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Impact statement

Fatal consequences of atherosclerosis and
atherothrombosis give research in this field
great importance. This review provides
recent information about the implications
of neutrophils in the pathophysiology of
atherosclerosis and atherothrombosis via
formation and release of neutrophil extra-
cellular traps (NETSs), thereby enhancing
our understanding on how the process of
atherosclerosis develops and how its con-
sequences occur. Information provided in
this review suggests NETs as a new ther-
apeutic target and a rich point for research.
This review gives answers to questions
about the mechanisms of atherosclerosis
and atherothrombosis progression through
studying the implications of NETs in these
processes.

Abstract

Cardiovascular disease is the leading cause of mortality worldwide. Atherosclerosis con-
stitutes most cardiovascular disease etiologies. Atherosclerosis is a chronic inflammatory
and lipid-driven disease affecting the intima of blood vessels, resulting in an increase in its
thickness and, therefore, narrowing of the arterial lumen. Many blood and immune cells
have been shown to be implicated in atherosclerosis pathophysiology. Neutrophils are
among those cells with their novel function of forming neutrophil extracellular traps.
Neutrophil extracellular traps are mesh-like structures formed and released on activation
of neutrophils. These structures consist of decondensed chromatin, histones, and other
components, including nuclear and cellular proteins, cytoskeleton, proteases, and azuro-
philic granules. Neutrophil extracellular traps contain these elements and hold other circu-
lating elements in the blood, such as tissue factor, fibrin, and other coagulation factors.
Neutrophil extracellular traps are also implicated in the pathogenesis of atherothrombosis,
which evolves as a consequence of atherosclerosis. In this review, we aim to demonstrate

the process of neutrophil extracellular traps formation, release, and interaction with other blood cells, meaning it could be possible

to use neutrophil extracellular traps as a therapeutic target in deceleration of atherosclerosis progression.
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Introduction

Cardiovascular disease represents the leading cause of
mortality and disability worldwide, especially in western
countries.! Etiologies of CVD include the following respec-
tively: Coronary heart disease (CHD)— the major cause of
death (42.6%); stroke (17.0%); high blood pressure (10.5%);
Heart failure (9.4%); diseases of the arteries (2.9%); other
CVD etiologies (17.6%).” Atherosclerosis results directly in
the above-mentioned CVD etiologies and is responsible for
most cardiovascular events.’ It is a chronic inflammatory
and lipid-driven disease that affects the intima of blood
vessels resulting in increasing its thickness though plaque
formation and development.* Atherosclerosis is triggered
and develops through endothelial damage, sub-endothelial
accumulation of low-density lipoproteins and infiltration of
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different inflammatory cells, such as macrophages, dendrit-
ic cells, neutrophils, and T-lymphocytes. Recent studies
show the presence of large amounts of neutrophils at the
site of atherosclerotic plaques in coronary arteries resulting
in its erosion, rupture, and intraplaque hemorrhage.> While
the role of these cells, which result in a chronic inflamma-
tion process, is well established, current studies are con-
ducted to fully demonstrate the role of neutrophils and
their extrusions, NETs, and the ability to use them as a
promising biomarker and therapeutic target.” NETs are
web-like structures formed and released upon activation
of neutrophils. They consist of decondensed chromatin,
histones, and other components, such as nuclear and cellu-
lar proteins, cytoskeleton, proteases, and granzymes.6
NETs have been shown to be a part of innate immune
response against bacterial, viral, and fungal infections.
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Moreover, NETs have been observed to be implicated in the
etiology and progression of both atherosclerosis and athe-
rothrombosis and their consequences.” This review focuses
on the role of NETs in atherogenesis and atherothrombosis
and the possibility of using them as a therapeutic target
through targeting their initiators, mediators, downstream
events, and certain components in their structure in the
prevention of the above diseases.

The pathophysiology of atherosclerosis and
atherothrombosis

Increasing evidence has proved that atherosclerosis is an
inflammatory disease and inflammation in atherosclerosis
is not just an epiphenomenon.® Recent studies suggested
that immunity and infection are also implicated in the ini-
tiation and development of atherosclerosis and athero-
thrombosis.” The hallmarks of atherosclerosis are the
deposition of lipid in the arterial wall at certain areas,
smooth muscle cells proliferation, abundant extracellular
matrix and inflammatory cells recruitment resulting in
atherosclerotic plaque formation. Endothelial cell injury is
the first vascular event of atherogenesis on which the suc-
cessive events of atherosclerotic lesion development are
built."” Endothelial activation and disturbance of endothe-
lial normal functions, which follow endothelial injury,
occur as an inflammatory response triggered by various
stimuli, such as infection, abnormal lipid metabolism, low
levels of nitric oxide, and flow disturbance. Reduction of
nitric oxide, which is essential for normal vascular wall
functions and maintenance of the quiescent state of vascu-
lar endothelium, produces a state of imbalance between the
vascular vasodilators and vasoconstrictors resulting in pro-
duction of ROS through the high activity of nitric oxide
synthase leading to endothelial cell activation; this activa-
tion is considered reversible with a rapid withdrawal of the
stimulus. However, persistence of stimuli produces a
chronic state of endothelial activation in which endothelial
cells express adhesion molecules, procoagulant molecules,
and pro-inflammatory mediators."" Repetitive cycles of
endothelial injury and repair last for years stimulating the
proliferation of vascular smooth muscle cells. Moreover,
lipid and inflammatory cells accumulate, initiating athero-
matous plaque formation that contains multiple layers of
foam cells and lipid pools. These lesions are reversible at
less susceptible areas in earlier stages; however, they prog-
ress rapidly to advanced types at more susceptible areas.
Advanced types of plaque contain confluent extracellular
lipid core and fibromuscular layers. Repeated cycles of
plaque surface defects, hematoma, and thrombosis pro-
gressively cause lumen narrowing. Thereafter, plaques
may show calcification and fibrous changes."
Atherothrombosis is a sequela of atherosclerosis contribut-
ing to fatal vascular events. Two relatively distinct mecha-
nisms explain the development of atherothrombosis as
reported in the literature; rupture of the plaque fibrous
cap that occurs in what's called “vulnerable plaque,”
which is covered with thin fibrous cap poor in collagen
with less smooth muscle cells but contains a larger
amount of lipid and abundant accumulation of
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inflammatory cells; and superficial erosion of the plaque
that is characterized by a higher content of extracellular
matrix, smooth muscle cells, and NETs but less content of
lipid and inflammatory cells. While lipid-lowering thera-
pies improve the “vulnerable plaque” and hinder the first
mechanism, the erosion mechanism may still explain the
high risk of atherosclerosis complications.'? The pivotal
role of inflammation and immunity throughout the process
of atherosclerosis initiation and development appears
clearly through the intensive implication of various inflam-
matory cells, inflammatory mediators, and immune mech-
anisms in the pathophysiology of atherosclerosis. TLR4
signaling in vascular smooth muscle cells is involved in
the inflammatory process and lipid accumulation through
activation of NF-xB pathway and regulation of ATP-
binding cassette sub-family y member 1 (ABCG1), leading
to atheromatous plaque progression. The JAK-STAT signal-
ing pathway also plays a role in the modulation of athero-
genesis and plaque development. Pro-inflammatory
cytokines, including INF-y, TNF-o, and interleukins, such
as IL-1B, IL-6, act as mediators in the interplay between the
elements of atherosclerosis inflammatory process.'® There
have been some studies that revealed the presence of dif-
ferent immune cells in atherosclerotic lesions including T
and B lymphocytes, natural killer cells, dendritic cells,
monocytes, macrophage, and neutrophils.13 Recent studies
reported the detection of microbial antigens and genetic
materials within the atherosclerotic plaques. Acceleration
of atherogenesis and deterioration of atherosclerotic lesions
via inflammatory processes associated with infections pro-
vides a reliable explanation for the implications of infec-
tions in atherosclerosis pathophysiology. Endotoxins of
the Gram-negative bacteria have been shown to stimulate
inflammatory responses that could be further explained
through “echo” effect; bacterial endotoxins and pathogen-
associated molecular patterns (PAMPs) diffuse in the circu-
lation and act as stimuli eliciting an immune response
within the atherosclerotic lesions through interaction with
TLRs on leukocytes and vascular endothelial cells. Chronic
infections produce prolonged inflammatory state and
immune response causing progression of atherosclerosis
and its complications. Moreover, the acute infectious state
is associated with a hypercoagulable state that may contrib-
ute to atherothrombosis progression.” As NETs were orig-
inally described as an immune defense mechanism against
bacteria, their implication in atherosclerosis and athero-
thrombosis may provide a link between infection and ath-
erosclerosis and thrombosis.

NETs formation and release

Brinkmann et al. described for the first time a powerful
weapon used by neutrophils in their fight against bacteria
and these were named neutrophils extracellular traps
(NETs). They described them as “structures composed of
granule and nuclear constituents that disarm and kill bac-
teria extracellularly” and stated that “NETs contained
smooth stretches with a diameter of 15 to 17nm and glob-
ular domains of approximately 25nm which aggregated
into larger threads with diameters of up to 50 nm; DNA is
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the main component in NETs with presence of histones
(H1, H2A, H2B, H3, and H4), H2A-H2B-DNA and neutro-
phil granules proteins”.® NETs are formed through a pro-
cess named NETosis'* or NETotic cell death'® which is a
specific type of cell death differs from necrosis and apopto-
sis.">'® The process of NETs formation is initiated through
stimulation of toll-like receptors (TLRs)—2, 4, 6,7, 8, and 9,
extracellular signal-regulated kinase (ERK), and Fc
receptors by many factors, such as oxidized low-density
lipoprotein  (oxLDL), cholesterol crystals, infectious
agents, activated platelets, and antiphospholipid antibod-
ies (e.g. anti-B2-glycoprotein I)'”~*" (Figure 1). This path-
way is called the suicidal (lytic) pathway and takes hours
to occur.’” On activation of neutrophils, NADPH oxidase
activity increases as a result. Consequently, large amounts
of reactive oxygen species (ROS), such as oxygen radicals
and hydroxyl radical, are produced due to oxidation of
NADPH by NADPH oxidase.'”** ROS activate protein-
arginine deiminase 4 (PAD4), which in turn is responsible
for chromatin decondensation via citrullination of histo-
nes.” Furthermore, ROS lead to release of azurophilic gran-
ule proteins such as neutrophil elastase (NE) and
myeloperoxidase (MP), which further aid in the process
of chromatin decondensation and nuclear membrane
breaking down.** There is another pathway of NETs forma-
tion called the vital (non-lytic) pathway; this pathway,
which takes minutes to occur, is initiated through stimula-
tion of host pattern recognition receptor on the surface of
neutrophils by many factors such as bacterial lipopolysac-
charide and activated platelets. It does not necessarily
depend on NADPH oxidase; instead, it depends on ROS
generated via the mitochondria. In the vital pathway, bleb-
bing of the chromatin occurs shortly after neutrophil acti-
vation, and, consequently, NETs emerge from the cell via
exocytosis  of  decondensed  chromatin-containing
vesicles®?® (Figure 2). During the process of NETs forma-
tion, the following steps occur respectively: the cells flatten
and multiple intracellular vacuoles are formed; the nuclear

chromatin is decondensed; the space separating the outer
and inner nuclear membrane increases; the nuclear mem-
brane breaks down forming vesicles; the nuclei expand
losing their lobular shape occupying most of the cell
space in a process called "delobulation"; membranes of
the granular and nuclear vesicles are lost, blending their
contents together with the decondensed chromatin; until
this moment the cell is still viable; and finally the cell mem-
brane breaches releasing NETs and declaring cell death.
After that, NETs emerge from the cell containing decon-
densed chromatin, histones, nuclear and cellular proteins,
cytoskeleton, proteases, and tissue factor. It also forms a
trap that captures the circulating elements in the blood.*"®

NETS in atherosclerosis

Being a part of neutrophil mechanisms in immunity and
relying on the microbicidal effect of their components and
augmentation of the microbicidal effect of other products
through prevention of the spread of pathogens and their
function as scaffolds, NETs were expected to be present in
infectious diseases and this has been established.®
Moreover, NETs have been observed and suggested to be
implicated in non-infectious diseases including autoim-
mune diseases,?” malignancies,28 and atherosclerosis.?’
In atherosclerosis, implication of NETs has been strongly
suggested in both the process of atherosclerotic lesion
development and atherothrombosis. Megens et al.”’
reported detection of NETs in both human atherosclerotic
plaques, derived from endarterectomy, and in mice athero-
sclerosis model. Borissoff et al. concluded by a study on 282
participants that NETs formation was associated with cor-
onary artery disease, prothrombotic state, and occurrence
of adverse cardiac events; they observed elevated levels of
cell death and NETosis markers (e.g. double-stranded
DNA, nucleosomes, and MPO-DNA complexes) indepen-
dently associated with severe coronary atherosclerosis and
prothrombotic state. Moreover, they suggested that these
observed markers could serve as biomarkers for prediction
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Figure 1. The initiators of NETs. NETs formation and release are initiated by many factors, such as oxidized low-density lipoprotein (oxLDL), cholesterol crystals,
infectious agents, IL-8, activated platelets, and antiphospholipid antibodies (e.g. anti-B2-glycoprotein I). (A color version of this figure is available in the online journal.)
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Figure 2. The two pathways of NETosis (NETs formation). The right-handed pathway is the lytic (suicidal) pathway, in which neutrophil shrivel up or die after the release
of NETs. The left-handed pathway is the non-lytic (vital) pathway, in which neutrophils remain viable after the release of NETs via exocytosis in vesicles. (A color version

of this figure is available in the online journal.)

of coronary vascular events.”® Knight et al.*' reported that
in murine models of atherosclerosis, inhibition of PAD4
by Cl-amidine blocked NETs formation and reduced the
plaques size and delayed the occurrence of thrombosis,
denoting the significant role of NETs in atherosclerosis.
The exact mechanisms and roles performed by NETs
in the pathogenesis of atherosclerosis are still to be investi-
gated. Warnatsch et al. observed that cholesterol crystals
stimulated NETosis and NETs production, which in turn
enhanced macrophages to produce cytokines including
IL-1B, which recruited more neutrophils to the site of
lesion. NETs enhanced the release of cytokines resulting
in activation of Tyl7 cells with more leukocyte recruit-
ment.”” In a recent study , Tall and Westerterp® demon-
strated that activation of inflammasomes in macrophages
or neutrophils resulted in membrane pore formation releas-
ing IL-1B, IL-18, and NETs contributing in atherosclerotic
plaque formation and thrombosis (Figure 3). Soehnlein
et al.** noted the importance of proteinase 3 (PR3), present
in NETs, in neutrophil-macrophage interplay via protease-
mediated cytokine processing, especially cleavage of pro-
IL-1B.%°> Wang et al.*® reported that in aged mice, myeloid
cell mitochondrial oxidative stress (MitoOS) promoted
atherosclerosis development and NETosis. lonita et al.
observed a positive correlation between neutrophils
number and the levels of IL-8, which is known as an induc-
er of NETosis® in the atherosclerotic plaques.’ Gupta et al.>”
reported that activated endothelial cells, when they were
Co-cultured with neutrophils, induced NETs formation

through activation of neutrophils partially via IL-8; more-
over, the produced NETs were susceptible to produce endo-
thelial cells damage. Supporting these observations,
Carmona-Rivera et al*® reported that the matrix
metalloproteinase-9 (MMP-9) present in NETs activated
endothelial MMP-2 producing endothelial dysfunction in
SLE. With regard to NETs roles in atherosclerosis pathogen-
esis, Doring et al.® reported that extracellular DNA derived
from NETs may take part in activation of plasmacytoid
dendritic cells (pDCs) present in atherosclerotic plaques,
resulting in aggravation of atherosclerotic lesions. Tillack
et al.** reported a T-cell direct priming mediated by NETs
decreasing the activation threshold of T-cells promoting
their immune response and extending a link between
innate and adaptive immune responses. Cathelicidins,
which are components in NETs,** have been reported to
mediate monocyte recruitment*' in atherosclerosis** and
enhance endothelial proliferation.43 Interestingly, in 2018,
Yamamoto et al.** observed that in ApoE™~ mice exposed
to repeated social defeat (RSD) producing depressive-like
behaviors, there was marked increase in atherosclerosis
lesions that had been promoted through augmented NETs
formation.

NETs and atherothrombosis

Thrombus formation may evolve on top of rupture or ero-
sion of atheromatous plaque in arteries (i.e. atherothrom-
bosis), or may result from other medical disorders, such as
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Figure 3. The implications of different blood cells in atherosclerosis pathogenesis. NETs are released on activation of neutrophils by factors such as OX-LDL and
cholesterol crystals. NETs stimulate macrophage to produce IL-18, which stimulates T-helper 17 to secrete IL-17. IL-17 is responsible for recruitment of more immune

cells, including dendritic cells, macrophages, and lymphocytes. (A color version of this figure is available in the online journal.)

deep venous thrombosis, SLE, and antiphospholipid syn-
drome.*?** Although NETS have been reported to be
implicated in these conditions, we focus mainly in this
review on atherothrombosis. Impaired collagen synthesis
in addition to overexpression of collagenases mediated by
inflammatory mediators disrupts the integrity of the pla-
que’s fibrous cap leading to plaque erosion. The eroded
lesions contain high amounts of NETs and extracellular
matrix.'> NETs trigger the coagulation cascade aiding in
the formation of thrombi on top of the atheromatous
plaque, leading to arterial occlusion. Circulating leuko-
cytes, especially monocytes and neutrophils, have been
found to play a crucial role in developing atherothrombo-
sis; moreover, neutrophils are considered as predictors of
acute coronary events.**™*® Noticeable amounts of neutro-
phils have been found in coronary thrombi occurring as
sequelae for atherosclerosis.*>*’ Neutrophils, NETs,
IL17A, and IL17F have been detected in fresh and lytic
but never in organized thrombi isolated from patients
after acute myocardial infarction which suggested their
role in the early stages of thrombus formation.”
Interestingly, Mangold et al. observed that in patients
with ST-elevation acute coronary syndrome, NETs were
not only implicated in thrombi formation but also NETs
burden correlated positively with infarct size and negative-
ly with ST-segment resolution.”® On a study on 26 throm-
bectomies from patients suffering from acute myocardial
infarction, Maugeri et al. reported an interaction between
activated platelets and neutrophils; they found that activat-
ed platelets induced neutrophils to form and release NETs
via high-mobility group box 1 (HMGB-1).>* Moreover, they
speculated that use of HMGBI inhibitors may prevent
thromboinflammatory complications. In another study,
platelet-derived HMGB-1 has been shown to accelerate
NETs formation and promote coagulation
cascade.” Activated neutrophils in turn activate more pla-
telets in a reciprocal process through NE, proteases, and
cathepsin-G embedded on NETs'®*™" (Figure 4). As a
result, thrombi are formed, leading to narrowing of

the arterial lumen. In addition, in a recent study,
Pertiwi et al.® observed presence of neutrophils and NETs
in large amounts in the ruptured atherosclerotic plaques;
moreover, NETs have been observed in the interstitial
adventitia, perivascular adipose tissue, and inside the
lumen of micro-vessels. Semeraro et al.”® demonstrated
that histones, present in NETs, enhanced thrombin genera-
tion in platelet-rich plasma (PRP) and produced platelet
activation through TLR2 and TLR4. Alongside this result,
Ammollo et al>® demonstrated that histones of NETs
enhanced thrombin generation by reducing activation
of protein C through hindering the activity of protein
C-thrombomodulin (TM). Moreover, Varja et al. reported
that DNA and histones of NETs produced an increase in
the thickness of fibrin and decreased the permeability of its
fibers in plasma clots. DNA alone inhibited plasmin-
mediated lysis of clots; furthermore, NETs hindered
tPA-induced resolution of plasma clots.®° Martinod et al.®*
demonstrated that in PAD4™/~, mice thrombosis was highly
suppressed, whereas Fuchs et al.°® reported that thrombi
formation was preventable by disintegration of NETs by
DNase or the anticoagulant heparin formation. De Meyer
et al.*® reported that NETs have been implicated in cerebral
ischemia/reperfusion injury in mice, and DNase 1
improved the outcome.

NETs as a possible therapeutic target

Besides therapies targeting the conventional risk factors of
atherosclerosis, such as hypercholesterolemia and hyper-
tension, targeting the inflammatory process that occurs in
atherosclerosis is a promising trend to reduce the harmful
complications of atherosclerosis. In addition to their lipid-
lowering effect, statins also have an anti-inflammatory
effect.® Canakinumab anti-inflammatory thrombosis out-
comes study (CANTOS) revealed promising results in
atherosclerosis-related events prevention; Canakinumab,
a monoclonal antibody targeting IL-1B, significantly
reduced the risk of MI, stroke, or cardiovascular death
occurrence (the primary endpoint of the study) by 15%.%*
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Figure 4. The interplay between neutrophils and platelets. Activated platelets secrete high-mobility group box 1 (HMGB-1) that activate and induce neutrophils to form
and release NETs. Consequently, neutrophils produce NE, proteases, and cathepsin-G embedded on NETs, which in turn activate more platelets in a reciprocal

process. (A color version of this figure is available in the online journal.)

Prevention of infections (e.g. influenza vaccination), which
are factors accelerating the development of atherosclerosis
and its consequences, provided positive results in reducing
atherosclerotic events.” NETs are strong vital weapons for
fighting bacteria. Targeting an essential part of our immu-
nity carries possible hazards. However, targeting certain
initiators and mediators implicated in the development of
atherosclerosis, atherothrombosis, and their fatal complica-
tions is something worth studying. A trial like CANTOS is a
good example for this concept. DNase 1 significantly
reduced thrombi formation and improved MI fate.*”
Inhibition of MMP-2 activation improved endothelial dys-
function and NET-induced vascular affection in systemic
lupus erythematosus (SLE).* Treatment with metformin
decreased phorbol myristate acetate (PMA)-induced NET
formation in SLE.® Vitamin D 1,25(OH)2D3 reduced NETs
formation and the consequent endothelial damage in SLE.*”
Tofacitinib, a Janus kinase inhibitor, modulated NETs
formation and improved murine lupus and its associated
vascular damage.®® Celastrol, a triterpenoid compound, has
been reported to inhibit inflammatory stimuli-induced
NETosis in rheumatoid arthritis (RA) and SLE.®
Tocilizumab (TCZ) reduced NETosis and oxidative stress,
and improved endothelial function in RA.”

Conclusions

It is well established now that atherosclerosis is an inflam-
matory disease characterized by lipid deposition in the
vascular wall and plaque formation. Immunity and infec-
tions play a role in the initiation and development of
atherosclerosis. NETs are a part of the pathophysiology of
atherosclerosis and atherothrombosis. NETs have been
shown to accelerate the progression of atherosclerosis and
atherothrombosis. Targeting the components of NETs,
NETs initiators, and NETs effectors might give positive
results in decelerating the progression of atherosclerosis
and atherothrombosis. The high mortality rate related to
atherosclerosis complications requires more effort to clarify

the underlying mechanisms and to develop possible strat-
egies preventing the disease occurrence and development.
Over decades, our knowledge about atherogenesis and
atherothrombosis pathophysiology has developed. The
exact pathways that links NETs to atherosclerosis and athe-
rothrombosis are to be investigated. Understanding the
possible mechanisms by which NETs contribute to athero-
genesis and atherothrombosis development enables us
to improve our vision for atherosclerosis-related risk.
More Trials studying the possible therapeutic targets will
provide future solutions that may reduce the current high
atherosclerosis-related morbidity and mortality rates.
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