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Neutrophils are the most abundant immune cells in 
humans and are the first line of cell-mediated defence 
against a large number of microorganisms1,2. Under 
homeostatic conditions, neutrophils patrol the blood 
and many tissues for the detection of microorganisms, 
where they also contribute to various physiological 
functions, including angiogenesis, coagulation and tis-
sue repair (Fig. 1). Neutropenia can be a life-threatening 
condition with a high risk of mortality3–5.

Neutrophils have been particularly difficult to study 
owing to several technical challenges (Box 1). Combined 
with the very short half-life of neutrophils (often less than 
a day), these technical issues explain why the field of neu-
trophil biology has lagged behind the study of other innate 
and adaptive immune cell types. However, recent techno-
logical advances have led to the realization that neutrophils 
are significantly more versatile and heterogeneous than 
previously considered. Indeed, neutrophils have recently 
emerged as having central roles in the pathogenesis of sev-
eral systemic autoimmune diseases6,7, and it is clear that a 
better understanding of the role of neutrophils in dysregu-
lated chronic inflammatory responses may be paramount 
for the future development of targeted treatments that can 
limit the clinical manifestations of these diseases.

Here, we provide an overview of recent evidence 
that supports the contribution of neutrophils, and in 

particular the neutrophil extracellular traps (NETs) that 
they release when activated (Box 2), to systemic autoim-
mune and autoinflammatory diseases. We also discuss 
the potential strategies by which targeting neutrophil 
function may contribute to modulating autoimmune 
responses and/or organ damage in these diseases.

Neutrophil biology
To understand neutrophils in disease it is important to 
appreciate the complex regulation and function of these 
cells under healthy conditions.

Homeostasis. Neutrophils have historically been purified 
using various density gradients, followed by their char-
acterization through flow cytometry analysis based on 
cell surface markers or through tissue examination to 
assess morphological features, including nuclear shape, 
cell size, and the presence of granules containing various 
enzymes and antimicrobial molecules. This approach 
has been used to characterize neutrophil development 
from granulocyte–monocyte progenitors in the bone 
marrow, which mature into myelocytes and eventually 
into mature neutrophils that are released into the cir-
culation. Recent advances in single-cell technologies 
have enabled researchers to analyse neutrophil hetero-
geneity and neutrophil dynamics with unprecedented 
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granularity, revealing the presence of distinct transcrip-
tional subsets in health and disease in both humans  
and mice8–13.

In healthy, steady-state conditions, neutrophils are 
released from the bone marrow into the blood and gen-
erally circulate for less than a day in humans and mice, 
although there is evidence that some cells can remain 
in the blood for several days14,15 (Fig. 1). Their fate after 
being released from the circulation remains a matter  
of debate and may depend on the inflammatory state of  
the host. During their time in blood circulation, the 
surface marker expression and protein cargo of neutro-
phils change as they age, including increased cell-surface 
expression of the chemokine receptor CXCR4. This 
allows for the infiltration of neutrophils into tissues and 
their removal from circulation16. Indeed, several tis-
sues are infiltrated by neutrophils under conditions of 
homeostasis — in particular, spleen, lungs and liver4,12. 

Although evidence is mainly from mouse models, these 
tissue-resident neutrophils likely function as sentinels 
ready to respond to invading microorganisms, primed 
by the local microenvironment. For example, in mice, 
the large population of neutrophils in the lung endothe-
lium can provide a defensive niche in this tissue for the 
detection and destruction of invading pathogens17.

Upregulation of CXCR4 expression in aged neutro-
phils allows for their retention in the bone marrow and 
lymphoid tissues, where they are engulfed by macro-
phages as a clearance mechanism18. This cycle is mark-
edly controlled by the circadian rhythm, with the 
rhythmic control of neutrophil clearance in the bone 
marrow being regulated in a cell-intrinsic manner by 
clock genes, but is also affected by external factors such as 
glucocorticoid signalling and bacterial metabolites19–21. 
As aged neutrophils produce higher levels of reactive 
oxygen species (ROS) and have an increased tendency 
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Fig. 1 | The life cycle and functions of neutrophils. Mature neutrophils are 
released from the bone marrow into the circulation. Circadian rhythm 
regulates the biology of neutrophils, their release from the bone marrow and 
their migration into tissues, but these processes are also modified by 
inflammatory conditions that involve an increased systemic demand for 
neutrophils. Most neutrophils have a short half-life and live for only 1 day or 
less in the circulation. During this time, the expression of several surface 
markers increases as neutrophils age, including CD16 (also known as FcγRIII), 
CD10, CD11b (also known as integrin αM) and the chemokine receptor 
CXCR4. This allows for the entry of neutrophils into other tissues, such as 
lung, liver, kidney and skin, where they carry out sentinel functions surveying 

for invading microorganisms as well as physiological functions, including 
angiogenesis, coagulation and tissue repair. It is still unclear if these 
tissue-resident neutrophils represent functional subsets, or if neutrophil 
subsets, such as low-density granulocytes, can be detected in the circulation. 
The end of the neutrophil life-cycle involves the bone marrow, liver or spleen, 
where neutrophils can be phagocytosed and degraded by macrophages.  
If neutrophils encounter an inflammatory signal, they can exit the circulation 
by extravasation to reach the site of injury. Neutrophils can respond to 
microorganisms in several ways, including intracellular degradation 
(phagocytosis), extracellular degradation (degranulation), and extracellular 
trapping and degradation (neutrophil extracellular trap (NET) formation).
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to form NETs compared with neutrophils newly released 
from the bone marrow16,20, this circadian rhythm of  
neutrophil clearance ensures that the innate immune 
system is more responsive during the awake part of the 
day when there is a higher likelihood of encountering 
microorganisms, followed by a refractory phase during 
sleep. This rhythm is also reflected in disease states, as 
symptoms of diseases, such as rheumatoid arthritis, 
as well as risk for cardiovascular events are generally 
more severe or increased in the morning, which may be 
driven, at least in part, by these circadian variations in 
neutrophil biology19,22.

Heterogeneity. Recently, neutrophil subpopulations in 
healthy humans and mice have been described, includ-
ing a subset of neutrophils that express higher levels of 
type I interferon-stimulated genes (ISGs) than other 
neutrophil subsets10,13,23. Although the physiological 
and/or pathogenic roles of this interferon-responsive 
neutrophil subset remain to be determined, it is pos-
sible that they represent primed cells that may more 
readily combat infections and/or patrol the blood. It 
is not known, however, if such neutrophil subsets are 
epigenetically committed in the bone marrow or result 
from exposure to particular stimuli in the periph-
ery. The interferon-responsive subset is expanded in 
patients with severe COVID-19 and can be abrogated 
by dexamethasone treatment, which suggests that it 
might be associated with disease pathology24. Of note, 
interferon-primed neutrophils have higher levels of ISG 
expression in women than in men, which suggests that 
the former experience hyper-responsiveness to type I 
interferons, with putative implications for health and 
disease states, including COVID-19, autoimmunity  
and cancer23,25. Sex differences in neutrophil biology may 
be linked to the strong female bias for risk of many sys-
temic autoimmune diseases as well as to the more robust 
response of females against many infectious diseases. 

This observation has been recently supported by a study 
showing that human neutrophils in young adult women 
are more mature and activated than in young adult men, 
resulting in a greater response to stimulation with vari-
ous cytokines and an increased tendency to form NETs26. 
These differences in neutrophil phenotype between men 
and women are likely driven by sex hormones as they 
are not apparent in prepubescent children or individuals 
with Klinefelter syndrome (47, XXY)23.

In some inflammatory conditions, a subset of 
pro-inflammatory neutrophils termed low density gran-
ulocytes (LDGs) has been described, defined by density 
rather than gene expression or protein content (Box 3). 
These cells have a pathogenic phenotype and functions 
that differ from normal density neutrophils in several 
ways27–29. For example, LDGs produce higher levels of 
some cytokines, including type I interferons, and are 
prone to increased NET formation with vasculopathic 
and immunostimulatory features30. LDGs, as defined by 
density gradient, contain a mix of cells that are at various 
transcriptional states, likely representing different ori-
gin, state of maturation and/or effector functions13,29,31. 
These cells are discussed in more detail below in relation 
to disease states such as systemic lupus erythematosus 
(SLE). Various other neutrophil subsets have also been 
described in various disease states, such as cancer and 
sepsis, and are reviewed elsewhere12,32,33.

Effector functions. When neutrophils encounter a dan-
ger signal, they respond in varying ways depending on 
their surface receptor composition and intracellular 
protein content. The heterogeneity of neutrophils is 
clear as there is considerable variability in the response 
to a particular stimulus, likely reflecting a diverse pool 
of neutrophils in circulation12,34. Neutrophil activation 
has various functional effects, including migration into 
tissues, where neutrophils can release granule contents, 
such as neutrophil elastase, collagenase and lysozyme, 
to disrupt the extracellular matrix and attack invading 
pathogens (Fig. 1). In addition, neutrophil migration into 
inflamed tissues, such as the inflamed joint in patients 
with rheumatoid arthritis, is considered a strong driver 
of changes in gene and protein expression, creating fur-
ther complexity in terms of neutrophil heterogeneity 
between blood and tissues35.

Neutrophils use several strategies to contain and kill 
microorganisms. A central component of killing micro-
organisms is their ingestion into neutrophil phago-
somes and the fusion of phagosomes with intracellular 
lysosomes, creating phagolysosomes that can kill and 
degrade invading pathogens under controlled condi-
tions. The intracellular vesicles of neutrophils store 
various cytotoxic enzymes, proteins and peptides that 
are ready to be released into the phagolysosome36,37. 
Another component of the neutrophil response is acti-
vation of the NADPH oxidase machinery, which produces 
a respiratory burst through ROS production, creating 
highly reactive superoxide anions that can destroy 
many structures. These neutrophil functions can be 
applied on both intracellular vesicles and extracellular 
targets by degranulation36. In fact, they are so central to 
host defence that disruption of these processes causes 

NADPH oxidase
Membrane-bound enzymatic 
complex that catalyses the 
production of superoxide free 
radicals (a type of reactive 
oxygen species), which are 
used by neutrophils to kill 
microorganisms. This reaction 
is also known as the respiratory 
burst.

Box 1 | Challenges in studying neutrophils

Detailed studies of neutrophil function are hampered by several cell-intrinsic factors 
and technical challenges. unlike many other cell types, circulating (and thus readily 
available) neutrophils are post-mitotic, which means that neutrophil populations cannot 
be expanded in vitro. Neutrophils have a half-life of less than 1 day in the circulation, 
which means that there is only a small experimental time window in which to conduct 
complex studies. This also makes it difficult to create cell lines that reflect the physiology 
of mature neutrophils as these cell lines must, by definition, be immortalized and 
expanded in culture.

In addition, neutrophils are highly reactive to a wide variety of stimuli, in contrast to, 
for example, T cells, which are activated by specific receptor ligation. This means that 
any change in the cell environment, such as temperature, mechanical stimuli, salinity,  
pH and soluble proteins, can trigger the activation of neutrophils. as many of the proteins 
produced by neutrophils are pre-formed and stored in vesicles, such as myeloperoxidase 
and neutrophil elastase, they can respond within seconds to minutes of activation by 
degranulation or the formation of neutrophil extracellular traps. These features of 
non-specific and rapid activation mean that neutrophils are often removed from cell 
preparations so as not to interfere with other cell types unless researchers are actively 
looking to study neutrophil function with specific protocols.

New technologies, such as multi-omic sequencing, have enabled researchers to  
study immune cells with unprecedented granularity and detail, providing insights into 
the regulation and function of neutrophils in health and disease at the single-cell level. 
However, it is clear that neutrophils require special protocols, including practical 
handling and analysis of data, even when using modern ‘-omics’ assays13.
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severe immunodeficiency38,39. Neutrophils also produce 
cytokines to recruit additional immune cells and form 
NETs, the functions of which are further detailed below.

These responses have beneficial roles in the elimi-
nation of potentially deleterious microorganisms to 
maintain homeostasis but the dysregulated activa-
tion of neutrophils can cause severe damage to tissues 
and recruitment of other immune cells, triggering a 
positive-feedback cycle of inflammation. Of note, NET 
formation is particularly associated with various aspects 
of autoimmune pathogenesis. It is important to keep in 
mind that various activation states of neutrophils are 
present in most inflammatory milieus but their specific 
roles in disease states remain to be further characterized.

Neutrophil extracellular traps. NETs are composed of 
nuclear and granule contents that can entrap and kill 
fungi, bacteria and viruses40,41. Most often, NET for-
mation involves a lytic type of programmed cell death 
of neutrophils but, less frequently, it can also proceed 
without affecting the integrity of the cell membrane or 
immediate neutrophil death41,42. NET formation can 
be initiated by various stimuli, including microorgan-
isms and their products, cytokines, immune complexes, 
autoantibodies, crystals, chemicals and platelets34,43–45 
(Fig. 2). Exposure to these signals eventually leads to the 
disassembly of the neutrophil cytoskeleton, deconden-
sation of chromatin and citrullination of histones, and 
assembly of granule contents such as myeloperoxidase 
(MPO) and neutrophil elastase on the DNA scaffold of 
both genomic and mitochondrial DNA. This process 
usually depends on the NAPDH oxidase machinery  
and/or mitochondrial ROS production as well as cell 
cycle proteins such as CDK4 and CDK6, which promote 
several downstream effects of NET formation46. ROS 
can inhibit actin polymerization and cause the intracel-
lular release of several proteases (particularly neutro-
phil elastase and MPO) that degrade and cleave histones 
and structural proteins, including the pore-forming 
protein gasdermin D (GSDMD), which can reduce 
membrane stability and increase cytoplasmic calcium 
concentration47–50. NET formation is also associated 
with protein citrullination and/or carbamylation of his-
tones, which may contribute to tissue damage once these 

lattices are externalized51. Peptidylarginine deiminase 4 
(PAD4), a calcium-dependent enzyme that converts argi-
nine into citrulline, is highly expressed in neutrophils 
and is activated during NET formation. The citrullina-
tion of histones by PAD4 can potentially modify their 
protein structure by disrupting the electrostatic interac-
tion with DNA and promoting the decondensation of 
chromatin52. Citrullinated proteins in NETs have been 
reported to have more direct pathogenic activity on tar-
get cells and higher levels of immunogenicity compared 
with their unmodified versions, suggesting that they 
might be associated with pathology and the generation 
of autoantigens that can promote autoimmune responses 
in predisposed hosts53,54. Importantly, under some con-
ditions, NET formation has also been reported to have 
anti-inflammatory effects. For example, aggregated NETs 
can form a stable mesh that degrades cytokines using 
the proteases in these structures; this promotes resolu-
tion of the neutrophil-driven inflammation in gout and,  
possibly, other conditions55,56.

Roles in systemic autoimmune diseases
Systemic autoimmune diseases (also known as con-
nective tissue diseases or systemic rheumatic diseases) 
are characterized by a loss in the ability of the immune 
system to differentiate self from non-self, thereby 
responding to and damaging several tissues and organs 
such as kidney, vasculature and joints (Fig. 3). These  
diseases include rheumatoid arthritis, SLE, antineutro-
phil cytoplasmic antibody (ANCA)-associated vasculitis 
(AAV), antiphospholipid antibody syndrome (APS) and 
idiopathic inflammatory myopathies (IIMs). Systemic 
autoimmune diseases are profoundly heterogeneous 
in clinical presentation yet they have many common-
alities: they are multi-step processes driven by genetic, 
epigenetic and environmental factors; most of them 
have a female predominance; they are characterized 
by significant dysregulation of innate and adaptive 
immune responses that can precede clinical diagnosis 
by many years; and many of them are associated with the  
development of autoantibodies that specifically tar-
get intracellular and extracellular antigens1,57. Thus, 
although distinct features describe each of these dis-
eases, there is also significant pathogenic and clinical 
overlap and some of these conditions can coexist in 
the same individual or cluster in members of the same  
family. Furthermore, although individuals affected  
by these diseases now have, in general, a longer life expec-
tancy owing to treatment advances, prolonged exposure 
to oxidative stress and protracted immune dysregula-
tion can lead to several chronic complications, includ-
ing premature cardiovascular disease, cancer and bone  
damage58.

For many years, systemic autoimmune diseases were 
associated primarily with defects in adaptive immune 
responses, but work over the past couple of decades 
has emphasized an important role for various innate 
immune cells and for the type I interferon pathway in 
several systemic autoimmune diseases59–61. Neutrophils 
have been implicated in the pathogenesis of systemic 
autoimmunity in several ways. They are often found 
at sites of tissue inflammation in human patients and 

Box 2 | Open questions and controversies regarding NET formation

The study of neutrophil extracellular trap (NET) formation and its role in disease is a very 
active field of research, with several unanswered questions and controversies. A recent 
review highlights several of these issues and suggests the standardization of protocols 
and definitions for NET-related research194. It is well established that NETs have a major 
role in immune system function and inflammation in vivo, including a role in autoimmune 
disease. In addition, there is a general consensus regarding the morphology of NETs, 
their molecular components and triggers for their formation owing to the relative ease 
with which NETs can be studied under controlled conditions. Of greater controversy  
are the ability to separate NET formation from other types of cell death and the role  
of peptidylarginine deiminase 4 (PAD4) in NET formation. In some animal models, 
PAD4-induced NET formation is an important part of the pathogenesis whereas PAD4  
is dispensable in other models, possibly depending on the trigger53,195–197. In addition, it 
has been reported that aggregated NETs can, in some conditions, be beneficial to the 
host by creating structures that can enzymatically degrade inflammatory cytokines, 
thereby limiting the infiltration of immune cells55,56. Further studies will determine  
how this translates into human conditions.

Citrullination
A post-translational 
modification of proteins that 
changes the amino acid 
arginine into a citrulline 
through deimination.

Carbamylation
A post-translational 
modification of proteins that 
attaches isocyanic acid to 
arginine, forming 
homocitrulline.
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in animal disease models, where they perpetuate the 
inflammatory response, for example, in the endothelium 
in patients with vasculitis or the synovium in patients 
with rheumatoid arthritis (Fig. 3b,c). There is genetic 
evidence from genome-wide association studies that 
the neutrophil respiratory burst and ROS production 
are important risk factors for autoimmune disease62,63. 
In addition, aberrant neutrophil degranulation has been 
shown in patients with SLE and AAV29,64. In the past few 
years, NET formation has received particular attention 
as a neutrophil activation state that is associated with 
autoimmunity. Many molecules released by neutrophils 
in NETs are autoantigens known to be targeted by the 
adaptive immune system in systemic autoimmunity, 
including double-stranded DNA, histones, citrullinated 
peptides, MPO and proteinase 3 (PRTN3)6. This sug-
gests a direct causal link between NETs and the initia-
tion and maintenance of autoimmune disease through 
the generation of autoantigens. In support of this, many 
autoantibodies promote neutrophil activation and 
NET formation and/or inhibit the clearance of NETs, 
thus further promoting autoantigen generation and 
modification65. NETs also carry immunostimulatory 
proteins that can activate other immune and stromal 
cells, induce vascular damage, and promote the induc-
tion of the type I interferon pathway and the NLRP3 
inflammasome pathway in other cells66. Neutrophils can 
also contribute to the overall pool of pro-inflammatory 
cytokines in a tissue, activate pathogenic coagulation 
cascades and promote fibrosis67,68. Here, we describe 
some distinct features of the roles of neutrophils in  
various systemic autoimmune diseases.

Systemic lupus erythematosus. SLE is a systemic auto-
immune disease characterized by autoreactivity against 
nucleic acids and other nuclear and intracellular com-
ponents, a heightened type I interferon response, and a 
pronounced female bias69–71. It is considered the proto-
typical systemic autoimmune disease, characterized by 
heterogeneous clinical manifestations associated with 
widespread inflammation in many organs, including 
kidneys, synovial joints, skin, lung, heart and blood 
vessels69 (Fig. 3). The aetiology of this condition is not 
fully understood but it is thought to be a multifactorial 
process driven by a combination of genetic, epigenetic, 
environmental and hormonal factors. Although, for 
many years, SLE was considered to be driven primarily 
by dysregulation of the adaptive immune system, it has 
become apparent that the innate immune system is also 
broadly affected and has crucial roles in its pathogene-
sis. More specifically, neutrophils have been implicated 
in both the initiation and maintenance of the aberrant 
immune response characteristic of SLE, including the 
development of organ damage and vasculopathy72–74. 
Here, we describe the pathogenic link between LDGs, 
NETs and SLE73,75–78.

Neutrophil populations in patients with SLE are 
altered compared with healthy controls, with enrich-
ment of neutrophil-specific gene expression as the 
condition worsens79. SLE-associated neutrophils have 
evidence of impaired phagocytic clearance, increased 
apoptosis and abnormal oxidative metabolism45,80–82. 
In particular, LDGs are increased in the circulation of 
patients with SLE and their presence and levels have 
been associated with distinct disease manifestations, 
including vasculopathy, coronary atherosclerosis, skin 
disease and renal involvement30,83,84. LDGs from patients 
with SLE have an increased ability to form NETs ex vivo 
and these NETs contain higher levels of modified 
autoantigens and immunostimulatory molecules73,85 
compared with NETs from neutrophils of normal den-
sity. Epigenomic profiling of LDGs from patients with 
SLE shows major demethylation (epigenetic activa-
tion) of interferon-related genes as well as an increase 
in transcript levels of those genes29,86. Furthermore, the 
increased LDG levels seem to be stable over time in indi-
vidual patients and associated with various readouts of 
vascular injury in SLE30. In a single-cell RNA sequencing 
analysis of peripheral blood mononuclear cells from a 
small cohort (n = 3) of patients with SLE, it was observed 
that LDGs may be the main drivers of the characteris-
tic type I interferon gene signature in this condition29. 
Detailed multi-omic assessments have shown that LDGs 
in SLE are a heterogeneous group of neutrophils primar-
ily comprised of intermediate-mature to mature neutro-
phils that are endowed with pro-inflammatory activity, 
with only a small subset of the LDGs being immature 
neutrophils29. In addition, SLE-associated LDGs have 
distinct proteomic signatures and aberrant biomechan-
ical properties that may cause them to be retained in 
small blood vessels, with important implications for 
end-organ damage such as in the lung87. Overall, LDGs 
seem to be a distinct subset of pro-inflammatory neutro-
phils that are present at higher levels in patients with SLE 
and have putative pathogenic properties.

Box 3 | Low density granulocytes

The term ‘low density granulocytes’ (lDGs) comes from the observation that this 
neutrophil subset separates differentially from normal ‘dense’ neutrophils on a  
Ficoll density gradient, segregating instead with mononuclear cells. lDGs have  
been described in various conditions that are mostly chronic inflammatory in nature, 
including autoimmunity, autoinflammation, infection and cancer198. The proportion  
of LDGs can vary from just a few percent to up to half of the total peripheral blood 
mononuclear cells, depending on condition, and the number of lDGs may correlate 
with disease severity198,199. across these conditions, lDGs are heterogeneous in terms  
of function, phenotype and morphology, which makes it hard to create a robust 
definition for this cell type. For example, some lDGs in cancer (alternatively known  
as myeloid-derived suppressor cells) have been reported to suppress T cell responses 
and correlate with disease severity200. By contrast, in autoimmune conditions, such  
as systemic lupus erythematosus (Sle), lDGs are associated with increased type I 
interferon production, endothelial damage, increased neutrophil extracellular trap 
(NET) formation, perturbed biomechanical properties and reduced phagocytosis27,45. 
The NETs released by LDGs in patients with SLE are enriched in oxidized nucleic acids, 
which increases their immunostimulatory capabilities and suggests an association  
with disease pathology45. Future studies will have to determine if subsets within the 
LDG pool are functionally distinct — for example, in their propensity for NET formation, 
which might depend on additional inflammatory factors such as interferon — and how 
they differ between various chronic inflammatory diseases. In addition, the ontogeny  
of these cells remains to be systematically determined. are they epigenetically 
committed in the bone marrow — for example, for increased sensitivity to type I 
interferon — or are their phenotypes a result of peripheral exposures and stimuli?  
Does such priming occur in the blood, the bone marrow or the tissues? It is clear  
that the current broad definition of lDGs based on their density is not sufficient to 
capture the diversity of this cell type. However, in the diseases for which they have 
been better characterized, such as Sle, it is clear that lDGs are a pro-inflammatory 
neutrophil subset endowed with pathogenic potential.
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Neutrophils from healthy volunteers tend to form 
more NETs when exposed to serum or plasma from 
patients with SLE compared with healthy control plasma,  
and SLE-associated immune complexes and autoanti-
bodies can induce NET formation, at least in part, through 
Fcγ receptor activation45,83,88. Importantly, neutro phils  
from patients with SLE (particularly LDGs) are prone 
to producing more NETs than neutrophils from healthy 
controls in response to the same stimuli, indicating that 
neutro phils have a primed state in SLE45,73,75. Exactly 
how and where subsets of neutrophils adopt this 
primed state is still a matter of debate. However, these 
observations suggest that both neutrophil-intrinsic  
and neutrophil-extrinsic factors drive the pathogenicity 
of these cells in SLE.

In addition to the excess formation of NETs observed 
in SLE, there is also evidence that a significant propor-
tion of patient sera have impaired ability to degrade 
these structures. Normally, DNASE1 and DNASE1L3 are  

involved in the degradation of DNA in circulation and 
in tissues. Various groups have shown aberrant levels 
and/or function of these nucleases in a significant pro-
portion of patients with SLE, resulting in impaired NET 
degradation. In some patients, this is driven by the pres-
ence of antibodies binding NET products or blocking the 
action of DNases; other patients have impaired function 
of DNases owing to genetic variation, which is associ-
ated with kidney involvement and vascular damage76,89. 
In addition, individuals with genetic deficiencies of these 
DNases have an increased risk of SLE. Humans with 
DNASE1L3 mutations present with hypocomplemen-
taemic urticarial vasculitis syndrome and childhood 
SLE90,91. Mice with genetic deletions of Dnase1 and/or  
Dnase1l3 have a lupus-like disease associated with defec-
tive neutro phil clearance, suggesting a putative link 
between nuclease activity and neutrophil dysregulation in 
this disease89,92,93. Furthermore, other factors affecting the 
clearance of NETs have been described, including nucleic 
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Fig. 2 | Targeting neutrophil extracellular traps. The formation of neutrophil 
extracellular traps (NETs) can be triggered by various stimuli through 
engagement of surface receptors such as cytokine receptors, Fcγ receptors 
(FcγRs), Toll-like receptors (TLRs), damage-associated molecular pattern 
(DAMP) receptors, complement receptors (such as C5aR), and A1 or A3 
adenosine receptors, which often converge on causing increased intracellular 
concentrations of Ca2+. This leads to the activation of PKC, assembly of the 
NADPH oxidase machinery and/or mitochondrial activation, leading to  
the generation of reactive oxygen species (ROS). Eventually, there is fusion of 
neutrophil granules with the nucleus, activation of the cell cycle proteins 
CDK4 and CDK6, histone citrullination by peptidylarginine deiminases such 

as peptidylarginine deiminase 4 (PAD4), and decondensation of the chromatin. 
The granule protein neutrophil elastase can activate gasdermin D (GSDMD) 
to form pores in the nuclear and plasma membranes. After degradation of the 
nuclear membrane and cytoskeletal structures, the chromatin–protein 
mixture is released into the extracellular space. Under normal conditions, 
these NET structures are eventually degraded and removed by DNses and 
macrophages, thus resolving inflammation. The NET process can be targeted 
by pharmacological interventions at several levels: inhibiting the activation of 
surface receptors, targeting intracellular processes in the neutrophil, and 
promoting the removal or neutralization of NET products such as 
myeloperoxidase (MPO) and neutrophil elastase. COX, cyclooxygenase.
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acid oxidation during NET formation and complement 
C1q activation45,77,94–96. NET structures can be phago-
cytosed by macrophages, triggering the cgAS–STiNg  
pathway to induce type I interferon production97. Oxida-
tion of nucleic acids (both genomic and mitochondrial) 
during NET formation can impair the ability of nucle-
ases to degrade nucleic acids and also increase their sens-
ing by the cGAS–STING pathway, further augmenting  
type I interferon responses45. Indeed, the defective synthe-
sis of enzymes involved in the repair of oxidized nucleic 
acids can exacerbate mouse models of SLE98.

Overall, increased NET formation and decreased 
NET degradation can lead to increased levels of these 

structures and enhanced exposure of modified autoanti-
gens and the promotion of tissue damage. Furthermore, 
as NETs accumulate in tissues, they can activate B cells 
and plasmacytoid dendritic cells though endosomal 
Toll-like receptors and other intracellular sensors, fur-
ther contributing to inflammatory signalling pathways. 
This signalling is further augmented by immunostim-
ulatory molecules in NETs that bind to DNA such as 
IL-33, HMGB1 and LL37 (rEFS.72,73,85,99). Evidence of 
infiltrating neutrophils forming NETs has been detected 
in kidney, skin and placenta of patients with SLE, sup-
porting that this phenomenon is operational in vivo. In 
addition, recent research has described that RNAs are 

Macrophage 
activation

Patient with autoimmune
or autoinflammatory disease

Damage to 
renal tissue

NET 
formation

Reduced NET 
degradation

Complement 
activation

Immune 
complex

Autoantibody

a  Kidney glomeruli b  Vasculature

Autoantigen

Autoantibody

NET 
autoantigen

Further 
neutrophil 
recruitment

Neutrophil 
recruitment 
and activation

Neutrophil 
recruitment

Cytokines

Neutrophil 
activation

Endothelial 
cell and SMC 
destruction 
and/or 
proliferation

Vascular 
inflammation

c  Joints

NET 
formation

Immune complex

PAD 
enzymes

T cells and 
B cells

Neutrophil 
activation

Osteoclast 
activation

Bone 
resorption

Antigen 
presentation

Autoantigen 
generation

Fibroblast-like
synoviocyte

Fig. 3 | Organ-specific effects of neutrophils in autoimmune and 
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that contain NET autoantigens coupled with autoantibodies may contribute 
to vascular inflammation and endothelial dysfunction. NET products can 
have a direct pathogenic effect on the vessel wall by destroying endothelial 
cells and smooth muscle cells (SMCs). Activated neutrophils can infiltrate 
the endothelium, triggering monocytes and macrophages to release 
cytokines that recruit more immune cells. c | The joints are also a common 
target in autoimmunity. Neutrophils can attack joint structures promoting 
pain, inflammation and loss of function. Several molecules released from 
neutrophils cause modification and subsequent destruction of cartilage and 
bone, triggering an adaptive immune response against self-targets  
and promoting the development of autoantibodies. These autoantibodies 
can form immune complexes in the joint, further activating neutrophils and 
leading to NET formation. PAD, peptidylarginine deiminase.
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also present in NETs, particularly in LDG-associated 
NETs of patients with SLE, and that small RNAs present 
in these structures can have pro-inflammatory effects 
on target cells, at least in part through the engagement 
of Toll-like receptors100. Furthermore, previous work 
has shown that LDGs in patients with SLE do not have 
immunosuppressive features but, rather, have the ability 
to stimulate T cells, potentially leading to the expansion 
of aberrant adaptive immune responses101. Overall, mul-
tiple lines of evidence suggest that individuals with SLE 
have significantly altered neutrophil physiology, with 
potentially important pathogenic consequences.

One of the strongest links between LDGs and SLE 
pathogenesis is their potential role in vascular damage. 
LDGs can directly harm endothelial cells by inducing a 
programmed cell death cascade that involves the NET 
product matrix metalloproteinase 9 (rEFS.75,102). In SLE 
cohorts, the number of LDGs is significantly associated 
with the extent of coronary artery disease, and an LDG 
gene signature is increased in patients with SLE who 
have enhanced uncalcified arterial plaque formation 
and/or vascular wall inflammation30. Furthermore, the 
modification of lipoproteins driven by NETs can lead 
to pro-atherogenic pathways that can further promote 
premature vascular events27,30,75,102. It remains to be better 
characterized whether similar vasculopathic effects are 
triggered in other conditions associated with an LDG 
signature.

Rheumatoid arthritis. Rheumatoid arthritis is the most 
prevalent systemic autoimmune disease and is associ-
ated with a great burden for the patient and society103. 
It primarily affects the synovial joints, leading to signif-
icant disability if not properly treated104, but also com-
monly affects extra-articular tissues such as the lungs 
and vasculature (Fig. 3). Seropositive rheumatoid arthri-
tis (which is characterized by the presence of specific 
autoantibodies) is associated with accelerated disease 
progression, joint damage and increased mortality105.  
A common family of autoantibodies in these patients tar-
gets post-translationally modified proteins106; antibodies 
to citrullinated proteins are the most common and are 
present in ~70% of patients with rheumatoid arthritis107 
but antibodies to other targets, such as acetylated 
and carbamylated proteins, are also detected. The 
anti-citrullinated protein antibodies (ACPAs) are highly 
specific for rheumatoid arthritis and often bind modified 
vimentin, histones, fibrinogen and α-enolase108. These 
antibodies can be of various subtypes and can form 
pathogenic immune complexes in the joints, promoting 
inflammation and bone erosion109–111.

Neutrophils are a major source of citrullinated anti-
gens as they produce enzymes, such as PAD4, that catalyse 
the modification of arginine to citrulline112. Neutrophils 
are abundant in the inflamed joints of patients with 
rheumatoid arthritis, particularly in the early stages of 
the disease, and can release NETs locally113,114. Increased 
levels of NETs can also be detected in the circulation 
of patients with rheumatoid arthritis, which correlates 
with ACPA levels and levels of systemic inflammatory 
markers114,115. Of note, NETs are also detected in the spu-
tum of relatives of patients with rheumatoid arthritis and 

of individuals who are at risk for rheumatoid arthritis 
in association with IgA and IgG ACPA responses. The 
association of citrullinated peptides with NETs in spu-
tum may indicate a key role for dysregulated neutro-
phil responses and autoimmunity in the lung early in  
rheumatoid arthritis116,117.

PAD enzymes are present in NETs in active form 
and can be detected in the rheumatoid synovium118;  
in the presence of calcium, they may modify proteins in 
the extracellular space in addition to their intracellular 
targets, thus creating additional epitopes for ACPA gen-
eration. Protein citrullination in the rheumatoid joint 
might also involve neutrophil-derived membranolytic 
proteins such as perforin and the membrane attack 
complex that create pores through which calcium can 
enter119. In the synovium, NET products, including cit-
rullinated proteins, can be internalized by fibroblast-like 
synoviocytes, which upregulate MHC class II molecules 
and present NET-derived peptides to CD4+ T cells, 
creating a link to the adaptive immune response in 
rheumatoid arthritis120. Indeed, intra-articular admin-
istration of human fibroblast-like synoviocytes loaded 
with NETs to humanized mice leads to the induction of 
antigen-specific T cell responses, ACPA responses and 
joint damage, supporting the notion that the interaction 
between fibroblast-like synoviocytes and NETs in vivo 
has pathogenic consequences. In addition, NET-derived 
neutrophil elastase can disrupt the structure of cartilage 
and promote its citrullination, which can lead to syno-
vial inflammation by increasing its immunogenicity and 
autoantibody production121.

Neutrophils release proteins, such as histones, that 
can be carbamylated by ROS and MPO, which can also 
promote the generation of autoantibodies against these 
modified peptides51,122. Antibodies to carbamylated pro-
teins are common in patients with rheumatoid arthri-
tis and are associated with increased bone erosion and 
mortality123. These antibodies can form immune com-
plexes that activate bone resorption by osteoclasts, sug-
gesting a causal link to osseous damage in rheumatoid 
arthritis51.

Some groups have described that patients with rheu-
matoid arthritis have circulating LDGs, the number of 
which correlates with disease activity124,125. In contrast to 
SLE, LDGs in patients with rheumatoid arthritis do not 
seem to have increased levels of induced NET forma-
tion and express lower levels of tumour necrosis factor 
(TNF) receptors, making them less responsive to this 
cytokine124. The role of LDGs in rheumatoid arthritis 
is thus unclear, suggesting functional heterogeneity of 
these cells depending on pathophysiology.

Overall, neutrophils seem to have a central inflam-
matory role in rheumatoid arthritis, both at the level 
of the joint but likely also in other tissues. They may 
have a role in initiating and perpetuating autoantigen 
exposure through NET formation as these structures are 
a major source of modified autoantigens that can pro-
mote pro-inflammatory responses in lung, synovium 
and other organs of patients with rheumatoid arthritis 
as well as pathogenic adaptive immunity. The precise 
role of NETs in other types of organ damage, including 
premature vascular damage, in rheumatoid arthritis is 
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still being investigated as well as whether specific neutro-
phil subsets have more distinct pathogenic phenotypes 
in this disease.

ANCA-associated vasculitis. The vasculitides are a group 
of autoimmune disorders that cause inflammation of 
the blood vessels (vasculitis) induced by the infiltration 
and activation of leukocytes in the vessel wall (Fig. 3b).  
A major type of vasculitis, known as AAV, is defined by 
the presence of ANCAs, which is distinct from other 
types of vasculitis, and is characterized by systemic 
inflammation of the small blood vessels, commonly 
affecting lung and kidneys. AAV can be further subtyped 
depending on where on the neutrophil the ANCAs bind. 
For example, in microscopic polyangiitis, antibodies 
commonly bind to perinuclear MPO, whereas in granul-
omatosis with polyangiitis, antibodies typically bind  
to cytoplasmic PRTN3. MPO and PRTN3 are thought to  
be the major antibody targets in AAV but other pro-
tein targets have been identified, including lactoferrin, 
lysosome-associated membrane protein 2 (LAMP2) and 
bactericidal permeability-increasing protein (BPI).

Similarly to SLE, neutrophils in patients with AAV 
have an increased ability to synthesize NETs. In turn, this 
phenomenon has been proposed to be associated with 
ANCA production126. Several ANCA targets are part of 
the chromatin complex that is extruded from neutro-
phils during NET formation and it has been reported 
that this protein–DNA mixture can promote ANCA 
responses specific for MPO and PRTN3 in mice127. 
Once synthesized, ANCAs can bind to the surface of 
activated neutrophils as well as NETs, forming immune 
complexes that further enhance neutrophil activity 
through Fcγ receptor activation. Furthermore, as in 
SLE, the release of NETs that carry histones and various 
matrix metalloproteinases can further damage endothe-
lial cells, resulting in a vicious cycle of inflammation in 
the vasculature128–130. Importantly, NET structures have 
been detected in several tissues from patients with AAV, 
including vascular thrombi and renal vasculature126,131,132. 
In animal studies, disease severity can be reduced by 
preventing PAD4-mediated NET formation, which sug-
gests that interfering with the release of these structures 
could be a useful treatment option133. Specific neutrophil 
subsets also seem to be important in AAV given that 
numbers of LDGs and their transcriptional signature 
are increased, and these cells form NETs enriched in 
PRTN3 and MPO134,135. Furthermore, the LDG signature 
in peripheral blood is associated with disease severity 
and decreases in response to treatment of AAV with the 
B cell-depleting agent rituximab or the immunosup-
pressant cyclophosphamide in clinical trials134. Overall, 
there is significant evidence to implicate neutrophils in 
the pathogenesis of AAV and as potential biomarkers for 
response to immune-modulatory treatment.

Idiopathic inflammatory myopathies. Also known as 
myositis, IIMs are a group of heterogeneous autoimmune 
disorders affecting both children and adults that classi-
cally present with muscle weakness but can also cause 
damage to skin, joints, lungs and heart. Autoantibodies 
targeting various molecules are commonly found in 

these patients, including transfer RNA, melanoma 
differentiation-associated protein 5 (MDA5; also known 
as IFIH1), transcription intermediary factor 1 (TIF1; 
from the TRIM protein family) or signal recognition par-
ticle, giving rise to distinct disease subtypes136. In certain 
subtypes of IIM, particularly dermatomyositis, there is 
an association with dysregulation of the type I interferon 
pathway, similarly to SLE. Recently, neutrophils have 
been implicated in the pathogenesis of several types of 
myositis. Increased levels of various neutrophil-specific 
molecules, such as neutrophil elastase, PRTN3 and ser-
ine proteases, have been detected in both circulation and 
muscle tissue of patients with IIM137,138. Patients with 
specific types of IIM have increased levels of circulating 
NETs in association with specific disease manifestations 
and severity139,140. Furthermore, there is evidence for 
impaired NET degradation in this disease, likely medi-
ated by serum antibodies to DNASE1 (rEF.141). Affected 
tissues show evidence of neutrophils forming NETs or 
enhanced neutrophil infiltrates in patients with IIM140,141. 
Furthermore, patients have increased levels of LDGs 
comparable to those reported in patients with SLE, and 
these LDGs have an increased ability to form NETs139–141. 
In addition, myositis-specific autoantibodies, including 
antibodies to MDA5, can directly induce NET formation 
in vitro140,142. NETs from patients with IIM can directly 
interfere with myoblast and myotube biology, impairing 
the function of these cells in striated muscle, in a manner  
dependent on citrullinated histones140. Of note, a neutro-
phil gene signature was present in the muscle tissue of 
patients with IIM in association with an interferon gene 
signature and correlating with the extent of muscle 
injury140. Overall, these observations suggest that dysreg-
ulated neutrophil pathways may have pathogenic roles 
in myositis, including the induction of autoimmune 
responses and tissue damage.

Antiphospholipid antibody syndrome. APS is a systemic 
autoimmune disorder characterized by recurrent preg-
nancy loss, obstetric complications and higher risk for 
thrombotic events that can affect most organ systems 
in association with the presence of various antiphos-
pholipid antibodies143. APS can present in isolation but 
there is a significant overlap with other autoimmune 
disorders such as SLE. Neutrophils in patients with APS 
have an inflammatory phenotype, with upregulation of 
ISGs and increased expression of surface adhesion pro-
teins, including P-selectin glycoprotein ligand 1 (PSGL1; 
also known as SELPLG or CD162), which promotes the 
formation of vascular thrombi by enhancing binding of 
neutrophils to endothelial cells in the vascular wall144,145. 
NET formation in the vasculature can form a scaffold 
for platelet aggregation and thrombus build-up, fur-
ther damaging endothelial cells and contributing to the 
upregulation of adhesion molecules146. Increased lev-
els of LDGs have been described in patients with APS 
but their role in pathogenesis is unclear147,148. Sera and 
IgG from patients with APS can both directly promote 
NET formation and inhibit the degradation of these 
structures149–151. Accordingly, patients with APS have 
increased levels of cell-free DNA and NET remnants in 
circulation and in affected tissues150,152. A recent study 
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suggested that modulation of NET formation through 
the adenosine receptor A2A on neutrophils mitigates 
antiphospholipid antibody-induced venous thrombosis 
in mice and could be a potential therapy for APS153.

In summary, a common feature of these autoimmune 
conditions is a combination of factors that affect the acti-
vation of neutrophils, NET formation and clearance, 
and production of modified self-antigens. Neutrophils 
quickly traffic to affected tissues in response to inflam-
matory signals and release a wide range of reactive mol-
ecules, such as proteases, ROS and cytokines, to combat 
perceived threats. This creates a highly inflammatory 
environment that can lead to antigenic modifications 
of proteins, triggering adaptive immune cell activation 
and antibody production. The central role of neutro-
phils in systemic autoimmunity is indicated by several 
diseases being defined by a large influx of neutrophils 
into affected tissues and by autoantibodies targeting  
neutrophil structures (Fig. 3).

Roles in systemic autoinflammation
Systemic autoinflammatory diseases are typically rare 
monogenic conditions that affect innate immune regu-
lation. They generally present with recurrent episodes of 
fever and skin lesions, and some are associated with vas-
culopathy. In contrast to systemic autoimmunity, there is 
no antigen-specific loss of immune tolerance or prom-
inent B cell or T cell activation in autoinflammation154. 
Instead, autoinflammatory syndromes are driven 
by inflammatory responses mainly involving innate 
immune cells, including neutrophils. However, recent 
observations indicate that it may be difficult to truly 
separate autoinflammation from autoimmunity and 
that these processes may represent the extremes of a 
continuum in the inflammatory spectrum rather than 
two distinct events154. Here, we discuss examples of auto-
inflammatory syndromes for which neutrophil dysregu-
lation has been recently implicated in their pathogenesis 
and associated organ damage.

Deficiency of adenosine deaminase 2. Deficiency of 
adenosine deaminase 2 (DADA2) is a monogenic vas-
culitis caused by biallelic mutation in the ADA2 gene, 
which encodes adenosine deaminase 2, a protein that 
breaks down extracellular adenosine and is expressed 
mainly by myeloid cells155,156. The clinical presentation 
of DADA2 is heterogeneous and includes vasculitis 
and autoinflammation that typically present early in 
life157,158. The ADA2 mutation leads to decreased pro-
tein activity, resulting in increased levels of extracellu-
lar adenosine that can trigger NET formation through 
the engagement of A1 and A3 adenosine receptors in 
neutrophils159. Individuals affected by this syndrome also 
have increased levels of circulating LDGs that are prone 
to forming NETs159. These NETs trigger macrophages to  
produce increased levels of inflammatory molecules, 
such as TNF, compared with NETs from healthy con-
trols, potentially linked to differences in the molecular 
composition of NETs159. NETs have been found to infil-
trate affected organs in patients with DADA2, further 
suggesting an important role for dysregulated neutrophil 
biology in this condition.

Vacuoles, E1 enzyme, X-linked, autoinflammatory, 
somatic syndrome. Vacuoles, E1 enzyme, X-linked,  
autoinflammatory, somatic syndrome (VEXAS) is a 
recently described monogenic, adult-onset disease 
caused by somatic mutations in the UBA1 gene, which 
encodes ubiquitin-like modifier activating enzyme 1 
and is expressed by haematopoietic progenitor cells160. 
Affected individuals, usually elderly men, present with 
severe systemic inflammation that is usually treat-
ment refractory and have pronounced neutrophilic 
infiltrates in tissues161,162. Inflammatory gene signa-
tures are detected in neutrophils from patients with 
VEXAS, including signatures of the IFNγ and CXCL8 
signalling pathways, with associated increases in serum 
pro-inflammatory cytokine levels160. The mutation 
in UBA1 inactivates the E1 ubiquitin ligase activity of 
the protein, which is crucial for protein homeostasis 
through the promotion of proteasomal degradation of 
damaged or unwanted proteins in a cell. UBA1 inactiva-
tion causes disordered intracellular structure in neutro-
phils, often with cytoplasmic vacuoles. The phagocytic 
function of these cells is normal compared with that 
of healthy neutrophils but they have increased NET 
formation160. Introduction of the ΔUBA1 mutation in 
a zebrafish model recapitulates the neutrophil-driven 
systemic inflammation160. This condition has only been 
recently identified and it is still unclear why the UBA1 
mutation provides a survival advantage to myeloid cells 
in the bone marrow, resulting in increased neutrophil 
numbers, while promoting functional disruption of  
neutrophils, including increased NET formation. Further 
research could provide important information about 
how the functions of neutrophils are modulated by 
alterations in ubiquitylation and other post-translational 
modifications.

Pyogenic arthritis, pyoderma gangrenosum and acne 
syndrome. Pyogenic arthritis, pyoderma gangreno-
sum and acne (PAPA) syndrome is a rare autosomal 
dominant autoinflammatory disease with variable 
presentation, including arthritis with sterile joint accu-
mulation of neutrophils, that is typically diagnosed 
during childhood163,164. The syndrome is associated 
with mutations in the PSTPIP1 gene, which encodes 
proline-serine-threonine phosphatase-interacting pro-
tein 1. The condition is associated with increased serum 
levels of IL-1β and other neutrophil-related proteins, 
such as matrix metalloproteinases, through induced 
assembly of inflammasomes165,166. Neutrophils from 
patients with PAPA syndrome have increased NET 
release and reduced NET clearance, causing an imbal-
ance in the half-life of these structures. These neutrophils 
are also more responsive to IL-1β than are neutrophils 
from healthy controls, and their incubation with an IL-1 
receptor antagonist (anakinra) can inhibit NET forma-
tion. Furthermore, skin biopsies from patients with 
PAPA syndrome have evidence of infiltrating NET rem-
nants, in association with inflammatory cytokines, and 
enhanced neutrophil transcriptional responses. Overall, 
these observations suggest a link between IL-1 and dys-
regulated neutrophil responses in the pathogenesis of 
PAPA syndrome167.
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Gout. Gouty arthritis is an autoinflammatory condition 
caused by the deposition of monosodium urate (MSU) 
crystals in the joints168,169. Neutrophils have a prominent 
role in pathophysiology, including the stabilization or 
resolution of the condition168. MSU crystals can directly 
rupture cell walls, causing necrotic cell death and the 
recruitment of immune cells, are potent inducers of 
NADPH oxidase-mediated NET formation in both 
mouse and human neutrophils, and are commonly used 
experimentally as NET inducers168. Interestingly, NET 
formation can help to stabilize the condition by support-
ing granuloma formation and, in some cases, creating 
aggregated NETs that can degrade cytokines, promoting 
resolution of inflammation55,56. It is not known if this 
effect of NETs on inflammation resolution is specific to 
the interaction of MSU crystals with neutrophils or is 
also present in other rheumatic conditions.

Targeting dysregulated neutrophils
Despite substantial supporting evidence for the involve-
ment of neutrophils in various autoimmune and autoin-
flammatory diseases, as described in this Review, there 
are few therapeutic strategies that specifically target 
neutrophil dysregulation. This is in part explained by 
the profound immunosuppressive effects that targeting 
neutrophil numbers or crucial neutrophil functions can 
have in terms of increasing infection susceptibility. Thus, 
pharmacological interventions should ideally target 
specifically dysregulated functions in neutrophils while 
preserving other crucial antimicrobial functions.

Several disease-modifying drugs currently in use for 
a range of diseases may directly or indirectly broadly 
modify neutrophil function. These include antibodies 
that neutralize cytokines, such as TNF, IL-17 and G-CSF, 
and other pro-inflammatory molecules such as C5a, 
which can inhibit the chemotaxis and/or activation of 
neutrophils170–173. Other drugs that can target specific or 
broader neutrophil functions include CXCR2 inhibitors, 
JAK inhibitors, various cyclooxygenase (COX) inhibitors, 
including aspirin and non-steroidal anti-inflammatory 
drugs, and antimalarials such as hydroxychloroquine. 
These drugs can reduce neutrophil activation, cytokine 
production, NET formation and migration58,170,173,174, thus 
likely mediating some of their therapeutic effects by tar-
geting neutrophils (Fig. 2). Indeed, antimalarial drugs 
are used clinically in patients with SLE, and this class of 
drugs has direct effects on the ability of neutrophils to 
form NETs and on reducing the intake of NET structures 
by antigen-presenting cells120,175.

As the concept of neutrophil subsets with particular 
roles in pathology is emerging, various strategies tar-
geting these subsets or particular neutrophil activation 
states have been proposed. Inhibiting NET formation is 
a particularly attractive strategy owing to the putative 
role of these structures in disease and their specificity 
to neutrophils7. Histone proteins, which are abundant 
in NETs, have been shown to have a direct pathogenic 
effect and blocking H4 could be an attractive novel strat-
egy to reduce neutrophil activation and improve cardio-
vascular health176,177. GSDMD is a pore-forming protein 
with a central role in some types of NET formation and 
could prove an interesting target49,50,178. The compound 

disulfiram, which targets GSDMD, showed efficacy in 
a clinical trial targeting neutrophils in patients with 
COVID-19 (NCT04485130). However, Gsdmd-knockout 
mice have accelerated disease in induced models of 
lupus-like autoimmunity179. Pan-PAD or PAD4 enzyme 
inhibitors and genetic ablation of these enzymes have 
successfully reduced manifestations of disease in some 
experimental models and have been shown to inhibit 
the activation of human neutrophils in vitro7,114,180. How 
these drugs might affect general levels of immunity in 
humans remains to be determined; however, preliminary 
evidence in mice suggests that downregulation of NET 
formation does not significantly hamper the antimicro-
bial function of neutrophils181. Furthermore, observa-
tions in humans with deficiencies in molecules important 
for NET formation and patients with Papillon–Lefèvre 
syndrome (who have genetic deficiency in cathepsin C) 
suggest that impaired NET formation does not cause 
significant general immunosuppression182,183. However, 
more studies are needed to fully address the potential 
impacts of modifying NET formation or the quality of 
the NET cargo in human diseases.

Decreasing the ability of neutrophils to mobilize 
calcium is another potential strategy that can modify 
PAD activity. Calcineurin inhibitors, such as cyclo-
sporine A and tacrolimus, have been used for this pur-
pose and have shown beneficial multifactorial effects 
in SLE that go beyond their effects in neutrophils184,185. 
Targeting pathogenic NET products, such as neutro-
phil elastase, has shown efficacy in mouse models but 
has yet to be tested in human trials in autoimmune 
diseases121. Another strategy to target NET products is 
disruption and clearance of the DNA structure using 
DNases. Lupus-prone mice develop fewer autoanti-
bodies and have delayed mortality after treatment with 
DNases186. Unfortunately, a clinical trial using recom-
binant DNASE1 showed no clinical effect in patients 
with lupus nephritis187. However, this strategy could be 
further explored using different nucleases. For exam-
ple, DNASE1L3, which is more efficient than DNASE1 
at degrading genomic DNA, has been experimentally 
associated with autoimmunity and could be a potential 
therapeutic option in humans90,93.

Given their important contributions to NET forma-
tion, mitochondrial dysfunction and overproduction of 
ROS are also potential drug targets. Neutralizing ROS 
using inhibitors such as N-acetyl cysteine or inhibiting 
the enzymatic function of MPO could be used to reduce 
pathogenic NET products in SLE, AAV or other autoim-
mune diseases45,188,189. However, ROS are a central com-
ponent of general neutrophil activation and patients with 
reduced ROS production need to be further studied for 
risk of opportunistic infections. The drugs idebenone 
and mitoQ target mitochondrial dysfunction and reduce 
NET formation and have been able to reduce clinical 
symptoms in lupus-prone mice190,191. In addition, inhibit-
ing the release of mitochondrial DNA into the cytoplasm 
through voltage-gated anion channel pores by stabilizing 
the mitochondrial membrane decreased the interferon 
signature, NET formation and lupus-like symptoms in 
mice192. The antidiabetic drug metformin targets mito-
chondrial metabolism and can reduce mitochondrial 
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DNA content in NET structures and the ability to induce 
type I interferons in plasmacytoid dendritic cells193.

Overall, there are several strategies that could poten-
tially target neutrophil activation and dysregulation that 
warrant further investigation. Future studies should also 
focus on identifying additional strategies that can specifi-
cally target LDGs but not other neutrophil subsets, which 
could have fewer undesired effects on general immunity.

Conclusions
Mounting evidence over the past decade has supported 
an important role for neutrophils in various inflamma-
tory conditions. They have central roles in initiating 
and perpetuating autoimmune conditions by attacking 
tissues, creating an inflammatory milieu and forming 
neoepitopes. In addition, it is now increasingly recog-
nized that neutrophils are more diverse and functionally 
distinct than previously thought, and the definition of 
particular neutrophil states in health and disease will be 
an important field of research. As a neutrophil-depletion 
strategy is not feasible in most human conditions, this has 

challenged the field to focus on finding pathogenic cell 
subsets that can be efficiently targeted during treatment. 
This will continue to be enabled by advances in vari-
ous single-cell technologies, imaging systems and mass  
cytometry, which allow for studies in patients and dis-
ease models with greater resolution. Research in neu-
trophil biology has also advanced our understanding of 
how differences in sex, age and genetics can influence 
disease risk and severity. For example, the concept of 
somatic mutations promoting the synthesis of patho-
genic immune cells, as occurs in VEXAS and related 
syndromes, could provide interesting biological infor-
mation in addition to new tools for diagnosing disease. 
Future studies should focus on further clarifying the 
role of neutrophils (disease initiation versus secondary 
dysregulation due to other factors) in specific diseases. 
It is hoped that recent advances in neutrophil biology 
will result in an increasing number of novel therapeutic 
strategies that will benefit patients.
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