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Objective: Posttranslational modifications (PTMs) of proteins are crucial for regulating various biological processes. However, protein alteration via PTMs, and consequently, the creation of new epitopes, can induce abnormal autoimmune responses in predisposed individuals. Immunopathogenesis of several rheumatic diseases, including the most common childhood form, juvenile idiopathic arthritis (JIA), is associated with the generation of autoantibodies against such modified proteins. Dysregulated generation of neutrophil extracellular traps (NETs) can be a source of post-translationally altered proteins. Thus, we investigated the role of PTMs and the presence of NET-associated markers in JIA patients.

Methods: We recruited 30 pediatric patients with JIA (20 with active disease and 10 in remission) and 30 healthy donors. The serum concentrations of citrullinated histone H3 (citH3), peptidyl arginine deiminases (PADs), and NET-related products were detected using ELISA, and the number of citH3+ neutrophils was assessed using flow cytometry.

Results: The serum levels of citH3 and PADs were higher in active as well as in remission JIA patients than in healthy donors. Similarly, the number of citH3+ neutrophils was higher in the peripheral blood of patients with JIA, implying an enhanced process of NETosis. This was effectively reflected by elevated serum levels of NET-associated products, such as neutrophil elastase, LL37, and cell-free DNA-histone complexes. Additionally, 16.7% of active JIA patients were seropositive for carbamylated autoantibodies, the levels of which declined sharply after initiation of anti-TNFα therapy.

Conclusion: Collectively, our data suggest that the accelerated process of NETosis and PTMs in JIA may result in the generation of anti-citrullinated/carbamylated autoantibodies against various epitopes later in life, which could be prevented by effectively regulating inflammation using immune therapy.
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Significance and innovations

• Increased NETosis might contribute to disease immunopathology.

• Enhanced PTMs in JIA may result in the generation of anti-citrullinated/carbamylated autoantibodies later in life.



Introduction

Posttranslational modifications (PTMs) of proteins are crucial for protein regulation, folding, intracellular trafficking, interactions with ligands or other proteins, and eventually, changes in immunogenicity. However, protein alterations via PTMs, and consequently, the creation of new epitopes, can induce an abnormal autoimmune response in predisposed individuals. Juvenile idiopathic arthritis (JIA) is the most common inflammatory rheumatic joint disease among children, characterized by joint inflammation of an unknown origin that persists longer than 6 weeks and occurs before the age of 16 (1–3). Immunopathology of several rheumatic diseases, including JIA, is associated with the generation of autoantibodies against such modified proteins (4–9).

Citrullination is the best characterized PTM in the field of rheumatology, with antibodies against cyclic citrullinated peptides (ACPA) being the gold standard for the diagnosis and classification of patients with rheumatoid arthritis (RA) (5). Similar to that for adult RA, ACPA is detected in patients with RF+ (Rheumatoid Factor Positive) polyarticular JIA; higher ACPA levels are correlated with a greater risk of more aggressive and erosive disease (1). Recent evidence suggests that along with citrullination, other PTMs such as carbamylation can trigger an autoimmune response (10, 11). Carbamylation is the chemical conversion of lysine into uncharged homocitrulline within the polypeptide, usually resulting in protein loss-of-function. In vivo carbamylation is mainly dependent on myeloperoxidase (MPO) activity, an enzyme released upon neutrophil activation. Thus, the level of carbamylation is enhanced in an inflammatory environment. Homocitrulline residues may act as neoepitopes, leading to the production of autoantibodies as previously described in RA and JIA (6, 12). Hence, PTMs may elicit the production of a wide spectrum of autoantibodies, highlighting their diagnostic and prognostic roles in clinical practice for patients with JIA.

Activated neutrophils extrude web-like structures composed of decondensed DNA together with cytosolic and granule proteins, called neutrophil extracellular traps (NETs), to trap and kill bacteria (13–15). NETs are highly biologically active structures and powerful initiators of inflammation (13), because they contain various proteases, such as proteinase 3, neutrophil elastase (NE) and MPO (16, 17). This classic antimicrobial defense mechanism is also implicated in the pathogenesis of several inflammatory rheumatic diseases. NETs can be a source of autoantigens and can escalate inflammation directly or indirectly by modulating and activating other immune cells (18–22). Enhanced NET-related products were observed in the synovial fluid and peripheral blood of patients with RA (18, 23–25). Moreover, Khandpur et al. showed that NET associated antigens may serve as a target for ACPA generation as a result of externalization of citrullinated autoantigens by neutrophils during NETosis (23).

Importantly, the enzyme peptidyl arginine deiminase (PAD), involved in protein citrullination, also participates in the initial steps of NET formation by converting arginyl residues in histone to citrulline, reducing their charge-based interaction with DNA, and promoting DNA decondensation (26). PAD2 and PAD4 are enriched in neutrophils, released during NETosis or cell death and likely drive citrullination under inflammatory conditions (27, 28). Even though PAD4 is generally located intracellularly, healthy viable neutrophils have also active PAD4 exposed on their surface and spontaneously secrete PAD2 (29), contributing to enhanced NETosis and citrullination. We surmised that dysregulated PTMs and NETosis may be implicated in the pathogenesis of JIA. Therefore, in this study, we assessed the role of PTMs and NETosis-associated products in JIA.



Patients and methods


Patients

The biologic material was obtained from patients were followed at the Department of Pediatric and Adult Rheumatology, University Hospital in Motol and fulfilled the International League of Association for Rheumatology (ILAR) criteria. We included 30 pediatric JIA patients (33.3% male; mean age 13.1 ± 3.7; JADAS71 8.43 ± 7.26) and 30 healthy donors (30% male; mean age 16.61 ± 9.88 years) in the study. Of the 30 JIA patients, 20 had active disease (juvenile arthritis disease activity score; JADAS71 ≥ 1; mean 12.65 ± 4.94) and 10 were in remission (JADAS71 <1 lasting for at least 6 months; mean (0). JADAS is constructed around four elements: (1) the active joint count, (2) physician global assessment, (3) parent/patient visual analog scale (VAS) of wellbeing and (4) erythrocyte sedimentation rate (ESR) (30). Both groups contained patients with oligoarticular/oligoarticular extended, polyarticular and enthesis-related arthritis (ERA) JIA subtypes. All patients included in JIA active group consequently were treated with TNF inhibitors (TNFi). Experiments in JIA active group were performed before the TNFi therapy initiation. The healthy donors had no prior history of autoimmune disease. Not all patients were involved in all experiments owing to the limited amount of blood available per participant. Demographic characteristics of the patients are summarized in Supplementary Table 1.

Written informed consent was obtained from all the patients or the patients' parents/guardians in accordance with the Declaration of Helsinki, and the study was approved by the Ethics Committee of University Hospital Motol.



ELISAs

ELISAs were performed to measure the serum concentrations of MPO, NE (Abcam, Cambridge, UK), LL-37 (Hycult Biotech, Wayne, USA), DNA-histone complexes (Merck Millipore, Burlington, USA), citrullinated histone H3 and PAD type 4 (Cayman Chemicals, Ann Arbor, USA) and type 2 (LSBio, Seattle, WA, USA), and carbamylated autoantibodies (MyBioSource, San Diego, USA) according to the manufacturers' instructions.



NETting neutrophil detection

NETting neutrophils were analyzed according a previously published study (31). Briefly, peripheral blood was stained with a mixture of antibodies containing anti-lineage specific markers (CD3 clone MEM-57, CD19 clone LT19, CD20 clone LT20, CD56 clone MEM-188, CCR3 clone 5E8) conjugated with FITC (Exbio, Prague, Czech Republic) to exclude T, B and NK cells, CD66b-PC7 (clone G10F5), CD16-A700 (clone 3G8) (Biolegend, San Diego, CA, USA) to define neutrophils as Lin-CD66b+CD16+ and exclude eosinophils and basophils, MPO-PE (Exbio) and citH3-A647 (Abcam) for 20 min in the dark, at room temperature and then hypotonically lysed. Samples were acquired on a BD Fortessa (BD Biosciences, San Jose, USA) and analyzed using FlowJo software.



Statistics

Data are presented as the median of values obtained from at least four independent experiments. Statistical analysis was performed using non-parametric one-way analysis of variance (ANOVA) with multiple comparison Dunn's post-test where applicable. A two-tailed paired Wilcoxon or unpaired Mann–Whitney t-test was also applied for data analysis using GraphPad Prism 8. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****) were considered statistically significant.




Results


Increased levels of citrullinated histone H3 in patients with JIA

To determine whether NETs are generated in JIA, we examined serum from JIA patients (n = 30) (Supplementary Table 1) for presence of NETosis markers: cell-free DNA (DNA-histone complexes), myeloperoxidase (MPO), neutrophil elastase, LL37 and citrullinated histone H3 (citH3) relative to healthy donors. The serum levels of citrullinated histone H3 (citH3) were significantly higher in both the active and remission JIA groups than in healthy donors (HD) (Figure 1A). Interestingly, we observed clear differences in citH3 concentrations between the oligoarticular/oligo-extended subgroups, but not the polyarticular or enthesis-related JIA (ERA) JIA subgroups, of the active and remission JIA groups. The higher levels were more characteristic for patients with the active state of the disease than those in remission (Figure 1B). This observation implies an increased NETosis and citrullination in patients with JIA.


[image: Figure 1]
FIGURE 1
 Citrullinated histone H3 in JIA. (A) Serum levels of citrullinated histone H3 (citH3) in JIA active (n = 10), JIA remission (n = 10), and healthy donors (n = 26) were detected using ELISA. (B) citH3 levels were compared between the groups. Patients with JIA active (in red) and JIA remission (in black) were divided, according to JIA subtypes, into oligoarticular/oligo-extended, polyarticular, and ERA (enthesis-related arthritis) groups. Values are standardized and expressed as median values. Statistical analyses were performed using unpaired t-tests. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.




Elevated levels of citrullination-associated enzymes in patients with JIA

Further, to study citrullination in JIA, we assessed serum concentrations of PAD 2 and 4, the two main enzymes implicated in the protein citrullination process (Figures 2A, 3A). Compared with the HD, the active and remission JIA groups displayed substantially increased the concentrations of PAD2 and 4; their concentrations positively correlated with citH3 serum levels (Figures 2, 3). Similar to citH3 levels, we noted increased levels of PAD4, but not PAD2 levels, between the oligoarticular/oligo-extended JIA subgroups of the active and remission groups (Figures 2B, 3B).


[image: Figure 2]
FIGURE 2
 Peptidyl arginine deiminase 2. (A) Peptidyl arginine deiminase 2 (PAD2) concentrations in JIA active (n = 10), JIA remission (n = 10), and healthy donors (HD = 16) detected using ELISA. (B) Relationship between the PAD2 and citH3 levels in JIA active and JIA remission groups. (C) PAD2 levels in JIA subtypes: oligoarticular/oligo-extended, polyarticular, and ERA groups. Patients with active JIA are displayed in red and patients with JIA remission are shown in black. Values are standardized and expressed as median values. Statistical analyses were performed using unpaired t-tests. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.
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FIGURE 3
 Peptidyl arginine deiminase 4. (A) Peptidyl arginine deiminase 4 (PAD4) concentrations in JIA active (n = 10), JIA remission (n = 10), and healthy donors (HD = 16) detected using ELISA. (B) Correlations between the PAD4 and citH3 levels in JIA active and JIA remission groups. (C) PAD4 levels in JIA subtypes: oligoarticular/oligo-extended, polyarticular, and ERA groups. Patients with active JIA are displayed in red and patients with JIA remission are shown in black. Values are standardized and expressed as median values. Statistical analyses were performed using unpaired t-tests. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.




Expression of citrullinated histone on surface of neutrophils in patients with JIA

Next, we explored whether NETs were present in the patients with JIA by detecting NETting neutrophils (defined as CD66b + CD16 + MPO + citH3+) in the patient and HDs periphery using flow cytometry. Even though the MPO expression on the neutrophil surface was undetectable, we noted significant changes in the citH3 expression on the neutrophil surface between healthy and patient neutrophils. Compared with the HD, the active and remission groups exhibited a significantly higher expression of citH3 (Figure 4), further providing evidence of the elevation of histone citrullination and in JIA. There were no differences between patient with the active state of the disease and the remission group.


[image: Figure 4]
FIGURE 4
 NETting neutrophils in JIA patients. Representative dot plots of the citH3+ neutrophil population (Lin-CD66b+CD16+) and quantification of citH3+neutrophils in JIA active (n = 9), JIA remission (n = 10), and healthy donors (n = 11) using flow cytometry. Values are standardized and expressed as median values. Statistical analyses were performed using unpaired t-tests. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.


We were intrigued why we did not detect any MPO levels on neutrophil surface. In HD it might be due to low numbers of NETting neutrophils, but in JIA neutrophils with higher citH3 expression suggests increased NETosis. A possible explanation might be enhanced degranulation of JIA neutrophils, but we did not observe any differences in MPO serum levels between HD and JIA patients (Figures 5A,B). However, analyzing gene expression profiles of JIA patients in active state and in remission nanoSTRING technology, we noticed significantly lower level of MPO mRNA in JIA samples (data not shown), implying a lower content of MPO in JIA neutrophils and a possible explanation of no expression of MPO on the NETting neutrophils surface. Our data suggest an early manifestation of enhanced citrullination, potentially resulting in the generation of anti-citrullinated autoantibodies against various epitopes besides the standard ACPAs.
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FIGURE 5
 NETosis- related products. (A) Detection of NET-related products myeloperoxidase (MPO), neutrophil elastase (NE), LL37, DNA-histone complexes, and citH3 in JIA active (n = 10), JIA remission (n = 10), and healthy donors (n = 26) using ELISA. (B) Table containing p-values related to NET-associated products in JIA active (n = 10), JIA remission (n = 10), and healthy donors (n = 26) detected using ELISAs. Values are standardized and expressed as median values. Statistical analyses were performed using unpaired t-tests. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.




Elevated NETosis-associated products in patients with JIA

In patients with JIA, citH3 was not the only elevated NETosis marker. When investigating NETosis markers in-depth, we detected significantly elevated levels of NE and DNA-histone complexes in the active JIA group compared with those in the HD. Moreover, LL37 and DNA-histone complexes were higher in the remission group than in the HD group (Figures 5A,B). These findings suggest that NETs may be involved in the pathogenesis of JIA.



Presence of carbamylated autoantibodies in patients with JIA

To expand our investigation of PTMs and to determine whether PTMs in JIA are only limited to citrullination, we evaluated the presence of autoantibodies against carbamylated proteins (carP) (Figure 6A). Of the 30 patients with JIA, 5 (16.66%) patients, who had active JIA (two polyarticular, two oligo-extended, and one ERA), were positive for the presence of carP autoantibodies. Interestingly, examination of the kinetics of carP antibody concentrations in carP-positive patients revealed a significant decrease following a three-month treatment with anti-tumor necrosis factor-alpha (TNFα) agents (Figure 6B). This observation indicates that active inflammation may enhance carbamylation. Furthermore, cessation of inflammation leads to the reduction of PTMs. Underlying mechanisms may be dependent on MPO levels (32). Although we did not observe a significant increase in MPO levels in our cohort, MPO was slightly suppressed following anti-TNFα treatment. Moreover, carP antibodies and MPO serum concentrations positively correlated (Figure 6C), implying the importance of reducing MPO levels for a successful anti-inflammatory treatment.
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FIGURE 6
 Carbamylation in JIA. (A) Carbamylated autoantibodies in JIA active (n = 20) and JIA remission (n = 10) detected using ELISA. (B) Carbamylated autoantibodies in carP seropositive patients with active JIA (n = 5) before and after three months of anti-TNFα treatment. (C) Correlation between carP autoantibodies and MPO. Values are standardized and expressed as median values. Statistical analyses were performed using paired t-tests. Values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.





Discussion

In this brief report, we demonstrate an enhancement of citrullination in patients with JIA due to elevated concentrations of citrullinated histone H3 (citH3) and the enzymes responsible for citrullination, namely PAD2 and PAD4. Moreover, we demonstrated the elevation of other indirect serum biomarkers of NETosis in JIA such as the enzyme NE, cell-free DNA-histone complexes, and the active form of the antimicrobial peptide cathelicidin, LL37.

Citrullination is a process accompanied by a change in electrostatic charge, affecting the folding state and functioning of proteins (33). Detecting citrullination and the immune response to citrullinated proteins is imperative for aiding the early serological diagnosis of rheumatoid arthritis and gaining a better understanding of its pathophysiology. At first the main focus was on the antibodies directed to citrullinated proteins (34), but now it is realized citrullinating enzymes and citrullinated proteins may have important roles in the maintenance of the inflammatory processes in the joints. There is also accumulating evidence for a direct role of citrullination in tissue destruction in the rheumatoid synovium (35–37) For example, Sokolove et al. showed that citrullinated proteins can activate macrophages by binding to ACPA (38). Here, we report increased levels of PAD2 and PAD4 enzymes in the peripheral blood of patients with JIA, which was effectively reflected by elevated serum levels of citH3.

Neutrophils are considered to be one of the main sources of PAD enzymes in autoimmune diseases, including RA and SLE. Furthermore, neutrophils are able to express PAD4 on their surface and spontaneously produce PAD2 into their environment even in the absence of inflammatory stimuli (29, 39, 40). Those processes are independent of NETosis and contribute to extracellular protein citrullination. Histone H3 can be citrullinated by intra- as well as extracellular PADs (29). We observed a relationship between PADs and citH3 levels in the patient serum, implying that an extracellular citrullination of the histone in JIA patient is plausible. Interestingly, increased levels of PAD and citH3 levels were detected in patients with active disease and not in those in remission, supporting the importance of successful anti-inflammatory treatment in reducing levels of PAD4 and citH3. This observation implies increased citrullination in patients with JIA and a possible importance of extracellular activity of PAD enzymes, similar to those in other rheumatic diseases (18, 23). Regarding JIA patients, a study conducted by Hu et al. described a higher levels of extracellular histones in systemic-onset juvenile JIA with active state of the disease but not in the remission group (41). However, they detected DNA-histone complexes and not their citrullinated modifications as we did in this study.

A remarkable phenomenon that links citrullination to inflammation and autoimmunity is the formation of NETs. The process of NETosis is dependent on citrullination. Neutrophils release web-like structures of chromatin containing citrullinated histones, embedded with granule-derived proteins. Moreover, NET-associated proteins serve as a potential autoantigens (23, 42). We assumed that the dysregulated process of NETosis is also relevant in patients with JIA because we detected the increased NET-related products and elevated levels of neutrophils expressing citH3. Besides, PAD4, which we also found to be increased in JIA patients, is involved in the signaling pathway leading to NETosis through chromatin decondensation by histone citrullination which occurs in the nuclei (43). Elevated expression of citH3 on neutrophil surface supports the observation of elevated NETosis in JIA patients Increased NET-associated products are implicated in rheumatic diseases, as well as other autoimmune diseases, such as type 1 diabetes (16). The level of surface PAD4 was not increased on circulating neutrophils from RA and SLE patients, however it remains plausible that PAD4 expression in increased on neutrophils in site od inflammation, such as synovial fluid (44). We did not analyse the expression of PAD4 on neutrophils in JIA patients, however it is possible that similar mechanisms occur also in this pediatric pathology.

LL37 is a common component of NETs (45). Several studies have suggested a new role for LL37 as a diagnostic or prognostic marker in various autoimmune diseases, such as systemic lupus erythematosus (SLE) and psoriatic arthritis (PsA) (9, 46). LL37 facilitates autoreactivity by stimulating plasmacytoid dendritic cells (pDCs) to produce type I interferons and acts as an autoantigen for pathogenic Th17 lymphocytes (46, 47). In SLE, LL37-specific T cells promoted B cell production of pathogenic anti-LL-37 autoantibodies. The work by Lande et al. also revealed the existence of specific T cells against citrullinated LL37. They were highly prominent in SLE and highly sporadic in psoriasis, implying that specificity against various autoantigens relies rather on disease-specific milieu than the nature of autoantigens (46). The increased levels of LL37 and PAD enzymes in the remission group imply the existence of a similar mechanism causing autoimmune reactions in patients with JIA.

Our study has several limitations. First, it demonstrates only a superficial view and provides only indirect evidence of the complicated processes of citrullination and NETosis in a cohort of patients with JIA; therefore, more detailed studies are needed. Second, the heterogeneity of our cohort could also serve as a limitation. Furthermore, detection of autoantibodies against anti-citrullinated proteins, such as citH3 or citLL37 could provide more information concerning their role in autoimmune disease.

Collectively, our data suggest that enhanced PTMs in JIA may result in the generation of anti-citrullinated/carbamylated autoantibodies against various epitopes later in life. This could contribute to ongoing inflammation associated with an autoimmunity, which can be ameliorated by regulating inflammation using immune therapy.
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