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Neutrophil extracellular traps (NETs) are chromatin structures loaded with antimicrobial molecules. They can trap and kill
various bacterial, fungal and protozoal pathogens, and their release is one of the first lines of defense against pathogens. In vivo,
NETSs are released during a form of pathogen-induced cell death, which was recently named NETosis. Ex vivo, both dead and
viable neutrophils can be stimulated to release NETs composed of either nuclear or mitochondrial chromatin, respectively.
In certain pathological conditions, NETs are associated with severe tissue damage or certain auto-immune diseases. This review
describes the recent progress made in the identification of the mechanisms involved in NETosis and discusses its interplay with

autophagy and apoptosis.
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Neutrophils have an essential role in innate immunity and
are the first cells recruited to the site of infection." Human
neutrophils are the most abundant leukocytes. They have a
very short lifespan, and neutrophil homeostasis is maintained
by continuous release of many neutrophils from the bone
marrow. Accelerated neutrophil death decreases neutrophil
counts (neutropenia) and increases susceptibility to infection.
In turn, delayed neutrophil death increases neutrophil counts
(neutrophilia) and intensifies innate defenses, possibly
promoting chronic inflammation.? Neutrophils perform their
function by engulfing microorganisms or opsonized particles
and degrading them by various molecules, and also release
lytic enzymes that destroy extracellular pathogens.® More-
over, they release structures called neutrophil extracellular
traps (NETs) that can trap and kill microbes.”

The neutrophil lifespan constitutes a sensitive balance
between their function as effecter cells and their potential to
inflict tissue damage. In the absence of inflammatory stimuli,
neutrophils continuously undergo apoptosis within 24—48h
both in vivo and in cell culture. The large amounts of
superoxide produced by the membrane-associated NADPH
oxidase in neutrophils have a central role in the destruction of
invading pathogens as well as in the resolution of inflamma-
tion.>® Congenital defects that prevent NADPH oxidase
activity result in chronic granulomatous disease (CGD), which

is characterized by exaggerated immune responses'® and
recurrent life-threatening infections by a narrow set of
microorganisms.'! We recently found that formation of NETs
by activated neutrophils requires not only NADPH-oxidase-
mediated superoxide production, but also autophagy.'?
In this review, we present an overview of the main biochemical
and morphological features observed during neutrophil activa-
tion and discuss in more detail the contribution of NADPH
oxidase, histone citrullination, intracellular calcium levels and
autophagy to chromatin decondensation and NET formation.

Release of Extracellular Traps

In 2004, the group of Brinkman and Zychlinsky was the first to
report the release of neutrophil extracellular traps (NETs).*
These structures are composed of nuclear chromatin,
associated mainly with nuclear histones and many granular
antimicrobial proteins (Supplementary Table 1), as well
as some cytoplasmic proteins.'® The antimicrobial effects of
these NETs, which trap and possibly kill pathogens, are
counteracted by DNase treatment or incubation with
anti-histone antibodies.* Submicromolar concentrations of
histones and their cleavage products, such as buforin, have
potent antimicrobial effects, and their microbicidal effects are
enforced when they are concentrated in NET structures.'*'®
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NETSs are formed in response to a variety of pro-inflammatory
stimuli, such as LPS, IL-8 and TNF (Supplementary Table 2),
as well as by various microorganisms and pathogens
(Supplementary Table 3). Certain pathogens seem to have
developed strategies to evade NETSs, such as expression of
DNases'®'” or modification of cell wall structures.'® However,
release of extracellular chromatin traps is not restricted to
neutrophils. Other granular cell types, such as eosinophils'®
and mast cells,?° but not basophils, also release extracellular
traps (Supplementary Tables 2 and 3). Therefore, the more
generalized term ‘ETosis’ was introduced by Wartha et al.*’
Typically, mast cell extracellular traps (MCETSs) are released
in response to stimuli that trigger NET release from
neutrophils. MCETs are also composed of nuclear histones
and the antimicrobial cathelicidin LL37, as well as tryptase, a
granular mast cell marker (Supplementary Table 1).2°
Although extracellular trap formation was shown to occur in
various clinical conditions (Table 1),22 it remains unclear
whether cell death per se is required for the release of NETs
in vivo, as we will discuss below.

NET Release by Dying Cells (NETosis)

In the pioneering report on NET release by neutrophils,* it was
proposed that these histone-rich NETs are released from
intact viable cells mainly because no cytosolic proteins were
detected in NETs, most cells excluded vital dyes, and NETs
were detected within 30—-60 min after stimulation with triggers
known to prolong the neutrophil lifespan, such as IL-8 and
LPS. Meanwhile, the same group demonstrated by single
cell analysis that NETs arise from a subset of neutrophils
undergoing a new form of cell death,?® named NETosis
by Steinberg et al?* Much evidence indicates that NETs
are formed in the context of cell death. Indeed, different
fungal,®®>2° bacterial* 161723263031 " anq  protozoal®**3
strains and species induce the release of NETs (Supplemen-
tary Table 3). In contrast to apoptotic cells, NETotic cells do
not display eat-me signals such as PS before plasma
membrane disruption, preventing their pre-emptive clearance
by phagocytes (Figure 1). In contrast to apoptosis or

Table 1 Pathophysiological condition in which the formation of extracellular
traps has been demonstrated in mouse, cow and human

Pathophysiological condition = Murine Bovine Human Ref.

Appendicitis + 4

Streptococcus pyogenes infection + 20
Fasciitis + 17
Pneumonia + 16
Aspergillus infection + 25
Pre-eclampsia + 60
Small vessel vasculitis (SVV) + 37

Sepsis + 36

Crohn’s disease + 19
Schistosoma infection + 19
Periodontitis + 90
Tuberculosis + 31
Mastitis + 91
Malaria + 32
Systemic lupus erythematosis + 38
(SLE)

Cystic fibrosis + 30
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programmed necrosis (necroptosis),>* both the nuclear and
granular membranes disintegrate during NETosis, but plasma
integrity is maintained.?®> This allows the antimicrobial
granular cargo to mix with nuclear chromatin.?®> No morpho-
logic signs of apoptosis are observed, such as membrane
blebbing, nuclear chromatin condensation, PS exposure
before plasma membrane rupture and internucleosomal
DNA cleavage.?® Caspase activity is only detected during
spontaneous neutrophil apoptosis, but not during PMA-
induced NETosis.'? Moreover, the kinetics of PMA-induced
NETosis are not affected by treatment with the pan-caspase
inhibitor zVAD-fmk. This raises the question of whether the
caspase-independent cell death can be attributed to necrop-
tosis. However, addition of necrostatin-1 doesn’t affect
PMA-induced NETosis.'? These findings indicate that RIP1-
mediated necroptosis does not regulate NETosis.

Neutrophils stain positive for F-actin after they have
undergone (secondary) necrosis, but not after NETosis, and
this further shows that NETosis is a cell death modality that
differs from apoptosis and necroptosis.®3"3> The presence
of histones in NETs further indicates that nuclear—not
mitochondrial—chromatin is the major constituent of NETs.

NETosis is activated not only by pathogens and their
components, but also by platelets activated with either LPS
or the plasma of septic patients also trigger NETosis.3®
Anti-neutrophil antibodies that can directly induce NETosis
have also been isolated from patients suffering from the auto-
immune disease small vessel vasculitis (SVV).%” Anti-neu-
trophil antibodies are also generated in other diseases, such
as SLE and malaria,®?® and so they might trigger NETosis in
these conditions as well.

A word of caution about the in vivo analysis of NETosis is in
order. It was recently reported that fibrin cannot be distin-
guished from NETSs by scanning electron microscopy (SEM),
that s, on the basis of morphological criteria.®® Moreover, both
NETs and fibrin clots show DNAse-lI breakdown, making
it unlikely that they can be distinguished in this way.®® In this
context, purity of neutrophil preparations is a serious
challenge because contamination of neutrophil preparations
with platelets can lead to misinterpretation of the process of
NETosis. Therefore, in vivo data on NET formation obtained
by EM and DNase-| digestion is unlikely to provide unequi-
vocal evidence for NETosis. Consequently, fluorescence
microscopy of NET markers (Supplementary Table 1) and
immunohistochemical analysis of TEM data have become
almost indispensible.®®

Although the regulation of subcellular events during
NETosis remains unclear, increasing evidence indicates that
the collapse of the nuclear envelope during NETosis and
concurrent intracellular chromatin decondensation are regu-
lated by interplay between histone citrullination, superoxide
production and autophagy (Figure 2). We will discuss this
in the following section.

Histone citrullination during NETosis. In contrast to
apoptosis, NETosis is typically associated with rapid
intracellular decondensation of nuclear chromatin, 234041
This was first observed in promyelocytic HL60 cells
differentiated into neutrophil-like cells by stimulation with
DMSO*! or retinoic acid.*® Treatment with pro-inflammatory
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Figure 1 Live cellimaging of subcellular events during ex vivo neutrophil apoptosis and NETosis. (a and ¢) Cells were incubated with Alexa488-AnnexinV (green) and the
cell-impermeable DNA dye propidium iodide (red), (b and d) or with the cell impermeable DNA dye Hoechst (blue), the mitochondrial membrane potential marker TMRM (red)
and the cell impermeable DNA dye, propidium iodide (green). Constitutive neutrophil apoptosis is characterized by membrane blebbing, PS exposure (green) and
condensation of nuclear chromatin (blue); cells finally undergo secondary necrosis. During induced NETosis, cells display massive vacuolization and decondensation
of nuclear chromatin (blue), and PS is not exposed (green) before NET formation (green). Scale bars indicate 10 um. More information about the visualization of NETs can

be found on the following link:2° http://www.jove.com/index/details.stp?ID = 1724

stimuli, such as LPS, IL-8, fMLP or Shigella flexneriinduces a
marked increase in the citrullination of histone H3.4041
Citrullination is the conversion of positively charged
arginine side chains into polar but uncharged citrulline
side chains, by deimination. Of the five known human
peptidylarginine deiminases (PADs) known to catalyze
such conversions, PAD4 is the most extensively studied
isoform.*? It is expressed by various leukocytes*® including
neutrophils** and immuno-modulatory functions have been
ascribed to PAD4 activity.*>4® Like other PAD isotypes,
PAD4 is a Ca®*t dependent enzyme, but only PAD4
possesses a classical nuclear localization signal (NLS).*’
Importantly, the citrullination of nuclear histone H3 has been
reported to counteract transcription by preventing the
methylation of arginine.*® In neutrophils, inhibition of PAD4
prevents citrullination of histone H3 and significantly reduces
NET release induced by a Ca®*-ionophore or Shigella
flexneri bacteria in differentiated HL60 cells.*' These data
suggest that nuclear histones have a regulatory role during
NETosis in addition to their direct antimicrobial role. Although

NETs released from either differentiated HL60 cells*®*' or

neutrophils*®#° are positive for citrullinated histone H3, only
neutrophils release substantial amounts of NETs. Indeed,
no more than 10% of differentiated HL60 cells can generate
NETs after stimulation with various triggers of NET
release.®®*'% This indicates that histone citrullination
is required, but not sufficient to promote NET formation.
Although the reason for this difference and the mechanisms
regulating NETosis are not clear, these data suggest that
additional processes are required to promote NET formation.

Superoxide production during NETosis. Most
importantly, when neutrophils are properly activated, they
can generate a massive amount of superoxide by activating
the NADPH oxidase enzyme complex. ROS were originally
reported to be essential for the induction of NETosis,?®
but this view has recently been challenged.®® Therefore,
the precise role of ROS in NETosis has become a topic
of controversy, as we will discuss below. Pharmacological
inhibition of NADPH oxidase and interference with the redox
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Figure 2 Model for the regulation of NETosis. Bactetial DAMPS, such as LPS, are known triggers of autophagy in many cell lines,®® including neutrophils.”® However,
purified LPS does not activate NADPH oxidase directly, but only sensitizes for a more powerful NADPH oxidase-derived oxidative burst induced by a subsequent trigger of
NADPH oxidase. Formylated peptides are potent triggers of NADPH oxidase. Consequently, fMLP activates NADPH oxidase as well as Histone H3 citrullination. However,
fMLP does not induce NETosis. The fMLP induces signaling through Akt/PI3K as well. This cascade PI3K/Ak/mTOR may inhibit autophagy and thereby prevent NETosis.
Both ROS production and Histone H3 citrullination are insufficient to mediate the collapse of the nuclear membrane. Accordingly, H,O, only accelerates neutrophil apoptosis.
Induction of autophagy without NADPH oxidase activity, which is observed in CGD neutrophils, also results in enhanced apoptosis with no signs of NETosis. However, ROS
(which are sufficient to induce consequent histone H3 citrullination) in combination with induced autophagy leads to chromatin decondensation and collapse of the nuclear
membrane and prevents the activity of executioner caspases. This Figure was produced using Servier Medical Art: www.servier.com

metabolism by diphenylene iodonium (DPI) completely
prevents PMA-induced NET release.?® In addition, neutro-
phils from patients with chronic granulomatous disease
(CGD), who lack NADPH oxidase activity, are unable to
release NETs in response to PMA.2>%° However, CGD
neutrophils regain this ability when incubated with glucose
oxidase, which constitutively generates hydrogen peroxide.®"
But it should be noted that the glucose oxidase used to
induce NETosis in that study was produced in Aspergillus
fungi,?® which are known to induce NETosis directly.?>28-5152
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Therefore, we cannot exclude the possibility that
PAMPs contaminating the enzyme might have acted as
co-stimulatory factors to trigger NETosis.

As mentioned above, NETosis appears as a caspase-
independent cell death. One way for ROS to promote
this zVAD-fmk-insensitive cell death is by inhibiting
caspase activity. Hampton and co-workers have repeatedly
shown that ROS generated during an oxidative burst by
NADPH oxidase inactivates caspases directly in neutro-
phils.>3-%% In addition, ROS may indirectly inactivate caspases



by NF-xB activation and consequent anti-apoptotic gene
expression.>%® ROS generated by NADPH oxidase can
thus block the apoptotic machinery while activating other
processes.

Incubation of neutrophils with hydrogen peroxide results in
citrullination of histone H3 by an unknown mechanism.*°
Thapsigargin, an inhibitor of SERCA Ca®" channel, causes
an increase in cytosolic Ca? " levels and was recently shown
to trigger NET formation.>” Accordingly, ROS might cause ER
and/or mitochondrial damage, resulting in an increase in
Ca®" levels. The increased Ca®* sustains Ca®* -dependent
PAD4 activity, which leads to histone citrullination.*%*!
However, hydrogen peroxide alone is not sufficient for
inducing NETosis, "2 possibly because of insufficient inhibition
of caspase activity or the inability to activate crucial proteases
involved in chromatin decondensation during NETosis.
NADPH oxidase-derived superoxide mediates the activation
of the serine proteases cathepsin G and neutrophil elastase in
neutrophils.” Recently, it was shown that neutrophil elastase
contributes to chromatin decondensation by histone clea-
vage. In contrast, Cathepsin G and proteinase 3 do not contri-
bute to this process.>®

Although ROS production apparently promotes NETosis,
several lines of evidence indicate the unlikelihood that it is
sufficient to trigger it. (1) Mere incubation of neutrophils with
low millimolar concentrations of hydrogen peroxide induces
only apoptosis, not NETosis.'? (2) Neutrophils isolated from
neonates do not generate as much NETs as neutrophils
from adults do, despite a similar induction of superoxide
production®® (3) Stimulation of neutrophils with fMLP, a potent
inducer of NADPH oxidase activity, does not induce
NETosis.">"® (4) The pro-inflammatory stimuli LPS and IL-8,
which were reported to induce NETosis,*®° are unable to
trigger NADPH oxidase activity, but only sensitize the cells to
an oxidative burst.®" This may explain why only some groups
observed NET formation in response to LPS and IL-8,*¢°
while others observed a delay in neutrophil apoptosis,®©2 but
no NET formation.'-36:63

Serine proteases are also detected in neutrophil-derived
NETs (Supplementary Table 1). In addition to the role of
neutrophil elastase in NETosis,®® these serine proteases
might also act as antimicrobial agents or as modulators of the
antimicrobial properties of NET components. In fish and
amphibians, exposure of nuclear histones to the proteolytic
action of neutrophil granules increases their antimicrobial
activity.'® Released histones are also implicated in experi-
mental and human s,epsis.64 Extracellular histones, mainly H3
and H4, seem to be biomarkers of disease progression and
therapeutic targets in sepsis.®* Of interest, these two histones
have much lower affinity than other histones for NET
structures,’® which suggests that the H3 and H4 histones
dissociate from NETs released by cells. But it is not known to
which extent NETosis-related histone modifications, such as
histone H3 citrullination, account for changes in the cytotoxi-
city of histones and their affinity for NETs.3®

CGD neutrophils are unable to undergo NETosis in
response to the artificial stimulus PMA. This suggests that
ROS, derived from NADPH oxidase, are required for the
induction of NETosis.2® The inability of CGD neutrophils to
undergo NETosis in response to Staphylococcus species
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further underscored the requirement of ROS herein.?®
Similarly, Candida albicans species were shown to induce
NETosis only in neutrophils with functional NADPH oxidase
activity.?® Moreover, prevention of ROS production abrogated
the release of NETs by eosinophils and mast cells.'®2°
Recent evidence, however, demonstrates that NETosis can
also occur in a ROS-independent manner.3%%® For example,
stimulation with CXCR2 ligands, but not with PMA, induces
NET formation in CGD neutrophils.>® CGD neutrophils are
also able to form NETs upon TLR activation (personal
communication with D Hartl). Although the mechanisms
regulating ROS-independent NETosis are unclear, pharma-
cological and genetic inhibition of Src kinases can prevent
histone citrullination and consequent NET release during
CXCR2-dependent NETosis.*°

Neutrophil Autophagy

Autophagy refers to self-digesting processes that target
intracellular cargo for degradation in endosomes and
lysosomes.®® Essential functions of autophagy include the
maintenance and homeostatic turnover of organelles and
biomolecules, induction of the recycling of organelles and
biomolecules during starvation, and the removal of damaged
organelles and misfolded proteins during cellular stress.®”-8
Consequently, serious defects in autophagy are lethal.®
Autophagy also contributes to lymphocyte development
and survival, antigen presentation and T-cell proliferation. In
all these studies, the role of autophagy was studied in vivo by
reconstituting liver cells (as a source of hematopoietic
precursor cells) from atg5-deficient embryos and neonates
into lethally irradiated mice.”®? This reconstitution nor-
malizes neutrophil counts, which suggests that autophagy
does not mediate neutrophil survival.”?

Recent data provide evidence for autophagy’s contribution
to distinct antimicrobial strategies rather than to neutrophil
development or survival. Huang et al.”® demonstrated that
autophagy can be induced in murine neutrophils following
phagocytosis of either LPS- or IgG-opsonized beads. These
results are in line with reports showing that pattern recognition
receptors, including Toll-like receptors (TLR) and nucleotide-
binding and oligomerization domain (NOD)-like receptors
(NLR), induce autophagy in macrophages.”*”® Mitroulis
et al.”® showed that neutrophils too can induce autophagy in
response to TLR ligands alone. Consequently, it seems that
neutrophil autophagy can be induced in a phagocytosis-
dependent or phagocytosis-independent manner.”>7%77 The
observation that phagocytosis of LPS- or IFN-opsonized
particles by neutrophils and macrophages induces autophagy
independently of the induced formation of NETs by various
microbes suggests that autophagy is an additional mechan-
ism for pathogen clearance.”® This mechanism provides an
alternative degradative platform in addition to fusion of
phagosomes with lysosomes. In this manner, bacteria that
escape phagosomes or prevent phagosome fusion with
lysosomes, such as Listeria monocytogenes and Mycobac-
terium tuberculosis, respectively,78'79 are confronted by
degradative proteases within neutrophils and macrophages
made available by autophagy. However, autophagy might
also contribute to innate immunity by other mechanisms.
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In this regard, we recently observed that autophagy is
essential for the induction of NETosis.'?

Neutrophil Autophagy During NETosis

Fuchs et al®® originally observed massive vacuolization
during the early stages of NETosis. As these vacuoles have
a double membrane and are produced before disintegration of
the nuclear envelope, they were originally thought to emerge
from the nuclear envelope and to promote its collapse before
NET formation.?® However, we observed that CGD neutro-
phils also display massive vacuolization in response to PMA
stimulation. Following a period of vacuolization, CGD neutro-
phils do not seem to undergo NETosis upon activation by
PMA, but instead die with hallmarks of apoptosis, such as
membrane blebbing, DEVDase activity and, most importantly,
apoptotic chromatin condensation instead of the deconden-
sation that precedes NET formation.'® These results suggest
that the vesicles do not originate from the nuclear envelope.
EM analysis of PMA-stimulated neutrophils clearly revealed
autophagosomes in different stages of maturation. Pharmaco-
logical inhibition of autophagy did not interfere with the induction
of the NADPH oxidase-dependent oxidative burst, but it did
interfere with intracellular chromatin decondensation and
consequent NETosis, and ultimately resulted in cell death with
features of apoptosis.'® This suggests that induction of ROS
production is probably insufficient to inhibit caspases, and that
the inhibition of caspases requires induction of both autophagy
and NADPH oxidase activity. How autophagy contributes to the
process of chromatin decondensation remains unclear. The
massive extent of vacuolization during NETosis suggests that
ER membranes might be assembled as a source of mem-
branes, in addition to possible de novo formation of autophago-
somes. If so, a decrease in perinuclear ER membranes could
lower morphological constraints on nuclear collapse. In addition,
Ca®* leakage from disrupted ER membranes might also
promote PAD4 activity and histone citrullination. However, the
prolonged and massive vacuolization in CGD neutrophils did
not lead to the collapse of the nuclear envelope, nor did it result
inintracellular chromatin decondensation. This argues against a
significant contribution of autophagy alone in weakening the
nuclear envelope. However, these data cannot rule out that
autophagy synergizes with ROS to cause intracellular chroma-
tin decondensation. Further investigation is required to unravel
the precise interplay between nuclear collapse on the one hand,
and chromatin decondensation on the other hand.

Mitroulis et al.”® recently reported that inflammatory stimuli
other than PMA induce neutrophil autophagy. In their study,
autophagy was antagonized by antioxidants, suggesting that
NADPH oxidase-derived ROS contributes to the induction of
autophagy. Although ROS might regulate autophagy,® they
are often insufficient to induce autophagy in many cell lines.®"
In neutrophils, stimulation with hydrogen peroxide does not
induce autophagy.'? Although superoxide production, when
triggered by pathogens and/or a combination of pro-inflam-
matory stimuli such as PAMPs and cytokines, may contribute
to the induction of autophagy during NETosis, our observation
of PMA-induced autophagy in CGD neutrophils, which cannot
generate superoxide, suggests that superoxide is not required
for the induction of autophagy per se.

Cell Death and Differentiation

Stimulation of neutrophils with antibodies against a lectin-
like receptor (Siglec-9) induces caspase-independent death
of neutrophils associated with formation of autophagosome-
like structures.®? Inhibition of ROS production delays both the
formation of autophagosome-like structures and the kinetics
of cell death.®2 Although cell death induced by Siglec-9 was
not defined as NETosis, it does demonstrate that the
formation of autophagosome-(like) structures might depend
on ROS.

Release of NETs by Live Neutrophils

The group of Simon placed extracellular trap formation in a
context broader than cell death because they observed that
even viable eosinophils and neutrophils release extracellular
traps.'®% |n these studies, eosinophils and neutrophils were
pretreated with the pro-inflammatory cytokines IL-5 + IFNy or
with GM-CSF + C5a, respectively. Further stimulation of both
cell types with LPS resulted in exposure of chromatin
exclusively from mitochondria.’®®® Mitochondrial NETs
obviously lack antimicrobial nuclear histones. Nevertheless,
antibacterial activity of released mitochondrial chromatin was
demonstrated for eosinophil extracellular traps, but not for
NETs. The extracellular release of mitochondrial DNA can
also activate neutrophils by functioning as a TLR9 ligand,®®
while delaying constitutive apoptosis.®* The release of
mitochondrial NETs from viable neutrophils is nevertheless
very surprising for three reasons: the very small amounts of
mitochondria in these cells; the small size of the mitochondrial
genome; the absence of antimicrobial histones in such
NETs.8586

It is noteworthy that neither eosinophils nor neutrophils
contain many mitochondria.®% They depend on anaerobic
glycolysis to meet their energy requirements,®” which renders
them very suitable to operate at sites of inflammation, where
oxygen levels are often low. The decrease in mitochondrial
activity only seems to affect neutrophil chemotaxis, but not the
rate of spontaneous apoptosis.®®

Conclusions

As nuclear and mitochondrial NETs are reportedly derived
from dying or viable neutrophils, respectively, it is recom-
mendable to differentiate between the two types of NETs by
using nuclear markers (Supplementary Table 1). Only a
fraction of stimulated neutrophils undergoes NETosis in
response to most physiological triggers of NET formation.*23
This aspect originally led to the belief that living neutrophils
actively release NETs. Time-lapse imaging of single cells has
meanwhile revealed that NET formation after various stimuliis
most probably associated with cell death, and was therefore
named NETosis.?* It is not known why only some neutrophils
form NETs. lIsolated neutrophils might be more hetero-
geneous than expected, and it has been proposed that the
ability to form NETSs is related to the age of the neutrophils.'
Alternatively, there might be inhibitory feedback mechanisms
that prevent neighboring cells from sensing NETs in a
paracrine way leading to inhibition of NETosis. Released
DNA might act as such a sensor.2® All these explanations
remain hypothetical.
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The recently observed involvement of autophagy in
NETosis makes it easier to understand apparently paradox-
ical data. Differentiated neutrophil-like HL60 cells respond
normally in terms of NADPH oxidase activity and consequent
histone H3 citrullination to stimuli that induce NET formation.
However, only very few NETS, if any, are generated by HL-60
cells, regardless of their differentiation state.3%#'-5° This may
be explained by defects in their ability to induce autophagy.
Conversely, LPS induces histone H3 citrullination*® and
autophagy’® in mature neutrophils, but NADPH oxidase is
normally not activated by LPS alone.®" The induction of NETs
by LPS in a DPI sensitive manner suggests that contaminating
stimuli are responsible for LPS-induced NADPH oxidase
activity and consequent NET formation.®® Although ROS
seem necessary for NET formation, they are clearly insuffi-
cient to induce NETosis. We therefore hypothesize that the
interplay between autophagy, ROS formation and PAD4-
dependent histone citrullination promotes the collapse of both
nuclear and granular membranes and mediates intracellular
chromatin decondensation, while inhibiting the apoptotic
machinery. Future research will hopefully elucidate in detail
the interplay between these processes and the essential
enzymatic activities involved.
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