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Abstract

Levels of neutrophil extracellular traps (NETs) were measured in plasma of healthy controls (HC, 

n=30) and patients with granulomatosis with polyangiitis (GPA, n=123), microscopic polyangiitis 

(MPA, n=61), Takayasu’s arteritis (TAK, n=58), and giant cell arteritis (GCA, n=68), at times of 

remission or activity and correlated with levels of the platelet-derived thrombospondin-1 (TSP-1).

Levels of NETs were elevated during active disease in patients with GPA (p<0.0001), MPA 

(p=0.0038), TAK (p<0.0001), and GCA (p<0.0001), and in remission for GPA, p<0.0001, MPA, 

p=0.005, TAK, p=0.03, and GCA, p=0.0009. All cohorts demonstrated impaired NET degradation. 

Patients with GPA (p=0.0045) and MPA (p=0.005) had anti-NET IgG antibodies. Patients with 

TAK had anti-histone antibodies (p<0.01), correlating with presence of NETs. Levels of TSP-1 

were increased in all patients with vasculitis, and associated with NET formation.

NET formation is a common process in vasculitides. Targeting NET formation or degradation 

could be potential therapeutic approaches for vasculitides.
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1. Introduction

Neutrophils and neutrophil extracellular traps (NETs) are important mediators of the innate 

immune system and play a significant role in host defense [1]. NETs are extruded networks 

of decondensed chromosomal DNA, citrullinated histones, granule proteins, including 

proteinase 3 (PR3), neutrophil elastase (NE), calprotectin (also known as S100A8/A9) and 

myeloperoxidase (MPO), and other components such as lactoferrin, cathepsin G and LL37 

[2,3]. NETs appear to play a significant role in the pathogenesis of many autoimmune 

diseases, including vasculitis [4].

Vasculitis is a group of systemic autoimmune diseases of unknown etiology, classified into 

small-, medium- and large-vessel vasculitis based on the size of the affected blood vessels 

[5]. Small-vessel vasculitis includes three different subtypes of anti-neutrophil cytoplasmic 

antibody (ANCA)-associated vasculitis (AAV), namely granulomatosis with polyangiitis 

(GPA), microscopic polyangiitis (MPA), and eosinophilic granulomatosis with polyangiitis 

[6]. AAV is characterized by small blood vessel inflammation and presence of ANCA in 

the circulation [7]. Large-vessel vasculitis (LVV), including Takayasu’s arteritis (TAK) and 

giant cell arteritis (GCA), is characterized by vascular inflammation and subsequent damage 

of the aorta and/or major branch arteries [8].
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In AAV, ANCA can activate neutrophils that are primed by tumor necrosis factor-alpha 

(TNF-α), and other stimuli including lipopolysaccharide (LPS), or complement factor 5a 

(C5a), which leads to externalization of MPO, and PR3 to the cell surface where ANCA 

can bind to them. Immune complexes then of these antibodies and their antigens bind 

and crosslink FcγRs on the neutrophil cell surface, resulting in neutrophil activation, 

neutrophil adhesion to endothelium, NET formation, and eventually inflammatory damage 

to the endothelium [9,10]. Interestingly, NET formation can also occur upon interaction 

of platelets with neutrophils via TLR9-dependent CXCL4 release as recently demonstrated 

in AAV [11], with platelet aggregation on the NET scaffold resulting in activation of 

the coagulation cascade and immune thrombosis [12]. However, the role of neutrophils, 

including NETs, in LVV pathogenesis is not fully known.

Histones are part of the NET scaffold that are released to the extracellular space 

during NET formation and undergo posttranslational modifications, with histone epitopes 

serving as modified auto-antigens that can be targeted by autoantibodies in several 

autoimmune diseases such as systemic lupus erythematosus (SLE), and rheumatoid 

arthritis (RA) [13, 14]. Presence of anti-histone antibodies has been described in several 

autoimmune diseases, including Sjögren’s syndrome, systemic sclerosis and polymyositis/

dermatomyositis [15,16]. Similarly, antibodies against NETs have been reported in patients 

with RA and SLE [17,18]. Another study suggested that presence of anti-NET antibodies 

contributed to impaired NET degradation in patients with RA [19]. In patients with lupus, 

high levels of anti-NET antibodies protected NETs from degradation by DNase 1 [20]. 

Presence of antibodies targeting NET components has also been demonstrated in patients 

with MPA [21].

In this current study, we primarily investigated whether patients with AAV and LVV have 

increased levels of NETs in their plasma. Secondly, we assessed whether levels of NETs 

were associated with disease activity and inflammatory markers in vasculitis. We also sought 

to explore whether patients with AAV and LVV have impaired capacity to degrade NETs 

and evaluated the presence of anti-NET and anti-histone antibodies in these patients. Finally, 

we explored whether thrombospondin 1 (TSP-1), a platelet activation marker, is elevated in 

patients with AAV and LVV and associated with NETs and thromboembolism (VTE).

2. Materials and Methods

2.1. Patient characteristics and source of biospecimens

Plasma samples from patients enrolled in the Vasculitis Clinical Research Consortium 

(VCRC) Longitudinal Studies were utilized in this study, including patients with GPA (123 

patients in remission, 73 paired samples with flare), MPA (61 patients in remission, 11 

paired samples with flare), TAK (58 patients in remission, 8 paired samples with flare), and 

GCA (68 patients in remission, 18 paired samples with flare). Demographic data, including 

disease subgroups, gender, age at diagnosis, disease duration, and treatment for the study 

populations in remission and active disease were also recorded (Tables 1 and 2). For the 

GPA and MPA cohorts, the prevalence of anti-MPO and anti-PR3 antibodies is also detailed.
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Disease activity was assessed using physician global assessment (PGA) in all patients with 

vasculitis. PGA correlates well with the Birmingham Vasculitis Activity Score (BVAS) [22]. 

BVAS1 score measuring new or worsening symptoms due to active vasculitis in the 28 days 

prior to evaluation or on the day of evaluation, and BVAS2 score which measures persistent 

symptoms within the last three months, were also recorded (Tables 1 and 2). For all patients, 

laboratory data such as creatinine, and markers of systemic inflammation (CRP and ESR) 

were collected.

Healthy individuals (n=30), were recruited through the University of Washington from 

Bloodworks in Seattle. For the healthy controls (HC), blood was drawn into EDTA tubes 

and centrifuged at 3000 rpm for 15 minutes within 30 minutes of the blood collection. 

Aliquoted plasma was stored at −80°C until used. 17/30 (57%) of HC were women. The 

median (range) age at the time of the plasma collection was 35 (23–70) years of age. 20/30 

(67%) were White, 4/30 (13%) were Hispanic, 4/30 (13%) were Asian, whereas 2/30 (7%) 

were of unknown race.

The study was approved by the appropriate local institutional review boards at VCRC 

centers and University of Washington, Seattle, WA (#3100) and informed consent was 

obtained from all participants in accordance with the Helsinki Declaration.

2.2. ELISA assays

Quantification of circulating NETs was performed by utilizing neutrophil elastase (NE)-

DNA ELISA as described in the literature with some modifications [23]. In brief, high 

binding 96-well ELISA microplates were coated with rabbit anti-human NE antibody (4 

μg/ml; Calbiochem) in PBS overnight at 4°C, and then blocked with 1% bovine serum 

albumin (BSA) in PBS for 2 hours at room temperature (RT). Then, plasma samples 

diluted 1:10, were added in 1% BSA in PBS with 2mM EDTA, and incubated overnight 

at 4°C. Anti-DNA antibody conjugated to HRP from Cell Death Detection ELISA kit (clone 

MCA-33; Roche) was added as secondary antibody to detect bound NETs for 2 hours at RT. 

The reaction was developed with 3,3′,5,5′ tetramethylbenzidine (TMB; BD Biosciences) for 

20 min and stopped by the addition of 2N sulfuric acid. Known concentrations of NE-DNA 

complexes (Innovative Research Inc; Calf thymus DNA, Trevigon) were utilized to construct 

a standard curve.

Quantification of anti-histone antibodies was performed by using a mixture of histones H1, 

H2A, H2B, H3, and H4, isolated from the calf thymus (Sigma-Aldrich H9250). Briefly, 

a 96-well plate was coated with 10 μg/ml of a mixture of histones diluted in PBS and 

incubated overnight, followed by blocking with 1% BSA in PBS with 0.05% Tween for 

2 hours at RT. After blocking, plasma samples that had been diluted 1:10,000 in 1% 

BSA in PBS with 0.05% Tween, were added to the wells and incubated overnight at 4°C. 

HRP-conjugated anti-human IgG (Peroxidase Affini Pure Goat Anti-human IgG, Jackson 

ImmunoResearch Inc, West Grove, PA, USA) was added as a secondary antibody for 2 

hours at RT. The reaction was developed with TMB and halted by using 2N sulfuric acid. 

Known concentrations of anti-histone levels from patients with SLE were used to design 

the standard curve. Plasma levels of human TSP-1, (R&D Systems, Minneapolis MN, 
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USA)) were measured by ELISA following the manufacturer’s instructions. Absorbance was 

measured by a plate reader at 450 nm (Synergy 2, BioTek).

2.3. Neutrophil isolation

Heparinized blood from healthy individuals was layered on Polymorphprep (Axis-Shield, 

Dundee, UK) density gradient, according to the manufacturer’s instructions, or as described 

previously [24–26]. Red blood cells were lysed using RBC lysis buffer (BioLegend, San 

Diego, CA, USA). Neutrophils were re-suspended in serum-free RPMI-1640 medium (Life 

Technologies, Waltham, MA) for in vitro assays.

2.4. NET and DNA degradation assay

NET degradation was assessed using a previously published protocol [27], with some 

modifications. Briefly, neutrophils were isolated through density gradient (PolymorphPrep; 

Axis-Shield) and seeded at 1 ×106 cells/ml in a poly-l-lysine–coated black 96-well 

microtiter plate. Neutrophils were induced to undergo NET formation by addition of 20 

nM phorbol myristate acetate (PMA) for 4 hours.

Upon washing, attached NETs were stained with Sytox green (1:5,000; Life Technologies) 

followed by subsequent wash steps. After recording of baseline fluorescence, plasma (2.5%, 

diluted in nuclease buffer [10 mM Tris HCl, pH 7.5, 10 mM MgCl2,2 mM CaCl2, 50 

mM NaCl]) were added and incubated for 90 minutes at 37°C. Micrococcal nuclease was 

used as a positive control. After the incubation, the wells were washed, and residual NETs 

analyzed by plate reader at 480 nm. NET degradation was calculated as the relative loss of 

NETs (Sytox green signal) in each well, using the standard curve as a reference value. For 

DNA degradation, Sytox green–labeled DNA (20 μg/ml) was bound to poly-L-lysine–coated 

plates, and the capacity to degrade the DNA was assessed in the presence of 2.5% plasma 

in nuclease buffer. Known concentrations of DNase I were used to construct the standard 

curve.

2.5. Anti-NET assay

At first, 96-well MaxiSorp plates were coated with 100 ul of poly-L-lysine per well. After 

wash with PBS, isolated neutrophils were seeded at a concentration of 106 cells/mL per 

well in RPMI, and incubated for 30 min at 37°C with 5% CO2 to allow adherence to the 

wells. Neutrophils were subsequently activated with 25 uM of calcium ionophore A23187 

(Sigma-Aldrich), and incubated for 3 hours to allow maximum NET formation, and then 

washed with PBS, and incubated with plasma samples diluted 1/100 in 10% FBS with 0.5 

M EDTA for 90 min at 37°C with 5% CO2. The secondary Fluorescein (FITC)-conjugated 

anti-human IgG antibody (Jackson ImmunoResearch Inc, West Grove, PA) diluted at 1/100 

in 10% FBS with 0.5 M EDTA was then added for 90 min at RT, and fluorescence was 

measured at 480 nm in a plate reader. Known concentrations of anti-NET antibodies from 

patients with SLE were used to design the standard curve.

2.6. NET visualization

A 48 well cell culture plate was coated with 100 ul of poly-L-lysine per well. Human 

neutrophils from a healthy individual (106 cells/mL per well in RPMI) were then seeded, 
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and incubated for 30 min at 37°C with 5% CO2 to allow adherence to the wells. Neutrophils 

were subsequently activated with 25 uM of calcium ionophore A23187 (Sigma-Aldrich), 

incubated for 3 hours to allow maximum NET formation, and washed with PBS. The NETs 

were then incubated with plasma samples diluted 1/20 in 10% FBS with 0.5 M EDTA for 

60 min at 37°C with 5% CO2. Subsequently, the samples were incubated with anti-human 

IgG APC diluted 1/100 (Clone HP6017, Biolegend), and Sytox Green (5 uM) in 10% 

FBS with 0.5 M EDTA for 60 minutes at room temperature. NETs were visualized by 

immunofluorescence (IF) microscopy (EVOS cell imaging system; Life Technology).

2.7. Statistics

Mann-Whitney U test, Wilcoxon signed-rank test, and Spearman’s correlation were used 

as applicable. The 95th percentile of healthy controls was used to define the cut-off value 

for high levels of biomarkers. All analyses were performed in GraphPad Prism (GraphPad 

Software Inc., San Diego, CA, USA) or SPSS Statistics software (v.27.0 IBM Corp, 

Armonk, NY, USA) and considered statistically significant at p < 0.05. No adjustments 

were done for multiple testing.

3. Results

3.1. Demographic characteristics of the study populations

The median age (range) at diagnosis of vasculitis for the patients in remission at study entry 

was as follows: 47 years of age (10–80) for the GPA cohort, 59 years (17–82) for MPA, 30 

(12–58) for TAK, and 69 (54–90) years for GCA cohort. 64/123 (52%) patients with GPA, 

31/61 (51%) with MPA, 53/58 (91%) with TAK and 49/68 (72%) with GCA were female 

(Tables 1 and 2).

3.2. Levels of NETs are elevated in patients with vasculitis

Levels of NE-DNA complexes were significantly elevated at flare in patients with GPA 

(p<0.0001), MPA (p=0.0038), TAK (p<0.0001), and GCA (p<0.0001), and in remission in 

patients with GPA, p<0.0001; MPA, p=0.005; TAK, p=0.03; and GCA, p=0.0009, when 

compared to healthy individuals (Figure 1A).

Patients with TAK with active disease had higher levels of NE-DNA complexes compared 

to patients in remission (p=0.02). The median concentrations (range) of NE-DNA complexes 

in GPA (n=121), MPA (n=61), TAK (n=58), GCA (n=66) and HC (n=30) were 59.77 (0.00–

563.2), 52.20 (0.00–391.8), 46.96 (0.00–1148), 59.66 (0.00–355.8) and 25.13 (0.00–74.46) 

nM, respectively.

3.3. Association of NET formation with disease activity in patients with vasculitis

No differences in levels of NE-DNA complexes were found between patients in remission 

and flare for any of the vasculitis groups investigated (Figure 1B). No association was 

observed between NET formation and CRP levels in GPA (r=0.07, p=0.54, Figure 1C), TAK 

(r=−0.03, p=0.83, Figure 1E), and GCA (r=0.19, p=0.15, Figure 1F), except for the MPA 

group (r=0.28, p<0.05, Figure 1D).
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3.4. Capacity for NET degradation in patients with vasculitis

Degradation of NETs is a normal process that occurs by the enzyme DNase-I (26). 

Both impaired degradation and excessive NET formation may contribute to high levels 

of circulating NETs. We measured the ability of plasma from patients with vasculitis to 

degrade NETs at the time of remission and compared it to plasma from healthy subjects. 

As illustrated in Figure 2A, there was an overall impaired capacity for NET degradation 

in plasma from patients with GPA (p<0.0001), MPA (p=0.009), GCA (p<0.0001), and 

TAK (p<0.0001) as compared to HC. However, in contrast, plasma from patients with 

GPA (p=0.0001), MPA (p<0.0001), GCA (p<0.0001), and TAK (p=0.0081) demonstrated 

increased capacity to degrade DNA as compared to HC (Figure 2B).

3.5. Recognition of NET-associated antigens among patients with vasculitis

Only patients with GPA (p=0.0045) and MPA (p=0.005) showed significant reactivity 

against NETs as shown in Figure 3A, consistent with presence of anti-PR3 and anti-MPO 

antibodies binding to their target antigens on NETs. The median concentrations (range) 

of anti-NET antibodies in GPA (n=50), MPA (n=50), TAK (n=51), GCA (n=49), and HC 

(n=30) were 0.61 (0.00–106.4), 1.1 (0.00–45.70), 0.35 (0.00–3.53), 0.00 (0.00–17.07), and 

0.19 (0.00–3.38) U/ml, respectively.

Of note, using immunofluorescence microscopy, selecting patients with high levels of 

anti-NET antibodies, there was binding of IgG from a patient with MPA (Figure 3B) 

and a patient with TAK (Figure 3C) to distinct NET structures. The presence of anti-

neutrophil antibodies, and more specifically anti-NET IgG antibodies, was investigated 

under microscopy in two patients from each of the GPA, MPA, TAK and GCA cohorts to 

validate the findings from the anti-NET assay.

3.6. Levels of anti-histone antibodies are elevated in patients with TAK

Given that histones are a prominent immunogenic component of NETs, we further studied 

whether patients with AAV and LVV have antibodies targeting histones. As depicted in 

Figure 3D, only patients with TAK had significantly higher levels of anti-histone antibodies 

both at flare (p=0.0057) and in remission (p=0.0004) compared to HC. There was also a 

trend towards statistical significance in the GCA group with active disease (p=0.06). Levels 

of anti-histone antibodies did not differ significantly in patients with AAV (GPA and MPA) 

compared to HC (Figure 3D). Importantly, levels of anti-histone antibodies correlated with 

presence of NETs in TAK (r=0.32, p=0.008, Figure 3E).

3.7. Association of platelet activation with NET formation in patients with vasculitis

As depicted in Figure 4A, plasma levels of TSP-1 were elevated compared to HC in 

patients with GPA (p<0.0001), MPA (p<0.0001), TAK (p<0.0001), and GCA (p<0.0001) 

in remission, and at flare for GPA (p<0.0001), MPA (p=0.007), TAK (p<0.0001), and 

GCA (p<0.0001). In GPA (p=0.01), but not in the other vasculitides, levels of TSP-1 

were associated with active disease (Figure 4B). In all four subgroups of vasculitis, 

levels of TPS-1 were correlated with NE-DNA complexes (Figures 4C–4F). Lastly, only 

in GPA, levels of TSP-1 were significantly elevated among patients with a history of 

thromboembolism (VTE) compared to those without these events (p=0.04, Figure 4G).

Michailidou et al. Page 7

Clin Immunol. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Neutrophil activation appears to be a prominent process in patients with systemic vasculitis 

as evidenced by the presence of markedly elevated levels of neutrophil activating factors 

in their circulation [28]. Although NET formation has extensively been investigated in 

AAV [29], very little is known about the presence of NETs in LVV. In this study we 

made the seminal observation of levels of NETs in the peripheral blood of patients with 

LVV. Consistent with those findings, presence of NETs has also recently been identified in 

temporal artery biopsies from patients with GCA [30]. Interestingly, levels of NETs did not 

correlate with disease activity in any of the subgroups of vasculitis. Other studies have found 

mixed results regarding levels of circulating NETs in AAV with one study also finding no 

correlation with disease activity [31] and one finding such an association [32]. Differences 

in patient populations, sample sizes, and ANCA positivity status most likely could explain 

the discordant results in these studies. Taken together, levels of NETs do not seem to be 

a reliable indicator of disease activity in systemic vasculitis, but they may indicate chronic 

low-grade inflammation that could lead to organ damage, similarly to what we found in SLE 

[33].

The elevated levels of circulating NETs could be due to either excessive NET formation 

and/or dysfunctional clearance of NETs. The trigger(s) of NET induction in systemic 

vasculitis are not fully known. Previous studies implicated ANCA IgG and IgA in driving 

NET formation [34, 35]. However, excessive serum-mediated ex vivo NET formation has 

been reported in patients with AAV in an ANCA-independent process [36]. It is possible 

that the presence of serum factors other than ANCA IgG prevents NET degradation and/or 

augments NET formation in both AAV and LVV.

Our study found reduced NET degradation (but not DNA degradation) in all subgroups 

of vasculitis, similarly to what has been described in SLE [18,20], RA [19] and juvenile 

dermatomyositis [37]. In SLE, impaired NET degradation has been attributed to the presence 

of DNase-I inhibitor and anti-NET antibodies that enhance tissue C1q deposition [38]. 

Patients with AAV were found to have significantly higher levels of DNase I as compared to 

healthy controls [31]. This finding is compatible with our findings of the increased capacity 

for plasma samples from patients with systemic vasculitis to degrade DNA. However, it does 

not explain the reduced NET clearance in both patients with AAV and LVV, suggesting 

the presence of other mechanisms operating in the imbalance between NET formation and 

degradation.

Notably, in our study patients with AAV had higher levels of circulating anti-NET IgG 

antibodies compared to healthy objects. The presence of these anti-NET antibodies may 

not only impair the intrinsic capacity of DNase I to degrade NETs, but also result in 

formation of local immune complexes with NET-derived autoantigens protecting further 

NET clearance and amplifying the whole inflammatory process in systemic vasculitis. 

In our study, some TAK patients also showed significant reactivity against distinct NET 

structures as observed by microscopy. However, there was no significant correlation between 

circulating levels of NETs and antibodies against NETs in patients with both AAV and LVV 

(data not shown) similarly to what has been reported in patients with RA [17]. The identity 
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of the antigen of these anti-NET antibodies is yet unknown. A recent study identified a 

neutrophilic 17-kDa protein that could be considered as a candidate for the anti-NET antigen 

in MPA (21).

The cargo of NETs can be modified by distinct stimuli, therefore exposing a variety of 

autoantigens that could be the target of posttranslational and/or epigenetic modifications 

in different autoimmune conditions. For example, in cocaine-induced midline destructive 

lesions [39] as well as in cocaine levamisole autoimmunity associated syndrome [40, 41], 

NETs are enriched with NE. One of the known inflammatory mediators that are released 

from NETs includes histones, that when misplaced to the extracellular space can cause organ 

damage such as kidney injury [42]. Histones in NETs can be deiminated, and citrullinated, 

but only individuals with genetic predisposition to develop antibodies to deiminated, and 

citrullinated proteins identified as anti-citrullinated proteins/peptides antibodies (ACPA) will 

eventually develop seropositive RA [43]. In our study autoantibodies targeting histones were 

also identified in patients with TAK and less frequently in GCA, without any association 

with disease activity. Mechanisms driving reactivity to histone antigens in LVV are unknown 

but may relate to NET formation based on the results of our study and could be the focus of 

future translational studies.

Our study also presents evidence of increased platelet activation as measured by the platelet 

marker TSP-1, and its association with neutrophil cell death in patients with AAV and LVV, 

supporting platelets’ potential interaction and contribution to the pathogenesis of vasculitis. 

Mechanistically, platelets have been suggested to be involved in GCA, with elevated levels 

of platelet activation, as well as formation of platelet-neutrophil complexes contributing to 

systemic inflammation [44]. Both platelet activation and NET formation are thought to be 

involved in the development of thromboembolic disease [45]. Of note TSP-1 levels were 

significantly higher in GPA patients with a history of thromboembolic events compared 

to those without. Interestingly, in another study plasma levels of TSP-1 were found to 

be the highest among patients with anti-phospholipid syndrome (APS) that had arterial 

thrombotic events [46]. We also demonstrated that levels of TSP-1 were associated with 

active disease in GPA. TSP-1 has known pro-apoptotic properties, with dysregulation in 

cell death pathways in the neutrophils of patients with GPA to have been reported in 

the literature [47]. Both AAV and LVV are associated with an increased risk of venous 

thrombosis, especially during periods of active disease [48–50]. The source of TSP-1 could 

not be established in this study. Although platelets appear to be the major source of TSP-1, 

TSP-1 can also be stored in Weibel-Palade bodies of endothelial cells [51].

Our study has several notable strengths. The biospecimens and linked clinical data 

were collected in a prospective protocolized fashion at major centers of excellence for 

vasculitis. The comprehensive set of assays measured were using established techniques in a 

moderately large number of samples given the rarity of each disease under study.

Our study also has a few limitations to consider. Patients in the study were on a variety of 

immunosuppressive therapeutic agents and the effects of these drugs on the levels of NETs 

is not fully known, especially considering that NETs are associated with inflammation. 

Additionally, these results need to be confirmed in a separate validation study.
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Our findings highlight both excessive NET formation and defective NET clearance as 

common mechanisms in vasculitis, supporting the development of novel preventative 

treatment strategies against NET formation for these diseases. Specific inhibitors of protein 

kinase C (PKC), c-rapidly accelerated fibrosarcoma (c-Raf) kinase and mitogen-activated 

protein kinase (MEK) can prevent NET formation, by blocking the downregulation of the 

anti-apoptotic protein Mcl-1, highlighting the seminal role of the Raf-MEK-ERK pathway in 

NET formation [52]. Alvelestat, a neutrophil elastase inhibitor was shown to inhibit tissue 

damage and inflammation in a mouse model of acute lung injury/acute respiratory distress 

syndrome by inhibiting NETs [53]. BAY 85-8501 is another novel selective and reversible 

inhibitor of NE that inhibits NET formation in vitro following stimulation with PMA, that 

reduced pulmonary inflammation in a protease-induced acute lung injury mouse model [54].

In conclusion, neutrophil activation and NET formation is a potential common disease 

process in AAV and LVV. Impaired NET degradation, possibly due to presence of anti-

NET antibodies, may promote NET accumulation in the peripheral blood of patients with 

vasculitis. Although more frequent in AAV, also some patients with LVV have anti-NET 

IgG antibodies. In patients with TAK, the association of anti-histone antibodies with NETs 

suggests that NETs could be a source of autoantigens in that subgroup of vasculitis. Finally, 

the association of the platelet-derived TSP-1 with NET formation, indicates a link between 

markers of neutrophil and platelet activation in these conditions.
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Highlights

• Neutrophils and neutrophil extracellular traps (NETs) not only possess 

antimicrobial properties, but are also key players in the pathophysiology of 

many autoimmune diseases.

• Although there is extensive literature about NET formation in ANCA-

associated vasculitis, studies about neutrophil cell death in large-vessel 

vasculitis are extremely limited.

• Increased NET levels associated with platelet activation, along with impaired 

NET degradation are common features in both ANCA-associated and large-

vessel vasculitis.

• Whilst more frequent in ANCA-associated vasculitis, some patients with 

large-vessel vasculitis also have antibodies targeting NETs.

• Targeting both NET formation and degradation could be beneficial 

therapeutic approaches in the management of both ANCA-associated and 

large-vessel vasculitis.
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Figure 1. Levels of neutrophil elastase (NE)-DNA complexes in patients with AAV and LVV.
Plasma levels of NE-DNA complexes (A) were measured by ELISA in healthy controls 

(HC), and patients with granulomatosis with polyangiitis (GPA), microscopic polyangiitis 

(MPA), Takayasu’s arteritis (TAK), and giant cell arteritis (GCA), both in remission (rem) 

and at a time of active disease (active). Plasma levels of NE-DNA complexes (B) were 

related to disease activity in patients in remission (rem) and matching patients with active 

disease (active) as assessed by physician global assessment (PGA) in MPA and TAK. 

Plasma levels of NE-DNA complexes correlated with CRP in GPA (C), MPA (D), TAK (E), 

and GCA (F). Statistical analyses were done using Mann-Whitney U test (A), Wilcoxon 
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signed-rank test (B), Spearman’s correlation test (C-F) with * p < 0.05, **p < 0.01, ***p < 

0.001. Unless otherwise indicated, all analyses are compared to healthy controls. Each circle 

represents an individual sample, with the bar representing the median of the group.
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Figure 2. Plasma-mediated NET degradation in patients with AAV and LVV.
(A) NETs were incubated with plasma from either healthy controls (HC, n=30) or patients 

with granulomatosis with polyangiitis (GPA, n=53), microscopic polyangiitis (MPA, n=49), 

Takayasu’s arteritis (TAK, n=51), and giant cell arteritis (GCA, n=48) in remission. Residual 

NETs were determined by dividing DNA content in plasma-treated NETs with untreated 

NETs (B) DNA degradation ability was analyzed in plasma from healthy controls and 

patients with vasculitis. Statistical analyses were done using Mann-Whitney U test, with * p 

< 0.05, **p < 0.01, ***p < 0.001. All analyses are compared to healthy controls. Each circle 

represents an individual sample, with the bar representing the median of the group.
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Figure 3. Levels of anti-NET and anti-histone antibodies in patients with AAV and LVV.
Plasma levels of anti-NET antibodies (A) were measure by ELISA in healthy controls 

(HC, n=30), in patients with granulomatosis with polyangiitis (GPA, n=50), microscopic 

polyangiitis (MPA, n=50), Takayasu’s arteritis (TAK, n=51) and giant cell arteritis (GCA, 

n=49). Immunofluorescence microscopic images showing DNA (green) and IgG (red) 

staining of stimulated neutrophils incubated with plasma from patients with MPA (B) and 

TAK (C). Circulating levels of anti-histone antibodies (D) were assessed by ELISA in HC, 

in patients with GPA, MPA, TAK, and GCA both in remission and at a time of active 
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disease. Plasma levels of anti-histone antibodies were associated with NE-DNA levels in 

patients with TAK (E). Statistical analyses were done using Mann-Whitney U test (A, D), 

and Spearman’s correlation test (E) with * p < 0.05, **p < 0.01, ***p < 0.001. All analyses 

are compared to healthy controls. Each circle represents an individual sample, with the bar 

representing the median of the group. Scale bars, 400 μm.

Michailidou et al. Page 19

Clin Immunol. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Levels of thrombospondin-1 in patients with AAV and LVV.
Plasma levels of thrombospondin-1 (TSP-1) (A) were measured by ELISA in healthy 

controls (HC), and patients with granulomatosis with polyangiitis (GPA), microscopic 

polyangiitis (MPA), Takayasu’s arteritis (TAK), and giant cell arteritis (GCA) both in 

remission and at a time of active disease. Plasma levels of TSP-1 (B) were related to 

disease activity in patients in remission (rem) and matching patients with active disease 

(active) as assessed by physician global assessment (PGA) in GPA, MPA, TAK and GCA. 

Plasma levels of TSP-1 correlated with NETs in GPA (C), MPA (D), TAK (E), and GCA 
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(F). Plasma levels of TSP-1 (G) were compared among patients with GPA with and without 

thromboembolism (VTE). Statistical analyses were done using Mann-Whitney U test (A, 

G), Wilcoxon signed-rank test (B), Spearman’s correlation test (C-F) with * p < 0.05, **p 

< 0.01, ***p < 0.001. Unless otherwise indicated, all analyses are compared to healthy 

controls. Each circle represents an individual sample, with the bar representing the median 

of the group.
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Table 1.

Demographic characteristics of study populations in remission

Diagnosis GPA MPA TAK GCA

Number of subjects 123 61 58 68

Gender (female, %) 64 (52%) 31 (51%) 53 (91%) 49 (72%)

Age at diagnosis, years (median, range) 47 (10–80) 59 (17–82) 30(12–58) 69 (54–90)

Disease duration (mean ± SD, years) 8.2 ± 7.5 4.8 ± 5.2 10.4 ± 7.2 3.4 ± 3.6

ESR (mean ± SD, mm/h) 12.8 ± 10.8 18.9 ± 15.3 15.2 ± 15.0 14.1 ± 13.1

CRP (mean ± SD, mg/dl) 6.7 ± 8.8 4.6 ± 5.4 6.9 ± 9.1 6.3 ± 7.6

Creatinine (mean ± SD, mg/dl) 1.11 ± 0.60 1.61 ± 0.96 0.82 ± 0.20 0.92 ± 0.20

Anti-MPO antibodies (%) 20 (16%) 54 (89%) ND ND

Anti-PR3 antibodies (%) 86 (70%) 8 (13%) ND ND

Prednisone (%) 12 (10%) 19 (31%) 8 (14%) 43 (63%)

Methotrexate (%) 28 (23%) 1 (2%) 19 (33%) 26 (38%)

Mycophenolate (%) 9 (7%) 14 (23%) 7 (12%) 0 (0%)

Cyclosphosphamide (%) 6 (5%) 0 (0%) 0 (0%) 0 (0%)

Rituximab (%) 60 (49%) 16 (26%) 0 (0%) 0 (0%)

TNF inhibitors (%) 0 (0%) 0 (0%) 25 (43%) 0 (0%)

Azathioprine (%) 1 (1%) 1 (2%) 2 (3%) 0 (0%)

Cyclosporine (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

BVAS1 score (median, range) 0 0 0 0

BVAS2 score (median, range) 0 0 0 0

PGA (mean ± SD) 0 0 0 0
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Table 2.

Demographic characteristics of study populations in active disease

Diagnosis GPA MPA TAK GCA

Number of subjects 73 11 8 18

Gender (female, %) 38 (52%) 6 (55%) 8 (100%) 12 (67%)

Age at diagnosis, years (median, range) 47 (10–80) 67 (28–75) 28 (14–44) 69 (58–83)

Disease duration (mean ± SD, years) 6.8 ± 7.6 4.0 ± 5.2 6.9 ± 4.1 1.6 ± 1.8

ESR (mean ± SD, mm/h) 17.2 ± 13.9 31.1 ± 37.3 27.7 ± 22.3 16.2 ± 18.6

CRP (mean ± SD, mg/dl) 11.7 ± 22.7 17.2 ± 39.1 11.6 ± 13.3 11.7 ± 18.3

Creatinine (mean ± SD, mg/dl) 1.12 ± 0.77 1.98 ± 1.12 0.76 ± 0.13 0.92 ± 0.23

Anti-MPO antibodies (%) 6 (8%) 11 (100%) ND ND

Anti-PR3 antibodies (%) 55 (75%) 0 (0%) ND ND

Prednisone (%) 22 (30%) 6 (55%) 2 (25%) 16 (89%)

Methotrexate (%) 21 (29%) 0 (0%) 5 (63%) 6 (33%)

Mycophenolate (%) 3 (4%) 2 (18%) 0 (0%) 0 (0%)

Cyclosphosphamide (%) 4 (5%) 1 (9%) 0 (0%) 0 (0%)

Rituximab (%) 25 (34%) 3 (27%) 0 (0%) 0 (0%)

TNF inhibitors (%) 0 (0%) 0 (0%) 2 (25%) 0 (0%)

Azathioprine (%) 5 (7%) 0 (0%) 0 (0%) 0 (0%)

Cyclosporine (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

BVAS1 score (median, range) 5(0–35) 8 (0–24) 0 (0–4) 1 (0–10)

BVAS2 score (median, range) 0(0–6) 0 (0–7) 0 (0–4) 0 (0–2)

PGA (mean ± SD) 3.30 ± 1.73 4.09 ± 1.92 3.88 ± 1.46 2.78 ± 1.22
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