23, 45, 46). Our study identified for the first time that serum anti-CarPA was upregulated in various patients with RD-ILD, not only RA but also PM/DM and pSS. This upregulation was associated with the severity of pulmonary fibrosis but not the image classifications of HR-CT. Anti-CarPA may act as a biomarker for predicting RA-ILD, suggesting more serious lung involvement.

An association seemed to exist between anti-CarPA and ILD in patients with PM/DM in our study. We found that PM/DM-ILD patients had higher levels of CRP than patients with PM/DM-non-ILD. Accordingly, CRP may be involved in the development and progression of PM/DM-ILD. Gono (47) developed a prediction model termed MCK (MDA5, CRP, and KL-6) to identify patients with PM/DM-ILD at low, moderate, or high risk of mortality, using CRP as a risk factor. In our study, we identified an association between anti-CarPA and PM/DM-ILD and proved a relationship between anti-CarPA and severer RD-ILD. Therefore, we speculate that anti-CarPA participates in PM/DM-ILD development and progression, whereas little evidence exists on how anti-CarPA contributes to PM/DM-ILD. In spite of this finding, anti-CarPA is positively correlated with anti-MDA5 and anti-EJ, while negatively correlated with anti-TIF-γ in patients with PM/DM. Several studies found that anti-MDA5 and anti-EJ were associated with more severe ILD in patients with PM/DM, whereas anti-TIF-γ was related to less lung involvement (48). Previous studies confirmed that NETs could participate in the development of ILD in IIM (49–51). Seto (51) identified that anti-MDA5 promotes the formation of NETs, in turn to induce epithelial cell injury and inflammatory cytokine release. In RA, NETs seem to play a role in the production of anti-CarPA, whereas in ILD, the neutrophils that contribute to the production of NETs increase near the lesion site (43). Anti-CarPA is believed to play an important role in the progression of PM/DM-ILD.

Bergum et al. (18) have confirmed that anti-CarPA was associated with the severity of pSS. Our study interestingly found that PLT was lower in anti-CarPA-negative subgroups of pSS. Wu et al. (52) have observed that patients with pSS without thrombocytopenia were more likely to have ILD. Our observations suggest rather that an association exists between them. Additionally, we showed that levels of anti-CarPA were correlated with pSS-ILD and it could predict pSS-ILD. Furthermore, our study found no significant difference in serum anti-CarPA levels between patients with SSC with and without ILD. In a recent study, Riccardi et al. (17) showed an association between anti-CarPA with “fibrotic subset” in patients with SSC, including patients with diffuse cutaneous subset and/or interstitial lung disease. A study with a large sample size is needed to confirm these findings. The SLE-ILD and UCTD-ILD groups had no association with anti-CarPA, indicating that different pathogenetic mechanisms may be involved.

In this study, we extend the study of anti-CarPA to examine its widespread distribution in RDs among Chinese Han nationals. Moreover, it is the first study to examine the relationship between anti-CarPA and RD-ILD, especially non-RA-ILD. According to our results, anti-CarPA plays an important role in RD-ILD and could be used to identify patients with RDs who are at high risk of developing ILD. This study had two main limitations. First, the relative small number of patients enrolled was the main study limitation. Therefore, further studies on a larger population are mandatory to clarify the prognostic value of anti-CarPA in patients with RDs, especially for patients with RD-ILD. Second, the triage system in our country made it likely that our cohort would enroll patients with more severe diseases. However, a series of analyses have indicated that anti-CarPA is associated with several RDs and linked with ILD in patients with RA, PM/DM, and pSS.





Conclusion

For the first time, we demonstrated the presence of anti-CarPA in a Chinese cohort of patients with RDs, such as RA, SLE, PM/DM, pSS, and UCTD. Based on the results of our study, anti-CarPA may assist in the identification of ILD in patients with RA, PM/DM, and pSS. Further replicative investigations may confirm the pathologic role of anti-CarPA in patients with RDs. Serum anti-CarPA could be detected in patients with RA, PM/DM, pSS, SSC, and UCTD among the Chinese. And it may also assist in identifying ILD in patients with RA, PM/DM, and pSS, which emphasized attention to the lung involvement in anti-CarPA-positive patients.
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Background

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a group of disorders characterized by necrotizing inflammation of small- and medium-sized blood vessels and the presence of circulating ANCA. Eosinophilic granulomatosis with polyangiitis (EGPA) is a systemic ANCA-associated vasculitis, characterized by peripheral eosinophilia, neuropathy, palpable purpuras or petechiae, renal and cardiac involvement, sinusitis, asthma, and transient pulmonary infiltrates. Middle lobe syndrome (MLS) is defined as recurrent or chronic atelectasis of the right middle lobe of the lung, and it is a potential complication of asthma.





Case presentation

Herein, we describe a case of MLS in a 51-year-old woman, never-smoker, affected by EGPA, presenting exclusively with leukocytosis and elevated concentrations of acute-phase proteins, without any respiratory symptom, cough, or hemoptysis. Chest computed tomography (CT) imaging documented complete atelectasis of the middle lobe, together with complete obstruction of lobar bronchial branch origin. Fiberoptic bronchoscopy (FOB) revealed complete stenosis of the middle lobar bronchus origin, thus confirming the diagnosis of MLS, along with distal left main bronchus stenosis. Bronchoalveolar lavage (BAL) did not detect any infection. Bronchial biopsies included plasma cells, neutrophil infiltrates, only isolated eosinophils, and no granulomas, providing the hypothesis of vasculitic acute involvement less likely. First-line agents directed towards optimizing pulmonary function (mucolytics, bronchodilators, and antibiotic course) were therefore employed. However, the patient did not respond to conservative treatment; hence, endoscopic management of airway obstruction was performed, with chest CT documenting resolution of middle lobe atelectasis.





Conclusion

To the best of our knowledge, this is the first detailed description of MLS in EGPA completely resolved through FOB. Identification of MLS in EGPA appears essential as prognosis, longitudinal management, and treatment options may differ from other pulmonary involvement in AAV patients.
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Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitides (AAV) are composite disorders characterized by necrotizing inflammation, predominantly involving small blood vessels, usually associated with circulating myeloperoxidase (MPO)- or proteinase 3 (PR3)-ANCA (1). Medium-sized arteries may also be affected (1).

AAV include granulomatosis with polyangiitis (GPA, formerly Wegener granulomatosis), microscopic polyangiitis (MPA), and eosinophilic granulomatosis with polyangiitis (EGPA, formerly Churg–Strauss syndrome) (1). Taken together, the most commonly affected systems in AAV are the upper airways, lungs, kidneys, eyes, skin, and peripheral nerves. Presenting symptoms include chronic sinusitis, nasal discharge or crusting, hearing loss, ear fullness, tinnitus, cough, wheeze or hemoptysis, renal failure and proteinuria, purpuric rash, and peripheral neuropathy (2). Pulmonary involvement includes necrotizing granulomatous inflammation (nodules, masses, with or without cavitation), tracheobronchial inflammation, alveolar hemorrhage, interstitial lung disease (ILD), and asthma (3).

EGPA is histologically defined by eosinophil-rich, necrotizing granulomatous inflammation, primarily involving the respiratory tract, along with necrotizing vasculitis of small to medium size (4). ANCAs are detected in ~40%–60% of patients with EGPA typically directed against MPO (5).

Middle lobe syndrome (MLS) is a rare clinical entity, defined as chronic or recurrent atelectasis of the right middle lobe of the lung, although it can also involve the lingula of the left lung (6). First described in 1948 (7), it can present in patients of any age. The right middle lobe bronchus is susceptible to partial or total obstruction due to a smaller intraluminal diameter compared to other lobar bronchi (6).

Female patients present smaller intraluminal diameters compared to male counterparts, thus providing anatomical explanation for a female epidemiological predisposition (8).

Here, we report the case of a 51-year-old woman affected by EGPA, presenting exclusively with leukocytosis and elevated concentrations of acute-phase proteins, which turned out to present MLS diagnosis.





Case presentation

A 51-year-old woman, with an established diagnosis of EGPA, presented to our Rheumatology Clinic for a routine follow-up scheduled visit.

Diagnosis was determined in 2014, when she presented with asthma-like tracheobronchitis, for which she underwent high-resolution chest computed tomography (HRCT) revealing bronchial wall thickening and lung consolidations. MPO-ANCA positivity was evidenced. After pneumological examination, she was referred to bronchoscopy. Bronchoalveolar lavage (BAL) cell count showed 22% eosinophils, while peripheral eosinophilia was >10% on differential white blood cell count. Since IgG4-related disease (IgG4-RD) may cause lung manifestations in terms of interstitial pneumonitis, organizing pneumonia, and lymphomatoid granulomatosis, IgG4 was collected in both serum and tissues, and found within normal ranges. Bronchial mucosa histological samples described granulation tissue, neutrophilic and eosinophilic inflammatory infiltration, plurinucleate giant cells, and fibrinoid necrosis. No peripheral neuropathy or renal involvement was observed at the time. No ear–nose–throat manifestations were referred by the patient; however, and ENT specialist still evaluated her, excluding the presence of rhinological, otological, or other manifestations of EGPA. Finally, diagnosis was established following the 1990 ACR diagnostic criteria for EGPA. The patient’s past medical history highlighted arterial hypertension, thyroid nodules with normal thyroid function, diverticulosis of the sigma, polycystic ovary syndrome (PCOS), and incomplete right bundle branch block. She had never smoked. At disease onset, she was treated with high doses of steroid (prednisone 1 mg/kg/day), gradually tapered until suspension after 6 months. During steroid-tapering, at week 12 from disease onset, therapy with azathioprine was introduced at the dosage of 150 mg and 100 mg every other day (because of moderate toxic myelosuppression at higher doses). The patient remained in remission for 8 years, with a Birmingham Vasculitis Activity Score (BVAS) of 0.

During follow-up visits, neither systemic nor localized symptoms emerged, particularly of the respiratory tract. Her asthma control was optimal with beclometasone-formoterol as maintenance and reliever treatment. However, blood tests showed mild leukocytosis and elevated levels of acute-phase proteins. Allergy, stress, injury, surgery, or thyroid problems were all excluded. Complete blood tests repeated in our clinic confirmed neutrophilic leukocytosis (leukocyte count 15.59 × 103 cell/mmc, normal value <11 × 103 cell/mmc; neutrophil 10.84 × 103 cell/mmc, normal value <7.2 × 103 cell/mmc) and elevated levels of C-reactive protein (CRP) (3.46 mg/dl, cutoff value < 0.50) and erythrocyte sedimentation rate (ESR) (81 mm/h, cutoff value < 28). No other relevant findings emerged (normal liver and kidney function, electrophoresis, and urine analysis). Eosinophils were normal. ANCA testing proved negative. Free light chains were present at normal ranges in the blood. After hematological consult, lympho-proliferative disease was excluded and laboratory alterations were ascribed to a reactive leukocytosis derived from rheumatological condition.

Because of persistent leukocytosis and elevated inflammatory markers, in the absence of alternative causes, and as the patient's last chest CT scan dated 2 years before, in agreement with the pulmonary specialist, an HRCT examination (Figures 1A–D) was scheduled again, highlighting complete bronchiectasis and atelectasis of the middle lobe (ML), on an obstructive basis because of stenosis at the origin of the ML bronchial branch (Figures 1A, B). Moreover, diffuse thickening of the proximal bronchial walls of the inferior ipsilateral lobar branch, the common bronchus of the left lobe, and the origin of the bronchial branches of the lingula were detected. A polypoid-like neoformation of the anterior wall of the left common bronchus was reported as well, measuring approximately 8 × 10 mm (Figures 1C, D). According to a radiologist and pneumologist consultant, these findings appeared worthy of endoscopic investigations to rule out differential diagnosis between granulomas and heterotoplastic tissue.




Figure 1 | High-resolution chest CT showing a wedge-shaped density extending from the hilum anteriorly and inferiorly towards the chest wall, confirming the presence of middle lobe syndrome [red arrow in (A), axial view, and (B), sagittal view]. Coronal view (C) shows polypoid-like neoformation of the anterior wall of the left common bronchus (red arrowhead), confirmed in axial view (D, red arrowhead). High-resolution chest CT performed 15 days after the bronchodilation procedure documented regression of the middle lobe atelectasis (E, axial view).



After fiberoptic bronchoscopy (FOB), stenosis at the origin of the middle lobar bronchus, associated with architectural stenosis of the distal section of the left main bronchus, was confirmed (Figure 2A). At BAL, no hypereosinophilia was detected and microbiological tests were all negative for infections.




Figure 2 | On bronchoscopy, the right main bronchus was partially obstructed by fibrotic stenosis (A). (B) shows bronchoscopic images after dilatation and 1 month later showing complete healing of bronchial tear (C).



Bronchial biopsies showed the prevalence of an infiltrate of plasma cells and neutrophils, with isolated eosinophils, in the absence of granuloma, fibrinoid necrosis, eosinophilic vasculitis, and neoplastic cells (Figure 3). Nonabundant interstitial IgG4 plasma cells by IgG4 immunoperoxidase stain were observed, the Tfh–plasmablast axis was not elevated, and no positive stains to CD138, CD38, MUM1, and CD79a were observed. Based on these features, the pneumologist concluded an MLS diagnosis. Anti-inflammatory therapy was attempted, with prednisone 25 mg daily for 35 days. Because of lack of response to conservative treatment, endoscopic attempt of middle lobar bronchus dilatation (by Fogarty 4 F balloon and tissue removal using flexible biopsy forceps) was scheduled (Figure 2B). At follow-up chest CT scan, reventilation of middle lobe was documented (Figure 1E). Repeated FOB confirmed improving middle lobar bronchus stenosis (Figure 2C). The patient completely recovered from the procedure, without any respiratory symptom. Complete blood count was repeated 20 days after the procedure, documenting a slowly lowering neutrophilic leukocytosis (leukocyte count 14.3 × 103 cell/mmc, normal value <11 × 103 cell/mmc; neutrophil 9.9 × 103 cell/mmc, normal value <7.2 × 103 cell/mmc), as well as CRP (1.71 mg/dl, cutoff value < 0.50) and ESR (72 mm/h, cutoff value < 28).




Figure 3 | Microscopic examination revealed: (A) low magnification and (B) high magnification of hematoxylin and eosin staining, showing plasma cell infiltrate in the absence of eosinophils and vasculitis. Since main differential diagnosis includes lymphoma, kappa and lambda light chain immunostains were needed. Immunoglobulin free light chain (IgLC) levels in lung tissue were determined by immunohistochemistry, and no abnormalities were observed both at (C) low and (D) high magnification.







Discussion

Lung involvement is one of the most common clinical features in AAV (9). Airway involvement presents as tracheobronchial (TB) obstruction, sustained by inflammation, which occurs at any region of the tracheobronchial tree, including subglottic stenosis (SGS) and lower tracheal and bronchial stenosis (BS). Notably, BS is less frequently described, since it is more frequently asymptomatic and discovered accidentally, unlike SGS, which becomes rapidly symptomatic (voice changes, noisy breathing, dyspnea, etc.). Thus, BS is probably underdiagnosed among AAV patients (10). TB involvement is more frequent in GPA (15%–55% of patients, according to different cohorts in literature) (10–12), but it is rarely described even in MPA and EGPA (13).

MLS is a rare clinical entity, defined as chronic or recurrent atelectasis of the right middle lobe of the lung, and it is a potential complication of asthma. In some cases, the lingula of the left lung may also be involved (6).

To the best of our knowledge, this is the first detailed description of MLS in EGPA. Although there is no established definition of MLS, it is fundamentally distinct into two pathophysiological pathways: a non-obstructive type (patent right middle lobe bronchus) and an obstructive type (documented airway occlusion), both caused by various etiologies. A history of atopy, asthma, or COPD has been reported in up to 50% of patients (14).

Recurrent infections and chronic airway inflammatory processes, as observed in asthma, may lead to parenchymal damage and bronchiectasis, and contribute to transient bronchial obstruction (15).

TB obstruction/stenosis differential diagnosis is thus mandatory. Infections, traumatic injuries, radiation, and extrinsic compression (e.g., lung malignancies) are the principal etiologies. Other rarer causes are rheumatoid arthritis (RA), sarcoidosis, amyloidosis, Behçet's disease, relapsing polychondritis (RP), and fibrosing mediastinitis due to autoimmune disorders such as IgG4-RD (16–25).

Nonetheless, histological sampling of tracheobronchial lesions is not always specific (10). It often shows necrotizing granulomas that alter the normal alveolar architecture, progressively impairing respiratory function and causing subsequent bronchial stenosis and fibrosis. However, also non-specific mucosal inflammation and ulcerations may be observed, and it has to be considered that vasculitis is much more rarely encountered compared to granuloma, such as in our case (26).

It is important that the bronchoscopist carefully inspects the airways, since the TB mucosal lesions may be easily missed as they are very tiny and possibly sparse (27).

Since BS should be considered a severe manifestation of AAV, eventually leading to marked functional and life-threatening risks, physicians should be aware of this complication.

It may present totally asymptomatic, showing solely raised leukocyte count and inflammatory markers, in the absence of other possible explanation, similarly to our reported case (9).

Commonly, asthma exacerbation should be ruled out, and BS diagnosis may therefore derive only from chest HRCT, scheduled to exclude the presence of asthma abnormalities, namely, air trapping, bronchiectasis, bronchial dilatation, and bronchial wall thickening (28–31). In BS, imaging reports chronic or recurrent lobe atelectasis, particularly involving ML, since ML’s fissures insufflate the segment from collateral ventilation, reducing the likelihood of auto-correction of atelectasis (32), configuring MLS disease.

Findings from literature data suggest that BS involvement might be significantly more frequent than generally believed in patients being evaluated for possible eosinophilic lung diseases. In fact, chronic inflammation, as observed in recurrent asthma episodes and eosinophilic infiltrates, may lead to altered bronchus mucosal microarchitecture and fibrosis, thus causing BS (6). Therefore, careful asthma management in these patients is decisive to prevent airway stenoses and lobar collapse (33).

Figure 4 summarizes the main aspects discussed and to be considered in AAV patients at risk of MLS development.




Figure 4 | Main points to consider in AAV patients at risk of MLS development. BS, bronchial stenosis; CT, computed tomography; FOB, fiberoptic bronchoscopy; SGS, subglottic stenosis; TB, tracheobronchial. The image was created with BioRender.



Regarding management, TB disease may require treatment with high-dose systemic glucocorticoids and cyclophosphamide or rituximab. In a small cohort in literature, cyclophosphamide seemed to effectively treat BS, but not SGS, while rituximab appeared to be a promising therapy for tracheobronchial lesions (11, 34).

When TB involvement does not respond to standard immunosuppressive treatment, particularly when the stenosis is severe or it is likely to be problematic in the future (e.g., potentially complicating intubation or decannulation), and especially in symptomatic patients, complementary endoscopic management may be considered (35).

Furthermore, TB disease evolves independently from other systemic AAV manifestations, and little is known in terms of therapeutic response or evolution, even if viral infection and autoimmune flares may play a role (36). ANCA autoantibodies and inflammatory markers could be useful in monitoring disease course (37); however, they may be non-specific, affected by other causes (e.g., infections, as above mentioned), and they fluctuate over time without effectively predicting disease flares (38). Moreover, TB stenosis relapses are common and mostly occur under immunosuppressant therapy, suggesting the absence of response to classical AAV treatment (10). Differentiating active inflammatory endobronchial involvement from damage (scarring resulting from post-inflammatory fibrosis, or restenosis) may be clinically challenging, especially in patients without any other active organ involvement or in patients with negative ANCA test results, like in our presented case. In such patients, enforcing an intensification of immunosuppressive therapy may prove ineffective, merely increasing the risk of infectious complications (3). The CRP trend in our patient was decreasing after operative bronchus dilatation, and we believe this may reflect chronic BS. Otherwise, ongoing inflammation and fibroblast activation may subtend active disease. Additionally, characterization of serial changes in inflammation in EGPA patients with lung involvement may provide information about disease progression, foster further imaging investigation, potentially allowing risk stratification, and finally helping clinicians through treatment plans. Managing other sources of inflammation that could accelerate or induce recurrence may be pivotal as well, even if, today, there are no guidelines supporting physicians in such cases, and the risk of recurrence remains undisclosed. In conclusion, the rationale for TB stenosis screening in AAV patients is based on clinical experience, since usually patients are completely asymptomatic. Laboratory markers are not helpful as disease biomarkers, but they could be considered “red flags”, identifying patients needed to be closely monitored. Prompt evaluation with chest CT and FOB is required, even if histopathology may be inconclusive in defining acute rather than chronic disease features. Immunosuppressive therapy is the gold standard, but if worsening stenosis is confirmed, endoscopic restoration of airway patency is indicated (39).

To the best of our knowledge, this is the first detailed description of MLS in EGPA completely removed through FOB. Identification of MLS in EGPA appears imperative as prognosis, longitudinal management, and treatment options may differ from other pulmonary involvement in AAV patients.
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Background

Rapidly progressive interstitial lung disease (RP-ILD) is the most serious complication of anti-melanoma differentiation-associated gene 5-positive dermatomyositis (anti-MDA5+ DM). This study was performed to assess the prognostic factors of patients with anti-MDA5+ DM and the clinical characteristics and predictors of anti-MDA5+ DM in combination with RP-ILD.





Methods

In total, 73 MDA5+ DM patients were enrolled in this study from March 2017 to December 2021. They were divided into survival and non-survival subgroups and non-RP-ILD and RP-ILD subgroups.





Results

The lactate dehydrogenase (LDH) concentration and prognostic nutritional index (PNI) were independent prognostic factors in patients with anti-MDA5+ DM: the elevated LDH was associated with increased mortality (p = 0.01), whereas the elevated PNI was associated with reduced mortality (p < 0.001). The elevated LDH was independent risk prognostic factor for patients with anti-MDA5+ DM (HR 2.42, 95% CI: 1.02–4.83, p = 0.039), and the elevated PNI was independent protective prognostic factor (HR, 0.27; 95% CI, 0.08 - 0.94; p = 0.039). Patients who had anti-MDA5+ DM with RP-ILD had a significantly higher white blood cell count and LDH concentration than those without RP-ILD (p = 0.007 and p = 0.019, respectively). In contrast, PNI was significantly lower in patients with RP-ILD than those without RP-ILD (p < 0.001). The white blood cell count and elevated LDH were independent and significant risk factors for RP-ILD (OR 1.54, 95% CI: 1.12 - 2.13, p = 0.009 and OR 8.68, 95% CI: 1.28 - 58.83, p = 0.027, respectively), whereas the lymphocyte was an independent protective factor (OR, 0.11; 95% CI, 0.01 - 0.81; p = 0.03).





Conclusion

The elevated LDH and elevated PNI were independent prognostic factors for patients with anti-MDA5+ DM. The elevated LDH was independent risk factor for RP-ILD. Patients with anti-MDA5+ DM could benefit from the measurement of LDH and PNI, which are inexpensive and simple parameters that could be used for diagnosis as well as prediction of the extent of lung involvement and prognosis.
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Introduction

Idiopathic inflammatory myopathy (IIM), also referred to as myositis, is a heterogeneous autoimmune disease with distinctive characteristics of chronic inflammation of the muscles, progressive muscle weakness, and increased muscle enzymes. Dermatomyositis (DM) is one of the most common clinical subtypes of IIM (1, 2). Anti-melanoma differentiation-associated gene 5-positive DM (anti-MDA5+ DM) refers to a rare and unique subtype of IIM. The clinical features of anti-MDA5+ DM usually include a characteristic DM rash, inflammatory muscle involvement, interstitial lung disease (ILD), and rapidly progressive ILD (RP-ILD) (3, 4). Numerous studies worldwide have revealed obvious regional and ethnic differences in the incidence of anti-MDA5+ DM, and it is mainly distributed in East Asia, especially among the Japanese and Chinese populations (5).The incidence of anti-MDA5+ DM ranges from 10% to 20% in Japan, from 17.6% to 22.6% in China, and from 7% to 13% in the United States (6–9). The cumulative 100-month survival rate of patients with anti-MDA5+ DM is 66%, and fatal outcomes occur very frequently within the first 6 months of diagnosis (10).

ILD is the most common and severe pulmonary manifestation of IIM patients, and the incidence of ILD in patients with IIM ranges from 5% to 80% (11). Patients with anti-MDA5+ DM are prone to the development of ILD with a probability of 50% to 100%. A previous cohort study showed that the 6-month mortality rate of patients with anti-MDA5+ DM was relatively high, ranging from 33% to 66% (12). Our previous study confirmed that the simultaneous presence of anti-MDA5+ and RP-ILD is a risk factor for a poor prognosis in patients with DM (13). Another study also showed that among patients with anti-MDA5+ DM, the mortality rate was significantly higher among those with than without RP-ILD, most patients died within 6 months of developing symptoms, and the 6-month survival rate was only 41% (14). The primary cause of death was respiratory failure caused by RP-ILD (10). Despite aggressive treatment with immunosuppressants and corticosteroids, patients with concurrent anti-MDA5+ DM and RP-ILD have a high 6-month mortality rate of 50% to 70% after the development of symptoms (15, 16). RP-ILD is an important subtype of anti-MDA5+ DM with ILD, and its prevalence is higher in East Asian populations (4). It progresses rapidly and has no effective treatment, making it an important cause of death in patients with anti-MDA5+ DM. Few studies to date have focused on the predictive effect of the clinical features of anti-MDA5+ DM with RP-ILD. Therefore, the present study was performed to identify the serological markers for anti-MDA5+ DM complicated with RP-ILD to assist in the achievement of a definitive diagnosis, accurate assessment of the patient’s condition, and improvement of the prognosis for patients with anti-MDA5+ DM.





Materials and methods




Patients

This study involved 73 patients with newly diagnosed anti-MDA5+ DM who were admitted to our hospital from March 2017 to December 2021. The inclusion criteria were as follows (1). The diagnosis of DM was based on the international standards established by Bohan and Peter (17, 18). (2) Anti-MDA5 antibody was positive in patients with anti-MDA5+ DM. (3) The diagnosis of ILD was based on the results of high-resolution computed tomography of the chest, appearing as ground-glass opacity, consolidation, grid, and pulmonary interstitial lesions such as honeycomb peribronchovascular thickening or traction bronchiectasis changes (19–21). (4) The diagnostic criteria for RP-ILD were met; namely, the imaging manifestations and lung symptoms had worsened within 3 months or the lung function had markedly worsened since the previous test (e.g., the forced vital capacity decreased by >10% and the partial arterial oxygen pressure decreased by >10 mmHg) (22). (5) Complete long-term survival data were available. The exclusion criteria were (1) ILD caused by drug, environment, or microbial infection; (2) recent diagnosis and treatment of new tumors; (3) recent development of chronic or acute infection, metabolic disease, or chronic liver and kidney disease; and (4) the presence of other autoimmune diseases. The patient selection process is shown in Figure 1. The research process strictly followed established ethical principles. All patients or guardians provided written informed consent.




Figure 1 | Study cohort.







Methods

The MDA5+ DM patients were divided into a survival subgroup (n = 43) and non-survival subgroup (n = 28) as well as a non-RP-ILD subgroup (n = 52) and RP-ILD (n = 21) subgroup. The patients’ clinical data, including age, sex, blood examination findings, and high-resolution computed tomography findings, were collected. The patients’ survival status and time to death were provided by the hospital. The prognostic nutritional index (PNI) was calculated as follows: PNI = serum albumin (g/L) + 5 × absolute peripheral blood lymphocyte count (×109/L).





Statistical analysis

IBM SPSS version 25.0 (IBM Corp., Armonk, NY, USA) was used for data analysis. Continuous measurement data with a normal distribution are expressed as mean ± standard deviation, and the independent sample t test was used for comparison between groups. Data with a non-normal distribution are expressed as median (interquartile range), and the Mann–Whitney U test was used for comparison between groups. Count data are expressed as a percentage, and the x2 test was used for comparison between groups. The risk factors for RP-ILD were analyzed by binary logistic regression. GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) was used to draw the receiver operating characteristic (ROC) curve for exploration of the sensitivity and specificity of the white blood cell (WBC) count and lactate dehydrogenase (LDH) concentration in predicting the occurrence of MDA5+ DM with RP-ILD and obtain the optimal critical values. In order to compare the predictive performance of LDH and PNI, ROC analysis was performed. We calculated alternative cut-off point by the Youden’s index. The cut-off point was then converted into a dichotomous variable as the point of tangency. Finally, R statistical software 4.1.3 was used to analyze and compare the mortality of patients in the two groups. A P value of < 0.05 was considered statistically significant.






Results




Comparison of laboratory parameters between survivors and non-survivors in the anti-MDA5+ DM group

All patients in the MDA5+ DM group were followed up. They were then further divided into survivor and non-survivor subgroups based on the follow-up results. During the median follow-up period of 11.0 (2.0–20.0) months, approximately 58.90% patients survived (survival group, n = 43), 38.36% died (non-survival group, n = 28), and 2.74% were lost to follow-up. Thirteen of the 28 patients in the non-survival group had RP-ILD, and RP-ILD was correlated with mortality in patients with anti-MDA5+ DM (p = 0.002). The LDH concentration was significantly higher in the non-survival group than in the survival group (p = 0.009), whereas the non-survival group had a lower albumin concentration (p = 0.001), lymphocyte count (p = 0.032), and PNI (p < 0.001) than survival group. Of the 73 patients with anti-MDA5+ DM included in this study, all received glucocorticoid therapy. In the survival group, 35 (81.40%) patients received pulse steroid therapy, and in the non - survival group, all received pulse steroid therapy. Both in the survival and non - survival groups used calcineurin inhibitors, 58.14% and 71.43% in each. The remaining indicators were not significantly different between the two groups, as shown in Table 1.


Table 1 | Comparison of laboratory parameters between survivors and non-survivors in the anti-MDA5+ DM group.







Comparison between the PNI and clinical manifestations in patients with anti-MDA5+ DM

Table 2 shows the correlation between clinical manifestations and PNI in patients with anti-MDA5+ DM. PNI was negatively correlated with patients with anti-MDA5+ DM with oedema (P = 0.014). PNI was negatively correlated with the occurrence of RP-ILD (P < 0.001), arthritis (P = 0.019) and Gottron rash (P = 0.028). However, there was no significant correlation between other clinical manifestations and PNI (Table 2).


Table 2 | Comparison between the PNI and clinical manifestations in patients with anti-MDA5+ DM.







Prognosis and Kaplan–Meier survival analysis of patients with anti-MDA5+ DM

Based on the ROC curve, the critical value of the LDH concentration and PNI was 356.15 U/L and 34.1, respectively. The LDH concentration and PNI were then transformed into binary variables with 356.15 U/L and 34.1 as their tangent points, and the binary variables were subdivided into low and high subgroups. The results revealed 49 patients in the LDH < 356.15 U/L group and 22 patients in the LDH > 356.15 U/L group, with fatalities occurring in both groups [13 (27.7%) patients in the LDH < 356.15 U/L group and 15 (62.5%) patients in the LDH > 356.15 U/L group]. According to the Kaplan–Meier survival analysis, patients with anti-MDA5+ DM who had a high LDH concentration had a lower survival rate (p = 0.01) (Figure 2A). In addition, the incidence of death within 1 to 5 years was significantly higher in the LDH > 356.15 U/L group than in the LDH < 356.15 U/L group, and the difference in patient mortality became more significant over time (Table 3). Similarly, after converting the PNI to a binary variable with a cutoff point of 34.1 into PNI < 34.1 and PNI > 34.1 groups, the Kaplan–Meier survival curves showed that survival was much higher in the PNI > 34.1 group than in the PNI < 34.1 group (p < 0.001) (Figure 2B). In addition to the LDH concentration and PNI being significantly associated with patient prognosis, the mortality rate increased along with the occurrence of RP-ILD (p = 0.002) (Figure 2C).




Figure 2 | Kaplan–Meier survival curves for overall survival of patients with anti-MDA5+ DM, stratified by (A) Low/high LDH; (B) Low/high PNI; (C) Non-RP-ILD/with RP-ILD.




Table 3 | Mortality in high LDH group and low LDH group at 1, 3, and 5 years.







Mortality of patients with anti-MDA5+ DM based on Cox regression analysis

Of the 73 patients with anti-MDA5+DM, 20 died from exacerbation of ILD or infection during the follow-up period, 1 died from cardiovascular disease and the cause of death was unknown in 7 cases. A total of 19 patients (67.86%) died within 6 months of onset and 24 patients (85.71%) died within 1 year. To identify the independent prognostic factors, Cox proportional hazard regression analysis was applied to the clinical and laboratory data of patients with anti-MDA5+ DM (Table 4). In deviation with MDA5+ DM patients, the age and sex adjusted multivariate analyses showed that the elevated LDH (HR 2.42, 95% CI: 1.02–4.83, p = 0.039) was independent risk factors for the poor prognosis (Figure 3). Interestingly, the elevated PNI (HR, 0.27; 95% CI, 0.08 - 0.94; p = 0.039) was an independent protective factor for the prognosis (Figure 3).


Table 4 | Mortality of patients with anti-MDA5+ DM based on Cox regression analysis.






Figure 3 | Forest plot of multivariate COX analysis of prognostic factors in patients with anti-MDA5+ DM.







Comparison of laboratory parameters between non-RP-ILD and RP-ILD groups

Patients with MDA5+ DM were divided into RP-ILD and non-RP-ILD subgroups according to the presence or absence of RP-ILD. The non-RP-ILD group comprised 52 patients (15 men and 37 women) with a mean age of 51.94 ± 10.08 years, and the RP-ILD group comprised 21 patients (7 men and 14 women) with a mean age of 45.90 ± 14.61 years. The WBC count (p = 0.007), aspartate transaminase concentration (p = 0.045), alanine transaminase concentration (p = 0.039), and LDH concentration (p = 0.019) were significantly higher in the RP-ILD group than in the non-RP-ILD group, whereas the lymphocyte count (p < 0.001), albumin concentration (p = 0.005), and PNI (p < 0.001) were significantly lower in the RP-ILD group than in the non-RP-ILD group. Age, sex, and other laboratory data were not significantly different between the two groups (p > 0.05). Glucocorticoids were used in both non-RP-ILD and RP-ILD groups. In the non-RP-ILD group, 45(86.54%) patients received pulse steroid therapy, and in the RP-ILD group, 20(95.24%) patients received pulse steroid therapy. Both groups used calcineurin inhibitors, 61.54% and 71.43% in each. Table 5 shows the additional parameters compared between the two groups.


Table 5 | Comparison of laboratory parameters between non-RP-ILD and RP-ILD groups.







ROC analysis

In the ROC analysis, the WBC count predicted RP-ILD with an area under the curve (AUC) of 0.703 (95% CI, 0.551–0.855; sensitivity, 61.9%; specificity, 90.4%; p = 0.007), and the cutoff value was 6.93×109/L. The LDH concentration predicted RP-ILD with an AUC of 0.677 (95% CI, 0.539–0.814; sensitivity, 52.4%; specificity, 82.7%; p = 0.019), and the cutoff value was 365.62 U/L. The AUC for the WBC count combined with the LDH concentration to predict RP-ILD was 0.772 (95% CI, 0.640–0.904; sensitivity, 66.7%; specificity, 92.3%; p < 0.001), which was higher than that of either the WBC count or LDH concentration alone for RP-ILD (Figure 4).




Figure 4 | ROC curves for WBC count, LDH concentration, and WBC count combined with LDH concentration for predicting MDA5+ DM combined with RP-ILD.







Binary logistic regression analysis

A logistic regression analysis was applied to identify independent risk factors for MDA5+ DM combined with RP-ILD (Table 6). In deviation with MDA5+ DM patients, the age and sex adjusted multivariate analyses showed that the WBC count (OR 1.54, 95% CI: 1.12 - 2.13, p = 0.009) and elevated LDH (OR 8.68, 95% CI: 1.28 - 58.83, p = 0.027) were independent risk factors for RP-ILD (Figure 5). Interestingly, the lymphocyte (OR, 0.11; 95% CI, 0.01 - 0.81; p = 0.03) was an independent protective factor for MDA5+ DM combined with RP-ILD (Figure 5).


Table 6 | Logistic regression analysis of risk factors for MDA5+ DM combined with RP-ILD.






Figure 5 | Risk factors of RP-ILD in patients with anti-MDA5+ DM.








Discussion

In recent years, numerous studies have been conducted to identify markers that can predict the diagnosis and prognosis of secondary ILD with anti-MDA5+ DM in the preclinical stage. However, no ideal results have been obtained. Evidence has shown that the LDH concentration and PNI are related to the diagnosis and prognosis of various inflammatory diseases. Gómez et al. (23) found that in patients with influenza A-associated pneumonia, the LDH concentration was higher in patients who did than did not require mechanical ventilation, suggesting that the LDH concentration is related to the severity of pneumonia. Liu et al. (24) confirmed that an increased LDH concentration was related to the increased mortality of patients with community-acquired pneumonia. Ding et al. (25) found that patients’ preoperative LDH concentration was a predictive value for postoperative pneumonia, and the incidence of postoperative pneumonia was significantly higher in patients with a preoperative LDH concentration of >250 U/L. In addition, the serum LDH concentration is a commonly used inflammatory index in clinical practice. Moreover, varying degrees of the systemic inflammatory response are associated with the active period of connective tissue disease; thus, the LDH concentration can also be used to evaluate the activity of such diseases (26). Previous studies have proven that the PNI is associated with CTD. Some researchers have proven that the PNI is associated with the disease activity of systemic lupus erythematosus (27, 28). According to some studies, a low PNI could increase the risk of rheumatoid arthritis complicated with severe infection (29), and also be used for the diagnosis and evaluation of adult-onset Still’s disease (30). However, few studies have confirmed the relationship between the PNI, LDH concentration, and anti-MDA5+ DM with RP-ILD. Therefore, the present study was performed as a preliminary investigation of this relationship.

LDH is a stable cytoplasmic enzyme that is present in all cells. Cell membrane permeability increases with cell damage or death, resulting in the release of LDH (31). Macrophages such as liver Kupffer cells can be activated, leading to the injury of liver and then the elevated levels of ALT and AST (3). In addition, in our study, AST not only predicted poor prognosis in MDA5 positive DM patients, but also predicted the occurrence of RP-ILD with predictive values of 58.35 U/L (sensitivity, 67.9%; specificity, 69.8%; 95% CI = 0.536 – 0.795; P = 0.019) and 71.27 U/L (sensitivity, 47.6%; specificity, 82.7%; 95% CI = 0.506 – 0.794; P = 0.046), respectively (Supplementary Figures 1, 2). Therefore, extracellular LDH may be used as an indicator of cell damage or death of various causes (32). In our study, the LDH concentration in patients who had anti-MDA5+ DM with RP-ILD was higher than that in the control group. The LDH concentration was also found to predict RP-ILD, which is similar to the results reported by So (5) and Lian et al. (33). These findings suggest that the LDH concentration may be a predictive marker of the severity of ILD. In the present study, the alanine aminotransferase, aspartate aminotransferase, and LDH concentrations were significantly higher in patients with than without RP-ILD. The specific mechanism of LDH involvement in pulmonary fibrosis is still unknown, but studies have shown that LDH is a marker enzyme of macrophages, and its activity can be used as an indicator of macrophage activation (31). Recent studies have confirmed that activated macrophages were involved in the occurrence and development of pulmonary fibrosis in various ways, such as by causing neutrophils activation and triggering the formation of neutrophil extracellular traps, which in turn contribute to the development of ILD in patients with IIM (34–36). Seto (36) found that anti-MDA5 promotes the formation of neutrophil extracellular traps, which induce epithelial cell injury and the release of inflammatory cytokines. It is also speculated that LDH may bind to macrophage receptors, activate macrophages, and produce a variety of proinflammatory cytokines, including interleukins 2, 6, 8, and 12 and TNF-α. These inflammatory cytokines can stimulate the activation of neutrophils, leading to the exacerbation of pulmonary fibrosis (37, 38).

Serum LDH is a classic marker reflecting the progression of ILD (39). The concentration of LDH could indicate the disease activity and severity of idiopathic pulmonary fibrosis. Moreover, a high LDH concentration is always associated with severe pulmonary fibrosis and lung injury (40). In previous study, an LDH concentration of >300 U/L was an independent predictor of RP-ILD (5). In the present study, however, the cutoff value of LDH for prediction of RP-ILD was 365.62 U/L, and LDH was an independent predictor of RP-ILD. Factors such as the sample size and analysis methods may be the reasons for this difference. Therefore, more studies are needed to further determine the optimal LDH threshold for predicting RP-ILD in patients with anti-MDA5+ DM. Furthermore, the WBC count in the RP-ILD group was significantly higher than that in the non-RP-ILD group, and it had a predictive effect on RP-ILD. Infection has been considered one of the causes of acute exacerbation of idiopathic pulmonary fibrosis, and it is also a nonspecific inflammatory marker of infection (41). Our study showed that the combination of the LDH concentration and WBC count had a better predictive effect on RP-ILD than either the LDH concentration or WBC count alone.

The mortality rate of patients with anti-MDA5+ DM in our study (39.4%) was similar to that of Japanese patients (36%–41%) but higher than that of European patients (27.3%) (42). The incidence of RP-ILD is high in patients with anti-MDA5+ DM, and RP-ILD is always associated with a lower survival rate (43). Chen et al. (9) reported that 78.9% of patients with anti-MDA5+ DM developed RP-ILD. And another study showed that 85.7% of patients with MDA5+ DM died of RP-ILD (44). Among patients with anti-MDA5+ DM, the survival rate was significantly lower in those with RP-ILD than without RP-ILD, and their risk of death was increased by 9.7 times (5). The survival rate of patients with RP-ILD in our study was significantly lower than that of patients without RP-ILD, and RP-ILD was the most important predictor of an adverse prognosis (P = 0.002),this is similar to the results reported by Li (45). Moreover, patients with anti-MDA5+ had the highest mortality rate (85.71%) within the first year of onset, so early and effective treatment is essential for patients with concurrent RP-ILD and anti-MDA5+. Previous studies have shown that the LDH concentration is an indicator of a poor prognosis for patients with anti-MDA5+ DM (46), and the present study showed that the LDH concentration in the non-survival group was significantly higher than that in the survival group. LDH was an independent prognostic indicator in patients with anti-MDA5+ DM, consistent with the study by Niu et al. (12). In our study, we found an association between the LDH concentration and RP-ILD, indicating that a high LDH concentration could contribute to increased mortality in patients with anti-MDA5+ DM.

PNI was initially proposed by Onodera et al. (47) and used to predict the postoperative prognosis of gastric cancer. In addition to the prognosis of gastric cancer, the PNI is also associated with short-term postoperative complications and long-term adverse prognoses of lymphoma, lung malignant tumor, colorectal cancer, and cardiovascular disease (48–51). In our study, PNI in the survival group was significantly higher than that in the non-survival group, and it was associated with a good prognosis of patients. Additionally, PNI in the RP-ILD group was significantly lower than that in the non-RP-ILD group. Wang et al. (52) reported that the serum albumin level and total peripheral blood lymphocyte count were closely related to the inflammatory response. Studies have shown that RNA helicase encoded by MDA5 is involved in the innate immune defense mechanism during viral infection; thus, it is considered that viral infection may play an important role in the pathogenesis of anti-MDA5+ DM with RP-ILD, leading to the consumption of peripheral blood lymphocytes (53). In addition, studies have shown that among patients with anti-MDA5+ DM, the peripheral CD4+ and CD8+ T-cell counts in those with RP-ILD are significantly lower than in those with chronic ILD, indicating that lymphocytes play an important role in the disease progression (54). Moreover, previous researchers have speculated that the activation of inflammation also lead to a decrease in the lymphocyte count, and the decreased peripheral blood lymphocyte count may be caused by migration of these cells to the lung to participate in the local immune response (55). Advanced malnutrition may lead to deficiencies of essential vitamins and amino acids, which will further inhibit cellular or humoral immunity; this will in turn lead to significant reductions in the number and function of B cells and T cells, resulting in a decrease in the lymphocyte count (56). More studies are needed to elucidate the precise role of lymphocytes in anti-MDA5+ DM patients.

Albumin can inhibit endothelial cell apoptosis, prevent the generation of oxygen radicals, and reduce platelet aggregation; thus, it is a potential protective factor for human health (57). When systemic inflammation occurs, numerous inflammatory cytokines could be produced, which may inhibit the synthesis of albumin in the liver and thus reduce the albumin content; moreover, inflammation can also promote catabolism of albumin. Therefore, the exacerbation of MDA5+ DM-associated ILD may be related to a decrease in albumin, weakening of albumin protection, and activation of fibroblasts (28, 58). PNI is a comprehensive indicator of the body’s immune function and nutritional status. As one of its significant advantages, it is readily available and can be efficiently calculated from routinely measured serum albumin and lymphocytes. In this study, the PNI had a more significant clinical effect in evaluating the prognosis of anti-MDA5+ DM than did either the lymphocyte count or albumin concentration alone.

In this study, the detection rate of anti-Ro52 antibody in patients who had anti-MDA5+ DM was 75%, but the antibody level was not related to the prognosis. The predictive value of anti-Ro52 antibody combined with anti-MDA5 on RP-ILD and the prognosis of patients with DM require further confirmation by clinic studies. The prognosis of anti-MDA5+ DM with RP-ILD is not ideal, and most deaths occur in the first 6 months (59). Therefore, for patients with anti-MDA5+, treatment should be started before the development of respiratory symptoms or lung function damage. Immunosuppressive therapy should be administered in a timely manner, especially when serum markers such as LDH are elevated (39). These measures many help to significantly improve the survival of patients (60).

This study had several limitations. First, this was a retrospective study in which incomplete data collection may have led to systematic errors. Second, the sample size of this study was relatively small; future prospective, multicenter, population-based cohort studies with larger samples are needed. Third, all patients in this study were Chinese Han population, and the predictive effect on other races needs to be further validated. Fourth, although we confirmed the LDH cutoff values for prediction of RP-ILD, further studies are needed to demonstrate the dynamics of the LDH concentration during the progression of RP-ILD.





Conclusion

The LDH and PNI were independent prognostic factors in patients with MDA5+ DM, with LDH being associated with increased mortality and PNI with decreased mortality. This study also showed that among patients with MDA5+ DM, the WBC count and LDH concentration were significantly higher in RP-ILD patients than without RP-ILD. The WBC count and LDH concentration were independent and important risk factors for RP-ILD, and they also had some predictive value; Patients with MDA5+ DM can benefit from measurement of the LDH concentration and PNI, which are inexpensive and simple parameters that can be used for diagnosis as well as prediction of the extent of lung involvement and prognosis.
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Background

Clinically amyopathic dermatomyositis (CADM) is a distinct subtype of dermatomyositis (DM) characterized by typical DM cutaneous findings but with minimal or no evidence of myositis. It possesses unique features different from classic DM (CDM). Anti-melanoma differentiation-associated gene 5 (MDA5) antibodies were found in CADM and are thought to increase the risk of rapidly progressive interstitial lung disease (RP-ILD) and are present in both CADM and CDM patients, affecting their condition and prognosis. Nevertheless, no large-sample studies have compared all aspects concerning patients with CADM and those with CDM. This study aimed to investigate differences in clinical characteristics and risk factors for mortality between CADM and CDM and to clarify the distribution and impact of anti-MDA5 antibodies in patients with these conditions.





Methods

A retrospective case-control study included 330 patients and collected and analyzed their clinical data from The First Affiliated Hospital of Shandong First Medical University and Shandong Provincial Hospital of Traditional Chinese Medicine between January 2015 and July 2022; all patients were followed up to evaluate changes in their condition and prognosis. Several new cohorts were designed around anti-MDA5 antibodies to explore their distribution and impact in CADM and CDM.





Results

We found CADM to be associated with higher rates of mortality, 1-year mortality, interstitial lung disease (ILD), and RP-ILD than CDM. In CADM, RP-ILD, anti-MDA5 antibodies, and high ferritin and lactate dehydrogenase (LDH) levels were identified as independent risk factors for death. In CDM, the neutrophil-to-lymphocyte ratio, anti-MDA5 antibodies, and high ferritin levels were shown to be independent risk factors for death, whereas mechanic’s hand was considered a protective factor against it. Anti-MDA5 antibody-positive patients did not exhibit any significant difference based on whether they belonged to the CADM or CDM groups. When no anti-MDA5 antibody-positive patients participated, the ferritin levels and rates of RP-ILD and ILD were still higher in CADM than in CDM; however, such differences decreased, whereas the LDH levels, rates of mortality, and 1-year mortality did not differ. Anti-MDA5 antibody-positive patients consistently showed higher LDH and ferritin levels, lower lymphocyte levels, higher probability of RP-ILD and ILD, and worse prognosis than anti-MDA5 antibody-negative patients, irrespective of whether the patients had DM, CADM, or CDM.





Conclusion

Patients with CADM exhibit relatively worse symptoms, serological findings, and prognosis than those with CDM. Furthermore, patients with CADM and those with CDM have commonalities and differences in risk factors for death. Moreover, CADM may necessitate earlier and more aggressive treatment strategies than CDM. Anti-MDA5 antibodies occur at a high level in patients with CADM, not only affecting the symptoms and prognosis of DM but also having a non-negligible impact on the differences between CADM and CDM. Hence, screening for anti-MDA5 antibodies in patients with CADM and CDM is extremely essential.





Keywords: clinically amyopathic dermatomyositis, classic dermatomyositis, anti-MDA5 antibodies, rapidly progressive interstitial lung disease, risk factors for death




1 Introduction

Idiopathic inflammatory myopathy is a heterogeneous group of diseases characterized by inflammation affecting the skeletal muscles and extramuscular organs, particularly the skin and lungs (1, 2). The most common clinical subtypes of idiopathic inflammatory myopathy in adults are polymyositis and dermatomyositis (DM) (3, 4). First proposed by Euwer and Sontheimer as a subcategory of idiopathic inflammatory myopathy (5), amyopathic dermatomyositis is characterized by the hallmark cutaneous manifestations of DM and the absence of any clinical or laboratory evidence of muscle disease for ≥6 months (6). Clinically amyopathic dermatomyositis (CADM) can be divided into amyopathic DM and hypomyopathic DM (7). Hypomyopathic DM is defined as the presence of cutaneous lesions consistent with DM and in the absence of overt muscle weakness despite laboratory, electrophysiological, and radiologic evidence of muscle disease. Although, the absence of clinically evident muscle diseases in CADM may differentiate it from classic dermatomyositis (CDM), distinguishing the cutaneous manifestations of ADM from those of CDM has not been possible to date.

Dermatomyositis damages not only the skin and muscles but also other organs. Interstitial lung disease (ILD), malignancy, and myocardial involvement are its relatively common extramuscular findings. Of them, ILD is considered a common severe complication, with a reported prevalence of 5–65% (8, 9). The disease course and severity of ILD are highly heterogeneous (10), wherein some patients with mild ILD respond markedly to treatment without exacerbation, whereas others are at a risk of developing rapidly progressive ILD (RP-ILD), which is often insensitive to treatment and has a poor prognosis (11, 12).

Myositis-specific antibodies are present in 50–70% of all DM patients and are associated with distinct clinical features (13). Moreover, Incorporating them into myositis diagnostic algorithms could better define the clinical phenotype, prognosis, and treatment response of patient subgroups. Anti-melanoma differentiation-associated gene 5 (MDA5) antibodies were originally identified in patients with CADM who had predominantly prolonged skin lesions without accompanying muscle weakness and were at risk of progressing to acute RP-ILD (14). Previous reports have indicated that, depending on the cohort (14–22), 23–100% of anti-MDA5 antibody-positive patients develop CADM and have shown that anti-MDA5 antibody-associated ILD rapidly progresses and has a poor prognosis (23).

Several recent studies on DM have focused on the characteristics and poor prognosis of patients with anti-MDA5 antibodies in the CADM cohort. Nonetheless, since CADM was first defined, no large-sample studies have compared all aspects of patients with CADM and those with CDM. Bowerman et al. (24) conducted a retrospective cohort study involving 201 patients with adult-onset DM. However, their main research focus was on the prevalence of tumors in patients with ADM and CDM and on the factors affecting these tumors. The clinical manifestations, serological manifestations, specific autoantibody types, prognosis, and distribution of patients with anti-MDA5 antibody-associated DM differ between CADM and CDM. Accordingly, the present retrospective study collected and analyzed the clinical data of inpatients with CADM and those with CDM from The First Affiliated Hospital of Shandong First Medical University and Shandong Provincial Hospital of Traditional Chinese Medicine between January 2015 and July 2022. All patients were followed up to evaluate changes in their condition and prognosis. Several new cohorts were designed around anti-MDA5 antibodies to explore the distribution and impact of anti-MDA5 antibodies in patients with CADM and CDM and to clarify differences in clinical, treatment-related, and prognostic features between patients with CADM and those with CDM. As far as we know, this is the only cohort study that includes more than 300 patients for comparison between CADM and CDM.




2 Materials and methods



2.1 Study participants

The study participants were patients diagnosed with DM at The First Affiliated Hospital of Shandong First Medical University and Shandong Provincial Hospital of Traditional Chinese Medicine (The hospitals are located at No. 16766 Jingshi Road and No. 42 Wenhua West Road, Lixia District, Jinan City, Shandong Province, China) between January 2015 and July 2022. Patients whose main condition treated or investigated during hospitalization was not DM were excluded from the analysis. This study was conducted in accordance with the principles embodied in the Declaration of Helsinki and was approved by the Human Research Ethics Boards of The First Affiliated Hospital of Shandong First Medical University (approval no.: YXLL-KY-2020-025) and Shandong Provincial Hospital of Traditional Chinese Medicine (approval no.: 2021-027-KY). Informed consent was obtained from all donors prior to their inclusion in the study, and all patient data were anonymized.




2.2 Data collection

Clinical data collected included demographics, clinical characteristics, and laboratory results. In our cohorts, lymphocyte subset analyses were conducted on 270 patients on their first visit. Although some patients had not previously received glucocorticoid therapy, numerous ones received this therapy at other hospitals for a short period, which might have fluctuated the predictive accuracy of the lymphocyte subsets. The levels of tumor markers, including carcinoembryonic antigen (CEA), alpha-fetoprotein, carbohydrate antigen (CA) 19-9, CA125, CA153, CA724, CA50, and CA242, neuron-specific enolase (NSE), CYFRA21, and squamous cell carcinoma antigen of the 270 patients were measured. Out of 330 patients, 74 underwent pulmonary function tests. We recorded the results of the pulmonary function tests, including the forced vital capacity, forced expiratory volume in 1 s, and diffusing capacity of the lungs for carbon monoxide. Myositis autoantibody and all routine tests were performed on all the patients in our cohorts during their first visit. Serum antinuclear antibody profiles and myositis-specific antibodies were detected by a third-party testing company (EUROIMMUN Medical Laboratory Diagnostics Stock Company, China) according to the manufacturer’s instructions (Euroimmun, Germany). The tested antigens were Mi-2α, Mi-2β, TIF1γ, MDA5, NXP2, SAE1, Ku, PM-Scl100, PMScl75, Jo-1, SRP, PL-7, PL-12, EJ, OJ, Ro-52, cN-1A, Ha, Ks and ZO. The cut-offs values for the results were 0–5 (negative), 6-10 (borderline), 11–25 (+) and 26-50 (++), strong positive (+++). Because both the anti-Mi-2α and Mi-2β antigens target two closely related isoforms of the same protein, they were considered together as anti-Mi-2. In this study antibody positivity was defined by a blot intensity of ≥25. We excluded the weakly positive specific autoantibodies in patients who had multiple positive autoantibodies. Moreover, the values for these antibodies might change during follow-up, wherein a patients with double positive antibody values might show single positive values on later testing. Additionally, the neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) were determined. In our cohorts, the follow-up start point was the patient’s first visit, and the follow-up end point was April 30, 2023 or the time patient’s death.




2.3 Diagnostic criteria

We diagnosed DM according to the Bohan and Peter criteria and based on the 239th European Neuromuscular Centre international workshop guidelines (25, 26). We categorized ILD into RP-ILD or chronic ILD according to its clinical manifestations. Additionally, RP-ILD was defined as the presence of two or more of the following within 3 months: (i) exacerbation of dyspnea; (ii) an increase in parenchymal abnormalities on high-resolution computed tomography; and (iii) either a decrease of >10% in vital capacity or a decrease of >1.33 kPa in arterial oxygen tension (PaO2). Chronic ILD was defined as a slowly of the progressive ILD exhibiting gradual deterioration over 3 months (27).




2.4 Cohort design

The cohorts were established based on the anti-MDA5 antibodies to clarify differences in clinical, treatment-related, and prognostic features between patients with CADM and those with CDM along with investigating the distribution and impact of anti-MDA5 antibody-associated DM in patients with CADM and those with CDM. The DM cohort was established to elucidate the differences between patients with CADM (CADM group) and those with CDM (CDM group). The DM-MDA5 cohort was established to evaluate the differences between anti-MDA5 antibody-positive patients (MDA5+ group) and anti-MDA5 antibody-negative patients (MDA5− group). The CADM cohort was established to explore the differences between patients with anti-MDA5 antibody-positive CADM (CADM-MDA5+ group) and those with anti-MDA5 antibody-negative CADM (CADM-MDA5− group). The CDM cohort was established to elucidate the differences between anti-MDA5 antibody-positive patients with CDM (CDM-MDA5+ group) and anti-MDA5 antibody-negative patients with CDM (CDM-MDA5− group). The DM-MDA5+ cohort was established to assess the differences between anti-MDA5 antibody-positive patients with CADM (CADM-MDA5+ group) and anti-MDA5 antibody-positive patients with CDM (CDM-MDA5+ group). The DM-MDA5- cohort was established to examine the differences between anti-MDA5 antibody-negative patients with CADM (CADM-MDA5− group) and anti-MDA5 antibody-negative patients with CDM (CDM-MDA5− group).




2.5 Statistical analysis

Qualitative data are presented as numbers and percentages, whereas quantitative data are expressed as means and standard deviations or as medians and interquartile ranges, depending on the skewness of data. Regarding group comparisons of various data types, we used the χ2 test to examine categorical data, while the two-sample t-test or Mann–Whitney U test was used to analyze continuous data. We determined the optimal cut-off value for death by receiver operating characteristic curve analysis and transformed each continuous parameter into a categorical variable. We built multivariable Cox proportional hazards models to identify the independent prognostic risk factors and to calculate their hazard ratios (HRs), 95% confidence intervals (CIs), and β regression coefficients. The independent risk factors for death in CADM and CDM were evaluated using backward stepwise selection with Cox regression. As for time-event analysis, the cumulative survival rates during the follow-up were calculated using the Kaplan–Meier method, and the different groups were compared using the log-rank test. Statistical significance was set at a two-tailed P-value of <0.05. All statistical analyses were performed using SPSS software version 26 (IBM Corp., Armonk, NY, USA).





3 Results



3.1 Clinical characteristics of all patients

The demographic data, clinical manifestations, and laboratory test results of the 330 enrolled patients with DM at the time of diagnosis are summarized in Table 1. The mean patient age at the time of diagnosis was 54.40 ± 12.02 years (range: 15–81 years), and the median duration of symptoms prior to diagnosis was 3 months. Of the enrolled patients, 230 (69.7%) were women. Furthermore, 135 (40.9%) and 195 (59.1%) out of 330 patients had CADM and CDM, respectively. Overall, 243 (73.6%) patients developed ILD, whereas 29 (8.8%) exhibited an RP pattern. The most common skin lesions were Gottron’s sign and heliotrope rash, and a malignancy was detected in 25 (7.6%) patients. Myositis autoantibody tests were performed on 313 (94.8%) patients at their first admission, and 265 (84.7%) patients tested positive (including 69 [26.0%] with anti-MDA5 antibodies). All patients received glucocorticoid therapy; however, 31 (9.4%) received pulse-dose therapy. Additionally, 231 (70.0%) were treated with immunosuppressants such as cyclosporine A, tacrolimus, cyclophosphamide, azathioprine, methotrexate, and mycophenolate mofetil. Among the patients, 57 (17.3%) were found to have died owing to exacerbations of ILD or infection at follow-up, whereas 44 (13.3%) died within 1 year. The mortality and 1-year mortality rates were 44.9% and 40.6%, respectively, in anti-MDA5 antibody-positive patients.


Table 1 | Clinical differences between clinically amyopathic dermatomyositis and classic dermatomyositis.






3.2 Comparison of clinical characteristics between patients with CADM and those with CDM

We compared the clinical characteristics of the two groups of patients, and the comparison results are shown in Table 1. Patients with CADM had higher rates of death (25.9% vs. 11.3%, P=0.001), 1-year mortality (20.0% vs. 8.7%, P=0.003), ILD (89.6% vs. 62.6%, P<0.001), RP-ILD (17.0% vs. 3.1%, P<0.001), cough or dyspnea (85.2% vs. 57.4%, P<0.001), Gottron’s sign (77.8% vs. 65.6%, P=0.026), cardiac involvement (29.6% vs. 16.4%, P=0.004), pleural effusion (17.8% vs. 8.7%, P=0.014), hoarseness (14.8% vs. 4.1%, P=0.001), and numbness in the extremities (10.4% vs. 3.1%, P=0.006) than patients with CDM. Furthermore, patients with CADM exhibited lower rates of the V sign (28.9% vs. 40.0%, P=0.038), shawl sign (13.3% vs. 23.6%, P=0.021), and dysphagia (3.7% vs. 14.4%, P=0.002) than patients with CDM. The two groups showed similar rates for clinical symptoms such as mechanic’s hand, heliotrope rash, V sign, Holster sign, arthritis/arthralgia, Raynaud’s phenomenon, gastroesophageal reflux, dry eyes, dry mouth, pleural effusion, pericardial effusion, fatigue, and tumors.

With respect to serological indices, the lymphocyte levels in the CADM group were significantly lower than those in the CDM group (0.81 vs. 1.38 ×109/L, P<0.001). The NLR (7.14 vs. 3.46, P<0.001), PLR (265.79 vs. 172.06, P<0.001), and neutrophil (6.30 vs. 5.19×109/L, P=0.012), lactate dehydrogenase (LDH) (307.00 vs. 275.80 U/L, P=0.004), ferritin (361.30 vs. 239.03 ng/mL, P<0.001), and C-reactive protein (CRP) levels (8.45 vs. 4.10 mg/L, P=0.002) in the CADM group were significantly higher than those in the CDM group.

In our cohorts, lymphocyte subset analyses were conducted on a total of 270 patients at their first visit (Supplementary Table 1). The CD3+ (502.00 vs. 882.65 cells/mm3, P<0.001), CD3+CD4+ (324.48 vs. 670.45 cells/mm3, P<0.001), CD3+CD8+ (162.69 vs. 229.60 cells/mm3, P=0.048), and CD16+CD56+ (89.00 vs. 125.30 cells/mm3, P=0.002) cell counts in the CADM group were significantly lower than those in the CDM group. Tumor marker levels were also measured in these 270 patients (Supplementary Table 2). the serum CEA (3.30 vs. 2.06 ng/mL, P<0.001), CA724 (2.43 vs. 1.82 U/mL, P=0.015), NSE (17.11 vs. 13.02 ng/mL, P<0.001), CYFRA21 (4.82 vs. 3.18 ng/mL, P<0.001), and CA242 (6.50 vs. 4.10 U/mL, P=0.024) levels in the CADM group were significantly higher than those in the CDM group. The differences in lymphocyte subsets and tumor marker levels between the CADM and CDM groups are shown in Figure 1.




Figure 1 | Differences in lymphocyte subsets (A, CD3+ B, CD3+CD4+ C, CD3+CD8+ D, CD16+CD56+) and tumor markers (E, CEA F, CA724 G, NSE H, CYFRA21 I, CA242) levels between the CADM and CDM groups. (*, P≤ 0.05 **, P≤ 0.01 ****, P≤ 0.0001).



The distribution of myositis-specific autoantibodies in patients with CADM and those with CDM is shown in Table 2. Patients with CDM had higher levels of negative myositis-specific autoantibodies (20.9% vs. 7.6%, P=0.001) and anti-NXP2 antibodies (7.7% vs. 1.5%, P=0.029) than those with CADM. However, the CADM group exhibited higher levels of anti-MDA5 antibodies (37.4% vs. 11.0%, P<0.001) than the CDM group.


Table 2 | Comparison of myositis-specific autoantibodies between clinically amyopathic dermatomyositis (CADM) and classic dermatomyositis (CDM).



Out of 330 patients, 74 underwent pulmonary function tests. The forced vital capacity, forced expiratory volume in 1 s, and diffusing capacity of the lungs for carbon monoxide were lower in the CADM group than those in the CDM group, albeit without statistically significant differences. Nevertheless, because some patients with dyspnea were unable to undergo pulmonary function tests, we believe that the recorded pulmonary function test results were not representative of the true level in patients with DM. A comparison of pulmonary function test results for each cohort is presented in Supplementary Table 3.




3.3 Risk factors independently associated with prognosis in patients with CADM and those with CDM

We determined the optimal cut-off value for death by receiver operating characteristic curve analysis and transformed each continuous parameter into a categorical variable. The optimal cut-off points for NLR, LDH, ferritin, and lymphocytes were 6.83 (area under the curve [AUC], 0.861; sensitivity, 88.7%; specificity, 78.0%), 354.50 U/L (AUC, 0.907; sensitivity, 94.7%; specificity, 78.4%), 649.95 ng/mL (AUC, 0.898; sensitivity, 78.9%; specificity, 87.5%), and 785.00×106/L (AUC, 0.853; sensitivity, 77.2%; specificity, 80.2%), respectively (Figure 2).




Figure 2 | Prognostic value of the NLR and the levels of LDH, ferritin, and lymphocytes in DM.



The independent risk factors for death in CADM and CDM were evaluated using backward stepwise selection with Cox regression. Multivariate Cox analysis revealed that RP-ILD (HR, 1.938; 95% CI, 0.934–4.020; P=0.076), anti-MDA5 antibodies (HR, 2.247; 95% CI, 1.077–4.688; P=0.031), ferritin levels ≥649.95 ng/mL (HR, 3.324; 95% CI, 1.253–8.817; P=0.016), and LDH levels ≥354.5 U/L (HR, 4.963; 95% CI, 1.311–18.78; P=0.018) were independent risk factors for death in CADM (Figure 3), whereas NLR ≥6.83 (HR, 7.807; 95% CI, 2.431–25.074; P=0.001), anti-MDA5 antibodies (HR, 3.223; 95% CI, 1.167–8.899; P=0.024), and ferritin levels ≥649.95 ng/mL (HR, 13.357; 95% CI, 3.957–45.086; P<0.001) were independent risk factors for death in CDM. Notably, mechanic’s hand was considered a protective factor against death in CDM (HR, 0.212; 95% CI, 0.049–0.928; P=0.039) (Figure 4).




Figure 3 | Risk factors for mortality in patients with CADM.






Figure 4 | Risk factors for mortality in patients with CDM.






3.4 Clinical treatment and treatment response

The responses to clinical therapy and treatment in the 330 patients are detailed in Table 3. During treatment, intravenous immunoglobulin (IVIG) was administered to 27.9% of patients, whereas biological agents were used in 6.1% of patients. Patients with CADM had significantly lower rates of only using oral corticosteroid (3.7% vs. 14.9%, P=0.001) and higher rates of cyclosporine A use (16.3% vs. 6.2%, P=0.003), corticosteroid (IV and/or oral) + cyclosporine A or tacrolimus + cyclophosphamide use (16.3% vs. 8.2%, P=0.024), corticosteroid pulse-dose therapy (15.6% vs. 5.2%, P=0.001), IVIG use (40.7% vs. 19.0%, P<0.001), and biological agent use (9.6% vs. 3.6%, P=0.024) than patients with CDM. With respect to ILD’s response to treatment, patients with CADM showed a higher rate of worsening (44.3% vs. 24.4%, P=0.001) and a lower rate of improvement (13.9% vs. 35.6%, P<0.001) than patients with CDM.


Table 3 | Treatment and clinical course in the entire cohort.






3.5 Impact of anti-MDA5 antibodies on CADM and CDM

The positivity rates for anti-MDA5 antibodies in patients with CADM and those with CDM were 37.4% and 11.0%, respectively. Clinical characteristics and serological indices were compared between patients with CADM and those with CDM who tested positive for anti-MDA5 antibodies to explore the differences in anti-MDA5 antibodies between CADM and CDM. We found that only the incidence of the V sign was significantly lower in the CADM-MDA5+ group than in the CDM-MDA5+ group (P=0.032). However, the differences in the remaining characteristics were not statistically significant.

Differences between CADM and CDM in patients who tested negative for anti-MDA5 antibodies were also analyzed. After excluding MDA5 patients, the rates of RP-ILD (P=0.005), ILD (P<0.001), cough or dyspnea (P=0.001), cardiac involvement (P=0.029), the numbness in the extremities (P=0.028), the NLR (P=0.001), PLR (P=0.001), and the levels of ferritin (P=0.003), CRP (P=0.025), NSE (P=0.002), and CYFRA21 (P<0.001) in the CADM-MDA5− group were still higher than those in the CDM-MDA5− group. Furthermore, the rates of the shawl sign (P=0.025) and dysphagia (P=0.028) and the levels of lymphocytes (P=0.001) in the CADM-MDA5− group were still lower than those in the CDM-MDA5− group. Notably, the differences in RP-ILD, cough or dyspnea, cardiac involvement, NLR, ferritin levels, and lymphocyte levels between the two groups decreased. Furthermore, the differences in the rates of mortality, 1-year mortality, Gottron’s sign, V sign, pleural effusion, hoarseness and in the levels of LDH, CEA, CA724, and CA242 were no longer statistically significant. Clearly, when anti-MDA5 antibodies were involved, some symptoms and serological indicators differed across CADM and CDM, becoming substantial, or even changing from “nothing” to “something.”

Differences in the clinical characteristics and serological indices were also examined between anti-MDA5 antibody-positive and anti-MDA5 antibody-negative patients with DM, those with CADM, and those with CDM to evaluate the impact of anti-MDA5 antibodies on patients with DM. Whether in DM, CADM, or CDM, anti-MDA5 antibody-positive patients had consistently significantly higher rates of mortality, 1-year mortality, RP-ILD, ILD, fever, cough or dyspnea, heliotrope rashes, higher PLR, and higher levels of LDH, ferritin, and CEA than anti-MDA5 antibody-negative patients. Conversely, the disease duration at diagnosis and lymphocyte levels were consistently significantly lower than those in anti-MDA5-negative patients. However, anti-MDA5 antibody-positive patients had consistently significantly lower lymphocyte levels and disease duration at diagnosis. Variables with P<0.05 in the above differential analysis are shown in Table 4.


Table 4 | P-value after the analysis of each cohort.






3.6 Clinical characteristics of dead patients

For all patients, the median follow-up duration was 28.5 months (range: 1–100 months). The median survival period among patients with CADM was significantly shorter than that among patients with CDM (20.00 vs. 35.00 months, respectively, P<0.001). Overall, patients with CADM had a significantly lower survival rate (P<0.001, Figure 5A) and 1-year survival rate (P=0.003, Figure 5B) than those with CDM. A total of 57 (17.3%) patients were found to have died owing to exacerbations of ILD or infection at follow-up, whereas 44 (13.3%) died within 1 year. In order to explore the clinical differences between patients who died in the CADM and CDM groups, we further compared the clinical data of the 57 patients who died in Table 5. Out of the 57 deceased patients (average age: 57.81 years), 54 (94.7%) had ILD, 23 (40.4%) had RP-ILD, and 31 (54.4%) had anti-MDA5 antibodies. The rates of anti-MDA5 antibodies (P=0.030), ILD (P=0.025), RP-ILD (P=0.032), cough or dyspnea (P=0.009), and the levels of CRP (P=0.004) and neutrophils (P=0.023) in dead patients with CADM were significantly higher than those in dead patients with CDM. Conversely, the rates of Holster sign (P=0.023) and dysphagia in dead patients with CDM were significantly higher than those in dead patients with CADM. Notably, all patients who died in the CADM group had cough or dyspnea, but none had dysphagia. In terms of serological indices, serum ferritin and LDH levels were significantly increased, and lymphocyte levels were significantly decreased; nevertheless, no significant differences between dead CADM patients and dead CDM patients were observed. Eighteen dead patients had serum ferritin levels >2000 ng/mL; of them, 12 belonged to the CADM group, whereas 13 were accompanied by anti-MDA5 antibodies.




Figure 5 | (A) Survival rate and (B) 1-year survival rate in the CADM and CDM groups.




Table 5 | Data of the 57 deceased patients.



The mortality rate and 1-year mortality rate of the 29 patients with RP-ILD were 79.3% and 72.4%, respectively, of whom 23 (79.3%) belonged to the CADM group. One case was negative for any specific autoantibody, two cases were combined with an anti-PL-7 antibody, two cases were combined with an anti-PL-12 antibody, one case was combined with an anti-EJ antibody, one case was combined with an anti-OJ antibody, two cases were combined with an anti-Mi-2 antibody, one case was combined with an anti-TIF1-γ antibody, and 19 (65.5%) cases were combined with an anti-MDA5 antibodies. A total of 17 (89.5%) RP-ILD patients with anti-MDA5 antibodies died. These results indicate that patients with DM accompanied by RP-ILD had an very high mortality rate within the first year after disease diagnosis and that patients with anti-MDA5 antibodies and/or those belonging to the CADM group require urgent attention with respect to the development of RP-ILD.

Only two out of the six surviving patients with RP-ILD had combined anti-MDA5 antibodies. Surviving patients with RP-ILD had a mean LDH level of 583.67 U/L, ferritin level of 1090.62 ng/mL, and lymphocyte level of 776.67×106/L on admission. Additionally, the deceased patients had a mean LDH level of 777.83 U/L, ferritin level of 2063.03 ng/mL, and lymphocyte level of 511.87×106/L. Fortunately, all surviving patients were diagnosed with DM using autoantibody tests within 1 week of presentation to our department. Although these patients later developed RP-ILD, their condition improved after treatment with glucocorticoids, immunosuppressants, IVIG, and anti-infection agents, and they have survived to date. For patients with RP-ILD, we believe that relatively optimistic LDH, ferritin, and lymphocyte levels may indicate a good prognosis and that early screening for anti-MDA5 antibodies is necessary.





4 Discussion

This study reveals the following: (i) CADM was associated with a higher frequency of ILD and RP-ILD and a worse prognosis than CDM. (ii) Patients with anti-MDA5 antibodies and/or CADM required urgent attention to detect the development of RP-ILD. (iii) Patients with CDM were likely to have anti-NXP2 antibodies and negative myositis-specific autoantibodies, whereas those with CADM were likely to have anti-MDA5 antibodies. (iv) The presence of RP-ILD and high LDH levels were risk factors for death in CADM, but not in CDM. Mechanic’s hand was a protective factor against death in patients with CDM, but not in patients with CADM. Positive results for anti-MDA5 antibodies and high ferritin levels were risk factors for CADM and CDM. (v) Anti-MDA5 antibody-positive patients did not differ significantly, depending on whether they had CADM or CDM. (vi) When no anti-MDA5 antibody-positive patients participated, RP-ILD rates, ILD rates, and ferritin levels in patients with CADM were still higher than those in patients with CDM; whereas the mortality rates, 1-year mortality rates, and LDH levels did not differ significantly. (vii) Among patients with DM, CADM, or CDM, anti-MDA5 antibody-positive patients consistently had higher ILD and RP-ILD rates, LDH levels, lower lymphocyte levels, and worse prognoses than those who were negative for anti-MDA5 antibodies. (viii) Screening for anti-MDA5 antibodies should be the first step when suspecting the presence of CADM or CDM.

Of the 330 DM samples collected, CADM accounted for 40.9%, which was higher than that reported in previous studies (28, 29). In the comparison between CADM and CDM, we found that patients with CADM showed significantly higher anti-MDA5 antibody levels and significantly higher ILD, RP-ILD, mortality, and 1-year mortality rates than those with CDM, which were similar to the findings of a previous study (30). Additionally, we found that RP-ILD patients had anti-MDA5 antibodies and a very high probability of mortality within 1 year; furthermore, most of them had CADM. Therefore, we believe that patients with anti-MDA5 antibodies and/or CADM require urgent attention to monitor the development of RP-ILD. Surviving RP-ILD patients exhibited a significantly lower severity of anti-MDA5 antibodies and serological levels than deceased RP-ILD patients. Therefore, for patients with RP-ILD, we believe that relatively optimistic LDH, ferritin, and lymphocyte levels may indicate a good prognosis, and early screening for anti-MDA5 antibodies is necessary. Similarly, Xu et al. (31) believed that in addition to anti-MDA5 antibodies, ulcerations, serum ferritin, and lymphocyte count may aid in predicting the occurrence of RP-ILD in patients with CADM.

In our study, patients with CDM had higher rates of negative myositis-specific autoantibodies and anti-NXP2 antibodies than those with CADM, and patients with CADM had higher rates of anti-MDA5 antibodies than those with CDM. Anti-MDA5 antibodies (36.3%) were the most common specific autoantibodies in CADM, followed by anti-Jo-1, anti-PL-7, anti-EJ, and anti-PL-12, which is similar to that observed in the CADM-ILD cohort reported by Wu et al. (32).

Lymphocyte subsets in DM are thought to be reflected with ILD and disease activity to some extent (33, 34). Tumor marker levels can be used to evaluate the disease severity of DM. Additionally, CEA can be used as a noninvasive diagnostic biomarker for patients with DM-RP-ILD (35). The counts of CD3+, CD3+CD4+, CD3+CD8+, and CD16+CD56+ cells in CADM were significantly lower than those in CDM, and the levels of CEA, CA724, NSE, CYFRA21, and CA242 in CADM were significantly higher than those in CDM. Because there were insufficient data regarding the measured lymphocyte subsets and tumor marker levels of the patients, we were unable to include these two items into the prognostic risk factor prediction models of CADM and CDM. Future studies are needed to explore the impact of lymphocyte subsets and tumor marker levels on the prognosis of CADM and CDM. The prevalence of tumor events in this study was 7.6%, which is at the lower end of previously reported values (24, 36–38). During the follow-up of all patients, the probability of tumor events occurring in the CADM and CDM groups was similar to that previously reported (11, 24). At the two-year time node, Bowerman et al. (24) reported that CDM had significantly more tumor events than CADM; additionally, old age and CDM were considered independent risk factors for tumor events within 2 years of onset. Of the 25 patients with tumor-associated DM in our study, the most common antibody was the anti-TIF-1 gamma antibody (52%), similar to previous studies’ findings (39, 40).

The independent risk factors for death in CADM and CDM were evaluated using backward stepwise selection with Cox regression. In the present study, RP-ILD and high LDH levels were risk factors for death in CADM, but not in CDM. Mechanics’ hands were a protective factor against death in CDM but not in CADM; however, because of the impact of the sample size on the results, future studies are needed to confirm this. Positive anti-MDA5 antibodies and high ferritin levels are risk factors for CADM and CDM. Lian et al. (41) modeled a mortality risk score for CADM-associated ILD, identifying a ferritin level of 636 ng/mL and an LDH level of 355 U/L as the optimal clinical thresholds, similar to our results. Gan et al. (42) believed that a higher anti-MDA5 antibody titer indicated an increased likelihood of RP-ILD. Xu et al. (31) concluded that anti-MDA5 antibodies, elevated CRP levels, and decreased lymphocyte counts were independent risk factors for RP-ILD. These results further support the importance of LDH, serum ferritin, RP-ILD, anti-MDA5 antibodies, and lymphocyte levels in predicting poor outcomes.

In our study, all patients received corticosteroids during treatment. More patients with CADM received corticosteroid pulse-dose therapy, IVIG, and biological agents during treatment than those with CDM, whereas more patients with CDM maintained or even improved their condition with oral corticosteroids alone than those with CADM. In terms of the response of ILD to treatment, the presence of CADM worsened it more than that of CDM. A systematic review (43) of the treatment of MDA5-antibody-positive CADM complicated with ILD concluded that initiating combined immunosuppressive therapy early in the disease course is generally beneficial, mainly in terms of reduced morbidity and mortality. A systematic review (44) of 153 CADM cases suggested that IVIG treatment led to improvement or remission in most patients. A systematic review (45) of CADM treatment reported that most patients required more than one treatment owing to refractoriness or side effects, and IVIG was the most successful treatment. A retrospective study (46) found that IVIG is effective in the treatment of refractory cutaneous DM, enables reduction or withdrawal of immunosuppressive drugs in almost 80% of patients. Oral glucocorticoids is the first-line treatment for CDM; however, there is no consensus regarding its dosing or the addition of immunosuppressants in steroid-resistant disease. For severe CADM, the first-line therapy is antimalarials; however, it usually requires the addition of second-line cytotoxic agents. In severely refractory cases, IVIG and/or systemic calcineurin inhibitors may be employed. For severely refractory patients, IVIG and/or systemic calcineurin inhibitors are often used for treatment (47). In conclusion, DM presents a major therapeutic challenge, largely owing to our incomplete understanding of its pathogenesis and the heterogeneity of the disease itself. Randomized controlled trials are needed to determine the effects of treatment in patients with CADM. Furthermore, IVIG is the most successful treatment option for DM.

We analyzed the distribution and effects of anti-MDA5 antibodies in each group. We obtained the following findings: (i) Anti-MDA5 antibodies were prominently present in CADM. (ii) Anti-MDA5 antibody-positive patients did not show significant differences based on whether they belonged to the CADM or CDM group. (iii) When no anti-MDA5 antibody-positive patients participated, the RP-ILD rates, ILD rates, and ferritin levels in CADM were still higher than those in CDM; nonetheless, the differences decreased, whereas the mortality rates, 1-year mortality rates, and LDH levels were no longer different. (iv) Anti-MDA5 antibody-positive patients consistently exhibited higher LDH and ferritin levels, lower lymphocyte levels, higher probability of RP-ILD and ILD occurrence, and worse prognosis than anti-MDA5 antibody-negative patients, irrespective of DM, CADM, or CDM. These results indicate that anti-MDA5 antibodies not only affect the symptoms and prognosis of patients with DM but also have a non-negligible impact on the differences between CADM and CDM.

As far as we know, this is the only cohort study that enrolled more than 300 patients to compare CADM with CDM and to evaluate the distribution and impact of anti-MDA5 antibodies in these two subtypes. Nonetheless, our study still has some limitations. First, it had a retrospective design and had a sample size that was not sufficiently large. Second, myositis-specific antibody titers were not measured, and the significance of disease activity and prognosis need to be determined. Third, some patients with ILD were severely ill and unable to undergo pulmonary function tests. Fourth, the majority of our patients did not undergo pulmonary function tests owing to poor compliance or physicians’ omission. Fifth, since this is a clinical retrospective study, we only compared the medication use and prognosis of patients with CADM and those with CDM; accordingly, the comparison results are general and disordered. Despite these limitations, our study revealed differences in the clinical characteristics, antibody distribution, prognosis, and risk factors for mortality between CADM and CDM. Furthermore, it focused on the distribution and influence of anti-MDA5 antibodies in these two subtypes, Which may make clinicians view anti-MDA5 antibodies in a new light.
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Introduction

Previous observational studies have established a correlation between Graves’ disease(GD) and systemic lupus erythematosus(SLE). However, whether a causal relationship exists between these two diseases remains unknown.We utilized Mendelian randomization to infer the causal association between GD and SLE.





Methods

This study employed GWAS summary statistics of GD and SLE in individuals of Asian descent. The random effect inverse variance weighted (IVW) method was utilized to aggregate the causal effect estimates of all SNPs. Cochran’s Q values were computed to evaluate the heterogeneity among instrumental variables. Sensitivity analyses such as MR-Egger method, median weighting method, leave-one-out method, and MR-PRESSO method were used to test whether there was horizontal pleiotropy of instrumental variables.





Results

Our study found genetically predicted GD may increase risk of SLE (OR=1.17, 95% CI 0.99-1.40, p=0.069). Additionally, genetically predicted SLE elevated the risk of developing GD by 15% (OR=1.15, 95% CI 1.05-1.27, p= 0.004). After correcting for possible horizontal pleiotropy by excluding outlier SNPs, the results suggested that GD increased the risk of SLE (OR=1.27, 95% CI 1.09-1.48, p =0.018), while SLE also increased the risk of developing GD (OR=1.13, 95% CI 1.05-1.22, p =0.003).





Conclusion

The findings of the study indicate that there may be a correlation between GD and SLE, with each potentially increasing the risk of the other. These results have important implications for the screening and treatment of patients with co-morbidities in clinical settings, as well as for further research into the molecular mechanisms underlying the relationship between GD and SLE.
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1 Introduction

Graves’ disease(GD) is an autoimmune disease and is the most common cause of hyperthyroidism (1). Its global incidence ranges from 20 to 50 cases per 100,000 individuals, with a prevalence of approximately 1% to 1.5% (2, 3). Graves’ disease is an autoimmune disorder that primarily affects specific organs and is susceptible to comorbidities with other autoimmune conditions, including systemic lupus erythematosus (SLE), rheumatoid arthritis, type 1 diabetes, and Addison’s disease (4). According to a comprehensive case series report, a notable proportion of patients diagnosed with GD were found to have an additional autoimmune condition, such as SLE, rheumatoid arthritis, multiple sclerosis, celiac disease, type 1 diabetes, sarcoidosis, and Sjogren’s syndrome, with a prevalence of 16.7%. Furthermore, 1.5% of patients with GD were observed to have three concurrent autoimmune diseases (4).

SLE is an autoimmune disease characterized by a diverse clinical presentation that may affect one or multiple organs, including the skin, kidneys, joints, and nervous system (5). A multicenter cohort study conducted in China revealed that individuals with GD exhibited a greater susceptibility to developing SLE compared to healthy controls (6). Previous observational studies have indicated a strong correlation between GD and SLE. However, observational studies inevitably have some shortcomings that bias the inference of causality between GD and SLE.

Mendelian randomization (MR) is an analytical approach that utilizes genetic variation as an instrumental variable to draw inferences regarding the causal relationships between variable risk factors that impact population health and target outcome factors (7). The theoretical basis for Mendelian randomization is founded on Mendel’s laws of inheritance, which dictate that allele pairs segregate and are randomly distributed to offspring during gamete formation (8). The process is similar to that of a clinical randomized controlled trial, where eligible genetic variants are used as instrumental variables for subsequent causality analysis (9). Our study aims to investigate the causal relationship between GD and SLE using bidirectional Mendelian randomization based on GWAS summary data from Asian populations.




2 Methods and materials



2.1 Data sources

In this study, we extracted SNPs for GD in Asian populations from Biobank Japan (BBJ), the largest non-European population-based biobank, which contains aggregated GWAS data for approximately 200,000 individuals of Asian origin (10). BBJ has compiled GWAS data for approximately 200,000 individuals of Asian origin and has identified 47 target diseases based on their prevalence, mortality rates, and clinical significance in the Japanese population. Patients with these diseases were enrolled and followed up at 66 hospitals in 12 Japanese medical institutions between 2003 and 2018 (10). Patients who did not belong to the Asian population or had undergone bone marrow transplantation were excluded from the study. The target diseases were diagnosed by physicians at the respective partner medical institutions, relying on their observations. The corresponding medical institutions collected both DNA and serum samples from the patients (10, 11).We accessed the summary GWAS data for GD from the Japanese ENcyclopedia of GEnetic associations by Riken (JENGER; http://jenger.riken.jp/en/) and the Medical Research Council Integrative Epidemiology Open GWAS database at the University of Bristol (MRCIEU; https://gwas.mrcieu.ac.uk/).

We obtained SNP information related to SLE in Asian populations from the GWAS published by Wang et al. in 2021, which included 4222 cases and 8431 controls from Han Chinese populations in Hong Kong, Guangzhou and Central China (12). This data was utilized to investigate the causal relationship between GD and SLE in Asian populations. The cases and controls were collected by the University of Hong Kong, Hong Kong Island West Hospital Network, and Guangzhou Women’s and Children’s Medical Center, with informed consent being obtained from all participants (12). We accessed the summary GWAS data for SLE from the GWAS catalog (https://www.ebi.ac.uk/gwas/) under data number GCST90011866.




2.2 Instrumental variables

Genetic variation as an instrumental variable in Mendelian randomization studies needs to satisfy three basic assumptions: i) genetic variation needs to be strongly correlated with exposure factors; ii) genetic variation must not be correlated with confounding factors; and iii) there is no independent causal pathway between genetic variation and outcome except through exposure (7, 13, 14).

SNPs that were strongly correlated with exposure factors were screened as instrumental variables from publicly available GWAS database using genomic significant level (p<5×10-8) as the threshold (15). To avoid weak instrumental variable bias, the F-statistic of each instrumental variable SNP was calculated in this study to assess the strength of association between SNPs and exposure factors (16). SNPs with F-statistic <10 were considered as weak instrumental variables and were excluded (16). To ensure independence between instrumental variables, we clumped the selected SNPs based on the 1000 genomes reference panel with a clumping window of 10,000 kb and an r2 threshold of 0.01 (8, 17).

When specific target SNPs were absent in the outcome GWAS dataset, SNPs with high LD with the target SNPs in the exposure dataset were selected as proxy SNPs from the outcome GWAS dataset in this study. To ensure a strong correlation between the proxy SNPs and the target SNPs, a threshold of r2 = 0.8 was set, and the proxy SNPs were subsequently used in place of the target SNPs for subsequent analysis (8).

Palindromic SNPs refer to SNPs with A/T or G/C alleles. In this study, we excluded palindromic SNPs with effect allele frequency between 0.3 and 0.7 to ensure that the reference strand where the palindromic SNP is located can be inferred (8).




2.3 Statistical analysis

In this study, the causal association between GD and SLE was analyzed using the random-effects inverse variance weighted (IVW) method, which can return causal estimates corrected for heterogeneity among instrumental variables (18). Satisfaction of the second and third assumptions needs evaluation of horizontal pleiotropy (8). MR-Egger regression, median weighting, MR-PRESSO, and leave-one-out methods were operated to assess horizontal pleiotropy (8, 19, 20). MR-Egger method can be used to detect and adjust for the presence of horizontal pleiotropy, and intercept of MR-Egger regression can indicate whether horizontal pleiotropy is present (21). Cochran’s Q value was calculated to assess the heterogeneity of the causal effects among genetic variants (22). The weighted median method is able to provide a consistent estimate of the causal effect when only 50% of instrumental variables are valid (23). Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) is a method for testing and identifying outliers and correcting horizontal pleiotropy (20). The leave-one-out analysis is used to test whether a particular SNP or a group of SNPs has a significant influence on the causal effect estimate and to assess the robustness of the results (8). Estimates of causal effects were reflected using the odds ratio (OR) and 95% confidence interval (CI). The main statistical analyses were performed using R software (version 4.2.1) and the R language packages TwoSampleMR (version 0.5.6), ieugwasr (version 0.1.5). Flow chart of this study is shown in Figure 1.




Figure 1 | Flow chart of the 2-sample mendelian randomization study.







3 Results

Thirteen SNPs significantly related to GD were extracted from the results of BBJ. Thirty-nine SNPs significantly related to SLE were obtained from summary data of Wang et al. After clumping and removing palindromic SNPs with effect allele frequency between 0.3 and 0.7, 12 SNPs were eligible to analyze causal effect of GD on SLE, and 36 SNPs were eligible to analyze causal effect of SLE on GD. Details of SNPs associated with GD and SLE were shown in Supplementary Tables 1–4 (24).

As shown in Table 1, GD slightly increased the risk of SLE as an exposure factor (OR=1.17, 95% CI 0.99-1.40, p =0.069). Moreover, the median weighting analysis showed a more significant causal relationship (OR=1.27, 95% CI 1.12-1.44, p <0.001). The MR-Egger intercept did not indicate significant horizontal pleiotropy bias (p =0.410). Cochran’s Q value revealed heterogeneity among the causal effects derived from different GD instrumental variables(p <0.001). The forest plots, scatter plots, and funnel plots suggested that there was heterogeneity between the effect estimates of instrumental variables for GD on SLE. In sensitivity analysis, the leave-one-out method indicated that removing GD-related SNPs one by one did not significantly alter the causal effect (Figure 2).


Table 1 | Mendelian randomization estimates of genetically predicted Graves’ disease on systemic lupus erythematosus.






Figure 2 | Plots of causal estimates of genetically predicted Graves’ disease on systemic lupus erythematosus. (A) The forest plot. (B) The scatter plot. (C) The funnel plot. (D) The leave-one-out plot.



As shown in Table 2, SLE increased the risk of GD when GD was the outcome. SLE raised the risk of developing GD by 15% (OR=1.15, 95% CI 1.05-1.27, p =0.004). The weighted median analysis showed a consistent causal effect (OR=1.09, 95% CI 1.01-1.19, p =0.038). The MR-Egger intercept was not significant (p =0.510), and there was heterogeneity among the causal effect estimates derived from different SLE instrumental variables (p <0.001).The forest plot and scatter plot indicated that SNPs rs13213165 and rs244689 had more prominent effects. In sensitivity analysis, the leave-one-out method indicated that removing the SNPs associated with SLE with prominent effects one by one did not significantly change the overall causal effect (Figure 3).


Table 2 | Mendelian randomization estimates of genetically predicted systemic lupus erythematosus on Graves’ disease.






Figure 3 | Plots of causal estimates of genetically predicted systemic lupus erythematosus on Graves’ disease. (A) The forest plot. (B) The scatter plot. (C) The funnel plot. (D) The leave-one-out plot.



The MR-PRESSO overall test and outlier test suggested that there might be outlier SNPs influencing the causal effect estimates between GD and SLE (Table 3). After correcting for possible horizontal pleiotropy by excluding outlier SNPs, the effect of GD on SLE (Distortion p =0.303) and the causal effect of SLE on GD (Distortion p =0.517) were not significantly different from those before correction (Table 3). The corrected results suggested that GD increased the risk of SLE (OR=1.27, 95% CI 1.09-1.48, p =0.018), while SLE also increased the risk of developing GD (OR=1.13, 95% CI 1.05-1.22, p =0.003).


Table 3 | MR-PRESSO results of the causal relationship between genetically predicted Graves’ disease and systemic lupus erythematosus.






4 Discussion

In this study, we identified a bidirectional causal association between genetically predicted GD and SLE. Prior epidemiological investigations have indicated the co-occurrence of GD and SLE in certain patients, and a multicenter cohort study has reported a higher risk of SLE in individuals with GD compared to those without GD (6). Patients with SLE may exhibit clinical indications of thyroid dysfunction and comorbidity with GD (4, 25). The causal association between GD and SLE found in our study further confirms these previous epidemiological findings.

The development of SLE and GD may be influenced by mutations in HLA genes. A meta-analysis conducted recently revealed that mutations in HLA-DR3 and HLA-DR15 significantly increased the likelihood of developing SLE, thereby indicating the potential role of the HLA-DRB1 gene as a susceptibility gene for SLE (26). A study by Zawadzka-Starczewska et al. also found that HLA-DRB1 gene mutations were associated with the risk of developing GD (27). The presence of mutated HLA genes can result in alterations to the HLA complex on antigen-presenting cells, thereby influencing the interaction between B and T cells. This situation can lead to the dysregulation of self-reactive B cells and the production of autoantibodies, which may serve as mediators of the causal effect of SLE on GD.

In addition to HLA genes, non-HLA genes may also play an important role in the interaction between SLE and GD. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is a protein receptor that functions as an immune checkpoint to downregulate immune responses by binding to ligands CD80 and CD86 on the surface of antigen-presenting cells, thereby regulating T-cell activation and proliferation (28). Mutations in the CTLA-4 gene have been associated with both SLE and GD. A meta-analysis indicated that CTLA-4 gene polymorphisms in Asian populations were associated with the risk of developing SLE (29). A study by Lee et al. found that multiple single nucleotide polymorphisms of CTLA-4 were associated with GD and autoimmune thyroid diseases such as Hashimoto’s thyroiditis (30). Mutations in the CTLA-4 gene may lead to a deficiency in regulatory T-cell downregulation of immune responses, resulting in T-cell hyperactivation and thus triggering autoimmune diseases. They may also play a mediating role in the relationship between GD and SLE.

The PTPN22 gene is another common genetic susceptibility locus for GD and SLE. A meta-analysis conducted by Hu et al. suggested that the SNP rs2476601 mutation in the PTPN gene was linked to an elevated risk of developing SLE in European and American populations (31). Further studies suggested that downregulation of PTPN22 mRNA expression levels was associated with higher SLE activity and more severe lupus nephritis (32). A study conducted by Ichimura et al. found a higher susceptibility to GD in a Japanese population with mutations in the PTPN22 gene (33). The presence of polymorphisms in the PTPN22 gene may affect the functions of T, B, and myeloid cells, as well as regulate their cytokine secretion, potentially influencing the onset of SLE. These genetic variations may play a role in the development of autoimmune disorders, including SLE and GD, and may be implicated in the causal relationship between them (34).

Both SLE and GD are characterized by immune regulation abnormalities, which may be closely associated with type I interferon (IFN-I) (35). Type I interferons, including IFN-α, IFN-β, IFN-ϵ, IFN-κ, etc., are cytokines that play crucial roles in inflammation, immune regulation, tumor cell recognition, and T-cell responses. In the context of autoimmune diseases, IFN-I can contribute to the development and progression of SLE by promoting antigen presentation and lymphocyte responses, as well as inducing chemokine expression. They can also promote cell activation and enhance responsiveness to inflammatory factors (36). IFN-I enhances B cell activation, differentiation, proliferation and antibody production, and may induce the expression of thyroid-stimulating hormone receptors. Thus, it may have an impact on the development of GD (37). Several type I interferon-related genes, including STAT4, IRF5, IFIH1, and PLZF, have been found in previous studies to be associated with both GD and SLE (38).

Furthermore, aside from aberrant immune regulation, SLE and GD may share a common pathogenesis with regards to autoantibodies that result in tissue damage. A meta-analysis conducted by Pan et al. indicated that levels of thyroid peroxidase antibodies (TPOAb) and thyroglobulin antibodies (TgAb) were considerably higher in SLE patients compared to the non-affected population, implying a correlation between SLE and autoimmune thyroid disease (39). This is consistent with the causal association results of our study. A study conducted by Lanzolla et al. indicated that the presence of antinuclear antibodies was observed in around 80% of patients diagnosed with GD. This finding suggested that GD may potentially influence the development of SLE through the autoantibody pathway (40). Furthermore, a shared immunological pathway in the development of SLE and GD is suggested by the overlapping presence of specific chemokines and cytokines. Recent researches have highlighted that the interaction between CXCL10 and CXCR3 in the T helper 1 immune response is pivotal in the etiology of both GD and SLE (41, 42). Moreover, it was reported that elevated levels of IL-37 was positively correlated with the concentration of TRAb and the severity of SLE, proposing that IL-37 could play a significant role in the co-occurrence of GD and SLE (43).

In addition, environmental factors may play a role in triggering or exacerbating immune disorders in GD and SLE. A previous study conducted by Parks et al. found that air pollution and dust exposure may elevate the risk of SLE through epigenetic alterations, increased oxidative stress, and increased secretion of systemic inflammatory factors (44). Similarly, a study by Kim et al. in a Korean cohort proposed a potential association between air pollution and aberrant thyroid function in the general populace (45). Changes in the composition of the microbiota are linked to impaired intestinal barrier function and dysregulation of the mucosal immune system, which may be connected to the development of GD and SLE (46, 47). Smoking may also have an impact on the development of SLE and GD through epigenetic and systemic inflammatory responses (48, 49). Infection with some viruses such as EBV and CMV is also associated with the risk of developing SLE and GD (49, 50). The postulated potential mechanism is that EBV persists in B cells and is activated from time to time, possibly by stimulating TRAb-producing B cells to promote TRAb production in patients with GD (49). On the other hand, both lysed and latent EBV proteins elicit strong T- and B-cell responses and the EBV virus itself induces a series of changes in the body’s immune system, which may induce systemic lupus erythematosus (51).

Our study has the following strengths. First, it builds on a large body of previous epidemiological evidence suggesting a co-morbid relationship between GD and SLE. It is the first to explore the causal relationship between GD and SLE at the genetic level using the Mendelian randomization method and to determine the direction of the causal effect. Second, it uses the results of large-scale GWAS studies for analysis and provides a high level of evidence. Third, it extracts GWAS summary data from an Asian population, which has a genetic background similar to ours.

The limitations of this study include following aspects. First, it only analyzes data from the genetic background of Asian populations, and its applicability to European, American and African populations still needs further validation. Second, it does not further analyze the molecular mechanisms of GD and SLE, so more studies are still needed to explore the molecular mechanisms in the causal effects of GD and SLE. This would help to better select targets for screening and treatment.




5 Conclusion

Genetically predicted GD increases the risk of developing SLE, and vice versa. The results of our study provide a new basis for screening and treatment of co-morbidities in clinical practice. Patients with GD who have a longer duration or new non-specific symptoms should be screened for SLE to facilitate timely diagnosis and treatment and avoid delay or exacerbation of the disease. At the same time, it is also necessary to monitor thyroid function during the diagnosis and treatment of SLE, so as to adjust the treatment plan accordingly and ensure the quality of life of patients.
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Objective

Systemic sclerosis (SSc) is a chronic autoimmune disease characterized by fibrosis. The challenge of early diagnosis, along with the lack of effective treatments for fibrosis, contribute to poor therapeutic outcomes and high mortality of SSc. Therefore, there is an urgent need to identify suitable biomarkers for early diagnosis of SSc.





Methods

Three skin gene expression datasets of SSc patients and healthy controls were downloaded from Gene Expression Omnibus (GEO) database (GSE130955, GSE58095, and GSE181549). GSE130955 (48 early diffuse cutaneous SSc and 33 controls) were utilized to screen differentially expressed genes (DEGs) between SSc and normal skin samples. Least absolute shrinkage and selection operator (LASSO) regression and support vector machine recursive feature elimination (SVM-RFE) were performed to identify diagnostic genes and construct a diagnostic prediction model. The results were further validated in GSE58095 (61 SSc and 36 controls) and GSE181549 (113 SSc and 44 controls) datasets. Receiver operating characteristic (ROC) curves were applied for assessing the level of diagnostic ability. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to verify the diagnostic genes in skin tissues of out cohort (10 SSc and 5 controls). Immune infiltration analysis were performed using CIBERSORT algorithm.





Results

A total of 200 DEGs were identified between SSc and normal skin samples. Functional enrichment analysis revealed that these DEGs may be involved in the pathogenesis of SSc, such as extracellular matrix remodeling, cell-cell interactions, and metabolism. Subsequently, two critical genes (ENHO and NOX4) were identified by LASSO and SVM-RFE. ENHO was found down-regulated while NOX4 was up-regulated in skin of SSc patients and their expression levels were validated by above three datasets and our cohort. Notably, these differential expressions were more pronounced in patients with diffuse cutaneous SSc than in those with limited cutaneous SSc. Next, we developed a novel diagnostic model for SSc using ENHO and NOX4, which demonstrated strong predictive power in above three cohorts and in our own cohort. Furthermore, immune infiltration analysis revealed dysregulated levels of various immune cell subtypes within early SSc skin specimens, and a negative correlation was observed between the levels of ENHO and Macrophages M1 and M2, while a positive correlation was observed between the levels of NOX4 and Macrophages M1 and M2.





Conclusion

This study identified ENHO and NOX4 as novel biomarkers that can be  serve as a diagnostic prediction model for early detection of SSc and play a potential role in the pathogenesis of the disease.





Keywords: systemic sclerosis, prediction model, machine learning, ENHO, NOX4, macrophage





Introduction

Systemic sclerosis (SSc) is a chronic connective tissue disease characterized by the fibrosis of skin and visceral organ affecting various internal organs such as the lungs, hearts, gastrointestinal tract and kidneys. Subset of SSc includes diffuse cutaneous SSc (dcSSc) and limited cutaneous SSc (lcSSc) (1). The global prevalence of SSc ranges from approximately 5 to 50 cases per 100,000 individuals (2). Despite its relatively low prevalence, due to no effective treatment available, SSc exhibits the highest mortality rate among all connective tissue diseases, with a five-year survival rate of 74.9%, which plummets to 40% in patients with concurrent visceral involvement, with pulmonary hypertension and pulmonary fibrosis being the main causes of death (3, 4). The pathogenesis of SSc remains unknown, however, potential mechanisms include immune dysregulation, vasculopathy and excessive production and deposition of extracellular matrix (5). Notably, immune dysregulation and inflammation serve as the initiating and central factor in early stage of SSc (6–9). Abnormal activation of various immune cells, such as dendritic cells, macrophages, T and B lymphocytes, along with the secretion of diverse cytokines and autoantibodies contribute to the over-activation of fibroblasts. This process leads to increased synthesis of extracellular matrix and subsequent fibrosis of skin and visceral organs. Since fibrosis is largely untreatable, it is mandatory to start the treatment before fibrosis develops.

Different from advanced SSc, which mainly presents fibrosis, early SSc is characterized by inflammation and is considered to be the window of opportunity for effective treatment of SSc (10). For example, of the 7 patients treated with mycophenolate mofetil, all 4 patients with improved skin were in the inflammatory subgroup, and those identified as fibroproliferative subgroup before treatment did not have improvement (11). Meanwhile, four of the five dcSSc patients who had an improvement with abatacept treatment were in the inflammatory subgroup at the baseline (12). Whether patients can be treated in time before collagen deposition occurs, the key is early diagnosis of SSc. However, the diagnosis of early SSc remains a challenge for doctors (13). SSc has broad clinical heterogeneity, ranging from a milder subset to a more rapidly extensive fibrosis of skin and visceral organs. Additionally, most of the typical signs and symptoms are absent in early stage SSc. The American Rheumatism Association(ARA) preliminary criteria (1980) for SSc were ill-suited to identify an early SSc and the limited subset (14). The new 2013 ACR/EULAR classification criteria for SSc presents a higher specificity and sensitivity compared to the 1980 ARA criteria, however, those with a higher risk of developing SSc, characterized by Raynaud’s phenomenon(RP), puffy fingers, specific autoantibodies, and/or capillaroscopic specific abnormalities, could not achieve a score sufficient to be classified as SSc (15, 16). Therefore, even new 2013 ACR/EULAR classification criteria may lead to a possible late recognition of SSc. Most SSc patients present with RP as the initial symptom, however, RP is widely diffuse in the population, and 90% of cases are idiopathic (17, 18). Moreover, RP is not exclusive to SSc, as it is also seen in other connective tissue diseases (19). In addition, early identification and diagnosis of SSc are also important for drug clinical trials, which can help select appropriate SSc patients for therapeutic clinical trials and improve the efficacy of trials. Whereas the optimal design of clinical trials to test new therapeutics for SSc has suffered from difficulties in patient selection (20). Therefore, the need for early diagnosis of SSc is largely unmet.

Transcriptomics investigations entail the comprehensive profiling of all transcripts within a tissue or cell, thereby unveiling alterations in gene expression specific to certain disease states. By employing high-throughput sequencing technologies such as RNA-seq, researchers can acquire gene expression data spanning the entire genome and conduct differential gene expression analyses to pinpoint disease-associated markers (21, 22). These differentially expressed genes offer valuable insights into disease mechanisms and hold potential as diagnostic and therapeutic targets. Given the escalating magnitude of bioinformatics data, the integration of machine learning and artificial intelligence has gained increasing prominence in the identification of disease biomarkers (23, 24). These methodologies possess the capacity to effectively handle vast amounts of genomic data and unveil. intricate patterns and associations. Notably, machine learning algorithms have been employed to construct prediction models that leverage genomic data and clinical features, thereby aiding in disease diagnosis and treatment decision-making (25). Recent investigations have utilized machine learning techniques to identify novel biomarkers for various diseases including SSc. However, the application of machine learning methods to construct diagnostic prediction models specific to SSc is currently rarely reported (26, 27). Furthermore, in the context of SSc, the immune microenvironment undergoes abnormal changes in immune cells, inflammatory cytokines, autoantibodies and extracellular matrix components, ultimately fostering fibrosis and organ damage (28). Consequently, it is imperative to explore the pivotal genes implicated in immune infiltration for the treatment of SSc.

In this study, we initially screened differentially expressed genes (DEGs) of skin samples from early dcSSc patients through analysis of GSE130955 dataset. Subsequently, we employed LASSO regression analysis and the machine learning SVM approach to identify diagnostic genes and construct a diagnostic prediction model. Importantly, we successfully developed a novel diagnostic model, which demonstrated strong predictive power in screening SSc in GSE130955, GSE58095, GSE181549 datasets and our cohort. Furthermore, we validated the differential expression of diagnosis genes in above three cohorts and our cohort. Lastly, we conducted an analysis to explore the potential association between the critical genes and the immune microenvironment of SSc.





Materials and methods




Data acquisition and processing

To access the necessary data, we utilized the GEO database maintained by the National Center for Biotechnology Information (NCBI), which offers an open data access platform containing high-throughput sequencing gene expression profiling data. Specifically, we obtained three distinct SSc skin tissue gene expression data from GEO datasets, namely GSE130955, GSE58095, and GSE181549, which were subsequently downloaded for further analysis. GSE130955 encompassed a cohort of 48 early diffuse SSc samples and 33 normal samples, while GSE58095 consisted of 61 SSc samples (dcSSc=43, lcSSc=18) and 36 normal samples, and GSE181549 comprised 113 SSc samples (dcSSc=70, lcSSc=43) and 44 normal samples. In this study, the GSE130955 cohort was utilized as the training cohort, while the GSE58095 and GSE181549 cohorts were employed for the validation purposes.





Data processing and differentially expressed genes screening

Data processing and screening for DEGs were conducted using the limma package in the R programming language. This involved correcting background errors, normalizing arrays, and performing differential expression analysis on a total of 48 SSc skin samples and 33 normal skin samples in GSE130955. The cutoff values for DEGs were set as having a log fold change (FC) greater than 1 and an adjusted false discovery rate P lower than 0.05.





Functional enrichment analysis

Utilizing the clusterProfiler software package allowed for the completion of both the Gene Ontology (GO) analysis and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment investigations. This was carried out in order to ascertain the possible activities and pathways in which DEGs are engaged. The outcomes of the study were presented using the visualization module of clusterProfiler since it was the most effective way to do so. In order to carry out disease ontology (DO) enrichment analysis on DEGs, the “clusterProfiler” and DOSE packages found in R were put to use. For the purpose of these studies, a significance level of P 0.05 was used to serve as the cut-off parameter. When comparing the SSc group to the control group, gene set enrichment analysis, also known as GSEA, was employed in order to ascertain which functional terms were more significant than others. We used the “c2.cp.kegg.v7.0.symbols.gmt” file that was found in the Molecular Signatures Database (MSigDB) as the gene set that served as our reference.





Candidate diagnostic biomarkers

Various machine learning methodologies were explored to identify relevant prognostic markers and generate disease progression forecasts. In the realm of regression analysis, the LASSO approach, which employs regularization to enhance prediction accuracy by reducing the number of exercises in the training set, was employed. The LASSO regression analysis was conducted using the “glmnet” package in R. Additionally, the support vector machine (SVM), a widely recognized supervised machine learning method applicable to both classification and regression tasks, was utilized. To avoid overfitting and ensure accurate results, an RFE approach was employed to select the most suitable genes from the meta-data cohort. Consequently, support vector machine recursive feature elimination (SVM-RFE) was utilized to identify the optimal features for discriminating between different groups. To further validate the expression levels of potential genes, we employed the datasets GSE58095 and GSE181549. The study was expanded to include the overlapping genes that were found as a consequence of employing each of these methodologies simultaneously. In addition, using the predict function that can be found in the glm package of the R programming language, a diagnostic model that was developed using two marker genes was completed. This model was based on the results of the analysis. After that, predictions were created by applying this model to the various types of samples that were contained inside the GSE130955 dataset. In a manner that was comparable to the illustration that came before it, ROC curves were applied for assessing the level of diagnostic ability offered by the novel diagnostic model.





CIBERSORT-based immune infiltration analysis

The utilization of immune cell deconvolution, a technique based on gene expression profiling, offers a promising alternative to flow cytometry for quantifying immune cells in bulk tissues. Notably, in comparison to flow cytometry, the deconvolution method provides additional details of biological processes and enables retrospective analysis of previous RNA sequencing data available in GEO repositories. Therefore, In this study, the CIBERSORT deconvolution was utilized to quantify the infiltration of 22 immune cells in 48 early SSc skin samples and 33 normal skin samples in GSE130955, facilitating a comparative assessment. To visually represent the distribution of immune cell proportions in each sample, boxplots were generated. The green color denotes the proportion of immune cells in normal samples, while the red color represents the proportion in SSc samples. Furthermore, a nortest analysis, specifically an analysis of variance test, was conducted to evaluate the conformity of the data to a normal distribution. The data were subjected to the t-test method to assess the statistical significance of the results, following confirmation of adherence to a normal distribution. The outcomes of this analysis are presented in the uppermost section of the figure. For correlation analysis and visualization of the 22 distinct immune cell types infiltrating the tissue, the “corrplot” tool in R was employed. Both tasks were executed within the R environment. To depict variations in immune cell infiltration between the SSc and control samples, violin plots were generated using the “vioplot” package in R. These disparities were observed upon comparing the SSc skin samples with the control skin samples.





Patients and healthy controls

The forearm skin tissue biopsies were obtained from 10 individuals newly diagnosed with dcSSc in accordance with the 2013 criteria established by the American College of Rheumatology (ACR)/European League of Rheumatology (EULAR), including 7 females and 3 males, with a average age of 54.3 ± 9.9 years. Those patients were admitted to the Department of Rheumatology and clinical Immunology at the First Affiliated Hospital of Guangxi Medical University between 2021 and 2023. As a control group, forearm skin tissue biopsies were obtained from 5 individuals of matching age and sex who had undergone internal fixation of forearm fractures for nail removal, including 3 females and 2 males, with a average age of 48 ± 9.03 years. The research protocol adhered to ethical guidelines and was approved by the Ethics Committee of the First Affiliated Hospital of Guangxi Medical University. All participants provided informed consent in writing.





Real-time quantitative polymerase chain reaction

Isolation of total RNA was achieved using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Subsequently, complementary DNA synthesis was performed using the PrimeScriptTM RT Master Mix kit (TaKaRa BIO, Shiga, Japan).Gene expression analysis was conducted using the SYBR Green PCR Kit (TaKaRa) in conjunction with the ABI Prism 7900HT sequence detector. The 2 Ct approach was employed for data analysis, with the GAPDH gene serving as a reference control. Biological replicates were conducted three times. The primer sequences used in our study are listed below: human ENHO forward 5’-CCATTCTCGCTCTGCCGAC-3’, reverse 5’-CAAGCTGGCTAGACTCTGGG’; human NOX4 forward 5’-TGAATCAGATGATGGTCTACACTTG-3’, reverse 5’-AGTGGTCCAAA GGCTTAACATTCC-3’.





Statistical analysis

All data were processed using R language (version 4.0.2) and statistical analyses were performed using corresponding R package. The unpaired, two-tailed Student’s t-test was employed to assess group differences. Receiver operating characteristic (ROC) analysis was utilized to evaluate the diagnostic relevance of essential genes in SSc samples. Differences were deemed to be significant whenever p was found to be less than 0.05.






Results




Identification of DEGs in SSc

In this study, a retrospective analysis was conducted on a dataset (GSE130955) comprising a total of 48 early dcSSc skin samples and 33 normal skin samples. The samples were categorized into SSc and normalgroups, and a comparative analysis was performed. Differential expression analysis was carried out using the limma tool, resulting in the identification of 200 DEGs. Among these DEGs, 163 genes were upregulated, while 37 genes were downregulated (Figures 1A, B). Correlation analysis was performed on 56 DEGs with a log fold change (FC) greater than 1.5, as depicted in Figure 1C.




Figure 1 | Identification of d DEGs between SSc skin specimens and normal skin specimens. (A, B) The expressing pattern of 200 DEGs were shown in Heat map and volcano plot. (C) The correlation analysis of 56 DEGs with log FC >1.5. *<0.05, **<0.01, ***<0.001..







Functional correlation analysis

To investigate the potential functional roles of 200 DEGs in SSc, a functional correlation analysis was conducted. GO analysis revealed that the 200 DEGs were primarily enriched in processes such as receptor-mediated endocytosis, humoral immune response, extracellular matrix organization, endoplasmic reticulum lumen, collagen-containing extracellular matrix, extracellular structure organization, collagen trimer, extracellular matrix structural constituent, antigen binding and glycosaminoglycan binding(Figure 2A). Additionally, KEGG analysis indicated that the 200 DEGs were predominantly associated with ECM-receptor interaction, focal adhesion, phagosome, protein digestion and absorption, malaria and amoebiasis (Figure 2B). DO enrichment analyses revealed that 200 DEGs were mainly related to lung disease, kidney disease, urinary system disease, obesity, overnutrition and nutrition disease (Figure 2C). Subsequently, GSEA assays were conducted to further investigate the enriched pathways in the SSc group. The results demonstrated that the enriched pathways mainly involved chemokine signaling, cytokine-cytokine receptor interaction, ECM receptor interaction, focal adhesion, and natural killer cell-mediated cytotoxicity (Figure 2D).




Figure 2 | Functional analysis based on 200 DEGs. (A) Significantly enriched GO terms of DEGs. (B) Significant KEGG pathway terms of DEGs. (C) Disease ontology enrichment analysis of 200 DEGs between SSc skin specimens and control skin specimens. (D) Enrichment analyses via GSEA.







Identification and validation of diagnostic feature biomarkers

Moving forward, the study aimed to identify and validate diagnostic feature biomarkers. Two separate algorithms were employed for this purpose. Firstly, the DEGs were narrowed down using the LASSO regression method, resulting in the identification of 19 potential diagnostic biomarkers for SSc (Figure 3A). The association between these 19 genes was analyzed and presented in Figure 3B. Additionally, the Support Vector Machine Recursive Feature Elimination (SVM-RFE) methodology was applied, leading to the recognition of a subset of two features that were shared by the DEGs (Figure 3C). Ultimately, the two overlapping features, namely ENHO and NOX4, were selected as the final diagnostic biomarkers (Figure 3D). Furthermore, the expression and diagnostic value of ENHO and NOX4 were analyzed in the GSE130955, GSE58095 and GSE181549 datasets. ENHO expression levels were found to be significantly decreased in SSc specimens compared to normal specimens. Notably, ENHO demonstrated a strong predictive ability in distinguishing SSc specimens from normal specimens in various datasets, including GSE130955 (Figure 4A), GSE58095 (Figure 4B), GSE181549 (Figure 4C) and our own cohorts (Figure 4D). Similarly, we observed that NOX4 expression was markedly increased in SSc samples compared to normal samples. Furthermore, NOX4 exhibited a strong predictive ability in discriminating SSc samples from normal samples in GSE130955 (Figure 4A), GSE58095 (Figure 4B), GSE181549 (Figure 4C) and our own cohorts (Figure 4D). Next, we conducted a comparative analysis of ENHO and NOX4 expression levels in the skin of dcSSc and lcSSc subgroups, utilizing data obtained from the GSE58095 and GSE181549 datasets. In the smaller dataset GSE58095 (43 dcSSc vs 18 lcSSc), no difference in ENHO expression was observed between two subgroups. However, in the relatively larger dataset GSE181549 (70 dcSSc vs 43 lcSSc), a significant decrease in ENHO expression was evident in dcSSc when compared to lcSSc (Figure 5A). Conversely, the expression of NOX4 was significantly higher in the skin of dcSSc patients in both datasets, as opposed to lcSSc patients (Figure 5B). Subsequently, a diagnostic model was developed utilizing ENHO and NOX4. The diagnostic value of this novel model was further validated in multiple datasets, including GSE130955 (Figure 6A), GSE58095 (Figure 6B), GSE181549 (Figure 6C) and our won cohort (Figure 6D), with all AUC>0.7.




Figure 3 | Identification of diagnostic genes for SSc diagnosis. (A) LASSO model. (B) The correlation analysis of 19 diagnostic genes by LASSO. *<0.05, **<0.01, ***<0.001. (C) A plot of biomarkers selection via SVM-RFE methods. (D) Venn diagram demonstrating two diagnostic markers (ENHO and NOX4) shared by LASSO and SVM-RFE methods.






Figure 4 | The expression pattern of ENHO and NOX4 and their diagnostic for SSc from (A) GSE130955, (B) GSE58095, (C) GSE181549 datasets and (D) our cohorts.






Figure 5 | The expression of ENHO and NOX4 in skin specimens of dcSSc and lcSSc from (A) GSE181549 and (B) GSE58095.






Figure 6 | A new diagnostic model was developed using ENHO and NOX4, and its diagnostic value was demonstrated in (A) GSE130955, (B) GSE58095, (C) GSE181549 datasets and (D) our cohorts.







Association between ENHO and NOX4 and CIBERSORT-based immune cells

Figure 7A presents a comprehensive visualization of the 22 immune cell subtypes based on CIBERSORT deconvolution that infiltrated in early dcSSc skin specimens and normal skin specimens. Furthermore, we investigated the potential correlations among different immune cell subtypes, as depicted in Figure 7B. Significantly, our findings revealed dysregulated levels of various immune cell subtypes within SSc skin specimens. Noteworthy alterations were observed in Monocytes, Macrophages M1, and Macrophages M2, which displayed substantial increases in the skin of individuals with early dcSSc. Conversely, naïve CD4 T cells, resting CD4 memory T cells, resting Dendritic cells, and resting Mast cells exhibited marked reductions in early dcSSc skin when compared to control samples. Furthermore, there was a tendency towards increased levels of naive B cells and plasma cells in SSc, although statistical significance was not observed (Figure 7C). Moreover, we conducted an analysis to explore the association between ENHO and NOX4 expression levels and CIBERSORT-based immune cells. Importantly, our results demonstrated a positive correlation between ENHO levels and resting Mast cells, resting Dendritic cells, resting CD4 memory T cells, and naïve CD4 T cells. Conversely, ENHO levels were found to be negatively associated with activated NK cells, naïve B cells, Monocytes, gamma delta T cells, Macrophages M2, and Macrophages M1 (Figure 8 and Figure 9A). Furthermore, our investigation revealed a positive correlation between NOX4 levels and Macrophages M1, Macrophages M2, gamma delta T cells, Monocytes, activated NK cells, and memory B cells. Conversely, NOX4 levels were found to be negatively associated with naïve CD4 T cells, resting Mast cells, and resting Dendritic cells (Figure 10 and Figure 9B).




Figure 7 | An investigation on the expressions of immune cells and the relationships between them in SSc skin specimens and normal skin specimens was carried out using data from GSE130955. (A) Heatmap of 22 immune cells among 48 SSc and 33 normal skin specimens. (B) In order to conduct an analysis of the matrix consisting of 22 different types of immune cells, the Pearson correlation coefficient was used. (C) The dissimilarity in the composition of immune cells between SSc skin specimens and normal skin specimens.






Figure 8 | Pearson correlation analysis between NOX4 and immune cells.






Figure 9 | Correlation between ENHO and NOX4, and infiltrating immune cells in SSc skin specimens.






Figure 10 | Pearson correlation analysis between ENHO and immune cells.








Discussion

The therapeutic management of SSc has been challenging, primarily attributed to the complex pathogenesis and delayed detection of the disease. In its initial stages, SSc is characterized by inflammatory processes in affected tissues, which gradually subside as the disease advances, leading to the development of fibrosis in advanced SSc cases (29). Considering the irreversible nature of fibrosis and the promising outcomes observed in several clinical trials where patients with improved skin conditions were predominantly in the inflammatory phase, the identification and early diagnosis of SSc assume paramount importance in the effective management of the disease. Timely recognition enables healthcare practitioners to promptly implement treatment strategies, impede disease progression, attenuate tissue fibrosis, and minimize the risk of organ damage. Notably, recent investigations employing skin transcriptome analysis have unveiled significant profiles of innate and adaptive immune cells in the early stages of SSc (30). Consequently, the identification of specific biomarkers associated with infiltrated immune cells holds promise as a potential method for the early diagnosis of SSc. Further research is warranted to elucidate the precise mechanisms underlying these immune cell infiltrations and to explore their potential as diagnostic markers in the context of SSc.

In this study, we conducted an analysis of the GSE130955 datasets and identified 200 DEGs between SSc skin specimens and normal skin specimens. GO assays were performed to investigate the functional relevance of these DEGs, revealing their close association with humoral immune response and ECM organization and functions. These findings align with the pathological characteristics of SSc, which is characterized by excessive deposition of ECM leading to fibrosis in the skin and internal organs. SSc patients also exhibit humoral immune dysfunction, including B cell activation, increased plasma cells, and overproduction of pathogenic autoantibodies. Notably, some SSc patients have shown positive responses to B cell-depleting therapy (31–33). Furthermore, the GO assays demonstrated a strong correlation between the DEGs and integrin binding to the ECM, which was consistent with the results obtained from the KEGG pathway assays. The KEGG pathway analysis revealed that the DEGs primarily participate in ECM-receptor interaction and focal adhesion. Integrins, known as cell adhesion receptors, play a crucial role in mediating cell attachment to the ECM. Importantly, integrins also activate transforming growth factor-beta (TGF-β) and exert significant effects on the fibrotic process (34, 35). Based on the above findings, the 200 DEGs identified in this study are likely to play crucial roles in the pathogenesis of SSc, encompassing immune dysregulation, extracellular matrix remodeling, cell-cell interactions, as well as metabolism and parasitic infections. Further investigation is warranted to elucidate the specific functions of these genes and their contributions to the underlying mechanisms of the disease.

Furthermore, we employed LASSO and SVM techniques to identify two key genes, namely ENHO and NOX4. ENHO, known as an energy homeostasis-associated gene, is expressed in various tissues including the brain, heart, liver, pancreas, and blood vessels. The transcript of the ENHO gene encodes a secreted protein called adropin (36, 37). Previous studies have reported that ENHO can upregulate the expression of endothelial nitric oxide synthase (eNOS), enhance the release of nitric oxide (NO), improve endothelial cell function, and facilitate neovascularization, thereby exerting a protective effect on the cardiovascular system. Treatment of endothelial cells with adropin has been shown to promote proliferation, migration, and capillary tubule formation, while reducing permeability and tumor necrosis factor-α-induced apoptosis. It has been demonstrated that adropin administration can enhance blood perfusion and increase capillary density in a murine model of hind limb ischemia (38). Notably, reduced levels of adropin in the bloodstream have been associated with endothelial dysfunction (39, 40). Additionally, it has been reported that mutations in ENHO or adropin deficiency can lead to increased expression of vascular endothelial growth factor (VEGF), thereby promoting the proliferation of endothelial cells in both vascular and inflammatory contexts, ultimately triggering MPO-ANCA-associated lung injury (41). Endothelial cell dysfunction and vasculopathy are recognized as characteristic pathological features of SSc, contributing to the development of Raynaud’s phenomenon and ultimately resulting in vascular occlusion and diminished capillary bed. In our investigation, we observed a decrease in ENHO expression in SSc skin tissues, suggesting a potential involvement of ENHO in the pathogenesis of endothelial cell dysfunction and vasculopathy in SSc. Notably, the decreased expression of ENHO in dcSSc skin tissue is more pronounced than that in lcSSc, suggesting that ENHO may be associated with the skin severity of SSc. Furthermore, Servet et al. reported a decrease in ENHO expression specifically in SSc patients with lung involvement compared to those without, while no significant difference in ENHO mRNA expression was observed in peripheral blood mononuclear cells (PBMCs) of SSc patients compared to normal controls (42). These findings and our results suggest that ENHO acts primarily in the tissue lesions of SSc rather than in the peripheral blood. This highlights the need for further investigation into the precise role of ENHO in the context of SSc.

NOX4, a gene encoding the enzyme NADPH oxidase 4, is highly expressed in fibroblasts, microvascular endothelial cells, lung epithelial cells, kidney and smooth muscle cells (43). Studies have shown that NOX4 were upregulated in SSc dermal fibroblasts. NOX4 plays a crucial role in the generation of intracellular reactive oxygen species (ROS), NOX4-stimulated ROS production may be involved in the development of tissue fibrosis, abnormalities of endothelial and vascular, and even the generation of autoantibodies. Reduction or abrogation of NOX4 decreased ROS production and expression of type I collagen and α-smooth muscle actin in SSc fibroblasts (43–46). Moreover, TGF-β, a well-recognized profibrotic cytokine, has been demonstrated to promote the expression of NOX4 in dermal and pulmonary fibroblasts. Deletion of Nox4 abolished TGF-β1-induced fibrosis in the skin and lung tissues of mice (47). Our results further confirmed that NOX4 expression was significantly increased in SSc skin specimens, especially in patients with dcSSc, suggesting that NOX4 may contribute to the progression of skin lesions in SSc. Taken together, these findings suggest that NOX4 may represent a promising therapeutic target for SSc.

Building upon these observations, we have developed a novel diagnostic prediction model utilizing ENHO and NOX4, and its diagnostic predictive efficacy has been further validated in multiple datasets (GSE130955, GSE58095, GSE181549) as well as our own cohort. This finding, based on the novel diagnostic prediction model incorporating ENHO and NOX4, has demonstrated its predictive power across various datasets and our cohort, indicating its role in early detection and prediction of SSc risk. Lafyatis et al. previously developed a four-gene biomarker for predicting skin disease in dcSSc, including two TGFβ-regulated genes (cartilage oligomeric matrix protein, COMP and thrombospondin-1, THS1) and two interferon(IFN)-regulated genes(interferon-induced 44, IFI44 and sialoadhesin, SIG1). However, it is important to note that their approach differs from our study. They utilized RT-PCR to measure the expression levels of known TGFβ and IFN-regulated genes, and subsequently correlated these levels with the modified Rodnan skin score (MRSS) using multiple regression analyses to achieve the best-fit models. The four-gene predictor serve as an objective surrogate outcome measure, complementing the skin score evaluations in dcSSc (48).

The immune microenvironment plays a crucial role in the etiology and progression of SSc. A comprehensive understanding of the interplay between the immune microenvironment and SSc can provide valuable insights into the disease’s pathogenesis and facilitate the development of therapeutic interventions. Our analysis of immune infiltration using CIBERSORT deconvolution revealed an elevated presence of Macrophages M1 and Macrophages M2 in the skin of early dcSSc patients, which aligns with previous research findings (49, 50). Macrophages exhibit remarkable plasticity and can undergo distinct forms of polarized activation, traditionally classified as M1 (classically activated) and M2 (alternatively activated) macrophages. M1 macrophages contribute to inflammatory processes that are detrimental to overall health and can lead to tissue damage, suggesting their potential involvement in the early stage of SSc. Conversely, M2 macrophages release profibrotic factors such as TGF-β and contribute to the development of fibrosis in the later stages of the disease (51, 52). Interestingly, we observed a negative correlation between the levels of ENHO and Macrophages M1 and M2, while the levels of NOX4 showed a positive association with Macrophages M1 and M2. The latest findings have demonstrated that adropin promotes M2 polarization of lung macrophages and mitigate the severity of pancreatitis‐associated lung injury (53). Adropin deficiency has been shown to result in increased infiltration of M1 macrophages in colon and mesentery tissues, leading to the development of colitis. Additionally, an imbalance of M2 to M1 macrophage polarization was observed in colon and mesentery of Enho-/- mice (54). These studies indicate the potential of ENHO to regulate macrophage polarization, although its role in SSc macrophages remains unexplored. Notably, pulmonary macrophages from individuals with asbestosis-induced pulmonary fibrosis exhibit elevated expression of NOX4, which contributes to apoptosis resistance in monocyte-derived macrophages and the progression of pulmonary fibrosis (55). Furthermore, NOX4 has been implicated in the regulation of macrophage polarization through various mechanisms (56, 57). However, the role of NOX4 in SSc macrophages has yet to be investigated. Our findings suggest that ENHO and NOX4 may potentially promote the progression of SSc by exerting negative and positive regulatory effects on Macrophages M1 and M2, respectively. Further researches are necessary to fully elucidate these mechanisms.





Conclusion

Following LASSO and SVM analysis, we have successfully identified two pivotal genes, ENHO and NOX4, that play a crucial role in the pathogenesis and progression of SSc. To validate our findings, we conducted extensive analyses on multiple datasets as well as our own SSc cohorts. As a result, we have developed a novel diagnostic model utilizing ENHO and NOX4 as biomarkers, which exhibits promising clinical utility in terms of early diagnosis and disease risk prediction. Notably, ENHO and NOX4 have been found to be associated with immune cell activation and fibroblast activity. Moreover, our study suggests that ENHO and NOX4 may contribute to the advancement of SSc by exerting negative and positive regulatory effects on macrophages M1 and M2, respectively. In conclusion, this study provides valuable insights into the potential clinical significance of ENHO and NOX4 in early diagnosis and risk prediction of SSc. However, further clinical investigation is warranted to evaluate the efficacy and feasibility of implementing this model in real-world clinical settings.
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Background

The prognosis of anti-melanoma differentiation-associated gene 5 positive dermatomyositis (anti-MDA5+DM) is poor and heterogeneous. Rapidly progressive interstitial lung disease (RP-ILD) is these patients’ leading cause of death. We sought to develop prediction models for RP-ILD risk in anti-MDA5+DM patients.





Methods

Patients with anti-MDA5+DM were enrolled in two cohorts: 170 patients from the southern region of Jiangsu province (discovery cohort) and 85 patients from the northern region of Jiangsu province (validation cohort). Cox proportional hazards models were used to identify risk factors of RP-ILD. RP-ILD risk prediction models were developed and validated by testing every independent prognostic risk factor derived from the Cox model.





Results

There are no significant differences in baseline clinical parameters and prognosis between discovery and validation cohorts. Among all 255 anti-MDA5+DM patients, with a median follow-up of 12 months, the incidence of RP-ILD was 36.86%. Using the discovery cohort, four variables were included in the final risk prediction model for RP-ILD: C-reactive protein (CRP) levels, anti-Ro52 antibody positivity, short disease duration, and male sex. A point scoring system was used to classify anti-MDA5+DM patients into moderate, high, and very high risk of RP-ILD. After one-year follow-up, the incidence of RP-ILD in the very high risk group was 71.3% and 85.71%, significantly higher than those in the high-risk group (35.19%, 41.69%) and moderate-risk group (9.54%, 6.67%) in both cohorts.





Conclusions

The CROSS model is an easy-to-use prediction classification system for RP-ILD risk in anti-MDA5+DM patients. It has great application prospect in disease management.
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1 Background

Anti-melanoma differentiation-associated gene 5 positive (anti-MDA5+) dermatomyositis (DM) is a subtype of DM characterized by distinct cutaneous lesions, little or no muscle involvement, and interstitial lung disease (ILD) (1). ILD is the most important clinical feature of anti-MDA5+DM affecting approximately 60–100% of patients; importantly, over 40% (20–75%) of them tend to develop the rapidly progressive ILD phenotype (RP-ILD), especially in the Asian population (2–5). Anti-MDA5+DM patients with RP-ILD are generally resistant to glucocorticoid and immunosuppressant therapy, leading to a 6-month mortality rate as high as 50-70% (6). Risk stratification to predict patients who will develop fatal RP-ILD at the early stage of the disease is very important for discussing patient expectations and supporting therapy decision-making in anti-MDA5+DM patients.

In the past decade, a great effort has been attempted to identify risk factors that predict ILD progression and mortality in anti-MDA5+DM. Old age, skin ulceration, and lack of myositis are suggested as risk factors for RP-ILD (7). Elevated serum CRP, ferritin level, and Krebs von den Lungen-6 (KL-6) levels have been linked to poor outcomes in RP-ILD patients (8, 9). Most recently, forced vital capacity has been validated as a predictor for the survival of ILD in anti-MDA5+DM (10). However, the accuracy of this single risk factor for prognosis estimation is limited by small size, lack of validation, and disease heterogeneity, hindering them from being genuinely applied in the clinic.

Recently, a clinical prediction model of FLAIR score that combines five clinical items, including ferritin, lactate dehydrogenase, anti-MDA5 antibody, CT imaging score, and RP-ILD, has been developed (11). The FLAIR risk score model could help to predict survival in amyopathic DM with ILD. However, the availability of certain items, such as the HRCT scoring system and anti-MDA5 antibody titers, limited the FLAIR model from being quickly adopted in daily clinical practice (12–14).

The current study aims to establish a simple-to-use risk prediction model for RP-ILD based on easily available clinical variables. Using a discovery cohort and an independent validation cohort, we identified and validated that the CROSS model is a readily available risk classification system for predicting RP-ILD in anti-MDA5+DM patients.




2 Methods



2.1 Study cohort and participants

Our cohort study was registered (ClinicalTrials.gov NCT04747652). Adult patients with DM meeting the European NeuroMusclar Center (ENMC) criteria or Sontheimer criteria were recruited into the cohort after excluding other autoimmune diseases or other causes of ILD (15, 16). Consecutive anti-MDA5+DM collected from ten tertiary hospitals in southern Jiangsu province from March 2019 to March 2021 were included in the discovery cohort. To externally verify the derived prediction model, 85 eligible consecutive anti-MDA5+DM patients were recruited into the validation cohort from eight tertiary hospitals in the northern region of Jiangsu province between March 2019 and March 2021 (Figure 1).




Figure 1 | Flow chart of study enrollment. Patients who were diagnosed with dermatomyositis and had positive serum anti-MDA5 antibodies were included in this study. Among them, patients who presented with RP-ILD at enrollment and died within one week of enrollment, as well as those with lung malignant tumor, pneumoconiosis, and loss to follow-up were excluded. Anti-MDA5+DM, anti-melanoma differentiation-associated gene 5 positive dermatomyositis; RP-ILD, rapidly progressive interstitial lung disease.



All clinical data were collected at baseline (initially diagnosed as DM), to death or the last follow-up visit. Clinical parameters of all subjects include the demographic information (including age at onset, gender, disease duration (defined as from disease onset to the cohort enrollment), initial symptoms associated with the disease), clinical manifestation (including muscle weakness, rash, periungual erythema, arthritis, mechanic’s hand, skin ulcer, and interstitial lung disease) and laboratory indicators (including alanine transaminase [ALT], aspartate aminotransferase [AST], lactic dehydrogenase [LDH], creatine kinase [CK], erythrocyte sedimentation rate [ESR], C-reactive protein [CRP], serum ferritin [SF], autoantibodies [including MDA5, ANA and Ro-52]). CT scans were obtained at 1- to 3-month intervals. Two expert thoracic radiologists re-reviewed all available HRCT imaging from baseline to death or the last follow-up visit.

The definition of RP-ILD was according to the descriptions in previous literature with some modifications (17, 18). Briefly, RP-ILD was defined as the presence of any of the following four conditions within one month after the onset of respiratory symptoms: 1) acute and progressive worsening of dyspnea requiring hospitalization or supplementary oxygen; 2) lung function including forced vital capacity (FVC) decreases by more than 10%, or diffusion capacity for carbon monoxide of the Lung (DLCO) falls over 15% with the decreased FVC; 3) high-resolution CT (HRCT) of the chest demonstrates that the extent of interstitial abnormalities increased more than 20%; 4) arterial blood gas analysis suggests respiratory failure or the oxygen partial pressure reduction is more significant than 10mmHg.




2.2 Statistical strategy and modeling

Medical records were reviewed retrospectively to collect clinical, laboratory, and imaging data, and all data were collected using an Electronic Data Capture (EDC) System explicitly designed for the cohort. If a patient developed RP-ILD during follow-up, it will be recorded as an endpoint event for poor outcomes.

In data processing, some continuous variables were transformed into dichotomies. Patients’ median age and disease duration at baseline were used as the cutoff value to distinguish elderly patients and short course of disease. The abnormal thresholds of laboratory indicators used the upper end of their normal reference range. Anti-MDA5 antibodies were tested by immunoblot testing (Euroimmun, Lubeck, Germany) in the same central laboratory for all subjects, and the high titer positivity is defined as +++. ANA is detected using the indirect immunofluorescence assay, and a titre greater than 1:40 is considered positive.

SPSS 23.0, GraphPad Prism 8.4.2, and R version 3.6.3 were used in the statistical analysis. Differences between the different groups (whether an RP-ILD and death endpoint event occurred in the discovery cohort) were calculated with the Mann-Whitney U test and Pearson’s chi-square test in measurement and categorical data, respectively. P < 0.05 was considered statistically significant, and all statistical tests were two-tailed probability tests.

A discovery cohort was used to develop a prediction model of RP-ILD in anti-MDA5+DM patients. All transformed dichotomous variables were tested by univariate Cox analysis to screen whether it is a related factor to the occurrence of RP-ILD. Some continuous variables were dichotomized based on the median, including age, course of the disease (short disease duration is defined as ≤ 3 months after anti-MDA5+DM onset), follow-up time, etc. In contrast, other continuous variables were dichotomized based on the upper limit of 95% confidence interval of clinical tests, including ALT, AST, LDH, CK, ESR, CRP and SF. Univariate and multivariable Cox analyses were then performed to identify the independent risk factors for developing RP-ILD in anti-MDA5+DM patients. Variables with p < 0.2 in the univariate analysis were included in the multivariable Cox analysis as the covariates. To identify independent prognostic risk factors and calculate their weightiness, β regression coefficient and integer estimation were used to form an integral model for predicting the occurrence of RP-ILD.

Time-dependent receiver operating characteristic (ROC) curve analysis was used to determine whether the two score models were the optimal clinical significance threshold. Kaplan-Meier method was used to calculate the cumulative poor prognosis rates during follow-up, and the logarithmic rank test was used to compare different risk groups. Finally, the incidence of RP-ILD and mortality at 3 months, 6 months, and 1 year in anti-MDA5+DM patients with varying levels of risk was accurately measured and demonstrated. The above verification methods are carried out in the external validation cohort to verify the prediction models’ reliability further.





3 Results



3.1 Baseline characteristics of anti-MDA5+DM patients in the discovery and validation cohort

Table 1 shows the baseline characteristics of the discovery and validation cohorts. Patients in the discovery and validation cohorts do not show marked differences at baseline. As one group, anti-MDA5+DM patients are predominantly women (69.8%) with a median age of 53.0 (47.0-63.0) years old. The median follow-up time is 10.0 (3.0-14.0) and 12.0 (3.0-14.0) months in the discovery and validation cohorts, respectively. The overall incidence of RP-ILD in anti-MDA5+DM patients was 36.86% (94/255), and the mortality was 24.71% (63/255).


Table 1 | Comparison of clinical manifestations and laboratory features between discovery and validation cohorts at baseline.






3.2 Development of the CROSS model to predict the risk of RP-ILD

After univariate Cox analysis, variables with p < 0.2 were included in the multivariable Cox analysis as the covariates, including male sex, short disease duration, abnormal laboratory parameters (including AST, LDH, CK, CRP, and SF), anti-Ro52 antibody positivity and high titer positivity of anti-MDA5 antibody defined as +++.

After COX regression, four risk factors were finally determined as the independent risk factors for the development of RP-ILD, including CRP abnormal (defined as exceed the upper limit of the normal detection range), anti-Ro52 antibody positivity, male sex, and short disease duration (Figure 2). We then selected these four independent risk factors to create a new RP-ILD risk prediction model of the CROSS score (CRP abnormal, anti-Ro52 antibody, sex [male sex], and short disease duration). These four variables were weighted according to the ratio of the β coefficient. When calculating the CROSS score, anti-Ro52 positivity and short disease duration scored 2 points, respectively, and abnormal CRP and male sex scored one point. The Alignment Diagram also shows the weighted relationship between these four predictors and the occurrence of RP-ILD, and the concordance index reached 0.825 (Supplementary Figure 1).




Figure 2 | Univariate and Multivariate COX analysis of RP-ILD influenced by baseline manifestations in the discovery cohort (A) Univariate COX analysis, (B) Multivariate COX analysis. ALT, alanine transaminase; AST, aspartate aminotransferase; LDH, lactic dehydrogenase; CK= creatine kinase; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; SF, serum ferritin; ANA, anti-nuclear antibodies; MDA5, anti-melanoma differentiation-associated gene 5; RP-ILD, rapidly progressive interstitial lung disease; HR, Hazard ratio.



Based on the CROSS score with a range from 0 to 6, anti-MDA5+DM patients were classified as moderate risk (CROSS score = 0-2), high risk (CROSS score = 3-4), and very high risk (CROSS score = 5-6) for developing of RP-ILD, respectively (Table 2).


Table 2 | CROSS prognostic score system in discovery cohort.






3.3 Efficiency validation of the CROSS model

To verify the accuracy of the predictive model, the CROSS score was calculated in both cohorts as the internal validation and external validation datasets, respectively. Compared with patients without RP-ILD, the CROSS score at baseline was significantly higher in anti-MDA5+DM patients with RP-ILD in both cohorts (Supplementary Figure 2). Then, time-dependent ROC curves were performed to evaluate the forecast effects of the CROSS model. The area under the curve (AUC) of the CROSS model in both cohorts are more than 0.8 at each time point within one year, which indicates excellent differentiation efficiency of the CROSS model (Supplementary Figure 3).

Next, Kaplan-Meier analysis was used to assess whether the percentage of adverse events in patients at different risk levels differed significantly over time. The proportion of anti-MDA5+DM patients developing RP-ILD over time increases considerably as the risk level assessed based on the CROSS model increases in both cohorts (p< 0.0001). In the discovery cohort, the 1-year non-RP-ILD survival rate of the moderate-, high-, and very high-risk groups were 90.46%, 64.81%, and 28.7%, respectively (Figure 3A). In the validation cohort, the 1-year non-RP-ILD survival rate of the moderate-, high-, and very high-risk groups were 93.33%, 58.31%, and 14.29%, respectively (p< 0.0001) (Figure 3B). At the same time, we further analyzed the time-dependent mortality of these three groups of anti-MDA5+DM patients. The prognostic grouping based on the CROSS model also has an excellent predictive effect on the risk of death (p=0.0003 in the discovery cohort and p< 0.0001 in the validation cohort). The one-year survival rates of very high-risk patients were 54.28% and 30.86%, significantly lower than those in moderate- and high-risk patients (Figures 3C, D).




Figure 3 | Kaplan-Meier analysis of different risk grades in survival rate and RP-ILD-free survival rate Kaplan-Meier non-RPILD survival curves for the different risk stratification groups according to the CROSS model in the discovery cohort (A) or validation cohort (B). Kaplan-Meier survival curves in the discovery cohort (C) or validation cohort (D).






3.4 Incidence rate of poor prognosis in various risk grades evaluated by the models

At last, we calculated the rates of RP-ILD in anti-MDA5+DM patients with moderate, high, and very high-risk stratification at different time points. As the risk level rises, the incidence rate of RP-ILD based on the CROSS model was gradually raised in both cohorts. Of note, the incidence rate of RP-ILD in very high-risk patients is over 70%, high-risk patients are around 25%-50%, and less than 15% in moderate-risk patients (Figure 4).




Figure 4 | The incidence rate of RP-ILD and mortality according to the CROSS model Comparison of 3-months, 6-months, and 1-year incidence rates of RP-ILD (A) and mortality (B) in the discovery and validation cohorts with different risk stratification.







4 Discussion

RP-ILD is a common and potentially fatal complication of anti-MDA5+DM. Risk stratification to predict patients who will develop fatal RP-ILD at the early stage of the disease is very important for discussing patient expectations and supporting therapy decision-making in anti-MDA5+DM patients. Based on the current largest reported anti-MDA5+DM cohort containing 255 consecutive anti-MDA5+DM patients, we developed and validated a CROSS model that successfully predicts RP-ILD and mortality risk.

There are three essential differences between the FLAIR model (11) mentioned in introduction and our own. First, all patients included in our cohort are anti-MDA5+DM patients. Second, unlike the FLAIR model for predicting death risk, the CROSS model represents the first prognostic tool for RP-ILD in anti-MDA5+DM patients. RP-ILD is linked to high mortality. Given that only about 1/3 of anti-MDA5+DM may develop RP-ILD after disease onset in our cohort and the previous report, early recognition of patients with high RP-ILD risk is particularly important in halting disease progression and improving prognosis in anti-MDA5+DM. Third, the inconvenience of obtaining HRCT scoring and anti-MDA5 titers data limits the FLAIR model’s widespread adoption in daily clinical practice (12–14). To overcome these limitations, we developed a simpler prognostic model.

We compared 26 clinical or laboratory parameters from 255 patients (94 RP-ILD and 161 non-RP-ILD; 192 survivors and 63 non-survivors). Amongst all parameters investigated, we found four parameters to be independent risk factors for RP-ILD in the discovery cohort. We then developed and externally validated a CROSS (CRP, anti-Ro52 antibody, short disease duration, Sex[male sex]) for predicting RP-ILD risk in two different anti-MDA5+DM cohorts. The CROSS model is an easy-to-use risk prediction system based on commonly used and easily obtained variables in the clinical setting. In both discovery and validation cohorts, very high-risk patients had significantly higher RP-ILD rates than moderate- and high-risk patients. Interestingly, the risk of death in anti-MDA5+DM patients was also well stratified based on the predictive model (Figures 3C, D). However, there was no significant difference in overall mortality among the three groups based on the CROSS model in the validation cohort (Figure 4B).

According to the CROSS model, 51 patients (30.0%) were classified as at very high risk of developing RP-ILD in the discovery cohort, and 76.6% of them eventually developed RP-ILD in the first 6 months. Similar accuracy was confirmed in the validation cohort and achieved 85.7%. Stratifying anti-MDA5+DM into different risk categories allows for closer monitoring of very high-risk patients and guiding management decisions.

In our cohort, 34.84% of anti-MDA5+DM patients will develop RP-ILD during the first 3 months after disease onset. Actually we find significant, time- time-dependent changes in RP-ILD and mortality risk in MDA5+ DM patients in our cohort. More than 90% RP-ILD and 84% mortality occurs in the first 6-months after disease onset. Notably, the first 3-months is a particularly high-risk period, with 50% RP-ILD and 46% death occurring. We proposed the first 6-months, especially the first 3-months, is a risk window for the poor outcome in anti-MDA5+ DM patients (19). We recommend calculating the CROSS score initially after the patient is diagnosed with anti-MDA5+DM. Then, the CROSS risk classification system can be used sequentially, particularly in the first 3~6 months.

Among the variables in the CROSS model, the increased CRP levels imply high disease activity and hyperinflammatory state in anti-MDA5+DM. We previously identified 3 distinct phenotypes with significantly different prognoses in patients with anti-MDA5+DM. The most prominent feature in anti-MDA5+DM with RP-ILD is the high inflammatory status (20), supporting CRP played an important role in the CROSS score. CRP is a dynamic index. Besides its association with an inflammatory state, CRP levels are also linked to potential infection, which might warn differential diagnosis during disease progression. Based on the requirement of simplification of the clinical model, all quantitative parameters were qualified based on whether they were abnormal, which may even weaken the impact of CRP in predicting the prognosis of anti-MDA5+DM patients.

In our CROSS model, anti-Ro52 is a strong prognostic factor for RP-ILD. Anti-Ro52 is the most common autoantibody detected in polymyositis and the anti-synthetase syndrome. Previous studies have reported that anti-Ro52 antibodies significantly correlated with ILD in DM, juvenile myositis, primary Sjögren syndrome, and connective tissue diseases, suggesting anti-Ro52 is an intended risk factor for ILD (21–25). Consistent with our findings, recent studies have found that the coexistence of anti-MDA5 and anti-Ro52 correlates with an increased frequency of RP-ILD and poor prognosis in anti-MDA5 DM patients (25). Thus, the presence of anti-Ro52 might help to distinguish a subgroup of anti-MDA5+DM patients with more aggressive phenotypes.

There are limitations to this study. First, all data are obtained from a multicenter retrospective study, and missing data could not be avoided, which might be a bias of the analysis. Second, FVC, DLCO values, and hypoxemia have been reported as risk factors for RP-ILD and poor prognosis in patients with anti-MDA5+DM (7). Approximately36.9% of patients develop RP-ILD during the follow-up period in our cohort, and most patients have no markedly respiratory symptoms at the beginning of disease onset. Our goal is to create an easy-to-use prediction model that could be applied at the initial visit of a patient with anti-MDA5 DM. Therefore, we did not include lung function and arterial blood gas in our risk classification system. Third, the treatment regimen was not analyzed in the current study, especially lacking the relationship between changes in CROSS score over time with treatment response. Fourth, the worldwide coronavirus disease 2019 (COVID-19) pandemic indicated a similar cytokine storm in anti-MDA5+DM with RP-ILD. CROSS score did not take into account blood cytokine profiles with clinical outcomes. Given that the development and validation of the CROSS model were conducted with patients from various hospitals in Jiangsu Province, China, its applicability to populations in other regions or ethnic groups beyond Asians has yet to be established. This necessitates additional validation to confirm its effectiveness in diverse settings. Despite its limitations, based on the most significant reported study populations, our CROSS score provides a simple and accurate model for predicting RP-ILD onset and mortality risk in anti-MDA5+DM patients. Further prospective studies are needed to validate its accuracy in risk prediction further, facilitating the truly clinical decision-making support in anti-MDA5+DM patients.

Recently, Jacqueline So et al. also revealed a FLAW model that based on fever, LDH, age, and white cell count maybe useful to predict the risk of RP-ILD in anti-MDA5+DM patients (26). Similar to our CROSS model, FLAW provide a simple pragmatic model for predicting RP-ILD. Although the variables are different, both these two models showed good predictive effects. Future prospective studies are needed to compare the clinical application value of these two models. Using the largest reported cohort, we developed and validated a prediction model for RP-ILD risk in anti-MDA5+DM patients. The strength of this model is the use of clinical variables that could be easily obtained during the routine clinic visit. This simple predictive model could aid in the early detection of anti-MDA5+DM patients without RP-ILD at poor prognosis risk, guiding treatment and improving outcomes.




5 Conclusions

The CROSS model could help to identify anti-MDA5+DM patient who are at high risk of RP-ILD. It provides a simple and easy-used mothed to early warning and early detection of anti-MDA5+DM patients with poor outcomes in in daily clinical practice.
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Supplementary Figure 1 | A nomogram predicting RP-ILD risk of anti-MDA5+DM patients Each variable’s value was given a score on the point scale axis. A total score could be calculated by adding every single score, and by projecting the complete score to the lower full-point scale, we could estimate the probability of RP-ILD.

Supplementary Figure 2 | Differences in CROSS scores in anti-MDA5+DM patients The violin diagram shows the difference in CROSS scores between patients who progressed to RP-ILD and those who did not in both discovery (A) and validation cohort (B).

Supplementary Figure 3 | AUC value of time-dependent ROC curve in CROSS model The area under the curve (AUC) value of the time-dependent ROC curve shows that the CROSS model has excellent differentiation efficiency in both cohorts within different time points.
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Background

Lupus nephritis (LN) is a common disease with diverse clinical and pathological manifestations. A major challenge in the management of LN is the inability to predict its treatment response at an early stage. The objective of this study was to determine whether the density of tubulointerstitial macrophage infiltration can be used to predict treatment response in LN and whether its addition to clinicopathological data at the time of biopsy would improve risk prediction.





Methods

In this retrospective cohort study, 430 patients with LN in our hospital from January 2010 to December 2017 were included. We used immunohistochemistry to show macrophage and lymphocyte infiltration in their biopsy specimens, followed by quantification of the infiltration density. The outcome was the treatment response, defined as complete or partial remission at 12 months of immunosuppression.





Results

The infiltration of CD68+ macrophages in the interstitium increased in patients with LN. High levels of CD68+ macrophage infiltration in the interstitium were associated with a low probability of treatment response in the adjusted analysis, and verse vice. The density of CD68+ macrophage infiltration in the interstitium alone predicted the response to immunosuppression (area under the curve [AUC], 0.70; 95% CI, 0.63 to 0.76). The addition of CD68+cells/interstitial field to the pathological and clinical data at biopsy in the prediction model resulted in an increased AUC of 0.78 (95% CI, 0.73 to 0.84).





Conclusion

The density of tubulointerstitial macrophage infiltration is an independent predictor for treatment response in LN. Adding tubulointerstitial macrophage infiltration density to clinicopathological data at the time of biopsy significantly improves risk prediction of treatment response in LN patients.





Keywords: lupus nephritis, macrophage infiltration, treatment response, predictor, predictive models





Introduction

Lupus nephritis (LN) is a common and important manifestation of systemic lupus erythematosus (SLE). About 60% of patients with SLE experience renal involvement, and 10% to 20% progress to end-stage kidney disease (ESKD) (1, 2). Chronic kidney disease (CKD) and ESKD caused by LN are the leading causes of mortality among patients with SLE. Although the precise pathogenesis of LN is not very clear at present, it is widely believed that immune and autoimmune activation plays an important role. Pathologically, LN is characterized by immune complex deposition and inflammation in glomeruli and the tubulointerstitium (3). Therefore, glucocorticoid steroids combined with other immunosuppressants are recommended to treat LN. With the rapid progress in the treatment of LN, several new immunosuppression strategies that target different pathways in the pathogenesis of LN have recently emerged (4). Despite these advancements, a subset of patients remains unresponsive to current therapeutic interventions.

It has been desired that a physician can predict the treatment response of patients with LN based on the biopsy. Unfortunately, there is a lack of good biomarkers that predict the response to treatment. Previous studies have shown that hypertension, serum creatinine (SCr), chronicity index score (CIs), and other indicators can serve as predictors of treatment response (5–8). However, the prognostic value of the conventional clinicopathological features remains low. Immune cells, including T lymphocytes, B lymphocytes, and macrophages, play roles in the pathogenesis of LN. The density of the immune cell infiltration, especially macrophages, correlates with the severity of renal histologic lesions and the level of SCr at biopsy (9, 10). Previous studies have demonstrated that an increased number of macrophages is associated with impaired kidney function. After activation, macrophages can secrete proinflammatory cytokines and activate other immune cells (9, 11). Additionally, macrophages exhibit compromised phagocytic activity and a diminished ability to eliminate apoptotic cells, resulting in the excessive generation of autoantibodies in LN patients.

Based on the above studies, macrophages have been suggested to be closely associated with LN. Therapeutic interventions targeting macrophage function in LN patients have been explored, and ongoing studies are investigating the potential benefits of macrophage depletion (12, 13). Nevertheless, it is not known whether the density of macrophage infiltration can serve as a predictor for treatment response in LN. Therefore, we aimed to determine whether the extent of macrophage infiltration in kidney can predict the response to immunosuppression in LN patients.





Methods




Patients

This retrospective cohort study was conducted with the approval of the Institutional Review Board of Nanjing Jinling Hospital (2021NZKY-021-01). A total of 1,297 patients with biopsy-proven LN in the hospital from January 2010 to December 2017 were screened for the cohort. Their renal biopsy samples were assessed following the classification criteria established by the International Society of Nephrology/Renal Pathology Society (ISN/RPS) (14). The patients who met at least four of the criteria for SLE in the 1997 revised American College of Rheumatology classification were selected for the cohort. Baseline and follow-up data of the LN patients were obtained from the database of the National Clinical Research Center of Kidney Diseases, Jinling Hospital.

All the patients received regular immunosuppressive therapy for one year. Patients with incomplete information of CD4+, CD8+ lymphocytes, and CD68+ macrophages in kidney tissue and follow-up records were excluded (Figure 1). Ultimately, a total of 430 patients were enrolled in the study.




Figure 1 | Flowchart of the study.







Treatment response and definition

Baseline data collection and follow-up visits were conducted by research personnel. Data on demographic characteristics, clinicopathological features, treatment modalities, and treatment response were obtained. Anti-nuclear antibodies (ANA) and anti-double stranded DNA antibodies (anti-dsDNA) were described as positive or negative. The estimated glomerular filtration rate (eGFR) was calculated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) (15). Disease activity was scored according to the Systemic Lupus Erythematous Disease Activity Index (SLEDAI). Treatment response included complete remission (urinary protein quantitation (UPRO) < 0.4 g/24 hours and normal SCr) and partial remission (≥ 50% reduction in proteinuria and UPRO < 3.5 g/24 hours, serum albumin (ALB) level ≥ 30 g/L, and normal or ≤ 25% increase in SCr level from baseline) at 12 months.





Histopathology and macrophage infiltration in renal tissue

All renal biopsy specimens were obtained by percutaneous needle biopsy and were routinely examined by light microscopy, immunofluorescence, and electron microscopy. Two experienced pathologists independently examined the kidney biopsy specimens. They had access to the patient’s clinical information, including vital signs, blood test results, urinalysis results, and clinical diagnoses. Pathological parameters such as activity index score (AIs) and chronicity index score (CIs) were evaluated as described previously (16).

Infiltrating macrophages and lymphocytes in renal tissue were identified using immunohistochemical staining. Paraffin-embedded tissue sections (2 µm) were incubated with the following primary antibodies: mouse anti-human CD68 mAb (M0876; DAKO, Glostrup, Denmark), rabbit antihuman CD3 antibody (SP7; LEICA), rabbit antihuman CD4 antibody (NCL-L-368; LEICA) and rabbit antihuman CD8 (NCL-L-295). The slides were then incubated with the secondary antibody and visualized using a LEICA System Kit and counterstained with hematoxylin. The stained sections were scanned with a Digital Pathology Slide Scanner (Leica, Wetzlar, Germany). Positive-stained cells were automatically counted in all nonglobally sclerotic glomeruli at 400 magnifications using Aperio eSlide Manager (Leica)(Figure 2).




Figure 2 | Characteristics of infiltrating cells in two groups. (A, B) Representative images of immunostaining for CD4 of tubulointerstitial (×200), (C, D) immunostaining for CD8 of tubulointerstitial(×200), (E, F) immunostaining for CD68 of glomerular (×400), (G,H) immunostaining for CD68 of tubulointerstitial(×200).







Statistical analyses

The density of glomerular and tubulointerstitial infiltration between the response and nonresponse groups was compared using the Mann–Whitney test and the Spearman correlation between the density of glomerular and tubulointerstitial infiltration and clinicopathologic variables was calculated. In addition, logistic regression analyses were used to examine the association between different levels of glomerular and tubulointerstitial infiltration and the treatment response, with and without adjustment for gender, age, UPRO, SCr, C4, LN duration, hypertension, repeat biopsy, AIs, CIs, and ISN/RPS classification. Then all patients included in this study were randomly categorized into a training cohort or validation cohort in a 3:1 ratio. Three prediction models were used: a univariable model with the level of infiltration in glomeruli or tubulointerstitium separately; a model with CD4+ cells/interstitial field, CD8+ cells/interstitial field, and CD68+ cells/interstitial field together; and a model using combinations of the level of infiltration in glomerulus or tubulointerstitium, other pathological and clinical data. We also used stepwise regression with forward selection and backward elimination to obtain the model that minimizes the Alkaike information criterion (AIC). Performance of three logistic regression models in predicting the treatment response in both the training set and the validation set was reported and the predictive accuracy of these models was assessed by discrimination as measured by AUC.

Data analysis was performed using RStudio version 2023.03.0, an integrated development environment for R version 4.2.3 (R Core Team, Vienna, Austria). The difference was considered statistically significant as a two-sided P-value < 0.05.






Results




Characteristics of patients

Included in this study were 430 biopsy-proven LN patients, with the female gender predominating (84.65%) and a mean age of 30.31 ± 11.14 years (Table 1). The median SCr level at presentation was 0.83 (0.63–1.31) mg/dl. The median UPRO was 3.10 (1.72-5.58) g/24h. The median C3 and C4 levels were 0.41 (0.10-1.28) g/L and 0.08 (0.04-0.12) g/L, respectively. Most patients in our study had proliferative LN, of which 209 patients (48.60%) had pure proliferative LN (n = 35 for class III and n = 174 for class IV), 167 patients (38.83%) mixed proliferative LN (n = 44 for class III + V and n = 123 for class IV + V), 2 (0.47%) lupus podocytopathy, 5 (1.16%) class II LN, and 47 (10.93%) membranous LN. At the time of biopsy, the median AIs and CIs were evaluated by modified NIH activity and chronicity index of 7.00 (4.00-9.00) and 2.00 (1.00-3.00), respectively. The induction therapy was based on the histological lesions shown by renal biopsy. All the patients received treatment with corticosteroids without contraindications. Additionally, 126 (29.30%) received multi-target therapy, of which 120 cases of mycophenolate mofetil (MMF) combined with tacrolimus and 6 MMF combined with cyclosporine. There were 112 (26.05%) cyclophosphamide (CYC), 74 (17.21%) MMF, 66 (15.35%) calcineurin inhibitors (including 60 tacrolimus and 6 cyclosporine), 16 (3.72%) Triptergium wilfordii (TW), 7 (1.63%) rituximab (RTX), 6 (1.40%) azathioprine (AZA), and 5 (1.16%) autologous hematopoietic stem cell transplantation (AHSCT), respectively. 18 (4.19%) patients were treated with corticosteroids alone (Table 1).


Table 1 | Baseline clinical characteristics of patients with lupus nephritis.







Clinicopathologic features in patients with or without response to treatment

Our analysis encompassed four patients who underwent repeat renal biopsies. The characteristics of the patients at the time of kidney biopsy were stratified by response to immunosuppression and are presented in Tables 1, 2.


Table 2 | Renal pathological features in the patients of lupus nephritis.



There were 69.07% of patients (n = 297) in the response group and the rest patients (n = 133) in the nonresponse group. The proportion of women in the response group was significantly higher than in the nonresponse group (P < 0.01). Patients in the response group were more likely to have higher SLEDAI scores (P = 0.013). However, patients in the nonresponse group were more likely to have comorbid hypertension, a longer course of SLE and LN, and a higher frequency of cardiac involvement (P < 0.05). Regarding laboratory parameters, patients in the response group were more likely to have better renal function, fewer immunological indexes, and more numbers of lymphocyte subsets than the nonresponse group (P < 0.05). There were no significant differences in age, diabetes, SS, induction therapy, and baseline level of leukocyte counts, platelets (PLT), hemoglobin (Hb), ALB, UPRO, Anti-Complement 1q antibodies (anti-C1q), CD3+ cell counts (CD3), and CD8+ cell counts (CD8) between the two groups (P > 0.05).

Histologically, there was no significant difference in pathological classification between the two groups. The patients in the nonresponse group had higher CIs compared with those in the response group (P < 0.05). Most importantly, the level of inflammatory infiltration including CD4+, CD8+ T cells, and CD68+ macrophages in tubulointerstitium was significantly higher in the nonresponse group. However, infiltrated CD68+ macrophages in glomeruli were increased in the response group.





Correlations between cellular infiltration and clinicopathological parameters

We estimated the levels of CD4+, CD8+ lymphocytes, and CD68+ macrophages in glomeruli and tubulointerstitium in 430 patients with LN. As shown in Figure 3, Table 3, infiltrated CD4+, CD8+ lymphocytes, and CD68+ macrophages in tubulointerstitium were increased in patients with proliferative LN compared with those with pure SLE ISN/RPS class V. The number of CD68+ macrophages in glomeruli was also increased in patients with proliferative LN, but the statistical difference was not significant.




Figure 3 | Correlations between ISN/RPS classification in LN with CD4+ lymphocyte infiltration in tubulointerstitium (A), CD8+ lymphocyte infiltration in tubulointerstitium (B), CD68+ macrophage infiltration in tubulointerstitium (C), and CD68+ macrophage infiltration in glomeruli (D). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Boxplot: boxplot medians (center lines), interquartile ranges (box ranges), whisker ranges; LP, lupus podocytopathy. ns, not significant.




Table 3 | The inflammatory cell infiltration in different ISN/RPS classifications of lupus nephritis.



The density of infiltrated CD68+ macrophages in glomeruli correlated with age, SLEDAI, SLE duration, LN duration, PLT, Hb, blood urea nitrogen (BUN), UA, C3, C4, CD3, CD8, AIs, and CIs, with the highest Spearman correlation coefficients (r) being 0.41. The density of tubulointerstitial infiltration, including CD4+ cells, CD8+ cells, and CD68+ cells, positively correlated with BUN, SCr, and CIs, and negatively correlated with Hb and eGFR. The absolute values of r ranged from 0.31 to 0.51 (Figure 4, Table 4).




Figure 4 | The heatmap shows correlations between parameters relevant for LN among the 430 patients enrolled. Only significant p values (P < 0.05) are shown. Red and blue colors represent significant negative and positive correlations. Darker color represents stronger correlations. *P < 0.05, **P < 0.01, ***P < 0.001.WBC, white blood cell; PLT, blood platelet; Hb, hemoglobin; ALB, albumin; SCr, serum creatinine; UA, blood uric acid; UPRO, urinary protein quantitation; eGFR, estimated glomerular filtration rate; C3, complement 3; C4, complement 4; CD4, CD4+ cell count; CD8, CD8+ cell count; AIs, activity index score; CIs, chronicity index score; GN, glomerulus number.




Table 4 | The relationship between inflammatory cell infiltration and clinicopathological factors.







Association between cell infiltration and response to treatment in patients with LN

The logistic regression analyses indicated that the tertile groups with more infiltration had a lower probability of responding to treatment in the crude model when they were compared with the groups with fewer CD4+, CD8+, and CD68+ cells infiltrated in the tubulointerstitium. The association between the density of CD68+ cell infiltration in the glomeruli and the treatment response disappeared even without adjustment (Table 5).


Table 5 | Association between inflammatory cell infiltration and response to treatment in the study.



After adjusting for gender, age, UPRO, UA, SCr, and C4, the density of interstitium infiltration, expressed as CD4+, CD8+, and CD68+ cells in the tubulointerstitium, remained significantly associated with treatment response, although this association was attenuated. The association between the density of CD4+ and CD8+ cells in the tubulointerstitium and treatment response disappeared after further adjusting for gender, age, UPRO, SCr, C4, LN duration, hypertension, repeat biopsy, AIs, CIs, and ISN/RPS classification. However, the density of CD68+ cells in the tubulointerstitium remained significantly associated with treatment response after further adjustment. Among different level groups, the density of CD68+ cells in the tubulointerstitium was significantly associated with treatment response in a high-level group (452–1600) (adjusted HR, 0.451; 95% CI, 0.231, 0.878) (Table 5).





Predicting the response to treatment using the density of CD4+, CD8+ T cells, and CD68+ macrophages in tubulointerstitium

Among the univariable models, inflammatory cell infiltration in tubulointerstitium had good performance in predicting the response to treatment with AUCs of 0.6672, 0.6592, and 0.6973 for CD4+, CD8+, and CD68+ cells, respectively (Table 6).


Table 6 | Performance of inflammatory cell infiltration, clinical data, or other renal pathological features for predicting response to treatment.



Multivariable models incorporating infiltrations of all the inflammatory cells in tubulointerstitium, including CD4+, CD8+, and CD68+ cells, did not improve the predictive performance as compared with the single density of CD68+ macrophages in tubulointerstitium. To select a model that is convenient for clinical use, we used stepwise regression to select the variables with a minimized Alkaike information criterion. The final model included eight variables, including sex, SLEDAI, SCr, ANA, C4, CD4, CIs, and the density of CD68+ macrophage in the tubulointerstitium. The model was logit (P)= -0.4844 + 0.6953 (if male) +0.0887*SLEDAI -0.5931*SCr -4.1868*C4 + 1.4451 (if ANA positive) +0.0010*CD4 -0.2040*CIs -0.0017*the density of CD68+ macrophages in tubulointerstitium, where p is the probability of being responsive to treatment. This model produced an AUC of 0.7812 (95% CI, 0.7266 to 0.8358) in the training cohort and 0.7315 (95% CI, 0.6010 to 0.8620) in the validation cohort, respectively (Table 6).

Compared with the model containing CD68+ macrophages only in tubulointerstitium, the final model significantly improved the risk reclassification, and net reclassification improved by 4.5%.

Therefore, our subsequent study was focused on the infiltration of CD68+ macrophages in the tubulointerstitium. The relationship between CD68+ macrophages and response to immunosuppression was further stratified by gender, age, SLEDAI, SCr, UA, eGFR, UPRO, anti-dsDNA, C3, C4, CD4, PLN (proliferative lupus nephritis), AIs, and CIs (Table 7).


Table 7 | Relationship between the density of CD68+ macrophage in tubulointerstitium and response to treatment under different stratification.








Discussion

Our study has indicated that the density of CD68+ macrophage infiltration in the tubulointerstitium can predict the treatment response with high accuracy. Among the inflammatory cells tested, only the density of CD68+ macrophage infiltration in the tubulointerstitium at the time of renal biopsy was associated with response in the treatment for one year. The density of CD68+ macrophage infiltration was shown to be a more effective predictor of treatment outcome compared to conventional histological assessment. Furthermore, we have developed a simple prediction model that incorporates clinicopathological variables and CD68+ cell infiltration and has an AUC of 0.78.

In the majority of previous studies, several variables such as SCr, CIs, age, sex, Hb, urine protein-to-creatinine ratio (UPCR) or UPRO, LN duration, ISN/RPS classification, interstitial fibrosis, and tubular atrophy, have been identified as independent risk factors for poor treatment response in LN patients. In this study, eight factors were included in the prediction model, namely SCr, CIs, the density of CD68+ macrophages in the tubulointerstitium, sex, SLEDAI, ANA, C4, and CD4. Notably, the density of CD68+ macrophage infiltration in the tubulointerstitium demonstrated exceptional predictive ability for treatment response, even superior over the established factors such as SCr and CIs. Indeed, it has previously been suggested that urine macrophages could be a promising marker for identifying patients with active kidney disease in childhood-onset systemic lupus erythematosus (cSLE) (17). Also, one study showed that the number of CD68+ macrophages in the tubulointerstitium was an independent variable associated with poor renal outcomes in proliferative LN patients with a mean follow-up of 45 months (18).

Previous studies showed that macrophage infiltration density was closely associated with renal function decline in both transplanted kidneys and immunocomplex nephritis. Jan Hinrich Brasen et al. showed that the density of macrophages predicted future renal transplant function and improved the prognostic value of early renal transplant biopsies (19). Consistently, one study showed that tubulointerstitial macrophage infiltration was correlated with renal interstitial fibrosis and significant reduction of eGFR in patients with IgA Nephropathy (IgAN) (20), suggesting that renal tubulointerstitial macrophage infiltration was a potential hallmark of chronic kidney injury. Macrophages were shown to be necessary for the development of immune glomerulonephritis mediated by pathogenic antibodies in mouse models of LN, thus being a potential therapeutic target for LN (12, 21–23). In mouse models of lupus, functional impairment or depletion of macrophages resulted in attenuation of kidney injury (24, 25). Consistently, the reduction of macrophage recruitment to the kidney by disrupting the action of the related chemokines or their receptors also alleviated kidney injury in the lupus mice (26, 27). Similarly, macrophage injection or macrophage infiltration stimulation in lupus-prone mice aggravated nephritis and kidney damage (28).

At present, there is no panel of biomarkers or modeling approach for LN that exhibits superiority in predicting the response after treatment for one year. Quantification of tubulointerstitial macrophage infiltration is simple and robust, which may help improve the treatment decision for LN patients, particularly those who are at high risk of disease progression. After comparing the predictive performance of various types of inflammatory cell infiltration, we have developed a model combining tubulointerstitial macrophage infiltration and clinicohistological data in the present study. The results of response prediction to immunosuppression were consistent between training and validation cohorts. For simplicity and convenience, the final model uses only eight variables, nevertheless, it still shows good predictive performance. In addition, we conducted internal verification in the Pred+MMF+CNIs, Pred+CYC, Pred+MMF, and Pred+CNIs groups, and the AUC were 0.758, 0.719, 0.747, and 0.722 respectively, and there were no statistical differences between the groups.

This study has several limitations. Firstly, we excluded the patients whose data of CD4+, CD8+ lymphocytes, and CD68+ macrophages in the kidney biopsy sample and follow-up records were lacking, as noted earlier in the Methods. This exclusion might have resulted in both selection bias and confounding bias. Secondly, it was a pity that we did not have the quantitative data about the level of anti-dsDNA antibody, so we were unable to analyze the association between the level of anti-dsDNA antibody and response to treatment. Thirdly, the retrospective nature of this study prevented the collection of data on cumulative immunosuppressive agent dosage. Future prospective studies should be considered analyzing the correlation between cumulative immunosuppressive agent dosage and the level of CD68+ macrophage infiltration. Lastly, this is a single-center study conducted and validated in a Chinese population.

In conclusion, we have identified the density of macrophage infiltration in tubulointerstitium as an independent and robust predictor of response to immunosuppression in patients with LN. Our prediction model that combines the density of CD68+ macrophage in tubulointerstitium with clinicopathologic data can improve early treatment decisions for patients with LN.
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Background

Extensive evidence suggests a link between alterations in serum metabolite composition and various autoimmune diseases (ADs). Nevertheless, the causal relationship underlying these correlations and their potential utility as dependable biomarkers for early AD detection remain uncertain.





Objective

The objective of this study was to employ a two-sample Mendelian randomization (MR) approach to ascertain the causal relationship between serum metabolites and ADs. Additionally, a meta-analysis incorporating data from diverse samples was conducted to enhance the validation of this causal effect.





Materials and methods

A two-sample MR analysis was performed to investigate the association between 486 human serum metabolites and six prevalent autoimmune diseases: systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), inflammatory bowel disease (IBD), dermatomyositis (DM), type 1 diabetes (T1D), and celiac disease (CeD). The inverse variance weighted (IVW) model was employed as the primary analytical technique for the two-sample MR analysis, aiming to identify blood metabolites linked with autoimmune diseases. Independent outcome samples were utilized for further validation of significant blood metabolites. Additional sensitivity analyses, including heterogeneity test, horizontal pleiotropy test, and retention rate analysis, were conducted. The results from these analyses were subsequently meta-integrated. Finally, metabolic pathway analysis was performed using the KEGG and Small Molecule Pathway Databases (SMPD).





Results

Following the discovery and replication phases, eight metabolites were identified as causally associated with various autoimmune diseases, encompassing five lipid metabolism types: 1-oleoylglycerophosphoethanolamine, 1-arachidonoylglycerophosphoethanolamine, 1-myristoylglycerophosphocholine, arachidonate (20:4 n6), and glycerol. The meta-analysis indicated that three out of these eight metabolites exhibited a protective effect, while the remaining five were designated as pathogenic factors. The robustness of these associations was further confirmed through sensitivity analysis. Moreover, an investigation into metabolic pathways revealed a significant correlation between galactose metabolism and autoimmune diseases.





Conclusion

This study revealed a causal relationship between lipid metabolites and ADs, providing novel insights into the mechanism of AD development mediated by serum metabolites and possible biomarkers for early diagnosis.
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Introduction

Autoimmune diseases (ADs) arise from a disruption in the immune system’s ability to tolerate self-antigens and its subsequent response to these antigens (1). Epidemiological studies have shown a gradual increase in the global prevalence of ADs over the years (2). Individuals with ADs often experience persistent symptoms that significantly impact their quality of life, leading to long-term debilitation, organ dysfunction, reduced work productivity, and substantial medical expenses (3). These challenges not only affect patients but also have a significant impact on the social and economic aspects of society. Despite numerous studies attempting to understand the nature of ADs, their pathogenesis and risk factors remain elusive (4–6). The preclinical phase of AD is characterized by an initial asymptomatic stage of varying duration, followed by non-specific signs and symptoms. Most AD cases have a considerably long prodromal phase with either no symptoms or mild symptoms that can last for several years. Additionally, various inflammatory manifestations may occur and often intensify in the months to years leading up to a clinical diagnosis (7, 8). A promising strategy for preventing ADs could involve addressing adverse lifestyle factors through public health initiatives at the population level, highlighting the importance of effective early screening strategies for ADs.

Controlling inflammation remains a pivotal aspect of ADs therapy, including conditions like RA (9) and SLE (10). A growing body of evidence indicates that immune cell regulatory mechanisms are intricately connected to metabolic pathways, with various subpopulations of immune cells having distinct metabolic requirements that are influenced by disease-specific microenvironments (11–13). For example, effector T cells rely on glycolytic metabolism for their development and function, while regulatory T cells primarily use lipids to generate energy through mitochondrial beta-oxidation, leading to ATP production via oxidative phosphorylation (OXPHOS) (14). Furthermore, inflammatory M1 macrophages predominantly utilize glycolysis, whereas anti-inflammatory M2 macrophages favor beta-oxidation (15). In ADs, the autoinflammatory response is characterized by high energy consumption and involves processes such as adipogenesis, altered glucose metabolism, and glutamine metabolism, resulting in a shift from OXPHOS to glycolysis for energy production. In specific scenarios, such as in RA, hypoxia in the synovial membrane triggers chronic mitochondrial hyperpolarization in T cells, leading to increased glucose metabolism and ATP synthesis (16). Additionally, chronically activated T cells in individuals with SLE and lupus-prone mice exhibit heightened mitochondrial glucose oxidation and hyperpolarization. Individuals with multiple sclerosis (MS) have been found to have elevated plasma levels of acetoacetic acid, acetone, and 3-hydroxybutyric acid, along with altered profiles of circulating lipids and lipoprotein metabolism (17, 18). Additionally, metabolites are compounds that act as intermediates or end products in metabolic pathways. Detecting metabolites in the bloodstream provides a robust method for early disease diagnosis, owing to their accessibility and ease of detection (19). Consequently, understanding the underlying mechanisms linking metabolic changes to AD pathogenesis could lead to the development of new early screening tools and therapeutic interventions (3).

Indeed, while cross-sectional studies have identified associations between blood metabolites and ADs, establishing causality remains a crucial area of investigation. Further research is required to determine if altered metabolite levels are a cause or consequence of ADs. Longitudinal studies incorporating both healthy individuals and those at risk of developing ADs could help elucidate the causal relationships between metabolites and ADs. In addition, interventional studies that examine the effects of lifestyle changes on metabolite levels and disease outcomes may also provide valuable insights into the role of metabolites in ADs. Ultimately, determining the causality of metabolite-AD associations could lead to the identification of novel therapeutic targets and personalized treatment options for individuals with ADs.

The advancement of high-throughput techniques has enabled the simultaneous assessment of a broad range of circulating serum metabolites and genotyping in parallel populations. Genome-wide association studies (GWAS) provide valuable insights into the complex molecular interactions between environmental and genetic factors in disease pathogenesis. Numerous single nucleotide polymorphisms (SNPs) have shown strong associations with serum metabolites. Mendelian randomization (MR), an epidemiological statistical analysis tool, utilizes genetic variation linked to exposure as an unconfounded instrumental variable to assess the relationship between exposure and clinical disease outcomes (20). GWAS have expanded to include metabolic phenotypes, producing maps of genetically determined metabolites (GDM) (21). Several MR causal analyses have explored the link between blood metabolite levels and disease. For example, Huang et al. used MR to identify key pathogenic metabolites influencing both T2D and more severe COVID-19 phenotypes in obese patients (22). Additionally, a study from Gu (23) investigated the causal relationship between osteoarthritis at different sites and blood metabolites. Likewise, Xiao et al. discovered 11 metabolites with a significant causal association with anxiety disorders (24). Furthermore, Angela Ge et al. conducted an MR analysis to examine the causal relationship between serum metabolite composition and MS (25). However, there is still a lack of in-depth research on large-scale blood metabolites and multiple autoimmune diseases.

Therefore, the main aim of this research was to investigate the potential causal relationships between serum metabolites through a two-sample MR and meta-analysis involving six autoimmune diseases: SLE, RA, IBD, DM, T1D, and CeD.





Materials and methods




Ethics statement and MR design

This research exclusively relied on publicly available GWAS data, and all necessary ethical approvals, participant consents, and permissions from the original GWAS study are readily accessible. No new data were collected for this investigation, rendering any additional ethical approvals unnecessary.

The flow chart outlining the methodology of this study is illustrated in Figure 1. In summary, serum metabolites function as exposure indicators, while ADs represent the outcomes. Rigorous inclusion and exclusion criteria guided the selection of single nucleotide polymorphisms (SNPs) strongly associated with specific serum metabolites as instrumental variables (IVs). The samples included both discovery and validation cohorts, with significant associations identified through various sensitivity analyses. Furthermore, reverse MR analysis was performed to mitigate potential confounding effects of ADs on the pathogenic serum metabolites.




Figure 1 | The overview of the research workflow.







Serum metabolites datasets

The metabolomics GWAS server (http://metabolomics.helmholtz-muenchen.de/gwas/) was utilized to obtain genetic association information for serum metabolites. Shin et al. conducted a study involving a total of 7,824 participants from two European population cohorts (21). This cohort consisted of 1,768 participants from the German KORA F4 study and 6,056 from the UK Twin study. Fasting serum samples were subjected to non-targeted mass spectrometry analysis. Following stringent quality control measures, the researchers successfully identified 486 metabolites (comprising 309 known metabolites and 177 unknown metabolites) that demonstrated a genetic influence on serum metabolites. The 309 known metabolites were systematically categorized into eight distinct biochemical classifications, encompassing lipids, peptides, nucleotides, energy, amino acids, cofactors and vitamins, carbohydrates, and exogenous substances.





Autoimmune disease discovery and validation datasets

During the discovery phase, GWAS summary statistics were obtained from publicly available analyses for each of the six AD types and Table 1 provides additional information about the dataset. The GWAS meta-analysis for IBD encompassed 12,882 cases of European ancestry and 21,770 controls (26). Furthermore, for RA, the pooled data included information from 1,605 RA cases and 359,589 controls of European ancestry across 18 studies. In the case of SLE, the pooled measurements were derived from a GWAS meta-analysis involving 1,311 SLE cases and 1,783 controls of European ancestry (27). Additionally, summary statistics for T1D were sourced from the discovery phase of the latest GWAS meta-analysis conducted in Finland, involving 1,238 T1D cases and 183,185 controls of European ancestry. Similarly, pooled measurements of DM) were obtained from the GWAS and included 208 DM cases and 213,145 controls of European ancestry. Finally, a pooled genetic measure for CeD was derived from a GWAS meta-analysis that incorporated data from five different sample groups, comprising 4,533 CeD cases and 10,750 controls (28).


Table 1 | Autoimmune diseases GWAS samples used in this study.



Furthermore, repeated MR analyses were performed on 486 serum metabolites to facilitate validation of the findings in the discovery database. The validated outcome samples for IBD comprised 25,042 case and 25,042 control samples of European ancestry (29). The validation samples for RA were sourced from the UK Biobank, which included 1,401 cases and 359,793 control samples. Similarly, the local replicate samples for SLE consisted of 7,219 and 15,991 control GWAS of European ancestry (30). Moreover, the duplicate samples for T1D and DM were obtained from the FINNGEN database, which included 5,928 and 201 cases and 183,185 and 172,834 control samples. The GWAS meta-analysis of replicated CeD samples involved 12,041 CeD cases and 12,228 controls of European ancestry (31). More specific information about the data used can be found in Supplementary Table 1.

Quality control measures were implemented for SNPs to ensure the validity of the analysis. These measures involved removing non-dual allelic SNPs, SNPs with duplicate rsID or base pair locations, SNPs lacking rsID, SNPs with strand ambiguous alleles, SNPs not present in Phase 3 of the 1000 Genomes Project, SNPs with base pair locations or allele mismatches in Phase 3 of the 1000 Genomes Project, SNPs with interpolated information scores below 0.9, and all SNPs located on the X and Y chromosomes.





Selection of instrumental variables

In this MR analysis, the selection of IVs was predicated on three fundamental assumptions. SNPs associated with the metabolite at the genome-wide significance threshold   were chosen as potential IVs. Eligible IVs were further refined through a series of quality control steps. Initially, SNPs with inconsistent alleles (e.g., T/C vs. T/G) between the exposure and outcome samples were excluded. Subsequently, palindromic alleles (A/T or G/C) were also excluded. Thirdly, SNPs within each metabolite were subjected to clumping in order to retain only independent variants. The linkage disequilibrium (LD) threshold for clumping was set at   within a 500 kilobase distance, utilizing the European-based 1,000 Genome Projects reference panel for estimation. Finally, the MR pleiotropy residual sum and outlier (MR-PRESSO) test was utilized to detect potential horizontal pleiotropy, addressing it by removing outliers (32). To quantitatively ascertain the strength of the selected SNPs as instruments, the ratio of phenotypic variation explained for each metabolite and F-statistics of the instrument were calculated (33):

	

Here,   represents the part of the exposure variance explained by IVs,   is the sample size, and   is the number of IVs. A statistic of. signifies a lack of strong evidence for weak instrument bias (34). In this research, IVs with   -statistics less than 10 were classified as weak IVs and were thus excluded. Finally, a coordinated analysis was performed to compare exposure and outcome SNP alleles, excluding the alleles with intermediate effects ( ) of palindromic SNPs or SNPs with incompatible alleles (35).





Mendelian randomization analysis

In this MR analysis, several tests were conducted to evaluate the causal relationship between metabolites and AD. These tests included fixed/random effects inverse variance weighting (IVW) tests (36), weighted median (WM) (37), and MR-Egger (38). The IVW method, known for providing the most accurate estimate for valid SNPs, was utilized as the primary analysis to assess the causal relationship between serum metabolites and ADs, with a significance level set at P< 0.05. Additionally, complementary analyses such as WM and MR-Egger were performed to enhance the confidence of the estimates and offer advantages under different assumptions. The WM method yields a consistent causal estimate when at least 50% of the weight comes from valid instrumental variables (37). On the other hand, the MR-Egger regression helps to address pleiotropy when all instrumental variables are invalid (30).





Sensitivity analysis

The IVW method provides a robust estimate of the causal effect of exposure when all three IV assumptions are met, and it is considered the most reliable MR method. However, if certain instrumental variables contradict the IV assumptions, the analysis may produce erroneous results. Therefore, the following sensitivity analyses were conducted: 1) Cochrane’s Q test for IVW and MR-Egger was employed to investigate potential violations of the assumptions due to heterogeneity in the association among individual IVs (36). 2) The intercept estimate of horizontal pleiotropy in MR-Egger was used to assess any independent association of genetic variation with exposure and outcome. 3) Additional MR methods with varying modeling assumptions and strengths were used to enhance the stability and robustness of the results. 4) MR-PRESSO was utilized to identify outliers and correct for horizontal pleiotropy. 5) Individual SNP analysis and leave-one-out (LOO) analysis were employed to evaluate whether individual SNPs influenced the observed associations.

The following principles guided the identification of potentially suitable candidate metabolite IVs associated with ADs: 1) Ensuring amplitude and directional consistency across the results from the four MR analysis methods; 2) Confirming the absence of pleiotropy and heterogeneity; 3) Using LOO analysis to confirm the absence of any influential data points exerting substantial influence on the outcomes.





Genetic correlation and direction validation

The MR results may potentially generate false positives as a result of genetic correlations between traits (39). Throughout the process of IV selection, SNPs associated with ADs were deliberately excluded. Nonetheless, it is crucial to acknowledge that combinations of SNPs that are not significantly correlated with ADs could still contribute to the genetic predisposition for ADs (40). Furthermore, the Steiger test was utilized to ascertain whether reverse causality had an impact on the observed causality. This test evaluates whether the selected SNPs explain the variance in ADs more effectively than the identified metabolites. In cases where the collective SNPs were determined to not pose a genetic risk for ADs in comparison to the metabolites, the results indicated the absence of bias in causal inference (Steiger P< 0.05).





Meta-analysis and metabolic pathway analysis

The robustness of the candidate metabolites, identified based on the aforementioned criteria, was thoroughly assessed by replicating the IVW analysis in an additional six AD cohorts. In essence, the initial analysis employed GWAS datasets designated as discovery, while supplementary GWAS datasets were utilized for the replication analysis. A meta-analysis of two MR analyses was conducted to determine the serum metabolites with causal effects on ADs. This meta-analysis employed a random-effects IVW model using the meta package (41).

To identify the final candidates from the additional GWAS data of ADs, significant associations (PIVW< 0.05) were evaluated through replication analysis and meta-analysis. MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) was employed for the metabolic pathway analysis of known metabolites. Two databases, namely the KEGG database and the Small Molecule Pathway Database (SMPDB), were utilized in this study. The significance threshold value for pathway analysis was set at 0.10.





Statistical analysis

The statistical analysis was conducted using R4.2.2 software, and the MR analysis was primarily performed using the TwoSampleMR (42) package. Additionally, error detection rate (false discovery rate; FDR) correction was employed to mitigate false positives in multiple tests. A given metabolite’s estimated causal effect was considered statistically significant when it had an FDR< 0.05, it was considered statistically significant. The data and source code can be downloaded from https://github.com/wewen1996/Two-sample-Mendelian-Randomization-and-Meta-Analysis.






Results




Selection of instrumental variables

A total of 486 metabolites were selected, with the number of instrumental variables (IVs) ranging from 3 to 485, and a median of 27 (Supplementary Table 4). These IVs accounted for a variance in their corresponding metabolites ranging from 0.0082% to 188.8405%. The MR-PRESSO global test did not provide any evidence of pleiotropic effects (P > 0.05). Importantly, all the minimum F-statistics for the validity test exceeded 10, ranging from 17.64 to 21.00 (Supplementary Table 4). This indicates that weak instrument bias was unlikely to have occurred.





Causal effects of metabolites on autoimmune diseases

To gain a more comprehensive understanding of metabolic changes, this analysis excluded 177 unidentified metabolites and focused on the 309 metabolites with known structures and functions, estimating the causal relationship between these metabolites and six AD phenotypes using the selected IVs.

In the discovery phase, the first one or two serum metabolites most associated with the risk of CeD, DM, IBD, SLE, RA, SLE, and T1D were screened using six MR methods. Assumption checks were conducted for all 309 regulators to determine the most suitable analytical tools, with the IVW method being selected as the primary approach due to the absence of heterogeneity and weak instruments. Following multiple test adjustments using the false discovery rate (FDR) P-value threshold, eight metabolic exposures were identified as statistically significant at a threshold of PFDR< 0.05 (Figure 2). It is noteworthy that exposure factors associated with CeD and RA, represented by SNPs 3 and 6, were incorporated into the results (Table 2). Despite the limited number of SNPs, which may lead to reduced statistical power or the presence of weak instrumental variables, subsequent statistical analysis confirmed that these two exposure factors met the criteria for strong instrumental variables, with their statistical power values aligning with the standard requirements for exposure factors. The statistical robustness of our findings aligns with the standard requirements for exposure factors, resulting in the retention of the results. These associations encompassed five metabolites from the lipid pathways, two from the lipid metabolism pathways, one from the amino acid pathways, and two from the xenobiotic pathways. Notably, our results revealed a substantial causal association between a heightened susceptibility to CeD and an elevated level of 1-oleoylglycerophosphoethanolamine (odds ratio [OR] = 11.271, 95% confidence intervals [CI]: 2.053-61.882, P = 0.005, PFDR = 0.032). Furthermore, we observed that the onset of DM could elevate the level of betaine (OR = 0.014, 95% CI: 0.001-0.318, P = 0.007, PFDR = 0.042). Additionally, 1-arachidonoylglycerophosphoethanolamine (OR = 0.411, 95% CI: 0.264-0.642, P = 9.034×10-5, PFDR = 5.420×10-4) and arachidonate (20:4n6) (OR = 0.352, 95% CI: 0.195-0.635, P = 5.132×10-4, PFDR = 0.002) were found to be elevated in IBD patients. The causal effect of RA on 1-myristoylglycerophosphocholine was estimated at 1.009 (95% CI: 1.004-1.014, P = 0.001, PFDR = 0.003), while glycerol was estimated at 0.991 (OR = 0.991, 95% CI: 0.986-0.997, P = 0.005, PFDR = 0.031). A positive association was observed between 2-methoxyacetaminophen sulfate and SLE (OR = 0.945, 95% CI: 0.920-0.971, P = 4.008×10-5, PFDR = 1.477×10-4). Conversely, glycerol 2-phosphate exhibited a negative association with T1D (OR = 3.382, 95% CI: 1.897-6.027, P = 3.599×10-5, PFDR = 2.159×10-4). It is important to note that the values of OR of 1-myristoylglycerophosphocholine, glycerol, and 2-methoxyacetaminophen sulfate are very close to 1, implying a limited clinical impact despite their statistical significance. This discrepancy can potentially be attributed to substantial variation in the independent variable. Therefore, it is imperative to conduct further in vivo investigations to ascertain the clinical relevance of these three exposure factors.




Figure 2 | Heatmap of mendelian randomized association effect values for known metabolites with significant differences in phenotypic risk for six autoimmune diseases (from fixed effects IVW analysis). (*: P<0.05; **: P<0.01; ***: P<0.001).




Table 2 | Significant MR analysis results in the discovery samples.







Sensitivity analyses

To mitigate the horizontal pleiotropy of MR estimates, sensitivity analyses were conducted. A series of six tests were implemented for metabolites associated with multiple SNPs54t, including fixed-/random-effects IVW test, weighted median method, and MR-Egger regression test. The results of these sensitivity analyses for eight metabolites and their causal relationships with ADs are detailed in Table 2, demonstrating statistically significant findings. Notably, robust causality was frequently observed to exhibit statistical significance in two additional MR tests (P< 0.05), specifically the weighted median test and the MR-PRESSO test. All eight pairs of associations are considered robust (Table 2). Furthermore, an evaluation for potential horizontal pleiotropy in all these associations was undertaken using the MR-Egger intercept term and the MR-PRESSO global test (Supplementary Table 3). Heterogeneity among SNPs related to each metabolite was assessed using Cochrane’s Q test. In instances where heterogeneity was detected (P< 0.05), the random-effects IVW test was employed to offer a more conservative yet robust estimate. Additionally, scatter plots (Figure 3) and funnel plots (Figure 4) were utilized to rule out potential outliers and horizontal pleiotropy for all identified metabolites. Furthermore, the LOO analysis did not reveal substantial variation in estimates of causality between the eight metabolites and ADs, suggesting that none of the identified causal relationships were influenced by any single instrumental variable (Supplementary Figure 1).




Figure 3 | Scatter plot showing the genetic associations of seven metabolites on the risk of 6 AD phenotypes. (A) 1-oleoylglycerophosphoethanolamine on CeD, (B) betaine on DM, (C) 1-arachidonoylglycerophosphoethanolamine on IBD, (D) arachidonate (20:4n6) on IBD, (E) 1-myristoylglycerophosphocholine on RA, (F) glycerol on RA, (G) 2-methoxyacetaminophen sulfate on SLE, (H) glycerol 2-phosphate on T1D.






Figure 4 | The funnel plot represents IVs for each significant causal association between metabolites and OA phenotypes. (A) 1-oleoylglycerophosphoethanolamine on CeD, (B) betaine on DM, (C) 1-arachidonoylglycerophosphoethanolamine on IBD, (D) arachidonate (20:4n6) on IBD, (E) 1-myristoylglycerophosphocholine on RA, (F) glycerol on RA, (G) 2-methoxyacetaminophen sulfate on SLE, (H) glycerol 2-phosphate on T1D.



Moreover, the significant metabolites identified in the initial discovery stage were successfully replicated in independent replication datasets. The replication MR analysis followed the same rigorous methodology as applied in the discovery samples, ensuring consistency and reliability in the findings.





Replication and meta-analysis

To enhance the robustness of the estimates, validated metabolites showing significant causal links with ADs were subjected to validation in independent replication samples (Supplementary Table 2). As anticipated, similar patterns were observed for the identified metabolites in replicated GWAS data for ADs. Notably, beyond SLE and T1D, statistical significance persisted for other AD-related metabolites even following FDR correction (P< 0.05). The meta-analysis further confirmed the impact of eight blood metabolites on ADs (Figure 5). Specifically, genetic predisposition for elevated levels of betaine (OR 0.02, 95% CI: 0.002-0.16, P = 0.0004), 1-arachidonoylglycerophosphoethanolamine (OR 0.50, 95% CI: 0.37-0.67, P< 0.0001), arachidonate (20:4n6) (OR 0.43, 95% CI: 0.29-0.66, P< 0.0001), glycerol (OR 0.99, 95% CI: 0.987-0.995, P< 0.0001), and 2-methoxyacetaminophen sulfate (OR 0.96, 95% CI: 0.93-0.98, P = 0.0006) was associated with reduced susceptibility to ADs. Conversely, genetic predisposition for higher levels of 1-oleoylglycerophosphoethanolamine (OR 12.39, 95% CI: 3.29-46.75, P = 0.0002), 1-myristoylglycerophosphocholine (OR 1.0089, 95% CI: 1.0051-1.0126, P< 0.0001), and glycerol 2-phosphate (OR 3.45, 95% CI: 2.24-5.31, P< 0.0001) was associated with increased susceptibility to ADs. Importantly, the Steiger test results confirmed the accuracy of the selected IVs, with a P-value significantly below 0.05.




Figure 5 | Meta-analysis of significantly associated (IVW derived P< 0.05) between metabolites and CeD (A), DM (B), IBD (C–D), RA (E–F), SLE (G), and T1D (H). 95% CI, 95% confidence interval; OR, odds ratio.







Metabolic pathway analysis

Although shared causal metabolites were identified across the six ADs, it is noteworthy that five out of the eight significantly associated metabolites were lipid compounds. This finding suggests the potential role of lipids as key components among plasma metabolites associated with ADs. Analysis based on the eight identified metabolites revealed enrichment of six metabolic pathways in the KEGG and SMPDB databases, which could play a role in the pathogenesis of ADs (Supplementary Tables 5, 6). Within the KEGG database, these metabolites were primarily enriched in pathways such as glycerolipid metabolism, galactose metabolism, glycine, serine, and threonine metabolism, biosynthesis of unsaturated fatty acids, glycerophospholipid metabolism, and arachidonic acid pathways. Particularly noteworthy was the significant enrichment of glycerolipid metabolism pathway with a P-value below 0.05, indicating its potential relevance to common ADs. In contrast, analysis using the SMPDB database showed enrichment of metabolites in pathways including betaine, glycerolipid, galactose, methionine, glycine, serine, and arachidonic acid metabolism.






Discussion

The early-stage symptoms of ADs often go unnoticed, with the detection of antibodies being relatively costly (43). As a result, patients are frequently diagnosed when they have already reached an advanced and irreversible stage of the disease. Early screening for ADs can serve as a proactive measure, alerting individuals at risk to consider lifestyle adjustments and prioritize efforts to prevent disease progression (44). Serum metabolites, which are relatively easy to obtain and can be detected using less invasive methods, can serve as biomarkers for the early screening of ADs. However, prior MR studies examining the relationship between ADs and serum metabolites were limited to specific GWAS samples, lacking replication and integrated analyses (45). Therefore, in order to obtain more robust results, MR and meta-analyses were conducted to evaluate the association between serum metabolites and ADs.

Blood, recognized as a reliable source for assessing metabolite levels, contains numerous detectable metabolites and can be easily obtained in substantial sample sizes, facilitating the screening of circulating risk markers for AD. This two-sample MR study represents a significant advancement in elucidating the causal relationship between 73 metabolites and six AD phenotypes. Eight of these metabolites exhibited strong associations that persisted even after correction for multiple testing, underscoring their promise as dependable biomarkers or targets for therapeutic intervention. These results were substantiated through sensitivity analyses, bolstering their reliability. This study provides further analytical perspectives on the impact of gene-environment interactions in the development of ADs. Delving into the functional implications of these metabolites within metabolic pathways may pave the way for future precision medicine strategies. Furthermore, this study in question affirmed the presence of an AD-specific metabolic profile and identified critical metabolites and metabolic pathways causally associated with the development of ADs.

Over the past decade, numerous studies have underscored the close relationship between AD onset and human metabolism. This association is evident not only through its co-occurrence with various symptoms of metabolic disorders but also due to the emergence of metabolite-related dysfunctions within immune cells in metabolomics studies (46–49). Furthermore, research has demonstrated that intracellular metabolism can significantly impact the state of immune cells, suggesting potential avenues for developing novel therapeutic targets to counter dysfunctional antigen-induced immune responses in ADs, which are closely linked to blood metabolite concentrations. Published research has illuminated the role of L-Arginine in regulating T cell metabolism, thereby influencing T cell differentiation and outcomes (50). Additionally, studies have revealed the protective function of Selenium-GPX4 on follicular helper T cells (51). Notably, in the study, five out of the eight metabolites identified as causally associated with the pathogenesis of ADs belong to the category of lipid metabolites, including 1-oleoylglycerophosphoethanolamine, 1-arachidonoylglycerophosphoethanolamine, arachidonate (20:4n6), 1-myristoylglycerophosphocholine, and glycerol. Circulating lipids play a significant role in immune cell function. Lipid uptake or efflux influences cellular lipid burden and function, which is particularly notable in autoimmunity, where dyslipidemia and cardiovascular complications are common. The metabolism of lipids is crucial in a range of ADs (52–54). Elevations in both cell membrane glycosphingolipids and cholesterol are associated with heightened T cell and B cell receptor signaling, leading to activation and inflammation. Immune cells generate lipoxins, resolvins, and protectins through the enzymatic conversion of omega-3 fatty acids, playing a role in resolving inflammation and restoring tissue homeostasis. Their levels are linked to reduced joint pain in patients with RA and are decreased in experimental models of RA with persistent joint inflammation (52).

Lysophospholipids, characterized by a single fatty acid, play a role in regulating the five primary indicators of inflammation: rubor (redness), tumor (swelling), calor (fever), dolor (pain), and functio laesa (loss of function) (55). Currently, research mainly focuses on lysophospholipic acid (LPA) and sphingosine 1-phosphate (S1P) among lysophospholipids. Advances in lysophospholipid research have led to the development of novel treatment strategies for ADs, with numerous therapies currently in the early stages of development for various conditions, including fibrotic disorders, vascular diseases, and cancer. Among the two types of lysophospholipids, our research results indicate that 1-oleoylglycerophosphoethanolamine plays a protective role in CeD, while 1-myristoylglycerophosphocholine provides protection in RA. Several observational and experimental studies have reported the involvement of lysophospholipids in regulating immune cells. Lysophospholipids are involved in the resolution processes that counteract the protective mechanisms of normal inflammation. For example, lysophospholipids can influence the activity of traditional regulators of vascular permeability, such as histamine, serotonin, and bradykinin, to positively or negatively control vasodilation, vasoconstriction, and vascular leakage. G-protein-coupled S1PRs expressed by endothelial cells mediate vasodilation and inhibit vascular leakage by promoting the assembly of adherens junctions. On the other hand, vascular smooth muscle expresses Gq- and G12/13-coupled S1PRs and LPARs, which induce vasoconstriction and promote vascular leakage under inflammatory conditions. Additionally, lysophospholipids also regulate hematopoietic and immune cells during inflammation. Platelet aggregation, neutrophil phagocytosis, macrophage fate switching, innate immunity, natural killer cell release into circulation, and the trafficking and tissue residence of adaptive (T and B) cells are all regulated by lysophospholipid signaling via G protein-coupled receptors (GPCRs), impacting inflammatory and resolution responses (55). Although the two metabolites identified in this study have not been extensively investigated, they hold great research potential considering the function of relatively mature lysophospholipids in the immune process.

Moreover, our study identified two arachidonic acids, 1-arachidonoylglycerophosphoethanolamine and arachidonate (20:4n6), which showed a significant causal association with the onset and progression of IBD, highlighting their potential role in promoting susceptibility to this condition. Arachidonic acid is converted into active metabolites by enzymes such as cyclooxygenase (COX), lipoxygenase, and cytochrome P450 (CYP). Downstream eicosanoid signaling can directly impact the metabolism of immune cell subsets by regulating PPAR, controlling the liver X receptor (LXR), and mediating anti-inflammatory effects. Prostaglandin signaling can either stimulate or inhibit the anti-inflammatory ability of PPARγ to counteract NF-κB in various immune cells (52). Additionally, eicosanoids produced by arachidonic acid metabolism are crucial mediators of inflammation, and some of their metabolic network proteins have become important targets for anti-inflammatory drug design (56). Among these metabolites, prostaglandin E2 (PGE2) is the most widely studied in IBD, with elevated levels observed in individuals with active ulcerative colitis (57). Recent research has highlighted the involvement of the 12-lipoxygenase pathway, one of the metabolic pathways of AA, in intestinal inflammation (58). Although the pro-inflammatory effect of arachidonic acid in the pathogenesis of IBD is established, the clinical utilization of non-steroidal anti-inflammatory drugs (NSAIDs) to block its metabolites suggests that its mechanism of action needs further investigation (59). Moreover, while 1-arachidonoylglycerophosphoethanolamine is associated with dermatologic diseases, and arachidonate (20:4n6) is linked to various ADs, their potential role in IBD has not been previously documented. Given the close relationship between lipid metabolites and the development of IBD, further research on these two metabolites may represent a promising avenue for future investigation.

Another significant finding from our study is the detrimental effect of 2-methoxyacetaminophen sulfate in SLE, while glycerol 2-phosphate demonstrates a protective effect in T1D. It is noteworthy that both of these metabolites are classified as xenobiotics, which are foreign substances not naturally present in the body. Exogenous metabolism, as a crucial pathway in the body, plays a vital role in regulating and detoxifying such chemicals to prevent potential harm caused by environmental substances. Specifically, 2-methoxyacetaminophen belongs to the class of acetamides and is a paracetamol sulfate derivative with a methoxy group substitution at position 3 (60). On the other hand, glycerol 2-phosphate is a bacterial metabolite produced during a metabolic reaction within Escherichia coli (61). The discovery of xenobiotics further emphasizes the intricate relationship between ADs, heredity, and the environment. It highlights the need for future research on ADs to move beyond solely focusing on individual genetic or environmental factors in isolation. Instead, it suggests that the pathogenesis of ADs likely arises from complex interactions between genes and the environment.

Furthermore, the study findings indicated that betaine serves as a pathogenic risk factor for DM. Betaine is acknowledged for its essential roles as an osmoprotectant and methyl group donor in physiological processes. Numerous pieces of evidence have highlighted the anti-inflammatory properties of betaine in various conditions, including obesity, diabetes, cancer, and Alzheimer’s disease (62). Surprisingly, limited research has explored the impact of betaine on DM specifically. Given the well-known anti-inflammatory attributes of betaine, there is a clear necessity for further investigation to uncover the precise mechanisms through which betaine influences the development of DM.

In this study, we identified metabolic pathways that play a causal role in the development of ADs. Some of these pathways have been extensively studied experimentally and are well-documented to contribute to the pathogenesis of ADs. Moreover, our analysis of KEGG and SMPDB data revealed a robust association between the pathogenesis of ADs and glycerolipid metabolism, as well as galactose metabolism pathways. Furthermore, it was observed that the differentiation and function of immune cells involved in the inflammatory response are intricately linked to the process of glycerol and lactose metabolism (63–65). These findings suggest that targeting this interconnected metabolic network could offer a promising approach for intervening in the autoimmune state and ultimately treating ADs.

The present study offers several notable advantages. Firstly, its main strength lies in the broad range of genetic variables considered to investigate the association between blood metabolites and various phenotypes of ADs. Specifically, this study encompassed a comprehensive panel of 486 metabolites, excluding those yet to be identified. Additionally, genetic variables for each AD were sourced from two separate datasets, and a meta-analysis was conducted to combine the analytical outcomes from these dual databases. This approach enabled a relatively comprehensive and systematic analysis of the metabolic profile associated with the development of ADs. Secondly, the utilization of the MR Design in this study significantly mitigated issues related to reverse causality and residual confounding factors. The extensive sensitivity analysis effectively accounted for potential influences of variable polymorphisms. Consequently, the inference of a causal relationship between metabolites and the risk of ADs in this study is considered robust.

However, the study also has certain limitations. Firstly, the MR analysis was based on blood metabolomics data, and although it identified some serum metabolites with a causal relationship to ADs, further clinical empirical studies are needed to identify more promising biomarkers and potential drug targets. Secondly, the metabolite data predominantly originated from European populations, limiting the generalizability of these findings to different ethnic groups. Thirdly, while this study encompassed a relatively comprehensive metabolite profile, the functions and mechanisms of certain metabolites in the context of disease remain incompletely understood. This limitation affects the full interpretation of the results of this MR analysis.





Conclusion

In summary, this study presents a systematic MR and meta-analysis utilizing GWAS data to evaluate the causal relationship between serum metabolites and various AD phenotypes. It offers preliminary evidence for the impact of circulatory metabolic disorders on AD risk. By employing the IVW method and conducting multiple sensitivity analyses, robust causal relationships were established between eight metabolites and six AD phenotypes. Furthermore, the analysis of metabolic pathways revealed that these eight metabolites are enriched in six significant metabolic pathways. Our findings suggest that elevated levels of lipid metabolites may contribute to the development of ADs. This implies that specific metabolites and genetic susceptibilities may serve as biomarkers for the risk of ADs, potentially enabling earlier diagnosis and more effective treatment options.
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Exposure Category 95% ClI
ww CeD 1-oleoylglycerophosphoethanolamine Lipid 3 11.271 | 2.053-61.882 | 0.005 0.032
Weighted 10.380 1.255-85.843 0.030 0.060
Median
MR-Egger 1.076 0.000-3.156 0.684 0.684
Simple Mode 21.886 | 1.015- 0.144 0215
471.939
‘Weighted Mode 7.261 0.516- 0.238 0.286
102.194
MR-PRESSO 11.271 1.393-91.160 0.023 0.060
ww DM betaine Amino acid 22 0.014 0.001-0.318 0.007 0.042
‘Weighted 0.119 0.002-0.456 0.028 0.056
Median
MR-Egger 0.002 0.000-3.585 0.121 0.242
Simple Mode 0.282 0.000- 0.741 0.741
466.990
‘Weighted Mode 0.119 0.000- 0.553 0.664
121.643
MR-PRESSO 0.014 0.000-0.422 0.014 0.042
ww IBD 1- Lipid 26 0.411 0.264-0.642 9.034x10° 5.420x10°
arachidonoylglycerophosphoethanolamine 2 A
Weighted 0.352 0.180-0.686 0.002 0.004
Median
MR-Egger 0.143 0.044-0.465 0.004 0.004
Simple Mode 0.598 0.160-2.226 0.450 0.450
‘Weighted Mode 0.207 0.080-0.535 0.003 0.004
MR-PRESSO 0.411 0.253-0.669 3511x10"  0.001
vw IBD arachidonate (20:4n6) Lipid 20 0.352 0.195-0.635 5.132x10° 0.002
a
Weighted 0.285 0.148-0.549 1.750x10™  0.001
Median
MR-Egger 0.216 0.081-0.579 0.007 0.008
Simple Mode 0.596 0.124-2.856 I 0.525 0.525
‘Weighted Mode 0.255 0.128-0.509 0.001 0.002
MR-PRESSO 0.352 0.179-0.693 0.003 0.004
ww RA 1-myristoylglycerophosphocholine Lipid 6 1.009 1.004-1.014 0.001 0.003
Weighted 1.010 1.003-1.017 0.005 0.010
Median
MR-Egger 1013 1.000-1.026 0.129 0.129
Simple Mode 1010 1.000-1.020 0.105 0.126
‘Weighted Mode 1010 1.002-1.018 0.050 0.075
MR-PRESSO 1.009 1.004-1.014 0.001 0.003
vw RA glycerol Lipid 18 0.991 0.986-0.997 0.005 0.031
Weighted 0.993 0.986-1.000 0.048 0.096
Median
MR-Egger 1.000 0.988-1.012 0.972 0.972
Simple Mode 0.996 0.985-1.007 0.451 0.542
‘Weighted Mode 0.995 0.987-1.002 0.166 0.249
MR-PRESSO 0.991 0.985-0.998 0.012 0.037
ww SLE 2-methoxyacetaminophen sulfate Xenobiotics 97 0.945 0.920-0.971 4.008x10° 1.477x10°
5 4
Weighted 0.943 0.907-0.980 0.003 0.006
Median
MR-Egger 0.921 0.853-0.995 0.038 0.056
Simple Mode 0.903 0.811-1.006 0.066 0.079
‘Weighted Mode 0.935 0.862-1.014 0.104 0.104
MR-PRESSO 0.945 0.920-0.971 4924x10° | 1477x10™
ww T1D glycerol 2-phosphate Xenobiotics 21 3.382 1.897-6.027 3.599x10°  2.159x10°
5 4
Weighted 1.980 0.894-4.382 0.092 0.184
Median
MR-Egger 1.226 0.410-3.668 0.718 0.718
Simple Mode 1.591 0.412-6.144 0.505 0.607
‘Weighted Mode 1.801 0.683-4.749 0.244 0.366
MR-PRESSO 3.382 1.757-6.509 2.654x10™" 0,001

‘The bold font is the P-value of IVW algorithm, the main analysis method used in this study, and the P-value after FDR correction.
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Variables Univariate analysis Multivariable analysis

HR (95%Cl) HR (95%Cl) P-value
Sex, males/females 1.497 (0.539-4.152) 0.438 ‘
Age, per 1-yr increase 0.982 (0.946-1.029) 0421
‘WBC, per 100/uL. 0.998 (0.983-1.013) 0.881
Hb, per 1 mg/dL 0.940 (0.712-1.219) 0.651
CRP, per 1 mg/dL increase 0.898 (0.772-0.996) 0.040* 0.904 (0.774-1.016) 0.094
BVAS, per 1 unit increase 0.926 (0.818-1.034) 0.181
renal risk score, per 1 unit increase 1.648 (1.366-2.087) <.0001* 1.723 (1.387-2.302) <.0001*
History of hypotensive drugs, yes/no 1.482 (0.518-4.241) 0465
Smoking history, yes/no 2254 (0.659-7.709) 0.185
Use of antidiabetic drugs, yes/no 1.485 (0.184-11.975) 0.724
Use of methylprednisolone pulse, yes/no 1.225 (0.387-3.880) 0.726
Dose of prednisolone, per 10 mg increase 1.121 (0.743-1.730) 0.600
Plasmapheresis, yes/no 1.743 (0.491-6.182) 0417
Cyclophosphamide, yes/no 0.692 (0.156-3.078) 0.614

*p < 0.05. BVAS, Birmingham Vasculitis Activity Score; CI, confidence interval; CRP, C-reactive protein; Hb, hemoglobin; HR, hazard ratio; WBC, white blood cell count
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Variables
Male (n, %)
Age, yrs"

Diagnosis (n, %)

WBC (/uL)"

Hb (g/dL)"

CRP (mg/dL)"

€eGFR (mL/min/1.73m?)"
Proteinuria (n, %)

Hematuria (n, %)
MPO-ANCA positivity (n, %)
PR3-ANCA positivity (n, %)
BVAS'

Use of hypotensive drugs (n, %)
Smoking history (n, %)

Use of diabetes mellitus (n, %)

96)
46 (47.9%)

70 (62.3-76.8)

MPA 83 (86.5%) GPA 10 (10.4%) RLV 3

(3.1%)
8450 (6600-11400)
9.8 (8.63-11.08)
2.7 (0.27-8.86)
27.6 (15.5-39.6)
95 (99%)
97 (100%)
92 (95.8%)
6 (6.3%)
14 (12-18)
37 (42.5%) n/a 9 patients
35 (43.8%) n/a 16 patients

8(9.0%) n/a 7 patients

Use of Methylprednisolone pulse 61 (63.5%)
(%)

Use of glucocorticoid (n, %) 94 (97.9%)
Glucocorticoid dose(mg/day)Y 40 (30-50)
Plasmapheresis (n, %) 13 (13.5%)
Cyclophosphamide (n, %) 19 (19.8%)
Rituximab (n, %) 2 (2.1%)
ESRD (n, %) 15 (15.6%)

ANCA, anti-neutrophil cytoplasmic antibody; BVAS, Birmingham Vasculitis Activity Score;
CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal
disease; GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis; MPO,
myeloperoxidase; n/a, not available; PR3, proteinase-3; RLV, renal-limited vasculitis; WBC,

white blood cell count
*Values are the median with IQR





OPS/images/fimmu.2023.1141407/table2.jpg
Parameters of

core

of patients, n (%)

Percentage of normal glomeruli (N)

NO (0 points) >25% 57 (59.4%)
NI (4 points) 10%-25% 13 (13.5%)
N2 (6 points) <10% 26 (27.1%)

Tubular atrophy/interstitial fibrosis (T)

TO (0 points) £25% 41 (42.7%)
T1 (2 points) >25% 55 (57.3%)
Renal function at the time of diagnosis (eGFR; G)

GO (0 point) >15 mL/min/1.73m? 76 (79.2%)

G1 (3 points) £15 mL/min/1.73m?> 20 (20.8%)

ANCA, anti-neutrophil cytoplasmic antibody; eGFR, estimated glomerular filtration rate
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CD4*cells/ CD8*cells/ CD68*cells/ CD68*cells/

interstitial field interstitial field glomerulus interstitial field
P 2 r P
Age 0.1028 00330 00913 00585 -0.1706 0.0004 -0.0324 05024
SLE duration 0.0391 0.4190 00535 0.2683 -0.1582 0.0010 -0.0096 0.8422
LN duration 0.0300 05354 00285 05560 0.1724 0.0003 -0.0056 0.9083
SLEDAI (2K) 0.0445 03573 00835 0.0838 02164 <0.0001 0.0752 0.1192
WBC 00204 0.6727 -0.0061 0.8990 -0.0288 05510 0.0674 0.1628
VPLT 7 -0.0877 7 0.0692 -0.1400 0.0036 -0.1457 0.0025 -0.0708 0.1429
Hb -0.3120 <0.0001 -0.3313 <0.0001 -0.1053 0.0290 -0.3528 <0.0001
ALB -0.1837 0.0001 -0.1871 0.0001 -0.0023 0.9626 -0.2322 <0.0001
BUN 03416 <0.0001 03535 <0.0001 0.1234 0.0104 04251 <0.0001
sCr 04015 <0.0001 03974 <0.0001 -0.0164 07350 0.4874 <0.0001
UA 02513 <0.0001 02405 <0.0001 0.1669 0.0005 02442 <0.0001
VeGFR 7-0,4514 | <0.0001 -0.4543 ‘ <0.0001 | 00186 03151 05137 7<0,ooo1
UPRO 01114 v 0.0209 0.1278 0.0080 00067 0.8904 0.2048 <0.0001
c3 00763 0.1142 0.0376 0.4365 -0.4057 <0.0001 0.0128 07908
c4 0.1481 0.0021 0.1265 0.0087 -0.2462 <0.0001 0.0938 0.0520
CD3 -0.0764 0.1138 -0.0997 0.0389 0.1137 0.0184 -0.1133 00187
CD4 -0.1367 0.0045 -0.1760 0.0002 00913 0.0507 -0.1637 0.0007
CD8 -0.0151 0.7556 -0.0152 0.7530 -0.1078 0.0254 -0.0421 03842
Als 01231 0.0106 0.1045 0.0303 02845 <0.0001 0.1615 0.0008
Cls 03688 <0.0001 03377 <0.0001 02759 <0.0001 03552 <0.0001

SLE, systemic lupus erythematous; LN, lupus nephritis; SLEDAL Systemic Lupus Erythematous Disease Activity; WBC, white blood cell; PLT, blood platelet; Hb, hemoglobin; ALB, albumin; SCr,
serum creatinine; UA, blood uric acid; eGFR, estimated glomerular filtration rate; UPRO, urinary protein quantitation; C3, complement 3; C4, complement 4; CD4, CD4+ cell count; CD8, CD8+
cell count; Als, activity index score; Cls, activity index score.
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Exposure

CD4" cells/interstitial field
Tertile 1 (2 - 56)
Tertile 2(60 - 136)
Tertile 3(140 - 472)

Trend

CD8"cells/interstitial field
Tertile 1(8 - 60)
Tertile 2(64 - 144)
Tertile 3(148 - 580)

Trend

CD68 cells/glomerulus
Tertile 1(0 - 5.5)
Tertile 2(5.6 - 15.8)
Tertile 3(16 - 87)

Trend
CD68 " cells/interstitial field
Tertile 1(0.2 - 220)
Tertile 2(224 - 448)
Tertile 3(452 - 1600)

Trend

‘The crude model is not adjusted.

Crude model

0.994 (0.991, 0.996) <0.00001
1.0

0.624 (0.350, 1.112) 0.10973
0.244 (0.140, 0.425) <0.00001
0.991 (0.988, 0.994) <0.00001
0.995 (0.992, 0.997) <0.00001
1.0

0.713 (0.403, 1.262) 0.24540
0.236 (0.137, 0.406) <0.00001
0.991 (0.988, 0.994) <0.00001
1.014 (0.999, 1.029) 0.07419
1.0

1.181 (0.723, 1.929) 0.50721
1.865 (1.120, 3.107) 0.01662
1.026 (1.005, 1.047) 0.01431
0.997 (0.996, 0.998) <0.00001
1.0

0.637 (0.364, 1.115) 0.11439
0.264 (0.155, 0.448) <0.00001

0.997 (0.996, 0.998) <0.00001

Adjust model 1 adjust for gender, age, UPRO, SCr, Cd;

Adjust model II adjust for gender, age, UPRO, SCr, C4,LN duration, hypertension, repeat biopsy, Als, Cls, and ISN/RPS classification.

Model |

0.996 (0.994, 0.999) 0.00727
1.0

0746 (0.407, 1.367) 0.34306
0.387 (0.208, 0.721) 0.00276
0994 (0990, 0.998) 0.00139
0.997 (0.994, 0.999) 0.01472
1.0

0.873 (0477, 1.597) 0.65879
0381 (0.207, 0.703) 0.00201
0994 (0990, 0.997) 0.00065
1.009 (0.992, 1.026) 0.31941
1.0

1.237 (0.714, 2.141) 0.44812
1.857 (1.007, 3.424) 0.04748
1.025 (1.000, 1.051) 0.04645
0998 (0.997, 0.999) 0.00041
1.0

0.814 (0449, 1.477) 0.49837
0.390 (0.213, 0.715) 0.00232

0.998 (0.996, 0.999) 0.00160

Model Il

0997 (0.994, 1.000) 0.06717
1.0

0.826 (0.429, 1.590) 0.56695
0.516 (0.260, 1.022) 0.05790
0.707 (0.503, 0.994) 0.04640
0.998 (0.995, 1.000) 0.08402
1.0

0952 (0501, 1.809) 0.88034
0514 (0.263, 1.004) 0.05139
0.700 (0.499, 0.982) 0.03891
0.997 (0.979, 1.016) 0.76542
1.0

1.075 (0.577, 2.005) 0.81973
1.340 (0.645, 2.785) 0.43285
1.157 (0.804, 1.667) 0.43248
0998 (0.997, 0.999) 0.00522
1.0

0.817 (0.436, 1.529) 0.52679
0.451 (0.231, 0.878) 0.01910

0.668 (0.477, 0.935) 0.01864
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Assessment for eligibility,
n=128

Excluded:
Absence of ANCA positivity,
n=8

Excluded:

Renal biopsy revealing neither necrotizing
nor crescentic glomerulonephritis, n=3

Excluded:
Absence of follow-up data at least 12 months,
n=18

Excluded:
Diagnosis of EGPA, n=3
Total recruited,
n=96
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Overall

n=430

Responders
n=297

Nonresponders
n=133

Female gender,n (%) 364 (84.65%) 268 (90.24%) 96 (72.18%) <0.001
Age (years) 3031 £ 11.14 30.67 + 11.18 2950 + 11.06 0315
SLE duration (months) 6.00 (1.00-40.50) 6.00 (1.00-36.00) 12.00 (1.00-48.00) 0.015
LN duration (months) 2.00 (0.67-23.50) 1.00 (0.67-12.00) 4.00 (1.00-36.00) 0018
SLEDATI (2K) 14.37 £ 5.28 14.80 + 537 13.43 + 496 0013
Co-morbidities
Hypertension, n (%) | 136 (31.63%) 77 (25.93%) | 59 (44.36%) <0.001
Diabetes, n (%) 40 (9.30%) 27 (9.09%) 13 (9.77%) 0.822
S, n (%) 9 (2.09%) 5 (1.68%) 4 (3.01%) 0468
Extrarenal organ-system involvement, n (%)
Cutaneous involvement 223 (51.86%) 158 (53.20%) 65 (48.87%) 0.407
Serositis 58 (13.49%) 36 (12.12%) 22 (16.54%) 0215
Arthritis 200 (46.51%) 135 (45.45%) 65 (48.87%) 0511
Neurological disorder 18 (4.19%) 12 (4.04%) 6 (4.51%) 0.822
Haematologic disorder 320 (74.42%) 217 (73.06%) 103 (77.44%) 0336
Cardiac involvement 11 (2.56%) 4(1.35%) 7 (5.26%) 0.017
Gastrointestinal involvement 47 (10.93%) 29 (9.76%) 18 (13.53%) 0247
Laboratory parameters
WBC (*1019) 5.60 (4.23-8.30) 5.60 (4.30-8.40) 570 (4.20-8.20) 0.839
PLT (*10A12) 183.15 + 79.43 183.63 £ 76.09 182.09 + 86.74 0.853
Hb (g/L) 10191 +20.13 103.00 + 18.85 9950 + 22.61 0.096
ALB(g/L) 28.60 + 5.87 28.82 +5.84 28.10 + 5.93 0.240
BUN(mg/dl) 23.15 (15.43-38.45) 21.90 (14.90-33.10) 28.85 (17.70-55.80) <0.001
SCr (mg/dl) 0.83 (0.63-1.31) 0.76 (0.62-1.04) 1.20 (0.70-2.25) <0.001
UA (umol/L) 400.50 (320.00-504.50) 379.00 (307.00-481.00) 439.00 (348.00-563.00) <0.001
eGFR(mL/min per 1.73 m2) 96.44 (56.47-121.76) 103.55 (73.42-122.25) 64.98 (32.15-115.16) <0.001
UPRO (g/24h) 3.10 (1.72-5.58) 330 (1.72-5.40) 295 (1.74-6.25) 0.962
Positive ANA, n (%) 414 (96.28%) 291 (97.98%) 123 (92.48%) 0.005
Positive anti-dsDNA, n (%) 245 (56.98%) 178 (59.93%) 67 (50.38%) 0.064
C3(g/L) 0.41 (0.10-1.28) 0.40 (0.10-1.28) 0.44 (0.10-1.23) 0.037
Ca(g/L) 0.08 (0.04-0.12) 0.08 (0.04-0.10) 0.10 (0.06-0.15) <0.001
Clq(U/ml) 2529 (10.36-56.90) (n=381) 26.08 (10.79-62.08) 21.70 (7.85-50.06) 0.193
(n=263) (n=118)
CD3" cell counts (/uL) 790.50 (548.50-1082.75) 801.00 (566.00-1088.00) 749.00 (529.00-1053.00) 0365
CD4" cell counts (/uL) 303.50 (214.00-459.75) 312.00 (223.00-472.00) 259.00 (192.00-417.00) 0.006
CD8" cell counts (/uL) 404.50 (265.00-585.75) 395.00 (262.00-554.00) 421.00 (274.00-611.00) 0537
CD20" cell counts (/uL) 163.50 (81.75-279.00) 181.50 (98.00-308.25) 119.00 (71.25-239.00) (n=122) <0.001
(n=400) (n=278)
Treatment 0436
Pred+MMF+CNIs 126 (29.30%) 90 (30.30%) 36 (27.07%)
Pred+CYC 112 (26.05%) 71 (23.91%) 41 (30.83%)
Pred+MMF 74 (17.21%) 54 (18.18%) 20 (15.04%)
Pred+CNIs 66 (15.35%) 45 (15.15%) 21 (15.79%)
Pred only 18 (4.19%) 10 (3.37%) 8 (6.02%)
Pred+TW 16 (3.72%) 14 (4.71%) 2 (1.50%)
Pred+RTX 7 (1.63%) 4 (1.35%) 3 (2.26%)
Pred+AZA 6 (1.40%) 5 (1.68%) 1(0.75%)
Pred+AHSCT 5 (1.16%) 4 (1.35%) 1(0.75%)

SLE, systemic lupus erythematous; LN, lupus nephritis; SLEDAI, Systemic Lupus Erythematous Disease Activity; SS, Sjogren’s syndrome; WBC, white blood cell; PLT, blood platelet; Hb,
hemoglobin; ALB, albumin; SCr, serum creatinine; UA, blood uric acid; eGFR, the estimated glomerular filtration rate; UPRO, urinary protein quantitation; C3, complement 3; C4, complement 4;
ANA, anti-nuclear; anti-dsDNA, anti-double stranded DNA antibodies; Pred, prednisone; MMF, Mycophenolate Mofetil; CNIs, Calcineurin Inhibitors; CYC, Cyclophosphamide; TW,
Triptergium wilfordii; RTX, Rituximab; AZA, Azathioprine; AHSCT, Autologous hematopoietic stem cell transplantation.
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Overall Responders Nonresponders

N=430 n=297 n=133

Repeat biopsy 4 (0.93%) 4 (3.01%) 0 (0.00%) 0.009
Glomerular number 30.34 + 11.80 31.33 + 12.01 28.14 + 11.05 0.009
ISN/RPS classification, n (%) 0.952

LP 2 (0.47%) 2 (0.67%) 0 (0.00%)

Class 11 5 (1.16%) 3 (1.01%) 2 (1.50%)

Class TII 35 (8.14%) 26 (8.75%) 9 (6.77%)

Class 1II+V 44 (10.23%) 30 (10.10%) 14 (10.53%)

Class IV 174 (40.47%) 119 (40.07%) 55 (41.35%)

Class IV+V 123 (28.60%) 85 (28.62%) 38 (28.57%)

Class V. 47 (10.93%) 32 (10.77%) 15 (11.28%)
Als 7.00 (4.00-9.00) 7.00 (4.00-9.00) 6.00 (4.00-10.00) 0.788
CIs 2.00 (1.00-3.00) 1.00 (0.00-3.00) 2.00 (1.00-4.00) <0.001
CD4"cells/interstitial field 92.00 (48.00-168.00) ] 76.00 (40.00-140.00) 144.00 (72.00-208.00) <0.001
CD8" cells/interstitial field 96.00 (48.00-167.00) 76.00 (40.00-144.00) 148.00 (72.00-204.00) <0.001
CD68 " cells/glomerulus 9.80 (3.70-21.30) 11.00 (4.30-22.40) 7.40 (3.00-17.00) 0.011
CD68" cells/interstitial field 332.00 (184.00-504.00) 276.00 (168.00-452.00) 468.00 (280.00-636.00) <0.001

LP, Lupus podocytopathy; Als, activity index score; Cls, activity index score.
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1297 patients with biopsy-proven LN
from January 2010 to December 2017

867 patients were excluded:

Receiving immunosuppression for more than 1
months before renal biopsy (n=60);

The number of glomeruli<8 in biopsy sample (n=28);
No immunohistochemical examination(n=305);

No regular immunosuppressive therapy (n=105);
Follow-up less than 1 year (n=369).

A total of 430 patients were recruited

Responders
(n=297)

Nonresponders
(n=133)
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Outcome OR 95% Cl p Cochran's Q (p) Intercept (p)
SLE vw 117 0.99-1.40 0.069 80.50(<0.001)
MR-Egger 149 0.84-2.61 0.200 -0.07(0.410)

WM 127 1.12-1.44 <0.001
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Protein names Protein Acces Peptide sequence Fold change P Value*
Albumin P02768 TFTFH +7.093558743 0.02097
Collagen alpha-1 Q07092 G.NSGEKGDQGFQGQPGFPGPPGP.P -4311473151 0.039273
Ubiquitin-activating enzyme E1 P22314 LKATLP -7.256112727 0.007996
Ubiquitin-activating enzyme E1 P22314 N.FAM.I +3.223158229 0.027864
Nischarin QY211 LPFI.C +3.22315836 0.027864
Putative elongation factor 1-alpha-like 3 QSVTE0 M.LEPS.A +3.22315836 0.027864
Elongation factor 1-alpha 1 P68104 M.LEPS.A +3.22315836 0.027864
Alpha-1 type I collagen P02452 D.TTLK.S +3223158464 0.027864
Proline-rich protein 4 Q16378 D.FTET +7.093558743 0.02097
Caveolae-associated protein 1 Q6NZI2 P.PFT.F +3.22315836 0.027864
Caveolae-associated protein 1 Q6NZI2 P.FTEH +7.093558743 0.02097
Alpha-2-HS-glycoprotein P02765 CKATLS -7.256112727 0.007996
Alpha-actinin-1 P12814 FKATLP -7.256112727 0.007996
Alpha-actinin-1 P12814 KLVSIGAEEIVDGNVK.M 43223158453 0.027864
Alpha-actinin-2 P35609 FKATLP -7.256112727 0.007996
Alpha-actinin-2 P35609 KLVSIGAEEIVDGNVK.M 43223158453 0.027864
Myosin-6 P13533 RLEEAGGATSVQIEMNK.K +3.22315865 0.027864
Myosin-7 P12883 RLEEAGGATSVQIEMNK.K +3.22315865 0.027864
Dihydropyrimidinase-related protein 2 Q16555 R.DIGAIAQVHAENGDIIAEEQQR.I +3.223157523 0.027864
ADP-ribosylation factor 5 P84085 RHYFQNTQGLIFVVDSNDR.E +3.223158596 0.027864
ATP synthase subunit alpha P25705 K.LEPSK +3.22315836 0.027864
ATP synthase subunit alpha P25705 RNVQAEEMVEFSSGLK.G 43223158377 0.027864
NADH dehydrogenase 095298 K.TYGEIFEKF.H 4322315853 0.027864
Filamin-A P21333 G.LEPS.G +3.22315836 0.027864
Filamin-A P21333 LPFT.I +3.22315836 0.027864
Parathymosin P20962 K.SVEAAAELSAK.D +3.223158229 0.027864
Myosin-8 P13535 KNDLQLQVQSEADSLADAEER.C +3.22315843 0.027864
Myosin-8 P13535 K.EKNDLQLQVQSEADSLADAEER.C +3223158613 0.027864
Tubulin beta-3 chain (TUBB) Q13509 RISEQFTAMFRR +3223158132 0.027864
Tubulin beta-4B chain (TUBB) P68371 RISEQFTAMFRR 43223158132 0.027864
Tubulin beta-2A chain (TUBB) Q13885 RISEQFTAMFRR +3223158132 0.027864
Tubulin beta chain (TUBB) P07437 RISEQFTAMFRR +3223158132 0.027864
Tubulin beta-4A chain (TUBB) P04350 RISEQFTAMFRR +3223158132 0.027864
Tubulin beta-2B chain (TUBB) QIBVAL RISEQFTAMFR.R +3223158132 0.027864
Hemoglobin subunit alpha P69905 L.ASVSTVLTSK.Y +3.223158483 0.027864
Alpha-2-antiplasmin PO8697 RQLTSGP.N 43223157523 0.027864
Fibrinogen alpha chain (FGA) P0O2671 ADSGEGDFLAEGGGVRGPRV 43223158996 0.027864
Complement C4-A (C4A) POCOL4 RNGFKSHALQLNN.R +3223158111 0.027864
Complement C4-A (C4A) POCOL4 RNGFKSHALQ +3223158539 0.027864
Complement C4-A (C4A) POCOL4 H.ALQLNNRQLR +3223158413 0.027864
Apolipoprotein L1 014791 APFTE +3.22315836 0.027864
Collagen alpha-1 P20908 S.PSELG +3.223158274 0.027864
Complement C3 P01024 RIHWESASLLR +3.223158692 0.027864
Titin Q8wWz42 SKATLF -7.256112727 0.007996
Titin Q8Wz42 P.PPPT.T -2.186526157 0.048995
Titin Q8wz42 D.PSELL +3.223158274 0.027864
Titin Q8Wz42 K.LEPS.Q +3.22315836 0.027864
Titin Q8Wz42 RTTLK.V +3.223158464 0.027864
Titin Q8Wz42 EYAPP.K -3.776166378 0032523
Titin (EC 2.7.11.1) Q8Wz42 LELSP.S +3.223158437 0.027864
Titin (EC 2.7.11.1) Q8wWz42 APFTY 322315836 0.027864
PDZ and LIM domain protein 1 000151 MPFT.A 322315836 0.027864

*The statistical significance level was set at P < 0.05.
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Myositis-spe- Clpi b
cific autoantibodies group VELLE
(N=182)

Negative 10 (7.6%) 38 (20.9%) 0.001
Anti-JO-1 21 (16.0%) 45 (24.7%) 0.063
Anti-PL-7 14 (10.7%) 10 (5.5%) 0.089
Anti-PL-12 9 (6.9%) 3 (1.6%) 0.038
Anti-HA 1(0.8%) 0 (0%) 0.419
Anti-E] 10 (7.6%) 14 (7.7%) 0.985
Anti-0J 1(0.8%) 0 (0%) 0.419
Anti-Mi-2 3 (23%) 10 (5.5%) 0.265
Anti-MDAS 49 (37.4%) 20 (11.0%) <0.001
Anti-NXP2 2 (1.5%) 14 (7.7%) 0.029
Anti-TIF-1y 8 (6.1%) 22 (12.1%) 0.076
Anti-SAE1 3 (23%) 2 (1.1%) 0.710
Anti-SPR 0 (0%) 4(22%) 0.143
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Characteristic CADM  CDM P-value
Initial treatment
CS (oral only) 5(3.7%) 29 (14.9%) | 0.001
CS (IV + oral only) 28(20.7%) | 37 (19.0%) | 0.692
CS (IV and/or oral) + CsA 22 (16.3%) 12 (6.2%) 0.003
I CS (IV and/or oral) + Tac 29 (21.5%) | 26 (13.3%) = 0.051
(C:ra(ll Zn‘:/':r/"lrv‘;ral) ey 6 (4.4%) 16 (82%) | 0178
CS (IV and/or oral) + AZA 2 (1.5%) 5 (2.6%) 0.778
CS (IV and/or oral) + MTX 1 (0.7%) 9 (4.6%) 0.091
CS (IV and/or oral) + MMF 22 (16.3%) 44 (22.6%) 0.162
CS (IV and/or oral) + CsA or Tac 22 (16.3%) 16 (8.2%) 0.024
+ CY (oral and/or IV)
CS pulse-dose 21 (15.6%) 10 (5.2%) 0.001
WIG 55 (40.7%) 37 (19.0%) <0.001
JAK inhibitors 7 (5.2%) 7 (3.6%) 0.480
Biological agents 13 (9.6%) 7 (3.6%) 0.024
ILD response to treatment
‘Worsening 54 (44.3%) 33 (24.4%) 0.001
Stability 45 (36.9%) 41 (30.4%) 0.269
Improved 17 13.9%) 48 (35.6%) <0.001
Unknown 6 (4.9%) 13 (9.6%) 0.149

CS, corticosteroid; CsA, cyclosporine A; Tac, tacrolimus; CY, cyclophosphamide; 1V,
intravenous; IVIG, intravenous immunoglobulin; AZA, azathioprine; MTX, methotrexate;
MMF, mycophenolate mofetil; CS pulse-dose, 0.5-1.0 g per day for 1-5 days; CADM,
clinically amyopathic dermatomyositis; CDM, classic dermatomyositis.
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P-value P-value P-value P-value P-value P-value
(CADM (CADM-MDA5+ (CADM-MDA5- (MDA5+ (CADM-MDAS5+ (CDM-MDA5+
vs.CDM) vs. CDM-MDA5+) vs. CDM-MDA5-)  vs. vs. CADM-MDAS5-) vs. CDM-MDA5-)
MDAS5-)
Disease 0.543 0.157 0.198 <0.001° <0.001° 0.001°
duration
at diagnosis
Death 0.001" 0.599 0.152 <0.001* <0001* <0001*
Ditd within 0.003" 0.950 0374 <0.001* <0001* <00l
1 year
RP-ILD <0.001" 0.550 0.005" <0.001" 0.002* <0.001"
LD <0001 0.412 <0001 <0.001* 0.013" 0.028"
Fever 0.938 0.588 0.445 0.006" 0.027* 0.056
Cough <0001 0.282 0.001" <0.001* 0.006" 0029
or dyspnea
Mechanics 0.181 0.200 0.656 0.022° 0.038° 0.608
hand
Heliotrope rash | 0.429 0.364 0237 0.011" 0.033" 0.051
Gottron’s sign | 0,017 0.534 0.102 0.115 0516 0.453
V sign 0.038° 0.032° 0.058 0.054 0.132 0.014"
Shawl sign 0.021° 0.988 0.025° 0.783 0.378 0.998
Holster sign 0372 0.534 0.084 0.014" 0.028" 0.098
Rayhatid’ 0973 1.000 0520 0.034° 0.110 0137
phenomenon
Dysphagia 0.002° 0.128 0.028° 0218 0727 1.000
Carglic 0.004* 0.491 0.029* 0.001* 0113 0.068
involvement
Pleural effusion | 0.014° 0.135 0.556 0.001" 0.005" 1.000
Pericardial v~
eacaidi 0271 0.534 0.493 0.001* 0.09 0.0
effusion
Fatigue 0.789 0.119 0.875 0.036" 0.341 0.013*
Hoarseness 0.001" 0233 0732 <0.001* <0001+ 0.061
Tumor 0.604 0.290 0.671 0.044° 0.026° 0.829
Numbness in . . 1.000
o 0.006 0.822 0.028 0.301 0.934
the extremities
LYM <0.001° 0.588 0.001° 0.001° <0001° <0.001°
NLR <0001 0.116 0.001* 0.001" 0.109 0.010*
PLR <0001 0.390 0.001" 0.001" 0.022" 0.001*
LDH 0.004" 0.552 0.184 0.001" 0.002* 0.023*
Serum ferritin | <0.001" 0.341 0.003* 0.001" <0.001* 0.002"
CRP 0.002" 0.084 0.025" 0.205 0.498 0.726
ESR 0.111 0.900 0326 0.026+ 0210 0.180
D-dimer 0.582 0.969 0.045° 0.013* 0.001* 0.524
LYM . . . N <0.001*
B0 <0001 0.523 <0.001 <0001 0.016
NLR 2683 <0001 0.309 <0.001* <0.001* 0.081 0.001*
N ;
LDH 354501 gog+ 0.309 0.398 <0.001* <0.001* gz
UL
Serum ferritin N N . 0.003*
<0001 0.147 0.058 <0001 <0001
2649.95 ng/mL
CEA <0001 0.209 0.082 <0001* <0.001* 0.001"
cA125 0.765 0.902 0339 0.046" 0.045" 0325
CA153 0.061 0.485 0.255 0.001" 0.086 0.012*
CA724 0.016" 0.737 0.134 0.004" 0.072 0231
NSE <0001 0.290 0.002" <0.001* 0.065 0.150
CYFRA2L <0001 0.082 <0.001* 0.002" 0.104 0.385
CA50 0.054 0.516 0.027" 0.782 0221 0.935
ca22 0.024" 0.289 0292 0.017" 0236 0.305

*, the former is lower than the latter; *, the former is higher than the latter.
ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; LYM, lymphocyte; NLR, NEUT-to-LYM ratio; PLR, PLT-to-LYM ratio; LDH, lactate dehydrogenase; CRP, C-
reactive protein; ESR, erythrocyte sedimentation rate; CADM, clinically amyopathic dermatomyositis; CDM, classic dermatomyositis.
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Dead

patients (N=57)

Dead patients with
CADM (N=35)

Dead patients with
CDM (N=22)

Age at diagnosis, mean + 57.81 % 12.80 57.26 % 12.40 58.68 + 13.67 0.686
SD, years

Male/female 26/31 (1:1.19) 16/19 (1:1.19) 10/12 (1:1.20) 0.985
Died within 1 year, n (%) 144.(772) 27 (77.1) 17 (77.3) 0991
Anti-MDAS antibodies, 1 (%) 31 (544) 23 (65.7) 8 (36.4) 0,030
ILD, 7 (%) 54 (947) 35 (100.0) 19 (86.4) 0,025
RP-ILD, 7 (%) 23 (40.4) 18 (51.4) 5(227) 0,032
Cough or dyspnea, 7 (%) 53 (93.0) 35 (1000) 18 (81.8) 0,009
Holster sign, n (%) 8 (14.0) 2(57) 6(27.3) 0023
Dysphagia, n (%) 7 (123) 0(0.0) 7 (318) 0.001
LYM, median (IQR), x10°/L 065 (045, 0.77) 0.54 (0.45,0.71) 071 (045, 1.06) 0268
LDH, median (IQR), U/L 528,00 (39150, 707.00) 481.00 (384.00, 699.70) 544,00 (409.35, 818.75) 0372
:;r;"]‘_ ferritin, median (IQR), 115400 (70018, 2257.95) | 128100 (705.45, 2500.00) 110450 (53075, 1756.17) 0342
CRP, median (IQR), mg/L 18.60 (7.17, 43.00) 30.40 (9.11, 68.80) 8.26 (378, 20.48) 0.004
NEUT, median (IQR), x10°/L 724 (531,1072) 8.31 (687, 10.79) 566 (3.83, 9.30) 0023

ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; LYM, lymphocyte; LDH, lactate dehydrogenase; CRP, C-reactive protein; NEUT, neutrophil; SD, standard
deviation; IQR, interquartile range; CADM, clinically amyopathic dermatomyositis; CDM, classic dermatomyositis.
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Exposure Outcome Globalp Outliers Original OR (95%Cl) Originalp Corrected OR (95%Cl) Corrected p
GD SLE <0.001 4 1.17(0.99-1.39) 0.096 1.27(1.09-1.48) 0018

SLE GD <0.001 2 1.15(1.05-1.27) 0.007 1.13(1.05-1.22) 0.003
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Parameter Survivors Non-survivors P

Gender (male/female) 14/29 7121 0.495
Age (years) 49.86 + 9.86 51.32 + 14.06 0.608
Course of disease (months) 6.00(3.00, 30.00) 2.00(1.00, 8.50) 0.002%*
WBC (x 10°/L) 4.83(3.58, 6.75) 5.93(3.91, 7.13) 0.223
Lymphocyte (x 10%/L) 1.27(0.81, 1.83) 0.94(0.62, 1.24) 0.032*
ESR (mm/h) 32.00(17.75, 46.00) 33.00(25.50, 46.50) 0.367
CRP (mg/L) 2.30(1.07, 8.33) 4.79(2.43, 8.75) 0.178
AST (U/L) 47.00 (32.00, 70.54) 70.54(43.05, 80.50) 0.019*
ALT (U/L) 42.00(23.00, 59.00) 55.52(36.25,89.00) 0.050
Albumin (g/L) 33.05 + 4.30 29.34 + 4.80 0.001**
LDH (U/L) 323.54(232.61, 354.35) 359.56(302.22, 446.87) 0.009**
PNI 38.79 + 4.87 33.85 +5.34 < 0.001***
Anti-RO52" 28(66.70%) 24(88.90%) 0.074
RP-ILD 7(16.3%) 13(46.4%) 0.006**

Treatment of MDA5* DM (n, %)

Glucocorticoids 43(100%) 28(100%)
Pulse steroid therapy 35(81.40%) 28(100%)
Calcineurin inhibitors 25(58.14%) 20(71.43%)
Mycophenolate mofetil 4(9.30%) 0

Values are presented as mean + standard deviation (SD) or median and interquartile range (IQR), Mann-Whitney U test, inter-with t test and x” test were used. * p < 0.0:

5 % p < 0.01; %% p < 0.001.
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Clinical manifestations

Mean + SD
Oedema No 43(60.56) 38.16 + 5.60 0.014*
‘ Yes 28(39.44) 34.86 + 5.05

RP-ILD No 50(70.42) 38.52 +5.03 < 0.001***

Yes 21(29.58) 32.89 +4.90
Myopathy No 20(29.85) 39.02 + 5.60

Yes 47(70.15) 36.17 £ 5.48 0.058
Fever No 39(56.52) 37.92 +£5.01

Yes 30(43.48) 34.86 + 5.58 0.019*
Raynaud’s phenomenon No 61((88.41) 36.29 +5.33

Yes 8(11.59) ‘ 3892 +6.14 0.201
Sunny rash No 22(30.99) ‘ 36.36 + 5.10

Yes 49(69.01) 37.08 +5.83 0.619
Heliotrope rash No 58(81.69) 36.84 +5.27

Yes 13(18.31) 3691 +7.10 0.968
Gottron rash No 42(59.15) 38.06 + 5.27

Yes 29(40.85) 35.11 + 5.67 0.028*
Dry mouth and eyes No 44(62.86) 36.20 +5.92

Yes 26(37.14) 38.14 £ 4.90 0.164
Mouth ulcers No 58(81.69) 36.61 +5.75

Yes 13(18.31) 37.95 + 4.86 0.437

Values are presented as mean + standard deviation (SD), inter-with t test was used. * p < 0.05; *** p < 0.001.
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Parameter

LDH < 356.15 U/L 49 37 2449 36 26.53 36 26.53
LDH 2 356.15 U/L 22 10 54.55 8 63.64 7 68.18
P 0.028* 0.005** 0.004*

*p<0.05* p <00l
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CADM (N=135) CDM (N=195)

Age at diagnosis, mean + SD, years 54.40 + 12.02 55.05 + 11.82 53.94 + 12.16 0411
Disease duration at diagnosis, median (IQR), months 3.00 (1.00, 7.00) 3.00 (2.00, 7.00) 3.00 (1.00, 7.00) 0.543
Male/female 100/230 (1:2.30) 45/90 (1:2.00) 55/140 (1:2.55) 0319
Death, n (%) 57 (17.3) 35(25.9) 22 (11.3) 0.001
Died within 1 year, n (%) 44 (13.3) 27 (20.0) 17 (8.7) 0.003
RP-ILD, n (%) 29 (8.8) 23 (17.0) 6(3.1) <0.001
ILD, n (%) 243 (73.6) 121 (89.6) 122 (62.6) <0.001
Fever, n (%) 101 (30.6) 41 (30.4) 60 (30.8) 0938
Cough or dyspnea, n (%) 227 (68.8) 115 (85.2) 112 (57.4) <0.001
Mechanic’s hand, 7 (%) 104 (31.5) 37 (274) 67 (34.4) 0.181
Heliotrope rash, n (%) 143 (43.3) 55 (40.7) 88 (45.1) 0.429
Gottron’s sign, n (%) 233 (70.6) 105 (77.8) 128 (65.6) 0.017
V sign, n (%) 117 (35.5) 39 (28.9) 78 (40.0) 0.038
Shawl sign, n (%) 64 (19.4) 18 (13.3) 46 (23.6) 0.021
Holster sign, n (%) 38 (11.5) 13 (9.6) 25 (12.8) 0372
Arthritis/arthralgia, n (%) 137 (41.5) 49 (36.3) 88 (45.1) 0.109
Raynaud’s phenomenon, 1 (%) 34 (10.3) 14 (10.4) 20 (10.3) 0.973
Dysphagia, 1 (%) 33 (10.0) 5(3.7) 28 (14.4) 0.002
Gastroesophageal reflux, n (%) 15 (4.5) 6 (4.4) 9 (4.6) 0.942
Dry eyes, n (%) 25 (7.6) 11 (8.1) 14 (72) 0.744
Dry mouth, n (%) 56 (17.0) 27 (20.0) 29 (14.9) 0.222
Cardiac involvement, n (%) 72 (21.8) 40 (29.6) 32 (16.4) 0.004
Pleural effusion, n (%) 41 (12.4) 24 (17.8) 17 (8.7) 0.014
Pericardial effusion, n (%) 32(9.7) 16 (11.9) 16 (8.2) 0271
Fatigue, n (%) 98 (29.7) 39 (28.9) 59 (30.3) 0.789
Hoarseness, 1 (%) 28 (8.5) 20 (14.8) 8 (4.1) 0.001
Tumor, 1 (%) 25 (7.6) 9 (6.7) 16 (8.2) 0.604
Numbness in the extremities 20 (6.1) 14 (10.4) 6 (3.1) 0.006
Anti-MDAS antibodies, n (%) 69 (21.1) 49 (37.4) 20 (11.0) <0.001
LYM, median (IQR), x10°/L 112 (0.72, 1.57) 0.81 (0.61, 1.10) 1.38 (1.00, 1.91) <0.001
WBC count, median (IQR), x10°/L 7.56 (5.57, 10.25) 7.64 (5.74, 10.55) 6.98 (4.94, 10.39) 0373
NEUT, median (IQR), x10°/L 5.45 (3.8, 7.95) 6.30 (4.32, 8.39) 5.19 (3.30, 8.06) 0.012
NLR, median (IQR) 4.48 (2.84, 8.33) 7.14 (4.40, 12.05) 3.46 (242, 5.65) <0.001
PLT, median (IQR), x10°/L 226.50 (177.00, 293.25) 227.00 (165.25, 297.75) 236.00 (186.25, 289.75) 0.711
PLR, median (IQR) 199.52 (132.99, 304.62) 265.79 (205.63, 379.25) 172.06 (115.59,276.07) <0.001
LDH, median (IQR), U/L 284.50 (207.75, 393.00) 307.00 (221.25, 429.50) 275.80 (208.75, 364.00) 0.004
o-HBDH, median (IQR), U/L 206.00 (142.75, 301.50) 199.50 (154.25, 283.50) 243.00 (170.25, 350.00) 0.677
Serum ferritin, median (IQR), ng/mL 258.00 (134.55, 620.75) 361.30 (159.30, 885.82) 239.03 (123.10, 550.80) <0.001
[ CRP, median (IQR), mg/L 6.20 (3.19, 20.60) 8.45 (3.30, 27.00) 4.10 (3.12, 14.08) 0.002
ESR, median (IQR), mm/h 24.00 (14.00, 44.25) 26.5 (16.00, 43.25) 23 (14.00, 41.50) 0.111
Procalcitonin, median (IQR), mg/L 0.05 (0.04, 0.13) 0.05 (0.04, 0.12) 0.05 (0.04, 0.08) 0.268
D-dimer, median (IQR), mg/L 0.60 (0.29, 1.29) 0.56 (0.30, 1.26) 0.69 (0.28, 1.31) 0.582
LYM <785x10%L, n (%) 102 (30.9) 67 (49.6) 35(17.9) <0.001
NLR 26.83, n (%) 110 (33.3) 72 (53.3) 38 (19.5) <0.001
LDH 2354.50 U/L, n (%) 112 (33.9) 58 (4.3) 54 (27.7) 0.004
Serum ferritin >649.95 ng/mL, n (%) 78 (23.6) 48 (35.6) 30 (15.4) <0.001

ILD, interstitial lung disease; RP-ILD, rapidly progressive interstitial lung disease; LYM, lymphocyte; WBC, white blood cell; NEUT, neutrophil; NLR, NEUT-to-LYM ratio; PLT, platelet; PLR,
PLT-to-LYM ratio; LDH, lactate dehydrogenase; o-HBDH, o-hydroxybutyrate dehydrogenase; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IQR, interquartile range; CADM,
clinically amyopathic dermatomyositis; CDM, classic dermatomyositis.
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Univariable Multivariable

Parameter

HR (95% CI) HR (95% CI)
Gender(male/female) 1.26(0.54 - 2.98) 0.592
Age(years) 1.00(0.97 - 1.04) 0714
Course of disease (months) 0.99(0.97 - 1.01) 0.277
WBC (x 10/L) 1.07(0.95 - 1.20) 0.274
Lymphocyte (x 10°/L) 0.44(0.19 - 0.99) 0.047* 1.36(0.52 - 3.60) 0533
ESR (mm/h) 1.00(0.98 - 1.02) 0.770
CRP (mg/L) 0.99(0.97 - 1.02) 0.583
LDH > 356.15 U/L 2.49(1.18 - 5.26) 0.017* 2.42(1.05 - 5.60) 0.039*
AST (U/L) 1.002(1.000 - 1.005) 0.111 0.997(0.992 - 1.002) 0.189
ALT (U/L) 1.008(1.001 - 1.015) 0.022* 1.01(0.99 - 1.02) 0.143
Albumin (g/L) 0.87(0.80 - 0.95) 0.002** 0.95(0.83 - 1.08) 0.418
PNI > 34.10 0.23(0.10 - 0.51) < 0.001*** 0.27(0.08 - 0.94) 0.039*
Anti-RO52" 2.30(0.80 - 6.65) 0.124
Glucocorticoids - -
Pulse steroid therapy 25.93(0.25 - 2708.96) 0.17
Calcineurin inhibitors 1.44(0.61 - 3.40) 0.402
Mycophenolate mofetil 0.45(0 - 62.41) 0.402

Continuous variables were converted to dichotomous variables using the ROC-derived cutoffs. The value of LDH was dichotomized into high and low groups using a cut-off point of 356.15; The
value of PNI was dichotomized into high and low groups using a cut-off point of 34.10. * p < 0.05; ** p < 0.01; *** p < 0.001.





OPS/images/fimmu.2023.1209282/table5.jpg
Parameter RP-ILD P
Gender (male/female) 3715 14/7 0.705
Age (years) 51.94 + 10.08 45.90 + 14.61 0.094
Course of disease (months) 6.00 (2.25, 24.00) 2.00 (1.00, 14.00) 0.029*
WBC (x 10°/L) 4.86 (3.61, 6.33) 7.07 (3.92, 8.63) 0.007**
Lymphocyte (x 10%/L) 127 (0.83, 1.74) 0.69 (0.52, 1.14) < 0.001%**
ESR (mm/h) 33.00 (20.75, 44.50) 28.00 (19.00, 46.00) 0.830
CRP (mg/L) 2.88 (1.09, 8.49) 4.74 (1.15, 9.60) 0.485
AST (U/L) 49.00 (33.25, 70.54) 70.54 (42.20, 103.00) 0.045*
ALT (U/L) 46.00 (23.50, 55.88) 55.52 (35.00, 97.00) 0.039*
Albumin (g/L) 32.56 + 4.50 29.10 + 4.79 0.005**
LDH (U/L) | 32347 (251.95, 360.49) 365.90 (311.74, 438.30) 0.019%
PNI 38.52 +5.03 32.89 +4.90 < 0.001***
Anti-RO52" 37 (74.0%) 17 (81.0%) 0.454
Treatment of MDA5* DM (n, %)

Glucocorticoids 52(100%) 21(100%)

Pulse steroid therapy 45(86.54%) 20(95.24%)

Calcineurin inhibitors 32(61.54%) 15(71.43%)

Mycophenolate mofetil 4(7.69%) 0

Immunoglobulin 11(21.15%) 3(14.29%)

Values are presented as mean + standard deviation (SD) or median and interquartile range (IQR), Mann-Whitney U test, inter-with t test and x” test were used. * p < 0.0:

;% p <001 *** p <0001
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Univariable Multivariable

Parameter

OR (95% ClI) OR (95% CI)
Gender(male/female) 0.81(0.27 - 2.41) 0.706
Age(years) 0.96(0.91 - 1.00) 0.054
Course of disease (months) 0.99(0.97 - 1.02) 0.739
WBC (x 10°/L) 1.25(1.03 - 1.52) 0.023* 1.54(1.12 - 2.13) 0.009**
Lymphocyte (x 10°/L) 0.13(0.04 - 0.50) 0.003** 0.11(0.01 - 0.81) 0.03*
ESR (mm/h) 1.00(0.96 - 1.03) 0.800
CRP (mg/L) 0.99(0.97 - 1.03) 0.872
LDH > 356.15 U/L 5.26(1.72 - 16.07) 0.004** 8.68 (1.28 - 58.83) 0.027*
AST >71.27 U/L 3.82(1.27 - 11.47) 0.017* 1.18(0.20 - 6.83) 0.853
ALT > 27.75 U/L 8.89(1.10 - 72.08) ‘ 0.041* 3.30(0.28 - 39.62) 0.346
Albumin > 30.9 g/L 0.22(0.07 - 0.66) 0.007** 2.03(0.16 - 25.90) 0.586
PNI > 34.10 0.09(0.03 - 0.29) < 0.001*** 0.20(0.02 - 2.38) 0.205
Anti - RO52* 1.61(0.46 - 5.62) 0.457
Glucocorticoids - =
Pulse steroid therapy 3.11(0.36 - 26.99) 0.303
Calcineurin inhibitors 1.56(0.52 - 4.69) 0.426

Mycophenolate mofetil - -

Continuous variables were converted to dichotomous variables using the ROC-derived cutoffs. The value of LDH, AST, ALT, albumin and PNI was dichotomized into high and low groups using
a cut-off point of 356.15 U/L, 71.27 U/L, 27.75 U/L and 30.90g/L.
*p < 0,05 p < 0.01, **p<0.00L.
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A

1-oleoylglycerophosphoethanolamine

Catalog accession number OR [95% CI]
ebi-a-GCST000612 11.2712 [2.0534, 61.8822]
ieu-a-1060 14.3594 [1.7242, 119.5841]
combine 12.3940 [3.2859, 46.7488]

Heterogeneity: Tau 00; Chi’ = 0.03; df = 1 (P = 0.86); I' = 0.0%

Test for overall effect: Z = 3.72 (P = 0.0002);

B betaine

Catalog accession number OR [95% CI]

finn-b-M13_DERMATOPOLY 0.0138 [0.0006, 0.3177]

finn-

-DERMATOPOLY_FG 0.0214 [0.0009, 0.5165]

combine 0.0171 [0.0018, 0.1600]

Heterogeneity: Tau .00; Chi® = 0.04; df = 1 (P = 0.85); P=0.0%

Test for overall effect: Z =3.57 (P=0.0004);

(o] 1-arachidonoylglycerophosphoethanolamine
Catalog accession number OR [95% CI]
jeu-a-31 04113 [0.2636, 0.6416]
ebi-a-GCST004131 0.5833 [0.3920, 0.8678]

combine 0.4995 [0.3714, 0.6718]

Heterogeneity: Tz .014; Chi® = 1.32; df = 1 (P=0.25); = 24.2%

Test for overall effect: Z = 4.59 (P < 0.0001);

D arachidonate (20:4n6)
Catalog accession number  OR [95% CI]
ieu-a-31 03521 [0.1954, 0.6345]
ebi-a-GCST004131 0.5350 [0.2985,0.9590]

combine 0.4349 [0.2873, 0.6582]

Heterogeneity: Tau® = 0.00; Chi®= 0.98; df = 1 (P =0.32); = 0.0%

Test for overall effect: Z = 3.94 (P < 0.0001);

E

Catalog accession number

1-myristoylglycerophosphocholine

OR [95% CI]
ukb-d-M06 1.0091 [1.004, 1.014]
ukb-d-M13_RHEUMA 1.0089 [1.0035, 1.0142]

combine 1.0089 [1.0051, 1.0126]

Heterogeneity: Tau’ = 0.00; Chi*= 0.00; df = 1 (P =0.99): = 0.0%

Test for overall effect: Z = 4.69 (P < 0.0001);

F glycerol

Catalog accession number  OR [95% CI]
ukb-d-MOG 0.9915 [0.9855, 0.9974]
ukb-d-M13_RHEUMA 0.9908 [0.9849, 0.9969]

combine 0.9912 [0.9869, 0.9954]

Heterogeneity: Tau®= 0.00; Chi*= 0.02; df = 1 (P = 0.88); = 0.0%

Test for overall effect: Z = 4.08 (P < 0.0001);

G 2-methoxyacetaminophen sulfate

Catalog accession number OR [95% CT]

ebi-a-GCST003156 0.9450 [0.9197, 0.9708]
ieu-a-815 0.9747 [0.9485, 0.9910]
combine 0.9559 [0.9316, 0.9808]

0.007; Chi*=0.71; df = 1 (P=0.42); = 0.08%

Heterogeneity: Tau

Test for overall effect: Z = 3.43 (P = 0.0006);

H

Catalog accession number

glycerol 2-phosphate

OR [95% CI]
ebi-a-GCST01068 1 3.3815 [1.8972, 6.0270]
finn-b-T1D_STRICT 33379 [1.1257, 6.9081]
combine 34469 [2.2358, 5.3140]

Heterogeneity: Tau = 0.00; Chi*= 0.01; df = 1 (P =0.92): = 0.0%

Test for overall effect: .60 (P < 0.0001):
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Summary statistics for 486 serum Metabolites: Extract detailed information of SNPs for autoimmune
Clumping: p <1E-5; r? > 0.001 diseases and related diseases:

!

» Systemic Lupus Erythematosus (SLE)

Bel 8 h :

clongs to 8 pathways * Rheumatoid Arthritis (RA)
*  Amino acid « Lipid * Inflammatory Bowel Disease (IBD)
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» Type 1 Diabetes (T1D)
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1. Identify causal metabolites: Sensitivity Analysis
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Cases HR (95%Cl) P-value P for interactiol

Gender male 66 0.998 (0.996, 1.000) 0.0194
0.7779
female 364 0.997 (0.996, 0.998) <0.0001
Age <38 334 0.998 (0.997, 0.999) <0.0001
0.0234
>38 96 0.994 (0.991, 0.997) 0.0004
SLEDAI <12 317 0.997 (0.996, 0.998) <0.0001
0.8869
>12 113 0.997 (0.995, 0.999) 0.0058
SCr <12 312 0.999 (0.997, 1.000) 0.0470
0.4323
>1.2 118 0.998 (0.996, 0.999) 0.0021
UA <380 192 0.998 (0.996, 1.000) 0.0117
T 0.7326
>380 238 0.997 (0.996, 0.999) <0.0001
eGFR >60 118 0.997 (0.996, 0.999) 0.0005
0.1434
<60 312 0.999 (0.997, 1.000) 0.0831
UPRO <25 184 0.997 (0.996, 0.999) 0.0004
0.8852
>2.5 246 0.997 (0.996, 0.998) <0.0001
A-dsDNA negative 185 0.997 (0.996, 0.999) 0.0001
0.8366
positive 245 0.997 (0.996, 0.999) <0.0001
C3 <0.46 254 0.997 (0.996, 0.998) <0.0001
0.9764
>0.46 176 0.997 (0.996, 0.999) 0.0001
C4 <0.09 248 0.998 (0.996, 0.999) 0.0002
0.7275
>0.09 182 0.997 (0.996, 0.999) <0.0001
CD4 <260 173 0.998 (0.996, 0.999) 0.0001
05375
>260 257 0.997 (0.996, 0.998) <0.0001
PLN NO 54 0.996 (0.993, 1.000) 0.0232
0.5639
YES 376 0.997 (0.996, 0.998) <0.0001
Als <3 66 0.997 (0.994, 1.000) 0.0311
0.8287
>3 364 0.997 (0.996, 0.998) <0.0001
Cls <3 361 0.998 (0.997, 0.999) <0.0001
0.4082
>3 69 0.997 (0.995, 0.999) 0.0079

SLEDAL, Systemic Lupus Erythematous Disease Activity; SCr, serum creatinine; UA, blood uric acid; eGFR, estimated glomerular filtration rate; UPRO, urinary protein quantitation; C3,
complement 3; C4, complement 4; CD4, CD4+ cell count; LP, Lupus podocytopathy; Als, activity index score; CIs, activity index score.
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PAH

Gender

Age

ILD

COPD

Anti-centromere

Puffy finger or sclerodactyly
Use of vasodilators

Use of immunosuppression, antifibrotic
therapy, or glucocorticoids

Model 1
(R*=0.172;p <

0.001)
St. B (p = value)

0.343 (< 0.001)
-0.142 (0.037)

0.165 (0.016)

Model 3
(R?=0.261;p <
0.001)

St. B (p = value)

Model 2
(R*=0.188; p <
0.001)

St. B (p = value)

0.363 (< 0.001) 0350 (< 0.001)
-0.120 (0.081) -0.048 (0.479)
0.169 (0.016) 0.120 (0.078)
-0.128 (0.065) -0.030 (0.664)
-0.023 (0.744) -0.012 (0.854)

0.304 (< 0.001)

Model 4
(R*=0.284;p <
0.001)

St. B (p = value)

0.349 (< 0.001)
-0.044 (0.508)
0.094 (0.168)

-0.026 (0.703)
-0.008 (0.902)
0334 (< 0.001)

0.155 (0.018)

Model 5

0.001)
St. B (p = value)

0369 (< 0.001)
-0.046 (0.490)
0.098 (0.153)
-0.043 (0.557)
-0.010 (0.879)
0334 (< 0.001)
0.158 (0.017)
-0.040 (0.580)

0.044 (0.511)

SRAGE, soluble receptor for advanced glycation end products; PAH, pulmonary arterial hypertension; 1LD, interstitial lung disease; COPD, chronic obstructive pulmonary disease.
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SSc patients without pulmonary involve- SSc patients SSc patients with | Kruskal Wallis

ment at follow-up with ILD PAH Test

09) (n=11) (n=5)
Age in years, median (IQR) 61 (54-71) 75 (60-80)* 75 (52-79) p =0048
Female, n (%) 89 (81.7) 9 (81.8) 5 (100.0) p =0.769
Death, n (%) 6(5.5) 1(0.0) 1(20.0) p=0441
Extent of skin involvement, n (%) p = 0450
Limited 101 (92.7) 9 (81.8) 5 (100.0)
Diffuse 8(7.3) 1(90) 0(0.0)
Other 0(0.0) 1(9.0) 0(0.0)
Follow-up duration in months, N/A 56 (33-82) 57 (35-83) p=0793

median (IQR)

Puffy fingers or sclerodactyly, 90 (82.6) 11 (100.0) 3 (60.0) p=0.149

n (%)

Pitting scars or digital ulcers, 57 (52.3) 6 (54.5) 3 (60.0) p =0551

n (%)

Telangiectasia, n (%) 72 (74.2) 8 (72.7) 4 (80.0) p=0933
(ND: 12)

Raynaud’s phenomenon, n (%) 109 (100.0) 11 (100.0) 5 (100.0) p = 1.000

Antibody profile, n (%) p =0627

Anti-centromere 66 (60.6) 5 (45.5) 4 (80.0)

Anti-topoisomerase 1 7 (6.4) 3(27.3) 0 (0.0)

Anti-RNA polymerase 3 1(0.9) 0 (0.0) 0 (0.0)

Other 35 (32.2) 3(27.3) 1 (20.0)

Calcinosis cutis, n (%) 36 (37.9) 3(27.3) 1 (20.0) p=0788
(ND: 14)

Gastrointestinal involvement, 74 (71.2) 10 (90.9) 5(100.0) p=0322

n (%) (ND: 5)

SSc, systemic sclerosis; ILD, interstitial lung disease; PAH, pulmonary arterial hypertension; PFTs, pulmonary function tests; FVC, forced vital capacity; DLCO, diffusing capacity for carbon
monoxide; N/A, not applicable. One patient had concomitantly ILD and PAH. *p<0.05 vs no pulmonary involvement group (by Mann-Whitney U test). ND, not documented.
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Primary PAH lesiol Secondary PAH lesion

Media region Clearly thickened Normal

Intima region Slightly thickened Clear and irregular hyperplasia
‘ RAGE positive staining Intima (strong), Media (weak) Media (strong) Intima (weak)

RAGE in smooth muscle cells In Media (0.-SMA and desmin positive)

RAGE in myofibroblasts In Intima (0-SMA positive and desmin negative)

RAGE in endothelial cells Absent Absent
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SSc patients without pulmonary ~ SSc patients with ~ SSc patients with SSc patients with Kruskal

involvement (n=124) ILD (n=41) PAH (n=12) ILD-PAH (n=11) Wallis Test

Age in years, median 61 (54-72) 65 (53-72) 70 (66-78) 64 (58-72) p=0.102
(IQR)
Female, n (%) 102 (82.3) 28 (68.3) 9 (75.0) 6 (54.5) p=0077
Extent of skin p=0.188
involvement, n (%)

Limited 114 (91.9) 35 (85.4) 10 (83.3) 8(72.7)

Diffuse 9(7.3) 6 (14.6) 2(16.7) 3(27.3)

Other 1(0.8) 0 (0.0) 0(0.0) 0(0.0)
Puffy fingers or 103 (83.1) 35 (85.4) 10 (83.3) 10 (90.9) p=0912
sclerodactyly, n (%)
Pitting scars or digital 66 (53.2) 17 (41.5) 3(25.0) 7 (63.6) p = 0.140
ulcers, n (%)
Telangiectasia, n (%) 83 (74.1) 29 (78.4) 9 (100.0) 9 (90.0) p=0238

(ND: 12) (ND: 4) (ND: 3) (ND: 1)

Raynaud’s 124 (100.0) 40 (97.6) 11 (100.0) 11 (100.0) p=0313
phenomenon, n (%) (ND: 1)
Antibody profile, n p=0249
(%)

Anti-centromere 74 (59.7) 8 (19.5) 8 (66.7) 3(27.3)

Anti-topoisomerase 1 10 (8.1) 8 (19.5) 1(8.3) 2(182)

Anti-RNA 1(0.8) 0 (0.0) 1(8.3) 2(18.2)

polymerase 11T 39 (31.5) 25 (61.0) 2(16.7) 4 (36.4)

Other
Calcinosis cutis, n (%) 40 (36.4) 11 (324) 4 (50.0) 3 (50.0) p=0720

(ND: 14) (ND: 7) (ND: 4) (ND: 5)

Gastrointestinal 88 (73.9) 25 (62.5) 6 (60.0) 8(72.7) p=0412
involvement, n (%) (ND: 5) (ND: 1) (ND: 2) (ND: 1)

PFTs, median (IQR)

% FVC 109.0 (95.5-120.0) 94.5 (68.8-107.0)*** 101 (83.8-116.8) 86.0 (65.0-107.0)*** p <0.001
(ND: 15) (ND: 3)
% DLCO 74.0 (62.0-83.5) 54.0 (42.5-70.5) 44.0 (42.0-61.0)* 19.0 (17.3-35.5)* p < 0.001
(ND: 15) (ND: 9) (ND: 3) (ND: 12)
% Tiffeneau index 78.0 (70.0-82.0) 80.0 (74.5-84.5) 73.0 (67.3-80.8) 79.0 (66.0-85.0) p=0.180
(ND: 13) (ND: 4)
COPD, n (%) 28 (22.6) 6 (14.6) 3(25.0) 3(27.3) p=0675

Medication, n (%)

Immunosuppression 17 (13.7) 15 (36.6) 0(0.0) 5 (45.5)" p=0001
Vasodilators 16 (12.9) 3(73) F(75.0)*** 5 (45.5)** p <0.001
Glucocorticoids 10 (8.1) 7 (17.1) 0(0.0) 3(27.3) p = 0.065

SSc, systemic sclerosis; ILD, interstitial lung disease; PAH, pulmonary arterial hypertension; PFTs, pulmonary function tests; FVC, forced vital capacity; DLCO, diffusing capacity for carbon
monoxide. *p<0.05, *p<0.01, ***p<0.001 vs no pulmonary involvement group (by Mann-Whitney U test). ND, not documented.
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A. Clinical

pSS Total pSS-ILD pSS-non-ILD P
Gender (n,M/F) 31/1 1/6 0/25 0.22
Age(mean + SD,years) 53.11 + 13.06 55.50 + 6.35 5245 + 14.40 0.052
Disease duration(median(IQR),month) 30.00(6.00,84.00) 24.00(6.00,36.00) 36.00(6.00,84.00) 0.71
PLT(mean + SD,10A9/L) 213.61 + 9597 310.50 + 83.07 ‘ 187.18 + 82.38 0.002*
CRP(median(IQR),mg/ml) 1.26(0.48,1.93) 1.36(0.38,3.37) 1.17(0.50,1.80) 0.39
ESR(median(IQR),mm/h) 26.50(12.00,64.50) 24.50(9.25,101.0) 26.50(12.00,55.50) 0.88
SSA(median(IQR),RU/ml) 134.43(2.43,183.93) 105.02(0.00,180.07) 134.43(2.47,184.52) 0.60
SSB((median(IQR),RU/ml) 3.33(0.00,109.37) 2.59(0.00,115.82) 5.08(0.00,117.28) 0.67
Anti-CarPA(mean + SD,ng/ml) 16.30 + 242 | 26.15 + 6.61 13.57 + 2.20 0.027*
B. Binary logistic regression analysis of patients with pSS

Single factor regression ’ OR ‘ 95%Cl

Anti-CarPA 1.07 1.00-1.14 0.048*
Age 1.01 0.95-1.08 0.69
Gender - - 1.00
Disease course 1.00 1.00-1.00 0.64
CRP 1.28 0.71-2.30 0.41
ESR 1.00 0.99-1.03 0.52
SSA 1.00 0.99-1.01 0.64
SSB 1.00 0.99-1.01 0.71

SD, standard deviation; IQR, interquartile range; PLT, platelet; ESR, erythrocyte sedimentation rate; CRP, C reaction protein; SSA, antibodies reactive against the ribonucleoprotein antigens Ro/
Sjogren’s syndrome A; SSB, antibodies reactive against the ribonucleoprotein antigens La/Sjogren’s syndrome B antigen; ILD, Interstitial lung disease; pSS-ILD, interstitial lung disease associated
with primary Sjégren’s syndrome; 95%Cl, 95% confidence interval.

Parametric data results were expressed as mean + SD values. Nonparametric data results were expressed as median IQR values. Some values presented as n or n%; n represents the number of
people with this clinical manifestation. T-test, Mann-Whitney U tests and Chi-square test are used.*p<0.05.
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Disease Positive rate of anti-CarPA (%) Gender Age(years) Disease duration (month), Smoker

F/M mean + SD median(IQR)/mean + SD (n(%))
RA 48.71 78 62/16 54.96 + 14.47 9.50(3.00,60.00) 7178(8.97%)
RA + 38 29/9 54.71 + 15.80 10.50(2.00,84.00) 4/38(10.53%)
RA - 40 33/7 5520 + 13.29 9.50(4.00,48.00) 3/40(7.50%)
SLE 28.57 63 57/6 4135 £ 16.07 12.00(5.00,60.00) 4/63(6.35%)
SLE + 18 16/2 47.72 £15.20 30.00(2.75,126.00) 2/18(11.11%)
SLE - 45 41/4 38.80 + 15.85 12.00(6.00,36.00) 2/45(4.44%)
PM/DM 62.26 53 . 35/18 53.64 £ 12.73 6.00(2.00,12.00) 13/53(24.53%)
PM/DM + 34 23/11 I 5322 +10.54 8.00(2.00,24.00) 8/33(24.24%)
PM/DM - 19 12/7 5444 + 16.50 3.50(2.00,12.00) 5/19(26.32%)
PSS 3125 32 32/1 5318 + 13.84 30.00(6.00,84.00) 0
PSS + 10 9/1 51.90 + 12.92 12.00(6.00,93.00) 0
PSS - 22 22/0 53.77 + 14.50 36.00(5.00,84.00) 0
AAV 21.42 14 9/5 62.71 +9.90 6.00(4.75,9.50) 3/14(21.43%)
AAV + 3 3/0 62.33 £ 11.50 5.67 +2.08 0
AAV - 11 6/5 62.81 + 10.04 6.00(5.00,12.00) 3/11(27.27%)
ssC 44.44 9 8/1 50.78 + 12.59 73.89 + 12.49 1/9(11.11%)
e + 4 4/0 5575 + 15.88 75.00 + 35.83 0
e - 5 4/1 46.80 +9.15 73.00 + 42.90 1/5(20.00%)
UCTD 55.00 20 14/6 50.10 + 16.72 12.00(2.25,45.00) 4/20(20.00%)
UCTD + 11 8/3 48.18 + 18.07 6.00(1.70,24.00) 3/11(27.27%)
UCTD - 9 6/3 5244 + 15.65 24.00(7.50,54.00) 1/9(11.11%)
SpA 24.00 25 9/16 4408 +17.33 2.00(0.85,48.00) 4/25(16.00%)
SpA + 6 412 43.00 + 19.54 2.00(0.88,123.00) 1/6(16.67%)
SpA - 19 5/14 4442 £ 17.14 6.00(0.70,24.00) 3/19(15.79%)
BD 0 6 5/1 43.83 £7.44 60.00(0.88,174.00) 0
TOTAL 41.00 300 230/70 5046 + 15.75 12.00(3.00,57.00) 36/300(12.00%)
HC - 90 65/25 4632 £ 15.74 - 17/90(18.89%)

SD, standard deviation; IQR, interquartile range; RDs, Rheumatic diseases; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; PM/DM, polymyositis/dermatomyositis; pSS, primary
Sjogren’s syndrome; AAV, anti-neutrophil cytoplasmic autoantibodies associated vasculitis; SSC, systemic sclerosis; UCTD, undifferentiated connective tissue disease; BD, Behcet's disease; SpA,
spondyloarthritis; HC, healthy controls.

Parametric data results were expressed as mean + SD values; Nonparametric data results were expressed as median (IQR) values. Some values presented as n or n(%); n represents the number of
people according with the criteria. Student’s -test was used in comparison between parametric data. Mann-Whitney test was used in comparison between parametric data and nonparametric data
or nonparametric data.
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A. Clinical and laboratory characteristics of patients with RA grouped by anti-CarPA.

RA Total Positive Negative P
WBC(10°/L(IQR)) | 6.09(5.12,8.15) 6.39(5.59,9.09) 5.53(4.76,7.91) 0.048*
CRP(median(IQR),mg/ml) 12.70(3.23,32.85) 17.15(4.49,62.05) 7.87(1.55,25.49) 0.086
ESR(mean + SD,mm/h) 47.99 + 31.35 52.68 + 34.52 4352 % 27.73 020
RF(median(IQR),KU/ml) 85.00(36.45,333.00) 145.50(52.40,420.25) 59.95(3.20,194.50) 0.004*
CCP(median(IQR),U/ml) 195.10(47.48,200.00) 200.00(71.70,200.00) 172.55(27.50,200.00) 0.19
MCV(median(IQR),U/ml) 378.45(58.33,1000.00) 493.55(66.33,1000.00) 227.80(24.58,1000.00) 0.21
ILD(n(%)) 12/78(15.38%) 8/38(21.05%) 4/40(10.00%) 0.18
DAS28(mean + SD) 4.87 + 1.00 5.05 = 0.84 4.69 + 1.12 0.047*

aracteristics of patients wi

SLE Total Positive Negative P
WBC(median(IQR),10A9/L) 4.27(2.91,7.68) 4.06(2.72,8.44) 4.47(2.89,7.28) 0.58
Hb(mean + SD,g/L) 106.76 + 22.79 106.12 + 17.78 107.05 + 24.93 0.98
PLT(mean + SD,10A9/L) 196.66 + 99.02 22641 £ 106.30 183.21 + 93.98 0.090
ESR(mean + SD,mm/h) 41.72 £ 25.82 55.24 + 28.59 35.68 + 22.32 0.006*
CRP(median(IQR),mg/ml) 6.07(0.87,22.10) 9.22(2.62,26.6) 3.61(0.66,19.32) 0.094
C3(median(IQR),g/L) 0.72(0.49,0.99) 0.72(0.56,1.04) 0.77(0.48,1.00) 0.94
C4(mean + SD, g/L) 0.13 £ 0.11 0.13 £ 0.12 0.13 £ 0.10 0.96
dsDNA(median(IQR),IU/ml) 75.19(21.87,310.59) 219.89(56.78,455.12) 47.35(16.83,288.98) 0.11
SM(median(IQR),CU) 19.30(6.00,123.10) 39.30(6.80,428.05) 15.65(5.25,54.90) 0.13
AnuA(median(IQR),RU/ml) 14.77(4.78,59.18) 17.90(2.50,171.61) 12.95(4.46,49.34) 0.24
S$SA(median(IQR),RU/ml) 75.14(6.95,175.33) 161.94(12.40,200.0) 67.01(5.22,153.96) 0.052
rRNP(median(IQR),RU/ml) 30.03 + 56.34 58.65 + 73.67 17.22 £ 41.73 0.006*
U1RNP(median(IQR),CU) 75.00(3.90,643.80) 464.60(45.10,643.80) 17.05(3.10,643.80) 0.048*
Skin rash(n(%)) 18/63(28.57%) 4/18(22.22%) 14/45(31.11%) 0.35
Arthralgia(n(%)) 34/63(53.96%) 11/18(61.11%) 23/45(51.11%) 0.33
Raynaud phenomenon(n(%)) ‘ 16/63(25.39%) 3/18(16.67%) 13/45(28.89%) 0.25
Lupus nephritis (n(%)) 14/63(22.22%) 5/18(27.77%) 9/45(20.00%) 0.36
ILD(n(%)) 14/63(22.22%) 5/18(27.77%) 9/45(20.00%) 0.36
SLEDAI(median(IQR)) 5.00(3.00,8.00) 6.50(4.75,8.00) 4.00(3.00,7.00) 0.036*

C. Clinical and laboratory characteristics of patients with PM/DM grouped by anti-CarPA.

PM/DM Total Positive Negative P
CK(median(IQR),U/L) 179.00(48.00,865.00) 178.00(48.25,1163.50) 190.00(30.50,649.00) 0.63
CRP(median(IQR),mg/ml) 4.50(0.89,13.68) 441(0.78,12.15) 13.77(0.65,32.26) 0.56
ESR(median(IQR),mm/h) 29.00(8.00,56.00) 53.00(7.50,74.50) 26.00(8.75,47.75) 0.32
FER(median(IQR),ng/ml) 475.97(41.00,942.00) 482.52(137.25,1381.24) 246.66(94.41,765.95) 0.22
Skin rash(n(%)) 30/53(56.60%) 18/34(52.94%) 12/19(63.16%) 0.39
Arthralgia(n(%)) 20/53(37.74%) 17/34(50.00%) 3/19(15.79%) 0.034*
Skeletal muscle weakness(n(%)) 32/53(60.38%) 22/34(64.71%) 10/19(52.63%) 0.56
ILD(n(%)) 37/53(69.81%) 27/34(79.41%) 10/19(52.63%) 0.11

D. Clinical and laboratory characteristics of patients with pSS grouped by anti-CarPA.

pSS Total Positive Negative P
PLT(mean + SD,10A9/L) 21361 +95.97 27529 + 9415 193.05 + 89.44 0.026*
CRP(median(IQR),mg/ml) 1.26(0.48,1.93) 1.49(0.69,2.99) 1.04(0.41,1.72) 0.14
ESR(median(IQR),mm/h) 265(12.0,64.5) 36.00(12.00,98.00) 25.00(11.00,49.50) 0.10
S$SA(median(IQR),RU/ml) 134.43(2.42,183.93) 168.40(48.89,184.34) 123.07(1.20,183.87) 059
S$SB(median(IQR),RU/ml) 333(0.00,109.37) 3.99(2.50,19.83) 2.41(0.00,150.98) 0.86
Raynaud phenomenon(n(%)) 8/32(25.00%) 3/10(30.00%) 5/22(22.73%) 0.68
Arthralgia(n(%)) 12/32(37.50%) 6/10(60.00%) 6/22(27.27%) 0.12
ILD(n(%)) 7/32(21.88%) 4/10(40.00%) 3/22(13.64%) 0.17

SD, standard deviation; IQR, interquartile range; WBC, white blood cell; Hb, hemoglobin; PLT, platelet; ESR, erythrocyte sedimentation rate; CRP, C reaction protein; RF, rheumatoid factor;
CCP, anti-cyclic citrullinated peptide antibody; MCV, anti-mutated citrullinated vimentin antibody; ILD, Interstitial lung disease; DAS28, Disease Activity Score 28; C3, complement 3; C4,
complement 4; dsDNA, anti-dsDNA antibody; SM , SM antibody; AnuA, anti-nucleosome antibody; SSA, antibodies reactive against the ribonucleoprotein antigens Ro/Sjdgren’s syndrome A;
SSB, antibodies reactive against the ribonucleoprotein antigens La/Sjogren’s syndrome B antigen; rRNP, anti-ribosomal antibody; UIRNP, anti-U1 small ribonucleoprotein antibody; SLEDAI,
SLE Disease Activity Index; CK, creatine kinase.

Parametric data results were expressed as mean + SD values. Nonparametric data results were expressed as median IQR values. Some values presented as n or n%; n represents the number of
people with this clinical manifestation. T-test, Mann-Whitney U tests and Chi-square test are used. *p<0.05; Student’s-test was used in comparison between parametric data. Mann-Whitney test
was used in comparison between parametric data and nonparametric data or nonparametric data.
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A. Clinical a

RA Total RA-ILD RA-non-ILD B
Gender(n,M/F) 16/62 5/7 ' 11/55 0.063
Age(mean + SD,years) 54.96 + 14.47 67.67 + 9.21 52.65 + 14.09 0.001*
Disease duration(median(IQR),month) 9.50(3.00,60.00) 24.00(6.00,105.00) [ 8.50(3.00,51.00) 0.23
Smoker(n(%)) 7178(8.97%) 3/12(25.00%) 4/66(6.06%) 0.069
‘WBC(median(IQR),10A9/L) 6.09(5.12,8.45) 6.70(5.67,10.74) 5.93(5.08,8.05) 0.13
CRP(median(IQR)mg/ml) 12.69(3.23,32.85) 53.63(19.57,83.20) 8.43(2.60,27.94) 0.004*
ESR(mean + SD,mm/h) 47.98 + 31.35 57.25 + 34.66 46.30 £ 30.70 0.27
CCP(median(IQR),U/ml) 195.10(47.48,200.00) 143.50(52.95,200.00) 200.00(44.68,200.00) 0.59
RF(median(IQR),KU/ml) 85.00(36.45,333.00) 52.45(18.43,485.50) 87.35(41.88,333.00) 0.45
MCV (median(IQR),U/ml) 378.45(58.33,1000.00) 232.95(59.43,1000.00) 408.00(54.73,1000.00) 0.81
Anti-CarPA(mean + SD,ng/ml) 3147 +28.04 49.65 + 44.68 28.17 £22.84 0.014*

B. Binary logistic regression analysis of patients with RA-ILD.

Single factor regression OR 95%Cl B Multi-factor regression OR 95%Cl B
Anti-CarPA » 1.02 ‘ 1.00-1.04 0.028* Anti-CarPA 1.02 ) 1.00-1.04 0.033*
Age L1l 1.04-1.23 0.003* Age 1.14 1.04-125 0.010*
Gender 357 0.96-13.34 0.058 Gender 1.29 0.21-7.88 0.78
Disease duration - - 041 - - - -
Smoke 041 0.70-2.41 032 Smoke ) 0.24 | 0.016-3.69 0.36
CRP 1.02 1.00-1.03 0.020* CRP 1.01 0.99-1.02 0.24
ESR - - 027 - - - -

RF - - 0.95 - - - -
ccp - - 0.79 - - - -
MCV - - 0.95 - - - .

SD, standard deviation; IQR, interquartile range; WBC, white blood cell; ESR, erythrocyte sedimentation rate; CRP, C reaction protein; RF, rheumatoid factor; CCP, anti-cyclic citrullinated
peptide antibody; MCV, anti-mutated citrullinated vimentin antibody; ILD, Interstitial lung disease; RA-ILD, interstitial lung disease associated with rheumatoid arthritis; 95%CI, 95% confidence
interval.

Parametric data results were expressed as mean + SD values. Nonparametric data results were expressed as median IQR values. Some values presented as n or n%; n represents the number of
people with this clinical manifestation. T-test, Mann-Whitney U tests, Chi-square test and Logistic regression analysis are used. *p<0.05.
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A. Clinical and laboratory characteristics of PM/DM patients grouped by ILD.

PM/DM Total PM/DM-ILD PM/DM-non-ILD B
Gender (n,M/F) 19/34 3/12 16/22 ' 0.13
Age(mean * SD,years) 54.24 + 10.34 55.61 +9.51 49.00 + 12.65 0.022*
Disease duration(median(IQR),month) 6.00(2.00,12.00) 8.00(3.75,13.5) 2.00(1.00,3.00) 0.005*
Smoker(n(%)) 14/53(26.42%) 10/38(26.32%) 4/15(26.67%) 0.62
CK(median(IQR),U/L) 190.00(48.00,956.00) 179.00(34.00,1019.00) 217.50(55.50,1155.75) 0.073
CRP(median(IQR),mg/ml) 4.50(0.89,13.68) 7.32(1.60,15.60) 1.21(0.00,6.64) 0.012*
ESR(median(IQR),mm/h) 29.00(8.00,56.00) 44.00(7.00,67.00) 17.00(8.25,24.5) 0.11
FER(median(IQR)ng/ml) 475.97(120.17,1005.58) 578.06(182.45,1024.94) 153.93(96.06,583.74) 0.36
Anti-CarPA(mean + SD,ng/ml) 3143 £ 241 34.37 £2.82 23.81 £4.24 0.045*

B. Binary logistic regressio

Single factor regression OR 95%Cl B Multi-factor regression ‘ OR ‘ 95%Cl ¥
Anti-CarPA 1.00 1.00-1.09 0.052 Anti-CarPA 1.05 1.00-1.10 0.040%
Age 1.06 1.00-1.12 0.033* Age 1.07 1.01-1.14 0.029%
ender 291 0.70-12.03 0.14 = = o =
Disease course 1.00 1.00-1.00 033 - - = =
Smoke 1.02 0.26-3.40 0.98 Smoke 0.87 0.20-3.90 0.85
Gender 1.04 0.98-1.10 0.20 - - - -
ESR 1.01 0.99-1.04 0.27 - - - -
Anti-PL-7 1.84 0.30-11.22 0.51 - - - -
Anti-E] - - 1.00 - - - .
Anti-JO-1 - - 1.00 - - = -
Anti-MDA-5 1.86 0.86-4.01 0.12 - - - -
Anti-Ro-52 1.45 0.86-2.43 0.16 - - N -

SD, standard deviation; IQR, interquartile range; CK, creatine kinase; ESR, erythrocyte sedimentation rate; CRP, C reaction protein; FER, ferritin; anti-PL-7, anti-threonyl-transfer ribonucleic
acid synthetase anti-body; anti-EJ, anti-glycyl-transfer ribonucleic acid synthetase antibody; anti-JO-1, anti-histidyl-transfer ribonucleic acid synthetase antibody; anti-MDA-5, anti-melanoma
differentiation-associated gene 5 antibody; anti-Ro-52,anti-Ro52 antibody; ILD, Interstitial lung disease; PM/DM-ILD, interstitial lung disease associated with polymyositis/dermatomyositis;
95%CI, 95% confidence interval.

Parametric data results were expressed as mean + SD values. Nonparametric data results were expressed as median IQR values. Some values presented as n or n%; n represents the number of
people with this clinical manifestation. T-test, Mann-Whitney U tests, Chi-square test and Logistic regression analysis are used. *p<0.05.
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