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Abstract: The discovery, in 2004, of extracellular traps released by neutrophils has extended our
understanding of the mode of action of various innate immune cells. This fascinating discovery
demonstrated the extracellular trapping and killing of various pathogens by neutrophils. During
the last decade, evidence has accumulated showing that extracellular traps play a crucial role in the
defence mechanisms of various cell types present in vertebrates, invertebrates, and plants. The aim
of this review is to summarise the relevant literature on the evolutionary history of extracellular
traps used as a weapon in various kingdoms of life.

Keywords: neutrophil extracellular traps (NETs); defence mechanism; tree of life; innate immunity;
conserved mechanisms

1. Introduction

After its discovery in 2004 [1], the formation of extracellular traps (ETs) by neutrophils had
mainly been studied in vertebrates with a focus on human and mice, however, subsequent research
revealed the neutrophils from different mammalian species form ETs, for example, horses, dogs,
sheep, mice, as well as from invertebrates [2-6]. ETs are characterised as released DNA associated
with histones and granule proteins, which form an extracellular web-like structure (Figure 1). These
structures are able to function as an immune defence mechanism through entrapment and killing of
certain microbes [7]. In addition to neutrophils, ETs are formed by other immune cells such as mast
cells, monocytes, macrophages, and eosinophils when stimulated with mitogens, cytokines,
pathogens, or interaction with neighbouring cells, for example, platelets [8]. On the one hand, ETs
exhibit a protective role against several invading microbial pathogens as an antimicrobial defence
strategy; but on the other hand, an excessive ET release can lead to detrimental effects, for example,
thrombosis [9], tissue damage [10], autoimmune diseases [11], and cancer [12], a phenomenon with
high clinical relevance [13]. Finally, the fine balance between protective ET formation, and
subsequent efficient elimination by the host defines the protective versus the detrimental
consequences of ET formation during various diseases. A better understanding of the processes of
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ET formation by different cell types and different hosts is still needed to target ETs for therapeutic
interventions.

On the basis of findings from several studies mostly performed with human and murine
neutrophils, the following three different pathways that lead to the formation of ETs by innate
immune cells have been identified: (1) Release of nuclear DNA by ETosis, a suicidal cell death
associated with the rupture of the nuclear membrane prior to cell lysis [14,15]; (2) vesicular release of
nuclear DNA by viable cells [16,17]; and (3) release of mitochondrial DNA [18,19]. However, the exact
molecular mechanisms leading to one or the other phenotype of ET formation has still not been
entirely clarified. A group of renowned scientists and experts on NETs has recently published an
opinionated review on the subject due to the abundance of available data that has also led to some
confusion in the NET/ET research community because of contradictory results and divergent
scientific concepts, for example, the molecular pathways of ET formation or the origin of the DNA
that forms the ET scaffold [20]. There is a strong consensus about the composition of ETs among the
findings that NETs contain a high amount of granule proteins, for example, cell-type-specific
proteases and other antibacterial molecules that are associated with DNA-histone complexes.
However, it is still unclear how different triggers or pathways have led to phenotypical differences
about the source of DNA or viability of the ET-releasing cell.

Comparison of ET phenotypical differences between host species in relation to evolutionary
aspects, especially by comparing data from phylogenetic groups, would help to understand the
pathways of ET formation in more detail.
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Figure 1. Phylogenetic distribution of extracellular traps among the (A) Animalia kingdom, with
emphasis on Mammalia (B) with example references. Phylogeny was adapted from Kato ef al. [21].
Branch length not calibrated, and root position not determined.

2. Extracellular Trap Formation Is a Conserved Mechanism

The formation of ETs has been reported for several vertebrate species including mammalian,
avian, and fish species. Recent publications continue to add to the extensive number of invertebrates,
as well as plant species possessing cells capable of ET formation. Figure 1 provides an overview of
the kingdoms in which this host defence mechanism has mainly been described so far. Although ET
release is observed in response to a variety of biological and chemical stimuli, as summarised in Table
1, the extrusion of antimicrobial DNA/histone complexes seems to be well conserved throughout the
tree of life. An example is shown in the immunofluorescence micrograph (Figure 2) that depicts ETs
from fish neutrophils.
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Figure 2. Carp kidney derived neutrophils. Nuclei are stained with DAPI (blue) and extracellular
traps with an antibody against H2A-H2B-DNA complexes (green).

In the following sections, we present a summary about studies performed with ET-releasing
immune cells from various species among multiple kingdoms (Figure 2); additionally, we give
information about the multitude of ET triggers, hypothesised pathways involved, and host proteins
associated with the extracellular DNA structures (Table 1).
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Table 1. Phylum and family origin of extracellular traps (ETs) in the kingdom of Animalia with examples for ET-inducer. Plants are not included.

40f24

Phylum Family ET Inducer Reference
Chordata Humans E. coli, LPS, IL-8, S: aureus, Cyc.llodextrin, A. fumigtztb’ts, B. I‘Jurgdorferi, GPAC, HIV, Myxoma [1,22-32]
virus, T. gondii, PMA, Entamoeba histolytica, H. influenzae
C. albicans hyphae, L. monocytogenes, S. pneumoniae, LPS, T. gondii tachyzoites, S. stercoralis
Mice, Rats, Chinchilla larvae, PMA, PAF, ionomycin, lupus serum components, Influenza virus, PTU, [5,9,33-44]
Ischemia/Reperfusion, M. tuberculosis
M. haemolytica, MPEC, E. faecalis, S. aureus, S. marcecens, H. somni, S. dysgalactiae, E. bovis,
Cows, Sheep, Goats E. arloingi sporozoites, Enrofloxacin, B. besnoiti, C. parvum, Spermatozoa, H. contortus, N. [45-64]
caninum, D(-)lactic acid, M. bovis, E. ninakohlyakimovae, T. gondii, S. uberis
Pigs S. aureus, P. aeruginosa, S. suis, PMA, ionomycin, zymosan [65-67]
Horses, Donkeys E. coli, S. equi subsp. zooepidermicus, S. capitis, spermatozoa, PMA, T. gondii [2,68-70]
Cats Leishmania amazonensis promastigotes, PMA, T. gondii, E. coli [71-73]
Dogs PMA, PAF, N. caninum tachyzoites, C}./clodlextr.ir'l, E..coli FPS., Nickel (IIT) nitrate [3,72,74-78]
hexahydrate, T. cruzi, D. immitis microfilariae
Ferrets Influenza A virus [79]
Seals T. gondii tachyzoites, B. besnoiti tachyzoites, zymosan [80]
Dolphins Zymosan, N. caninum tachyzoites [81]
Opossum T. cruzi, cyclodextrin [77]
Chicken PMA, H20, S. enterica [82-84]
Carp, fathead minnow,  A. hydrophila, P. flourescens, V. harveyi, PMA, zymosan, beta-glucan, poly I:C, LPS, calcium [85-90]
zebrafish, turbot ionophore, C. albicans
Arthropoda Shrimps, Crabs V. anguillarum, LPS, PMA, E. coli [6,91,92]
Mollusca Mussel, slugs, snails, V. tasmaniensis, B. stationis, zymosan, [93,94]

oyster

Cnidaria Sea anemone

PMA

(6]




Biology 2020, 9, 34 5 of 24

3. Mammalian Neutrophil Extracellular Traps

3.1. Extracellular Traps in Homininae

Brinkmann and colleagues first described the formation of neutrophil extracellular traps (NETs)
in 2004; the focus of the subsequent investigations was the host immune protection carried out by
NET fibers. Still, several studies have shown the beneficial effects of NETs against various pathogens
such as E. coli, S. aureus, P. aeruginosa, Aspergillus fumigatus, Borrelia burgdoferi, Human
immunodeficiency virus, Myxoma virus, C. albicans, Entamoeba histolytica, GBS, GPAC, and T. gondii [22—
30]. Interestingly, NET formation, instead of phagocytosis-mediated killing, was described to occur
depending on the size of the invading pathogen and was named size-selective NETosis [95].
However, several inflammatory molecules have also been described to modulate NET formation and
various pathways are known which could depend on the specific inducing stimulus. Kenny and
colleagues confirmed these findings by suggesting that neutrophils use different pathways to
produce and release NETs, depending on the activator used [29].

Initially, the protective effect of NETs was confirmed in patients suffering from chronic
granulomatous disease (CGD) [14]. CGD patients are severely immunodeficient, have recurrent
infections, often with opportunistic pathogens, and have a poor prognosis. Conforming to this,
neutrophils from those patients showed impaired killing of extracellular S. aureus and impaired
capacity to make NETs. Later, the protective effect of NETs was also confirmed in regard to pathogen-
induced sepsis, because neutrophils from septic patients showed impaired NET release [96],
especially for non-sepsis survivors [97]. In contrast to non-survivors, neutrophils from sepsis-
surviving patients were more capable of releasing NETs and granular proteins [97]. An increase in
autophagic vacuoles was correlated to the increased NET release in sepsis survivors, indicating a
priming of NET formation by autophagy. Interestingly, the inhibition of NET release by the
application of anti-inflammatory drugs, and also NF-kB inhibitors, resulted in increased bacteraemia
[98].

In addition to the protective antimicrobial effects, aggregated ETs are also able to degrade pro-
inflammatory cytokines, and thus have been shown to resolve the inflammation in gout patients [99].
However, NETs have been repeatedly described as a double-edged sword [13,98,100], especially in
cases where the host is not able to get rid of the ET fibres in the body. Evaluating the overwhelming
response of NETs in sepsis or acute pancreatitis revealed a rather detrimental impact of web-
structures on the host organism due to organ damage [10,101]. The attenuation of NETosis by
inhibition or knockout of factors involved in the generation of NETs, such as neutrophil elastase (NE)
or peptidyl-arginine-deiminase (PAD4) [35,102], drastically reduced organ damage in liver
vasculature [103]. Recently, a connection between NET formation and RIPK1/3/MLKL-dependent
necroptosis leading to endothelial tissue damage was reported [104]. In addition, mitochondrial
damage was described after the exposure of dendritic cells to NETs [105]. It was speculated that NETs
could be used as a marker for community-acquired pneumonia, since an increase of NETs present in
serum was correlated to clinical instability, prolonged length of hospital stay, and mortality [106]. As
multiple tumour types displayed the ability to facilitate the release of NETs from circulating
neutrophils, it was hypothesised that, in contrast to the findings by Millrud and colleagues [107],
neutrophil responses in the context of tumour progression could be catastrophic to the host [12].
Another study, however, supports these findings, whereby inhibition of NETs by chloroquine
decreased hypercoagulability, and thus cancer-associated thrombosis [108]. These are some examples
summarising the work describing the role of protective versus detrimental effects of ETs in humans
and highlights the need for future studies to better understand the underlying mechanisms in ET
formation.

3.2. Murinae

Although Hominidae and Murinae are phylogenetically closely related, they have evolved to
become very different organisms because they have adapted to different environments [109]. Thus,
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mice and rats often respond to experimental interventions in ways that differ strikingly from humans
and some authors even discuss that mice are invaluable for studying biological processes that have
been conserved during the evolution of the rodent and primate lineages. In addition, regarding ET
formation in rodents and human, cells have been shown to react differently. As an example, in human
peripheral blood neutrophils, pharmacological or endogenous inhibition of MPO decreased NETosis
[110,111], whereas mouse-derived neutrophils did not show the same phenotype in regard to the
pharmacological inhibition [110]. Thus, these authors mention, that there is a need for caution in
extrapolation to humans from studies on murine NETosis [110].

However, the investigation of ET formation in regard to pathogens or also pathological
conditions, such as autoimmune responses or cancer has been widely explored in mice [9,37]. For
example, in addition to earlier findings of murine NET release in response to L. monocytogenes or
pneumococci [42,43], a study by Bonne-Année et al. (2014) showed that murine bone marrow derived
neutrophils released DNA in response to helminth parasites [5]. The interaction of murine
neutrophils and C. albicans, an opportunistic yeast often found in immuno-compromised individuals,
was investigated by Hopke et al [44]. A rapid NET production on the yeast hyphae was found, which
was hypothesized to contribute to beta-glucan unmasking and chitin deposition [44].

Similarly, as shown for human NETs [112], murine NETosis is also triggered by platelet
interaction [34] via P-selectin [33] and the involvement of PAD4 [35]. NETs were reported in thrombi
of mice after inferior vena cava stenosis, in the context of atherosclerosis and a sepsis model [9,34,35].
In contrast to mice, rats are not used as frequently for studies on ET formation, mainly because of the
limited availability for genetic manipulation. However, the involvement of NETs in thrombus
formation was supported by a study conducted by Boettcher and colleagues, in 2017, in rats, which
found elevated levels of extracellular DNA during testicular torsion in male rats [36]. The authors
suggested that NETs display procoagulant properties, providing a scaffold for thrombus formation
and triggering platelet activation [36]. The testicular cell damage, elevated MPO staining, oxidative
stress, and apoptosis were decreased by DNAse I treatment [36]. NETs, often identified by complexes
of DNA/histones, were found in ileum mucosa and submucosa of LPS-infected rats and after
myocardial ischemia/reperfusion (MI/R) injury [38-40]. Administration of DNasel decreased tissue
damage by NETs, reduced infarct size, and reduced the acute inflammation due to LPS induction
[38-40].

It is also important to mention that the key findings related to NETs and their role in
autoimmune diseases, for example, systemic lupus erythematosus (SLE) have been made in a rodent
model [113-115]. Furthermore, it has also been shown that treatment with HMGB1 antibody inhibited
the infiltration of neutrophils and, subsequently, NET formation without altering the antibody
production in lupus-prone mice [116]. The antibody treatment additionally suppressed the NET
manifestation in the glomerulus [116]. The detection of NETs in lesions of patients suffering from
MPO-antineutrophil cytoplasmic antibody (ANCA) associated vasculitis (MPO AVV) suggested an
additional role of NETs in this autoimmune condition [41]. MPO AVV often occurs in patients
suffering from hyperthyroidism, and thus treated with propylthiouracil (PTU) [117]. Injecting rats
with NETs triggered by PMA and PTU resulted in MPO-ANCA production, abnormal NET
formation, and increased pulmonary haemorrhage [41].

Fewer NETs in lesions were also found in mCat mice, a knockout for mitochondrial stress [118],
whereby reduced NET formation was associated with a decreased number of MPO-positive cells. The
authors described that NET formation was increased in atherosclerosis in aging mice. Suppression of
mitochondrial stress decreased NETs in lesions of aging mice, but not in younger mice [118]. Similar
to human NETs, a negative impact of NETs in tumour formation was also reported for mice
genetically modified for cancer development predisposition [37]. In summary, key insights into the
role of ETs during health and disease were made using the rodent model, thus, highlighting their
important role in ET research.
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3.3. Chinchillidae

In addition to murine models to study several pathological conditions, a chinchilla model has
been used to determine the ability of pneumococci to form biofilms in vivo. Live bacteria and
pneumococcal communities were found within the meshwork of bacterial and host cell matrix [119].
Although NETs have been described as a host defence mechanism [1], here, the web-like structures
seemed to be not involved in bacterial clearance [119,120]. This was confirmed by a recent study that
illustrated that the generation of acidic microdomains of P. aeruginosa-derived biofilms, and thus
resistance to antibacterial treatment, was related to an accumulation of extracellular DNA (eDNA)
[121].

3.4. Caviidae

In the study by Filio-Rodriguez and colleagues, the effect of M. tuberculosis was tested on rodent
neutrophils using a guinea pig model. M. tuberculosis induced NET formation and neutrophil
accumulation at the site of infection after 30 minutes. In the NETs, which entrapped but did not kill
M. tuberculosis, active MPO and ROS were found to be associated [122].

Taken together, these findings indicate a broad spectrum of stimuli triggering the release of
NETs from various rodent families, including mice and chinchilla. The context in which NETs are
formed includes cancer, autoimmune responses, as well as responses to pathogenic triggers such as
diverse bacteria.

3.5. Extracellular Traps in Bovidae

3.5.1. Bovinae

Cattle are the most important agricultural species with almost 1.5 billion farmed animals
worldwide [123] and infection with pathogens such as S. aureus can lead to critical conditions,
including clinical mastitis (CM), which has a high economic impact. Initial findings that identified
formation of ETs in cattle have been made in the uterus after the addition of spermatozoa in a
pathogen-independent manner [124]. Importantly, the increased binding with seminal plasma to
neutrophils and NETs reduced the number of free spermatozoa, indicating that sperm transport to
the site of fertilization (and thus fertility) was hindered [124].

The exposure of bovine neutrophils to various other bacterial and parasitic pathogens and their
components such as S. aureus, M. haemolytica leukotoxin (Ikt;), mammary pathogenic E. coli (MPEC)
P4, Histophilus (H.) somni, E. faecalis, S. dysgalactiae and clinical isolates of E. coli, E. coli LPS, live
sporozoites of Eimeria bovis, and sporozoites of Cryptosproridium (C.) parvum resulted in the release or
enhancement of NET-like fibres or extracellular DNA [45,48,50-55]. Several of these pathogens were
found entrapped and killed within the NET-like structures, which were formed in a ROS-dependent
fashion [47,53,54], whereas others, such as mycoplasma bovis, degrade NETs and utilise a nuclease
in order to escape NET-mediated killing [46].

Using bovine granulocytes, key discoveries of the interaction of ETs and parasitic infections have
been made. Neospora caninum, an apicomplexan parasite infecting cattle, induced NETs within 30 min
with the parasite becoming entrapped in the structures shortly afterwards [57]. The involvement of
several pathways, such as NADPH oxidase, ERK1/2, and p38 MAPK, as well as intracellular Ca?
mobilisation as described for other parasitic stimuli [58], were not seen in this study [57]. Incubation
with a CD11b antibody, however, decreased the formation of NETs, indicating a possible interaction
of the parasite with the neutrophils. Interestingly, the study reported that a co-incubation of PMNs
with the parasites and, subsequent, NET formation, prevented host cell invasion into bovine
umbilical vein endothelial cells (BUVECs) [57]. The L3 larvae of Haemonchus contortus triggered
different types of NETs, with disseminated and aggregated NETs entrapping the parasite larvae [59].
The aggregated NETs also covered most of the larvae, hampering the parasites” motility [59].
Although N. caninum and H. contortus viability was not affected by bovine neutrophils, another study
showed T. gondii were killed by bovine NETs [60].
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Furthermore, mechanistical studies to identify molecular insights in the pathways involved in
bovine ET formation have been performed. Treatment of bovine neutrophils with fluoroquinolone
enrofloxacin led to increased protein expression of PAD4 and enhanced levels of citH3 and NET
formation [56]. An inhibition of actin and tubulin filaments in bovine neutrophils led to reduced
formation of NETSs [56], which has also been described for human neutrophils by Neeli and colleagues
[125]. Additionally, involvement of NE and MPO enzymatic activity has been described to be
involved in bovine NET release [58]. NET release was also shown to be significantly higher in milk
as compared with media [52]. Interestingly, d-lactic acid, a metabolite associated with aseptic
inflammatory processes, induced NET formation within 30 min of co-incubation [61]. The NETs were
positive for citrullinated histone 4 and CD11b, and the mechanism was suggested to be dependent
on the MCT1 plasma membrane transporter [61]. D-lactic acid induced DNA/NET release which,
then, enabled neutrophil adhesion to endothelial cells via CD11b and ICAM-1. However, further
studies need to be performed to compare these ET-phenoytpes with NETosis, vesicular release, or
mitochondrial release of ET formation as described for human or murine neutrophils.

Finally, as previously mentioned, a detailed protocol for the isolation of bovine granulocytes to
study NETs was published by Baien and co-workers [126]. Notably, the authors show that density
gradient centrifugation of KsEDTA blood resulted in higher purity of bovine granulocytes as
compared with lithium heparin blood. In contrast to water lysis, the NaCl lysis method was
recommended by the authors to avoid preactivation of cells, which can occur during hypotonic water
lysis. Thus, these data show that the isolation procedure could impact the results significantly. This
could also be considered for granulocytes derived from other species.

3.5.2. Caprinae

Other animals belonging to the Bovidae family, such as goats and sheep, have also been reported
to release extracellular traps in response to bacterial or parasitic pathogens [4,62,127]. The
intracellular protozoan parasite, Neospora caninum, induced NET formation in goat neutrophils after
60 min of exposure [127]. The parasites were found entrapped within the NET structures, which were
positive for H1, H2A/B, H3, H4, NE, pentraxin, and cathepsin B [127]. The phenotype was blocked
by the MPO-inhibitor ABAH but was independent of NADPH-oxidases [127]. In addition, caprine
monocytes respond to parasite interaction with the release of extracellular traps, as reported by Perez
et al. [63]. NADPH-oxidase-dependent ETosis was described in response to viable sporozoites,
sporocysts, and oocysts of Eimeria ninakohlyakimovae, with NETs detected with attached parasites after
30 min [63]. Additionally, IL-12 and TNFa were found upregulated [63]. The authors hypothesised
that the released DNA structures immobilised rather than killed the parasites. Furthermore, Eimeria
arloingi triggered the release of ROS-dependent caprine neutrophil ET fibres and were entrapped
within the meshwork [62]. Although E. arloingi were immobilised within the NETs, this did not affect
the viability of the parasites [62]. The induction of caprine NETs by E. arloingi was confirmed by
Munoz-Caro et al. (2016), who reported colocalisation of extracellular DNA with histones in infected
intestinal tissue [49]. Citrullinated histone H3, a typical NET marker for human and mouse NETs
[128], was found in close proximity to Eimeria in different stages of replication. Histone citrullination
could also be important in the formation of ETs in sheep; these NETs were found in mammary alveoli
in response to S. uberis infection [4]. T. gondii, a parasite found to trigger NETs in human and murine
neutrophils [28], was tested for its impact on ovine and bovine neutrophils [60]. The tachyzoites
induced NETs in ovine neutrophils after 30 min of co-incubation in a time-dependent manner.
Additionally, the parasites were found entrapped within the meshwork [60].

3.6. Extracellular Traps in Suidae

Infectious diseases in pigs could account for high economic losses, as pork accounts for one-third
of worldwide meat production [129]. Bacterial pathogens P. aeruginosa, as well as S. aureus, also
induced NET release in porcine PMNs [65]. The bacteria were found entrapped within the fibre-like
structures, which was dismantled by DNase treatment [65]. By co-incubation of pig-derived
neutrophils with S. suis, an important porcine pathogen, de Buhr et al. (2014) found significant NET
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formation and entrapment but not killing of the pathogen [66]. Additionally, granule components
and DNA/histone complexes were shown to colocalise with DNA in porcine NETs [65,66]. To aid
treatment of respiratory diseases in pigs, the administration of immunomodulatory agents such as
granulocyte-colony stimulating factor (G-CSF) was investigated [67]. This application did not alter
the capacity of porcine neutrophils to release NETs or their MPO activity in response to PMA,
ionomycin, or zymosan [67]. Interestingly, it has recently been shown that degraded neutrophil
extracellular traps promote the growth of Actinobacillus pleuropneumoniae (A.pp) [130], an important
porcine pathogen leading to high economic loss [131]. A.pp, itself, releases no nuclease, but the
authors identified host nucleases as a source that degrades NETs after A.pp infection [130]. These data
shed light on the detrimental effects of NETs during a host immune response against certain bacterial
species that require or efficiently take advantage of degraded DN A material which has been provided
by host nuclease or nucleases of other coinfecting bacteria as a source of growth-aiding nutrients.

3.7. Extracellular Traps in Equidae

Equine NET formation was analysed with respect to the role of SCGB1 [132], a protein described
as being associated with reduced neutrophil migration and decreased ROS production during
recurrent airway obstruction [133,134]. Horse neutrophils released NETs in a presumably ROS-
independent manner, which were inhibited by the addition of SCGB proteins [132]. Co-incubation of
equine PMNs with various pathogens causing endometriosis in mares (S. equi subspecies
zooepidermicus, E. coli, and S. capitis) resulted in NET release from equine PMNs and all pathogens
were found entrapped within the meshwork [2]. The fact that S. equi infection resulted in fewer NETs
was explained in literature reporting the nuclease-producing evasion of some streptococci [135,136].
Furthermore, sperm motility, as well as fertility, has been reported to be reduced due to the binding
of neutrophils to the sperm in the female reproductive tract (FRT) [137]. Interestingly, the incubation
of equine neutrophils with sperm induced the formation of NETs and, moreover, resulted in
entrapment of the spermatozoa [68]. NETosis was prevented by the addition of seminal plasma (SP)
[68], which also reduced the binding between spermatozoa and neutrophils. Low-density neutrophils
(LDN), found in the PBMC layer after density centrifugation, displayed a higher rate of Fmlp
receptors on their surface as compared with normal density neutrophils [69]. Although their MPO
content was the same, LDN were found to be more sensitive to PMA, and thus showed an increased
capacity to produce NETs [69]. This finding could be important, since LDN exhibit an increased
synthesis of TNFq, IL-6, IL-8 and IFN1 and are found in the blood of horses suffering from lupus and
cancer, as well as systemic and local infections [69]. These data correlate well with the finding by
Villanueva and colleagues, who associated elevated NET-forming capacity of LDN to lupus [138].

Recently, NETs have been found in association with equine recurrent uveitis (ERU) [139]. NETs
found in ERU-horses were positive for MPO. More NETs were found in vitreous body fluids and
serum samples of horses diagnosed with ERU as compared with healthy horses; and thus, the authors
speculated that NETs contribute to the pathogenesis of ERU [139]. Increased NET formation was also
detected in airway neutrophils of asthmatic horses [140], which could be diminished by treatment
with glucocortisteroid.

Finally, the apicomplexan parasite, T. gondii, has also been shown to trigger NET formation in
other mammalian species [28,80], and in donkeys [70]. These NETs were correlated with NE and ROS
activity [70].

3.8. Extracellular Traps in Carnivores such as Felidae, Canidae, Pinnipedae, and Mustelidae

The incubation of feline neutrophils with the parasitic pathogen Leishmania resulted in extrusion
of DNA with the parasite being entrapped within the meshwork [73]. It was suggested that an
infection with feline leukaemia virus (FeLV) leads to exacerbated neutrophil activation, and thus
made these cells less susceptible to other stimuli [73]. Similar to other mammalian neutrophils, cat
neutrophils also responded to tachyzoites of T. gondii in a ROS-dependent fashion by releasing NETs
[71]. Recently, NETs were also found in the endometrium of queens and bitches, suffering from E.
coli-mediated pyometra [72]. The pathogens were found entrapped in the meshwork, which was
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positive for NET markers MPO, H2B, and NE [72]. E. coli derived LPS induced PAD4-mediated NET
formation in canine neutrophils, leading to intracellular citrullination of histone H3 [76], while PMA
triggered the release of larger NET areas, with both of these structures stained for DNA, citH3, and
MPO [76]. Another study found that well-known NET inducers, namely PMA and PAF, both induced
DNA release by canine PMNs and neutrophil elastase was found colocalised with the fibrous
structures [3]. Since the study showed elevated levels of circulating nucleosome, a marker for
immune-mediated haemolytic anaemia (IMHA), the authors hypothesised a contribution of NETs in
the mortality of this disease; although they argued that their results should be viewed with caution
due to the low number of patients [3]. The same group recently analysed the involvement of NETs in
clot formation [75]. They suggested that NET proteins and DNA contribute to thrombosis in
inflammatory diseases. Their study showed that NETs increased the maximum clot formation
velocity and delayed lysis. DNAse treatment reduced the effect on the clot lysis, but not on the
formation velocity, indicating an involvement of NET associated proteins [75]. It was hypothesised
that NET proteins interact with the early components of the coagulation cascade; thus, canine NETs
can be used as markers of thrombotic risk [75]. To detect the DNA fibres in canine plasma, the
commonly used SytoxGreen DNA-quantification assay [141] was compared with a DNA/histone
ELISA [142]. The authors concluded that both assays were suitable, although the ELISA seemed more
sensitive [142]. The parasite N. caninum, studied for its interaction with caprine and bovine
neutrophils, was recently investigated for its impact on NETs derived from the definitive host of the
Canus genus [74]. N. caninum tachyzoites induced NETs within 30 minutes of co-incubation, with
positive staining for NET markers H3, MPO, and NE used. The NET induction by N. caninum was
time- and dose-dependent, as well as dependent on MPO, NE, and ROS production [74]. The study
showed that ERK1/2, MAPK, and SOCE pathways were involved in the phenotype, and the parasites
were entrapped within the NET structures [74]. Recently, two studies showed that canine PMNs also
release extracellular traps in response to Trypanosoma cruzi [77] and Dirofilaria immitis microfilariae,
and their L3 stage larvae [78]. Finally, also an overexposure to nickel in the form of nickel nitrate, a
commonly used heavy metal material in battery manufacturing, triggered the release of extracellular
traps from canine neutrophils [143]. The pathway involved in this phenotype is still unclear [143].

Smaller carnivores such as ferrets (Mustelidae) have frequently been used to study the pandemic
potential of emerging influenza viruses [144]. While infecting ferrets experimentally with influenza
HINT strain, extracellular histone (H3) was found in neutrophil-containing areas in the respiratory
tract, which points to a possibility of NET formation in the lumen of infected bronchioles [79].
Haemophilus (H.) influenzae is a common otitis media (OM) or middle ear infection causing pathogen
[145] which forms biofilm communities, and thus promotes bacterial persistence [146].
Immunofluorence microscopy analysis after H. influenzae infection displayed colocalisation of the
NET markers, NE and histones, with the pathogens within the biofilm structure [120]. The co-
incubation of live T. gondii tachyzoites with harbour seal PMNs resulted in net-like structures with
the parasites attached to them [80]. In line with parasite-induced NET formation in other mammalian
species [28,60,71] enzymatic activity of NADPH oxidase, NE, and MPO were reported and inhibition
of those enzymes resulted in a significant reduction in NETosis [80]. The entrapment of the parasites
by seal NETs prevented host cell invasion, thus, displaying a beneficial impact of NETs for the host
organism [80].

3.9. Extracellular Traps in Delphinidae

The release of ETs from dolphins has been demonstrated recently by Villagra-Blanco and
colleagues [81]. The apicomplexan parasite N. caninum, studied in the context of bovine, canine, and
caprine NETs [57,74,127], was used in a study involving neutrophils derived from bottlenose
dolphins (Tursiops truncates) [81]. After co-incubation with the parasite for 30 to 60 min, cetacean
neutrophils released a fine network of DNA. The parasite-induced NET formation was NOX- and
dose-dependent, but not time-dependent. N. caninum tachyzoites were found entrapped in a
meshwork of DNA filaments or attached to single activated neutrophils [81].
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3.10. Extracellular Traps in Didelphidae

Belonging to the mammalian class, marsupials, however, split from the phylogenetic tree further
down, developing a front pouch for carrying their offspring. In a study analysing extracellular traps
from granulocytes derived from domesticated dogs, granulocytes from wild opossums Didelphis (D.)
marsupialis were used as a comparison [77]. Analysis of the cells revealed a high percentage of
eosinophils in the granulocyte fraction. Free extracellular DNA was detected after didelphine
granulocytes were stimulated by T. cruzi [77]. The addition of cholesterol-depleting methyl-f3-
cyclodextrin (CD) also induced the release of extracellular traps, as has been previously shown in
human [31] and bovine neutrophils [126], indicating a conserved role of lipid membrane composition
in NET formation. Neutrophil elastase was found within the fibres, after stimulation with both T.
cruzi and CD. Three-dimensional (3D) imaging further revealed an accumulation of T. cruzi within
the trap formation [77].

4. Extracellular Traps of Avian Origin

Chuammitri and colleagues previously suggested, several years ago, that the release of
extracellular traps was a conserved host defence mechanism as it was described in various
phylogenetically diverse animal species [83]. Heterophils, the avian counterpart to mammalian
neutrophil granulocytes [147], were found to release their cellular content in response to PMA and
H20: [83]. The capacity of heterophil trap formation (HET) varied in the genetically different chicken
lines, with the noncommercially used Fayoumi line displaying the highest HET release in response
to H20:2 as compared with broiler and Leghorn lines [82]. Further genetic analysis revealed that single
nucleotide polymorphisms (SNPs) had an effect on the formation of HETs in different chicken lines
[148]. A marker on chromosome 5 that had been associated with resistance to Salmonella was found
to have an impact on HET production [148]. Additionally, a novel region on chromosome 6 was also
significantly involved in HET release [148]. Another study revealed that S. enterica subsp. enterica
serovars Infantis (SI) and Enteritidis (SE) induced HETs within 15 min of co-incubation in vitro [84].
In addition, Salmonella-derived LPS induced HET formation after 60 min. Both bacterial strains were
found entrapped within the NET meshwork, however the entrapped bacteria were not killed by the
HETs [84].

A recent study reported that the mycotoxin ochratoxin, a strong cytotoxic food contaminant
[149] produced by Aspergillus and Penicillium species, triggered the release of chicken HETs [150].
This HET formation was mediated via NADPH oxidases, ERK1/2 and p38 MAPK, and could give
insights into hyporeactivity of the immune system to infection due to exposure to ochratoxin [150].

5. Extracellular Traps in Teleosts

Evolutionary older species, such as fish, also have an advanced and complex immune system,
however, the innate immune component plays a more prominent role [151]. NETs were first
described in fathead minnow (Pimephales promelas,) in 2007, by Palic and colleagues [152], and further
studies revealed their presence also in zebrafish (Danio rerio; [85]), carp (Cyprinus carpio [86] and
Figure 1), and Turbot (Scophthalmus maximus; [87]) in in vitro experiments. However, the function of
fish NETs appears to be conserved, at least in teleosts, where neutrophils were shown to rapidly
release NETs in a time-dependent manner after just 15 min [153]. Furthermore, these NETs were also
capable of entrapping, but not killing the gram-Negative bacteria A. hydrophila [86]. As shown in
mammals, NETosis can be induced in carp neutrophils with various stimuli, such as PMA, zymosan/
beta-glucan, P. fluorescens, Vibrio harveyi, C. albicans, Poly I.C, and LPS, demonstrating the potential
broad scope of action they have on fungi, viruses, and bacteria [88-90,153]. Furthermore, as described
in humans [154], carp NETs were induced in a ROS independent and dependent manner [88]. In
addition to ROS involvement, increased levels of MPO and NO were found in tongue sole NETs,
when stimulated with PMA, P. fluorescens, or Vibrio harveyi [89]. The NETs analysed, in this study,
were released from viable neutrophils, suggesting a non-cell death pathway of NETosis in teleost
[89]. Further studies by the same group found histones and chymotrypsin-like elastases to be
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involved in the antimicrobial activity of those teleost ETs [155]. Gratacap and colleagues used a
transparent zebrafish swim bladder infection model to analyse NET formation [90]. Their study
suggested that ETs play a key role in damaging fungal filaments and limiting the extent of invasion
when teleost where infected with C. albicans [90].

The antimicrobial function of the DNA backbone in piscine NETs has been illustrated with the
ability of A. hydrophila to degrade the DNA structures via nucleases [86]. Turbot (Scophthalmus
maximus) NETs have been shown to entrap both P. fluorescens and E. coli, and additionally kill E. coli
[87]. Furthermore, the authors showed that degradation of NETs via DNase incubation led to an
increase in bacterial load as compared with an intact NET control [89].

6. Extracellular Traps in Invertebrates

In addition to vertebrates, recent studies have shown the ability of (aquatic) invertebrates
including the blue mussel (Mytilus edulis), slug species (Arion lusitanicus and Limax maximus), snail
(Achatina fulicato), and shore crab (Carcinus maenas) release chromatin-based ETs, termed invertebrate
extracellular phagocyte traps (EPTs) [6,156]. Although the species discussed here are derived from
different phyla, we decided to group them in this chapter, since studies on invertebrates have
remained sparse and mostly limited to Arthropoda (crabs, shrimps) and Mollusca (mussel, snails,
and slugs) [6,91-94,156].

Extracellular chromatin originating from the nucleus and coated in histones has been described
in Pacific white shrimp (Litopenaeus vannamei) [91]. The authors visualise ETs, 30 min after stimulation
with PMA, LPS, and E. coli which were capable of entrapping and potentially killing E. coli [91]. An
in vitro study showed that hemocytes from the kuruma shrimp (arthropod) release ETs upon
challenge with LPS, which are able to entrap bacteria [156].

Haemocytes isolated from slugs and snails responded to larval stages of canine and feline
metastrongloid lungworms with extracellular DNA structures in vitro and in vivo, ensnaring the
parasites [93]. Despite the strong entrapment of the worms, viability seemed unaffected. The released
fibres stained positive for H1, H2A/B, H3, H4, and MPO and were detected within 10 minutes of co-
incubation [93]. The authors suggested that ET formation is a general effector mechanism,
independent of parasite species, parasite stage, or haemocyte origin [93]. Phylogenetic comparison
by different authors confirmed that histones have been shown to be crucial components of
mammalian and fish extracellular traps [151,153,157] and are also major antimicrobial effectors
against bacteria in oyster gills [94]. A rapid release of extracellular DNA after 1 hour was observed,
which was shown to ensnare numerous pathogens [94].

Interestingly, cells from the sea anemone Actinia equina (Cnidaria) also released DNA fibres in
response to a chemical stimuli (PMA) [6]. These data indicate that ETs are shared by relatively distant
species belonging to different branches of the Bilateria, such as Chordata (mammals, birds, and fish),
Arthropoda, and Mollusca (shrimp, oyster, and mussel) and even Cnidaria. Furthermore, in 2016,
Zhang et al. identified DNA traps released by the social amoebae Dictyostelium discoideum
(Amoebozoa) that are also able to kill bacteria [158].

7. Extracellular Traps in Plants

It is also important to highlight that extracellular DNA traps are required for root tip resistance
of plants to fungal infections in a similar way as shown for mammalian NETs. On the basis of the
initial work by Wen et al. who described the importance of root tip extracellular DNA in protecting
plants against fungal infections [159], Hawes et al. hypothesised that extracellular DNA present on
border root cells play an immunological role against bacterial pathogens [160,161]. In 2016, these
findings were supported by the results of Tran et al. who showed that extracellular DNases from the
plant pathogenic bacterium Ralstonia solanacearum degrade these extracellular traps and contribute to
virulence [162]. Wen and coworkers showed that root tips of Zea mays display DNA-positive strands
within 1 to 2 min after immersion in water [163]. The structures disappeared when treated with
DNAse I [163]. Pea cells (Pisum sativum) released extracellular DNA fibres after 2 h when incubated
in water. The DNA staining was visible surrounding the border cells and surface of the peripheral
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root cap, with no staining inside the border cells. Interestingly, recent findings revealed that soil
contaminants can be entrapped within extracellular DNA released by root border cells [164]. The
authors proposed that a better understanding of border cell ETs would help develop a non-
destructive approach to neutralise environmental threats [164].

8. Discussion

As summarised in this review, the conserved nature of ETs throughout multiple kingdoms gives
clues to their function and underlying mechanisms involved in their formation and modulation.
Recent research in mammals associated ETs with autoimmune disorders, as well as several other
detrimental effects, however, only a few studies have been conducted in other animal classes.
Furthermore, due to similarities in morphology, biochemical pathways, and functional capabilities,
fish neutrophils are also highly likely to be involved in autoimmune reactions [165]. However, further
research needs to be conducted in this area to confirm if ETs also need to be considered as potential
players in autoimmune situations of different animals.

Two additional conserved aspects include the composition and the stimuli capable of inducing
NETs. Studies that have attempted to quantify ETs via software programming [166,167] defined
NETs from human neutrophils as changes in DNA/chromatin staining pattern [168]. ETs have been
described at around 153 nm in length as a bead-on-a-string model [169]. Stimuli vary from a range of
bacterial, viral, or parasitic pathogens, endogenous molecules to chemical compounds or trauma.
Extracellular traps have been mostly characterised as extracellular DNA, associated with histones
and granular proteins. Although the amount of associated proteins and the composition varies,
depending on the origin of the host cells and the stimulus investigated, it could be suggested that ET
is defined as a mixture of DNA and cell-specific proteins.

Taken together, these publications support the concept of an evolutionary conserved immune
mechanism without ruling out the hypothesis of a convergent evolution between phylogenetically
distant species [94]. Thus, the question remains if organisms from other kingdoms of life use a similar
mechanism as defence strategies against its foes. Several bacteria, especially those that are able to
form biofilms, such as Pseudomonas aeruginosa [121], use extracellular DNA which is used to form
biofilms and mediates resistance against antimicrobial effectors or antibiotics. However, this eDNA
derived from bacteria is not able to from fibres that look similar to ETs from eukaryotic cells. It is
possible that the granule proteins associated with the nuclear or mitochondrial DNA from eukaryotic
cells are fine-tuning the composition for its increased stability, as described for the cationic
antimicrobial peptides of the cathelicidin family [170].

When comparing the efficiency of different immune cells derived from different species, it
remains to be determined, and directly compared, which cell types are releasing ETs more strongly
as compared with other cell types. Our own data have shown that cholesterol and sphingomyelin are
key factors in modulating NET release of neutrophils [31]. Thus, it is possible that differences in the
membrane lipid composition of neutrophils derived from different animal species could explain the
cell-specific NET-phenotype. In line with this hypothesis, it was reported that different
subpopulations of neutrophils, including low-density neutrophils/LDN, express higher susceptibility
towards NET stimuli, for example, in the case of lupus [138] or CD16high CD62Ldim neutrophils in
regard to cancer [107]. The latter study suggested that this specific subset of cells could be correlated
to increased survival of the patients suffering from head and neck squamous cell carcinoma (HNSCC)
[107].

However, a question remains regarding the importance of this immune mechanism within the
whole arsenal available for each species. It is hypothesised that more ancient species, including
reptiles, such as gopher tortoises [171] and invertebrates, are more dependent on NETs as a form of
defence against invading pathogens as compared with species possessing a more complex and
developed immune system.
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9. Conclusions

Since their discovery in 2004, research in ETs has grown exponentially, with an increasing
number of species and cell types able to employ this host defence mechanism, as summarised in this
review. As a result of the development of sophisticated state-of-the-art microscopy techniques, ETs
have been identified as an ancient weapon which has been used by several kingdoms of life for their
defence against a variety of pathogens. Understanding this evolutionary history of ET formation
would help us modify this innate defence as a target to modulate autoimmunity, infections,
thrombosis, cancer, or other diseases.
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