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Editorial on the Research Topic

Role of Neutrophils in Inflammatory Diseases

Neutrophils are best known for their role in host defense against microbes (1). However, many
recent discoveries highlight the fact that neutrophils also act as key regulators of both acute and
chronic sterile inflammatory conditions (2). Neutrophils can mediate their functions through
different mechanisms, including generation of reactive oxygen species (ROS) and neutrophil
extracellular traps (NETs), and the release of a broad range of mediators, including cytokines,
alarmins, and proteases (1). A better knowledge of the mechanisms controlling these processes
might thus help design new therapeutic strategies for the treatment of inflammatory diseases.

This Research Topic brings together original and review articles that explore the role of
neutrophils and neutrophil-derived products in various inflammatory diseases, and assess some
molecular mechanisms through which these cells are activated in inflammatory conditions.

It is known that lipopolysaccharide (LPS) from gram negative bacteria can “prime” neutrophil
for ROS production in combination with other agonists. Liu et al. used pharmacological approaches
to show that the prolyl cys/trans isomerase Pinl plays an important role in LPS-induced priming of
human neutrophils. These data suggest that Pinl could be a therapeutic target in sepsis and other
diseases involving ROS generation by neutrophils.

Chiang et al. present an overview of the potential roles of neutrophils in psoriasis, a chronic
inflammatory skin disease in which high numbers of neutrophils are observed in skin lesions. Their
review focuses mostly on clinical observations, including evidence of neutrophil activation in skin
lesions, with generation of ROS and formation of NETs. The authors also discuss the potential
contribution of NETs in driving Th17 inflammation in psoriasis.

Lastly, the potential role of NETs in infectious and inflammatory diseases has emerged as a major
field of research (3, 4). Not surprisingly, several manuscripts of this special issue focus on the
mechanisms of NET formation, and on the role of NETSs in various inflammatory conditions. Barbu
et al. describe a new method for the detection and quantification of histone H4 citrullination
(H4cit3) during NET formation using imaging flow cytometry (IFC). Using this method, the
authors quantify H4cit3 in human blood neutrophils stimulated with NET-triggering molecules.
They suggest that their method can be particularly suitable for studies looking at NETs as potential
biomarkers for diseases. The method is fast and requires only minimal handling of neutrophils,
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thereby reducing potential unspecific cell activation. However,
the authors also emphasize that detection limitations might be
associated with some stimuli.

Many infectious and inflammatory diseases are characterized
by an increase in vascular permeability. In a review article, Ma
et al. present a detailed overview of current knowledge on the
potential role of neutrophils in regulating vascular endothelial
permeability. The authors particularly focus on the role of NET's
and the molecular pathways leading to NET formation, and on
the potential role of neutrophil-derived extracellular vesicules,
which are heterogenous membrane-enveloped structures
released by many cell types, including neutrophils.

Fever is a hallmark of both infectious and inflammatory
diseases, and hyperthermia is known to increase neutrophil
recruitment to the affected sites. Keitelman et al. studied the
impact of hyperthermia on key neutrophil functions including
NET release, production of ROS, and release of pro-inflammatory
cytokines. The authors propose that fever that occurs during
bacterial infections might trigger an emergency response in
neutrophils in order to enhance some of their antimicrobial
functions, but could at the same time reduce their capacity to
release proinflammatory cytokines in order to limit potentially
damaging inflammatory processes.

Obama et al. investigate the mechanisms of neutrophil activation
in the context of cardiovascular diseases. The authors focused on the
effects of oxidatively modified low-density lipoprotein (oxLDL),
which are known as a risk factor for the progression of
cardiovascular diseases. They show that while oxLDL alone does
not induce NET formation, it enhances phorbol myristate acetate
(PMA)-induced release of NETs and myeloperoxidase (MPO). The
authors suggest that oxLDL may contribute to vascular endothelial
inflammation, at least in part by NET-dependent mechanisms.

Granger et al. review the available literature on the role of IgG
immune complexes (ICs) in triggering NET release through
activation of IgG Fc gamma receptors (FcyRs) on neutrophils.
They focus on two autoimmune diseases, systemic lupus
erythematosus in which NETs can be induced by DNA/anti-
DNA IgG ICs, and rheumatoid arthritis for which citrullinated
protein/anti-citrullinated protein IgG ICs might mediate NET
formation. In addition to autoimmunity, they also review
available data on the potential role of ICs-induced NETs in
anaphylaxis, a systemic and potentially lethal hypersensitivity
reaction. Finally, the authors discuss the potential applications of
NETs as biomarkers and therapeutic targets in these diseases.

Most of the aforementioned studies focus on the pro-
inflammatory and tissue-damaging potential of neutrophils.
However, it was reported that neutrophils also have important
regulatory functions, and might participate in the resolution of
inflammation (5). In this context, Egholm et al. review existing
literature on the regulatory effect of the receptor IL-4R (shared
by the cytokines IL-4 and IL-13) on neutrophils during type 2
immune responses. They highlight the fact that engagement of
IL-4R on neutrophils can inhibit several neutrophil effector
functions, including the formation of NETs. The authors thus
propose that, during type 2 immune responses as in other

immune responses, neutrophils are the first non-resident cells
to arrive at the site of inflammation, but that subsequent IL-4/IL-
13 signaling can rapidly shut off neutrophil effector functions to
prevent damage to healthy tissues.

Many tools and models are now available to study the role of
neutrophils during biological responses in vivo. However, each
model has its own advantages and limitations. In the review by
Stackowicz et al., the authors provide a side-by-side comparison
of the main existing genetic and pharmacological approaches to
assess the functions of neutrophils and neutrophil-derived
products in mice. The authors recommend that, given the
known or potential limitation(s) of each model, at least two
different approaches should be employed to legitimately
conclude on neutrophil functions.

Finally, illustrating the variety of models which can be used to
study neutrophils, the work by Degroote et al. focuses on primary
neutrophils from equine whole blood. The authors analyzed
these neutrophils by mass spectrometry and identified a total
of 2,032 proteins forming the whole proteome of these cells.
Furthermore, they identified a total of 58 or 207 proteins
differentially regulated after stimulation with interleukin-8 (IL-
8, also known as CXCL8) or PMA, respectively.

In conclusion, the papers included in this Research Topic
highlight the diverse role of neutrophils in the regulation of
inflammatory responses, and the potential of future therapies
targeting neutrophils or neutrophil-derived products for the
management of inflammatory diseases.
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The microvascular endothelium serves as the major barrier that controls the transport
of blood constituents across the vessel wall. Barrier leakage occurs during infection
or sterile inflammation, allowing plasma fluid and cells to extravasate and accumulate
in surrounding tissues, an important pathology underlying a variety of infectious
diseases and immune disorders. The leak process is triggered and regulated by
bidirectional communications between circulating cells and vascular cells at the
blood-vessel interface. While the molecular mechanisms underlying this complex
process remain incompletely understood, emerging evidence supports the roles of
neutrophil-endothelium interaction and neutrophil-derived products, including neutrophil
extracellular traps and vesicles, in the pathogenesis of vascular barrier injury. In
this review, we summarize the current knowledge on neutrophil-induced changes in
endothelial barrier structures, with a detailed presentation of recently characterized
molecular pathways involved in the production and effects of neutrophil extracellular traps
and extracellular vesicles. Additionally, we discuss the therapeutic implications of altering
neutrophil interactions with the endothelial barrier in treating inflammatory diseases.

Keywords: cell-cell junction, endothelial barrier, extracellular vesicles, glycocalyx, inflammation, neutrophil
extracellular traps, permeability

INTRODUCTION

Serving as the blood-tissue interface, the vascular endothelial barrier plays a critical role in
regulating host defense against infection or injury. Endothelial hyperpermeability is considered
an important cause, as well as consequence, of inflammatory/immune responses associated with
sepsis, trauma, ischemia-reperfusion injury, diabetes, and metastatic tumor development (1, 2).
This pathological process involves complex cell-cell communications and molecular signaling.
Among the multiple subtypes of leukocytes in the circulation, polymorphonuclear granulocytes
(PMNs), or neutrophils, are the most impactful cells to vascular permeability, as they can alter
endothelial barrier properties via direct contacts (adhesion and transmigration) and/or by secreting
bioactive products capable of disrupting the barrier structure. Below, we discuss the effects of
neutrophil-endothelium contact and neutrophil-derived factors on endothelial permeability.
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Neutrophils and Microvascular Permeability

PMN-ENDOTHELIUM INTERACTIONS

Neutrophils comprise the innate immune system providing the
first line of defense against invading bacteria and acute injury
(1). Traditionally, the life span of mature neutrophils is thought
to be short, as they normally stay in the circulation for 5-10h
and subsequently infiltrate into tissues and die within the next
8-16h (1, 2). Challenging this dogma, recent studies using in vivo
labeling with 2H, O reveal that the life span of human circulating
neutrophils lasts as long as 5.4 days (3), at least 10 times longer
than previously reported. Another interesting finding is that
after diapedesis, neutrophils can live in tissues for up to 7 days
in the proinflammatory microenvironment (4). Whether and
how neutrophil interaction with the microvascular endothelium
affects their life span in the circulation, or in tissues, remain as a
puzzle; however, evidence is accumulating that endothelial cells
have the ability to educate neutrophils and modify their behavior
during diapedesis (5, 6).

Adhesion and Transendothelial Migration
(TEM)

Neutrophil diapedesis is a tightly regulated process initiated
with cell rolling along the microvascular (mainly venular) wall,
followed by adhesion to endothelial surface and migration across
the endothelium. The process is mediated by adhesion molecules
whose expression is rapidly upregulated by inflammatory
cytokines, including tumor necrosis factor (TNF)-a and
interleukin (IL)-1p. In particular, ligation of neutrophil
P-selectin and endothelial E-selectin slows down neutrophils
and enables their rolling under relatively high shear stress
(7, 8). Subsequently, firm adhesion is secured via the binding
of neutrophil CD11/CDI18 integrins to endothelial adhesion
molecules (7, 9). Transmigration occurs through the para-
cellular route via endothelial cell-cell junctions (6), or through
the transcellular route across endothelial cell body (10); the
former is considered the predominant pathway (~70-90%)
(11). In 2004, Carman and colleagues identified microvilli-like
projections on endothelial cell surface that form “transmigratory
cup” to provide directional guidance for leukocyte trafficking.

Reverse TEM (RTEM)

To prevent excessive inflammation and secondary tissue injury,
activated neutrophils at sites of inflamed tissue have to be
timely cleared, which can happen in several ways (12). Apoptosis
and subsequent clearance by macrophage phagocytosis are
thought to be a common fate to innate immune cells, such
as neutrophils, eosinophils, and basophils (12-14). However,
a growing body of evidence suggests that neutrophils can re-
enter the circulation through RTEM (15-17). Some mechanisms
have already been revealed. For instance, leukotriene (LT)B4
can disrupt the junctional adhesion molecule-C and facilitate
neutrophil reverse migration (18). Macrophages are shown to
promote reverse migration through neutrophil redox-Src family
kinase signaling, whereas Src deficiency impairs neutrophil
RTEM (19). This might represent another mechanism of
macrophage clearance of neutrophils, in addition to macrophage
phagocytosis of apoptotic neutrophils. Interestingly, reverse

transmigrated neutrophils display high expression of intercellular
adhesion molecule (ICAM)-1, which is minimally expressed
in circulatory neutrophils (20); the functional implication of
this phenotype change is unclear. It is suggested that RTEM
assists in the dissemination of systemic inflammation (18).
Therefore, neutrophil RTEM contributes to not only resolution,
but also propagation, of inflammation. More work is warranted
to establish the pathophysiological significance of neutrophil
TEM/RTEM. Of particular interest is how these processes affect
endothelial barrier property.

ENDOTHELIAL BARRIER

The endothelial barrier of exchange microvessels (capillaries and
post-capillary venules) has three major components (Figure 1A):
cell-cell junctions, luminal surface glycocalyx, and basolateral
focal adhesions (9). These components act in concert to
determine the barrier permeability.

Cell-Cell Junctions

In the microvasculature, at least two types of junctions are
identified: tight junctions (TJs) and adherens junctions (AJs)
(Figures 1A,C). TJs have been extensively studied with respect to
blood-brain barrier (BBB) and blood-retinal barrier due to their
predominant expression in cerebral and retinal microvasculature,
respectively. TJs are composed of occludins and claudins,
tetraspanning molecules linked to the actin cytoskeleton through
cytoplasmic adaptor proteins, zonula occludens (ZO) (21).
AJs are considered the primary junctions in the peripheral
microvasculature. They mainly consist of the transmembrane
homophilic dimers, vascular endothelial (VE)-cadherin, which
are anchored to the actin cytoskeleton through catenins (a-, f-,
y-, and p120-catenin) (22, 23).

Disassembly or opening of AJs can lead to increased
paracellular permeability (24). Given the rapid nature of leak
responses to inflammatory agonists, such as histamine and
vascular endothelial growth factor (VEGF), which occur in
minutes following stimulation (25), dynamic changes of barrier
conformation via post-translational modification (PTM) of
junction molecules are considered to be an important underlying
mechanism. Protein phosphorylation is a commonly studied
PTM. It is generally accepted that tyrosine phosphorylation
of VE-cadherin triggers its dissociation from catenins, thereby
weakening the junction anchorage to cytoskeleton (26, 27).
VE-cadherin can be phosphorylated by tyrosine kinase Src or
protein kinase C (PKC) (28). Phosphatases also regulate VE-
cadherin de-phosphorylation thereby altering barrier function
(27). There is evidence that VE-cadherin phosphorylation
and dephosphorylation at different sites differentially regulate
vascular permeability (29). Other junction proteins, such as
B-catenin, can be phosphorylated by proline-rich tyrosine
kinase (Pyk)-2 (26), promoting its dissociation from the VE-
cadherin junction (30). In addition to junction molecules,
cytoskeleton molecules undergo conformational changes upon
phosphorylation. For example, myosin light chain kinase
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FIGURE 1 | Endothelial barrier structure. (A) The endothelial barrier of exchange microvessels is composed of endothelial cells connected to each other via junctions,
with its luminal surface protected by glycocalyx and basolateral side anchored to the extracellular matrix in the basement membrane through focal adhesions.
Endothelial cell-cell adhesion is mediated by two types of junction: the claudin-based tight junction which is linked to the actin cytoskeleton through zonula occludens
(Z0), and the VE-cadherin-based adherens junction which binds actin through catenins. Some images of cells or organelles were obtained from Servier Medical Art
(www.servier.com). (B) Glycocalyx in mouse lung capillary under transmission electron microscopy. EC, endothelial cells. Red arrows indicate glycocalyx. Scale bar =
1um. (C) Immunofluorescent staining of VE-cadherin on human umbilical vein endothelial cells. Green, VE-cadherin. Blue, DAPI. Scale bar = 20 pm.
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(MLCK) phosphorylates myosin light chain and triggers actin-
myosin contraction, pulling away the neighboring cells and
leading to intercellular gaps (31).

Additional PTM mechanisms implicated in junction
permeability include nitrosylation (32) and lipidation. We
have recently identified a new lipidation pathway, endothelial
protein palmitoylation mediated by palmitoyl acyltransferase
DHHC21, in promoting neutrophil-endothelium adhesion and
microvascular permeability (33).

Glycocalyx

Covering the luminal surface of endothelial barrier is a matrix
meshwork, glycocalyx, constituted with glycosaminoglycans
(GAG), proteoglycans, and glycoproteins (Figures 1A,B)
(34). The GAG chains contain heparan sulfate, chondroitin
sulfate, and hyaluronic acid; the latter binds to a transmembrane
glycoprotein, CD44 (35). Proteoglycans, the core transmembrane
proteins, include syndecans and glypicans. Glycoproteins include
selectins and integrins, which participate in neutrophil adhesion
and other intravascular processes such as coagulation and
fibrinolysis (36). A dynamic equilibrium exists between the
biosynthesis and shedding of endothelial glycocalyx constituents,
which determines glycocalyx thickness, morphology, and
function (37).

An important function of endothelial surface glycocalyx is
providing a protective layer to prevent the endothelium from
being exposed to circulating cells or agents (38). It participates
in a number of biological events, including neutrophil-
endothelium cross-talk (36, 37). Glycocalyx disruption
contributes to compromised endothelial barrier integrity
and increased microvascular permeability (39). Shedding
of glycocalyx constituents occurs via enzymatic digestion
by metalloproteases and hyaluronidase, or non-enzymatic

stimulation such as oxidative stress (40, 41); both are activated
during neutrophil-mediated innate immune response. Our
recent study revealed an important role of a disintegrin and
metalloproteinase 15 (ADAMI15) in glycocalyx destruction
(35). In particular, ADAMIS5 is upregulated during infection,
and it cleaves glycocalyx constituents, including CD44. The
cleaved products target endothelial cells in a paracrine manner
inducing barrier dysfunction and microvascular leakage (35).
We also show that syndecan-3/4 can be cleaved by thrombin
to produce ectodomain fragments, and these fragments trigger
A] disorganization and stress fiber formation, causing elevated
para-cellular permeability (42). Consistent with our findings,
other studies show that in septic lungs, glycocalyx degradation
leads to increased availability of endothelial surface receptors
for neutrophil adhesion molecules and thereby facilitating
neutrophil infiltration (43).

Focal Adhesions

At the basolateral side, endothelial cells are attached to
extracellular matrix (ECM) through focal adhesions, complex
transmembrane structures consisting of integrins, focal adhesion
kinase (FAK), and adaptor proteins (44). While they are essential
to the maintenance of endothelial barrier properties under basal
conditions (28, 31), their activation or redistribution contributes
to paracellular leakage (45). Studies have shown that both FAK
and B1/3 integrins are required for microvascular leak responses
to blood clot fibrinolysis products (46).

FAK is a non-receptor tyrosine kinase that controls focal
adhesion assembly and distribution. We have previously
reported that FAK mediates endothelial barrier dysfunction
caused by Cba-activated neutrophils, an effect dependent on
FAK signaling activity (9). Certain inflammatory mediators
secreted by neutrophils can activate FAK by inducing its
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phosphorylation (47, 48). FAK phosphorylation at tyrosine-
925 exposes the SH2-binding site for Grb2, which triggers
downstream signals involving Ras-ERK1/2 and MLCK-
dependent actomyosin contraction (9). FAK inhibition
alleviates venular hyperpermeability caused by neutrophils
or VEGF (48, 49).

PMN REGULATION OF ENDOTEHLIAL
PERMEABILITY

Neutrophils regulate endothelial permeability by altering
the structure and function of the aforementioned barrier
components: cell-cell junctions, glycocalyx, and focal adhesions.
During inflammation, activated neutrophils exert detrimental
effects to these structures via direct contacts established
during adhesion and transmigration, or via secretion
of barrier-disrupting molecules (Figure 2). Neutrophil
respiratory burst produces reactive oxygen species (ROS),
and neutrophil degranulation produces myeloperoxidase,
elastase, cathepsin G, and metalloproteases; all are capable of
cleaving glycocalyx. Glycocalyx injury results in the loss of
protective layer and exposure of endothelial surface receptors for
neutrophil adhesion, further activating neutrophil-endothelium
interactions. In endothelial cell-cell junctions, VE-cadherin
is particularly susceptible to enzymatic degradation, and its

cleavage by metalloproteases, elastase, and cathepsin G leads to
impaired junction integrity (27, 50). At the basal lateral site, FAK
activation and integrin engagement in response to neutrophil
TEM, or their secreted products, promote focal adhesion
assembly and redistribution in alignment with contractile
cytoskeleton, providing support for endothelial cells to undergo
conformational changes. Below we discuss further details on
how neutrophils regulate endothelial barrier function, focusing
on adhesion-dependent and secretion-dependent pathways.

PMN Adhesion and Endothelial

Permeability

Traditionally, neutrophil adhesion followed by TEM is thought
to physically damage the endothelial barrier. Challenging this
dogma, transmission electron microscopic studies show that
no tracer leakage is coupled with neutrophil TEM, and that
TEM can occur without impairing the junctional structure
(9, 51). While the physical attachment of neutrophils to the
endothelium can exacerbate barrier injury, it is not required for
hyperpermeability responses.

Several studies suggest the importance of adhesion molecule
engagement in barrier regulation. In particular, ICAM-1
engagement in the absence of leukocytes is sufficient to
increase endothelial permeability (52). Ligation of endothelial
ICAM-1 can directly increase permeability (26, 52), and
antibodies blocking ICAM-1 alleviate endothelial injury during
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FIGURE 2 | Neutrophils regulate endothelial barrier function through adhesion-dependent and secretion-dependent mechanisms. Neutrophil adhesion to endothelial
cells activates ICAM-1 signaling, which increases permeability through both para-endothelial and trans-endothelial routes. In addition, neutrophils can generate ROS,
inflammatory mediators, granular contents, neutrophil extracellular traps (NETs), and extracellular vesicles (EVs), which in turn cause junction disruption, glycocalyx
degradation, focal adhesion reorganization, and cytoskeletal contraction, leading to intercellular gap formation and increased para-endothelial permeability.
Neutrophils also release barrier-protecting factors, including annexin 1. EC, endothelial cells. Blue dots, blood constituents. Images of cells were obtained from Servier
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inflammation (53). The signal transduction downstream from
ICAM-1 engagement involves Rac, which subsequently activates
NADPH oxidases and causes ROS production. ROS activate
Src or Pyk2, which phosphorylate VE-cadherin molecules and
promote their dissociation. Src also activates FAK and initiates
focal adhesion redistribution. Moreover, ICAM-1 ligation
induces dissociation of vascular endothelial protein tyrosine
phosphatase from VE-cadherin, promoting VE-cadherin
phosphorylation (5). In the cytoskeleton, MLCK is also activated
after ICAM-1 ligation (54). Together, these signaling reactions
lead to a focal adhesion-supported cytoskeleton contraction and
junction opening (9, 55).

In addition to its role in paracellular permeability, neutrophil
adhesion also activates the trans-endothelial route of protein
transport through ICAM-1 signaling (Figure 2) (53). ICAM-
1 ligation facilitates Src phosphorylation of caveolin-1, a
major component of caveolae. Caveolae serve as the primary
mechanism of moving albumin across the endothelial cell body,
from the luminal side of cell membrane toward basement
membrane. The relative contributions of ICAM-1 to paracellular
vs. transcellular permeability remains to be established.

PMN Secretion and Endothelial

Permeability

It is well-known that neutrophils cause barrier dysfunction
by producing ROS, secreting inflammatory mediators, and
releasing granular contents (Figure 2) (1, 56). The mechanisms
by which ROS induce vascular hyperpermeability include
junction disruption and endothelial cell contraction mediated
by MLCK, MAPK, PKC, tyrosine kinases, and Rho GTPases
(56, 57). Other permeability-increasing agents released by
neutrophils include TNF-a, IL-18, and chemokines CXCL1, 2,
3, and 8 (5, 58). Through degranulation, neutrophils release
metalloproteases, elastase, cathepsin G, and proteinase 3; these
proteolytically active enzymes can breakdown junctional
complexes, glycocalyx constituents, and focal adhesion
components (59, 60). Additionally, neutrophil-derived LTA4
induces the synthesis of biologically active LTB4 (61), LTB4 then
further activates neutrophils to release heparin-binding protein
(a granule component), causing endothelial cell contraction (62).
TNF-a can stimulate neutrophil release of elastase and cathepsin
G, which cleave VE-cadherin and disrupt the junction integrity
(63). These findings suggest a synergistic action of neutrophil-
derived agents in regulating barrier property. While these
mechanisms represent the traditional pathways of neutrophil
secretion-induced permeability, below we discuss two newly
characterized barrier-altering factors produced by neutrophils.

Neutrophil Extracellular Traps (NETs)

Neutrophils can release nuclear components (DNA and
histones) and cytoplasmic granular proteins (elastase,
myeloperoxidase, cathepsin G, and metalloproteases) into
the extracellular environment, which form NETS to trap invading
microorganisms. This pathogen-killing mechanism was first
described by Brinkmann et al in 2004 (64). Peptidylarginine
deiminase (PAD)4 plays a key role in NET formation by
converting arginyl residues on chromatin histones to citrulline

(which lacks positive charge), releasing the ionic bonds that
constrain nuclear DNA to nucleosomes and thus freeing the
strands of DNA to unfurl (65). In parallel, neutrophil elastase
translocates to the nucleus and degrade histones, facilitating
chromatin decondensation (66). Subsequently, decondensed
chromatin fused with granule components is released to
extracellular space.

NETs are originally thought to be generated by neutrophils
undergoing cell death, a process known as suicidal NETosis.
Non-suicidal vital NETosis was subsequently described, which
occurs via blebbing of the nuclear envelope and vesicular
exportation, thus displaying intact plasma membrane and viable
neutrophils (67, 68). Additionally, Yousefi et al. identified
mitochondrial NET, which is formed in living neutrophils and
contains mitochondrial, but not nuclear, DNA (69). It is unclear
whether and how these different types of NETs coexist, and what
distinct functions they exert.

NET production can be induced by biological and chemical
agents, including live bacteria, ROS, inflammatory cytokines
(e.g., IL-1B, IL-8, and TNF-a), phorbol 12-myristate 13-acetate
(PMA), and calcium ionomycin (70). NET formation is enhanced
in infection and inflammation-associated diseases. The primary
function of NETSs is to trap pathogens and prevent dissemination
of infection, being protective (64). Subsequently, NETs have been
shown to be detrimental in multiple diseases including lung
disease, thrombosis, cancer, and autoimmune disease (71). For
instance, NETs exhibit the pro-inflammatory feature in chronic
airway disease (72). The finding that PAD4 inhibition decreases
arterial thrombosis in apolipoprotein-E~/~ mice indicates the
pro-coagulant nature of NETs (73). NETs are recently shown
to awaken dormant cancer cells and facilitate tumor metastasis
through the activation of integrin and FAK/ERK/MLCK/YAP
signaling by laminin fragments generated by neutrophil elastase
and MMP-9 cleavage (74). NETs associated components are
potential inducers of autoantibody production, a hallmark
for auto-immune diseases. Not surprisingly, blocking NET
formation decreases disease severity in a mouse model of
systemic lupus erythematosus (75). A recent study demonstrates
that partial PAD4 deficiency (PAD4%/~ or DNase I treatment)
reduces lung injury and improves survival in a murine model
of bacterial pneumonia, while PAD4~/~ mice show increased
bacterial load and inflammation (76). This finding highlights
the pleiotropic roles of NETs in pro-inflammation and anti-
inflammation, which needs to be taken into consideration when
targeting NETs as therapeutics.

With respect to NET regulation of microvascular
permeability, we are at the very early stage of understanding
NETs effects on endothelial barriers and their underlying
mechanisms. In vitro, NETs increase the flux of albumin or
10-kDa dextran across endothelial cell monolayers (77, 78).
Neutralizing NET components by DNase 1, or inhibition
of NET formation by PAD2/4 inhibitor or PAD4 gene
deletion, reduces lung vascular permeability in murine models
of transfusion-related acute lung injury and LPS-induced
endotoxemia, respectively (76-78). Our recent study reveals
that citrullinated histone 3, a major protein component of
NETs, causes microvascular leakage and barrier dysfunction
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by disrupting AJs and rearranging contractile cytoskeleton in
endothelial cells (79). Consistent with our finding, others show
that NETs increase albumin permeability through disrupted AJs
(80). Serine proteinases (e.g., neutrophil elastase) and MMPs,
enriched in NETs, can cleave VE-cadherin and compromise
junction integrity (63, 81). MMPs further activate barrier-
disrupting cytokines and chemokines, such as IL-18, TNF-a,
and CXCL8 (82, 83), which may amplify the hyperpermeability
signaling. Figure 3 depicts effects of specific NET components
on endothelial permeability.

The NET pathway is also under negative regulation.
Lactoferrin, an iron-binding protein present in secondary
granules of neutrophils, is released during neutrophil
degranulation. A recent study by Okubo and colleagues
demonstrates that lactoferrin suppresses NET formation,
acting as an intrinsic inhibitor of NETs (84). Mice deficient
in the lipoxin receptor 2 generate more NETs, leading
to elevated lung injury and mortality after pneumonia
(76). Thus, lipoxin receptor 2 may negatively regulate NET
formation. Additionally, activated protein C (APC), a natural
anticoagulant, is known to protect barrier function and
decrease vascular permeability. Recent evidence shows that
APC inhibits NET formation (85). It would be interesting to
investigate whether NET inhibition by APC contributes to its
barrier-protective effects.

Neutrophil-Derived Extracellular Vesicles

Extracellular vesicles (EVs) are heterogeneous membrane
enveloped structures released by a variety of cells into body
fluids (86). Based on their size and formation pathways, EVs
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FIGURE 3 | Effects of specific NET constituents on endothelial barrier
function. NETs are composed of decondensed chromatin (e.g., citrullinated
histone 3) and granular enzymes (MMPs and serine proteinases). Citrullinated
histone 3 induces actin stress fiber formation and VE-cadherin junction
discontinuity; MMPs and serine proteinases cleave glycocalyx and other
barrier molecules; both lead to increased para-endothelial permeability. Images
of cells were obtained from Servier Medical Art (www.servier.com).

are divided into 3 types: apoptotic bodies, microparticles (also
known as microvesicles), and exosomes. Apoptotic bodies are the
largest EVs with a diameter of 800 to 5,000 nm. They are released
during the last stage of apoptosis, characterized by a permeable
plasma membrane with externalized phosphatidylserine. This
process is mediated by caspase and Rho-associated kinase I.
Microparticles, ranging 100-1000 nm in diameter, are formed
by the outward blebbing of the cell membrane, a process
called “ectocytosis.” During its formation, the cytoskeleton
is reorganized, and phosphatidylserine is redistributed to the
outside of the plasma membrane, which involves multiple
complex pathways, including calcium signaling and Rho-
associated kinase I and II, nuclear factor-kB, p38MAPK, or
TNF-related apoptosis-inducing ligand (87). Exosomes are the
smallest EVs of 30-120 nm in diameter and exhibit a cup-like
shape (88). In contrast to apoptotic bodies and microparticles
that derive from plasma membrane, exosomes stem from the
endosomal system. Exosomes are intraluminal vesicles contained
in multivesicular bodies, which then fuse with the plasma
membrane and are released into extracellular environment (89).
The formation and secretion of exosomes are regulated by
endosomal sorting complexes required for transport-dependent
(90) and -independent manners (tetraspanins, lipid rafts, and Rab
GTPases) (86, 91).
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FIGURE 4 | Effects of neutrophil-derived EVs on endothelial barrier function.
Neutrophil-derived EVs display either positive or negative impact on endothelial
permeability depending on their cargo contents. Barrier-disrupting cargo, such
as S100A8, A9, MPO, and cathepsin G, are able to disrupt junction integrity
and increase permeability. In contrast, barrier-protecting cargo, such as
annexin 1, maintain junction integrity, and decrease permeability. Images of
cells were obtained from Servier Medical Art (www.servier.com).

Frontiers in Immunology | www.frontiersin.org

12

May 2019 | Volume 10 | Article 1037


www.servier.com
www.servier.com
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

Neutrophils and Microvascular Permeability

Originally thought as inactive cell debris, EVs have been
studied as biomarkers for cell injury. Recently, growing
evidence has emerged showing that EVs are active players
in cell-cell communication (86, 89). EVs carry nucleic acids
(e.g., microRNA), peptides, proteins, carbohydrates, and
lipids that act as bioactive molecules to regulate multiple
biological processes, including angiogenesis, immune response,
cell migration and differentiation. In addition, EV cargos
can be exchanged between cells as a mean of cell-cell
communication or recycling.

EVs in the blood mainly derive from blood cells (leukocytes,
platelets) and vascular cells (endothelial cells) (86, 92); their
molecular property and cargo contents vary depending
on the origin and pathophysiological state of parent cells
that produce them. Neutrophil-derived EVs are in small
amounts under normal conditions, but significantly increased
in the blood during sepsis and inflammation (93-95).
Pathophysiological stimuli, such as bacteria, complements,
inflammatory cytokines, calcium, and platelet activating
factor, are able to induce neutrophil production of EVs
(95). In general, these EVs are considered to be foe to the
endothelial barrier because they contain pro-inflammatory cargo,
although the distinct effects of specific cargo contents remain
to be established.

We propose that neutrophil-derived EVs possess both barrier-
disrupting and barrier-protecting capabilities depending on
their cargo components (Figure4). In particular, proteomic
analysis reveals that microparticles generated from fMLP-
activated neutrophils contain > 300 different proteins, including
pro-inflammatory S100A8, S100A9, MPO, and cathepsin G
(96). S100A8, S100A9, or SI00A8/A9 complexes induce F-
actin and ZO-1 disassembly; they also increase endothelial
monolayer permeability through activating p38 and ERK1/2
signaling pathways via binding to receptors TLR4 and RAGE
(97). MPO can bind to the glycocalyx heparan sulfate by ionic
interaction (independent of its catalytic property), which induces
the release of neutrophil granular proteinases to cause syndecan-
1 shedding and glycocalyx impairment (98). Cathepsin G is
known to increase endothelial permeability to albumin through
the detachment of plasminogen activator inhibitor-1 from the
subendothelial matrix, causing F-actin rearrangement (99). In
addition, cathepsin G can degrade VE-cadherin and impair
junction integrity (100). All these studies suggest that neutrophil-
derived EVs may have permeability-enhancing effects.

Other studies suggest the beneficial role of EVs in vascular
homeostasis and endothelial permeability (101-104). For
example, neutrophils adhering to endothelial cells generate
microparticles enriched of annexin 1, an anti-inflammatory
and pro-resolving protein that inhibits neutrophil adhesion
and recruitment (104). Annexin 1, also known as annexin
Al or lipocortin 1, is expressed by brain microvascular
endothelial cells and mediates the anti-inflammatory effects of
glucocorticoid hormones. Annexin 17/~ mice display increased
BBB permeability as a result of disrupted TJs and disorganized
actin cytoskeleton, which could be rescued by exogenous annexin
1 administration (105). This indicates that annexin 1 maintains

endothelial tight junctions and BBB homeostasis (Figure 4).
Annexin 1 is also shown to prevent inflammation-induced
impairment in cerebrovascular endothelial barrier function
(106). Annexin 1 targets endothelial cells by binding to G
protein-coupled receptor formyl peptide receptor (or lipoxin
A4 receptor) and subsequently activating intracellular signaling
(107, 108). Therefore, the net effect of neutrophil-derived EVs
may depend on their cargo contents and balance between
barrier-protecting and barrier-disrupting molecules.

THERAPEUTIC IMPLICATIONS

Vascular leakage is a common complication of various infectious
or inflammatory diseases (109). The importance of protecting
endothelial barriers and repairing leaky vessels has increasingly
been appreciated, as evidenced by many recent trials aimed at
targeting endothelial dysfunction. Molecules that demonstrate
the capability to enhance barrier property include sphingosine 1-
phosphate, APC, angiopoietins, PKC inhibitors, RhoA inhibitors,
corticosteroids, histamine receptor blockades, anti-VEGF, and
vasopressin type la agonists (110-113). While all of them display
beneficial roles in animal models, many do not demonstrate
clinical efficacy. For example, anti-neutrophil adhesion therapies
using monoclonal antibodies against CD18 or ICAM-1 have
failed to improve clinical outcomes in patients with burn
injury, traumatic shock, and ischemia-reperfusion injury (114).
The lack of endothelial barrier-specific therapies highlights the
need for further studies to identify novel therapeutic targets.
As accumulating evidence supports the important contribution
of NETs and neutrophil-derived EVs to vascular barrier
dysfunction, additional work is warranted to investigate whether
altering their production, or interfering their mechanistic
pathways, has clinical implications or therapeutic potential. In
view of the complexity of human diseases, targeting specific
molecular pathways key to barrier structure and function holds
great promise to the treatment of diseases associated with
aberrant immune/inflammatory response.

AUTHOR CONTRIBUTIONS

All authors have made a substantial and intellectual contribution
to this work and approved it for publication.

FUNDING

The work is supported by the American Heart Association
15SDG22930009 (to YM) and by the National Institutes of Health
GM097270 (to SY), HL070752 (to SY), and HL126646 (to SY).
RB is supported by career development funding from National
Institutes of Health (GM109095 and GM103408) and American
Heart Association (17SDG33660381).

ACKNOWLEDGMENTS

We thank Alexandria Creasy for proof-reading and editing
the manuscript.

Frontiers in Immunology | www.frontiersin.org

13

May 2019 | Volume 10 | Article 1037


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

Neutrophils and Microvascular Permeability

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Ma Y, Yabluchanskiy A, Lindsey ML. Neutrophil roles in left ventricular

remodeling following myocardial infarction. Fibrogen Tissue Repair. (2013)
6:11. doi: 10.1186/1755-1536-6-11

. Kubes P. The enigmatic neutrophil: what we do not know. Cell Tissue Res.

(2018) 371:399-406. doi: 10.1007/s00441-018-2790-5

. Pillay J, den Braber I, Vrisekoop N, Kwast LM, de Boer RJ, Borghans JA, et al.

In vivo labeling with 2H20 reveals a human neutrophil lifespan of 5.4 days.
Blood. (2010) 116:625-7. doi: 10.1182/blood-2010-01-259028

. Kobayashi SD, Malachowa N, DeLeo FR. Influence of microbes on

neutrophil life and death. Front Cell Infect Microbiol. (2017) 7:159.
doi: 10.3389/fcimb.2017.00159

. DiStasi MR, Ley K. Opening the flood-gates: how neutrophil-endothelial

interactions regulate permeability. Trends Immunol. (2009) 30:547-56.
doi: 10.1016/}.it.2009.07.012

. Nourshargh S, Alon R. Leukocyte migration into inflamed tissues. Immunity.

(2014) 41:694-707. doi: 10.1016/j.immuni.2014.10.008

. Gerhardt T, Ley K. Monocyte trafficking across the vessel wall. Cardiovasc

Res. (2015) 107:321-30. doi: 10.1093/cvr/cvv147

. Yuan Y, Mier RA, Chilian WM, Zawieja DC, Granger HJ. Interaction of

neutrophils and endothelium in isolated coronary venules and arterioles. Am
J Physiol. (1995) 268:H490-8. doi: 10.1152/ajpheart.1995.268.1.H490

. Yuan SY, Shen Q, Rigor RR, Wu MH. Neutrophil transmigration, focal

adhesion kinase and endothelial barrier function. Microvasc Res. (2012)
83:82-8. doi: 10.1016/j.mvr.2011.06.015

Carman CV, Sage PT, Sciuto TE, de la Fuente MA, Geha RS, Ochs HD,
et al. Transcellular diapedesis is initiated by invasive podosomes. Immunity.
(2007) 26:784-97. doi: 10.1016/j.immuni.2007.04.015

Muller WA. Mechanisms of leukocyte transendothelial migration. Annu Rev
Pathol. (2011) 6:323-44. doi: 10.1146/annurev-pathol-011110-130224

Burn T, Alvarez JI. Reverse transendothelial cell migration in
inflammation: to help or to hinder? Cell Mol Life Sci. (2017) 74:1871-81.
doi: 10.1007/s00018-016-2444-2

Leitch AE, Duffin R, Haslett C, Rossi AG. Relevance of granulocyte apoptosis
to resolution of inflammation at the respiratory mucosa. Mucosal Immunol.
(2008) 1:350-63. doi: 10.1038/mi.2008.31

Bratton DL, Henson PM. Neutrophil clearance: when the party is over, clean-
up begins. Trends Immunol. (2011) 32:350-7. doi: 10.1016/j.it.2011.04.009
Mathias JR, Perrin BJ, Liu TX, Kanki J, Look AT, Huttenlocher A. Resolution
of inflammation by retrograde chemotaxis of neutrophils in transgenic
zebrafish. ] Leukoc Biol. (2006) 80:1281-8. doi: 10.1189/j1b.0506346

Yoo SK, Huttenlocher A. Spatiotemporal photolabeling of neutrophil
trafficking during inflammation in live zebrafish. J Leukoc Biol. (2011)
89:661-7. doi: 10.1189/j1b.1010567

Woodfin A, Voisin MB, Beyrau M, Colom B, Caille D, Diapouli FM,
et al. The junctional adhesion molecule JAM-C regulates polarized
transendothelial migration of neutrophils in vivo. Nat Immunol. (2011)
12:761-9. doi: 10.1038/ni.2062

Colom B, Bodkin JV, Beyrau M, Woodfin A, Ody C, Rourke C,
et al. Leukotriene B4-neutrophil elastase axis drives neutrophil reverse
transendothelial cell migration in vivo. Immunity. (2015) 42:1075-86.
doi: 10.1016/j.immuni.2015.05.010

Tauzin S, Starnes TW, Becker FB, Lam PY, Huttenlocher A. Redox and Src
family kinase signaling control leukocyte wound attraction and neutrophil
reverse migration. J Cell Biol. (2014) 207:589-98. doi: 10.1083/jcb.201408090
Buckley CD, Ross EA, McGettrick HM, Osborne CE, Haworth O, Schmutz C,
et al. Identification of a phenotypically and functionally distinct population
of long-lived neutrophils in a model of reverse endothelial migration. J
Leukoc Biol. (2006) 79:303-11. doi: 10.1189/j1b.0905496

Zihni C, Mills C, Matter K, Balda MS. Tight junctions: from simple barriers
to multifunctional molecular gates. Nat Rev Mol Cell Biol. (2016) 17:564-80.
doi: 10.1038/nrm.2016.80

Burridge K, Sastry SK, Sallee JL. Regulation of cell adhesion by protein-
tyrosine phosphatases. I. Cell-matrix adhesion. ] Biol Chem. (2006)
281:15593-6. doi: 10.1074/jbc.R500030200

Piedra J, Miravet S, Castano J, Palmer HG, Heisterkamp N, Garcia
de Herreros A, et al. pl20 Catenin-associated Fer and Fyn tyrosine

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

kinases regulate beta-catenin Tyr-142 phosphorylation and beta-
catenin-alpha-catenin Interaction. Mol Cell Biol. (2003) 23:2287-97.
doi: 10.1128/MCB.23.7.2287-2297.2003

Vandenbroucke St. Amant E, Tauseef M, Vogel SM, Gao XP, Mehta
D, Komarova YA, et al. PKCalpha activation of pl20-catenin
879  phospho-switch  disassembles ~ VE-cadherin  junctions
and disrupts vascular integrity. Circ Res. (2012) 111:739-49.
doi: 10.1161/CIRCRESAHA.112.269654

Yuan SY, Rigor RR. Regulation of Endothelial Barrier Function. Integrated
Systems Physiology: From Molecule to Function to Disease. San Rafael, CA:
Morgan and Claypool Life Sciences (2010).
Allingham  MJ, Buul JD, Burridge K.

serine

van ICAM-1-mediated,

Src- and Pyk2-dependent vascular endothelial cadherin tyrosine
phosphorylation  is  required  for  leukocyte  transendothelial
migration. ]  Immunol.  (2007)  179:4053-64. doi:  10.4049/

jimmunol.179.6.4053

Dejana E, Orsenigo F, Lampugnani MG. The role of adherens junctions
and VE-cadherin in the control of vascular permeability. J Cell Sci. (2008)
121:2115-22. doi: 10.1242/jcs.017897

Konstantoulaki M, Kouklis P, Malik AB. Protein kinase C modifications
of VE-cadherin, p120, and beta-catenin contribute to endothelial barrier
dysregulation induced by thrombin. Am ] Physiol Lung Cell Mol Physiol.
(2003) 285:1L434-42. doi: 10.1152/ajplung.00075.2003

Wessel F, Winderlich M, Holm M, Frye M, Rivera-Galdos R, Vockel M,
et al. Leukocyte extravasation and vascular permeability are each controlled
in vivo by different tyrosine residues of VE-cadherin. Nat Immunol. (2014)
15:223-30. doi: 10.1038/ni.2824

Chen XL, Nam JO, Jean C, Lawson C, Walsh CT, Goka E, et al. VEGF-
induced vascular permeability is mediated by FAK. Dev Cell. (2012) 22:146-
57. doi: 10.1016/j.devcel.2011.11.002

Rigor RR, Shen Q, Pivetti CD, Wu MH, Yuan SY. Myosin light chain kinase
signaling in endothelial barrier dysfunction. Med Res Rev. (2013) 33:911-33.
doi: 10.1002/med.21270

Guequen A, Carrasco R, Zamorano P, Rebolledo L, Burboa P, Sarmiento
J, et al. S-nitrosylation regulates VE-cadherin phosphorylation and
internalization in microvascular permeability. Am ] Physiol Heart Circ
Physiol. (2016) 310:H1039-44. doi: 10.1152/ajpheart.00063.2016

Beard RS, Jr., Yang X, Meegan JE, Overstreet JW, Yang CG, Elliott JA,
et al. Palmitoyl acyltransferase DHHC21 mediates endothelial dysfunction
in systemic inflammatory response syndrome. Nat Commun. (2016) 7:12823.
doi: 10.1038/ncomms12823

Salmon AH, Satchell SC. Endothelial glycocalyx dysfunction in disease:
albuminuria and increased microvascular permeability. J Pathol. (2012)
226:562-74. doi: 10.1002/path.3964

Yang X, Meegan JE, Jannaway M, Coleman DC, Yuan SY. A disintegrin
and metalloproteinase 15-mediated glycocalyx shedding contributes to
vascular leakage during inflammation. Cardiovasc Res. (2018) 114:1752-63.
doi: 10.1093/cvr/cvyl67

Weinbaum S, Tarbell JM, Damiano ER. The structure and function of
the endothelial glycocalyx layer. Annu Rev Biomed Eng. (2007) 9:121-67.
doi: 10.1146/annurev.bioeng.9.060906.151959

Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink
MG. The endothelial glycocalyx: composition, functions, and
visualization. ~ Pflugers ~ Arch. (2007) 454:345-59. doi:  10.1007/
500424-007-0212-8

Rehm M, Zahler S, Lotsch M, Welsch U, Conzen P, Jacob M,
et al. Endothelial glycocalyx as an additional barrier determining
extravasation of 6% hydroxyethyl starch or 5% albumin solutions
in the coronary vascular bed. Anesthesiology. (2004) 100:1211-23.
doi: 10.1097/00000542-200405000-00025

Salmon AH, Ferguson JK, Burford JL, Gevorgyan H, Nakano D,
Harper SJ, et al. Loss of the endothelial glycocalyx links albuminuria
and vascular dysfunction. | Am Soc Nephrol. (2012) 23:1339-50.
doi: 10.1681/ASN.2012010017

Ali MM, Mahmoud AM, Le Master E, Levitan I, Phillips SA. Role of matrix
metalloproteinases and histone deacetylase in oxidative stress-induced
degradation of the endothelial glycocalyx. Am ] Physiol Heart Circ Physiol.
(2019) 316:H647-63. doi: 10.1152/ajpheart.00090.2018

Frontiers in Immunology | www.frontiersin.org

14

May 2019 | Volume 10 | Article 1037


https://doi.org/10.1186/1755-1536-6-11
https://doi.org/10.1007/s00441-018-2790-5
https://doi.org/10.1182/blood-2010-01-259028
https://doi.org/10.3389/fcimb.2017.00159
https://doi.org/10.1016/j.it.2009.07.012
https://doi.org/10.1016/j.immuni.2014.10.008
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.1152/ajpheart.1995.268.1.H490
https://doi.org/10.1016/j.mvr.2011.06.015
https://doi.org/10.1016/j.immuni.2007.04.015
https://doi.org/10.1146/annurev-pathol-011110-130224
https://doi.org/10.1007/s00018-016-2444-2
https://doi.org/10.1038/mi.2008.31
https://doi.org/10.1016/j.it.2011.04.009
https://doi.org/10.1189/jlb.0506346
https://doi.org/10.1189/jlb.1010567
https://doi.org/10.1038/ni.2062
https://doi.org/10.1016/j.immuni.2015.05.010
https://doi.org/10.1083/jcb.201408090
https://doi.org/10.1189/jlb.0905496
https://doi.org/10.1038/nrm.2016.80
https://doi.org/10.1074/jbc.R500030200
https://doi.org/10.1128/MCB.23.7.2287-2297.2003
https://doi.org/10.1161/CIRCRESAHA.112.269654
https://doi.org/10.4049/jimmunol.179.6.4053
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1152/ajplung.00075.2003
https://doi.org/10.1038/ni.2824
https://doi.org/10.1016/j.devcel.2011.11.002
https://doi.org/10.1002/med.21270
https://doi.org/10.1152/ajpheart.00063.2016
https://doi.org/10.1038/ncomms12823
https://doi.org/10.1002/path.3964
https://doi.org/10.1093/cvr/cvy167
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1097/00000542-200405000-00025
https://doi.org/10.1681/ASN.2012010017
https://doi.org/10.1152/ajpheart.00090.2018
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

Neutrophils and Microvascular Permeability

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hippensteel JA, Anderson BJ, Orfila JE, McMurtry SA, Dietz RM, Su G, et al.
Circulating heparan sulfate fragments mediate septic cognitive dysfunction.
J Clin Invest. (2019) 129:1779-84. doi: 10.1172/JCI124485

Jannaway M, Yang X, Meegan JE, Coleman DC, Yuan SY. Thrombin-
cleaved syndecan-3/-4 ectodomain fragments mediate endothelial barrier
dysfunction. PLoS ONE. (in press).

Schmidt EP, Yang Y, Janssen W], Gandjeva A, Perez M]J, Barthel L, et al.
The pulmonary endothelial glycocalyx regulates neutrophil adhesion and
lung injury during experimental sepsis. Nat Med. (2012) 18:1217-23.
doi: 10.1038/nm.2843

Quadri SK. Cross talk between focal adhesion kinase and cadherins: role
in regulating endothelial barrier function. Microvasc Res. (2012) 83:3-11.
doi: 10.1016/j.mvr.2011.08.001

Wu MH. Endothelial focal adhesions and barrier function. J Physiol. (2005)
569:359-66. doi: 10.1113/jphysiol.2005.096537

Guo M, Daines D, Tang J, Shen Q, Perrin RM, Takada Y, et al
Fibrinogen-gamma C-terminal fragments induce endothelial barrier
dysfunction and microvascular leak via integrin-mediated and RhoA-
dependent mechanism. Arterioscler Thromb Vasc Biol. (2009) 29:394-400.
doi: 10.1161/ATVBAHA.108.180950

Yuan Y, Meng FY, Huang Q, Hawker J, Wu HM. Tyrosine phosphorylation
of paxillin/pp125FAK and microvascular endothelial barrier function. Am |
Physiol. (1998) 275:H84-93. doi: 10.1152/ajpheart.1998.275.1.H84

Wu MH, Guo M, Yuan SY, Granger HJ. Focal adhesion kinase mediates
porcine venular hyperpermeability elicited by vascular endothelial growth
factor. J Physiol. (2003) 552:691-9. doi: 10.1113/jphysiol.2003.048405

Guo M, Wu MH, Granger HJ, Yuan SY. Focal adhesion kinase in neutrophil-
induced microvascular hyperpermeability. Microcirculation. (2005) 12:223—-
32. doi: 10.1080/10739680590905251

Luplertlop N, Misse D, Bray D, Deleuze V, Gonzalez JP, Leardkamolkarn
V, et al. Dengue-virus-infected dendritic cells trigger vascular leakage
through metalloproteinase overproduction. EMBO Rep. (2006) 7:1176-81.
doi: 10.1038/sj.embor.7400814

Lewis RE, Granger HJ. Diapedesis and the permeability of venous
microvessels to protein macromolecules: the impact of leukotriene B4
(LTB4). Microvasc Res. (1988) 35:27-47.

Sumagin R, Kuebel JM, Sarelius IH. Leukocyte rolling and adhesion
both contribute to regulation of microvascular permeability to albumin
via ligation of ICAM-1. Am ] Physiol Cell Physiol. (2011) 301:C804-13.
doi: 10.1152/ajpcell.00135.2011

Hu G, Vogel SM, Schwartz DE, Malik AB, Minshall RD. Intercellular
adhesion molecule-1-dependent neutrophil adhesion to endothelial cells
induces caveolae-mediated pulmonary vascular hyperpermeability. Circ Res.
(2008) 102:¢120-31. doi: 10.1161/CIRCRESAHA.107.167486

Yuan SY, Wu MH, Ustinova EE, Guo M, Tinsley JH, De Lanerolle
P, et al. Myosin light chain phosphorylation in neutrophil-stimulated

coronary microvascular leakage. Circ Res. (2002) 90:1214-21.
doi: 10.1161/01.RES.0000020402.73609.F1

Sarelius IH, Glading AJ. Control of vascular permeability
by adhesion molecules.  Tissue  Barriers.  (2015)  3:2985954.

doi: 10.4161/21688370.2014.985954

Meegan JE, Yang X, Coleman DC, Jannaway M, Yuan SY. Neutrophil-
mediated vascular barrier injury: Role of neutrophil extracellular traps.
Microcirculation. (2017) 24:12352. doi: 10.1111/micc.12352

Krizbai IA, Bauer H, Bresgen N, Eckl PM, Farkas A, Szatmari E, et al. Effect
of oxidative stress on the junctional proteins of cultured cerebral endothelial
cells. Cell Mol Neurobiol. (2005) 25:129-39. doi: 10.1007/s10571-004-1378-7
Rigor RR, Beard RS Jr., Litovka OP, Yuan SY. Interleukin-1beta-induced
barrier dysfunction is signaled through PKC-theta in human brain
microvascular endothelium. Am J Physiol Cell Physiol. (2012) 302:C1513-22.
doi: 10.1152/ajpcell.00371.2011

Yang Y, Estrada EY, Thompson JE Liu W, Rosenberg GA. Matrix
metalloproteinase-mediated disruption of tight junction proteins in cerebral
vessels is reversed by synthetic matrix metalloproteinase inhibitor in
focal ischemia in rat. J Cereb Blood Flow Metab. (2007) 27:697-709.
doi: 10.1038/sj.jcbfm.9600375

Muradashvili N, Benton RL, Saatman KE, Tyagi SC, Lominadze D. Ablation
of matrix metalloproteinase-9 gene decreases cerebrovascular permeability

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

and fibrinogen deposition post traumatic brain injury in mice. Metab Brain
Dis. (2015) 30:411-26. doi: 10.1007/s11011-014-9550-3

Folco G, Murphy RC. Eicosanoid transcellular biosynthesis: from cell-cell
interactions to in vivo tissue responses. Pharmacol Rev. (2006) 58:375-88.
doi: 10.1124/pr.58.3.8

Di Gennaro A, Kenne E, Wan M, Soehnlein O, Lindbom L, Haeggstrom
JZ. Leukotriene B4-induced changes in vascular permeability are mediated
by neutrophil release of heparin-binding protein (HBP/CAP37/azurocidin).
FASEB J. (2009) 23:1750-7. doi: 10.1096/1j.08-121277

Hermant B, Bibert S, Concord E, Dublet B, Weidenhaupt M, Vernet T,
et al. Identification of proteases involved in the proteolysis of vascular
endothelium cadherin during neutrophil transmigration. ] Biol Chem. (2003)
278:14002-12. doi: 10.1074/jbc.M300351200

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532-5.
doi: 10.1126/science.1092385

Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential
for antibacterial innate immunity mediated by neutrophil extracellular traps.
J Exp Med. (2010) 207:1853-62. doi: 10.1084/jem.20100239
Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil
elastase and myeloperoxidase regulate the formation of neutrophil
extracellular traps. J Cell Biol. (2010) 191:677-91. doi: 10.1083/jcb.201006052
Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.
Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in
septic blood. Nat Med. (2007) 13:463-9. doi: 10.1038/nm1565

Pilsczek FH, Salina D, Poon KK, Fahey C, Yipp BG, Sibley CD, et al. A
novel mechanism of rapid nuclear neutrophil extracellular trap formation
in response to Staphylococcus aureus. ] Immunol. (2010) 185:7413-25.
doi: 10.4049/jimmunol.1000675

Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable
neutrophils release mitochondrial DNA to form neutrophil extracellular
traps. Cell Death Differ. (2009) 16:1438-44. doi: 10.1038/cdd.2009.96
Hoppenbrouwers T, Autar ASA, Sultan AR, Abraham TE, van Cappellen
WA, Houtsmuller AB, et al. In vitro induction of NETosis: comprehensive
live imaging comparison and systematic review. PLoS ONE. (2017)
12:¢0176472. doi: 10.1371/journal.pone.0176472

Jorch SK, Kubes P. An emerging role for neutrophil extracellular traps in
noninfectious disease. Nat Med. (2017) 23:279-87. doi: 10.1038/nm.4294
Wright TK, Gibson PG, Simpson JL, McDonald VM, Wood LG, Baines KJ.
Neutrophil extracellular traps are associated with inflammation in chronic
airway disease. Respirology. (2016) 21:467-75. doi: 10.1111/resp.12730
Knight JS, Luo W, O’Dell AA, Yalavarthi S, Zhao W, Subramanian V,
et al. Peptidylarginine deiminase inhibition reduces vascular damage and
modulates innate immune responses in murine models of atherosclerosis.
Circ Res. (2014) 114:947-56. doi: 10.1161/CIRCRESAHA.114.303312
Albrengues J, Shields MA, Ng D, Park CG, Ambrico A, Poindexter
ME, et al. Neutrophil extracellular traps produced during inflammation
awaken dormant cancer cells in mice. Science. (2018) 361:aa04227.
doi: 10.1126/science.aa04227

Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS, Smith
CK, et al. Neutrophil extracellular traps enriched in oxidized mitochondrial
DNA are interferogenic and contribute to lupus-like disease. Nat Med. (2016)
22:146-53. doi: 10.1038/nm.4027

Lefrancais E, Mallavia B, Zhuo H, Calfee CS, Looney MR. Maladaptive role
of neutrophil extracellular traps in pathogen-induced lung injury. JCI Insight.
(2018) 3:€98178. doi: 10.1172/jci.insight.98178

Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB,
Monestier M, et al. Platelets induce neutrophil extracellular traps in
transfusion-related acute lung injury. J Clin Invest. (2012) 122:2661-71.
doi: 10.1172/JCI61303

Liang Y, Pan B, Alam HB, Deng Q, Wang Y, Chen E, et al. Inhibition
of peptidylarginine deiminase alleviates LPS-induced pulmonary
dysfunction and improves survival in a mouse model of lethal
endotoxemia. Eur ] Pharmacol. (2018) 833:432-40. doi: 10.1016/
j.ejphar.2018.07.005

Meegan JE, Yang X, Beard RS Jr., Jannaway M, Chatterjee V, Taylor-Clark TE,
et al. Citrullinated histone 3 causes endothelial barrier dysfunction. Biochem
Biophys Res Commun. (2018) 503:1498-502. doi: 10.1016/j.bbrc.2018.07.069

Frontiers in Immunology | www.frontiersin.org

15

May 2019 | Volume 10 | Article 1037


https://doi.org/10.1172/JCI124485
https://doi.org/10.1038/nm.2843
https://doi.org/10.1016/j.mvr.2011.08.001
https://doi.org/10.1113/jphysiol.2005.096537
https://doi.org/10.1161/ATVBAHA.108.180950
https://doi.org/10.1152/ajpheart.1998.275.1.H84
https://doi.org/10.1113/jphysiol.2003.048405
https://doi.org/10.1080/10739680590905251
https://doi.org/10.1038/sj.embor.7400814
https://doi.org/10.1152/ajpcell.00135.2011
https://doi.org/10.1161/CIRCRESAHA.107.167486
https://doi.org/10.1161/01.RES.0000020402.73609.F1
https://doi.org/10.4161/21688370.2014.985954
https://doi.org/10.1111/micc.12352
https://doi.org/10.1007/s10571-004-1378-7
https://doi.org/10.1152/ajpcell.00371.2011
https://doi.org/10.1038/sj.jcbfm.9600375
https://doi.org/10.1007/s11011-014-9550-3
https://doi.org/10.1124/pr.58.3.8
https://doi.org/10.1096/fj.08-121277
https://doi.org/10.1074/jbc.M300351200
https://doi.org/10.1126/science.1092385
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1038/nm1565
https://doi.org/10.4049/jimmunol.1000675
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1371/journal.pone.0176472
https://doi.org/10.1038/nm.4294
https://doi.org/10.1111/resp.12730
https://doi.org/10.1161/CIRCRESAHA.114.303312
https://doi.org/10.1126/science.aao4227
https://doi.org/10.1038/nm.4027
https://doi.org/10.1172/jci.insight.98178
https://doi.org/10.1172/JCI61303
https://doi.org/10.1016/j.ejphar.2018.07.005
https://doi.org/10.1016/j.bbrc.2018.07.069
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

Neutrophils and Microvascular Permeability

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Pieterse E, Rother N, Garsen M, Hofstra JM, Satchell SC, Hoffmann
M, et al. Neutrophil Extracellular Traps Drive Endothelial-to-
Mesenchymal Transition. Arterioscler Thromb Vasc Biol. (2017) 37:1371-9.
doi: 10.1161/ATVBAHA.117.309002

Carden D, Xiao E Moak C, Willis BH, Robinson-Jackson S, Alexander S.
Neutrophil elastase promotes lung microvascular injury and proteolysis of
endothelial cadherins. Am J Physiol. (1998) 275:H385-92.

Yabluchanskiy A, Ma Y, Iyer RP, Hall ME, Lindsey ML. Matrix
metalloproteinase-9: Many shades of function in cardiovascular disease.
Physiology. (2013) 28:391-403. doi: 10.1152/physiol.00029.2013

Ma Y, de Castro Bras LE, Toba H, Iyer RP, Hall ME, Winniford
MD, et al. Myofibroblasts and the extracellular matrix network in post-
myocardial infarction cardiac remodeling. Pflugers Arch. (2014) 466:1113—
27. doi: 10.1007/s00424-014-1463-9

Okubo K, Kamiya M, Urano Y, Nishi H, Herter JM, Mayadas T, et al.
Lactoferrin suppresses neutrophil extracellular traps release in inflammation.
EBioMed. (2016) 10:204-15. doi: 10.1016/j.ebiom.2016.07.012

Healy LD, Puy C, Fernandez JA, Mitrugno A, Keshari RS, Taku NA,
et al. Activated protein C inhibits neutrophil extracellular trap formation
in vitro and activation in vivo. J Biol Chem. (2017) 292:8616-29.
doi: 10.1074/jbc.M116.768309

Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI,
et al. Biological properties of extracellular vesicles and their physiological
functions. J Extracell Vesicles. (2015) 4:27066. doi: 10.3402/jev.v4.27066
Dignat-George E Boulanger CM. The many faces of endothelial
microparticles. ~ Arterioscler Thromb Vasc Biol. (2011) 31:27-33.
doi: 10.1161/ATVBAHA.110.218123

Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization
of exosomes from cell culture supernatants and biological fluids. Curr Protoc
Cell Biol. (2006) 3:22. doi: 10.1002/0471143030.cb0322s30

Todorova D, Simoncini S, Lacroix R, Sabatier F Dignat-George F.
Extracellular Vesicles in Angiogenesis. Circ Res. (2017) 120:1658-73.
doi: 10.1161/CIRCRESAHA.117.309681

Colombo M, Moita C, van Niel G, Kowal ], Vigneron ], Benaroch P,
et al. Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci.
(2013) 126:5553-65. doi: 10.1242/jcs.128868

Andreu Z, Yanez-Mo M. Tetraspanins in extracellular vesicle formation and
function. Front Immunol. (2014) 5:442. doi: 10.3389/fimmu.2014.00442
McVey M, Tabuchi A, Kuebler WM. Microparticles and acute lung
injury. Am ] Physiol Lung Cell Mol Physiol. (2012) 303:L364-81.
doi: 10.1152/ajplung.00354.2011

Timar CI, Lorincz AM, Csepanyi-Komi R, Valyi-Nagy A, Nagy G, Buzas EI,
et al. Antibacterial effect of microvesicles released from human neutrophilic
granulocytes. Blood. (2013) 121:510-8. doi: 10.1182/blood-2012-05-431114
Johnson BL, III, Midura EE Prakash PS, Rice TC, Kunz N, Kalies K,
et al. Neutrophil derived microparticles increase mortality and the counter-
inflammatory response in a murine model of sepsis. Biochim Biophys Acta
Mol Basis Dis. (2017) 1863:2554-63. doi: 10.1016/j.bbadis.2017.01.012
Johnson BL, III, Kuethe JW, Caldwell CC. Neutrophil derived
microvesicles: emerging role of a key mediator to the immune
response. Endocr Metab Immune Disord Drug Targets. (2014) 14:210-7.
doi: 10.2174/1871530314666140722083717

Dalli J, Montero-Melendez T, Norling LV, Yin X, Hinds C, Haskard
D, et al. Heterogeneity in neutrophil microparticles reveals distinct
proteome and functional properties. Mol Cell Proteomics. (2013) 12:2205-19.
doi: 10.1074/mcp.M113.028589

Wang L, Luo H, Chen X, Jiang Y, Huang Q. Functional characterization
of SI100A8 and S100A9 in altering monolayer permeability of
human umbilical endothelial cells. PLoS ONE. (2014) 9:¢90472.
doi: 10.1371/journal.pone.0090472

Manchanda K, Kolarova H, Kerkenpass C, Mollenhauer M, Vitecek J,
Rudolph V, et al. MPO (Myeloperoxidase) Reduces endothelial glycocalyx
thickness dependent on its cationic charge. Arterioscler Thromb Vasc Biol.
(2018) 38:1859-67. doi: 10.1161/ATVBAHA.118.311143

Tacoviello L, Kolpakov V, Salvatore L, Amore C, Pintucci G, de Gaetano
G, et al. Human endothelial cell damage by neutrophil-derived cathepsin

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

G. Role of cytoskeleton rearrangement and matrix-bound plasminogen
activator inhibitor-1. Arterioscler Thromb Vasc Biol. (1995) 15:2037-46.
Cohen-Mazor M, Mazor R, Kristal B, Sela S. Elastase and cathepsin G
from primed leukocytes cleave vascular endothelial cadherin in hemodialysis
patients. Biomed Res Int. (2014) 2014:459640. doi: 10.1155/2014/459640
Hutcheson JD, Aikawa E. Extracellular vesicles
homeostasis and disease. Curr Opin Cardiol.
doi: 10.1097/HCO.0000000000000510

Ridger VC, Boulanger CM, Angelillo-Scherrer A, Badimon L, Blanc-
Brude O, Bochaton-Piallat ML, et al. Microvesicles in vascular
homeostasis and diseases. Thromb Haemost. (2017) 117:1296-316.
doi: 10.1160/TH16-12-0943

Mahmoud AM, Wilkinson FL, McCarthy EM, Moreno-Martinez D,
Langford-Smith A, Romero M, et al. Endothelial microparticles prevent
lipid-induced endothelial damage via Akt/eNOS signaling and reduced
oxidative stress. FASEB J. (2017) 31:4636-48. doi: 10.1096/j.201601244RR
Dalli J, Norling LV, Renshaw D, Cooper D, Leung KY, Perretti
M. Annexin 1 mediates the rapid anti-inflammatory effects of
neutrophil-derived microparticles. Blood. (2008) 112:2512-9.
doi: 10.1182/blood-2008-02-140533

Cristante E, McArthur S, Mauro C, Maggioli E, Romero IA, Wylezinska-
Arridge M, et al. Identification of an essential endogenous regulator of blood-
brain barrier integrity, and its pathological and therapeutic implications.
Proc Natl Acad Sci USA. (2013) 110:832-41. doi: 10.1073/pnas.1209362110
Maggioli E, McArthur S, Mauro C, Kieswich J, Kusters DH, Reutelingsperger
CP, et al. Estrogen protects the blood-brain barrier from inflammation-
induced disruption and increased lymphocyte trafficking. Brain Behav
Immun. (2016) 51:212-22. doi: 10.1016/j.bbi.2015.08.020

Solito E, Romero IA, Marullo S, Russo-Marie F, Weksler BB. Annexin 1
binds to U937 monocytic cells and inhibits their adhesion to microvascular
endothelium: involvement of the alpha 4 beta 1 integrin. J Immunol. (2000)
165:1573-81. doi: 10.4049/jimmunol.165.3.1573

McArthur S, Loiola RA, Maggioli E, Errede M, Virgintino D, Solito E. The
restorative role of annexin A1 at the blood-brain barrier. Fluids Barriers CNS.
(2016) 13:17. doi: 10.1186/s12987-016-0043-0

Wenceslau CE McCarthy CG, Szasz T, Goulopoulou S, Webb RC.
Mitochondrial N-formyl peptides induce cardiovascular collapse and sepsis-
like syndrome. Am ] Physiol Heart Circ Physiol. (2015) 308:H768-77.
doi: 10.1152/ajpheart.00779.2014

Rodrigues SE, Granger DN. Blood cells and endothelial barrier function.
Tissue Barriers. (2015) 3:¢978720. doi: 10.4161/21688370.2014.978720
Kumar P, Shen Q, Pivetti CD, Lee ES, Wu MH, Yuan SY. Molecular

in cardiovascular
(2018)  33:290-7.

mechanisms  of endothelial —hyperpermeability:  implications  in
inflammation. Exp Rev Mol Med. (2009) 11:e19. doi: 10.1017/
$1462399409001112

Alves NG, Yuan SY, Breslin JW. Sphingosine-1-phosphate protects against
brain microvascular endothelial junctional protein disorganization and
barrier dysfunction caused by alcohol. Microcirculation. (2019) 26:e12506.
doi: 10.1111/micc.12506

Alves NG, Trujillo AN, Breslin JW, Yuan SY. Sphingosine-1-Phosphate
reduces hemorrhagic shock and resuscitation-induced microvascular leakage
by protecting endothelial mitochondrial integrity. Shock. (2018)
doi: 10.1097/SHK.0000000000001280. [Epub ahead of print].

Yonekawa K, Harlan JM. Targeting leukocyte integrins in human diseases. ]
Leukoc Biol. (2005) 77:129-40. doi: 10.1189/j1b.0804460

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Ma, Yang, Chatterjee, Meegan, Beard and Yuan. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

16

May 2019 | Volume 10 | Article 1037


https://doi.org/10.1161/ATVBAHA.117.309002
https://doi.org/10.1152/physiol.00029.2013
https://doi.org/10.1007/s00424-014-1463-9
https://doi.org/10.1016/j.ebiom.2016.07.012
https://doi.org/10.1074/jbc.M116.768309
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1161/ATVBAHA.110.218123
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1161/CIRCRESAHA.117.309681
https://doi.org/10.1242/jcs.128868
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.1152/ajplung.00354.2011
https://doi.org/10.1182/blood-2012-05-431114
https://doi.org/10.1016/j.bbadis.2017.01.012
https://doi.org/10.2174/1871530314666140722083717
https://doi.org/10.1074/mcp.M113.028589
https://doi.org/10.1371/journal.pone.0090472
https://doi.org/10.1161/ATVBAHA.118.311143
https://doi.org/10.1155/2014/459640
https://doi.org/10.1097/HCO.0000000000000510
https://doi.org/10.1160/TH16-12-0943
https://doi.org/10.1096/fj.201601244RR
https://doi.org/10.1182/blood-2008-02-140533
https://doi.org/10.1073/pnas.1209362110
https://doi.org/10.1016/j.bbi.2015.08.020
https://doi.org/10.4049/jimmunol.165.3.1573
https://doi.org/10.1186/s12987-016-0043-0
https://doi.org/10.1152/ajpheart.00779.2014
https://doi.org/10.4161/21688370.2014.978720
https://doi.org/10.1017/S1462399409001112
https://doi.org/10.1111/micc.12506
https://doi.org/10.1097/SHK.0000000000001280
https://doi.org/10.1189/jlb.0804460
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 09 August 2019
doi: 10.3389/fimmu.2019.01899

OPEN ACCESS

Edited by:
Onur Boyman,
University of Zurich, Switzerland

Reviewed by:

Krzysztof Guzik,

Jagiellonian University, Poland
Hugo Caire Castro-Faria-Neto,
Oswaldo Cruz Foundation
(Fiocruz), Brazil

*Correspondence:
Takashi Obama
obama@pharm.showa-u.ac.jp

Specialty section:

This article was submitted to
Inflammation,

a section of the journal
Frontiers in Immunology

Received: 04 May 2019
Accepted: 26 July 2019
Published: 09 August 2019

Citation:

Obama T, Ohinata H, Takaki T,
Iwamoto S, Sawada N, Aiuchi T,
Kato R and ltabe H (2019)
Cooperative Action of Oxidized
Low-Density Lipoproteins and
Neutrophils on Endothelial
Inflammatory Responses Through
Neutrophil Extracellular Trap

Formation. Front. Immunol. 10:1899.

doi: 10.3389/fimmu.2019.01899

Check for
updates

Cooperative Action of Oxidized
Low-Density Lipoproteins and
Neutrophils on Endothelial
Inflammatory Responses Through
Neutrophil Extracellular Trap
Formation

Takashi Obama™, Hitomi Ohinata’, Takashi Takaki?, Sanju Iwamoto?®, Naoko Sawada’,
Toshihiro Aiuchi’, Rina Kato' and Hiroyuki Itabe’

" Division of Biological Chemistry, Department of Pharmaceutical Sciences, Showa University School of Pharmacy, Tokyo,
Japan, ? Division of Electron Microscopy, Showa University School of Medicine, Tokyo, Japan, ° Division of Physiology and
Pathology, Department of Pharmacology, Toxicology and Therapeutics, Showa University School of Pharmacy, Tokyo, Japan

The function of oxidatively modified low-density lipoprotein (oxLDL) in the progression of
cardiovascular diseases has been extensively investigated and well-characterized with
regards to the activation of multiple cellular responses in macrophages and endothelial
cells. Although accumulated evidence has revealed the presence of neutrophils in
vascular lesions, the effect of oxLDL on neutrophil function has not been properly
investigated. In the present decade, neutrophil extracellular traps (NETs) gained immense
attention not only as a primary response against pathogenic bacteria but also due to
their pathological roles in tissue damage in various diseases, such as atherosclerosis
and thrombosis. In this study, we investigated if oxLDL affects NET formation and if it
is a risk factor for inflammatory reactions in endothelial cells. HL-60-derived neutrophils
were stimulated with phorbol 12-myristate 13-acetate (PMA) for 30 min to induce NET
formation, followed by incubation with 20 wg/mL native or oxidized LDL for additional
2 h. Culture media of the stimulated cells containing released NETs components were
collected to evaluate NET formation by fluorometric quantitation of released DNA
and detection of myeloperoxidase (MPO) by western blot analysis. NET formation of
HL-60-derived neutrophils induced by PMA was significantly enhanced by additional
incubation with oxLLDL but not with native LDL. Treatment of HL-60-derived neutrophils
with oxLDL alone in the absence of PMA did not induce NET formation. Furthermore, the
culture media of HL-60-derived neutrophils after NET formation were then transferred
to human aortic endothelial cell (HAECs) culture. Treatment of HAECs with the culture
media containing NETs formed by HL-60-derived neutrophils increased the expression of
metalloproteinase-1 protein in HAECs when HL-60-derived neutrophils were incubated
with native LDL, and the expression was accelerated in the case of oxLDL. In addition,
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the culture media from NETs formed by HL-60-derived neutrophils caused the elongation
of HAECs, which was immensely enhanced by coincubation with native LDL or oxLDL.
These data suggest that oxLDL may act synergistically with neutrophils to form NETs and
promote vascular endothelial inflammation.

Keywords: neutrophil extracellular traps, oxidized low-density lipoprotein, endothelial cells, inflammatory

response, HL-60 cell

INTRODUCTION

The biological significance of oxidatively modified low-density
lipoprotein (oxLDL) has been widely and extensively studied
as a risk factor for the development and progression of
cardiovascular diseases. Increase in oxLDL level is found not
only in atherosclerotic lesions but also in the plasma and
various organs (1, 2). The pathological process of vascular
diseases induced by oxLDL has been explored in terms of the
activation of multiple cellular responses in the macrophages
and vascular endothelial cells. The underlying mechanisms
of atherosclerotic plaque formation were strenuously analyzed
via lipid accumulation in macrophage-derived foam cells and
vascular endothelial cell dysfunction (3-5). It has also been
demonstrated that neutrophils (polymorphonuclear leukocytes),
the most abundant form of white cells, infiltrate into the
atherosclerotic and thrombotic lesions (6, 7); however, the impact
of neutrophils on the progression of atherosclerosis and its
functional link with lipoproteins remains to be investigated.
Neutrophils have diverse functions, and they are crucial
as the first line of defense responses against pathogenic
bacteria due to their phagocytotic activity and ability to
produce bactericidal reactive oxygen species (ROS). In 2004,
Brinkmann et al. reported that neutrophil extracellular traps
(NETs) cause mortality (8). NETs are evoked by pathological
bacteria, lipopolysaccharide, cytokines, or other various stimuli
that can induce decondensation of chromosome DNA via
peptidyl arginine deiminase 4 (PAD4)-mediated histone
citrullination, leading to the release of DNA, proteins, such as
histones, myeloperoxidase (MPO), and elastase derived from
nucleus and azurophil granules into the extracellular space.
Signal transduction including ROS production by NADPH
oxidase and mitochondria in neutrophils is involved in the
process of NET formation (9). NETs have been studied with
regards to the primary immune responses elicited against
pathogenic bacteria via extracellular DNA trap. In the present
decade, a growing evidence has revealed that NETs have

Abbreviations: AAA, abdominal aortic aneurysm; apoB, apolipoprotein B; AtRA,
all-trans retinoic acid; BSA, bovine serum albumin; DAPI, 4 ,6-diamidino-2-
phenylindole dihydrochloride; FBS, fetal bovine serum; HAEC, human aortic
endothelial cell; HRP, horseradish peroxidase; LDL, low-density lipoprotein; MMP,
matrix metalloproteinase; MPO, myeloperoxidase; NETS, neutrophil extracellular
traps; oxLDL, oxidatively modified low-density lipoprotein; PAD4, peptidyl
arginine deiminase 4; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-
buffered saline; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate;
PVDE, polyvinylidene difluoride; RA, rheumatoid arthritis; ROS, reactive oxygen
species; RT, room temperature; SEM, scanning electron microscope; TBS, Tris-
buffered saline; TTBS, Tris-buffered saline (TBS) containing 0. 1% Tween-20.

pathophysiological functions in various diseases including
rheumatoid arthritis (RA), systemic lupus erythematosus (10),
cancer (11), Alzheimer’s disease (12), metabolic diseases, and
diabetes (13), indicating that NET formation may play a pivotal
role in cellular dysfunction and histological damage leading to
pathological conditions.

The presence of neutrophils in vasculature has been
extensively investigated for cardiovascular diseases, such as
abdominal aortic aneurysm (AAA) (14, 15), atherosclerosis,
and thrombosis (6, 16, 17). Citrullinated histone known as a
marker of NET formation is detected in the lesions of AAA (18,
19), thrombosis (20-22), atherosclerosis (23-25), and superficial
erosion of atheroma linked with acute coronary syndrome (17).
Several studies have demonstrated that citrullinated histone H4
and another NETs marker MPO-DNA complex in plasma are
associated with the risk of cardiovascular diseases (26). The
blockage of NET formation by Cl-amidine, a peptidyl arginine
deiminase (PAD) inhibitor, reduced the atherosclerotic lesions in
apoE-KO mice (27).

We have studied the pathological roles of oxLDL in
vascular diseases (1, 2, 28, 29), and we investigated if oxLDL
affects neutrophils in relation to vascular inflammation.
It has already been established that both NETs and
oxLDL independently act on the endothelial cells to evoke
inflammatory responses and dysfunction; however, the role
of native and modified lipoproteins in the progression of
NET formation have remained unclear. In this study, we
examined NET formation using HL-60-derived neutrophils
in the presence of native LDL or oxLDL. Moreover, we
assessed the possible synergistic effects of oxLDL treatment
and NETs-forming cells on human aortic endothelial
cells (HAECs).

MATERIALS AND METHODS

Materials

All-trans retinoic acid (AtRA) and phorbol 12-myristate 13-
acetate (PMA) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Poly-L-lysine solution (P4707)
and gelatin solution (G1393) were purchased from Sigma
(Saint Louis, MO, USA). Anti-human MPO antibody (A0398)
was purchased from Dako (Carpinteria, CA, USA). Anti-
citrullinated histone H4 (citrulline 3) antibody (#07-596) and
anti-histone H4 antibody (ab7311) were purchased from Merck
KGaA (Darmstadt, Germany) and Abcam (Cambridge, UK),
respectively. Horseradish peroxidase (HRP)-conjugated second
antibody (anti-mouse IgG) (#3376) was purchased from Cell
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Signaling Technology, Inc. (Beverly, MA, USA). Anti VE-
cadherin antibody (sc-9989), control mouse IgG (sc-2025),
and control rabbit IgG (sc-2027) were purchased from Santa
Crus Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-matrix
metalloproteinase-1 antibody (MMP-1; MAB901) was purchased
from R&D Systems (Minneapolis, MN, USA). Anti-PKCB
antibody (GTX113252) was purchased from GeneTex Inc.
(Irvine, CA, USA). SYTOX Green and second antibodies
conjugated with Alexa Fluor 488 or 594 were purchased from
Thermo Fisher Scientific (Rockford, IL, USA). Hoechst 33342
was purchased from Dojindo Laboratories (Kumamoto, Japan).

Cell Culture

The human promyelocytic leukemia cell line HL-60 was
purchased from American Type Culture Collection (ATCC),
and the cells were cultured in RPMI-1640 medium (Wako Pure
Chemical Industries, Ltd.) containing 5% fetal bovine serum
(FBS) supplemented with 50 U/mL penicillin and 50 pg/mL
streptomycin. HL-60 cells were incubated with 2 uM AtRA for
4 days to facilitate differentiation into mature neutrophils, as
previously reported (30). Neutrophils were isolated from freshly
drawn blood of healthy donors as previously reported (31).
HAECs purchased from Lonza (Walkersville, MD, USA) were
cultured in EGM-2 medium (Lonza) or Endothelial Cell Growth
Medium 2 (PromoCell GmbH, Heidelberg, Germany). HAECs
from passage 4-7 were used for this study. Morphological change
in HAECs was evaluated by VE-cadherin staining. Circularity
(4m x [Area]/[perimeter]?) of the cells was calculated using
Image] software (NIH, USA) from at least 60 cells in each
experimental condition.

LDL Isolation and Oxidation

Human LDL was isolated from human plasma of healthy
subjects, as described previously (32). Written informed consents
in accordance with the Declaration of Helsinki were prepared
and all human subjects voluntarily gave their signatures for
participation in this study. The protocol was approved by the
ethical committee of Showa University School of Pharmacy
(No. 231). Briefly, the LDL fraction at a density of 1.019-1.063
was obtained via KBr density gradient ultracentrifugation, and
was dialyzed against phosphate buffered saline (PBS) containing
250 WM EDTA in the dark to prevent divalent cation-mediated
oxidation of LDL. Copper-mediated oxidation of LDL was
performed by incubation of 0.2 mg/mL LDL with 5uM CuSOy4
at 37°C for 3 h. The reaction was stopped by cooling on ice and
by addition of 250 wM EDTA.

NETs Induction of HL-60-Derived

Neutrophils or Human Neutrophils

HL-60-derived neutrophils or human neutrophils (1 x 10° cells)
were seeded on a poly-L-lysine-coated 12-well plate and were
stimulated with 50nM PMA for 30 min. After removing the
culture medium, cells were washed once with the medium,
followed by incubation in a medium containing 20 pg/mL
native LDL or oxLDL for additional 2h. The culture medium
was collected and centrifuged at 700 x g for 3 min at room

temperature (RT), and the supernatant was used for the
quantitation of NETs and the stimulation of HAECs.

Fluorometric Quantitation of NETs-DNA
Release

Extracellular DNA released into the culture medium was
quantified according to the previously reported protocol (33).
Briefly, the culture medium collected as aforementioned was
treated with 1 U/mL micrococcal nuclease (TAKARA Bio Inc.
Kusatsu, Shiga, Japan) to partially digest NETs-derived DNA, and
was centrifuged at 1,800 x g for 10 min. The DNA fragments
recovered in the supernatant were quantified using 1 uM SYTOX
Green and a fluorometer (VARIOSCAN, Thermo Fisher).

Visualization of NETs
HL-60-derived neutrophils were seeded on poly-L-lysine-
coated chamber slide (Thermo Fisher) and were stimulated
as aforementioned. Cells were treated with 1pg/mL Hoechst
33342 and 5uM SYTOX green for 15min, fixed with 4%
paraformaldehyde in PBS for 15min, and then permeabilized
with 0.5% Triton X-100 in PBS for 1 min. After blocking cells with
5% BSA in PBS, they were incubated with the primary antibody
against citrullinated histone H4 at RT for 1h. After further
washing with PBS, the cells were incubated with Alexa Fluor 594-
conjugated anti-rabbit IgG antibody at RT for 45 min. Following
this, the cells were washed with PBS, mounted with SlowFade™
Diamond (Thermo Fisher Scientific), and observed using a
fluorescence microscope (BZ-9000, KEYENCE, Osaka, Japan).
Moreover, the chamber slide was used in an electron
microscope for the analysis of NET formation of HL-60-derived
neutrophils. The cells fixed with 4% paraformaldehyde were
treated with 0.5% OsO4 for 30 min and were dehydrated by
immersion in increasing concentrations of ethanol solutions
(50, 60, 70, 80, 90, and 100%). The samples were dried using
critical point dryer (HCP-2, HITACHI), and the surfaces of the
samples were coated with 5 nm platinum layer using an auto fine
coater (JEC-3000FC, HITACHI), followed by observation under
a scanning electron microscope (SEM) (FlexSEM 1000, Hitachi
High-Technologies Co., Tokyo, Japan).

Culture and Stimulation of HAECs

HAECs were cultured on 0.1% gelatin-coated 6-well plates until
confluent. The cells were washed with fresh medium and cultured
for 30 min. Culture medium of HL-60-derived neutrophils after
NET formation (333 pL) was added to 1 mL of HAECs culture
medium, and the cells were incubated for 24 h. Notably, the final
concentration of lipoproteins was 5 pLg/mL, and the HAECs were
lysed in SDS-PAGE sample buffer.

Immunoblot Analysis

Cell lysates or culture medium was subjected to 15% gel SDS-
PAGE or gradient gel native-PAGE, respectively, and then
transferred to polyvinylidene difluoride (PVDF) membranes.
After blocking the membrane with 2% skim milk (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) in Tris-buffered saline
(TBS) containing 0.1% Tween-20 (TTBS) for 1 h, the membranes
were treated with a primary antibody in the blocking solution at
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4°C overnight. Furthermore, after washing the membrane with
TTBS, the membrane was treated with a secondary antibody in
TTBS containing 0.5% skim milk at RT for 2 h. The protein bands
were detected using ECL-plus western blotting detection reagent
(GE Healthcare UK Ltd., Buckinghamshire, UK) by ImageQuant
LAS500 (GE Healthcare). Densitometric analysis was performed
using Image] software.

Immunocytochemistry

HAECs were cultured on 0.1% gelatin-coated glass coverslip
(Matsunami Glass Inc., Ltd., Osaka, Japan) placed on a
12-well plate. After stimulation, the cells were fixed with
4% paraformaldehyde in PBS for 15min, permeabilized with
0.5% Triton X-100 in PBS for 1min, and blocked with 5%
BSA in PBS. The cells were then washed with PBS and
incubated with the primary antibody against VE-cadherin (with
shaking) at RT for 1h. After washing with PBS, the cells
were incubated with Alexa Fluor 488-conjugated anti-mouse
IgG antibody (ThermoFisher Scientific) at RT for 45min.
After further washing with PBS, the cells were mounted with
SlowFade™ Diamond using 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPI; ThermoFisher Scientific), and observed
under a fluorescence microscope.

Statistical Analysis

Data are presented as the mean = standard deviation. The results
were analyzed using Tukey-Kramer post-hoc test. Statistically
significant difference was evaluated at p < 0.05.

RESULTS

OxLDL Enhances NET Formation of
HL-60-Derived Neutrophils and Human
Peripheral Blood Neutrophils Induced

by PMA

Extracellular DNA release from HL-60-derived neutrophils
under PMA treatment and treatments with native LDL or oxLDL
(Figure 1A) was determined by fluorometric quantitation of
DNA in the culture medium with SYTOX Green. DNA release
was significantly induced by PMA treatment. The DNA release
increased 3-fold by additional oxLDL treatment, but not by
native LDL (Figure 1B). A similar response was observed when
human peripheral blood neutrophils were assessed under the
same experimental conditions (Figure 1C).

DNA release from the cells and histone citrullination
in NETs structure were examined by immunofluorescent
microscopy. Extracellular DNA and citrullinated histone H4
were microscopically visualized using SYTOX Green and anti-
histone H4 (citrulline 3) antibody, respectively. When HL-60-
derived neutrophils were incubated without PMA, slight staining
of SYTOX Green and citrullinated histone H4 was observed
(Figure 2A). When HL-60-derived neutrophils were stimulated
with PMA, citrullinated histone H4 generated by the cells
colocalized with extracellular DNA stained by SYTOX Green
(Figure 2B). Neither native LDL nor oxLDL in the absence of
PMA was sufficient for the induction of histone citrullination as

well as DNA release, and this was demonstrated by the Hoechst
33342 staining of nuclei (Figure 2A). Strong overlapping signals
of released DNA and citrullinated histones were detected when
the neutrophils were treated with PMA followed by oxLDL. In
similar conditions, loss of cell nuclei, released strings, and cellular
debris were observed with SEM (Figure 2B).

Immunoblot analysis of HL-60-derived neutrophils was
carried out to determine histone citrullination during NET
formation (Figure 3). Citrullinated histone H4 was formed
under PMA stimulation. The level of citrullinated histone in
the cell lysate decreased with additional oxLDL treatment.
Native LDL or oxLDL treatment alone did not cause histone
citrullination in HL-60-derived neutrophils, indicating that the
lipoproteins did not activate PAD4 in the cells to initiate
histone citrullination.

These data suggest that extracellular release of DNA into
the culture medium is induced by PMA and subsequent
oxLDL treatment significantly enhanced the release of DNA and
associating proteins.

OxLDL Treatment Following NET
Formation Increased MPO Release From
HL-60-Derived Neutrophils

Western blot analysis of the culture media was carried out to
detect MPO. MPO is a heterotetrametric protein containing
60 kDa subunit, which can be recognized by the antibody
used (34). MPO released from HL-60-derived neutrophils
was not clearly visible in the absence of PMA stimulation.
Notably, MPO release increased dramatically when the cells were
stimulated with PMA and subsequently treated with oxLDL,
whereas native LDL treatment of stimulated cells did not induce
MPO release (Figures 4A,C). Intracellular MPO decreased by
40% after the stimulation of the cells with PMA and oxLDL
(Figures 4B,D). MPO in the cell lysate was detected at 60
kDa as presented in Figures 4B,D; however, the band for
extracellular MPO appeared larger than 250 kDa on a native
PAGE (Figures 4A,C). The high molecular weight MPO band
colocalized with apoB-100, a major protein component of LDL,
on native PAGE, suggesting that released MPO interacts with
oxLDL. Apparent size of the MPO band was not affected
by treating the culture media with DNase I to cleave NETs
DNA prior to native-PAGE analysis (Supplemental Figure 1).
These data indicate that MPO released into the culture medium
interacts with lipoproteins.

NETs Components Induced Inflammatory
Responses in HAECs

To further investigate the possible effects of enhanced
NET formation by oxLDL treatment, the culture media
of HL-60-derived neutrophils were transferred to HAECs
and incubated for 24h. In this series of experiments, HL-
60-derived neutrophils were treated with native LDL or
oxLDL after washing the cells in order to remove PMA.
Subsequently, HAECs were exposed to NETs components
released from PMA-stimulated HL-60-derived neutrophils,
with 5pg/mL lipoproteins (Figure 5A). Induction of MMP-1
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FIGURE 1 | NET formation was enhanced by oxLDL treatment after priming HL-60-derived neutrophils with PMA. (A) The experimental procedure is illustrated. HL-60
cells were stimulated with 2 WM all-trans retinoic acid for 4 days to differentiate into neutrophils. The cells were stimulated with 50 nM PMA for 30 min and then treated
with 20 pg/mL native LDL or oxLDL for additional 2 h. (B) Fluorometric quantification of DNA release from HL-60-derived neutrophils and (C) Human peripheral blood
neutrophils. Collected culture medium was treated with micrococcal nuclease and then stained with 1 WM SYTOX Green. The data are presented as the mean + SD
of four independent experiments. Each experiment contains triplicate wells. Asterisks indicate statistical significance. *o < 0.05, **p < 0.005, **p < 0.001.
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FIGURE 2 | Microscopic observation of NET formation of HL-60-derived neutrophils. Cells were stimulated (A) without or (B) with 50 nM PMA for 30 min, followed by
20 ng/mL native LDL or oxLDL for additional 2 h. Cells were fixed and stained with Hoechst 33342 (blue), SYTOX Green (green), and citrullinated histone H4 (red), and
then visualized by fluorescence microscopy and scanning electron microscopy (SEM). The results are representative of more than three experiments. Scale bars

protein expression in HAECs was observed after treatment
with NETs components collectively with native LDL or
oxLDL, whereas MMP-1 was not induced without NETs
components even though HL-60-derived neutrophils were
treated with native LDL or oxLDL (Figure 5B). The response
of HAECs is presumably parallel to the release of NETs
components from HL-60-derived neutrophils. Although PMA
is also known as a powerful inducer of PKC expression
in HAECs (35, 36), culture medium of NET-induced
HL-60-derived neutrophils did not induce PKC( protein
expression in HAECs under our experimental conditions

(Supplemental Figure 2), indicating that the transfer of
PMA from culture medium of PMA-treated HL-60-derived
neutrophils could be ignored.

Morphological Changes in HAECs
Stimulated With Soluble NETs Components

Moreover, the morphological changes in HAECs were
observed by carrying out immunostaining with VE-cadherin.
Treatment with culture media from NETs-induced HL-60-
derived neutrophils caused the elongation of HAECs which
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reduced cell circularity. The average circularity of HAECs
was significantly decreased from 0.697 £ 0.122 to 0.600 =+
0.145 when the culture medium of HL-60-derived neutrophils
stimulated with PMA was added to HAECs. Such effects
on the cell shape of HAECs were immensely enhanced
when HL-60-derived neutrophils were additionally treated
with native LDL (from 0.701 £ 0.118 to 0.447 %+ 0.153) or
oxLDL (from 0.705 £+ 0.119 to 0.457 % 0.152; Figure 6B).
In addition, decrease in HAEC circularity was associated
with reduced fluorescence intensity of VE-cadherin-stained
HAECs (Figure 6A). Notably, such changes were not observed
in the cell shape of HAECs when they were incubated with
native LDL or oxLDL alone at the same concentration
(5ng/mL as the final concentration). These data indicate
that bioactive components generated during NET formation
may act on HAEGCs, and the activity was greatly facilitated
in the presence of native LDL and oxLDL. After incubating
HAECs for 24h, colocalization of MPO with apoB of native

its electronegativity.

DISCUSSION

LDL increased (Supplemental Figure 3), indicating that the
oxidative modification of native LDL may proceed to increase

In this study we demonstrated that oxLDL significantly
augmented NET formation by HL-60-derived neutrophils and
human peripheral blood neutrophils, as well as NETs-dependent
inflammatory activation in vascular endothelial cells. Neutrophil
is one of the major cell types recruited in the lesions of
vascular diseases. OxLDL accumulates in the atherosclerotic
lesions and exhibits various biological activities against vascular
cells to promote inflammatory responses and dysfunctions;
however, the possible effect of oxLDL on neutrophils with regards
to the promotion of vascular diseases has not been studied.
To the best of our knowledge, this study was the first to
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FIGURE 4 | Myeloperoxidase (MPO) released from PMA-stimulated neutrophils was enhanced by oxLDL treatment. HL-60-derived neutrophils were stimulated with
50 nM PMA for 30 min following 20 wg/mL native LDL or oxLDL for additional 2 h. (A,C) Western blot analysis of culture media of the cells to detect MPO and
apolipoprotein B-100 (apoB) following native PAGE on a 3-20% gradient gel. (B,D) Western blot analysis of MPO in cell lysates of HL-60-derived neutrophils following
12% gel SDS-PAGE. Quantitative data presented in the bar graph are the mean + SD of three experiments. Asterisks indicate statistical significance against the
condition “PBS without PMA”; ***p < 0.001. Sharps indicate statistical significance against the condition “PBS with PMA”; ##p < 0.005.

investigate the cooperative effect of neutrophils and oxLDL on  organs. Neutrophil infiltration is detected in the intima of
vascular cells. atherosclerotic lesions in human vessels, specifically in acute

NETs were initially reported to act as one of the natural  coronary syndrome (6), myocardial infarction, and thrombotic
immune responses to bacterial infection by releasing their own  lesions (7). Certain studies demonstrated that NET formation
chromosomal DNA collectively with the nuclear, cytoplasmic, is involved in the activation and dysfunction of endothelial
and granular proteins; however, excess NET formation has  cells (37), promotion of angiogenesis (38), and progression
been implicated in pathophysiological disruption in various  of atherosclerotic lesions and cardiovascular diseases (16).
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FIGURE 5 | Enhanced NETSs release from HL-60-derived neutrophils by oxLDL treatment is associated with increased inflammatory responses in HAECs.
(A) Experimental procedure for the activation of HAECs by NETs components. HL-60-derived neutrophils were stimulated with 50 nM PMA for 30 min. The culture
supernatant was discarded, and the cells were washed with fresh medium to remove PMA, then the cells were subjected to subsequent treatment with 20 pg/mL LDL
or oxLDL for 2 h. The culture medium of the HL-60-derived neutrophils (333 L) was transferred to 1 mL of HAECs culture medium (final concentration of 5 wg/mL
lipoproteins) and cultured for 24 h. (B) Expression of MMP-1 in HAECs was analyzed by using western blot. The intensity of each band was normalized by the
corresponding band of B-actin. Quantitative data presented in the bar graph are the mean + SD of three experiments. Asterisks indicate statistical significance against
the condition PBS without PMA; ***p < 0.001.
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Obesity-induced endothelial dysfunction was prevented by NETs
inhibition (39). These studies would provide a promising new
approach for the treatment of vascular diseases. Considering such
information on the potential importance of NETs in vascular
diseases and the presence of neutrophils in atherosclerotic

Quantitative evaluation of NET formation is difficult;
however, we introduced a fluorometric quantitation procedure
to determine the extracellular DNA. Based on fluorometric
quantitation of released NETs-DNA and western blot of
citrullinated histone H4 in cell lysates, PMA-induced NET

lesions, we hypothesized that oxLDL is involved in formation of HL-60-derived neutrophils was significantly
NET formation. accelerated by oxLDL at a concentration of 20 ug/mL, which
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was insufficient for NETs induction without PMA stimulation.
In addition, the immunofluorescent and electron microscopic
analyses of released DNA confirmed the drastic change in the
cells. In a previous study, Awasthi et al. reported that oxLDL was
able to induce NET-like structure against neutrophils; however,
they treated neutrophils with 100 Lg/mL oxLDL, whereas histone
citrullination was not assessed (40). In the previous study, the
circulating oxLDL level in human plasma was estimated to be 7-
35ng/mL (41, 42). In our present study, we utilized 20 pg/mL
oxLDL at physiologically relevant concentration and confirmed
that histone citrullination was not induced by stimulation with
oxLDL alone. Thus, the effect of oxLDL on HL-60-derived
neutrophils represents the enhancement of NET formation.
According to a previous report, the blocking of toll like receptor-
2 and -6 partially reduced oxLDL-induced NET formation (40),
and these receptors may recognize and uptake oxLDL to induce
enhancement of NET formation.

Accelerated NET formation induced by subsequent treatment
with oxLDL was associated with enhanced release of MPO
into the culture media. Native-PAGE analysis demonstrated that
extracellular MPO interacted with apoB, corresponding with the
results of previous studies which revealed that MPO binds to LDL
and oxLDL (43, 44). MPO may contribute to high electronegative
affinity with oxLDL because MPO is a highly cationic protein
(45). MPO mediates the oxidative modification on the surface
of LDL via ROS formation and/or MPO-catalyzed nitration
and chlorination of proteins (46). Presumably, increased NET
formation by oxLDL also promotes oxLDL production. Elevated
plasma MPO levels were associated with acute myocardial
infarction (47). In accordance, elevated level of MPO-DNA
complex, the marker of NETosis, correlated with the severity of
coronary artery diseases (26). A significant positive correlation
between oxLDL and MPO in plasma from patients with ST-
elevation myocardial infarction has been reported (7). MPO
mediates the conversion of hydrogen peroxide to hypochlorous
acid (HOCl)—a compound which induces the production of
chlorinated lipid. Recently, 2-chlorofatty acid was reported as
one of the lipid mediators that induce NET formation (48).
MPO has also been implicated in endothelial dysfunction (49)
and atherosclerosis (50). Our observation and other reports
collectively suggest a possibility that circulating oxLDL acts as a
carrier of MPO derived from neutrophils and contributes to the
development of vascular inflammation.

As many studies, including ours (51), have previously
reported, oxLDL contains various lipids including oxidized
phosphatidylcholines, lysoPCs, and fatty acids. Neutrophils are
susceptible to the toxic action of free fatty acids which causes
cell death accompanied by direct membrane perturbation (52).
Recent studies have extensively reported that lipid mediators
are involved not only in NETosis but also in other types of
programmed neutrophil death. Oxidized phospholipids and
lysoPCs are mediators of NET formation (40). Ceramides
are involved in NET induction (19, 53). Some studies
demonstrated that various sphingolipid signaling mediated
by sphingolipids and their analogs play roles in programmed
neutrophil death, such as apoptosis and necroptosis (54, 55).
Lipidomic analysis would be necessary to investigate the

mechanism underlying oxLDL-mediated enhancement of
NET formation.

Our data demonstrate that the culture medium of HL-
60-derived neutrophils, which was treated with PMA and
subsequently with oxLDL induced marked alteration of
HAECs. Under suitable conditions, MMP-1 protein expression
was induced in HAECs. MMP-1, also known as interstitial
collagenase, is involved in the degradation of vascular
extracellular matrix including collagen type I, II, and III
Elevated level of MMP-1 expression has been reported
not only in rheumatoid arthritis (RA) (56) but also in
atherosclerotic plaques (57, 58). Increased MMP-1 expression
is also implicated in plaque rupture (59) and in in vitro
endothelial cell senescence (60). A previous study demonstrated
that oxLDL but not native LDL upregulated MMP-1 protein
expression in human coronary endothelial cells (61). Our
present study demonstrated that MMP-1 protein expression
was dramatically induced in HAECs by culture medium
containing NETs components with subsequent coincubation
with oxLDL; whereas, notably, the coincubation of NETs
components with native LDL also induced MMP-1 expression.
One possible explanation is that the coincubation of NETs
components and native LDL for 24 h may cause the oxidation
of LDL to produce oxLDL which acts together with NETs
on HAECs.

It is noteworthy that oxLDL alone does not induce NET
formation but have an ability to enhance PMA-induced
NET formation associated with exaggerated inflammatory
responses in HAECs. Stimulation of HL-60-derived neutrophils
with PMA alone induces NET formation to a certain extent.
The cell shape of HAECs changed to elongated form with
decreased VE-cadherin staining, induced by the culture
medium of HL-60-derived neutrophils containing NETs
components. This observation is consistent with that in a recent
study by Meegan et al. who demonstrated that citrullinated
histone H3 causes barrier dysfunction of human umbilical
vein endothelial cells characterized by the disruption of
cell-cell adherent junction and cytoskeleton reorganization
with increased F-actin stress fibers, leading to a decrease
in intercellular barrier strength and microvascular leakage
as evaluated by mouse mesenteric microvessels (62). The
elongation of HAECs elicited by oxLDL causes the alteration
of structural and/or mechanical integrity of the endothelial
barrier (63). Notably, we found that enhanced elongation
in HAECs was induced by supernatant of culture medium
comprising NETs from HL-60-derived neutrophils treated
with either native LDL or oxLDL. This strongly indicates that
accelerated NET formation induced by oxLDL and possibly
native LDL-derived oxLDL generated during incubation
with NETs components, may contribute to exacerbated
endothelial barrier dysfunction, thereby causing vulnerability of
atherosclerotic plaque.

NETs also comprise various proteases including cathepsin
G, proteinase 3, MMP-9, and elastase. Cleavage of VE-
cadherin mediated by elastase, one of the proteases associated
with NETs, abolishes cell-cell contacts and increases cell
permeability (64). Recent evidence demonstrated that cathepsin
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G, which is also a NETs-associating protease, mediates the
degradation of apoB in native LDL to cause LDL fusion
and enhanced binding of LDL to isolated human aortic
proteoglycans and human atherosclerotic lesions ex vivo,
thereby contributing to atherogenesis (65, 66). Interestingly,
it is presumable that cooperative pathophysiological
relevance of proteases on NETs and lipoproteins causes the
progression of atherosclerosis.

The limitations of the present study include the lack of
mechanistic analysis of oxLDL-mediated enhancement of NET
formation including exploring receptors involved in oxLDL-
mediated NET formation. It is also important to explore
oxLDL-mediated NET formation under physiologically
relevant stimulation, such as inflammatory cytokines
(67, 68). IL-8 is a relatively weak NET inducer compared
to PMA (67), and hence, human neutrophils may utilize
oxLDL for enhanced NET formation under physiological
stimuli, therefore, human neutrophils should be utilized
to explore the contribution of oxLDL to NET formation.
Future research is desired to investigate the mechanisms
behind oxLDL-mediated acceleration of NET formation by
human neutrophils.

In conclusion, we demonstrated in this study that oxLDL
has the ability to enhance NET formation. In addition,
oxLDL and NETs components have synergistic effects on
morphological changes and inflammatory responses in HAECs.
NET formation may possibly amplify the production of
oxidatively and proteolytically modified LDL which can augment
further production of oxLDL and NET formation. Our study
provides information on the novel possibility that circular
oxLDL and vascular NETs act together as risk factors for
the initiation and progression of atherosclerosis and other
vascular diseases.
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Neutrophils are the most abundant innate immune cells. The pathogenic roles of
neutrophils are related to chronic inflammation and autoimmune diseases. Psoriasis
is a chronic systemic inflammatory disease affecting ~2-3% of the world population.
The abundant presence of neutrophils in the psoriatic skin lesions serves as a typical
histopathologic hallmark of psoriasis. Recent reports indicated that oxidative stress,
granular components, and neutrophil extracellular traps from psoriatic neutrophils
are related to the initial and maintenance phases of psoriasis. This review provides
an overview on the recent (up to 2019) advances in understanding the role of
neutrophils in the pathophysiology of psoriasis, including the effects of respiratory burst,
degranulation, and neutrophil extracellular trap formation on psoriatic immunity and the
clinical relationships.

Keywords: neutrophils, psoriasis, immunity, respiratory burst, degranulation, neutrophil extracellular traps

INTRODUCTION

Neutrophils are the most abundant cells in innate immunity. The main offensive functions of
neutrophils include respiratory burst accompanied by reactive oxygen species (ROS) generation,
degranulation (release of granules), and the formation of neutrophil extracellular traps (NETs)
(Figure 1) (1, 2). Neutrophils shape adaptive immunity because they communicate and interact
with the antigen-presenting cells and lymphocytes at the sites of inflammation (3, 4). Recently
great attention was brought to the role of neutrophils in the development and progression of
autoimmune diseases such as psoriasis.

Psoriatic neutrophils produce augmented respiratory burst with an overt accumulation
of oxidative stress involving complicated inflammatory pathways. Proteases released in the
degranulation step by neutrophils, such as myeloperoxidase (MPO), neutrophil elastase (NE),
proteinase 3, and cathepsin G, participate in the generation of ROS, proteolytical activation
of inflammatory mediators, and formation of autoantigens in psoriasis. The complexity and
prevalence of psoriasis among the population since antiquity encouraged scientists to study the
etiology of the disease and its relation to the immune system and inflammatory responses. Elegant
reviews described the role of inflammation and immune system in the development of psoriasis
(5, 6), the importance of biologic therapies targeting systemic inflammation (7), the significance of
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utilizing specific antibodies (8), the contribution of platelets
to regulation of NET formation (9), the antimicrobial
and pathogenetic roles of neutrophils in autoimmune,
autoinflammatory, metabolic (10) and cardiovascular diseases
(11). Also, recent books summarized the causes, symptoms, and
treatment options of psoriasis (12-15).

However, the role of neutrophils in psoriasis was not deeply
analyzed and summarized based on recent literature. Thus, in
this work, we focus on summarizing recent findings on the
main offensive features of neutrophils including respiratory
burst, degranulation and NETs and their direct connection with
development and progression of psoriasis (Figure 2). We hope
that our work would provide a foundation for further studies
to attenuate overstimulation of neutrophils in psoriasis and aid
patients with a debilitating disease.

PSORIASIS

Psoriasis affects ~2-3% of the world population (>125
million people). Psoriasis is a common, chronic, immune-
mediated disease that is manifested mainly as skin lesions and
extracutaneous comorbidities (16, 17). It is associated with
systemic inflammation, similar to that observed in obesity,
malignancy, psoriatic arthritis, cardiovascular disorders, chronic
obstructive pulmonary diseases, type 2 diabetes mellitus, liver
and renal diseases, and inflammatory bowel diseases (18-20).
Psoriasis affects men and women equally and usually starts to be
manifested at the age of 20 to 30, but children and teenagers can
be also affected (21). Clinical types of psoriasis include psoriasis
vulgaris, guttate psoriasis, inverse psoriasis, pustular psoriasis,
and erythrodermic psoriasis (22). Typical skin manifestations of
psoriasis include erythematous, indurated, and scaling plaques
that are painful, itchy, and have a burning sensation (16, 23).
Psoriasis decreases patients’ quality of life due to unpleasant
symptoms and related public stigma (24, 25). The unpleasant
skin appearance contributes to reduced employment levels and
thus, affects the financial status of patients (26). Depression and
suicidal tendencies are also increased in patients with psoriasis
(27, 28). Therefore, psoriasis results in long-term physical,
psychological, and economic burden at both the individual and
societal levels.

NEUTROPHILS IN PSORIASIS

Psoriasis is an immunogenetic disease that is associated with
the interactions between the innate and adaptive immune
systems (29). The immunology disturbance in psoriasis is
related to overstimulation of neutrophils, dendritic cells, T cells,
keratinocytes, fibroblasts (6, 30), mast cells (31), and melanocytes
(30, 32). Munro’s microabscesses filled with neutrophils, which
were first described in 1898, are considered as one of the major

Abbreviations: CCL, CC-chemokine ligand; CXCL, chemokine (C-X-C motif)
ligand; IL, interleukin; IFN, interfenon; LPS, lipopolysaccharide; mDCs, myeloid
dendritic cells; MPO, myeloperoxidase; NET, neutrophil extracellular trap; NOX,
NADPH oxidase; NE, neutrophil elastase; NLR, neutrophil-to-lymphocyte ratio,
pDCs, plasmacytoid dendritic cells; PLR, platelet-to-lymphocyte ratio; Th, T helper
cell; TLR, Toll-like receptor; TNF, tumor necrosis factor.

histopathological hallmarks of psoriasis (33). Neutrophils are
now thought to be regulators between the innate and adaptive
immune systems (34, 35).

There is no cure for psoriasis, however the symptoms can
be reduced either by avoiding triggers or by medications.
Currently, the available treatments such as phototherapy,
topical therapy (corticosteroids, vitamin D analogs), systemic
therapy (methotrexate, apremilast, cyclosporin), and biological
treatments offer a relieve for patients with different severity
of psoriasis. However, the risk-benefit ratio must be well-
considered on individual basis, particularly, considering the
chronic course of the disease and limitations of the long-
term use of certain drugs (16). Although T cell immunology-
related treatments have emerged as attractive options for
psoriasis, according to a systematic review of adherence and
satisfaction to current treatment covering studies conducted
in 2002 (36) or between beginning of 2009 and end of 2014
in European Union (37), psoriatic patients expressed only
moderate satisfaction with the available treatments as evidenced
by the poor adherence rates, in particular to topical treatments
(36, 37). That might be the biggest motivating factor for
the use of alternative treatment methods such as traditional
Chinese medicine and herbs (Scutellaria baicalensis, Zingiber
officinale, Indigo naturalis, Mahonia aquifolium, Aloe vera)
(38), dietary supplements (fish oil, vitamin D) or other (39).
Furthermore, the combination of certain alternative medicines
with conventional drug therapies has been shown to improve
the treatment efficacy, which points to the importance of
evaluation of safety of combined treatments, education of
doctors but also improvements in patient-doctor interactions
(40). Indeed, modern biological therapies demonstrate improved
safety and efficacy, as well as better satisfaction in patients, but
belong to an expensive class of drugs, with limited availability
(41). Biological therapies of psoriasis include monoclonal
antibodies or inhibitors targeting tumor necrosis factor (TNF)a
(infliximab, adalimumab; etanercept) (42-44), interleukin (IL)-
23/1L-12 (ustekinumab) (42), IL-23 (guselkumab, tildrakizumab,
risankizumab) (45, 46), or IL-17 (secukinumab, ixekizumab,
brodalumab) (11, 47, 48). The available therapies indirectly affect
the function and numbers of neutrophils. According to previous
studies, the neutrophil-to-lymphocyte ratio (NLR) and platelet-
to-lymphocyte ratio (PLR) are significantly increased in patients
with psoriasis (49). While the elevated NLR and PLR values
are particularly associated with psoriasis, they do not indicate
the severity of the condition (50). The importance of NLR
level in the progression of the disease was demonstrated by
the reduction in NLR level following psoriasis treatment (51).
That brings in question the effectiveness of certain treatments
such as narrow-band ultraviolet B phototherapy which does
not affect the increased level of NLR (52). Increased NLR and
PLR levels emerged as unrecognized predictors of subclinical
atherosclerosis in patients with psoriasis (53). The presence
of excessive amount of neutrophils is characteristic for the
generalized pustular psoriasis. Recent reports indicated that the
depletion of neutrophils significantly relieves the symptoms
of pustular psoriasis in patients that did not respond well
to conventional treatments (54). Understanding the role of
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FIGURE 1 | The offensive mechanisms of neutrophils in inflammation. In the activated neutrophils, respiratory burst, degranulation, and the formation of neutrophil
extracellular traps (NETs) are the main mechanisms responsible for inflammation. During the respiratory burst, neutrophils utilize oxygen to produce reactive oxygen
species (ROS) such as superoxide (Og), peroxide Hy O or hypochlorous acid (HOCI) by activating NADPH oxidase (NOX2) and myeloperoxidase (MPO). As activation
processes are triggered by diverse stimuli, neutrophils mobilize different granules including azurophilic granules, specific granules, gelatinase granules, and secretory
vesicles. Subsequently, neutrophils degranulate and release various granular compounds of which neutrophil elastase (NE), MPO, proteinase 3, LL37, and lipocalin 2

neutrophil elastase; NET, neutrophil extracellular trap; NOX2, NADPH oxidase.

play an important role in the pathogenesis of psoriasis. NETs are novel and pivotal components of neutrophils composed of extruded sticky and decondensed
chromatin decorated with many antimicrobial compounds, such as histones, MPO, NE, and cathepsin G. The formation of NETs is involved in complicated
inflammatory reactions and contributes to the pathogenesis of psoriasis. MPO, myeloperoxidase; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NE,

neutrophils in psoriasis attracted the attention of scientific
community aiming to develop treatment protocols focusing on
attenuating neutrophil overstimulation in this disease (55).

RESPIRATORY BURST AND PSORIASIS

Circulating neutrophils are recruited to inflammatory sites
following inflammatory signals. They are then activated to
generate and release large amounts of ROS in a phenomenon
known as respiratory burst. NADPH oxidase (NOX2) and MPO
are two key enzymes that contribute to the respiratory burst
(56, 57). NOX2 is composed of transmembrane cytochrome
b558 (p22PP°X and gp91Pho¥) and cytosolic subunits (p40PPox,
p47Phox | p67PhoX and Racl/2). The assembled NOX2 complex,
at the phagosomal and plasma membranes, is fully activated
to generate superoxide anion (O357), which is the origin of
various ROS produced by neutrophils. Superoxide (O57) is
rapidly converted to hydrogen peroxide (H,O;) by superoxide
dismutase (SOD). MPO, a heme peroxidase enzyme which is

released in a process known as degranulation, utilizes H,O,
to produce many secondary reactive products. These products
include hypochlorous acid (HOCI), chloramines (R-NHCI), and
hypothiocyanite (OSCN-), as well as organic radicals such as
products of lipid peroxidation (Figure 1) (58, 59).

ROS production is an integral part of the antimicrobial activity
of neutrophils. However, the overproduction or inadequate
clearance of ROS can cause various oxidative stress-related
dysfunctions. These include cell and tissue damage; peroxidation
and modification of DNA, lipids, and proteins; autoimmune NET
formation; and autoantibody generation (58, 60). Neutrophils
obtained from patients with psoriasis were shown to possess
increased MPO and NOX2 activities, and release more ROS
compared with neutrophils from healthy individuals (61, 62).
Keratinocytes and T cells in psoriatic lesions produce priming
agents of neutrophils, which results in an augmented respiratory
burst by neutrophils with the overproduction of ROS (63-66).
Accumulation of oxidative radicals also contributes to the
pathogenesis of psoriasis. In response to the overproduction of
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FIGURE 2 | Role of neutrophils in psoriasis. Various and diverse endogenous and exogenous impulses such as antigens, trauma, infection, or emotional stress can
trigger the complex immune reactions leading to psoriasis. The interplay of neutrophils, dendritic cells, and T cells bridges the innate immune and adaptive immune
systems. T cells and keratinocytes release chemokines, such as IL-17, CXCL1, CXCL2, and CXCLS8, that mediate the recruitment of neutrophils. Circulating
neutrophils migrate to the psoriatic lesions and induce respiratory burst, degranulation, and formation of NETs, thereby contributing to the immunopathogenesis of
psoriasis which involves T cell imbalance, keratinocyte proliferation, angiogenesis, and auto-antigen formation. Neutrophils from patients with psoriasis have enhanced
NOX2 and MPO activity and augmented respiratory burst. MPO also participates in generating oxidative stress and upregulating degranulation. The accumulated
oxidative stress produced by neutrophils could stimulate the antigen-presenting cells pDCs via TLR receptors 7 and 9 which stimulate antigen-specific CD8+ T cells
(memory T cells in dermis and naive T cells in lymph node) to release cytokines, chemokines, and other innate immune mediators. These T cells may also migrate to
epidermis and trigger local inflammation and keratinocyte proliferation via MHC | receptor of keratinocytes. Production of IFN-a and IFN-B by pDCs then stimulates
mDCs to secrete pro-inflammatory mediators such as TNF, IL-12 and IL-23. Proteinase 3 released from neutrophils cleaves pro-IL-36 to activated IL-36 cytokine
amplifying the response of mDCs. TNF, IL-12, and IL-23 play an important role in the initiation of the Th1, Th17, and Th22 cells immune response in lymph node,
leading to a secretion of various cytokines and chemokines. IL-1 is further amplifying Th17 response while TNF and IFN-y is creating a back loop to mDCs activation.
Th17 activation then leads to the production of IL-17 activating neutrophils and keratinocytes via IL-17 receptors which generates profound IL-17 response.
Keratinocytes produce TNF and CCL20, a chemotactic for T cell and DCs. Neutrophils degranulate and release MPO, NE, proteinase 3, cathepsin G and lipocalin.
Proteinase 3 cleaves and converts the resting TNFa located in membrane of epithelial cells (nTNFa) to an activated state called soluble TNFa (STNFa). Proteinase 3
also contributes to the formation of the LL-37 which serves as autoantigen. The chromatin of NETs (DNA) combined with LL-37 have a profound role in the initiation
and maintenance of immune response in psoriasis. NETs further supply IL-17 and induce Th17 cells to release more IL-17, which plays a decisive role in the
maintenance of psoriasis. These processes participate in the psoriasis complex inflammatory reactions and lead to the escalation of local psoriatic tissue inflammation.
IL-22 contributes to the formation of characteristic psoriatic skin lesions including epidermal hyperplasia and acanthosis (thickening of skin). The activation of the
following transcription factors promote TNF and IL-17 production and formation of downstream amplification loops in psoriasis: the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) family, nuclear factor-xB (NF-«kB) and cyclic AMP. Furthermore, the activation of endothelial cells induces vascular
proliferation, angiogenesis and the expression of adhesion molecules in the endothelium to recruit additional inflammatory cells into the skin such as mast cells and
macrophages contributing to the pathogenesis of psoriasis. CCL, CC-chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; IL, interleukin; IFN, interfenon; MHC I,
major histocompatibility complex class I, MPO, myeloperoxidase; NET, neutrophil extracellular trap; NOX, NADPH oxidase; NE, neutrophil elastase; pDCs,
plasmacytoid dendritic cells; mDCs, myeloid dendritic cells; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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and activator of transcription proteins (JAK-STAT)-related
inflammatory pathways (67, 68). Suppression of respiratory burst
of neutrophils emerged as a plausible pathway of attenuating
overly immune response associated with psoriatic symptoms.

DEGRANULATION AND PSORIASIS

Neutrophils possess a multi-lobed nucleus, few mitochondria,
and many specific storage organelles called granules. Granules
are classified into azurophilic granules, specific granules,
gelatinase granules, and secretory vesicles depending on their
size, reaction with peroxidase-reactive dye, staining with 3,3’-
diaminobenzidine, protein content, and tendency to mobilize
(Figure 1) (69, 70). Azurophilic (peroxidase-positive or primary)
granules are packed with MPO, bactericidal/permeability-
increasing protein, defensins, lysozyme, and serine proteases,
such as neutrophil elastase (NE), proteinase 3, and cathepsin G.
Lysozyme is also found in specific and gelatinase granules (55).
Specific (secondary) granules contain distinctive iron-binding
glycoprotein  lactoferrin, neutrophil gelatinase-associated
lipocalin (NGAL, also called serum lipocalin-2, LCN2),
collagenase, cytochrome b558, MAC-1 (CD11/CD18), and
importantly, cathelicidins such as LL-37 (71). Cytochrome b558
and MAC-1 are also present in gelatinase granules and secretory
vesicles (55). Gelatinase (tertiary) granules store gelatinase,
lysozyme, arginase 1, and ficolin 1 (72). The secretory vesicles
contain a characteristic alkaline phosphatase (57).

As activation processes of neutrophils are triggered by
diverse stimuli such as bacterial or proinflammatory lipid
mediators, neutrophils mobilize different granules and release
the aforementioned granular components in a process known
as degranulation or exocytosis (57). Degranulation is regulated
by complicated control mechanisms, such as calcium signaling
and actin remodeling (72-74). Azurophilic granules discharge
toxic components into phagosomes and at inflammation sites.
The secretion of specific and gelatinase granules promotes
migration of neutrophils and the antimicrobial activity. The
main purpose of releasing secretory vesicles is to facilitate
neutrophils recruitment. Therefore, the degranulation process
promotes firm adhesion, migration, respiratory burst, and
successive  NET formation of activated neutrophils (75).
However, the dysregulation of neutrophil degranulation
could damage tissues as observed in various diseases, such
as hypoxia-related airway injury (76), severe pneumonia and
chronic obstructive pulmonary diseases (77), atherosclerosis
(78, 79), acute inflammatory liver injury (80), and rheumatoid
arthritis (81, 82).

In psoriasis, MPO is significantly increased in skin plaques
and is positively correlated with the severity of psoriasis
(83). Serum MPO is also increased in patients with psoriasis,
which may be related to recruited leukocytes in psoriatic skin
lesions (84). MPO, the major enzymatic content of neutrophil
granules, accounts for ~5% of the dry weight of the cell and
represents the most toxic enzyme expressed by neutrophils
(85). MPO is involved in the respiratory burst and can
bind to CD11b/CD18 integrins, thereby contributing to the
upregulation and augmentation of neutrophil degranulation

in psoriasis (86). Furthermore, the neutrophil granule-derived
serine proteinases, such as NE, proteinase 3, and cathepsin G, can
activate interleukin (IL)-36 cytokine and lead to the escalation
of local psoriatic tissue inflammation (87, 88). Proteinase 3
cleaves and converts the resting TNFa located in membrane
of epithelial cells (mMTNFa) to an activated state called soluble
TNFa (sTNFa), which participates in the psoriasis complex
inflammatory reactions (Figure 2). Proteinase 3 also contributes
to the formation of the LL-37, an antimicrobial peptide belonging
to cathelicidin family of polypeptides (89, 90), which serves
as autoantigen mediating immune response in psoriasis (33).
Antimicrobial peptides, synthesized by various leukocytes and
epithelial cells, act via DNA/RNA complexes binding Toll-like
receptors (TLR) 7, 8, and 9 to facilitate skin inflammation
(91, 92). In addition, NE proteolytically activates the epidermal
growth factor receptor (EGFR) signaling pathway resulting in
excessive keratinocyte proliferation in psoriasis (93). Thus, the
inhibition of neutrophils degranulation process or some of the
enzymes contributing to psoriasis (NE, MPO, proteinase 3) are
feasible targets for alleviating psoriatic symptoms.

NETS AND PSORIASIS

The process of forming neutrophil extracellular traps (NETs) was
first reported in 2004 (94). NETSs are composed of extruded sticky
chromatin ornamented with many antimicrobial components
including histones, MPO, NE, cathepsin G, high mobility group
protein Bl (HMGBI1) and antimicrobial peptides, such as LL-
37 (Figure 1) (95). NETs can catch and destroy pathogens in
order to prevent microbes from spreading (96). However, the
dysregulated formation and clearance of NETs can result in many
diseases. These include autoimmune diseases, such as systemic
lupus erythematosus, anti-neutrophil cytoplasmic autoantibody
(ANCA)-associated vasculitis, rheumatoid arthritis, gout (97),
and autoimmune hepatitis (98); cardiovascular diseases, such
as atherosclerosis, thrombosis, and abdominal aortic aneurysm
(99-101); respiratory disorders inclusive of asthma, chronic
obstructive pulmonary disease, cystic fibrosis, tuberculosis,
bacterial and viral pneumonia, and transfusion-related acute
lung injury (102, 103); digestive diseases, such as inflammatory
bowel diseases, primary sclerosing cholangitis, primary biliary
cholangitis (98); and cancer-related organ damage, metastasis,
and thrombosis (9). Recently, a role of NETs in awakening of
dormant cancer cells was discovered (104).

The process of NET formation is termed NETosis, which is
subdivided into lytic NETosis and non-lytic NETosis. In lytic
NETosis (also called suicidal NETosis), activated neutrophils
generate NETSs (it takes 2-4h) and undergo a programmed cell
death, which differs from necrosis, necroptosis, and apoptosis
(105). Lytic NET formation is triggered by various stimuli
undergoing different pathways. For instance, phorbol myristate
acetate (PMA) increases cytosol calcium, activates protein
kinase C (PKC)/Raf/MEK/ERK pathway, and induces NOX2
to generate ROS. ROS then acts as the second messenger
to disintegrate the nuclear membrane and stimulate MPO to
translocate NE to the nucleus where it causes proteolysis of
histones and decondensation of chromatin. Afterward, peptidyl
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arginine deiminase 4 (PAD4)-mediated hypercitrullination of
histones allows decondensed chromatin, the main component
of NETs, to be readily expelled from the cell nucleus. Finally,
as the plasma membrane dissolves, the chromatin decorated
with granular components is released as extracellular traps (106).
Other pathways of lytic NETosis include stimulation by fungi
(such as Aspergillus spp.) through Dectin 2 and complement
receptor 3 (CR3) (107), LPS (lipopolysaccharide) under special
conditions described later in detail (108) or by monosodium
urate crystals via receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) and RIPK3 pathway (109). All of these pathways
involve NOX2, MPO, and NE activation (105). Nevertheless,
there are other stimulators of NETosis acting independently
of NOX2 such as ionomycin, or immune complexes (110).
Ionomycin induces NETs via small conductance calcium-
activated potassium channel protein 3 (SK3) and protein kinase
C ¢ (PKCt), mitochondrial ROS (mitoROS), NE, and protein-
arginine deiminase type 4 (PAD4) (111). Immune complexes
related NETosis through FcyRIIIb are highly dependent on
mitoROS (110, 112). The lytic-NETosis inducers such as PMA,
ionomycin, or living bacteria were confirmed using a live imaging
confocal microscopy, however, dead bacteria, LPS, glucose, or
activated platelets alone failed to induce NETosis in the in vitro
experiment (113). Such discrepancy might be due to variations in
the experimental design of various studies.

On the other hand, non-lytic NETosis (also called vital
NETosis) does not require neutrophils lysis or even the
breach of the plasma membrane. Following the release of
NETs, neutrophils are alive and keep their functions, such as
chemotactic movement, phagocytotic ability, and respiratory
burst power (98). This form of NETosis usually occurs early
in infection by Gram-positive bacteria in human and mice.
The process is very rapid (5-60min to form NETs), requires
both TLR 2 and complement-mediated opsonization, and
is independent of NOX2 (114). Non-lytic NETosis can be
induced by Staphylococcus aureus via a unique mechanism
where the inner and outer nuclear membranes are separated,
and the vesicles filled with nuclear DNA are extruded intact
into the extracellular space where they rupture and release
chromatins. Despite that this type of NETs keep a limited amount
of proteolytic activity it is still able to kill S. aureus (115). Non-
lytic NETosis can also be stimulated by Candida albicans via
interaction with CR3 and fibronectin (116). Moreover, a special
type of non-lytic NETosis, which releases mitochondrial DNA
and is dependent on ROS, is stimulated by the granulocyte-
macrophage colony-stimulating factor (GM-CSF) and LPS (10).
Interestingly, Leishmania parasites induce both lytic and non-
lytic NETosis (117). In that case, the chromatin decondensed
by PAD4 is mixed with granular proteins and subsequently
excreted with a minor nuclear envelope disruption and without
cell membrane disorganization (10, 98). Delgado-Rizo et al.
previously summarized the microbial inducers of NETs (10) but
we would like to clarify the effect of LPS. Lipopolysaccharide
(LPS) is an important component of the outer membrane
of gram-negative bacteria known to trigger immune response
(118). For a long time, it was unclear whether the direct
interaction between LPS and neutrophils causes NETs release,
because several reports showed LPS-induced lytic NET formation

(94, 119) while other not (113, 120). Recently, it has been shown
that only species- and serotype-specific LPS is able to induce
NETs by direct interaction with neutrophils. It was demonstrated
that LPS has to be derived from specific bacterial strain
of Escherichia coli (0128:B12) and Pseudomonas aeruginosa
(serotype 10) and must be present at sufficient concentration
(8 pg per neutrophil). The neutrophils then undergo a lytic-
NETosis independent of TLR4. However, non-lytic NETosis is
triggered when sufficient amount of LPS regardless of bacterial
origin interacts with TLR4 of platelets (108). The process is
followed by binding of platelets to the P-selectin glycoprotein
ligand-1 (PSGL-1) of neutrophils, and the release of HMGBI1
by platelets (9, 95). Moreover, there is a growing evidence of
crucial role of the other endogenous and immune factors in
the process of NET formation, such as presence of platelets
(95, 120), glucose (10), or other effectors (121). To orchestrate
inflammatory response, NETs in combination with LPS were
shown to induce the production of IL-1p by J774 macrophages
via the caspase-1 and caspase-8 pathways (122).

In patients with psoriasis, neutrophils are pre-activated and
form NETs in psoriatic skin lesions (55, 123). NETs are increased
in blood samples and correlate with the severity of psoriasis
(124, 125). They create an extremely immunogenic environment
and participate in the initial and maintenance phases of psoriasis
(126, 127). NETs stimulate epidermis to release inflammatory
cytokines via TLR4 and IL-36 receptor crosstalk (123). Various
exogenous and endogenous stimuli and ROS generated by
neutrophils initiate immune reaction leading to psoriasis
which involves T cell imbalance, keratinocyte proliferation,
angiogenesis, and auto-antigen formation (Figure2). The
chromatin of NETs in psoriasis plaques is accompanied with
antimicrobial peptide LL-37 released by keratinocytes to
stimulate the synthesis of inflammatory mediators including
IFN-a and IFN- in plasmacytoid dendritic cells (pDCs) (16).
Myeloid DCs (mDCs) are then activated to release many pro-
inflammatory mediators, such as IL-6, IL-12, IL-23, and TNFa
(91, 92), which play an important role in the initiation of the
Thl, Th17, and Th22 cells immune response (16). Proteinase 3
released from neutrophils cleaves pro-IL-36 to activated IL-36
cytokine which is together with TNF and IFN-y amplifying
the response of mDCs. Thl7 activation then leads to the
production of IL-17 activating neutrophils and keratinocytes via
IL-17 receptors which generates profound IL-17 response (16).
Secretory leukocyte protease inhibitor (SLPI), a component of
NETs with an inhibitory function on NET formation, may bind
to DNA and NE in psoriatic skin lesions and activate the pDCs to
produce type 1 interferons (IFN-a, IFN-B, etc.) which regulates
autoimmunity in psoriasis (128-130). In addition, NETs allow
the mDCs to readily sense the neutrophilic antigens and allow
the T cells to be primed directly (45, 131, 132). Thus, NETs play
an important role in the pathophysiology of psoriasis due to their
link between the innate and adaptive immune systems. Psoriasis
is accompanied with increased serum levels of TNF-a, interferon
(IFN)-vy, IL-1, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17, IL-18
(133), IL-22 (134), chemerin, resistin (135), lipocalin-2 (LCN2)
(123), soluble E-selectin (sE-selectin) (136), complement 3 (137),
and decreased levels of transforming growth factor-beta (TGF-f)
and adiponectin (133). These cytokines may therefore serve as
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potential biomarkers for psoriasis and treatment response in
patients. According to a cross-sectional study, psoriasis patients
had increased proinflammatory macrophage type 1 (IL-1, IL-6,
TNF-a), Th1l (IL-2, IL-12, IFN-y), Th17 (IL-6, IL-17) but also
anti-inflammatory Th2/T regulatory (Treg) (IL-4, IL-10) profiles
which may be correlated to the severity of psoriasis (133).
Among the important mediators in psoriasis, LCN2 acts as
an antimicrobial protein as well as adipokine associated with
obesity, insulin resistance, and atherosclerotic disease, and is
also responsible for the activation of the immune system in
response to inflammatory and toxic stimuli. Importantly, serum
LCN2 levels are elevated in psoriatic patients (138) and correlate
with the severity of itching and thus might be used as a clinical
marker for itching in psoriasis (139). Not only granulocytes but
also keratinocytes of epidermis secrete LCN2, which drives the
chemotaxis of neutrophils and sustains NET formation, and
thereby in turn maintains the psoriatic inflammation (123). The
increased LCN2 blood levels were observed in patients with
palmoplantar pustular psoriasis (140) as well as other chronic
inflammatory skin diseases such as acne inversa (141) or atopic
dermatitis (142). Wolk et al. reported a positive correlation
between the LCN2 production and IL-1p levels in the epidermis,
which was further enhanced by IL-17 and TNF-a, but not by
IL-22. The contribution of LCN2 on skin neutrophil infiltration
is apparent (141). In the clinical setting, tissue LCN2 was
found to be also significantly higher in psoriasis, regardless of
dyslipidemia, or metabolic disturbance in patients. But the LCN2
levels together with psoriasis area and severity index (PASI)
score significantly dropped after NBUVB treatment (143). The
in vivo effects of LCN2 on topical imiquimod (IMQ)-induced
psoriasis-like skin in BALB/c mice were evaluated by Hau
group (138). In addition to markedly exacerbated erythema and
scaling in IMQ-treated murine skin, LCN2 increased the mRNA
expression of interleukin (IL)-17A, IL-17EF IL-22, IL-23, CC-
chemokine ligand (CCL)20, TNF-a, chemokine (C-X-C motif)
ligand (CXCL)1, CXCL2, LCN2, and S100A7 while it did not
affect the mRNA levels of IFN-y, or CXCL10 in the skin. Similar
effects were observed in vitro on human keratinocytes (138). The
data suggest a link between NETs-related cytokines and Th-17
activation in psoriasis.

NET-TH17 AXIS AND PSORIASIS

Psoriasis has been considered as a T-helper (Th)1/Thl17-
mediated, chronic inflammatory dermatosis with relation to
metabolic syndromes (144). Apart from keratinocytes and T
lymphocytes (145), neutrophils are one of the major cellular
sources of IL-17 via NET formation in psoriasis (146), and
also mast cells were reported to generate extracellular traps
(147). NETs activation has been linked with Th17 responses
in psoriasis and has drawn particular attention recently (148).
In an experimental model, NETs induced the generation
of CD3TCD4TIL-17T (Th17) cells from peripheral blood
mononuclear cells, which requires monocyte and cell-to-cell
contact. Th17 induction was enhanced by a psoriasis risk-
associated variant in the TRAF3IP2 gene encoding the D10N
variant of Actl which serves as a key mediator of IL-17 signal
transduction. That provides an evidence of genetic basis for the

enhanced IL-17 expression in psoriasis. IL-17-expressing T cells
and neutrophils were suggested to have a cross-talk because
IL-17-expressing T cells produce cytokines which promote the
development, recruitment, and lifespan of neutrophils (149).

Although many immune diseases including psoriasis or atopic
dermatitis have been traditionally classified as Th1/Th2 biphasic
disorders, there is a growing evidence supporting a rather
systemic activation of other multiple Th-cell subsets, such as
Th17 cells producing IL-17 and IL-22 (Figure 2). Interestingly,
in comparison with psoriasis, atopic dermatitis showed reduced
genomic expression of IL-23, IL-17, IFN-y, and other innate
defense genes (hBD2, elafin, LL-37) (150). Elevated IL-17 is
detected in psoriatic skin lesions and in the blood (151). IL-
17 mainly stimulates keratinocytes to produce neutrophil-tropic
chemokines CXCL-1, CXCL-2, CXCL-8 (IL-8), and antimicrobial
peptides, such as LL-37. IL-17 serves as an autocrine-amplifying
mediator that is simultaneously involved in the recruitment,
activation, and survival of neutrophils (6). There are several
subtypes of IL-17 family cytokines binding to IL-17 receptors,
namely IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also known as
IL-25) and IL-17F (145). IL-17A from neutrophils stimulates
keratinocytes to express CCL20, attracting Th17 cells with CCR6
expression to release IL-17A, and finally resulting in positive
feedback and the development of the psoriatic lesions (8). IL-
17C is a unique cytokine that is produced by keratinocytes and
that is involved in such synergistic loops that may be responsible
for amplifying the inflammation in both psoriasis and atopic
dermatitis. This may ultimately lead to induction of S100As and
other molecules that accompany epidermal hyperplasia. Thus,
antagonism of IL-17C may be beneficial for psoriasis and atopic
dermatitis treatment (152). IL-17E then recruits neutrophils by
activating macrophages and contributes to the infiltration of
psoriatic neutrophils (153). Besides other innate immune cells,
neutrophils significantly contribute to IL-17-related immune
regulations in psoriasis by employing several mechanisms
including the formation of NETs (45). Moreover, IL-17 released
by NETs leads to endothelial dysfunction in atherosclerosis
and keratinocyte proliferation in psoriasis, which may explain
why patients with psoriasis also suffer from increased risk of
atherosclerosis (11). Anti-IL-17 drugs, such as secukinumab,
clear the neutrophils in the epidermis and can be used to
effectively treat psoriasis (48). The targeted biologic therapies are
of great importance with regards to an increasing number of
comorbidities associated with psoriasis together with its systemic
inflammation nature indicating that these diseases are sharing
some common pathological mechanisms (7). In summary, NETs
were demonstrated as potential upstream drug targets for the
treatment of psoriasis.

CONCLUSION

Neutrophils in psoriasis are of interest, particularly, because of
their crucial roles in the innate and adaptive immune system.
The respiratory burst with ROS generation, degranulation,
and formation of NETs are the main offensive functions of
neutrophils and contribute to the immunopathogenesis of
psoriasis. Recently, great attention was brought to the role
of NETs in psoriasis because activated neutrophils producing
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NETs are abundant in psoriatic skin plaques and pustules, as
well as in the serum of patients with psoriasis. Overexpression
of NETs leads to the activation of other cells releasing IL-17,
which stimulates the synthesis of inflammatory mediators and
in turn leads to auto-amplification of neutrophils. Therefore,
further development of inhibitors and biologic drugs targeting
overexpressed offensive features of neutrophils, i.e., respiratory
burst, degranulation, and NET formation, is of great importance.
We believe that the consideration of the role of neutrophil
defense mechanisms in the pathogenesis of psoriasis offered in
this review highlights the need to further investigate neutrophils
for possible improvements of available treatments in the future.
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Short-Term Fever-Range
Hyperthermia Accelerates NETosis
and Reduces Pro-inflammatory
Cytokine Secretion by Human
Neutrophils
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Federico Fuentes?®, David Rosso’, Camila Ledo?*®, Maximiliano Miglio Rodriguez’,
Mauricio Guzman', Jorge R. Geffner®, Jeremias Galletti’, Carolina Jancic’,
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Nacional de Medicina, Buenos Aires, Argentina, * Departamento de Investigaciones Biomédicas y Biotecnoldgicas, Centro
de Estudios Biomédicos, Biotecnoldgicos, Ambientales y de Diagndstico (CEBBAD), Universidad Maimonides, Buenos Aires,
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Investigaciones Biomédicas en Retrovirus y SIDA (INBIRS), CONICET, Facultad de Medicina, Universidad de Buenos Aires,
Buenos Aires, Argentina, ” Departamento de Microbiologia, Parasitologia e Inmunologia, Facultad de Medicina, Universidad
de Buenos Aires, Buenos Aires, Argentina

Fever is a hallmark of infections and inflammatory diseases, represented by an increase
of 1-4°C in core body temperature. Fever-range hyperthermia (FRH) has been shown to
increase neutrophil recruitment to local sites of infection. Here, we evaluated the impact
of a short period (1h) of FRH (STFRH) on pro-inflammatory and bactericidal human
neutrophil functions. STFRH did not affect neutrophil spontaneous apoptosis but reverted
the lipopolysaccharide (LPS)-induced anti-apoptotic effect compared with that under
normothermic conditions. Furthermore, STFRH accelerated phorbol myristate acetate
(PMA)-induced NETosis evaluated either by the nuclear DNA decondensation at 2 h post-
stimulation or by the increase in extracellular DNA that colocalized with myeloperoxidase
(MPQ) at 4h post-stimulation. Increased NETosis upon STFRH was associated with
an increase in reactive oxygen species (ROS) production but not in autophagy levels.
STFRH also increased NETosis in response to Pseudomonas aeruginosa challenge
but moderately reduced its phagocytosis. However, these STFRH-induced effects did
not influence the ability of neutrophils to kill bacteria after 4h of co-culture. STFRH
also significantly reduced neutrophil capacity to release the pro-inflammatory cytokines
chemokine (C-X-C moatif) ligand 8/interleukin 8 (CXCL8/IL-8) and IL-1p in response to
LPS and P, aeruginosa challenge. Altogether, these results indicate that a short and mild
hyperthermal period is enough to modulate neutrophil responses to bacterial encounter.
They also suggest that fever spikes during bacterial infections might lead neutrophils to
trigger an emergency response promoting neutrophil extracellular trap (NET) formation
to ensnare bacteria in order to wall off the infection and to reduce their release of
pro-inflammatory cytokines in order to limit the inflammatory response.

Keywords: neutrophils, hyperthermia, NETosis, NETs, cytokines
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INTRODUCTION

Neutrophils are the most numerous leukocytes in human
circulation. These cells are rapidly and massively recruited
to tissues in response to multiple microbial and sterile
challenges (1). Their localization to the site of inflammation
is essential for the clearance of infections (2). When arriving
at the site of infection, they recognize the insulting pathogens
and deploy an extensive repertoire of antimicrobial weapons
that includes oxidants, proteases, and antimicrobial proteins
(3). Neutrophils mediate the killing of microbes through
phagocytosis, degranulation, and neutrophil extracellular trap
(NET) generation (3).

NETs are fibrous structures that usually consist of a
nuclear DNA scaffold with associated histones and nuclear,
cytoplasmic, and granular proteins. They are released by
neutrophils in response to microbial and sterile agents
and play an important role in the defense against bacteria,
fungi, and viruses (4-6). NETs ensnare microorganisms
to prevent their dissemination and wall off the infection
(7). Their associated antimicrobial compounds, such as
proteases, antimicrobial peptides, and histones, can directly kill
pathogens (6).

Although neutrophils play an indisputable role as
microbicidal cells, evidence from recent years indicates that
their biological functions transcend the killing of pathogens (8).
In fact, human neutrophils produce potent pro-inflammatory
cytokines and chemokines like chemokine (C-X-C motif)
ligand 8/interleukin 8 (CXCL8/IL-8), interleukin 1 beta
(IL-1B), and tumor necrosis factor alpha (TNF-a). The huge
daily generation of neutrophils (~10'!), which dramatically
increases upon infection/inflammation (9), together with
their massive recruitment to inflammatory foci suggests that
neutrophil-derived cytokines might be of foremost importance.

Fever is a cardinal response to infection. Given that it has been
conserved throughout evolution, it is thought that it confers a
survival advantage. Indeed, substantial evidence has accumulated
suggesting that febrile temperatures are associated with
improvement in survival and the resolution of infections (10).
Previous studies showed that fever-range hyperthermia (FRH)
increases neutrophil pulmonary recruitment in experimental
Gram-negative bacterial pneumonia (11). Even though an
augmented expression of CXC chemokines was involved in the
hyperthermia-mediated enhancement of neutrophil recruitment
to the lungs (12), additional evidence indicated that FRH also
exerts direct effects on both neutrophils and the endothelium
that augment their extravasation (13). Other studies showed
that both spontaneous and lipopolysaccharide (LPS)-induced
reactive oxygen species (ROS) production by adherent human
neutrophils are enhanced at febrile temperatures (14). Earlier
studies found contrasting findings regarding the impact of
hyperthermia on the neutrophil capacity to kill pneumococci
and Escherichia coli in vitro (15). Besides, a slight although
significant increase in neutrophil bactericidal capacity against
E. coli, Salmonella typhimurium, and Listeria monocytogenes at
40°C was reported to ensue at 1 h but was not detectable at 2 h.
This effect was not observed with Staphylococcus aureus (16).

In this study, we evaluated the impact of a short period (1h)
of FRH (STFRH; 39.5°C) on microbicidal and pro-inflammatory
functions of human neutrophils and on its capacity to fight
against Pseudomonas aeruginosa infections.

MATERIALS AND METHODS

The experimental protocols performed were approved by the
Biosafety and Research Review Board of IMEX-CONICET-ANM
and the Ethical Committee of the Institutos de la Academia
Nacional de Medicina. The methods were carried out in
accordance with the approved guidelines.

Reagents and Materials

Roswell Park Memorial Institute (RPMI) 1640 culture media,
Pierce lactate dehydrogenase (LDH) Cytotoxicity Assay Kit, TO-
PRO-3, and TMB substrate were purchased from Thermo Fisher
Scientific (Massachusetts, MA, USA). Fetal bovine serum (FBS)
was purchased from Internegocios (Buenos Aires, Argentina).
Luria broth (LB) medium was purchased from Acumedia
(Michigan, USA), bacteriological agar was purchased from
Britania (Buenos Aires, Argentina). Ficoll was purchased from
GE Healthcare (Munich, Germany). DNase (Dornasae alpha)
was from Roche, Argentina. Anti-myeloperoxidase (MPO)-
fluorescein isothiocyanate (FITC) antibody was purchased from
Biolegend (San Diego, USA); rabbit gamma globulin, anti-
rabbit Alexa 647, and Alexa Fluor 488 F(ab/)z fragment
goat anti-rabbit IgG cat. #111-546-144 were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Rabbit polyclonal antibody anti-LC3B cat. #sc28266 was from
Santa Cruz Biotechnology (Dallas, TX, USA). SYBR Gold
and Sytox Green were from Life Technologies (Carlsbad,
CA, USA). Phycoerythrin-conjugated anti-CD14 antibody; the
OptEIA human IL-18, CXCL8/IL-8, and TNF-a enzyme-linked
immunosorbent assay (ELISA) sets; and substrate reagents A
and B were purchased from BD Biosciences (Franklin Lakes, NJ,
USA). Aqua-Poly/Mount coverslipping medium was purchased
from Polysciences (Warrington, PA, USA). Lab-Tek chambers
were purchased from Nalge Nunc International, New York, NY,
USA. NucSpot live 488 was from Biotium (Fremont, CA, USA).
Anti-green fluorescent protein (GFP) antibody was purchased
from GenScript (Piscataway, NJ, USA). Unless otherwise stated,
all the chemicals employed were from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany).

Human Neutrophil Isolation

Neutrophils were isolated from heparinized human blood
from healthy donors who gave written informed consent,
by centrifugation on Ficoll-Paque, dextran sedimentation, and
hypotonic lysis (17). Cells were suspended at 5 x 10%/mL in
RPMI 1640 supplemented with 10% FBS previously heated at
65°C for 30 min for nuclease inactivation, and with or without
penicillin (100 U/mL) and Streptomycin (100 pg/mL). After
isolation, neutrophil preparations were stained with an anti-
CD14-PE antibody and analyzed with a FACSCalibur (Beckton
Dickinson, San Jose, CA, USA) or a CyFlow cytometer (Sysmex
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Partec, Germany) to guarantee that monocyte contamination was
<0.5%. Cells were used immediately after isolation.

Bacterial Strains

Pseudomonas aeruginosa PAO-1 strain was kindly provided
by Prof. Barbara Iglewski (Department of Microbiology and
Immunology, University of Rochester, Rochester, NY). GFP-
tagged PAO-1 strain was kindly provided by Prof. Tim Tolker-
Nielsen (Centre for BioScience and Technology, Technical
University of Denmark, Lyngby, Denmark).

P. aeruginosa was grown on Luria broth agar (LA) plates and
kept at 4°C. For individual experiments, the organism was grown
overnight in LB medium at 37°C and then was diluted in fresh LB
medium and grown at 37°C with agitation until an OD600 of 0.6.
After that, it was washed twice by centrifugation and suspended
in RPMI medium without phenol red. The desired concentration
was attained by monitoring spectrophotometric absorbance at
600nm, using an appropriate optical density/colony-forming
units (CFUs) curve.

Neutrophil Stimulation

Except otherwise stated, neutrophils were cultured for 1h at 37
or 39.5°C in the presence or absence of phorbol myristate acetate
(PMA) (25 ng/mL) or LPS from E. coli O111:B4 (250 ng/mL) and
then were cultured for one or three additional hours at 37°C
(PMA) or 4h (LPS). In some experiments, 2 h after stimulation
with LPS, cells were treated with ATP (2.5mM). In another
set of experiments, neutrophils were first cultured for 1h at
37 or 39.5°C and then were challenged with P. aeruginosa
PAO-1 and cultured for three or four additional hours. When
indicated, Ac-YVAD-cmk (50 uM) was added 20 min before
PMA stimulation. After culture, supernatants were collected
and employed to measure DNA or MPO, or were frozen
at —20°C until cytokines concentrations were determined by
ELISA, following the manufacturer’s instructions. In cell pellets,
viability was determined by annexin V-FITC/propidium iodide
(PI) or VivaFix dye staining and flow cytometry analysis.

Microscopic Assessment of NET

Formation

At the end of the experiment, neutrophils were fixed with 4%
paraformaldehyde (PFA), permeabilized with acetone in PBS for
7 min, rehydrated for 7 min, and blocked with 5% goat serum
for 60 min at 37°C. Then, they were incubated with a FITC-
conjugated anti-MPO antibody, or the corresponding isotype
control for 1h. Then DNA was stained with PI (1 pg/mL)
for 10min, and cells were mounted using Aqua-Poly/Mount
coverslip medium. Images were acquired by using a FluoView
FV1000 confocal microscope (Olympus, Tokyo, Japan) equipped
with a Plapon 60x/NA1.42 objective and then analyzed with
FIJI software.

NET Quantification

NETs were quantified by determining the concentrations of
DNA and MPO in culture supernatants. DNA was quantified by
SYBR Gold or Sytox Green (1:2,000) staining and fluorometry
detection after interpolation from a standard DNA concentration

curve as previously described (18). MPO concentration was
quantified by reaction of supernatants containing NETs with BD
substrate reagent (A + B) for 10 min. The change in optical
density at 450-570nm was measured by spectrophotometry,
and concentration was calculated by interpolation from a
standard MPO curve. Alternatively, NETosis was evaluated
by determining the number of cells with nuclear DNA
decondensation after fixing with 4% PFA, PI staining, and
confocal laser scanning microscopy (CLSM).

LDH Assay

After culture in the presence or absence of PAO-1 (multiplicity
of infection (MOI) 0.1), supernatants were harvested and LDH
levels were measured by using a Pierce LDH Cytotoxicity Assay
Kit. The same number of cells was lysed with 0.5% Triton X-100
and used as a positive control.

Intracellular LC3 Immunostaining, CLSM
Acquisition, and Automated Image
Analysis

At the end of the experiment, after fixation with PFA 4%
for 30 min, cells were blocked with PBS-glycine (0.1 M) for
15 min, permeabilized with chilled acetone (—20°C) for 7 min,
rehydrated with PBS, and blocked with PBS supplemented
with 5% goat serum overnight at 4°C. Then, neutrophils
were incubated with an anti-LC3B antibody for 1h at room
temperature, washed, and then incubated with the corresponding
secondary Alexa 488-conjugated antibody for 1h at room
temperature. Then, PI was added for nuclei staining for 10 min.
Afterwards, cells were washed, mounted with Aqua-Poly/Mount
mounting medium, and stored at 4°C until confocal microscopy
examination. Images were analyzed, and the fluorescence was
quantitated with a specific macro with Fiji software (National
Institutes of Health, NIH) as we previously described (17).

Dihydrorhodamine 123 (DHR123) Flow

Cytometry Assay

Neutrophils were loaded with DHR123 (10 uM) for 5min at
37°C. Then, they were cultured for 1 h at 37 or 39.5°C and 15 min
before the end of the experiment and were stimulated or not
with PMA (25ng/mL). Then, fluorescence was determined by
flow cytometry.

Phagocytosis Assay

Phagocytosis assays were conducted as previously described with
minor modifications (19). Briefly, neutrophils were cultured for
1h at 37 or 39.5°C and then were incubated for 10 min at 37°C
in the presence or absence of NaN3 (100 tM). Then GFP-tagged
P. aeruginosa PAO-1 (MOI 10) or vehicle was added, and cells
were co-cultured with shaking for 15min at 37°C. Afterwards,
non-ingested bacteria were removed from neutrophils by
centrifugation, and media were replaced. Neutrophils were
incubated at 37°C for an additional 45min. After fixation
with PFA 4%, neutrophil fluorescence was determined by flow
cytometry. In some experiments, cells were immediately stained
at 4°C with an anti-GFP rabbit antibody followed by an
Alexa 647 anti-rabbit secondary antibody. Alternatively, cells
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were cytospinned, mounted with Aqua-Poly/Mount mounting
medium, and examined by CLSM.

Killing Assay

P. aeruginosa (PAO-1) was cultured for 2h in LB medium and
then was washed and suspended in RPMI medium without
phenol red. Neutrophils were cultured for 1h at 37 or 39.5°C
and then were challenged with PAO-1 at MOI 1 or 0.1 and
co-cultured for four additional hours at 37°C and 5% of CO,.
Then, DNase (10 U/mL) was added for 15min to release
entrapped bacteria. Samples were centrifuged, the supernatants
were collected, and the cell pellets were treated with distilled
water for neutrophil lysis and mixed with the supernatant
fractions. These preparations were plated in duplicates in LB
medium. Plates were incubated at 37°C for 18h, and then the
number of CFUs was counted.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
v6.00 for Windows, GraphPad Software, La Jolla, CA, USA.
Comparisons between groups were performed by two-way
analysis of variance (ANOVA) with repeated measures followed
by Bonferroni’s multiple-comparisons test. Otherwise, the
Mann-Whitney U-test was used for the analysis of two unpaired
groups of confocal images. Statistical significance was defined
as p < 0.05.

RESULTS

Previous studies have evaluated the effects of hyperthermia on
neutrophil functions; however, these works mainly analyzed the
impact of prolonged periods of high temperatures (3 h or longer),
and in most cases, temperatures evaluated were outside the
physiological range. Thus, this study was aimed to determine
the effects of a short-term (1h) FRH on neutrophil functions,
to mimic the impact of fever spikes that could take place
during infections.

In previous studies, we and others determined that prolonged
febrile range hyperthermia (8 h) accelerated neutrophil apoptosis
(20, 21). By contrast, a shorter period of hyperthermia (1h)
did not affect spontaneous apoptosis and slightly reverted the
anti-apoptotic effect of LPS treatment after 20 h of culture (22).
Thus, to determine whether STFRH affects apoptosis rates at
early time points, we first evaluated its impact on cells that
were stimulated or not with LPS for 1h at 37 or 39.5°C and
then cultured for 4h at 37°C. Results indicated that STFRH
did not significantly modulate neutrophil spontaneous apoptosis.
However, similarly to what has been previously observed after
20 h, STFRH prevented the LPS-anti-apoptotic effect after the 5h
of culture (Figures 1A,B).

Then we analyzed the impact of STFRH on NETosis induced
by PMA. NET formation was first evaluated by analyzing the
nuclear expansion that characterizes PMA-induced NETosis. To
this end, neutrophils were stimulated or not with 25 ng/mL PMA
for 1h at 37 or at 39.5°C and then cultured for one additional
hour at 37°C. Afterwards, cells were stained with PI and analyzed
by confocal microscopy. As shown in Figure 1C, and as was

confirmed by their quantitation (Figure 1D), STFRH markedly
increased the number of cells exhibiting morphologic features
of cells undergoing NETosis characterized by nuclear DNA
decondensation. This effect was also evident when cells were
stimulated with 100 nM (62 ng/mL) of PMA (Figure S1). At this
concentration after 2 h post-stimulation (p.s.), some neutrophils
have already released NETs when exposed to 39.5°C, but only
an incipient NETosis was observed at 37°C. The enhancement
effects of STFRH on PMA-induced NETosis were also detected
when it was evaluated by DNA and MPO quantitation in culture
supernatants of neutrophils that were stimulated with PMA for
1h at 37 or 39.5°C and then for three additional hours at 37°C
(Figures 1E,F). We confirmed that DNA found in supernatants
corresponded to NETs and not to DNA released by other cell
death pathways, by detection of colocalization of MPO and DNA
by confocal microscopy (Figure 1G).

Additional evidence that STFRH was promoting a NETosis
program was obtained by differential staining with NucSpot live
488, a cell-permeable DNA dye, and PI, which only penetrates
cells with a compromised integrity of their plasma membranes,
and by time-lapse live microscopy. As shown in Video S1, since
the beginning of the culture, the whole population of neutrophils
was stained with NucSpot live 488 (green fluorescence) but
not with PI, and it was characterized by brightly condensed
lobulated nuclei. As time went on and plasma membrane
disintegrated, DNA was released and brightly stained with the
extracellular PI, fluorescing yellow by the overlapping of green
and red fluorescence signals, which is in agreement with the
characteristic steps reported for neutrophils undergoing NETosis
under normothermic conditions (5, 23). As shown in Figure S2,
nuclei of unstimulated neutrophils subjected to STFRH mainly
remained morphologically lobulated at the end of the experiment
(3h 40 min) sharply contrasting with the appearance of PMA-
stimulated cells subjected to STFRH.

Additionally, the caspase-1 inhibitor Ac-YVAD-cmk did
not significantly modulate DNA and MPO concentrations
in culture supernatants regarded as NETosis parameters, at
either 37 or 39.5°C (Figure S3). These results further support
that hyperthermia promotes a canonical NETosis program,
which, as former studies indicated, is a caspase-1-independent
process (24).

Previous studies showed that autophagy and ROS production
are required for PMA-induced NET formation in human
neutrophils (23). Therefore, to obtain insights into the
mechanism that leads to NETosis acceleration by STFRH,
we then evaluated autophagy levels in neutrophils that were
stimulated with PMA for 1h at 37 or at 39.5°C. As in cells
undergoing autophagy, the cytoplasmic protein LC3B (LC3B-I)
conjugates with phosphatidylethanolamine in the membrane of
autophagosomes, and this leads to the appearance of LC3B+
vesicles that can be detected by confocal microscopy. Thus, the
intensity of vesicular LC3B/cell serves as a readout of autophagy
levels. Quantification of multiple images like those shown in
Figure 2A, acquired from three independent experiments,
indicated that a small but significant decrease in autophagy
levels was detected in PMA-stimulated neutrophils at 39.5°C.
These findings ruled out that an enhancement of autophagy
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FIGURE 1 | Short-term fever-range hyperthermia accelerates PMA-induced NETosis. Neutrophils were cultured for 1 h at 37 or 39.5°C in the absence (basal) or
presence of LPS (250 ng/mL) and then cultured at 37°C for four additional hours (A,B) or were cultured for 1 h at 37 or 39.5°C in the absence (basal) or presence of
PMA (25 ng/mL) and then cultured at 37°C for one additional hour (C,D) or three additional hours (E-G). (A,B) After culture, the percentages of apoptotic
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FIGURE 1 | (annexin V*PI~) and necrotic (@annexin V*PIT) cells were then evaluated by annexin-V FITC/propidium iodide staining and flow cytometry. (A) Data are
depicted as the mean + SEM of four experiments. (B) A representative experiment is shown. (C,D) Alternatively, after culture, cells were stained with Pl and visualized
by confocal microscopy. (C) Left and center panels, PI fluorescence; zoomed PMA panels, DIC, and Pl merge of cells inside the square gate in PMA panels. (D)
Quantification of cells undergoing NETosis distinguished by their expanded nuclear areas in experiments depicted in (C). At least 300 cells were scored for each
treatment per donor. Data correspond to the percentage of cells with expanded nuclear areas like those depicted in zoomed areas in C per donor; individual donors
are linked by a connecting line. (E) DNA and (F) MPO concentrations in culture supernatants collected at 4 h post-stimulation. Bars represent the mean &+ SEM of the
independent experiments depicted. (E) Data are depicted as the mean DNA value of assays performed in triplicate per donor. (G) Representative confocal microscopy
images of NETs of eight donors identified by MPO and Pl staining at 4 h post-stimulation. *p < 0.01 PMA 37°C vs. PMA 39.5°C and #p < 0.05 PMA vs. basal at their
respective temperatures; two-way ANOVA with Bonferroni’s multiple-comparisons test. PMA, phorbol myristate acetate; LPS, lipopolysaccharide; Pl, propidium
iodide; DIC, differential interference contrast; NETs, neutrophil extracellular traps; MPO, myeloperoxidase; ANOVA, analysis of variance.
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FIGURE 2 | Short-term fever-range hyperthermia increases PMA-induced ROS production but not autophagy levels. (A) Representative confocal microscopy images
of PMA-stimulated neutrophils cultured for 1h at 37 or 39.5°C and then stained with a specific antibody anti-LC3B and PI. Image quantifications (B,C) were
performed by using a specific macro with Fiji software. (B) Scatter plot depicts the percentage of vesicular LC3B intensity/cell from a representative experiment of
three. Black bars indicate the mean + SEM values of 83 (37°C) and 84 (39.5°C) cells analyzed. (C) Data represent the mean value of vesicular LC3B intensity/cell from
experiments like that depicted in (B), performed with three different donors in which at least 69 cells were analyzed for each temperature. *p < 0.05; Mann-Whitney
U-test analysis. (D) Effect of STFRH on neutrophil ROS production induced by PMA. Neutrophils were stained with DHR for 5 min at 37°C and then were split off and
stimulated or not with PMA (25 ng/mL) and incubated for 1 h at 37 or 39.5°C, and fluorescence was determined by flow cytometry. Bar graph depicts the median
fluorescence intensity of six experiments. Inset shows the histograms of a representative experiment. *p < 0.01 vs. 37°C; two-way ANOVA with Bonferroni’s
multiple-comparisons test. PMA, phorbol myristate acetate; ROS, reactive oxygen species; STFRH, short period (1 h) of fever-range hyperthermia; DHR,
dihydrorhodamine; ANOVA, analysis of variance; PI, propidium iodide.
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performed. *p < 0.01; two-way ANOVA with Bonferroni’s multiple-comparisons test. LPS, lipopolysaccharide; CXCL8/IL-8, chemokine (C-X-C motif) ligand
8/interleukin 8; ELISA, enzyme-linked immunosorbent assay; ANOVA, analysis of variance.

is responsible for NETosis acceleration by hyperthermia
(Figures 2B,C).

We then analyzed if STFRH modulates ROS production.
As shown in Figure2D, STFRH significantly increased
PMA-induced ROS production, suggesting that this effect
could contribute to the accelerated NETosis rates observed
upon STFRH.

Previous studies also showed that neutrophil exposure to
42°C for 1h inhibits NF-kB activation induced by LPS as
well as TNF-o mRNA expression, an effect that was also
observed when neutrophils were exposed to 40°C (22). Thus,
we then determined if a lower hyperthermic condition (39.5°C)
is able to modulate neutrophil capacity to synthesize NEF-
kB-dependent pro-inflammatory cytokines (25). We evaluated
both spontaneous and LPS-induced neutrophil CXCL8/IL-8
and IL-1B secretion after 1h exposure to either 37 or 39.5°C
and four additional hours at 37°C. For IL-1f determinations,
ATP was added 2h after LPS stimulation in order to induce
the inflammasome activation and consequently IL-18 secretion
(17). Our results indicated that STFRH significantly reduced
both spontaneous and LPS-triggered CXCL8/IL-8 production
(Figure 3A). By contrast, STFRH did not affect basal IL-1p
release but significantly reduced LPS-induced IL-1f secretion
(Figure 3B). Of mention, LPS is a weak NETosis inducer and,
as we showed in Figure 1A, exerts anti-apoptotic effects that
can be prevented by STFRH. Thus, to evaluate the potential
contribution of a loss of viability to the effects induced by
hyperthermia on cytokine production, we analyzed cell viability
under each of the experimental conditions assessed. As shown
in Figure S4, although STFRH significantly prevented the anti-
apoptotic effect induced by LPS, the reduced magnitude of this
effect at this time point suggests that the inhibition in cytokine
secretion upon neutrophil febrile temperature exposure was not

merely due to a differential cell death rate. This conjecture is
supported by the fact that STFRH reduced CXCL8/IL-8 basal
secretion (Figure 3A) even though it did not affect the viability
of unstimulated neutrophils (Figure S4).

To determine if the impact of STFRH could be also observed
when neutrophils were challenged with bacteria, we exposed
neutrophils to either 37 or 39.5°C for 1 h and then co-incubated
them with P. aeruginosa at MOI 1 for one, two, three, or four
additional hours and then analyzed their ability to generate
NETs. This experimental setting was chosen in order to avoid
the contribution of the impact of hyperthermia on bacteria.
As shown in Figures4A,B, at 4h p.s. STFRH significantly
increased NETosis levels compared with those attained at 37°C,
as indicated by increased concentrations of DNA and MPO
detected in culture supernatants. Moreover, we confirmed that
DNA detected in culture supernatants corresponded to NETs, as
MPO was found colocalizing with DNA by confocal microscopy
(Figure 4C). Noteworthy, bacteria were found ensnared in NETs.

We performed additional experiments to determine whether
STFRH also modulates bacterial phagocytosis. To this end, we
exposed neutrophils to either 37 or 39.5°C for 1h and then
co-incubated them with GFP-tagged P. aeruginosa for 1h at
37°C, a time point at which NETs had not yet been detected
in culture supernatants. As shown in Figures 4D-G, STFRH
significantly reduced either the percentage of cells containing
GFP-fluorescent bacteria or the median fluorescence intensity
associated with neutrophils. However, considering that previous
studies indicated that HOCI produced in the phagosome by
the MPO-H,0O;-chloride system can quench GFP fluorescence,
we performed additional experiments in the presence of NaNs3,
a compound capable to inhibit this effect (19), to rule out
a contribution of HOCI to the results obtained. Nevertheless,
we did not find significant differences in the percentage of
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FIGURE 4 | depicted as the mean £ SEM of four (A) or six (B) independent experiments. *o < 0.01 39.5 vs. 37°C at 4 h. (C) cells were fixed and permeabilized, MPO
was stained with a FITC-conjugated specific monoclonal antibody, and DNA was stained with PI. Representative confocal microscopy images of two experiments.
(D-F) GFP-PAO-1 phagocytosis was evaluated by flow cytometry. (D) Percentage of GFP-positive cells (% of phagocytosing cells) and (E) GFP-median

fluorescence intensity of neutrophils challenged with GFP-PAO-1; *p < 0.01 39.5 vs. 37°C. (F) Representatives dot plots of one of the experiments depicted in (D).
(G) Representative confocal microscopy images of neutrophils challenged with GFP-PAO-1 like in (D), which at the end of the experiments were fixed and stained with
TRITC—phalloidin (red) to delimitate cell contours, and TO-PRO-3 to stain DNA (blue). (H) Percentage of GFP-positive cells after treatment or not with NaN3 (100 M)
added 10 min before bacterial challenge; “p < 0.01, ns: non-significant. (I) After co-culture with GFP-PAO-1, cells were stained with an Alexa 647 anti-GFP antibody
to discriminate extracellular (bound) bacteria from those internalized (unable to stain with anti-GFP antibody). #p < 0.0001 vs. bound at their respective temperatures;
*p = 0.05, 39.5 vs. 37°C, ns: non-significant. (J) After co-culture, samples were centrifuged, and neutrophils were lysed and mixed with their respective supernatants
previously treated with DNase to release bacteria entrapped in NETs and then were plated in LB agar. After culture for 20 h at 37°C, the CFUs were counted. PAO-1
time O h represents the original inoculum, and PAO-1 time 4 h represents CFU of bacteria cultured in the absence of neutrophils throughout the experiment. PAO-1
with neutrophils (PMN) previously cultured for 1 h at 37°C (blue bar) or 39.5°C (red bar). (K) Percentage of R aeruginosa killing by neutrophils that were cultured at the
indicated temperatures. *p < 0.01; two-way ANOVA with Bonferroni’s multiple-comparisons test. NET, neutrophil extracellular trap; MOI, multiplicity of infection; GFP,
green fluorescent protein; MPO, myeloperoxidase; FITC, fluorescein isothiocyanate; PI, propidium iodide; TRITC, tetramethylrhodamine; LB, Luria broth; CFUs,
colony-forming units; PMA, phorbol myristate acetate; ANOVA, analysis of variance.

neutrophils with GFP fluorescence in the presence or absence
of NaNj at either 37 or 39.5°C (Figure 4H). Furthermore,
we evaluated the percentage of GFP-fluorescent neutrophils,
which, without being permeabilized, were also able to bind
an anti-GFP antibody, as a readout of the cells with surface-
attached bacteria (Figure4I). Less than 5% of neutrophils
exhibited GFP bacteria bound to the cell surface in contrast
to ~70% that had ingested bacteria, but more importantly,
no differences were found in the attached bacteria between
both temperatures. Moreover, internalized bacteria could be
visualized in a three-dimensional reconstruction from Z-stack
images acquired by confocal microscopy of PAO-1-challenged
neutrophils (Videos S2, S3). Collectively, these findings suggest
that STFRH moderately reduces P. aeruginosa phagocytosis.

As STFRH inhibited P. aeruginosa phagocytosis but
significantly ~increased NETosis, we then analyzed if
STFRH modulates neutrophil microbicidal capacity against
P. aeruginosa. To this end, we evaluated bacterial viability
after co-culture for 4h at 37°C with neutrophils that had been
exposed for 1h at either 37 or 39.5°C. As expected, co-culture
with neutrophils markedly reduced the number of CFU than
did bacteria that were cultured in the absence of neutrophils for
4h (Figure 4J). However, STFRH did not significantly modulate
neutrophil capacity to kill P. aeruginosa (Figures 4J,K), because
when NETs were dismantled by DNase treatment, the number
of CFU recovered from co-cultures of neutrophils subjected
to each temperature was not significantly different. These
findings suggest that hyperthermia might increase the capacity
of neutrophils to wall off the infection but does not increase their
microbicidal capacity, at least at this time point evaluated.

In another set of experiments, we analyzed whether STFRH
also modulates neutrophils to secrete cytokines when challenged
with bacteria. Thus, to avoid a potential contribution of a loss
of viability to cytokine extracellular concentrations, we evaluated
neutrophil response to P. aeruginosa at a lower MOI (0.1). To
this end, we exposed neutrophils to either 37 or 39.5°C for
1h and then challenged them with P. aeruginosa for three or
four additional hours. Then, we determined the concentrations
of CXCLS8/IL-8, IL-1p, and TNF-a in culture supernatants.
Results indicated that hyperthermia significantly reduced the
secretion induced by P. aeruginosa of CXCL8/IL-8 at 4h of

culture and IL-1f at either 3 or 4h of culture (Figures 5A,B).
By contrast, TNF-a secretion was not significantly modulated
by hyperthermia (Figure 5C). In order to rule out that the
reduction in cytokine secretion observed was due to differential
cell death, we also evaluated neutrophil viability in the pellets
of the same samples by analyzing the number of cells that
had lost plasma membrane integrity by Vivafix staining and
flow cytometry. We did not detect significant differences in the
percentages of dead cells at both temperatures when evaluated
at either 3 or 4h of culture (Figure S5). We obtained similar
results when we evaluated cell viability by annexin V-FITC and
PI staining (Figure S6A) and lytic cell death by analyzing the
presence of LDH in cell supernatants (Figure S6B), even though
P. aeruginosa was still able to induce some NETosis at this
low MOI (0.1) (Figure S7). Altogether, these results indicated
that STFRH reduces pro-inflammatory cytokine secretion upon
challenge with P. aeruginosa and this effect is not associated with
a decreased cell viability.

DISCUSSION

In this study, we determined that STFRH accelerates NETosis.
Our findings indicated that PMA-induced NETs generation was
increased when cells were exposed to hyperthermia for only
1h. Moreover, we observed that ROS production triggered by
PMA was also increased by STFRH, suggesting that this effect
could contribute to the accelerated NETosis rates. By contrast,
autophagy levels induced by PMA were not increased by STFRH,
ruling out a causal relationship with NETosis acceleration.
We also determined that STFRH accelerated NETosis induced
by P. aeruginosa but reduced the capacity of neutrophils to
phagocytose the bacteria. However, STFRH did not affect the
neutrophil capacity to kill P. aeruginosa after 4h of co-culture,
suggesting that hyperthermia might contribute to bacterial
ensnarement to avoid its dissemination.

Studies performed by Kettritz et al. indicated that short
exposure (1h) of neutrophils to 42°C modulated neither their
spontaneous apoptosis nor the anti-apoptotic effect of GM-CSE,
IL-8, and dexamethasone but prevented the anti-apoptotic effect
triggered by LPS evaluated 20 h later (22). However, the authors
showed that a short exposure of neutrophils to either 39 or 40°C
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did not modulate their apoptosis levels after 20 h of being left
unstimulated and, at this time point, slightly counteracted the
LPS anti-apoptotic effects only upon short exposure at 40°C.
In this study, we confirmed that STFRH does not modulate
neutrophil spontaneous apoptosis and, in line with Kettritz
et al.’s findings, determined that the ability of STFRH to prevent
the LPS anti-apoptotic effect is already evident at early stages.
Other studies showed that 90 min at 39 or 41°C inhibited the
spontaneous apoptotic DNA fragmentation after 24 h of culture
and preserved the membrane asymmetry characteristic of viable

cells, even though it surprisingly decreased CD16 expression (26).
Whether this hyperthermia-triggered behavior of unstimulated
cells increases their propensity to undergo NETosis upon
agonist stimulation remains to be determined. Other studies
demonstrated that long-term FRH (8h or more) accelerates
caspase-dependent apoptosis (21), in contrast to the effects
exerted by short-term exposure to fever-range temperatures.
Thus, it appears that both the time extent to FRH and the
temperature to which cells are exposed differentially modulate
either spontaneous or induced cell death.
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On the other hand, in studies addressing the effects of anti-
inflammatory drugs on NET formation, similar to what we
found here after 1h of FRH, the authors showed an increased
NETs release after 3h of exposure of neutrophils at 40°C in
the presence of PMA. However, in this study, only an ELISA to
detect nucleosomes was employed as a readout of the presence of
NETs (27).

We also found that in contrast to the impact on NET

production, STFRH reduced P. aeruginosa phagocytosis
by neutrophils. Moreover, our findings indicated that
although neutrophils were able to kill P. aeruginosa,

STFRH did not modulate this function, at least after 4h
of co-culture. However, we cannot rule out that longer
exposure of bacteria to the network represented by NETs,
which were increased by STFRH, can lead to differential
killing at later time points. Our results let us speculate that
the reduced capacity to kill the bacteria by phagocytosis
observed upon STFRH conditions is counterbalanced by an
increased NETosis.

Our studies with the caspase-1 inhibitor Ac-YVAD-cmk
indicated that STFRH promotes the canonical NETosis
mechanism that is a caspase-1-independent process (5). Recent
studies indicated that P. aeruginosa PAO-1 after engulfment
by macrophages is able to escape the phagosome to the cytosol
(28). Citrobacter rodentium (a Gram-negative bacterium that
is well-established to escape the phagosome) was shown to
induce caspase-4-dependent NETosis of human neutrophils
by non-canonical inflammasome activation (29). In the light
of these new findings, we cannot rule out that STFRH is
also enhancing NETosis that might be induced by PAO-1
through this pathway. Further studies are required to address
this possibility.

Kettritz et al. also found that short neutrophil exposure
(1h) to 40°C inhibited NF-«kB activation as it decreased LPS-
induced IkBa degradation and IkBa mRNA expression (22).
Results of our study indicating that STFRH inhibits the secretion
of CXCL8/IL-8 and IL-1f, two cytokines that are synthesized
in an NF-kB-dependent manner (25), are in line with these
findings. These authors also determined that a short neutrophil
exposure (1h) to 40°C reduced TNF-a mRNA expression
induced by LPS. However, in our study, STFRH did not
significantly modulate neutrophil TNF-a secretion induced by
P. aeruginosa, although a reduction in this cytokine secretion
was observed in five out of six donors analyzed after 4h of
PAO-1 challenge.

Interestingly, in a mice model of experimental peritonitis
induced by Klebsiella pneumoniae, FRH reduced by 100,000-fold
the intraperitoneal bacterial burden and increased mice survival
from 0 to 50% in comparison with that in normothermic infected
animals (30). The authors showed that FRH did not affect
the bacterial in vitro proliferation rates, which suggested that
enhanced host defense mechanisms accounted for the reduction
in pathogen load. However, in another study aimed to analyze
FRH impact on pneumonia caused by the same pathogen,
although FRH (core temperature ~39°C) diminished in 400-
fold intrapulmonary bacterial burden, unlike the peritonitis
model, it conferred no survival advantage (11). Moreover, the

authors found that hyperthermia also accounted for a marked
increase in mortality either in the K. pneumoniae-induced
pneumonia treated with antibiotics or in the intra-tracheal
LPS challenge, which were both non-lethal in euthermic mice
(11). Altogether, these findings lead the authors to suggest that
the host response in the hyperthermic mice rather than the
pathogens themselves might contribute to death. These findings
suggested that differences in mice survival in the peritonitis
and pneumonia models under hyperthermic conditions were
a consequence of a balance between an expedited bacterial
clearance and increased collateral tissue damage (31). In line
with this possibility, FRH greatly accelerated lethal lung injury
in a mice model of non-infectious injury caused by oxygen
toxicity (12). Noteworthy, an increased neutrophil infiltration
upon exposure to FRH was observed in both LPS and hyperoxia-
induced acute lung injury models (11, 12). In previous studies, we
demonstrated that NETs promote a pro-inflammatory response
by stimulating the production of higher levels of CXCL8/IL-
8 and IL-6 by airway epithelial cells and macrophages (18).
Thus, regardless of the beneficial antimicrobial properties of
NETs, their exacerbated production by STFRH might contribute
to increased inflammation in response to Gram-negative
bacterial infection.

Studies performed by Schauer et al. showed that neutrophil
stimulation with monosodium urate crystals at high cellular
density induces the formation of aggregated NETs structures,
which proteolytically degrade cytokines and chemokines
produced by mouse neutrophils and consequently reduce
inflammation (32). Thus, it is tempting to speculate that
the increased NET production promoted by STFRH might
also contribute to the reduced cytokine levels observed
under hyperthermic conditions. If this were the case,
it might represent an additional mechanism to restrain
excessive inflammation.

Studies performed by Bzowska et al. described that exposure
of human neutrophils to STFRH in the absence of stimulation
results in a non-phlogistic recognition by macrophages (26).
Thus, additional mechanisms might also act in concert to lessen
inflammation incited by hyperthermia not only by amplifying
NET production but also by acting on other cell types (11, 31).

Collectively, the results of our study suggest that fever
spikes could lead neutrophils to trigger an emergency response
promoting NET formation to ensnare bacteria in order to
wall off the infection. However, taking into account the
pro-inflammatory properties ascribed to NETs (18, 33-35),
we speculate that the ability of STFRH to prevent the
LPS-induced anti-apoptotic effect together with its capacity
to reduce neutrophil pro-inflammatory cytokine secretion
might represent feedback mechanisms to limit an increased
inflammatory response that might be detrimental for the
host (Figure S8).
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Interleukin-4 (IL-4) receptor (IL-4R) signaling plays a pivotal role in type 2 immune
responses. Type 2 immunity ensures several host-protective processes such as defense
against helminth parasites and wound repair, however, type 2 immune responses also
drive the pathogenesis of allergic diseases. Neutrophil granulocytes (neutrophils) have
not traditionally been considered a part of type 2 immunity. While neutrophils might be
beneficial in initiating a type 2 immune response, their involvement and activation is rather
unwanted at later stages. This is evidenced by examples of type 2 immune responses
where increased neutrophil responses are able to enhance immunity, however, at the cost
of increased tissue damage. Recent studies have linked the type 2 cytokines IL-4 and
IL-13 and their signaling via type | and type Il IL-4Rs on neutrophils to inhibition of several
neutrophil effector functions. This mechanism directly curtails neutrophil chemotaxis
toward potent intermediary chemoattractants, inhibits the formation of neutrophil
extracellular traps, and antagonizes the effects of granulocyte colony-stimulating factor
on neutrophils. These effects are observed in both mouse and human neutrophils. Thus,
we propose for type 2 immune responses that neutrophils are, as in other immune
responses, the first non-resident cells to arrive at a site of inflammation or infection,
thereby guiding and attracting other innate and adaptive immune cells; however, as soon
as the type 2 cytokines IL-4 and IL-13 predominate, neutrophil recruitment, chemotaxis,
and effector functions are rapidly shut off by IL-4/IL-13-mediated IL-4R signaling in
neutrophils to prevent them from damaging healthy tissues. Insight into this neutrophil
checkpoint pathway will help understand regulation of neutrophilic type 2 inflammation
and guide the design of targeted therapeutic approaches for modulating neutrophils
during inflammation and neutropenia.

Keywords: neutrophil, type 2 immunity, interleukin-4, interleukin-13, interleukin-4 receptor, inflammation,
helminth, neutropenia

INTRODUCTION

Neutrophil granulocytes (neutrophils) are the most abundant leukocytes in human blood
accounting for ~60-70% of immune cells in circulation at steady state (1). With a very short life
span of approximately 5 days, there is a constant need for replenishment of this vast pool (2).
Neutrophils are generated in the bone marrow at a rate of 1-2 x 10'! cells per day (3). Their release
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from the bone marrow is regulated by the signaling of C-
X-C chemokine receptors (CXCR) 2 and 4. CXCR2-binding
chemokines, CXCL8 in humans and CXCL1 and CXCL2 in mice,
promote the mobilization of neutrophils and their egress into
the blood stream (4, 5). Conversely, the engagement of CXCR4
with its ligand CXCLI12 presented on bone marrow stromal
cells keeps the newly-formed granulocytes in their bone marrow
niche (6). At steady state, this delicate interplay ensures the
maintenance of a stable peripheral blood pool of neutrophils. In
case of inflammation or infection, pro-inflammatory mediators,
such as granulocyte colony-stimulating factor (G-CSF), are
produced by the affected tissue and shift the balance toward
increased neutrophil generation and mobilization, for example
by increasing CXCR2 and decreasing CXCR4 surface expression
on neutrophils (7, 8).

Neutrophils are typically the first non-resident immune cells
that arrive at a site of inflammation (9, 10). Upon local activation
of the vasculature, endothelial cells present chemokines and cell
adhesion molecules at their luminal side (11). These ligands are
recognized by their counterparts on the surface of bypassing
neutrophils, leading to deceleration and eventually firm
adhesion of the leukocytes to the endothelium. The neutrophils
then crawl along the vessel wall following fixed gradients
of so-called intermediary chemoattractants, particularly
CXCR2-binding chemokines, before they transmigrate
through the endothelium into the interstitial space. There,
they advance to their destination by tracking gradients of
other chemotactic stimuli such as N-formylmethionine-leucyl-
phenylalanine (fMLP) released by bacteria (12, 13). These
end-target chemoattractants override the signals emanating
from intermediary chemokines (14). Once they reach the site
of infection, neutrophils employ various mechanisms to kill or
inactivate pathogens, including phagocytosis, degranulation,
production of reactive oxygen species (ROS), and neutrophils
extracellular trap (NET) formation (Figure1; discussed in
section Neutrophil Effector Functions).

Given the abundance and readiness of these heavily-armed
immune cells, overshooting neutrophil activity can lead to
detrimental tissue damage. Thus, mechanisms need to be in place,
which keep neutrophil responses in check but at the same time
allow efficient clearance of pathogens. Although neutrophils have
traditionally been associated with type 1 and type 3 immunity,
they have recently been found to contribute to type 2 immune
responses, thus also aiding in the removal of helminth parasites
(15, 16). Conversely, neutrophils are often conspicuously absent
from tissues where the type 2 cytokines interleukin (IL)-4 and
IL-13 dominate (17, 18). In this review, we will propose a
mechanism that connects these seemingly contradictory findings.
We will first summarize beneficial and harmful effects of
neutrophils in type 1, type 2, and type 3 immune responses.
We will then focus on a growing body of evidence that suggests
involvement of neutrophils in type 2 immunity. Finally, we
will discuss recent results from mouse and human neutrophil
research that have demonstrated how IL-4 and IL-13 receptor
signaling inhibits several neutrophil effector functions (19-
21), and we will elaborate on a temporal model unifying the
reported findings.

NEUTROPHIL EFFECTOR FUNCTIONS
Phagocytosis

The most prominent neutrophil effector function is phagocytosis,
the process during which pathogens are recognized, encapsulated
and internalized in membranous vesicles, and digested by
fusion of the vesicles with lysosomes and granules containing
enzymes and antimicrobial peptides. The recognition step usually
depends on pathogen- and damage-associated molecular patterns
(PAMPs and DAMPs, respectively) as well as opsonization of
the pathogen by antibodies or complement factors that bind
to Fc or complement receptors on the neutrophil, respectively
(22-24). Engagement of these receptors leads to the active
engulfment of the pathogen. Subsequently, lysosomal hydrolases
and granular enzymes are released into the vesicle by fusion
with the respective organelles and start the destruction of
the phagocytosed material (25). Additionally, the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase complex is
assembled on the phagolysosome membrane, leading to the
formation and discharge of superoxide anions (O, ) into the
lumen. These harm pathogens directly or react further into other
ROS, all of which have antimicrobial activity (see below) (26).

Degranulation

Neutrophils possess a large pool of intracellular vesicles
(granules) whose contents can be released into the extracellular
space or into phagosomes in a process called degranulation.
Not all neutrophil granules are the same: There are four very
distinct types of secretory organelles that can be distinguished
by their content, membrane proteins, function, and time
point of mobilization. Primary or azurophilic granules contain
the most potent cargo: myeloperoxidase (MPO), defensins,
neutrophil elastase (NE), and cathepsins. These proteins are
powerful antimicrobial agents and are released only after several
checkpoints have been passed and the neutrophil is in closest
proximity to the pathogen. Secondary or specific granules
also accommodate antimicrobial factors (e.g., lactoferrin,
neutrophil-gelatinase associated lipocalin) together with matrix
metalloproteases (MMPs) neutrophil collagenase (MMP-8)
and leukolysin (MMP-25). The antimicrobial factors provide
protection against pathogens while the MMPs can degrade
extracellular matrix and thus enable more efficient neutrophil
migration through tissues. Tertiary or gelatinase granules
predominantly contain their namesake gelatinase (MMP-9)
which also facilitates migration. The fourth type are secretory
vesicles, which serve as reservoirs of membrane proteins that are
needed on the cell surface upon priming, such as the CD11b-
CD18 heterodimer (apB2-integrin, Mac-1, complement receptor
3), CD35 (complement receptor 1), and the fMLP receptor. They
do not contain notable soluble cargo. Besides this multitude of
proteins working in situ, neutrophils are also capable of releasing
several chemokines, cytokines, and growth factors that recruit
other immune cells to a site of inflammation (27-32).

Despite being an essential means of combating infection,
degranulation can also cause serious damage if not kept in check.
While MMPs may be beneficial for cell migration, they can
also destroy the connective tissue, and several constituents of
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the azurophilic granules not only kill pathogens, but are also
cytotoxic to host cells (33) (Figure 1). Moreover, uncontrolled
recruitment and activation of immune cells leads to excessive
inflammation. It is thus not surprising that over-shooting
degranulation of neutrophils has been associated with several
inflammatory disorders such as septic shock, severe lung injury,
rheumatoid arthritis, and severe asthma (34, 35).

Reactive Oxygen Species

ROS are a group of small, unstable oxygen-based molecules.
Owing to their chemical instability, they are highly reactive
and can denature or damage proteins, lipids, and DNA
(36). In neutrophils, ROS are produced in a process called
respiratory or oxidative burst by the multi-unit enzyme complex
NADPH oxidase (37). The different subunits of the enzyme
are stored in separate compartments of the cell to prevent
accidental generation of ROS. Upon activation, the NADPH
oxidase assembles on the phagosomal or plasma membrane and
produces and releases superoxide anions into the phagosome or
extracellular space, respectively (38). Superoxide can react further
with protons to hydrogen peroxide (H,O,), which is used by
MPO to create hypochlorous acid (HCIO) (39). All these types
of ROS have microbicidal activity, but also consume protons in
their chain of reactions, thereby neutralizing the acidic content
from lysosomes and granules (40). This in turn facilitates the
liberation of NE and cathepsins, which at low pH are tightly
bound to proteoglycans and thus less active (41). In fact, ROS
likely participate less in direct pathogen killing, but they rather
facilitate proper activation of azurophilic granule enzymes, which
cause pathogen killing in the phagosome (42).

Whether ROS are directly or indirectly responsible for
pathogen Kkilling, they are a vital part of innate immunity.
In fact, bacterial strains that are able to disarm ROS by
producing superoxide dismutase (SOD), which catalyzes the
reaction of O, into O and H,O;, and catalase, which in
turn catalyzes the decomposition of H,O, into O, and H,O,
are much more virulent than their SOD- or catalase-negative
counterparts (43). Another example is chronic granulomatous
disease (CGD), a genetic disorder affecting the NADPH oxidase,
which renders patients incapable of producing ROS. These
patients suffer from frequent and recurrent infections, also
with opportunistic pathogens (44). Despite their importance
in combatting infection, unchecked production of extracellular
ROS leads to tissue damage by virtue of their lack of pathogen
specificity (45) (Figure 1).

Neutrophil Extracellular Traps

NETs are meshes of DNA decorated with antimicrobial peptides
that can be released by neutrophils in response to various
stimuli. They were first described by Brinkmann et al. as a
novel mechanism of how neutrophils can combat infection
(46). Pathogens, mainly yeast and bacteria, stick to the DNA
fibrils, which prevents them from spreading in the tissue, and
they are degraded by the granule proteins that are attached
to the chromatin network (47). Since 2004, numerous stimuli
have been described to induce NET formation, of which large
pathogens seem to be the main trigger (48). The exact process

of how NETs form remains an active area of research. The
most widely accepted model involves chromatin decondensation
including histone citrullination, disintegration of nuclear, and
granule membranes, intracellular mixing of the components and,
finally, release into the extracellular space (49). Some reports
provided evidence that the NADPH oxidase was necessary for
NET formation. Interestingly, however, despite their lack of a
functional NADPH oxidase CGD patients have been shown to
form NETs by using mitochondrial ROS (50). It seems that
depending on signal type and strength, NET formation can be fast
and non-lytic, leaving behind an intact anuclear cytoplast (51),
or slow and lytic, spilling the cell contents while the NET breaks
free from the cell membrane (52). Some studies also present the
possibility of NET release by living cells using mitochondrial in
lieu of nuclear DNA (50, 53).

NETs have been shown to have several beneficial properties.
Their main use is in immobilizing and degrading bacteria,
fungi, and viruses (54-56). Another less prominent function is
the shielding of damaged tissues that might otherwise elicit an
unwanted inflammation (57). As helpful these mechanisms may
be, NETs have also been implicated as players in a multitude
of different diseases. Firstly, the release of nuclear material into
the extracellular space provides access to otherwise shielded
antigens and may result in the formation of autoantibodies
(Figure 1), as suggested for rheumatoid arthritis (RA), systemic
lupus erythematodes, anti-phospholipid syndrome, and anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(58-61). Secondly, the massive release of proteins can be
a double threat. On the one hand, cytokines may drive
inflammation leading to tissue damage or atherosclerosis (62).
On the other hand, the proteases associated with NETs may
degrade cytokines and chemokines, resulting in a possibly
unwanted anti-inflammatory effect (63). Moreover, the giant and
sticky structures of NETs can occlude blood vessels, leading to
thrombosis or sepsis (14). Finally, NETs have also been proposed
as players in cancer dissemination and metastasis formation
(64, 65) (Figure 1).

ROLE OF NEUTROPHILS IN DIFFERENT
TYPES OF IMMUNE RESPONSES

The immune system has evolved different types of effector
immune responses to counter the various pathogens. These are
commonly referred to as type 1, type 2, and type 3 immunity, and
each engage different subtypes of innate lymphoid cells (ILCs)
and other innate immune cells, CD4™" helper T (Ty) and CD8"
cytotoxic T cells, as well as CD4™ follicular helper T (Tgy) cells
and antibody responses by B cells, as discussed below (Figure 2).

Type 1 Immunity

Type 1 immunity serves to protect against intracellular pathogens
by the production of the effector cytokine interferon-y (IFNy)
and engagement of type 1 ILCs (ILCI), natural killer (NK)
cells, type 1 Ty (Tyl) cells, CD8' cytotoxic T cells, type 1
Tpy cells and immunoglobulin (Ig) G1 and IgG3 antibody
responses. Together with these immune cells, also macrophages
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FIGURE 1 | Advantages and disadvantages of neutrophil effector functions. During phagocytosis, microbes are engulfed and degraded in specialized organelles
called phagolysosomes. This is a very powerful and clean method to dispose of pathogens because it takes place in a contained space, thus preventing widespread
inflammation. However, should a pathogen manage to survive intracellular degradation, it is protected from extracellular factors and other immune cells that could
potentially contain it (Left). Neutrophils can release several different cytokines, antimicrobial peptides, and granular enzymes into their surroundings, a response
termed degranulation. This mechanism facilitates migration within the tissue, activates and attracts other immune cells and can help fight pathogens that cannot be
phagocytosed. However, the release of too many cytokines can lead to an overshooting immune activation. Tissue degradation could aid the spreading of pathogens
and destroy the structural basis of organs, and several granular proteins are also toxic for host cells (Middle Left). Neutrophils can release reactive oxygen species
(ROS) into phagolysosomes as well as into the extracellular space. These molecules can potentiate pathogen killing, but are not selective and can therefore also
damage host cells (Middle Right). The formation of NETs can be an efficient means to trap and kill pathogens and potentially walling off harmful stimuli. However, the
release of cytoplasmic and nuclear proteins can cause the formation of autoantibodies, favoring autoimmunity. Furthermore, NETs can obstruct blood vessels and
glandular ducts leading to inflammation. Granular proteins attached to the chromatin fibrils damage host tissue and the release of pro-inflammatory mediators may
result in overshooting inflammation. Moreover, NETs have also been implicated in the facilitation of tumor metastasis (Right).

and neutrophils play a central role in type 1 immunity. These ~ Type 2 Immunity

innate cells can directly detect foreign microbes via PAMPs,  Type 2 immunity has evolved to efficiently induce resistance
which they recognize by pattern recognition receptors (PRRs)  and tolerance to parasitic infections, especially helminthic
(66). During infection with the intracellular pathogen Listeria  infestations. Type 2 immunity is typically initiated by the
monocytogenes, neutrophils were shown to have an important  activation of epithelial cells and PRR-expressing myeloid cells
protective role. This was particularly seen in the liver, which  that secrete IL-25, IL-33, and thymic stromal lymphopoietin
is one of the primary target organs of this bacteria. Here, = (TSLP). In response to these cytokines, type 2 ILCs (ILC2) begin
the early phagocytosis mediated by recruited neutrophils was  to produce IL-5 and IL-13, which induce the differentiation
essential for limiting bacterial spread and controlling infection ~ of CD4™ T cells to type 2 Ty (Tu2) cells, which in turn
(67-69). It has also been suggested that IFNy has a direct  secrete the characteristic type 2 cytokines IL-4, IL-5, IL-9, and
effect on neutrophil activation and can induce MHC class II ~ IL-13 (72-74). This cytokine milieu fosters the development
expression, at least ex vivo (70). Although macrophages have  and proliferation of other cells involved in type 2 immunity,
a protective role against intracellular pathogens, they are also  including basophils, eosinophils, mast cells, and NKT cells, and
very susceptible to becoming infected themselves. In the case  drives the differentiation of type 2 Tgy cells and IgE antibody
of Mpycobacterium tuberculosis infection of macrophages, it  responses. Especially IL-4 and IL-13 are central cytokines in
has been reported that neutrophil granules can be transferred  type 2 immunity, and they both signal via the IL-4 receptor
to macrophages and facilitate the clearance of chronically  (IL-4R) system (75). Two types of IL-4Rs exist (Figure 3): type
infected cells (71). I IL-4Rs consist of IL-4Ra and the common gamma chain
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FIGURE 2 | epithelial cells. This in turn causes both differentiation of naive T cells into T2 cells via antigen-presenting cells and stimulation of ILC2, mast cells,
basophils and eosinophils. In response to this, the activated immune cells produce IL-4, IL-5, IL-9, and IL-13. These effector cytokines stimulate B cells and induce
isotype switching to immunoglobulin E and differentiation of macrophages to alternatively-activated macrophages (also termed M2 macrophages). The result of this
immune response is parasite expulsion. Type 3 immune response (Bottom): Extracellular pathogens induce differentiation of naive T cells into Ty17 cells via
antigen-presenting cells and IL-23. Production of IL-17 and IL-22 by ILC3 and T 17 cells leads to the activation of macrophages and neutrophils. The result of this
immune response is pathogen killing. Initiation of immune response is indicated by black arrows. Blue arrows mark stimulatory signals by cytokines produced by
immune cells. Effector responses are indicated by red arrows.
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FIGURE 3 | Interleukin-4 receptors. Different heterodimeric IL-4 receptors (IL-4Rs) exist and they share the IL-4Ra subunit. The type | IL-4R (Left) consists of IL-4Ra
and the common gamma chain cytokine receptor (y¢), and the type Il IL-4R (Right) is made of IL-4Ra and IL-13Ra1. IL-4 can associate with and signal via both
IL-4Rs, whereas IL-13 can only bind to and signal via the type Il IL-4R. Additionally, IL-13 can bind to IL-13Ra2 (not depicted), which is referred to as non-signaling
decoy receptor. Cytokine-mediated receptor dimerization leads to the activation of receptor-associated Janus kinases (JAK) and consequently to the phosphorylation
and activation of signal transducer and activator of transcription (STAT) proteins. Phosphorylated STAT (pSTAT) proteins subsequently dimerize and translocate to the
nucleus where they initiate transcription of their target genes. Different treatment strategies have been developed to inhibit IL-4R signaling. Lebrikizumab is a
neutralizing anti-IL-13 antibody. Pitrakinra, an IL-4 antagonist, and Dupilumab, an IL-4Ra-blocking antibody, are both preventing cytokine-receptor interaction. JAKs
can also be inhibited pharmaceutically by small molecules. Upadacitinib is a selective JAK1 inhibitor currently being investigated in clinical trials, whereas Tofacitinib
inhibits both JAK1 and JAK3 and is approved for the treatment of rheumatoid arthritis and psoriatic arthritis (76).

cytokine receptor, whereas type II IL-4Rs are made of IL-  antibodies. Macrophages develop under the influence of type 2
4Ra and IL-13Ral. IL-4 can signal via both type I and type  cytokines into alternatively-activated macrophages (also termed
II IL-4Rs, whereas IL-13 only signals via the type II IL-4R. M2 macrophages).
Additionally, IL-13 can bind to IL-13Ra2, which is thought to At barrier organs, such as the skin, lungs, and intestine,
be a non-signaling decoy receptor of very high affinity to IL- ILC2 are more numerous than in internal organs without
13. Currently, there are several treatment strategies in clinical  barrier function. As ILC2 likely serve to amplify type 2 immune
use that interfere with IL-4R signaling. For targeting both  responses initiated by tissue and tissue-resident myeloid cells
IL-4 and IL-13 signaling Dupilumab, a monoclonal antibody  carrying PRRs, it is conceivable that type 2 immune responses
blocking IL-4Ra, and Pitrakinra, an IL-4Ra antagonist, exist. For ~ at non-barrier sites differ from those at external and internal
more selectively blocking of IL-13, Lebrikizumab, a monoclonal  barriers. In this context, cobalt chromium microparticles injected
antibody targeting IL-13, is of use. Downstream of the IL-4R, the  intraperitoneally caused a type 2 inflammation dependent on
Janus kinases (JAKs) JAKI, JAK2, and JAK3 can the inhibited = IL-33 release by macrophages, followed by recruitment of
by the use of the small molecule JAK inhibitors Upadacitinib = neutrophils and production of IL-4, IL-5, IL-13, arginase-
and Tofacitinib (see also section Biologics and Small Molecules 1, chitinase-like protein 3 (Chil3 or Yml), and resistin-like
Targeting the IL-4R Signaling Axis). molecule (RELM)-a (77).

Upon the establishment of a type 2 cytokine environment In the lung, type 2 immune responses induce goblet cell
a positive feed-back loop is initiated where more naive T  hyperplasia. These cells produce mucins and anti-nematode
cells differentiate into T2 cells and stimulation of eosinophils, ~ protein RELM-p (78, 79). RELM-$ together with RELM-a
basophils, and ILC2 takes place. B cells respond to type and arginase-1, produced by epithelial cells and fibroblasts,
2 cytokines by isotype switching to IgE and production of  respectively, are also involved in tissue repair and deposition
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of extracellular matrix, which in the context of helminth
infections can serve to encapsulate and trap the parasite. Both
IgG and IgE antibodies, produced by B cells, help to limit
the motion and fecundity of the worms (80). Antibodies are
also crucial for surface labeling of pathogens, which favors
opsonization and antibody-dependent cell-mediated cytotoxicity
(ADCC). ADCC is mediated via Fc receptors expressed on many
innate immune cells. Altogether, these Fc receptor-bearing cells
contribute to the reduction of worm fitness, lower transmission,
and expulsion, which all serve to protect the body from
nematode infections.

Whether and how neutrophils are involved in type 2
immunity and which role the affected barrier vs. non-barrier
tissue plays, remains unclear. In mouse models of helminth
infection, neutrophils have been reported to have a beneficial role
during the early pulmonary stages (15), however this also comes
at the price of increased tissue damage (81, 82). Conversely,
in human type 2 inflammatory disorders neutrophils have been
reported to be absent (17). The role of neutrophils in type 2
immune responses will be further discussed later.

Uncontrolled type 2 immune responses can lead to the
development of allergic diseases, including allergic conjunctivitis,
allergic rhinitis, allergic asthma, allergic gastrointestinal
disorders, and atopic dermatitis (AD). These diseases are
characterized by elevated levels of type 2 cytokines and
accumulation of the above-mentioned immune cells (83).
Dupilumab, a monoclonal antibody blocking IL-4Ra (Figure 3),
has been shown to be effective as a treatment of moderate-
to-severe AD and moderate-to-severe asthma (84, 85). Thus,
interference with this central type 2 cytokine receptor subunit
can control some of these allergic diseases.

Type 3 Immunity
Type 3 immunity is typically directed against extracellular
bacterial and fungal infections, and it is characterized by the
presence of the effector cytokines IL-17 and IL-22, which
are prominently synthesized by type 3 ILCs (ILC3) and IL-
17-producing Ty (Ty17) cells (86). Moreover, IL-26, TNE,
and granulocyte-macrophage colony-stimulating factor (GM-
CSF) are also produced during type 3 immunity. Fibroblasts,
epithelial cells, macrophages and, particularly, neutrophils
become activated in response to these cytokines. IL-17 and GM-
CSF induce extensive recruitment, activation and survival of
neutrophils (87). IL-22 promotes epithelial cell homeostasis and
has also been found to be important in antimicrobial defense (88).

Type 3 immunity is characterized by extensive neutrophil
infiltration. Neutrophils are crucial for protection against and
clearance of fungi (89). Also, immunity to certain encapsulated
extracellular bacteria (e.g., Staphylococcus aureus) depends
on efficient recruitment and activation of neutrophils. The
importance of neutrophils in anti-fungal and anti-bacterial
immunity is also apparent in subjects suffering from CGD and
in patients receiving IL-17-targeting biologic agents (biologics),
as these individuals are more susceptible to fungal and
staphylococcal infections (90, 91).

A typical pathologic manifestation characterized by a type
3 immune response is the chronic-inflammatory skin disease

psoriasis (92). Notably, neutrophil-rich microabscesses (termed
Munro’s microabscesses) in the uppermost layers of the
epidermis are a characteristic hallmark of the skin lesions in
plaque-type psoriasis. Inhibition of IL-17 by the use of IL-17-
targeting biologics is very effective in psoriasis.

NEUTROPHILS IN TYPE 2 IMMUNE
RESPONSES

The Importance of Neutrophils During

Helminth Infections

Several groups have shown that neutrophils are important for
limiting parasite survival and spreading in mouse models of
helminth infections (15, 81, 82). Upon inoculation of mice with
infective third-stage larvae of Nippostrongylus brasiliensis, the
larvae migrate via the lungs to the intestine. Around the same
time as the larvae arrive to the lungs, an increase of lung-
infiltrating neutrophils is observed, which most likely represents
a rapid mechanism to contain spreading. Thus, both mouse and
human neutrophils have been shown to kill helminth larvae
in vitro, when collaborating with macrophages (15). In fact,
there are a number of studies showing that neutrophils and
macrophages collaborate in immobilization and killing of these
parasites. In different nematode infectious models, neutrophils
and macrophages have been described to cluster together around
the pathogen, however, neither of the two cell types was able to
kill the larvae efficiently by itself (93-95).

As previously described, neutrophils are professional
phagocytes, which is important in situations where the microbe
is small. On the contrary, helminths are macropathogens and
due to their size impossible for a neutrophil to ingest. Instead,
neutrophils take advantage of other effector functions, namely
degranulation and NET formation. Guided by virulence factors
and chemokines neutrophils and other granulocytes arrive to
the site of infection. Interaction between antibodies covering the
helminth and Fc receptors on the cells causes ADCC-mediated
degranulation (96). Complement factors serve a similar
function as antibodies and can lead to complement-dependent
cytotoxicity (15). Although eosinophils are acknowledged as the
main effector granulocytes in helminth infestations, basophils
and neutrophils are also recognized for their importance (97, 98).
Both neutrophil granule proteins and NETs are efficient effector
mechanisms to trap helminth larvae (99). Exposure of human
and mouse neutrophils to Strongyloides stercoralis induces an
even faster formation of NETs than the extremely potent NET
stimulator phorbol 12-myristate 13-acetate (PMA).

Even though neutrophils have a very short life span, they
are capable of initiating immune responses that persist long
after they die. One example of this is priming of macrophages.
M2 macrophages have been shown to rapidly surround
nematodes and facilitate killing and clearance during helminth
infection, particularly, during secondary infection (100). This
priming of macrophages to become M2 macrophages during
an initial infection was, however, only possible in the presence
of neutrophils. Without neutrophils, macrophages could not
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efficiently adapt an M2-like transcriptional phenotype, which
also resulted in impaired helminth expulsion.

All these studies support the importance of neutrophils
especially in the early stages of a type 2 immune response
against helminths. However, with activated neutrophils comes
unavoidable tissue damage (82), and it is therefore important that
activated neutrophils are kept in check.

Type 2 Cytokines Dampen Neutrophil

Functions

Evidence From Mouse Models

In contrast to the apparent importance of neutrophils in
helminth infections, there is accumulating evidence that IL-
4R signaling by IL-4 and IL-13 inhibits neutrophil effector
functions (21). Woytschak et al. found that treatment of mice
with IL-4 during cutaneous and systemic bacterial infections
increased bacterial and disease burden, while blood neutrophil
counts, neutrophil migration, and overall survival of animals
decreased (19). The same trend was observed during sterile
inflammation induced by using G-CSE IL-18, or monosodium
urate crystals. Peripheral neutrophils of mice treated with IL-4
were found to have lower CXCR2 expression levels, which fits
neatly with their impaired migratory ability. Conversely, bone
marrow neutrophils of IL-4-injected animals expressed higher
levels of CXCR4, offering an explanation for their decreased
egress into the blood stream. All these effects were not observed
in IL-4Ra-deficient mice as well as animals treated with a
blocking anti-IL-4 monoclonal antibody. Moreover, mice lacking
the IL-4Ra were shown to survive a systemic infection with
Listeria monocytogenes that was lethal for wild-type control
animals (19). Throughout all of the experiments performed in
this work, the neutrophils behaved homogenously and there was
no observation of duality that could hint at the presence of
distinct bona fide neutrophil subpopulations.

Chen and colleagues found that neutrophil infiltration
into the lungs upon infection of mice with the helminth
Nippostrongylus brasiliensis was associated with IL-4R signaling
(82). In this model, IL-4Ra-deficient mice presented with
increased pulmonary neutrophil infiltration and worse disease
scores, while neutrophil depletion led to a decrease of acute lung
injury. In a mouse model of RA, a disease where neutrophils
are believed to play a major role in the pathogenesis (101),
Schmid et al. demonstrated that treatment of mice with IL-
4 protected from joint inflammation (102). Other groups
made similar observations treating RA with IL-4 and identified
neutrophils and macrophages as the main targets of the therapy
(103, 104). In a study combining helminth infection and RA,
elicitation of a type 2 immune response by the parasite improved
joint inflammation (105). In a recent publication, Harris and
colleagues showed that IL-4R signaling under hypoxic conditions
directly inhibited the survival of human neutrophils (106).
These results highlight that IL-4R signaling during hypoxic
acute respiratory distress syndrome, protects against neutrophil-
induced lung injury. Under normoxic conditions, IL-4 or IL-
13 did not appear to increase neutrophil apoptosis (20). Thus,
IL-4R signaling seems to have yet another way of limiting

neutrophil actions and protect against the harmful consequences
of uncontrolled neutrophils.

As discussed earlier, micro- and nanoparticles are potent
inducers of type 2 immunity. Since the body cannot degrade
them, microparticle-elicited reactions often do not resolve, but
lead to repeated waves of inflammation and immune cell influx.
Here, IL-4R-mediated dampening of neutrophil responses again
may serve as a preservation mechanism because neutrophils will
not be able to clear the microparticles, but will only potentiate
tissue damage while trying to do so.

Using a unique intravital imaging method, Wang et al. studied
the migration behavior of neutrophils after a focal thermal injury
in the liver. They found that after a short extensive influx,
neutrophils proceeded to reenter the vasculature 12 h after injury
and were finally recruited to the bone marrow in a CXCR4-
dependent manner (107). Here, neutrophils were found to be
responsible for the creation of paths through the tissue which
facilitated vascular regrowth and access for other immune cells.
Woytschak et al. found that treatment of neutrophils with IL-
4 reduced their ability to migrate toward CXCL2 and resulted
in downregulation of its receptor CXCR2, but not CXCR4
(19). Therefore, IL-4R engagement on neutrophils may not only
dampen their migration toward CXCL2, but also promote reverse
migration by shifting the balance toward signaling via CXCR4.

Ma and colleagues showed that the local phenotype of
neutrophils change over time after myocardial infarction in
mice (108). They found that proinflammatory N1 neutrophils
dominated at day 1, whereas anti-inflammatory N2 neutrophils
prevailed at days 5 and 7 after injury while they were not
detected in peripheral blood. Tissue repair and fibrosis is part
of the remodeling taking place after myocardial infarction.
It has been shown that IL-4 and IL-13 are key drivers of
these processes (109). It is therefore possible that the emerging
tissue repair environment with type 2 cytokine milieu shifts
the neutrophils from a pro-inflammatory N1 to an anti-
inflammatory N2 phenotype. Although neutrophils seem to lose
their pro-inflammatory phenotype in a type 2 immune milieu
and may even contribute to the resolution of inflammation,
they are distinct from conventional myeloid-derived suppressor
cells (MDSCs) since the former are mature cells that change
their phenotype in response to type 2 cytokines while the latter
form newly from myeloid precursors in response to G-CSF/GM-
CSFE, IL-6, and a variety of other cytokines (110). There have,
however, been reports of IL-4R signaling being important for the
immunosuppressive nature of MDSCs (111, 112).

Translation to the Human Setting

Evidence of IL-4R signaling inhibiting neutrophils not only
covers preclinical studies in mice, but there is also clinical
data suggesting that this mechanism is evolutionarily conserved.
Impellizzieri et al. recently demonstrated that incubation of
human neutrophils with IL-4 or IL-13 significantly reduced their
ability to migrate toward CXCL8 and produce NETs (20). These
findings were mirrored when using freshly-isolated neutrophils
from allergic patients with acute symptoms. Moreover, IL-4- or
IL-13-treated neutrophils from healthy donors and neutrophils
from allergic individuals showed lower surface expression of

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2507


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Egholm et al.

Interleukin-4 Receptor Signaling Dampens Neutrophils

Early stage

Advanced stage
with physiological
neutrophil inhibition

\

Advanced stage
with failure to
inhibit neutrophils

-

-
'
\

00 -

&1 )

* Neutrophils initiate anti-helminth
response and leave behind
chemokine trail

* Low concentration of IL-4 and IL-13

Legend
helminth
@ parasite
neutrophil .
@ ILC2

* Type 2 effector cells (eosinophils, T,;2
cells) arrive and fight helminth

* High concentration of IL-4 and IL-13
inhibits neutrophils, thus limiting tissue

damage
APC . Ty2 cell
eosinophil - chemokine trail
macrophage blood vessel

FIGURE 4 | Kinetics of neutrophil activation and inhibition during type 2 immune responses. In an early phase of helminth infestation, neutrophils are quick to be
recruited to the site of infection because they are abundant in the blood stream and are primed rapidly. On their way through the tissue, they leave behind channels
and trails for other cells to migrate more efficiently toward the parasite. Once they encounter the helminth, the neutrophils release pro-inflammatory cytokines and
exert effector functions against the invader. This facilitates the activation of neighboring antigen-presenting cells (APCs). At this stage, only little IL-4 and or IL-13 is
produced by tissue-resident cells, such as type 2 innate lymphoid cells (ILC2), and thus neutrophil functions are unblunted (Left). At later stages, APCs migrate to the
lymph nodes where they initiate differentiation of T2 cells, which in turn home to the infested tissue and produce their signature cytokines IL-4, IL-5, and IL-13. These
cytokines cause recruitment and activation of professional type 2 effector cells, eosinophils and alternatively-activated macrophages, which use the preformed
neutrophil channels to efficiently reach the pathogen. Our model proposes that, in a physiological condition, the presence of IL-4 and IL-13 dampens neutrophil
activity and thus prevents excessive tissue damage, as these first responders are not needed anymore at this stage and would do more harm than good (Middle). If
this inhibitory mechanism fails, neutrophils continue to fight the helminth simultaneously with eosinophils and macrophages, resulting in profound tissue damage far
beyond the necessary immune response to expulse the parasite (Right). The size of the helminth parasite is not to scale, which would be larger in reality.

* No IL-4/IL-13-mediated inhibition of
neutrophils

* Excess of toxic effector molecules

* Extensive tissue damage

anti-helminth
antibodies

h'f

neutrophil and
eosinophil
granular content

ROS & tissue
damage

Frontiers in Immunology | www.frontiersin.org

64

October 2019 | Volume 10 | Article 2507


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Egholm et al.

Interleukin-4 Receptor Signaling Dampens Neutrophils

CXCR?2 and its functional twin CXCR1, compared to untreated
neutrophils from healthy donors, whereas CXCR4 expression
was unaltered (20). The decrease in migratory ability in vitro
upon IL-4 stimulation was confirmed and extended in a
humanized mouse model, where an air pouch was induced in
the back of NOD-Prkdc*“@-112rg™¥ (NSG) mice, followed by
triggering of local inflammation by injection of CXCL8 and
lipopolysaccharide in the air pouch and intravenous adoptive
transfer of human neutrophils. Flow cytometric analysis of
the air pouch content revealed significantly lower counts of
human neutrophils when the cells were pretreated with IL-
4 as opposed to controls, indicating that IL-4R signaling in
human neutrophils leads to impaired migration also in vivo. In
accordance with the findings of Woytschak et al. with mouse
neutrophils, Impellizzieri et al. did not find a duality in neutrophil
functionality in their experiments that would hint at different
bona fide subpopulations.

Biologics and Small Molecules Targeting the IL-4R
Signaling Axis
In a small clinical trial with patients suffering from plaque-
type psoriasis, an autoimmune disease characterized by type 3
inflammation and cutaneous neutrophil infiltration, treatment
with IL-4 resulted in marked disease improvement (113); this
therapeutic effect was likely due to a shift in the cytokine
milieu from a type 3 to a type 2 immune response as well as
a direct inhibition of neutrophils by IL-4. Conversely, in AD,
an inflammatory skin disorder known for its type 2 cytokine
signature, afflicted individuals often suffer from recurrent skin
infections (18). Here, neutrophils are conspicuously absent in
both healthy and lesional skin (17, 114). However, neutrophil
chemoattractants were found to be elevated similarly in psoriatic
and atopic skin (115), thus the stark difference in skin-
infiltrating neutrophils in psoriasis and AD cannot be explained
by differences in chemoattractants. Moreover, treatment of
moderate-to-severe AD patients with the IL-4Ra-blocking
antibody Dupilumab has been shown to not only significantly
decrease disease burden, but also lower the incidence of skin
infections (84, 116, 117). This protective effect against infections
has been observed also for other type 2 immune diseases when
treated with biologics targeting the IL-4R complex, such as
the anti-IL-13 antibody Lebrikizumab in asthma and AD (118,
119) and the IL-4Ra-blocking agent Pitrakinra in asthma (120).
There are also small molecule inhibitors of the IL-4R signaling
axis targeting receptor-associated JAKs. Since JAKs are shared
between different cytokine receptors, they are less selective for
IL-4 or IL-13 signaling, but can also be used to suppress other
pathways. Tofacitinib inhibits JAK1 and JAK3 and is approved
for the treatment of RA and psoriatic arthritis (76). It has also
been investigated for use in AD, both as systemic and topical
treatment (121, 122). The selective JAK1 inhibitor Upadacitinib
is currently being investigated as an alternative to tofacitinib
for treating RA and psoriatic arthritis (76), but it may also be
interesting for the treatment of type 2 immune diseases since
IL-4Ra also uses JAKI for signaling (Figure 3).

None of the studies involving IL-4 as a therapeutic agent
or inhibitors of the IL-4/IL-13-signaling axis mentioned here,

however, directly examined neutrophil activity before, after
or during treatment. Therefore, we can only speculate that
the amelioration of plaque-type psoriasis upon IL-4 treatment
and the decrease in infections in type 2 diseases upon IL-
4R signaling blockade is, at least in part, the direct result
of increased or decreased IL-4R signaling on neutrophils,
respectively. Further investigations focusing on neutrophils in
these disease and treatment conditions will reveal to what extent
direct IL-4R-mediated neutrophil inhibition contributes to the
clinical pictures.

Taken together, the growing body of evidence indicates that
IL-4 and IL-13 exert an inhibitory effect on neutrophils. Such
inhibition affects neutrophil migration and tissue infiltration
as well as neutrophil effector functions. These effects limit
neutrophil-mediated tissue damage. Although some of these
effects could be the result of the classical type 1 and type 3 vs. type
2 immune regulation, the aforementioned studies clearly prove
that cell-autonomous IL-4R signaling directly curtails mouse and
human neutrophil effector functions.

Hypothesis of Kinetic Involvement and
Exclusion of Neutrophils in Type 2 Immune
Responses

Having discussed the evidence suggesting an inhibitory
role of IL-4R signaling on neutrophils, it seems awkward
that neutrophils have been reported to play a significant
role in type 2 immunity against helminth infections.
Can these two seemingly contradictory paradigms fit
together? We propose a hypothesis that involves a temporal
separation of the two events and considers biological,
physiological, and clinical aspects of type 2 immune
diseases (Figure 4).

Neutrophils are abundant in the blood stream and very
easily primed for attack of pathogens. Hence, as soon as a
helminth parasite invades the body and is recognized as foreign,
there are countless neutrophils already at the right place to
extravasate and serve as a first line of host defense. By creating an
inflammatory environment, neutrophils promote the activation
of antigen-presenting cells (APCs). Moreover, pathogens killed
by neutrophils in these very early stages may be easier for
APCs to take up, digest, and present. Furthermore, starting
from the blood vessel, neutrophils create a channel decorated
with chemokine trails in the tissue, thus facilitating access for
other immune cells (123). At this stage, neutrophils constitute
the overwhelming majority of leukocytes in the tissue and there
are only low concentrations of IL-4 or IL-13 produced by
resident immune cells. Thus, the neutrophils are not inhibited.
APCs then migrate to the lymph nodes where they initiate
differentiation of antigen-specific naive T cells to Tu2 cells.
These in turn home to the infected and inflamed tissue where
they produce their signature type 2 cytokines IL-4 and IL-
13. Due to clonal expansion, there soon are many activated
Ty2 cells present and the resulting cytokine milieu leads to
inhibition of neutrophils, but also the recruitment and activation
of eosinophils which are now taking over the neutrophils’
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job. Eosinophils are better equipped for fighting parasites and
helminths, but take longer to be activated and accumulate
in sufficient numbers. Simultaneous action of neutrophils and
eosinophils would be detrimental for the surrounding host
tissues. Thus, as soon as the type 2 immune response is
established, the neutrophils step back and become quiescent due
to IL-4R signaling.

In summary, the neutrophils bridge the time between
pathogen invasion and the arrival of sufficient numbers of
type 2 effector cells by initiating defense and help recruiting
other immune cells. In doing so, they also facilitate the
establishment of an inflammatory microenvironment. Since
overshooting neutrophil activity would be destructive for host
tissues, neutrophils are inhibited once they are not needed
anymore. We thus postulate that the connection between IL-
4R signaling and neutrophil inhibition has evolved as a safety
mechanism to protect the body from neutrophil-inflicted harm.
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Production of superoxide anion and other reactive oxygen species (ROS) by neutrophils
has a vital role in host defense against microbes. However, over-production can induce
cell injury participating to inflammation. Superoxide anion is produced by the phagocyte
NADPH oxidase/NOX2, a multicomponent enzyme system consisting of six proteins:
two trans-membrane proteins (gp91P"X and p22°"9X) and four soluble cytosolic proteins
(p40PMoX | pE7PIoX  p47PMOX - and the small G-proteins, Rac1/2). Phosphorylation of
p47Phox on several serines regulates NADPH oxidase activation. LPS released by gram
negative bacteria can enhance or prime neutrophil superoxide production in combination
with other agonists such as the bacterial peptide formyl-Met-Leu-Phe (fMLP). Since
the pathways involved in LPS-induced priming are not completely understood, we
investigated the role of the prolyl cis/trans isomerase Pin1 in this process. Two different
Pin1 inhibitors, PiB, and Juglone are able to block LPS-induced priming of ROS
production by human neutrophils in a concentration dependent manner. PiB and
Juglone did not inhibit LPS-induced CD11b translocation neither CD62L shedding. LPS
induced an increase of Pin1 activity in neutrophils similar to TNFa and fMLP. Since
the phosphorylation of p47P19% on Ser345 is critical for NADPH oxidase up-regulation,
we investigated the effect of LPS on this process. Results show that LPS induced
the phosphorylation of p47°"X mainly on serine 345 and induced the activation of
p38MAPKinase and ERK1/2. These results suggest that the prolyl cis/trans isomerase
Pin1 may control LPS-induced priming of superoxide production in human neutrophils.
Pharmacological targeting of Pin1 could be a valuable approach in sepsis.

Keywords: neutrophils, LPS, Pin1, NADPH oxidase, NOX2, priming, ROS, p47Phox

INTRODUCTION

Polymorphonuclear neutrophils (PMN) are the most abundant immune cells in human blood (1).
PMN have a central role in host defense against pathogens and in inflammation (I, 2). Upon
inflammation and infection, PMN are the first circulating cells to reach the inflammatory and
infection site (3, 4). They are attracted by a variety of peptides, chemokines and lipids such as
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the C5a, N-formyl-methionyl-leucyl-phenylalanine (fMLF or
fMLP), interleukin 8 (IL-8), LTB4, and platelet activating
factor (PAF). Then they recognize microbes by their TLR
receptors, engulf them and release huge number of anti-bacterial
agents such as reactive oxygen species (ROS), myeloperoxidase,
proteases, glucosidases, and anti-bacterial peptides in order to kill
and eliminate microbes (3-6).

The enzyme responsible for ROS production is the
nicotinamide adenine dinucleotide phosphate reduced form
(NADPH) oxidase, also referred as NOX2 (7, 8); which produces
superoxide anion (O3 ™), the source of other ROS molecules such
as hydrogen peroxide (H,O,) which is used by myeloperoxidase
to produce hypochlorous acid (HOCI), all of which cause the
destruction and death of pathogens in the phagosome (6-9).

The phagocyte NADPH oxidase/NOX2 is a multicomponent
enzyme system consisting of six proteins: two transmembrane
proteins (gp917"°* and p22P"°*) and four soluble cytosolic
proteins (p40PHoX, pe7Phox, p4a7Phox and the small G-proteins,
Racl1/2) (7, 8). In resting cells, NOX2 is in a dormant state
with spatial separation of the components. After neutrophil
stimulation by different agents such as fMLP or phorbol
myristate acetate (PMA), the cytosolic subunits p47P"%, p67Phox,
and p40P"* are phosphorylated and migrate to associate with
gp91P19% and p22P"°* in the membrane to assemble the active
NADPH oxidase (10). Phosphorylation of p47?"°* on several
serines (Ser303-379) located in the C-terminal portion of the
protein plays an important role in NADPH oxidase activation
(10, 11).

In addition to resting and activated state, NOX2 can
be found in a primed state, a ready-to-go state which
enhances its activation and thus ROS production (8, 12, 13).
Neutrophil ROS production is primed by various mediators
such as TNFo, GM-CSE IL-8, and TLR agonists such as
Lipopolysaccharides (LPS) and CL097 (8, 12-20). Physiological
priming of the neutrophil NOX2 is believed to have many
beneficial effects, such as efficient anti-bacterial and anti-fungal
elimination (8, 21, 22). However, excessive priming of NOX2
results in excessive ROS production contributing to tissue
damage involved in inflammatory diseases (8, 23-28). LPS is
a main component of the outer membrane of gram-negative
bacteria and it is released during bacterial infection. LPS is
one of the most pathogenic molecules inducing immune cell
activation and inflammation via TLR4 receptor (21, 29). LPS is
known to induce NADPH oxidase priming in neutrophils by
inducing NOX2 translocation to the membranes and pa7P*
phosphorylation (14-17).

The peptidyl-prolyl cis-trans isomerase (PPlase), Pinl is an
enzyme which catalyzes the isomerization of prolyl peptide bonds
from cis-conformation to trans-orientation (30). Pinl recognizes
a phosphor-Ser/Thr-Pro sequence and has been demonstrated
to be a crucial regulator of many proteins phosphorylated on
serine/threonine (31). Pinl plays significant roles in a range
of pathologies, including cancer, cardiovascular disease, and
Alzheimer disease (32). We have shown that Pinl was involved
in TNF- and CL097 (a TLR7/8 agonist)-induced priming of
NADPH oxidase in human neutrophils (18, 19, 33). However, the
role of Pinl in LPS-induced priming of NOX2 in neutrophils is

not known. In this study we show that Pinl is a key enzyme in
LPS-induced priming of NOX2 in human PMN. Targeting Pinl
could be a new approach to treat inflammation and sepsis.

MATERIALS AND METHODS

Reagents

Lipopolysaccaride (LPS) from E. Coli O111:B4 strain, Juglone,
PiB, Phosphate Buffered Saline (PBS), Hanks Balanced Salt
Solution (HBSS), protease and phosphatase inhibitors were
obtained from Sigma Aldrich (Saint Quentin Fallavier, France).
Dextran T500 and Ficoll was from GE healthcare (Orsay,
France). Sodium dodecyl-sulfate polyacrylamide (SDS-PAGE)
and western blotting reagents were supplied by Bio-Rad
(Hercules, CA, USA). The rabbit polyclonal antibodies against
phospho-p47Pho* sites  (phospho-Ser345, phospho-Ser320,
phospho-Ser304, phospho-Ser315, phospho-Ser328), p67°x,
and p47P"* were produced by our lab as described elsewhere
(18, 33). Anti-phospho(P)-ERK1/2, ERK1/2, P-p38, and p38
were from cell signaling Technology (Boston, MA, USA). HRP-
conjugated goat anti-mouse were from Santa Cruz Biotechnology
Inc. (Heidelberg, Germany).

Ethics Statement

Neutrophils were isolated from healthy volunteers’ venous
blood with their signed informed consent. The collection and
analyses of data were performed anonymously. All experiments
were supported by the Inserm Institutional Review Board and
ethics committee.

Isolation of Human PMN

Neutrophils were isolated from blood of healthy volunteers
as described previously (18, 33, 34). After hypotonic lysis of
erythrocytes, the neutrophil pellets were collected and washed in
PBS before cell counting. Viability was tested using Trypan Blue
dye exclusion. This isolation method consistently yielded PMN
with 96% pure and 99% viable.

Luminol-Enhanced Chemiluminescence

To determine ROS production we used luminol-enhanced
chemiluminescence method (33, 34). Neutrophils (2.5 x 10°)
were resuspended in 0.5mL of HBSS containing 10 M of
luminol with or without different concentrations of agents
(PiB or juglone) for 20min at 37°C, LPS was added for
another 20 min; then fMLP (10~7 M) was used to stimulate the
cells. Chemiluminescence was recorded using a luminometer
(LB937; Berthold-Biolumat).

Determination of CD11b-Expression and

CD62L Shedding at the Neutrophil Surface

Neutrophils (10 x 10° /ml) were incubated at 37°C in HBSS
alone (control) or in the presence of PiB (50 wM) or Juglone
(400 nM) for 30 min at 37°C. Samples were then incubated with
LPS (1pg/ml) or PBS (control) for another 20 min. A total
of 100 pL of each sample was then stained with 10 wL of
PE-conjugated anti-human CD11b monoclonal antibody (BD
Biosciences, San Jose, CA) or 10 pL of fluorescein isothiocyanate
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(FITC)-conjugated anti-human CD62L monoclonal antibody
for 30min at room temperature in the dark. Cells were
resuspended in 1% paraformaldehyde-PBS and kept on ice
until flow cytometry. Non-specific antibody binding was
determined on cells incubated with the same concentration of
an irrelevant antibody of the same isotype. Forward and side
scatter were used to identify the neutrophil population and
to gate out other cells and debris in a FACS Cantoll (BD
Biosciences). The purity of the gated cells was assessed by
using monoclonal anti-CD15 antibodies (BD Biosciences). The
mean fluorescent intensity of ethidium, CD11b-positive cells
and CD62L-positive cells was then determined in the neutrophil
populations. Five thousand events per sample were analyzed,
and all results were obtained with a constant photomultiplier
gain value. Results were expressed as mean fluorescence
intensity (MFI).

Pin 1 Activity Assay

Pinl activity was determined as previously described (18, 30, 33)
with some modifications. In short, neutrophils were resuspended
in an ice cold lysis buffer containing 50 mM HEPES pH 7.5,

0.25% CHAPS, 100 mM NaCl, 1 mM B-glycerophosphate, 5 mM
NaF and 1mM EGTA, at 107/ml, and lysed with several a
2 ml-syringe pressures. The assay mixture contains 369 pL
HEPES buffer (50 mM HEPES (pH 7.8), 25 pL (60 mg/ml)
chymotrypsin solution (Sigma-Aldrich), 6 pL (6 mM) of the
peptide Suc-Ala-Glu-Pro-phe-pNA (BACHEM), and 50 pL cell
lysate (10° cell equivalent). The absorbance change due to pNA
release was monitored at 410 nm at 4°C by spectrophotometer
(18, 30, 33) and the results were expressed as OD/min/1
million cells.

SDS-PAGE and Western Blotting

Neutrophils (107 cells in 500 pl of HBSS) were incubated with
or without increasing LPS concentrations for 20 min at 37°C.
The reaction was stopped by adding 125 pl of concentrated
modified Laemmli sample buffer (5X) (35) containing 50 pg/mL
pepstatin, 50 pg/mL leupeptin, 25 mM NaF, 12.5mM Na3VO4,
12.5mM EDTA, 12.5 mM EGTA, 6.25 mM p-NPP, and 50 pg/mL
aprotinin. Samples were denatured in boiling water (100°C)
for 3min and stored at —80°C until use. Samples were
thawed and sonicated for 10s before use and then they were
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FIGURE 1 | Effect of LPS alone or in combination with fMLP on ROS production by human neutrophils. (A) Human neutrophils (1 x 108/ml) were incubated in HBSS
without or with different concentrations of LPS for 20 min at 37°C. ROS production was measured using a luminol-amplified chemiluminescence technique. (B) Total
chemiluminescence in each experimental condition is expressed as mean plus or minus SEM of 3 different experiments as compared to untreated cells (control
100%). (C) Human neutrophils (1 x 108/ml) were incubated in the presence or absence of increasing concentrations of LPS for 20 min at 37°C, then stimulated with
fMLP (10~"M). (D) Data are mean plus or minus SEM of 5 experiments as compared to fMLP only (control 100%) (**p < 0.05, ***p < 0.01).
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subjected to 10% SDS-PAGE with classical techniques (35). The
separated proteins were transferred to nitrocellulose membranes
(35). Nitrocellulose membranes were blocked with 5% non-
fat dry milk in a mixture of tris-bufferd saline and tween-20.
The membranes were incubated overnight at 4°C in solution
containing specific relevant primary antibodies; anti-phospho-
$345 (1:10,000), anti-phospho-S328 (1:2,500), anti-phospho-
S$304 (1:2,500), anti-phospho-S315 (1:2,500), anti-phospho-
$320 (1:2,500), anti-phospho-ERK1/2 (1/2,000), anti-phospho-
p38 (1:2,000), and p47P"°%(1:5,000) following by incubation
in secondary antibodies (Santa Cruz, Heidelberg, Germany).
Blots were visualized by using ECL Western blotting reagents
(Amersham Pharmacia).

Statistical Analysis

Experiments were repeated at least three times. All results are
reported as means £ SEM. Significant differences (p < 0.05) were
evaluated with Student’s ¢ tests and one-way ANOVA followed by
Tukey’s post-hoc test using Prism 8.0 software (GraphPad).

RESULTS

LPS-Induced Priming of fMLP-Induced
ROS Production in Human Neutrophils Is
Impaired by Two Different Pin1 Inhibitors

PiB and Juglone
In this study we used LPS from E. Coli O111:B4 strain, we wanted
first to check its effect on ROS production by using the luminol-
enhanced chemiluminescence assay, a very sensitive technique.
Results show that LPS alone had no effect on ROS production
by neutrophils at low concentrations and we found a weak but
significant increase in ROS production starting from 1 g/ml
of LPS (Figures 1A,B). However, when neutrophils were treated
by LPS and stimulated with fMLP (10=7 M), ROS production
was markedly enhanced compared to neutrophils stimulated
with fMLP alone (Figures 1C,D). The priming effect of LPS on
fMLP-stimulated neutrophils is dose-dependent, and starts to be
significant at 1 wg/ml in our conditions.

After confirming the priming effect of LPS on fMLP-induced
ROS production in our experimental conditions, we next
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FIGURE 2 | Effect of PiB, a Pin1 inhibitor on fMLP-induced and LPS-primed ROS production by human neutrophils. (A) Human neutrophils (1 x 108/ml) were
incubated in the absence or presence of increasing concentrations of PiB for 20 min at 37°C, then stimulated with fMLP (10~" M). ROS production was measured
with a luminol-amplified chemiluminescence technique. (B) Total chemiluminescence in each experimental condition is expressed as mean plus or minus SEM of 3
experiments. **o < 0.05 and ***p < 0.01 as compared with fMLP alone (control 100%). (C) Human neutrophils (1 x 108/ml) were incubated in the absence or
presence of increasing concentrations of PiB for 20 min at 37°C, then LPS (1 wg/mL) was added for another 20 min before stimulation with fMLP (10~7 M). ROS
production was measured with a luminol-amplified chemiluminescence technique. (D) Total chemiluminescence in each experimental condition is expressed as mean
plus or minus SEM of 3 experiments. **p < 0.05, ***p < 0.001 as compared with control (100%).
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investigated the role of Pin 1 in LPS-induced priming of ROS  Pin1 Inhibitors PiB and Juglone Do Not
production. In order to do so, we used two known Pin 1  |nhibit LPS-Induced CD11b Plasma

selective inhibitors: PiB (36) and Juglone (37). Neutrophils were Membrane Translocation and CD62L
incubated with PiB (10-50 wM) or Juglone (100-400nM) for

20 min, treated with LPS (0.1-5ug/ml) for another 20 min, Sheddlng ) ) )

then stimulated with fMLP (10~7pM). ROS production was LPS is kn.own to .1nduce neutrophil degranulation, an. Othel: key
measured with luminol-enhanced chemiluminescence assay. neutrophil functllon (15 g 1.6)' We thu§ wantefl to Investigate
Results show that PiB exhibited a significant inhibition of the effect of Pinl inhibitors on this function using flow
fMLP-induced ROS production in unprimed neutrophils ~cytometry to detect CD11b (a marker of specific and gelatinase
(Figures 2A,B). In LPS primed cells, the inhibition was marker) expression at the plasma membrane and CD62L
obtained at lower PiB concentrations (Figures 2C,D). plasma membrane shedding. Results show that LPS induced a
Indeed at 25uM, PiB was able to completely abolish the clear CD11b expression at the plasma membrane and a clear
priming effect of LPS but did not completely inhibit fMLP-  shedding of CD62L compared to control untreated neutrophils
stimulated neutrophils. Juglone at 100-400nM, showed a  (Figure4). PiB did not affect CD11b expression nether CD62L
similar inhibition pattern as PiB on fMLP- and LPS-primed  shedding (Figure4). However, Juglone did not inhibit these
neutrophils (Figure 3). These results suggest a potential role of  processes, rather it has an unexpected stimulatory effect. These
Pin 1 in fMLP-induced and LPS- primed ROS production in  results suggest that Pinl is not involved in LPS-induced
human neutrophils. neutrophil degranulation.
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FIGURE 3 | Effect of Juglone, a Pin1 inhibitor on fMLP-induced and LPS-primed ROS production by human neutrophils. (A) Human neutrophils (1 x 10%/ml) were
incubated in the absence or presence of increasing concentrations of Juglone for 20 min at 37°C, then stimulated with fMLP (10~7 M). ROS production was measured
with a luminol-amplified chemiluminescence technique. (B) Total chemiluminescence in each experimental condition is expressed as mean plus or minus SEM of 3
experiments. **o < 0.05 and ***p < 0.001 as compared with fMLP alone (control 100%). (C) Human neutrophils (1 x 108/ml) were incubated in the absence or
presence of increasing concentrations of Juglone for 20 min at 37°C, then LPS (1 ug/mL) was added for another 20 min before stimulation with fMLP (10~7 M). ROS
production was measured with a luminol-amplified chemiluminescence technique. (D) Total chemiluminescence in each experimental condition is expressed as mean
plus or minus SEM of 3 experiments. **p < 0.01 as compared with control (100%).
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LPS Is Able to Induce Pin1 Activation in

Human Neutrophils

To further investigate the implication of Pinl in the priming
effect of LPS on neutrophil ROS production, we investigated
the effect of LPS on Pinl activation. Neutrophils were incubated
with LPS for 20 min, in the absence and presence of Juglone,
then lysed. TNFa and fMLP were used as positive controls
(18, 33). The activity of Pin 1 was determined by measuring
the absorbance of free pNA resulted from the cleavage of
Suc-Ala-Glu-Pro-Phe-pNA after it cis to trans conformational
changes. Results presented in Figure 5 show that LPS strongly
increased Pinl activity (P < 0.0001 compared to resting cells).
The activation effect of LPS on Pinl was very similar to the one
exhibited by fMLP (Figure 5) and TNFa (data not shown) which
are strong enhancers of Pin 1 activity (33). Treatment of cells
with Juglone markedly reduced LPS-induced activation of Pin 1,
showing that this assay is specific for Pinl (P < 0.001 compared
to cells treated with LPS alone). Interestingly, Pinl activity in
neutrophils treated with both LPS + fMLP is higher than the
activity in neutrophils treated with LPS alone or fMLP alone
and Juglone inhibited this process. The results obtained suggest a
key role of Pin 1 in LPS-induced priming of ROS production by
human neutrophils in response to fMLP.

LPS Induces Phosphorylation of p47Phox

Mainly on Serine 345, a Pin1 Binding Site

Priming of the NADPH oxidase in neutrophils is controlled
by different pathways, mainly the phosphorylation of p47Pho*
and the translocation of NOX2 from granules to the plasma
membrane (8, 33). To further understand the mechanisms of
LPS induced priming of ROS production by neutrophil, we
studied the phosphorylation of different sites of p47P"°~, Results

show that stimulation of neutrophils with LPS (0.1, 0.5, 1
and 5 pg/mL) induced a significant (p < 0.05) dose-dependent
phosphorylation of p47°"* mainly on Ser345 and at lower level
on Ser328 (Figures 6A,B). However, no phosphorylation effect
was exerted on Ser304, Ser315, and Ser320 of p47P"°*. Kinetic
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FIGURE 5 | Pin1 is activated by LPS, fMLP, and LPS + fMLP in neutrophils
and Juglone markedly decreased Pin 1 activity. Neutrophils were incubated in
the absence and presence of Juglone (400 nM for 20 min) and then treated
with LPS (5 pg/mL), fMLP (107 M), or LPS + fMLP before lysis. Pin1 activity
was determined by measuring the absorbance of free pNA cleaved from
Trp-Phe-Tyr-Ser (POsHz)-Pro-Arg-pNA Suc at 410 nm. Results are expressed
as Optical Density (OD)/min/million cells. Data are mean plus or minus SEM of
8 experiments. p < 0.01 as LPS and fMLP compared to resting cells (*); Cells
treated with juglone compared to untreated cells (**); and LPS+fMLP as
compared to LPS alone or fMLP alone (***).
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FIGURE 4 | Effect of PiB and Juglone on LPS-induced CD11b expression on neutrophil plasma membrane and CD62L shedding. Human neutrophils (10 x 10%/ml)
were incubated in the absence or presence of PiB (50 uM) or Juglone (400 nM) for 20 min at 37°C, then treated by LPS (1 wg/ml) for another 20 min. CD11b (Left)
and CD62L (Right) expression at the plasma membrane was determined by flow cytometry using specific antibodies. Data are mean + SEM of three experiments. *p
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FIGURE 6 | Effect of LPS on p47P"°* phosphorylation in neutrophils. (A) Neutrophils (10 x 108 cells/mL) were incubated with various concentrations of LPS (0, 0.1,
0.5, 1, 5 ng/mL) for 20 min at 37°C and the cells were lyzed. Proteins were analyzed by SDS-PAGE and western blot using anti-phospho-Ser-345,
anti-phospho-Ser-320, anti-phospho-Ser-328, anti-phospho-Ser-304, anti-phospho-Ser-315, and anti-p47°"°* antibodies. (B) Western blots from different
experiments were scanned and quantified. The intensity of bands was expressed relative to total p47°"°* amount. The cumulated data of phospho-Ser-345 is shown
in the histogram as percentage to control (Resting 100%). (C) Neutrophils (10 x 10° cells/mL) were incubated with LPS (1 wg/mL) for indicated times (0, 5, 10, 20,
30 min). Cells were analyzed by SDS-PAGE and immunoblotting with anti-phospho-Ser-345, anti-phospho-Ser-320, anti-phospho-Ser-328, anti-phospho-Ser-304,
anti-phospho-Ser-315, and anti-p47°1°% antibodies. (D) Western blots from different experiments for the kinetic effect were scanned and quantified. The intensity of
bands was expressed relative to total p47°"°* amount. Data are mean 4 SEM of three or more separate experiments. *p < 0.05, **p < 0.01 and **p < 0.001 as
compared to control (100%).

study of LPS induced phophosrylation of p47P"** showed that
LPS (1 pwg/mL) rapidly induced phosphorylation Ser345 up to
30 min (Figures 6C,D). The phosphorylation of Ser328 was also
weakly induced but not the phosphorylation of Ser304, 315, and
320 even at 30 min of incubation. These results clearly show that
LPS induced p47P"* phosphorylation on Ser345, a binding site
for Pinl in human neutrophils (33, 38).

LPS Induces Activation of p38MAPK and
ERK1/2 Signaling Pathways in Human
Neutrophils

Ser345 of p47P"* is located in a MAPKinase phosphorylated site
(-PGPQS(345)PG-) and is phosphorylated in vitro by p38MAPK
and ERK1/2 (38). To investigate the kinase(s) involved in
LPS-induced phosphorylation of Ser345 we first studied the

phosphorylation (which reflects the activation) of different
MAPKinases in LPS stimulated neutrophils. Our results show
that neutrophils treatment with different concentrations of LPS
induced a significant phosphorylation of p38MAPK in a dose-
dependent manner. This phosphorylation was 6-8 folds higher
than the basal one (Figures 7A,B). The kinetic study shows a
retarded effect of LPS on p38MAPK (later than 10 min), with a
maximum effect at 30 min (Figures 7C,D). Results also showed
that LPS induced ERK1/2 phosphorylation in neutrophils in
a concentration-dependent manner (Figures 8A,B). Likely to
P38MAPK, kinetic study showed a retarded effect of LPS on
ERK1/2 activation, starting at 10 min and which is potentiated till
30 min of treatment (Figures 8C,D). We also studied the effect of
LPS on JNK1/2 phosphorylation in human neutrophils, results
showed that LPS did not induce JNK phosphorylation (data
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FIGURE 7 | LPS induces p38 MAPK activation in human neutrophils. (A) Neutrophils (10 x 108 cells/mL) were incubated with various concentration of LPS (0, 0.1,
0.5, 1, 5pg/mL) for 20 min at 37°C. Cells were analyzed by SDS-PAGE and western blot using anti-phospho-p38 and anti-p38 antibodies. (B) Western blots from
different experiments were scanned and quantified, total p38 were quantified by densitometry, and the intensity of phosphorylated p38 was corrected for the protein
amount of p38. (C) Neutrophils (10 x 10° cells/mL) were incubated with LPS (1 ung/mL) for indicated times (0, 5, 10, 20, 30 min). Cells were analyzed by SDS-PAGE
and immunoblotting with anti-phospho-p38 and anti-p38 antibodies. (D) Western blots from different experiments for the kinetic effect were scanned and quantified,
total p38 were quantified by densitometry, and the intensity of phosphorylated p38 was corrected for the protein amount of p38. Data are mean + SEM of three or
more separate experiments. p < 0.005 as compared to control (100%). *p < 0.05, *p < 0.01 and **p < 0.001.
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not shown). Taken together, these results confirmed data from
the literature (39, 40) and suggest that p38MAPK and ERK1/2
signaling pathways might be important effectors in LPS mediated
priming of NOX2 in human PMN.

DISCUSSION

LPS or endotoxin is released by gram negative bacteria at sites of
infection. It induced several neutrophil functions such as priming
of superoxide production in combination to other stimuli such
as the bacterial peptide fMLP. This LPS-induced priming of
superoxide production was known since several years but the
pathways involved in this process are unknown. Here we show
that the peptidylprolyl cis/trans isomerase is a key enzyme of the
LPS-induced NADPH oxidase priming.

This study, confirmed that LPS alone was not able to
induce superoxide production as measured by luminol-
amplified chemiluminescence as shown in Figure 1. At higher

concentrations of LPS (>5 pg/ml) a weak superoxide production
was observed but was not detected by an other specific technique
such as cytochrome C reduction assay (data not shown).
However, LPS even at low concentrations was able to enhance
fMLP-induced superoxide production confirming its ability to
prime this function.

To study the role of Pinl in LPS-induced priming of
superoxide production by neutrophils, we used two Pinl
inhibitors, PiB and Juglone as neutrophils are resistant to
transfection. Both molecules inhibited LPS-induced priming of
superoxide production and higher concentrations they inhibited
also fMLP-induced activation. To check if Pin1 is also involved
in LPS-induced degranulation and shedding to other neutrophil
function, we tested the effect of PiB and Juglone on LPS-induced
CDl11b externalization from specific and gelatinase granules
at the plasma membrane and the release of CD62L from the
plasma membrane. PiB at high concentration (50 unM) did not
have any effect, however Juglone stimulated this function. The
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FIGURE 8 | LPS induces ERK1/2 (p44/42 MAPK) activation in human neutrophils. (A) Neutrophils (10 x 10° cells/mL) were incubated with various concentration of
LPS (0, 0.1, 0.5, 1, 5ug/mL) for 20 min at 37°C. Cells were analyzed by SDS-PAGE and western blot using anti-phospho-ERK1/2 and anti-ERK1/2 antibodies. (B)
Western blots from different experiments were scanned, total ERK1/2 were quantified by densitometry, and the intensity of phosphorylated ERK 1/2 was corrected for
the protein amount of ERK1/2. (C) Neutrophils (10 x 10° cells/mL) were incubated with LPS (1 wg/mL) for indicated times (0, 5, 10, 20, 30 min). Cells were analyzed
by SDS-PAGE and immunoblotting with anti-phospho-ERK1/2 and anti-ERK1/2 antibodies. (D) Western blots from different experiments for the kinetic effect were
scanned and phosphorylated, total ERK1/2 were quantified by densitometry, and the intensity of phosphorylated ERK1/2 was corrected for the protein amount of
ERK1/2. Data are mean + SEM of three or more separate experiments. *p < 0.05, *p < 0.01 and ***p < 0.001 as compared to control (100%).

reasons for these contrasting results are unknown and should antibodies from different sources but the results were not
be more investigated in the future. Juglone was shown to have  conclusive. New anti-phospho-Pinl antibodies are needed to
some other effects and PiB is believed to be more selective  study this pathway.
for Pinl (36, 41). CD11b is localized at the membrane of Upon activation Pinl binds to phosphorylated Ser or
the same granules as gp917"°*/NOX2 and p22°"°* (15, 42-45),  Thr near a Pro. The NADPH oxidase component p47°"°*
thus these results suggest also that PiB does not inhibit NOX2  is phosphorylated on Ser345 which is a Pinl recognition
translocation at the plasma membranes and Pinl is not involved =~ motif (33, 38). We thus investigated the effect of LPS on
in this process. p47Pho* phosphorylation. Interestingly, LPS induced mainly
To further investigate the role of Pinl in LPS-treated the phosphorylation of Ser345 and at lesser extent the
neutrophils, we showed that LPS is able to increase Pinl  phosphorylation of Ser328. It is noteworthy that LPS alone did
activation. Pinl is constitutively active in resting cells in  not induce the phosphorylation of Ser304, Ser315, and Ser320
agreement with other reports and LPS was able to increase  required for NADPH oxidase activation explaining the lack of
this activation in a comparable manner of TNF and fMLP  superoxide production with LPS alone. LPS also induced the
(33). The pathways involved in the stimulation of Pinl activity = phosphorylation of p38MAPKinase and ERK1/2 that are able
by TLR4 activation are unknown. It was shown that Pinl  to phosphorylate p47?7°* on Ser345. We tested the effect of
is phosphorylated in vitro and in cells by protein kinase A  p38MAPK and ERK1/2 inhibitors which both inhibited p47phox
(PKA) (46) and death-associated protein kinase 1 (DAPKinase  phosphorylation on Ser345 (data not shown), suggesting that
1) (47) and these phosphorylations inhibited its activity.  these MAPKinases converge to phosphorylate this site. In our
To check if LPS is able to induce Pinl dephosphorylation  previous work (33), we showed that Pinl facilitates p47°~
in human neutrophils, we tested different anti-phospho-Pinl  phosphorylation on Ser328 and other serines upon fMLP
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FIGURE 9 | A scheme of the involvement of Pin1 and p47°"* phosphorylation
in LPS-induced priming of NOX2. LPS via TLR4 induces Pin1 and MAP
Kinases (p38MAPK and ERK1/2) activation in neutrophil cytosol. Active MAP
Kinases phosphorylate p47P"* on serine 345 which is a binding site for
activated Pin1. Pin1 binds to phosphorylated Ser345 and induces
conformational changes of p47°™* to facilitate its phosphorylation by other
Ser/Thr kinases and thus enhances NOX2 activation by a secondary agonist
such as bacteria or fMLP.

stimulation. To check if in LPS-primed neutrophils, Pinl is able
to facilitate the phosphorylation of Ser328 we tested Juglone and
PiB on this process. Results showed that Juglone and PiB were
able to inhibit phosphorylation of p47°"°* on Ser328 (data not
shown), confirming our previous data.
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Neutrophil extracellular traps (NETs) have been initially described as main actors in
host defense owing to their ability to immobilize and sometimes kill microorganisms.
Subsequent studies have demonstrated their implication in the pathophysiology of
various diseases, due to the toxic effects of their main components on surrounding
tissues. Several distinct NETosis pathways have been described in response to various
triggers. Among these triggers, IgG immune complexes (IC) play an important role
since they induce robust NET release upon binding to activating FcyRs on neutrophils.
Few in vitro studies have documented the mechanisms of IC-induced NET release
and evidence about the partners involved is controversial. In vivo, animal models and
clinical studies have strongly suggested the importance of IgG IC-induced NET release
for autoimmunity and anaphylaxis. In this review, we will focus on two autoimmune
diseases in which NETs are undoubtedly major players, systemic lupus erythematosus
(SLE), and rheumatoid arthritis (RA). We will also discuss anaphylaxis as another example
of disease recently associated with IC-induced NET release. Understanding the role
of IC-induced NETs in these settings will pave the way for new diagnostic tools and
therapeutic strategies.

Keywords: NETs, autoimmunity, anaphylaxis, immune complexes, neutrophils

INTRODUCTION

Neutrophil extracellular traps (NETs) are extracellular chromatin filaments produced upon cell
activation and decorated with many proteins normally confined to neutrophil cytoplasm and
granules. This process was first described in 2004 as a new mechanism to catch, immobilize, and
potentially kill bacteria (1). Subsequently, NETs have been shown to kill several species of bacteria,
and rapidly limit the extent of the infection in some models (2-4). However, NET contribution to
infectious diseases is double-edged. On the one hand, they may play a major role in defense against
pathogens but on the other hand, collateral damage in infected host tissues can be significant, due to
proteolytic enzymes release or histone toxicity (5-7). For instance, a deleterious role for NETs have
been described in life-threatening infectious conditions such as sepsis or pneumonia-associated
acute respiratory distress syndrome (8-12). Interestingly, besides their major pro-inflammatory
role, NETs might also be able to downregulate dendritic cell activation and promote Th2 response,
thus participating in the resolution of inflammation (13).
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In addition to their role during infection, increasing evidence
shows that NETosis also happens in a large number of non-
infectious inflammation-associated diseases, including various
lung diseases, thrombosis, cancer, and auto-immune diseases
(14). In the lung, we and others reported that NETs are found
in high concentrations in patients with chronic obstruction
pulmonary disease or asthma (15-20). In thrombosis, a major
interplay between platelets, components of the coagulation
system and NETs have been unraveled, leading to the emergence
of a new concept named immunothrombosis (21). Finally,
as NETs are both pro-inflammatory and composed of many
potential autoimmune targets, it has been hypothesized that
NETs could be strong inducers of autoimmunity. Indeed, a
crucial role for NETs has been described in various autoimmune
diseases such as systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), vasculitis or diabetes (22-24).

IMMUNE COMPLEXES TRIGGER NET
FORMATION

NETosis Mechanism

In the initial studies about NETosis, the authors described a
relatively long process (several hours) leading to neutrophil lysis
and dependent on NADPH oxidase 2 (NOX2) activation (25—
27). Fifteen years later, several distinct pathways in response to
various triggers have been described making the definition of
NETosis even more complex (28). The lytic or suicidal form
of NETosis relies on NOX2-derived reactive oxygen species
(ROS) release, allowing the liberation of neutrophil elastase
(NE) and myeloperoxidase (MPO) from azurophilic granules.
Both histone cleavage by NE and their citrullination by peptidyl
deaminase 4 (PAD4) have been initially described as required
for chromatin decondensation and extrusion out of the cell.
However, several intracellular pathways have been described, and
some NET release could be NE- or PAD4-independent (29—
31). Autophagy is also probably involved, even if there is yet
no consensus as conflicting results were obtained (28, 32-34).
Very interestingly, quick non-suicidal pathways of NET release
have also been described, where neutrophils remain viable, and
can still perform functions such as phagocytosis, chemotaxis
or dendritic cell activation (14, 35-37). Some studies have also
shown NETs composed of mitochondrial DNA (38) but this
mechanism requires more investigation. In addition, NOX2-
independent pathways have been described, where calcium influx
could triggers the activation of mitochondrial ROS (39, 40). This
mechanism has been shown in chronic granulomatous disease
patients, who have impaired NOX2 activation (41, 42).

The mechanisms of NET formation and release may vary
depending upon the initial trigger (23, 43, 44). A large number
of triggers have been described, both artificial and physiological.
Among them, IgG and IgA immune complexes (IC) have been
shown to trigger NETosis in different situations (38, 45-48).

Immune Complexes Triggering

In this review, we will focus on the role of IC on NET
formation. To date, few in vitro studies have documented the
mechanisms of NET release in response to pre-formed IC in

both murine (49, 50) and human neutrophils (49, 51). Moreover,
these studies provided conflicting results especially regarding
type of FcyR involved or NOX2 requirement. Using soluble
bovine serum albumin (BSA)-IgG IC, Chen et al. highlighted
some discrepancies between the results obtained in human
FcyRIIA transgenic mice and those using blocking antibodies
on purified human neutrophils. The first model suggested the
importance of human FcyRIIA during in vivo NET release
whereas the latter supported a role of FcyRIIIB in vitro. The
differences between the models could explain this discrepancy.
Indeed, in transgenic FcyRIIIB*/y~/~ mice which do not express
FcyRIIA, FcyRIIIB engagement lead to IC clearance. Moreover,
blocking FcyRIIA on human neutrophils does not affect receptor
intracellular signaling domain, allowing FcyRIIA to transduce
signal mediated by FcyRIIIB engagement. Hence, these results
support a cooperative role of FcyRIIA and FcyRIIIB, the two
activating receptors constitutively expressed on neutrophils,
during IC-induced NET-release (49). However, other studies
have pointed out an exclusive role of FcyRIIIB in NET release
in response to immobilized ICs (51) or by direct receptor
aggregation (52, 53). Similarly, the requirement of NOX2-
generated ROS in IC-induced NET release is controversial.
Although most studies supported a pivotal role of NOX2 (38,
45, 51, 52), two of them provided opposite results despite
similar pharmacological inhibitor [diphenyleneiodonium (DPI)]
but different concentrations (49, 54). As DPI inhibits a wide
variety of NADP-dependent enzymes as well as mitochondrial
flavoenzymes (55), DPI-related NET release inhibition only
means that ROS (whatever their cellular origin) are important
in this process. Additionally, a role of actin cytoskeleton (49),
Syk/Src (49-51), and MAPK (49, 51, 52) have been suggested
by a few studies whereas the implication of NE/MPO (49, 51)
and PI3K/AKT (49, 51, 52) are debated and need confirmation.
All these conflicting results regarding the molecular pathways
implicated in IC-induced NET release could be explained
at least in part by the heterogeneity of the protocols: type
of IC (antigenic system, spatial configuration, antigen, and
antibody concentrations), pharmacological inhibitors (type and
concentration), blocking antibodies [clone, type (Fab or full Ab)],
use of human transgenic mice, and method to quantify NETs.
Thus, there is a need for recapitulative studies comparing side
by side the different triggers and inhibition strategies to obtain a
definitive and clear view of IC-induced NET release pathways.

IMMUNE COMPLEX-INDUCED NETS CAN
TRIGGER AND PERPETUATE VARIOUS
AUTOIMMUNE DISEASES

As they expose intracellular endogenous components to the
immune system, NETs have been very soon suspected to
participate in the initiation of the autoimmune response
(Figure 1). Indeed, autoantibodies against several NET
components such as DNA, MPO, elastase, citrullinated
histones, or proteinase 3 (PR3) are hallmarks of several systemic
autoimmune diseases. It has been speculated for several years that
anti-ribonucleoprotein (RNP) and anti-DNA antibodies found
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FIGURE 1 | Mechanisms of NET formation in autoimmunity. Autoantigen/IgG IC can bind to several FcyRs expressed at the neutrophil surface and induce their
activation. In particular, NOX2 is activated and produce ROS that can in turn activate PAD4 leading to protein citrullination and chromatin decondensation. In parallel,
ROS can also help MPO and NE degranulation and translocation to the nucleus contributing to chromatin unfolding. The nuclear membrane breaks down, the
decondensed chromatin is released in the cytosol and becomes decorated with various cytosolic and granule-derived proteins. Finally, NETs are released exposing to
the immune system a large number of autoantigens that can amplify this mechanism called lytic NETosis. In some conditions, in particular in SLE, these IC can also
induce a non-lytic NOX2-independent NETosis via the production of mitochondria-derived ROS and/or DNA,; in that case, neutrophils are still alive.

in the serum of patients with SLE could be produced in response  effect (23, 59, 60), leading to abnormal NET accumulation. This
to NET constituents and thus participate to the high level of  prolonged presence of NETs could favor rupture of tolerance
circulating IC in lupus (56-58). ICs containing self-antigens, in  as well as increase tissue damage (61). Another interesting
particular RNP/anti-RNP ICs, have been shown to induce NET  element is that the composition of NETs from SLE patients is
release, creating an amplification loop where NET components  different from that of healthy controls. NETs from SLE patients
induce autoantibodies leading to ICs, which subsequently trigger ~ are richer in toxic compounds (e.g., oxidized alpha-enolase)
NET formation and perpetuate the phenomenon. The role of leading to tissue damage, especially in lupus nephritis (62).
these IC-induced NETs in the pathophysiology of lupus is not ~ Recent observations suggest that several PAD4 polymorphisms
obvious, as the high levels of NETs released during infection does  are associated to SLE and lupus nephritis, reinforcing the link
not usually lead to autoimmune response. This suggests that  between NETs and SLE pathophysiology (63, 64). Additionally,
some additional mechanisms must lead to a break of tolerance to  in lupus nephritis, circulating IC deposit in the glomerular
NETs. Interestingly, RNP-containing ICs were shown to induce =~ basement membrane, giving an additional pathogenic role for
mitochondrial hyperpolarization, increased mitochondrial ROS ~ these IC. Taken together these findings emphasize a major
production and extracellular release of oxidized mitochondrial  role for IC in the different NETosis pathways involved in SLE,
DNA, a potent proinflammatory compound able to activate  particularly in lupus nephritis (65).

type 1 interferon pathway (38). Additionally, self-DNA ICs RA is another example where IC-induced NETs are of
have been shown to activate plasmacytoid dendritic cells via  importance (66, 67). Even if the pathogenesis of RA is not
TLRY, also leading to type 1 interferon release, which has been  fully understood, many studies have shown that in genetically
linked to loss of tolerance (56, 57). An impairment of NETs  predisposed patients, anti-citrullinated protein antibodies
regulatory mechanisms could also favor loss of tolerance. Some  (ACPAs) play a major role. These autoantibodies target
patients with active lupus or lupus nephritis have a deficiency in  citrullinated self-proteins like histones, vimentin, enolase,
DNase 1 activity and/or anti-NET antibodies that inhibit DNase  collagen, filaggrin, fibrinogen, or calreticulin. Citrullination
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is a physiological process that occurs in inflammation and
during NETosis, due to the activation of PAD4 (66-69). PAD4
activity contributes to RA development, since PAD4-deficient
mice have reduced autoantibodies and joint damage in arthritis
models (70, 71), and a single nucleotide polymorphism of
PAD4 is associated to an increased risk to develop RA in
humans (72). Neutrophils from RA patients are activated and
produce spontaneously more NETs than healthy donors (73).
Additionally, NETosis can be activated by ACPA IgG and IgA
ICs (46, 69, 74). Circulating NETs and netting neutrophils in
joints are found in patients with RA (69, 75, 76), demonstrating
active and widespread NETosis in this context. Thus, IC-induced
NETs together with inflammation and synoviocyte activation
can enhance the production of citrullinated autoantigens and
fuel the autoimmune response, which will in turn produce
more ICs (24, 77). Furthermore, synovial fibrocytes can
internalize NETs via a RAGE-TLR9 pathway leading to MHC-
class II upregulation and presentation to specific T cells of
NET-associated citrullinated peptides (78).

The breaking of tolerance to citrullinated proteins is suspected
to occur in the airway, in particular in smoker’s airway (79-81).
Identical citrullinated proteins are present in the joints and in the
lung of patients with RA, and high levels of NETs can be found
in the sputum of ACPA-positive RA patients, and even in at-
risk patients’ relatives (positive for HLA-DRBI allele and ACPA)
(82). Nicotine could induce NETs via PAD4 activation (83),
and smoking triggered NETosis in several experimental models
(84, 85). The link between nicotine, NETs, and loss of tolerance
to citrullinated proteins is not fully elucidated yet, but the more
recent studies point to an intense lung citrullination process
related to high levels of PAD4 and neutrophil activation (22, 86).
These NETs can then induce dendritic cell maturation, type 1
IEN release, Thl expansion, and B cell activation. Furthermore,
ectopic lymphoid tissue and high levels of ACPA are observed
in the lung of patients with RA reinforcing the idea of a local
autoimmune response (82, 87). Finally, the microenvironment,
in particular the microbial agents, might themselves play a
role in breaking the tolerance; it was for instance recently
demonstrated that PAD from Porphyromonas gingivalis is able to
produce citrullinated proteins and participate to RA pathogenesis
(23, 88). Thus, NETs produced in response to infection could
constitute in some instances a bridge between infection and
autoimmunity. To summarize, NETs are an important source
of citrullinated autoantigens in RA, fueling the production
of ACPAs in predisposed individuals. They also maintain an
inflammatory environment in the lung and in the joints,
facilitating neutrophil activation and NET production by the
ACPA/citrullinated peptides ICs.

IMMUNE COMPLEX-INDUCED NETS
PARTICIPATE TO ANAPHYLAXIS

IgG ICs Formed During Anaphylaxis Induce
NET Release

Anaphylaxis is an acute systemic hypersensitivity reaction
that can be life-threatening. Because of its extremely fast
and unpredictable onset, it is difficult to obtain data on its

mechanisms in human, and animal models have been developed
to better understand this complex disease (89). The classical
pathway is based on the triad IgE/basophil-mastocyte/histamine.
During anaphylaxis, cell-surface bound specific IgE on basophils
and mast cells react with the allergen and induce the release of
preformed mediators such as histamine and proteases, leading
to clinical signs of anaphylaxis. However, anaphylaxis can be
triggered in mice lacking IgE or their receptor (90, 91), and we
reported that up to 30% of patients with neuromuscular blocking
agent (NMBA) perioperative anaphylaxis do not have any sign
of the IgE pathway (92, 93). An IgE-independent anaphylaxis
mechanism has thus been proposed and demonstrated in mice,
mediated by neutrophils, specific IgG and FcyRs (94). Specific
IgG-IC can bind to various activating FcyRs at the surface
of cells such as neutrophils and induce their activation. High
circulating levels of several neutrophil-related components and
platelet activating factor (PAF) have been described in mice
models of anaphylaxis, and in patients experiencing anaphylaxis
as markers of neutrophil activation (95-97). The mechanisms
of IgG-mediated neutrophil activation during anaphylaxis were
first demonstrated in mice models of BSA-induced anaphylaxis.
Using depletion and inhibition strategies it was shown that
specific IgG-IC binding to neutrophil FcyRIIIA or FcyRIV was
sufficient to induce fatal anaphylaxis (94). As human neutrophils
do not express these two activating receptors but FcyRIIA,
transgenic mice expressing the human FcyRIIA were used to
demonstrate a major role for this receptor during anaphylaxis
(98, 99). Very recently, these findings were confirmed in an
elegant humanized mouse model where the human low-affinity
IgG receptor locus, comprising both activating and inhibitory
FcyR genes was inserted into the equivalent murine locus (100,
101). The implication of such an IC-mediated anaphylaxis via
a new IgG/neutrophil/PAF triad is thus well-demonstrated in
animal models and suggested to be relevant in humans by the
studies on humanized mice. The existence of this alternative
or additional mechanism in humans has been very recently
demonstrated in a cohort of 86 patients experiencing NMBA
anaphylaxis (93). Blood neutrophils were activated in patients
as shown by the upregulation of CD11b, CD18, CD66b, and
high levels of circulating elastase. NETosis was also triggered
and patients had high levels of circulating NETs remnants
(DNA-MPO complexes). Interestingly, a decreased expression of
neutrophil FcyRIIA and FCyRIIIB was observed 30 min after
anaphylaxis onset. This negative modulation is consistent with
the engagement of FcyRs by circulating IC. Moreover, purified
anti-rocuronium IgG isolated from a patient could form IC in
vitro with a rocuronium bioconjugate. These IC were able to
activate human neutrophils in vitro, and induce NET release
(93). Concentration of anti-NMBA IgG and neutrophil activation
markers correlated with anaphylaxis severity. This mechanism
could be observed in patients lacking any evidence of IgE-
dependent anaphylaxis, suggesting that IgG and IgE pathways
could be independent, at least in some instances.

Alternative Mechanisms of NET Release
During Anaphylaxis

Besides the role of IgG/IC in NET release during anaphylaxis,
one could speculate that other mechanisms exist that could
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modulate neutrophil activation. Some mediators released both
in the acute and the late inflammatory phase of anaphylaxis
such as pro-inflammatory cytokines, PAF, or C5a seem able
to activate NET release in some conditions, even if there is
still conflicting results on the subject (102-105). Recently, a
major role of platelets in anaphylaxis has been suggested both
in hFcyRIIA transgenic mice model and in humans (106, 107).
In the mouse model, the interaction of platelet FcyRIIA with
IgG-ICs induced platelet activation/aggregation, whose intensity
correlated with the severity of anaphylaxis. Moreover, platelets
depletion substantially attenuated symptomatology in mice.
As platelets are much more abundant in bloodstream than
neutrophils, it seems likely that IgG-ICs interact with platelet
FcyRIIA first, before interacting with neutrophils. Activated
platelets can aggregate on neutrophils to form platelet-neutrophil
complexes detectable in vivo during several inflammatory
conditions such as sepsis, pulmonary diseases, atherosclerosis
(108), and recently allergic shock (106). The formation of
these complexes involves the GP1b (glycoprotein 1b)/MAC-1
(macrophage 1 antigen) interaction (108), which is able to induce
NET release. Platelets also release several soluble mediators
known to activate NETosis (Von Willebrand Factor, platelet
factor 4, HMGBI, PAF) (4, 109). Thus, besides direct neutrophil
activation by IgG-ICs, other mechanisms involving released
mediators or/and activated platelets may contribute to NET
release during the acute phase of anaphylaxis.

Contribution of NETs to Anaphylaxis

Mechanism

To date, only one study showed NET formation during
anaphylaxis in human (93). Therefore, the pathogenic role of
NET in this context is still unclear. However, some hypotheses
could be raised according to well-established NET component
properties. NET cytotoxicity on vascular endothelium and
epithelia has already been shown to be responsible for organ
failure in mouse models of sepsis and acute lung injury (4, 5, 110)
and may therefore contribute to the pulmonary and vascular
symptomatology of anaphylaxis. Whether NETs are formed in
the lungs during anaphylaxis has not been directly investigated
so far, but interstitial accumulation of neutrophil associated with
pulmonary congestion has been demonstrated in a model of
casein-induced active anaphylaxis (111). It is also possible that
circulating NETs reach lung microcirculation and damage the
alveolar-capillary interface as observed in mouse models of acute
lung injury (112).

Complement activation is one of the mechanisms implicated
in alternative routes of anaphylaxis and in worsening classical
IgE-mediated anaphylaxis through C3a and C5a production
(89). Along with direct toxicity, NETs could amplify mast cell
degranulation by activating the alternative complement pathway
(113, 114). Similarly, NETs could amplify bradykinin-mediated
circulatory complications through their capacity to activate
contact coagulation system (115).

To summarize, very recent human studies have shown that
allergen/specific IgG IC are able to activate neutrophils and

induce NETs. This new anaphylaxis pathway could participate
to clinical manifestations of anaphylaxis (Figure 2), and should
be considered in future investigations of diagnostic markers or
therapeutic interventions.

DIAGNOSTIC AND THERAPEUTIC
PERSPECTIVES

The implication of NETs in pathology has been prompting several
studies investigating its potential as a diagnostic marker or a
therapeutic target.

Circulating NETs have been detected in patient’s serum in
many diseases. Accordingly, NET concentrations have been
studied as diagnostic or prognostic markers. Many studies have
focused on the concentrations of cell-free DNA or circulating
nucleosomes as NET surrogates. However, those are a poor
reflect of NETosis since they will be released by any dying cell
(116). Some other works focused on citrullinated H3 (H3citr)
quantification in serum or tissues. For example, serum H3citr
levels predicted the risk of venous thromboembolism in a cohort
of 946 cancer patients. Additionally, Jin et al. showed in an
interesting study that intratumoral NETs identified by H3citr
staining could predict poor survival in post-surgery pancreatic
cancer patients (117). The most specific marker of NETs to
date are DNA-MPO complexes (116), but fewer studies have
investigated their diagnostic relevance. Concentration of DNA-
MPO complexes in serum are associated with poor control in
asthma (20), severity in anaphylaxis (93), and development of
extra-articular nodules in rheumatoid arthritis (118). It could also
predict organ dysfunction and 28-day mortality in septic shock
(119). High levels of circulating NETs were also associated with
poor prognosis in community-acquired pneumonia, though its
not clear exactly which NETs surrogate marker was used in this
study (120).

As for therapeutic intervention, two main approaches have
been investigated: destruction of NETs or inhibition of their
production. NETs can be dismantled by DNAse I treatment
or by heparin (121), while their production has been blocked
with PAD-4 inhibitors, mostly chloramidine (Cl-Amidine).
Disruption of NETs with DNAse I have proven efficient in mouse
models of stroke (122), ischemia reperfusion (123, 124), heparin-
induced thrombocytopenia (125), and deep vein thrombosis
(126). Furthermore, mice treated with DNAse I show less
metastasis in mammary tumor models (127, 128). Treatment
with chloramidine has shown efficacy in murine models of
abdominal aortic aneurysm (122), arterial thrombosis (129),
photothrombotic stroke (122), and sepsis (130).

However, studies in pathologies involving IC-induced NETs
are scarce. The most relevant works show that pristane-induced
lupus is reduced after inhalation of DNAse 1 (131), and arthritis
symptoms are reduced by chloramidine treatment in collagen-
induced arthritis model (132). Specific inhibition strategies using
FcR blocking antibodies represent an interesting possibility, but
no study has tested this approach so far, despite the existence of
broadly available efficient antibodies.
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FIGURE 2 | Mechanisms of NET formation during anaphylaxis. The classical pathway of anaphylaxis is based on histamine release by mast cells and basophils
activated by the engagement of FceRlI after interaction of specific IgE with an allergen. A second pathway was recently demonstrated both in mice and human. In this
pathway the allergen reacts with specific IgG and form an IC that binds to several FcyRs at the neutrophil surface and activate them. In addition to ROS and protease
release, neutrophils release PAF and NETs, that could be also involved in anaphylaxis clinical manifestations.
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Globally, while several potential clinical uses of NETs have
been described, most results come from mouse models, and large
scale clinical trials results are missing.

CONCLUSION

ICs can be formed in several clinical conditions. In autoimmunity
they can be continuously present in circulation or in
tissues, depending on the accessibility of the self-antigen.
In contrast, during anaphylaxis they are formed as soon as
the allergen enters the body and encounters pre-existing
IgGs. As neutrophils express high levels of FcyRs, they can
be activated by ICs and release NETs. Beside their tissue
toxicity and proinflammatory properties, NETs contain
autoantigen and can thus perpetuate autoimmunity. In
anaphylaxis, IC-induced NETs release represents a new
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The molecular mechanisms driving specific regulation of neutrophils are not completely
understood to date. In order to characterize fundamental granulocyte features on protein
level, we analyzed changes in proteome composition as reaction to stress from cell
activation processes. For this purpose, we isolated primary granulocytes from equine
whole blood through density gradient centrifugation followed by sodium chloride lysis
and stimulated cells for 30 min with interleukin-8 (IL8) due to its role as a chemotactic
factor for neutrophils. We additionally used phorbol 12-myristate 13-acetate (PMA) and
lipopolysaccharide (LPS), which are primarily associated to neutrophil extracellular trap
formation and release of reactive oxygen species. From mass spectrometry analysis,
we identified a total of 2,032 proteins describing the whole granulocyte proteome,
including 245 proteins (12% of identified proteome) newly associated to in vivo expression
in primary equine granulocytes (hypothetical proteins). We also found distinct and
different changes in protein abundance (ratio > 2) after short stimulation of cells with
various stimuli, pointing to rapid and differentiated reaction pattern. IL8 stimulation
resulted in increased protein abundance of 58 proteins (3% of proteome), whereas
PMA induced changed protein abundance of 207 (10 % of proteome) and LPS of 46
proteins (2% of proteome). Enrichment analyses clearly showed fundamental differences
between stimuli, with primary association of IL8 stimulation to processes in immune
response, receptor signaling and signal transduction. Top enrichment for PMA on the
other hand pointed to vesicle mediated transport and exocytosis. Stimulation with
LPS did not result in any significant enrichment. Although we detected 43% overlap
of enrichment categories for IL8 and PMA stimulation, indicating that activation of
neutrophils with different stimuli partly induces some similar biological processes and
pathways, hierarchical clustering showed clear differences in distribution and biological
relevance of clusters between the chosen stimuli. Our studies provide novel information
on the granulocyte proteome and offer insights into early, differentiated granulocyte
reaction to stimuli, which contribute to a better understanding of molecular mechanisms
involved in activation and recruitment of neutrophils, through inflammatory stimuli.

Keywords: innate immune cell activation, differential proteomics, interleukin 8 (IL8), PMA, LPS, neutrophil, signal
transduction, biological process
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INTRODUCTION

Granulocytes have initially been labeled as short-lived, terminally
differentiated cells, driving innate immune response through
phagocytosis, degranulation, ROS release and, as described more
recently, NETosis (1, 2). However, today, neutrophil diversity
and plasticity, with many different subpopulations and finely
tuned functional features are evident (3-8). Still relatively little
is known about specific, differentiated regulation mechanisms
in early granulocyte activation involved in subsequent innate
immune responses. For this reason, we investigated fundamental
granulocyte features by analyzing changes in proteome
composition as reaction to cell activation and allocating these
changes to different biological processes and pathways in an
equine model. In cells from the adaptive immune system, we
previously found major differences in regulation of lymphocyte
protein expression in autoimmune disease (9-12). Moreover, we
detected differences in the granulocyte proteome, with Talinl
as a key player in disease pathogenesis, indicating a role of
the innate immune system in lymphocyte-driven autoimmune
disease (13, 14). In retrospect, the granulocytes analyzed in
these studies most likely represent the subpopulation of low
density neutrophils (LDN), which were recently discovered
(15). In present study, LDN were excluded from analysis, due
to granulocyte isolation protocol. Here, we were especially
interested in the impact of initial activation on downstream
innate immune response and the pathways switched on in course
of activation-induced cell stress in order to provide fundamental
knowledge on granulocyte activation mechanisms.

MATERIALS AND METHODS

Sample Processing

The blood used in this study originated from three resident
horses of the LMU equine clinic (aged 12, 20, and 21;
kept in straw-embedded stalls with daily access to paddocks),
which are at the student’s disposal for supervised ultrasound-
and health assessment training. Health status was assessed
by standard clinical routine examinations. No experimental
procedures were performed on these horses. Venous whole
blood was collected in tubes supplemented with 25.000 1.U.
heparin. After rough sedimentation of erythrocytes, PMN were
isolated from plasma by density gradient centrifugation (RT,
290 x g, 25min, brake off) using Ficoll-Paque PLUS separating
solution (GE Life Sciences, Freiburg, Germany). Cells were
washed gently (4C, 400 x g, 10min) in cold PBS (DPBS
devoid of CaCl, and MgCly; Gibco/ThermoFisher Scientific,
Germany) and remaining erythrocytes were removed by sodium
chloride lysis (lysis in 0.2% NaCl, after 30s addition of equal
part 1.6% NaCl to restore isotonicity). Cells were washed
(4°C, 400 x g, 10min) and resuspended in PBS with 0.2%
Glucose. From each animal used in the experiment, we prepared
aliquot portions of 6 x 10° cells/500 pl. These cell aliquots
were separately stimulated with recombinant equine interleukin-
8 (IL8; Kingfisher Biotec; 1ng/ml), phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich/Merck, Darmstadt, Germany;
5ng/ml) and lipopolysaccharide (LPS; Sigma-Aldrich/Merck,

Darmstadt, Germany; 5 wg/ml) for 30 min in a CO, incubator
(37°C, 5% CO,). Untreated medium control (mc) was incubated
under the same conditions but without stimulating agent. After
stimulation, each of the stimulated and mc aliquots was topped
up to 1 ml with PBS with 0.2% Glucose and pelleted (4°C, 2,300
x g, 10 min). All Samples were stored at —20°C. Shortly before
mass spectrometry analysis, cells were thawed and lysed in urea
buffer (8 M urea in 0.1 M Tris/HCI pH 8.5), and protein amount
was determined with Bradford protein assay (16).

Mass Spectrometry Analysis

From each sample, 10 pg total protein was digested with
LysC and trypsin by filter-aided sample preparation (FASP)
as previously described (17). Acidified eluted peptides were
analyzed in the data-dependent mode on a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
online coupled to a Ultimate 3000 RSLC nano-HPLC (Dionex).
Samples were automatically injected and loaded onto the C18
trap column, eluted after 5min and separated on the C18
analytical column (75pum ID x 15cm, Acclaim PepMAP 100
C18. 100 A/size, LC Packings, Thermo Fisher Scientific, Bremen,
Germany) by a 90 min non-linear acetonitrile gradient at a flow
rate of 250 nl/min. MS spectra were recorded at a resolution of
60,000. After each MS1 cycle, the 10 most abundant peptide ions
were selected for fragmentation.

Data Processing

Label-free quantitative analysis was performed using Progenesis
QI software (version 2.5, Non-linear Dynamics, Waters,
Newcastle upon Tyne, UXK.) as described (18, 19), with raw
MS spectral files imported, followed by automatic peak picking
and retention time alignment and normalization of total peak
intensities across all samples to minimize loading differences.
All MS/MS spectra were exported from Progenesis QI software
as Mascot generic files (mgf) and searched against Ensembl
Horse protein database (version 3.0, http://www.ensembl.org)
for peptide identification with Mascot (version 2.5.1). Search
parameters used were 10 ppm peptide mass tolerance, 20
mmu fragment mass tolerance, one missed cleavage allowed,
carbamidomethylation as fixed modification and methionine
oxidation as well as deamidation of asparagine and glutamine
as variable modifications. Mascot integrated decoy database
search was set to a false discovery rate (FDR) of 1% when
searching was performed on the concatenated mgf files with
a percolator ion score cut-off of 13 and an appropriate
significance threshold p. Identifications were re-imported into
Progenesis QI and redundancies grouped following the rules
of parsimony.

Data Analysis

Differential protein abundance was determined by comparison
of the mean normalized peptide abundance from the extracted
ion chromatograms. Proteins were considered differentially
expressed at stimulating agent/mc ratio > 2.0. Bioinformatic
analysis was performed on human orthologs of gene names
from differentially expressed equine proteins with open source
software ShinyGO v0.60: http://bioinformatics.sdstate.edu/go60/
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(20) with the following settings: search species human, P-
value cutoff (FDR) 0.05, number of most significant terms
to show 30. P-value for enrichment analysis was calculated
via hypergeometric distribution, followed by correction using
FDR. Venn diagram was made with open source tool: http://
bioinformatics.psb.ugent.be/webtools/Venn/.

RESULTS

Two Thousand Thirty-Two Proteins

Describing the Granulocyte Proteome

Using mass spectrometry analysis, we identified the
equine whole granulocyte proteome, comprising a total
of 2,032 proteins. Among the identifications, we found
245 proteins (hypothetical proteins) which have not been
associated to the in vivo protein expression repertoire of
equine granulocytes so far (Supplemental Table 1). These
proteins represent 12% of the total granulocyte proteome
identified here.

Short Stimulation Time of Only 30 min
Results in Rapid and Differentiated

Reactions of Cells

After stimulation with three different stimulating agents, we
found distinct changes in granulocyte protein abundance
compared to medium controls (ratio cut-off > 2). In detail,
cells stimulated with LPS showed higher expression levels of
46 proteins (2% of proteome), whereas PMA induced increased
protein abundance of 207 proteins (10% of proteome). IL8
stimulation resulted in increased protein expression levels of
58 proteins (3% of proteome) (Supplemental Table 2). All of
these differentially abundant proteins summed up to a total of
252, from which only 15 showed higher expression levels in all
three stimulating agent groups (Figure 1, Table 1). Analysis of
differentially expressed proteins per stimulation group revealed
12 unique proteins from LPS and 174 from PMA stimulated cells
as well as 22 proteins with unique appearance in cells stimulated
with IL8 (Figure 1, Table 1).

Reaction of Innate Immune Cells to
Different Stimuli Are Respectively

Clustered in Three Distinct Networks

In order to understand the association of the differentially
expressed proteins to biological processes and their known
role in granulocyte activation pathways, we analyzed the data
from the 15 proteins present in all groups (Figure 1, Table 1,
Supplemental Figure 1, Supplemental Table 3) as well as LPS,
PMA, and IL8 groups with open source software ShinyGO. LPS
stimulation data did not result in any significant enrichment
and clustering of the differentially expressed proteins in these
cells. Therefore, we looked into GO category assignment for
these proteins and found eight high level categories mainly
connected to cell metabolism, intracellular transport and
response to stress (Supplemental Table 4). Data from IL8 and
PMA stimulated cells, however, revealed three distinct clusters.
Comparison of these enrichment category clusters showed a

LPS

IL8

FIGURE 1 | Venn Diagramm of overlapping differentially expressed proteins
from IL8, PMA, and LPS stimulated cells. Fifteen proteins are differentially
expressed among all stimulation groups.

43% overlap between IL8 and PMA stimulation groups, with
neutrophil activation and cellular catabolic processes as the
two major shared functional categories (Figure 3, Table 3).
The unique clusters for each stimulant, however, showed a
clear difference in reaction of cells to stimuli: PMA stimulated
innate immune cells reacted with processes involved in
intracellular transportation processes, whereas IL8 stimulated
cells showed involvement in signal transduction pathways
(Figure 3, Table 3).

Unique Reaction of Cells to IL8 Stimulation
Associates to Receptor Signaling, Signal

Transduction, and Immune Response

For more detailed analysis, we subsequently focused on proteins
which were differentially abundant in either IL8 or PMA
stimulated cells and therefore described as unique for respective
stimulus. Hierarchical clustering of enrichment analysis data
from unique proteins expressed after PMA stimulation pointed
to primary involvement in vesicle-mediated and intracellular
transport as well as exocytosis on the one and metabolic
processes on the other hand (Figure 2, Table 2). Results from
IL8 stimulated cells showed primary association of uniquely
expressed proteins to receptor signaling, signal transduction,
and immune response with top enrichment for Fc-epsilon
receptor and Tumor necrosis factor (TNF) mediated signaling
pathways (Figure 2, Table2). Also, enrichment of PI 3-
kinase activity pointed to processes in cytoskeleton dynamics
(Figure 2, Table 2). Interestingly, the protein proteasome 26S
subunit, ATPase 6 (PSMC6), was allocated to the majority
of functional enrichment categories from the IL8 stimulation
group (Table 2).

Frontiers in Immunology | www.frontiersin.org

9

January 2020 | Volume 10 | Article 3064


http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

610" UISIBUOL MMM | ABOjoUNWILL Ul SJOIUOI

¥90€ 8oy | 01 8wn|oA | 020z Arenuer

TABLE 1 | Gene names for shared and unique proteins >2 from granulocyte-derived mass spectrometry list.

Shared proteins

Unique proteins

Stimulating agent IL8 L8 IL8 IL8
PMA PMA PMA PMA
LPS LPS LPS LPS
No. of proteins 15 10 11 8 22 174 12
Gene names AAMDC DNM1 ALAD CALCOCO1 ADAMDEC1 A2M COMT GYS1 NT5C1A RIPOR2 SYT5 ACTBL2
ATP2B1 EXOSC2 ARID1B EIF4G2 AIFM1 ABHD14B COPS6 H2AFV NUCKS1 RNASEL SYTL3 DCUN1D1
DMTN GMPR2 BAX IWSH CARHSP1 ACSL4 COX5A HARS2 NUDT3 RPL12 TACC3 DCXR
DNASE1L1 JPT1 CPNE6 PROM1 CASP1 ADAM10 CPSF6 HBE1 NUMB RPL15 TAF2 DHX58
EEA1 IMPDH2 ECHDC1 RHEB CDC37 ADD2 CWF19L1 HISTTH1A NUP210 RPL18 TAOK3 HIKESHI
ENSA KCNA10 GNS SIRPB1 CNP ADD3 CXorf58 HIST1H3A NUP62 RPL9 TAPBP RPS4X
FARSB RAP1A PPP1R18 TBCC CREGH ADPGK CYP2C19 HSD17B12 OAS3 RPN1 TBC1D13 SDHB
GLYR1 SRSF4 PSMC1 TMEM128 CRYZ AGPAT2 DCTN3 HSPE1 PFN RPSBKA2 TEDCH1 SEPT11
HCFC1 VKORCH1 SEC23IP DDOST ALDH16A1 DENNDS HUWE1 PGRMC1 RPS8 TMOSF2 SLC47A2
IPCEF1 ZBTB45 SH2D5 DLAT ARHGAP10 DES HVCNA1 PI4KA S100A7 TMED10 UBE2H
LST1 ZNF207 HDLBP ARL6IP1 DHCR7 IGSF6 PKP1 SARS TPD52L2 WASHC2A
PSIP1 IGHG4 ATPBAPA1 DNM1L ILVBL PPM1F SEC24A TRMT112 WDR44
RPRD1B IKBKB ATP8A1 DOCK10 IMMT PRPF8 SELENOH TRPC3
RPS4X NAXD B3GNT2 DOT1L IRAK3 PSMA7 SEMASE TUFM
VPS37C NPEPLA1 BAK1 ECHS1 IRF3 PSMBS8 SERBP1 UBE2M
PAG1 BCAP29 EIF3H 1SG15 PSMB9 SF3A1 UBR4
PSMC6 BIN1 EIF4H 1SG20 PSMD7 SLC17A3 UQCRC2
PSMD12 BMX ENOPH1 JAK3 QSOX1 SLC28A1 USP15
SARNP BPGM EPB41 KARS R3HCCA SMAP2 VARS
SH3GLB1 BTBD11 ERH KLF12 RAB43 SNX27 VDACS
SIK3 CAMKK2 ESYT2 LZIC RASGRP2 SOD2 VPS11
VAV2 CARMIL2 FABP5 MCFD2 RBBP4 SPCS2 VPS26A
CASP14 GHDC MCU RBBP7 SRSF6 VPS28
CASS4 GLOD4 MOGS RBMB8A SSR1 VTHA
CD109 GM2A MPDU1 RDH16 STK38 WDR5
CD300LF GMFG MTCH2 RECQL STRN WFIKKN1
CES2 GNG12 MYADM RENBP SYNE1 YARS
CHMP3 GRHPR MYO1E REXO2 SYNE2 YIF1B
COL4A3BP GRN NAF1 RHAG SYPL1 ZSCAN4
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8.1e-03 Immune response-regulating cell surface receptor signaling pathway
6.2e-03 Immune response-activating cell surface receptor signaling pathway
9.1e-03 Immune response-activating signal transduction

1.0e-02 Immune response-regulating signaling pathway

1.1e-02 Activation of immune response

6.2e-03 Fc receptor signaling pathway

3.3e-03 Fc-epsilon receptor signaling pathway

9.1e-03 Antigen receptor-mediated signaling pathway

8.1e-03 T cell receptor signaling pathway

9.1e-03 Stimulatory C-type lectin receptor signaling pathway

9.1e-03 Innate immune response activating cell surface receptor signaling pathway

9.1e-03 Interleukin-1-mediated signaling pathway

1.0e-02 Antigen processing and presentation of peptide antigen via MHC class |
9.1e-03 Response to tumor necrosis factor

6.2e-03 Tumor necrosis factor-mediated signaling pathway

9.1e-03 Cellular response to tumor necrosis factor

.2e-03 Immune response

.1e-03 Regulation of cellular catabolic process
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.1e-03 Posttranscriptional regulation of gene expression
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uniquely present in respective stimulation group.

9.1e-03 Antigen processing and presentation of exogenous peptide antigen via MHC class |
9.1e-03 Antigen processing and presentation of exogenous peptide antigen via MHC class |, TAP-dependent

FIGURE 2 | Enrichment tree showing 30 most significant functional categories from biological processes generated from gene names of differentially expressed
proteins after stimulation with either IL8 (A) or PMA (B). Size of the solid circles corresponds to the enrichment FDR. Proteins used for calculation of enrichment were

B 4.2e-04 Regulated exocytosis
1.4e-04 Exocytosis
5.7e-04 Myeloid cell activation involved in immune response
3.6e-04 Granulocyte activation
5.7e-04 Neutrophil degranulation
4.1e-05 Vesicle-mediated transport
5.7e-04 Positive regulation of locomotion
9.2e-05 Cellular nitrogen compound catabolic process
5.8e-05 Nucleobase-containing compound catabolic process
9.2e-05 Heterocycle catabolic process
8.2e-05 Organic cyclic compound catabolic process
5.8e-05 Aromatic compound catabolic process
3.1e-04 RNA catabolic process
4.4e-04 Catabolic process
2.0e-04 Cellular catabolic process
8.2e-05 Symbiont process
5.8e-05 Viral process
1.3e-04 Interspecies interaction between organisms
3.7e-04 Organic acid metabolic process
5.9e-04 Cellular protein-containing complex assembly
5.7e-04 Organelle organization
4.9e-04 Establishment of localization in cell
2.0e-04 Intracellular transport
3.7e-04 Intracellular protein transport
3.4e-04 Macromolecule localization
1.3e-04 Cellular localization
1.3e-04 Cellular macromolecule localization
1.3e-04 Cellular protein localization
3.6e-04 Nitrogen compound transport
2.5e-04 Organic substance transport

DISCUSSION

Knowledge about the molecular mechanisms involved in specific
granulocyte activation and subsequent choice of pathways
depending on different stressors is still incomplete to date.
Moreover, in the past, granulocytes have frequently been
underestimated in their ability to execute distinct heterogenic
reactions rather than uniform response cascades to any, mainly
pathogen-induced stimulus. The past decade has yielded more
details on granulocyte heterogeneity and function, not only for
processes in the innate immune system but also for regulatory
involvement in adaptive immune responses (4, 21). Nevertheless,
there are still many signaling processes in granulocyte activation,
which need clarification. To gain deeper insight into these
processes and to find possible downstream reaction differences
between initiating stimuli, we performed a short stimulation
assay with freshly obtained, primary equine granulocytes. PMA
and LPS, were used as universal stimuli. PMA induces exocytosis,
ROS release and NET formation through direct activation of
protein kinase C (PKC) and subsequent signal transduction
cascade (22). LPS triggers similar responses by binding to TLR4
on neutrophils (23). For specific activation of granulocytes, we
used IL8. This cytokine is expressed by a variety of cells, such
as monocytes, fibroblasts and endothelial cells and acts as a
potent chemoattractant for granulocytes, inducing neutrophil
recruitment and chemotaxis via chemokine receptors CXCR1
and CXCR2 (24). Granulocyte activation and identification of
resulting differences in behavior, gene regulation and protein
expression have previously been performed in other uncommon
models such as cattle (25) and pigs (26). Predominantly, studies
focus on human granulocytes, however, most of these studies
concentrate on one particular morphologic (granules, membrane
proteins) (27-29) or functional (NET formation) (30, 31) feature
of granulocytes. Few studies describe stimulatory experiments
and their effect on the whole granulocyte proteome (32, 33).

Compared to these studies, we chose a very short stimulation
time in order to detect early proteome changes with possibly
transient character. Also, we did not separate the proteome via
2D prior to mass spectrometry analysis.

From our initial proteomics experiment, we unraveled
the equine granulocyte proteome, detecting 2,032 proteins
(Supplemental Table 1). Similar proteomic based studies have
been performed on human granulocytes (34), granulocytes from
other species such as cattle (35) and rats (36), as well as
neutrophil-associated BALF proteins in horses (37). However,
to our knowledge, the full equine neutrophil proteome has
not been described to date. Interestingly, 12% of the identified
proteins in our study were classified as “hypothetical proteins,”
whose existence is predicted, but experimental evidence for in
vivo expression is lacking. With our studies, we could confirm
actual in vivo expression of these proteins, associating them
to primary granulocyte proteome in horses. We chose equine
granulocytes to conduct our experiments, because the equine and
human immune system share a wide range of similarities both
in granulocyte-lymphocyte ratio, composition and function (38—
40). Furthermore, the horse is prone to allergies and autoimmune
diseases, which are similarly found in humans (41-45) and
adaptive as well as innate immune cells from horses have proven
to be valuable tools for studying human diseases (37, 42, 44, 46).
Despite certain differences between human and horse neutrophils
(47, 48), the horse is still a very promising model, especially
for processes and diseases which are not adequately addressed
by rodent models. However, more investigations are needed to
determine its exact and true translational value, which we provide
a basis for with our studies.

Among all identified proteins, we found a total of 252
differentially abundant proteins after cell stimulation with
different stimuli (Supplemental Table 2). Fifteen of these
proteins showed higher expression levels in all three stimulating
agent groups (Figurel, Tablel, Supplemental Figure 1,
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TABLE 2 | Enrichment of functional categories describing biological proccesses generated from proteins with differential expression after IL8 and PMA stimulation.

Enrichment
FDR

Genes in list

Total genes

Functional category

Genes

Biological proccesses from unique Proteins with ratio IL8/mc > 2

0.0033 4 133
0.0062 10 2,602
0.0062 210
0.0062 203
0.0062 466
0.0081 275
0.0081 520
0.0091 6 1,050
0.0091 662
0.0091 928
0.0091 3 141
0.0091 135
0.0091 368
0.0091 147
0.0091 3 143
0.0091 4 323
0.0091 5 662
0.0091 3 118
0.0091 4 344
0.0102 5 712
0.0102 2 34
0.0102 5 714
0.0104 3 167
0.0110 2 38
0.0110 3 182
0.0110 5 763
0.0110 5 765
0.0110 5 764
0.0114 5 778
0.0122 5 813
Biological proccesses from unique proteins with ratio
4.15E-05 42 2,220
5.76E-05 22 778

Fc-epsilon receptor signaling pathway
Immune response

Tumor necrosis factor-mediated signaling pathway
Fc receptor signaling pathway

Immune response-activating cell surface receptor
signaling pathway

T cell receptor signaling pathway

Immune response-regulating cell surface receptor
signaling pathway

Regulation of catabolic process

Posttranscriptional regulation of gene expression
Regulation of cellular catabolic process

Innate immune response activating cell surface
receptor signaling pathway

Stimulatory C-type lectin receptor signaling pathway
Response to tumor necrosis factor

Antigen processing and presentation of exogenous
peptide antigen via MHC class |

Antigen processing and presentation of exogenous
peptide antigen via MHC class |, TAP-dependent

Antigen receptor-mediated signaling pathway
Immune response-activating signal transduction
Interleukin-1-mediated signaling pathway
Cellular response to tumor necrosis factor

Nucleobase-containing compound catabolic
process

Positive regulation of phosphatidylinositol 3-kinase
activity
Immune response-regulating signaling pathway

Antigen processing and presentation of peptide
antigen via MHC class |

Positive regulation of lipid kinase activity
Regulation of cytokine-mediated signaling pathway
Activation of immune response

Cellular nitrogen compound catabolic process
Heterocycle catabolic process

Aromatic compound catabolic process

Organic cyclic compound catabolic process
PMA/mc > 2

Vesicle-mediated transport

Aromatic compound catabolic process

PSMC6 IKBKB VAV2 PSMD12

PAG1 CDC37 CASP1 ADAMDEC1 PSMC6 IKBKB
CREG1 VAV2 PSMD12 DDOST

IKBKB CASP1 PSMC6 PSMD12
PSMC6 IKBKB VAV2 PSMD12
PAG1 PSMC6 IKBKB VAV2 PSMD12

PAG1 PSMC6 IKBKB PSMD12
PAG1 PSMC6 IKBKB VAV2 PSMD12

CARHSP1 SH3GLB1 PSMC6 CDC37 AlFM1
PSMD12

CARHSP1 CDC37 SARNP PSMC6 PSMD12

CARHSP1 SH3GLB1 PSMC6 CDC37 AIFM1
PSMD12

PSMC6 IKBKB PSMD12

PSMC6 IKBKB PSMD12
IKBKB CASP1 PSMC6 PSMD12
PSMC6 IKBKB PSMD12

PSMC6 IKBKB PSMD12

PAG1 PSMC6 IKBKB PSMD12

PAG1 PSMC6 IKBKB VAV2 PSMD12
IKBKB PSMC6 PSMD12

IKBKB CASP1 PSMC6 PSMD12
CARHSP1 AIFM1 CNP PSMC6 PSMD12

SH3GLB1 VAV2

PAG1 PSMC6 IKBKB VAV2 PSMD12
PSMC6 IKBKB PSMD12

SH3GLB1 VAV2

CDC37 CASP1 IKBKB

PAG1 PSMC6 IKBKB VAV2 PSMD12
CARHSP1 AIFM1 CNP PSMC6 PSMD12
CARHSP1 AIFM1 CNP PSMC6 PSMD12
CARHSP1 AIFM1 CNP PSMC6 PSMD12
CARHSP1 AIFM1 CNP PSMC6 PSMD12

BCAP29 CHMP3 VPS26A HISTTH1A SYT5 SNX27
VTHA VPS11 VPS28 TMED10 RAB43 SEC24A
ATP6AP1 DNM1L DENNDS3 ESYT2 NUMB BIN1
SYTL3 MCFD2 MYO1E CD300LF TAPBP GRN
PKP1 HUWE1 PGRMC1 PSMD7 QSOX1 HVCN1
ATP8A1 UBR4 GMFG DCTN3 ADAM10 S100A7
CD109 FABP5 GHDC AGPAT2 A2M GM2A

COMT RBM8A NUDT3 ISG20 NT5C1A RNASEL
ADPGK BPGM PKP1 NAF1 SERBP1 RPL18
PSMA7 PSMD7 NUP210 RPS8 RPL9 RPL15
RPL12 PSMB8 NUP62 PSMB9

(Continued)
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TABLE 2 | Continued

Enrichment
FDR

Genes in list

Total genes

Functional category

Genes

5.76E-05

5.76E-05

8.17E-05

8.17E-05

9.22E-05

9.22E-05

0.0001

0.0001

0.0001

0.0001

0.0001

0.0002

21

25

22

25

21

21

36

48

25

36

24

35

712

951

813

1,024

765

764

1,981

3,087

1,084

1,993

1,023

1,959

Nucleobase-containing compound catabolic

process

Viral process

Organic cyclic compound catabolic process

Symbiont process

Cellular nitrogen compound catabolic process

Heterocycle catabolic process

Cellular protein localization

Cellular localization

Interspecies interaction between organisms

Cellular macromolecule localization

Exocytosis

Intracellular transport

RBMB8A NUDT3 ISG20 NT6C1A RNASEL ADPGK
BPGM PKP1 NAF1 SERBP1 RPL18 PSMA7
PSMD7 NUP210 RPS8 RPL9 RPL15 RPL12
PSMB8 NUP62 PSMB9

OAS3 CHMP3 RNASEL KARS PSMA7 EIF4H IRF3
UBR4 BIN1 COPS6 ISG15 PSMB8 NUP62 PSMB9
NUCKS1 ISG20 RAB43 PI4KA RPL18 NUP210
RPS8 VPS28 RPL9 RPL15 RPL12

COMT RBM8A NUDT3 ISG20 NT5C1A RNASEL
ADPGK BPGM PKP1 NAF1 SERBP1 RPL18
PSMA7 PSMD7 NUP210 RPS8 RPL9 RPL15
RPL12 PSMB8 NUP62 PSMB9

OAS3 CHMP3 RNASEL KARS PSMA7 EIF4H IRF3
UBR4 BIN1 COPS6 ISG15 PSMB8 NUP62 PSMB9
NUCKS1 ISG20 RAB43 PI4KA RPL18 NUP210
RPS8 VPS28 RPL9Y RPL15 RPL12

RBMBA NUDT3 ISG20 NT5C1A RNASEL ADPGK
BPGM PKP1 NAF1 SERBP1 RPL18 PSMA7
PSMD7 NUP210 RPS8 RPL9 RPL15 RPL12
PSMB8 NUP62 PSMB9

RBMB8A NUDT3 ISG20 NT6C1A RNASEL ADPGK
BPGM PKP1 NAF1 SERBP1 RPL18 PSMA7
PSMD7 NUP210 RPS8 RPL9 RPL15 RPL12
PSMB8 NUP62 PSMB9

HUWE1 VPS11 BCAP29 TBC1D13 SPCS2
VPS26A TMOSF2 UQCRC2 SNX27 VTI1A VPS28
TMED10 ARLG6IP1 RAB43 NUP62 SYNE2 SYNET
DNM1L RIPOR2 SEC24A ADAM10 SYTL3 PPM1F
MTCH2 NUMB EPB41 MYADM RPL18 SRSF6
SSR1 NUP210 RPS8 RPL9 RPL15 RPL12 RBM8A

HUWE1 VPS11 BCAP29 DNM1L TBC1D13
COL4A3BP CHMP3 SPCS2 VPS26A TMISF2
SYT5 UQCRC2 SNX27 VTI1A VPS28 TMED10
ARL6IP1 RAB43 NUP62 SYNE2 SEC24A SYNE1
TRPC3 BAK1 ATP6AP1 DENND3 RIPOR2 ESYT2
NUMB BINT ADAM10 SYTL3 PPM1F MTCH2
CPSF6 EPB41 MYADM RPL18 SRSF6 SSR1
NUP210 DCTN3 RPS8 RPL9 RPL15 MCFD2
RPL12 RBM8A

OAS3 CHMP3 RNASEL KARS PSMA7 EIF4H IRF3
UBR4 BIN1 COPS6 ISG15 PSMB8 NUP62 PSMB9
NUCKS1 ISG20 RAB43 PI4KA RPL18 NUP210
RPS8 VPS28 RPL9 RPL15 RPL12

HUWE1 VPS11 BCAP29 TBC1D13 SPCS2
VPS26A TMOSF2 UQCRC2 SNX27 VTI1A VPS28
TMED10 ARL6IP1 RAB43 NUP62 SYNE2 SYNET1
DNM1L RIPOR2 SEC24A ADAM10 SYTL3 PPM1F
MTCH2 NUMB EPB41 MYADM RPL18 SRSF6
SSR1 NUP210 RPS8 RPL9 RPL15 RPL12 RBM8A

SYT5 VPS11 ATP6AP1 DNM1L SYTL3 TMED10
GRN PKP1 HUWE1 PGRMC1 PSMD7 QSOX1
HVCN1 ATP8A1 UBR4 GMFG ADAM10 S100A7
CD109 FABP5 GHDC AGPAT2 A2M GM2A

HUWE1 VPS11 BCAP29 TBC1D13 COL4A3BP
CHMP3 SPCS2 VPS26A SYT5 UQCRC2 SNX27
VTHA VPS28 TMED10 ARL6IP1 RAB43 NUP62
SEC24A SYNE2 DNM1L DENND3 SYTL3 CPSF6
BIN1 RPL18 SRSF6 SSR1 NUP210 DCTN3 RPS8
RPL9 RPL15 MCFD2 RPL12 RBM8A

(Continued)
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TABLE 2 | Continued

Enrichment Genes in list Total genes

FDR

Functional category

Genes

0.0002 41 2,500

0.0003 46 3,011

0.0003 15 465

0.0003 49 3,354

0.0004 41 2,592

0.0004 17 603

0.0004 25 1194

0.0004 26 1,276

0.0004 21 901

0.0004 43 2,825

Cellular catabolic process

Organic substance transport

RNA catabolic process

Macromolecule localization

Nitrogen compound transport

Granulocyte activation

Intracellular protein transport

Organic acid metabolic process

Regulated exocytosis

Catabolic process

HUWE1 DNM1L COMT PSMA7 PSMD7 UBR4
ECHS1 VPS28 CYP2C19 PSMB8 HBE1 PSMB9
RBM8A NUDT3 CAMKK2 ISG20 RENBP DENND3
NT5C1A USP15 RNASEL ADPGK VPS11 BPGM
ISG15 GM2A PKP1 QSOX1 NAF1 VTI1A SERBP1
RPL18 CHMP3 VPS26A NUP210 RPS8 RPL9
FABPS RPL15 RPL12 NUP62

HUWE1 VPS11 TBC1D13 COL4A3BP CHMP3
SPCS2 VPS26A ATP8A1 SLC17A3 SYT5 UQCRC2
SNX27 VTIHA SLC28A1 VPS28 TMED10 ARL6GIP1
RAB43 NUP62 KARS DNM1L RHAG ACSL4
BCAP29 SEC24A ESYT2 IRF3 NUP210 RNASEL
SYTL3 FABP5 MCFD2 GM2A RBM8A PPM1F
CPSF6 MCU RPL18 ATP6AP1 VDAC3 SRSF6
SSR1 RPS8 RPL9 RPL15 RPL12

RBMB8A 1SG20 RNASEL PKP1 NAF1 SERBP1
RPL18 PSMA7 PSMD7 RPS8 RPL9 RPL15 RPL12
PSMB8 PSMB9

HUWE1 NAF1 VPS11 BCAP29 TBC1D13
COL4A3BP CHMP3 SPCS2 VPS26A ATP8A1
TMOSF2 UQCRC2 SNX27 VTIHA VPS28 TMED10
ARL6IP1 RAB43 NUP62 SYNE2 KARS DNM1L
SYNE1 ACSL4 RIPOR2 SEC24A ESYT2 IRF3
NUP210 ADAM10 SYTL3 MCFD2 GM2A RBM8A
PPM1F MTCH2 CPSF6 NUMB MCU EPB41
MYADM RPL18 ATP6AP1 SRSF6 SSR1 RPS8
RPL9 RPL15 RPL12

HUWE1 VPS11 TBC1D13 RHAG COL4A3BP
CHMP3 SPCS2 VPS26A SLC17A3 SYT5 UQCRC2
SNX27 VTIHA SLC28A1 VPS28 TMED10 ARL6GIP1
RAB43 NUP62 KARS DNM1L BCAP29 TAPBP
SEC24A IRF3 NUP210 SYTL3 MCFD2 RBM8A
PPM1F CPSF6 MCU RPL18 ATP6AP1 VDAC3
SRSF6 SSR1 RPS8 RPL9 RPL15 RPL12

KARS GRN PKP1 HUWE1 PGRMC1 PSMD7
QSOX1 HVCN1 ATP8A1 UBR4 GMFG ADAM10
S100A7 FABP5 GHDC AGPAT2 GM2A

HUWE1 VPS11 TBC1D13 SPCS2 VPS26A
UQCRC2 SNX27 VTI1A VPS28 TMED10 ARL6IP1
RAB43 NUP62 BCAP29 SEC24A SYTL3 RPL18
SRSF6 SSR1 NUP210 RPS8 RPL9 RPL15 RPL12
RBMB8A

SARS KARS VARS HARS2 ECHS1 YARS ENOPH1
CYP2C19 GRHPR CES2 ACSL4 COMT RENBP
HSD17B12 ADPGK FABP5 BPGM SLC17A3
PSMA7 PSMD7 ABHD14B NUP210 B3GNT2
PSMB8 NUP62 PSMB9

SYT5 DNM1L TMED10 GRN PKP1 HUWE1
PGRMC1 PSMD7 QSOX1 HVCN1 ATP8A1 UBR4
GMFG ADAM10 S100A7 CD109 FABP5 GHDC
AGPAT2 A2M GM2A

HUWE1 DNM1L COMT PSMA7 PSMD7 UBR4
ECHS1 vPS28 CYP2C19 PSMB8 HBE1 PSMB9
RBMB8A NUDT3 CAMKK2 ISG20 IRAK3 RENBP
DENND3 NT5C1A USP15 RNASEL ADPGK VPS11
BPGM ISG15 GM2A PKP1 QSOX1 NAF1 VTI1A
SERBP1 RPL18 CHMP3 VPS26A NUP210 RPS8
RPL9 FABP5 CES2 RPL15 RPL12 NUP62

(Continued)
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TABLE 2 | Continued

Enrichment Genes in list

FDR

Total genes

Functional category

Genes

0.0005 38 2,364

0.0006 16 577

0.0006 17 640

0.0006 16 576

0.0006 55 4,098

0.0006 25 1,263

Establishment of localization in cell

Neutrophil degranulation

Myeloid cell activation involved in immune response

Positive regulation of locomotion

Organelle organization

Cellular protein-containing complex assembly

HUWE1 VPS11 BCAP29 TBC1D13 COL4A3BP
CHMP3 SPCS2 VPS26A SYT5 UQCRC2 SNX27
VTHA VPS28 TMED10 ARL6IP1 RAB43 NUP62
SEC24A TRPC3 BAK1 SYNE2 DNM1L DENND3
NUMB SYTL3 CPSF6 BIN1 RPL18 SRSF6 SSR1
NUP210 DCTN3 RPS8 RPL9 RPL15 MCFD2
RPL12 RBMBA

GRN PKP1 HUWE1 PGRMC1 PSMD7 QSOX1
HVCN1 ATP8A1 UBR4 GMFG ADAM10 S100A7
FABP5 GHDC AGPAT2 GM2A

KARS GRN PKP1 HUWE1 PGRMC1 PSMD7
QSOX1 HVCN1 ATP8A1 UBR4 GMFG ADAM10
S100A7 FABP5 GHDC AGPAT2 GM2A

SEMAGE KARS S100A7 CARMIL2 SYNE2 RIPOR2
ATP8A1 PPM1F CHMP3 NUMB GRN CASS4 PFN1
SOD2 ADAM10 MYADM

RBBP4 HUWE1 VPS11 RECQL TACC3 SYNE2
ARHGAP10 ADD2 PKP1 DNM1L CASS4 DOT1L
H2AFV PFN1 HIST1H1A GMFG UQCRC2 ADD3
VTHA EPB41 TMED10 WDR5 RPL12 CAMKK2
BAK1 GRN PPM1F SEC24A SYNE1 USP15
SERBP1 CARMIL2 ARLGIP1 HISTTH3A NUCKSH
RPS6KA2 VDAC3 RBBP7 COL4A3BP BIN1
SEMAGE CHMP3 IMMT NAF1 RAB43 DES MYADM
NUP62 SOD2 ZSCAN4 TAPBP DCTN3 VPS28
COPS6 MCFD2

ADD2 DNM1L EIF4H PFN1 SRSF6 GMFG NAF1
ADD3 VPS11 PRPF8 RPL12 SF3A1 CPSF6
SEC24A CHMP3 CARMIL2 RBBP4 HIST1H3A
HIST1H1A BIN1 EIF3H TAPBP MYADM RBBP7
TMED10

Proteins used were uniquely expressed in each stimulation group.

Supplemental Table 3), indicating onset of some mutual
reactions to the different stimuli. A larger number of unique
proteins with differential expression per stimulant, however,
pointed to predominantly differentiated reactions to the
different stimuli (Figure 1, Table 1). Further assessment of all
differentially abundant proteins from PMA and IL8 samples with
ShinyGO enrichment analysis revealed 57% unique network
clustering for each stimulant, respectively (Figure 3, Table 3).
This shows the ability of granulocytes to distinguish between
stimuli and regulate specific pathways in response to selective
cell-stressors, although partial immune response is executed
independent of stimulation type. Subsequent analysis of solely
those proteins that changed abundance uniquely after either IL8
or PMA stimulation highlighted their association to stimulant-
characteristic reactions, such as exocytosis and degranulation
after PMA stimulation (22), and cytoskeleton dynamics after
stimulation with IL8 (49, 50) (Figure 2, Table 2).

IL8 stimulation yielded the identification of proteasome 26S
subunit, ATPase 6 (PSMC6), which showed higher abundance
unique to this stimulant (IL8/mc ratio 2.1; p < 0.001).
PSMC6 is an ATP-dependent proteolytic complex responsible
for ubiquitin-dependent protein degradation (51, 52), which

is an important regulator of the majority of cellular activity
and homeostasis (53). Divergent levels of proteasome activity
have a strong impact on disease pathogenesis of several
diseases and are used as drug targets in disease treatment
(51, 54-56). Thus, the higher abundance of PSMC6 in IL8
stimulated cells might indicate activation of the proteasome
in granulocytes with functional importance in downstream
regulation of immune response to stress. Subsequent analysis
of proteomic data from IL8 stimulated cells revealed that
PSMC6 was present in the majority of functional enrichment
clusters from biological processes, including the top enriched
functional categories tumor necrosis factor (TNF) mediated
signaling and Fc-epsilon receptor pathways (Table 2). These two
pathways are essential for signal transduction in cells, with a wide
functional variety of downstream responses such as apoptosis
but also immune and inflammatory responses as well as cell
survival, activation and differentiation (57, 58). Interestingly,
occurrence of Fc receptors on granulocytes have initially been
described as a marker of neutrophil heterogeneity rather than
a necessity for optimal neutrophil aggregation and adhesion
(59). Especially Fc-epsilon receptor signaling is only present in
neutrophils under certain conditions and their exact role is still
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FIGURE 3 | Network clustering for biological processes to which differentially expressed proteins from IL8 (A) and PMA (B) stimulation were appointed. Three distinct
clusters are visible in each stimulation group. Two clusters show similarities between stimulants (dotted blue arrow: granulocyte activation and metabolic processes)
whereas one cluster is unique for each group [red arrow: immune response signaling pathways in IL8 stimulated cells (A) and cellular protein localization in PMA
stimulated cells (B)]. For a more clear presentation of clusters, we searched 20 most significant categories instead of 30.

TABLE 3 | Shared and unique functional categories generated from differentially expressed proteins after IL8 and PMA stimulation.

Functional categories from biological process IL8 and PMA

Stimulating agent Unique
IL8
No. of categories 17

Functional categories Antigen receptor-mediated signaling

pathway
Cell activation

Cellular response to mineralocorticoid
stimulus

DNA catabolic process

DNA catabolic process, endonucleolytic
Fc receptor signaling pathway
Fc-epsilon receptor signaling pathway

Immune response

Immune response-activating cell surface
receptor signaling pathway

Immune response-regulating cell surface
receptor signaling pathway

Macromolecule catabolic process
MRNA metabolic process

Regulation of cellular catabolic process
Regulation of mRNA stability
Regulation of RNA stability

Response to organic substance

Tumor necrosis factor-mediated
signaling pathway

Shared

IL8 /PMA

13

Aromatic compound catabolic process

Cellular catabolic process

Cellular nitrogen compound catabolic
process

Granulocyte activation
Heterocycle catabolic process
Leukocyte degranulation

Myeloid cell activation involved in immune
response

Neutrophil activation

Neutrophil activation involved in immune
response

Neutrophil degranulation

Neutrophil mediated immunity

Nucleobase-containing compound catabolic
process

Organic cyclic compound catabolic process

Unique

PMA

17

Cellular localization

Cellular macromolecule localization

Cellular protein localization

Establishment of localization in cell
Exocytosis
Interspecies interaction between organisms

Intracellular protein transport

Intracellular transport
Macromolecule localization

Nitrogen compound transport

Organic substance transport
Regulated exocytosis

Regulation of biological quality
RNA catabolic process
Symbiont process
Vesicle-mediated transport
Viral process
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discussed among experts, whereas other Fc receptor types, such
as low-affinity Fc-gamma receptors, are commonly expressed
on granulocytes playing an important role in immune complex
mediated activation of neutrophils through their downstream
pathways (58). Furthermore, Fc receptors are unlikely to mediate
PMA-induced cell activation (59), which is consistent with our
findings on PMA-stimulated granulocytes, where we found no
allocation of uniquely expressed proteins to Fc receptor signaling
pathways (Figures 2, 3, Tables 2, 3).

Our findings undermine the ongoing appreciation of
granulocyte function toward finely tuned, heterogeneous, specific
reactions of more than one subpopulation of neutrophils (4, 7,
8, 60-63). Furthermore, our data shows that a stimulation time
of only 30min is sufficient to initiate substantial and specific
changes in granulocyte proteome as reaction to individual
stimulating agents (Figure 1, Table 1, Supplemental Table 2).
These rapid changes most likely occur due to gene induction
of early responding genes but may also be the result of
posttranslational modifications mediated by proteins that are
activated early in neutrophil responses to stimuli, such as
phosphatidylinositol 3-kinase (PI 3-kinase). Interestingly, PI 3-
kinase activity appears as functional category from enrichment
analysis of our IL8 data (Figure 2A, Table 2), supporting the
involvement of PI 3-kinase in IL8-induced protein changes.
With its ability to phosphorylate molecules acting as second
messengers and thereby switch on downstream intracellular
signaling (64), and its involvement in neutrophil chemokinesis
and phagosome formation (49, 50, 65), PI 3-kinase merits
further investigations in future functional studies. No matter
the origin of the changed granulocyte protein repertoire
described in our data, it gives insight into early onset of
granulocyte activation on protein level, which may be useful
to modulate granulocyte mediated pathological processes in
future functional experiments. However, more experiments are
needed, not only for determination of minimal stimulation
times triggering regulation of protein expression levels in
granulocytes, but also for analysis of expression kinetics in course
of longer stimulation assays. From other comprehensive studies
on equine neutrophils we know, that neutrophil extracellular
traps (NETs) readily occur in response to adequate stimuli
(66) as opposed to cells from other animal models (67). Our
protein data however, lack association to this process (Figure 2,
Table 2). We assume that the expression differences of proteins
associated to NET formation occur after longer stimulation
time, as recently described (66). Therefore, increasing the
stimulation time in these assays could address protein repertoire
changes associated to NET-relevant biological processes such as
DNA decondensation, histone citrullination, and related signal
transduction. Also, we would expect more prominent clustering
of IL8 induced protein changes to cytoskeleton dynamics
involved in chemotaxis and phagosome formation, as functional
answers of cells to stimuli fluctuate over time (68). Keeping
in mind the dynamic character of protein expression patterns
in course of cell activation, our data put a spotlight merely
on the first reaction to stimuli. This is a very interesting time
point in our opinion, because it shows the initiating functional

answers in activated cells, which are potentially accessible to
experimental modulation. Adding proteomic data from more
stimulation times would give a more precise insight into dynamic
whole-cell proteome changes throughout the activation process
of granulocytes, similar to previous analysis of pre-determined
cytokines and degranulation markers by kinetic flow cytometry
(69), which needs to be addressed in future studies.

CONCLUSION

With our data we provide a fundamental study on activation
of primary granulocytes and regulation of downstream immune
response by showing that different stimuli provoke divergent
and rapid downstream responses through regulation of protein
expression in these cells. These expression differences show
involvement in various different pathways and biological
processes which, among some similarities, differ between stimuli
and support knowledge on heterogeneity of granulocytes and
their highly selective response to stimuli. The presented data
may therefore act as a guide for further, in-depth research on
granulocyte response patterns and behavior in health and disease.
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Neutrophils are the most abundant leukocytes in human blood and critical actors of
the immune system. Many neutrophil functions and facets of their activity in vivo were
revealed by studying genetically modified mice or by tracking fluorescent neutrophils
in animals using imaging approaches. Assessing the roles of neutrophils can be
challenging, especially when exact molecular pathways are questioned or disease states
are interrogated that alter normal neutrophil homeostasis. This review discusses the
main in vivo models for the study of neutrophils, their advantages and limitations. The
side-by-side comparison underlines the necessity to carefully choose the right model(s)
to answer a given scientific question, and exhibit caveats that need to be taken into
account when designing experimental procedures. Collectively, this review suggests that
at least two models should be employed to legitimately conclude on neutrophil functions.

Keywords: neutrophils, Cre-recombinase, diphtheria toxin, mouse models, depletion, Gfi-1, NETosis

INTRODUCTION

Neutrophils are key players of the immune system. They are the first leukocytes to be recruited
to inflammatory sites (1) and they can contribute to inflammation through several mechanisms.
These include their capacity to engulf and eliminate pathogenic agents or particles through
phagocytosis, an NADPH oxygenase-dependent mechanism with reactive oxygen species synthesis
and antibacterial enzymes mobilization (2). Moreover, neutrophils can also release lipid mediators,
such as PAF or LTB4, thereby facilitating the recruitment of circulating cells (3). Furthermore,
neutrophils can release Neutrophil Extracellular Traps (NETs), which are composed of DNA
decorated with proteins such as cathepsins, histones, neutrophil elastase and myeloperoxidase
(MPO) (4). NETs are sticky weblike structures, which are thought to trap pathogens and toxins,
thereby inactivating them and preventing them from spreading (4, 5).

Mouse models of human diseases have progressively been developed in parallel with techniques
and strategies to deplete neutrophils, to knockout genes for key neutrophil enzymes, and to
visualize these cells in vivo. Traditional models for the study of neutrophils, including models of
depletion or mutant mice, allowed a global comprehension of neutrophil biology. Nevertheless,
these models notably raised questions of specificity, and hence justified the generation of novel
models in recent years (6, 7). Together, these advances rendered mouse models advantageous for
the study neutrophils in health and disease. Here, we summarize and discuss currently available
mouse models for neutrophil depletion and highlight the main models deficient in key neutrophil
enzymes. Moreover, strategies to visualize neutrophils and NETS in vivo are examined.
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INDUCIBLE DEPLETION OF NEUTROPHILS

One commonly used approach to study the role of a given cell
type is to deplete the cell type of interest in vivo in order to
characterize the resulting phenotype. Numerous studies have
used inducible neutrophil depletion strategies, as they enable
to control neutrophil deficiency at different stages of interest.
Furthermore, drugs and depleting antibodies can be used in
virtually all mouse strains, and are thus convenient and versatile
tools for the study of neutrophil biology.

Cyclophosphamide

Cyclophosphamide is a pro-drug that is used in humans as
an antitumor agent (8). The designation “prodrug” is due to
the fact that cyclophosphamide needs to be metabolized by
liver enzymes such as cytochrome P450 for the formation of
alkylating cytotoxic agents (9). Metabolized cyclophosphamide
triggers the formation of DNA crosslinks and lesions (9) that
lead to cell cycle arrest and cell death, thereby limiting the
proliferation of dividing cells (10). This explains its use as
an antitumor drug. Treatment of mice with cyclophosphamide
increases the susceptibility of mice to pathogenic agents
and has been used for the development of mouse models
of infection (11, 12). Indeed, intraperitoneal injection of
cyclophosphamide triggers the death of hematopoietic stem cells
and incapacitates remaining cells preventing their proliferation
and differentiation (13). Neutrophils are rather short-lived cells
(14, 15). Hence, pharmacological depletion of hematopoietic
stem cells is associated with an almost complete disappearance
of blood neutrophils as early as 3-4 days after intraperitoneal or
subcutaneous cyclophosphamide injection (11, 16).

This background explains the choice of this drug to assess the
role of neutrophils in vivo (17-19). Mice are usually treated with
a high dose of cyclophosphamide (150 mg/kg) on day 0 and with
alow dose (100 mg/kg) 3 days later (11, 16, 17, 20). Three to four
days after the last treatment with cyclophosphamide, mice exhibit
a strong neutrophilia with a 3-fold increase of blood neutrophils
compared to untreated mice (11, 16). Indeed, repetitive injections
are necessary if long-term effects of neutrophil depletion are to be
evaluated (17). A clear advantage of the use of cyclophosphamide
to induce neutropenia in mice is the relatively low price of this
drug, and its capacity to render any mouse strain neutropenic.
However, a major limitation of this approach is the fact
that cyclophosphamide is all but neutrophil specific. Indeed,
cyclophosphamide-treated mice also exhibit markedly reduced
numbers of circulating monocytes, B and T cells (11, 16, 17, 20).
These confounding factors render the interpretation of results
obtained in cyclophosphamide-treated animals challenging. For
example, after treatment with cyclophosphamide, Streptococcus
pneumoniae-infected mice showed a higher number of lung
colony-forming units (CFUs) (21). However, the role of
neutrophils in controlling lung CFU numbers has since come
into question. Marks et al. treated S. pneumoniae-infected mice
with neutrophil depleting antibodies and revealed they had
similar CFUs to mice treated with an isotype control antibody,
a difference that was explained by the lack of specificity of
cyclophosphamide (22). In conclusion, while cyclophosphamide

represents a convenient first tool to predict the role of neutrophils
in vivo, findings obtained using this drug require confirmation
with other approaches to address neutrophil biology.

Vinblastine

Vinblastine is another cytostatic drug (23) that can bind
to tubulin molecules, thereby disrupting the assembly of
microtubules (24) and interfering with cytoskeletal dynamics.
Thus, vinblastine targets dividing cells and leads to mitotic
arrest (25). Treatment of mice with vinblastine induces strong
neutropenia (26, 27). Nevertheless, this drug is rarely used
to study neutrophils in vivo. Overall, vinblastine exhibits the
same disadvantages as cyclophosphamide. It displays a poor
selectivity in blood (as illustrated by a respective 35 and 39%
reduction in blood monocytes and lymphocytes) (26), and
induces cytotoxicity in other cell types such as pancreatic cells
(28) and during spermatogenesis (29). Furthermore, vinblastine
might affect any cellular process involving microtubule assembly,
limiting its use for in vivo experiments.

Depleting Antibodies

Neutrophil depletion can also be induced by the systemic
administration of specific antibodies. As pharmacological drugs,
depleting antibodies are efficient in WT mice and most knockout
mice, which circumvents the necessity to generate mutant mice.

Anti-Gr-1

The monoclonal rat IgG2b antibody RB6-8C5 was originally
reported to specifically bind to neutrophils (30, 31), and
recognize the surface molecule Gr-1. Treatment of mice with
RB6-8C5 anti-Gr-1 antibodies leads to a profound neutropenia
(32-34) that lasts for up to 3-5 days depending on the injected
dose (32, 35). Early reports suggested that RB6-8C5-mediated
depletion was neutrophil-specific and would not affect other cell
types such as monocytes (31, 33). These findings were however
challenged by the findings that mice infected with the helminth
Nippostrongylus brasiliensis also exhibited a severe reduction of
blood eosinophils upon RB6-8C5 injection (36), and that RB6-
8C5 treatment could induce a decrease of blood and spleen
monocytes and memory-type CD8" T cells (35, 37). A more
precise analysis of Gr-1 revealed that Gr-1 represents a family
of two GPI-anchored proteins, Ly6C, and Ly6G (30). Ly6G
is specifically expressed on the surface of mouse neutrophils
(30), and thus represents a good candidate to selectively target
neutrophils and trigger their depletion in vivo. Ly6C, however,
is mainly expressed on neutrophils and monocytes but also
in macrophages, and subpopulations of CD8" T cells (38-
41), which could account for the lack of selectivity of RB6-
8C5 antibodies.

Neutrophil depletion by RB6-8C5 was reported to be
unaffected by the treatment of mice with Fc-block (anti-
FcyRII/IIT antibodies) or in FcRy-knockout mice (34).
Disruption of complement activation by pre-treatment
with cobra venom factor delayed—but did not prevent—
the RB6-8C5-induced neutrophil depletion (34), suggesting that
neutrophil depletion occurs through complement-dependent
and -independent pathways. The role of complement is not
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likely to be dependent on the membrane attack complex since
neutrophils are not sensitive to membrane attack complex-
induced death (42). However, C3-deficient mice were shown
to exert no depletion upon RB6-8C5 treatment (43), indicating
that opsonization of neutrophils is a prerequisite for their
depletion. Moreover, sterile inflammation in the peritoneum can
be induced by injection of thioglycolate triggering a peritonitis
with a characteristic sequential change in cell population and
cell maturation. Following activation of receptor for Advanced
Glycation Endproducts (44, 45), neutrophils are the first cells
to be recruited to the injection sites followed by monocytes,
which become the main cell population between day 3 and
6 of peritonitis. In this context, pre-treatment of mice with
RB6-8C5 antibodies induced neutrophil apoptosis, suggesting
that other pathways could participate in neutrophil depletion in
thioglycolate-induced inflammatory conditions (46). Injection
of RB6-8C5 antibody in TNF-a pre-treated mice induces death
due to microvessel obstruction and coagulation resulting in
respiratory defects (34, 47). This is thought to be a consequence
of neutrophil activation following binding of RB6-8C5 antibodies
to TNF-a-primed cells (34, 47). These observations further reveal
that RB6-8C5-induced depletion cannot be used in every context
due to potential adverse reactions triggered by the antibody
itself (as observed in TNF-a-primed mice). Other limitations
of RB6-8C5-induced depletion include a side-specific depletion
pattern that needs to be considered when planning experiments.
Indeed RB6-8C5 was reported to be inefficient in the liver (48).
Finally, RB6-8C5 treatment may trigger other side effects, such
as myeloid cell expansion and upregulation of macrophage
markers, probably through STAT-1, 3, and 5 engagement (46).
Despite the now well-described lack of specificity, RB6-8C5
antibodies have been used extensively (alone or in combination
with other approaches) to study the role of neutrophils in
various disease models, including models of infection (35, 49, 50),
arthritis (51, 52), wound repair (53) and anaphylaxis (54).

Anti-Ly6G

The rat IgG2a antibody 1A8 has been described as being
specific for Ly6G (30), and therefore as interacting specifically
with neutrophils (55). Intraperitoneal injection of 1A8 induces
a nearly complete depletion of blood and spleen neutrophils
(35, 55), and an 80% decrease of liver neutrophils (35), while
monocyte counts remain unaffected (35, 55). However, 1A8 is less
efficient than RB6-8C5 antibody for the induction of neutrophil
depletion. Indeed, mice are usually treated with a 2-fold higher
dose of 1A8 than RB6-8C5 (55, 56). Furthermore, 2 days post-
treatment, neutrophil counts rise again in 1A8-treated mice while
it is not the case in RB6-8C5-treated mice (55). Finally, 1A8
efficiency has recently been questioned, as 1A8-treated 24 weeks
old C57BL/6] mice showed no neutrophil depletion (57). The
same observation was conducted with bone marrow neutrophils
from BALB/c mice (58). To circumvent this low efficacy, it
was recently suggested that combining 1A8 treatment with a
secondary antibody injection could lead to a 90% depletion of
blood neutrophils (57). Nevertheless, this statement needs to be
tempered since the 1A8-induced neutrophil depletion was still
efficient in 9 and 24 weeks old BALB/c and FVB/N mice, and

in 9 weeks old C57BL/6] mice (57). Furthermore, 1A8-induced
neutrophil depletion was also questioned in PbNK65-infected
C57BL/6 mice and CFA-challenged BALB/c mice (58) and further
demonstrates the need to verify the depletion efficacy when using
this antibody.

Studies investigating the in vivo mechanism underlying 1A8-
induced depletion described that depletion of macrophages
prior to 1A8-treatment decreases the efficiency of neutrophil
depletion (59), suggesting that macrophages are key effector
cells for neutrophil depletion (59). This was confirmed by
intravital microscopy, revealing that neutrophils opsonized
with fluorescently labeled 1A8 antibody were phagocytized
by macrophages in the spleen, liver and bone marrow (60).
Interestingly, the same group reported that the choice of
fluorochrome had an influence on the depletion efficiency and
suggested that this might be due to differences in the binding of
the labeled antibodies to Ly6G. For instance, 1A8-FITC was more
efficient at inducing neutrophil depletion than 1A8-APC (60).

1A8 antibody has been extensively used to study the
contribution of neutrophils in vivo. It was for example used to
show that neutrophils support metastasis formation (61), limit
muscle alteration after intense exercise (62), and participate
in protection against S. pneumoniae (63). Moreover, with the
availability of this more neutrophil-specific antibody, several
studies reassessed the role of neutrophils in vivo. For instance,
in a context of Herpes Simplex Virus type-1 infection, treatment
of mice with RB6-8C5 had resulted in an increased sensitivity
of the mice toward the virus, suggesting a protective role of
neutrophils (64, 65). However, the use of 1A8 antibody to deplete
neutrophils did not alter the virus replication, questioning the
previously described role of neutrophils in anti-viral reactions
(65). Similar results were obtained for bacterial infections with
Listeria monocytogenes. It was previously shown that RB6-8C5-
treated mice failed to control L. monocytogenes infection and
it was concluded that neutrophils played an important role in
defense against this pathogen (49). More recently, it was verified
that RB6-8C5-treated mice did not control L. monocytogenes
infection. However, going further, it was also demonstrated that
1A8-treated mice showed the same L. monocytogenes-induced
mortality as WT mice (66), questioning the requirement of
neutrophils in this context. Using a model for monocyte specific
depletion, it was demonstrated that monocyte-depleted mice
died of infection (66), suggesting that monocytes are the key
players in defense against L. monocytogenes whereas neutrophils
are dispensable. This suggested that the phenotype of RB6-
8C5-treated mice was due to the depletion of monocytes and
not neutrophils.

NIMP-R14 is a second monoclonal antibody reported to
recognize Ly6G (67). NIMP-R14 treatment leads to >95%
depletion of spleen and blood neutrophils (20, 68-70).
Neutrophil counts return to basal levels about 3 days post-
NIMP-R14 injection (69), suggesting that repetitive injections
are needed for long-term experiments (which is also the case
for RB6-8C5 and 1A8). NIMP-R14 antibody has been used to
study neutrophil functions in many disease models, including
glomerulonephritis (71), anti-Helicobacter pylori immunity
(72), autoimmune encephalomyelitis (73), and experimental
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models of anaphylaxis (68, 70). In contrast to 1A8 antibody
driven depletion for which no unwanted side-effects have
been described, several reports described a 2-fold decrease
in blood monocytes and Ly6CM&" spleen monocytes after
NIMP-R14 treatment (68, 70, 74), questioning the specificity of
this antibody.

While high doses of anti-Gr-1 and anti-Ly6G antibodies
induce neutrophil depletion, these antibodies have also been used
at alow dose to bind neutrophils without inducing cell depletion.
This “low dose” strategy was used as a mean to assess the in vivo
role of Ly6G. Injection of 10 g of RB6-8C5 anti-Gr-1 or 5 g of
1A8 anti-Ly6G antibodies prevented neutrophils from migrating
toward inflamed tissues in a model of arthritis, suggesting that
Ly6G is a key regulator of neutrophil migration (75). These
findings were, however, challenged by the observation that
RB6-8C5 anti-Gr-1 antibody-covered neutrophils show normal
recruitment to the tissues in a mouse model of Staphylococcus
aureus cellulitis (76). Moreover, Ly6G knockout mice (called
Catchup mice) also showed normal neutrophil migration and
functions in multiple models of sterile or infections inflammation
(77). The binding of anti-Gr-1 and anti-Ly6G antibodies to
neutrophils in the absence of neutrophil depletion highlights
the necessity to appropriately evaluate the efficacy of their
depletion. This is particularly critical in an inflammatory context,
in which large numbers of neutrophils are released from the
bone marrow. For instance, the TLR4 agonist carrageenan has
extensively been used to induce acute inflammatory reactions,
leading to the recruitment of neutrophils to the injection site
(78). It has been shown that pre-treating mice with RB6-5C8
was sufficient to reduce the number of peritoneal neutrophils
to 99%, even if mice were later intraperitoneally injected with
carrageenan, 36 h after RB6-5C8 treatment (79). Furthermore,
it is to note that neutrophils might be covered by anti-Gr-
1 or anti-Ly6G antibodies, and thus appear as Ly6G negative
cells in flow cytometric analysis. For example, in mice treated
with anti-Ly6G NIMP-R14, bone marrow or lung neutrophils
were not fully depleted but appeared as Ly6G-negative cells
in flow cytometry analysis, due to epitope masking by NIMP-
R14 antibodies (58, 70). As neutrophils are the major side
scatter-high (SSCM") leukocyte population, we recommend
to verify that treatment with a neutrophil-depleting antibody
induces marked reduction in the number of SSCMg! cells.
Ideally, such analysis should be performed in combination
with the use of complementary neutrophil markers to ascertain
neutrophil depletion. These complementary markers include
CD11b, Ly6C, or the 7/4-antigen, independently of the fact that
these molecules are also expressed by other cell types such as
monocytes or macrophages (80, 81). One possible strategy to
identify “Ly-6G masked” neutrophils is to use either of the
additional markers and subsequently exclude non-neutrophils
from the gate by co-staining with other monocyte or lineage
markers such as CD115 or B220 and including information
from the forward vs. side scatter analysis (82). Alternatively,
as anti-Ly6G and anti-Gr-1 antibodies are rat monoclonal
antibodies, depleting antibody-covered neutrophils could be
detected by revelation of the depleting antibodies themselves
using fluorescently-labeled anti-rat IgG. Indeed, two studies

used an anti-rat IgG2b to evaluate RB6-8C5-induced neutrophil
depletion (48, 83).

The pharmacological approaches to deplete neutrophils are
presented in Table 1.

PMNPTR Mice

Diphtheria toxin (DT) is a protein composed of two subunits that
is released by Corynebacterium diphtheriae during infection (84).
The human membrane-anchored form of the heparin-binding
EGF-like growth factor (HB-EGF precursor) acts as the DT
receptor (DTR) (85). Mouse HB-EGF precursor does not bind
efficiently to DT, due to several amino acid exchanges in the HB-
EGF domain that is critical for DT-receptor interactions. As a
consequence, mouse cells show significantly enhanced resistance
to DT-induced death (86).

By introducing the simian DTR into specific mouse cells, it
is possible to render such cell populations sensitive to DT, and
induce depletion of these cells upon DT injection (87). Indeed,
binding of subunit B to the diphtheria toxin receptor (DTR)
on human or monkey target cells induces entry of DT into the
cell through receptor-mediated endocytosis (88). Once in the
prelysosomal vesicles, a drop of pH induces the penetration of
a domain of the DT subunit A through the vesicle membrane,
leading to the release of DT into the cytoplasm (89). There, the
DT subunit A binds to elongation factor 2 and inhibits protein
synthesis and consequently triggers apoptosis (90).

It has been postulated that one molecule of DT can kill a
eukaryotic cell (91), rendering this model of depletion extremely
efficient. This is generally achieved using the “Cre-Lox” system.
First, a loxP-flanked STOP cassette was introduced in the DTR
gene (92) and this construct was inserted into the mouse
locus Gt(ROSA)26Sor. The Rosa 26 is constitutively active and
ubiquitously expressed in mice, which accounts for its success to
drive transgenes and reporter constructs (92, 93). In the presence
of Cre-recombinase, the STOP cassette is removed, allowing
expression of the DTR. In the following, these mice will be
referred to as iDTR mice (92).

One caveat of this method is the requirement of a promoter
that is specific for the cell type of interest, in order to restrict
expression of DTR to that particular cell type. hMRP8-Cre-
ires/GFP mice were used to assess the specificity of the human
MRP8 (hMRP8) promoter (6, 94-97). The transgenic construct
encompasses an internal ribosome entry sites (98) that allows
the concomitant expression of both the recombinase Cre and
GFP under control of the myeloid cell-specific human MRP8
(hMRP8) promoter (94, 99). Using these mice, it was shown
that GFP expression in mainly found in neutrophils (6, 95-97).
However, it is important to note that hMRP8 promoter activity
was also reported in 10-20% into some monocyte/macrophages
populations (6, 97). Residual promoter activity was also initially
noticed in a portion of granulocyte-macrophage progenitors
(GMPs) (95). However, these findings were not confirmed in a
more recent study (6).

Based on these promising findings, iDTR mice were crossed
with hMRP8-Cre mice to generate a new mouse model of
inducible neutrophil depletion [hereafter called PMNP™R mice
(6)]. Indeed, these mice exhibit an almost complete neutrophil
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TABLE 1 | Pharmacological approaches to deplete neutrophils.

Name Targets Main advantages Main limitations References
Drugs Cyclophos- DNA . Rapid and efficient . Poor specificity (11,16, 17)
phamide . Depletion can be . Needs
performed in any repetitive injections
mouse strain
Vinblastine Tubulin . Rapid and efficient . Poor specificity (26, 27)
. Depletion can be . Needs
performed in any repetitive injections
mouse strain
Depleting antibodies RB6-8C5 Gr-1 (Ly6G; Ly6C) . Rapid and efficient . Also affects other (32, 34)
. Depletion can be Gr-1 expressing cell
performed in most types (monocytes,
mouse strains eosinophils,
(exceptions include memory-type CD8"
Ly6G~/~ Catchup mice) T cells)
. Repetitive injections
needed for
long-term depletion
1A8 Ly6G . High specificity . Less efficient than (35, 55, 56)
. Depletion can be anti-Gr-1
performed in most . Requires high dose
mouse strains of antibodies
(exceptions include . Repetitive injections
Ly6G~/~ Catchup mice) needed for
long-term depletion
NIMP-R14 Ly6G . Rapid and efficient . Also affects Ly6C" (68, 69)

. Depletion can be

performed in most
mouse strains
(exceptions include

monocytes

. Repetitive injections
needed for
long-term depletion

Ly6G~/~ Catchup mice)

depletion in the blood, bone marrow and spleen 24h after a
single intraperitoneal injection of 500 ng DT (6, 20). These
results were confirmed by another group, which showed that
subcutaneous injection of DT (10 ng/g mouse body weight)
for three consecutive days results in depletion of about 90% of
neutrophils in the blood and lungs (100). DT-injection did not
affect the counts of most of the leukocyte populations tested,
such as blood and spleen eosinophils, basophils, B, and T cells
(6). The same results are obtained with peritoneal lavage fluid
macrophages, mast cells, dendritic cells, B and T cells, and
bone marrow eosinophils, basophils, B cells and GMPs (6).
Neutrophils started to re-appear in the blood 2 days after DT
treatment, reaching normal levels at day 3 (6). This highlights
the fact that repetitive DT injections are required for long-
term neutrophil depletion using PMNPTR mice. Importantly,
neutrophil depletion in PMNPTR mice was also accompanied by
a reduction in blood Ly6C®" and Ly6C"8h monocytes, and in
spleen Ly6CM8h monocytes (6), confirming that some hMRPS-
driven expression occurs in the monocyte lineage. This will have
to be taken into account when interpreting results obtained using
PMNPTR mice.

One major advantage of this model is the possibility to
perform the adoptive transfer of purified WT or mutant
neutrophils into DT-treated PMNPTR mice. This is achievable
due to the fact that non-DTR expressing neutrophils will not
be depleted by the DT treatment. For instance, DT-treated

PMNPTR mice were shown to be more sensitive to LPS-induced
endotoxemia. Whereas, engraftment of these mice with WT
neutrophils restored their resistance (confirming the protective
role of neutrophils in this setting), this was not the case when
transferred neutrophils were MPO-deficient, suggesting that
neutrophil-derived MPO is necessary for the resistance against
LPS (6). Bowers et al. transplanted bone marrow cells from
control (DTR™) or PMNPTR mice into recipient irradiated
mice. One week later, mice were treated daily with DT for
7 days (i.p.), which resulted in a complete depletion of the
granulocyte population (identified as Gr1tCD115~ cells) in mice
transplanted with bone marrow cells from PMNPTR mice but not
from DTR™ mice (101).

Besides using the hMRP8 promoter to control Cre-
recombinase expression, the latter was also inserted in the
neutrophil-specific ly6G locus (77). These mice were recently
crossed with iDTR mice as a novel model for neutrophil
depletion (57). Unfortunately, upon DT injection, no drop in
blood neutrophil counts was reported (57).

MOUSE MODELS WITH CONSTITUTIVE
NEUTROPENIA

The rapid turnover of neutrophils and the capacity of
the bone marrow to quickly increase neutrophil output in
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response to inflammatory signals in a process called emergency
granulopoiesis (102) limits the use of inducible neutrophil
depletion strategies for the study of long-term and inflammatory
processes. Indeed, this would require repeated injections of DT
or neutrophil-depleting antibodies. For instance, this could lead
to the formation of anti-DT antibodies, lowering the efficiency
of the depletion, as reported in CD11c-DTR mice (103). Several
mouse models with constitutive neutropenia have been described
and could theoretically circumvent these issues. However,
constitutive neutropenia renders mice more susceptible to
infections, and each of the constitutive neutropenic models
presents with its own limitations that will be discussed below.

G-CSFR~/~ Mice

A first mouse model with constitutive neutropenia was generated
and described by Liu et al. (104). It is caused by the deletion of
the Granulocyte Colony-Stimulating Factor Receptor (G-CSFR)
gene. G-CSFR™/~ mice exhibit 80 and 50% decreased counts of
blood and bone marrow neutrophils, respectively, and residual
bone marrow neutrophils are more prone to apoptosis (104). This
model was used to show the pro-inflammatory role of neutrophils
in collagen-induced and antibody-induced arthritis (105, 106),
leading to the proposal of G-CSFR as a new target in human
rheumatoid arthritis (106). Additionally, an immunosuppressive
function of neutrophils was put forward using this model,
characterized by the neutrophil-dependent regulation of antigen-
presentation by dendritic cells in vivo (107). Recently G-
CSFR™/~ mice were shown to exhibit abnormally high responses
in distal lymph nodes upon immunization, suggesting that
neutrophils play a role in the restriction of the immune
response to draining lymph nodes after immunization (108).
Overall, however, G-CSFR™/~ mice are rarely used, probably
due to the already mentioned residual neutrophils (7, 104)
and the anticipated side effects caused by G-CSFR deficiency.
Indeed, G-CSFR plays a major role in endothelial cell regulation
(109), in the induction of migration and proliferation (110), in
bone regeneration through osteoblast regulation (111) and in
sympathetic nerve neurons signaling (112). Although an effect
of G-CSFR deletion on these processes has not been extensively
described in the literature, G-CSFR ™/~ mice likely exhibit several
abnormalities that extend beyond their neutropenia.

Cxcr2~/~ Mice

Neutrophil release from the bone marrow is tightly regulated
by CXC chemokine receptors, such as CXCR2 and CXCR4.
Whereas, neutrophils are retained in the bone marrow through
constitutive expression of CXCL12 by bone marrow stromal
cells acting on CXCR4, CXCR2 stimulation by Glu-Leu-Arg
(ELR)T chemokines induces the mobilization of CXCR2%
neutrophils (113). Comprehensively, Cxcr2™/~ mice (114)
display a partial neutropenia with 60% decreased neutrophil
counts in the blood compared to WT mice (113). Interestingly,
spleen neutrophil counts are not affected by the deletion,
whereas mature neutrophils in the bone marrow are twice
more numerous in Cxcr2~/~ mice than in WT mice (113).
This accumulation is accompanied by a lack of mobilization
of Cxcr2™/~ neutrophils to the blood upon G-CSF treatment

(113). Opposing the action of CXCR2, Cxcr4~/~ mice and
WT mice treated with the CXCR4 blocking agent AMD3100
exhibit elevated blood neutrophil counts (113, 115). These two
models can thus be used in studies requiring mice presenting
with neutrophilia in the blood, whereas Cxcr2~/~ mice can be
used as a model for mild neutropenia. A reduced neutrophil
recruitment in Cxcr2™/~ mice was for instance described in
contexts of Dextran Sodium Sulfate-colitis-induced acute kidney
injury (116), Toxoplasma gondii infection (117), autoantibody-
mediated arthritis (118), or posttraumatic neutroinflammation
(119). Nevertheless, this model is rarely used. This is likely
due to the relatively high number of residual neutrophils found
in Cxcr2™/~ mice. Furthermore, CXCR2 is also expressed by
monocytes/macrophages, mast cells, endothelial and epithelial
cells (120-122), and the CXCR2 deficiency might thus also
modify the biology of these cell populations. For instance,
Cxcr2™/~ mice were shown to exhibit exaggerated inflammatory
response to cutaneous and peritoneal inflammatory stimuli
(123). Using anti-Ly6G antibodies to deplete neutrophils, the
authors suggested that the inflammatory phenotype observed
in Cxcr2™/~ mice might be neutrophil-independent, but
depends on accumulation of a non-neutrophilic CXCR2 positive
leukocyte population (123).

Gfi-1-Deficient Mice

In 2002, a new mouse model was generated, in which the Gfi-
1 (Growth factor independence-1) gene was inactivated through
the removal of the exons 2 to 4 and partial removal of exon 5
(124). Gfi-1 had been described 9 years earlier, as encoding a
protein that, if activated by a promoter insertion of proviruses
could abolish the dependency of thymoma cells toward IL-2
(125). Through the analyses of the Gfi-1 gene sequence, it was
predicted that the encoded protein could bind DNA through
the engagement of zinc finger domains, and suggested that this
interaction could lead to a down-regulation of the transcription
of specific genes (125), as verified 3 years later (126). Before
the generation of Gfi-1=/~ mice, Gfi-1 was therefore mainly
investigated for its role in T cell differentiation and activation
as well as in lymphomagenesis (125-128), thus restricting its
spectrum of action to lymphoid cells.

However, following a more careful analysis of the Gfi-1
expression, it was first detected in the bone marrow (129) before
it was demonstrated that its expression was not at all restricted
to the lymphoid compartment. Indeed, granulocytes and LPS-
activated macrophages also express the Gfi-1 gene (124).

One year after the first description of a Gfi-17/~ mouse (124),
a second strain was generated, in which the exons 1, 2, and a
part of 3 were deleted, resulting again in mice unable to express
Gfi-1 (130). Not surprisingly, both Gfi-17/~ models develop a
similar phenotype, with high mortality rates, reduced growth and
decreased cell numbers in the thymus (124, 130). One of the most
striking features of Gfi-1~/~ mice is the quasi absence of mature
neutrophil numbers in the blood, spleen and bone marrow
(124, 130), highlighting the role of this gene in the differentiation
and/or survival of neutrophils. Furthermore, neutropenia is
accompanied by the appearance of an abnormal cell population,
described as “blastoid monocytic cells” or “atypical myeloid
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cells.” This population exhibits specific characteristics of the
granulocyte lineage as well as of the macrophage lineage (130),
such as ring-shaped nuclei and low expression levels of Gr-
1 and Mac-1 together with high expression of Mac-3 and M-
CSFR (124, 130). Interestingly, these cells are still capable of
phagocytosis and oxidative burst (124, 130). Altogether, these
characteristics indicate that the atypical myeloid cells, which
develop in Gfi-1=/~ mice, share features of immature neutrophils
and macrophage precursors (130).

Adding to the two Gfi-17/~ mouse strains, another model of
Gfi-1 deficiency was developed using the Cre-Lox system (131).
Exons 4 and 5 of the Gfi-1 gene were flanked by two LoxP sites
and Gfi-17%1 mice were crossed with Ella-Cre transgenic mice,
to induce a constitutive deletion of Gfi-1 from the early embryo
stage (132). Consistently with the two previous models, these Gfi-
17/~ mice exhibit abnormal features such as small body size and
a high percentage of atypical myeloid cells (131). Using the CD4-
promoter, this model enabled the restriction of the mutation to
CD4-T cells, and thus, the assessment of the specific function of
Gfi-1in T-cells (131, 133).

Finally, a knock-in mouse model was generated in which
the Gfi-1 gene was replaced by the gene encoding GFP (which
they called Gfi-16FP/GFP mice) (134). This strain enabled the
study of the expression and roles of Gfi-1 during T and B-cell
differentiation and activation. Overall, Gfi-1F"/SF? mice display
the same phenotype as Gfi-1~/~, including reduced growth and
profound neutropenia (134, 135).

The constitutive neutropenia in Gfi-1-deficient mice can, to
a certain extent and for a short period of time, be compensated
by the adoptive transfer of neutrophils or their precursors. This
approach has been used to study the role of neutrophils in
the K/BxN model of antibody-mediated arthritis (136). Gfi-
17/~ mice were resistant to the development of arthritis in
this model. Arthritis could, however, be restored, following sub-
lethal irradiation and engraftment with WT bone marrow cells (a
process which resulted in the production of mature neutrophils
within 2 weeks) before the transfer of K/BxN serum. By contrast,
arthritis was not restored upon adoptive transfer of bone marrow
cells from C5aR-, CD11a-, or FcRy-deficient mice, suggesting
that expression of these molecules on neutrophils is required for
the development of arthritis in this model (136).

Although Gfi-1-deficient mice are useful tools to assess
the role of neutrophils in vivo, many additional phenotypical
abnormalities due to the lack of Gfi-1 expression have to be
taken into account when interpreting findings obtained with
these mice. First, disrupting neutrophil differentiation leads to
the appearance of an abnormal myeloid cell population, which is
still capable of inducing inflammation and can act as effector cells
(124, 130). Moreover, Gfi-17/~ mice present with thymus aplasia
(124, 130, 134), abnormal differentiation of dendritic cells (137),
iNKT cells (138) and T-cells (124, 130, 134), aberrant production
of IL-2, TNE IL-10, and IL-1b (124, 133), development of eye
inflammation and the presence of abscesses (124, 130). Gfi-1
was later shown to be also expressed in developing inner ear,
retina, brain and dorsal root ganglia (139, 140). In accordance
with these reports, Gfi-1 deficiency results in a complete loss of
hair cells by apoptosis before birth as well as in a severe loss
of spiral ganglion neurons that is visible 5 months after birth

(140). This causes behavior defects as Gfi-1 mutant mice are
ataxic, do not respond to noise, circle, and develop head tilt (140).
Most importantly, Gfi-1 mutant mice exhibit delayed growth and
higher mortality; these features are undoubtedly a limiting factor
for long-term studies (124, 130). They are significantly restored
when Gfi-17/~ mice are kept in SPF conditions (141). Along this
line, the generation of Gfi-1"/1 mice (133) provides a great tool
for the restriction of the mutation to neutrophils and limitation
of negative side effects. It was, however, reported that 10-20%
of Gfi-1%/1 mice exhibited features of Gfi-1~/~ mice, such as
reduced body size, even though no Cre was expressed (133).

Genista Mice
An additional mouse strain was generated and was named
“Genista” mice. In these mice, Gfi-1 activity is impaired due to
a point mutation in one of the zinc finger domains following
N-ethyl-N-nitrosourea-induced random mutagenesis (142, 143).
The C318Y point mutation in the third zinc finger domain in
the Gfi-1 gene does not affect Gfi-1 expression but is likely to
affect the interaction of Gfi-1 with DNA. Strikingly, it leads to
the generation of highly neutropenic mice but did not result in
delayed growth or increased mortality, even in conventional non-
SPF conditions (142, 143). Furthermore, although the authors
reported reduced cell numbers in the thymus of Genista mice,
and reduced B cell precursors, these mice exhibited normal T
and B cell differentiation and function (142). Thus, this model
of neutropenia exhibits less phenotypic abnormalities than Gfi-
17/~ mice (142, 143).

Nevertheless, NK cells from Genista mice have been shown
to exhibit impaired responsiveness in vivo and in vitro (143).
Indeed, neutrophils are thought to be central actors for the
differentiation and activation of NK cells (143, 144) and
their absence leads to impaired maturation and function of
NK cells (143). Furthermore, it has also been shown that in
Genista mice, interfering with neutrophil differentiation leads
to the appearance of abnormal CD11b*/Ly-6G™ myeloid cells.
Interestingly, this population appears to be arrested right after
the metamyelocytic stage (142) and thus, in a more mature
stage than in Gfi-17/~ mice (124, 130). Mature neutrophils
are thought to be necessary for autoantibody-induced arthritis
(136, 145), and immune complex-mediated alveolitis (146).
Surprisingly, and different to results obtained in Gfi-1~/~ mice,
Genista mice still developed significant inflammation in these
two models, albeit at reduced levels when compared to WT mice
(142). This suggests that residual CD11b*/Ly-6G™ cells even
though not fully mature are capable of sustaining inflammatory
processes, and thus, question the use of Genista mice for in vivo
studies of neutrophil functions. Intriguingly, however, Genista
mice failed to provide resistance to acute bacterial infection
(142), implying that neutrophil features acquired after the
metamyelocytic stage are required for these effector functions.
Consecutively, Genista mice have been used to study neutrophil
functions in different models, for example in host defense against
certain pathogens (67, 147, 148).

LysM-Cre Mcl-1f/f!

Myeloid cell leukemia-1 (Mcl-1) belongs to the anti-apoptotic
Bcl-2 family. It is expressed by neutrophils and plays a role
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in delaying apoptosis, especially when neutrophils are activated
(149, 150). Neutrophils rely on Mcl-1 for survival (151), as
it represents the only member of the Bcl-2 family expressed
by neutrophils (149). Using the Mcl-1/f1 mice expressing Cre
under the LysM promoter (152), Dzhagalov et al. deleted Mcl-
1 in neutrophils and macrophages (153). LysM-Cre Mcl-1%/1
mice exhibited a 3-fold decrease in blood neutrophils and a
high percentage of apoptotic neutrophils as compared to WT
mice, whereas the phenotype of macrophages did not seem to
be affected (153). Residual neutrophils still expressed Mcl-1 and
thus, had escaped Cre-mediated gene deletion, which represents a
potential limitation for the use of LysM-Cre Mcl- 19/ mice (153).

A few years later, LysMC¢/“ Mcl-1%/1 mice that are
homozygous for the Cre gene were described (7), as opposed
to the previously described LysM-Cre Mcl-1/1 mice (153). This
bi-allelic expression of the Cre-recombinase resulted in severely
neutropenic mice with a reduction of over 93% in the spleen and
bone marrow, and a 98% reduction of circulating neutrophils
in homeostatic conditions (7), and which remained neutropenic
even upon thioglycolate-induced peritonitis (7). None of
the other cell populations assessed—circulating monocytes,
eosinophils, B and T cells, bone marrow dendritic cells and
macrophages, splenic dendritic cells, T and B cells—seems to be
affected by this mutation, with the exception of a decrease in
bone marrow B cells and an increase in splenic macrophages
(7). LysMCre/Cre Mcl-19/% mice can breed as homozygous but
display higher mortality rates and reduced offspring numbers
in SPF and non-SPF conditions (7). LysMcre/Cre Mcl-19/1
mice were used to emphasize the fact that neutrophils are
necessary for the sensitization and elicitation phases of 2,4,6-
trinitrochlorobenzene-induced contact hypersensitivity (154),
and were, as expected, protected against K/BxN serum-transfer
arthritis and anti-CVII antibody-induced dermatitis, while
displaying an increased susceptibility to infection with S. aureus
and C. albicans (7). When interpreting results obtained with these
mice, one should bear in mind that these mice are also knockout
for Lysozyme M in all cells.

MRP8-Cre Mcl-17/1!

The same authors also crossed Mcl-1"/1 mice with mice
expressing Cre under the control hMRP8 promoter (7). Indeed,
MRP8-Cre Mcl- 1"/ mice showed severe neutropenia (with more
than 99% reduction in circulating neutrophils as compared to
WT mice, whereas blood monocytes, eosinophils, T and B cells
were not affected by the mutation (7). Unfortunately, this severe
neutropenia was accompanied by high mortality (only 30%
survival at 1 year of age) and poor breeding productivity (7),
hampering the use of these mice for in vivo studies.

Foxo3a:Foxo3a-Deficient Mice

The forkhead class O (FOXO) subfamily of transcription
factors are key in regulating the apoptosis, proliferation and
control of oxidative stress in immune cells (155). Foxo3a is
the main FOXO member expressed in lymphoid organs, and
Foxo3a™/~ mice (156) were shown to exhibit exaggerated
lymphoproliferation and inflammatory reactions in various
organs (156). This phenotype was accompanied with the presence

of over-activated T helper cells releasing high amounts of Thl
and Th2 cytokines (156). It was further shown that Foxo3a
was an inhibitor of the NF-kB pathway, and that its absence
unleashed pro-inflammatory gene signature in Foxo3a™/~ mice
(156). With respect to its action in neutrophils, it was shown
that Foxo3a™/~ mice were resistant to neutrophil-dependent
inflammatory reactions, such as immune complex-mediated
arthritis, or thioglycollate-induced peritonitis (157). Indeed,
Foxo3a-deficient neutrophils were more susceptible to Fas
ligand-induced apoptosis (157) which engendered an incapacity
of neutrophils to persist in inflamed tissues and subsequently
a neutropenia (157). This suggests Foxo3a™/~ mice could be
used as a model to assess the function of neutrophils during
inflammation, although the inflammatory state of these mice
as well as the high numbers of apoptotic neutrophils could be
limitations to the use of these mice.

The characteristics of genetic models of inducible and
constitutive neutropenia are presented in Table 2.

KNOCKOUT OF KEY NEUTROPHIL
MEDIATORS

Neutrophils exert a multitude of mechanisms of action that
are based on different key enzymes. Knockout models of these
enzymes have been developed in the last decades and allowed the
study of their precise roles. The main models are summarized in
Table 3, as well as their limitations that need to be kept in mind
when using these mice.

First, one has to bear in mind the abnormalities that can
be induced by the knockout itself. For instance, knockout
of the iron-binding protein lactoferrin (an enzyme produced
by neutrophils and which has anti-microbial as well as anti-
inflammatory properties) leads to a 6% decrease in circulating
lymphocyte counts, but to an increase in circulating neutrophil
and eosinophil numbers (of respectively 46 and 89%) (177).
This could lead to phenotypic particularities that are not directly
linked to a role of lactoferrin.

Neutrophil enzymes are often closely related and can exhibit
redundant roles, which can limit the use of mice deficient for
only one of these enzymes. For instance, neutrophil elastase (NE),
cathepsin G and proteinase 3 are 3 serine proteases (180). Double
mutants have therefore recently been developed to demonstrate
the roles of NE and cathepsin G in the endotoxic shock cascade
(181) and in lung defense against S. pneumoniae (182), and of
NE and proteinase 3 in immune complex-induced neutrophil
activation (183).

In addition, neutrophil enzymes are generally not restricted
to neutrophils but are also expressed by other cell populations.
This suggests that the exclusive use of enzyme-knockout models
might lead to an over-estimation of the roles of neutrophils.
For instance, MPO is also expressed by monocytes, macrophages
and peritoneal B lymphocytes (184); and Cathepsin G by splenic
dendritic cells and microglia (185). Furthermore, in addition
to its role in NETosis, protein arginine deiminase 4 (PAD4)
is implicated in macrophage extracellular trap release (186).
To circumvent these difficulties, a conditional model of PAD4
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TABLE 2 | Characteristics of genetic models of inducible and constitutive neutropenia.

Mice Neutrophil numbers Advantages Potential limitations References
Inducible PMNPTR . Marked reduction (>90%) . Normal number of neutrophils until . DT injection reduces levels of blood and 6)
(hMRP8-Cre in blood, spleen, bone injection of DT spleen monocytes
iDTR") marrow and lung . Neutrophil population can be . Depletion is transient and needs
neutrophils upon restored in DT-treated PMNPTR repetitive injections for long-term
DT injection mice upon adoptive transfer of experiments
DTR™ neutrophils . Possible off-target or other side effects
of repeated treatment with DT
Constitutive ~ CXCR2~/~ . Reduction of 60% of . Neutrophil population can be . High numbers of residual neutrophils (113)
blood neutrophils restored upon adoptive transfer of . Also expressed by other cell populations
. No reduction of spleen WT neutrophils (such as monocytes/macrophages,
neutrophils and higher . Depletion effective from birth and mast cells, endothelial and epithelial
counts of bone marrow does not require any treatment cells)
mature neutrophils . Side effects caused by CXCR2
deficiency such as
neutrophil-independent exaggeration of
inflammatory reactions
G-CSFR~/~ . Reduction of 80 and 50% . Neutrophil population can be . High numbers of residual neutrophils (104)
of blood and bone restored upon adoptive transfer of . Side effects caused by G-CSFR
marrow neutrophils WT neutrophils deficiency
. Depletion effective from birth and . Potential appearance of compensatory
does not require any treatment mechanisms due to constitutive
neutrophil deficiency
Gfi-1=/~ . Quasi absence of mature . Neutrophil population can be . Emergence of an abnormal myeloid cell (124, 130)
neutrophil numbers in the restored upon adoptive transfer of population that can induce inflammation
blood, spleen and WT neutrophils reactions
bone marrow . Depletion effective from birth and . Thymus aplasia
does not require any treatment . Abnormal differentiation of immune cell
populations (such as dendritic cells,
iINKT cells and T-cells)
. Potential appearance of compensatory
mechanisms due to constitutive
neutrophil deficiency
. Aberrant production of cytokines
. Manifestation of eye inflammation and
abscesses
. Behavior abnormalities (ataxia, no
response to noise and head tilt)
. Delayed growth and high mortality
Ella-Cre . NA . Neutrophil population can be . Emergence of an abnormal myeloid cell (131, 133)
Gfi-17/1 restored upon adoptive transfer of population that can induce inflammation
WT neutrophils reactions
. Depletion effective from birth and . Delayed growth and high mortality of
does not require any treatment Ella-Cre*; Gfi-1"/ mice
. Gfi-1" mice could be used to . 10-20% of Gfi-1%/" mice exhibited
restrict the mutation to neutrophils features of Gfi-1~/~ mice, such as
reduced body size, even with no Cre
expression
. Thymus aplasia
. Potential appearance of compensatory
mechanisms due to constitutive
neutrophil deficiency
Gfi-1CGFP/GFP . Quasi absence of mature . Neutrophil population can be . Emergence of an abnormal myeloid cell (134, 135)
neutrophil numbers in the restored upon adoptive transfer of population that is capable of inducing
blood and bone marrow WT neutrophils inflasmation reactions
. Depletion effective from birth and . Thymus aplasia
does not require any treatment . Abnormal differentiation of immune cell
. Gfi-1 expressing cells are GFP* populations (such as T-cells)
and allow the study of Gfi-1 . Potential appearance of compensatory
expressing cells mechanisms due to constitutive
neutrophil deficiency
. Delayed growth and high mortality
(Continued)

Frontiers in Immunology | www.frontiersin.org

13

January 2020 | Volume 10 | Article 3130


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Stackowicz et al.

Neutrophil Study in vivo

TABLE 2 | Continued

Mice Neutrophil numbers Advantages Potential limitations References
Genista . Marked reduction (around . Normal growth and mortality, even . Impaired responsiveness of NK cells (142, 143)
(Gfi-16818Y) 90%) in blood neutrophils in conventional non-SPF . Emergence of abnormal
conditions CD11b™/Ly-6Gint myeloid cells capable
. Normal T and B cell differentiation of sustaining inflammatory processes
and function . Thymus aplasia
. Neutrophil population can be . Potential appearance of compensatory
restored upon adoptive transfer of mechanisms due to constitutive
WT neutrophils neutrophil deficiency
. Depletion effective from birth and
does not require any treatment
LysM-Cre . 3-fold decrease in . Neutrophil population can be . High numbers of residual neutrophils (153)
Mcl-11/1 circulating neutrophils restored upon adoptive transfer of escaping deletion
. High percentage of WT neutrophils . Knock-out of Lysozyme M
apoptotic neutrophils . Depletion effective from birth and . Appearance of compensatory
does not require any treatment mechanisms due to constitutive
neutrophil deficiency
LysMCre/Cre= . Marked reduction of . Most of the other immune cell . Decrease in bone marrow B cells and (7)
Mcl-11/1 neutrophil counts in the populations seem unaffected by increase in splenic macrophages
blood (98%), spleen and the mutation . Higher mortality rate and reduced
bone marrow (>93%). . Neutrophil population can be offspring numbers in SPF and non-SPF
restored upon adoptive transfer of conditions
WT neutrophils . Knock-out of Lysozyme M
. Depletion effective from birth and . Potential appearance of compensatory
does not require any treatment mechanisms due to constitutive
neutrophil deficiency
hMRP8-Cre . Marked reduction (>99%) . Other immune cell populations . High mortality (only 30% survival at 1 7)
Mcl-11/1 in blood neutrophil counts seem unaffected by the mutation year of age)
. Neutrophil population can be . Low breeding productivity
restored upon adoptive transfer of . Appearance of compensatory
WT neutrophils mechanisms due to constitutive
. Depletion effective from birth and neutrophil deficiency
does not require any treatment
Foxo3a ~/~ . 50% reduction of . Neutrophil population can be . High numbers of apoptotic neutrophils (157)

circulating neutrophils

restored upon adoptive transfer of
WT neutrophils

. Depletion effective from birth and
does not require any treatment

. Exaggerated lymphoproliferation and
more prone to inflammation reactions
. Overactivated T-helper cells

knockout has been developed by flanking the PAD4 gene with
loxP sequences (167). Using the neutrophil-specific promoter
MRPS (95), MRP8-Cre PAD4%/f have been generated to restrict
PAD4 deletion to neutrophils, and to demonstrate that NETs
can facilitate the formation of premetastatic niches in a context
of ovarian cancer (187). This approach could in principle be
adapted to all neutrophil key enzymes for the generation of
neutrophil-restricted knockouts, to facilitate the analysis of the
real contribution of neutrophils in vivo.

Finally, it is noteworthy that a new mouse model has
recently been generated in which the caspase recruitment
domain-containing protein 9 (CARDY) is selectively knockout
in neutrophils (Mrp8-Cre™ Card9flox/floxy (188). Mice carrying
this mutation do not develop autoimmune syndromes
such as autoantibody-induced arthritis or skin blistering
(188), due to a lack of chemokine/cytokine release from
CARDY-defient neutrophils through Src-family kinases,
Syk, PLCy2, Bcll0/Maltl, and NFxB (188). This model
provides therefore a possibility to investigate the functions of
neutrophil-released chemokine/cytokine in diverse physiological
and pathological settings.

IN VIVO TRACKING OF NEUTROPHILS

Tracking neutrophils temporally and spatially, or assessing their
activity can be informative when studying these cells in vivo.
Indeed, it gives clear evidence of their dynamics, and it may help
to dissect the cellular and molecular pathways implicated in their
release from the bone marrow as well as in their recruitment to
sites of inflammation.

Assays Using in vitro Imaging System (IVIS)
Luminol is a chemical molecule that can directly be oxidized by
HOCI produced by myeloperoxidase (MPO), or by MPO using
other reactive oxygen species (ROS) (189). Oxidized luminol
emits photons and can therefore be used as a mean to reveal
the presence of active MPO (190). Using a in vivo imaging
system (IVIS), it has been shown that systemic treatment of
mice with luminol lead to the formation of a bioluminescent
signal in tissues infiltrated by activated neutrophils in contexts
of acute dermatitis, and arthritis (190, 191). No signal was
generated in inflamed tissues of MPO™/~ mice, even if these
mice showed the infiltration of activated eosinophils (190). This
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TABLE 3 | Characteristics of models of knockouts of neutrophil key enzymes.

Mutant Gene name Phenotype or limitations

References Pharmacological

inhibitor

MPO~/~ Myeloperoxidase

. Increased ROS production by neutrophils

(158-162) 4-Aminobenzoichydrazide

. Impaired PMA-induced NETosis
. Normal neutrophil counts in diverse tissues

tested

. Expressed by other cell types (such as
monocytes, macrophages, peritoneal

B lymphocytes)

NE~/~ Elane

. Impaired neutrophil functions (NETosis,
pro-inflammatory cytokines release,

(159, 163- Sivelestat

165)

phagocytosis and transmigration)
. Normal circulating leukocyte counts

Cathepsin G/~ Cathepsin G

. Decreased production of mast cell protease-2.

(166) B-keto-phosphonic acid

. Normal hematopoietic population counts in

diverse tissues tested

. Expressed by other cell types (such as splenic

dendritic cells and microglia).
PAD4~/~ Protein
arginine
deiminase 4

. Increased bone marrow hematopoietic
multipotent progenitor numbers
. Normal neutrophil morphology and differentiation

(167-170) Cl-Amidine

. Normal circulating neutrophil counts
. Expressed by other cell types (such as circulating

eosinophils and monocytes)
. Impaired NETosis
Ncf1/* Neutrophil
cytosolic
factor 1

arthritis postpartum

macrophages
. Disrupted T cell functions
. Impaired NETosis
Proteinase 37/~ Proteinase 3
progenitor numbers

Lactoferrin=/~ Lactoferrin

. Development of spontaneous chronic severe

. Increased bone marrow hematopoietic stem

. Normal neutrophil morphology and differentiation

(171-175)

. Impaired ROS production by neutrophils and

(176)

(177-179)

. Normal neutrophil functions (phagocytosis,
granule mobilization) although defects in

PMA-induced oxidative burst

. Decrease in circulating lymphocyte counts but
increase in circulating neutrophil and eosinophil

numbers

. Also expressed in monocytes, macrophages and
subpopulations of dendritic cells

suggests that eosinophil peroxidase failed to induce a luminescent
signal and further shows that luminol-induced signal is specific
to MPO. Luminol has extensively been used as a mean to
demonstrate the occurrence of inflammation reactions as well
as the infiltration of neutrophils in tissues, for instance during
anaphylaxis reaction (191), tumorigenesis (192) or acute and
chronic intestinal inflammation (193). One caveat of luminol-
based assays is the fact that neutrophils are not the exclusive
producers of MPO, since this enzyme is also produced by
monocytes/macrophages (184).

Other fluorescent probes have been developed following the
same model, such as the Neutrophil Elastase 680 FAST imaging
agent, allowing the imaging of NE activity in mice (194), as
shown in a context of occurrence of colorectal cancer (195).
Finally, probes binding specifically to neutrophil membrane have
been generated, such as the cFIFIF-PEG-Cy7 that interacts with

neutrophil formyl peptide receptor (196). This probe was for
example validated in a context of ear inflammation (196).

Neutrophil Tracking Using Intravital

Microscopy

The development of imaging technologies such as intravital
two- and multi-photon microscopy gave rise to the development
of new strategies to track neutrophils in vivo. Indeed, these
technologies allow the live imaging of neutrophils deep in
the tissues.

First, in vivo tracking of neutrophils can be performed
using adoptive transfers of pre-stained neutrophils. This can be
performed by isolating neutrophils from the bone marrow of
donor mice, and staining these cells with a fluorescent dye such
as CarboxyFluorescein Succinimidyl Ester [CFSE, that is cell
permeable and binds to covalently to intracellular proteins (197)]
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prior to transfer of the cells into recipient mice (198). Although
this requires a heavy experimental procedure, it allows the use of
mutant donor mice to target the molecular pathways implicated
in the process of interest. This strategy was for instance employed
to show that expression of the receptor IL-1R on the surface of
neutrophils does not play a major role in the recruitment of these
cells in inflamed tissues in a context of Staphyloccocus aureus
infection (198).

Furthermore, labeled antibodies can be systemically injected
to stain neutrophils in vivo. Indeed, It has been shown that
low doses of anti-Ly6G antibodies do not interfere with
neutrophil biology (76). No difference was thereby shown in
the lung trafficking of red blood cells and neutrophils in a
mouse model of Sickle cell disease when compared with WT
mice (199).

To circumvent the need to treat mice with antibodies, it
is possible to use or generate new strains of mice expressing
reporter genes in neutrophils. For instance, LysM-EGFP mice
were generated by inserting the GFP gene into the lysozyme M
locus (152). In these mice, GFP™ cells are mainly neutrophils and
monocytes/macrophages (152). LysM-EGFP mice were used to
track neutrophils in vivo using two-photon intravital microscopy
to show for instance that neutrophils do not directly interact
with mycobacteria in the liver of infected mice (200). LysM
promoter is also active in monocytes and macrophages (152)
neurons (201) and alveolar type II cells in the lungs (202). This
lack of cell specificity could thus potentially limit the use of
LysM-EGFP mice for the imaging of neutrophils. One strategy
to bypass this has been to deplete monocytes and macrophages
by treating LysM-EGFP mice with clodronate liposomes to
visualize the recruitment of neutrophils in atherosclerotic lesions
(203). Nevertheless, the side effects of the clodronate liposome
treatment need to be taken into account when analyzing the data.
Another strategy could be to target a more selective promoter,
such as the neutrophil-related protein Ly6G (30).

Catchup mice were generated by replacing the first exon
of Ly6g by the “Cre-tom” sequence corresponding to the
sequences of the Cre recombinase and the fluorescent molecule
tdTomato (77). Homozygous mice exhibit endogeneous
staining of neutrophils in red, but are Ly6g deficient. To
increase the levels of the tdTomato reporter gene expression
and to restore the expression of Ly6G, Catchup mice were
crossed with mice expressing the fluorescent molecule
tdTomato under control of the Cre-dependent promoter in
the ubiquitous ROSA26 locus (204). These Ly6g(Cre-tom;
wt) ROSA26(tom; wt) mice were called CatchupWM_red
mice. These mice express high levels of tdTomato in 80-
90% of bone marrow, blood and spleen neutrophils, while
red fluorescence appears to be restricted to neutrophils.
Nevertheless, it is to note that Catchup'V™~"¢d neutrophils
express slightly decreased levels of Ly6G when compared
to WT neutrophils (77). Neutrophils from Catchup!VM~—red
mice function normally in vitro and in vivo, they exhibit the
same morphology as WT neutrophils and are easy to track,
being endogenously stained in red. Using intravital two-
photon microscopy, it was possible to show that neutrophils
from Catchup'VM~"ed mice lacking FcyRIV exhibit impaired

recruitment to inflamed tissues in a context of experimental
epidermolysis bullosa.

MRP8-Cre mice express the Cre recombinase followed by an
IRES-GFP reporter gene. This allows detection of GFP at low
levels in neutrophils by flow cytometry (6, 95). However, GFP
expression is likely too low to permit detection of neutrophils
by microscopy using MRP8-Cre mice. However, MRP8-Cre mice
were crossed with mice expressing a Cre-inducible YFP gene
under the control of the ROSA26 locus. This lead to high levels
of YFP expression in ~ 80% bone marrow, blood and spleen
neutrophils (6, 97). However, YFP expression was also reported
in 10-20% of some monocyte and macrophages populations in
MRPS8-Cre YFP! mice (97), which limits the use of these mice for
imaging approaches.

IN VIVO CHARACTERIZATION OF NETs

NETosis is an innate immune mechanism that involves the
release of DNA decorated with histones and granule enzymes
upon neutrophil activation (205). Since their first description
in 2004 (4), NETs have extensively been studied and their
contribution to human diseases has been suggested in many
different settings. These include atherosclerosis (206), cancer
metastasis (61), or thrombosis and allergic conditions (207-209).

Despite their reported multiple involvements, characterizing
NETs in vivo remains challenging. Neutrophils (and other cells)
can release DNA through multiple processes, including necrosis,
and it is often difficult to stain DNA in-depth within the
tissues and combine this staining with appropriate markers to
distinguish NETs from other forms of tissular DNA. Methods to
study NETosis have been reviewed elsewhere (210) and will only
be briefly discussed here.

The occurrence of NETosis in vivo is often shown using
fluorescent dyes revealing the colocalization of neutrophils (211),
extracellular DNA [using non-permeable DNA intercalating
agents such as Sytox Green (212), Sytox Orange (213-215)
or propidium iodide (PI) (213-215)], and NET-associated
molecules [i.e., NE, MPO or citrullinated histones (213-215)].
Images are then acquired by use of intravital microscopy [two-
photon (206, 211, 215), multiphoton (214), or spinning disk
(212, 213)]. 3D reconstructions of NETting neutrophils can even
be performed to assess the morphological changes happening
during NETosis (213).

CONCLUDING REMARKS

The use of mouse models for the study of neutrophils in vivo
represents a milestone in the understanding of the biology of
these cells, and has enabled the deep interrogation of a number
of pathways leading to diverse pathologies. For instance, DNase
I, that digests the DNA backbone of NETs, has been approved
as a therapeutic drug to treat Cystic Fibrosis after the discovery
that NETs play a pivotal role in the disease (216). Whereas,
early neutrophil depletion approaches often resulted in a more
generalized deficiency of hematopoietic cells, recent advances in
our understanding of neutrophil biology lead to the generation
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of more specific ways of depleting neutrophils. Nevertheless, the
selectivity, specificity and the side effects of each of the different
strategies need to be carefully evaluated, before concluding on
neutrophil functions. The use of at least two different models
seems indeed to be recommended to undoubtedly define the
roles of neutrophils. Furthermore, the use of mutant mice helps
to decipher the molecular pathways of interest. The expression
of neutrophil key enzymes is often shared with other cell
populations and the Cre-lox system will at term allow the
generation of a library of mice exhibiting a deficiency of key
enzymes specifically in neutrophils.

Although visualization of neutrophil activity using IVIS is an
easy tool to assess the contribution of neutrophils in vivo, recent
advances in intravital microscopy allow more precise tracking
of neutrophils in vivo. These imaging approaches permit the
observation of the behavior of the neutrophils, their interactions
with other cell populations, and may finally help to answer some
debated aspects of neutrophil biology. However, the analysis of
deep organs still remains challenging.

Today, in vivo tracking of NETosis clearly remains one of
the most challenging tasks. While it is relatively straightforward
to visualize neutrophils and extracellular DNA, this co-staining
is not sufficient to provide convincing proof of NETs. Indeed
evidence for the presence of histones or signature enzymes
associated to the DNA is a minimum necessity. Further
difficulties result from the fact that there is an ongoing debate
on the definition of NETosis, and as a consequence NETs.
Indeed many different signaling pathways have been put forward
and proposed to result in either suicidal, nuclear NETosis or
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Neutrophil extracellular traps (NETs) formation has been implicated in an increasing
number of infectious and non-infectious pathologies. NETosis is a tightly regulated
process; the end-stage and read-out is the formation of DNA strands extruded from
the nuclei, and traditionally assessed by fluorescence microscopy. Since NETosis has
emerged as a possible biomarker of the inflammatory process, there is a need for
less time-consuming, consistent, and quantitative approaches to improve its application
in clinical assessment of pro-inflammatory conditions. Imaging Flow Cytometry (IFC)
combines features of conventional flow cytometry with qualitative power of fluorescence
microscopy and has an added advantage of the capability of assessing the early
processes leading up to extrusion of the DNA-scaffolded strands. We explored the
optimal imaging-based tools that can be used to measure citrullination of H4 in early
NETosis. IFC identified and quantified histone 4 citrullination (H4cit3) induced with several
known NETosis stimuli (lonophore, PMA, LPS, Hemin, and IL-8) following treatment
periods ranging from 2 to 60 min. Its relationship with other alterations at nuclear and
cellular level, such as nuclear decondensation and super-condensation, multi-lobulated
nuclei vs. 1-lobe nuclei and cell membrane damage, were also quantified. We show
that the early progress of the H4cit3 response in NETosis depends on the stimulus. Our
method identifies fast (lonophore and Hemin), intermediate and slow (PMA) inducers
and shows that H4cit3 appears to have a limited contribution to both early LPS- and
IL-8-induced NETosis. While this method is rapid and of a higher throughput compared
to fluorescence microscopy, detection and quantification is limited to H4cit3-mediated
nuclear events and is likely to be stimulus- and signaling pathway dependent.

Keywords: PMN, NETs, H4cit3, imaging flow cytometry, stimulus-dependent

INTRODUCTION

Neutrophils are key players in the innate immunity system. Resting neutrophils patrol the
bloodstream and are rapidly recruited to sites of infection and injury upon activation, contributing
to host defense, and inflammation. Activated neutrophils respond directly by engulfing the
offending microorganism (phagocytosis), by releasing the content of their granules into the
environment (degranulation), by producing and releasing reactive oxygen species, or by making
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H4cit3 in Early NETosis

TABLE 1 | NETs stimuli.

Reagents Purified neutrophils (2 x 10° in 500 p.l)

RPMI only Hemin Hemin LPS PMA PMA IL-8

(control) 20uM 5uM 1 pg/ml 100nM 20nM 50 pg/ml
() 100 100 100 100 100 100 100
Reaction 600 600 600 600 600 600 600
vol. (i)
PFA 8% 600 600 600 600 600 600 600
(D

extracellular traps (NETs). NETs formation involves chromatin
de-condensation and nuclear swelling, transfer of cytoplasmic
granules to the nucleus, and mixing of these granules with
nuclear material. Eventually, the cell lyses and releases the
nuclear/cytoplasmic mix into the environment. The extracellular
DNA  string-like structures associate with cytoplasmic
azurophilic granule components such as elastase (NE) or
myeloperoxidase (MPO), two enzymes with significant anti-
pathogen properties. NE is a potent serine-protease that can
break down the outer membrane of bacteria, and MPO catalyzes
production of hypochlorous acid (HOCI), thus contributing
to a more effective local antimicrobial activity. While NETs
formation is thought to play a critical role in both infectious and
sterile inflammation, their contribution to these pathologies, is
yet to be determined (1).

NETSs are most commonly studied by fluorescence microscopy
through identification of specific markers: citrullination of
histone 3 or histone 4 and/or extracellular DNA co-localized
with NE/MPO. New methodologies are being developed for
both research and clinical purposes including ELISA-based
assays (2), automated high throughput live detection of nuclear
changes (3), and microfluidics (4). Conventional flow cytometry
methods are also available although some limitation have
been recognized, such as the choice of the probes or how
samples are prepared, that can affect gating (5-7). Imaging Flow
Cytometry (IFC) allows high-throughput analysis and surpasses
the qualitative limitations of conventional flow cytometry. IFC
allows visualization of whole cells and combines the analytical
power of fluorescent microscopy with the cell detection and
statistical robustness of conventional flow cytometry. IFC-based
techniques that use nuclear morphological changes to assess
NETosis have been described (8-10).

Given the increasingly recognized role of NETosis in
infectious and sterile inflammatory environments, it would
be pertinent to capture the early processes that leads to
the final stage of NETs formation, as this may be relevant
with regard to the infectious and non-infectious triggers. We
aimed at developing a detection and quantification method
that can measure NETs-related markers in minimally processed
neutrophils that come from an environment rich in physiological
NETs inducers (e.g., activating cytokines, hemolysis, or bacterial-
related products). Here, we present an IFC-based method that
permits specific detection and quantification of a recognized
NETosis marker, histone H4 citrullination (H4cit3) in addition

to morphological nuclear changes. Analysis of other parameters,
such as nuclear super-condensation, presence of unsegmented
nuclei, and cell membrane damage, can be further used to
pinpoint toward additional NETs-related characteristics. These
analytical parameters were established not only by using a
pharmacological inducer (PMA), but also LPS and IL-8 (inducers
associated with infectious pathogens) and Hemin (inducer
associated with hemolysis). This method might offer a viable
alternative of evaluating NETs for both research and clinical
studies with an objective of determining whether in vivo
inhibition of NETs might work as a therapeutic strategy for
diverse pathologies.

MATERIALS, EQUIPMENT, AND METHOD

Human Samples

Samples were obtained from healthy volunteers (study protocol
NCTO0004799) after obtaining written informed consent; the
study was approved by the NHLBI Institutional Review Board.

Neutrophils Isolation, NETosis Induction,

and Quantification

Whole blood was collected in EDTA vacutainers and neutrophils
were separated with sterile Polymorphprep gradient medium
(Cosmo Bio USA, cat # AXS-1114683) as recommended by
the manufacturer. The remaining red blood cells (RBCs) were
removed by treatment with ice-cold sterile water for 30 s followed
by the addition of sterile KCI 0.6 M. The purified neutrophils were
allowed to rest in the incubator, at 37°C, for 30 min.

NETosis was induced with several reagents, as described in
Table 1. The experimental scheme outlined in Figure 1 describes
treatment times with the agonists (between 2 and 60 min),
and details of the fixing, permeabilization, and staining times,
in minutes at room temperature (RT) or overnight (ON) at
4°C. Donors’ contribution to experiments and the number of
independent repeats are detailed in Table S1. To assess early
histone citrullination response in the absence of an extracellular
source of calcium, purified healthy neutrophils were resuspended
in DPBS without CaCl, and MgCl,, that was supplemented
back with 45mM MgCl, and then stimulated with A23187
4uM as described in Figure 1. (Source of reagents—Calcium
Ionophore A23187, Hemin, cat#: 4039 and PMA, cat#: P1585
were from Sigma Aldrich. LPS was from Invitrogen, cat#: tlrl-
3pelps and human IL-8 was from Peprotech, cat#: 200-08).
Reactions were terminated with 4% PFA and fixed cells were then
sequentially stained for CD66b, H4cit3, MPO, and DNA. Briefly,
neutrophils were first stained with anti-Human CD66b-PE, clone
GI0F5 (Biolegend, cat#: 305106) then permeabilized with BD
Cytofix/Cytoperm (BD Biosciences, cat#: 554722). A blocking
step with 3% BSA in 1xDPBS, no calcium, no magnesium, + 0.2%
porcine skin gelatin type A (Sigma, cat#: G1890) was conducted
before addition of the primary antibody, rabbit polyclonal anti-
histone H4, citrulline 3 (H4cit3, EMD Millipore, cat#: 07-596).
Secondary antibody goat anti-Rabbit IgG, DyLight680 (Thermo
Fisher, cat#: 35568) and the MPO staining (MPO Polyclonal
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FIGURE 1 | Experimental staining scheme for specific early NETosis detection
by imaging flow cytometry. Briefly, purified neutrophils were allowed to rest in
the incubator for 30 min (30°) prior to the treatment step. NETs agonists were
added at the concentrations specified in Table 1 for various times between
2min (2’) and 60 min (60’). Stimulation was stopped by adding
paraformaldehyde (PFA) for 30 min (30’) at room temperature. Staining steps
are underlined in the gray boxes and staining times for each step are in red.
Total protocol time from neutrophil isolation to stained samples ready for
imaging flow cytometer acquisition is 3 days. (ON, over night; RT, room
temperature).

AlexaFluor 594 Conjugated, Bioss Antibodies, cat#: bs-4943R-
A594) were conducted together. The nuclear staining with
Hoechst 33342 (BD Pharmingen, cat#: 561908) was last.

For each test 20,000 events were acquired with an
ImageStream Mark II imaging flow cytometer (Millipore
Sigma, Seattle, WA, USA). Single color controls for each
marker were used as compensation controls and unstained

cells were used to determine background. While initial tests
were conducted including isotype controls, for experimental
work FMOs (Fluorescence Minus One) were used to establish
proper gating and identify possible unspecific binding or flaws
in our panels. Efficiency of the blocking step was confirmed by
quantifying the signal for the secondary antibody (DyLight680),
in the absence of the primary antibody (H4cit3). Nuclear
or cellular changes were identified and quantified by using
the IDEAS software. These parameters included histone H4
citrullination signal, MPO colocalization with the nuclear
compartment, nuclear decondensation, and super-condensation,
and damage of the cellular membrane. Step-by-step acquisition
and analysis guide are available in the Supplemental Material.

Quantification of Apoptotic Neutrophils
Purified neutrophils were treated with Hemin, LPS, PMA, and
IL-8 as described in Table1 and then apoptotic and necrotic
cells were detected with a FITC Annexin V Apoptosis Detection
Kit with 7-AAD (Biolegend, cat#: 640922). Stained cells were
acquired with a BD LSRFortessa (BD Bioscience) and data was
analyzed with FlowJo.

Statistical Analysis

Data is presented as dot plots (RPMI and stimulus) with
mean shown or, as percent change from the RPMI sample
(i.e., untreated control) with the average value of all repeats
per stimulus & S.D. presented (100 = no change from the
untreated control). Statistical analyses were performed with
PRISM?7 software (Graph Pad Software, CA). Students ¢-test was
used for two group comparisons. ANOVA with Bonferroni or
Dunnett’s post tests were used to compare more than two groups.
*P < 0.05, **P < 0.01, *™*P < 0.001.

RESULTS

Progress of H4cit3-Dependent Early

NETosis Is Stimulus-Dependent

Changes in nuclear decondensation and histone H4 citrullination
(H4cit3)-expressing neutrophils were assessed with imaging
flow cytometry (IFC) within 60 min (60') of treatment with
the stimuli. A change in the nuclear morphology from multi-
lobular and well-organized to swelled and fuzzy-looking has
been regarded as an early marker of neutrophils undergoing
NETosis (10). This change can be monitored by using “Bright
Detail Intensity_R3” (BDI_R3) feature in the IDEAS software
that identifies normal, lobular nuclei as high intensity dye spots
with a radius of three pixels or less, and fuzzy, decondensed nuclei
as wide areas of low intensity staining (Figure 2A). Examples
of H4cit3 positive staining in normal lobulated nuclei, and
decondensed nuclei are shown in Figure 2B.

These features have been previously used to detect LPS-
induced NETosis (10). We extended it to several stimuli (Hemin,
PMA, and IL-8), some at two different concentrations (Hemin at
20 M and 5 wM and PMA at 100 and 20 nM). We detected LPS-
and IL-8-induced minimal changes in nuclear decondensation
at any of the five tested time points. In contrast, PMA 100 nM
already caused a significant increase in nuclear decondensation
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FIGURE 2 | Markers of NETosis can be identified after short and very short
periods of treatment with the stimuli. (A) Identification of nuclear
decondensation using dot-plot of area of the nuclear morphology mask vs.
Bright Detail Intensity_R3 feature (normal, multi-lobed nuclei in the red gate,
decondensed nuclei in the tangerine gate). (B) Examples of neutrophils

(Continued)

FIGURE 2 | specimens positive for H4cit3 (red) in the normal nuclei and
decondensed nuclei (purple). Purified healthy neutrophils were left untreated in
RPMI or treated with the specified NETs stimuli for the indicated lengths of
time. (C) Percent neutrophils with decondended nuclei. (D) H4cit3 positive
normal nuclei. (E) H4cit3 positive decondensed nuclei. Untreated cells (filed
symbols); treated cells (empty symbols). A variable number of experiments
were conducted for each stimulus (N = 4 for Hemin 20 uM; N = 4 for Hemin
5uM; N = 6 for LPS 1 wg/ml; N = 7 for PMA 100nM; N = 3 for PMA 20 nM;
N = 3 for IL-8 50 pg/ml). Paired t-test was used to compare the response in
untreated and treated neutrophils. *P < 0.05, **P < 0.01.

after only 2 min (2’) of treatment (P = 0.03*) and another strong
increase at 60 min (P = 0.04*). The two Hemin concentrations
needed at least 30 min (30’) to induce nuclear decondensation
and while the response was clearly increased, the extent was
below that elicited by the high PMA concentration and not yet
statistically significant (Figure 2C).

We next quantified H4 citrullination (H4cit3), an accepted
marker of NETosis, in both normal, segmented nuclei, and
in the decondensed ones. With the exception of the two
Hemin concentrations, none of the other stimuli induced
significant changes in H4cit3 in the normal nuclei. The lower
Hemin concentration, 5pM, caused a rapid and statistically
significant increase, only after 2 min of treatment (P = 0.03%)
(Figure 2D). In the decondensed nuclei, IL-8 did not appear
to have an effect on H4cit3, while LPS had a limited one
(P = 0.03" at 15min), in agreement with the noted lack of
nuclear decondensation. PMA 100nM induced an increase in
H4cit3 in a time-dependent manner, significant at the longest
treatment time, 60 min (P = 0.04*). The H4cit3 responses caused
by the two Hemin concentrations were clearly increased and
statistically significant at longer length of treatment (P = 0.005**
at 30min for Hemin 20 uwM) (Figure 2E, Figure S1C) and
matched an apparent increase in nuclear decondensation at these
longer time points. A summary of by-stimulus changes in the
nuclear decondensation (Figure S1A) and in the amount of the
decondensed nuclei positive for H4cit3 (Figure S1B) confirmed
that, following NETs stimulation, more neutrophils responded
by increasing H4 citrullination rather than by increasing nuclear
decondensation. Generally, the increase in the amount of
cells with decondensed and H4cit3+ nuclei was significant at
30min of treatment. Hemin 20uM (P = 0.02*) was more
efficient than Hemin 5 M, while both LPS and IL-8 caused a
mild response (P = 0.04*) (Figure S1B). The lack of nuclear
decondensation and H4 citrullination with the LPS and IL-8
stimulations prompted additional testing to confirm strand-like
NETs formation. Immunofluorescence microscopy confirmed
that NETs agonists that did not elicit responses in the IFC
testing (LPS and IL-8 in Figure S2), as well-agonists that caused
responses (both Hemin concentrations in Figure $3) did form
DNA-Elastase strands. Our data show that while NETs strands
are produced following LPS and IL-8 stimulation, this process
likely does involve extensive histone 4 citrullination. While our
detection method does not provide mechanistic insights, the
variability of the readouts suggests that early NETs H4cit3-
mediated progression depends on the employed stimulus, and
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likely on their associated signaling pathways. Follow up studies
on the intracellular signaling mediated by TLR-4 (for LPS and
Hemin), CXCR1/2 (for IL-8), and PKC (for PMA) should provide
additional information on the involvement of these pathways to
early NETosis events.

Calcium lonophore Is a Fast Inducer of
Histone H4 Citrullination in the Absence of

Extracellular Calcium

Calcium ionophore is a noted NETs inducer, with fast
kinetics and specific signaling pathways and a requirement for
extracellular calcium to form NETs following H3 citrullination
(11). As our detection method targets H4 citrullination as a
NETs marker we asked whether the presence or absence of an
extracellular source of calcium was relevant. Calcium ionophore
A23187 was used to stimulate neutrophils without a source of
extracellular calcium and nuclear decondensation and H4cit3
in normal and decondensed nuclei were evaluated. We found a
significant increase in percent of neutrophils with decondensed
nuclei following 30 min of treatment (P = 0.03*) (Figure 3A). A
significant decrease in neutrophils with H4cit34 normal nuclei
was notable after only 2min of treatment (P = 0.02*), and
remained so for the immediately following tested time points (P
= 0.002** at 7min and P = 0.01* at 15 min). This decrease was
complemented at these short treatment periods by a significant
increase in neutrophils with H4cit3+ decondensed nuclei (P
= 0.01" at 2min and P = 0.02* at 7min) (Figure 3B). An
evaluation of the Mean Fluorescence Intensity (MFI) for H4cit3
in normal nuclei found a significant decrease at 7 min (P = 0.04*)
(Figure S4A). This matched the decrease in H4cit3-expressing
cells at this time point. In decondensed nuclei H4cit3 signal
intensity decreased significantly after 60 min of treatment (P =
0.01*) (Figure S4A). By using IFC we were able to confirm the
fast kinetics of calcium ionophore-induced NETosis and also
show that nuclear changes associated with NETs in the absence
of extracellular calcium are H4cit3-dependent.

The recruitment of the primary granules (MPO, elastase)
to the nuclear compartment have been associated with NETs
formation (12). We explored whether A23187 induced MPO
translocation to the nucleus, and how it related with histone H4
citrullination and nuclear decondensation. For this, we employed
an IDEAS analysis feature called Similarity, that calculates the
degree to which two images (the nuclear stain and the MPO
stain) correlated within a target area (i.e., the nuclear area),
commonly defined as a mask. Briefly, when MPO is located in
the cytoplasm the intensity of its staining is low at the nuclear
location, (i.e., it has a dissimilar distribution compared to the
Hoechst-stained nuclear mask). When the intensity of both
dyes at the nuclear location is high, the image pair has a high
degree of similarity and thus, high scores indicate co-localization.
We did not confirm higher scores indicating DNA-MPO co-
localization after A23187 stimulation, neither in the normal
nuclei gate nor in the decondensed nuclei gate (Figure 3C).
We did note, that in both normal and decondensed nuclei,
the highest scores were found at the shortest stimulation times
followed by consistent and time-dependent significant decrease.

We asked whether this dissimilarity can be associated with a
low amount of MPO available and determined the intensity of
its fluorescence signal (Figure S4B). MPO signal was decreased
in the cells with normal nuclei after only 2min of treatment
(P = 0.03*) and remained significantly decreased at 60 min
(P = 0.01%), confirming lower MPO amounts in the cells. As
A23187 induces neutrophil degranulation (13), release of the type
I granules, containing MPO, might account for the decrease in
the MPO availability.

Nuclear Citrullination but Not MPO

Co-Localization Marks Early NETosis

We also checked the DNA-MPO Similarity scores in the
normal and decondensed nuclei for neutrophils treated with
Hemin, LPS, PMA, and IL-8. Confirming the viability of the
method, decondensed nuclei had consistently higher DNA-MPO
Similarity scores than the normal nuclei, both in untreated
and treated samples (Figures S5A,B). We did not confirm
higher scores indicating MPO translocation to the nucleus after
NETs challenge, neither in the normal nuclei gate nor in the
decondensed nuclei gate. Overall, our data indicated either
no change, or a decrease in the DNA-MPO co-localization
in the treated samples as compared to the untreated control
(Figure S5C). We next sought to determine whether following
stimulation with the NETs agonists the intracellular levels of
H4cit3 or MPO changed (as exemplified in Figure S6A). None
of the treatments except PMA 100 nM, increased H4cit3 signal
intensity in the normal nuclei (Figure 4A, P = 0.01%). In the
decondensed nuclei 3 stimuli induced significant increase in
H4cit3 signal at the longer stimulation. LPS-induced increase
was significant at 30 min (P = 0.001*) suggesting that H4
citrullination might only have a limited contribution to NETs
formation by this inducer. Hemin 5 uM caused a notable increase
at both 30 and 60 min (with a P = 0.02* for both time points)
and Hemin 20 WM was efficient at even shorter stimulation (P =
0.002** at 15min and P = 0.01* at 30 min). Overall, these data
show that while IFC did not confirm DNA-MPO co-localization
it did show significant stimulus-dependent changes in H4cit3
levels, consistent with NETs-associated morphological nuclear
changes (decondensation).

Terminally differentiated neutrophils do not produce de novo
MPO following stimulation thus no increase in signal was
expected. Stimulus-induced degranulation might explain the
mild decrease in the intensity of the MPO signal observed after
the NETs treatments (Figure S6B).

In Early NETosis, Stimulus-Dependent
Histone H4 Citrullination Occurs in 1-Lobe

Nuclei
The IFC can provide an insight in the relationship between
changes in histone H4 citrullination and nuclear segmentation.
The Lobe Count in IDEAS software uses “Symmetry 2, 3,
4” features on the DNA staining channel to count the nuclear
lobes, by measuring the number of axis of elongation in a
nucleus (for example a nucleus with a single axis will have two
lobes and score high in the Symmetry 2 feature), and then
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bins together the cells that match the criteria. Neutrophils have
two to five nuclear segments (i.e., lobes), 40-50% are 3-lobed,
about 25%, 2-lobed or 4-lobed, and <10% are 5-lobed. In the
untreated samples, we found that generally <1% neutrophils had
unsegmented nuclei, and about 40% of the cells were 3-lobed
(Figure S7A). After 60 min of treatment with PMA 100 nM, the
number of cells with unsegmented nuclei increased by almost 10-
fold while the number of those having 3-lobe nuclei decreased
discernably (Figure S7B). LPS, IL-8, and PMA 20nM had no
effect on nuclear segmentation at any of the checked time
points (Figure 5A). PMA 100 nM and Hemin 20 uM induced
significant increases at few of the checked treatment time points,
with the first showing the strongest increase after 15min (P =
0.001**) and the latter after 60 min (P = 0.0003***). However, it
was the low Hemin concentration that had the most substantial
effect on nuclear segmentation. We found that Hemin 5uM
caused a significant increase in cells with 1-lobe nuclei already
at 2 min of treatment (P = 0.01%), up until 60 min (P = 0.04*),
with the biggest change at 30 min (P = 0.001**) (Figure 5A,
Figure S7C). We asked whether an increase in the amount of
1-lobe nuclei associated with an increase in H4cit3 signal in

these nuclei. For this we looked at the 1-lobe nuclei amount
(Figure 5A) vs. the H4cit3 signal intensity in these nuclei
(Figure 5B). For the two Hemin concentrations the increase in
H4cit3 intensity generally matched the increase in the 1-lobe
nuclei. At the later time points, 30 and 60 min, Hemin 5pM
induced a significant increase in H4cit3 expression (P = 0.03*
and P = 0.007**, respectively), strongly suggesting that, for this
stimulus, histone citrullination increased in the 1-lobe rather
than in the segmented nuclei.

Imaging Flow Cytometry Offer Additional
Analysis Features to Characterize Early
NETosis Signature

Due to the subjective and semi-quantitative nature of the
majority of methodology currently available for NETs studies,
specific identification of NETs formation from other cellular
processes is still a challenge (14). Our high throughput data
suggested that H4 citrullination occurred in nuclei that would
lose their organized structures and decondense. Depending
on the stimulus, this process was rapid (Hemin) or slower
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FIGURE 4 | Nuclear decondensation associates with intensity of the H4cit3 signal and is stimulus-dependent. Purified and rested healthy neutrophils were left in RPMI
or treated for different lengths of time with NETs inducers as indicated. (A) Mean Fluorescence Intensity for H4cit3 in normal nuclei. (B) Mean Fluorescence Intensity
for H4cit3 in decondensed nuclei. Paired t-test was used to compare the response in untreated and treated neutrophils. A variable number of experiments were
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FIGURE 5 | Decrease in neutrophil nuclear segmentation is stimulus- and time-dependent and associates with increased H4 citrullination. (A) Purified healthy
neutrophils were treated with NETs stimuli for the specified periods of time and percent of neutrophils with 1-lobe nuclei was quantified by using Lobe Count Feature in
IDEAS software. (B) Median Fluorescence Intensity of the H4cit3 signal in 1-lobe normal nuclei. A variable number of experiments were conducted for each stimulus.
Filled symbols, RPMI control; empty symbols, stimulus. Paired t-test was used to compare the response in untreated and treated neutrophils. *P < 0.05, **P < 0.01,
**P < 0.001.
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FIGURE 6 | The level of nuclear super-condensation caused by the NETs inducers varies with the stimulus. Purified healthy neutrophils were treated with the NETs
stimuli for the shown lengths of time. Percent cells with super-condensed 1-lobe nuclei were identified and quantified by plotting nucleus/whole cell Area vs.
Morphology Area (nuclear stain—Hoechst). An example of these analysis features is shown in Figure S8A. A variable number of experiments were conducted for
each stimulus. Filled symbols, RPMI control; empty symbols, stimulus. Paired t-test was used to compare the response in untreated and treated neutrophils. *P <
0.05, *P < 0.01.

(PMA), and associated with loss in nuclear segmentation. We
asked whether IFC could offer another tool for identification
of morphological changes in these unsegmented nuclei. The
chromatin undergoing strong condensation ahead of the
dismantling of the nuclear envelope is recognized as a marker
of cellular death (apoptosis). Used together, two analysis features
in IDEAS software, dot plot of “Area of nucleus” vs. “Ratio
of nuclear by the whole cell areas” can discriminate between
levels of nuclear super-condensation in untreated and treated
neutrophils (Figure S8A). With the exception of IL-8, all
stimuli caused a statistically significant increase in the nuclear
super-condensation. LPS, PMA 100 nM, and PMA 20 nM were
particularly efficient at 15 min (P = 0.02*, P = 0.04*, and P =
0.01%, respectively). Hemin was efficient as early as 7 min (Hemin
20 M, P = 0.02* and for Hemin 5 uM, P = 0.04*) and also after
60 min (Hemin 20 uM P = 0.009** and for Hemin 5 M, P =
0.03*) (Figure 6). Clear nuclear morphological differences were
underlined in NETosis (decondensation) and apoptosis (super-
condensation). While H4cit3 is a recognized marker of NETosis,
Annexin V expression is often used as a marker of apoptosis.
We employed conventional flow cytometry to determine whether

we can complement our IFC findings for the Hemin-mediated
stimulation with a positive detection of a known apoptosis
marker, Annexin V. Both Hemin concentrations induced a
time-dependent increase in Annexin V expression with a
statistical significance at 60 min (Hemin 20 M, P = 0.02* and
Hemin 5uM, P = 0.03*) (Figures S9B,C). These finding are in
agreement with the increase in super-condensation determined
at 60 min with the IFC technique. While boosting confidence
for accurate detection of NETosis, our findings also offer an
option for preliminary detection of apoptosis-related events at
the same time.

To determine whether other cellular changes can be associated
with the observed increase in chromatin citrullination, we
used “Standard deviation” and “Modulation” features in IDEAS
analysis software to assess the cell membrane damage. The
Standard Deviation Feature indicates the pixel intensity standard
deviation values in the mask and provides an indication of
the complexity of an object. Modulation Feature measures the
intensity range of an image, and this can be used to quantify
image quality and characterize contrast and texture in cells. High
values for Standard deviation in darkfield (SSC channel) and
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for Modulation in brightfield indicate neutrophils with damaged
cell membranes (Figure S10A). We showed that PMA 100 nM
caused a rapid increased in the percentage of neutrophils with
damaged cellular membranes, following just 2 min of treatment
(P = 0.004**), while the lower Hemin concentration efficiently
induced cell membrane changes after 7 and 15 min of treatment
(P = 0.01* and 0.006**, respectively) (Figure 7). No significant
changes for this analysis parameter were noted during the 60 min
of the treatment with any of the used stimuli (Figure S10B). In
comparison with healthy neutrophils, IFC competently detected
changes cell membrane texture in neutrophils isolated from
patients with sickle cell disease at steady state. This environment,
known for its high inflammatory potential and high levels
of free-circulating heme, was also directly linked with an
increased potential for NETs production (15). Thus, while it does
appear that NETs-associated cell membrane damage is stimulus-
dependent, it might nevertheless be a useful parameter to follow
up while characterizing NETosis.

DISCUSSION

The association of NETs with an increasing number of infectious
and non-infectious pathologies calls for more effective and

consistent approaches for NETosis assessments. Currently, a lot
of the testing is conducted by using fluorescence microscopy to
observe extracellular DNA co-localized with NE and/or MPO.
Other approaches use quantification of extracellular DNA in
cell-free supernatant or examine cellular viability with nuclear
counterstains that are impermeant to live cells. Increased plasma
levels of cell-free DNA, histones, or NETs associated molecules,
such as NE or MPO, have been measured in some inflammatory
pathologies (1). Presently, the NETotic capacity of pathological
environments is generally assessed indirectly by treating healthy
neutrophils with blood-derived fluids from patients and then
measuring the NETs response. NETs might also function
as biomarkers in certain diseases and provide information
regarding the efficacy of a treatment regimen (16). Cell-free DNA
or histones are certainly increased in many of the inflammatory
diseases, but whether this reflects NETs production or simply
the state of dying cells remains unclear. NETs-associated
components such as NE or MPO are present in the plasma
of individuals with many autoimmune diseases and also in
infections, which complicates the specificity of these molecules
as biomarkers. In this light there is a great need for alternative
methodology for NETs characterization that circumvents the
subjective nature of microscopy analysis and offers consistent
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criteria between studies, reliable for both mechanistic and
clinical applications.

We have developed this IFC protocol as a consistent
approach for specific, objective and quantitative measurement of
a well-established NETs marker (histone H4 citrullination)
in combination with several other parameters that can
further characterize nuclear and cellular changes associates
with NETosis.

In our experience a few steps are critical for the experimental
quality and reproducibility of this technique. Due to
unavailability of a primarily conjugated antibody for this
marker a primary antibody and fluorescent secondary antibody
system are used for detection of citrullinated histone 4 in
this protocol. For accurate detection and quantification of
the H4cit3+ signal, the effectiveness of the blocking buffer
is essential to prevent non-specific binding of the secondary
antibody (DyLight680). It is thus strongly recommended that
the efficiency of the blocking buffer should be confirmed, at the
beginning of the experimental work by detecting the DyLight680
antibody signal in the absence of the H4cit3 primary antibody.
For data analysis with the IDEAS software, custom masks should
be employed because they represent more accurately the region
of interest, rather than the default masks. Custom masks for total
cell area and nucleus should be first validated for accuracy, by
confirming that the masks are indeed masking the region(s) of
interest (i.e., not missing parts of the target region or, on the
opposite, masking “ghost” regions outside of what is relevant for
the features) (17).

Marked variability in the specificity/reactivity of different
antibodies targeting histones deimination on different histones
has been reported (18). Multiple members of the PAD family
mediate conversion of arginine to citrulline on different histones.
PAD4 mediates deimination of histone 3 and histone 4, both
routinely observed in NETs studies. Previous studies indicate that
histone citrullination might be stimulus-depended. For example,
PMA has been reported to induce histone H3 deimination
in mouse (19). In humans, H3 citrullination might not be
required for PMA-induced NETs formation after a 2-h long
treatment (18). PAD4-mediated citrullination following shorter
stimulation is less understood.

The protocol we have developed is sensitive enough to detect
the H4cit3 marker in neutrophils treated for under 1h with
various NETs inducers. Our data show that H4cit3 site is relevant
for PMA-induced NETosis, at both low and high concentrations,
within the Ist hour of stimulation (Figure2 and Table 2).
However, while pharmacological stimuli are convenient tools for
research, they may not be so relevant and translatable for clinical
purposes. Hence, in our study we included LPS, IL-8, and Hemin,
products that are relevant clinically. We showed that the H4cit3
does not appear to be majorly involved in early NETosis induced
with LPS and IL-8, but appears to strongly contribute to NETosis
mediated by Hemin (Figures 2D, 4B).

Because of its potential contribution to initiation and/or
progression of pathological conditions, infection-related
NETosis has been studied extensively in both mouse and human
models (20, 21). Newer data shows that that PAD4-mediated
citrullination of histone 3 is required for LPS-induced NETs

TABLE 2 | NETs stimuli time-dependent response efficiency.

Parameters Hemin Hemin LPS PMA PMA IL-8

20uM 5pM 1 100 20 50
pg/ml nM  nM pg/ml

2 min

Decondensed nuclei (%) *

H4cit3 in normal nuclei (%) -

H4cit3 in decondensed nuclei (%) *

H4cit3 in normal nuclei (MFI) =

H4cit3 in decondensed nuclei (MFI) **

1-lobe normal nuclei (%) *

Super-condensed normal nuclei (%)

Damaged membrane and normal

nuclei (%)

7 min

Decondensed nuclei (%) * *

H4cit3 in normal nuclei (%) .

H4cit3 in decondensed nuclei (%) * *

H4cit3 in normal nuclei (MFI) *

H4cit3 in decondensed nuclei (MFI)

1-lobe normal nuclei (%)

Super-condensed normal nuclei (%)

Damaged membrane and normal

nuclei (%)

15 min

Decondensed nuclei (%) * *

H4cit3 in normal nuclei (%) =

H4cit3 in decondensed nuclei (%) *

H4cit3 in normal nuclei (MFI) *

H4cit3 in decondensed nuclei (MFI) *

1-lobe normal nuclei (%) *

Super-condensed normal nuclei (%) >

Damaged membrane and normal

nuclei (%)

30 min

Decondensed nuclei (%) * >

H4cit3 in normal nuclei (%) *

H4cit3 in decondensed nuclei (%) * >

H4cit3 in normal nuclei (MFI) *

H4cit3 in decondensed nuclei (MFI) * *

1-lobe normal nuclei (%) *

Super-condensed normal nuclei (%) .

Damaged membrane and normal

nuclei (%)

60 min

Decondensed nuclei (%) * e

H4cit3 in normal nuclei (%)

H4cit3 in decondensed nuclei (%) * e

H4cit3 in normal nuclei (MFI) =

H4cit3 in decondensed nuclei (MFI) *

1-lobe normal nuclei (%)
Super-condensed normal nuclei (%)

Damaged membrane and normal
nuclei (%)

Anova with Dunnett’s Multiple Comparison Test was used to compare stimuli response to
the control group (RPMI) at each of the tested time points. (RPMI, N = 27; Hemin 20 uM,
N = 4; Hemin 5 uM, N = 4; LPS 1 ng/mil, N = 6; PMA 100nM, N = 7; PMA 20nM, N =
3; IL-8 50 pg/ml, N = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

formation (22, 23). Here, we showed that PAD-4-mediated
H4cit3, did not appear to contribute notably to LPS-mediated
NETosis. Nor was this site involved extensively in IL-8 mediated
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NETosis. IL-8 is an early marker of infection and its production is
increased under LPS stimulation (24). Our observations suggest
that NETs production under infectious and non-infectious
conditions appear to follow distinct paths, likely from the
initiation of the process.

Additionally, the Hemin-related results of our study might
be of particular interest in chronic hemolytic conditions, where
cell-free heme (Hemin), an oxidized product of the hemoglobin,
is released from erythrocytes. Heme is a DAMP molecule and
has been shown to be an effective trigger of NETosis (25)
contributing to the sterile inflammatory condition. Our data
show that IFC can confidently detect and quantify H4cit3 even
after short exposure to Hemin.

As more evidence link NETs production with an increasing
number of pathologies, it is becoming clearer that not all
NETs are the same. Different stimuli have different potencies
and initiation mechanisms, and the formed DNA-scaffolded
strands appear to carry distinct cargo proteins. This variability,
compounded by the high potential for non-specific in vitro
activation of neutrophils, can hinder the development of reliable
detection and quantification methods.

We aimed at developing a reliable detection method that
would identify the earlier events, as neutrophils prepare for
NETs production in response to physiological stimuli (such
as cytokines—IL-8 or hemolysis product—Hemin). With our
induction and detection methodology, the H4cit3 response
for all tested stimuli was quantifiable, either in normal or
decondensed nuclei. PMA and both Hemin concentrations
were potent agonists that induced strong NETosis-related early
nuclear changes; at the same time LPS and IL-8 had limited effects
(Figures 2, 4).

This methodology offers advantages for both research and
clinical projects seeking reliable detection and quantification of
markers involved in early NETosis. Our method does not require
any additional information (e.g., the release of reactive oxygen
species) to deliver quantifiable data on histone 4 citrullination
and nuclear decondensation. Neutrophils are minimally handled
(1-step isolation and no plating required) to reduce exposure to
unspecific activation signals. This technique distinguishes and
quantifies a known NETs marker (e.g., H4 histone citrullination)
in addition to nuclear decondensation, in whole neutrophils
with an intact cellular membrane, prior to the DNA extrusion.
If required, this technique also allows quantitative evaluation
and/or by imagery of DNA-free neutrophils as it allows specific
gating of CD66b-+Hoechst- cells. This can be particularly suitable
for studies interested to look as NET-ing neutrophils as potential
biomarkers for diseases.
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