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Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the gene
that codes for the CF trans-membrane conductance regulator. These mutations result
in abnormal secretions viscous airways of the lungs, favoring pulmonary infection and
inflammation in the middle of neutrophil recruitment. Recently it was described that
neutrophils can contribute with disease pathology by extruding large amounts of nuclear
material through a mechanism of cell death known as Neutrophil Extracellular Traps
(NETs) into the airways of patients with CF. Additionally, NETs production can contribute
to airway colonization with bacteria, since they are the microorganisms most frequently
found in these patients. In this review, we will discuss the implication of individual or mixed
bacterial infections that most often colonize the lung of patients with CF, and the NETs
role on the disease.

Keywords: neutrophil, NETs, cystic fibrosis, CFTR, Pseudomonas aeruginosa, Staphylococcus aureus,
Burkholderia cepacia

INTRODUCTION

Cystic Fibrosis (CF) is a lung disease characterized by chronic inflammation of the airways
associated with bacterial colonization. Disease occurs by mutations that disrupt the Cystic Fibrosis
Transmembrane Regulator (CFTR) gene, a plasma membrane channel that regulates the balance
of bicarbonate and chloride secretions across the epithelial layer of the airways. Patients with CF
have an elevated presence of thick mucus, DNA and proteins, complexed with bacteria that obstruct
airflow due to an inability of the epithelial cilia to beat and mediate mechanical clearance of these
structures. More recently, some studies showed that the extracellular DNA levels correlate with
neutrophil counts and can be used as a guide of inflammation and lung disease severity (Kirchner
et al., 1996; Ratjen et al., 2005).

Neutrophil Extracellular Traps (NETs) release was recently related to the extracellular DNA
found in patients with CF in which their presence can exacerbate the disease. The excessive
formation of NETs promotes that the mucus in patient’s alveoli becomes thicker and sticky,
allowing the colonization of bacteria such as Haemophilus influenzae and Staphylococcus aureus,
and significantly Pseudomonas aeruginosa (Manzenreiter et al., 2012). Such colonization promotes
infiltration of neutrophils that undergo NETosis increasing sputum viscosity and consequently
lowering the patient’s respiratory capacity. In line with this, a treatment option for patients with
CF is the administration of recombinant human DNase to disrupt NETs and so liquefy the sputum
and facilitate mucociliary clearance (Papayannopoulos et al., 2011).
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THE NEUTROPHIL AND ITS
CHARACTERISTICS

Neutrophils are the most abundant white blood cells in
circulation and have an important role in the immune response
(Amulic et al.,, 2012). They possess a segmented nucleus and
in their cytoplasm, multiple granules and secretory vesicles
can be found. These granules have been subdivided into
three classes: azurophilic, specific and gelatinase (Kolaczkowska
and Kubes, 2013). Neutrophils also produce many peptides
and proteins that directly or indirectly kill microbes divided
into three types of antimicrobials: cationic peptides (ie.,
defensins and cathelicidins); proteolytic enzymes [i.e., lysozyme,
myeloperoxidase and neutrophil elastase (NE)] and, metal
chelating proteins (i.e., lactoferrin and calprotectin; Borregaard
and Cowland, 1997).

When a pathogen is detected, neutrophils leave the blood
vessels and are recruited to the site of infection following a
chemotactic gradient produced by microbial and endogenous
signals (Papayannopoulos and Zychlinsky, 2009; Brinkmann and
Zychlinsky, 2012). In the inflammatory site, these cells employ
intracellular and extracellular strategies to contain and eliminate
the infection (Kolaczkowska and Kubes, 2013). Intracellularly,
eliminate pathogens very effectively by phagocytosis and
degradation of the cargo in the lizosome, whereas, extracellular
mechanims include degranulation where the lytic granules
contained in vacuoles are expelled, production of reactive oxygen
species that can affect directly the pathogen proteins and
DNA and formation of extracellulat traps which can restrict
dissemination at the same time that promote pathogen killing
(Brinkmann et al., 2004; Papayannopoulos and Zychlinsky,
2009).

NEUTROPHIL EXTRACELLULAR TRAPS

NETs formation was first described in 2004 and although plenty
of information has arised still many aspects of its regulation are
unknown (Brinkmann and Zychlinsky, 2012). To release NETs,
the activated neutrophil undergoes dramatic morphological
changes mediated by signaling pathways that differ depending
on the stimulus. It has been found that chemical inductors
such as PMA promote “suicidal NETs” formation in which
neutrophils extrude their DNA and die, a process that takes of
1.5-2 h to ocurr (Brinkmann and Zychlinsky, 2012; Zawrotniak
and Rapala-Kozik, 2013) on the other hand, pathogen inducers
promote “vital NETs” formation in matters of minutes (0.5-1 h)
in which the cells extrude their DNA but still can migrate and kill
pathogens by phagocytosis (Yipp and Kubes, 2016).

In the initial steps of NETs formation, minutes after activation,
the neutrophil flattens and adheres firmly to a substrate,
such adhesion is mediated by integrin receptors (Neeli et al.,
2008). When “suicidal NETs” are induced neutrophil binding
to its substrate promotes the activation of the NADPH oxidase
complex, when is assembled in the fagosomal cell membrane
and reduces the molecular oxygen superoxide anion by electron
transfer. Superoxide dismutase (SOD) converts superoxide anion

into hydrogen peroxide (H,O;), which acts in turn as a
substrate for the enzyme myeloperoxidase (MPO), and also
reacts with H,O; to generate hypochlorous acid (Brinkmann and
Zychlinsky, 2012). In contrast, ROS formation is not escential
in “vital NETs” since in this a NADPH oxidase independent
mechanism has been described to some pathogens (Rochael
et al., 2015; Yipp and Kubes, 2016). In a subsequent step, the
nucleus loses its lobed shape and the chromatin is decondensed
by action of NE and MPO enzymes, that migrate to the nucleus
where they exert their proteolytic function on histones (Fuchs
et al, 2007; Papayannopoulos et al, 2010). Concomitantly,
chromatin decondensation can be increased due to epigenetic
mechanisms on histones, as it was found that histones H3
and H4 can be modified by a reaction catalyzed by arginine
peptidyl deaminase 4 (PAD4) that converts arginine residues to
citrulline (Wang et al., 2009; Leshner et al,, 2012). Later, the
nuclear envelope disintegrates, nucleoplasm and cytoplasm are
mixed forming a homogeneous mass, and finally, rupture of the
cell membrane promotes that the cellular contents are expelled
into the extracellular space (Fuchs et al., 2007; Brinkmann and
Zychlinsky, 2012).

THE FUNCTION OF NETS

NETs likely evolved to restrict infections due to its ability to
entrap, prevent the spread and exterminate microorganisms
(Brinkmann and Zychlinsky, 2012), as they can catch almost
all types of pathogens as its presence has been demonstrated
in response against gram-positive and gram-negative bacterial
infections, yeasts, viruses and protozoan parasites (Lu et al,
2012). Capture within the fibers of DNA prevents propagation
of microorganisms on the body and facilitates a higher
concentration of antimicrobial factors at the site of infection
(Brinkmann et al., 2004). This capture occurs through charge
interactions between cell surface components of the pathogen
and NETs and its antimicrobial functions are exerted by the
granular proteins, primarily by NE, histone and MPO, but
also by the action of calgranulin, proteinase 3, lactoferrin,
calprotectin, and antimicrobial peptides (AMP) such as defensins
or cathelicidin LL-37 (Urban et al., 2009).

In addition to the antimicrobial function of NETs, its
ineffective elimination or excessive presence can cause
pathological effects. NETs formation has been observed during
chronic inflammatory diseases (atherosclerosis), autoimmune
diseases such as systemic lupus erythematosus (SLE), in various
forms of vasculitis, thrombosis, as well as pulmonary diseases
such as CF (Kolaczkowska and Kubes, 2013).

CYSTIC FIBROSIS AND ITS RELATIONSHIP
WITH NETS

CF is a disease produced by mutations that disrupt the
CFTR gene (Table1); the effect of these mutations is the
production of abnormally viscous secretions in the airways of the
lungs causing obstructions, inflammation and tissue destruction
(Cutting, 2015). On the other hand, an important role on the
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TABLE 1 | Classes of CFTR mutations that cause cystic fibrosis.

Class Defect Example References
About half of the CFTR mutations are expected to prevent proper synthesis of full-length, normal CFTR G542X Rowe et al., 2005
polypeptide because of nonsense, frameshift, or aberrant splicing of mRNA.

Il The defective protein retains substantial chloride-channel function in cell-free lipid membranes. When AF508 O’Sullivan and
synthesized by the normal cellular machinery, however, the protein is rapidly recognized as misfolded and is N1303K Freedman, 2009
degraded shortly after synthesis, before it can reach its crucial site of action at the cell surface. G85E

G91R
1l It encodes properly processed, full-length CFTR protein that lacks normal ion-channel activity G551D Rowe et al., 2005
G5518
G1244E
G1255P
G1349D

I\ This mutation exhibits only partial CFTR ion-channel activity, a feature that probably explains a less severe A455E Gan et al., 1995

pulmonary phenotype. R117H
R334W
R347P

\Y It includes promoter mutations that reduce transcription, nucleotide alterations that promote alternative P574H Welsh and Smith, 1993

splicing of the CFTR transcript, and amino acid substitutions that cause inefficient protein maturation. A455E

immunopathology of the disease has been given to immune cells.
Particularly, considerable participation of neutrophils has been
proposed, as these cells have an increased influx to the lungs of
the patients in response to bacterial colonization (Gray et al.,
2015), but present a reduced ability to remove microbes due to
an ineffective respiratory burst (Painter et al., 2008) and induce
an exacerbated local tissue damage because of uncontrolled
degranulation (Rogan et al., 2004; Sagel et al., 2004; Bergsson
et al, 2009). Recently, NETs formation has drawn attention
as it has been found that once free DNA is present in high
quantity of in the sputum, patients present diminished lung
function when compared with patients that have mild disease,
indicating that the airway obstruction is due to the accumulation
of NETs-DNA (Papayannopoulos et al, 2011; Dubois et al,
2012; Dwyer et al, 2014; Marcos et al, 2015). Also, it has
been reported that components of NETs (i.e., mieloperoxidase,
neutrophil elastase and histones) can induce destruction of
epithelial, endothelial and connective tissue worsening the lung
pathology (Klebanoff et al., 1993; Manzenreiter et al., 2012;
Saffarzadeh et al., 2012). The importance of NETSs in this disease
is underscored by observations describing that elimination of free
DNA from patient’s airways constitute an important treatment
option for combating CF since administration of recombinant
human DNase, leads to a significate improvement on health
(Rahman and Gadjeva, 2014).

NETS FORMATION BY MICROORGANISMS
OF CYSTIC FIBROSIS

In the lungs, the first point of contact for contaminants and
microorganisms is the respiratory tract (Cullen and McClean,
2015). Sophisticated host defense mechanisms in the mucosa
of the lungs, especially in healthy individuals, as well as the
presence of cilia and mucus epithelial surface prevent infections
trapping and removing particles and microorganisms of the

healthy lung, even though the microorganisms are constantly
inhaled (Eisele and Anderson, 2011). CF is characterized by
airway inflammation, increased viscous mucus production and
reduced mucociliary clearance, favoring chronic infections that
contribute to a rapid decline in lung function and health (Cullen
and McClean, 2015).

The alterations in the lung surface provides a suitable
environment for the growth of various pathogens, being the
most represented bacteria and fungi; among which, Pseudomonas
aeruginosa constitutes one of the most prevalent pathogens that
colonizes the lungs of CF patients (Cullen and McClean, 2015).
Elimination of this bacteria results very difficult for the immune
system since it is known that when infects the patients lungs, this
pathogen can migrate to areas with low oxygen concentrations
where only few immune cells can exert its function (Young et al.,
2011). Among these cells, the neutrophils constitute the primary
defense line but P. aeruginosa has developed strategies to evade
their destruction, as it has been shown that biofilm formation
promotes excessive production of alginate that allows bacterial
evasion to neutrophil phagocytosis and degranulation (Mulcahy
et al., 2008). Additionally, P. aeruginosa has obtained diverse
mechanisms to evade the effects of NETs, among these it is know
that they can counteract the capacity of these structures to chelate
divalent metal cations by overexpression of genes controlled
by the two component systems PhoPQ and PmrAB that sense
Mg?" limitation and at the same time encodes mechanisms to
effectively obtain the ion (Mulcahy et al., 2008; Johnson et al.,
2012, 2013). Additionally, the bacteria is capable of regulating
genes that allow them to tolerate the toxicity caused by the
extracellular DNA (Halverson et al., 2015).

Respiratory tract colonization of CF patients by
Staphylococcus aureus has drawn increasing attention, as it
has been found that they suffer a more aggressive form of the
disease. Possible explanations to this are not well understood, but
the effect has been attributed to the high production of bacterial
toxins that can induce strong damage to the patient’s airways
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and to the resistance that this bacterium has against the immune
mechanisms which include phagocytosis and degranulation
evasion through production of capsule (Menestrina et al., 2003;
Voyich et al., 2005). The role of NETosis in the response against
S. aureus in CF is still not completely known but now is suggested
that these structures can be more harmful that beneficial for
patient’s health. It has been reported that toxins produced by this
bacterium can induce different types of cell death depending on
the concentration including NETs (Genestier et al., 2005), but
their antimicrobial effect could be limited due to a production a
DNAse by the bacteria (Pilsczek et al., 2010) and moreover could
contribute to tissue damage by increasing the local concentration
of cytotoxic molecules. Additionally, experiments in vitro have
shown that neutrophils infected with S. aureus can induce NETs
with a faster kinetic resembling “vital NETs” formation (Pilsczek
et al,, 2010), and other group demonstrated that these structures
are modified in a way to become cytotoxic for macrophages
allowing the establishment of chronic infections and increased
tissue damage (Thammavongsa et al., 2013).

Other groups of bacteria that have been found colonizing the
respiratory tract of CF patients include Haemophilus influenza,
Stenotrophomonas maltophilia, Achromobacter xyloxidans, genus
Pandoraea and Streptococci (LiPuma, 2010; Callaghan and
McClean, 2012). However, it has not been reported the formation
of NETs by any of these bacteria in CF and its role on
the disease still remains to be explored. A growing concern
among clinicians is the observation of adult patients lungs
colonization with Burkholderia cepacia since it has been related
to decreased respiratory function and worsening of the disease,
the mechanisms behind this are not understood although it has
been proposed a possible association with previously colonizing
bacteria (Pseudomonas aeruginosa and/or Staphylococcus aureus)
to form mixed clusters of pathogens.

NETs and bacterial biofilms can be found in high amounts
in CF patient’s lung, the possible relationship of these structures
induced by bacteria colonizing the alveoli of CF patients is
an interesting aspect to study, as it could be possible that the
pathogen promotes biofilm and NET formation to use these
structures as a niche to stablish the infection and persist at
the cost of a detriment in patient’s health. The idea results
attractive as some groups have shown that in otitis media
and supragingival infections some surface bacterial proteins
determinants for biofilm formation can also attract neutrophils
to the site of infection to induce NETs and at the same time
contribute to avoid their elimination by the induced traps and
phagocytic killing by other incoming cells (Juneau et al., 2011;
Hirschfeld et al., 2015).

Figure 1 summarizes the information about the effect of
mixed or single infections on the CF. P. aeruginosa is considered
the main bacterium that affects people with CE causing chronic
lung infections, which leads to high rates of morbidity and
mortality, and once the bacteria is established, it is difficult
to eradicate it (Winstanley et al., 2016). On the other hand,
patients colonized in a chronic manner with B. cepacia present
a worse prognosis of the disease, as the use of antibiotics
becomes more frequent they also have a greater deterioration
of lung function and the rate of mortality is higher compared

to that patients colonized by only P. aeruginosa (Gilligan, 2014;
Folescu et al., 2015). It has been reported that B. cepacia and
P. aeruginosa can form mixed biofilms in the lungs of people
with CEF since, P. aeruginosa through its extracellular products
can increase the attachment of B. cepacia by modifying the
lung epithelial cells on its surface; however, the same does not
occur in patients previously colonized with B. cepacia (Saiman
et al., 1990). Coinfection between the two bacteria results in a
rapid decline in lung function and a high mortality rate (Folescu
et al, 2015). In CF the simple colonization by S. aureus is
generally considered of better prognosis than those colonized
with P. aeruginosa; but in some cases, the presence of small-
colony variants (SCV) of S. aureus is associated with the most
advanced lung disease in CE and the phenotype of this bacterium
in a coinfection with P. aeruginosa causes disease worsening
(Besier et al., 2007; Hubert et al., 2013). In addition, some
groups have found that host-pathogen interactions can affect the
environment favoring pulmonary disease (Filkins and O'Toole,
2015) and that high levels of inflammation as well as an increase
in the accumulation of calprotectin possibly related to NET
formation promotes coinfection between P. aeruginosa and S.
aureus (Wakeman et al., 2016). Additionally, reports have been
published showing that P. aeruginosa, S. aureus, and B. cepacia
can cause mixed infections in the respiratory tract of patients
with CF; together, lead to pulmonary exacerbations, decreased
pulmonary function and destruction of the lung, so the mortality
rate is higher compared to simple infections or mixed infections
with two different bacteria (Zemanick et al., 2011).

CF investigations have focused on the role that bacteria on the
pathogenesis of the disease, although very often other pathogens
can be observed and isolated form CF patients lungs. Of these,
filamentous fungi Aspergillus fumigatus is the most commonly
isolated (Armstead et al., 2014) and even thou detailed studies
regarding its participation on CF and NET formation are scarce
there are some data that could suggest an active role in the
disease. In vitro it has been reported formation of high amounts
of NETs against A. fumigatus hyphae compared to conidia by
human neutrophils. Interestingly, NETs are unable to kill and
eliminate A. fumigatus infection, but can reduce the growth of
this fungus by trapping it into webs preventing further growth
and confine the infection (McCormick et al., 2010). Additionally,
other groups have related the reduction of NET formation to the
presence of hydrophobin RodA, which is the major component
of resting conidia surface although the precise mechanism behind
this still has to be elucidated (Aimanianda et al., 2009; Bruns et al.,
2010). Another fungi species that have been also isolated from
CF patients are the hyaline fungi Scedosporium apiospermum
(Pseudollescheria boydii) and black yeast Exophiala dermatitidis
(Chotirmall and McElvaney, 2014) but NET formation and its
importance in the disease has not been reported yet.

Candida albicans can also be isolated from the respiratory
tract from CF patients but less frequently than other species
and tend to colonize the mucoid membranes of the alimentary
tract causing inflammation in the oral cavity (LiPuma, 2010;
Chotirmall and McElvaney, 2014). Studies in vitro have shown
that C. albicans promotes NET formation in human neutrophils
and this structures can entrap and kill both the hyphae and yeast

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

April 2017 | Volume 7 | Article 104


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Martinez-Aleman et al. NETs in Cystic Fibrosis

. .
- - .
- - ......_ .
- s - - - Yales
- - .
- - .
@& P aeruginosa @ B cepacia ® S aureus
Single infection -
-
- = -
-

e ™+ Itisassociated strongly with acute exacerbations in CF
- patients.

+ Reduces the diversity of the CF lung microbiome.

« Is a primary target of treatment

\ = - -
-
S = T * It is a feared opportunistic pathogen that lead to
\ S - debilitating lung infections

« 1 Risk of developing fatal septicemia
\ « | Life expectancy

. .
*® o
e, . o
‘@’ s, « Bacteria with evidence of positive effects on
o survivorship, thought to be due in part to its
strong negative association with P. aeruginosa.
* | Pulmonary function
+ | Rate of mortality
. . -
Coinfection -
-
-
N e T * More rapid decrease in pulmonary function
- * 1 Risk of pulmonary exacerbation

* 1 Mortality

.
-, * They have a strong antagonistic interaction
\ — i * | Rate of acquisition

\ \ « 1 Rate of loss of the other

-
- S + | Health
0 * Progressive lung disease
+ | Pulmonary function
+ Rapidly become resistant to multiple antibiotics
» Poor clinical outcomes

FIGURE 1 | NET formation in the lung surface of cystic fibrosis patients. Implications on disease prognosis (text box) in bacterial single infections (middle panel)
and coinfections (lower panel) are shown. NET formation can constitute a scaffold for the establishment of simple infections or coinfections that can directly influence
the elimination of pathogens that have direct repercussions on patient’s health. Upper panel, within single infections, P aeruginosa is the main bacterium that
colonizes the lungs of patients with cystic fibrosis, and is associated with decreased microbiome as compared to healthy individuals. Patients colonized with B.
cepacia are at higher risk of developing septicemia by decreasing their life expectancy. On the other hand, S. aureus is less aggressive compared to P aeruginosa and
B. cepacia, despite this, it can decrease lung function and increase the mortality rate. Bottom panel, mixed infections caused by P, aeruginosa and B. cepacia may
become the most aggressive, due to a rapid loss of lung function, increasing the risk of pulmonary exacerbation and mortality. Coinfections between P aeruginosa
and S. aureus, have a very antagonistic interaction in which they compete for their establishment by decreasing the rate of acquisition and the rate of loss of another,
such battle promote increased lung damage and rapid worsening of patient’s health. On the other hand, coinfections between P, aeruginosa, S. aureus, and B.
cepacia causes progressive lung disease and decreased lung function severely compromising patients’ health.

forms, (Urban et al., 2006, 2009). NET killing was mediated by  last can offer a possible explanation about why this opportunistic
neutrophil calprotectin that chelates essential ions such as Zn?>*  fungus is not often found in CF patients but still more studies are
and Mn?* (Sohnle et al., 1996) essential for fungal growth. The  needed to truly understand the mechanisms behind this.
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CONCLUDING REMARKS

To date, the NETs remain a mystery and its mechanisms of
formation has not been completely deciphered. Clearly, it is
important for the clearance and containment of a variety of
microorganisms, but equally are involved in the development
immunopathology of CE where exacerbate the disease. It is
important to fully elucidate the participation of NETs in CF and
its interplay with the pathogens colonizing the patient’s lungs for
in the future develop proper strategies to control the disease.
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