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Abstract

Purpose of review: To summarize recent evidence on the pathogenic effects of neutrophils 

and neutrophil extracellular traps (NETs) in autoimmune diseases, including systemic lupus 

erythematosus and rheumatoid arthritis.

Recent findings: NETs can orchestrate innate and adaptive immune dysregulation through 

diverse mechanisms. NETs induce potent inflammatory responses and represent sources of many 

autoantigens, creating a feed-forward loop that may perpetuate disease and lead to organ damage. 

NETs are also increasingly relevant in atherosclerosis and could contribute to the increased risk of 

premature cardiovascular disease in patients with autoimmunity.

Summary: NET formation is increased in a variety of autoimmune and autoinflammatory 

diseases and can have remarkable effects on cell and tissue-specific pathology. Novel therapeutics 

that target NET formation or clearance are a promising strategy for clinical management of 

autoimmune diseases and may prevent chronic complications associated with these conditions.
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Introduction:

Neutrophils are the most abundant leukocytes in human blood and are important effector 

cells in innate immunity. Neutrophils can kill microorganisms through various strategies, 

including phagocytosis or degranulation with release of cytotoxic enzymes and proteases. 

Neutrophils can also engage in a unique form of cell death, resulting in the formation of 

neutrophil extracellular traps (NETs). During this process, strands of DNA in complex with 

nuclear, cytoplasmic, and granule proteins are released into the extracellular space where 

they can neutralize microbes [1]. In addition to their antimicrobial function, NETs have 

recently been implicated as an important mechanism in the pathogenesis of autoimmune 

diseases, including systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA). In 
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this review, we discuss new evidence linking NETs to dysregulation of innate and adaptive 

immunity. Additionally, we discuss potential therapeutic targets for clinical intervention in 

these diseases.

NET formation:

Several pathways of NET formation, including reactive oxygen species (ROS)-dependent 

and ROS-independent pathways, have been described and are reviewed in detail elsewhere 

[2]. Notably, NET formation can involve citrullination, a post-translational modification 

catalyzed by the protein arginine deiminase (PAD) family enzymes, whereby native arginine 

residues are converted into citrulline. Citrullination of histones disrupts chromatin structure 

and promotes decondensation of nuclear material, contributing to the formation of NET 

structures [3]. Citrullinated proteins, including those contained within NETs, have also 

been described as prominent autoantigens in RA, and will be discussed in the following 

sections. Recent studies have identified gasdermin D, a pore-forming protein activated 

during pyroptosis, as a novel pathway towards NET formation [*4,*5]. Gasdermin D can 

be cleaved by caspases or neutrophil proteases, leading to nuclear expansion and release 

of NETs. Further studies, including conditional knockouts in neutrophils and treatment 

with chemical inhibitors, may be warranted to determine the role of gasdermin D-mediated 

NET formation in autoimmunity. Interestingly, it appears that different types of stimulation 

activate different pathways of NET formation. The role of these specific pathways in 

neutrophil dysregulation and autoimmunity has not been systematically determined.

NETs in systemic lupus erythematosus:

SLE is a complex autoimmune disease that can affect multiple organ systems, including the 

skin, kidneys, and vasculature. A defining immunological feature of SLE is the production 

of autoantibodies against nuclear antigens, including nucleic acids (e.g. double-stranded 

DNA) and associated proteins. Patients with SLE also develop exaggerated type I interferon 

responses that disrupt immune homeostasis. Early studies identified that a subset of SLE 

patients are unable to degrade NETs efficiently due to impaired DNAse1 function [6]. 

Since then, multiple reports have linked NETs to the pathogenesis of SLE. Genetic variants 

associated with SLE, including single nucleotide polymorphisms in TNFAIP3 (A20) have 

also been linked to citrullination and increased NET formation [7].

Lupus-associated autoantibodies and immune complexes can induce NET formation that 

subsequently activates type I interferon production by plasmacytoid dendritic cells (pDCs) 

[8–10]. Moreover, a subset of neutrophils termed low density granulocytes (LDGs) are 

elevated in SLE and display an increased capacity for NET formation. Lupus LDGs produce 

NETs that are enriched in oxidized mitochondrial DNA and enhance type I interferon 

production by human peripheral blood cells through a STING-dependent pathway [10]. 

Inhibition of mitochondrial ROS (leading to decreased nucleic acid oxidation) significantly 

improves clinical features and immune dysregulation in murine lupus. In addition to type I 

interferons, NETs can also induce other pro-inflammatory cytokines in macrophages. The 

cathelicidin LL-37 contained in NETs can activate the NLRP3 inflammasome via P2X7 

receptor, leading to increased IL-1b and IL-18 production [11]. IL-18 further stimulates 
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NET formation by neutrophils in a positive feedback loop that amplifies inflammation. 

NETs can also be internalized by SLE macrophages, leading to increased TNF-a and IL-6 

production [*12]. Taken together, these findings demonstrate that NETs coordinate multiple 

aspects of the innate immune response in SLE (figure 1).

NETs can also target adaptive immune cells in SLE. A recent study reported that NETs 

can activate human memory B cells to proliferate and secrete polyclonal IgG through 

a TLR-9 dependent mechanism [**13]. NETs were also able to induce memory B cell 

responses against neutrophil-associated antigens through the B-cell receptor (BCR) in lupus 

patients, but not in healthy controls. Consistent with these data, NETs positively correlate 

with anti-LL-37 autoantibodies in lupus patients. These findings suggest that NETs can 

re-activate memory B cells and potentiate autoantibody responses in lupus (figure 1); 

however, this study did not investigate the ability of NETs to directly activate naïve B 

cells and initiate autoantibody production or clonal expansion of autoreactive cells. Another 

unexplored possibility is that NETs can be internalized by B cells via BCR-engagement or 

other endocytic mechanisms, including toll-like receptors (TLRs), and presented on MHC-II 

molecules to autoreactive CD4+ T cells that provide important cytokines and co-stimulatory 

signals. There is also some evidence that NETs can prime CD4+ T cells directly via 

phosphorylation of Zap70 and reduce their activation threshold to stimuli they would not 

otherwise respond to under resting conditions [14]. In the context of autoimmunity, priming 

by NETs could be an important factor in the loss of immunological tolerance toward 

self-antigens (figure 1). Detailed mechanistic studies are necessary to further investigate the 

complex relationship between NETs and the adaptive immune system.

Moreover, NETs can have deleterious effects on cells in the tissue microenvironment, 

leading to organ damage. A recent study demonstrated that SLE neutrophils release NETs 

containing tissue factor (TF) and IL-17a [**15]. Confirming previous reports, NETs were 

also abundant in skin and kidney sections from patients with active disease. Importantly, 

human skin fibroblasts treated with SLE NETs acquire a pro-fibrotic phenotype with 

increased collagen production and migration rate. Treatment with anti-TF or anti-IL-17a 

antibodies blocked fibrosis activity, indicating that these molecules may be involved in NET-

mediated tissue injury. Although this study was limited to skin fibroblasts, it is likely that 

NETs also have important effects on other structural cells. A separate study demonstrated 

that NETs can activate keratinocytes to produce cytokines and chemokines that promote 

skin inflammation in psoriasis [16]. These exciting new data suggest that NETs have diverse 

functions in autoimmunity beyond their obvious effects on immune cells.

NETs in rheumatoid arthritis:

RA is a chronic, systemic autoimmune disease characterized by synovial joint inflammation, 

cartilage damage, and bone erosion. Like SLE, NETs have been strongly implicated 

in the pathogenesis of RA. Neutrophils are highly abundant in the synovium of RA 

patients and neutrophils from both the synovium and peripheral blood of RA patients 

demonstrate increased NET formation [17]. Major risk factors for RA, including smoking, 

periodontal disease, and genetic variants, have also been associated with NET formation 

[18–20]. Notably, a significant proportion of patients with RA develop autoantibodies 
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against citrullinated antigens (ACPAs). Histones and other NET-associated proteins can be 

citrullinated by PAD enzymes during the process of NET formation. Indeed, citrullinated 

NET proteins have been described as important autoantigens in RA [17,21]. NETs also 

correlate with ACPA in the sputum of at-risk individuals and first-degree relatives of RA 

patients, suggesting that they may be involved in the initiation or early stages of disease 

[22,*23].

Previous work has shown that NETs can activate fibroblast-like synoviocytes (FLS) to 

produce pro-inflammatory cytokines, including IL-6 and IL-8, that further promote NET 

formation and joint inflammation [17]. Recently, Carmona-Rivera et al. demonstrated that 

IL-17b contained in NETs endows FLS with antigen presenting capabilities by inducing 

expression of MHC-II [24]. Moreover, NET-associated proteins can be internalized by FLS 

into endosomal compartments through the receptor for advanced glycation end products 

(RAGE)/TLR-9 pathway and loaded onto MHC-II molecules, where they are capable of 

activating antigen-specific CD4+ T cells. Injection of NET-loaded FLS into humanized mice 

also induces T cell responses and ACPA production in vivo, highlighting the importance 

of the NET-FLS-T cell axis in RA immunobiology. Downstream, ACPA can form immune 

complexes that activate synovial macrophages to produce inflammatory cytokines, providing 

an additional feed-forward mechanism that can amplify inflammation in the joint and further 

induce NET formation (figure 2) [25].

In addition to citrullinated NET proteins, autoantibodies and T cells recognizing citrullinated 

cartilage proteoglycans, including aggrecan, have also been described in patients with 

RA [26]. How these antigens get citrullinated and presented to initiate the autoimmune 

response remains an open question in the field. Active PAD enzymes are released during 

NET formation (both diffuse and embedded within the NET scaffold) [27]. Therefore, it 

is possible that neutrophil-derived PADs are capable of citrullinating other proteins in the 

synovium, providing a rich source of citrullinated autoantigens in addition to those that are 

directly generated and contained within NETs.

NETs in other immune-mediated diseases:

In addition to SLE and RA, NETs have been implicated in a myriad of other 

immune-mediated diseases. Most notably, NETs have been identified as key effectors in 

atherosclerosis. Cholesterol crystals can induce NET formation, which in turn activate 

macrophages to release pro-inflammatory cytokines (IL-1b, IL-6) that promote immune 

cell recruitment and responses in atherosclerotic plaques [28]. Treatment with pan-PAD 

inhibitors or myeloid-specific deletion of PAD4 reduces NET formation, plaques, and 

inflammatory responses in mouse models of atherosclerosis, providing further evidence that 

NETs are important drivers in atherogenesis [29,*30]. More recently, a study by Silvestre-

Roig et al demonstrated that NETs can damage vascular smooth muscle cells directly 

through a histone 4-dependent mechanism, resulting in the formation of membrane pores 

that induce lytic cell death [**31]. Of note, patients with autoimmune diseases, including 

SLE and RA, are at increased risk for atherosclerosis. NETs can damage endothelial cells 

in SLE [32]. Low density granulocytes (LDGs), a distinct subset of proinflammatory 

neutrophils that are increased in SLE and spontaneously undergo NET formation are 
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also significantly associated with vascular inflammation and non-calcified coronary plaque 

burden in SLE [**33]. These data suggest that NETs, which are significantly elevated 

in autoimmune diseases, may have secondary effects on cardiovascular health. As such, 

therapeutic strategies targeting NETs could have added benefit in preventing vasculopathy 

and premature atherosclerosis in patients with autoimmunity.

NETs have also been implicated in other diseases that affect the vasculature. NETs were 

recently identified in patients with deficiency of adenosine deaminase 2 (DADA2), a severe 

form of vasculitis caused by loss of function mutations in the ADA2 enzyme. Accumulation 

of adenosine in this disease induces NET formation via adenosine A1 and A3 receptors, 

leading to enhanced TNF-a production by macrophages [**34]. This is relevant because 

anti-TNF agents control clinical features of this condition. NETs can also activate the 

clotting cascade and lead to thrombosis [35]. This mechanism appears to be especially 

relevant in anti-phospholipid syndrome (APS), where antiphospholipid antibodies induce 

formation of NETs that subsequently promote generation of thrombin [36]. Furthermore, 

treatment with an adenosine A2A receptor agonist (which has opposite functions of A1 

and A3 receptors) suppresses NET formation and reduces venous thrombosis in a mouse 

model of APS, indicating that nucleic acid metabolites are important regulators of neutrophil 

responses in inflammatory diseases [*37].

Increased NET formation has also been reported in pyogenic arthritis, pyoderma 

gangrenosum and acne (PAPA) syndrome, a rare genetic disease that results in inflammation 

of the joints and skin. Neutrophils from PAPA patients form NETs more readily compared to 

healthy controls [*38]. This effect is enhanced by IL-1b, a pathogenic cytokine involved in 

PAPA syndrome. NETs are also detected in skin biopsies from PAPA patients in association 

with increased levels of IL-1b and IL-18. Another recent study characterized the role 

of NETs in Wiskott-Aldrich syndrome (WAS), a rare immunodeficiency complicated by 

high rates of autoimmunity. Similar to SLE neutrophils, WAS neutrophils have increased 

spontaneous NET formation, induce type I interferon production by pDCs, and activate 

autoreactive B cells [*39]. Together, these findings further highlight the unique contribution 

of NETs to immune dysregulation in multiple cells and tissues. As the literature continues to 

expand, we expect NETs to be defined in a variety of other immune-mediated diseases.

Targeting NETs for therapeutic benefit:

Given the importance of NETs in immunopathology, there has been significant interest in 

developing new therapeutics that target pathways involved in NET formation or clearance. 

The DNAse enzyme can degrade both NETs and apoptotic cell microparticles and has been 

found to suppresses autoreactivity [40]. Antimalarials are common treatments for SLE/RA 

and have been shown to inhibit NET formation in vitro, as well as decrease uptake of 

NETs by FLS [24,41]. Additionally, the JAK/STAT inhibitor (jakinib) tofacitinib is effective 

at reducing NET formation and other disease manifestations in lupus-prone mice [42]. 

Recent clinical trial data also indicate that baricitinib (another jakinib) can improve arthritis 

and rash in patients with active SLE [*43]. Other strategies, including mitochondrial ROS 

scavengers and drugs that disrupt neutrophil immunometabolism are exciting possibilities 

for clinical intervention and merit further investigation.
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PAD inhibitors have also been studied in autoimmune disease. Because citrullination of 

histones has been implicated in chromatin decondensation during NET formation, PAD 

inhibitors are thought to block NET formation. Indeed, PAD inhibitors have been effective 

at reducing NET formation and disease severity in several mouse models of SLE and RA 

[44–46]. Of note, there has been some controversy regarding the importance of NETs and 

PAD enzymes in lupus autoimmunity. Genetic deletion of PAD4 protects mice from type I 

interferon responses, autoantibody production, immune complex deposition, vasculopathy, 

and other clinical manifestations in a model of TLR-7 induced lupus [**47]. In contrast, a 

separate study reported that NOX2 and PAD4-deficient mice had impaired NET formation, 

but more severe disease in a model of pristane-induced lupus [48]. Another study reported 

that PAD4 deficiency had no effect on lupus autoimmunity in the MRL/lpr model [49]. 

These discrepancies may be explained by the experimental model in which they were 

observed. At high neutrophil densities, NETs can form aggregates that have paradoxical 

anti-inflammatory effects by degrading cytokines and chemokines [50]. Although injection 

of pristane into the peritoneal cavity reproduces many of the clinical features of lupus, 

it is possible that this model induces aggregation of NETs in the peritoneum that limit 

inflammation. Similarly, the MRL/lpr model is primarily driven by unregulated expansion 

of autoreactive T cells due to a mutation in Fas and the relative contribution of NETs to 

pathology in this model is somewhat ambiguous. Regardless, further studies – especially 

those testing the efficacy of PAD inhibitors in human SLE – are necessary to determine the 

clinical benefit of such drugs.

Conclusions:

NETs are complex structures with important effects in both immune defense and 

autoimmune disease. Recent studies have provided valuable insights into the interactions 

between NETs and other immune or structural cells. Most notably, NETs can potentiate 

inflammation and are sources of modified autoantigens. NETs also contribute to 

atherosclerosis and may explain the increased burden of cardiovascular disease in patients 

with autoimmunity. Drugs that target NET formation have shown promise in pre-clinical 

models and are an exciting possibility for the treatment of autoimmune diseases.
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Key points:

• NETs are increased in autoimmune diseases, including SLE and RA

• NETs promote inflammation and are a potential source of autoantigens

• NETs are pathogenic in atherosclerosis and may explain premature 

cardiovascular disease in patients with autoimmunity

• Drugs that target NET formation or their clearance may be effective for 

patients with autoimmune diseases
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Figure 1. NETs orchestrate innate and adaptive autoimmune responses in SLE.
NETs can induce type I interferon production by pDCs and other cell types and pro-

inflammatory cytokine production by macrophages. NETs can also activate memory B cells, 

leading to autoantibody production that activates pDCs and further induces NET formation. 

NETs may be important in T cell priming; however, the interaction between NETs and 

antigen presenting cells (APCs) in SLE requires further investigation.
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Figure 2. NET promote pathogenic immunity and amplify inflammation in rheumatoid arthritis.
NETs can induce pro-inflammatory cytokines in FLS. Citrullinated NET proteins can also 

be internalized by FLS and presented to Ag-specific CD4+ T cells, promoting ACPA 

production by autoreactive B cells. ACPAs can form immune complexes that stimulate 

synovial macrophages to produce pro-inflammatory cytokines. These cytokines and immune 

complexes further induce NET formation, creating a feed-forward loop that promotes 

autoimmunity.
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