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Abstract

Neutrophils are the first line of innate immune defence against pathogens. They have three different processes
for directly attacking microorganisms, including phagocytosis, degranulation, and forming neutrophil extracellular
traps (NETs). The methods of degranulation and phagocytosis are well established. However, several recent studies
have been conducted to understand the potential role of NETs in diseases. The involvement of NETs was shown in
several conditions including infections and inflammation. This review will discuss the morphology and mechanisms
of NET formation, as well as NET formation against infection and during inflammation.
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Introduction

In mammals, neutrophils are the most abundant type of white blood
cell and are the first line of defence against pathogens. For decades, it
has been known that neutrophils kill pathogens through two unique
processes: phagocytosis and degranulation. However, Brinkmann et al.
described a new third process [1]. They found that activated
neutrophils undergo cell death distinct to programmed cell death
dependent of NADPH oxidase and elastase to form a web-like
structure. These web-like structures are called neutrophil extracellular
traps (NETs) and are composed of histones H1, H2A, H2B, H3 and
H4, neutrophil elastase, and myeloperoxidase [1]. Neutrophils form
NETs to trap and kill microorganisms extracellularly and die following
NET release. Yipp et al. revealed another novel mechanism of NET
formation where activated neutrophils remain active and capable of
chasing and engulfing pathogens following NET release [2]. This
process involves integrins and toll-like receptors (TLRs) and is
independent of NADPH and elastase. A third new process was
demonstrated recently by Mohanty, which showed that saliva could
trigger NET formation independent of NADPH, elastase, and integrins
[3].

NET Morphology

Using high-resolution scanning electron microscopy (SEM),
Brinkmann et al. found that NETs are composed of smooth strands
and a globular domain [1]. The measurement of the threads shows
diameters of 15 to 17 nm while the globular domains of around 25 nm.
Together, threads and globular domain could stretch and aggregate to
create a cloud-like structure of NETs occupy space more significant
than the cell they originated from by 10-15 fold [4]. However,
Transmission electron microscopy (TEM) showed that NETs are not
surrounded by membranes [1]. Further, an immunofluorescence study
of NETs showed that NETs consist of azurophilic (primary) granules
such as cathepsin G, neutrophil elastase, and myeloperoxidase.

Secondary and tertiary granules such as lactoferrin and gelatinase,
respectively, were also found in NETSs [1].

Processes of NET Formation

Neutrophils undergo various processes to perform NET formation
or NETosis. First coined by Steinberg et al. the term NETosis describes
neutrophil cell death leading to NET formation, which is the first
process of NET release [5]. This form of NETosis was later termed
suicidal NETosis [2]. In suicidal NETosis, NET formation takes over an
hour for completion. On activation, the cells flatten and firmly attach
to the substratum. Subsequently, the internal cell components
progressively undergo changes. Lastly, the cells contract until the
membrane ruptures leading to NET formation [4]. Suicidal NETosis is
regulated by NADPH, myeloperoxidase, and elastase and is induced by
microorganisms and chemical agents such as PMA [1,6,7]. Yipp et al.
demonstrated a new NET formation process where anucleated
neutrophils continued their normal cellular functions, such as
leukocyte recruitment, chemotaxis, and phagocytosis following NET
release [2]. This process, termed vital NETosis, is stimulated by
bacteria and forms NETs rapidly [2,8]. There are three fundamental
differences between vital NETosis and suicidal NETosis. These
differences include: 1. The nature of stimuli and timing of NET release.
For example, chemical stimuli induce suicidal NETosis and requires
hours for neutrophils to form NETs while bacteria induces vital
NETosis and is rapid [1,8]; 2. The functional capacity of neutrophils
during NET release. For instance, Kubes” lab developed a method to
visualise NET release in a mouse model of a bacterial skin infection
using intravital confocal microscopy and found that neutrophils
release NETs and remain functional following NET release [2]; 3. The
processes employed to make and release NETs. For instance, in suicidal
NETosis, neutrophil activation by PMA results in raf-MEK-ERK
stimulation and, subsequently, activation of NADPH oxidase.
Decondensation of chromatin is mediated by neutrophil elastase (NE)
and myeloperoxidase (MPO) leading to a mixture of intracellular
components that extrude to the extracellular space. In contrast, vital
NETosis requires DNA movement from within the nucleus to the
extracellular space without cell membrane rupture [2]. Further,
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Mohanty et al. discussed a new third novel process of NET release
providing antimicrobial defence at oral mucosa elicited by sialyl
LewisX-I-selectin signaling [3]. Neutrophils exposed to bacteria release
NETs by a process involving integrins and toll-like receptors (TLRs)
[2,8-10]. Despite microorganisms being potent inducers of NETs by
processes dependent on [2-integrins, saliva induces NETs in the
absence of B2-integrin. Sialyl LewisX, which is a ligand for I-selectin is
presented in the mucin of the saliva and is shown to play a role in NET
formation [3]. Neutrophil incubation with saliva treated with sialidase
an inhibitor of Sialyl LewisX fails to release NETs, which confirms the
role of sialyl LewisX in NET formation, and oral NETs are elicited by
low sialyl LewisX concentration [3]. Interestingly, vital NETosis and
saliva-induced NETosis have been shown to undergo NET formation
rapidly. The only difference between vital NETosis and saliva-induced
NETosis occurs in the intercellular nuclear events. In vital NETosis,
nuclear disruption occurs in the late stage of NET release and results in
free nucleus neutrophils capable of chasing and engulfing
microorganisms. In contrast, saliva-induced NETosis shows nuclear
disruption in the early stage of NET release.

NETs and Microorganisms

NETSs trap microorganisms extracellularly and disarm them using
enzymes (MPO,proteases, lysosome), histones, antimicrobial peptides
(BPI, defensins), and ion chelators (calgranulin) [1,4,11]. This process
prevents the spread of microbes and protects the body from serious
complications. Multiple gram-positive and negative bacteria, protozoa,
and viruses stimulate neutrophils to form NETs.

NETs and Bacteria

Several gram positive and negative bacteria have been shown to
form NETs. Neutrophils exposed to Staphylococcus aureus form rapid
NETs without lysing [8]. Rapid NETs contribute to trapping and killing
S. aureus NET formation. S. aureus is independent of reactive oxygen
species (ROS) produced by NADPH oxidase. Streptococcus
pneumoniae is another gram-positive bacterium that induces NET
formation [12]. Unlike S. aureus, S. pneumoniae is trapped by NETs
but not killed. The endA gene encodes the membrane nuclease of
Streptococcus pneumoniae and is necessary for DNA uptake in genetic
transformation and degrades the extracellular DNA of NETs that help
trap S. pneumoniae to escape NETs [12,13]. Mice injected intranasally
with a sublethal dose of Klebsiella pneumoniae formed a web-like
structure composed of histone and myeloperoxidase consistent with
NET formation in the lungs [7]. Listeria monocytogenes are another
gram-positive bacteria shown to induce NET formation [14,15].
Further known to induce NET formation is AMycobacterium
tuberculosis, which is one of the most common causes of death
worldwide [16]. Interestingly, M. tuberculosis genotypes can be
trapped but not killed by NETs [16]. Further, NET formation is
triggered by Aspergillus fumigatus [17]. However, NETs do kill A.
fumigatus hyphae [17]. Candida albicans and Candida glabrata have
also been known to induce the release of NET formation [18,19].

Shigella flexneri, a gram-negative bacterium is an inducer of NET
formation [1]. Haemophilus influenzae, another gram-negative
bacteria, is divided into typeable and nontypeable strains on the
presence or absence of a polysaccharide capsule [20]. The
nonencapsulated forms nontypeable Haemophilus influenzae (NTHI),
which is a serious pathogen that causes several infections such as
Haemophilus respiratory infections, sinusitis, and otitis media [20,21].
Neutrophils exposed to NTHI form NETs mediated by NHTI

lipooligosaccharides (LOS) [22]. Interestingly, NET formation is
triggered and degraded by Yersinia enterocolitica [23]. Neutrophils
incubated with the serotype O:3, 08, and O:9 of Yersinia
enterocoliticainduce NET formation. The O:3 strain is the most potent
inducer [23]. In contrast, the strongest degradation was observed in O:
8 and O:9 strains. Periodontitis is a serious disease characterised by the
destruction of tooth-supporting tissues. The gram-negative anaerobe,
Porphyromonas gingivalis, is the keystone species for developing
chronic periodontitis [24]. P gingivalis has also been found as an
inducer of NET formation [25]. Vibrio cholera is another gram-
negative bacterium; it is the main cause of watery diarrhoea. V. cholera
induces NET formation and later degrades it using extracellular
nucleases Dns and Xds [26].

NETs and Viruses

Several researchers have investigated the role of NET formation
during virus infection. In one study, purified neutrophils incubated
with the influenza A virus formed a cloud-like structure stained with
SYTOX green dye. SYTOX stained extracellular DNA but not the DNA
of intact cells [27]. Interestingly, NET formation was not shown when
neutrophils were exposed to the dengue virus serotype-2 (DENV-2).
However, DENV-2 inhibits 80% of NET-produced PMA stimulus [28].
The interaction of NET formation with HIV-1 has also been
investigated. NETS are shown to trap HIV-1 and inhibit its
dissemination using myeloperoxidase and a-defensin [29]. Toll-like
receptors TLR7 and TLR8 expressed on neutrophils recognise HIV-1
and induce reactive oxygen that triggers NET formation [29].
Respiratory syncytial virus (RSV) is a major cause of paediatric
infections and leads to severe lower respiratory tract disease (LRTD)
[30]. Neutrophils exposed to RSV form NETs to prevent the virus from
spreading [30]. However, exaggerated NET formation during severe
RSV-LRTD may lead to obstruction of the airway.

NETs and Fungi

NET formation has also been observed during fungal infections.
Urban et al. found that Candida albicans, a common human pathogen,
induces NET formation in vitro. NETs can kill the yeast form and
hyphae cells of Candida albicans [18,31]. As mentioned above, NETs
are composed of histones and granular proteins. The yeast form and
hyphae cells were killed by the granular proteins of NETs but not
histones [18]. Also, neutrophils release NETs when exposed to
different strains of Aspergillus fumigatus morphotypes [32]. However,
the amount of NET formation is morphotype and strain-dependent
[32]. A recent in vivo study showed that NADPH oxidase is required
for NET formation and the clearance of Aspergillus hyphae [33].
Cryptococcus is another pathogenic fungus. It is an opportunistic
fungus in immunocompromised patients, especially those with AIDS
[33,34]. NET formation was not induced when neutrophils were
exposed to the wild-type strain (B3501 strain) of Cryptococcus
neoformans in vitro but was induced when exposed to an acapsular
mutant (CAP67 mutant strain) of Cryptococcus neoformans [35].
NET formation by an acapsular mutant (CAP67 mutant strain) is ROS
and PAD-4 dependent [35].

NETs and Parasites

Some researchers have investigated the role of NET formation in
parasitic infections. Baker et al. found that children infected with
Plasmodium falciparum induce NET formation [36]. NET formation
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was also observed with Leishmania parasites. Neutrophils incubated
with Leishmania were shown to form NETs to trap Leishmania [37].
The parasitic molecule Promastigote LPG induced NETs in a dose-
dependent manner, and the NET component histone killed the
pathogen [37]. Toxoplasmosis is a worldwide infection that affects at
least a third of the world’s population by the intracellular parasite
Toxoplasma gondii [38]. Toxoplasma gondii elicits NET formation by
both human and mice neutrophils [39]. Activating the Raf-MEK-ERK
signalling pathway is required in NET formation [40]. Blocking the
Raf-MEK-ERK signalling pathway by U0126, a well-known chemical
inhibitor of MEK1/2, prevents Toxoplasma-induced NET formation
[39].

NETs and Autoimmune Disorders

Countless studies have determined the impact of NETs during
infections. However, many studies show the role of NETs in
inflammatory and autoimmune diseases, including rheumatoid
arthritis, lupus, vasculitis, gout, antiphospholipid antibody syndrome
(APS) and diabetes.

Systemic Lupus Erythematosus (SLE, lupus)

Systemic lupus erythematosus is an autoimmune disease with
various clinical symptoms. Autoimmune diseases occur when the
immune system produces antibodies against the body’s cells. SLE can
affect most tissue such as the skin, joints, brain, lung, kidney, and heart
[41]. Neutrophils isolated from healthy individuals exposed to SLE
plasma have shown to form NETs [42]. NET formation by neutrophils
during infections is a crucial process for protecting the body from
invading pathogens. However, the extravagant NET formation may
cause tissue inflammation and damage to the organs [43]. DNasel is
shown to potent for NET degradation [44]. Hakkim et al. found that
sera from SLE patients contains DNasel inhibitors and can degrade
NETs [44]. However, they demonstrated that some sera isolated from
some SLE patients contained high titration of antibodies that bind to
NETs and protected them from DNase [44]. Several other reports have
demonstrated the reduced ability of SLE patients to degrade NETs
[45,46].

Rheumatoid Arthritis

Rheumatoid arthritis is a serious autoimmune disease that causes
inflammation of small and large joints, which leads to disability and
discomfort [47]. Synovial fluid and peripheral blood caused by
rheumatoid arthritis display significant NET formation without stimuli
when compared to peripheral blood neutrophils or synovial fluid
neutrophils isolated from osteoarthritis patients. Besides, on
stimulation with lipopolysaccharide (LPS), rheumatoid arthritis
synovial fluid and peripheral blood were shown to enhance NET
formation compared to neutrophils isolated from healthy individuals
and osteoarthritis patients [48]. Formation of autoantibodies to
citrullinated antigens (ACPA) is considered as a key pathogenic
phenomenon in RA. Serum and synovial fluid isolated from RA with
high levels of ACPA have shown to induce a significant amount of
NETs in control and RA neutrophils when compared to control sera or
osteoarthritis synovial fluid [48]. Chowdhury et al demonstrated the
substantial increase in NET formation in rheumatoid arthritis [49]. To
sum up, a considerable amount of NETs has been found in RA patients
and this may lead to inflammation of the joints and may cause tissue
damage.

Gout

Gout is a form of arthritis caused by an increase in the amount of
monosodium urate (MSU) crystals in the joints, which leads to
inflammation [50]. Mitroulis et al. found that monosodium urate
(MSU) crystals induce NET formation. Also, control neutrophils
treated with synovial fluid from inflamed joints form extensive NETSs,
suggesting that the inflammatory environment of gout induces NET
release [51]. NET formation in gout has been shown to trap MSU
crystals and prevent further complications caused by the MSU crystals
[52]. Further studies need to be conducted to confirm the involvement
of NET release in the pathogenesis of inflammatory arthritis.

Vasculitis

The pathogenesis of NET formation varies between different forms
of vasculitis. However, NETs play a role in small-vessel vasculitis
(SVV) [53]. Neutrophils stimulated with antineutrophil cytoplasm
autoantibodies (ANCAs), which are linked to SVV, have been found to
form NETs composed of proteinase-3 (PR3) and myeloperoxidase
(MPO) [54]. One report that shows the relationship between NETs
with vasculitis suggested that accumulated NETs and circulating NETs
components in inflamed kidneys trigger vasculitis in individuals with
SVV [54].

Antiphospholipid Antibody Syndrome (APS)

Antiphospholipid antibody syndrome (APS) is an autoimmune
disease associated with elevated titres of antiphospholipid antibodies
(aPL) [55]. Cell-free DNA and NETs have been observed in the plasma
of APS patients. Purified IgG and the sera of APS patients have been
found to stimulate NETs from control neutrophils. NET has also been
released by monoclonal human antiphospholipid antibodies (aPL),
especially those targeting p2GPI. Inhibiting TLR-4 signalling and ROS
formation could abrogate APS NETs [55]. Besides, a recent study
suggested that antiphospholipid antibodies prime circulating
neutrophils to accelerate thrombosis. Meng et al. observed extravagant
thrombosis in mice treated with APS IgG than in mice treated with
control IgG. The thrombus in mice treated with APS IgG was
decorated with the NET marker citrullinated histone H3 (Cit-H3) [56].

Diabetes

The role of neutrophil extracellular traps (NETs) in diabetes was
determined in a handful of reports. Stimulated neutrophils from
patients with type 1 and type 2 diabetic human and mice induce NET
formation [57]. Interestingly, neutrophils from diabetic human are
more susceptibility to NETosis than non-diabetic human, this might be
due to the elevated blood glucose level in diabetic human than non-
diabetic [57-59]. Peptidylarginine deiminase 4 (PAD4) has been
known to be essential for chromatin decondensation during the
process of NETosis [60]. Inhibition of PAD4 activity with Cl-amidine
and PAD4-/- mice facilitates wound healing and proving that NETs
could interfere with wound healing [57,59].

Conclusion

Extensive studies of NET release in vitro and in vivo against
infection and during inflammation have improved our understanding
of most of their roles. These studies have suggested that NET
formation can occur via distinct mechanisms mostly led by the type of
stimuli. Further, the excessive NET formation is involved in the
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aggravation of the disease in some conditions. The inhibition of NET
release could help to determine further complications of excessive NET
formation in some disorders, and this could be a therapeutic strategy
in the future.
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