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Neutrophils in cardiovascular disease:
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Abstract Neutrophils, the most abundant of all leucocytes and the first cells to arrive at the sites of sterile inflammation/in-
jury act as a double-edged sword. On one hand, they inflict a significant collateral damage to the tissues and on the
other hand, they help facilitate wound healing by a number of mechanisms. Recent studies have drastically changed
the perception of neutrophils from being simple one-dimensional cells with an unrestrained mode of action to a
cell type that display maturity and complex behaviour. It is now recognized that neutrophils are transcriptionally ac-
tive and respond to plethora of signals by deploying a wide variety of cargo to influence the activity of other cells
in the vicinity. Neutrophils can regulate macrophage behaviour, display innate immune memory, and play a major
role in the resolution of inflammation in a context-dependent manner. In this review, we provide an update on the
factors that regulate neutrophil production and the emerging dichotomous role of neutrophils in the context of
cardiovascular diseases, particularly in atherosclerosis and the ensuing complications, myocardial infarction, and
heart failure. Deciphering the complex behaviour of neutrophils during inflammation and resolution may provide
novel insights and in turn facilitate the development of potential therapeutic strategies to manage cardiovascular
disease.
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1. Introduction

Human evolution selecting for reproductive and survival fitness over the
millennia has led to the development of an immune system that can resist
infection, prevent bleeding out due to injury, and survive starvation.
Unfortunately, evolution has not prepared the human immune system
for an over-fed sedentary lifestyle of the modern world. The inflamma-
tory response initiated by microbial pathogens can also be activated by
metabolic stressors during cardiovascular disease (CVD) conditions,
leading to sterile inflammation. This low-grade inflammation leads to
CVD, which arguably, is the foremost cause of death in the modern
world. Emerging evidence attests to an important role for neutrophils in
the development of coronary artery disease (CAD) and even more so
during its ensuing complications, such as acute coronary syndrome

(ACS) and heart failure (HF). Both clinical and experimental studies have
convincingly demonstrated the presence of neutrophils in early aortic
lesions and in rupture/erosion prone atherosclerotic plaques.1 Thus,
neutrophil count is considered an independent prognostic factor in ACS
patients, both at the time of admission and after revascularization.2

Indeed the number of circulating neutrophils is directly related to infarct
size and a decline in left ventricular ejection fraction (LVEF).3 A positive
correlation between plasma levels of neutrophil secretory proteins and
CAD has also been established, suggesting that neutrophil-derived medi-
ators possess detrimental effects in CAD. However, almost all anti-
neutrophil strategies aimed at directly reducing their number or function
have failed to produce desirable clinical benefits.4 Many reasons have
been attributed to this failure ranging from poor efficacy to improper
dosing, duration of treatment and the presence of concurrent risk
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..factors.4 For the last few years, accumulating evidence suggests a role for
neutrophils in the activation of reparative process for healing after an in-
jury. From the perspective of developing new therapeutics targeting neu-
trophils, there is a need to better understand the mechanisms involved
in the regulation of neutrophil numbers and their effector functions,
which can be either harmful/beneficial in a context-dependent manner.
In this review, we will discuss the basic biology of neutrophil production
and how risk factors for cardiovascular inflammation influence neutrophil
production and function. This is of critical importance as several thera-
peutic strategies for CVD seems to at least partly intersect with the gran-
ulopoiesis pathway. We also provide an overview of the contribution of
neutrophils to various stages of atherosclerosis and its clinical manifesta-
tions including ACS and HF. Finally, we provide an update on the emerg-
ing strategies to bridle the harmful aspects of neutrophil activity.

2. Neutrophils are indispensable for
a healthy response to infection and
inflammation

Neutrophils are an integral part of the innate immune system in verte-
brate life as they are the first responders in our defence against invading
pathogenic microorganisms.5 They constitute nearly 70% of all white
blood cells (WBCs) and owing to their short lifespan, they need to be
constantly replenished to maintain a steady-state number. In response to
local infection or injury, neutrophils rapidly adhere to activated endothe-
lium, transmigrate into tissues, phagocytize pathogens, deploy anti-
microbial proteins, produce reactive oxygen species (ROS), and neutro-
phil extracellular traps to eliminate microbes as quickly and efficiently as
possible.6 Under certain sterile inflammatory conditions, such as ischae-
mic damage induced by myocardial infarction (MI), pro-inflammatory
cues accelerate neutrophil activation and production resulting in tissue
damage.7 To avoid the harmful effects on the host, neutrophil number
and activation must be tightly regulated, It is therefore imperative that a
fine balance between the pathways that regulate neutrophil production
(granulopoiesis) and their elimination are in constant homeostasis.
Neutrophil numbers in the circulation are regulated at various levels in-
cluding the haematopoietic stem and progenitor cells (HSPC) via self-
renewal, expansion, and differentiation in the bone marrow (BM), egress

from BM, vascular demargination, transmigration into tissues, ageing, and
rapid clearance by efferocytic macrophages.8 We discuss here, how neu-
trophil production is regulated during steady state and dysregulated dur-
ing sterile inflammation in the context of CVD.

3. Production of neutrophils
(granulopoiesis)

Granulopoiesis is a well-orchestrated de novo production of neutrophils
from the haematopoietic stem cells (HSCs) within the haematopoietic
cords of BM. The classical textbook scheme of neutrophil generation
from HSCs involves a tree-like model with a series of stepwise differenti-
ation steps from HSCs to neutrophils.9 This has now been replaced with
a newer model, where HSCs give rise to lineage restricted progenitors
without going through an ordered series of progressively lineage re-
stricted multipotent progenitors (MPP).9 Nevertheless, MPP population
arising from short-term (ST)-HSCs has further been subdivided into
MPP1, MPP2, MPP3, and MPP4 populations based on stepwise gain of
CD34, CD48, and CD135 as well as loss of CD150 expression.8 In mice,
the MPP3 subset is biased towards neutrophils compared to the other
MPPs.8 Hereafter, the neutrophil differentiation tree is divided into the
pre-mitotic and post-mitotic pools (Figure 1).

Neutrophil promyelocytes are the first neutrophil committed progen-
itors in the ‘mitotic neutrophil pool’ in humans.10 Promyelocytes can be
recognized by their round nucleus, relatively dark cytoplasm, and their
ability to divide. Promyelocytes proliferate or differentiate into the next
stage, the myelocyte, which are the last cells in the neutrophil differentia-
tion tree, which can divide.10 Human promyelocytes and myelocytes are
not homogenous in their ability to divide. Under homeostatic conditions,
a proportion of these cells (50%) divide slowly but can provide a pool of
rapidly mobilizable neutrophils under emergency conditions.10 Recent
studies using single-cell RNA sequencing and mass cytometry by time of
flight have also identified novel intermediates connecting GMP to func-
tionally mature neutrophils.10,11 Pro-neutrophils (ProNeu1) have been
identified as the earliest unipotent progenitor population that gives rise
to the very early immature neutrophil progenitor ProNeu2 and PreNeu,
which further give rise to myelocytes.11–13

Figure 1 Production of neutrophils: neutrophil promyelocytes (subdivided into ProNeu1, ProNeu2, and PreNeu) are the first neutrophil committed
progenitors in the neutrophil mitotic pool. Promyelocytes can be recognized by their round nucleus, relatively dark cytoplasm, and its ability to divide.
Promyelocytes proliferate or differentiate into myelocyte, which are also the last cells that can divide. In the post-mitotic phase of neutrophil develop-
ment, the non-dividing myelocytes mature into metamyelocytes and then band neutrophils. Metamyelocytes are characterized by the appearance of a
bent kidney-shaped nucleus and clear cytoplasm, while banded cells have a horseshoe-shaped nucleus before their maturation into segmented neutro-
phils with lobular nuclei.

2597Neutrophils are neutral in cardiovascular disease
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In the post-mitotic phase of neutrophil development, the non-dividing

myelocytes mature into metamyelocytes and then to band neutrophils.
Metamyelocytes are characterized by the appearance of a bent kidney-
shaped nucleus and clear cytoplasm, while banded cells have a
horseshoe-shaped nucleus before their maturation into segmented neu-
trophils with lobular nuclei. Metamyelocytes and band neutrophils are
not found in the blood under homeostatic conditions but can be found
in circulation during periods of acute inflammation, referred to as a left
shift in neutrophil population.10

Neutrophils produced during steady state undergo terminal differenti-
ation in the BM and the overall post-mitotic transit time in humans is esti-
mated to be around 4–6 days with a daily turnover of 5–108 cells per
day.10 In humans, the BM neutrophil pool is 6–8 times larger than the pe-
ripheral blood pool and serves as a rapidly mobilizable source for release
during inflammatory stress.10 Neutrophils can also undergo terminal dif-
ferentiation outside the BM. In fact, early unipotent neutrophil progeni-
tors can be found outside the BM both in mice and humans.14 A
comparison of BM and blood neutrophil transcriptome and epigenome
suggest that neutrophils may mature outside BM.15 In fact, Hidalgo
et al.10 suggest that mature neutrophils are in full equilibrium between
blood, BM, and other tissue sites.

In a steady state, granulopoiesis is stimulated by granulocyte colony-
stimulating factor (G-CSF), a growth factor that is mainly produced by
immune cells, fibroblast, endothelial cells, and BM stromal cells.16 G-CSF
production is down-regulated when the number of neutrophils increases
and is up-regulated with neutrophil apoptosis in the BM. G-CSF has a
wide range of effects from committing progenitor cells to myeloid line-
age (via enhanced expression of PU.1 and C/EBPb) to proliferation of
granulocyte progenitors, reduction of transit time through the granulo-
cytic compartment, and release of mature neutrophils from the BM via
the suppression of CXC-chemokine receptor 4 (CXCR4)-stromal de-
rived factor axis.17 G-CSF can also act as a negative regulator of neutro-
phil mobilization by acting as a neutrophil mobilizer at the relatively late
stage of acute inflammation, but may also prevent exaggerated neutro-
phil mobilization during early-phase infection and inflammation.18

Emergency granulopoiesis can also occur in a G-CSF-independent man-
ner in response to certain pathogens, but neutrophil effector function
could be impaired due to the lack of G-CSF production.19 For example,
the mice lacking G-CSF (Csf3�/�) have profound neutrophilia following
Candida albicans infection, yet these animals remain more susceptible to
candidiasis compared to wild type (WT) infected mice.19 Different cyto-
kines can also induce the production of G-CSF or act in synergy with G-
CSF.20 Granulopoietic factors, such as GM-CSF, interleukin(IL)-6, and IL-
3 that are often increased during acute infections are also known to reg-
ulate emergency granulopoiesis.21 However, knockout out of either G-
CSF, G-CSFR, GM-CSF and IL-6, or G-CSF and GM-CSF all demon-
strated normal emergency granulopoiesis in response to sterile inflam-
matory stimuli suggesting that factors regulating granulopoiesis during
sterile inflammation are likely different from the ones that regulate emer-
gency granulopoiesis during acute infections.22

Following the release of mature neutrophils from the BM, they are dis-
tributed almost equally between two compartments, circulating and
marginal.23 In a steady state, these two pools remain in dynamic equilib-
rium and are indistinguishable from each other. In humans, the margin-
ated pool (i.e. adherent to endothelium) is present mainly in liver, spleen,
and BM vasculature, while in some species it may also be present in the
lungs.10 Demargination of neutrophils causes rapid neutrophilia and
occurs in conditions of stress, such as pain, anxiety, excess physical activ-
ity owing to a surge in catecholamines and/or glucocorticoids.23 The

mechanisms that promote demargination are unclear but likely involves
shedding of L-selectin (CD62L)24 on the surface of neutrophils by cyste-
ine metalloproteinases, such as Adam17.25,26 Demarginated neutrophils
are much more softer and pliable owing to cytoskeletal reorganization
of cortical actin27 and this phenomenon may also induce a change in the
shape of neutrophils from spherical to amoeba-like. The physiological
factors that promote margination in a steady state are unclear but in in-
flammatory conditions, cytokines, such as TNF-a and IL-1b stiffen leuco-
cytes28 and enhance their migration towards endothelium consistent
with the characteristics of an acute inflammatory response. The distribu-
tion of neutrophils within the system also varies and depends on the
maturation and activation status. For example, mature peripheral blood
neutrophils localize mainly to the liver while the younger cells home
back to the BM.29

4. Perturbations in neutrophil
production

Neutrophilia is a hallmark of sterile inflammation. Several CVD risk fac-
tors, such as dyslipidaemia, diabetes, obesity, rheumatoid arthritis (RA),
sleep deprivation, chronic variable stress, ageing, etc. have immense
effects on myeloid-biased HSPC proliferation (Figure 2). In the following
sections, we discuss the impact of these CVD risk factors and the under-
lying mechanisms that drive myelopoiesis, which is invariably linked to
production of neutrophils.

4.1 Dyslipidaemia, defective cholesterol
handling, and granulopoiesis
Hypercholesterolaemia and defective cholesterol efflux pathways induce
myelopoiesis both in the BM and spleen resulting in increased number of
circulating monocytes and neutrophils. This elevated number of mono-
cytes and neutrophils and the subsequent unstable atherosclerotic pla-
ques are a direct consequence of increased accumulation of cholesterol
in HSPCs in the BM and spleen.30 The ATP-binding cassette transport-
ers, ABCA1 and ABCG1 play an important role in mediating cellular
cholesterol efflux to apoA1 and HDL, respectively. The absence of or
any defect in these efflux transporters in HSPCs accelerates atheroscle-
rosis particularly when associated with hypercholesterolaemia.31

Greater accumulation of cholesterol in HSPCs promotes membrane
lipid raft formation and enhances their sensitivity to IL-3/GM-CSF recep-
tor signalling, which in turn stimulates expansion and proliferation of
HSPCs.32 Various experimental strategies aimed at increasing choles-
terol efflux from HSPCs, such as liver-X-receptor (LXR) agonists that
up-regulate ABCA1 and ABCG1, overexpression of apoA1 and HDL all
suppress myelopoiesis and neutrophil production.32,33 Dysregulated
cholesterol efflux in BM osteoblastic and endothelial niche cells also
stimulate myelopoiesis.33 Hypercholesterolaemia is also linked to in-
creased G-CSF levels, which can lead to greater HSPC mobilization and
extramedullary haematopoiesis (EMH).33 Hypercholesterolaemia also
induces bone-loss34 resulting in remodelling of endosteal niche and
greater HSPC mobilization and extramedullary myelopoiesis.

Patients with RA have a two–three-fold increased risk of developing
atherosclerotic CVDs. Unlike other CVDs, RA patients do not display
traditional CV risk factors, such as dyslipidaemia35 yet present prominent
monocytosis and neutrophilia.36 Thus, identifying CVD risk in these
patients remains challenging. Recent studies have identified the down-
regulated expression of cholesterol efflux genes (Apoe, Abca1, and

2598 G. Sreejit et al.
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Abcg1) in HSPCs as the causative factor for enhanced and sustained
myelopoiesis.37 Consequently, these alterations in cholesterol metabo-
lism impair atherosclerotic lesion regression or alter lesion progression
in pre-clinical models of atherosclerosis.37

4.2 Diabetes and granulopoiesis
Diabetes, a major risk factor for CVD, is also associated with increased
number of circulating monocytes and neutrophils. Neutrophils exposed
to hyperglycaemia associated with type I diabetes (T1D) undergo glyco-
lytic stress and release excess amounts of alarmins, such as S100A8 and
S100A9.38 These proteins preferentially form a hetero-oligomeric com-
plex and then interact with the receptor for advanced glycation end
products (RAGE) on common myeloid progenitors (CMP) in the BM to
stimulate the production and release of colony-stimulating factors
(CSFs) (M-CSF and GM-CSF). These CSFs in turn interact with their
receptors on GMPs to stimulate the production of monocytes and neu-
trophils.38,39 Various strategies ranging from the reversal of hyperglycae-
mia, disruption of S100A8/A9-RAGE signalling axis and blockade of

GLUT1, the main glucose transporter in neutrophils, all reduce glucose-
driven myelopoiesis and atherosclerosis.38,39 Type 2 diabetes (T2D) is
also associated with increased number of circulating monocytes and neu-
trophils.40 However, unlike in T1D, myelopoiesis in T2D is not overtly
glucose-dependent but rather obesity-dependent. Excess inflammation
in the adipose tissue, most likely due to adipocyte necrosis results in the
release of S100A8/A9, which in turn interact with the toll-like-receptor
(TLR4) on adipose tissue macrophages (ATMs). This interaction leads to
induction and activation of the NLRP3 inflammasome and subsequent
release of IL-1b, which in turn travel to the BM to stimulate myelopoie-
sis. IL-1b produced in response to hyperglycaemia and hypercholestero-
laemia can cause myeloid biasing of HSCs through activation of a PU.1-
dependent gene programme.41 Inflammasome expression in HSCs is
necessary for myeloid lineage specification via caspase-1-dependent
cleavage of GATA142 and hypercholesterolaemia can mediate long-
lasting NLRP3 inflammasome-mediated reprogramming of myeloid cell
progenitors to favour increased production of monocytes.43 The culmi-
nation of these events is a vicious feed-forward loop that provides

Figure 2 Perturbations in neutrophil production: several CVD risk factors can result in neutrophilia due to myeloid-biased HSPC proliferation.
Hyperglycaemia can drive myelopoiesis by stimulating S100A8/A9 release from neutrophils, S100A8/A9 then binds to RAGE receptor on CMPs stimulat-
ing the production of CSFs. These CSFs can stimulate the excessive production of monocytes and neutrophils by GMPs. Excessive inflammation in adi-
pose tissues also results in the release of S100A8/A9 and activation of IL-1b secretion by ATMs. This IL-1b can then stimulate myelopoiesis in the BM. MI
in addition to stimulating IL-1b release from neutrophils can also lead to enhanced SNS signalling, which can drive HSPC mobilization and extramedullary
proliferation. Hypertension is also associated with increased sympathetic activity leading to increased HSC mobilization. Angiotensin II produced by the
RAAS system can cause increased production of TNF-a by BM stromal cells, which in turn increases M-CSF production resulting in myeloid skewing of
HSPC differentiation. Disrupted sleep also reduces the level of hypocretin produced by hypothalamus, leading to increased production of CSF-1 by pre-
neutrophils in the BM. CSF-1 then act on HSCs to increase the production of neutrophils. Hypercholesterolaemia can stimulate expansion and prolifera-
tion of HSPCs due to enhanced IL-3/GM-CSF receptor signaling resulting from greater lipid raft formation in HSPCs cell membrane.
Hypercholesterolaemia is also linked to increased G-CSF levels, which can lead to decreased production of CXCL12 by mesenchymal progenitor cells
causing greater HSPC mobilization and EMH. Inflammation-induced emergency haematopoiesis can result in long-term epigenetic effects on HSCs to gen-
erate higher number of monocytes possessing increased reactivity on second exposure. Ageing can also lead to accumulation of mutations in multiple
genes (TET2, DNMT3A, ASXL1, and JAK2V617F), which confers a slight proliferative advantage to mutant stem cells. These mutations affect stem cell qui-
escence to promote HSPC expansion and introduce a bias in lineage fate selection, which can predispose to haematopoietic malignancies and CVD.

2599Neutrophils are neutral in cardiovascular disease
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adipose tissue with a constant supply of monocytes and neutrophils
resulting in adipose tissue inflammation and insulin resistance.44,45 The
recent COVID19 pandemic has also highlighted the dysregulation of this
axis in obesity and diabetes, linking increased S100A8/A9 expression in
WBCs to poor outcome in COVID19 infection by increasing inflamma-
tion, the pro-coagulant state, and pulmonary damage. This observation
may contribute to the particularly poor outcome of COVID19 in individ-
uals with a history of obesity, diabetes, or CVD, conditions where
S100A8/A9 levels are thought to be already increased.46

4.3 Sleep deprivation and granulopoiesis
Sleep deprivation, another risk factor for CVD is also associated with
dysregulated myelopoiesis.47 Disrupted sleep reduces the level of hypo-
cretin produced by hypothalamus, leading to unfettered production of
CSF-1 by pre-neutrophils in the BM. CSF-1 then act on HSCs to increase
the production of neutrophils and monocytes, promoting atherosclero-
sis.48 These findings likely apply at least partly to the association between
sleep apnoea and increased neutrophil counts.49

4.4 MI, stroke, variable stress, hypertension
and granulopoiesis
MI, stroke, and chronic mild stress, all favour atherosclerotic plaque pro-
gression due to increased number of circulating monocytes and neutro-
phils.50 These conditions lead to enhanced sympathetic nervous system
(SNS) signalling, a driver of HSPC mobilization and extramedullary prolif-
eration.50 Increased sympathetic signalling after MI causes decreased
CXCL12 production in perivascular niche due to activation of adrenergic
b3 receptors on nestinþ mesenchymal stromal cells.51 Ischaemic stroke
activates HSCs via increased b3-adrenergic signalling in HSCs, as well as
changes in the BM niche, leading to a myeloid bias in haematopoiesis and
higher BM output of inflammatory Ly6Chigh monocytes and neutro-
phils.52 Abdominal aortic aneurysm development is also characterized
by enhanced myelopoiesis in an IL-27 dependent manner.53

Hypertension is also associated with elevated WBC count and distur-
bances in haematopoiesis.54 Increased sympathetic activity during hyper-
tension leads to increased HSC mobilization that in turn promote
CVD.55 Renin–angiotensin–aldosterone system, which drives hyperten-
sion, also has a role in regulation of haematopoietic system. Angiotensin
II causes increased production of TNF-a by BM stromal cells, which
increases M-CSF production resulting in myeloid skewing of HSPC dif-
ferentiation.56 Neutrophils in the BM also express adrenergic b recep-
tors and hyperactivation of SNS during hypertension stimulates
neutrophils to produce proteases like MMPs that can cleave CXCR4,
leading to an increase in circulating leucocytes.55 Haematopoiesis can ad-
ditionally switch to an EMH mode and ramp up neutrophil production to
meet the increased demand of neutrophils during stressful conditions.
HSPCs also circulate in the bloodstream for immunosurveillance and
can seed extramedullary tissues (spleen and liver) under acute and
chronic stress conditions (i.e. infection, MI, or cancer).57

4.5 Ageing and granulopoiesis
Ageing is also associated with decline in the stemness of HSCs and a bias
towards the myeloid lineage. Low levels of chronic inflammation, re-
duced telomere length, impaired autophagic removal of defective mito-
chondria leading to mitochondrial stress, altered autophagy resulting in
dysregulated proteostasis, replicative stress can all contribute to stem
cell ageing.58 Ageing can cause accumulation of mutations in multiple
genes including methylcytosine dioxygenase 2 (TET2), DNMT3A,

ASXL1, and the gain of function mutation in JAK2V617F leading to what is
known as clonal haematopoiesis of indeterminate potential (CHIP).59

These mutations confer a slight proliferative advantage to mutant stem
cells allowing them to outcompete non-mutant stem cells in colonizing
stem cell niches. They promote HSPC expansion and introduce a bias in
lineage fate selection, predisposing to haematopoietic malignancies and
various CVDs.60–63 This was validated when partial BM reconstitution
with TET2-deficient HSPC caused a marked increase in atherosclerotic
plaque size, increased NLRP3 inflammasome activation in macro-
phages60 and caused greater cardiac dysfunction in murine models of
HF.61 Similarly haematopoietic Jak2V617F expression promotes early le-
sion formation, increased neutrophil infiltration in early lesions, increased
erythrophagocytosis and defective efferocytosis leading to greater pla-
que instability.62 Mice with conditional knock-in Jak2V617F also have an in-
creased propensity for NET formation and thrombosis.63

Ageing is also associated with impaired clearance of apoptotic neutro-
phils by efferocytic macrophages in the peripheral organs, such as the
lungs BM and spleen. IL-23 production was suppressed in efferocytic
macrophages phagocytosing apoptotic neutrophils, leading to a feedback
loop controlling G-CSF and granulopoiesis, regulating overall neutrophil
numbers in blood.64,65 Thus, impaired clearance of apoptotic neutrophil
by efferocytic macrophages maybe a major contributor of perturbed
neutrophil homeostasis observed with age or chronic inflammation.
Moreover, inefficient clearance capacity of macrophages is observed in
chronic inflammatory diseases, such as atherosclerosis.8 In addition, mac-
rophages with metabolic perturbations due to myeloid-specific defi-
ciency of Glut1, cholesterol efflux transporters, Ucp2, or mitochondrial
complex III are also inefficient in efferocytosis.8

4.6 Gut microbiome and granulopoiesis
The gut microbiome plays a crucial role in regulating steady-state granulo-
poiesis. In fact, antibiotic usage is generally believed to be associated with sup-
pressed myelopoiesis in the BM.66 Microbial components including ligands for
TLRs can induce IL-17 production from intestinal innate lymphoid cells resulting
in the production of G-CSF.66 Neutrophil recruitment to the mucosal system is
also involved in feedback suppression of G-CSF production.66 NOD1 ligands se-
creted by microbiota can also be sensed by BM stromal cells to regulate hae-
matopoiesis.66 In addition, the microbiome also links nutrition with
inflammation. Hypercholesterolaemia, hyperlipidaemia, and high salt
consumption can modify the gut microbiome composition, which in turn
influences the development of cardio-metabolic diseases.67 Long-term
high-fat diet (HFD) can alter gut microbiota and lead to changes in BM
niche resulting in myeloid biasing of long-term Lin-Sca-1þc-Kitþ (LSK)
stem cells.68 Transplantation of pro-inflammatory faecal microbiota can
amplify blood neutrophil counts and accelerate atherosclerosis develop-
ment.69 Similarly, neutrophilia associated with altered gut microbiota in
aged mice leads to sustained inflammation and HF after MI.70 Even in hu-
man studies, faecal microbiota transplantations are gaining traction as a
potential treatment modality to correct a dysregulated immune re-
sponse in a range of metabolic and haematologic conditions.71

Antibiotic-induced alterations in the intestinal flora reduce ischaemic
brain injury in mice, gut microbiota depletion with antibiotic treatment
reduced migration of intestinal IL-17-producing cd T cells from gut to
the brain after stroke; thereby improving outcomes after ischaemic
stroke.72 Finally, microbiota also regulate neutrophil ageing leading to a
pro-inflammatory neutrophil phenotype driving vascular damage, and
depletion of microbiota significantly reduces organ damage in sickle cell
disease, septic shock, and MI.66,73,74 However, a neutrophil intrinsic mo-
lecular clock regulating neutrophil ageing has also been proposed, and
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the precise mechanism of action of the microbiome acting on the neu-
trophil and its BM progenitors remains to be revealed.73 Taken together,
these studies point towards a role for microbiota in neutrophil activation
state and neutrophilia, but causal evidence for microbiota in chronic car-
diovascular inflammation is still lacking.67 Given the novelty of this field
and the relative lack of human studies; the precise microbial species and
mechanisms driving this association remain to be disentangled. This an
important notion, as perturbations in the microbiome likely represent a
shift in the balance of species that have either pro- or anti-inflammatory
effects on the neutrophil. Isolation and supplementation of beneficial
species (probiotics) or supplementation of anti-inflammatory microbial
metabolites (postbiotics) are potential clinical applications to reduce
CVD derived from a deeper insight into the role of the microbiome in
human disease.71

4.7 Trained immunity and granulopoiesis
Innate immune cells can mount a non-specific memory response. This phe-
nomenon akin to immunologic memory of adaptive immunity is called
‘trained immunity’. Inflammation-induced emergency haematopoiesis can
result in long-term epigenetic effects on HSCs, generating higher numbers
of monocytes possessing increased reactivity to second exposure.
Epigenetic analysis of HSCs after inflammatory exposure has identified his-
tone modifications in genes encoding inflammatory cytokines, such as IL-6
and TNF-a along with the genes coding for the mTOR pathway.75,76

Trained immunity also occurs during sterile inflammation. Western diet
feeding of Ldlr �/� mice for 4 weeks results in systemic inflammation, that
return to steady-state levels when switched back to normal chow. In spite
of this, BM and splenic myeloid cells remain hyper-activated as measured
by inflammatory cytokine production upon TLR stimulation.43 Similarly,
systemic response to ischaemic injury caused by MI or stroke aggravates
chronic atherosclerosis by increasing monocyte production and recruit-
ment to plaques.51 Cytokines, such as IFN-c, IFN-a, and IL-1b produced
during inflammation, could activate HSPCs.41,42,77,78 Unexpectedly an MI-
induced BM ‘memory’ dampens the organism’s reaction to subsequent
events.79 Recurrent MI caused reduced emergency haematopoiesis and
less leucocytosis than the first MI. The haematopoietic response to lipo-
polysaccharide was also mitigated after a previous MI.79

5. Neutrophils and atherogenesis

Atherosclerosis is the most common cause of MI and stroke making it a
leading cause of death and disability in the developing world.80

Atherosclerosis is characterized by arterial wall damage caused by in-
creased accumulation of apolipoprotein B-containing lipoproteins in the
intimal space of arteries and a maladapted inflammatory response. Arterial
endothelial cell activation leads to myeloid cell infiltration into the arterial
intima contributing to atherosclerotic plaque growth and instability, leading
to plaque rupture and cardiovascular complications (Figure 3).67 In recent
years, neutrophils have received enormous attention for their role in ster-
ile inflammation associated with CVD due to the discovery of NETosis
and NLRP3 inflammasome signalling in neutrophils. The number of circu-
lating neutrophils correlates positively with the size of developing lesions.
Furthermore, depletion of Ly6Gþ neutrophils in Apoe�/� mice protect
against the development of atherosclerosis.81 Atherosclerosis develops at
sites of disturbed flow and increased shear stress, which leads to endothe-
lium activation resulting in increased permeability and leucocyte adhe-
sion.82 Neutrophils play a major role in the initiation of atherosclerosis by
dysregulating vascular endothelial cells and triggering leucocyte arrest, thus

setting the stage for atherosclerosis.83 Neutrophil granule proteins in addi-
tion to directly activating the endothelial cells also degrade the underlying
extracellular matrix leading to further adhesion of monocytes, vascular hy-
per-permeability, and transfer of LDL particles.84 During the initial phase
of atherogenesis, chemotactic molecules guide the recruitment of neutro-
phils to atherosclerosis susceptible areas. Cathepsin G (CatG), an anti-mi-
crobial polypeptide deposited by neutrophils on arterial endothelial cells
after HFD feeding activates leucocytes to firmly adhere via integrin cluster-
ing. CatG neutralization abrogates arterial leucocyte adhesion without af-
fecting myeloid cell adhesion in the micro-circulation.85 Differential
expression of cell adhesion molecules on large arteries compared to
micro-circulation may explain differential presentation of CatG and may
account for specific control of myeloid cell adhesion. In mice, activated pla-
telets deliver CC-chemokine ligand 5 (CCL5), the ligand for CCR1 and
CCR5 on the endothelium of arteries, and promote CatG secretion from
neutrophils promoting their accumulation.81,85 Chemokines also regulate
the recruitment of neutrophils to arteries and peripheral venules. CC-
chemokine receptor 1 (CCR1), CCR2, CCR5, and CXCR2 govern neu-
trophil infiltration in large arteries, while only CCR2 and CXCR2 do so in
small vessels of mice.81 Neutrophils may infiltrate into the early atheroscle-
rotic lesions from the arterial lumen86 or through the venules in the ad-
vanced stages of atherosclerosis.87 Neo-vasculature formed into the
atherosclerotic lesions may also be a point of entry for neutrophils.88 In
certain inflammatory settings, neutrophils can drive angiogenesis,89 sug-
gesting the possibility that neutrophils can drive atherosclerotic plaque an-
giogenesis and promote its own recruitment or exit. Cathelicidins
secreted by neutrophils along the lumen of injured arteries can activate cir-
culating endothelial progenitor cells, which then contribute to re-
endothelialization directly or by release of angiogenic growth factors.90

Neutrophils can undergo migration in a luminal to abluminal direction, this
was observed in inflammation following ischaemia-reperfusion injury and is
characterized by reduced expression of junctional adhesion molecule C
from EC junctions.91 In a mouse hepatic injury model, infiltrating neutrophil
neither die at the injury site nor are phagocytosed. Instead, these neutro-
phils re-enter the vasculature, travel to the lungs and up-regulate CXCR4
(C-X-C motif chemokine receptor 4) before ending up in the BM, where
they undergo apoptosis.92

Recent studies show that 40% of all protein-coding genes show circa-
dian rhythms in their transcription93 and circadian rhythms also regulate
the recruitment of neutrophils and monocytes into atherosclerotic
lesions, which peaks during the morning hours. The overall rhythmicity
of leucocyte adhesion to inflammatory sites seems to the dependent on
Bmal1-regulated leucocyte clock.94 In spite of this, there seems to be a
24 hr rhythm shift in leucocyte recruitment in arteries and veins of
mouse macro and microvasculature.95 Leucocyte adhesion to the arter-
ies is highest in the morning, while it peaks at night for the veins.94 De
Juan et al.94 show that vessel-specific oscillatory patterns govern the re-
lease of pro-migratory molecules. Endothelial cell-specific Bmal1 deple-
tion disrupted time-of-day-dependent leucocyte adhesion in veins but
not in arteries. This difference in leucocyte adhesion was ablated when
b2-adrenergic-receptor signalling in sympathetic nerves was disrupted.
Thus, circadian clock regulation of sympathetic nerves in large arteries,
but not of veins, leads to increased levels of endothelial adhesion mole-
cules resulting in enhanced neutrophil recruitment.94 Andover et al.73 re-
cently demonstrated that steady-state leucocyte trafficking into tissues is
regulated by a molecular clock in both leucocytes and endothelial cells.
Specifically, Bmal1 expression in different leucocyte subsets or ECs is
linked to integrins and chemokine receptors on leucocytes and expres-
sion of ICAM-1 and VCAM-1 on vascular beds.

2601Neutrophils are neutral in cardiovascular disease
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Neutrophils also regulate monocyte entry into atherosclerotic lesions

and cause macrophage activation. Myeloperoxidase released from neu-
trophils promote oxidation of LDL and accelerate foam cell formation.96

Neutrophil granule proteins, heparin-binding protein, and human neu-
trophil peptides can also activate human and mouse macrophages to-
wards a pro-inflammatory phenotype that in turn could promote
atherosclerosis.97 Neutrophil granule components, can also be secreted
by NETosis and pharmacological inhibition of NET formation has been
shown to reduce atherosclerosis development.98 NETs can drive ath-
erosclerosis through the activation of macrophages leading to produc-
tion of IL-1b.99 Neutrophil serine proteases can also induce cleavage of
pro-IL-1b into its mature form. Thus, neutrophils play a central role in
atherosclerosis development.

6. Neutrophils and atherosclerotic
plaque instability

Rupture prone atherosclerotic lesions are dominated by macrophages,
have large necrotic cores and a fibrous cap composed of vascular
smooth muscle cells (VSMCs) and collagen.100 Activated macrophages
or neutrophils can cause endothelial cell death by apoptosis or produce
proteases, which disrupt endothelial cell adhesion to the vessel wall
resulting in endothelial denudation. This process known as endothelial
erosion, exposes the underlying connective tissue matrix, allowing plate-
lets to adhere at the site resulting in thrombus formation.100

Alternatively, thrombus formation may be a result of plaque disruption.
The plaque cap tears away exposing the lipid core, resulting in thrombus
formation from within the plaque, which then extends into the arterial
lumen.100

Neutropenia and neutrophilia were shown to respectively increase or
decrease atherosclerotic plaque stability in mice and neutrophil levels in
the arterial intima positively correlate with signs of plaque instability in

Figure 3 Neutrophils and atherogenesis: neutrophils play a major role in initiation of atherosclerosis by dysregulating vascular endothelial cells and trig-
gering leucocyte arrest. Activated platelets deliver CCL5, on the endothelium of arteries, CCL5 by itself or via promoting CatG secretion of from neutro-
phils promote leucocyte adherence on endothelium. Neutrophil granule proteins also degrade the underlying extracellular matrix leading to vascular
hyper-permeability, further adhesion and entry of monocytes, and transfer of LDL particles. Myeloperoxidase from neutrophils also oxidize LDL to accel-
erate foam cell formation. NET formation by neutrophils can also drive atherosclerosis through the activation of macrophages leading to production of
IL-1b. Histone H4 secreted during NETosis can lead to VSMC cell death and thinning of fibrous cap and plaque rupture. Activated macrophages or neu-
trophils can cause endothelial cell death by apoptosis or produce proteases, which disrupt endothelial cell adhesion to the vessel wall resulting in endo-
thelial denudation and thrombus formation. Taken together, neutrophils play a major role in advanced or late-stage atherosclerosis where they
destabilize and trigger plaque erosion or rupture.
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both humans and mice.1 Thin fibrous caps in human atheroma specimens
also show higher neutrophil counts than stable lesions, indicating a role
for neutrophils in plaque destabilization. Increased infiltration of neutro-
phils into advanced lesions has been shown to induce collagen degrada-
tion and necrosis in the lesions.101 Mechanistically, activated neutrophils
in the atheroma undergo NETosis to form NETs. These NETs can stably
present a variety of neutrophil granule proteins (MPO, NADPH oxidase,
nitro oxidase synthase), which can reduce the stability of atherosclerotic
plaques. Cationic histone H2a bound on NETs can also accelerate re-
cruitment of negatively charged classical monocytes into atherosclerotic
lesions.102 Histones presented on NETs can also induce tissue damage.
Histone H4 originating from intimal NETs can form membrane pores
resulting in smooth muscle cell death and vascular tissue damage leading
to destabilization of plaques1. Additionally, NETs can also activate ‘ab-
sent in melanoma 2 (AIM2) inflammasome’ in macrophages103 to pro-
duce the proatherogenic cytokines IL-1b and IL-18 leading to unstable
atherosclerotic lesion.103 JAK2V617F mutation, a common genetic variant
that increases JAK-STAT signalling and imparts greater risk of premature
MI and stroke104 and promote CHIP, can exacerbate atherosclerosis via
AIM2 inflammasome.105 Deletion of the critical inflammasome compo-
nents, such as caspase 1 and 11, Gasdermin D or Inhibition of IL-1b, all
reduced necrotic core formation while increasing the stability of the pla-
ques.105 Together, these studies suggest that neutrophils play a major
role in advanced or late-stage atherosclerosis where they destabilize and
trigger plaque erosion or rupture.

7. Neutrophils in acute myocardial
infarction

Acute myocardial infarction (AMI) is a major cause of HF and HF-related
morbidity and mortality. Neutrophil count in the blood and the ratio of
neutrophils to total leucocytes, particularly lymphocytes correlate well
with the severity and complexity of CAD, large MI, recurrent ischaemic
events, and mortality.106 Rupture of an atherosclerotic plaque in vital
organs, such as heart and brain can lead to obstruction of blood circula-
tion resulting in ischaemic/necrotic death of tissues that immediately trig-
gers an acute inflammatory response spearheaded by neutrophils.
Attracted by cellular debris including alarmins and inflammatory signals
released by dead cells, neutrophils massively infiltrate the infarct area
within hours.7 At the site of injury, activated neutrophils generate and re-
lease excess amounts of ROS, proteases, and in some instances the en-
tire cytoplasm and nuclear material (NETs).107 In the context of sterile
inflammation, this behaviour of neutrophils may result in an exacerbated
injury to the tissue. For example, S100A8/A9 released by neutrophils
during an acute MI can prime the NLRP3 inflammasome on naı̈ve neutro-
phils to release IL-1b, which then stimulates granulopoiesis in the BM
leading to increased accumulation of neutrophils in the injured heart,
resulting in adverse remodelling and eventual HF (Figure 4).7,107

Neutrophil production in the BM is also time-of-day dependent as ex-
perimental MI induced at the beginning of the active phase resulted in
higher cardiac neutrophil infiltration resulting in excessive inflammation
and sub-optimal cardiac repair.108 Neutrophils are also major contribu-
tor to ischaemia/reperfusion injury, due to release of ROS and other in-
flammatory mediators resulting in cardiomyocyte apoptosis, especially at
the ischaemic border zone.109 Release of MPO by infiltrating neutrophils
results in oxidative stress, generation of cytotoxic aldehydes, and activa-
tion of extracellular matrix degrading enzymes and further leucocyte in-
filtration leading to maladaptive remodelling.109 Complete MPO

depletion or inhibition has been found to mitigate inflammation and re-
duce left ventricular dilatation and dysfunction.110 Interference with neu-
trophil recruitment has also been shown to have beneficial effect after IR
injury with reduced infract size, reduced left ventricular fibrosis, and
greater preservation of cardiac function and prevention of neutrophil ex-
tracellular trap formation.4

Despite the many studies showing a beneficial role for neutrophil tar-
geted approaches in experimental I/R injury, other studies failed to show
any beneficial effects.4 For example, long-term depletion of neutrophils
in experimental MI did not improve but rather impaired the resolution
of inflammation resulting in adverse remodelling and decreased cardiac
function.111 Although, experimental strategies aimed at reducing neutro-
phil activity have been shown to limit tissue injury, translating this into
clinical practice has been elusive.4 Accumulating evidence suggests that
neutrophils are not always detrimental and thus, cannot be conferred an
exclusive ‘inflammation only’ function. Many recent studies have shown
that neutrophils possess anti-inflammatory and reparative function in the
context of bacterial infection and non-sterile injury.112 These observa-
tions have led us to hypothesize that there exists a threshold of
neutrophil-induced inflammation that is necessary to kick start the repar-
ative process and beyond this threshold, greater number of neutrophils
and extended residency is detrimental. This neutrophil number thresh-
old may also be differentially tolerated depending on the time of injury
due to a cell intrinsic programme of neutrophil proteome disarming.112

8. Neutrophils and myocardial
repair

Beyond the established pro-inflammatory role of neutrophils during MI
and I/R induced damage, neutrophils are also involved in the modulation of
healing and remodelling response (Figure 5). After neutrophil infiltration,
monocytes and monocyte-derived macrophages infiltrate the infarct area
to remove dead cell debris and apoptotic neutrophils, activating reparative
pathways necessary for proper healing.113 Macrophage phagocytosis of ap-
optotic neutrophils also activate an anti-inflammatory response marked by
production of IL-10, transforming growth factor-b and pro-resolving lipid
mediators and suppression of pro-inflammatory cytokines.113 Neutrophil-
derived DAMPs, such as S100A8/A9 can facilitate conversion of inflamma-
tory monocytes to reparative macrophages through induction of nuclear
receptor subfamily 4 group A member 1 (Nr4a1) expression.114 Nr4a1 is
also needed for up-regulation of Mertk, the phagocytosis receptor115 re-
quired for efficient clearance of debris and dead cells.116 The transcrip-
tional profile of neutrophils in the heart also undergoes a temporal shift
from pro-inflammatory N1 to pro-resolving N2 neutrophils. The N1–N2
neutrophils are categorized as Ly6GþCD206- and Ly6GþCD206þ cells,
respectively. The N1 cells also express pro-inflammatory markers, such as
IL-1b, TNF-a, CCL3 on Day1 while the N2 cells display anti-inflammatory
markers on Days 5–7, which aid in the resolution of inflammation and
clearance of apoptotic cardiomyocytes.117 Neutrophils and macrophages
also produce oncostatin M, that can dedifferentiate cardiomyocytes to re-
lease regenerating islet-derived protein 3b, and promote reparative mac-
rophage accumulation in the heart.118 A subset of pro-angiogenic
neutrophils (CXCR4highVEGFRþCD49dþ) controlling the regrowth of
blood vessels has also been identified.89,92 Alternatively neutrophils may
also drive angiogenesis via indirect mechanism by activating macrophages
to a angiogenic phenotype.119 Annexin A1 produced by neutrophils can
also polarize macrophages to a pro-angiogenic phenotype.119

2603Neutrophils are neutral in cardiovascular disease
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..Due to the quintessential role of neutrophils in jumpstarting the re-
parative response, anti-neutrophil strategies aimed at reducing neutro-
phil influx to limit acute post-ischaemic tissue injury is likely to suppress
the subsequent healing response. Previous studies have demonstrated
that long-term depletion of neutrophil in MI induced by permanent left
anterior descending coronary artery ligation resulted in a worsened car-
diac function, increased fibrosis, and a progressive increase in biomarkers
associated with HF.111 This was accompanied by reduced cardiac ex-
pression of myeloid-epithelial-reproductive tyrosine kinase (MerTK) on
macrophages. Induction of MerTK expression on reparative macro-
phages was mediated by neutrophil-derived lipocalin.111 ST inhibition of
neutrophils by the b1-adrenergic-receptor antagonist metoprolol has
also been shown to reduce infarct size in AMI120 and early intravenous
administration of metoprolol before reperfusion reduced infarct size and
increased LVEF with no excess adverse events during the first 24 h after
STEMI.121 Similar to the suppression of neutrophils, long-term inhibition
of S100A8/A9 leads to deterioration of cardiac function over time114

while ST inhibition of S100A8/A9 mitigated both local and systemic

inflammation, and as expected reduced myocardial damage after MI.122

S100A8/A9, may in fact, be the main effector molecules used by neutro-
phils to manage these contrasting inflammatory and reparative function
of macrophages. These contrasting results from ST vs. long-term inhibi-
tion of S100A8/A9 illuminates the need to identify the right window of
therapeutic opportunity to effectively suppress the inflammatory func-
tions of neutrophils just enough to prevent excessive damage while still
retaining their reparative functions. Pharmacological strategies aimed at
selective inhibition of S100A8/A9, or the neutrophil machinery (e.g.
Nlrp3 inflammasome) involved in the production of inflammatory media-
tors like IL-1b may represent a viable alternative as opposed to indis-
criminate targeting of neutrophils by methods, such as neutrophil
depletion and/or neutrophil recruitment.7,107 Further, screening of neu-
trophil proteome and/or lipidome post-MI for potential mediators of re-
parative processes (e.g. resolvents) are likely to aid in the development
of novel approaches for therapeutic intervention.

Figure 4 Neutrophils during MI: following AMI, neutrophils accumulate at the site of injury and mount an acute inflammatory response. These neutro-
phils undergo NETosis to release S100A8/A9 into the infarct and prime the NLRP3 inflammasome on naı̈ve neutrophils to release IL-1b. IL-1b then stimu-
lates granulopoiesis in the BM leading to increased accumulation of neutrophils in the injured heart, resulting in adverse remodelling and eventual HF.
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9. Therapeutic targeting of
neutrophils

The CANTOS and LoDoCo2 trials have targeted the IL-1b and IL6 path-
ways, which are upstream of granulopoiesis with clear cardiovascular
benefit. At least in the setting of CANTOS trial, the benefits accrued
seemed to have been offset by an increased risk of lethal infections that
may have been attributed to decrease in neutrophil counts.123 These
findings argue for a careful tuning of the neutrophil phenotype to reap
optimal benefit from anti-inflammatory compounds. A better under-
standing of neutrophil effectors that are involved in the inflammatory
and reparative functions would allow us to take a more targeted

approach in developing effective therapies. This should allow us to ex-
ploit the inflammation-resolving function of neutrophils while restricting
the collateral damage caused by an inflammatory overkill. Despite the
failure of many previous attempts, many ongoing clinical trials targeting
chemokines to inhibit neutrophil infiltration into inflamed tissues are in
the pipeline, for example, using a small molecule inhibitor against
CCR5124 and CXCR2.125 Neutrophil-derived alarmins, such as S100A8
and S100A9, have been shown to possess major roles in determining the
nature and magnitude of inflammatory response post-MI and during the
resolution of inflammation.114 Developing novel neutrophil-targeted
therapeutics and compounds targeting S100A8/A9 may represent a de-
parture from status quo in managing ischaemic CVD. Previous studies
have shown that blockade of S100A8/A9 interaction with its receptors,

Figure 5 Neutrophils and myocardial repair: neutrophils are also involved in modulation of healing and remodelling response after an MI. Neutrophil-
derived S100A8/A9 induce the expression of Nr4a1 in inflammatory monocytes and their conversion to reparative macrophages. This also leads to up-
regulation of Mertk and CD36, the phagocytosis receptor required for efficient clearance of dead cells. The transcriptional profile of neutrophils also
changes from a pro-inflammatory N1 profile expressing markers like IL-1b, TNF-a, and CCL3 on Day1 to an N2 anti-inflammatory profile aiding in the
resolution of inflammation. In addition, neutrophils also express pro-reparative factors like oncostatin M, lipocalin, and Annexin A1. In summary, neutro-
phils are essential for jumpstarting the reparative responses after an ischaemic injury.
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TLR4 and RAGE, reduces inflammation and disease progression in a
number of inflammatory models and could be repurposed to target in-
flammation in the heart post-MI.126 Inhibition of IL-1b release from neu-
trophils by targeting NLRP3 inflammasome has been shown to maintain
atherosclerosis at a sub-clinical level.127 These inhibitors also demon-
strated damage mitigation to the heart muscle post-MI suggesting a
promising potential for treatment of HF.128

Preventing NET- driven inflammation is another promising target in
controlling cardiovascular inflammation. NET chromatin degradation
with systemic DNase I treatment has been shown to prevent cardiovas-
cular inflammation and thrombosis.129 NET chromatin also can activate
AIM2 inflammasome in macrophages, leading to IL-1b and IL-18 produc-
tion in atherosclerotic lesions and inhibition of AIM2 inflammasome in
mice increased lesion stability103 and may represent a target down-
stream of NET release. Therapeutic neutralization of histones bound on
NETs can also be used to reduce monocyte infiltration into atheroscle-
rotic lesions and prevent SMCs death to stabilizes atherosclerotic
lesions.1,102 Neutrophil interaction with platelets is important for NET
release and disruption of platelet-neutrophil communication might also
limit NET release.130 Histone citrullination mediated by the enzyme
PAD4131 can be inhibited to prevent NET release and reduce vascular
inflammation in mouse models of atherosclerosis.131 Interventions to re-
duce S100A8/A9 secretion by inhibiting NETosis may also have suppres-
sive effect on inflammasome activation and subsequent secretion of IL-
b.107

10. Conclusion

Neutrophils in addition to being a central player in an inflammatory re-
sponse during infections and tissue injury are also essential for homeo-
static functions. Our understanding of neutrophil biology has been
refined with new findings on the regulatory mechanisms that govern
their production, maturation, and demise. There is also a newfound ap-
preciation for the flexible, responsive nature of neutrophil transcrip-
tional machinery, extended lifespan and multiple neutrophil sub-types in
health and disease. The future challenges now depend on our ability to
translate the newly found knowledge about neutrophil biology into ther-
apeutics by striking a balance between the pro- and anti-inflammatory
properties of neutrophils in CVD.
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