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Abstract

At the frontline of the host defence response, neutrophil antimicrobial functions have adapted to combat infections

and injuries of different origins and magnitude. The release of web-like DNA structures named neutrophil extracel-

lular traps (NETs) constitutes an important mechanism by which neutrophils prevent pathogen dissemination or

deal with microorganisms of a bigger size. At the same time, nuclear and granule proteins with microbicidal activity

bind to these DNA structures promoting the elimination of entrapped pathogens. However, these toxic properties

may produce unwanted effects in the host, when neutrophils uncontrollably release NETs upon persistent inflam-

mation. As a consequence, NET accumulation can produce vessel occlusion, tissue damage, and prolonged inflam-

mation associated with the progression and exacerbation of multiple pathologic conditions. This review outlines

recent advances in understanding the mechanisms of NET release and functions in sterile disease. We also discuss

mechanisms of physiological regulation and the importance of neutrophil heterogeneity in NET formation and

composition.
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1. Introduction

Neutrophils constitute our first line of defence against microbial patho-
gens but can also mediate tissue injury and sterile inflammation. Among
the variety of antimicrobial weapons with which neutrophils are armed,
neutrophil extracellular traps (NETSs) are released to limit pathogen dis-
semination and kill microbes. NETs are DNA structures decorated with
cytosolic, granule, and nuclear proteins,” and can entrap microorganisms
including bacteria, viruses, or fungi.> Importantly, unbalanced immune
responses might result in the dysregulated release of NETs which
accounts for exacerbated inflammation and host tissue damage beyond
their antimicrobial functions, and thus contribute to multiple diseases.
NET-associated material stems predominantly from the nucleus, and is
therefore highly enriched in core histones but also includes high levels of
granule proteins [neutrophil elastase (NE), cathepsin G, and proteinase-
3], myeloperoxidase (MPO), or cytosolic proteins such as S100 pro-
teins.® Although the NET proteome composition is rather stable, the
relative abundance of its constituent proteins and also its composition

may vary depending on the stimulus.* Notably, upon certain stimuli
NETs may originate from the mitochondria, ultimately altering NET
composition and function, as these organelles lack histones.

This review outlines mechanisms underlying the molecular control of
NET formation and describes the pathogenic contribution of NETs to
sterile acute and chronic diseases. We also contemplate the contribution
of circadian rhythms, the microbiome, or tissue location to the regula-
tion of NET release and consider the impact of neutrophil heterogeneity
on NETosis susceptibility and NET composition.

2. Molecular mechanism and
triggers of NETosis

NETs arise predominately via a cell death program termed lytic or sui-
cidal NETosis." The process starts with the activation of surface recep-
tors that trigger a program that is completed over several hours and
performs four critical tasks: the permeabilization of the plasma
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membrane, the disassembly of the cytoskeleton and nuclear envelope,
the decondensation of chromatin, and the assembly of antimicrobial pro-
teins onto the chromatin scaffold. NETosis externalizes both nuclear
and mitochondrial DNA. In addition to the lytic program, an alternative
rapid NET release mechanism known as ‘vital NETosis” extrudes nuclear
or mitochondria DNA from live cells (reviewed in ref.®) Here, we focus
on lytic NETosis as it is the predominant mechanism implicated in inflam-
matory disease.

2.1 The lytic NETosis ‘machinery’
Reactive oxygen species (ROS) play a central role as signalling mediators
linking the upstream regulatory pathways with the machinery driving
NETosis (Figure 1) ROS can be generated either by the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase or by mitochondrial
respiration.>® The assembly of active NADPH oxidase 2 on phagocytic
or plasma membranes is induced by the GTPase Rac, and by p47°">
phosphorylation by the protein kinase C (PKC) and RafF-MAPK/ERK ki-
nase (MEK)-extracellular signal-regulated kinase (ERK) pathway.”""
NADPH oxidase reduces molecular oxygen by transferring electrons
from NADPH across membranes to generate superoxide—a powerful
but short-lived oxidant that is rapidly converted to hydrogen perox-
ide—which serves as a central ROS mediator in NETosis. Mitochondrial
respiration can also produce superoxide by electron leakage and is pow-
ered by pyruvate generated during glycolysis. The link between ROS
generation and neutrophil metabolism renders NETosis sensitive to
metabolic alterations. Adaptations in neutrophil metabolism can differ in
neutrophil subsets associated with a number of conditions and may sus-
tain pathogenesis by favouring NET release.'>"* Diabetic patients furnish
a classic example in which elevated glucose levels augment NETosis.
This phenomenon may contribute to the impaired wound healing char-
acteristic of these patients."*'> Another example relates to the regula-
tion of intracellular cholesterol levels by ATP binding cassette subfamily
A member 1 (ABCA1) and subfamily G member 1 (ABCG1) transport-
ers, whose function suppresses inflammasome activation, limits NETosis,
and alleviates atherosclerosis in mice."® The redundancy and specific
requirements for these different ROS generators likely depend on the
upstream inducers. For example, while mitochondrial ROS promote
NETosis, in NADPH oxidase-deficient neutrophils stimulated with im-
mune complexes in a PKC and Raf-MEK—ERK-independent manner, the
NADPH oxidase is required for NET release induced by phorbol 12-
myristate 13-acetate (PMA) or fungi, suggesting that mitochondrial respi-
ration remains low or is insufficient with these stimuli.>'”'®

ROS promote the activation of a number of downstream effectors.
First, neutrophil activation requires actin cytoskeleton dynamics, and in-
hibition of actin polymerization within the firsts 30 min post-stimulation
reduces the efficiency of NET formation." Cytoskeletal dynamics de-
pend on ROS-mediated cysteine glutathionylation of actin and tubulin.?’
At later stages, ROS orchestrate the degradation of the actin cytoskele-
ton by activating the protease NE. In resting neutrophils, NE resides in
phagocytic granules within a fraction that is localized in the lumen and a
fraction bound to MPO and associated with granule membranes. ROS
trigger the activation and release of NE from the MPO-containing azuro-
some complex into the cytosol where NE binds to F-actin and degrades
actin filaments.'® Subsequently, NE translocates to the nucleus, likely via
passive diffusion since NE is a 28.5 kDa highly basic protein. Upon enter-
ing the nucleus, NE partially cleaves histones to promote chromatin
decondensation.?” NE cleaves lysine and arginine-rich C-terminal histone
H3 tails that are critical for inter-nucleosomal interactions.”>** Histones
are cleaved in response to diverse stimuli such as the mitogen PMA,

Candida albicans, bacterial toxin nigericin, and Group B streptococ-
cus.>"7*" Chromatin decondensation is further enhanced by the binding
of cationic proteins such as MPO and the nuclear protein DEK 212425
MPO also promotes protein carbamylation of NET histones in human
neutrophils that drive tissue damage in rheumatoid arthritis (RA).%

Another factor implicated in NETosis is protein-arginine deiminase
type 4 (PAD4). PAD4 reduces the positive charge of histones and their
electrostatic interactions with DNA by converting arginine to citrul-
line.?” The enzyme requires the binding of five calcium ions to adopt a
catalytically active conformation.?®* Hence, most studies investigating
the role of PAD4 in NETosis employ stimulation with calcium iono-
phores. ROS also contribute to PAD4 activation. PAD4-mediated citrul-
lination can be triggered by hydrogen peroxide and inhibition of
NADPH oxidase reduces citrullination, providing a link between PAD4
and ROS production.m‘31 In contrast, PAD4-mediated citrullination of
p67P"°* and p47P" promotes their dissociation from the NADPH oxi-
dase to suppress ROS production.> How this negative feedback mecha-
nism affects ROS-mediated mechanisms and how PAD4 synergizes with
other chromatin decondensation-promoting factors remains unclear.

Recent studies suggest that NETosis requires PAD4 primarily in re-
sponse to calcium ionophores and immune complexes. However, PAD4
is dispensable for NET formation induced by PMA, fungi, or cholesterol
crystals as demonstrated in human neutrophils.'’*%** These findings
helped uncover a role for chromatin citrullination in NET-mediated in-
flammation which may account for some of the pathologic effects of
PAD4 in vivo. For instance, blocking citrullination decreases the pro-in-
flammatory capacity of histones and atherosclerotic plaque formation in
mice without inhibiting NET formation.* Conversely, granule proteases
in mouse neutrophils may be dispensable for NETosis in response to
Ca*t ionophores.35 Hence, PAD4-mediated citrullination and NE-
dependent proteolytic histone cleavage are common features of
NETosis but may be critical under distinct circumstances.

Another important step is the activation of the cell cycle and DNA re-
pair signalling. The cell cycle regulator cyclin-dependent kinase (CDK) 4/
6 is activated during NETosis and is required for the duplication of cen-
trosomes which are later dismantled along with the nuclear envelope.
Inhibition of CDK4/6 in human neutrophils also decreases NE transloca-
tion to the nucleus.>® Moreover, phosphorylated PKCo phosphorylates
lamin B to facilitate nuclear envelope breakdown.>” Furthermore, human
neutrophils employ DNA repair mechanisms to cope with ROS-
mediated DNA damage by activating ataxia-telangiectasia mutated
(ATM) and BReast CAncer gene (BRCA)-1.2® Additionally, DNA repair
facilitates chromatin decondensation®? and together with the disassem-
bly of lamins generate physical pressure that promotes nuclear envelope
expansion and breakdown."”

The disassembly of the cytoskeleton and chromatin decondensation
reduces plasma membrane stability. However, cell death and membrane
permeabilization are primarily accelerated by the inflammasome™*® and
the assembly of gasdermin D (GSDMD) pores on the plasma mem-
brane.*’ GSDMD activation in human neutrophils can follow activation
with PMA, cytosolic lipopolysaccharide (LPS), or virulent Gram-negative
bacteria that trigger caspase-11 mediated GSDMD activation and
NETosis.*> GSDMD s in a feedback loop with NE, with NE promoting
its activation and GSDMD promoting NE release from azurophilic gran-
ules. Moreover, by assembling pores on the plasma membrane GSDMD
alters cellular ion gradients, a process that might facilitate PAD4 activa-
tion.*? Caspase-b- and gasdermin Eb-mediated pyroptosis is also re-
quired for NETosis in response to bacterial infection in zebrafish.**
Finally, conflicting evidence exists over the role of necroptosis and its



NETs in physiology and pathology 2739

: Immune

%e % 4 . ‘e
’ e complex
Thrombin ; %\‘_ﬁ? \ Crystals

; PM
P- selectln “ﬁatel et Fungi )/ permeabilization
2 Siglec-5,9

« RAGE

Cytokines .'.;’- * ‘-_’;; Protein fibers

Cytokines

TLR2/4

FcyR \
TLR7/8 <Y Sigleom

SIRL1  Small microbes

N I)
o
Dectin-1

t i S ERW PR

ca2+

- 8.9 !

RIPK3 AKT PKC
mTOR

' \ i .
g / Phagosome

' NE release
GSDMD
NADPH oxidase /.
mitochondria
"r -
D 1o

‘f
Caspase-11

CDK4/6

Centrosome
duplication

Laminin-B phospho;yiat:on
Nuclear envelope breakdown

Histone processing
Chromatin decondensation

ryr

Figure | Pathways and mechanisms regulating lytic NETosis. NETosis is triggered by microbial and endogenous stimuli via several activating molecules
such as receptor for advanced glycation end products (RAGE), P-selectin—P-selectin glycoprotein ligand 1 (PSGL1), toll-like receptors (TLR), low-affinity im-
munoglobulin gamma receptor (FcyR), or sialic acid-binding immunoglobulin-type lectins (Siglec), among others. Activation of MAP kinase signalling induces
reactive oxygen species (ROS) generation by the NADPH oxidase 2 (Nox2). Alternative ROS can be generated by mitochondria. ROS plays a central role
in NETosis triggering NE release from the azurosome complex, a process aided by gasdermin D (GSDMD) which is activated by caspase-11 upon exposure
to intracellular cytosolic bacteria. NE degrades F-actin and translocates to the nucleus where it will partially cleave histones promoting chromatin deconden-
sation. Chromatin decondensation is also enhanced by the binding of cationic proteins like MPO or DEK and by protein-arginine deiminase type 4 (PAD4)-
mediated histone citrullination. Phosphorylation of the lamin network drives its disassembly and the breakdowns of the nuclear envelope. High levels of
ROS promote DNA damage triggering DNA repair via ataxia-telangiectasia mutated (ATM) and BReast CAncer gene (BRCA)-1. NETosis also depends on
cell cycle cyclin-dependent kinase 4/6 (CDK4/6) and the duplication of centrosomes and autophagy. Inhibitory receptors such as sialic acid-binding immuno-
globulin-type lectin-5 and 9 (Siglec-5,9) or signal inhibitory receptor on leukocytes 1 (SIRL1) block NEtosis. Phagocytic receptors like Dectin-1 inhibit
NETosis in response to small microorganisms by sequestering NE to phagosomes. ATG7, autophagy-related protein 7; AZU, azurophilic granule; CG, ca-
thepsin G; CR3, complement receptor 3; IRAK, IL-1 receptor-associated kinase; MEK, MAPK/ERK kinase; mTOR, mechanistic target of rapamycin; PI3K,
phosphoinositide 3-kinase; PKC, protein kinase C; RIPK1/3, receptor-interacting serine/threonine-protein kinase 1/3.

dedicated receptor-interacting serine/threonine-protein kinase (RIPK)-1 neutrophils is unclear.* Therefore, neutrophils incorporate various
and -3 kinases, and several reports have implicated autophagy in : elements with features from other processes such as the cell cycle,
NETosis via interrogation of PI3K, autophagy-related gene 7 (ATG7) and  ©  DNA repair, and pyroptosis to orchestrate a unique antimicrobial

5 (ATG5), but their mechanistic contribution in either mouse or human  :  strategy.
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2.2 Endogenous inducers of NETosis in
disease

Several host factors trigger NET formation in pathological sterile inflam-
matory conditions (Figure 7). Endogenous crystals act as danger signals
that promote inflammatory diseases such as atherosclerosis, gout, and
pancreatitis. Cholesterol and monosodium urate crystals implicated in
these conditions potently trigger NETosis via RIPK1-RIPK3-mixed line-
age kinase domain-like protein (MLKL) signalling in an ROS and
NE-dependent manner.**®4° Calcium carbonate crystals found in pan-
creatic secretions can induce PAD4-dependent NETosis that promotes
pancreatic duct occlusion and pancreatitis in mice.>® As large extracellu-
lar crystals promote NETosis, these cells may interact with crystals via
surface receptors that have yet to be identified. Moreover, NETs are in-
duced by amyloid-f deposits in a mouse model of Alzheimer’s disease,
and depletion of neutrophils or inhibition of neutrophil extravasation
delays disease progression.>’ Other amyloid fibrils such as a-synuclein,
Sup35, and transthyretin trigger NADPH oxidase-dependent NET
formation in human neutrophils as well>?

Another class of NET inducers is immune complexes which places
NET release under the control of the adaptive immune system in
autoimmune conditions such as systemic lupus erythematosus (SLE)
and anti-neutrophil cytoplasmic antigens (ANCA) vasculitis.>*>*
Ribonucleoprotein immune complexes drive NET formation via
FcyRlllb-mediated receptor signalling in neutrophils primed with type |
interferon (IFN).53'55’57 Moreover, in lupus patients NETs activate com-
ponents of the complement system leading to the deposition of C1q
which impairs NET clearance®® The ability of type | IFNs to exacerbate
NET formation may also occur in chronic infections such as tuberculosis
and human genetic disorders such as ataxia telangiectasia and Artemis
deﬁciency.sg'60 Furthermore, several pro-inflammatory cytokines such as
interleukin-17A (IL-17A), tumour necrosis factor-a, IL-1B, and midkine
induce NETs in an NADPH oxidase-dependent manner.>>¢"%3
Dysregulated NETosis induced by these cytokines has been implicated in
multiple conditions such as RA and systemic inflammatory syndrome in
humans and mice, or in interfering with cytotoxic CD8 T cells’ anti-tu-
mour functions in mice. Moreover, chemokines that activate C-X-C mo-
tif chemokine receptor 1 (CXCR1) and CXCR? trigger NET formation
via the Src—p38-ERK signalling pathway to promote disease (discussed
below) in mouse models.5*¢°

The importance of neutrophil adhesion and integrin activation in the
formation of NETs still engenders debate. Studies in mice and human
neutrophils have shown opposite results with regard to the role of integ-
rins in NET release.®*° Genetic ablation or pharmacological blockade
of B2 integrins impede NETosis in experimental hantavirus infection®” or
sepsis,é’9 and in human neutrophils incubated with Bacterium
Acinetobacter baumannii, however, this effect might be independent on
cell adhesion.®® It is hence unclear whether neutrophils require physical
interaction with other cells (i.e. endothelial cells or platelets) to release
NETs, or if this process can occurin the absence of juxtacrine contact. In
vitro studies in human neutrophils have shown that NET release requires
neutrophil adhesion and surface stiffness,”® however, this requirement
might be stimulus-dependent as PMA can induce NETosis in absence of
cell adhesion. These in vitro studies await in vivo validation.

Several signals have also been implicated in NET induction in cancer.
Platelet-activating factor drives NET-mediated thrombosis during can-
cer.”! Moreover, cancer-associated fibroblast-derived amyloid- triggers
NADPH oxidase-dependent pro-tumorigenic NET release via CD1 1b.%
In addition, tumours induce NETosis in human and mouse neutrophils

by releasing cathepsin C, high mobility group protein B1 (HMGB1), and
other alarmins’>”* and exacerbate NETosis by upregulating the genera-
tion, recruitment, and polarization of immature neutrophils via granulo-
cyte colony-stimulating factor, transforming growth factor-p, and
chemokines in mice.”""*~"”

Direct cell-to-cell interactions can also regulate NETosis. Activated
platelets can relay signals such as LPS to neutrophils, triggering NETosis
in mouse models of thrombosis with NETs serving as a binding scaffold
for Von Willebrand factor and NET proteases degrading coagulation
inhibitors such as tissue factor (TF) pathway inhibitor.”® %" Platelet-
derived alarmins such as HMGB1 can mediate intercellular signalling via
the receptor for advanced glycation endproductsgz'83 triggering MLKL-
mediated NET release that contributes to venous thrombosis.®* In
heparin-induced thrombocytopenia/thrombosis, I1gG binding to heparin/
platelet factor 4 complexes can trigger NETosis via FcyRlla binding.85
Similarly, pro-thrombotic autoantibodies targeting phospholipids and
phospholipid-binding proteins in SARS-CoV-2 patient sera can induce
NETosis.2® These pathways increase the risk for venous thromboembo-
lism during sepsis and sterile disease.”887-8?

A number of mechanisms can suppress NETosis to limit immune path-
ologenesis, but may also be exploited by microorganisms to evade cap-
ture. Phagocytosis is a basic mechanism that disrupts NETosis by
sequestering NE to phagosomes.”® Hence, phagocytic receptors such as
Dectin-1, suppress chromatin decondensation upon ingestion of small
particles. Other receptors that suppress NETosis are signal inhibitory re-
ceptor on leukocytes 1 and sialic acid-binding immunoglobulin-type
lectin-5 (Siglec-5) and Siglec-9.”""%% The exploitation of these pathways
may have important therapeutic potential.”*”

Despite these advances, our understanding of the endogenous signals
and mechanisms regulating NETosis remains limited and will be critical
for the development of therapeutic interventions that suppress patho-
logical NETosis without interfering with immune protection.

3. Physiological regulation of NET
release

It has become increasingly clear that not all neutrophils are equally prone
to release NETSs, as variability exists across different species, or among
tissues and physiological states of the organism. It is also likely that the
quality of the released NETs varies between different neutrophil types
or neutrophils at different stages of maturation. Both changes in the
quantity and quality of released NETSs likely have a major impact on the
magnitude and type of inflammatory response, however, the underlying
causes for this variability remain poorly defined. Variations in NET re-
lease may intertwine with regulators of the neutrophil life cycle, including
circadian oscillations, spatial distribution, the microbiome, and even the
age of the organism.

3.1 Circadian regulation

During normal granulopoiesis, neutrophils synthesize granules store anti-
microbial peptides, adhesion molecules, and proteolytic enzymes.”® As
mentioned in the previous section, NET formation depends on the gran-
ule content of neutrophils. This concept has particularly relevance as re-
cent observations have shown that degranulation occurs not only during
acute activation, such as seen during infections and exposure to
pathogen-associated molecular patterns (PAMPs), but can also takes
place in the circulation under steady-state conditions. Mechanistic
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studies demonstrated that autocrine signals delivered via CXCR2 can
elicit this progressive degranulation such that neutrophils, which are mo-
bilized into the blood at night (in mice), display marked reductions in
their content in primary granules by daytime.”” This temporal degranula-
tion, which is subject to the core circadian machinery and follows strict
circadian patterns, in turn, predicted that NET formation depends criti-
cally on the time of day. Indeed, analysis of neutrophils isolated at differ-
ent times (noon vs. evening) evidenced substantial differences in NET
formation ex vivo both in mice and humans, and this variability could be
recapitulated in living tissues subjected to ischaemia—reperfusion injury
or acute lung injury.”” The genetic determinism of NET formation by the
circadian clock was additionally evidenced by using not only time of day
as a variable but also use of mice bearing a neutrophil-specific deletion of
the core circadian gene Amtl (encoding Bmal1) which feature night-type
neutrophils, or the gene encoding CXCR4 which harbours day-type
neutrophils.””*® Notably, elimination of these time-sensing molecules
exclusively in neutrophils rendered NET formation and severity of the
pulmonary disease independent of diurnal time in mice.”” Studies in a
small cohort of pneumonia patients undergoing pulmonary distress sug-
gested that similar principles of circadian regulation apply in humans.””

3.2 Microbiome

Signals derived from the commensal flora of the intestine have been as-
sociated with intimate regulation of immune development and compe-
tence against pathogen invasion.”” Bacteria, particularly segmented
filamentous bacteria, have been shown to provide signals locally respon-
sible for neutrophil priming through a Th17-dependent mechanism and
increased barrier permeability that mediates expansion, dissemination of
PAMPs released by these groups of bacteria, and sensing through toll-
like receptor (TLR)/MyD88 signalling.'® This neutrophil priming, re-
ferred to as ageing despite the lack of evidence for circadian regulation,”®
predispose neutrophils for activation (loss of CD62L and gain of
CD11b) and NET release and associated with vascular occlusion in
mouse models of sickle cell disease and psychological stress-induced in-
flammation.’®°" In humans, the number of NETs in pulmonary sputum
of patients with chronic obstructive pulmonary disease correlated with
the dominance of Haemophilus sp. in the sputum.’® Consequently, de-
pletion of the intestinal microbiome by antibiotics in mice reduces NET
production and confers protection during chronic inflammatory disease.
Although these approaches might alleviate NET-driven disease in the
clinic, depleting strategies of the microbiome might result in opposing
effects. Indeed, the absence of commensal bacteria result in elevated
NET release in the context of mouse mesenteric ischaemia/reperfusion
injury,'® suggesting an inhibitory or tolerogenic action of the micro-
biome. These results should, however, be taken with caution as the di-
vergence in the techniques employed in these studies to detect NETs or
the antibiotic cocktail and regime used to deplete the microbiome might
account for these differences.

Contrasting with the NET-promoting effects of segmented filamen-
tous bacteria, some bacteria used in probiotic regimes (Lactobacillus
rhamnosus strain GG) can inhibit NET formation induced by different
stimuli in vitro in human neutrophils, possibly by blunting ROS forma-
tion."® While the in vivo benefits (or risk) of strains impairing NET for-
mation remain to be evaluated, it is now increasingly evident that
microbial-derived metabolites can influence NET formation in variable,
and even opposed ways. Interestingly, this regulation of NET release
might also depend on the diurnal oscillations in the microbiome location
and function and its control of intestinal permeability."® As TLR expres-

sion in neutrophils follows a circadian pattern,”® the coordinated

expression of these receptors and the daily influx of microbial products
may result in neutrophil priming and susceptibility to NETosis in a circa-
dian fashion.

3.3 Age

Of particular interest for our discussion is the varying capacity of neutro-
phils to release NETs with age, as this may account for enhanced suscep-
tibility of older individuals to infections'® and may represent a
contributor to inflamm-ageing. Various studies have reported a marked
loss of NET-forming capacity in older individuals (both human and mice,
averaging ~70years or 18 months, respectively), in response to a variety
of stimuli including endotoxins, chemokines (IL-8), or TLR2 ligands.*%
It is interesting that these studies implicated both reduced production of
ROS (an obligate signal for NET formation) and defective autophagy
(common in older organisms) as potential culprits causing defective NET
release by neutrophils. These, and possibly other features of neutrophils
from older individuals, may stem from accelerated and defective matura-
tion of neutrophils in the BM with age, and in turn, be associated with
the aforementioned dependence of efficient formation of NETs on intact
granule content.”” The observation, however, that potent downstream
activation with phorbol esters induces comparable levels of NETs as in
young individuals further suggests that signalling leading to NET forma-
tion may also be compromised in neutrophils from older individuals,'®’
and these possibilities merit future exploration. Following the same prin-
ciple, one must consider that even for NETSs that form in neutrophils of
aged organisms, their composition is likely to vary due to different gran-
ule composition, in turn affecting their immunomodulatory (e.g. by
49

)

degrading inflammatory  cytokines or thrombo-inflammatory

properties.

3.4 Location

Although formally unexplored, the distribution of neutrophils in specific
niches or different tissues deserves special consideration, as there are
hints that it can influence NET formation in ways that may have consider-
able disease relevance. For example, baseline release of NETs in the cir-
culation is inferred from their marked accumulation in the absence of
plasma host DNAses, at least under conditions of neutrophilia.?® In this
context, the enhanced capacity of relatively immature neutrophils
(which have not yet been cleared from the circulation) to release
NETs” may underlie the enhanced susceptibility to thrombo-
inflammatory injury of organs in which neutrophils remain preferentially
intravascular, such as the lung and liver.'®® In the lumen of mouse athero-
sclerotic arteries, released NETSs on the activated endothelium serve as a
platform for infllmmatory monocytes to adhere and transmigrate into
the inflamed tissue helping to overcome the elevated blood flow.'®” In
scenarios of chronic inflammation, activation of neutrophils in certain tis-
sues may incite exaggerated production of NETs. For example, it may be
driven by factors present in the plasma of patients that cause systemic
NET release, as seen in autoimmune disease,>>> locally in lungs of
patients with acute lung injury (ALI) (including SARS-CoV-2 patients’ '°)
or driven by specific cytokines produced in the vascular wall, as demon-
strated in mouse atherosclerosis.""’

4. Neutrophil diversity and NETs

Neutrophils are considered no longer a homogeneous population but
rather plastic cells that can adapt to the environment and modulate their
phenotype for different functional needs.''* Although evidence is still
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limited, this functional diversification of neutrophils can also be epito-
mized in a differential capacity to release NETSs. In line with our previous
discussion, physiological but also pathological (discussed below) insults
regulate NETosis but also the appearance of neutrophil subpopula-
tions.""* Thus, such environmental signals, and also intrinsic characteris-
tics or the combination of both, may alter the propensity of certain
neutrophil subpopulations to release NETs. Congruent with this idea, ac-
tivation of mouse or human neutrophils results in only 30% or 60% of
NETosis, re3|:)ectively.21‘113 These results illustrate that under the same
stimulation not all neutrophils can undergo NETosis, however, the un-
derlying causes for these differences are unclear. One hypothesis is that
as neutrophils exit the BM and circulate throughout different tissues ac-
quire a primed or aged state required to permit NETosis, as induced by
microbiome-elicited signals.'® Accordingly, BM-derived mouse neutro-
phils—considered to be in a more immature stage—exhibit diminished
NETosis capacity upon IFN priming and C5 stimulation, a function that
increases as they mature (circulating neutrophils), and it is concomitant
with the acquisition of an IFN signature.114 Once in the circulation—al-
though still able to release NETs—neutrophils with an immature pheno-
type have reduced NETting capability.'" Interestingly, circulating
immature neutrophils are more prevalent in males and in pregnant but
not non-pregnant females. In females, a major proportion of neutrophils
exhibit the expression of type | interferon-stimulated genes (ISGs), a ma-
ture signature, and elevated NETosis ability.>® The similarities of this sub-
set and isolated low-density granulocytes (LDGs) from autoimmune
patients are obvious,""® and may explain the higher predisposition of
females to develop such diseases. Likewise, it is reasonable to think that
the expansion and activation of this ISG-expressing subset results in the
origination of LDGs in autoimmunity, however, this connection requires
further investigation. Another unexplored question concerns the role of
this IFN signalling as a specific signalling pathway determining the suscep-
tibility of neutrophils to form NETs. On the contrary, the importance of
neutrophil maturation as a determining factor for NET release seems to
be incomplete. For instance, although these NEtting LDGs in autoim-
mune disease exhibit a mature phenotype,'*® blood immature LDGs iso-
lated from tumour-bearing mice have increased NET release as
compared to normal-density counterparts.13 This observation suggests
that the degree of maturation is not a unique property that influences
NETosis capacity. Finally, it merits mention that the existence of a sub-
population of olfactomedin-4-expressing human neutrophils that consti-
tutes ~10-30% of all circulating neutrophils and possess an increased
capacity to undergo NETosis,""” numbers that fit the aforementioned
observations on partial NET formation by mouse neutrophils.

5. Pathogenic functions of NETs

NETs are important mediators of the neutrophil antimicrobial response
in body surfaces and vessels. However, the NET release also comes
with detrimental actions associated with occlusion, tissue damage, or
amplification of the immune response. As consequence, NETs have in-
creasingly been associated with multiple human pathologies by exerting
a variety of pathogenic functions (Figure 2). Here, we will focus our dis-
cussion on the contributions of NETs during sterile immunopathology.
The use of NETs as biomarkers for disease severity and outcome and
the current developing NET-directed therapies are listed in Tables 1 and
2, respectively.

5.1 Occlusive NETs

Aggregated NETs frequently localize in intravascular thrombi and oc-
cluded ducts (i.e. biliopancreatic ducts) blocking blood and other fluid
circulation and secretion. Deposited NETs on the vasculature can ac-
tively contribute to thrombus formation by exerting pro-coagulant and
pro-thrombotic activities resulting in venous and arterial thrombosis, ad-
verse consequences observed in infection,141 cardiovascular diseases'*?
(atherosclerosis, stroke), or cancer.”" Mechanistically, NETs provides a
scaffold for platelets and erythrocytes to adhere, inducing platelet aggre-
gation and permitting fibrin accumulation.”” This process can be pre-
vented by DNA degradation after DNAse | treatment in mice and
depends on PAD4 activity.*® At the same time, the polyanionic DNA
backbone of NETs can interact and retain factor Xl to initiate the intrin-
sic coagulation pathway in a mouse model of venous thrombosis.'**
TF—the main initiator of the coagulation cascade—is expressed in acti-
vated human neutrophils and it is externalized through NETs to pro-
mote thrombosis."* In turn, NETs or NET-derived histones can also

14 147 .
©or monocytes '’ in vitro to produce more

stimulate endothelial cells
TF. Whether these processes contribute to thrombosis in vivo requires
further investigation. Interestingly, although NET inhibition or degrada-
tion reduces thrombosis in animal models, the thrombotic effects of in-
tact NETSs are in doubt'*®

individualized components such as DNA or histones.

and seem to depend on the action of their
147

Vascular NET release and subsequent thrombosis involve a cas-
cade of events that rely on neutrophil adhesion with the endothelium
through PSGL-1 and CXCR2 receptors'* and their interaction with
activated platelets.”” Indeed, blockade of NET release, degradation of
NETs, or interfering with neutrophil-endothelium or neutrophil—
platelet interactions blunts thrombus formation and reduces vascular
tissue damage in mice.”” 114 However, in mice with induced
neutrophilia inhibition of the coagulation cascade (anti-thrombin
treatment) or platelet depletion, is insufficient to prevent NETs to
obstruct vessels in absence of host DNases.®® These results illustrate
the importance of host DNAses to tolerate neutrophil-derived toxic
responses and explains patient susceptibility to develop thrombosis
and autoimmune responses in individuals with impaired DNAse
activities.

5.2 NETs damage tissues
Neutrophil tissue infiltration frequently comes at the expense of host
cell damage. Indeed, excessive neutrophil infiltration associated with tis-
sue damage in a large variety of clinical settings including acute lung injury,
myocardial infarction, stroke, as well as kidney and liver failure.’%1°2
Such collateral damage can result from the production of ROS, the re-
lease of cytotoxic granule proteins, and the release of NETs. The latter
also integrates the former two, as ROS is important for NET release,
and NETs contain granule proteins. Previous observations regarding the
importance of ROS and granule proteins in the context of tissue damage
and employing gene targeting or therapeutic neutralization revealed the
importance of NET-driven cell death. Thus, it is not surprising that NETs
reportedly trigger cytotoxicity in various tissues and diseases including
sepsis, kidney injury, acute lung injury, and atherosclerosis, and delay
wound healing,"*"11136153

The negatively charged nucleic acid of NETs associated with cationic
proteins of nuclear, cytosolic, and granule origin. These proteins include
cationic antimicrobial peptides or cell-penetrating peptides including his-
tones, cathelicidins, and a-defensins. These peptides exert antimicrobial
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proteolytic activity, hence modulating the inflammatory response. The immunomodulatory function of NETs occurs upon interaction with phagocytes such
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mour, thus preventing the entrance and function of anti-tumoural cytotoxic T cells and natural killer cells. LPS, lipopolysaccharide; NET, neutrophil extracel-
lular trap.
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Table | NET-associated biomarkers in sterile inflammatory diseases
Biomarker Disease Detection method Correlation Reference
Blood plasma/serum Cit-H3 Advanced cancer ELISA Predictive of poor clinical outcome e
Advanced cancer ELISA Predictive of poor clinical outcome e
independent of coagulation
Acute ischaemic stroke ELISA Positive association with atrial fibrilla- 120
tion and all-cause mortality
MPO-DNA Advanced oesophageal, ELISA Positive association with advanced o
complexes gastric, and lung cancer cancer stage
Metastatic colorectal ELISA Positive association with risk of can- 22
cancer cer recurrence after resection
SLE ELISA Positive association with risk of ne- 23
phritis and cardiovascular events
RA ELISA Positive association with inflamma- 124
tory markers and the appearance
of extra-articular nodules
CAD ELISA Positive association with disease se- 125
verity and thrombosis
NE-DNA Breast cancer ELISA Positive association with advanced 126
cancer stage
Nucleosome Lung cancer ELISA Positive association with cancer-re- 27
lated stroke
Tissue Tumour Pancreatic ductal Cit-H3"CD15™ Positive association with poor sur- 128
adenocarcinoma vival and cancer recurrence
Thrombi Acute ischaemic stroke, Cit-H3" extDNA" Positive association with systemic 129
CAD inflammation
Thrombi Acute coronary Cit-H3" extDNAT Positive association with infarct size 130
syndrome
Thrombi Acute ischaemic stroke Cit-H4™MPO™ Positive association with reperfusion =
extDNA™ resistance

Ex vivo NET formation Ciritically ill patients

Propidium iodide

staining

Positive association with disease se-
verity and predicts the develop-
ment of disseminated intravascular

coagulation and mortality.

132

CAD, coronary artery disease; Cit-H3, citrullinated histone H3; MPO, myeloperoxidase; NE, neutrophil elastase; NET, neutrophil extracellular trap; RA, rheumatoid arthritis; SLE,

systemic lupus erythematosus.

activity by generating pores in the membranes of prokaryotes,'* but the
selectivity of candidate proteins such as histones, cathelicidin, and o-
defensins is only moderate. Consequently, they also attack host cells at
concentrations in the range of those needed for their antimicrobial activ-
ity. The membrane of eukaryotic cells is very different in its composition,
overall charge, and transmembrane potential to that of prokaryotes as
its outer leaflet is composed mainly of zwitterionic phosphatidylcholine
and sphingomyelin phospholipids thus rendering the net charge less an-
ionic. Hence, the question arises of how these peptides gain access to
mammalian cell membranes to form pores. Cathelicidin, for example,
interacts less with membranes composed of neutral lipids, but after
forming oligo-homomers, cathelicidin can efficiently interact also with
neutral membranes and penetrate these, leading to lytic cell death.”®
While such mechanisms may offer therapeutic value when designing
novel anti-tumour strategies,156 in the context of inflammation this pro-
cess will lead to tissue damage. In fact, many NET-resident proteins can

111,155,157

exert cytotoxicity in host cells and in connection with NET his-

tones, which account for ~70% of NET-associated pro‘ceins,3 hold a

prominent position in causing host cell death,!"13#*7136137153 Gimjlar to
cathelicidins, the interaction of histones with cell membranes heavily
relies on charge. Hence, histones preferably bind to anionic phospholi-
pids including cardiolipin and phosphatidylserine, but not zwitterionic
phospholipids such as phosphatidylcholine.”® One possible means for
histones to gain access to neutral cell membranes is the induction of
phosphatidylserine exposure hence increasing negative surface
charge.”™ In small unilamellar vesicles addition of cholesterol to the lipid
mixture increased the ability of histone H4 to increase membrane bend-
ing and eventually pore formation.”"" However, while bactericidal prop-
erties of histone fragments depend on their ability to form amphipathic

a-helices'

with potential membrane-spanning domains, understanding
the precise mechanism of histone-driven membrane permeation will re-
quire additional structural analyses. Given that electrostatic interactions
are key to the toxic effects of NETS, several strategies have emerged to
mitigate these toxicity. These include plasma proteins (including albumin
or apolipoprotein Al), (poly-)peptides, and polysaccharides (including
modified heparins).”**1¢"1¢2 |n addition, specific interference using
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Table 2 NET-directed therapeutic strategies

Biological target Compound Targeting disease Study Reference, Identifier
DNAse Dornase Alfa SARS-CoV-2 COVIDORNASE, Phase Il NCT04355364
COVASE, Phase Il NCT04359654
DORNASESARS2, Phase Il NCT04402970
Respiratory failure after trauma TRAUMADORNASE, Phase Il NCT03368092
Ischaemic stroke NETs-target, Phase || NCT04785066
Histones Heparin Sepsis Preclinical 133
Non-coagulant heparin Sepsis Preclinical 134
Chondroitin sulphate E Endotoxaemia Preclinical 135
Anti-histone antibodies Sepsis, kidney injury, atherosclerosis Preclinical 111,136,137
Anti-citrullinated antibodies ~ RA Preclinical 138
PAD4 GSK199 Thrombosis, sepsis-induced coagulation Preclinical 83.139
Microtubular function ~ Colchicine Myocardial infarction COLCOT 140
Gasdermin D Disulfiram SARS-CoV-2 DISCO, Phase Il NCT04485130
DEK DEK aptamers RA Preclinical =

NET, neutrophil extracellular trap; PAD4, protein-arginine deiminase type 4; RA, rheumatoid arthritis.

antibodies is conceivable but requires accessibility of the epitope in the
presence of DNA or other histone binding partners.

Yet, while we consider the cytotoxic effect of NETs in general harm-
ful, the net effect of such activity may be context-dependent. As an ex-
ample, the efficient removal of senescent cells is key during embryogenic
development and in ageing. Recently, NETs were found to be critically
involved in the removal of senescent vascular cells during remodelling in
a mouse model of ischaemic retinopathy.'®® Mechanistically, the secre-
tome of senescent vascular units attracts neutrophils and promotes the
release of NETs. These NETs in turn induce cell death of the senescent
cells thereby promoting their clearance. In yet another scenario, mouse
and human NETs can dampen inflammation by acting as a sink for inflam-
matory cytokines and chemokines.”” Serine proteases in NETs can
cleave cytokines hence rendering them inactive.

5.3 Atherogenic role of NETs

Many of the properties of NETs may wreak havoc in tissues, for example,
within the atherosclerotic plaque.’* In experimental atherosclerosis in
mice, NETs can contribute to the initiation and progression of this dis-
ease involving a variety of mechanisms depending on disease stage and
tissue location. At the core of the lesion, NETs amplify the inflammatory
response by priming macrophages as the first hit for inflammasome acti-
vation.**"®* Similarly, TLR9-dependent sensing of NET structures can
render interferogenic responses by plasmacytoid dendritic cells (pDCs)
that help to perpetuate vascular inflammation.’®® Interestingly, when re-
leased at the fibrous cap region, NET-containing histone H4 causes
smooth muscle cell lysis and death provoking fibrous cap thinning and
potentially plaque destabilization.""" These contrasting effects suggest
that NETSs’ pathogenic effects strongly depend on dose but also on the
susceptibility of the targeted cell to their toxic effects. In the vasculature
proper, NETs may play also a pernicious pathophysiologic role.'*
Strategically situated at the intimal surface, the interface between the lu-
men and the arterial wall or the microvasculature and tissue paren-
chyma, NETs are poised to contribute to sterile inflammation. The
tendrils of extended DNA, derived from disintegrating nucleosomes, be-
come decorated with numerous proteins capable of amplifying and

extending local inflammation. These filamentous structures carry a cargo
that includes constituents of the neutrophil itself, and proteins recruited
from the bloodstream. Tethered to the intimal surface, NETs can act as
a ‘solid-state reactor’ that constrains enzymes and other biologically ac-
tive constituents to the crucial interface of the bloodstream with tissues.
Rather than depending on stochastic interactions in the fluid face of
blood, this localization can facilitate the encounter of enzymes and sub-
strates thus facilitating their reactions. Interestingly, whether these NETs
generate a ‘solid-state reactor’ or ‘sink’ effect on the accumulated con-
stituents will depend on their location, time of release (e.g. acute or res-
olution phase of inflammation), and composition of the aggregated
components, ultimately determining their impact on the outcome of the
inflammatory process.

The intrinsic proteins derived from granulocytic granules include a
number of enzymes that can amplify local infllmmatory responses
through their catalytic functions.”®® Localized on the fibres of NETS just
at the intimal surface, MPO-derived hypochlorous acid can provoke en-
dothelial cell apoptosis and TF gene expression in vitro."*® Thus, NET for-
mation can propagate endothelial injury and provoke local thrombosis.
MPO in blood associated with first-ever and recurrent cardiovascular
events and serves as a biomarker.'®’ Indeed, DNA-associated MPO
serves as a commonly used, albeit imperfect, a marker of NET formation
in clinical studies. Among the serine proteinases found in granulocytes,
proteinase 3 joins MPO as one of the key antigens that comprise
ANCAs implicated in ANCA-positive vasculitides. Perhaps presentation
on NETs provides a source of antigen for mononuclear phagocytes in-
volved in the afferent limb of the immune response that contributes to
ANCA vasculitis. Thus, in addition to contributing to acute forms of ster-
ile inflammation and thrombosis in the vasculature, NETs can contribute
to instigating chronic conditions that affect blood vessels as well.

NETs also can bind cytokines of neutrophil origin. These include IL-1
alpha, IL-33, and members of the IL-36 family. Another NET-associated
serine proteinase, cathepsin G, can process these cytokines to more ac-
tive forms.' 619817 || 1 beta also associated with NETs, but cathepsin
G degrades it to inactive fragments. In regard to endothelial activation,
NET-associated IL-1 alpha appears to exert the strongest action. IL-1 al-
pha mediates induction of vascular cell adhesion molecule-1 expression
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and TF gene expression in human endothelial cells in vitro."*® In addition
to endothelial cell expression of TF induced by NET components or
products such as hypochlorous acid, NETs can bind TF from the
blood. Thrombi retrieved from culprit lesions from patients with acute
coronary syndromes (ACS) contain NETs bearing TF, providing a
source of this potent procoagulant at a site of clinically important
thrombosis."*"7°

Indeed, NETs may have a particular role in superficial erosion, a form
of atherosclerotic plaque disruption that currently accounts for about a
third of ACS."”" Human plaques with the morphology associated with
erosion contain more markers of NET formation than plaques with thin
fibrous caps and large lipid cores more associated with plaque rup-
ture."? As endothelial cells slough and uncover the basement mem-
brane, adherent neutrophils can undergo NET formation at the site of an
intimal breach. NET functions can then extend endothelial injury and am-
plify thrombus formation by the mechanisms described above. ACS due
to erosion associate with higher MPO levels than those due to fibrous
cap rupture.'?174

In an experimental mouse preparation that recapitulates certain fea-
tures of superficial erosion, myeloid deficiency of PAD4 preserves endo-
thelial integrity.175 Delivery of a small molecule PAD4 inhibitor via
nanoparticles that target collagen IV, a protein abundant in the basement
membrane exposed by endothelial cell desquamation, can likewise pre-
serve endothelial structure and function.'”® Thus, NET formation may
be a therapeutic target in ACS precipitated by several forms of plaque
disruption. Administration of DNAse can mitigate reperfusion injury af-
ter experimental myocardial infarction."”” This action likely relates to
the preservation of microvascular perfusion.

5.4 NETs break immune tolerance

NETSs can contribute to the loss of immunological tolerance characteris-
tic of autoimmune diseases. Patients with SLE,178 RA,55 or AAV"? accu-
mulate NETs in the circulation and tissues, and their concentrations
associate with the severity of the disease and poor clinical outcome. This
accumulation is explained by aberrant activation of neutrophils and ele-
vated release of NETs together with the defective clearance of NETs
seen in these patients.'”® This augmented NET release may derive from
a particular neutrophil subpopulation of LDGs.'"® LDGs—which are
overrepresented in SLE and RA patients—and may represent an exam-
ple of neutrophil functional diversity defined by their capacity to release
NETSs. LDGs are dysfunctional neutrophils characterized by a highly acti-
vated phenotype, enhanced ability to release pro-inflammatory cyto-
kines, and propensity for spontaneous NETosis. Human LDGs exhibit a
strong signature of ISGs which accounts for increased responsiveness to
the higher levels of systemic type | IFNs.>*'"® As LDGs isolated from

healthy individuals are not prone to release NETs,'®

the buoyancy
properties of this neutrophil subset cannot explain their increased
NETosis capacity in SLE and RA patients. Instead, their particular sensi-
tivity to IFN priming may facilitate the predisposition to do NETosis,>>
however, additional work is required to provide a mechanistic link be-
tween these two processes.

Neutrophils respond early during the preclinical stages of autoim-
mune diseases, and the release of NET-derived autoantigens may initiate
loss of immune tolerance and generation of autoantibodies.'®! As the
disease progresses, released NETs exacerbate the infllmmatory re-
sponse through their interaction with different innate and adaptive im-
mune cells. Finally, excessive NETosis also accounts for host tissue
damage and organ dysfunction, supporting contributions of NETs at all
stages of autoimmune diseases.

NETs as a source of self-antigens: The presence of autoantibodies against
proteinase 3 or MPO is a hallmark of AAV."®" Other autoantibodies tar-
geting double-stranded DNA or citrullinated proteins can also be
detected in SLE or RA patients. Due to the nature of the protein cargo,
neutrophils are enriched in these proteins that, when released during
NETosis, serve as antigens for the generation of autoantibodies. In par-
ticular, protein citrullination by PAD enzymes is highly active during
NETosis and is responsible for the generation of the citrullinated anti-
gens observed in RA>® and SLE'® patients. At the same time, generated
ANCAs and anti-citrullinated protein antibodies can potently induce
NETosis in human neutrophils, thus completing an infllmmatory loop
that contributes to the progression of the disease.>**> In addition to
their antigenicity, protein citrullination increases their immune reactivity,
amplifying the inflammatory responses, and contributing to RA patho-
genesis.>® Similarly, carbamylated proteins were recently identified as an
furnishing antigenic epitopes for anti-carbamylated protein antibodies,
whose accumulation associated with excessive inflammation and exacer-
bated bone destruction in RA patients.26

Immunomodulatory effects of NETs: The immunogenic properties of
NETSs manifest at different stages of autoimmune diseases and involve
multiple cell types. In human synovial fluid, NETs can be internalized by
fibroblast-like synoviocytes inducing antigen presentation of citrullinated
peptides to T cells mediating Th1 responses.’® In an in vitro setting, T-
cell recognition of NET components via T-cell receptor have priming
effects, reducing their activation threshold and increasing their response
to antibodies.'® An important property of NET-derived structures is
their capacity to induce potent production of interferons, a hallmark of
many autoimmune diseases. pDCs are main producers of IFN through
TLR9-dependent recognition of DNA-bound HMGB1 protein and LL37
complexes.‘%'185 In macrophages, phagocyted NETs are sensed through
the cytosolic sensor cyclic GMP-AMP synthase triggering IFN | produc-
tion and amplifying autoimmune responses in mice."®® The interfero-
genic properties of NETs can partly be explained by their partial
mitochondrial origin. In response to ribonucleoprotein immune com-
plexes, neutrophils extrude NETs depending on mitochondrial ROS,>
and this oxidized DNA material induces a strong production of IFNs that
can promote autoimmunity.” Mechanistically, the release of mitochon-
drial DNA fragments in stressed cells and during NETosis seems to de-
pend on the formation of pores in the mitochondrial outer membrane
by the oligomerization of the voltage-dependent anion channel, whose
pharmacological inhibition prevents NETosis and IFN responses in a
mouse model of lupus.187 Interestingly, another stress signalling pathway,
the endoplasmic reticulum stress, was recently associated with mito-
chondrial ROS-induced NETosis and the development of experimental
lupus.188 It remains to be clarified whether stress in hyperactive neutro-
phils (e.g. SLE or RA LDGs) is then a common cellular state preceding
NAPDH-independent and mitochondrial ROS-dependent NETosis, and
that results in the release of immunogenic oxidized DNA.

5.5 Tumorigenic and metastatic NETs

Neutrophils are increasingly being recognized as contributors to cancer
initiation, development, and progression, ultimately impacting on patient
survival or resistance to immunotherapy.'® Tumour-elicited signals
have a profound impact on neutrophil production, mobilization, and
function over the course of the disease. Among these functional altera-
tions, cancer-induced NETosis has gained attention as it has been impli-
cated in multiple tumorigenic and pro-metastatic processes, and
tumour-associated thrombosis as well. NETs accumulate in advanced
human cancer'”° and liver'”' metastases associated with poor prognosis
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and reduced survival. Similarly, NET remnants in plasma such as NE-
DNA complexes'" or citrunillated histone H3""® potently predict sur-
vival in cancer patients.

Experimental blockade of NETosis or NET degradation strategies
highlights a causal role of NETs in cancer.'”® However, the mechanisms
underpinning these pro-tumoural functions are just beginning to be un-
derstood. Indeed, the variety of pro-tumoural and pro-metastatic func-
tions ascribed to NETs has exceeded initially expectations.

NETs feed the tumour: NETs can act as inflammatory signals to stimu-
late cancer cell proliferation. In mice with metastatic colorectal cancer,
NETs induce mitochondrial biogenesis, increased ATP production and,
oxygen consumption in cancer cells."”® NET-borne NE signals through
TLR4 receptor to induce in vitro metabolic reprogramming and foster
cell proliferation. NET-mediated TLR9 signalling can also activate cancer
cell proliferation, and consequently, genetic disruption of TLR9 reduces
tumour growth and prevents dissemination.** Although robust evidence
of the in vivo relevance of these mechanisms is still needed, NETs might
act as initiators of tumour growth particularly in patients with pre-
existing low-grade infllmmation or chronic infllmmation after
non-resolved infection. In agreement with this idea, early NET-driven
inflammation in experimental non-alcoholic steatohepatitis promotes
subsequent development of hepatocellular carcinoma.’”* A recent pio-
neer study also supports this concept by suggesting that NETs mediate
the awakening of dormant cancer cells to form lung metastasis.'”
Inflammatory stimulation of NET release after LPS instillation or expo-
sure to tobacco smoke in mice results in the exposure of extracellular
matrix-degrading enzymes NE and MMP9. Here, matrix remodelling
through sequential cleavage of laminin-111 by these NET-derived pro-
teases generates an altered form of laminin that activates integrin o3f34
signalling to induce cancer cell proliferation. Interestingly, remodelling of
the tumour extracellular matrix by proteases can exert alternative
effects beyond acceleration of cancer cell proliferation, such as angiogen-
esis or tumour dissemination. Indeed, neutrophils in the tumour furnish
MMP9 which is a potent inductor of angiogenesis independent of
NETs,'”® however, whether NET-bound or NET-free MMP9 exerts dis-
tinct pro-tumoural processes is still unknown.

Nesting metastasis: NETs released in the tumour-free environment
might also serve as physical scaffolds of the metastatic niche. Deposited
on the microvasculature of the liver and lung after septic inflammation,
NETs can efficiently trap circulating cancer cells, hence facilitating their
adhesion to the tissue stroma and the subsequent metastasis.'”’
Notably, the NET-bound protein carcinoembryonic antigen-related cell
adhesion molecule 1 mediates the interaction between NETs and cancer
cells in mice."”® Before the formation of metastases, neutrophil activa-
tion and NETosis in the vasculature are often induced remotely by solu-
ble factors originated in the primary tumour. This process—observed in
human ovarian and breast cancer—links neutrophil infiltration and NET
release in the omentum'®® and lung” with experimental metastasis. In
the pre-metastatic niche, NETs can also function as a potent chemoat-
tractant for disseminated cancer cells."”® Human and mouse NETSs are
sensed by cancer cells through the transmembrane receptor coiled-coil
domain-containing protein 25 (CCDC25), whose activation induces cell
motility. Beyond the apparent therapeutic opportunities based on
CCDC25 targeting, a comprehensive analysis of the function of this re-
ceptor in other pathologic conditions and homeostasis is of the utmost
interest to better understand NET-associated biology.

Shielding from anti-tumoural immunity: Tumours can hijack anti-tumoural
immunity by using NETs as physical shields. Induced by CXCR1 and
CXCR?2 ligands secreted by the tumour, NETs are ejected around the

tumour stroma in humans and mice.®® Interestingly, tumours surrounded
by NETs exhibit an augmented resistance towards the immune response
elicited by effector CD8™ T cells and natural killer cells. This mechanism
might mediate tumour resistance to immune checkpoint blockade strat-
egies. Indeed, experimental NET inhibition can restore responsiveness
to checkpoint inhibitors.®> Similar observations pertain to pancreatic
cancer, where IL-17 recruits neutrophils and promotes NETosis to in-
duce immunosuppression.®’ Blockade of IL-17 or inhibition of NET re-
lease in combination with anti-PD1 consequently improved treatment
efficacy by reducing tumour growth and metastasis in a mouse model of
pancreatic cancer.

6. Conclusion

Since the discovery of NETosis, our understanding of the biology of NET
formation and its implications for disease have expanded enormously.
Yet, the variety of ascribed functions described to date—aside from their
antimicrobial activity—suggest that we are only at the beginning of un-
derstanding its biology. Although many of these actions have pathological
consequences, the importance of NETs in host defence and as regulators
of the inflammatory response cannot be ignored. Evidence from disease
studies suggests that the immunomodulatory properties of NETs might
be required to permit a proper inflammatory response (priming effect)
or to limit inflammation to ensure resolution. These immunoregulatory
properties also likely have important implications under homeostatic
conditions. Another important factor influencing NET function relies on
variations in their composition and structure. Such changes might origi-
nate from differences in the proteomic and transcriptomic landscape
among neutrophil subpopulations and upon activation with distinct stim-
uli. Although plausible, this concept will require future investigation.
Furthermore, and as it occurs with neutrophils, how much, when, and
where NETs are released, critically shifts the balance between a harmful
or beneficial outcome. Here, evidence of temporal (circadian) and spatial
regulation of NETosis is emerging, and pinpoint the importance of the
physiological regulation of this process to ensure maximal efficacy in sit-
uations of host defence while preventing tissue injury or vascular occlu-
sion. All these aspects merit consideration when understanding NET
biology and identifying physiological factors controlling NET release or
clearance. Therapeutic strategies that intervene on these physiological
processes entail an alternative to treatments based on inhibition of
NETosis or NET degradation, preventing their pathogenic dysregulation
without altering their function in host defence.

1. Perspective

The concept of NETs as relevant pathological drivers of human disease
has gained increasing acceptance in the scientific community. The identi-
fication of NETs and their remnants in multiple human diseases (as re-
cently exemplified by the number of studies implicating NETs in the
aetiology of SARS-Cov-2 infection), or as markers of treatment effi-
ciency, together with mechanistic evidence in animal models have sus-
tained this idea. This increasing interest will stimulate the development
of sensitive, specific, and standardized techniques for NET detection, a
requirement for their utility as biomarkers in clinical practice. Similarly,
the clinical translation of NETs also requires overcoming other obstacles
such as the design of novel therapeutic strategies that ensure targeting
NETosis with high specificity. In this sense, a better understating of the
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molecular and physiological mechanisms preceding and driving NET re-
lease will enable such possibilities. We propose that the introduction of
single-cell genomic technologies in the study of NET biology is necessary
to decipher at single-cell resolution the epigenetic, transcriptomic, and
molecular changes occurring in specific neutrophil subpopulations prior
to NET release, thereby permitting to specifically counter their toxic
consequences. The application of newly developed spatial ‘omic’ techni-
ques combining transcriptomic and immunostaining analyses will also
help to solve the current technical limitations when detecting NETs in
tissue, and should expand our understating on NET regulation and func-
tion in the native tissue.
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