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Aims: Neutrophils and neutrophil extracellular traps (NETs) play multifaceted roles in inflammatory diseases. If the balance of NET formation and clearance is disturbed, they contribute to the development and pathogenesis of a plethora of inflammatory diseases. They promote inflammation and tissue degradation, and occlude vessels and ducts. This study focused on the presence of NET remnants generated during the clearance by nucleases and phagocytes.Methods: NET associated parameters in serum and plasma samples from various pathological conditions were investigated. We performed fluorescence-based assays to analyze the concentration of cell free DNA and the activity of neutrophil elastase. The presence of citrullinated histone H3, as well as neutrophil elastase- or myeloperoxidase-DNA complexes were examined employing enzyme-linked immunosorbent assays.Results: We analyzed samples from a variety of inflammatory conditions: (I) the rheumatic autoimmune diseases systemic lupus erythematosus, rheumatoid arthritis, and primary Sjögren’s syndrome (II) the inflammatory bowel diseases ulcerative colitis and Crohn’s disease (III) hidradenitits suppurativa and (IV) the viral-induced pathologies Coronavirus disease 2019 (COVID-19), and Post COVID Syndrome (PCS). While most NET associated parameters were detected in all inflammatory conditions, certain markers displayed disease-specific patterns. We compared the markers in terms of the concentration, correlations with each other and to disease activity, and their impact on sample variability. Systemic lupus erythematosus and rheumatoid arthritis were associated with increased levels of cell free DNA, and citrullinated histone H3 as well as neutrophil elastase-activity, respectively. Samples from patients with COVID-19 were characterized by elevated levels of neutrophil elastase- and myeloperoxidase-DNA complexes.Conclusion: Different diseases are linked to characteristic patterns of NET associated parameters. These patterns offer insights into aberrant NET formation and clearance in different pathologies and may represent key targets for treatment development.Keywords: degradation markers, cfDNA, MPO, neurophil elastase, inflammatory pattern
INTRODUCTION
Neutrophils play a crucial role in our immune system, acting as the first line of defense against invading pathogens (Boeltz et al., 2019; Schoen et al., 2022; Mayadas et al., 2014). Despite their undoubted beneficial role in host defense, neutrophils can become double-edged swords if dysregulated. Then, they contribute to onset and pathology of a plethora of inflammatory diseases (Chatfield et al., 2018; Papayannopoulos, 2018; Wang et al., 2018b; Singh et al., 2023). Neutrophils accomplish their defensive mission employing phagocytosis, degranulation, the production of reactive oxygen species (ROS) and inflammatory cytokines, and the release of neutrophil extracellular traps (NETs) (Brinkmann et al., 2004; Segal, 2005; Tecchio et al., 2014; Winterbourn et al., 2016; Burgener and Schroder, 2020; Burn et al., 2021; Wang et al., 2023a). NETs are composed of mesh-like DNA-bundles decorated with granular and cytoplasmic proteins, forming a trap to intercept and neutralize invaders. Additionally, they serve as a protective shield against inflammatory mediators (Brinkmann et al., 2004; Schoen et al., 2022). Nucleases and phagocytes are responsible for the cleavage and removal of these DNA-peptide complexes from the bloodstream and tissues (Figure 1). DNases play a central role in the degradation of NETs. They hydrolyze the phosphodiester bonds of the chromatin. This enzymatic reaction results in the breakdown of NETs, allowing phagocytes to engulf and subsequently degrade the remnants (Demkow, 2023). Extracellular degradation is achieved by nucleases of the DNase family I, which are present in body fluids like blood (Laukova et al., 2020). DNase1 and DNase1L3 are particular important in this context (Hakkim et al., 2010; Jimenez-Alcazar et al., 2015). Enzymes of the 3′-exonucleases (TREX) family also contribute to NET degradation. They can dismantle oxidized DNA, that is resistant to canonical DNases (Lazzaretto and Fadeel, 2019; Laukova et al., 2020). After cleavage of the chromatin fibers, the smaller remnants become accessible for digestion by phagocytes - mainly macrophages, but also dendritic cells (Lazzaretto and Fadeel, 2019; Haider et al., 2020). These residues are broken down in the lysosomes without triggering inflammatory reactions under non-physiological conditions (Farrera and Fadeel, 2013; Hu et al., 2017). This process is facilitated by opsonization of NETs with complement factor 1q (C1q) (Farrera and Fadeel, 2013).
[image: Figure 1]FIGURE 1 | The clearance of NETs. Upon stimulation by pathogens or endogenous inflammatory mediators, neutrophils release NETs, composed of decondensed chromatin bundles decorated with cytoplasmic and granular proteins. These NETs immobilize and eliminate invaders. The chromatin-peptide complexes are degraded by nucleases like DNases and TREX, releasing NET degradation products such as cell free DNA (cfDNA), citH3, NE, and NE- or MPO-DNA complexes. NETs remnants are eventually engulfed and degraded by phagocytes, like macrophages and dendritic cells. Created with BioRender.com.
If nucleases and phagocytes fail to rapidly degrade and clear NETs, the NET-borne citrullinated Histone H3 (citH3), and the enzymes neutrophil elastase (NE), and myeloperoxidase (MPO) can precipitate damage and inflammation in the “battlefield” (Fuchs et al., 2007; Kaplan and Radic, 2012; Klebanoff et al., 2013; Nakazawa et al., 2017; Okeke et al., 2020). Extended NETs accumulations, referred to as aggregated NETs (aggNETs) can clog vessels, but can also contribute to the resolution of inflammation by scavenging and degrading inflammatory cytokines (Hahn et al., 2019; Vorobjeva, 2020; Yaykasli et al., 2021). This multifaceted nature of NETs renders neutrophils and NETs important players in the development and pathogenesis of various inflammatory diseases. In addition, they are not only formed in response to invading pathogens but also to endogenous inflammatory signals. The delicate balance between NET production and clearance is crucial for tissue homeostasis (Figure 2) (Papayannopoulos, 2018; Mulay and Anders, 2020; Knopf et al., 2022). If this balance is disturbed and NETs, together with their associated peptides, accumulate, they may trigger the development of autoantibodies and immune complexes (Hakkim et al., 2010). The binding of these autoantibodies to the DNA of the chromatin bundles sterically hinders the degradation by DNases and further stabilizes the NETs (Al-Mayouf et al., 2011; Carmona-Rivera et al., 2015; Zuo et al., 2021).
[image: Figure 2]FIGURE 2 | Neutrophils and NETs in tissue homeostasis and disease development. To maintain tissue homeostasis, a delicate balance between NET formation and clearance is mandatory. NETs and aggNETs are formed to trap and kill invaders, as well as to control inflammation by capturing inflammatory mediators. If the released chromatin is quickly degraded and cleared by DNases and phagocytes, tissue homeostasis is preserved. If this balance shifts in favor of NET formation, extracellular chromatin accumulates and promotes inflammation and tissue damage. In larger aggregates, NETs can clog vessels and ducts, serve as autoantigens, leading to the production of autoantibodies, and toxify the surrounding tissue. Created with BioRender.com.
In patients with systemic lupus erythematosus (SLE), NET-IgG complexes cause endothelial damage (Villanueva et al., 2011). The complexes promote the release of type I interferon by mononuclear phagocytes. They also induce NF-kB activation in endothelial cells (Grayson and Kaplan, 2016; Lou et al., 2020). Consequently, these complexes enhance inflammatory immune reactions and thus contribute to disease progression. In a similar way, NETs contribute to the pathology of rheumatoid arthritis (RA). A hallmark of RA is the formation of autoantibodies against citrullinated antigens (ACPA) (Makrygiannakis et al., 2006; Khudhair, 2023). Citrullination is a crucial step of the formation of NETs. NET-bound citrullinated histones can be detected in the extracellular matrix, which situates them as an antigen source for the development of ACPAs (Li et al., 2010; Khandpur et al., 2013). In addition, NETs contribute to joint damage by enhancing proinflammatory responses, including an increased stimulation of proinflammatory cytokine production (Khandpur et al., 2013). Due to enhanced type I IFN, ROS production and associated inflammation and endothelial damage, neutrophils contribute to the pathogenesis of primary Sjögren’s syndrome (pSS). Elevated levels of neutrophils and NETs in lungs and salivary glands are linked to disease severity (Fu et al., 2021; Peng et al., 2022). In inflammatory bowel diseases, enhanced NET formation is also associated with disease severity (Dos Santos Ramos et al., 2021). They stimulate surrounding immune cells to release higher levels of pro-inflammatory mediators and play a role in the break down the extracellular matrix. This results in the impairment of the intestinal epithelial barrier’s function. Here we examine the two main forms of this group of diseases, ulcerative colitis (UC) (Bennike et al., 2015; Dos Santos Ramos et al., 2021; Wang et al., 2023b), and Crohn’s disease (CD) (Dos Santos Ramos et al., 2021; Fu et al., 2021; Schroder et al., 2022). Neutrophils migrate towards the abscess-like nodules of patients with hidradenitits suppurativa (HS), where they abundantly form NETs. Impaired NET clearance is associated with prolonged inflammation and disease severity (Ogawa et al., 2021; Oliveira et al., 2023). Neutrophils and NET can also contribute to the development and pathogenesis of viral-induced diseases. In Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) neutrophils and an increased NET formation promotes clogging of vessels. The occlusion of the microvasculature contributes to tissue damage and eventually organ dysfunction (Leppkes et al., 2020; Knopf et al., 2022; Singh et al., 2022). In patients with PCS, NETs are linked to the prolonged inflammation, cardiovascular irregularities, and malfunction of the neurological system (Shafqat et al., 2023).
In general, neutrophils and NETs are implicated in the development and pathogenesis of various inflammatory diseases. They cause inflammatory reactions, increase tissue damage, and vascular occlusions. With this study, we aimed to find specific evidence of the different roles of neutrophils, especially NETs, in various pathologies. It shall serve as a guide to identify which aspects of NET formation, and their impact on inflammatory processes, should be prioritized for future therapeutic development. Therefore, we analyzed the NET degradation products NE-DNA and MPO-DNA complexes; and the NET-associated parameters citrullinated histone 3 (citH3) and NE activity in samples from patients and healthy controls (HCs).
METHODS
Patients and healthy controls
Healthy controls (n = 96), and patients with SLE (n = 94), RA (n = 80), pSS (n = 21), UC (n = 12), CD (n = 37), HS (n = 30), COVID-19 (n = 67), and PCS (n = 30) were recruited in Bavaria, Germany. Studies were performed in accordance with the ethical approval, with serum and plasma samples obtained from blood samples of the patients. Samples from patients with HS were collected at the university hospital of Würzburg, Germany. Samples from patients with all other listed diseases were collected at the university hospital of Erlangen, Germany. Patients with pSS, SLE, and RA met the criteria of classification of the American College of Rheumatology/European League Against Rheumatism. Disease severity of patients with SLE was identified by the European Consensus Lupus Activity Measurement (ECLAM). Patients with RA were further classified using the Disease Activity Score 28 (DAS28).
Ethical approval
All experiments with human material were performed in accordance with the Declaration of Helsinki in Ethical Principles for Medical Research Involving Human Subjects, and with the approval of the Ethical Committee of the University Hospital Erlangen (permit #193_13B and # 174_20B). For the HS serum samples, an approval of the Ethics Committee (107/20) of the University of Würzburg and a signed informed consent were obtained from all patients prior to inclusion.
Detection of cfDNA in serum and plasma samples
Cell-free DNA (cfDNA) circulating in samples from patients with inflammatory diseases was quantified and compared to samples from normal healthy donors (Supplementary Figure S1). For patients with COVID-19, plasma samples were used, for patients with all other listed diseases, the assay was performed with serum samples. For serum collection we used Sarstedt S-monovette tubes. We allowed the blood to clot by leaving the Sarstedt tube undisturbed at room temperature for 1 h. After clotting, we centrifuged the Sarstedt tube at 3,000 × g for 15 min. For the collection of plasma samples we centrifuged EDTA blood twice at 3,000 g for 15 min.
The Quant-iT™ PicoGreen™ dsDNA Assay-Kit (ThermoScientific, P11496) was used following the manufacturer’s instructions. The samples were diluted 1:20 with the provided TE-buffer and mixed in a 1:1 ratio with Quant-iT™ PicoGreen™ dsDNA reagent in a 96-well flat bottom plate (Greiner, 655180). After a 5-min incubation in the dark at room temperature (RT), fluorescence was measured using an Infinite® 200 PRO plate reader (Tecan; ex. 485 nm, em. 535 nm). The concentration of cfDNA was determined using Excel (Microsoft Office Professional Plus 2019) with the standard provided by the kit; all data were normalized for comparability.
citH3 ELISA of serum and plasma samples
Citrullinated Histone H3 served as marker to assess the presence of neutrophil extracellular traps (NETs) in serum samples from patients with inflammatory diseases and from normal healthy donors. The concentration was determined using a citrullinated Histone H3 ELISA-Kit (Cayman Chemical, Clone 11D3, 501620). The assay was performed according to the manufacturer’s instructions. The OD values of the samples – 1:4 diluted with the provided assay-buffer – were measured in a SUNRISE microplate reader (Tecan, 450 nm, reference 620 nm). The concentration of citrullinated Histone H3 in the samples was calculated in Excel (Microsoft Office Professional Plus 2019) using the provided standard; all data were normalized for comparability.
Evaluation of NE-activity in serum and plasma samples
The enzymatic activity of neutrophil elastase (NE) of both, patients with inflammatory diseases and healthy controls, was determined using the fluorogenic substrate MeOSuc-SSPV-AMC (Santa Cruz Biotechnology, sc-201163) at the final concentration of 100 µM. For patients with COVID-19, plasma samples were used, for patients with all other listed diseases, the assay was performed with serum samples. Samples were diluted 1:10 in PBS in a 96-well flat bottom plate (Greiner, 655180) and incubated with the fluorogenic substrate in a final volume of 100 µL for 24 h at 37°C. Pure Enzyme (NE, Sigma, E8140-1UN) at various dilutions served as controls. Fluorescent readings were recorded at 10 min intervals using an Infinite® 200 PRO plate reader (Tecan; ex. 360 nm, em. 465 nm). The NE-activity of the serum samples compared to the controls was evaluated using Excel (Microsoft Office Professional Plus 2019); all data were normalized for comparability.
Quantification of NET degradation products by NE-DNA/MPO-DNA ELISA
Circulating neutrophil elastase (NE)-DNA and myeloperoxidase (MPO)-DNA complexes, serving as indicators of NET presence, were quantified using ELISAs. For patients with COVID-19, plasma samples were used, for patients with all other listed diseases, the assay was performed with serum samples. 96-well maxisorp immune-plates (ThermoScientific, 442404) were coated overnight at 4°C with an anti-NE (rabbit anti-human NE, R&D, MAB91673) or an anti-MPO antibody (rabbit anti-human MPO, Merck, 07-496-I) in coating buffer (0.1 M Na2CO3, 0.1 M NaHCO3, pH 9.6). Following the coating, the plates were washed with 0.05% Tween-20 in PBS three times and were subsequently blocked with 3% BSA in PBS for 2 h at RT on a horizontal shaker. After each of the following steps, the washing procedure was repeated, and all incubation steps were performed at RT with continuous shaking. Serum samples (40 µL per patient or normal healthy donor) were incubated undiluted for 2 h on the pre-coated plates. Enzyme-DNA complexes were then detected using the peroxidase-conjugated anti-DNA POD from the Cell Death Detection ELISA plus kit (Sigma/Roche, 11774425001), diluted 1:100 with the provided lysis-buffer, by incubation for 90 min. The wells were then incubated with TMB substrate (BioLegend, #421101) for 60 min in the dark. The reaction was stopped with 25% H2SO4, and OD values were measured using a SUNRISE microplate reader (Tecan, 45 nm, reference 620 nm) and evaluated with Excel (Microsoft Office Professional Plus 2019); all data were normalized for comparability.
Statistical analyses
For comparison between three of more groups, the non-parametric analysis of variance (ANOVA) Kruskal-Wallis-test with Dunns multiple comparisons correction was performed. For comparisons between two groups, a Mann-Whitney test was conducted. Correlation analyzes regarding the connection of NET associated parameters were performed using the Pearson correlation test. Correlation coefficients are shown as heatmaps with hierarchical clustering. Regression lines are included in the respective plots. Values of p < 0.05 were considered statistically significant. All tests were performed using the GraphPad Prism 9 Software (by Dotmatics). In order to visualize the five NET associated parameters from the data set, dimensionality reduction was performed by principal component analysis (PCA) and FFT-accelerated Interpolation-based t-Stochastic Neighbor Embedding (FIt-SNE). All numeric variables were exported into an R data table object containing also the categorical label of the patient group. For PCA a correlation matrix was calculated using the function “cor()” of the “corrr” package in R. The function “prncomp()” computes the PCA and the contribution of each variable or patient was visualized using the function “fviz_pca_var.” FIt-SNE was carried out through the “run.Fitsne ()” function. The values of each variable were represented in a color scale created with the function “make.colour.plot()” available in the Spectre R package with detailed instructions and source code accessible https://github.com/ImmuneDynamics/spectre.
RESULTS
Inflammatory conditions display disease-specific patterns of NET degradation products
Neutrophils and NETs play a multifaceted role in inflammatory diseases. To understand their involvement in disease development, pathogenesis, and healing, we investigated the presence and potential variations of NET associated parameters in various pathological conditions (Figure 3). NETs are composed of extended chromatin bundles. During the degradation process these are cleaved by DNases and consequently appear in the circulation as soluble fragments, which are measurable as cfDNA. The release of neutrophil proteins and enzymes during NET formation promotes inflammation of surrounding tissues. We analyzed the presence of two key NET-associated molecules, citH3 and NE, focusing on the potential toxicity of the latter as indicated by its activity. NET proteins also appear chromatin-bound, leading to the release of peptide-DNA complexes during NET degradation. We quantified NE-DNA and MPO-DNA complexes.
[image: Figure 3]FIGURE 3 | NET associated parameters are serum markers for inflammatory diseases. Samples from patients with the inflammatory diseases SLE, RA, pSS, UC, CD, HS, COVID-19, or PCS are represented by dots. These samples were tested for the presence of NET associated parameters, in comparison to a cohort of healthy controls (HC; green). Significant changes compared to the HC cohort are highlighted in red (Kruskal–Wallis p < 0.05). n(HC) = 96, n(SLE) = 94, n(RA) = 80, n(pSS) = 21, n(UC) = 12, n(CD) = 37, n(HS) = 30, n(COVID-19) = 67, n(PCS) = 30. Note: COVID-19 are plasma samples.
Patients with SLE exhibited elevated levels of cfDNA in their serum. Whereas in RA patients, an increase of the citH3 concentration, NE-activity, and appearance of NE-DNA complexes was to be observed. The pSS cohort only displayed higher concentrations of citH3. Patients with inflammatory bowel diseases, UC or CD, showed elevated cfDNA concentrations, with CD patients also exhibiting a significant decrease in NE-activity. COVID-19 patients displayed elevated levels of all tested NET associated parameters, except for NE-activity. The HS and PCS cohorts did not reveal any significant differences compared to the HC group, although the former showed a broad distribution of NE-activity. These analyses offer a first insight into the differences in NET associated parameters as inflammatory patterns in various pathological conditions.
Correlation analyzes reveal disease-specific patterns of NET degradation products
We then performed a principal component analysis (PCA) to reveal the relationship between the relative contributions of NET associated parameters and their importance for to the variability in among patients. The PCA plot of variables (Figure 4A) shows the relationships between the NET associated parameters analyzed. NE-activity, and the concentration of citH3 contribute similarly to the variance, as do NE- and MPO-DNA complexes but in opposite direction. The cfDNA is located in a different quadrant from other markers, indicating an independent contribution. The square cosine values (cos2) denotes the grade of contribution of each variable to the whole variance. cfDNA emerges with the highest cos2 value as the most important variable among the patient groups studied, followed by NE-DNA complexes, MPO-DNA complexes, NE-activity, and finally citH3. The score PCA plot of patients (Figure 4B) illustrates a division the clustering of the patients in two major groups depending on component 1 (Dim1), which explains 56.6% of the variation in the data. One group predominantly comprises dots representing patients with COVID-19 (purple). On the opposite side, a large cluster of dots represents patients with SLE (blue) and patients with RA (red). This cluster subdivides based on component 2 (Dim2), which explains 30% of the variance.
[image: Figure 4]FIGURE 4 | Dimensionality reduction of NET associated parameters in inflammatory diseases. (A) Principal component analysis (PCA) of the NET associated parameters. Markers with co-variability are clustered in the same quadrant. The square cosine value (cos2) indicates the variable representation. High cos2 values are depicted in green (0.17), low values in black (0.12), and intermediate values by a spectrum from yellow to brown (0.13–0.16). (B) PCA of NET associated parameters. Each patient cohort is assigned to a color to identify representing dots. Component 1 (Dim1) explains 56.6%, component 2 (Dim2) 30% of the variability. (C) t-distributed stochastic neighbor embedding (tSNE) tSNE plots of the patient cohorts and NET associated parameters visualize disease clusters. Each dot represents a patient, different colors the diseases. In tSNE plots that visualize the distribution of the NET associated parameters and their measured levels, high and low values are displayed in red and dark blue, respectively. Note: COVID-19 are plasma samples (*).
To gain further insight into the role of each marker in the examined pathological conditions, t-distributed stochastic neighbor embedding (tSNE) plots were used for the visual representation of the data (Figure 4C). The first graph shows the distribution of the diseases. Three major clusters can be observed – SLE, RA, and COVID-19. All other cohorts and the HC group are evenly spread in the center with only a few dots shifted towards the edges. The visualization of the NET associated parameters illustrates the sample distribution with varying levels, depicted by a color gradient from red to dark blue (indicating higher to lower values). The marker with the highest impact on variability, cfDNA, shows a scattered color map, but forms a distinct cluster within the SLE cohort. NE-activity and citH3, which correlated in the PCA, exhibit a similar distribution pattern with accumulation of high values in the area representing the majority of RA patients. A comparable association can be observed between NE-, and MPO-DNA complexes with the COVID-19 group. These data highlight the variability of the markers and their distinct distribution among the various pathologies.
COVID-19 is associated with high levels of NE- and MPO-DNA complexes
As COVID-19 is the only acute and non-chronic disease in our study, and the correlation analyzes revealed distinct differences between this cohort and the other groups of diseases, we decided to perform a separate, in-depth analysis. We compared patients with COVID-19 to those with the chronic variant, PCS, and the HC group. The distribution of the groups in the tSNE plots emphasize the accumulation of dots representing COVID-19 patients within the left area of the graph (Figure 5A). This distinctive pattern was not observed in the plot highlighting the distribution of patients with PCS, which demonstrated a closer similarity to the HC cohort.
[image: Figure 5]FIGURE 5 | Differential analysis of patients with COVID-19 and PCS. (A) tSNE plots highlighting the differences in the distribution of patients with COVID-19 (purple), PCS (yellow), and the HC group (green). (B) Correlation analyzes between cfDNA and the other NET-degradation markers citH3, NE-activity, NE-complexes and MPO-complexes. Each dot represents a patient–COVID-19 in purple, PCS in yellow, and HCs in green. Information about the statistical parameter r and the significance P are presented in the provided table. An additional graph shows the correlation of NE- and MPO-DNA complexes. Statistical information is included in the graph. (C) Heatmaps of the correlation analyzes. High values are depicted in yellow (1.0), low values in dark blue (0), and intermediate values in a color gradient from light green to blue (high to low values, respectively). For all correlation analyzes shown in this figure, a Two-tailed Pearson correlation was performed (p < 0.05). Note: COVID-19 are plasma samples (*).
We then conducted detailed correlation analyzes of the NET degradation markers and NET associated parameter of the three groups (Figure 5B). Recognizing cfDNA as the variable with the highest impact on variability, we focused on its correlation with all other markers. Patients with COVID-19 exhibit higher values for citH3, but without correlation to cfDNA. The activity of NE is similar for the three groups, but a positive correlation to cfDNA is detectable for patients with COVID-19 (p = 0.0340) and even more pronounced for PCS (p = 0.0176). High levels of NE- and MPO-DNA complexes are visible in the COVID-19 cohort. Slightly significant correlations exist for NE-DNA complexes and COVID-19 (p = 0.0371), or MPO-DNA complexes and PCS patients (p = 0.0487). Given the apparent similarity in distribution patterns of NE- and MPO-DNA complexes, we additionally correlated these two markers. There was a highly significant correlation between the two complexes (p < 0.0001); the values for patients with COVID-19 were almost identical, as shown by the r value of 0.9808. These correlations are visualized as heatmaps in Figure 5C, that highlight the strong connection between NE- and MPO-DNA complexes. Taken together these data show a clear association of the neutrophil-derived enzyme-DNA complexes and COVID-19, which is also detectable to a lesser extent in patients with PCS.
NE-DNA and MPO-DNA complexes are of minor importance for chronic rheumatic diseases
To gain a more comprehensive understanding of the patterns of NET degradation markers in chronic rheumatic diseases, the PCA was repeated, excluding viral-induced pathologies such as COVID-19 and PCS. The PCA plot of variables (Figure 6A) displays the same co-variabilities of the markers, as seen in Figure 4A – NE-activity and citH3, as well as NE- and MPO-DNA complexes. However, the complexes now show a opposite influence in the variance than NE and citH3. With the highest cos2 value, cfDNA remains the marker that contributes the most to variability. The order of the other markers changes in this context to citH3, NE-activity, NE-DNA, and finally MPO-DNA complexes. Two larger clusters appear in the PCA plots of patients (Figure 6B), divided by both components. Component 1 explains 45.8%, component 2 37.7% of the variance. One of these clusters consists mainly of dots representing patients with SLE (blue), the other of dots representing patients with RA (red).
[image: Figure 6]FIGURE 6 | Dimensionality reduction of NET associated parameters in chronic rheumatic diseases. (A) PCA plot of the NET associated parameters. Markers with co-variability are clustered in the same quadrant. High cos2 values are depicted in green (0.175), low values in black (0.100), and intermediate values by a spectrum from yellow to brown (0.253-0.150). (B) PCA plot of NET associated parameters. Each patient cohort is assigned to a color to identify representing dots. Component 1 (Dim1) explains 45.8%, component 2 (Dim2) 37.7% of the variability. The square cosine value (cos2) indicates the variable representation. (C) A tSNE plot of the patient cohorts and NET associated parameters visualizes disease clusters. Each dot represents a patient, different colors the diseases. Further tSNE plots visualize the distribution of the NET associated parameters and their measured levels. High values are shown in red, low values in dark blue, and intermediate values in a spectrum from orange to light blue (representing higher to lower values).
The tSNE plot which shows the distribution of diseases, highlights the clustering into two main groups containing either patients with RA (red) or SLE (blue) (Figure 6C). A small cluster of patients with CD is located near the cluster of SLE (dark brown). A similar distribution pattern is visible for patients with UC (bright blue). The dots representing patients with pSS (pink) are well distributed in the plot, with a small accumulation in near the cluster of RA. The tSNE plot of the distribution and concentration of cfDNA now shows a clear accumulation of high values in the area of the SLE cluster. The markers citH3 and NE-activity are elevated in the area of the cluster of patients with RA. Few dots that represent high levels of NE- or MPO-DNA complexes can be identified. These data indicate that NE- and MPO-DNA complexes are primarily characteristic of patients with the acute COVID-19 and play a minor role in the chronic rheumatic diseases SLE and RA.
SLE is associated with high levels of cfDNA, while RA is mainly associated with elevated levels of citH3 and high NE-activity
Considering that SLE and RA represent the two main clusters in the group of chronic and rheumatic diseases, we performed detailed correlation analyzes with these cohorts compared to the HC group. The distinct clustering with predominantly SLE or RA patients is illustrated in tSNE plots, each highlighting the distribution of one group at a time (Figure 7A). The correlation analyzes were again performed compared to cfDNA, the marker with the highest impact on the data’s variability (Figure 7B). Given that NE- and MPO-DNA complexes play a minor role in SLE and RA, we focused on citH3 and NE-activity. Both graphs depict a clear distribution of dots representing SLE and RA. While patients with SLE exhibit high values for cfDNA, patients with RA show elevated levels of citH3 and NE-activity. Both markers significantly correlate with cfDNA (p < 0.0001).
[image: Figure 7]FIGURE 7 | Detailed analyzes of patients with SLE and RA. (A) tSNE plots highlighting the differences in the distribution of patients with SLE (blue), RA (red), and the HC group (green). (B) Correlation analyzes between cfDNA and the NET-degradation markers citH3, and NE-activity. Each dot represents a patient–SLE in blue, RA in red, and HCs in green. Information about the statistical parameter r and the significance P are presented in table. (C) Heatmaps of the correlation analyzes. High values are depicted in yellow (1.0), low values in dark blue (0), and intermediate values in a color gradient from light green to blue (high to low values, respectively). For all correlation analyzes shown in this figure, a Two-tailed Pearson correlation was performed (p < 0.05).
The correlations are illustrated as heatmaps (Figure 7C) to visualize distinct patterns of NET degradation markers and NET associated parameters of SLE compared to RA patients. Patients with SLE only show high levels of cfDNA without correlation to other markers. In contrast, patients with RA exhibit high citH3 concentrations and NE-activity, both correlating with cfDNA, and peptide-DNA complexes, only correlating with each other. Together, these data indicate a characteristic pattern of NET degradation markers for the investigated inflammatory diseases.
The NET degradation markers in SLE and RA are independent of disease activity
To investigate whether the characteristic patterns observed for SLE and RA are associated with disease severity, we analyzed the data accordingly. Patients with SLE were classified employing their ECLAM scores (Figure 8A). Compared to the HC group, only the values of the cfDNA concentration in the serum of SLE patients were significantly increased. No significant differences between the SLE groups with low or high activity are seen, defined as ECLAM 1-5 and 6-14, respectively, although there was a trend for the DNA-enzyme complexes. The distribution in the characteristic pattern in the tSNE plot appears similar between patients with low and higher disease activities. Similar trends can be seen for patients with RA (Figure 8B). The NET markers citH3, NE-activity, and NE-DNA complexes depicted significantly increased values. There was only a trend that distinguished the RA groups of low and high activity, defined as DAS28 < 2.6 or DAS28 > 4, respectively. The distribution in the tSNE plot is comparable for both groups. Correlation analyses of the NET degradation data and the markers for disease activity did not reveal any significant relationships (not shown). Taken together, this suggests that the characteristically patterns of NET degradation markers for SLE and RA are independent of the disease activity.
[image: Figure 8]FIGURE 8 | NET associated parameters in the context of disease activity. (A, B) Patients with low activity (SLE ECLAM values 1-5; RA DAS28 < 2.6) and high activity (SLE ECLAM values 6-13.5; RA DAS28 > 4) are represented in dot plots, highlighting differences in NET associated parameters and a tSNE plot to visualize the distribution. (Kruskal–Wallis p < 0.05) (C) NET associated parameters of patients with HS compared to HCs are shown in a dot plot. The distribution of the patients depending on the markers, and the distribution of high and low values of NE-activity are illustrated as tSNE plots. Patients with HS are depicted in red, HCs in grey. High values of NE-activity shown in red, low values in dark blue, and intermediate values in a spectrum from orange to light blue (representing higher to lower values). (Mann-Whitney test p < 0.05). Note all data are displayed using logarithmic scaling.
An additionally tested cohort of patients with HS, however, showed a wide distribution of the values of NE-activity (Figure 8C). The tSNE plot that highlights the HS cohort revealed a noticeable straight line of high to low NE-activity. The activity of NE correlated with levels of triglyceride and glucose (Supplementary Figure S2). This indicates that the NET degradation patterns may depend on activity and inflammation in the context of some other diseases. Non-significant correlations (AST, ALT, thrombocytes, albumin, cholesterol, HDL, LDL, GGT, HbA1c, age, weght, BMI, waist circ.) were not shown.
DISCUSSION
Neutrophils and NETs impact the development, pathogenesis, and healing of inflammatory diseases. Their role in these processes is multifaceted ranging from inflammation and tissue degradation, to vessel and ducts occlusion, and eventually the resolution of inflammation (Mayadas et al., 2014; Boeltz et al., 2019). It is thus of great importance to explore detailed mechanisms and processes of NETs in diseases. This study focused on NET degradation products in inflammatory pathologies. NETs are cleared by nucleases and phagocytes (Lazzaretto and Fadeel, 2019; Demkow, 2023). Incomplete clearance of NETs leads to the accumulation of remnants, potentially exacerbating pathological conditions. NETs consist of chromatin bundles, decorated with proteins (Tecchio et al., 2014). Degradation leads to the release of cfDNA, toxic proteins like citH3, enzymes like NE, and NE- or MPO-DNA complexes. Although several other mechanisms than NETs have been described as source of cfDNA, leukocytes are demonstrably its main source (Oberhofer et al., 2022). We examined the concentrations or activity of these factors in samples from patients with various diseases. The different NET degradation markers were detectable to varying degrees in patients with SLE, RA, pSS, UC, MC, COVID-19, and PCS. We found that NET degradation markers exhibit distinct patterns rather than universal presence across these diseases.
In patients with COVID-19, we found a pronounced enrichment of NE- and MPO-DNA complexes. This acute inflammatory immune disease is associated with extensive vascular occlusions, facilitated by the formation and aggregation of NETs in the vessels, especially those of the microvasculature. These aggregates contribute to vascular damage and organ malfunction in COVID-19 (Leppkes et al., 2020; Singh et al., 2022). The increased concentration of enzyme-DNA complexes may stand in direct connection to the excessive formation of aggNETs. Within the aggregates, some of the chromatin bundles are not accessible and escape cleavage by nucleases. This may lead to the release of larger DNA fragments, still associated with the proteins.
Patients with SLE exhibit predominantly elevated concentrations of cfDNA in their serum, without an association with peptides. SLE is characterized not only by increased NET formation but also by compromised NET clearance. In the germinal centers of the lymph nodes, extracellular chromatin serves as selecting antigen for the stimulation of auto-reactive B-cells that produce autoantibodies directed against the body’s own DNA (Baumann et al., 2002; Gomez-Banuelos et al., 2023). Antibodies bound to the chromatin structure, stabilize NET constructs and hinder their degradation (Zuo et al., 2021). The reportedly reduced DNase activity in patients with SLE delays the clearance of NETs (Chitrabamrung et al., 1981; Al-Mayouf et al., 2011; Leffler et al., 2013). It is fair to argue that the reduced DNase activity, in combination with the stabilized NET-IgG adducts, interfere with proper degradation into smaller chromatin fragments, leaving behind an increased concentration of aggregated cfDNA (Hakkim et al., 2010). Steric hindrance may also explain the low enzyme-DNA complexes due to a low penetrance of the detection antibodies into these aggregates.
In our study, samples form patients with RA were mainly associated with increased concentrations of citH3 and higher NE-activity. Hypercitrullination is a key element in the pathogenesis of RA (Darrah and Andrade, 2018). The elevated enzymatic activity of PAD4 in tissues of RA patients has been associated with the appearance and progression of RA since it promotes the formation of neoantigens by hypercitrullination of vimentin, fibrinogen, type II collagen, and α-enolase (10.1186/ar1845). The activity of the enzyme in serum has been only recently reported elevated in a subgroup of patients with RA (10.3390/cimb44090293). This is in line with the increased amount of citH3 observed in the circulation of our patients. Increased activity of NE is associated with joint inflammation in RA (Muley et al., 2016), reflected by the high NE-activity detectable in serum samples.
Patients with the inflammatory bowel diseases UC and CD showed a tendency towards the SLE cluster in the tSNE plots and had elevated cfDNA levels. In addition, a notable decrease in NE-activity was observed, along with a widespread distribution of enzyme-DNE complexes present. The activity of NE varies depending on whether it is bound to DNA or free (Podolska et al., 2019). Together, this suggests the presence of NET aggregates, which, similar to the situation in SLE, may hinder the effective and thorough clearance of NETs. More studies with larger groups of patients are required to verify this theory.
Patients with pSS showed a broad distribution in the tSNE plots and only a significant increase in citH3 in our study. Previous studies reported an increase in cfDNA compared to HCs (Peng et al., 2022). These results emphasize the heterogeneity within this patient group and highlight the necessity for more extensive studies to draw distinct conclusions.
Our results revealed characteristic patterns of NET degradation products in inflammatory diseases. All examined conditions of disease were associated with increased neutrophil activity and NET formation in general. However, certain markers were disease-specifically increased, reflecting different mechanisms in NET formation and clearance. These distinctions may be attributed to hallmark pathologies characteristic of each course of disease. No significant differences were to be observed for patients with higher or lower activities of SLE or RA; the characteristic patterns of NET degradation products were related to the disease pathology and not to its severity.
Patients with HS showed a wide distribution of NE-activity. Correlation analyzes with clinical parameters revealed a statistically significant connection to triglycerides and glucose levels. Patients with HS show a prevalence of the metabolic syndrome (Sabat et al., 2012). The connection of NE with these metabolic markers requires further examination.
In summary, each phase of NET formation, NET degradation and the components related to NETs and their degradation are intertwined with the pathologies of the diseases under investigation. All markers - cfDNA, citH3, NE activity, NE and MPO DNA complexes - are found in the circulation of patients with inflammatory diseases (Wang et al., 2018a; Xu et al., 2018; Ng et al., 2021; Reshetnyak et al., 2023). However, the significant increase in specific markers for NET degradation in these diseases provides valuable insights into potential key targets for the development of differential therapies.
CONCLUSION
We investigated NET degradation products as distinctive patterns characteristic of inflammatory diseases. Different selective patterns were identified for three diseases - COVID-19, SLE and RA. COVID-19, SLE, and RA were primarily associated with increased levels of enzyme-DNA complexes, cfDNA, and citH3, respectively. RA was furthermore characterized by higher NE-activity. These different patterns offer potential for understanding the role of NETs in inflammatory diseases and may promote the development of treatments that target the disease-specific NET degradation products.
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