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Summary

Polymorphonuclear neutrophil granulocytes are the first
responders of the immune system to threats by invading
microorganisms. In the traditional view, they combat the
intruders by phagocytosis and externalisation of granules
containing lytic and microbicidal factors. A dozen years
ago, this concept was expanded by the observation that
neutrophils may react to bacteria by extruding their nuclear
chromosomal DNA with attached nuclear and cytoplasmic
constituents to form extracellular reticular structures. Since
they trapped and immobilised the microbes, they were des-
ignated neutrophil extracellular traps (NETs), and their en-
suing cell death NETosis. Subsequently, the NETs were
shown to act against different types of pathogens, including
viruses, and an intricate interplay between the NETs and
countermeasures of the pathogens became apparent.

The NETs were also found to induce inflammatory re-
sponses in the host that contributed to the pathophysiology
of autoinflammatory and even autoimmune diseases. Of

Abbreviations

ACPA: anti-citrullinated peptide antibody
ANCA: anti-neutrophil cytoplasmic antibody
ATP: adenosine triphosphate

cAMP: cyclic adenosine monophosphate
CXCR2: C-X-C motif chemokine receptor 2
DNA: deoxyribonucleic acid

ERK: extracellular signal-regulated kinase
HIV: human immunodeficiency virus
HMGB1: High mobility group box 1 protein
IFN: interferon

Ig: immunoglobulin

IL: interleukin

LPS: lipopolysaccharide

MAP: mitogen-activated protein

MPO: myeloperoxidase

NADPH: nicotinamide adenine dinucleotide phosphate (reduced)
NE: neutrophil elastase

NET: neutrophil extracellular trap

PAD: peptidyl arginine deiminase

pDC: plasmacytoid dendritic cell

TLRs: polymorphonuclear neutrophil granulocyte Toll-like receptors
TNF-a: tumour necrosis factor-alpha

ROS: reactive oxygen species

RA: rheumatoid arthritis

SLE: systemic lupus erythematosus

special interest is the direct link that NETs provide to infec-
tions that may initiate and maintain inflammation without
the participation of adaptive immunity. In contrast, neutro-
phils seem capable of activating B cells to produce antibod-
ies relevant to autoimmunity independently of T cell help.
Further results imply NETs in the occurrence of thrombosis
of the veins and recently also in the generation of arterial
plaque.

Data from the studies on the defence against pathogens and
the pathophysiology of inflammation and thrombosis have
started to drive applications to modulate NET formation
and its effects and may provide opportunities to optimise
current diagnostic and therapeutic concepts.
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Introduction

Leucocytes protect our bodies from the onslaught of in-
fectious agents and aberrant cell proliferation. Each type
of leucocyte comprises subtypes with different modes of
dispatching threats. In humans, neutrophils (polymorpho-
nuclear neutrophil granulocytes) are the dominant fraction
of leucocytes in the peripheral blood. As the “first re-
sponders” of the immune system they act at the forefront
against infectious agents invading across barriers into tis-
sues, whether due to injury to the skin or to the mucous
membranes in the respiratory or gastrointestinal tracts [1,
2]. They perform essential functions in host defence against
a broad range of pathogens. Depending on the type of
danger sensed, in the traditional view they fulfil their tasks
mostly by phagocytosis or by subjecting pathogens to the
lytic contents of cytoplasmic granules expelled into the ex-
tracellular space [2, 3]. Alternatively, they extrude their
nuclear contents through the cytoplasm into the extracel-
lular space in the form of neutrophil extracellular traps
(NETs) [4]. NETs were originally described as a form of
neutrophil response to bacteria and their cell wall compon-
ents lipopolysaccharide (LPS) and peptidoglycan, which
led to a newly identified form of cell death, termed NETos-
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is, as opposed to necrosis or apoptosis. Apart from bacterial
LPS and peptidoglycan, components of fungi, viruses and
parasites may induce NET formation. In addition, micro-
particles, immune complexes, cytokines and chemokines,
platelets, various cells of the immune system, endothelial
cells and others can also provoke NETosis (fig. 1). Surface
receptors of neutrophils that sense events leading to
NETosis are Toll-like receptors (TLRs) 2 and 4, immuno-
globulin (Ig) Fc receptors, intracellular TLRs 7 and 9 and
others [5].

The signalling pathways leading to NETosis encompass
calcium mobilisation, NADPH activation and generation of
reactive oxygen species (ROS), the transfer of myeloperox-
idase (MPO) and neutrophil elastase (NE) and peptidyl ar-
ginine deiminase IV (PAD4) to the nucleus. MPO and NE
mediate nuclear delobulation and permeabilisation of the
nuclear envelope, while PAD4 modifies chromatin via the
citrullination of histones, a key requirement for chromatin
decondensation. Chromosomal DNA with several attached
nuclear contents (including those transferred to the nucleus
during signalling) is subsequently extruded into the cyto-
plasm, where additional constituents are attached. Then the
chromosomal filaments are expelled into the extracellular
space and assume a lattice structure.

The destructive armamentarium of NETs and their adherent
active components is not target specific, nor is their loc-
ation restricted to the immediate environment of release.
Although the activity of NETSs is desirable to eliminate in-
fection, the lack of specificity of action and localisation re-
quires strict control of their formation and rapid removal to
prevent injurious effects on adjacent tissues. Thus, both the
inappropriate release and delay in inactivation and clear-
ance of NETs may cause damage. Exposure of other ele-
ments of the immune system to the NETs themselves and
constituents of tissues altered by NETs or their adherent
components may induce inflammatory responses, which
increase the original effects of NET release. Measures to
counter the release of NETs exist not only at the level of
inhibitory receptor signalling [6], but also to expedite their
demise as outlined below.

Here we provide an outline of NET formation with a focus
on factors mediating their release, and misguided NET
formation, degradation and reactions to their presence.

Infectious agents

NETs adhere to and immobilise infectious agents, con-
straining them in immediate juxtaposition to the highly ba-
sic chromosomal histones, which, akin to the DNA, are in-
herently bactericidal [4]. This is reinforced by the action of
NET-bound factors such as MPO, NE and cathepsins, and
the antibacterial peptides calprotectin [7] and cathelicidin
(LL37) [8]. The generation of ROS by NADPH oxidase
in the process leading to NET formation, and activation of
immediate-response reactants such as complement, further
advance the potency of the NETs.

NETs are effective against a wide range of bacteria, includ-
ing Mycobacterium species, but also against fungi, viruses
and parasites. The size of the pathogen has been suggested
to influence the combat strategy embraced by the encroach-
ing neutrophil, with larger organisms trapped by NETs,

whereas smaller ones are more readily tackled by phago-
cytosis [9]. It is currently uncertain whether such a strategy
is truly adopted in vivo, as recent evidence indicates that
pathogens as small as viruses may be capable of inducing
NETosis [10, 11]. In the following sections, we discuss the
principal antimicrobial effects of NETs, the pathogens as-
sociated with NETosis and their strategies to foil the detri-
mental action of NETs.

Bacterial infection

In severe bacterial sepsis with endotoxaemia, neutrophils
migrate to the liver sinusoids where they interact with
platelets and release NETs. The NETs are capable of en-
snaring bacteria from the blood and contributes to averting
dissemination of the investigated Escherichia coli in a
mouse model [12]. Further evidence for the contribution
of NETs to countering infection was the decreased mor-
tality in sepsis when signalling via phospholipase D2 was
inhibited or abrogated in a mouse knockout model. Re-
duced phospholipase D2 signalling enhances the activity
of C-X-C motif chemokine receptor 2 (CXCR2) activity
and thereby NET formation, which is protective in poten-
tially lethal sepsis [13]. High mobility group box 1 protein
(HMGBI1) contributes to enhancing NET formation via in-
teraction with TLR4 [14]. Other strategies against infection
are NET formation and phagocytosis mediated by lectin C
type receptors that protected against Klebsiella pneumonia
[15].

The exposure to host defences and the competition for sur-
vival have pressured target organisms to elaborate intricate
countermeasures against the toxic effects of NETs. A ques-
tion of longstanding interest has been why bacteria express
endonucleases as virulence-enhancing factors. Since nucle-
ases degrade DNA, they may have evolved to avoid killing
by NETs. Staphylococcus aureus induces NETs that kill
them primarily via the virulence factor Panton-Valentine
leukocidin [16], but expresses a nuclease that degrades
NETs, thereby reducing killing and enhancing infectivity
of the bacteria in a mouse respiratory tract infection model
[17]. Group A streptococcus deoxyribonuclease expression
is related to virulence in an infection model of the peri-
toneum and skin [18]. Likewise, in Streptococcus pneu-
moniae infection, DNase enabled far higher bacterial re-
production in the lower airways and larger numbers in the
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Figure 1

Various stimuli induce neutrophils to form neutrophil extracellular
traps.

fMLP = N-formyl-methionyl-leucyl-phenylalanine; IL = interleukin;
LPS = lipopolysaccharide; MPO = myeloperoxidase; NE =
neutrophil elastase; NET = neutrophil extracellular trap; PAD =
peptidyl arginine deiminase; PMA = phorbol myristate acetate;
ROS = reactive oxygen species
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circulation [19]. These and other strategies deployed by
bacteria are summarised in table 1.

Bordetella pertussis virulence is contingent on the action of
adenylate cyclase toxin. The toxin enters the neutrophil and
drives the conversion of ATP to cAMP, resulting in supra-
physiological cAMP levels and inhibition of NET forma-
tion [20].

In cystic fibrosis, CXCR2 signalling leading to NET form-
ation is clinically relevant, since the extent of cell-free
DNA in the lower airways is associated with obstruction.
Indeed, antagonists of CXCR2 may alleviate the excessive
release of DNA-rich mucus and relieve symptoms [22].
An example for the subtle regulation of the NET response
is the lack of NET induction by Acinetobacter baumanii
and its sparing from killing, whereas Pseudomonas aeru-
ginosa, its pathogenic equivalent, induced NETs [23]. P.
aeruginosa is susceptible to killing by the NETs, but ex-
cessive NETs may provide the basis for biofilm devel-
opment that protects the pathogen from further attack. P
aeruginosa affects approximately 80% of cystic fibrosis
patients. In comparison with recent infection, chronic in-
fections with P. aeruginosa show decreased susceptibility
to killing by NETs, which otherwise function normally in
cystic fibrosis, implying an acquired resistance [24]. In ad-
dition to biofilm formation, a possible mechanism is that
P. aeruginosa cloaks itself with host sialoglycoproteins,
which induces interleukin (IL)-10 expression while impair-
ing recognition by neutrophil receptors that induce NETs,
thus reducing neutrophil activation and NET formation and
allowing survival of the bacteria.

NETs induced by Mycobacterium tuberculosis induced
high levels of IL-6, tumour necrosis factor-alpha (TNF-
a), IL-1B, but also the immunosuppressive cytokine IL-10,
which suppresses neutrophil activation and NETosis [25].
Though caught in the NETs, mycobacterial species survive,
probably because of their cell wall structure. An extensive
account of NET formation, cooperation between macro-
phages and neutrophils and other aspects of mycobacterial
infection is provided elsewhere [26].

In sum, NETs are effective arms against bacteria and con-
tribute to spatial containment and elimination. On the other
hand, bacterial virulence ensues from successful inactiva-
tion of NETs by breaking up the DNA lattices, by reducing
NET extrusion by interfering with signalling and by shift-
ing the cytokine profile towards inhibition of immune cell
function. As we will see in the next sections, other types of
infectious agents deploy these and other strategies of evad-

ing the action of NETs, and infection by one may facilitate
infection by a second microbe.

Viral infection

Surprisingly, despite their minute size, several viruses have
been found to provoke a NETotic response by neutrophils.
Severe respiratory syncytial virus infection triggers large
neutrophil numbers and copious DNA-rich mucus contain-
ing NET constituents in the lower airways [27]. Respirat-
ory syncytial virus fusion protein, which acts via TLR4, ac-
tivation of NADPH oxidase and the ERK and p38 MAP
kinase pathways, mediates the release of the NETs (ERK:
extracellular signal-regulated kinase; MAP: mitogen-activ-
ated protein). Based on their findings, Cortjens et al suggest
targeting TLR4 and the kinase pathways to prevent harmful
NET release into bronchiolar airways in severe cases of
respiratory syncytial virus pneumonia [28].

Influenza virus often triggers pneumonitis with excessive
neutrophil infiltration and NET formation that contribute to
severe damage to the alveoli and endothelial cells, resulting
in capillary leakage [11]. In addition, NETs induced by in-
fluenza virus fail to kill S. pneumonia, which may facilitate
secondary S. pneumonia infection [29].

Pathogenic hantavirus was unexpectedly found to activate
NET formation and to stimulate production of high levels
of antinuclear and anti-double strand DNA antibodies.
Whether these antibodies have an impact on viral replica-
tion or NET activity remains unresolved [30]. The pox vir-
us may trigger NETs coupled with activation of the coagu-
lation cascade. Trapped in the resultant clots, viruses may
be effectively removed by macrophages [26].

The action of viruses may, however, be quite subversive,
as was shown for human immunodeficiency virus (HIV),
which triggers TLR-7 and -8 to generate NETs that compet-
ently eliminate it. However, at the same time HIV induces
IL-10 production by dendritic cells, which counters the ac-
tion of the neutrophil and promotes co-infection with oth-
er organisms [10]. Dengue virus provides a different vir-
al strategy to counter the action of NETs. It impairs NET
formation effectively by antagonising phorbol ester-related
glucose uptake [31].

Fungal infection

Fungi also induce NETosis, and NETs kill both yeast and
hyphal forms of Candida albicans with the aid of granular
components attached to the NETs [32], especially calpro-
tectin [7]. NETs are also effective at killing Aspergillus fu-

Table 1: Strategies of bacteria directed against neutrophil extracellular traps.
Infectious organism Mechanism of evasion Effect Reference
Staphylococcus aureus Endonuclease Virulence and evasion of killing [17]
Group A streptococcus Endonuclease Virulence and evasion of killing [18]
Neisseria gonorhoeae Thermonuclease Virulence and evasion of killing [101]
Neisseria meningitidis Cathepsin G inhibition and bacterial outer membrane vesicle Virulence and evasion of killing [102]
release
Yersinia enterocolitica Endonuclease Virulence and evasion of killing [103]
Vibrio cholerae Endonuclease Virulence and evasion of killing [104]
Bordetella pertussis Adenylate cyclase toxin Inhibition of NET formation [20]
Leptospira species Endonuclease Virulence and evasion of killing [105]
Sepsis CXCR2 and phospholipase D2 activation Inhibition of NET formation [13, 21, 22]
Mycobacterium tuberculosis IL-10 adherent to NETs Reduced macrophage activity [25]
CXCR2 = C-X-C motif chemokine receptor type 2; IL = interleukin; NET = neutrophil extracellular trap
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migatus [33], which seems to be a result of direct effects
of NETs, since galactosaminogalactan, an A. fumigatus vir-
ulence factor, reduces the susceptibility to NET-mediated
killing by directly inhibiting factors on the NETs rather
than influencing intracellular ROS production and sig-
nalling leading to NET formation [34].

Parasitic infection

Of parasites reported to induce NETosis, Leishmania spe-
cies have received most attention. L. infantum resistance
to killing by NETs is mediated by nuclease activity under
certain culture conditions [35], while L. amazonensis ap-
pears more susceptible to killing by NETs [36]. NETs have
been observed to ensnare and immobilise the helminth
Strongyloides stercoralis, facilitating killing by other im-
mune cells [37].

Plasmodium falciparum infection has been associated with
NET formation that evokes an autoimmune response that
varies between children and adults. In the children, circu-
latory NETs adherent to parasites were associated with po-
tentially damaging antinuclear antibodies against double-
stranded DNA and may weaken the response to CpG
oligonucleotide-based vaccination [38].

To recapitulate, NETs induced by viruses, fungi and para-
sites possess the function of immobilising and killing akin
to those generated in response to bacteria. Similarly, the
interactions between neutrophils and these pathogens have
directed the adoption of survival mechanisms that target the
integrity of the DNA backbone of the NETs, the activity
of the NET adherent harmful components and the sig-
nalling devices that promote NETosis. The balance of these
factors to the advantage of the host is a significant factor in
the successful defense against virulence of pathogens and
harmful infection.

Notably, the confrontation of pathogens by the neutrophils
as components of innate immunity provokes the release of
biologically active cytoplasmic and nuclear contents that
profoundly alter microorganism and host. The impact for
inflammation experienced by the host is the topic of the fol-
lowing sections.

Autoinflammatory and autoimmune
disorders

Cell-free DNA — a common thread in
autoinflammatory conditions and thrombosis?

An intriguing feature of the autoinflammatory conditions to
be discussed next is that cell-free DNA, in particular that
originating from neutrophils, may fundamentally contrib-
ute to their pathophysiology (fig. 2), as recently reviewed
in depth [39, 40]. Initial evidence for such a mechanism
was reported by the team of Leadbetter and Marshak-Roth-
stein, who determined that not only CpG DNA of microbial
or mitochondrial origin, but also self-DNA complexes with
IgG can trigger B cells [41]. The dual engagement of the B
cell surface receptor specific for the Fc portion of IgG of
rheumatoid factor specificity, and TLRs recognising DNA
was sufficient to activate B cells independently of T cell
help. Since DNA-IgG complexes are frequently observed
in systemic lupus erythematosus (SLE), it was proposed

that such a mechanism also be operative in inducing anti-
DNA antibodies.

The group of Puga and Cerrutti subsequently detected con-
vincing evidence for another mechanism of direct activa-
tion of B cells specific for NET intrinsic and NET-bound
extraneous antigens. In the lymph node marginal zone, si-
nusoidal endothelial cells condition circulatory neutrophils
to assume two subset phenotypes with the capacity to dir-
ectly activate B cells, be it via cytokines or via NETSs sport-
ing trapped antigens of afferent lymphatic provenance [42].
Of special interest is that not only antigens of intestin-
al origin with different specificities, but also LPS, passed
through the Peyer’s patches and the liver to gain access
to the spleen and peripheral lymph nodes and provoke the
neutrophil-mediated B cell activation. As in the system de-
scribed by Leadbetter and Marshak-Rothstein, both the cy-
tokine- and the NET-mediated B cell activation and an-
tibody production occurred in the absence of T cell help
[42].

A further key finding in this context was made by the group
of Gilliet, who determined that self-DNA released by dying
cells is taken up by plasmacytoid dendritic cells (pDCs) in
a complex with the amphoteric peptide LL37 (cathelicidin),
leading to their activation via TLR engagement [43]. Since
LL37 is also present on NETs, such a mechanism may
be operative under conditions of aberrant NETosis, as was
later reported by this group in childhood SLE [44]. Like-
wise, in psoriasis, LL37 of capillary endothelial proven-
ance forms complexes with DNA in the skin that are taken
up by pDCs. These are activated via TLR9 to produce local
interferon (IFN), setting off inflammation and epithelial
hyperproliferation [45, 46].

Neutrophil

Figure 2

The interactions of pathways and innate and adaptive immune cell
types connected with neutrophil extracellular trap formation.
ACPA = anti-citrullinated peptide antibody; ANCA = anti-neutrophil
cytoplasmic antibody; BAFF = B cell activating factor; FcyRIl = Fc
gamma receptor II; H3, H4 = histones; HGMB1 = high mobility
group box 1 protein; IFN = interferon; IL = interleukin; LL37 =
cathelicidin; mDC = myeloid dendritic cell; MHC = major
histocompatibility complex; M¢p/Mo = monocyte subtypes; NE =
neutrophil elastase; NET = neutrophil extracellular trap; pDC =
plasmacytoid dendritic cells; TLR = Toll-like receptor; TNFa =
tumour necrosis factor alpha
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The state of cell-free DNA or ribonucleoprotein immune
complexes constitutes another key element in promoting a
NET-dependent autoinflammatory state. This facet was re-
cently reported on in detail, in that the oxidation of ribo-
nucleoprotein immune complexes by neutrophil ROS pro-
moted their NETotic capability. Furthermore, the extrusion
of oxidised mitochondrial DNA during NETosis was found
to be highly proinflammatory, triggering a type I interferon
state in mice, which could be reduced by inhibition of ROS
[47].

NETs may also contribute directly to the pathogenesis of
rheumatoid arthritis (RA), in that these lattice structures are
coated with myriad neutrophil-derived proteins including
PAD4 and PAD2 [48] (fig. 3). These extracellular struc-
tures could function as nano-machines [49] that efficiently
citrullinate arginine residues on a host of bystander pro-
teins, thereby contributing significantly to the generation of
new anti-citrullinated peptide (ACPA) species.
Inflammation is associated with procoagulatory states. In
early studies NETs were shown to induce endothelial cell
damage. Further work linked intravascular NETs to throm-
bosis, as we consider below in several inflammatory condi-
tions.

Pregnancy disorders

In pregnancy, extensive adaptations of the innate and ad-
aptive immune systems are required to ensure the survival
of mother and fetus. Whereas the adaptive immune system
is in general suppressed in normal gestation, the phagocytic
activity and degranulation of neutrophils increase with its
duration.

Preeclampsia in pregnancy is characterised by inflamma-
tion in the context of hypertension, kidney failure and
seizures. The only currently known causal treatment is de-
livery, which rapidly resolves the condition. A feature of
preeclampsia is a significant elevation of cell-free DNA in
the circulation.

While investigating the provenance of this circulatory
DNA, we hypothesised that its source is inappropriate NET
formation [50]. We were able to demonstrate that placental
microparticles, which are released in elevated amounts in
preeclampsia, efficiently induce NETs in isolated neutro-
phils in an IL-8-dependent manner. Immunohistochemistry

ACPA targets
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Figure 3

PAD2 and PAD4 as an example of active extracellular enzymes.
PAD2 and PAD4 citrullinate arginine residues of neutrophil and
bystander proteins to create ACPA targets.

ACPA = anti-citrullinated peptide antibody; NET = neutrophil
extracellular trap; PAD = peptidyl arginine deiminase

of placental tissue showed greatly increased amounts of
NETs directly in the intervillous space of affected placentae
when compared with those from normal healthy deliveries
[51]. In this way excessive NETosis can lead to placental
tissue damage, frequently observed in patients with pree-
clampsia. We were further able to show that NETs can
induce apoptosis of endothelial cells in co-culture exper-
iments [52]. Thus, they may also contribute to systemic
endothelial damage occurring in preeclampsia, augmenting
that attributed to an imbalance in endothelial growth
factors (placental soluble fms-like tyrosine kinase 1
[sFlt-1] and phosphatidylinositol-glycan biosynthesis class
F protein [PIGF]).

The mechanism whereby placentally derived micro-
particles trigger NETosis is still unresolved, but may com-
prise activation of the TLR system, since these particles
contain both RNA and DNA. In this manner, they could be
viewed as viral analogues.

Another condition that impacts pregnancy is the antiphos-
pholipid syndrome, in which anticardiolipin antibodies in-
teract with neutrophils and the endothelium [53-55]. We
initially proposed that this interaction could lead to the re-
lease of NETs via engagement with the C5a receptor [56].
A recent report has suggested that neutrophils from cases
with antiphospholipid syndrome are more prone to undergo
NETosis and that this may be triggered by antiphospholipid
IgG antibodies [57].

Systemic lupus erythematosus

A prominent feature of the systemic, multiorgan inflam-
matory disease SLE is the generation of autoantibodies, a
large proportion of which are directed against DNA and
other nuclear components. SLE has been associated with
ineffective clearance of apoptotic residues including nucle-
ar contents, an increased pDC type | interferon response,
affinity maturation of autoantibodies, and T and B cell ab-
normalities.

The presence of nuclear chromosomal DNA and attached
nuclear and cytosolic components in the NETs provided the
rationale for studies on the contribution of NETs to the dis-
ease process and as a source for neoantigens in SLE. The
reduced clearance of NETs in a subset of SLE cases was
attributed to decreased DNA degradation in the context of
antibodies bound to NETs and DNase inhibitors. In these
cases the increase in NETs was associated with nephrit-
is [58]. Data from paediatric SLE patients indicated that
primed neutrophils exposed to anti-ribonucleoprotein anti-
bodies release NETs that provoke pDCs to produce large
amounts of IFN-a, mediated by DNA and TLR9. The pDC
response is subject to the uptake of DNA in conjunction
with the antimicroblial neutrophil peptide LL37 (catheli-
cidin) [44]. A subset of neutrophils, low-density granulo-
cytes, is especially prone to spontaneous, rapid NET form-
ation and to generating large quantities of IFN-a [59].
NETs and their constituent LL37 were able to activate the
NALP3 inflammasome in primed macrophages and to in-
duce IL-1pB and IL-18 production. This did not appear to
differ between conventional neutrophils and low-density
granulocytes, though the macrophages from SLE patients
reacted more intensely [60]. NETs are degraded more
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slowly in SLE, and they could contribute to disease activity
by activating complement [61].

Furthermore, NETS may damage blood vessels by modify-
ing lipoproteins and activating metalloproteinases in SLE
[62, 63]. This is supported by the reduction of vascular in-
jury and organ damage by the inhibition of NET formation
by preferential inhibition of PAD4 with chloramidine in a
murine SLE model [64, 65].

Rheumatoid arthritis

RA is a chronic, destructive inflammatory disease of the
joints. In roughly two thirds of patients ACPAs are detect-
able in the blood [66]. Since the progression of NETosis de-
pends on the citrullination of histones mediated by PADA4,
it has been attractive to hypothesise that NET formation
plays a role in the pathogenesis of RA [67]. Indeed, neut-
rophils isolated from RA patients showed an increased
propensity to undergo spontaneous NETosis as well as
NETosis induced by ACPAs, immune complexes and other
stimulants [48, 68], and in part by TNF-a and IL-17 [69].
The analysis of NET constituents for the diagnosis of RA
showed remarkable results in that it yielded unexpectedly
high receiver operator characteristic curve values. These
were highest for nucleosomes, achieving an area under the
curve of 0.97 and a sensitivity of 91% and specificity of
92% for differentiating RA cases from healthy controls.
This applied to both ACPA positive and negative RA pa-
tients [48].

In a rat model of RA, collagen-induced arthritis, inhibition
of PAD4 by chloramidine reduced inflammation and
erosive changes, indicating that interfering with NET gen-
eration may be an effective therapeutic scheme [70]. It may
be of value to target other signalling steps, including the
G-protein coupled receptor, the translocation of NE and/or
MPO to the nucleus and Ca*'/calcineurin signalling [71].
Another prospect is opened up by the inhibition of NET
formation by monoclonal antibodies directed against citrul-
linated histones, which effectively reduced joint inflamma-
tion and erosion in the collagen-induced arthritis model of
RA [72].

In Felty’s syndrome, a severe manifestation of rheumatoid
arthritis with intense systemic inflammation, splenomegaly
and neutropenia, autoantibodies that preferentially bind cit-
rullinated histones have been detected [73]. The reactivity
to citrullinated histones could be a marker for severe in-
flammation and the risk for severe disease progression.
The evidence suggests that the neutrophil plays a substan-
tial role in the pathogenesis of RA. In this sense, neutro-
phils could provide a link between innate immune system
activation and external factors contributing to disease initi-
ation and flares, such as smoking and infections linked to
the citrullination of histones. In addition, NETs may direc-
tly interact with T cells and lower their threshold for re-
sponding to specific antigens, even at suboptimal concen-
trations [74].

Psoriasis

Plasmacytoid dendritic cells have been implicated in the in-
flammation that predisposes the skin to react with hyper-
keratosis in psoriasis. Though the pDCs sense microbial
DNA via intracellular TLRs-7 and -9, they show practically

no reactivity to self-DNA. Compartmentalisation of TLR9
in the endosomes prevents access of self-DNA to the intra-
cellular location under normal circumstances. The inflam-
matory neutrophil peptide LL37 (see above) forms com-
plexes with self-DNA, enabling the uptake into the pDCs,
thus allowing access to TLR9 and a powerful IFN-a re-
sponse. The source of LL37 in the case of psoriasis appears
to be the endothelial cells in the skin vessels, which are
prone to cytokine- and mechanical stress-mediated release
of LL37 [43, 45, 46].

An intriguing observation is that the DNA can originate
from neutrophils and mast cells undergoing extracellular
trap formation in the skin. This occurs in conjunction with
the release of IL-17, primarily by mast cells, but also by
neutrophils, which are enriched in psoriatic skin lesions
[75]. These observations led the authors to conclude that
the effect of IL-17 blockade with specific antibodies in
psoriasis is due to the inhibition of mast cell- and
neutrophil-driven inflammation rather than that of T cells.

Vascular inflammation and thrombosis

ANCAs are a cornerstone of the diagnosis of small vessel
vasculitis entities of granulomatosis with polyangiitis, eos-
inophilic granulomatosis with polyangiitis and microscopic
polyangiitis. ANCAs can directly foster the respiratory
burst of neutrophils. Neutrophils primed by TNF-o were
found to undergo NET formation in vitro upon stimulation
with ANCA. Furthermore, NETs with the coupled cyto-
plasmic granular myeloperoxidase and serine protease 3
were detected in the glomeruli of kidney biopsies from pa-
tients with active glomerulonephritis [76]. The quantity of
NET products in the circulation correlates with activity of
disease [77]. NETs and microparticles released from neut-
rophils in the circulation and bronchoalveolar lavage fluid
in active ANCA-associated vasculitis contain tissue factor
and could thus promote thrombosis in this condition [78].
The connection between S. aureus infection and granulo-
matosis with polyangiitis, which has been assessed in a re-
cent systematic review [79], implies that NETosis triggered
by S. aureus promotes increased activity of the disease.

To investigate whether NETs could be responsible for the
vascular alterations in preeclampsia and other inflammat-
ory conditions such as small vessel vasculitis, we conduc-
ted experiments on the interaction between neutrophils and
endothelial cells. Endothelial cells activated with TNF-o-
or phorbol ester-induced untreated neutrophils to undergo
NETosis. In return, NETs caused damage to and death of
endothelial cells, which depended on the structural integ-
rity of the NETs and partially on IL-8, providing a mechan-
ism for vessel wall damage in small vessel vasculitis, sepsis
and preeclampsia [52]. Intravascular NETs also provide a
scaffold to activate platelet aggregation, fibrin deposition
and erythrocyte-rich thrombus formation [80]. By demon-
strating the formation of thrombosis due to intravascular
NETs, these findings suggested a link between increased
thrombosis and inflammation associated with severe infec-
tion and other conditions. Another example is the contri-
bution of NETs to transfusion-associated lung injury [81],
which appears to be initiated by activated platelets [82].
Engelmann and Massberg coined the term immunothrom-
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bosis [83] to describe the concept of thrombosis induced by
inflammation and NETosis (fig. 4) [83].

Recent reports substantiate a role for neutrophil inflammat-
ory responses and NET formation in acute coronary syn-
drome. The amount of NETSs in samples from coronary ar-
teries involved in ST-elevation myocardial infarction was
found to correlate with infarct size and extent of ST seg-
ment resolution [84]. In the infarct-related artery, NETs
with bound tissue factor are released, which is associated
with thrombosis downstream of the plaque. Plasma ob-
tained from the myocardial infarct-related coronary artery
contains elevated thrombin and was able to activate plate-
lets, which in turn induced NET formation in vitro [85]. Of
interest in the setting of chronic vessel wall disease is the
recent finding that neutrophils exposed to cholesterol crys-
tals released NETs. Macrophages in atherosclerotic plaques
respond to the NETs by producing pro-IL-1B. A second
stimulus, such as shear stress, can then induce the inflam-
matory cascade by the activation of caspase-1 and IL-1§
and IL-18, which propagate the events leading to plaque
formation and possibly also rupture, as in acute coronary
syndrome [86].

Based on the implication of NETosis in vascular condi-
tions, NET formation presents a target for intervention.
DNase may reduce the activity of tissue factor in vitro,
suggesting a possible therapeutic role in acute coronary
ischaemia [85]. Early results from animal experiments
found an encouraging reduction of vascular events by treat-
ment with the PAD4 antagonist chloramidine, which has
also been tested successfully in models of SLE-associated
vascular disease [62, 63, 65] and RA [87] (see also above).

NETs in other conditions

NETosis has been observed in an extensive range of disease
states with increased or decreased production of NETs.
From the continually growing list, a brief selection of these
conditions follows.

Monosodium urate and calcium pyrophosphate
dehydrate crystal-induced inflammation

Gout manifests as an inflammation of periarticular tissues
and joints linked to the deposition of monosodium urate
crystals. Monosodium urate crystals activate neutrophils to
form NETSs, as do serum and joint fluid from patients with
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Endothelial cell damage, von Willebrand factor and activated
platelets promote neutrophil extracellular trap formation and
thrombosis in the vasculature.

ROS = reactive oxygen species; VWF = von Willebrand factor

acute gout [88]. NETs within tophi have been linked to the
resolution of tophi and could offer a target to accelerate
their resorption. Another mechanism mediating resolution
of inflammation by NETs is proteolytic cleavage and inac-
tivation of cytokines by attached enzymes [89, 90]. Calci-
um pyrophosphate dihydrate crystals promoted NET form-
ation, which was susceptible to blocking of CXCR2, the
principal neutrophil IL-8 receptor [91].

Diabetes mellitus

Hyperglycaemia is associated with the priming of neutro-
phils for oxidative burst and superoxide production. Fur-
ther investigation showed that hyperglycaemia boosted
NET formation and revealed that other signalling steps are
also activated [92].

It is conceivable that the neutrophil responses in diabetes
mellitus contribute to the damage to pancreatic islet cells
and that the beneficial effect of IL-1 blockade in the treat-
ment of diabetes mellitus type 2 could at least partially be
attributed to its effects on neutrophils [93]. The direct dam-
age to endothelial cells incited by NETs and the modifica-
tion of high-density lipoprotein are mechanisms by which
the vascular consequences of hyperglycaemia may be me-
diated.

Familial Mediterranean fever

Flares of familial Mediterranean fever are associated with
an increase in neutrophils mediated by increased cleavage
of pro-IL-1p to active IL-1p by caspase-9, which is itself
activated by the NALP3 inflammasome in macrophages.
A recent report found that in patients with familial Medi-
terranean fever neutrophils produce NETs with adherent
IL-1P in association with attacks of familial Mediterranean
fever [94].

Chronic granulomatous disease

Chronic granulomatous disease with multiple infections
from birth entails a genetic deficiency of NADPH oxidase
and vastly reduced NET formation. 4. fumigatus in partic-
ular causes tenacious and invasive pulmonary infections.
Genetic reconstitution of NADPH oxidase function in a pa-
tient with the disease restored ROS production, NET form-
ation and rapidly cleared A. fumigatus [95].

Cancer

Both beneficial and adverse effects of neutrophils have
been gaining attention [96]. In biopsy samples of two of
eight cases of Ewing sarcoma, tumour-associated neutro-
phils were found to have produced NETs [97]. In vitro and
in vivo animal studies of NETs showed that these entrap
metastatic lung cancer cells and promote the formation of
metastases in the liver. This was abrogated by treatment
with DNase or neutrophil elastase [98]. The effects of cell-
free DNA on increased coagulation in breast cancer were
the subject of many studies before they were attributed to
NET formation in the case of chemotherapy with epirubi-
cin and doxorubicin [99]. Further evidence for the contri-
bution of NET formation was found in models of chronic
myelogenous leukaemia and breast and lung cancer. In-
creased numbers of blood neutrophils with an increased
propensity to undergo NET formation coincided with
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thrombotic events, indicating a mechanism for the in-
creased incidence of thrombosis and poorer outcomes of
the neoplasia in these cases [100]. Neutrophil effects in-
cluding NET formation in the setting of cancer may receive
greater attention if these observations are corroborated.

Overview

From their first description in 2004, NETs have been a re-
markable phenomenon as an addition to the neutrophil rep-
ertoire of phagocytosis and degranulation to combat in-
fection. The powerful action of NETs against bacteria and
fungi has gained widespread attention and insufficient NET
formation may make the host susceptible to overwhelming
infection. Equally impressive is their deployment and ac-
tion against infection by viruses and parasites. NETs can-
not, however, operate against their targets without vigor-
ous opposition by several mechanisms to blunt or abrogate
their effects.

NETs are composed of chromosomal DNA adorned with a
host of lytic and catalytic enzymes and microbicidal com-
ponents. Their release into the tissues and the bloodstream
may initiate inflammation and thrombosis that damage the
host. Components of the NETs are established antigens
in inflammatory diseases, and they may provide the basis
for systemic inflammation, organ damage and autoantibody
generation independently of T cell help.

Modulating NET formation has shown promise for the
treatment of infectious, inflammatory and thrombotic dis-
eases. The introduction of NETs into therapeutic strategies
and also diagnostics will hopefully continue to give excit-
ing results.

Conclusion

The study of NETs has profoundly altered the perception of
neutrophil biology and of the role of neutrophils in defence
against pathogens and in the pathophysiology of inflamma-
tion that damages the body. The details of the mechanisms
involved show mechanistic insights and have started to al-
low targeted interventions that promise novel therapeutic
approaches in diseases from infections to vascular throm-
botic events.
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Figure 1

Various stimuli induce neutrophils to form neutrophil extracellular traps.

fMLP = N-formyl-methionyl-leucyl-phenylalanine; IL = interleukin; LPS = lipopolysaccharide; MPO = myeloperoxidase; NE = neutrophil elastase;
NET = neutrophil extracellular trap; PAD = peptidyl arginine deiminase; PMA = phorbol myristate acetate; ROS = reactive oxygen species
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Figure 2

The interactions of pathways and innate and adaptive immune cell types connected with neutrophil extracellular trap formation.

ACPA = anti-citrullinated peptide antibody; ANCA = anti-neutrophil cytoplasmic antibody; BAFF = B cell activating factor; FcyRIl = Fc gamma
receptor Il; H3, H4 = histones; HGMB1 = high mobility group box 1 protein; IFN = interferon; IL = interleukin; LL37 = cathelicidin; mDC = myeloid
dendritic cell; MHC = major histocompatibility complex; M$/Mo = monocyte subtypes; NE = neutrophil elastase; NET = neutrophil extracellular
trap; pDC = plasmacytoid dendritic cells; TLR = Toll-like receptor; TNFa = tumour necrosis factor alpha
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Figure 3

PAD2 and PAD4 as an example of active extracellular enzymes. PAD2 and PAD4 citrullinate arginine residues of neutrophil and bystander

proteins to create ACPA targets.

ACPA = anti-citrullinated peptide antibody; NET = neutrophil extracellular trap; PAD = peptidyl arginine deiminase
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Figure 4

Endothelial cell damage, von Willebrand factor and activated platelets promote neutrophil extracellular trap formation and thrombosis in the

vasculature.
ROS = reactive oxygen species; VWF = von Willebrand factor
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