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Abstract

Purpose of review—A breakdown of immune tolerance to self-antigens in a genetically
predisposing background, precipitated by environmental triggers, contributes to the development
of systemic autoimmune diseases. Renewed interest in the immunomodulatory capabilities of
neutrophils in systemic autoimmunity has identified neutrophil extracellular trap (NET) formation
as a distinguishing action of neutrophils in afflicted hosts.

Recent findings—Oxidation of nucleic acids and posttranslational modifications of proteins
distinctly occur during NET formation and may promote enhanced immunogenicity. Various
autoantibodies, immune complexes and other inflammatory stimuli have been recently reported to
promote NET formation in individuals with autoimmune diseases. Associations between level of
NETosis and adverse outcomes in systemic autoimmune diseases, including thrombosis, adverse
pregnhancy outcomes and renal disease continue to be investigated.

Summary—Understanding the putative pathogenic role and sequelae of NETosis in rheumatic
diseases is a major focus of ongoing research efforts. Mechanisms elucidated by these discoveries
may provide novel therapeutic targets to inhibit NET formation and/or promote the clearance of
immunogenic netting material.
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Introduction

Although first described as a mechanism to neutralize and eliminate microorganisms [1],
work performed over the last decade has highlighted the putative role neutrophil
extracellular traps (NETS) in autoimmunity and inflammatory disorders [2,3]. During the
process of NETosis, the integrity of neutrophil intracellular membranes is lost, thereby
allowing intermixing of cellular components. Subsequently, a mosaic of granular and
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cytosolic content, affixed to cellular DNA (of nuclear and/or mitochondrial origin [4]), is
extruded from neutrophils. Mechanisms of NET formation /n vitro have been described in
some detail [5]; nonetheless, the /n vivo process remains poorly understood. Histone
citrullination, catalyzed by peptidylarginine deiminase 4 (PAD4), appears to be required for
NETosis [6,7], at least under specific forms of stimulation, while the exact roles and sources
of reactive oxygen species (ROS) are still being defined.

In the context of systemic autoimmune diseases, patient-derived neutrophils undergo
spontaneous NETosis more readily, and a number of the molecules externalized as a result,
including double-stranded (ds)DNA and myeloperoxidase (MPO), are recognized as
autoantigens by the adaptive immune system [8]. Moreover, NET proteins exacerbate
inflammatory responses, and NET component-directed autoantibodies and immune
complexes potentiate further NET formation, which may then result in a devastating feed-
forward inflammatory loop in susceptible individuals. In this Review, we discuss the most
recent evidence implicating NETSs in the pathogenesis of rheumatic diseases, and explore
potential therapeutic targets arising from these discoveries.

Environmental Influences on NETosis

A complex interaction between genetic and environmental factors contributes to the
development of autoimmune diseases. Infections, smoking, ultraviolet light, and certain
drugs [9-12] encompass some the proposed environmental exposure risks. Of the
aforementioned mediators, infection-induced NETosis presents an obvious link between the
environment and disease progression. However, other factors linked to autoimmunity are
now being recognized as able to promote NET formation. For instance, it was recently
reported that nicotine, the major addictive component of tobacco and an environmental
factor associated with some systemic autoimmune diseases, binds nicotine acetylcholine
receptors on neutrophils and induces NETS in a dose-dependent manner [13]. Albeit
delayed, like PMA-induced NET release [14], nicotine stimulated NETS via the activation of
Akt and PAD4. Conversely, the process was found to be ROS-independent [13]. In a
separate study, ethyl mercury (EtHg) and inorganic mercuric ions (Hg?*) also promoted
NET formation /n vitro [15]. EtHg and Hg2* stimulation led to the production of NADPH
oxidase-independent ROS. Although the source of ROS was postulated to be the
mitochondria, it was not formally tested [15]. These studies suggest that the well-recognized
contribution of certain environmental factors to the development of autoimmunity may be in
part mediated by their ability to stimulate neutrophils to undergo NETosis. In contrast, the
differences described in the triggering pathways underscore the need to identify
commonalities among the different forms of NETosis if one is to successfully target this
process.

NETs in Systemic Lupus Erythematosus (SLE)

Dysregulated innate and adaptive immune responses contribute to the development of
systemic lupus erythematosus (SLE). The presence of a specific subset of low-density
granulocytes (LDGs), characterized by enhanced proinflammatory cytokine and type |
interferon (IFN) production and heightened NETosis, has been previously described in
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patients with SLE [16,17]. Failure to degrade and clear circulating NETSs is not only
associated with kidney involvement in SLE, but NET-forming neutrophils are also found in
the glomeruli of patients with lupus nephritis [17,18]. In addition, NETs were identified in
the intervillous space of placentas from lupus patients [19], pointing to NETosis as a
probable process contributing to the risk of adverse pregnancy outcomes noted in SLE.

Consistent with the fact that several pathways may lead to NET release, mitochondrial ROS
production was recently found to precede spontaneous NETosis by lupus LDGs, as well as
NETosis induced by ribonuclear protein-immune complexes (RNP ICs) in normal-density
neutrophils [4]. These spontaneous and RNP IC-induced NETs were enriched in oxidized
mitochondrial DNA (mtDNA), which potently induced a type | IFN response in a STING-
dependent manner [4]. Oxidized mtDNA is interferogenic independent of NETs [20];
however, extrusion of oxidized mtDNA may be significantly hindered by targeting excessive
mitochondrial ROS production and/or NETosis. Indeed, /n vivo scavenging of mitochondrial
ROS in MRL//prlupus-prone mice, significantly decreased NETosis, renal immune complex
deposition, type I-IFN responses and anti-dsDNA antibody production [4]. Furthermore,
disruption of NET formation through PAD inhibition protected MRL//pr mice from lupus-
related organ involvement, including the vasculature, skin, and kidneys [21] while
abrogating NET formation. Amelioration of lupus development in MRL//pr mice was also
achieved through the pharmacologic inhibition of the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathway with Tofacitinib [22]. Although the observed
therapeutic effects were likely multifaceted, treated mice demonstrated reduced spontaneous
and lipopolysaccharide (LPS)-induced NETosis [22]. Lastly, a cohort of SLE patients
seemed to benefit from add-on Metformin when compared to standard of care treatment
[23]. Neutrophils pretreated with Metformin underwent reduced NETosis and extruded
fewer mtDNA copies after PMA stimulation /in vitro [23]. While in this study the exact
mechanism by which Metformin worked in SLE was not elucidated, previous studies have
emphasized the glucose-metabolism requirements of NETosis [24].

NETs in Antiphospholipid Syndrome

Primary antiphospholipid syndrome (APS) is a heterogeneous autoimmune disease that
confers significant risk of spontaneous thrombosis and pregnancy loss. Antiphospholipid
antibodies (aPLs) and autoantibodies specific for beta-2 glycoprotein | (8,GPl) are detected
in APS patients. A subset of SLE patients develops an autoimmunity-associated disease,
referred to as secondary APS. Of note, both patients with primary and secondary APS
demonstrated increased frequencies of circulating LDGs [25], known sources of
spontaneous NET formation. Normal density granulocytes from APS patients were also
primed to undergo spontaneous NETosis, and patient-derived anti-p,GPI-1gG stimulated
ROS-dependent NETosis in control neutrophils [26]. Further /n vitro investigations showed
that aPL-induced NETS had prothrombotic potential [26], thereby identifying NETosis as a
possible mechanism for thrombi formation in APS. Still, in order to inhibit NET formation
in the context of thrombosis, additional /n vitroand in vivo mechanistic studies are needed.
For instance, targeting neutrophil elastase (NE), a serine protease implicated in chromatin
decondensation during NETosis, did not suppress NETosis /in7 vivo nor did it protect from
thrombotic events in and experimental model of deep vein thrombosis [27].
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NETs in Antineutrophil Cytoplasmic Antibody-Associated Vasculitis

Antineutrophil cytoplasmic antibody-associated vasculitis (AAV) refers to a subset of small-
vessel vasculitides characterized by the presence of antineutrophil cytoplasmic antibodies
(ANCAS) [28]. Interestingly, the major target antigens of ANCAs are MPO (MPO-ANCA)
and PR3 (PR3-ANCA), two neutrophil granular proteins found within NETs and implicated
in NET formation [29,30]. Not surprisingly, the presence of LDGs is also a common feature
of patients with AAV [30].

As in SLE, NETosis in AAV is linked with glomerulonephritis [29,31]. Kidney biopsies
from patients with MPO-ANCA demonstrated that over 60% of the patients had NETs
within their glomeruli, and of these, a large number had NETSs in more than half of the
glomeruli visualized, indicating that NETosis is not a rare event in MPO-ANCA
glomerulonephritis [31]. The presence of NETS in the kidneys of MPO-ANCA patients were
independently found to correlate with MPO-ANCA affinity, but not titer, which may be
indicative of differences in the pathogenicity of ANCAs [32]. NETs are also detected in
AAV-associated thrombi [33]. The hypercoagulability and enhanced risk for
thromboembolic events observed in these patients may now be partly explained by the
propensity of C5a-primed neutrophils to form NETSs containing tissue factor (TF), the main
physiologic initiator of coagulation, in response to ANCA 1gG stimulation [34].

Animal models of AAV have been helpful in dissecting the putative role of NETSs in the
pathogenesis of the disease. A recent study using a mouse model of severe
glomerulonephritis showed that /n vivo neutralization of extracellular histones protected the
animals from the kidney lesions observed in untreated mice, and the protection phenocopied
prevention of NETosis by chemical inhibition of PAD activity [35], suggesting that histone
extrusion by netting neutrophils contributes to kidney damage. PAD inhibition in a mouse
model of MPO-ANCA also demonstrated some therapeutic potential, as the treated mice
developed significantly lower MPO-ANCA titers [36]. No kidney involvement was observed
in the untreated mice of the latter study; therefore, the effects of pan-PAD activity inhibition
on glomerulonephritis could not be measured [36].

As mentioned above, despite the diagnostic use of ANCAs, no consensus has been reached
regarding their potential pathogenic role in AAV. It is possible that secondary danger signals
or targets must be involved for disease progression. In support of this idea, /n vitro
stimulation of NETosis by ANCA-positive 1gG was enhanced when neutrophils were
pretreated with High-mobility group box 1 protein (HMGB1), a nuclear protein recognized
as a danger-associated molecular pattern in the context of proinflammatory cell death
pathways [37]. Similarly, co-administration of subnephritogenic anti-glomerular basement
membrane antibodies and anti-MPO antibodies led to higher renal pathology and intra-
glomerular NETosis in a rat model of glomerulonephritis [38]. Moreover, recent evidence
for a physiologic role of some antibodies with ANCA specificity comes from a report
showing that circulating levels of NET remnants (measured as surrogates of NETosis)
correlated positively with disease activity, but negatively with ANCAs [39], suggesting that
a subset of ANCAs may aid in NET clearance. In contrast, levels of circulating NETs could
not distinguish patients in remission from active patients in a different cohort [40].
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Nonetheless, several studies support the hypothesis that exposure of extracellular MPO and
PR3, via aberrant and/or exacerbated NETosis, promote a breakdown in tolerance to these
ANCA-targeted antigens.

NETs in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by synovial joint
inflammation and damage. The development of RA evolves from asymptomatic
autoimmunity (i.e., the production of pathogenic autoantibodies), to clinically active disease
in a process that can take several years [41]. Autoreactive antibodies in RA include
autoantibodies to citrullinated antigens (ACPAs) as well as rheumatoid factor (RF). In recent
years, NETosis has been implicated in the pathogenesis of RA. Previous studies have shown
that, in RA, neutrophils are not only increased in the synovial fluid, but are also more likely
to undergo NETosis, thereby externalizing citrullinated autoantigens [42]. Excess NETosis
correlates with levels of ACPAs and systemic inflammation in RA patients [42], and may
therefore have diagnostic use to identify RA cases [43].

More recently, it was demonstrated that neutrophils undergoing NETosis release
enzymatically active PAD isoforms, both diffuse and affixed to NETs [44]. Moreover,
ectopic lymphoid structure-resident B cells generate NET-specific, high-affinity ACPAs
[45], suggesting a self-perpetuating cycle, whereby NETosis not only exposes citrullinated
autoantigens, but also promotes the citrullination of antigens in the synovium, and this, in
turn, results in heightened autoimmunoreactivity and affinity maturation of synovial B cells.
Importantly, a single-nucleotide polymorphism, which converts an arginine (R620) to a
tryptophan (W620) in PTPN22 and confers the highest risk of RA development outside of
the HLA region, was revealed to disrupt regulatory PTPN22-PAD4 interactions, resulting in
enhanced protein citrullination and spontaneous NETosis [46]. Taken together, these data
provide compelling evidence incriminating NETosis in the development of RA in at-risk
individuals. It will be important to establish whether enhanced NETosis associated to
externalized citrullinated autoantigens also occurs at pre-clinical and clinical stages in
mucosal sites where the initial pathogenic pathways in RA have been proposed to take place
[47]. Notwithstanding, the rate of RA progression suggests additional predispositions/risk
factors are likely necessary to achieve clinical manifestations of the disease.

Therapeutic Targets in NETosis

Given the persistence of NETS in autoimmunity, disrupting these lattices with exogenous
molecules or drugs may be of therapeutic value for patients suffering from systemic
autoimmune diseases. As an example, DNases, required not only for the disassembly of
NETSs [18], but also for the digestion of immunogenic apoptotic cell microparticles [48],
may contribute to the clearance of pre-existing NETs. Similarly, PAD inhibitors continue to
show promise in the prevention of NETosis in pre-clinical settings [21,36]. Specific
inhibition of mitochondrial ROS-induced NETosis [4], through the use of mitochondrial
ROS scavengers, may help ameliorate clinical symptoms. The JAK/STAT pathway may also
contribute to neutrophil activation and NETosis; its targeting reduced NETosis /7 vivo [22],
but the mechanism warrants further investigation. In addition, improving our understanding
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on the mechanisms of action of currently used rheumatologic drugs with regards to their
modulation of NETosis and other neutrophil functions is warranted. Lastly, neutrophils
depend on glycolysis for their energy; therefore, molecules that target the glycolytic pathway
may also prevent NETosis. Nonetheless, a better understanding of the immunometabolism of
NETosis is needed [49]. Importantly, it will be very important to further our understanding
on how selectively targeting NETosis could affect host responses to microbes. Identification
neutrophil subsets with distinct pathogenic characteristics, such as LDGs, may promote
targeted therapies while preserving crucial aspects of neutrophil-mediated host defense.

Concluding Remarks

The observation that many systemic autoimmune diseases are not only associated with
heightened NETosis and impaired NET clearance, but also show a greater frequency of
adverse events correlating with NETosis, strongly suggests that NETs contribute to the
pathogenesis of these diseases (Table 1). Whether NETosis is a triggering event or has an
additive effect to other factors, such as the environment or a predisposing genetic
background, remains to be fully addressed. Additionally, a more detailed mechanistic
understanding of NETosis in a genetically susceptible background may allow for the specific
inhibition of autoimmunity-promoting NETosis while preserving protective NET formation.
To this end, investigating whether mitochondrial ROS-induced NETosis and oxidation of
mtDNA (as seen in SLE [4]) are pathogenic processes spanning other systemic autoimmune
diseases, particularly those associated to enhanced type | IFN responses, may prove to be
useful in designing novel therapeutic approaches.
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Key Points

. Heightened NET formation and dysfunctional NET clearance are common
features of systemic autoimmune diseases.

. Environmental and genetic risk factors are associated with enhanced NETosis.

. Oxidation of nucleic acids during NETosis may be an important immunogenic
factor in systemic rheumatic diseases.

. Blocking NETosis may improve disease outcomes in systemic autoimmunity
patients.
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Recent studies implicating NETS in the pathogenesis of systemic autoimmune diseases.

Factor Finding Relevant References
Genetic Risk W620 polymorphism in PTPN22 promotes NETSs [46]
Environment Microorganisms, nicotine, heavy metals induce NETs [2,13,15]
Innate Immune Responses NETS promote activation of the NLRP3 Inflammasome and STING [4,50]
pathway
Adaptive Immune Responses NETSs promote Autoantibody production, while certain [45]

autoantibodies and immune complexes trigger NETosis

Organ Damage

Nets are implicated in vascular damage, thrombosis,
glomerulonephritis, skin disease, and poor pregnancy outcomes

[4,16,17,19,21,22,26,31-33,35,38,51]
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