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Our understanding of immune recognition and response to infection and non-infectious

forms of cell damage and death is rapidly increasing. The major focus is on host immunity

and microbiological invasion. However, it is also clear that these same pathways are

important in the initiation and maintenance of autoimmunity and the damage caused to

targeted organs. Understanding the involvement of cell death in autoimmune disease is

likely to help define critical pathways in the immunopathogenesis of autoimmune disease

and new therapeutic targets. An important immune responder cell population in host

defense and autoimmunity is the neutrophil. One autoimmune disease where neutrophils

play important roles is MPO-ANCA Microscopic Vasculitis. This a severe disease that

results from inflammation to small blood vessels in the kidney, the glomeruli (high blood

flow and pressure filters). One of the best studied ways in which neutrophils participate in

this disease is by cell death through NETosis resulting in the discharge of proinflammatory

enzymes and nuclear fragments. In host defense against infection this process helps

neutralize pathogens however in auto immunity NETosis results in injury and death

to the surrounding healthy tissues. The major autoimmune target in this disease is

myeloperoxidase (MPO) which is found uniquely in the cytoplasm of neutrophils. Although

the kidney is the major organ targeted in this disease MPO is not expressed in the

kidney. Autoantibodies target surface MPO on activated circulating neutrophils resulting

in their lodgment in glomerular capillaries where they NETose releasing extracellularly

MPO and nuclear fragments initiating injury and planting the key autoantigen MPO. It

is the cell death of neutrophils that changes the kidney from innocent bystander to

major autoimmune target. Defining the immunopathogenesis of this autoimmune disease

and recognizing critical injurious pathways will allow therapeutic intervention to block

these pathways and attenuate autoimmune injury. The insights (regarding mechanisms

of injury and potential therapeutic targets) are likely to be highly relevant to many other

autoimmune diseases.
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INTRODUCTION

Anti Neutrophil Cytoplasmic Antibody (ANCA) associated
vasculitis (AAV) is an autoimmune disease characterized
by inflammation of the small blood vessels. AAV can be
divided into three different clinical categories: Microscopic
polyangiitis (MPA), Granulamotisis with polyangiitis (GPA),
and Eosinophilic granulomatosis with polyangiitis (EGPA). A
common clinical feature between all 3 vasculitides is a loss of
tolerance to neutrophil enzymes, myeloperoxidase (MPO), and
proteinase 3 (PR3) which results in the generation of ANCA to
eitherMPO or PR3.MPA patients have a high incidence ofMPO-
ANCA development and is more prevalent in the Asia pacific
region. GPA is the dominant clinical subtype of AAV north of the
equator. GPA patients have a higher incidence of PR3-ANCA.

The major organ effected is the kidney (more frequently
observed in MPA disease) often resulting in rapidly progressive
crescentic glomerulonephritis (RPCGN), which has the worst
outcome. If left untreated 90% of patients will progress to
renal failure and eventual death. Patients present with general
fatigue, elevated temperature, flu-like symptoms accompanied
with weight loss and diminished appetite (1, 2). These symptoms
result from systemic inflammation and loss of kidney function.
Extra renal symptoms are common and often characteristic and
particular to their specific disease.

Until the introduction of nitrogen mustard based
immunosuppression most notably cyclophosphamide, treatment
was primarily based on high doses of glucocorticoids. Prior to
this regimen most patients would progress to end stage renal
failure within 5 months (3–6). With discovery of ANCA as a
diagnostic marker in the 1980s and with current treatment,
remission can now be induced within 6 months and survival
rates have increased to approximately 75% of patients at 5 years.
Although these treatment regimens are largely successful, relapse
rates remain high at around 50% at 5 years. Despite maintenance
therapy, the high percentage of relapses suggest that standard
treatment does not actually completely delete the pathogenic
autoimmunity. The toxicity of the treatment itself contributes
significantly to morbidity and mortality (3–6). Drug-related
toxicity and adverse effects will cause difficulty in over 90%
of patients. The most common form of death within the first
year of contracting the disease will be infection associated with
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Danger Associated Molecular Associated Patterns; DNA, Deoxyribonuclease;
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Hypersensitivity; EPA, Eosinophilic Granulomatosis with Polyangiitis; GN,

Glomerulonephritis; GPA, Granulamotisis with Polyangiitis; H2O2, Hydrogen

Peroxidise; HMGB1, High Mobility Group Box 1; IgG, Immunoglobulin; IRI,
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PR3, Proteinase 3; PTU, Propylthiouracil; RIPK1, Receptor interacting Protein

Kinases-3; ROS, Reactive Oxygen Species; RPCGN, Rapidly Progressive Crescentic
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the immunosuppressed state of the patient. Prolonged use of
cyclophosphamide is also associated with an increase rate of
malignancy (7).

There is an unmet need for more specific treatment to treat
the underlying immunopathology in AAV. Teasing out the
underlying pathogenic mechanisms of directing AAV is essential
for the development of effective treatment strategies. A key
pathological feature of MPO-AAV is the accumulation of dying
neutrophils. Neutrophil cell death releases the key autoantigens
in ANCA associated vasculitis (AAV); myeloperoxidase (MPO)
and proteinase 3 (PR3). Alongside MPO and PR3 one of the
key molecules released during cell death is double stranded
deoxyribonuclease acid (dsDNA). Without the protection of the
cell membrane dsDNA activates multiple sensors and signaling
pathways, amplifying inflammation. This review will evaluate the
contributing role of Neutrophil Extracellular Traps (NETs) to
the pathogenesis of MPO-AAV, with a focus on the activation
of NETs, the deposition of NET derived antigens and danger
associated molecular patterns (DAMPS) and the development
of new experimental NET inhibitors which show promise in
attenuating pathological damage to the kidney.

OVERVIEW OF THE PATHOLOGY OF ANCA
ASSOCIATED VASCULITIS

AAV is a disease of unknown etiology. The pathogenesis of
AAV is complex and involves a wide range of pathogenic
processes. In the case of MPO-AAV and PR3-AAV there is a
loss of immunological tolerance to neutrophil enzymesMPO and
PR3, this in turn generates ANCA and MPO specific T cells.
Neutrophil priming and activation via C5a and C5aR interactions
exteriorise MPO (or PR3) on their cells surface which MPO-
ANCA (or PR3 ANCA) binds to, these neutrophils home to
the microvasculature of the glomeruli via selectins, P, E, and L
which play a role by reducing the speed of the neutrophil in the
circulation which allows it to roll. The second signal comes from
the neutrophil surface integrins β1 and β2 which interact with the
ICAM-1 and ICAM-2 ligands on the inflamed endothelium, the
rolling neutrophils slow down, and crawl along the endothelium
mediated by integrins to the site of transmigration from the
capillaries into the interstitium. Neutrophils either degranulate
or release neutrophil extracellular traps (NETs, to be discussed
in detail in a later section), causing direct injury through the
release of enzymes, reactive oxygen species (ROS), and proteases.
Excess neutrophils, MPO specific T cells, and macrophages [via a
delayed type hypersensitivity (DTH) mechanism] are recruited
resulting in a vicious cycle of injury which causes glomerular
injury (8) (see Figure 1).

NEUTROPHIL ACTIVATION IN MPO-AAV

The first in vitro experiments demonstrating the potential
pathogenicity of ANCA came from the laboratory of Falk et al.,
where it was demonstrated that neutrophils can be activated
by ANCA (9). Purified ANCA sera from patients’ with pauci-
immune necrotizing and crescentic GN incubated with normal

Frontiers in Immunology | www.frontiersin.org 2 March 2021 | Volume 12 | Article 635188

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


O’Sullivan and Holdsworth NETs in AAV

FIGURE 1 | Hypothesized pathogenesis of Myeloperoxidase anti neutrophil cytoplasmic antibody vasculitis. (1) Loss of tolerance of MPO can be caused by infection,

environmental factors (such as exposure to silica), or genetic factors (2) Loss of tolerance to MPO results in the production of MPO-ANCA and anti MPO specific T

cells (3) Neutrophils are primed by inflammatory mediators such as TNFα, LPS, IL-8, or C5a (4) ANCA binds to MPO exteriorised on the cell surface and (5) MPO is

released in to the glomerular vasculature through degranulation or NETosis (6) Endothelial cells are injured resulting in inflammation and vasculitis.

human neutrophils, induced a reactive oxygen species burst
(ROS) followed by degranulation of the neutrophil. Further flow
cytometry studies demonstrated that after priming neutrophils
with the cytokine tumor necrosis factor (TNF) neutrophils
exteriorized MPO to the cell surface. The surface location of
MPO allowed interaction with ANCA.

Brouwer et al. (10) further demonstrated both in vitro and
in vivo that the numbers of activated neutrophils within kidney
biopsies of patients with Wegener’s granulomatosis correlated
significantly with serum creatinine levels taken at the time of
biopsy (22 PR3 positive and 5 MPO positive) (10). All ANCA
samples from patients (n= 19) were capable of activating primed
neutrophils, however no correlation was observed between
the ANCA titer of patients and the numbers of activated
neutrophils within renal biopsies. A major deficiency of the
hypothesis that ANCA induced renal disease was the fact that
the key autoantigens, MPO and PR3 were not expressed in
the kidney, the major organ damaged by autoimmunity to
these antigens. This was also the first study to demonstrate the
presence of neutrophil enzymes MPO, PR3 and elastase (HLE)
extracellularly within renal biopsies. Their deposition occurred
when neutrophils were trapped in the glomerular capillaries
where degranulation and other forms of neutrophil cell death
released these autoantigens extra cellularly into the kidney. This
initiates injury, attracting anti MPO/PR3T cells driving Delayed

Type Hypersensitivity (DTH) effector responses which also
induces further neutrophil attraction. In summary neutrophils
play an essential role in converting the kidney from innocent
bystander status to secondary target status where depositedMPO
within the kidney is recognized as an antigen by MPO specific T
and B cells.

Amajor advance in confirming the unique pathway and role of
renal targeting by neutrophils was an experiment by the Falk and
Jennette group using neutrophil depleted mice. These mice could
develop anti-MPO autoimmunity but they could not develop GN
unless neutrophils were infused into their circulation. Exogenous
neutrophil infusions allowed the development of anti MPO
vasculitis and GN confirming the non-redundant role played by
neutrophils in the disease (11, 12).

Studies in human ANCA demonstrated that ANCA IgG
binds to the MPO or PR3 expressed on the surface of human
neutrophils and ligates the Fragment Crystalline gamma RIIa
receptor (FCγRIIa). Porges et al. demonstrated that blockade
of the FCγRIIa with a monoclonal antibody significantly
reduced the production of ROS of ANCA activated neutrophils
(13). Binding of ANCA to the FCγRIIa receptor may be
one mechanism in which human neutrophils activate signal
transduction pathways which result in inflammation (13).

In addition to FCγRIIa other studies have also shown a role
for FcγRIIIb in ANCA activation of neutrophils. Kocher et al.
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demonstrated that FCγRIIa requires a high density of ANCA
binding whereas FcγRIIIb is expressed at 10x higher density than
FcγRIIa on the cell surface of neutrophils (14). These results are
indicative of FcγRIIIb being involved in the initial engagement
by ANCA and that cross linking of the FcγRIIIb favors adhesion
of activated neutrophils to the endothelium.

Further in vitro studies demonstrated the role of cytokines in
priming neutrophils for ANCA activation. Kettritz et al. further
confirmed the requirement of cytokine priming of neutrophils
with TNFα showing the translocation of both MPO and PR3
to the cell surface. Studies of both the binding and activating
properties of ANCA, indicated that both intact ANCA and the
F(ab)2 portion of the Ig could cross link MPO or PR3 on the
membrane surface of neutrophils (15). ANCA binding alone
was not sufficient enough to activate neutrophils, crosslinking of
either MPO or PR3 on the cell surface was required to induce a
ROS burst.

Complement Activation of Neutrophils in
AAV
The complement system is comprised of 3 distinct pathways,
the classical, lectin, and alternative pathway all of which
produce effector molecules used to fight infection. All 3
pathways initiate a complement cascade converging to form
C3 and C5 convertases. The resulting complement cascade
generates C5a which binds to the C5aR1 and C5aR2. C5aR1 is
expressed on multiple immune cells, including neutrophils and
monocyte/macrophages. Cleavage products of the complement
cascade (C3a and C5a) are seen by the immune system as
danger signals, and recruit further cells of the immune system,
in particular neutrophils.

In the context of AAV, evidence suggests that C5a-C5aR
interactions are pathological. C5a can prime neutrophils for
NET formation, recruit neutrophils to the vascular bed of the
glomeruli, and enhance Dendritic cell activation (16). Multiple
animal studies of AAV have shown that the alternative pathway
plays a critical role in priming neutrophils for activation by
ANCA via signaling through C5a-C5aR1 interactions (16–18).
Complement activation factors are increased in patients with
active AAV disease. These observations suggested that C5a may
be a therapeutic target in AAV. Inhibition of the C5aR1 with
the antagonist CCX168 (Avacopan) has been demonstrated in
phase II and III clinical trials to be effective in modifying disease
severity in patients with active AAV (19–22).

NEUTROPHIL EXTRACELLULAR TRAPS
(NETS)

A novel mechanism by which neutrophils kill microorganisms
was discovered by Brinkmann et al. (23). This study
demonstrated that activated neutrophils were able to produce
extracellular traps containing DNA fibers, coated with neutrophil
proteins from the primary granules (MPO, NE, cathepsin G),
secondary granules (lactoferrin), tertiary granules (MMP9), and
histones (H1, H2A, H2B, H3 and H4 and the H2A-H2B DNA
complex). This seminal study suggested that neutrophils produce

NETs to amplify the effectiveness of their antimicrobial granules
by producing a large net in a concentrated area, which formed
both an antimicrobial and physical barrier to prevent the spread
of microorganisms. The authors of this study very insightfully
suggested that this mechanism may also have a detrimental effect
on the host that could stimulate autoimmunity (23). This initial
work, opened a new field in neutrophil biology that in the last
16 years has expanded to define, the signaling pathways for NET
production, identification methods of NETs, and a role for NETs
in perpetuating inflammation in autoimmune diseases. NETosis
is a powerful inducer of injury and therefore a major potential
therapeutic target.

Sequence of Events Required for NETosis
NET formation is a unique form of neutrophil cell death that it is
not instigated by either necrosis or apoptosis. Live cell imaging of
NETs by Fuchs et al. revealed the basic steps required for NET
formation (24). PMA stimulated peripheral neutrophils from
healthy donors were imaged for 240min, and the steps in NET
formation were outlined to follow a pattern: Firstly 60min after
stimulation, neutrophil nuclear lobules begin to lose their shape,
the nuclear envelope begins to disintegrate into small vesicles
and chromatin decondensation begins with segregation of eu-
and heterochromatin, 180min after stimulation the nuclear
envelop has completely disintegrated, granular membranes
rupture and the decondensed chromatin mixes freely with
both the contents of the granules and cytoplasmic material,
then the outer cell membrane ruptures and a protrusion of
a net like structure comprised of DNA, histones, MPO, and
NE is extruded (see Figure 2). The authors through elegant
experiments determined that this form of cell death was
neither apoptosis nor necrosis as DNA fragmentation a key
marker in apoptosis was absent via TUNEL staining in NET
formation. Necrotic cells did not make NETs, their nuclear
membranes did not rupture, and the nucleus just fused into
a homogenous mass with no apparent segregation of eu- and
heterochromatin (24).

NETosis Requires ROS
Reactive oxygen species (ROS) are required for the formation
of NETs. The most compelling evidence comes from patients
with Chronic Granulomatous Disease (CGD) who have genetic
deficiencies that cause mutations in nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase. CGD patients are
unable to form ROS and as a result are unable to make NETs
(24). CGD patients suffer from recurrent bacterial and fungal
infections that they are unable to clear infection efficiently due
to the lack of NADPH which is required for phagocytosis by
granulocytes. Addition of H2O2 to CGD patients’ neutrophils in
vitro enables neutrophils to produce NETs, suggesting that the
sequence of events that allows NET formation can be restored
downstream of NADPH (24).

Role of Peptidyl Arginine Deiminase (PAD4)
in the Citrullination of Histones
One of the determining factors that distinguishes between
neutrophil NET formation and either apoptosis or necrosis is the
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FIGURE 2 | ANCA mediated neutrophil extracellular trap (NET) formation. (1) Neutrophils are primed by inflammatory mediators (such as TNFα, LPS, IL-8, or C5a),

which exteriorises MPO on the cell surface (2) ANCA antibody recognize MPO as their cognate antigen and bind to the surface of the neutrophil which initiates a ROS

burst (3) NE, PR3, and MPO migrate to the nucleus where they break down the nuclear envelope (4) Increased PAD4 expression facilitates citrullination of histones,

the contents of the nucleus and cytoplasm mix as DNA decondenses (5) Neutrophil elastase breaks down actin fibers of the neutrophil cytoskeleton (6) DNA is

released with MPO, PR3, ROS and citrullinated histones.

citrullination of histones mediated by PAD4. Initial observations
of the role of PAD4 and its association with deimination of
histones in neutrophils came from experiments in animal models
of rheumatoid arthritis where the expression of PAD4 and
citrullinated histones correlated with an increase in disease
severity (25). Neeli et al. observed in experiments with stimulated
human neutrophils that NET formation was associated with
deimination of H3, whereas apoptotic cells produced no
deimination of H3, making citrullination of H3 a novel marker
to distinguish between NET formation and apoptosis (26). To
investigate further the requirement of PAD4 in the citrullination
of histones in NET formation Wang et al. demonstrated that
the inhibition of PAD4 by the pan PAD inhibitor Cl-amidine
failed to produce NETs in HL-60 granulocytes, through the
inhibition of H3 citrullination (27). The same group followed
up these experiments in PAD4−/− mice and demonstrated that
PAD4 was required for NET mediated efficient bacterial killing.
Neutrophils stimulated to form NETs by LPS, PMA, and H2O2

in vitro all required PAD4. PAD4−/− neutrophils were unable
to form NETs in response to any of the stimuli. Using a model
of necrotizing fasciitis the authors demonstrated that PAD4−/−

mice were unable to produce NETs and had a reduced capacity to
clear bacterial infection compared with PAD4+/+mice (28).

Critical Enzymes and Molecules Required
for NETosis
Both NE and MPO are stored in the primary (azurophilic
granules) of neutrophils, and are both found abundantly
adhered to NET fibers. Experiments by Papayannopoulos et al.
demonstrated that translocation of NE to the nuclear envelope
was required for the decondensation of chromatin (29). After the
initial ROS burst NE is released from primary granules where
it migrates to the nucleus and digests nucleosomal histones,
ultimately instigating the decondensation of the chromatin.
MPO was also found to bind to chromatin and enhance
decondensation independent of its enzymatic functions. The
role of MPO in NET formation was further explored in
subsequent experiments and neutrophils from 100% MPO
deficient individuals were shown to be unable to form NETs (30).
Interestingly neutrophils from individuals with only a partial
MPO deficiency were still able to make NETs. MPO contributes
5% of the dry weight of neutrophils and is the most abundant
neutrophil granzyme.MPO generates hypochlorous acid through
the oxidation of chloride and halide ions in the presence of H2O2,

this is highly antimicrobial. Despite the requirement of MPO to
generate NETs and its highly effective antimicrobial properties,
a genetic deficiency in MPO does not appear to have a major
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impact on individuals with this defect, they generally live healthy
lives unless they have co-morbidities such as diabetes (31).

The importance of MPO in regulating ROS was determined
by demonstrating that MPO inhibitors successfully blocked
PMA induced NET formation, and that this process could
not be rescued downstream by adding extracellular MPO (32).
Observations by other laboratories suggest the requirement for
MPO in NET formation may be dependent on the activating
stimulus. Neither ROS nor MPO is required for NET formation
when triggered by Leishmania parasites, but NE was required
(33). These findings were in agreement with experiments by
Parker et al., who found that MPO was required for NET
formation when stimulated by PMA but not by S. aureus and
E. coli (34). Overall these experiments highlight the need for
physiological relevant experiments, although PMA is a potent
NET inducer, it is not found physiologically in either humans or
mice and caution should probably be used when using it to study
signaling pathways, and assessing requirements for enzymes and
ROS, as they may not be representative of what happens in vivo.

Role of Gasdermin D in NET Formation
Pyroptosis is a lytic form of inflammatory cell death where
Gasdermin D (GSDMD) plays a critical role in forming pores
that allow the influx of water resulting in swelling of the cell
and osmotic lysis (35). Recently GSDMD has been implicated in
having a crucial role in the formation of NETs.

During a large screening of small molecule inhibitors of
NETosis Sollberger et al. identified a compound LDC7559 with
a pyrazolo-oxazepane scaffold that binds to GSDMD preventing
NETosis (36). Using LDC7559 to inhibit NET formation it was
demonstrated that neutrophil elastase (NE) and GSDMD work
together to break down the nuclear envelope and again to break
down the cell membrane at point of expulsion of the DNA
webs. LDC7559 inhibits NET formation at low concentrations
(1µM) without blocking phagocytosis, ROS production, NE or
MPO activity. These attributes of LDC7559 have potential as
therapeutic treatment of diseases with excessive NET burden as
it will prevent NETosis whilst keeping host defense intact. This
work further consolidated the critical role of NE in NETosis as
NE is essential for the activation of GSDMD. This highlights both
NE inhibitors and GSDMD as potential therapeutic benefit in
inhibition of NETs in inflammatory diseases (29, 30, 36).

Amongst the first hypothesized steps in NETosis we can
now add the role of GSDMD (24). The accepted chain of
events are: (1) the neutrophil undergoes a ROS burst, followed
by (2) migration of neutrophil enzymes NE and MPO to the
nucleus where NE induces break down of the nuclear envelope
via cleavage and activation of gasdermin-D that punches holes
in the nuclear membrane, (3) increased PAD4 expression
facilitates citrullination of histones and decondenses DNA, (4)
NE destabilizes the structure of chromatin and modifies histones
and cleaves actin within the cytoskeleton weakening the outer cell
membrane to allow, (5) expulsion of the NET.

Caspase 11 Driven NETosis
Traditionally defined NETosis requires citrullination of histones
via PAD4, neutrophil elastase and to a limited extent MPO.

A recently discovered form of NETosis driven by detection of
cytosolic LPS activates caspase 11 and occurs independently of
the requirement of traditional neutrophil enzymes. Inhibition
of MPO, NE and PAD4 does not inhibit caspase 11 mediated
NETosis (37). This mechanism is thought to have evolved to
enhance gram negative bacteria killing by releasing antimicrobial
NETs of DNA. Inhibition of both GSDMD and caspase 11 blocks
NETosis. Release of MPO and NE is inhibited, which suggests
that GSDMD is most likely to be involved in creating pores in
the membranes of lysosomes which are responsible for liberating
MPO and NE (37). Caspase 11 and GSDMD work in partnership
to facilitate NETosis in two stages of NETosis. In stage 1 GSDMD
creates pores in the nuclear membrane allowing caspase 11
to enter and cleave histones allowing chromatin relaxation for
NET extrusion. In stage two GSDMD creates pore in the cell
membrane to allow release of the DNA (37).

Although this type of NETosis is thought to have evolved
to defend neutrophils against the invasion of gram negative
bacteria, there are other implications where this may be relevant
in other diseases. Both GSDMD and caspase 11 may be potential
therapeutic targets.

Signaling Pathways in NET Formation
Several different pathways have been reported to play functional
roles in NET formation. The first of these pathways is known
as the Raf (rapidly accelerated fibrosarcoma),- MEK-(mitogen-
activated protein kinase), -ERK (extracellular signal-regulated
kinase pathway). The Raf-MEK-ERK pathway is responsible for
controlling the expression of the anti-apoptotic protein Mcl-1.
PMA stimulated neutrophils downregulate Mcl-1 immediately
after stimulation, which blocks apoptosis and favors NET
formation. PKC, cRaf, and MEK inhibitors can block this
downregulation, suggesting that the raf-MEK-ERK pathway is
responsible for controlling NET formation. The authors of this
study suggest this pathway could be a potential therapeutic target
in diseases where aberrant NET formation occurs (38).

There has been speculation that NET formation could also
be activated by the same pathway that causes necroptosis in
neutrophils. Necroptosis is another form of cell death distinct
from apoptosis. It is considered to be a programmed form
of necrosis. The simplified version of the complex signaling
pathway is that once activated a series of signals cause interaction
between RIPK3 (receptor interacting protein kinases-3) which
phosphorylates MLKL (mixed lineage kinase domain-like),
which creates a conformational structural change allowing the
oligomerization of MLKL to form a pore, which results in
increased osmotic pressure within the cell as ion and water enter
the cell resulting in rupture of the cell membrane. Experiments
using Ripk3−/− mice and MLKL inhibition demonstrated that
this pathway is used downstream of ROS production (39). Nec-
1 an inhibitor of necroptosis, which prevents the formation
of the necrosome through the modulation of RIPK1 and the
subsequent phosphorylation of RIPK3 and MLKL, prevented
the formation of NETs induced by PMA or monosodium urate
(MSU) crystals in both human and mouse neutrophils. In direct
contrast, Amini et al. found that NET formation occurred
independent of signaling through RIPK3 and MLKL (40). Using
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the neutrophils from the genetically modified mice deficient
in Ripk3 and human neutrophils chemically inhibited with the
MLKL inhibitor necrosulfonamide (NSA), the authors conclude
that NET formation is independent of a necroptotic form of
death. The notable difference between these 2 studies could be
dependent on the different stimuli used to activate and stimulate
NET formation. Desai et al. usedMSU crystals, and PMAwhereas
Amini et al. used GM-CSF primed neutrophils with C5a, LPS, or
E. coli.

ANCA mediated NETosis can be mediated by the RIKP1/3
MLKL pathway (22). In vivo NETs can be pharmacologically
inhibited using the RIPK1 inhibitor Nec-1s, and the MLKL
inhibitor necorusulfonamide (22). RIPK3 and MLKL deficient
mice are protected from the development of necrotizing
crescentic glomerulonephritis induced by anti-MPO antibody.
RIPK3 deficient bone marrow (BM) transfers, in the same
animal model were protected suggestive of necroptosis
playing a critical role in the progression of necrotizing
crescentic glomerulonephritis.

MPO Is Biologically Active in NETs
The bactericidal capacity ofMPO inNETs has been shown in vivo
to be biologically active when adhered to DNA remnants from
NET formation. Parker et al. measured the peroxidase activity of
MPO released from NETs, and found that over 80% of the MPO
released from the neutrophil came fromNET formation, and was
still biologically active (34). The findings of these experiments
have two implications. Firstly, MPO adhered to NETs may aid
in the bactericidal capacity of NETs and increase the role of
neutrophils role in reducing the spread of bacteria at sites of
infection. The second implication, is that the extracellular NET
MPO that is deposited is biologically active and may cause direct
injury to the surrounding tissues and also become available as an
autoantigen in autoimmunity in AAV.

NETs Transfer Neutrophil Antigens in AAV
Although the role of NETs in enhancing host defense against
bacterial infection has been well-established, the production
of NETs also has potential to expose the immune system
to potential self-antigens, and therefore may play a role
in perpetuating inflammation by triggering and enhancing
injurious autoimmunity to extracellular MPO.

Proof of concept that NETs can initiate autoimmunity in
AAV comes from animal models of the disease. Sangaletti
et al. demonstrated that neutrophil antigens from NETs can
be transferred to dendritic cells (DCs) (41). Live cell imaging
of stimulated pro inflammatory neutrophils co-cultured with
myeloid DCs (mDCs) showed that NET forming neutrophils
make stable connection with mDCs, whilst apoptotic neutrophils
only form infrequent contact with mDCs. To examine the
possibility of the transfer of the auto-antigens MPO and PR3
from dying neutrophils to mDCs, co- cultures of neutrophils
and mDCs were observed and the efficacy of neutrophil antigen
transfer characterized. Necrotic cells failed to transfer either
MPO or PR3. These auto-antigens were internalized by the
DCs with apoptotic bodies less frequently than MPO or PR3

from NET forming neutrophils. Addition of DNase I to the co-
culture media prevented the transfer of NET associated antigens,
by disintegrating the DNA back bone of the NETs, indicating
that the intact DNA structure is required for successful transfer
of the autoantigens. Based on these findings the authors of
this study transferred the mDCs cultured with either NETs or
apoptotic neutrophils into mice via intraperitoneal injection,
weekly for a period of 6 weeks, collected serum and examined
both the kidneys and lungs for pathology at the termination
of the experiment 4 months later. Results demonstrated that
the mDCs co-cultured with the NET forming neutrophils had
an increased production of circulating ANCA, IgG, and C3
deposition, and an increased kidney pathology score compared
to the apoptotic neutrophils co-cultured with mDCs, which had
a reduced amount of ANCA production and no evidence of
vasculitis in either the lungs or kidneys.

This study provided proof of concept that NET forming
neutrophils can initiate vasculitis. The authors conclude that
AAV skews neutrophil cell death toward NETosis rather that
apoptosis. They also confirm that apoptotic cell death is
more likely to protect from excessive inflammation and the
development of autoimmunity. The authors do not discuss the
possibility that apoptotic neutrophils co-cultured with mDCs
may actually have a protective effect. This has been reported in
other diseases such as type 1 diabetes (42). DCs co-cultured with
apoptotic bodies from β cells and injected into mice have been
shown to induce a reduction in co-stimulatory molecules and
production of cytokines in NOD diabetic mice (42).

NETs not only exposed the autoantigens MPO and PR3 but
also make histones available for interaction with the immune
system. Histones themselves elicit strong responses from the
immune system by activating danger associated molecular
patterns (DAMPS), recognized in particular by toll-like receptors
(TLR) 2, TLR4, and nucleotide-binding oligomerisation domain
like (NOD) receptors. Histones have been implicated in
enhancing injury in many other forms of disease such as sepsis,
trauma associated lung injury, sterile liver injury, and kidney
injury (43–47).

Histone capacity to induce inflammation and injury is
supported by the actions of PAD4. A recent study by Kumar
et al. found that inhibition with the PAD inhibitor Cl-amide
or histone antibody depletion, reduced glomerulonephritis in
a mouse model of anti GBM (48). A reduction in glomerular
crescents, and leukocyte infiltration was significant, indicating
that targeting extracellular histones could be an effective
treatment in glomerulonephritis.

NET Interactions With T Cells
NETs have an established role in innate immunity, but less
is known about their interactions with the adaptive immune
system. In vitro studies of humanNETs and T cells have indicated
that NETs can prime CD4+ T cells by decreasing their activation
threshold (49). Co-culture of T cells and NETs alone increases
the upregulation of the T cell activation markers CD25 and
CD69, but does not increase T cell proliferation. Co-cultures of
DCs, T cells and NETs, results in an increase in the activation
of T cells, measured by the increased production of T cell
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proliferation cytokines IFNγ, IL-17A, IL-4, IL-10, and IL-2. This
effect however is not seen when NETs alone are cultured with T
cells, or in transwell plates where the DCs andNETs are separated
from the T cells, indicating that T cell direct contact with both
DCs and NETs is required for T cell activation (49).

In vivo studies of NETs indicate they can activate Th17 cells,
indirectly by priming human macrophages and in a murine
model of atherosclerosis (50). Co-cultures of monocytes with
NETs activated by cholesterol crystals resulted in an increased
production of monocyte cytokines (including IL-1β). In a model
of murine atherosclerosis, NETs were found associated with
atherosclerotic lesions, which could be reduced when disease was
triggered in NET deficient mice (APoE, PR3, and NE deficient) to
prevent NET formation. The production of IL1β by macrophages
increased the secretion of T cell derived IL17, and subsequent
neutrophil recruitment to vascular endothelia (50).

Complement and NET Interactions
Neutrophils from either C3−/− or C3a receptor−/− (C3aR) mice
are unable to formNETs (51, 52). This indicates that complement
is non-redundant in initiating NETosis. Activated neutrophils
express complement factors such as C3 and properdin and
Factor B on their cell surface- all components of the alternative
complement pathway (53). In host defense neutrophils form
NETs to increase bactericidal killing by increasing their surface
area in which they ensnare bacteria. Complement opsonization
of bacteria have an enhanced ability to induce NETosis (54).
C5a both recruits’ neutrophils and primes them for NET
induction through upregulation of Toll-like and complement
receptors (55). Neutrophil enzymes contained with the DNA
fibers of NETs have the capacity to cleave C3 and C5 into
active fragments. For example MPO can cleave C5a and C5b,
whereas Neutrophil Elastase can cleave C3 in to C3a and
C3b (56, 57).

OBSERVATIONS OF NETS IN CLINICAL
AAV

Kessenbrock et al. provided the first data that indicated a
possible pathological role for NETs in AAV. ANCA IgG from
patients with small vessel vasculitis (SVV) were able to trigger
NET formation in isolated human neutrophils from healthy
individuals primed with TNFα (23% of neutrophils formed
NETs), whereas IgG from normal healthy individual was only
able to stimulate 11% of neutrophils to form NETs. The main
autoantigen targets MPO and PR3 were both present upon
the NET DNA fibers and were still accessible for ANCA Ig
to bind to. After establishing that ANCA could activate NET
formation and that the auto antigenic targets MPO and PR3
were accessible within the NETs the authors sought evidence of
in vivo NET formation in the biopsies of AAV patients. Using
antibodies to NET components (DNA, histones, MPO, NE, PR3,
and LL37), they found that NETs were present in 9/15 biopsies
examined (58).

We have demonstrated that NET formation is closely
associated with the deposition of MPO in glomeruli in a

large clinical study of MPO-AAV patients (n = 47) (59).
Extracellular MPO was significantly higher in glomeruli with
NETs. This was also the first study to demonstrate the presence
of macrophage extracellular traps (METs) that were MPO
positive and frequently observed within the glomeruli of MPO-
AAV patients (59). Considering macrophages are one of the
prevalent leukocyte subtypes infiltrating glomeruli in AAV
biopsies, potential therapies targeting NETs should also extend
to METs.

Further studies of NET involvement in AAV patients include
case reports demonstrating NET formation through the use of
antibodies against MPO, Citrullinated Histones and PAD4 or
using DAPI in combination with MPO to identify NETs (60,
61). A larger study containing 15 AAV patients (for peripheral
neutrophil studies) and 6 kidney biopsies in China showed
similar results to the Kessenbrock et al. study, demonstrating
enhanced NET formation in patients with AAV compared to
healthy controls. There was evidence of increased NET formation
in the biopsies of patients with active crescentic GN but minimal
NET evidence in the non-crescentic patients providing evidence
that NETosis maybe injurious.

Attempts have been made by several research groups to
show an association between circulating NET markers and active
disease. In a large cohort of 93 AAV patients Soderberg et al.
(62), found that patients with active AAV had significantly more
remnants of NETs than healthy controls within their circulation.
No difference was found between patients in remission and
healthy controls. In contrast, Wang et al. found the level of
circulating Neutrophil extracellular traps did not correlate with
disease activity. In this cohort there were 34 patients with active
AAV and 63 patients with AAV in remission (63). A significant
difference in the numbers of circulating NETs between AAV
patients and healthy controls was determined using circulating
cell free DNA (cfDNA) as a marker of NETs. There was no
correlation between NET formation in the circulation of patients
with active disease when compared to patients in remission.

Wang et al. investigated the levels of DNase I an enzyme that
specifically degrades DNA and found that patients with AAV had
significantly higher circulating levels of DNase I than healthy
controls whereas there was no observed difference between the
active AAV and remission group. Taken together current data
does not suggest that the presence of NET remnants in the serum
is a reliable indicator for disease severity or activity (63).

More recently it has been shown that NET formation can
occur in AAV independent of ANCA (64). In a cohort of
99 AAV patients, patients’ neutrophils isolated from whole
blood demonstrated excessive NET formation ex vivo when
stimulated with ANCA serum depleted of IgG. Serum levels of
ANCA did not correlate with NET remnants, however increased
NET formation was observed in patients with active disease.
Of interest patients with MPO-AAV had significantly more
NET formation than those of PR3-AAV patients. Neither C5aR
inhibitors or eculizumab were able to prevent formation of
NETs ex vivo, indicating that C5a-C5aR interactions are not
critical for human NET formation ex vivo. Whereas, a genetic
deficiency in either C3a or C3aR prevents NET formation in
murine neutrophils (as discussed earlier).
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NET formation in AAV is distinct from NET formation
observed in systemic lupus erythematosus (SLE). Serum from
n = 80 AAV patients and n = 59 SLE patients, were incubated
with healthy circulating neutrophils, and induced excessive NET
formation. AAV patient serum significantly induced more NETs
compared to serum from both healthy controls and SLE patients
(65). The qualitative appearance of NETs from AAV patients
also differed from SLE patients. AAV induced NETs were lytic
in nature with large expulsion of DNA, and occurred much
slower than that of SLE induced NETs which were faster, with
less expelled DNA, a higher concentration of mitochondrial DNA
(mtDNA) and less lysis of the cell membrane. These results
should be interpreted with caution as they were performed ex
vivo by incubating patient serum with healthy neutrophils. A
more efficient way of determining the difference between AAV
and SLE NETs would be to conduct the same experiment with
the neutrophils from the patients. As previously mentioned AAV
neutrophils have a higher propensity to NET than those of
healthy neutrophils, therefore data collected from neutrophils
form healthy patients and SLE patients may not behave in the
same manner (62).

Collectively these disparate results indicate using circulating
NETs is not a good biomarker for AAV disease activity.
Observations from ex vivo experimentsmay not be representative
of what happens in vivo. Detection of NETs in kidney biopsies
would provide more relevant evidence of pathogenicity as these
are the sites of direct injury opposed to measuring NET remnants
from the circulation in serum, or inducing NET formation
ex vivo.

VITAL NETS AND MITOCHONDRIAL DNA
RELEASE

Neutrophils are also able to produce NETs which do not
ultimately end in death of the neutrophil. This has been
termed “vital NETosis,” and uses some of the same pathways
as traditional “suicidal NETosis,” such as the translocation of
NE to the nucleus, activation of PAD4 and decondensation of
chromatin. Instead of extruding all the nuclear contents as in
suicidal NETosis, in vital NETosis, the DNA is released within
vesicles, and the neutrophils phagocytic functions remain intact
(51). In vivo imaging of neutrophils during gram-positive skin
infections, have demonstrated that NET forming neutrophils can
still effectively crawl despite being anuclear, and still have the
ability to kill bacteria via phagocytosis (51).

Mitochondrial (mt) NETosis has also been observed, like
normal NETosis it is ROS dependent. Mitochondrial nets
have been formed in vitro in response to stimulation by
GM-CSF and C5a (66). Recently mitochondrial NETosis has
been demonstrated in low density neutrophils from lupus
nephritis patients (67). The mitochondria formed NETs were
pro-inflammatory and were able to induce production of type
1 interferons. Using MRL/lpr (lupus prone mice), it was shown
that the in vivo administration of MitoTEMPO an inhibitor of
mitochondrial ROS was able to reduce NETosis, and ameliorate
autoimmunity in the MRL/lpr mice (67).

RELEASE OF DNA FROM OTHER
LEUKOCYTES OTHER THAN
NEUTROPHILS IS PROINFLAMMATORY

Neutrophils are not the only cells that release DNA. It has
been recently described that activated CD4T cells can release
extracellular DNA traps (68). Ex vivo cultured Human CD4T
cells and naïve CD4+T cells from mice produced DNA threads
when activated with anti-CD3/antiCD28 antibodies for 24 h. The
DNA released is highly oxidized, coated with histones similar
to what is see in the generation of NETs. The expelled DNA
from CD4T cells, was also detectable in vivo in the lymph
nodes of EAE mice. The generation of these T cells is dependent
on the generation of reactive oxygen species (ROS). Using the
mitochondrial ROS inhibitor SkQ1 at a low dose in vivo reduces
excess mitochondrial ROS and is protective in a model of
EAE. Antigen specific (MOG35−55) ex vivo stimulation of lymph
node cells from mice treated with SkQ1 had reduced immune
responses and reduction in pro-inflammatory cytokines.

B cells release mitochondrial DNA in response to stimulation
with CpG and non-CpG oligonucleotides (ODN) but no other
known NET stimulators (69). This is independent of typical cell
death such as necrosis or apoptosis. Unlike NETs this process is
rapid, happening within minutes of stimulation, does not rely on
ROS or NADPH. B cell expulsion of DNA is of mitochondrial
origin and released in full size rather than fragments. B cell mt
DNA release, acts like a DAMP and induces the production of
Type 1 IFNs in co-cultures PBMCs. Inhibition of B cell mt DNA
is not accomplished by inhibitors of other types of cell death, or
by blocking ROS. The only treatment effective in blocking the
release of B cell mt DNA was ZnCl2.

This data indicates when considering the inhibition of NETs,
the effectiveness should be assessed also in other cells leukocytes
and lymphocytes which may be contributing to inflammation
through the release of ecDNA.

NET DERIVED EXTRACELLULAR DNA IS
PRO-INFLAMMATORY

One of the major components of NETs is the backbone DNA
structure. Within NETs this backbone of DNA provides the
substrate that the neutrophil enzymes, proteases, and histones
adhere to. Although the production of NETs helps to fight
infection by containing the spread of infectious bacteria, the
DNA itself can cause inflammation through activation of DNA
sensors, and histone exposure (as discussed in previous section).
DNA is released from dying cells through several different
mechanisms including apoptosis, necrosis, necroptosis, and
pyroptosis. Besides the different signaling pathways involved and
pathological appearance of these types of cell deaths, the size of
the DNA and quantity released during death differs also.

DNA derived from NETs can activate the immune system by
acting as a danger signal. The nuclear location of DNA offers
protection from exposure to the immune system under normal
healthy conditions. Self-DNA which is released extracellularly
during either pathogenic processes or autoimmunity is seen
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by the immune system as a Danger Associated Molecular
Pattern (DAMP) where as non-host DNA is recognized as a
Pathogen Associated Molecular Pattern (PAMPS) by Pattern
Recognition Receptors (PRRs). DNA which escapes the nucleus,
is detected by several different sensors. TLR9 recognition of
DNA occurs within endosomes. Within the cytoplasm extra
nuclear DNA is detected by either three prime repair enzymes,
exonuclease 1 (TREX1), or cyclic GMP-AMP synthase (cGAS).
This recognition of extra nuclear DNA activates the adapter
protein Stimulator of Interferon Genes (STING). The different
DNA sensors can also control which pathway of cell death may
occur. For instance, extracellular DNA activation of TLR9 will
induce apoptosis, activation of RIP3 will activate necrosis and
NETosis, caspase 9 will trigger apoptosis, and activation of AIM2
will induce pyroptosis.

TARGETING NETS AS THERAPY IN AAV

There are currently no alternative proven safe therapies that
can replace immunosuppressive cyclophosphamide or rituximab
for the treatment of AAV. Both these treatments render
patients susceptible to infection (70, 71). Cyclophosphamide
suppresses bone marrow production of all leukocytes and
therefore immunity is unable to be restored quickly. White blood
cell counts can take weeks to return to an acceptable level leaving
patients vulnerable to infection, and with a worsened prognosis
upon pathogen insult. While non-targeted immunosuppression
can attenuate AAV, critical functions for maintaining host
immunity are compromised, resulting in severe and life-
threatening side effects, specifically increased susceptibility to
opportunistic infections and malignancy.

Potential Strategies to Prevent NETosis
Recent evidence suggests targeting some cell death pathways,
particularly NETosis may be safer than conventional
therapies. This is because emerging inhibitors of some
critical NETosis specific enzymes have few off target
effects. However, many of the potential NETosis inhibitors
are reversible or have short half-lives. Early infection
detection and rapid withdrawal would minimize the risk
of increased susceptibility to infection. A summary table
of inflammatory mediators released by NETs and pathways
with potential therapeutic avenues can be found in Table 1

and experimental evidence demonstrating a pathogenic role
of NETS in disease initiation/progression are summarized
in Table 2.

Peptidyl Arginase Deiminases
There are several potential candidates for targeting NETosis as
therapy in autoimmune diseases, including Cl-amidine (and the
second generation BB-Cl amidine), both pan PAD inhibitors,
DNase I which specifically targets and clears DNA and gasdermin
D inhibitors which will prevent both pyroptosis and NETosis.
Multiple studies have shown a protective effect in autoimmune
diseases when PAD4−/− animals have been used, so it would
be likely that a PAD inhibitor would have some effect in
ameliorating autoimmunity in diseases in which NETs are likely

to play a role such as lupus, atherosclerosis, arthritis, diabetes,
and AAV (86, 87, 92–95). Although Cl-amidine and BB-Cl
amidine which has a longer half-life in vivo has been beneficial
in animal models, there are concerns that in human diseases that
the inhibition of all the PADs not just PAD4 which is implicated
in NET formation could have a detrimental effect in patients by
increasing their susceptibility to infections. Specific inhibitors for
PAD4 with no off target effects are emerging. Our laboratory
has shown the use of GSK484 a specific PAD4 inhibitor and the
pan inhibitor BB-CLA are protective in animal model of AAV.
With a reduction in NETs, extracellular MPO and neutrophils
recruitment to glomeruli. Interestingly BB-CLA is also able to
induce an increase in numbers of MPO specific T regulatory
cells (88).

Deoxyribonucleases (DNase)
The deoxyribonuclease family can be divided into two broad
classes based on their biochemical structure and functional
properties. The DNase I family consists of DNase I, DNase 1L1,
DNase 1L2, and DNase1L3. Little is known about the functions
of DNase L1, and DNase 1L2. DNase L1 is produced mainly
by muscle and myocardium whereas DNase 1L2 is produced in
varied sites including the brain lungs, placenta and skin. All of
the DNases cleave DNA, for the purposes of this review we will
concentrate on DNase I and DNase 1L3 which have both been
implicated in regulating ecDNA in autoimmunity.

DNase I family enzymes require bivalent magnesium and
calcium ions for activation. Without magnesium DNase I is
unable to efficiently cleave DNA phosphodiester bonds. DNase
I is mainly produced by the pancreas, and salivary and parotid
glands and released into the blood stream. G-Actin forms
a complex with DNase I and inactivates it, the biological
significance of this is not yet known, however this does suggest
that DNase I is subjected to regulation in vivo. DNase I
preferentially degrades double stranded DNA (dsDNA) over
single stranded DNA (ssDNA). The primary role of DNase I is
to degrade extracellular nuclear proteins- any disruption in this
process has the potential to cause autoimmunity.

DNase1l3 is expressed highly in the lymphoid organs, and
has a role in promoting plasma ecDNA homeostasis. DNase1l3
enhances fragmentation of DNA and targets nucleosomes and
DNA protein complexes. DNase1l3 plays a role both in intra and
extracellular degradation of DNA. It has two nuclear localization
signals unlike DNase 1 which only has one in the N-terminal
signal. It is proposed that this is why DNase1l3 may have a role in
apoptosis where it enhances chromatin cleavage.

DNase I and DNase 1l3 both degrade NETs in vitro and in
vivo, providing dual protection against excess NET formation
(80). Mice genetically deficient in either DNase I or DNase 1l3 are
protected against chronic neutrophilia induced by G-CSF. This
indicates that in the absence of oneDNase the other has the ability
to compensate. However, if mice are both DNase I and DNase
1l3 deficient, mice die within 5 days. Mutations in both DNase I
and DNase1l3 are associated with autoimmune diseases (96, 97).
Mice deficient in DNase I and DNase 1l3 spontaneously develop
SLE (98–100).
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TABLE 1 | Inflammatory mediators released by Neutrophil Extracellular Traps and potential inhibitors.

Molecule Model of investigation Inhibitor References

Inflammatory mediators released by Neutrophil extracellular traps

Myeloperoxidase (MPO) Experimental AAV, clinical MPO AZM198 (59, 72)

Proteinase 3 (PR3)

Neutrophil Elastase (NE) Lung disease Alvelestat (73–76)

BAY 85-8501 (77–79)

Histones Experimental model of GN Anti-histone antibody (48)

DNA Animal models of AAV, Animal model

of chronic neutrophilia

DNase 1

DNase 1L3

(22, 80, 81)

mtDNA Animal model of EAE SkQ1 (68)

Reactive oxygen species (ROS) Animal model of EAE SkQ1 (68)

High Mobility Group Box 1 (HMGB1) Animal models of sepsis, and IRI Glycyrrhizin

Gabexate mesilate

HMGB1 specific ab

(82, 83)

S100A8/A9 SLE, T1D Clinical trials Quinoline-3-carboxamide (84, 85)

Molecular targets in the initiation of NETS

Peptidyl arginine deiminase 4 (PAD4) PTU induced AAV

NET inhibition in Lupus prone

MRL/lpr mice

Cl amidine

Cl amidine

(86)

(87)

Experimental AAV

Experimental AAV

BB-Cl amidine

GSK484

(88)

(88)

Gasdermin D Human and murine neutrophils LDC7559 (36)

RIPk1 Mouse NETs Necrostatin (NEC) (89)

RIPk3 Mouse model of AAV Necrostatin (NEC1) (22)

MLKL Mouse model of AAV Necorusulfonamide (22)

TABLE 2 | Experimental evidence of the pathogenic role of NETs in AAV.

Model Experimental evidence References

AAV PBMC and kidney biopsies PR3-ANCA and MPO-ANCA stimulate NET formation ex vivo, glomerular NETs in AAV

patient biopsies

(58)

AAV kidney biopsies Extracellular MPO associated with glomerular NET formation, description of

macrophage extracellular traps

(59)

AAV PBMCs AAV patient neutrophils more likely to spontaneously NET than healthy controls (62)

Animal model of AAV NET formation can be inhibited by blocking the Necroptosis pathway (22)

Animal model of AAV NETs transfer neutrophil antigens in AAV (41)

AAV PBMCs NET formation can occur independent of ANCA, and complement pathway. (62, 64)

AAV serum with healthy donor neutrophils AAV NETs distinct morphology compare to SLE NETs (65)

AAV Case Reports NETs present in glomeruli of biopsy (60, 61)

PTU induced animal model of AAV Cl amidine prevented MPO-ANCA production (86)

PTU induced Wistar-Kyoto Rat model of AAV Pharmaceutical Immunoglobulins reduce NETs and attenuated MPO-AAV (90)

Animal model of AAV DNase I reduces NET formation and ameliorates AAV (81)

Animal model of AAV NE−/− mice are NET depleted and protected from development of AAV (91)

Animal model of AAV PAD4−/− mice have significantly less glomerular NETs and attenuated AAV (88)

Animal model of AAV PAD inhibitors BB-Cl amidine and GSK484 inhibit NET formation and protect attenuate

development of AAV

(88)

DNase I, has been shown to be safe and tolerable in
a clinical trial in lupus, although not effective in treating
the disease possibly due to the heterogeneity of the disease
pathogenesis in Lupus, and the disease progression not reliant on
immunoreactivity to DNA alone. However, valuable information
on the safety and side effects can be taken from the trial, and
applied to other forms of autoimmunity where extracellular DNA
may play more of an injurious role (101).

Experimental evidence indicates that DNase I is therapeutic
in two different models of ANCA vasculitis. Schreiber et al.
demonstrated in a model of AAV that DNase I prevents ANCA
induced NET formation, glomerular injury and protects mice
from development of disease. MPO-ANCA activated NETs
incubated with endothelial cells in vitro increased albumin
permeability, which pre-treatment with DNase I prevented (22).
Our own laboratory has shown that DNase I prevents the
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development of AAV, through a reduction in ecDNA released
during cell death, reduced NET formation and an associated
decrease in the deposition of the autoantigen MPO. DNase
I is able to reduce autoimmunity to MPO with a reduced
number of MPO specific lymphocytes (IL17a and IFNγ) in
the draining lymph nodes and an increase in the number
of MPO specific T regulatory cells, suggesting that DNase
I may have an immunomodulatory role. DNase I given at
the time of antigen presentation reduced the numbers of
CD11c positive DCs, and activation markers MHCII, CD40,
CD80, CD86, and the numbers of activated CD4+ CD69+ T
cells (81).

Treatment with DNase I is not without difficulties. To achieve
a therapeutic benefit in animal models of AAV, DNase I is
administered intravenously twice daily to combat the short half-
life (3–4 h) of DNase I in the circulation (22, 81). Recombinant
DNase I is rapidly inactivated by G actin therefore the benefits of
an inhaled actin resistant DNase is being currently investigated
in Phase I and II clinical trials for cystic fibrosis patients
(NCT02605590, NCT02722122). Other avenues to combat the
limited half-life of DNase I in the circulation involve using
gene delivery vectors derived from adeno-associated virus vectors
(AAvec). AAvec would overcome the critical issue of the short
half-life of the enzyme to provide a “one shot” therapeutic
for SLE and ANCA-vasculitis through continuous delivery of
DNase I. AAvec technology has already been used successfully
to treat blindness, clotting disorders, and neuromuscular disease
in humans (102). Over expression of both DNase I and
DNase Il3 protein with pLIVE plasmids enables the liver to
produce long lasting over expression of both proteins in mice.
In a model of sepsis in DNase I−/− and DNase 1l3−/−

mice, plasmid expression of DNase I and DNase 1l3 restores
endogenous circulating levels of both types of DNase and
prevents vascular occlusion from NETosis in a model of chronic
neutrophilia (80).

DNase I coated melanin-like nanospheres have been
used successfully to control NET dysregulation in a model
of sepsis (103). To circumvent the relative short half-life
of DNase I in the circulation bare bioinspired melanin-
like nanospheres (bMNSs) are coated with polydopamine
which immobilizes DNase I on the surface of the bMNSs.
The DNase I bMNSs retain biological activity for 36 h.
Intravenous injection of DNase I bMNSs significantly reduced
NETosis, extracellular DNA levels, neutrophil counts, reduced
MPO and NE activity, and proinflammatory cytokines in a
murine model of sepsis. Mice given DNase I bMNSs had
improved survival rates compared to mice given endogenous
DNase I.

In addition to clearing NET DNA DNase I can clear DNA
from other types of cell death where DNA is released into
the extracellular environment such as apoptosis, necrosis, and
pyroptosis. One limitation of DNase I is that it only dismantles
formed NETs. Some NET remnants (histones and proteases) are
left behind in vessel walls (104). DNase I as adjunctive therapy
may allow reduction in the dose of currently used effective
drugs particularly steroids, where high dose related side effects
are common.

Neutrophil Elastase Inhibitors
The role of neutrophil elastase (NE) as a major constituent of
NETs is well-accepted however the role of NE in instigating
NETosis is controversial. NE was first shown in 2010 to work
synergistically with MPO to break down the nuclear envelope
and help cleave histones as discussed in a previous section
(29). These findings were confounded when it was found that
NE−/− mice were able to form NETs in a model of deep vein
thrombosis, putting into dispute the role of NE in forming
NETs (105). Mice with a genetic deficiency in NE only had a
modest reduction in NET formation compared to WT controls
when ionomycin was used to stimulate NET formation. The
conflict in these results suggests that NE plays a different
role in instigating NETosis dependent on the stimulus. It is
also possible in the absence of NE another protease takes
over the role of regulation of NETosis. Recently it has been
shown that GSDMD and NE work synergistically to break
down the nuclear envelope and the outer cell membrane during
NETosis highlighting again the importance of NE in NETosis
and its relevance as a therapeutic target, both in instigating
NETs and neutralizing once it has been exteriorized thorough
NETosis (36).

Two promising candidates for neutrophil elastase inhibitors
are Alvelestat and BAY 85-8501, both have been shown to be safe
and tolerable in clinical trials for the treatment of airway diseases
so is poised for clinical translation to target NETosis in AAV.

Alvelestat (AZD9668), is a 3rd generation neutrophil elastase
inhibitor which is reversible and highly selective for Neutrophil
Elastase and to a lesser extent PR3 (77). It has been utilized
in Phase II clinical trials for the treatment of air way
diseases at a dose of 60mg b.i.d (twice daily) including cystic
fibrosis (73), chronic obstructive pulmonary disease (74), and
bronchiectasis (75). Alvelestat has been effective in inhibiting
NETs in a model of acute lung injury/acute respiratory distress
syndrome in mice and significantly reducing the inflammatory
response (76).

BAY 85-8501 is a 5th generation neutrophil elastase inhibitor
with potency similar to that of endogenous antiproteases, it has
improved metabolic stability over the previous generation of
inhibitors with an improved half-life. Phase I clinical trials with
healthy males showed that a dose of up to 1mg is well-tolerated
with no evidence of adverse reactions (78). Phase II clinical trials
have shown Bay 85-8501 to be safe for the treatment of non-
cystic fibrosis bronchiectasis (79), and bronchiectasis (75). BAY
85-8501 reduces human primary neutrophil NET formation in
vitro when stimulated with PMA (36). Based on the results of
the safety profile of BAY 85-8501 and the in vitro capability of
inhibiting NET formation, it is a promising candidate to block
NET formation in AAV.

Inhibition of NE raises the possibility that host defense will
be compromised. This is minimized with the use of the most
recent generation of NE inhibitors as the inhibitors are reversible
and have been shown to be dose dependent in ex vivo blood
zymosan assays of neutrophils to determine the phagocytosis
capability after use of the NE inhibitors (77). Of clinical relevance
is preliminary data that they can inhibit NE activity to a level
that has clinical benefit (between 50 and 90%) but does not
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reduce the innate capacity of neutrophils to engulf and kill
bacteria (77).

Our laboratory has shown that neutrophil elastase knock
mice (Elane−/−) are protected from the development of murine
MPO-AAV with a significant reduction in albuminuria/creatine
ratio, glomerular segmental necrosis, glomerular NETs and
associated MPO deposition, recruitment of glomerular CD4+
T cells, macrophages and neutrophils (91). Both Alvelestat and
BAY 85-8501 have been used to inhibit NETs in a model
of MPO-AAV with favorable results. Daily administration of
the NE inhibitors via oral gavage reduced glomerular injury,
recruitment of glomerular CD4T cells, CD8T cells, macrophages
and neutrophils. Glomerular NET accumulation and MPO
deposition was significantly reduced. ANCA was significantly
reduced in the BAY 85-8501 treatedmice but not in the Alvelestat
treated mice.

Collectively these experimental results demonstrate that NE
inhibition is protective in experimental MPO-AAV. Favorable
results from clinical trials in terms of safety and efficacy
are encouraging for the investigation of clinical translation
of Alvelestat and BAY 85-8501 for the treatment of MPO-
AAV (106).

CONCLUDING REMARKS

Current treatment for AAV is suboptimal with unavoidable
adverse effects. A targeted more specific treatment is required.
NETs are a common feature within glomeruli of kidneys
from MPO-AAV patients. The key autoantigens in AAV MPO
and PR3 are released during NET formation along with
other potential injurious molecules that cause direct injury to
glomerular endothelial cells. Therapeutically targeting NETs will
prevent the release of these autoantigens, reducing glomerular
damage, with the potential to ameliorate the progression
of AAV.
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