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Preface

Neutrophils are the most abundant circulating white blood cells, which are considered the
first line of innate immune response against various insults and an important link to activate
the adaptive immune response when needed. They play an important role in the pathogene-
sis of various infectious and noninfectious diseases. Recent discovery regarding the forma-
tion of weblike structures in the extracellular space called neutrophil extracellular traps
(NETs) provided better understanding of their role in various disease conditions and for
their role as an important future therapeutic target.

This book Role of Neutrophils in Disease Pathogenesis provides the most recent evidence re-
garding the role of neutrophil in various diseases of infectious and noninfectious origin. The
first section of this book [Section 1: Neutrophil Extracellular Traps (NETs)] focuses on the
role of NETs in various diseases. Chapter 1 (Neutrophil Extracellular Traps in Infectious Hu-
man Diseases) provides a general background information regarding the mechanisms and
various triggers of NET formation. The role of NETs in selected infectious and noninfectious
diseases is also discussed. Chapter 2 (Beneficial and Deleterious Effects of Neutrophil Ex-
tracellular Traps on Infection) mainly focuses on providing recent evidence for the role of
NETs in various infectious diseases. The various cells producing NETs, their role in the im-
mune response, and the pros and cons of NETs are also discussed in this chapter. Chapter 3
(The Role of Neutrophil Extracellular Traps in Postinjury Inflammation) focuses on the role
of NET-derived neutrophils in the pathological mechanisms leading to postinjury inflamma-
tion and secondary tissue injury. The clinical relevance of NETs in postinjury complications
and the therapeutic potential of NET inhibition/clearance are also discussed at the end of
this chapter.

In the second section of the book (Section 2: Neutrophil Role in Disease Pathogenesis), the
role of neutrophils in the pathogenesis of selected disease conditions is discussed. Chapter 4
(Neutrophil Role in Periodontal Disease) focuses on the role of neutrophils in the pathogen-
esis of periodontal diseases, which leads to tooth loss or increases the risk of developing
various systemic diseases in severe cases. Novel therapeutic approaches for periodontitis are
also discussed at the end of this chapter. Chapter 5 (Neutrophils in Rheumatoid Arthritis: A
Target for Discovering New Therapies Based on Natural Products) discusses the role of neu-
trophil in the initiation and progression of rheumatoid arthritis (RA). Current pharmacologi-
cal treatments with their drawbacks and various substances derived from natural products
as putative antirheumatic therapies are also discussed at the end of this chapter. Chapter 6
(Role of Neutrophils in Cystic Fibrosis Lung Disease) highlights the important role of neu-
trophils in the pathogenesis of cystic fibrosis (CF) and the utility of using these cells as a
noninvasive biomarker and a readout to determine the efficacy of etiological therapies in
CF.
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Preface

The last section of this chapter (Section 3: Immunosuppressive Properties of Neutrophils)
highlights the immunosuppressive properties of neutrophils. Chapter 7 (Neutrophil Plastici-
ty: The Regulatory Interface in Various Pathological Conditions) focuses on an important
yet less-recognized role for neutrophils in reducing the inflammatory responses either by di-
rect interaction with other cells or secretion of factors to modulate the activity of the inflam-
matory response. More emphasis is given to their role in graft versus host disease (GVHD),
which is the main limitation of allogeneic hematopoietic stem cell transplantation.

We hope that the recent evidence described in this book provides a better understanding of
the role of these immune cells in various disease conditions and forms the basis for future
research activities aiming to provide better therapeutic approaches to treat various disease
conditions.

Dr. Maitham A. Khajah, B Pharm, PhD
Assistant Professor

Department of Pharmacology & Therapeutics
Faculty of Pharmacy, Kuwait University, Kuwait
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Chapter 1

Neutrophil Extracellular Traps in Infectious Human
Diseases

Marcin Zawrotniak, Andrzej Kozik and
Maria Rapala-Kozik

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68443

Abstract

Neutrophils, as the main cells of the first line of host defense against microbial patho-
gens, are responsible for pathogen recognition, inhibition of pathogen spreading into
the host tissue, and finally, killing the invader cells. Neutrophils carry out these func-
tions via numerous mechanisms, including a relatively recently described activity based
on a release of neutrophil extracellular traps (NETs), a process called netosis. NETs are
structures composed of DNA backbone, decorated with antimicrobial factors, derived
from neutrophil granules. The structure of NETs and their enzymatic and microbicidal
inclusions enable efficient trapping and killing of microorganisms within the neutrophil
extracellular space. However, the efficiency of NETs depends on neutrophil ability to
recognize pathogen signals and to trigger rapid responses. In this chapter, we focus on
possible pathways involved in the release of NETs and summarize the current knowl-
edge on triggers of this process during bacterial, fungal, protozoan, and viral infections.
We also consider the mechanisms used by microorganisms to evade NET-killing activity
and analyze the harmful potential of NETs against the host cells and the contribution of
NETs to noninfectious human diseases.

Keywords: neutrophil extracellular traps, netosis, receptors, microbial evasion of NETs,
autoimmune diseases

1. Introduction

The human organism is constantly exposed to many microbes, most of them being pathogenic
microorganisms that can cause life-threatening infections. The host tissues are a good target
for colonization and growth of pathogens; however, the immune system developed during the
course of evolution, specialized and responsible for protecting against pathogens, effectively

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgNN



4 Role of Neutrophils in Disease Pathogenesis

prevents infections. Among cells of the immune system, polymorphonuclear cells—neutro-
phils—deserve a special attention. These cells form the first line of defense against pathogens
and their components effectively combat the intruders [1]. Neutrophils are phagocytic cells
capable of active migration from blood vessels to the site of infection. Their high efficiency in
pathogen killing is possible due to a number of factors with microbicidal activity [2]. The main
task of neutrophils is capturing pathogens, i.e., reducing the area of infection and inflamma-
tion by effective elimination of microorganisms. To fulfill this task, neutrophils use a number
of mechanisms. The best-known one is the phagocytosis that involves capturing pathogenic
cells, their internalization and killing in special compartments of neutrophil cells—phago-
somes [3]. This mechanism, despite its high efficacy and minimal side-effects for the host,
can be insufficient to combat massive bacterial infections or attack of other large-size patho-
genic cells. An alternative to phagocytosis is a mechanism described in 2004 by Brinkmann
et al., involving web-like structures released into the extracellular space, called neutrophil
extracellular traps (NETs) [4]. Morphological changes of neutrophils associated with NET
formation (“netosis”) involve a number of complex intracellular events. The initial process is
a decondensation of nuclear chromatin, released into the extracellular space and forming a
backbone of vast NETs. These DNA fibers are decorated with associated nuclear proteins—
histones—and proteins released from neutrophil granules such as elastase, myeloperoxidase,
lactoferrin, and azurocidin [5, 6].

The netosis is classified as a unique type of cell death, different from apoptosis and necrosis.
The mechanism of this process is complex and still incompletely understood although the main
processes involved have been identified [7, 8]. NETs can be released in response to many differ-
ent stimuli, including selected chemical compounds, components of pathogen cells, and whole
bacteria, fungi, viruses, and parasites [9]. Released structures are able to capture all of these fac-
tors and, in consequence, to reduce the pathogen spreading over the host organism. The NET
proteinaceous components, often enzymes, are responsible for killing trapped microorganisms,
thus restoring the proper functioning of the host body [10]. However, the same components
may also destroy surrounding host cells and tissues or trigger some autoimmune diseases [11].

2. Mechanisms of NET formation

The activation of netosis causes dramatic changes in neutrophil morphology involving the
decondensation of chromatin, lysis of granules, and cell membrane rupture and leading to
neutrophil death called “programmed suicide” which is a third type of neutrophil defensive
action, besides phagocytosis and degranulation [4, 6]. However, the newest studies have shown
that in some cases neutrophils use exocytosis to release a part of DNA without any rupture
of cell membrane, in a process called “vital netosis.” However, this term is still under debate
because it is not clear, if neutrophils actually remain alive thereafter [12, 13]. Some reports
have suggested that in this fast NET-releasing process it is rather the mitochondrial DNA that
is excreted, supporting observations of significantly lower efficiency of NET production in
comparison with regular netosis [13]. The classical NET-forming pathway is triggered with
massive generation of reactive oxygen species (ROS), resulting from the activity of NADPH
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oxidase. This ROS-dependent netosis pathway lasts for up to 4 hours, starting from neutrophil
activation, and leading to the release of whole nuclear DNA mixed with granular proteins. In
contrast, the fast netosis pathway does not require ROS production, leading to a rapid release
of NETs within minutes after activation [12].

2.1. Factors that trigger NET production

Netosis can be activated by many compounds, mostly those exposed on the pathogen cell sur-
face. This initial step of NET formation determines the form of released NETs and pathways
involved, as well as the intensity and time span of neutrophil response.

The largest group of NET activators are pathogenic Gram-positive and Gram-negative bac-
teria, but also some fungi (Aspergillus spp., Candida spp.), as well as viruses (HIV-1, Hantaan
virus) and parasites such as Toxoplasma gondii and Leishmania. Besides microorganisms,
numerous chemical factors, including phorbol ester (PMA), hydrogen peroxide, nitric oxide,
ionomycin, calcium ions, glucans, mannans, and lipopolysaccharide (LPS), as well as media-
tors of inflammation such as granulocyte-macrophage colony-stimulating factor (GM-CSF),
some interleukins and immune complexes have been identified as potential netosis-triggering
factors [9, 11]. Most of them are recognized by neutrophil surface receptors (pattern recogniz-
ing receptors, PRRs) that trigger cell signaling for cytokine or chemokine production in order
to launch a pathogen-tailored response [14]. Diverse pathogens may be recognized by neutro-
phils with very similar and overlapping mechanisms.

2.2. Receptors that mediate NET formation
2.2.1. Toll-like receptors

The main PRRs involved in the recognition of pathogens and pathogen-associated molecules
are Toll-like receptors (TLRs). Among several TLRs, only TLR2, TLR4, TLR7, and TLRS8 have
been identified as participating in NET-dependent phenomena. The role of TLR4 in the activa-
tion of netosis was confirmed in Staphylococcus aureus infection. This receptor plays a great role
in the activation of “vital netosis” in vivo, cooperating with complement receptor 3 (CR3) [15].
During bacterial sepsis, neutrophils and platelets cooperate in pathogenesis, but the mutual
relationship between these cells is still under debate. TLR4, a lipopolysaccharide receptor,
seems to mediate the activation of neutrophils by platelets induced by LPS [16].

The other molecule involved in NET triggering via TLRs is high-mobility group box 1 protein
(HMGBI). This protein released from dying cells or activated macrophages enhances inflam-
matory reactions. HMGBI1 is a TLR4 agonist, but does not induce the production of ROS by
NADPH oxidase, suggesting its involvement in an ROS-independent mechanism of NET for-
mation [17]. On the other hand, an oxidized low density lipoprotein (oxLDL) is able to induce
netosis via ROS-dependent pathway, activated by TLR4 and TLR6 receptors [18]. TLR4 was also
identified as an important surface recognizing molecule in viruses-activated netosis detected in
the lungs of infected hosts. Respiratory syncytial virus (RSV) is responsible for acute bronchiol-
itis in children under 3 years. This RNA virus exposes a fusion protein (F-protein) on its surface
that mediates a fusion of viral envelope with the target cell membrane and also activates NET
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release using TLR4 mediation [19]. Moreover, F-protein is also recognized by CD14 receptor,
which cooperates with TLR4 [20, 21]. A human immunodeficiency virus HIV-1 is captured and
killed in NETs formed by neutrophils using TLR7 and TLRS to recognize viral nucleic acids.
Activation of these receptors leads to production of ROS and activation of ROS-dependent
netosis pathway [22].

2.2.2. Receptors of complement system

The most commonly identified receptor of complement system that contributes to neutro-
phil responses is CR3 complex (Mac-1; CD11b/CD18). It has been identified to be involved
in NET triggering by different types of pathogenic microorganisms. The role of Mac-1 in
NET formation is best known in fungal life-threatening, systemic infections, especially
those caused by Candida albicans. On the cell wall, C. albicans exposes well-characterized
compounds, such as 3-glucans or mannans, important for activation of netosis [23-25]. The
B-glucan particles are bound by Mac-1 allowing to recognize C. albicans at early stage of
infection, without preliminary opsonization [26]. Some studies have suggested that for in
vitro activation of netosis by fungal compounds the presence of fibronectin is required [27].
The activation of Mac-1 causes a rapid formation of NETs via the ROS-independent pathway
[26, 27]. However, glucans are also able to induce ROS formation through the activation of
NADPH oxidase [28].

Mannheimia haemolytica is a bacterium that causes a severe respiratory disease. One of the
virulence factors of this pathogen is leukotoxin (LKT), which can lead to the death of many
host cells. LKT was also identified as a M. haemolytica factor that triggers NET formation via
CD18 receptor, but the complete model of this interaction and the regulation of netosis by this
toxin are still not fully understood [29].

Aggregatibacter actinomycetemcomitans, as well as Actinomyces viscosus and S. aureus, also induce
NET release by human neutrophils. However, analysis of the complement receptors involved
in netosis activated by these bacteria showed that complement receptor 1 (CR1; CD35) rather
than CR3 takes part in recognizing the pathogens [30]. However, CR3 seems to be important
for the activation of “vital netosis” induced by S. aureus [15].

Moreover, some viruses seem to be recognized by neutrophils via complement receptors.
Hantaan virus (HTNV), a member of hantaviruses family, causes severe renal and pulmonary
pathologies in humans. This virus is known as a potential NET triggering factor that stimu-
lates neutrophils much stronger than Vaccinia virus or LPS. Detailed analysis of mechanisms
of neutrophil activation by HTNV indicated that CR3 and CR4 receptors are necessary for
activation of netosis using the ROS-dependent pathway [31].

Another microorganism able to induce netosis is a parasite Eimeria bovis. Although
this pathogen does not cause diseases in humans but causes diseases in animals, e.g.,
a severe hemorrhagic diarrhea, especially in calves, it is a good example of activation
of netosis via CR3 by parasites. The interaction of Mac-1 with E. bovis causes a rapid
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Ca*-mobilization and activation of the ROS-dependent netosis pathway with intensive
NET expulsion [32].

Complement receptors are also involved in triggering netosis by immune complexes (ICs)
that play an important role in many pathogen-associated diseases, as well as noninfectious,
autoimmunological diseases. ICs are bound to neutrophil surface by many different recep-
tors, causing activation of the cells. Mac-1 takes part in these interactions leading to NET
release. The overall mechanism is still unclear, but it has been confirmed that IC activation of
CR3 receptors leads to the increase of NADPH oxidase activity and, thus, to the initiation of
ROS-dependent netosis pathway [33].

2.2.3. Fc-receptors

The recognition of opsonized pathogens or antibody-associated foreign molecules is one of
key functionalities of the cells of immune system. In the activation of these cells, antibody
receptors of the Fc-receptor family are involved. Neutrophil cells express only two types of
surface Fc-receptors for IgG molecules, namely, FcyRlIla (CD32a) and FcyRIIIb (CD16b) [34].
Some microorganisms induce NETs only in the presence of autologous serum [15], suggesting
a role of Fc-receptors in the activation of netosis, but it has not yet been resolved which recep-
tors, CD32 or CD16, have greater impact. The best-known NET inducers via Fc-receptors are
ICs. Some studies showed that FcyRIla mediates activation of netosis by endocytosis of ICs
[35]. However, other authors suggested that FcyRIla rather promoted phagocytosis and only
FcyRIIIb was involved in the induction of netosis [33]. The activation of netosis by CD16 takes
about 3 hours with efficient production of ROS, suggesting a similarity to induction of netosis
by PMA.

Fc-receptors also seem to participate in NET formation during bacterial infections. The results
presented for neutrophils in contact with opsonized S. aureus suggest that activation of Fc-
receptors modulates netosis [30]. Moreover, coating of bacteria by IgA also enhances NET
formation via FcalR [36].

2.2.4. C-lectin receptors

C-type lectin receptors (CLRs), such as dectin-1, are responsible for recognition of sur-
face exposed p-glucans of pathogens [37, 38]. The role of glucans in activation of netosis
as well as the role of dectin-1 receptor in activation of NET formation are still under
debate [26]. The involvement of dectin-1 in this process was confirmed for several fungal
pathogens, such as Paracoccidioides brasiliensis [39]. However, the role of this receptor in
the activation of netosis during C. albicans infection is still unclear. Some studies seem
to support this hypothesis [40], but, on the other hand, Gazendam et al. suggested that
unopsonized C. albicans cells do not induce netosis via dectin-1 receptor [26]. The role
of dectin-1 was also proposed by Li et al. who showed that upon ligand binding a dec-
tin-1 receptor activates Mac-1, and this receptor induces downstream NET formation [41].
Additional evidence presented that dectin-1 may indirectly mediate netosis depending
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on microbial size. Neutrophils in contact with C. albicans hyphae or Mycobacterium bovis
aggregates were able to release NETs. It was proposed that phagocytosis of microbes
mediated by dectin-1 plays the function of microbial size sensor and prevents netosis by
downregulation of elastase translocation from granules to the nucleus [42]. The number
of Candida cells and the level of infection were also proposed to be factors responsible for
NET formation [43].

Interestingly, the regulation of NET excretion by PMA, used in in vitro models of netosis,
occurs without activation of any receptors, but directly by the action on protein kinase C
(PKC) [44], an important signal mediator of ROS-dependent netosis pathway [45].

2.3. Netosis pathways

Because many of receptors exposed on neutrophil surface are involved and cause cross-
activation in NET triggering processes [46—49], the complete pathway of netosis is still
under debate. However, some key steps as well as mediating compounds were proposed to
be involved in NET formation and are summarized below; however, the specific processes
may vary depending on the trigger type.

The first important mediators of netosis, identified in fungal infections associated with
NET release, seem to be Src family kinases and spleen tyrosine kinase (Syk) [31, 40]. Src
cooperates with plasma membrane-associated receptors, such as CD11b, CD16, or dectin-1,
and causes an activation of Syk. Further, Syk devolves the activation signal downstream
to next mediators—phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt), p38 MAPK
(mitogen-activated protein kinase), and extracellular signal-regulated kinases (ERK1/2)
pathways [33, 50, 51]. Syk is also involved in the activation of protein kinase C (PKC) by
PMA [33, 52, 53], without participation of Src, confirming observed bypassing of the recep-
tors by PMA.

Many of the natural NET inducers, activating the receptors mentioned above, lead to the
release of calcium ions from endoplasmic reticulum storage into the cytoplasm, increasing
PKC activity [54]. PKC is responsible for phosphorylation of gp91°h> that can form the func-
tional complex of NADPH oxidase with subsequent ROS generation [55, 56]. ROS are crucial
for classical suicidal netosis (ROS-dependent pathway).

Netosis is a different type of neutrophil death in comparison to apoptosis. Although both
mechanisms are mutually exclusive, they could be activated by the same receptors. Indeed,
neutrophils are able to block apoptosis, to allow for the formation of NETs. A key molecular
switch between apoptosis and netosis seems to be protein kinase B. Activation of Akt allows
to induce netosis, but inhibition of this enzyme leads to apoptotic cell death. A key role in
apoptosis is played by caspases, whose activities are inhibited in netosis [57]. Moreover, ROS
may alternatively inactivate caspases favoring autophagy [58].

The role of PI3K in NET formation is still unclear. Some research showed that phosphorylation
of PI3K is not important and has no effect on NET formation via activation of CD16 [59]. On the
other hand, an activation of netosis by ICs seems to require active PI3K [33]. Moreover, PI3K
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interplays with Akt [60], as well as influences a nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B) regulation by production of phosphatidylinositol (3,4,5)-trisphos-
phate [61]. NF-«B has been identified as a regulatory molecule in netosis [62]. PI3K also regu-
lates the autophagy, an important process in PMA- and oxLDL-induced netosis [18, 58, 63].

The role of ERK1/2 in netosis pathway has also been confirmed [19, 32, 33, 59, 64, 65].
ERK1/2 can be induced by Src/Syk, as well as by TLR receptors via interleukin-1 receptor-
associated kinase (IRAK) [66]. These mediators seem to be involved in the ROS-depen-
dent netosis pathway, but the relationship between activation of ERK1/2 and generation
of ROS by NADPH oxidase is still unsolved. More probably, ERK1/2 can downstream-
activate NADPH oxidase [33, 65] or is itself controlled by ROS [45]. The role of p38 MAPK
is also not clear, because some studies showed that inhibition of these kinases has no
impact on ROS production and ROS-dependent netosis [33, 67, 68], but other presented
an opposite effect [32]. The summary of netosis pathways is schematically presented in
Figure 1.

ﬂ'ﬁﬂ:, manlréan;, ‘.Ps-
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Figure 1. Molecular mechanisms of NET formation. CLRs, C-type lectin receptors; CR, complement receptors; ERK1/2,
extracellular signal-regulated kinases; HTNV, Hantaan virus; ICS, immune complexes; IRAK, interleukin-1 receptor-
associated kinase; LPS, lipopolysaccharide; PI3K, phosphoinositide 3-kinase; PIP3, phosphatidylinositol (3,4,5)-
trisphosphate; PKC, protein kinase C; PMA, phorbol myristate acetate; RSV, respiratory syncytial virus; Src, Src kinase;
Syk, spleen tyrosine kinase; TLRs, toll-like receptors.
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2.4. Role of ROS in netosis

The first described, classical mechanism of netosis assumed that ROS species play an essen-
tial role in netosis (the ROS-dependent pathway) [56]. Indeed, several findings have proven
that ROS are key netosis mediators. Patients with chronic granulomatous disease (CGD),
caused by a point mutation in gp91+*"* subunit of NADPH oxidase, making the enzyme
nonfunctional, were more susceptible to infections. Additionally, CGD patients experienced
hyper-inflammatory states and sterile inflammations [69, 70]. Moreover, providing ROS from
external sources, as well as application to CGD patients a gene therapy, restored the ability of
neutrophils to release NETs [8, 46, 71]. Similarly, inhibition of NADPH oxidase by diphenyli-
odide (DPI) turns off the ability to release NETs [72].

2.5. ROS-independent mechanism of netosis

Little is known about the ROS-independent netosis pathway. NET release without ROS con-
tribution is much faster than the classical netosis. The pathway in which neutrophils remained
structurally intact was named as “vital netosis.” It can be induced by the same pathogens as
those acting in the ROS-dependent manner, e.g., during Leishmania parasite infection [12].
Similarly, the induction of NET release in response to glucans of C. albicans usually occurs
through the ROS-dependent pathway, but in infants, neutrophils release NETs without ROS
involvement [73]. Upon contact with S. aureus neutrophils release NETs but the web of DNA
is released in the exocytosis pathway, without cell membrane rupture. Moreover, NET pro-
duction was also observed in patients with inactive NADPH oxidase [74]. It was also docu-
mented that this type of netosis exploited a release of mitochondrial DNA and an oxidative
activity of mitochondrion [13], as well as a small conductance calcium-activated potassium
channel 3 (SK3) [75].

2.6. Morphological changes of neutrophils during NET formation

The process of DNA release in the ROS-dependent pathway takes about 1-4 hours and is
quite complex. After NADPH oxidase activation, produced ROS probably influence the sta-
bility of granules and nuclear envelope. The proteins stored in neutrophil granules—elastase
and myeloperoxidase—are moved to the nucleus but the mechanism of their translocation
is unknown. In the nucleus, these enzymes contribute to the degradation of linker histones
responsible for maintenance of the nuclear structure [55]. They cooperate with next enzyme
transferred into the nucleus—peptidyl arginine deiminase 4 (PAD4)—that catalyzes the citrul-
lination of histones, especially H3 and H4. The modification and cleavage of histones lead to
the relaxation and decondensation of chromatin, changing the shape and structure of nucleus,
and finally causing the disappearance of nuclear membrane [76-78]. DNA is moved into the
cytoplasm and mixed with granular proteins such as cathepsin G, proteinase 3, lactoferrin,
azurocidin, or with cytoplasmic proteins such as calprotectin [79]. Some research suggests
that cytoskeleton also plays an important role in the process of NET formation [46]. At the end
of the process, this mixture is released outside the cell. Figure 2 summarizes all morphological
changes during netosis.
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3. Role of NETs in health and diseases

3.1. The microbicidal activity of NETs

The primary role of NETs is the antimicrobial activity, due to the cooperation of several
mechanisms and components exposed at the high local concentrations in the NET fibers [55].
The pathogen spreading is limited by entrapment inside NET structure due to electrostatic
interactions between the negatively charged DNA backbone and positively charged bacterial
compounds localized on their cell surface [6]. Proteinaceous components of NETs are respon-
sible for different types of NET antimicrobial activities. Proteases such as elastase, cathepsin
G, and proteinase 3 are able to cleave virulence factors of Yersinia enterocolitica, Shigella flexneri,
Salmonella Typhimurium, and other pathogens [4, 80]. The oxidative mechanisms of defense,
e.g., the production of aggressive hypochlorous acid by myeloperoxidase, cause massive
damages of NET-entrapped pathogens with their membrane and protein oxidation [81, 82].
Histones, as well as antimicrobial peptides such as LL-37 and BP], also play an important role
in pathogen elimination. Peptides derived from histones and LL-37 take part in cell membrane
permeabilization or bacterial cell lysis [83-85]. Moreover, NET-associated factors can restrict
nutrient supply for microbes, e.g., lactoferrin chelates iron and calprotectin sequesters zinc
ions [79, 84].

3.2. Pathogen escape from NETs

Microorganisms that constantly compete with the host defense mechanisms for survival,
elaborated also evasion strategies against toxic effects of NETs. The strategies can be divided
into three groups, including: (1) an inactivation of NET components responsible for trapping
and killing pathogens, (2) a suppression of NET formation and (3) development of resistance
mechanisms against antimicrobial components of NETs.

The main NET component, DNA backbone is degraded by bacterial endonucleases, membrane-
bound or released into the surrounding milieu. The group of microorganisms that produce
such enzymes to avoid the killing activity of NETs includes S. aureus whose nuclease influences
the bacterial survival and enhances its infectivity in a mouse respiratory tract infection model
[86]. The same strategy, leading to decline NET integrity, is also adopted by other bacteria
such as Aeromonas hydrophila [87], Escherichia coli [88], Leptospira sp. [89], Neisseria gonorhoeae
[90], Streptococcus agalactiae [91], Streptococcus pyogenes [92, 93], Streptococcus synguinis [94],
Streptococcus suis [95], Vibrio cholerae [96], and Yersinia enterocolitica [88]. Streptococcus pneumoniae
uses cell-associated endonuclease (EndA) to escape from local entrapment and promote bacte-
rial spreading from lower airways to bloodstream during pneumonia [97]. Also, parasites such
as Leishmania infantum use nuclease activity to resist the NET activity [98].

Moreover, the production of ROS involved in the initiation and progression of the main neto-
sis pathway can be regulated by bacterial catalase activity in a self-protection process [99].

Other interesting NET evasion strategies were proposed for meningococci [100], which apply
the release of outer membrane vesicles for protection of bacteria from binding to NETs and
express a high-affinity zinc uptake receptor (ZnuD) to overcome possible ion sequestration
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by calprotectin, the NET component also known to be involved in C. albicans killing during
netosis [101]. Moreover, a modification of meningococcal LPS with phosphoethanolamine
protects bacteria from bactericidal activity of cathepsin G embedded into NET structures.

The bactericidal activity of another NET component, cathelicidin LL-37, can be abolished by
its binding to the surface-expressed M1 protein in S. pyogenes [102] or to surface exposed
D-alanylated lipoteichoic acid in S. pyogenes and S. pneumoniae, promoting bacteria survival
within NETs [103, 104].

Moreover, C. albicans aspartic proteases, secreted during NET formation in response to fungal
infection, are able to degrade and inactivate LL-37 [105].

Many bacterial toxins are involved in induction of NETs but some of them are used by bacte-
ria to regulate, in particular to inhibit NET formation [106]. Bordetella pertussis causing cough-
ing syndrome adopts adenylate cyclase toxin (ACT) to suppress NET shaping [107]. ACT,
after translocation into the host phagocyte, may influence the conversion of ATP to cyclic
AMP, that in consequence prolongs neutrophil life span by inhibiting the oxidative burst,
being one of the initial signals in NET production. This part of NET formation mechanism is
also blocked by streptolysin O (SLO) produced by S. pyogenes [108].

In the defense against NET formation, microorganisms can also exploit host signaling as in the
case of interleukine-8 (IL-8) production by epithelial cells in response to infection. This chemo-
kine is responsible for neutrophil recruiting and amplification of NET release but S. pyogenes
can produce a peptidase (SpyCEP) which inactivates IL-8 and reduces NET formation [109].

A more complex strategy, used by Pseudomonas aeruginosa [110] or S. agalactiae [111], employs
molecular mimicry with the acquisition of sialic acid motifs presented on the host cell surface
which attenuate NET formation. A comparable, indirect mechanism suppressing NET release
has been adopted by Mycobacterium tuberculosis. This microorganism that triggers NET release
during the first stage of infection activates the production of anti-inflammatory cytokine IL-10
that inhibits TLR-induced ROS production and suppresses further NET generation [112].

Also, viruses can apply this strategy of NET suppression, as demonstrated for HIV-1 enve-
lope glycoprotein [22]. Moreover, Dengue virus serotype-2 can negatively affect NET forma-
tion by inhibiting glucose uptake in the ROS-independent mechanism of netosis [113].

On the other hand, conidia of Aspergillus fumigatus expose hydrophobin (RodA) that suppresses the
formation of NETs [114]. This process is also supported by the production of a positively charged
exopolysaccharide—galactosaminogalactan that protects the microorganism from binding by
NET components [115]. The polysaccharide capsule negatively modulating NET production that
contributes to fungal disease severity was also observed in Cryptococcus neoformans infections [116].

Another way to subsist the antimicrobial activity of NETs is applied by P. aeruginosa in
patients with chronic fibrosis where bacteria during its long-term adaptation can form the
resistant biofilm that protects the pathogen [117]. Moreover, S. pneumoniae and Haemophilus
influenzae are even able to embed NETs into biofilm for self-protection [118, 119]. Also, the
extracellular matrix components of C. albicans biofilm alter its recognition by neutrophils and
inhibit release of NETs [43].
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All the above mechanisms developed by microorganisms to avoid killing by NETs confirm
their ongoing adaptation to the sophisticated processes of host defense.

3.3. Role of nets in noninfectious diseases

Netosis is a process being under control of many mechanisms of activation, but NET fibers
seem not to be a target or location specific, and in some cases, their release get out of the con-
trol. So, the process can be a double-edged sword, acting also against the host cells. Therefore,
NETs seem to play a significant role in several autoimmune disease and disorders, described
in detail in others reviews [54, 120].

3.3.1. Lung diseases

A chronic inflammatory state of the lungs leads to the development of acute lung injury (ALI)
or acute respiratory distress syndrome (ARDS) [121-123]. The increased permeability of alve-
oli due to a mechanical ventilation or infection causes an activation of signaling involved in
the release of proinflammatory factors by epithelial cells, and in consequence the massive
migration and activation of neutrophils.

NET release can be also the trigger of sterile inflammatory state in the lung. Moreover, a lack
of surfactant proteins makes a NET clearance difficult. The proteolytic enzymes contained in
NETs damage epithelial cells, in consequence releasing more proinflammatory factors. This
generates a self-perpetuating mechanism of netosis activation [11, 124, 125].

A similar mechanism was observed in patients with cystic fibrosis (CF), a disease consisting in an
increase in mucus viscosity, therefore hindering the clearance of mucus from the airways [126].
The presence of DNA in CF patient sputum increases a mucus viscosity, which correlates with
the development of inflammation state and higher migration of neutrophils. The high viscosity of
mucus makes it difficult to remove, generating good conditions for bacterial invasion [126, 127].

3.3.2. Autoimmune disorders

Autoimmune diseases including small vessel vasculitis (SVV), systemic lupus erythematosus
(SLE), or rheumatoid arthritis (RA) seem to be also associated with uncontrolled release and
ineffective clearance of NETs [128-130]. The high amount of NETs and free-circulating DNA
causes a production of antineutrophil cytoplasmic antibodies (ANCAs) against DNA and
NET-associated proteins such as MPO, cathepsin G, elastase, etc. Autoantibodies to citrulli-
nated proteins (ACPA) seem to be a key pathologic factor in RA. The circulating complexes of
antibodies-DNA or antibodies-NET proteins induce multiorgan inflammatory states, as well
as inflammations of vessels [11, 13, 131, 132].

3.3.3. Thromuvbosis

Deep vein thrombosis (DVT) is a next pathological state mediated by NETs. Neutrophils can
be activated in veins by many different factors, including activated platelets, interleukins, pro-
inflammatory cytokines, as well as von Willebrand factor (vWF), released by NET-damaged
endothelial cells. NETs, released inside veins, promote the formation of thrombi by binding
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of necessary blood cells and supporting of clot formation. The uncontrolled netosis can lead
to massive DVT and consequently to multiple ischemia [11, 13, 133].

4. Conclusions

The progress in investigation of the fundamental processes leading to activation of netosis dur-
ing pathogenic infection allows us to better understand the main causes of microbial infections
and to consider the consequences of neutrophil responses to the host. All of them pointed out
on the possible targets for novel therapeutic approaches regulating immunity responses dur-
ing microbial infection and counteracting the detrimental NET formation and inflammatory
diseases.
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Abstract

Polymorphonuclear neutrophils (PMNs) are the most abundant leukocytes in the blood
and are considered as the first line of innate immune defence against infectious diseases.
However, PMN cells have a crucial function in both innate and adaptive immune responses.
Neutrophils have several mechanisms to control pathogens, and one of them is their capa-
bility to form neutrophil extracellular traps (NETs) that may control infection. NETs have
the capacity to trap microorganisms, kill them, or avoid their dissemination. The aim of this
chapter is to provide a comprehensive review on NETs, the cells that produce them, and
some of the mechanisms involved in their formation, their role in the immune response,
and the pros and cons of NETs, focusing mainly on infectious diseases.

Keywords: neutrophil extracellular traps (NETs), neutrophils, bacteria, viruses,
infectious diseases

1. Introduction

The polymorphonuclear neutrophils (PMNs), first reported by Ilya Ilych Mechnikov, better
known as Elie Metchnikoff, are the most abundant leukocytes (60%) in the blood. These
PMNss are considered as the first line of innate immune response against infectious agents [1].
Later on, Carl Friedrich Claus suggested the term of phagocytosis for the function of these
cells. Studies aimed at the fully understanding of their properties and functions in control-
ling a variety of pathogens are still in progress. Research on neutrophils has focused on their

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN



28 Role of Neutrophils in Disease Pathogenesis

phagocytic capacity and, more recently, on their role as neutrophil extracellular traps (NETs)
forming cells, in innate and adaptive immunity.

When neutrophils fail to kill invading pathogens by the classical phagocytosis mechanism,
PMNs can accomplish this function by neutrophil extracellular traps (NETs), a process
reported as a novel form of cell death called NETosis, which is dependent of the generation of
reactive oxygen species [2-5]. Neutrophils forming NETs have been demonstrated by activat-
ing neutrophils with phorbol myristate acetate (PMA), interleukin 8 (IL-8), lipopolysaccha-
ride (LPS), or under contact of neutrophils with Gram-negative and Gram-positive bacteria.

NETosis induction has also been described for viral infections, and some of the signaling
pathways involved have been analyzed, finding the involvement of pathogen-associated
molecular patterns (PAMPs), TLR-4, TLR-7, and TLR-8. Rodriguez-Espinosa et al. have shown
that NETs formation takes place in two separate metabolic steps: the first one involves chro-
matin decondensation, which is independent of external glucose and glycolysis, whereas the
second, which involves the chromatin release, is a process that is dependent on external glu-
cose and glycolysis [6].

2. Understanding the process of NETs formation

The neutrophil extracellular traps (NETs) structures were described as another type of neutro-
phil cell death, different from apoptosis and necrosis. The research field on NETs has steadily
been growing since 2004, when Brinkmann et al. reported for the first time this new func-
tion of activated neutrophils, demonstrating, by electron microscopy, that, when neutrophils
are in the presence of bacteria, fungi, protozoa, or viruses, they acquire the capacity to form
fibrillary structures, resembling nets or webs. These structures are composed mainly of nuclear
material, chromatin fibers with diameters of 15-17 nm containing DNA decorated with neu-
trophil elastase (NE), myeloperoxidase (MPO), cathepsin G, proteinase 3 (PR3), high-mobility
group protein B1 (HMGB-1), tryptase or antimicrobial peptide LL37, histones, and cytoplas-
mic proteins such as histones H1, H2A, H2B, H3, H4, G, lactoferrin, and gelatinase, among
others [7].

Two mechanisms for the formation of NETs have been described: the suicide or lytic and
vital NETosis [8]. In the first case, NETs release results from the activation of PMN by IL-8
or chemical compounds, such as phorbol myristate acetate (PMA). PMA activates neutro-
phils through the protein kinase C (PKC) and follows the Raf-MEK-ERK mitogen-activated
protein kinase signaling pathway; the enzyme nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase induces the translocation of elastase from the cytosolic granules to the
inner nucleus, helping the rupture of the chromatin through histones. Induction of NETs with
PMA by this mechanism can be observed from 30 min post-activation and, by 6-8 h post-
activation, a high number of extracellular traps (ETs) are well formed (Figure 1).

In contrast, vital NETosis has been demonstrated following pathogen recognition by host pat-
tern recognition receptors (PRRs). Gram-negative bacteria products, such as lipopolysaccharide
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Figure 1. Human peripheral blood neutrophils non-activated and activated with PMA (100 ng/ml) for different lengths
of time. Neutrophil extracellular traps formation starts by 30 min post-activation; extracellular traps are more extended
by 6 h post-activation (photographs taken by Moreno-Altamirano).

(LPS), activate neutrophils, by the ligation of TLRs (TLR-4 in the case of LPS), inducing the
liberation of NETs. In the case of Gram-positive bacteria, the complement receptor 3 (CR3) and
TLR-2 are required to induce vital NETosis; platelets are also inducers of vital NETosis, through
CD11a. This mechanism maintains the external membrane integrity and thus the function of
neutrophils, until cells are devoid of nucleus [7, 8].

A third mechanism for the induction of NETs, recently reported, is through autophagy [9, 10].
It is worth mentioning that neutrophils are not the only cells that form extracellular traps
(ETs), and other immune cells, such as mast cells, eosinophils, and macrophages, can also
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release ETs. Although the molecular principles underlying the formation of ETs by mast cells
[11], eosinophils [12], and monocytes/macrophages [13] are similar to those observed in neu-
trophils, there are some notable disparities. The most remarkable mechanism of ET formation
has been described in eosinophils. In these cells, ETs are formed by both nuclear and mito-
chondrial DNAs, in a reactive oxygen species (ROS)-dependent manner.

Neutrophil extracellular traps are able to capture microorganisms trap microorganisms, kill-
ing them or not, this much depends on the type of pathogen involved. NETs are produced by
the neutrophils of mice, humans, and some other animals, and can be induced by chemical
compounds, bacteria, fungi, protozoa, and viruses. The role of NETs in viral infections is not
yet clear. However, some viruses induce the release of NETs [14, 15].

While some viruses are immobilized and inactivated by NETs, others such as HIV induce
the production of an IL-10-like protein that inhibits the formation of NETs [15], and dengue
virus inhibits PMA-induced formation of NETs. Interestingly, neutrophils seem to be arrested
at the chromatin decondensation step, failing to liberate NETs, thus suggesting a metabolic-
related mechanism of NETs inhibition [16].

Controversy surrounding neutrophil extracellular traps as a host defense mechanism makes
it necessary to analyze how NETs limit the growth of various infectious agents, whereas,
apparently, they have no effect on others. On the other hand, how NETs may cause damage
and autoimmune diseases also needs to be investigated.

3. Neutrophil extracellular traps in bacterial infections

Several mechanisms have been proposed to explain how NETs control bacterial infec-
tion. NETs bind to both Gram-negative and Gram-positive bacteria, precluding bacterial
mobilization and dissemination, and some bacteria are killed extracellularly by NETs, due to
their high content of serine proteases [17]. Some bacteria and their interaction with NETs are
summarized as follows:

Bordetella pertussis, the causative agent of pertussis or whooping cough, is a Gram-negative
aerobic bacterium that infects the respiratory tract and inhibits the host’s immune system by
mean of its virulent factors, such as pertussis toxin, filamentous hemagglutinin, pertactin,
fimbria, and tracheal cytotoxin. The pertussis toxin inhibits G protein coupling that regulates
the adenylate cyclase-mediating conversion of ATP to cAMP. This event induces macrophages
and neutrophils to convert the ATP to cAMP by intracellular eukaryotic calmodulin, causing
disturbances in cellular signaling mechanisms and thus preventing phagocytosis and an
efficient control of the pathogen. The formation of NETs induced by B. pertussis is NADPH
oxidase dependent [18].

Escherichia coli, the causative bacteria of several pathologies, including bacterial sepsis, is a
Gram-negative bacterium. NETs formation helps to control infection by trapping and killing
the bacteria and avoiding dissemination to other organs. The proposed mechanisms for the
formation of NETs depend on the bacteria strain and its pathogenesis. In the case of E. coli
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involved in liver sepsis, the infection can be controlled by histones H2B or by activating the
intravascular NETs release through the integrin lymphocyte function-associated antigen 1
(LFA-1) [19, 20].

Klebsiella pneumoniae, the common cause of pneumonia, is caused by this aerobic Gram-negative
bacillus. The role of NETs in the killing of K. pneumoniae has been investigated; this bacte-
rium is not sufficient to induce NETs in neutrophils ex vivo, but it is in the lungs of a murine
model. Adenosine A2B receptor deficiency improves survival and enhances bacterial killing
and clearance due to NETs formation [21]. In addition, TREM-1 also mediates NETs formation,
leading to a bactericidal effect and the control of infection [22].

Leptospira interrogans is the causative agent of leptospirosis. The pathogen spirochetes Gram-
negative belongs to the Leptospiraceae family and to the genus Leptospira. Leptospirosis is an
emerging zoonotic disease, affecting animals and humans in the world, but most frequently
in tropical and subtropical countries. This disease is associated with exposure of individu-
als to wild or farm animals. Scharrig et al. [23], demonstrated for the first time the induction
of NETs in human ex vivo and murine in vivo models, when incubating human neutrophils
with Leptospira interrogans LI-130 (LIC). This research group observed that the bacteria
number, the pathogenicity, and viability were relevant factors for induction of NETs; how-
ever, the motility of bacteria was not. Entrapment of LIC in the NETs resulted in Leptospira
death. Pathogenic, but not saprophytic, Leptospira exerted nuclease activity, thus degrad-
ing the DNA, concluding that formation of NETs was dependent on bacterial concentration,
pathogenicity, and viability, but not motility, and that NETs could trap and kill Leptospira
interrogans [23].

Mannheimia haemolytica, the causative agent of bovine respiratory disease complex (BRD),
is a Gram-negative bacterium that induces a severe pleuropneumonia in bovine animals,
where neutrophils play a key role in the pathogenesis. Extracellular traps are induced in
neutrophils and macrophages exposed to the bacteria or to their virulent factor, leucotoxin
(LKT) [24].

Mycobacterium bovis, the etiological agent of bovine tuberculosis, is a Gram-positive bacte-
rium, with a worldwide distribution, easily transmitted to bovine animals and to humans.
The extracellular traps formation has been demonstrated in neutrophils and macrophages.
Neutrophils can sense the size of pathogens, and based on their size, neutrophils are induced
to undergo necrosis, apoptosis, or NETosis [25].

Mycobacterium tuberculosis is the causative agent of tuberculosis. Ramos-Kichik et al. showed
that both M. tuberculosis and Mycobacterium canetti can induce NETs, which trap but not kill
these mycobacterial species [26]. On the other hand, the mycobacterium-derived early secre-
tory antigenic target protein of 6 kDa (ESAT-6) can induce the formation of NETs in M. tuber-
culosis-infected neutrophils [27].

Pseudomonas aeruginosa, the causative agent of the cystic fibrosis lung disease, is a
Gram-negative opportunistic bacterium. The formation of NETs in the context of P. aeruginosa
is controversial, and evidence that NETs may have a major anti-P. aeruginosa activity must be
clarified [28].
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Salmonella typhimurium, a Gram-negative bacterium, induces the release of NETs, and some
of their components, such as histones (H2), have bactericidal activity, whereas others, such as
elastase, can degrade virulence factors, as in the case of the alpha toxin [7, 29].

Shigella flexneri, a Gram-negative bacterium, induces the release of NETs. S. flexneri is trapped
by NETs and killed via the neutrophil elastase; virulence factors such as IcsA and IpaB are
degraded by the neutrophil elastase [7].

Staphylococcus aureus is some Gram-positive bacteria that cause sepsis. The role of NETs in
controlling a S. aureus infection could be through the antimicrobial proteins associated to
these, the bactericidal effect of H2 histones, the antimicrobial action of the cathelicidin LL-37,
and neutrophil proteases that decrease the secretion of the alpha-toxin (a-toxin). The vir-
ulence factors LukGH and PVL help to induce the release of NETs. The S. aureus-induced
release of NETs is an NADPH oxidase-independent process [30].

Staphylococcus epidermidis belongs to the group of coagulase-negative straphylococci. It is a
quite common colonizer of healthy mice and human skin. It is a part of “normal” skin flora and
plays a beneficial role in cutaneous niche. However, in immunocompromised patients, there
is a high risk of developing infection mainly due to catheters use in hospitals. The exoprotein
of S. epidermidis, the delta-toxin, PMSs (Phenol-Soluble Moduline-gamma) cooperates with
host antimicrobial peptides to help kill pathogens of the group A of Streptococcus (GAS). In
2010, Cogen et al. [31] reported that the exoprotein phenol-soluble-moduline -gamma (PSMs)
(0-toxin) can induce NETs formation. The authors demonstrated a direct binding of d-toxin to
LL-37, CRAMP, hBD2, hBD3, as well as DNA.

Streptococcus spp. are Gram-positive bacteria that include non-pathogenic commensal strains
and highly virulent pathogenic strains. The pathogenic strains express virulent factors that
allow them to evade the immune system. Streptococcus pneumoniae infection leads to pneumo-
nia and invasive diseases such as meningitis and bacteremia, whereas Streptococcus pyogenes
is the major causative agent of Severe Group A Streptococcal Infections. S. pneumoniae and S.
pyogenes induce the formation of NETs. However, these bacteria have evolved mechanisms
that allow them to modulate the formation of NETs. Neutrophils, on the other hand, have
evolved a NETs release mechanism in response to Streptococcus-derived virulence factors.
The S. pyogenes virulent factor M1 decreases the induction of NETs while conferring bacterial
resistance to be killed by NETs. The S. pyogenes-derived M1 exotoxin induces the formation
of NETs, by associating with fibrinogen and forming a complex that stimulates neutrophils.
Formation of NETs contributes to the pathogen elimination [32].

In summary, this review shows that in response to bacterial stimuli, neutrophils get activated
and form NETs that may trap and kill invading bacteria. Besides the “classical” way of clearing
pathogens by phagocytosis and intracellular exposure to bactericidal compounds, this novel
mechanism of neutrophil extracellular killing plays an important role in primary host defense.
Moreover, knowledge on the mechanisms of bacterial adaptation to evade the immune system
could be used in the medical practice. For instance, DNases inhibitors can be used as potential
therapeutics, to prevent degradation of NETs by Group A Streptococcus DNases. In the future,
therapeutics aimed at the maintenance of NETs could be used to help clear bacterial infections.
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4. Neutrophil extracellular traps in parasitic infections

Neutrophil extracellular traps have been broadly studied in regard to bacteria. The role
of NETs against protozoa, however, has just recently been analyzed. Protozoa can induce
NETs in neutrophils and macrophages, and knowledge on the mechanisms at play is
just emerging.

In 2011, Abdi Abdallah [33] reported that human neutrophils produce NETs in response to
stimulation with Plasmodium falciparum trophozoites, Leishmania braziliensis, and Toxoplasma
gondii tachyzoites. In vitro experiments have demonstrated the presence of NETs upon bovine
neutrophils stimulation with Eimeria bovis sporozoites, in human neutrophils after stimulation
with promastigotes of Leishmania donovani, Leishmania major, Leishmania chagasi, or L. amazonensis
amastigotes. A brief description of the mechanism involved in protozoa-induced NETs forma-
tion is next described.

Toxoplasma gondii is an obligated intracellular parasite that causes toxoplasmosis in
immunocompromised individuals. In immunocompetent individuals, however, the immune
system usually keeps the parasite from causing illness. Toxoplasma gondii tachyzoites
induce the release of NETs by activating the MEK-ERK signaling pathway. NETs can trap
Toxoplasma gondii tachyzoites, eliminating about 25% of them as parasite trapping avoids their
dissemination [34].

Plasmodium falciparum, an intracellular parasite, causes malaria. It is estimated that this para-
site infects between 215 and 659 million humans per year, worldwide. Malaria is transmit-
ted to humans by the bite of Anopheles mosquitoes. P. falciparum sporozoites develop into
merozoites and enter into erythrocytes. Studies conducted in Nigerian children infected with
P. falciparum showed NETs structures with trapped trophozoites, and in their blood, infected
and non-infected erythrocytes were also observed [35-37].

Eimeria bovis. This parasite is the causative agent of enteritis in cattle, and NETs formed are
released upon stimulation with E. bovis sporozoites. This parasite stage of E. bovis seems to be
a better inducer of NETs than PMA. NETs have been shown to diminish infection by parasite
immobilization and also by parasite killing, although to a lesser extent [38, 39].

Leishmania spp. These protozoal parasites are the causative agents of leishmaniosis, and the
leishmaniosis model has been quite useful in studies on the role of NETs at the early stages
of the disease. The promastigote has been identified as the main parasite stage as inducer of
NETs. Promastigotes and amastigotes numbers diminish upon NETs release. Histones H2A
and H2B are the main inducers of NETs, and these are highly toxic for the parasite. The pro-
mastigote form of the parasite can evade the NETs by means of its 3’ nucleotidase, enzyme
that degrades the DNA, allowing Leishmania spp. to escape from being killed by NETs [40].

In 2015, Rochael et al. analyzed the role of reactive oxygen species, neutrophil elastase, myelo-
peroxidase, and the PAD4 enzyme in the formation of NETs by L. amazonensis promastigotes,
in human cells. These authors observed that Leishmania promastigotes promote a redox dis-
balance in neutrophils. The exposure of neutrophils to H,O, induces histone deamination
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mediated by PAD4, and the redox disbalance takes place independently of the parasite
viability, thus suggesting that Leishmania induces the production of ROS through an NADPH
oxidase-dependent mechanism [41].

Leishmania as well as Staphylococcus aureus induces the release of NETs by an early and rapid
mechanism, through an ROS-independent pathway, which is inhibited by an elastase inhibi-
tor and, in contrast to classic NETosis, is not affected by chloramidina. PAD4 activity is only
relevant during classic NETosis. Promastigotes viability after treatment of parasites with a
NETs-rich supernatant, obtained from either the early and rapid or the classic pathways,
shows a reduction of about 42% [41].

As previously described, the interaction of Leishmania amazonensis with human neutrophils
leads to the release of NETs, which trap and kill the parasite. However, the signaling path-
ways leading to Leishmania-induced NETosis are still under study. However, it has been
shown that PI3K, independently of protein kinase B, has a role in parasite-induced NETosis.
The main PI3K isoforms involved are PI3Ky and PI3Kd. Activation of ERK downstream of
PI3KY is necessary to trigger an ROS-dependent parasite-induced NETosis. Pharmacological
inhibition of protein kinase C also significantly decreases parasite-induced NETs release.
Intracellular calcium, regulated by PI3K9, represents an alternative ROS-independent path-
way of NETosis stimulation by L. amazonensis. Finally, intracellular calcium mobilization and
reactive oxygen species generation are the major regulators of parasite-induced NETosis.
These results contribute to a better understanding of the signaling behind Leishmania-induced
NETosis [42].

Entamoeba histolytica. This protozoan parasite causes amebiasis, amoebic colitis, and hepatic
abscess. Since this parasite is too large to be phagocytosed, Avila et al. [43] analyzed the pos-
sibility that this parasite induces the formation of NETs. These authors demonstrated that the
amoeba lipopeptidophosphoglycan induces NETs in a dose-dependent manner. NETs can
be readily observed 15 min after stimulation; however, by 1 h at a 1:20 infection ratio, NETs
occupy a whole microscopic field. NETs induction depends on trophozoite integrity; 30 min
after contact with NETs, trophozoites show no changes in size or morphology, and this con-
tact does not have any effect on viability or growth at any time of incubation. On the other
hand, it was observed that E. histolytica is resistant to cathelicidin LL-37. Resistance to NETs
exposure was also studied upon addition of a proteases inhibitor, resulting in that proteases
are not responsible for trophozoite resistance to NETs. However, the use of ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), a divalent anion chelant, had a
deleterious effect in the growth of amoebas that were in contact with NETs, suggesting that
trophozoites may have DNAse activity, responsible for its resistance to NETs [43].

Avila et al. demonstrated that parasite growth could only take place in the absence of a
calcium chelant, since enzymes such as trophozoite DNAsas require calcium. This provides
an example of NETs inhibition by parasite-produced enzymes. Entamoeba histolytica is one
of the main parasites that cause stomach diseases worldwide. It causes intestine and liver
invasion, associated with the recruitment of large amounts of neutrophils at the early stages
of infection [43].
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5. Neutrophil extracellular traps in fungus infection

5.1. Aspergillus fumigatus and Aspergillus nidulans

The Aspergullus fumigatus species is isolated in 80% of invasive aspergillosis patients. Chronic
granulomatosis disease patients, whose cells are not able to undergo respiratory burst, are
highly susceptible to infection by fungus of the Aspergillus genus such as A. nidulans. This
indicates the important role of the host respiratory burst, which is also involved in the forma-
tion of NETs.

Recent reports highlight the importance of glucosaminoglycans (GAG) in A. fumigatus viru-
lence. GAG helps the formation of biofilms and purified soluble GAG induces NK cell-medi-
ated apoptosis of neutrophils, in vitro.

Fungus resistance to neutrophil-mediated killing positively correlates with the amount of
cell wall-associated GAG. Fungus GAG content functions as the analog of bacterial capside,
enhancing resistance to NETs. Although the mechanism by which exopolysaccharides mediate
resistance to NETs has not been defined, it is suggested that GAG may inhibit hyphae-NETs
binding, perhaps due to the repulsion between the Aspergillus exopolysaccharide positive
charges and the positive charges present in the NETs antimicrobial peptides and histones [44,
45]. Aspergillus induces respiratory burst through its glycosaminoglycans that activate the
NAPDH oxidase system, yielding ROS and activating classic NETosis activation [44].

5.2. Candida albicans

In 2006, Urban et al. showed that NETs can kill Candida albicans in any of its two forms, yeast,
which is the proliferating form, or the filamentous, which is the invasive and tissue destruc-
tive form. This was corroborated by means of electronic microscopy which showed NETs and
C. albicans hyphae co-localization, which suggested that hyphae are trapped by NETs, thus
controlling the infection [46, 47].

Experiments aimed at analyzing the effect that PMA-activated NETs have on C. albicans
showed that 20-30% of fungus dies after exposure to NETs [46].

The analysis of the components present in the neutrophil granules that may be respon-
sible for the killing of Candida albicans showed that histones are not accountable for this.
It was determined that human Neutrophil Granular Extract (WNGE) is responsible for the
fungus death, in a dose-dependent manner. These granules contain Bactericidal/permea-
bility-increasing (BPI) protein lactoferrin, and defensins. It appears that the release of NETs
is related to the microorganism cell wall composition; the binding of microorganisms by
NETs is mediated by ionic forces and thus, the fact that the Candida wall contains numerous
proteins with phosphodiester bonds with negative charges makes it likely that they bind
the positive charges of proteins and histones present in NETs [48].

Kenno et al. analyzed the induction of NETs by Candida albicans, and they corroborated that
the distinctive forms of Candida albicans, hyphae or yeast, may induce NETs. These authors
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found that hyphae induce higher amounts of NETs than the yeast form, after 4 hours of incu-
bation. Candida albicans hyphae stimulate cells through autophagy but not ROS, whereas the
yeast form induces NETs through autophagy and ROS. C. albicans f-glycans induce NETosis
by an ROS-independent mechanism [49, 50].

5.3. Cryptococcus neoformans

In 2015, Rocha et al. described that the opportunistic fungus Cryptococcus neoformans,
which possesses a glucuronoxylomannan (GMX)-containing capside, precludes this
fungus to be phagocytosed by neutrophils. These authors also demonstrated that the
acapsular strain of Cryptococcus neoformans, which harbor glucuronoxylomannogalactan
(GMXgal), is capable of inducing NETs. In contrast, the capsular strain does not induce
the release of NETs [51].

The release of NETs by the acapsular strain of Cryptococcus neoformans is dependent on ROS
generation and the PAD4 enzyme. The capsular strain also inhibits PMA-induced NETs for-
mation [51]. NETs release has also been observed in response to Cryptococcus gattii stimulation.

Analysis of Cryptococcus neoformans susceptibility to acapsular strain-induced NETs showed
that NETs diminished colony-forming units (CFUs) by 80% in the capsular strain and by 54%
in the case of the acapsular strain. For this, it is necessary that NETs contain MPO.

Paracoccidioides brasiliensis and Paracoccidioides lutzii are fungi of the Paracoccidioides genus that
cause high mortality and morbidity by the systemic mycosis Paracoccidioidomycosis (PCM),
mostly in Latin American countries. Della Coletta et al. [52] have investigated the role of
neutrophil extracellular traps on these fungi, reporting the formation of NETs by the yeasts
P. brasiliensis and P. luttzii.

6. Neutrophil extracellular traps in viral infections

Viruses have an extraordinary ability to evade the immune system, and the innate immune
system is regarded as the first line of defense. Innate immune cells recognize a wide variety of
pathogens through their pattern-recognition receptors (PRRs) that include Toll-like receptors
(TLRs), NOD-like receptors (NLRs), and RIG-like receptors (RLRs) that recognize pathogen-
associated molecular patterns (PAMPs). Several PRRs recognize viral ligands such as TLR-3,
TLR-7, TLR-8, RIG-1, and MDAD5, and the activation of these PRRs induces the synthesis of
antiviral interferons (types I and II), tumor necrosis factor a, interleukin-15, and interleu-
kin-18 [53-55].

The role of NETs in the control of several bacterial infections has been broadly analyzed.
However, research on their role in viral infections remains scarce. It has recently been shown
that viral infections or virus-derived molecules may act as strong inducers of NETs. Several
viruses that induce the formation of NETs have been identified. In some cases, NETs neutral-
ize the viral particles by the MPO or the granule-derived defensins, associated to NETs. The
a-defensin protein directly inhibits the influenza virus replication and protein synthesis [56].
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Some viruses, such as those of the herpesvirus family, contain proteins with endonuclease
activity, so they can degrade NETs and allow viral escape and dissemination. NETs anti-
viral activity consists in the sequestering of viral particles, thus preventing fusion of viruses
with target cells and direct neutralization of virions. It is worth mentioning that viruses do
not necessarily infect the neutrophils. However, neutrophils can sense viral particles through
their PRRs or via secondary signals produced upon infection of other host cells. The use of
secondary signals to induce the release of NETs has important advantages in the context of
viral infections [56, 57].

Viruses that induce the release of NETs in vitro do so under a non-productive infection of
neutrophils. In the case of HIV-1, neutrophils sense this virus by endosomal PRRs that detect
viral nucleic acid via TLR-7 and TLR-8, and then undergo NETosis. The respiratory syncytial
virus (RSV) induces NETosis through TLR-4. Hantaviruses induce NETs formation by signal-
ing through B, integrins. Influenza virus A can stimulate neutrophils directly to release NETs.
Viruses also produce NETs indirectly without engagement of the PRRs expressed by neutro-
phils. Interleukin-8 (IL-8) triggers NETosis. Although NETs formation by viruses is now well
established, it is not so clear how NETs contribute to antiviral immunity. In some viruses, as in
a mouse model of poxvirus infection, induction of NETs with LPS prior to infection strongly
reduced the number of virus-infected liver cells, and this protective effect was reversed by
DNAse treatment. Noroviruses can be reduced by their binding to histone H1. Some viral
mechanisms counteract NETs formation, as for HIV-1 envelope glycoprotein which stimu-
lates DCs to produce cellular IL-10 through dendritic cell-specific ICAM-grabbing non-integ-
rin (DC-SIGN), IL-10 is an immunosuppressive cytokine that, among other functions, inhibits
TLR-induced ROS production (54). IL-10 homologs have been found in the genome of large
DNA viruses that include ubiquitous human virus, such as human cytomegalovirus (HCMV)
and Epstein-Barr virus (EBV). Kaposi’s sarcoma-associated herpesvirus (KSHV) impairs the
release of NETs, and dengue virus serotype-2 can arrest NETs release by interfering with
glucose uptake [6]. Taken together, these findings suggest that virus-induced release of NETs
may help to control viral dissemination by direct and indirect mechanisms, whereas, at the
same time, viral evasion mechanisms target the formation of NETs.

In 2015, Moreno-Altamirano et al. [16] demonstrated that dengue virus serotype-2 inhibits
PMA-induced formation of NETs, arresting neutrophils at the chromatin de-condensation
step which, based on a previous report [6], suggests that DENV-2 inhibits the formation of
NETs by interfering with glucose uptake and glycolysis.

7. Conclusion

Anti-microbial properties of NETs have been shown for bacteria, protozoa, fungus, and virus.
Understanding how neutrophil extracellular traps (NETs) limit the growth of some infectious
agents, whereas, apparently, they have no effect on others, and how NETs may cause tissue
damage and contribute to the development of pathologies, such as autoimmune diseases, will
help to exploit their anti-pathogen properties at full, and to limit their pathogenic effects, in clin-
ical settings. It is quite likely that this research field will continue providing exciting findings.
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Abstract

Polymorphonuclear (neutrophil) granulocytes (PMNs) are an essential part of the innate
immune responses and key instigators and effectors of the underlying pathological
mechanisms (endothelial damage, interstitial histolysis, cytokine production, phagocy-
tosis) leading to post-injury inflammation and secondary tissue injury. In 2004, the for-
mation of neutrophil extracellular traps (NETs) was identified as an additional defence
mechanism of PMN against microbes. The understanding of complex regulation of neu-
trophil functions and NET formation is essential for differentiating between healthy and
pathological inflammatory response, which frequently determines if patient recovers
uneventfully or develops catastrophic complications. Recent discoveries have revealed
the potential role of NETs in the pathogenesis of a wide range of non-infectious diseases,
including post-injury sterile inflammation. In such conditions, both spontaneous NET
formation and impaired NETosis are documented. In this chapter, we review the evi-
dence for the role of NETs in post-injury inflammation, the key molecular and cellular
participants in pathological NET formation, the clinical relevance of NETs in post-injury
complications and the therapeutic potential of NET inhibition/clearance.

Keywords: neutrophil granulocyte, PMN, post-injury inflammation, neutrophil

extracellular traps, trauma, injury, multiple organ failure

1. Introduction

Despite recent improvements in the care of the injured, severe trauma remains a major bur-
den on our society, resulting in the annual death of more than five million people world-
wide (World Health Organisation. Injuries and violence: the facts. 2014. http://www.who.
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int/violence_injury_prevention/key_facts/en/ Accessed 9 May 2016). Tissue injury, traumatic
shock and subsequent resuscitation and surgical interventions lead to localised and systemic
inflammatory responses. Polymorphonuclear (neutrophil) granulocytes (PMNs) are an essen-
tial part of the innate immune responses and key instigators and effectors of the underlying
pathological mechanisms (endothelial damage, interstitial histolysis, cytokine production,
phagocytosis) leading to post-injury inflammation and secondary tissue injury. In 2004, the
formation of neutrophil extracellular traps (NETs) was identified as an additional defence
mechanism of PMN against microbes [1]. Since the initial description of their antibacterial
function, a series of studies reported the existence of NETs in response to various types of
sterile inflammations including traumatic injury [2-5]. The precise triggers, contributions and
outcomes of NETs in trauma patients are not well understood. Given the significant clinical
impact of sterile inflammation in these patients, understanding the role of NETosis may iden-
tify novel biomarkers or therapeutic strategies to minimise post-injury tissue damage and
hyperinflammation. In this chapter, we summarise our current knowledge and existing gaps
on post-injury NET formation.

2. Post-injury inflammation

2.1. Complications of post-injury inflammation

Major trauma patients universally develop systemic inflammatory response syndrome (SIRS)
criteria within 72 h of injury. SIRS is defined by the following criteria:

a. Temperature greater than 38°C or less than 36°C.
b. Heart rate greater than 90 beats/min.
c. Respiratory rate greater than 20/min.

d. White blood cell count (WBC) greater than 12.0 x 10° L™, or less than 4.0 x 10° L™ [6].

The degree of the dysfunctional post-injury inflammation is further complicated by the inva-
sive nature of surgical procedures. Moreover, those who survive the initial severe tissue injury
and traumatic shock are at an increased risk of acute respiratory distress syndrome (ARDS),
multiple organ failure (MOF), nosocomial infections and sepsis. These complications lead to
excessive resource utilisation and increased risk of death [7-9]. The systemic inflammatory
response to major trauma can lead to the development of early MOF, which progresses to a
state of immune paralysis and is viewed as a major factor underlying the increased suscepti-
bility of trauma patients to hospital-acquired infections [10, 11]. The possible involvement of
NETs in post-injury inflammation has been evaluated in several recent studies. Margraf and
co-workers published in 2008 that NET quantities in plasma may predict MOF and sepsis
on the ICU in patients after multiple trauma [12], and more recently, cell free-DNA neutro-
phil extracellular traps (cf-DNA/NETs) were used in the prediction of mortality in a popula-
tion of 32 patients with severe burn injury [13]. These associations warrant further research
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into the precise role and impact of NETosis in the post-injury inflammatory response. While
many aspects of the post-injury inflammatory response have been characterised over the past
decades, our understanding of how NETosis fits into the picture is still rudimentary.

2.2. Mechanisms of post-injury inflammation

In the bigger picture of the post-injury inflammatory response, NETosis is considered a
later phenomenon than the classical neutrophils functions [14-16]. Before the induction of
NETosis, inflammatory reactions triggered by mechanical injury or disturbances of homeosta-
sis are mainly propagated by intravascular events, summarised in Figure 1. The acute phase
is characterised by dramatic changes in the diameter of the capillaries and the activation of
innate immune cell responses. It is followed by a delayed, subacute reaction, most promi-
nently characterised by oxido-reductive burst, hypoxic metabolic pathways, the infiltration of
leukocytes and phagocytic cells and early cytokine production, while in the late proliferative
phase, reperfusion injury, further production of late inflammatory agents, tissue remodelling
and fibrosis occur.

tethering and rolling mediated by E-selectin,

Neutrophil-endothelial P-selectin, CD11b, ICAM1/2

interactions;
Interactions with platelets

Receptor activation: B-

.1 integrins; CXCR 1/2
i = | Release of DAMP receptors: TLR4/9,
. . chemkines IL-8, PY2R, FPRs

..RDS _
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Figure 1. Schematic figure about multiple functions of neutrophils in response to sterile inflammation, where CD11b,
integrin alpha M; ICAM, intercellular adhesion molecule; IL-8, interleukin-8 (chemokine receptor ligand 8); CXCLs,
chemokine ligands; CXCR, chemokine receptor; DAMP, damage associated molecular pattern; TLR, Toll like receptor;
IL-1, interleukin 1; PY2R, purinergic receptor; FPR, formyl peptide receptors; and TNFa, tumor necrosis factor-alpha.
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Injury leads to the release of damage-associated molecular patterns (DAMPs) with high
immunomodulatory potential (extracellular DNA, mitochondrial remnants and the high
mobility group box 1) and pro-inflammatory cytokines, such as tumour necrosis factor-a
(TNF-a), or interleukin-13 (IL-1f3). Release of these components results in Toll-like recep-
tor (TLR) activation with an effect after 1-2 h [17]. As this phase ensues, subacute cytokines
including IL-6, IL-8 as well as IL-12 and IL-18, chemokines and leukocyte migratory factors
drive an exaggerated activation of PMN leukocytes, and the increased production of reactive
oxygen species (ROS) plays important roles in the process [18]. It is also widely accepted that
the initial pro-inflammatory phase switches to a later anti-inflammatory phase with extended
anti-inflammatory cytokine release to facilitate regenerative processes; however, the pro-
inflammatory and anti-inflammatory forces may ultimately reinforce each other, creating a
state of increasingly destructive immunologic dissonance [19]. Cytokine signals are crucial in
the inflammatory cascade by promoting the interactions of PMN leukocytes with endothelial
cells through the up-regulation of adhesion molecules, PMN degranulation, respiratory burst,
lipid mediator synthesis [20] and enhanced migration through the endothelium. Via these
reactions, the soluble mediators alter the microvascular homeostasis [21, 22] and blood flow,
which have been associated with multiple organ failure [23]. Of the cytokines, members of
the low molecular weight chemokine family play a fundamental part in these events by virtue
of their ability to attract and stimulate leukocytes [24]. These mediators mutually and strictly
regulate the expression level and generation of each via epigenetic regulation that propagate
the commencement of repair mechanisms, although numerous cytokines are reported to be
aberrantly regulated in association with more complicated clinical outcomes [25, 26].

While phagocytosis and degranulation usually take minutes to occur after being exposed to
the inflammatory signal, NETosis is a more protracted event, takes place from 2-3h up to 8 h
from activation [27, 28]. About 20-60% of isolated human neutrophils typically release NETs
2-4h after stimulation with microbes or chemicals [2]. However, they were able to respond
within minutes when activated by LPS-stimulated platelets under conditions of flow [29].
These studies suggest that NET formation might be more characteristic for the subacute/
late phase of post-injury inflammation and probably more inherent to the senescent PMN
population. It is hoped that future studies will identify which factors determine the selection
between these alternative antimicrobial activities and whether these processes can coexist in
the same cell (Figure 1).

3. Mechanisms of NETosis

As members of the first-line defence of the immune system, neutrophils are well known to
interact with other cell types and active cellular crosstalk is followed by release of inflamma-
tory mediators, stimuli-specific receptor-activation and homing. NET formation is described
to occur in a particularly versatile manner under different pathophysiological conditions, and
the complexity is just the beginning to be explored. We are yet to clarify which factors are
required to prevent NET formation of a neutrophil and whether this alternative pro-inflam-
matory function of the cells can co-exist with the classical responses of the same cell. The
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current view of the role of surrounding cells, soluble mediators and intracellular elements is
overviewed below.

3.1. Structure and function of NETs

NETosis has been described as a process in which activated neutrophils extrude a chromatin-
fibre-based meshwork encompassing their own granules and antimicrobial enzymes, such as
neutrophil elastase, cathepsin G, a-defensines and MPO [1]. Mass spectrometry results have
revealed a series of additional protein components from various types of granules [30]. The
extrinsic and intrinsic factors contributing to NET formation are summarised in Figure 2.

These structures represent an important strategy to immobilise and kill invading microor-
ganisms and are considered to be evolutionarily conserved, since they target both Gram-neg-
ative and Gram-positive bacteria, viruses and fungi [31]. Besides humans, the phenomenon

Meutrophil activation
by platelets, DAMPs,
IL-8, TNFa, Ca
mobilisation,
superoxide

Raf/MEK/ERK
activation
MADPH oxidase
activation

PAD4-mediated
citrullination of histones

Chromatin decondensation
Alterad subcellullar localization
of the chormatin

Degradation of nuclear envelope
Rupture of plasma membrane
Mucleosome cleavage of granular proteins

Extracellular DNA release decorated
with granular proteins

Figure 2. (A) Representative image of neutrophils forming extracellular traps visualized by fluorescent microscopy
(Nikon Diaphot 300 Inverted fluorescence & phase contrast microscope, 20x magnification) after staining the cells with
Sytox Green DNA intercalating dye. (B) Schematic figure on the possible mechanism of NET formation, where DAMP,
damage-associated molecular pattern; IL-8, interleukin 8; TNFa, tumor necrosis factor-alpha; Raf, rapidly accelerated
fibrosarcoma kinase; MEK, mitogen-activated protein kinase; ERK, extracellular signal regulated kinase; NADPH,
nicotinamide adenine dinucleotide phosphate.and PAD4, protein arginine deiminase 4.
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was proven to be present in insects, various vertebrates including fishes and even in plants
[32-36]. The NET scaffold consists of chromatin components with a diameter of 15-17 nm
and the connected proteins and microparticles. To date, nuclear DNA and histones are
observed to represent the major NET constituents [1]. The exact mechanism through which
the genetic material is ejected from the cell and decorated by antimicrobial factors is still
not well understood. Nonetheless, it is considered to be an active process, where the cells
undergo an apoptosis-like process with peptidylarginiedeamilase 4 (PAD-4)-mediated
DNA decondensation, membrane disintegration and chromatin realignment [37], and the
role of ROS formation in the process seems to be inevitable, but the mechanism remains
controversial [2].

3.2. Post-injury activators of NETosis

Studies aimed at describing the receptor-ligand signalling pathways are fundamental in
sterile NET formation revealed diverse and sometimes controversial mechanistic details.
Endogenous ligands were described to bind to TLR (mainly TLR4 and TLR9), Fc receptors
(e.g. FcRIla) or cytokine receptors (such as IL-17 R) accompanied by this process [38—40].
Complement receptor activation has also been reported to be implicated [41]. Many sterile
chemical stimuli were proven to induce NETosis in vitro without infection such as TNF-alpha,
IL-8, interferon-gamma, nicotine certain antibiotics or enhanced ROS generation produced by
NADPH oxidases [1, 42-46].

As NETs consist of a significant amount of extracellular DNA as a scaffold, injury-related
NET formation may cause a further elevated DAMP concentration in the circulation, and
therefore, it could result in more severe tissue damage [4, 48]. Mitochondrial DNA was sub-
sequently demonstrated to be a trigger for NETosis after major trauma and demonstrated
that the signalling was mediated through a TLR9-dependent pathway, independent of the
NADPH oxidase system [39]. Our group demonstrated that NETs formed after trauma were
almost exclusively composed of mtDNA [4]. There has also been a relationship demonstrated
in NETosis observed in systemic lupus erythematous (SLE) where NETs released were found
to be highly enriched with oxidised mtDNA [49]. Interestingly, this study also found that
these NETs resulted in increased production of IFN I, which was dependent on STING path-
way signalling. This perhaps suggests that mtDNA may play a role in driving autoimmunity
in a rather novel and previously unstudied way.

3.3. Cell-cell interactions as regulators of post-injury NET formation
3.3.1. Interaction with platelets

There is growing evidence on the importance of neutrophil-neutrophil crosstalk and com-
munication with other cells related to NET formation. Platelets are far the most characterised
players in NETosis as many platelet originated ligand/receptor pairs and soluble mediators
perpetuate neutrophil activation [50]. The proof-of-concept in vitro studies demonstrated that
platelet activation is crucial as the initial step [29, 51]. Human neutrophils isolated from healthy
volunteers underwent a robust NET formation in the presence of activated platelets treated



The Role of Neutrophil Extracellular Traps in Post-Injury Inflammation
http://dx.doi.org/10.5772/intechopen.68906

with thrombin receptor-activating peptide, while no NETosis occurred with the co-incuba-
tion of resting platelets [52]. In the same study, the early event of platelet-platelet interaction
was blocked with a glycoprotein IIb/Illa inhibitor and resulted in reduced NET formation in
a mice TRALI model [52]. P-selectin is suspected to largely be responsible for the ability to
trigger sterile NET formation in human neutrophils [53], but other cell adhesion molecules
found on platelets are demonstrated to play rather significant role as (32 integrin (CD18) [53,
54]. Among soluble mediators, chemokines (as CXCL4) and alarmins (as HMGB-1) produced
by platelets were observed to activate neutrophils to form NETs in vitro and in animal models
[54, 55]; however, this feature of platelets is broadly connected to any kind of inflammatory
response, and therefore, the direct or indirect contribution of this phenomenon is too limited
to be predictable.

3.3.2. Endothelium-neutrophil interactions

Circulating neutrophils tend to be quiescent and inactive, while their activation classically
depends on their communication with endothelial cells. After neutrophil-endothelial interac-
tion, the cells can rapidly undergo degranulation, activation of their NADPH oxidase system
and even NET formation [56, 57]. The importance of this interface is also supported by more
recent studies, where endothelium-produced matrix metalloproteinases induced NET forma-
tion followed by cytotoxicity and vessel dysfunction [58, 59].

3.4. Intracellular and molecular regulators of NETosis

Neutrophil extracellular trap formation is primarily dependent on histone abundance and
alignment, activation of NADPH oxidase and MPO, interactions between platelets and neu-
trophils, expression of NET component proteins, and neutrophil autophagy.

3.4.1. The role of chromatin decondensation

Peptidylargininedeiminase 4 (PAD4)-mediated chromatin decondensation, which occurs
in the nucleus, is apparently a critical and initial step in NET formation. PAD4 is a nuclear
enzyme that converts specific arginine residues to citrulline on histone tails [60]. The release
of NETs strongly depends on PAD4 activity [61] but was surprisingly found not to be essen-
tial in certain conditions [62]. Neutrophils isolated from PAD4-deficient mice were unable to
citrullinate histones, decondense chromatin, and generate NETs [63]. In fact, PAD inhibitors
have demonstrated efficacy in a variety of immune pathologies [64, 65], supporting the impor-
tance of this pathway in NET formation.

3.4.2. NADPH-dependent ROS production, Raf-MEK-ERK pathway

Hakkim and co-workers first described the importance of the Raf/MEK/ERK signalling path-
way in PMA-induced NET formation and their data suggest that the Raf-MEK-ERK pathway
might be upstream of NADPH oxidase activation [66]. Other studies pointed out that phos-
phorylation of ERK both in platelets and in neutrophils is also necessary for the formation of
NETs mediated by activated platelets [52, 53].
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3.4.3. Toll-like receptors

Toll-like receptors are classified according to the types of agonists that bind and the corre-
sponding response that is activated and several of them were found to facilitate profound
inflammatory responses after binding endogenous ligands [67]. It was recently reported that
neutrophil stimulation via TLR activation with various molecules leads to NET production.
Further to this, the structure of the NETs is characteristic to the type of TLR stimulation [68].
TLR4 seems to be responsible for this kind of neutrophil activity in particular as many publi-
cations demonstrated their interaction via HMGB-1 [55], superoxide production [69], platelet
activation [29] or IL-1p [70]. Oxidised low-density lipoprotein, which has been implicated as
an independent risk factor in various acute or chronic inflammatory diseases including SIRS,
was also found to act as a NETosis trigger via TLRs [71]. More recently, TLR9 has come into
focus in NET research as mtDNA and other DAMPs that are recognised by TLR9 showed high
potential to induce NETs in trauma patients [39], in liver ischemia/reperfusion injury [3] or
due to surgical stress [72].

4. Pathophysiology of post-injury NETs

4.1. The role of NETs in sterile inflammation

Recent discoveries have revealed the potential role of NETs in the pathogenesis of a wide
range of non-infectious diseases, in particular sterile chronic inflammatory conditions such
as systemic lupus erythematous [38, 73], small vessel vasculitis [74] and psoriasis [75]. In
such conditions, both spontaneous NET formation and impaired NETosis were evident.
Reduced ability of PMNs for to undergo NETosis was described in diabetes mellitus patients
who were exposed to bacterial infections [76] that might be a possible explanation for why
this population is more susceptible to life-threatening infections. In another recent study
conducted on diabetes patients, spontaneous release of isolated PMN NETs was increased,
suggesting that a chronic pro-inflammatory condition during hyperglycaemia favours con-
stitutive NET formation [77]. Chronic inflammation is also characteristic in cardiovascular
diseases and indeed, NETosis was found to contribute to the pathomechanism of deep
vein thrombosis [78], acute myocardial ischemia/reperfusion in a mouse model [79], and
NETs were observed to be localised in limb artherosclerotic plaques [80]. Furthermore, the
content of plasma MPO-DNA complexes was found to be associated with an increased risk
of coronary stenosis in patients with severe coronary arthelosclerosis [81]. Interestingly,
healthy conditions but with an altered metabolic and oxygen consumption rate were also
described to be associated with elevated NETosis of isolated PMNSs. In a very recent paper,
NET formation and neutrophil pro-NETotic priming were found to be augmented dur-
ing the course pregnancy in healthy women when compared to matching non-pregnant
control donors [82]. What was found to be elevated in the mother, seemed to be blocked
in the foetus, as newborn neutrophils isolated from umbilical cord blood on the day of
delivery did not form NETs when stimulated [83]. In the latter study, the authors identi-
fied a unique protein in the umbilical cord blood-called neonatal NET-inhibitory factor



The Role of Neutrophil Extracellular Traps in Post-Injury Inflammation
http://dx.doi.org/10.5772/intechopen.68906

(nNIF) that would raise a very interesting question of a novel foetal adaptation mechanism
and therapeutic approach. Acute injuries such as AKI and ALI were both described to be
relevant pathologies to study increased NETosis in humans. NET biomarkers were present
in transfusion-related acute lung injury patients’ blood, and in fact, NETs were produced
in vitro by primed human neutrophils when challenged with anti-neutrophil alloantigen-
3a antibodies previously implicated in TRALI [84]. In another human study, the cfDNA/
NET content of 31 critically ill patient’s blood was in a significant positive correlation with
the severity of acute kidney injury [85]. This result encouraged the evaluation of serum (or
plasma) NETs concentration as an early predictive biomarkers of complicated outcomes
on the ICU.

4.2. Pathophysiology of trauma-related NET formation

The potential role of NETs in the mechanical injury driven inflammatory response has recently
been proposed [47, 86]. Similarly, the presence of NETs was demonstrated in a mixed inten-
sive care unit population with systemic inflammatory response syndrome [87]. NETs have
also been implicated in the pathogenesis of acute lung injury and in sterile transfusion-related
acute lung injury, which are often antecedents of MOF [52]. Recently, Grimberg-Peters et al.
published that neutrophils isolated from severely injured patients (days 1-2 after trauma)
showed markedly elevated NET formation after pharmacological activation, and this effect
was successfully attenuated by the treatment with hyperbaric oxygen [88]. This result indi-
cates the potential importance of oxido-reductive burst in NETosis after traumatic injury, and
it is well established that in such conditions, NET formation is generally NADPH oxidase-
dependent [48]. However, the exact molecular mechanism behind is not fully understood, as
indicated in a study by Itagakai and co-worker, where human PMNs from young and elderly
trauma patients formed NETs in a great number, via TLR9 activation, but independently from
NADPH oxidase activation [39].

Moreover, the DAMP release after trauma might be fundamental in further promoting NET
production. Besides its role in sterile inflammation, mitochondrial DNA may have another
pivotal role in worsening the inflammatory response, via NET formation. Our recent data
show NETs observed after injury and subsequent surgery can be composed of mitochondrial
DNA [4], and other authors have found the same phenomenon under certain conditions [89].
The exact molecular mechanism of mtDNA-NET release is unclear; however, when a ROS
production inhibitor (diphenyleneiodonium) was used, mitochondrial DNA-NET formation
was also blocked, and no DNA was released [89, 90].

4.3. NETs as therapeutic target for post-injury inflammation

To date, the contribution of NET formation on the pathomechanism of a wide range of clinical
conditions is evident, and there is emerging evidence about the potential therapeutic useful-
ness of pharmacological NET inhibition. While animal experiments and in vitro cell culture
studies are promising, it is yet unknown if NET-targeting therapies can be effective in clinical
practice. As many protective physiological and pathophysiological processes require NET
formation, the harm/benefit ratio of NET formation inhibition is unclear.
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4.3.1. Chemical inhibition of NETosis

There are several drugs already used in clinical practice in autoimmune diseases that have
potential for NETosis inhibition. Plaquenil Sulphate (hydroxychloroquine, HQ) is a disease-
modifying anti-rheumatic drug, which inhibits prostaglandin and cytokine synthesis, and
most of all induces a blockade in TLR signalling [91]. Juvenile-onset systemic lupus erythe-
matosus patients’ isolated PMNs showed augmented NET formation, which was significantly
modulated with HQ treatment [92]. N-acetylcisteine (NAC), which is a commonly recom-
mended supplement to treat various autoimmune symptoms, was described to inhibit NET
release by PMA stimulated human neutrophils in a ROS-dependent manner [93]. The appli-
cation of NAC had similar effect in other recently published studies [70, 94], which supports
the usage of other free radical scavengers as adjuvant therapy on the ICU trauma patients.
Monoclonal antibodies such as the complement inhibitor Eculizumab might open up a new
perspective in drug therapies targeting NETosis based on the findings that plasma NET
markers of paroxysmal nocturnal haemoglobinuria patients with thrombosis history were
significantly elevated than that of controls or patients without thrombosis history, while the
Eculizumab treatment normalised the values to the control level [95]. Another FDA-approved
monoclonal antibody, Rituximab was also demonstrated to be protective against adverse NET
formation in different human studies [96].

The inhibition of histone decondensation via PAD4 targeting of the PMNss is another potential
NET-based therapeutic target, as PAD overexpression and upregulated enzyme activity have
been observed in several diseases [97], and or PAD4-mediated NET formation was described
to be not essential against infection [62].

The direct inhibition of the granule and protein components of NETs is another way to manip-
ulate NET formation. However, these are essential antimicrobial peptides and mediate impor-
tant physiological pathways. Currently, the literature is conflicting as to whether MPO, NE
and the other compounds connected to the NET scaffold are appropriate targets. In one study,
MPO-facilitated ROS-generation was proven to be required for neutrophil extracellular trap
formation in humans and pharmacological inhibition of MPO delays and reduces NET for-
mation [28, 98, 99], but recently more evidence revealed the opposite or conditional effect
[100-102].

4.3.2. The therapeutic effect of DN Ase treatment

The fact that extrachromosomal DNA and particularly mtDNA have such potent immu-
nostimulatory effects makes it an exciting and very rational target for immunomodulation
therapy and silencing NET formation is one of the many possible trends. Whether nDNA or
mtDNA are conjugated with NETs, both are readily digestible with DNAse. There is certainly
good evidence to suggest that focally targeting NETs with DNAse have yielded a reduction
in associated inflammatory lung damage in a mouse model of transfusion-related acute lung
injury (TRALI) [52]. Human recombinant DNAse therapy has been used to good effect when
nebulised in cystic fibrosis (CF) patients by enhancing sputum solubilisation [103]. This effect
may be beneficial to other conditions with excessive NETosis, as several studies have recently
demonstrated that NETs and NET-associated proteins are present in CF sputum [104-107].
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However, there might be dangerous consequences if the extracellular DNA is not cleared up
perfectly or if the freely floating pro-inflammatory peptides have entered the bloodstream.
Dubois and colleagues have demonstrated that DNase administration to CF sputum dramati-
cally increased elastase activity [108]. Thus, the combined administration of DNase and spe-
cific inhibitor could be useful to avoid the deleterious effects of excessive proteases. With
such an emergent role of mtDNA in NETs associated with trauma [4] and more recently in
SLE [49], the investigation of DNAse therapy in different inflammatory conditions including
post-injury inflammation would be very reasonable. Nevertheless, a long-term DNase ther-
apy presents side effects to patients [109] including dramatic increase in other antimicrobial
activities [108] or further impedance of the immune system which makes the host susceptible
to disseminated and lethal infections [110, 111]. The latter has notable consideration in the
management of major trauma patient as 39.5% of trauma deaths occur in the hospital mainly
due to nosocomial infections [112].

4.3.3. The clinical predictive value of NETs

The number of studies investigating the presence or the predictive value of NETs and NET
components alongside extracellular DNA concentration as potential biomarkers in different
human body fluids has grown significantly in recent years. Serum and plasma certainly are
the most investigated materials, as being the natural habitat for PMNs, although it raises some
concern whether activated NET-forming PMNs are representative enough in the blood.

In cases of acute injuries, such as major trauma, quantification of NETs from blood seems to
be a trustworthy biomarker for clinical prediction. Margraf and co-workers published in 2008
that NETs quantities in plasma may predict multiple organ failure and sepsis on the ICU in
patients after multiple trauma [12]. This ground breaking work was followed by other papers,
such as the one of Altrichter and co-workers who described that circulating free-DNA neutro-
phil extracellular traps (cf-DNA/NETs) could be used in the prediction of mortality in a popu-
lation of 32 patients with severe burn injury [13]. Similarly, early diagnosis of septic arthritis
by c¢fDNA/NETs measurement could guide the surgical team to rescue the joint by deciding to
perform an immediate operation [99]. However, in these cases, the dynamic profile of circulat-
ing neutrophils and NETs in the acute and subacute phase of inflammation should be taken
into consideration when determining the optimal timing of biomarker measurement. It is
also important to note that NET components, namely DNA complexes and elastase, may also
accumulate in the blood during other programs of cell death, for example, during endothelial
cell apoptosis or macrophage necrosis [81].

Beyond blood-based extracellular trap identification, Mohanty and co-workers described a
new approach to non-invasive NET-associated biomarker research, which showed the pres-
ence of numerous neutrophils in morning saliva had undergone NETosis [113]. Tear fluid
might also be informative. In a study conducted on dry eye disease (DED) patients and match-
ing controls, tear fluid nuclease activity was decreased significantly in DED patients, whereas
the amount of extracellular DNA, histones, cathelicidin, and neutrophil elastase on the ocular
surface was increased significantly [114]. A similar paper characterised the activated neutro-
phil-specific biomarkers in the tear fluid among ocular graft versus host disease patients, and
a marked increase in both NE and MPO concentrations was evident [115].
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5. Final remarks

In this chapter, we summarised the mechanism, regulation and clinical significance of neu-
trophil granulocytes and the complex process of extracellular trap formation. The relevant lit-
erature shows that a highly specialised population of neutrophils facilitate NET formation in
response to infection and also sterile inflammation. Interest in the potential role of NETs in the
posttraumatic injury setting and their possible role in the subsequent inflammatory response
has gained significant attention lately. To date, the contribution of NET formation on the
pathomechanism of a wide range of clinical conditions was proven to be inevitable and the
observation of NETosis became more important in post-injury clinical outcome prediction.

For the better understanding of the exact mechanistic details and the role of NETs in normal
recovery and disease, improved methodology and quantification are urgently needed. The
current techniques combine fluorescent microscopy or fluorescent intensity measurements
and generally use DNA-intercalating dyes, while taking the risk of visualising necrotic cells
with dye permeable cell membrane. Antibody-based techniques are required to detect acti-
vated, non-necrotic cells with intact cell membrane, such as flow cytometry-cell-sorting, sup-
ported by microscopic imaging. Additionally, a consensus on the structural and behavioural
definition of NET formation is essential for future NET research, due to their fragility, their
highly dynamic nature and their morphological heterogeneity.
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Abstract

Oral tissues are constantly exposed to damage from the mechanical effort of eating and
from the invasion of foreign microorganisms such as bacteria, fungi, and virus. In
healthy oral tissues, there is a balance between symbiotic bacteria and cells from the
innate immune system, mainly neutrophils. When this balance is broken, inflammation
appears and more immune cells are recruited to the gingiva. Neutrophils form a barrier
against dysbiotic bacteria. However, when neutrophils are insufficient, bacteria thrive
causing periodontitis, a chronic inflammatory disease that destroys the tooth-supporting
tissues or periodontium. Damage of periodontal tissues leads to tooth loss, and in severe
cases, it can also affect systemic health by increasing a person's risk for atherosclerosis,
rheumatoid arthritis, diabetes, and even cancer. The mechanisms neutrophil employ to
keep a balance with bacteria in order to maintain healthy oral tissues is the focus of this
chapter. We discuss how neutrophil antimicrobial functions keep bacteria at check and
how some dysbiotic bacteria block neutrophils to promote an inflammatory state. Also,
novel therapeutic approaches for periodontitis are discussed.

Keywords: neutrophil, phagocytosis, degranulation, NETs, oral microbiota, dysbiotic
microbiota

1. Introduction

Periodontal disease is a major public health problem due to its high prevalence worldwide
[1]. Periodontitis is a more advanced inflammatory form of periodontal disease. It is a chronic
inflammatory disease that causes tooth loss, by destroying the periodontium. Periodontal
destruction may be caused by different factors, including accumulation of dental biofilm, poor
oral hygiene, and loss of balance between oral microbiota and immune response. Dysbiosis
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(an alteration of oral microbiota) is thought to be the initial trigger for periodontitis [2]. The
accumulation of bacteria biofilm leads to an increase in the inflammatory infiltrate, composed
mainly by neutrophils into oral tissues. In this chapter, we will discuss the role of neutrophils
in periodontal disease.

2. Neutrophil homeostasis

Neutrophils are considered to be the first line of defense during infections and inflammation
[3]. They are the most abundant leukocytes in blood and can live for much longer than pre-
viously thought. It is estimated that neutrophils half-life is days instead of hours [4]. When
microorganisms invade the organism, an inflammatory response is induced. Neutrophils are
recruited from the circulation into the tissues where they destroy microorganisms by phagocy-
tosis, by releasing antimicrobial substances, or by NETosis (Figure 1). This last mechanism was
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Figure 1. Neutrophil homeostasis involves production, trafficking, and clearance of these cells. (A) Production of
neutrophils takes place at the bone marrow. Neutrophils maturate in the bone marrow accumulating different granules
(arrow heads), azurophil, specific, and gelatinase. Finally, they also produce secretory vesicles. Lines show the moment
of appearances of granules and vesicles. Neutrophils are released from the bone marrow to the circulation by interfering
with the CXCR4-CXCL12 interaction. (B) Neutrophils mobilization to infection site through a leukocyte adhesion
cascade that includes capture, rolling, firm adhesion, and transmigration of neutrophils (thin arrows). Senescent
circulating neutrophils increase the expression of CXCR4, and respond to CXCL12 by homing back to the bone marrow.
(C) Neutrophils kill bacteria by phagocytosis, degranulation, and NETs formation. Apoptotic neutrophils are cleared by
macrophage phagocytosis. The process of “neutrostat” that maintains steady-state neutrophil levels (molecules with
green background and green arrows). In an infected site, macrophages produce IL-23, which activates IL-17. IL-17
induces G-CSF that promotes neutrophil differentiation and release from the bone marrow (thick arrows). After
macrophages phagocyte apoptotic neutrophils, they downregulate the production of IL-23 and produce IL-10 and
TGEF-B, this events stop the recruitment of neutrophils. CXC, chemokine receptor; IL, interleukin; G-CSF, granulocyte
colony-stimulating factor.
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recently discovered and consists on the formation of neutrophil extracellular traps (NETs) [5].
Activated neutrophils produce a variety of chemokines and cytokines, directing the inflam-
matory and the immune responses [6]. Unfortunately, if there is not a proper clearance of
neutrophils after an infection, the proteases released from neutrophils into the surrounding
tissue can cause damage to the host [7]. Bacteria biofilm deposited on teeth induces a constant
recruitment of neutrophils (>95%) to the gingival sulcus (Figure 2) [8, 9]. Therefore, neutrophil
homeostasis is important to prevent collateral damage to the host by the potent proinflamma-
tory and antimicrobial effects of these cells. As neutrophils are the most abundant leukocytes,
their excess or absence in the mouth leads to periodontal tissue damage. Moreover, neutro-
phil distribution and numbers are essential in maintaining oral health. Neutrophil homeostasis
involves production, trafficking, and clearance of these cells [10].

2.1. Production

Thousands of neutrophils are daily produced in the bone marrow and released into the cir-
culation [11]. Three pools of neutrophil population reside in the bone marrow: the stem cell
pool, the mitotic pool, and the postmitotic pool (Figure 1A). The first pool consists of undif-
ferentiated pluripotent hematopoietic stem cells (HSCs), the second pool consists of committed
granulocytic progenitor cells that proliferate and differentiate. Finally, the third pool consists
of fully differentiated neutrophils, which form the bone marrow reserve, available for release
[12]. HSCs differentiate into myeloblasts, a developmental cell type committed to becoming
granulocytes (Figure 1A). Granulocyte colony-stimulating factor (G-CSF) regulates both, pro-
duction or granulopoiesis, and neutrophil release from the bone marrow. G-CSF regulates
granulopoiesis by inducing proliferation of granulocytic precursors in the bone marrow [10].
A large postmitotic pool is retained in the bone marrow by the interaction of CXC chemokine
receptor 4 (CXCR4) on neutrophils with chemokine CXCL12 (stromal-derived factor-1/SDEF-1)

Gingivitis Periodontitis

Figure 2. Neutrophil infiltrate and inflammation state. (A) In health conditions few neutrophils are recruited to the
gingival sulcus to maintain symbiotic microbial community and the gum is not inflamed. (B) During gingivitis more
neutrophils are recruited to the gingival sulcus and the gum in moderate inflamed. The junctional epithelium is starting
to detach from the tooth. (C) During periodontitis a mayor neutrophil infiltrate is recruited to the periodontal pocket and
the gum in severely inflamed. Inflammatory response activates osteoclasts, which in turn reabsorb bone.
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produced by bone marrow stromal cells (Figure 1A). G-CSF regulates mature neutrophil
release from the bone marrow by interfering with the CXCR4-CXCL12 interaction [12]. In addi-
tion, interleukin-17 (IL-17) endorses granulopoiesis and neutrophil release by upregulation of
G-CSF (Figure 1) [10]. IL-17 builds on an interesting positive loop of neutrophil recruitment.
For example, in chronic inflammation sites, neutrophils produce IL-17 and can also attract
IL-17-producing CD4" T lymphocytes (Th17 cells) [13]. Neutrophils also release CCL20 and
CCL2 chemokines, which are ligands for CCR6 and CCR2 chemokine receptors, respectively,
on Th17 cells. This interaction maintains Th17 cells at inflammation sites. Therefore, Th17 cells
secrete more IL-17 and more neutrophils are recruited [14].

2.2. Trafficking

Circulating neutrophils can be quickly mobilized to infection or inflammation sites through a
systematically controlled process known as the leukocyte adhesion cascade, which achieves
neutrophil transmigration (Figure 1B) [15]. The process initiates when endothelial cells
get activated and upregulated the expression of adhesion receptors such as E- and P-selec-
tins. Neutrophils recognize these selectins and begin rolling on endothelial cells. This roll-
ing depends on transient interactions of selectins with glycoprotein ligands on neutrophils.
Next, neutrophils get activated by chemokines, which induce a high affinity state in integrins,
another group of adhesion receptors. Interaction of both selectins and integrins with their cor-
responding ligands leads to slow neutrophils rolling followed by a firm adhesion that brings
neutrophils to a full stop. Finally, neutrophils crawl on the endothelium and transmigrate into
infection or inflammation sites. This last process is regulated mainly by (32 integrins. Integrins
are heterodimeric receptors formed by a unique a (CD11) and a common {3 (CD18) subunit
that interact with adhesion ligands such as intercellular adhesion molecule-1 (ICAM-1) and
ICAM-2 on endothelial cells (Figure 1B). This leukocyte adhesion cascade is positive regu-
lated by tissue-derived cytokines and by tissue-derived chemokines. Cytokines control the
expression of endothelial adhesion molecules and chemokines induce integrins to change
conformation into a high affinity state [16]. Once neutrophils move into tissues, they follow
chemoattractant gradients to reach infection or inflammation sites. Some chemoattractants for
neutrophils are activated by complement components, such as the anaphylatoxin C5a, and
bacterial components, such as formyl-methionyl-leucyl-phenylalanine (fMLF). Recently, it has
been discovered that the leukocyte adhesion cascade is also negatively regulated by endog-
enous inhibitors such as Del-1 (developmental endothelial locus-1), pentraxin 3, and growth-
differentiation factor 15 [17].

2.3. Clearance

Neutrophils are mostly cleared in tissues (Figure 1C) and possibly also in the bone mar-
row (Figure 1A). In tissues, once neutrophils have completed their antimicrobial duty,
they undergo apoptosis. Resident phagocytes, for instance, macrophages and dendritic
cells, clear neutrophils locally. Phagocytosis of apoptotic neutrophils reprograms mac-
rophages to initiate an anti-inflammatory response, characterized by the synthesis of
tumor growth factor (TGF)-$ and IL-10, and by a reduction in IL-23 synthesis (Figure 1)
[18]. IL-23 cytokine induces IL-17 synthesis; thus, the reduced IL-17 levels lead to less
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G-CSF production and in consequence, less neutrophil production. This process is a
control loop that has been described as a “neutrostat” (neutrophil rheostat), and main-
tains steady-state neutrophil levels (Figure 1) [14]. Senescent circulating neutrophils are
recruited for clearance in the bone marrow. These neutrophils increase the expression
of CXCR4, and respond to CXCL12 by homing back to the bone marrow (Figure 1) [19].
Apoptosis and proper removal of apoptotic cells are key aspects of inflammation resolu-
tion. Neutrophils death is influenced by environmental conditions including hypoxia and
presence of inflammatory mediators, such as granulocyte/monocyte colony-stimulating
factor (GM-CSF) and lipopolysaccharides (LPS). Neutrophil clearance depends on signals
that apoptotic neutrophils express on their surface. These signals allow macrophages to
recognize and ingest the neutrophils (Figure 1C) [20]. Failure to clear these apoptotic cells
results in secondary necrosis and release of products that generate proinflammatory sig-
nals. Neutrophils express molecules that regulate their survival. Some of these molecules
are survivin, cyclin-dependent kinases and proliferating cell nuclear antigen (PCNA).
Survivin is expressed more highly in immature neutrophils than in mature ones, but its
expression can be reestablished in mature cells by inflammatory signals, for instance, GM-
CSF or G-CSF [21]. Similarly, cyclin-dependent kinases function as prosurvival factors.
Their inhibition induces caspase-dependent apoptosis. PCNA in neutrophils associates
with procaspases in the cytosol and is thought to prevent their activation. During apopto-
sis, PCNA is targeted for proteosomal degradation, which correlates with an increase in
caspase-3 and caspase-8 activities [11].

3. Neutrophils in oral health

Commonly, it is thought that microbes are harmful to our health. Contrary to this thought,
there are plenty of microbes that harmoniously live within our bodies and form our micro-
biota. Homeostasis between the host and its symbiotic microbiota is a key factor to under-
stand and maintain our health [22, 23]. Nevertheless, we are constantly exposed to microbes
not belonging to our microbiota through the things we touch, the food we eat, and the air we
inhale. Fortunately, our innate immune system protects us from this constant threat. The oral
cavity is a special place, where the microbiota is constantly changing. Yet, homeostatic mecha-
nisms exist that keep the oral microbiota in balance with the immune system. Neutrophils
are actively recruited into the gingival sulcus by an interleukin (IL)-8 gradient continuously
secreted by the junctional epithelium, as this tissue is in close contact with the oral biofilm
bacterial community (Figure 2). Neutrophils are mostly responsible for ensuring periodontal
health by keeping this biofilm at check [24]. However, during gingivitis a moderate inflam-
matory response is generated. If this inflammation is not controlled, for example, in situations
or poor oral hygiene, gingivitis can lead to periodontitis, a chronic inflammatory disease.
In this condition, microbial pathogens cannot be eliminated or controlled by neutrophils. In
response, more neutrophils are recruited to the periodontal tissue. Neutrophil accumulation,
instead of protecting, favors periodontal tissue damage and even bone loss (Figure 2). Thus,
a close balance between neutrophil function and microbe challenge must be maintained to
ensure periodontal health.
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4. Antimicrobial mechanisms of neutrophils

Neutrophils are equipped with different antimicrobial mechanisms, which help them to fight
a broad spectrum of bacteria, fungi, and protozoa. These mechanisms include phagocytosis,
degranulation, and neutrophil extracellular traps (NETs) (Figure 1).

4.1. Phagocytosis

Phagocytosis is a receptor-mediated process during which a particle is internalized by the cell
into a vacuole called the phagosome. Neutrophils recognize pathogens through pattern-rec-
ognition receptors (PAMPs), or opsonins (antibody molecules or complement components).
Opsonized pathogens are efficiently phagocytosed when they bind with antibody receptors
(Fc receptors) or complement receptors on the neutrophil (Figure 3). After engulfment, the
nascent phagosome matures by fusing with lysosomes. This brings antimicrobial molecules
into the phagosomal lumen. The vesicle is now called phagolysosome. Concurrently, reactive
oxygen species (ROS) production starts by the assembly of the NADPH oxidase on the phago-
somal membrane, and the pH inside the phagosome drops to 4.5-5. Also, potassium ions (K*)
are pumped into the phagolysosome; this K influx mediates the release of serine proteases. In
addition, hydrogen peroxide (H,O,) is also converted into hypochloric acid (HOCI) in a reac-
tion catalyzed by myeloperoxidase (MPO) [25]. Granules content and ROS create an environ-
ment toxic to the pathogen. Unfortunately, not all pathogens are killed inside the phagosome.
Moreover, some have advanced strategies to survive inside neutrophils. These strategies
include interfering with engulfment, modulating phagosome maturation, and creating a more
hospitable intraphagosomal environment.
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Figure 3. Phagocytosis and NETs. (A) Neutrophils recognize opsonized pathogens through Fc Receptors (FcyRlIla)
or complement receptors (Mac-1) on their membrane. The pathogen is internalized into a nascent phagosome, which
matures by fusing with lysosomes forming a phagolysosome. (B) Neutrophil extracellular traps (NETs) are formed when
neutrophils release decondensed chromatin decorated with antimicrobial molecules, into the extracellular space. ROS,
reactive oxygen species.
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4.2. Degranulation

In the bone marrow, as precursor cells mature into neutrophils, they synthesize proteins that
are sorted into different granules [26]. Granules formation begins in early promyelocytes
and continues throughout the various stages of myeloid cell development. The granules are
arbitrarily subdivided into three different classes based on their resident cargo molecules:
azurophilic, specific, and gelatinase granules (Figure 1A, Table 1). Neutrophils also form
secretory vesicles until the last step of their differentiation (Figure 1A, Table 1). Granule het-
erogeneity is explained by regulated expression of the granule protein genes. This regulation
is mediated by the combination of myeloid transcription factors that express at specific stages
of neutrophil development. Vesicle availability and exocytosis depends on mobilizable intra-
cellular compartments of the neutrophil. Mature neutrophils are released into the circulation
and, in response to infection, they leave the circulation and migrate toward the inflamma-
tory site. Exocytosis of granules and secretory vesicles plays a crucial role in most neutrophil
functions from early activation to the destruction of phagocytosed microorganisms. Secretory
vesicles have the highest propensity for extracellular release, followed by gelatinase granules,
specific granules, and azurophil granules [27, 28]. For example, neutrophil stimulation with
phorbol myristate acetate (PMA) induces complete release of gelatinase granules, restrained
release of specific granules, and minimal exocytosis of azurophil granules. In a different
way, neutrophil stimulation with fMLF induces release of mostly secretory vesicles without

Azurophil granules Specific granules Gelatinase granules Secretory vesicles
Azurocidin CD11b/CD18 Acetyltransferase Alkaline phosphatase
Bacterial/permeability- Cathelicidin CD11b/CD18 CD11b/CD18 (CR3)
increasing protein

Collagenase Cytochrome b558 CD14
Cathepsins Cytochrome b558 Gelatinase CD16
Defensins fMLP-R Leukolysin CR1
Lysozyme Lactoferrin Lysozyme Cytochrome b558
Myeloperoxidase Leukolysin Natural-resistance- FRP

associated macrophage
protein 1 (NRAMP1)

Natural serine proteases Lysozyme fMLF-R
Cathepsin G Neutrophil gelatinase-

associated lipocalin

(NGAL)
Neutrophil elastase

Proteinase 3

Note: CR, complement receptor; FPR, formyl peptide receptor; NGAL, neutrophil gelatinase-associated lipocalin;
NRAMP1, natural-resistance-associated macrophage protein 1.

Table 1. Cytoplasmic granules of neutrophils [24-26, 28].
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significant release of granules. The hierarchical mobilization of neutrophil granules and secre-
tory vesicles depends on intracellular Ca* level. Gradual elevations in intracellular Ca* are
induced by ligation of L-selectin, CD11b/CD18, and the fMLP receptors [26].

4.3. Neutrophil extracellular traps (NETs)

Neutrophil stimulation can also undergo a mechanism called NETosis. Although NETosis
has previously been described as a special form of programmed cell death, there are forms of
NET production that do not end with the demise of neutrophils. NETosis leads to the release
of decondensed chromatin into the extracellular space. The chromatin forms a trap for patho-
gens that looks like a net, which is why they are called neutrophil extracellular traps (NETs).
NETs also contain histones, cytoplasmic proteins, and antimicrobial granular molecules.
NETs formation mechanisms are still unknown, nevertheless, NADPH oxidase activation,
reactive oxygen species (ROS) production, myeloperoxidase (MPO), and neutrophil elastase
(NE) release (Figure 3) are required [25].

5. Neutrophil interactions with symbiotic oral bacteria

In periodontal health, the interaction between symbiotic microbial community and neutrophils is
strongly controlled to prevent tissue damage. This interaction has been evaluated in studies with
germ-free mice and specific pathogen-free mice. Results of these studies showed that oral sym-
biotic commensal microbiota has no impact on the structure of gingival tissue of germ-free mice,
while gut commensal microbiota is fundamental on the structural formation of the intestinal
tissue [29]. Periodontal tissue recruits neutrophils by means of the chemotactic receptor CXCR2.
This receptor has two ligands CXCL1 and CXCL2. Both ligands are expressed in the junctional
epithelium of germ-free and specific pathogen-free mice, but there is a significant increase on
CXCL2 in the epithelium of specific pathogen-free mice. Therefore, oral bacterial community
induces an increase in neutrophil recruitment via CXCL2 [29]. Neutrophils play a key role in
preserving oral health, since low neutrophil counts as well as deficiency in neutrophil functional
responses have been associated with periodontal disease. As mentioned before, neutrophils kill
pathogens by phagocytosis, degranulation, or NETs formation (Figure 1C). Neutrophils are very
efficient phagocytic cells and have a very efficient antimicrobial mechanism to do so, the respira-
tory burst response. In this response, high consumption of oxygen results in the production of
reactive oxygen species (ROS), through the activation of the NADPH oxidase complex (Figure 3)
[5]. Patients with chronic granulomatous disease, a rare genetic disorder that consist on muta-
tions in the NADPH oxidase, are inefficient in mounting a respiratory burst response. As a con-
sequence, these patients present early in life recurrent infections [30]. These patients present
higher bacteria colonization and gingivitis; however, they do not present periodontitis [31].

6. The evolution from a healthy periodontium to periodontitis

In the oral cavity, the tooth surface offers a niche for bacteria colonization and biofilm forma-
tion resulting in a varied polymicrobial community. A healthy environment is maintained if the
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multiplication of symbiotic microbiota is regulated. Periodontal diseases are related to a shift
from symbiotic microbiota to dysbiotic microbiota, and this shift is related with the accumula-
tion of dental plaque or biofilm. Biofilm elaboration consists of four sequential phases. Phase 1
consists of the adsorption of different molecules to a surface to condition the biofilm formation.
Phase 2 consists of single organism adhesion. Phase 3 consists of growth of extracellular matrix
production and multiplication of adhering bacteria and phase 4 consists of sequential adsorption
of further bacteria to form a more complex and mature biofilm (Figure 4) [32]. The microbial eti-
ology of gingivitis and periodontitis has been established for several decades. In 1994, Haffajee
and Socransky adapted Koch's postulates to be used in the identification of periodontal patho-
gens. In 1996, at the World Workshop in Periodontics three species of pathogens were identified
as causative factors of periodontitis Aggregatibacter actinomycetemcomitans, Porphyromonas gingi-
valis, and Tannerella forsythia; however, these three species cannot be considered to be the only
causative pathogens of periodontitis, but we are certain that they participate in the disease [32].

Health

Phase 1 Phase 2

m:;m

Mutualism and commensal bacterial growth

smcene @ @ O @

Gingivitis Periodontitis

Phase 3

Transition bacterial growth Pathogenic bacterial growth
Dystictc bacters. CUD S

Figure 4. Biofilm elaboration consists of four sequential phases. Phase 1 consists of the adsorption of different molecules
to a surface to condition the biofilm formation. Phase 2 consists of single organism adhesion. Phase 3 consists of growth
of extracellular matrix production and multiplication of adhering bacteria and phase 4 consists of sequential adsorption
of further bacteria to form a more complex and mature biofilm. The first two phases are representative of health, phase
3 of gingivitis, and phase 4 of periodontitis.
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6.1. Balanced inflammation

Neutrophils are the main leukocytes recruited to the gingival sulcus. Neutrophils exit the
gingival blood vessels and travel through the gingival junctional epithelium until they reach
the sulcus [8]. In the sulcus, neutrophils create a barrier against the growing bacteria biofilm
to prevent bacteria from invading the underlying tissues. Neutrophil migration from vessels
toward the gingival sulcus requires CXCR2 binding to CXCL2. Migration is controlled by
gradients of chemokines and adhesion molecules such as IL-8, ICAM-1, and E-selectin [29].
Neutrophil presence in the sulcus is necessary to preserve oral health since patients with
altered neutrophil production and distribution develop severe periodontitis at early ages
[33]. Chédiak-Higashi syndrome, Papillon-Lefévre syndrome, neutropenias, and leukocyte
adhesion deficiency (LAD) are some examples of neutrophil diseases. In Papillon-Lefevre
syndrome neutrophils have defective chemotaxis, as a consequence, they are not efficiently
recruited to the sites of inflammation and infection [34]. Neutropenia, a persistent reduction
of neutrophil numbers in circulation, is frequently associated with susceptibility to infections.
In many neutropenic conditions, severe periodontal disease is recurrently seen since primary
dentition eruption [35]. CXCR2-deficient mice cannot recruit neutrophils to oral tissues. These
mice also experience periodontitis and periodontal bone loss early in life [36]. Leukocyte
adhesion deficiency is a group of inherited disorders, in which neutrophils fail to transmi-
grate from the circulation to the site of inflammation or infection. Neutrophils of patients
with leukocyte adhesion deficiency have defective expression and function of adhesion mol-
ecules like integrins. Therefore, neutrophils cannot adhere firmly to the vascular endothelium
to transmigrate. Even though the presence of neutrophils is necessary to control infections,
plenty of neutrophils on a site of infection is not always protective. In fact, neutrophil num-
bers in inflamed periodontal tissues correlate with the severity of the lesions [37], and tissue
destruction seems to be a collateral damage of hyperactive neutrophils [38].

6.2. Periodontitis

Periodontal diseases cause the destruction of the tooth supporting tissues, gingiva, periodontal
ligament, cement, and alveolar bone and may eventually lead to tooth loss. Severe periodontitis
affects approximately 10% of the global population [39]. Periodontal disease is the consequence
of a shift in oral microbiota population from a symbiotic to a dysbiotic microbial community in
the mouth. Periodontal disease begins when some factors that promote the growth of selected
symbiotic bacteria, induce host inflammatory pathways [40, 41]. Periodontitis not only severely
deteriorates people's quality of life by impairing the dentition but also adversely affect systemic
health. A clear correlation between periodontal disease and atherosclerosis has been estab-
lished in clinical observations and in animal models. In particular, polymicrobial infection with
Treponema denticola, Porphyromonas gingivalis, Tannerella forsythia, and Fusobacterium nucleatum has
been shown to promote progression of atherosclerosis [42]. Another correlation between peri-
odontitis and diabetes also has been well documented. Higher plaque levels and higher incidence
of chronic gingivitis are both found in adults and in children with diabetes [43, 44]. Periodontal
treatment showed a beneficial effect on metabolic control of type 2 diabetic patients. Other various
systemic diseases such as diabetes, cardiac disease, low birth weight, renal diseases, metabolic
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syndrome, obesity, Parkinson's disease, and Alzheimer's disease have been also proposed to be
linked with periodontal disease on the basis of systemic inflammation [40, 41, 45].

6.3. Inflammation in periodontitis

Periodontitis is associated with a change in oral microbiota from symbiotic bacteria to dysbiotic
anaerobic microorganisms, which have adapted to succeed in an inflammatory environment
(Figure 4). Pathogenic bacteria, such as Porphyromonas gingivalis, induce changes in the normal
microbiota of the gingival crevicular fluid, leading to increased biofilm deposition in the gin-
gival sulcus. The gingival sulcus is the space between the tooth surface and the free gingiva.
Pathogenic bacteria also induce moderate inflammation known as gingivitis (Figure 4). When
this moderate inflammation is not well resolved, a chronic inflammatory state is established,
which results in the formation of pathologically deepened gingival sulcus also called periodon-
tal pockets, followed by extensive tissue destruction, including bone loss (Figures 2 and 4).
These last events are induced by the accumulation of dysbiotic bacteria in the periodontal pock-
ets and are thought to be the initial trigger for periodontitis [46]. Accumulation of dysbiotic
bacteria biofilm leads to an increase in the inflammatory infiltrate, composed mainly by neu-
trophils into oral tissues. There, neutrophils form a barrier that prevents bacteria from invading
deeper tissues and are essential for maintaining healthy oral tissues. In the case of neutrophils
deficiencies, severe periodontitis appears with a concomitant inflammation state. On the con-
trary, excess numbers of neutrophils induces a chronic inflammatory state. Thus, inflammation
is an important element in periodontitis that is deregulated when neutrophil homeostasis is
altered. Periodontitis in the absence of neutrophils has traditionally been explained by the lack
of neutrophil control on bacterial infections. Patients with leukocyte adhesion deficiency pres-
ent frequent infections and develop early severe periodontitis. However, this type of periodon-
titis does not usually respond to treatment with antibiotics or mechanical removal of bacteria
biofilm, suggesting that other mechanisms are at work. Recently it was shown that the driving
force for this type of periodontitis involves the production of IL-23 and IL-17. In leukocyte
adhesion deficiency type 1 patients, T cells were identified as the main producers of IL-17 [47].
IL-17 not only stimulates fibroblasts to produce G-CSF but also promotes inflammation and
stimulates osteoclasts, leading to bone loss. These findings are in agreement with the neutrostat
mechanism discussed above. When apoptotic neutrophils are phagocytosed by macrophages,
anti-inflammatory signals are produced that lead to less IL-23 production, which is a strong
inducer for IL-17 production. IL-17 in turn induces G-CSF production (Figure 1).

Neutrophils can be found in large numbers in inflamed periodontal tissues, and their pres-
ence correlates with the severity of the periodontal destruction. Therefore, this destruction
seems to be collateral damage of hyperactive neutrophils [48, 49]. Neutrophil recruitment
is at least in part regulated by Del-1 and LFA-1 interactions. Del-1 blocks LFA-1 binding to
its ligand ICAM-1 and prevents neutrophil transmigration [50]. Neutrophil recruitment is
also triggered with elevated IL-17 levels, which resulted to be responsible for the tissue dam-
age, because antibodies against IL-17 prevented inflammation and bone loss. High levels of
IL-17 could be responsible for the bone loss in chronic periodontitis, by stimulating osteoblast
expression of RANKL, an important osteoclastogenesis factor.
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6.4. Dysbiotic bacteria

Diverse environments present in the oral cavity allow symbiotic and dysbiotic microbiota to find
the best niche that fits their growth requirements, resulting in the formation of unique microbial
biofilm communities. Periodontal disease microbiota includes a large number of microorgan-
isms including P. gingivalis, Tannerella forsythia, and Treponema denticola [51]. Fortunately, nucleic
acid screening and 16S pyrosequencing techniques have made more efficient finding changes
in microbiota of healthy and of periodontal disease patients [52]. Screenings have been made
at nine different oral sites including the oral epithelium, the maxillary anterior vestibule, the
dorsum and lateral tongue surface, the hard and soft palate, the tonsils, the tooth surfaces, and
the subgingival plaque [53, 54]. There are between 100 and 300 bacterial species in a single indi-
vidual. Our general idea is that infectious diseases are caused by the action of a single foreign
pathogen. However, periodontitis is originated by the complex association and interaction of
a diverse polymicrobial community [37, 51, 55]. Data obtained from oral biofilm studies using
checkerboard DNA-DNA techniques link the different stages of the disease to a specific bacterial
group or complex with the presence of the triad of bacteria composed by P. gingivalis, T. forsythia,
and T. denticola, which are strongly associated with increased severity of periodontitis [56]. Other
microorganisms have also been identified such as F. alocis, a Gram-positive bacterium, which
is present in periodontal disease sites, while Veillonella sp, a Gram-negative uncultivated bac-
terium, is associated with healthy periodontal sites. This data indicates that the general idea of
Gram-negative anaerobic bacteria being the pathogen population is not completely correct.

In a healthy gingival tissue, the local symbiotic microbiota is less diverse and rich, with neutro-
phil recruitment to clear the infection and resolving the inflammation with no collateral dam-
age to the host (Figures 4 and 5). The progression from health to periodontitis is now explained
as the transition from a symbiotic microbiota to a polymicrobial dysbiotic microbiota. Several
risks factors, such as smoking, tissue injury, diet changes, an immunocompromised host, or the
colonization of the oral cavity by pathogenic bacteria can modify the oral ecosystem resulting
in a dysbiotic polymicrobial community. In consequence, the host's response toward the poly-
microbial dysbiotic microbiota challenge is more robust and not regulated, transitioning from
a controlled/stable immune response into a nonresolving chronic inflammatory response [57].

Polymicrobial dysbiotic microbiota has an arsenal of self-defense mechanisms, which can be
directed to attack against neutrophils or camouflage the biofilm (Figure 5) [58]. Microbiota
has an intermicrobial communication called quorum sensing, that enables the dysbiotic
microbiota to optimize the biofilm conditions and ensure nutrient supply. Among the defense
mechanisms, the production of bacterial surfactants by P. aeruginosa biofilms causes rapid cell
death in neutrophils [59]. Additionally, quorum sensing molecules control neutrophil ROS
response and penetration into P. aeruginosa biofilms [60]. Similarly, Aggregatibacter actinomy-
cetemcomitans and S. aureus produce bacterial toxins that induce neutrophils lysis and degran-
ulation [61-63]. In addition to directly attacking neutrophils, dysbiotic microbiota in biofilms
can render themselves resistant to neutrophil-mediated killing by disguising their immuno-
genicity. NET formation within Haemophilus influenzae biofilms does not harm the biofilm.
This is presumably due to their expression of certain lipooligosaccharide glycoforms, which
shield pathogen-associated molecular patterns (PAMPs) and thus inhibit recognition and
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Figure 5. Neutrophil response in periodontal health and disease. Health: Symbiotic bacteria community adheres to
molecules of the salivary pellicle that are bound to the tooth surface. Few neutrophils patrol the gingival sulcus, and as
the bacterial burden increases, neutrophils regularly exit the blood stream entering the connective tissue layer beneath
the junctional epithelium and the tooth and kill some of the associated microbes (thin arrows). Neutrophils maintain
bacterial concentration so there is no inflammation or tissue damage (arrow heads). Disease: Following the presence
of a risk factor (smoking, poor diet, injury, etc.; thick arrow) dysbiotic bacteria (big oval) can colonize the symbiotic
microbial community. Following colonization, the sulcus is invaded by dysbiotic bacteria which shut down the IL-8
production. Neutrophils enter the connective tissue, but do not get to the sulcus. This causes many neutrophils to
accumulate in the connective tissue. As some neutrophils transmigrate to the dysbiotic biofilm increase inflammation
is conducted by neutrophil degranulation, reactive oxygen species (ROS) production, and NETosis that damages the
host tissue.

opsonization. This molecule can provide protection against antimicrobial peptides [64]. One
important microbial defense mechanism is the evasion of phagocytosis. Prevotella strains
were recognized by neutrophils but not phagocytosed, depending on whether they produced
mannose-rich exopolysaccharides as part of their extracellular matrix [65]. S. aureus is able to
survive after being phagocytosed by neutrophils [66]. S. aureus is known to be potent triggers
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for NETosis and degranulation. Therefore, it can be assumed that implementation of such
survival strategies coexists with the elimination of bacteria by neutrophils. Finally, inflamma-
tion and tissue destruction mediated by neutrophils evoke frequent gingival bleeding, which
these bacteria may use as an additional source of nutrients, such as iron and vitamin K.

7. Porphyromonas gingivalis

Porphyromonas gingivalis are anaerobic, Gram-negative, nonmotile, asaccharolytic rods that
usually exhibit coccal or short rod morphologies. It is part of the black-pigmented Bacteriodes
group [32]. P. gingivalis, even in low colonization levels, can induce the shift from symbiotic
microbiota to dysbiotic microbiota followed by inflammatory bone loss. This bacteria uses
different mechanisms to destabilize neutrophil homeostasis, inhibition of phagocytic kill-
ing, resistance to granule-derived antimicrobial agents and to the oxidative burst, impaired
recruitment and chemotaxis, promote inflammatory response, and delay of neutrophil apop-
tosis. P. gingivalis has a number of virulence factors related to the subversion of the innate
immune system. This ability is what often characterizes a successful pathogen, as it tends to
disable the overall host response while simultaneously enhancing the pathogenicity of a poly-
microbial community. P. gingivalis are resistant to oxidative killing [67] and recruit hyperac-
tive neutrophils with an enhanced response, which is characterized by the release of reactive
oxygen intermediates, several cationic peptides, and enzymes such as matrix metalloprotein-
ases (MMPs). All this responses increased tissue damage [48]. P. gingivalis also can manipulate
both complement and TLR signaling to induce bacterial persistence.

Porphyromonas gingivalis gingipains are able to trigger the expression of proinflammatory sur-
face receptor TREM-1 on neutrophils, and several periodontopathogenic species can induce
IL-8 gene expression in gingival epithelial cells and fibroblasts [68, 69].

8. Treponema denticola

Treponema denticolais an anaerobic, Gram-negative, motile, spirochete that can be poorly detected
in the gingival plaque of healthy individuals. However, it is present in very high numbers in
the subgingival periodontal pocket and is associated with the dysbiotic microbiota biofilm for-
mation in periodontal lesions. T. denticola limits neutrophil chemotaxis, and inhibits junctional
epithelial cells to secrete IL-8. Additionally, this pathogen is able to degrade IL-8 that is already
present at the infection site, which disables the neutrophil chemotactic gradient. T. denticola
major outer sheath protein (Msp) is one of its most important virulence factors in contribut-
ing to the disease progression. This membrane protein modulates neutrophil signaling path-
ways involved in cytoskeletal dynamics that are relevant in chemotaxis and phagocytosis [70].
Msp controls neutrophil cytoskeletal functions like migration, adhesion, and cell shape. It also
causes extracellular matrix degradation by stimulating the release of activated MMPs from
neutrophils.
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9. Neutrophil persistence and chronic inflammation

Neutrophils are recruited to infection and inflammation sites by different chemoattractants
such as interleukin 8 (IL-8), complement fragment C5a, or chemokine CXCL5. They migrate
through the junctional epithelium and finally arrive in the gingival sulcus and in gingival cre-
vicular fluid. Neutrophils in saliva retain their phagocytic function, and their ability to gener-
ate ROS [71, 72]. NETs containing trapped bacteria have been described within the gingival
sulcus, in purulent periodontal pockets, and on the surface of gingival epithelial cells. On con-
dition that neutrophils and NETs do not occur excessively and are rapidly cleared, relatively
little damage to the adjacent tissues is induced. Nevertheless, it has been widely reported that
neutrophils can be responsible for both host defense and host tissue damage. Release of pro-
teolytic and collagenolytic enzymes as well as ROS within host tissues, often lead to extracel-
lular matrix degradation and persistent inflammation, are the main causes of tissue damage.
Normally, connective tissue is degraded to allow fast transmigration of neutrophils and other
cells involved in wound healing but during periodontitis it produces a chronic inflammatory
disease. Hence, inflammation overweighs resolution, and host tissue destruction becomes
progressive, eventually resulting in pathological osteolysis and tooth loss [58].

10. Therapeutic approaches

As it was discussed along this chapter, it is clear that both, lack of neutrophils and excess of neu-
trophils in the periodontium, can lead to periodontal disease. Because both situations involve
IL-17-mediated inflammation and bone loss, it is conceivable that IL-17 or IL-17R inhibitors
may be promising targets for treatment of human periodontitis. By blocking IL-17 actions,
neutrophil recruitment to the periodontium would be reduced and in consequence, the inflam-
mation state would also be reduced. This should prevent tissue damage and loss of bone.

In chronic periodontitis, periodontal bacteria activate neutrophil subversion pathways that
allow bacteria to escape neutrophil killing. For example, P. aeruginosa biofilms produce bac-
terial surfactants that induce rapid neutrophil death [59], and Aggregatibacter actinomycetem-
comitans and S. aureus produce bacterial toxins that induce neutrophil lysis and degranulation
[61-63]. These bacterial products could be neutralized with antibodies or novel pharmaceuti-
cal drugs to prevent their negative effects on neutrophils. Also, P. gingivalis can manipulate
complement to induce bacterial persistence. Thus, complement components are also good
therapeutic targets. In fact, in preclinical models of periodontitis the use of complement inhib-
itors has led to a reduction of the inflammatory state [73, 74]. In addition, several bacteria
including P. gingivalis can induce cells such as fibroblasts to produce IL-8 and recruit more
neutrophils to the inflamed periodontal tissues [68, 69]. Blocking IL-8 is another interesting
therapeutic strategy for reducing periodontitis. Several anti-IL-8 blocking antibodies are avail-
able. Their potential benefit in periodontal disease should be evaluated in the near future.

Del-1 is another promising candidate molecule to be used therapeutically to prevent neutro-
phil recruitment and bone loss associated with periodontal inflammation [17]. Since Del-1
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blocks LFA-1 binding to its ligand ICAM-1 and prevents neutrophil transmigration [50], it
could be administered to inflamed tissues, to reduce neutrophil recruitment, and to reduce
inflammation. In fact, this is exactly what was found in a model of periodontitis with nonhu-
man primates [75]. Local administration of Del-1 also prevented inflammatory bone loss [75].
Preclinical studies for the use of Del-1 are now underway.

All these potential therapeutic approaches promise a relief from periodontitis and perhaps
other inflammatory disorders in the future.

11. Conclusion

Neutrophils are specialized phagocytes that coordinate and execute inflammation. Neutr-
ophils constantly surveil oral tissues in order to guarantee oral health. Alterations in the
neutrophil homeostasis (defects in recruitment and proper function) lead to periodontal
diseases. Also, hyperactive neutrophils can exacerbate and even cause autoimmune and
inflammatory diseases. Chronic infections driven by pathogenic biofilms indicate that the
immune system fails to fully protect the host. New potential therapeutic approaches have
been identified. They promise a relief from periodontitis and perhaps other inflammatory
disorders.
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Abstract

Rheumatoid arthritis (RA) is a systemic autoimmune disorder with an important inflam-
matory component in joints. Neutrophils are the most abundant leukocytes in inflamed
joints, and play an essential role in the initiation and progression of RA. Neutrophil effec-
tor mechanisms include the release of proinflammatory cytokines, reactive oxygen and
nitrogen species (ROS and RNS), and granules containing degradative enzymes, which
can cause further damage to the tissue and amplify the neutrophil response. Therefore,
the modulation of neutrophil migration and functions is a potential target for pharmaco-
logical intervention in arthritis. The pharmacologic treatment options for RA are diverse.
The current treatments are mostly symptomatic and have side effects, high costs, and an
increased risk of malignancies. Because of these limitations, there is a growing interest
in the use of natural products as therapies or adjunct therapies. Herbal products have
attracted considerable interest over the past decade because of their multiple beneficial
effects such as their antioxidant, anti-inflammatory, antiproliferative, and immunomod-
ulatory properties. This chapter focuses on the role of neutrophils in the pathogenesis of
arthritis and the action of substances from natural products as putative antirheumatic
therapies.

Keywords: neutrophils, rheumatoid arthritis, herbal products, polyphenols, flavonoids,
tetranortriterpenoids, inflammation

1. Introduction

Arthritis is an inflammatory joint disorder that can cause edema, pain, and loss of function.
The most common types of arthritis are osteoarthritis, gout, and rheumatoid arthritis [1, 2].
Rheumatoid arthritis is a systemic, autoimmune disorder with an important inflammatory
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component in which genetic and environmental risk factors contribute to disease develop-
ment. Its prevalence in the world population is between 0.3 and 1%, and it affects three times
more women than men [3, 4].

The pathophysiology of RA is complex and appears to be initiated when the adaptive immune
system (cellular or humoral) recognizes self-joint antigens as non-self, which triggers a variety
of distinct inflammatory effector mechanisms, including the recruitment of leukocytes [5-8].

RA is characterized by intense inflammatory processes and joint damage that are mediated
by the influx of immune system cells to the synovial space such as neutrophils, macrophages,
and lymphocytes [1, 2]. A critical factor that contributes to tissue damage is the excessive pro-
duction of inflammatory mediators by resident and/or infiltrated cells. Among the primary
mediators involved in joint damage are free radicals, enzymes that degrade the matrix, and
pro-inflammatory cytokines, including tumor necrosis factor (TNF)-a, interleukin (IL)-6 and
IL-1pB, as well as chemokines such as CXCL-8, lipid mediators, such as leukotriene B , (LTB)
[9, 10], and endothelin (ET) [11, 12]. Inflamed synovial tissue is invasive and called pannus,
which can be formed by synovial cell proliferation, angiogenesis, and the accumulation of
macrophages, lymphocytes, and neutrophils [13].

Neutrophils are crucial cells that have significant roles in diverse inflammatory diseases, includ-
ing acute, chronic, autoimmune, infectious, and non-infectious conditions [14]. The most well-
known effector function of neutrophils is their role in innate immunity. However, recent studies
have identified neutrophils as active cells during adaptive immunity, facilitating the recruitment
and activation of antigen-presenting cells or directly interacting with T cells. Neutrophils are the
most abundant leukocytes in inflamed joints, and the importance of these cells in the initiation and
progression of human RA as well as in murine models has been demonstrated [15-18]. Therefore,
neutrophils play an essential role in joint inflammation, and the modulation of neutrophil func-
tions is considered a potential target for pharmacological intervention in arthritis [19-21].

The pharmacologic treatment options for arthritis are diverse. The current treatments are
mostly symptomatic and include non-steroidal anti-inflammatory drugs (NSAIDs), corticoste-
roids, disease-modifying antirheumatic drugs (DMARDs), and biologic therapies. High costs
and an increased risk of malignancies limit the use of these agents, in addition to the potential
side effects that all therapies possess. Plant-derived products, such as polyphenols, sesquiter-
penes, flavonoids, and tetranortriterpenoids, which are herbal metabolites with anti-inflam-
matory activity, may provide new therapeutic agents and cost-effective treatments [22, 23].
This chapter focuses on the role of neutrophils in the pathogenesis of arthritis and the action of
substances from natural products as putative antirheumatic therapies.

2. Role of neutrophils in rheumatoid arthritis

2.1. Neutrophil trafficking from blood to the synovial cavity

Neutrophil recruitment is an important stage in the inflammatory development process, includ-
ing autoimmune diseases such as RA. Among the circulating cells, neutrophils are the first ones
to reach the synovium and are the most abundant cells in the synovial fluid [24]. In this section,
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we discuss the cascade of events that culminates in neutrophil entry into inflamed joints. The
leukocyte recruitment cascade involves the following commonly recognized steps: capture, roll-
ing, firm adhesion, and finally transendothelial migration.

Neutrophil release from the bone marrow to the circulating blood occurs immediately after
the first signal of inflammation, serving to increase the number of neutrophils available
for recruitment into the tissue in response to inflammation [25]. The mobilization of neu-
trophils from the bone marrow is orchestrated by the hematopoietic cytokine granulocyte
colony-stimulating factor (G-CSF). G-CSF mobilizes neutrophils indirectly by shifting the
balance between CXCR4 and CXCR2 ligands [26]. In response to the release of inflamma-
tory mediators such as TNF-a and IL-17, the adjacent vascular endothelium becomes acti-
vated. Cell surface proteins of the selectin family termed E- and P-selectin and their ligands
(L-selectin) mediate this initial neutrophil capture. Neutrophil rolling through the endothe-
lium facilitates their contact with chemotactic factors that promotes neutrophil activation
[27]. Chemokines (CXCR-1 or 2 ligands, such as IL-8), the C5a fragment of the complement
system, and leukotriene B, (LTB,) are responsible for neutrophil mobilization to the synovial
fluid [28-30].

Firm adhesion is mediated by interactions between 3, integrins (LFA-1, CD11a/CD18, and
MAC-1, CD11b/CD18) and their ligand (ICAM-1). Integrins are usually in an inactive state
on neutrophil and become activated after the triggering of G protein-coupled receptors
such as chemokine receptors [31]. The binding of integrins to their ligands activates signal-
ing pathways in neutrophils stabilizing adhesion and initiating cell motility [32, 33]. This
signaling also regulates actin polymerization, which controls the direction of neutrophil
movement [34, 35]. The final stage in the adhesion cascade is the ultimate migration of the
neutrophil from the vasculature into the inflamed tissue. Passage through the endothe-
lial cell layer occurs both paracellularly (between endothelial cells) and by a transcellular
route (over the endothelial cell). Paracellular migration of neutrophils is mediated by bind-
ing to endothelial proteins that target neutrophils to intercellular junctions and facilitate
their passage through them. To reach the inflamed joint, neutrophils must pass over the
basal membrane, which occurs through the degradation of extracellular matrix molecules
by proteases stored inside the cells, such as matrix metalloproteinases (MMPs) and serine
proteases [14].

In inflammatory foci, neutrophils find immune complexes on the synovium that bind to Fcy
receptors on the neutrophil membrane, triggering their degranulation and reactive oxygen
species (ROS) production [36]. In RA pathology, oxidative stress is a result of inadequate
ROS release by neutrophils [37]. Oxygen radicals cause DNA damage and oxidation of lip-
ids, proteins, and lipoproteins and may be involved in immunoglobulin mutations that lead
to rheumatoid factor (RF) formation [38, 39]. Moreover, proteins from neutrophil degranu-
lation are found at high concentrations in the RA synovial fluid and could be responsible
for cartilage and tissue damage, activation of cytokines and soluble receptors, inhibition of
chondrocyte proliferation and activation of synoviocytes proliferation and invasion [40-43].
In addition, activated neutrophils also generate chemoattractants (such as IL-8 and LTB,)
that promote further neutrophil recruitment and amplify the inflammatory response (see
Figure 1).
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Figure 1. Overview of the role of neutrophils in arthritis. Neutrophils leave blood vessels after chemotactic signals from
inflamed tissues that promote the firm adhesion of neutrophils to endothelial cells mediated by adhesion molecules,
which induce neutrophil activation and actin filament formation followed by transendothelial migration toward the
inflammatory foci. Immune complexes and proinflammatory molecules activate neutrophils, which then produce
ROS and release enzymes responsible for cartilage destruction. Activated neutrophils communicate with other cells
of the immune system through the secretion of cytokines and chemokines and by antigen presentation in conjunction
with MHC class II. Neutrophils can undergo a special form of cell death called NETosis. This results in the release of
a complex of nuclear and granule molecules called NETs contributing to tissue damage. Activated neutrophils also
generate chemoattractants (such as IL-8 and LTB,), forming a positive-feedback loop that promotes further neutrophil
recruitment and amplifies the acute inflammatory response. Finally, effective neutrophil apoptosis is required for
the resolution of inflammation. However, delayed neutrophil apoptosis occurs in the inflamed joint, which results in
persistent inflammation and tissue damage due to the continued release of ROS, granule enzymes, and cytokines.

2.2. Neutrophil action in rheumatoid arthritis

Neutrophils are key cells in articular inflammation that are abundant in the synovial fluid
and pannus of patients with active RA [44], a typical knee joint may have 2 x 10° cells, of
which 90% are neutrophils [24]. These cells are mobilized to synovial tissue by chemoattrac-
tant mediators, such as CXCL1, CXCL2, endothelin (ET)-1, and leukotriene B, a process in
which resident macrophages play a central role [11, 45, 46].

For many years, the major contribution of neutrophils to the pathology of RA was thought to
be their cytotoxic potential, since neutrophils participate in the pathogenesis of arthritis by
promoting the inflammatory process and cartilage degradation, as well as bone resorption.
However, neutrophils are now recognized to have an active role in orchestrating the progres-
sion of inflammation through regulating the functions of other immune cells [47, 48], and
current research has shown that these cells are involved in RA onset [49, 50].

In the synovial cavity, activated neutrophils exhibit an increased expression of plasma mem-
brane receptors such as major histocompatibility complex (MHC) class Il molecules and pres-
ent antigens to T lymphocytes, an immune function that they share with macrophages and
dendritic cells (DCs) [51]. In addition, the interaction of neutrophils with other cells induces
the secretion of MMP-8 and MMP-9, and a repertoire of cytokines (IL-1f, IL-12, IL-18, IL-23,
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and TNF-a) and chemokines (CCL-2, CCL-4, CCL-5, and CXCL-8), including TNF ligand
superfamily member (RANKL) [52, 53] and TNESF13B (also known as BLyS or BAFF) [54],
which are implicated in the activation of osteoclasts and B lymphocytes, respectively, regulate
the function of other immune cells [48, 55-57].

Neutrophils from patients with RA are functionally very different from those isolated from
healthy individuals. RA blood neutrophils are already primed for ROS production [58] and
striking differences in gene and protein expression exist between peripheral blood neutrophils
from patients with RA and their healthy counterparts [18], including higher levels of mem-
brane-expressed TNF and myeloblastin (also known as PR-3 or cAANCA antigen) in RA [59].

In RA patients, neutrophils can be activated by immune complexes, such as RF or anti-citrul-
linated protein antibodies (ACPAs), both within the synovial fluid and deposited on the
articular cartilage surface [60]. These complexes engage Fcy receptors and thereby trigger
neutrophil activation, which release ROS and RNS [61, 62], collagenases, gelatinases, neutro-
phil myeloperoxidase (MPO), elastase, and cathepsin G into the synovial fluid and joints [14,
55, 56, 63] due to frustrated phagocytosis [60].

2.2.1. Pain in rheumatoid arthritis and neutrophils

One of the most prevalent symptoms of RA is the increase in sensitivity to joint pain (hyper-
algesia), which causes movement limitations. Despite its clinical relevance, strategies for the
treatment of arthralgia remain limited. In animal models, hyperalgesia (inflammatory pain)
is defined as hypernociception (a decreased nociceptive threshold) [64]. It is broadly accepted
that articular hypernociception results mainly from the direct and indirect effects of inflam-
matory mediators on the sensitization (increased excitability) of primary nociceptive fibers
that innervate the inflamed joints [65-67]. Prostaglandins and sympathetic amines are the key
mediators of this process. Furthermore, other mediators, such as the cytokines TNF-a, IL-18,
IL-6, and IL-17 play a crucial role in the pathogenesis of arthritis, increasing the recruitment
of neutrophils into the joint and driving the enhanced production of chemokines and deg-
radative enzymes [68-70]. In addition, endothelin-1 (ET-1), acting directly or indirectly, also
sensitizes primary nociceptive neurons [71-74].

During the inflammatory process, the migrating neutrophils participate in the cascade of
events leading to mechanical hypernociception, by mediating the release of hyperalgesic mol-
ecules (such as MPO, MMPs, hypochlorite, superoxide anion, and PGE,) capable of activating
nociceptive neurons and causing pain [17, 75-78].

Indeed, decreased inflammation and joint destruction have been directly correlated with
reduced neutrophil influx into the joints, as observed in mouse models by means of antibody
blockade or the gene deletion of chemoattractant receptors such as CXCR1, CXCR2, and BLT1
(LTB, receptor) [15, 79]. Therefore, the blockade of neutrophil migration could be a target in
the development of new analgesic drugs [77].

2.2.2. Citrullinated autoantigens and NETs in rheumatoid arthritis

Citrullination is the natural posttranslational conversion of arginine to citrulline mediated by
peptidyl arginine deiminases (PADs), enzymes present in macrophages, dendritic cells, and
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neutrophils. Experimental evidence indicates that citrullination is involved in the breakdown
of immune tolerance and may generate neoantigens (neoAgs) that become additional targets
during epitope spreading [80]. Citrullinated residues stimulate the production of anti-citrul-
linated protein antibodies (ACPAs) in predisposed individuals. It has been observed that
ACPAs can be present for several years before any clinical signs of arthritis appear [81-83].
A substantial increase in the number and titer of many antibodies against posttranslationally
modified proteins is also seen shortly before the onset of arthritis. Citrullinated Ags have
increased immunogenicity and arthritogenicity, and their presence in arthritic joints corre-
lates with disease severity [80, 84-86].

Osteoclasts are dependent on citrullinating enzymes for their normal maturation and display
citrullinated antigens on their cell surface in a non-inflamed state. In humans, the binding
of ACPAs to osteoclasts in the bone compartment induces IL-8 secretion. In turn, IL-8 sensi-
tizes and/or activates sensory neurons by binding to CXC chemokine receptor (CXCR) 1 and
CXCR?2 on peripheral nociceptors [87-90], producing IL 8 dependent joint pain that is associ-
ated with ACPA-mediated bone loss.

IL-8 release contributes to the chemoattraction of neutrophils [49], which play critical roles in
initiating and maintaining joint-inflammatory processes that have been described in experi-
mental arthritis [36, 91]. However, the exact roles that neutrophils play in the posttransla-
tional modification of proteins and disease initiation and progression in RA remain unclear.
Recent evidence suggests that, among the various mechanisms by which neutrophils cause
tissue damage and promote autoimmunity, aberrant formation of neutrophil extracellular
traps (NETs) could play important roles in the pathogenesis of RA [50].

NETs are released during a process of cellular death named NETosis. NETosis occurs with
neutrophils upon contact with bacteria, fungi [92], or under several inflammatory stimuli.
This process is associated with changes in the morphology of the cells, which eventually
lead to cell death with extrusion of NETs [93, 94]. This process requires calcium mobilization,
reactive oxygen species (ROS) produced by NADPH oxidase, neutrophil chromatin decon-
densation mediated by neutrophil elastase (NE) and myeloperoxidase (MPO), and chroma-
tin modification via the citrullination of histones by peptidyl arginine deiminase 4 (PAD4)
[95-99]. NETs are a network of extracellular fibers, which contain nuclear compounds as
DNA and histones and that are covered with antimicrobial enzymes and granular compo-
nents, such as MPO, NE, cathepsin G, and other microbicidal peptides [93, 94]. In the extra-
cellular environment, NET fibers entrap microorganisms, and their enzymes and granular
substances reach locally high concentrations and are thus able to cleave virulence factors and
kill microorganisms [95, 100, 101].

Although NETs play a key role in the defense against pathogens, they may cause undesirable
effects to the host, which has increased the interest in the role of neutrophils and NETs in autoim-
munity. Augmented NET formation was first described in preeclampsia and ANCA-associated
vasculitis and followed by the description in a series of autoimmune conditions, including pso-
riasis, systemic lupus erythematosus (SLE), antiphospholipid antibody syndrome (APS), and
RA [50, 100, 102-105]. Neutrophil extracellular traps are an obvious source of nuclear material.
Among these are a range of cytoplasmic and extracellular citrullinated antigens, well-established
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targets of the ACPAs found in RA [50, 100]. The protein contents of NETs not only serve as tar-
gets for autoantibody and immune complex formation but also induce further NETosis, result-
ing in a harmful positive-feedback loop. These factors form an inflammatory microenvironment
that may trigger a strong autoimmune response in individuals with the corresponding suscepti-
bility [106, 107]. Pro-inflammatory cytokines, such as TNF-a and IL-17, as well as autoantibodies
stimulate the formation of NETs and affect their protein composition [50]. Additionally, NETs
have been shown to stimulate autoimmunity via the production of interferons and activation
of the complement cascade. Interferons activate both the innate and adaptive immune systems,
inducing a Thl immune response and stimulating B cells toward the generation of autoantibod-
ies [108]. The deposition of NETs observed in various inflammatory pathologies is associated
with the circulating cell-free DNA (cfDNA) levels in biological fluids, such as plasma and serum,
from patients [100, 101, 109]. Therefore, circulatory ¢fDNA could eventually be utilized as a
marker of NETs in these pathologies, while the determination of the DNA levels might facilitate
the monitoring of disease activity and assessment of the effectiveness of a selected therapeutic
strategy.

Neutrophils have been traditionally viewed as short-lived cells that die at sites of inflammation;
however, some evidence suggests that they can prolong their life span upon specific stimuli and
transmigrate away from inflammatory loci [48, 110, 111]. Conditions within the synovial joint,
such as hypoxia [112] and the presence of antiapoptotic cytokines (including TNF, granulocyte-
macrophage colony-stimulating factor (GM CSF), and IL 8) [113, 114], can increase neutrophil
survival for up to several days [115, 116], which contributes to enhanced tissue damage.

As described above, neutrophils play an essential role on innate and adaptive immunity in
RA physiopathology, contributing to tissue lesions in RA, and therefore represent a promis-
ing pharmacological target in RA. Pharmacological strategies that inhibit or reduce neutro-
phil mobilization or activation could be successful in RA treatment.

3. Neutrophils as therapeutic targets

Animal models have been extensively used in studies of RA pathogenesis. Despite the inher-
ent limitations of all animal models, several rodent models have greatly contributed to the
overall knowledge of important processes/mediators in the generation of inflammation, car-
tilage destruction, and bone resorption. In addition, the pharmaceutical industry has used
these models for testing potential anti-arthritic agents, leading to important advances in
therapeutic interventions for this destructive disease [117]. Such models include collagen-
induced arthritis, collagen antibody-induced arthritis, zymosan-induced arthritis, the meth-
ylated BSA model, and genetically manipulated or spontaneous arthritis models such as the
TNF-a-transgenic mouse, K/BxN mouse, and Skg mouse [118]. Many of these models show
that neutrophils are the first immune cells to enter the arthritic joint, and that early measures
of joint inflammation correlate with neutrophil infiltration [45, 119, 120]. In this section, we
highlight pharmacological approaches targeting neutrophil recruitment and activity, which
present a therapeutic benefit to patients with RA.
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The current treatments available to RA patients include glucocorticoids, non-steroidal anti-
inflammatory drugs, and disease-modifying antirheumatic drugs. Only disease-modifying
agents—and to some extent glucocorticoids—can impede or halt the inflammatory and
destructive disease processes [121]. With a more complete understanding of the immune-
inflammatory events that occur in the pathogenesis of RA, scientists have developed thera-
peutic strategies that include monoclonal antibodies and receptor constructs, which target
specific soluble or cell-surface molecules of interest. Biological agents such as monoclonal anti-
bodies and recombinant proteins that target TNF-a, CD20, CTLA-4 (cytotoxic T-lymphocyte-
associated protein 4), and the IL-1 receptor as well as therapies based on the blockade of T-cell
and B-cell functions have shown efficacy in controlling the physical signs and pain associated
with RA [122, 123].

Many interventions used to treat RA exert inhibitory effects on neutrophil responses in inflam-
mation. However, non-steroid anti-inflammatory drugs (NSAIDS), DMARDs, and biologics
do not specifically target neutrophil function [124].

Most NSAIDs inhibit the action of the cyclo-oxygenase-1 and -2 (COX-1 and -2) enzymes,
which metabolize arachidonic acid into inflammatory mediators of the prostaglandin fam-
ily. NSAIDs have been shown to inhibit neutrophil adherence, decrease degranulation and
oxidant production, inhibit neutrophil elastase activity, and induce neutrophil apoptosis
[125-127]. Corticosteroids induce anti-inflammatory signals by several mechanisms; a major
one may be to reduce the expression of cytokine-induced genes. They enter all cells and bind
to the cytoplasmic steroid receptor, and then this complex translocates to the nucleus where it
is recognized by specific DNA sequences. The major effect of binding to DNA is the suppres-
sion of transcription by opposing the activation of the transcription factors AP-1 and NF-xB
[128]. Corticosteroids have been shown to inhibit neutrophil degranulation and ROS produc-
tion, decrease production of inflammatory mediators, and prevent neutrophil adhesion and
migration into RA joints [44, 129-131]. The most widely used DMARD in clinic settings is
methotrexate, a compound that blocks folic acid metabolism. Its benefits in RA include the
stimulation of neutrophil apoptosis [116], inhibition of the NF-«B pathway [132], and reduced
adhesion molecule expression and LTB, production [133], consequently decreasing neutro-
phil recruitment and ROS production [134].

Anti-TNF-a therapies are also widely used for the treatment of RA patients. TNF primes
the neutrophil respiratory burst, upregulates the expression of adhesion molecules, cyto-
kines and chemokines, and at high local concentrations can stimulate ROS production in
adherent neutrophils [135-138]. Three different TNF inhibitors are available for RA patients
who fail to respond adequately to standard DMARD therapy. Infliximab and adalimumab
are monoclonal antibodies against TNF, whereas etanercept is a TNFRII fusion protein. All
three drugs sequester soluble TNF [139]. Reports regarding the direct effect of anti-TNF
agents on neutrophils have been published, and these drugs have been shown to decrease
the mobilization of neutrophils from the peripheral blood to inflamed joints [140], decrease
ex vivo neutrophil ROS production [20], and reduce neutrophil chemotactic and adhesive
properties [141].
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Tocilizumab, a monoclonal antibody that blocks the soluble and tissue-expressed IL-6 receptor,
is also proving to be a highly effective biologic agent in RA treatment [142]. Neutrophils are a
major source of soluble IL-6 receptors, which they shed in large quantities when activated, and
their accumulation in high numbers within the synovial joint could contribute significantly to
IL-6 signaling within the synovium through trans-signaling [143]. In vivo therapeutic blockade
of IL-6 with tocilizumab induces transient neutropenia caused by apoptosis or phagocytosis of
apoptotic neutrophils but does not impair antibacterial neutrophil functions [144].

Despite the clinical efficacy of these therapies, many patients do not exhibit significant responses
or discontinue treatment because of adverse effects. In addition, the limited availability of bio-
logical agents in developing countries, the need for parenteral administration of these prod-
ucts, and the high cost restrict access to such therapies for many RA patients worldwide, and
this promotes a continuous search for new therapeutic targets and the development of new
drugs [145]. Due to these limitations, interest has grown in the use of alternative treatments
and herbal therapies for arthritis patients [146, 147] (Table 1).

Therapy Effect on neutrophil response Reference
Non-steroidal anti-inflammatory Inhibit neutrophil adherence, [125-127]
drugs (NSAIDS) decrease neutrophil degranulation

and ROS production, inhibit
neutrophil elastase activity, and
induce neutrophil apoptosis

Corticosteroids Inhibit neutrophil degranulation [44, 129-131]
and ROS production, decrease
the production of inflammatory
mediators, and prevent neutrophil
adhesion and migration into RA

joints
Disease-modifying antirheumatic Stimulate neutrophil apoptosis, [116, 132-134]
drugs (DMARDs) inhibit the NF-kB pathway,

and reduce adhesion molecule
expression, LTB, production,
neutrophil recruitment, and ROS
production

TNEF-a inhibitors Decrease neutrophil mobilization [20, 140, 141]
from the peripheral blood to
inflamed joints and reduce ex vivo
neutrophil ROS production and
neutrophil chemotactic and adhesive
properties

IL-6 inhibitor Induce transient neutropenia caused ~ [144]
by apoptosis or phagocytosis of
apoptotic neutrophils but not impair
antibacterial neutrophil functions

Table 1. Current therapeutic targets for arthritis and their effect on neutrophils.
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4. Plant-derived molecules as emerging therapies for arthritis

Current arthritis treatments result in unwanted side effects and tend to be expensive, and
natural products devoid of such disadvantages offer a novel opportunity. The use of natural
products represents a promising alternative to treat rheumatic diseases, in particular by act-
ing as therapeutic adjuvants to reduce the daily doses of conventional drugs that RA patients
administer [148-150]. In this section, we highlight future perspectives in the treatment of RA
with natural compounds, mainly herbal compounds, to minimize the harmful effects of the
over-activation of neutrophils.

Decreased inflammation and joint destruction have been directly correlated with reduced
neutrophil influx into the joints, as observed in mouse models by means of antibody blockade
or the gene deletion of chemoattractant receptors such as CXCR1, CXCR2, and BLT1 (LTB,
receptor) [15, 79]. The prospect of new drugs obtained from herbal products (or from struc-
tures of herbal products) plays a compelling role in drug discovery and development [151].

As previously mentioned, pharmacologic treatment options for arthritis are diverse and pres-
ent several side effects. Furthermore, the high costs and increased risk of malignancies limit
the use of such agents. Because of these limitations, there is a growing interest in the use of
natural products as therapies or adjunct therapies [22]. Plant-derived products such as poly-
phenols, sesquiterpenes, flavonoids, and tetranortriterpenoids, which are herbal metabolites,
are considered to have potential activity to block inflammation, and they may provide new
therapeutic agents and cost-effective treatments [22, 23]. These natural products have attracted
considerable interest over the past decade because of their multiple beneficial effects, such as
their antioxidant, anti-inflammatory, antiproliferative, and immunomodulatory properties.
In this section, we discuss the plant-derived products that have been most studied in RA
experimental models and/or clinical trials (Table 2).

4.1. Quercetin

Quercetin (Figure 2a) is the major dietary flavonol found in fruits, vegetables, and bever-
ages, such as tea and red wine [152]. Several epidemiological and experimental studies sup-
port the antioxidant, anti-inflammatory, antiangiogenic, antiproliferative, and proapoptotic
effects of this molecule [153-155]. Preclinical studies on primary cells and animal models, as

Compound Chemical class Arthritis experimental Reference
model

Quercetin Flavonoid Adjuvant-induced arthritis  [156]

Methyl gallate Polyphenol Zymosan-induced arthritis  [171]

Gedunin Tetranortriterpenoid Zymosan-induced arthritis  [176]

Epigallocatechin gallate Polyphenol Collagen-induced arthritis ~ [179]

Curcumin Polyphenol Collagen-induced arthritis ~ [191]

Table 2. Herbal products that exhibit anti-arthritic potential in animal models.
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Figure 2. Chemical structure of (a) quercetin, (b) methyl gallate, (c) gedunin, (d) epigallocatechin gallate, and (e) curcumin.

well as clinical studies, suggest an inhibitory action of quercetin in RA. Quercetin has been
reported to lower the levels of IL-13, C-reactive protein, and monocyte chemotactic protein-1
(MCP-1), and restore plasma antioxidant capacity. In addition, quercetin increased the expres-
sion of hemeoxygenase-1 in the joints of arthritic rats. Finally, quercetin inhibited the twofold
increase in NF-kB activity observed in joints after arthritis induction [156].

There are divergent data on the effect of quercetin in neutrophils. For instance, in vitro, querce-
tin inhibited myeloperoxidase activity [157] but had no effect on lipopolysaccharide-induced
neutrophil surface expression of the adhesion molecules L-selectin (CD62L) and 2 integrin
(CD11b/Macl), [158] which are related to rolling and firm adhesion, respectively [159]. In paw
edema induced by carrageen, quercetin did not inhibit the increase in myeloperoxidase, which
is used as a marker of neutrophil recruitment [160]. Therefore, it seems unlikely that quercetin
would inhibit neutrophil recruitment [158]. On the other hand, quercetin inhibits the fMLP-
induced increase in intracellular calcium, [158] which is necessary for actin polymerization and
consequently neutrophil migration [159]. In addition, in vitro, quercetin blocked human neutro-
phil mobilization through the inhibition of the cellular signaling responsible for actin polym-
erization in association with the down-regulation of adhesion molecules [161], indicating that
treatment with this flavonoid is a conceivable approach to control excessive neutrophil recruit-
ment during inflammation and to prevent neutrophil-mediated tissue lesions [162] (Table 3).

4.2. Schinus terebinthifolius and methyl gallate

S. terebinthifolius Raddi (Anacardiaceae) is a native plant from South America. It has been used
in folk medicine as teas, infusions, or tinctures, as an anti-inflammatory, febrifuge, analgesic,
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Compound Molecular targets/mechanisms Reference

Quercetin Inhibits IL-1f3, C-reactive protein, [156, 157, 161]
and MCP-1 levels. Restores plasma
antioxidant capacity, increases HO-1
expression, and inhibits NF-kB
activity in joints
Inhibits myeloperoxidase activity in
neutrophils and blocks neutrophil
mobilization

Methyl gallate Reduces edema formation, total [171]
leukocyte accumulation, neutrophil
migration and IL-6, TNF-a, CXCL-1,

IL-1B, LTB, and PGE, production in
zymosan-induced arthritis. Impairs
neutrophil chemotaxis and adhesion

Gedunin Attenuates zymosan-induced [176]
articular edema, neutrophil
migration, hypernociception, and the
production of IL-6, TNF-a, LTB ., and
PGE, and prevents increases in lipid
bodies. Decreases neutrophil shape
changes, chemotaxis, and lipid body
formation

Epigallocatechin gallate Ameliorates the severity of arthritis ~ [179-184, 186-189]
and regulates the expression of
cytokines, chemokines, MMPs,
ROS, NO, COX-2, and PGE,. Affects
neutrophil functionality and inhibits
IL-8 and MIP-3a expression

Curcumin Suppresses collagen-induced arthritis  [191, 193]
by reducing cellular infiltration,
synovial hyperplasia, cartilage
destruction, and bone erosion. Blocks
neutrophil recruitment

Table 3. Major molecular targets and anti-arthritic mechanisms of herbal products.

and depurative agent and to treat urogenital system illnesses [163]. Scientific reports demon-
strated that S. terebinthifolius extracts and fractions are rich in polyphenols and display anti-
oxidant, antibacterial, and antiallergic properties in different experimental models [164-166].
The HPLH chromatograms of hydroalcoholic extracts from S. terebinthifolius leaves (ST-70)
reveal that methyl gallate (MG, Figure 2b) is one of the major polyphenol components of the
ST-70 extract [167]. Methyl gallate has been extensively studied because of its antioxidant,
antitumor, and antimicrobial activities [168-170]. Pharmacological studies have shown that
ST-70 and MG also have an anti-inflammatory effect and may have potential activity against
arthritis. Pretreatment with ST-70 or MG markedly reduced knee-joint thickness, total leu-
kocyte (mainly neutrophil) infiltration, and reduced the production of inflammatory media-
tors associated with arthritis such as CXCL-1/KC, IL-6, TNF-a, IL-1§3, LTB N and PGE,. ST-70
and MG also inhibited murine neutrophil chemotaxis induced by CXCL-1/KC in vitro, and
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MG impaired the adhesion of these cells to TNF-a-primed endothelial cells [167, 171]. These
results provide some evidence that MG inhibits neutrophil activation and adhesion molecules
expression and consequently prevents the neutrophil entry into inflammatory sites (Table 3).

Moreover, unlike potassium diclofenac, the long-term oral administration of ST-70 does not
induce lethality or gastric damage in mice, which suggests that ST-70 could be used to treat
inflammatory conditions such as arthritis with less toxicity [167].

4.3. Carapa guianensis and gedunin

C. guianensis Aublet is a member of the Meliaceae family that is widely used in folk medicine
in Brazil and other countries surrounding the Amazon rainforest [172]. Anti-inflammatory
and analgesic activities are among the most remarkable properties attributed by ethnophar-
macological research to the oil extracted from C. guianensis seeds, mainly for rheumatic
pain and arthritis [172, 173]. C. guianensis oil and six different tetranortriterpenoids (TNTP)
isolated from the oil were able to significantly inhibit zymosan-induced knee joint edema
formation and protein extravasation. TNTP pretreatment inhibited the increase in total leu-
kocyte and neutrophil numbers in the synovial fluid. TNTP also impaired the production of
TNF-a, IL-13, and CXCL-8/IL-8, and significantly inhibited the expression of the NF-kB p65
subunit [174].

Gedunin (Figure 2c) is a natural tetranortriterpenoid isolated from vegetal species of the
Meliaceae family and is known to inhibit the stress-induced chaperone heat shock protein
(Hsp) 90 [175]. Mouse pretreatment and posttreatment with gedunin impaired zymosan-
induced edema formation and total leukocyte influx mainly due to the inhibition of neu-
trophil migration and reduced articular hypernociception. Gedunin also reduced the in situ
expression of preproET-1 mRNA and IL-6, TNF-a, LTB, and PGE, production and prevented
increases in the number of lipid bodies in synovial leukocytes [176]. Lipid bodies are impor-
tant sites for the synthesis and storage of lipid mediators and they increase in number during
inflammatory responses [177]. In neutrophils, gedunin impaired ET-1-induced shape changes,
blocked ET-1- and LTB,-induced chemotaxis, decreased ET-1-induced lipid body formation
and impaired neutrophil adhesion to TNF-a-primed endothelial cells [176]. The combined in
vitro and in vivo effects of gedunin reveal its potential as an anti-arthritic candidate, especially
its direct effect on key cells involved in articular inflammation such as neutrophils (Table 3).

4.4. Epigallocatechin gallate

Epigallocatechin gallate (EGCG, Figure 2d) is one of the main components of green tea [178].
It has antioxidative, anti-inflammatory, antitumor, and chemopreventive properties. The
potential disease-modifying effects of green tea on arthritis have been reported; for example,
in a mouse model of RA, the induction and severity of arthritis was ameliorated by the pro-
phylactic administration of green tea polyphenols [179]. Subsequent studies suggested that
EGCG possesses remarkable potential to prevent chronic diseases like OA and RA [180-184].
The anti-inflammatory and anti-arthritic effects of EGCG are supported by in vitro and in
vivo data indicating that EGCG can regulate the expression of cytokines, chemokines, MMPs,
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ROS, nitric oxide (NO), COX-2, and PGE, in cell types relevant to the pathogenesis of RA
[179-184]. In in vivo studies, EGCG was found to inhibit inflammation in mouse models
by affecting the functioning of T cells and neutrophils [185, 186]. IL-8 is the most power-
ful chemo-attractant for neutrophils in the target tissue. EGCG is a very effective inhibi-
tor of IL-1p and of TNF-a-induced IL-8 and macrophage-inflammatory protein-3a (MIP-3cx)
expression in different cell types [187-189]. These in vitro and in vivo observations indicated
the efficacy of EGCG and demonstrate that it can modulate multiple signal transduction
pathways in a fashion that suppresses the expression of inflammatory mediators that play a
role in the pathogenesis of arthritis (Table 3).

4.5. Curcumin

Curcumin (Figure 2e) is a yellow-colored polyphenol found in the rhizome of turmeric. It
has antioxidant, anti-inflammatory, antiapoptotic, and anticarcinogenic properties [190]. Oral
administration of curcumin suppressed type II collagen-induced arthritis (CIA) in mice by
reducing cellular infiltration, synovial hyperplasia, cartilage destruction, and bone erosion.
Moreover, the production of MMP-1 and MMP-3 was inhibited by curcumin in CIA and in
TNEF-a-stimulated RA fibroblast-like synoviocytes (RA-FLS) and chondrocytes [191].

In vitro, it has been reported that curcumin decreases IL-1B3-induced expression of the
pro-inflammatory cytokine IL-6 and vascular endothelial growth factor (VEGF) in RA-FLS
[192]. In addition, curcumin blocks neutrophil recruitment through the inhibition of cellu-
lar signaling responsible for actin polymerization in association with the down-regulation
of adhesion molecules [193]. It has also been shown to induce apoptosis of RA-FLS (which
are resistant to apoptosis) by increasing the expression of the proapoptotic protein Bax
and down-regulating the expression of the antiapoptotic protein Bcl-2 [190]. Some molecu-
lar mechanisms related to curcumin have been identified. In a human synovial fibroblast
cell line (MH7A) stimulated with IL-1f, curcumin blocked the activation of the NF-xB
pathway and induced deactivation of the ERK-1/2 pathway [192]. In addition, this poly-
phenol inhibited activating phosphorylation of protein kinase Cd (PKCbd) in CIA, RA-FLS,
and chondrocytes. Curcumin also suppressed JNK and c-Jun activation in those cells [191].

In a clinical trial with RA patients, curcumin reduced reported pain, tenderness, and swelling
of joints [194]. A curcumin-based medicine, Meriva®, demonstrated efficacy in clinical trials
with patients with osteoarthritis by reducing reported pain [195]. In another clinical trial,
treatment with Meriva® reduced stiffness and physical signs of RA (treadmill test) along with
IL-1, IL-6, and VCAM-1 production [196] (Table 3).

5. Conclusion

In RA, neutrophils are key cells that are recognized to play an active role in orchestrating
the progress of inflammation, through the release of pro-inflammatory cytokines, ROS, RNS,
and NETs, which potentially affect the activities of both neutrophils and other cell types, such
as resident mononuclear cells and chondrocytes. In addition, neutrophils participate in the
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cascade of events leading to mechanical hypernociception. Therefore, neutrophils participate
in the pathogenesis of arthritis by promoting the inflammatory process, degradation of carti-
lage, and bone resorption. The modulation of neutrophil migration and functions in RA can be
considered a potential target for pharmacological intervention in arthritis. The pharmacologic
treatment options for arthritis are diverse. High costs and an increased risk of malignancies
limit the use of these agents, in addition to the potential for side effects that all therapies pos-
sess. Nevertheless, herbal metabolites with anti-inflammatory activity and inhibitory action in
neutrophils may provide new therapeutic agents and cost-effective treatments.
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Abstract

Cystic fibrosis (CF) is a genetic syndrome caused by mutations in the CF Transmembrane
Conductance Regulator (CFTR) gene. In CF patients, chief morbidity and mortality are due
to pulmonary manifestations. CFTR lack/dysfunction brings an altered ion flux through
the airway epithelium and ablation of mucociliary clearance, which in turn ensues in
colonization and infection by opportunistic bacterial pathogens and subsequent neutro-
phil-dominated inflammation. This response eventually leads to the damage of the lung
tissue. A host of inflammatory mediators attract, activate, and reprogramme neutrophils
to survive (avoiding apoptosis) and produce a wealth of proteases and radical oxygen
species. The protease/antiprotease imbalance and oxidative stress have multiple down-
stream effects, including impaired mucus clearance, increased and self-perpetuating
inflammation, and impaired immune responses, thus facilitating and fostering bacterial
infections. On the other hand, CFTR lack or dysfunction is likely responsible for altera-
tions in neutrophils concerning chemotaxis, phagocytosis, oxidative burst, degranula-
tion, and neutrophil extracellular trap (NET) formation. A good opportunity to reveal
new and non-invasive biomarkers of CF lung disease is the evaluation of circulating
neutrophils. Indeed, neutrophil responses are now investigated as outcomes of the aetio-
logical therapies in CF, such as hypertonic saline, antiproteases, CFTR correctors and
potentiators.

Keywords: neutrophils, cystic fibrosis, proteases, NETs, oxidative burst, degranulation,
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1. Introduction

Cystic fibrosis (CF) is a rare autosomal recessive disease whose average birth incidence rate
is now 2.9/10,000 (i.e. 1/3500) in Europe [1] and prevalence is 100,000 globally [2]. Although
CF is a chronic disease affecting many organs, the lung manifestations are still today the
major cause of morbidity and mortality of these individuals and are the consequences of
an ongoing inflammatory process, which stems either in the absence or in the presence of
opportunistic bacterial infections. Lung inflammation and respiratory infections affect the
prognosis of CF patients [3, 4]; indeed, they are associated with the progressive destructive
changes that are responsible for most of the morbidity and mortality in CF [5]. Over 1000
microbial species (viruses, bacteria, mould, and fungi) have been found in the airways of CF
patients [6]. Staphylococcus aureus and Haemophilus influenzae are the most common pathogens
isolated from the sputum in the first decade of life, while Pseudomonas aeruginosa is found
to dominate numerically in the second and third decades of life [7]. However, according to
the Cystic Fibrosis Foundation Registry, P. aeruginosa is no longer the most common patho-
gen cultured in individuals with CF in the USA, and there has been an increase in the preva-
lence of S. aureus and Stenotrophomonas maltophilia [8].

Mutations in the 250-kb CF transmembrane conductance regulator (CFTR) gene are responsible
for CF, but other environmental and genetic modifiers are thought to play a role in the phe-
notype of lung disease [9]. The CFTR gene encodes for a chloride channel that is expressed on
the apical membrane of epithelial cells residing in organs with absorptive/secretory proper-
ties (Figure 1(a)). More than 2000 mutations have been identified at the moment (www.genet.
sickkids.on.ca/cftr/), which can be classified in six classes (Table 1).

CFTR lack/dysfunction %

No muco-cillary clearance ]

b

— o

Structural damage H

Figure 1. CFTR structure and CF lung disease. (a) A supposed CFTR structure when inserted in the plasma membrane.
CFTR is composed of a two-membrane spanning domain (MSDs), each linked to nucleotide-binding domains (NBD1
and NBD2). Unique to CFTR, NBD1 is connected to the NBD2 by a regulatory domain (R). (b) The pathophysiological
cascade of CF lung disease.
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CFTR mutation class Example Effect on CFTR protein
Class I (stop mutation) G542X No expression

Class II (trafficking mutants) F508del Very low expression
Class III (low ATP binding) G551D Very low function
Class IV (low conductance) R117H Low function

Class V (low synthesis) A455E Low expression

Class VI (high turnover) 120del23 Low expression

Table 1. The six classes of CFTR mutations and their effects at the protein level.

The hallmark of the CF lung disease is a neutrophil-dominated inflammatory response;
however, the link between CFTR mutations and the complex inflammatory milieu of the CF
lungs is largely still poorly understood. The pathophysiological cascade which leads from
the lack/dysfunction of CFTR chloride channel activity to the airway inflammation and infec-
tion, and eventually to tissue damage and destruction, is represented in Figure 1(c). In the
airways, the low excretion of chloride ions and bicarbonate, along with the hyperabsorption
of sodium by the epithelial sodium channel (ENaC) and subsequently of water, contributes
to the volume depletion from the periciliary liquid and its acidification. Thus, the loss of
CFTR reduces the effectiveness of at least two defences—mucociliary transport and anti-
microbial activity [10-12]. This eventually brings the colonization and infection by oppor-
tunistic bacterial pathogens and opposing inflammation, which, far from being resolutive,
seems to be dysregulated, becoming chronic. In this context, polymorphonuclear leukocytes
(PMNSs) are thought to play a fundamental role on the onset and progression of lung tissue
damage. Observational clinical studies made in the past have ascertained that infants with CF
do show an airway inflammation prior to overt infection [13], indicating that the inflamma-
tory response is dysregulated a priori before any bacterial infection and also suggesting that
CFTR mutations are implicated in this abnormal response (Figure 1(b)). This is supported by
the findings showing that free and bound airway neutrophil elastase is detected very early in
CF infants and predicts the development of bronchiectasis later in life [14]. Furthermore, it has
been found that CFTR is involved in some functions of innate immune cells that are diverted
by CFTR mutations. We will discuss these evidences in Section 4.

2. Recruitment and activation of neutrophils in CF lungs

Neutrophils are the main cell types involved in the first-line defence of many organs, includ-
ing the respiratory tract. However, they remain in the blood circulation unless they are
recruited in the tissue. In the airways, they are marginated along the endothelium of capil-
laries and are ready to migrate first through the endothelium and then across the respira-
tory epithelium [15]. Marginated neutrophils are recruited rapidly to sites of inflammation,
where their primary role is to kill invading bacteria and certain fungal species through
phagocytosis and production of a range of oxygen species within the phagolysosomes and
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also by preformed granular enzymes and proteins. Tissue inflammation results in the release
of multiple inflammatory mediators and subsequent neutrophil priming. Priming results in
a marked change in neutrophil shape and rheology that leads to their increased stiffness and
retention within the capillary microvascular bed of the lung [16]. These mediators include
an early wave comprised of cytokines, such as tumour necrosis factor (TNF)-a, interleukin
(IL)-1B, and pathogen-associated molecular patterns (PAMPs) such as endotoxin, the ligand
of Toll-like receptor (TLR)-4, followed by a late wave of chemoattractants and growth factors
including IL-8, leukotriene B, (LTB,), and granulocyte-macrophage colony-stimulating factor
(GM-CSF).

In the airways, macrophages and epithelial cells are the main cell types which sense the patho-
gens and secrete a wealth of factors both inducing priming and full activation of neutrophils,
as well as their extravasation. Upon exposure to bacteria, respiratory epithelial cells release
reactive oxygen species (ROS) as an innate anti-infective mechanism, together with several
anti-microbial peptides such as human beta-defensins (hBD-1/2/4) and cathelicidins (LL-37).
The major pro-inflammatory cytokines (e.g. IL-13, TNF-a, and IL-6) are initially expressed
and released by surface epithelial cells of the conductive airways, which also release chemo-
kines directed to recruit neutrophils (e.g. IL-8, GRO-a/y) [17-22]. Besides the phagocytosis of
inhaled pathogens and apoptotic cells, alveolar macrophages (AMs) play an important role
in orchestrating innate immune defences by releasing inflammatory mediators. One of the
important regulatory functions of AMs may be to dampen immune responses [23] so that
dysfunction of AMs in CF could be related to increased inflammation. Both airway epithelial
cells and AMs have been shown to be dysfunctional in CF, contributing to the onset and
progression of chronic lung disease [24, 25]. This is reflected by the high burden of cyto-
kines, chemokines, and other mediators found in the airway secretion of CF patients [26].
The CF airways contain massive amounts of cytokines and chemoattractants for neutrophils
such as TNF-a, IL-13, IL-6, IL-8, IL-17, IL-33, LTB,, C5a, high-mobility group box 1 (HMGB1),
proline-glycine-proline (PGP), and N-acetyl PGP [27-32]. For example, TNF-a enhances the
neutrophil oxidative capacity, the granule release, and, with IL-1{3, induces the priming of
neutrophils [33]. The concentration of IL-8 in bronchoalveolar lavage (BAL) fluid is gener-
ally elevated and often correlates with the number of neutrophils in the airways [34]. It is
thought that both extrinsic (e.g. microbes) and intrinsic (e.g. CFTR mutations) contribute to
the alterations of the respiratory epithelium and AMs, ensuing in a hyper-inflammatory state
and defect in immune defence.

Besides chemokines, such as CXCL8 (IL-8) [35], and lipid products, such as LTB, [36], other
mediators have also been recently implicated in the recruitment of neutrophils into the CF
airways. UDP-glucose levels are abnormally elevated in lung secretions from CF patients
and from a mouse model of CF/chronic bronchitis, the BENaC-Tg transgenic mouse [37].
Moreover, instillation of UDP-glucose into mouse lung resulted in robust accumulation of
neutrophilsin BAL. Levels of damage-associated molecular patterns (DAMP), HMGB1, were
found elevated in CF sputum and in BAL from fENaC-Tg transgenic mouse and shown to
be chemotactic for neutrophils [38]. Upon activation, neutrophils secrete matrix metallopro-
teinases (MMP)-8 and -9, which perform an initial digestion of collagen from the macromol-
ecule's size. Subsequently, neutrophils release prolyl endopeptidase (PE), a serine protease



Role of Neutrophils in Cystic Fibrosis Lung Disease
http://dx.doi.org/10.5772/67798

previously only known to be a processor of neuropeptides. PE performs the final diges-
tion of collagen to the tri-peptide PGP, which, upon binding to the same receptors as IL-§,
CXCR1 and CXCR?2, acts as a neutrophil chemoattractant and activator [39]. Thus, release
of this peptidic collagen fragment provides a positive feedback mechanism that contributes
to persistent neutrophilic inflammation in the CF lung [40]. During the adaptive immune
response phase, neutrophils are recruited to the lung via the IL-23/IL-17A axis. Dendritic
cells, activated by bacterial antigens, produce IL-23, which, in turn, binds to IL-23 receptor
on T cells and stimulates them to produce IL-17A. This cytokine induces granulopoiesis via
the induction of G-CSF and neutrophil recruitment via induction of chemotactic mediators
such as IL-8. Both IL-23 and IL-17A have been found at high levels in the sputum from CF
patients in acute exacerbation [41] and in stable condition [42], amplifying the extravasation
and activation of neutrophils already induced by the innate immune response.

Once extravasated, neutrophils locate all along the CF bronchial tree and particularly in seg-
mental bronchi, where they preferentially locate at the level of the lamina propria and in
the lumen [43]. In this position, they are already activated and try to phagocytose microbes
(e.g. P. aeruginosa) which have adapted to the hypoxic environment by producing an exopoly-
saccharide called alginate [44]. This frustrated phagocytosis leads to neutrophil hyperactiva-
tion which is more harmful than protective.

In the following subsections, we shall revise the main features of neutrophil physiology and
how these are modified in the CF airway microenvironment (Figure 2).

Arcipraraa.
sgha ] w1

(2) {3)

Cleavage of opsonophagocytic Disabled PMN
proteins and other immune cells

1 |
PRR cleavage

Impaired bacterial clearance

Figure 2. The role of neutrophils in maintaining inflammation and respiratory infections. The increased burden of
neutrophils in the CF airways is the hallmark of the mucus plugs contained in the bronchioles lumen. From this location,
PMNs secrete proteases and reactive oxygen species that overwhelm antiproteases and antioxidants, respectively,
ensuing in various effects: (1) cleavage of pattern recognition receptors (PRR), (2) cleavage of opsonophagocytic
receptors, and (3) disabling PMN's themselves and other immune cells. All these alterations facilitate bacterial infections.

123



124 Role of Neutrophils in Disease Pathogenesis

2.1. Activation

Neutrophils recruited from the blood into the CF airway environment undergo marked
functional changes. They express high levels of markers conventionally found on long-lived
antigen-presenting cells (APCs), including class II molecules of the Major Histocompatibility
Complex (MHC), the costimulatory molecule CD80, and the chemoattractant receptor of Th2
cells (CD294), all of which suggest profound reprogramming [45]. CF airway neutrophils
present marked increases in glucose, amino acid, and phosphate transporters as compared
with blood neutrophils [46], indicating that metabolic adaptation of neutrophils occurs as
they are recruited to CF airways. However, these changes are not equal for all neutrophil
subsets found in CF airways.

2.2. Apoptosis and resolution of inflammation

Apoptosis is a physiological process necessary for the clearance of inflammatory cells. Neutro-
phils are short-living cells which undergo apoptosis at the end of the inflammatory response,
attracting macrophages which eventually ingest apoptotic cells in a process called efferocyto-
sis. The removal of apoptotic cells is relevant to avoid secondary necrosis and the release of
pro-inflammatory mediators that disrupt tissue homeostasis [47]. In CF, the lung disease is
characterized by an alterated balance of pro- and anti-inflammatory mediators. Studies have
shown that CF airways are deficient in several anti-inflammatory molecules, including IL-10
and lipoxin-A, (LXA,) [48]. IL-10 inhibits the pro-inflammatory activities of cytokines, che-
mokines, and transcription factors and induces neutrophil apoptosis [49]. Not surprisingly,
IL-10 knockout mice inoculated with P. aeruginosa that was embedded in agarose beads, in
order to mimic a chronic Pseudomonas infection, had more drastic weight loss, greater neu-
trophil infiltration, larger inflammatory exudate of the lungs, and higher concentrations of
pro-inflammatory cytokines in BAL compared to wild-type mice [50, 51]. Lipoxins are arachi-
donic metabolites generated by a lipoxigenase transcellular pathway involving neutrophils
with epithelia, endothelia, monocytes, and platelets. In particular, LXA, acts to down-modu-
late acute inflammation by inhibiting neutrophil transmigration induced by LTB, and IL-8
and stimulating macrophage phagocytosis of apoptotic PMNs [52, 53]. LXA, levels have been
found to be reduced in BAL fluid from CF patients, along with a significant suppression of
LXA /neutrophil ratios [54, 55].

It seems for a number of reasons that neutrophils are resistant to apoptosis when they have
extravasated into the CF airways; for example, it has been suggested that the oversecretion
of cytokines might be responsible of apoptosis inhibition of airway neutrophils. The release
of G-CSF or GM-CSF by epithelial cells, stimulated by S. aureus or P. aeruginosa, inhibits apop-
tosis of CF neutrophils [56], suggesting that increased expression of cytokines by CF airway
cells not only induces neutrophil response but also enhances their survival, perpetuating
an inflammatory process. Also, it has been described that PMNs from CF patients showed
delayed constitutive and TNF-a or GM-CSF-induced phosphatidylinositol 3-kinase (PI3K)-
dependent apoptosis [57]. CF airway neutrophils also undergo strong activation of CREB and
mTOR’s pro-survival pathways [58]. Moreover, it has been postulated that delayed phospha-
tidylserine externalization and mitochondria depolarization might be responsible for delayed
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apoptosis of CF neutrophils [59]. In another study [60], neutrophils isolated from CF patients
showed enhanced survival and upregulation of p21/Waf1, a cyclin-dependent kinase inhibitor
and partner of proliferating cell nuclear antigen (PCNA). As also suggested by in vivo studies
in p21(—/-) mice with P. aeruginosa lipopolysaccharide (LPS) challenge, p21/Wafl is involved
in the apoptotic response occurring during the resolution of inflammation [60]. In order to
dissect the early phases of interaction between CF neutrophils and airway epithelial cells,
it was found in co-culture experiments that a high number of non-apoptotic airway PMNs
adhered to the CF airway epithelium in the presence of elevated levels of IL-6 and IL-8 [61],
indicating another mechanism involved in enhanced inflammatory responses in airways of
CF patients. Finally, independent of the sensitivity to apoptosis of CF cells, it has been shown
that clearance of apoptotic cells by efferocytosis is defective in CF due to elastase-mediated
degradation of macrophage phosphatidylserine receptors and that accumulation of such cells
may contribute to ongoing inflammation [62].

2.3. Phagocytosis, oxidative burst, and degranulation

In cystic fibrosis, there is a tendency for bacterial colonization that may be due to dysfunc-
tion of phagocytosis. Airway neutrophils of CF patients showed a blunted phagocytic capac-
ity and a reduced expression of cell surface recognition receptors, namely TLRs, leading to
impaired bacterial killing [63]. Recent studies have demonstrated that CF neutrophils display
an absence or dysfunction of CFTR at the level of phagolysosomes [64]. Likely due to this
defect, CF neutrophils are impaired in chlorination of engulfed pathogens due to defective
hypochlorous acid (HOCI) production [65].

One of the major mechanisms through which neutrophil phagocytosis kills pathogens
entrapped inside the phagolysosomal vacuole is the release of high quantities of ROS [66].
The activation of the nicotinamide adenine dinucleotide phosphate oxidase (NOX2) in the
neutrophils induces the production of superoxide anion and consequently the other ROS.
Excessive activation of the neutrophil NOX2 results in exaggerated ROS release in the exter-
nal surroundings, which increases the oxidative damage to tissues [67]. Furthermore, the
inflammatory response can be enhanced by imbalance created by excessive release of pro-oxi-
dative and impaired release of anti-oxidative molecules. While some authors have reported
that ROS production by CF blood PMNs can be higher than or identical to that of healthy con-
trols [68, 69], others have demonstrated that ROS generation varied according to the infecting
pathogen [70] or to the method employed to detect respiratory burst activity [71]. For example,
it has been shown that an extracellular polysaccharide of non-mucoid P. aeruginosa strain (Psl)
inhibits opsonization and reduces ROS production by neutrophils [72]. Montemurro et al. [73]
have established that CF blood neutrophils at the baseline are characterized by a higher ROS
release as compared with controls PMNs and that the antibiotic therapy does not change this
pattern. Nevertheless, ROS production is reduced in airway neutrophils compared to blood
neutrophils that have different ROS oxidant activity profiles [74].

Neutrophils are identified by the presence of cytoplasmic primary (azurophilic), secondary
(specific), and tertiary (gelatinase) granules as well as the secretory vesicles [75]. Focusing
on granules, neutrophils abundantly express a cell-type specific set of neutrophil serine pro-
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teases, namely cathepsin G, proteinase 3, and neutrophil elastase (NE), which are stored
in the azurophilic granules. Also, myeloperoxidase (MPO) is stored in primary granules.
Secondary granules are characterized by the presence of lactoferrin and cathelicidins, such
as hCAP-18, while tertiary granules are enriched with gelatinase, an old name for MMPs, in
particular MMP-9.

A dysregulated neutrophil degranulation capacity in CF has been shown. Neutrophils
obtained from CF patients have an increased capacity to release primary granule contents
such as MPO and NE [76]. In the airways, CF neutrophils undergo active exocytosis of pri-
mary granules, leading to a massive release of enzymes (e.g. NE, MPO) that damage the
airway tissue and perpetuate inflammation [45]. On the other hand, Pohl et al. [77] have
demonstrated that blood neutrophils obtained from CF patients can release less secondary
(lactoferrin and hCAP-18) and tertiary (MMP-9) granule components compared with cells
obtained from healthy individuals. The dysfunction of CFTR channel in neutrophils results in
the deactivation of the GTP-binding protein Rab27a and in an impaired granule exocytosis.
Interestingly, hypoxia, which is a hallmark of the CF bronchiolar environment, augmented
neutrophil degranulation and possibly enhanced damage to respiratory airway cells in a
hypoxia-inducible factor (HIF)-independent but PI3Ky-dependent mechanism [78].

2.4. NETosis

The neutrophils are the first immune cells to achieve the site of injury or infection and are
key players in microbial killing, because they are equipped with three main anti-bacterial
weapons: phagocytosis, release of ROS, and granule release. Aside from these traditional
mechanisms, neutrophils are also able, upon activation, to release DNA fibres decorated with
anti-microbial proteins or neutrophil extracellular traps (NETs) to immobilize and to kill bac-
teria. NETs are composed of chromatin fibres coated with anti-microbial proteins, such as
histones, NE, MPO, and a-defensins [79-82]. Moreover, NETs and their associated molecules
are able to directly induce epithelial death, and massive NET formation has been reported
in several pulmonary diseases including CF [83]. NETs are present in excess in CF sputum
and the normal host defence functions become pathological [84]. CF patients with poor pul-
monary functions presented higher levels of NETs compared to patients with mild lung dis-
ease, and the G protein-coupled receptor (GPCR) CXCR2 mediates NOX2-independent NET
formation [85]. Histones and protease-coated DNA structures are released by neutrophils
in response to respiratory bacteria (whole cells or virulence factors such as LPS, pilus, pyo-
cyanin) or to inflammatory mediators (IL-8, interferon type I [IFN I], C5a) [86]. The exotoxin
pyocyanin, a virulence factor of P. aeruginosa, enhances NET formation and requires NOX2
for its action [87]. Another pro-inflammatory cytokine, macrophage migration inhibitory fac-
tor (MIF), is able to stimulate NET release by promoting mitogen-activated protein kinase
and thus exacerbating the inflammation [88]. Finally, P. aeruginosa triggers the release by
lung epithelial cells of the eicosanoid hepoxilin A3, a neutrophil chemoattractant that induces
NETosis [89]. Besides, MPO and NE expressed on NET fibres may induce the degradation
of proteins of the connective tissue and of endothelial heparan sulphate proteoglycan at the
site of inflammation [90, 91], contributing to lung pathology of CF patients. Furthermore,
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there is growing evidence of NET escape by pathogens. NET release might be inhibited by
down-regulation of inflammatory responses, or NET degradation might be induced by bac-
teria, including H. influenzae, by deoxyribonuclease [92]. Also P. aeruginosa, a very mutable
bacterium, is able to acquire resistance to NET-mediated killing [93].

2.5. Cytokine production and immune regulation

As already pointed out above, there are many synergistic mediators which prime, activate,
and attract neutrophils in the CF airways. Neutrophils also contribute to the CF airway envi-
ronment by producing mediators that are pro-inflammatory and modify the function of other
immune cells. CF airway neutrophils were found to increase TLR-4 expression on their surface
and produce excessive IL-8 at the baseline, while failing to increase secretion in response to
LPS or repress it in response to IL-10 [94]. Neutrophils in the sputum and blood of F508del CF
subjects at the time of pulmonary exacerbation were found to express IL-17 RNA and protein
as well as IL-23 receptor [95]. These investigators also showed a positive correlation between
percent-IL-17-producing neutrophils and the total sputum activity of NE and MMP-9 and
that IL-17 was absent following antibiotic treatment. IL-17 production by neutrophils may
therefore contribute to tissue damage in the lungs of patients with CF.

Neutrophilic myeloid-derived suppressor cells (MDSC) are innate immune cells that are func-
tionally characterized by their potential to suppress T- and natural killer (NK)-cell responses.
Circulating neutrophilic MDSC have been found to be increased in patients with CF infected
with P. aeruginosa as compared with age-matched healthy control subjects, their percentages
correlating with lung function in those patients [96]. Further studies have revealed in an in
vivo animal model of respiratory infection that P. aeruginosa triggers the recruitment of neu-
trophilic MDSC into the pulmonary compartment and enhances their suppressive capacity
towards T cells [97]. Interestingly, they also showed that MDSC obtained from Cftr’" mice
were generated and recruited as in wild-type mice but were impaired in suppressing T-cell
proliferation compared to their Cftr** counterpart cells. Thus, neutrophils contribute to the
escape of P. aeruginosa from the adaptive immune response, and CFTR mutations may con-
tribute to the bacterial infection.

3. Neutrophils and the effect of CFTR mutations

While bacteria and their products, cytokines and chemokines, are important triggers of neu-
trophil activation in CF airways, it is an emerging picture that a primary CFTR defect in cells of
the innate immune system, including neutrophils, monocytes, and lymphocytes, contributes
significantly to CF lung pathology [24]. Pharmacologic inhibition of CFTR and genetic muta-
tion (F508del) in murine neutrophils activated the nuclear factor kappa-light-chain enhancer
of activated B cells (NF-«xB) and increased macrophage inflammatory protein-2 (MIP-2) and
TNF-a production, as compared to non-inhibited and control neutrophils. Interestingly,
under LPS challenge, neutrophil-depleted wild-type mice reconstituted with F508del neu-
trophils displayed a more severe lung inflammation in comparison with neutrophil-depleted
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wild-type mice reconstituted with wild-type neutrophils [98]. Altogether, these data strongly
indicate that the lack of functional CFTR could result in excessive NF-«kB activation in neutro-
phils and therefore propagate a hyper-inflammatory response.

CF neutrophils have a reduced phagocytic activity [19, 99] and defects in the respiratory
burst, attributed to disrupted chloride transport to the phagolysosome [65, 100-102]. While
wild-type CFTR is transported to neutrophil phagosomes, the F508del protein is not targeted
efficiently to these organelles [64], explaining why a correct chlorination of phagosomes in
CF does not occur and hence the bactericidal defect. A still debated question is, however,
the CFTR expression in neutrophils. Morris and colleagues, although found a defect in iC3b-
mediated phagocytosis, did not detect CFTR in circulating and airway neutrophils by either
immuno-labelling or a Western blot [99]. Others found that CFTR expression was limited or
undetectable in neutrophils by flow cytometry and also that no role for CFIR in neutrophil-
mediated phagocytosis was observed [103]. On the other hand, Zhou and colleagues found
CFTR at the phagosome level, although a lentiviral-expressing system was used to achieve
high protein levels. It might be that CFTR, expressed in hematopoietic stem/progenitor cells
[104, 105], is down-regulated to low levels during neutrophil maturation, which is neverthe-
less sufficient for neutrophil phagocytic and killing activities. The lack/dysfunction of CFTR
in the bone marrow may lead to an irreversible functional defect. In this context, it is worth
mentioning that knocking out CFTR in the myeloid compartment of mice resulted in poor
survival, increased inflammation with recruitment of neutrophils, elevated cytokine produc-
tion, and inability to resolve infection upon challenge with P. aeruginosa-loaded agarose beads
to mimic a chronic pulmonary infection [106].

4. Disabling neutrophils and other immune cells in CF airways

Excess neutrophil recruitment to the lungs results in the discharge of their destructive weap-
ons not only directed to kill pathogens (see Section 2) but also to damage the lung and airway
tissue. A large number of mediators produced by neutrophils, mainly oxidants and proteases,
escape from neutrophils during cell death and phagocytosis. NE, a serine protease capable
of digesting several substrates including structural proteins, is a direct mediator degrading
elastin, which drives towards bronchiectasis and bronchomalacia [18]. Importantly, NE is
associated with lung function decline [107]. In the lung, the main protease inhibitors, the pro-
totypical al-antitrypsin (al-AT) secreted by hepatocytes and secretory leukoprotease inhibi-
tor (SLPI) produced by the respiratory epithelium in bronchi and bronchioles, are designed
to oppose free proteases and prevent their deleterious effects. These protease inhibitors are
eventually overwhelmed by the protease burden in the lung and degraded by bacterial and
human NE. It has been documented that despite normal antigenic concentrations of al-
AT and SLPI in children with CF, the majority of al-AT and SLPI were complexed and/or
degraded [108]. In addition, CF airways are exposed to ROS (O,, H,0,, HOCI), derived mainly
from the host's immune response. This oxidative stress exacerbates pulmonary deterioration
and advances bronchiectasis in patients with CF [109]. Similar to the protease/antiprotease
balance, antioxidants produced by airway epithelial cells (reduced glutathione [GSH] and
thiocyanate [SCN]) are overwhelmed by the burden of oxidants in the CF airways. Activated
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neutrophils are also capable of oxidizing glutathione by HOCI [110], contributing to GSH
deficiency in CF airways. Hypochlorous acid is also able to oxidize calprotectin thereby inhib-
iting its ability to sequester manganese and zinc ions and consequently to limiting the growth
of S. aureus and P. aeruginosa [111]. Moreover, it has been documented that ROS suppresses
CFTR function [112] and that NE degrades CFTR [113], further worsening the CF pathophysi-
ologic vicious cycle.

An important role in the degradation of structural proteins in CF airways is played synergisti-
cally by serine proteases, such as NE, proteinase 3, and cathepsin G [114]. In cystic fibrosis,
neutrophil activation and degranulation result in the excessive release of proteinase 3, cathep-
sin G, and NE into the extracellular medium as active enzymes. Part of these serine proteases
are exposed at the cell surface of immune cells and are important as modulators of the inflam-
matory response. Proteinase 3 has been shown to convert IL-8 to more potent, amino-termi-
nally truncated forms [115], indicating that neutrophil proteases released in the inflamed lung
convert IL-8 to enhance its chemotactic activity. Besides serine proteases, neutrophil-derived
metalloproteinases, including MMP-8 and MMP-9, have also been involved in CF lung disease
and chronic neutrophilic inflammation [116]. NE contributes to MMP-9 activation early in CF
disease as the ratio of active/pro-enzyme MMP-9 was found to be higher in the presence of free
neutrophil elastase activity, but not infection, and active MMP-9 was associated with progres-
sion of bronchiectasis [117]. In the context of CF, it is important to recall that neutrophil prote-
ases increase mucin secretion in the airways and reduce ciliary beat frequency, contributing to
the impairment in mucociliary clearance [118, 119], induce airway epithelial cells to produce
neutrophil chemoattractants [120], and activate the apical epithelial sodium channel ENaC [121].

Unopposed serine proteases and metalloproteinases are responsible for degradation of solu-
ble pattern recognition receptors (PRRs). NE proteolytic activity present in the CF sputum has
been shown to degrade the prototypic long pentraxin PTX3, explaining the low levels of this
PRR in CF airway secretions [122]. Released cathepsin G upon neutrophil activation degrades
both components of the extracellular matrix and the surfactant protein A, a peptide that
facilitates bacterial clearance by alveolar macrophages [123]. MMP-9 cleaves the pulmonary
collectin surfactant protein D (SP-D) more efficiently than NE; this cleavage causes SP-D to no
longer be able to agglutinate bacteria and affects SP-D's innate immune functions, as bacteria
are no longer efficiently phagocytosed by alveolar macrophages in vitro [124].

High levels of neutrophil proteases further worsen the immune response by disabling immune
cell functions. NE has several potential roles in disabling neutrophils including cleavage of
opsonophagocytosis proteins, such as iC3b, complement receptor 1 (CR1) and C5a receptor
[125-127], the chemokine receptor CXR1 [128], and TIMS3 receptor leading to decreased galec-
tin-9/TIM3 interactions [129]. Overall, the loss of these proteins is responsible for suboptimal
local neutrophil priming and bacterial clearance. PMN-derived cathepsin G also thwarts effi-
cient phagocytosis by macrophages, resulting in the cleavage of receptors and causing ineffi-
cient opsonization and impaired bacterial killing [18]. Cathepsin G cleavage of serum amyloid
P component (SAP) renders it anti-opsonic, as evidenced by the increased binding of SAP
to P. aeruginosa LPS and inhibition of phagocytosis in vitro [130], thus sequestering bacteria
within the lung and potentially contributing to persistent infections in CF. Cathepsin G also
interferes with removal of neutrophilic apoptotic bodies, since it mediates the degradation of
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the macrophage phosphatidylserine receptors with failure to resolve inflammation because of
the lack of efferocytosis [62, 131]. Also, NK cells and lymphocytes are disabled by neutrophil
serine proteases. Cathepsin G determines a proteolytic cleavage of NKp46, a crucial activating
receptor expressed on NK cells, an effect also determined by the CF sputum [132]. NE cleaves
T-cell receptors CD2, CD4, CDS, and CD14, impairing monocyte activation and also blocking
dendritic cell maturation and antigen presentation [133, 134].

5. Neutrophils as biomarkers of CF lung disease

The mainstays of CF lung disease management are commenced early in infancy and pres-
ently include chest physiotherapy to remove mucus plugs from the airways and antibi-
otic therapy to control infections [12]. Other therapeutic approaches such as hypertonic
saline, finalized to increase mucociliary clearance, should be corroborated by efficacy
data [135]. Recombinant human DNAse (Dornase alpha) is a strong mucolytic which
improves lung function [136] but is given to CF infants only on indication due to its cost
[137]. The recent breakthrough in CF, represented by the use of CFTR-correcting thera-
pies, is a milestone in the clinical management of these patients. Ivacaftor (Kalydeco®,
Vertex Pharmaceuticals, USA) is a CFTR potentiator given successfully to patients with
class III gating mutations. This drug not only improves lung function and normalizes
sweat chloride in children above 6 years of age [138], but its efficacy has also been proven
in preschoolers [139].

At whatever age, the control of therapeutic efficacy of medications is granted by functional
respiratory tests. However, more specific and sensitive assays are urgently needed to monitor
the halt in the progression of lung disease, especially now that we entered the era of personal-
ized medicine in CF [140]. Neutrophils, the main cell type involved in the onset and progres-
sion of CF lung disease, are clearly an interesting target in this context and are being evaluated
for such a purpose. The best indication that neutrophils and their products are sensitive bio-
markers of CF lung disease comes from the clinical data about NE. Sputum NE levels have
been validated as the most predictive biomarker of lung decline and reduced survival [107,
141], being, however, of no utility in non-expectorating young children. Being easy to isolate
from the peripheral blood, circulating neutrophils are more at hand to being studied. Conese
et al. [142] analysed blood neutrophils by microarray gene expression in 10 CF patients, homo-
zygous for the F508del mutation, given a course of parenteral antibiotics for an acute exac-
erbation, before and after therapy. mRNAs of three genes were found downregulated in CF
patients before therapy and returned to "healthy’ levels after therapy: phorbol-12-myristate-13-
acetate-induced protein 1 (PMAIP1), hydrogen voltage-gated channel 1 (HVCN1), and {3-arres-
tin 1 (ARRB1). Recently, we validated neutrophil HVCNI mRNA as a biomarker following the
treatment of seven CF patients, homozygous or heterozygous for class III mutations, with iva-
caftor, confirming that its expression levels are lower as compared with healthy controls before
therapy, while they are increased after CF patients were treated for 6 months (Guerra et al.,
submitted). Overall, these data strongly indicate that HVCN1 mRNA level is a neutrophil bio-
marker sensitive to therapy. In another study [77], ivacaftor treatment resulted in normalized
ion homeostasis and corrected Rab27a activation as well as degranulation in blood neutrophils
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obtained from six CF patients with the genotype F508del/G551D. In line with these findings,
extracellular Pseudomonas killing by CF neutrophils obtained from CF patients during treat-
ment was significantly increased. Activated CD11b was investigated as a marker of neutro-
phil activation and whether it was downregulated by ivacaftor treatment in five patients with
F508del/G551D and G551D/N1303K genotypes [143]. A cytofluorimetric assay showed that
activated CD11b on PMNs was significantly higher at baseline in the CF patients compared
to controls. However, after treatment, this marker was not significantly different from healthy
controls, suggesting that ivacaftor treatment results in a decrease, towards normalization, of
the activation status of blood neutrophils in vivo.

6. Conclusion

CF neutrophils display a number of abnormalities including increased survival, hyperacti-
vation with increased protease and ROS production, defects in phagocytosis, and increased
NET formation. Altogether, these neutrophil anomalies are derived from an intrinsic CFTR
defect and are compounded by bacterial products. The unbalanced protease/antiprotease
ratio in favour of proteases is responsible, together with excess oxidative stress, for the struc-
tural damage of CF airways and for secondary defects in an innate immune response as well
as a skewed adaptive immune response. The neutrophil protease production is thus one of
the main targets for therapy today to be explored. CF neutrophils can be also envisaged as
a biomarker of therapies. The sensitivity to therapy of neutrophil genes is worthy of fur-
ther investigation in the clinical setting. A higher number of patients are needed for studies
aimed to consider neutrophils and their products as predictors of acute exacerbation and
follow up.
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Abstract

It is now known that neutrophils make up a population of complex cells with great plas-
ticity, challenging the old view of neutrophil association with tissue damage and early
phases of infection. Here, we discuss different contexts in which these cells can induce
anti-inflammatory responses. Although distinct surface markers and cytokines profiles
were shown, the most reliable characterization of suppressor neutrophil subtypes relies
on their functional characteristics. One important example of inhibitory neutrophils
generation comes from in vivo treatment with G-CSF, for 5 days, as for hematopoietic-
stem-cell-transplantation (HSCT). In this case,donor blood is enriched in degranulated
granulocytes harboring a functional regulatory phenotype, characterized by IL-10 pro-
duction. These cells, when transferred together with HSCT, are able to reduce graft-ver-
sus-host-disease, being influenced by Treg cells and influencing them back. Importantly,
this protection is long lasting and specific, keeping immunocompetence to other anti-
gens. This regulation is paramount in HSCT, and represents a simple approach to be
applied in humans. In summary, we discuss the interaction of neutrophils with other cell
types and its consequence in immunomodulation. We believe these features confer an
important bridge between innate and adaptive immune system, building a new knowl-
edge for an underestimated cell type.

Keywords: regulatory neutrophils, neutrophils subtypes, T cell inhibition, Cytokines,
G-CSF, GVHD
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1. Introduction: Regulatory neutrophils and their profile

1.1. New technologies changing the concept of a short half-life

Besides the known features of neutrophils as fast migrating pro-inflammatory cells, the
literature has shown that this is not a homogeneous population. In fact, several different
subtypes of neutrophils have been well described regarding its characteristics and mechanisms
of action. However, there are still some subtypes not so well understood.

The classical, and popular, concept of neutrophils says that they are the first cells to arrive
and accumulate at the site of infections where they rapidly release several toxic molecules and
undergo apoptosis [1]. In the meantime, they clear the infected area through phagocytosis
or “neutrophils extracellular traps” (NETs) that occur when activated neutrophils release
their uncondensed chromatin and granule contents. These molecules bind to pathogens caus-
ing death, contributing to fight against infections, and causing important tissue damage.
Macrophages come over after this, clean up cell debris, and amplify the response [2, 3].

However, since different and modern techniques started to be accessible to research, some
functions and concepts assigned to neutrophils have changed. The paradigm of the short
half-life fell with the improvement of cellular techniques that enable better stains for different
phenotypic markers or gene expressions. A variety of different neutrophils subtypes that are
different in their phenotype, function, package of cytokines produced, degree of maturation,
and site of action have been identified. So, a number of different types of neutrophils are being
described including the ones with regulatory properties (hereafter referred as regulatory
neutrophils—RN) that we will look closer in this chapter [4, 5].

How can these new findings interfere in the classic view of these cells?

Previously, a half-life of ~24 hours for human neutrophils and ~8 hours for murine neu-
trophils was believed. However, recently, using in vivo labeling techniques with *H,O, a
stable isotope, it was shown that human neutrophils in homeostatic conditions present an
average 5.4 days of half-life [6]. The discrepancy with previous studies is believed to be due
to ex-vivo manipulation and i.v. injection of neutrophils, which affects cells viability and in
vivo distribution. Neutrophils longer half-life allows the conditions to develop phenotypic
and functional alterations, including synthesis of a great number of cytokines, ability to
recirculate and alter or influence other immune cells [7].

Neutrophils half-life can be dictated by several factors as inflammatory conditions, cytokines,
cell interactions, PAMPS (pathogen-associated molecular pattern), and DAMPS (danger-
associated molecular pattern), which might inhibit apoptosis and prolong the cell life span
[8]. Then, this longer half-life associated with all sort of stimuli paves the way for new regula-
tory subtypes to emerge.

1.2. Neutrophil subtypes generated in specific conditions

The classical murine neutrophils can be identified by Ly6G* expression, while human neutro-
phils have to accomplish the expression of CD14, CD15, and CD16, always associated with
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a visual inspection that must identify a band or hypersegmented nucleus with a light pink
cytoplasm, full of granules [4].

Although the existence of different neutrophils subtypes is currently accepted, the basis for
their classification remains obscure. Distinct surface markers or new cytokines are common
characteristics used to define neutrophils, but heterogeneity can also be explained by a stage
of differential activation of neutrophil subpopulations [3, 7].

In some autoimmune diseases, such as systemic vasculitis associated (ASV) with anti-
neutrophil cytoplasmic autoantibody or systemic lupus erythematous (SLE), circulating
neutrophils display an increased expression of the specific surface marker, CD177. This is
a molecule compartmentalized in secondary (specific) granule, that is co-expressed with its
membrane ligand proteinase 3 (mPR3) in neutrophils from ASV patients. mPR3 is one of
the main targets of ANCA autoantibodies, and, in this case, CD177 is important to mPR3
expression influencing the potential of neutrophils to be activated by ANCAs that usually
target mPR3. However, levels of CD177 expression in patients and their influence on ANCA
have not been defined as disease biomarkers yet, the CD177* neutrophils (NB1 in humans)
represent indeed a new subset [9, 10].

Importantly in SLE, where the response is driven against nuclear antigens in various target
organs such as the skin, kidney, and joints, neutrophils have been described as the source of
DNA antigens due to its extravasation of nuclear content when forming NETs. Besides the
CD177* NB1 neutrophils, low-density granulocytes (LDGs) are another subpopulation, which
has been described in SLE. Specifically in this case, LDGs can assume a highly inflammatory
profile, including the release of NETs, which amplifies disease physiopathology [11, 12].
The same LDG subtype was described in rheumatoid arthritis (RA). In RA, they show a low
expression of TNFR, potentially affecting TNFi (inhibitor) treatment [13]. Beyond that, LDGs
were also reported in mycobacterial infections being associated with disease severity [14].
This probably happens because it suppresses the immune response allowing mycobacterium
growth. In severe asthma [15] and in interstitial lung disease in dermatomyositis [16], similar
to what was described in autoimmune diseases like SLE and RA, the LDG acts worsening the
pathologic condition.

The above features evidence the complex behavior of neutrophils requesting a lot more to be
described about the plasticity of neutrophils in disease pathogenesis.

Apart from the uncommon profile of neutrophils in autoimmune diseases, we can highlight
the phenotype of aged or senescent neutrophils. This particular subset expresses CXCR4 in
high densities (CXCR4"). CXCR4 mediates cell retention in the bone marrow along with low
expression of CD62L (CD62L"Y). They express high CD11b and have hypersegmented nuclei
[17]. Recently, it was described that ageing neutrophils are regulated by the microbiota in a
toll-like receptor (TLR)-dependent way. The microbiota is the community of microorganisms
that lives within the body and in harmony with it. The most studied group in this regard
is bacteria from the human gastrointestinal (GI) tract that harbors an estimated ~10" indi-
viduals from about 1000 species in a single individual. Close to ~15,000 species of bacte-
ria have already been identified from human GI samples [18]. These commensal bacteria
can influence the immune system inducing a pro-inflammatory or a suppressor response,

147



148 Role of Neutrophils in Disease Pathogenesis

which depends on the bacteria quality and the milieu of activation. When the microbiota is
depleted with the use of antibiotics, the number of aged neutrophils (that are highly acti-
vated cells) decreases, and the pathogenesis of sickle-cell disease or endotoxin-induced sep-
tic shock improves, showing that aged neutrophils have an important role in inflammatory
diseases [19].

Another neutrophil subtype extremely relevant for immunology are the tumor-associated
neutrophils (TAN), that are subdivided into type 1 (N1), with anti-tumor activity, and type 2
(N2), that fulfills a pro-tumor activity and will be discussed in the next subsection [20]. They
have high relevance in the prognostic of some types of tumors, as colorectal [21], non-small
cell lung [22], and breast where ratio of neutrophils/lymphocyte (NLR) is used as a toll to
correlate with a better or poor prognostic [23].

Plasticity of TANs depends on many factors such as cytokines, chemokines, and adhesion
molecules. These factors can be secreted by other immune cells or by the tumor itself [24]. The
anti-inflammatory cytokine TGF-{ has an important role in this scenario: in its presence, TANs
can be directed to a pro-tumor N2 phenotype, and in its absence (using blocking antibodies)
TANSs are driven to an anti-tumor N1 phenotype [20]. On the other hand, these neutrophils
can also interfere with the tumor microenvironment through the release of cytokines (TNF-a,
IL-1B, IL-12), chemokines (CCL2, CCL3 and CCL5), reactive oxygen species (ROS), and
growth factors, creating a diverse niche amplifying or down-regulating the inflammatory
response [5, 25, 26]. Phenotypically, the N1 type presents a hypersegmentated nuclei with
high expression of FAS, ICAM, and TNF-a production, making them able to activate TCD8+
lymphocytes, helping to eliminate the tumor cells [20].

These ambiguous characteristics evidence how the plasticity of neutrophils canimpact in health
and in pathological conditions. Until now, we covered how neutrophils can assume differ-
ent subtypes and contribute to a pro-inflammatory milieu, amplifying the immune responses
in autoimmune diseases as well in highly activated conditions, as the aged neutrophils in
inflammatory infections. In tumor setting, the ratio neutrophil/lymphocyte can even predict
the patient prognostic highlighting the importance of neutrophils in disease outcome.

In Section 1.3, we describe the profile of RN, the conditions in which they were described their
mechanism of action, and the possibility to manipulate them for therapeutic usage.

1.3. Regulatory neutrophil phenotypes

As stated above, nowadays, the literature accepts that neutrophils can assume different
subtypes. It is important to point here that the term “regulatory” or “suppressor” indicates
the capacity of these cells to induce an anti-inflammatory response, either by interacting
directly with other cells or by secreting molecules that induce polarization of other cell types.

The classification of RN subtypes is still unclear. The most reliable characterization of the
suppressor neutrophil subtypes remains being their functional characteristics. Although
there are some markers, such as CD62L"¥/CD11b"" highly associated with suppressor
phenotypes and others such as CD244, CD115, CD11¢c, CD32, CD35, CD45, and CD66b, which
can be up-regulated, there is no consensus for a specific combination of markers for sup-
pressor neutrophils. Their phenotype heterogeneity is probably because they are modulated
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according to individual conditions [3, 4]. So, in this section, we discuss the literature on the
different subtypes (or phenotypes) of RN.

Among the subtypes described, we can highlight the granulocytic myeloid-derived suppressor
cells (G-MDSCs), which are an important sub-population of circulating neutrophils [27].
MDSCs are a heterogeneous population of immature and mature cells, of myeloid origin, first
described in tumor-bearing mice and comprise two groups of cells identified regarding their
morphology and phenotype. Monocyte-MDSCs (M-MDSCs) are CD11b*Ly6C"¢"Ly6G™ and
have a typical monocyte morphology, and cells CD11b"Ly6C"**Ly6G* with typical granulocytic
morphology are G-MDSC [28, 29]. The G-MDSC phenotype is characterized mainly by large
amounts of ROS expression and low amounts of nitric oxide synthase (NOS). The opposite
is true for the M-MDSC phenotype that acts mainly expressing arginase-1 (Argl) and NOS.
MDSCs can inhibit T cell responses in many ways. After being generated as a consequence
of intense inflammatory environment in the presence of factors like GM-CSF (granulocyte-
macrophage colony stimulating factor), G-CSF (granulocyte colony stimulating factor), VEGF,
IL-6, MDSCs are recruited to the site of the primary tumor and secondary lymphoid organs
(Iymph nodes, spleen) by chemokines such as CCL2, CXCL12, and CXCL5 [30]. Upon arrival in
the specific site, they can modify the microenvironment by secreting NOS, ARG, and/or ROS.

Although described as harmful in autoimmune diseases, it is also known that mouse and
human LDGs are a heterogeneous population composed of mature and immature neutrophils
with suppressive capacity. Neutrophils are classified as LDG or low-density neutrophils
(LDNs) and high-density granulocytes (HDNs) depending on their density. In general, LDG
or LDN cells co-purify with PBMC at the low-density layer in a ficoll gradient, rather than
with the high-density layer, which is the usual for the classic neutrophils [31, 32].

It was shown in a tumor model that LDN comprises at least two different populations:
one with a segmented nucleus (mature) and another with banded or ring-shaped nucleus
(immature) that resembles the G-MDSC phenotype. Both can be generated from HDN in a
TGF-p-dependent way. In this case, a new nomenclature was suggested to circulating mature
neutrophils. The HDN that are pro-inflammatory with anti-tumor profile would be called
Ncl and its counterpart mature LDN, which shows a pro-tumor activity would be Nc2. The
Nc2 has reduced expression of inflammatory molecules and inhibit TCD8" proliferation in
vitro evidencing more than one type of RN [32].

During pregnancy, where immunosuppressive state is required to allow implantation and
growth of the fetus, an important population of LDG producing arginase-1 was identified
in PBMC and placentae of pregnant women and in the cord blood. Besides, these neutro-
phils were described as cells that released specific granules (once they increase expression of
CDé66b), and the azurophilic granules, where arginase-1 is stored (once CD63 is expressed).
These phenotypical markers associated with others mean that these cells have been activated
and are degranulated. Presence of arginase-1 collaborates to impair T cell responses once the
L-arginine deprivation induced by release of arginase contributes to T cell hyporesponsive-
ness and immune privilege at the materno-fetal interface [33, 34].

In HIV infection, LDGs act to inhibit the immune system, worsening the condition. PBMCs
from HIV-infected patients are rich in high arginase LDGs, suggesting that they are activated
neutrophils that had degranulated [35].
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Some years ago, our group observed that LDG was increased in the peripheral blood of G-
CSF-treated donors of peripheral blood stem cells. These cells were capable to inhibit T cells
IL-4 and IFN-y production in a hydrogen peroxide (H,O,)-dependent way [36]. In a murine
model of graft versus host disease (GVHD), the main limitation of stem cell transplantation,
LDGs prevented 100% mortality [31]. These cells were better characterized recently [37] and
will be described at the end of this chapter.

On the other hand, in infection with methicillin-resistant Staphylococcus aureus strain, three
different subtypes of mouse neutrophils with different susceptibilities to infection have
been described. Besides the normal PMN-N (polymorphonuclear neutrophils), there are at
least two distinct PMN subtypes (PMN-I and PMN-II). The suppressor subtype (PMN-II)
can express TLR2/TLR4/TLR7/TLRY and has low levels of MPO (myeloperoxidases). PMN-II
is involved with the generation of alternatively activated macrophages (M2), through IL-10-
and CCL2-dependent mechanisms. These M2 macrophages have anti-inflammatory proper-
ties and induce a Th2 response [38], modulating the adaptive immune response at the expense
of neutrophils.

Regarding cytokines production, RN IL-10* producing cells have been described. The IL-10
is an important cytokine, which can be produced by many different cell types, as B cells,
mast cells, eosinophils, macrophages, DCs, and a large number of T cell subtypes that act
regulating the synthesis of pro-inflammatory chemokines and cytokines, such as IL-1, IL-6,
TNF-a, as well as nitric oxide (NO), collagenase, and gelatinase [3, 39, 40].

In murine models, several studies have shown that neutrophils produce IL-10 in response
to a variety of infections, such as S. aureus [38], Candida albicans [40], Trypanssoma cruzi [41],
and in inflammatory conditions, such as post-burn [42] and after G-CSF treatment [37].
However, these data are still a matter of conflict in the literature since just a few studies
show the same phenotype in humans [43-45] and others were incapable to reproduce it
[46, 47].

These differences in IL-10 production between mouse and human neutrophils may result
from different factors, such as culture conditions, contaminating cells, or post-transcriptional
regulation of IL-10 gene expression [47, 48].

Moreover, the cytokine IL-22 has also been described as being produced by neutrophils,
besides being produced by many different cells, including Th17, Th22, NK cells, Tyd, and
ILC (innate-like lymphocytes). RN IL-22* is mainly important for intestinal barrier mainte-
nance exerting a local modulation and keeping the integrity of the intestinal mucosa, gen-
erating a protective response against certain extracellular pathogenic bacteria [49, 50]. IL-22
has the ability to synergize with other cytokines to induce gene expression of antimicrobial
peptides, chemokines, matrix metalloproteinase, cytokines, and epithelial acute phase pro-
teins in the skin, liver, lung, and intestine [51, 52]. Of note, it was described that neutro-
phil-producing IL-22 has an important role in intestinal protection in a model of colitis.
The adoptive transfer of IL-22-producing neutrophils to IL-22-deficient animals was pro-
tective for dextran-induced colitis inducing the release of antimicrobial peptides RegIII3
and S100A8 by colonic cells, protecting the intestinal barrier from microbes and helping the
resolution of disease [53].
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At last, as stated before, in tumor settings, neutrophils can assume ambiguous features
being supportive or inhibiting the tumor growth. We described above the TAN-N1 pro-
inflammatory neutrophils, protecting from tumor, but it is also important to highlight the
TAN-N2 neutrophils that are suppressive and, in this case, harmful for the patient. N2
TANSs are tumor resident neutrophils that influence the establishment, development, and
spread of cancers. They can be generated in a TGF-f milieu and also by G-CSF produced
by tumor cells, among others [20]. Under G-CSF stimuli, neutrophils are generated and
expand, creating a pro-tumorigenic niche, being able to favor metastatic microenviroment
[54]. TAN-N2 cells express arginase, contributing to inhibition of T cell responses. They
release chemokines such as CCL2 and CCL5 that favor the recruitment of other cell types,
including regulatory T cells (Tregs). Also, they can produce oncostatin-M that works pro-
moting angiogenesis and neovascularization favoring tumor growth [20, 55, 56]. Depletion
of neutrophils from tumor-bearing mice shows an increase in TCD8" cells, supporting the
concept that N2 acts in a suppressive way being an RN [20]. As stated above, the ratio
between lymphocytes and neutrophils (NLR) is used to predict the patient prognosis in
cancer patients. In breast tumors, a high NLR is associated with a poor prognostic and a
shorter overall survival [57].
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Figure 1. Illustration of the most well-described regulatory neutrophils (RN) subtypes and their main mechanisms of
action. TAN-N2 (Tumor associated neutrophil type 2); G-MDSC (Granulocytic myeloid derived suppressor cell); PMN-II
(Polymorphonuclear type II); LDG (low-density granulocyte); NC2 (circulating neutrophils type 2); MT (mature); iMT
(immature).
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Despite those RN that share some similarities regarding their mechanism of action based on
arginase production, H,0,, Treg induction by IL-10 secretion, and M2 generation, there are
still some differences among the cell types that prevent them from being placed in the same
general group of RN. Many authors have been trying to establish a nomenclature to these
RN; however, new subsets keep being described as well as new features which make this
a hard task and fill the literature with different names, many times for the same described
cell. Some of the subsets are well defined as MDSC, like high-density mature, low-density
mature or immature, as can be seen in Figure 1. In this regard, these cells can express different
markers, be sensitive to diverse stimuli, and influence different cell types showing important
consequences in amplification of suppressive immune response. The crosstalk of neutrophils
with other cell types and the maintenance of the suppressor “tonus” will be explored in more
details in Section 2 (Figure 1).

2. Changes in the immune response under neutrophils influence

As mentioned earlier, neutrophils are recruited to different tissues after injury or infection
and, in this sites, encounter resident and/or recruited leukocytes, which promote interactions
that influence each other mutually. Under neutrophil influence, other cell types acquire regu-
latory properties worsening or improving the host condition. On the other hand, neutrophils
can suffer influences that polarize them to a suppressor phenotype.

2.1. Neutrophil influence in macrophage polarization

In Nippostrongylus brasiliensis infection, neutrophils acquire a N2 phenotype that secrete high
amount of IL-13 that in turn is essential to provide helper functions to promote alternatively
activated M2 macrophage polarization with long-lived profile. The M2 macrophages mediate
parasitic larval damage during recall responses in the lung and are essential to nematode dam-
age and clearance [58]. The presence of these M2 macrophages also impairs host antibacterial
resistance against sepsis. In thermally injured mice, PMN-II displays an immunosuppressive
phenotype with production of CCL2 and IL-10. These induce macrophages conversion to M2
favoring Enterococcus faecalis translocation [59]. The same mechanism was also described in
humans with severe burn injuries [60].

2.2. NK, NKT, and ILCs suppression by neutrophils

Neutrophils are also able to inhibit NK cell activity. In vitro co-culture assay demonstrated
that in the presence of neutrophils and G-MDSCs, there was a significant decrease in NKp30
expression that led to a reduced NK cell cytotoxicity against Aspergillus fumigatus. Moreover,
activation markers CD69 and CD137 expression and secretion of the effector molecule IFN-y
were also decreased in NK cells incubated with neutrophils or G-MDSCs before the infection
with A. fumigatus [61]. In vaccinia virus infection, the G-MDSC subset was responsible for
the NK function and proliferation inhibition mediated by ROS [62]. A crucial role of primary
tumor-mobilized neutrophils and NK crosstalk in the establishment of lung pre-metastatic
niches was described. In this case, they are able to inhibit NK cell-mediated clearance of
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metastatic cells and simultaneously promoting intraluminal survival and extravasation at
the metastatic site. In vitro functional assay of lung NK cells obtained from tumor-bearing
mice showed that these cells were significantly less responsive to the NKG2D or NKp46,
NK-activating receptors (measured by expression of CD107 and IFN-y) than the naive mice
[63]. Reciprocally, human NK cells (resting or activated by IL-12) were able to induce neutro-
phil apoptosis dependent on cell-cell contact and caspases, which overcome the antiapoptotic
effect of GM-CSF. Involvement of the activating NK cell receptor NKp46 and the Fas pathway
was observed in this process [64]. This regulatory effect of NK cells on neutrophils was also
observed in the DSS-induced colitis model. However, in this model, NK cells significantly
lowered the percentage of apoptotic neutrophils in co-cultured assay. The regulatory effect
is dependent on down-regulation of the inflammatory neutrophil functions (decrease in IL-6
and increase in IL-10 production) and is largely dependent on direct NK cell-neutrophil con-
tact, via their inhibitory receptor NKG2A [65].

Mouse and human invariant NKT (iNKT) cells were also inhibited by contact with live
neutrophils. iNKT cells from mice with acute inflammatory neutrophilia (as in peritonitis)
display decrease in T-bx21 and GATA3 expression and diminished cytokine production com-
pared with those from control mice. I vitro assay demonstrated that cell-cell contact between
iNKT and neutrophils is required for the inhibitory effect and that this encounter impairs the
cytotoxicity capacity of iNKT cells [66].

The relationship between neutrophils and innate lymphoid cells (ILC3) was shown in human
decidua during pregnancy. The ILCs are important effectors of innate immunity present in
small amounts in lymphoid tissues and enriched at barrier surfaces, such as the skin, lung,
intestine, and mucosal-associated lymphoid tissues. Characterized by the absence of recom-
bination activating gene (RAG)-dependent rearranged antigen receptors, lack of myeloid cell
and dendritic cell phenotypical markers and lymphoid morphology, ILCs undergo neither
clonal selection nor expansion when stimulated. These cells reflect the phenotypes and func-
tions of T lymphocytes and NK cells. There are at least three subtypes of ILCs, which are
named ILC1, ILC2, and ILC3. They represent the innate counterparts of CD4* Th1, Th2, and
Th17, respectively [67-69]. It has been observed that the numbers of Natural Cytotoxic
Receptors positive ILC 3 (NCR* ILC3) infiltrating decidual tissues positively correlate with
those of infiltrating neutrophils. Neutrophils are present in human decidua during the first
trimester of normal pregnancy but not in spontaneous miscarriages decidua. In vitro assays
show that decidual NCR* ILC3 release CXCL8 and GM-CSF and can induce neutrophil migra-
tion and survival, respectively. Moreover, NCR* ILC3-derived GM-CSF induces expression
of HB-EGF and of IL1ra in neutrophils that have anti-inflammatory activity and helps to
mediate trophoblast invasion, pointing out a possible role of these cells in the early phases of
pregnancy [70].

2.3. Dendritic cells on the neutrophils target

The crosstalk between neutrophils and dendritic cells (DC) can be deleterious for DC functions
in Leishmania major infection. When neutrophils from ear dermis of C57BL/6-infected mice
were cultured with bone marrow-derived dendritic cells, they were engulfed by the DC. These
DCs show a significant reduction in expression of MHC class II, CD40, and CD86, as well as
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an inhibited capacity to stimulate T CD8* lymphocytes proliferation and IFN-y production.
These effects were mediated by the tyrosine kinase receptor “Mer” expressed on DCs [71].

The immunosuppressive effect of apoptotic and necrotic neutrophils was also observed
in humans’ DC. In vitro, DC phagocytes apoptotic/necrotic neutrophils and display up-
regulation of CD83 and MHC II. However, a decrease of important molecules that stimu-
late T lymphocytes as CD40, CD80, and CD86 was observed showing that apoptotic/necrotic
neutrophils are able to induce a suppressor immune response through DC modulation [72].

DCs infected with Mycobacterium bovis (BCG) produced high levels of CXCL1 and CXCL2 that
attract neutrophils. In this process, the close contact mediated by CD11b between DCs and
neutrophils induces the production of large amounts of the immunosuppressive cytokine
IL-10 via MyD88 and Syk pathways in neutrophils. These IL-10* neutrophils specifically shut
down IL-17A production by Th17 cells. This mechanism could break IL-17A production and
avoid exacerbated neutrophil recruitment modulating inflammation [73].

MPO is an enzyme found in neutrophils azurophilic granules and is important for intracel-
lular pathogen killing. It was demonstrated that MPO is deposited by neutrophils in lymph
nodes, where it interacts with DCs (by catalytic activity through various ROS and DC Mac-1).
In this way, MPO is involved in DC changes during the induction of adaptive immunity. DC
display reduced activation, defect in uptake/processing antigens, and inhibited migration to
LNs by reduced expression of CCR7, leading to reduced adaptive immune response [74].

Neutrophil elastase is a serine proteinase stored in neutrophils azurophilic granules that can
damage endothelial cells and cleave endothelial cell-associated adhesion molecules. As MPO,
elastase shows modulating effect on DCs. In presence of elastase, immature DC increases
the expression of TGF-1 and decreases the IL-6, as well their ability to allostimulate T cells.
Elastase-treated dendritic cells not only inhibit the proliferation of allogeneic T cells but also
increase TGF-f31 expression inducing the differentiation higher number of CD4* Foxp3* Treg
cells in MLR cultures. Together, these data suggest mechanisms by which tolerogenic DCs
generated by neutrophils elastase exposure contribute to immune regulation [75, 76].

2.4. Neutrophils and B cells crosstalk

During S. aureus infection, neutrophils infiltrate the draining lymph nodes, occupying the
medulla and interfollicular areas. These cells form transient and long-lived interactions with
B lymphocytes and plasma cells inducing a decrease in B cell IgM production in a TGF- 31
dependent manner [77].

Site-specific splenic neutrophils function as professional helper cells for marginal zone B
cells, specialized area in T cell-independent responses to circulating antigen, leading to the
generation of affinity-matured antibodies. Neutrophils colonize the marginal zone of the
spleen after postnatal mucosal colonization by microbiota. In the spleen, these neutrophils
interact with local macrophages that produce IL-10, splenic sinusoidal endothelial cells, that
in response to the microbial TLR ligands secrete IL-10 and neutrophil-attracting chemo-
kines, and other STAT3-activating stromal factors, which induce modification of neutrophils
phenotype, acquiring a “B cell-helper phenotype.” These neutrophils B-cell helper (NBH) are
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divided into two subpopulation according to their molecule profile expression. NBH1 cells
had intermediate expression of CD15 and CD16 and NBH2 cells had low expression of CD15
and CD16. Despite their morphological and ultrastructural similarity to NBH2 cells, NBH1
cells were more activated than NBH2 cells, as they had higher expression of CD27, CD40L,
CD86, CD95, and HLA-II but lower expression of CD24. Relative to genes expression (nRNA
abundance) compared with “conventional neutrophils,” NBH1 and NBH2 cells had more
abundant mRNA immunoregulatory molecules, such as IL-10, IL-10 receptor, arginase-1,
RALDH]1, iNOS, IDO, SOCS]1, progranulin, and SLPI, suggesting a skew toward a regulatory
profile. In fact, these neutrophils could suppress CD4 proliferation in a contact-independent
way. Thus, NBH cells could function as professional MZ B cell helper cells and may suppress T
cells to induce immunoglobulin responses in a T-independent manner. These NBH cells were
specially characterized by their higher expression of CD40L and surface BAFF and released
high amounts of BAFF, APRIL and IL-21, crucial molecules for the B cell functions [78].

2.5. T cell activities under neutrophils control

Finally, we will describe one of the most important crosstalk of neutrophils, which can have
long-term consequences: interactions with T cells. The mechanisms involved in the T cells sup-
pression by neutrophils can be achieved by depletion of essential amino acids from the micro-
environment, such as L-arginine, generation of ROS, or through cell-cell contact. Neutrophils
produce large amounts of arginase-1 that are stocked in gelatinase granules. Release of argi-
nase-1 requires cellular activation and degranulation of gelatinase and azurophilic granules.
Arginase is an enzyme that metabolizes L-arginine into L-ornithine and urea. L-arginine is
crucial to T cell proliferation, in the absence of it T lymphocytes are arrested in the G0-G1
phase of the cell cycle. Also, in the absence of L-arginine, expression of TCRC (CD3 zeta chain)
is down-regulated and cofilin dephosphorylation is impaired affecting F-actin remodeling,
which is essential for T cell effector function [79-82].

Another important mediator of neutrophil-T cell inter-talk is the ROS, which are membrane-
permeable and act on neighboring cells. Peroxide (H,0,) can suppress lymphocyte proliferation
by decreasing NF-«B activation, down-regulating TCRC and oxidating cofilin. H,O, has a short
half-life and is degraded by many endogenous anti-oxidants. Thus, a close contact between
neutrophils and T lymphocyte is required for the suppressor effect. The cell-to-cell contact is
mediated by expression of the integrin CD11b/CD18 in neutrophil [4, 83, 84].

The cell-cell contact mediated immunosuppression on T cells can be through a PD-L1-PD1
pathway. PD1 is a negative co-stimulatory receptor expressed primarily on activated T cells.
Its main role is to limit the effector functions of T cells during inflammatory response. When
engaged by one of its ligands, PD1 inhibits kinases, which reduces cytokine production and
suppresses T cell proliferation [85, 86]. In volunteers who participated in a human endotox-
emia clinical trial, submitted to LPS inoculums, was observed an accumulation of suppressive
neutrophils (CD16M CD62LY) that exhibit an increased expression of PD-L1 gene and mem-
brane-bound molecule, which was attributed a exposure and stimulation of these cells with
IFN-y and to a lesser extend IFN-a or IFN-f3. These IFN-y-treated neutrophils were able to
inhibit proliferation of polyclonal-activated T cells in PD-L1 and cell-cell contact-dependent
mechanism [87]. The same phenomenon was observed in murine model of sepsis [88].
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In HIV-infected patients, neutrophils play an unappreciated role contributing to the chronic
state of immunosuppression leading to opportunistic infection. Low-density neutrophils
(which display the same phenotype of G-MDSC) from the peripheral blood of HIV-1 viremic
patients express high level of PD-L1. The PD-L1 expression on neutrophils was regulated
by the interaction of these cells with inactivated HIV-1 virions, IFN-a, and TLR-7 and TLR-8
ligands. These neutrophils suppress T cell function via PD-L1/PD-1 interaction and produc-
tion of ROS [89]. The same suppressive function was also observed in Burkholderia pseudomallei
infected neutrophils, that up-regulated expression of PD-L1 and was able to inhibit CD4* T
cell proliferation and IFN-y production in response to polyclonal activators, mediated by the
PD-L1/PD-1 pathway [90].

Thus, as can be seen in Figure 2, the subtypes of RN as well as their diverse interactions with
other cell types perform an amplification of the immune response that may help or hinder the
host. In Section 3, we describe in details the mechanism of action of an important regulatory
neutrophil subtype in GVHD control (Figure 2).
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Figure 2. Regulatory neutrophils act on immune cells playing immunosuppressive role. Neutrophil MPO and elastase
induce decrease in uptake/antigens processing by DC, inhibit migration to the lymph nodes, and their ability to stimulate
T cells are impaired. Also, elastase induces TGF-B1 production by DC. Moreover, the uptake of apoptotic neutrophils
down-modulates expression of MHCII, CD40, CD80, and CD86. The secretion cytokines IL-10, IL-13, and chemokine
CCL-2 are implicated in the ability of neutrophils to induce changes in macrophages phenotypes to the “M2” anti-
inflammatory kind. The immunossuppression of neutrophils over T cells is mediated by the production of ROS, ARG-1,
and co-inhibitory molecule PD-L1. Moreover, neutrophils secret IL-10 that exert suppression of T cells functions. TGB-p1
secretion by neutrophils directly influences humoral response by decreasing IgM production. Splenic neutrophils
display a particular profile, which produces high amounts of soluble factors essential to the B cells maintenance and also
express IL-10. ROS production by neutrophils and cell-cell contact between ILC and neutrophils decreases cytotoxicity,
reduces ILC responsiveness to activator receptor, and down-modulates expression of NKp30, CD69, CD137, CD107,
and of IFN-y.
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3. Role of regulatory neutrophils in GVHD protection

GVHD is characterized by a robust adaptive immune response caused by donor T cells
(present in the incoming graft) after hematopoietic stem cells transplantation (HSCT), a
frequent treatment for hematopoietic disorders, and leukemia. In order to be transplanted,
the receptor patient undergoes a conditioning regimen that consists of radio/chemotherapy
that eliminates the disease and creates the niche for the new incoming bone marrow cells.
However, the conditioning regimen also damages the epithelial cells of the patient, mainly the
gastrointestinal mucosa, with barrier breakdown and microbiota extravasation. In this case,
when donor cells arrive, they find an inflammatory milieu and the T cells are activated by host
antigen-presenting cells (APCs) in an inflammatory context and migrate to organs such as the
gut, skin, liver, and lungs. The result is the development of GVHD, which has high morbidity
and mortality rates, and is the most important limitation of HSCT [91, 92]. Although it is well
known that GVHD is mediated and dependent on T cells, elimination of T cells from the graft
does eliminate the GVHD. However, it brings other undesired consequences as the lack of
anti-leukemia response and deficient hematopoiesis with bone marrow failure [92].

As mentioned before, LDGs have been found in PBMC of stem cell donors treated with G-CSF.
These cells were described to be able to inhibit IFN-y and IL-4 production by T cells in a H,O,-
dependent way [36]. In the mouse model for GVHD, the same suppressor phenotype was
found, and these LDGs were able to inhibit experimental GVHD [31].

Recently, we extended these results showing, among other things, that Ly6G* RN mediates
disease inhibition. In a mouse model of hematopoietic stem cell transplantation (HSCT), after
G-CSF treatment, donor spleen cells are enriched in neutrophils (from "2 to "20%) and, as
related in the literature by others, Treg cells were also increased [93, 94]. However, depleting
Treg cells from the graft does not alter the GVHD outcome while depleting neutrophils Ly6G*
causes a huge detriment to clinical scores and survival rates. In terms of GVHD, it is impor-
tant to point that protection was long-lasting and specific, keeping the immunocompetence to
reject the skin grafts from third-party mice and rejecting the leukemic cells, keeping the GVL
effect. These results show that neutrophils instruct T cells toward a specific tolerant state [37].

So, looking closer to RN, it is important to note that treatment with G-CSF increased the
Ly6G'Ly6C" population but not the Ly6G Ly6C* or Ly6G'Ly6C* population consistent with
the enrichment of neutrophils but not macrophages or MDSC [95, 96]. The RN has a reduc-
tion in the expression of some surface molecules, such as MHC-II, CD62L, and co-stimula-
tory (CD80, CD86, CD40), increased phagocytic capacity and produce large amounts of H O,
molecules. Under stimuli in culture, they produce low IFN-y, TNF-a, IL-17F, IL-2, IL-12 while
increasing IL-22 and the suppressor cytokine IL-10. Also, they have low arginase-1 expression
and high NOS, associated with low levels of MPO, which justifies the high amount of H,0,.
Altogether, these features encompass a different subtype of suppressor neutrophils.

Confirming that IL-10 production is particularly important to GVHD suppression, transfer-
ence of a G-CSF-induced neutrophil from IL-10-deficient mice in a HSCT context, abolished
GVHD protection showing high mortality rates and poor clinical scores. This evidences that
IL-10* neutrophils are the agents of protection [37].
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Nevertheless, the long-lasting and specific protection cannot be explained only by neu-
trophils suppression as it lasts for several months and the half-life of neutrophils does not
exceed 6 days. When analyzing the amount of Treg cells, in spleen and mesenteric lymph
nodes (mLN) of the hosts, it was found that 4 days after HSCT, Tregs were increased on
mLN but not on spleens. Moreover, 25 days after HSCT, both spleen and MLN show Treg
increase, suggesting a systemic increase in Treg. In this way, when Treg cells are depleted
early after the transplantation, the GVHD protection is abolished, showing Treg induction
within the host right after transplantation. These specific suppressor effects are compatible
with the antigen-specific suppression previously observed with Treg cells [97, 98]. The ability
of neutrophils to suppress T cell activation is reinforced by the fact that Tregs are less sensitive
than conventional T cells to H,O, suppression [99].

Indeed, it's known that G-CSF treatment increases the number of Treg cells in the donor, and
that these cells produce IL-10 [93]. Treg cells stimulated with LPS are able to induce IL-10 and
TGFp-producing neutrophils. It means that Treg cells have anti-inflammatory properties that
influence other cells, including neutrophils, which upon contact with LPS-stimulated Tregs,
may prevent the induction of the Th17 profile [100] (Figure 3).

Given these various functions of the Ly6G* IL-10* neutrophils described herein, at least three
possibilities, which may act together, can be suggested to explain the specific suppression by
RN in GVHD model.

At first, peroxide production can act by inhibiting T cell activation because its production
is carried out with L-arginine consumption and because it acts by inhibiting TCRC chain
phosphorylation. Second, the high phagocytic capacity may contribute to the clearance of
translocated gut bacteria after the conditioning regimen. The diminished bacterial load and
translocation will contribute to diminished activation of allogeneic T cells leading to a mild
GVHD. Third, Tregs generated in the donor after G-CSF treatment influence the generation
and modulation of spleen neutrophils to an IL-10*-producing suppressor subtype, which
expresses low levels of MHC II and co-stimulation (as can be seen in Figure 4). After HSCT,
when in contact with T cells, neutrophils with low levels of co-stimulatory molecules asso-
ciated with high secretion of IL-10 favor the generation of Treg cells within the host that
suppresses GVHD and maintains other functions of the immune system while maintaining
immunocompetence and the GVL effect (Figure 4).

In addition to this, we believe that the high phagocytic capacity found in these neutrophils,
coupled with the high production of H,O,, is related to the limitation of bacterial extrav-
asation that occurs as a result of the barrier breaking [101]. It was recently described that
neutrophils can colonize intestinal tissues 3 days after transplantation, so the Ly6G" cell,
besides polarizing T cells, could maintain the intestinal integrity [102]. In fact, it has already
been described that G-CSF decreases the effects of intestinal barrier breakage showing low
levels of endotoxin in the blood and lower numbers of translocated bacteria observed in the
spleen, liver, and mesenteric lymph nodes compared to those not treated with G-CSF [103].
Bacterial elimination is of utmost importance for the control of GVHD, so much that it has
been described that germ-free animals develop an attenuated and very late form of GVHD
[104]. Besides this, in our view, in this early phase after HSCT neutrophils polarize T cells in
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Figure 3.Regulatory neutrophils IL10* neutrophils generation. (1) G-CSF treatment of HSCT donors mobilizes
neutrophils from the bone marrow to the periphery. (2) and (3) Neutrophils migrate to spleen where they found Treg
cells also G-CSF stimulated. (4) In the spleen, neutrophils and T cells undergo mutual influence and polarize each other
to a regulatory phenotype.

the mLN towards a regulatory phenotype, and these regulatory cells spread to GVHD target
organs, as we suggest in Figure 4.

As we can conclude, the initial idea that neutrophils act only by responding rapidly to inflam-
matory stimuli and subsequently enter apoptosis causing tissue damage has been modified
by the finding that activated neutrophils can perform many other functions. Studies in this
regard challenge the classical view of neutrophils as fully differentiated cells and raise the
question that these cells may exhibit extraordinary plasticity. In GVHD, prevention strategies
that spare the recipient or that decrease tissue damage are of extreme importance [100]. In this
case, the generation of a new subtype of neutrophils, capable of inhibiting GVHD maintain-
ing the immunological competence, is paramount for the control of the disease and represents
a simple approach to be applied in humans.
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Figure 4. Potential role of regulatory neutrophils in GVHD onset. (1) After HSCT, regulatory neutrophils limit the
bacterial translocation from the intestinal barrier breakdown, once they have high phagocytic capacity. (2) Production
of the cytokine IL-22 contributes to epithelial healing. (3) High levels of hydrogen peroxide inhibit T effect or functions
protecting the host from clonal expansion of alloreactive T cells. (4) The IL10 derived from neutrophils, polarize host

Tregs and this last produces IL-10 and TGF-3 comprising a mutual cycle. (5) Alternative macrophage (M2) differentiation
can be influenced by the regulatory milieu.

4. Final considerations

In mouse model, treatment with G-CSF generates in the HSCT donors an increase of
Treg cells, which may be responsible for the generation of suppressor neutrophils. When
transferred to the HSCT receptors, these neutrophils are able to suppress the GVHD
by reducing the clinical and histopathological signs of the disease. On the other hand,
these protected individuals retain the anti-leukemia effect, which is important to prevent
relapses, and reject allogeneic skin grafts, showing that the protection of GVHD is due
to a specific suppression and not a systemic immunosuppression of the recipient, which
claims for a T cell function.

The type of neutrophil generated after G-CSF treatment is obviously different from the classi-
cal neutrophil, known as inflammatory. Although activated and mature, they express low lev-
els of MHC-II and co-stimulatory molecules, low levels of MPO, and are degranulated. On the
other hand, they are producers of the suppressive cytokine IL-10 and also show an increase
in IL-4 and IL-22. Together, these characteristics make this cell a potential suppressor, since
several mechanisms able to modulate T cells are present.

We believe that after transfer to the recipient, these neutrophils (which have a longer half-life,
as recently reported in the literature) rapidly colonize the sites activated by the conditioning
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regimen. It is known that in 3 days there is neutrophil colonization in mLN. Although reports
in the literature associate this early neutrophil colonization with the increased damage caused
by GVHD, this neutrophil is of a distinct subtype, generated after treatment with G-CSF.
Thus, in these activated sites, neutrophils can act to control local inflammation, generating a
regulatory environment, favoring the generation of new Treg cells that amplify the specific
protection observed in our study.

We conclude that neutrophils function goes beyond the microbicidal function. The classical
view is too narrow to explain the many features acquired by these cells. Many different and
complex subtypes of regulatory neutrophils have been recently described. Although their
characterization is not precise, regulatory neutrophils can be grouped together based on their
functional profile. Also, the interaction between these neutrophils and other cell types, such as
the ones described here (macrophages, NK, NKT, ILC, DC, B and T cells), potentiate the regu-
latory response in different conditions. So, the regulatory neutrophils confer an important
bridge between innate and adaptive immune system in many different conditions, building a
new role for an underestimated cell.
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