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Abstract: Chicken coccidiosis causes annual losses exceeding GBP 10 billion globally. The most
pathogenic species for domestic fowls including Eimeria tenella, E. acervulina, and E. maxima, can lead
to gastrointestinal issues ranging from mild to fatal. In this study, stages of E. tenella and freshly
isolated chicken heterophils were co-cultured for 180 min. These interactions were analyzed using live
3D holotomographic and confocal microscopy. We observed that E. tenella stages were entrapped by
heterophils and heterophil extracellular traps (HETs). Notably, different HET phenotypes, specifically
sprHETs and aggHETs, were induced regardless of the stage. Furthermore, the quantification of
extracellular DNA release from co-cultures of heterophils and sporozoites (ratio 1:1) for 180 min
demonstrated a significantly higher release (p = 0.04) compared to negative controls. In conclusion,
research on the chicken innate immune system, particularly fowl-derived HETs, remains limited.
More detailed investigations are needed, such as exploring the time-dependent triggering of HETS, to
establish a standard incubation time for this pathogen defense mechanism. This will enhance our
understanding of its role in parasite survival or death during HET confrontation.

Keywords: heterophil extracellular traps (HETs); Eimeria tenella; poultry; coccidiosis; innate immunity;
HETs phenotypes; aggregated HETs; spread HETs

1. Introduction

Chicken coccidiosis in an economically important malady for the poultry industry
worldwide, causing global annual losses of more than GBP 10 billion [1]. Coccidiosis in
domestic fowls can produce mild to fatal gastrointestinal disorders caused by the api-
complexan monoxenous parasite genus Eimeria [2]. Eimeria spp. are monoxenic parasites
with exogenous developmental stages. In naive hosts, such as young chicks, one single
sporulated Eimeria oocyst is sufficient to cause disease [3]. After mechanical and enzymatic
activation within the gut lumen (i.e., CO, concentration, bile and trypsin presence, and
adequate temperatures), both the oocyst and sporocyst walls degrade. Consequently, re-
leased Eimeria sporozoites infect epithelial cells, mostly enterocytes. After active sporozoite
host cell invasion, several merogonies (two to four) occur within a parasitophorous vacuole
(PV) followed by sexual reproduction, known as gamogony, which culminates with the
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production of newly formed unsporulated oocysts. Unsporulated oocysts are shed within
the feces and become sporulated in the presence of oxygen, humidity, and temperature in
the environment within approximately 2 days [2].

Seven Eimeria species are mostly associated with chicken eimeriosis: E. acervulina, E.
brunetti, E. maxima, E. mitis, E. necatrix, E. praecox, and E. tenella. Variations in pathogenicity,
parasite location in the intestinal tract, lesions, and oocysts morphology can be found
between species [4]. Additionally, three cryptic operational taxonomic units (OTUs) have
been recently described in the southern hemisphere [5]. Eimeria spp. prevalence is higher
in intensive farming systems than in free-range or backyard chickens [6]. Other factors
that can increase the presence of Eimeria spp. are poor hygiene and husbandry, high
flock density, and high humidity [7]. Followed by E. maxima and E. acervulina, E. tenella
is considered the most common Eimeria species worldwide [6,7] with a global estimated
prevalence of around 44% [8] E. tenella infects the caeca epithelium, causing mild to fatal
hemorrhagic typhlitis with the erosion of the mucosa, weight loss, and low egg production.
Additionally, E. tenella is one of the most pathogenic species and it is associated with high
morbidity and mortality [9].

Eimeria spp. oocysts are resilient to environmental challenges; thus, chicken eimeriosis
(coccidiosis) control has always been problematic [10] and a challenge to the international
poultry industry [11]. Control measures consist mainly of husbandry management, diet
supplements, vaccination, and anticoccidial drug therapy [10]. The misuse of the latter can
lead to anti-coccidial resistance development [12], whereas vaccination with formulations
of live wild type or attenuated parasites, when unevenly applied, could lead to clinical
disease [10]. An alternative approach to the above-mentioned measures is to breed birds
for increased natural genetic resistance [13] and increased vaccine response to coccidiosis,
since there is evidence for relevant host genetic variation [11]. For instance, the Fayoumi
chicken line is more resistant to Eimeria spp. infections than the Leghorn line [13].

Granulocytic phagocytes, as part of the host innate immune system, present several
effector mechanisms to fight invasive microorganisms, including parasites [14]. In addi-
tion to the classical bactericidal and parasiticidal mechanisms, such as oxidative burst,
degranulation, and phagocytosis, the release of extracellular traps (ETs) has also been
added recently as a relevant microbicidal mechanism [14]. Granulocytes also modulate the
development of an acquired immune response, which starts with the detection of molecules
unique to invading pathogens, i.e., the so-called pathogen-associated molecular patterns
(PAMPs) [15]. Therefore, both polymorphonuclear neutrophils (PMNs, in mammals) and
heterophils (in avians and reptiles) are pivotal in initiating the host innate immune response,
being the first cell type to arrive to the site of infection [15].

Extruded ETs consist of fine filaments composed of a DNA backbone decorated with
histones, elastase, and other granule proteins such as myeloperoxidase (MPO), pentraxin,
lactoferrin, cathepsin G, and calprotein, among others [16]. ETs are considered an evo-
lutionary conserved defense mechanism and has been reported in a variety of animal
taxa [16,17]. In mammals, ETosis was identified from different phagocytic cells (PMN,
macrophages, monocytes, eosinophils, mast cells, and basophils) which are capable of
extruding ETs in response to a variety of stimuli [16,17]. ETosis has been described to
efficiently kill or entrap bacteria, fungi, and parasites, including Eimeria species [16]. Over
the years, neutrophil extracellular traps (NETs) were intensively studied as an early host
innate immune reaction, not only against protozoans, but also against large helminths [18].
Through all this previous research, different phenotypes of NETs have been discovered,
as well as triggering mechanisms [16,19,20]. Currently, the following NET phenotypes
have been described in the literature: diffuse (diffNETs), spread (sprNETs), aggregated
(aggNETs), cell free-, and anchored NETs [16,21]. DiffNETs consist of an extracellular
chromatin mesh with antimicrobial proteins and have a globular and compact form with a
15-20 pm diameter. AggNETs are agglomerations of a high number of neutrophils (size
> 50 um in diameter) that have underwent NETosis, while sprNETs are characterized as
smooth, elongated, thin, and web-like, constituted by DNA and decorated by elastase
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and histones [14,16,21]. However, ETs have been scarcely studied in the avian counterpart
of neutrophils, namely heterophils [14,22-25]. ETs were described for the first time in
chicken-derived heterophils (HETs) over a decade ago [14]. Different stimuli have been
reported to induce HET formation, e.g., phorbol-12-myristat-13-acetate (PMA), hydro-
gen peroxide (HyOy) [14], Salmonella [22], mycotoxins [23,25], and more recently E. tenella
sporozoites [24].

The objective of this study was to analyze in vitro E. tenella interactions with chicken
heterophils and to assess the possible induction of different HETs phenotypes, as reported
for mammalian PMN [diffused HETs (diff HETs), aggregated HETs (aggHETs), spread HETs
(sprHETSs)], after exposure to the first E. tenella parasitic stages (i.e., oocysts, sporocysts,
sporozoites), to be encountered by intestinal heterophils in vivo after oral infection. Ex-
tracellular DNA quantification was conducted after the stimulation of avian heterophils
with vital E. tenella sporozoites. Finally, live cell 3D-holotomographic microscopy was
performed not only to unveil but also to better understand early avian heterophil-parasite
interactions.

2. Materials and Methods
2.1. Parasite Maintenance and Excystation

Eimeria tenella, Houghton strain [kindly provided by Prof. Damer Blake, Royal Veteri-
nary College (RVC), University of London, London, UK], was used for this study. Sporu-
lated oocysts were passaged in 10-day old chicks and purified from the feces according to a
modified method [2]. E. tenella sporulated oocysts were kept in 4% potassium dichromate
at 4 °C until further use. Sporozoite excystation and purification was conducted according
to the method of Renteria-Solis et al. [26].

2.2. Purification of Poultry Heterophils

The isolation of chicken heterophils was performed following published methods [14,27],
with some modifications. Briefly, peripheral blood was collected in 10% EDTA from the
wing vein (Vena cutanea ulnaris) of adult healthy chickens (1 = 3). One volume of blood was
diluted with one volume of 1% methylcellulose, viscosity: 25cP (Sigma-Aldrich, Steinheim
am Albuch, Germany). The mix was centrifuged at 20x ¢ for 15 min. After centrifugation,
the upper clear layer was transferred to a separate tube. The erythrocyte layer was then
washed twice with HBSS without calcium, magnesium, and phenol red (all Thermo Fisher
Scientific, Dreieich, Germany), and enriched with 0.01% fetal bovine serum (HBSS-S). After
each wash, the upper clear layer was collected. Subsequently, all washes were centrifuged
together at 370x g for 10 min and the pellet was re-suspended in 2 mL of HBSS-S. For
heterophil separation, the suspended pellet was carefully placed over a Ficoll-Hypaque®
(Sigma-Aldrich, Steinheim am Albuch, Germany) double gradient (specific gravity of 1.077
over 1.117g/mL) and centrifuged at 500x g for 30 min without break function. After
centrifugation, the 1.077/1.119 g/mL and 1.119 g/mL layers were taken gently, avoiding
contamination with the bottom layer (erythrocytes). Thereafter, the layers were washed
two times with HBSS-S and centrifuged at 370 g for 5 min. Finally, heterophils were
resuspended in HBSS-S, counted, and kept at 41 °C until further use.

2.3. Live Cell Imaging of Eimeria tenella Sporozoite-Heterophil Interactions Using
3D-Holotomographic Microscopy

Freshly excysted E. tenella sporozoites were seeded in an Ibidi® plastic cell plate
(35 mm low imaging dish) inside a top stage incubation chamber (Ibidi®, Grafelfing, Ger-
many; 41 °C, 5% CO;) and allowed to settle for 10-15 min. Freshly isolated heterophils
(2 x 10° cells) were suspended in an imaging medium [0.1% BSA (Sigma-Aldrich), 2 uM 1,5-
bis[2-(di-methylamino) ethyllamino-4,8-dihydroxyanthracene-9,10-dione  (DRAQS5)
(Thermo Fisher Scientific), and 0.5 um SytoxTM Green (Life Technologies, Darmstadt, Ger-
many)], and added to the plastic cell plate. Over 180 min, cell interactions were followed
using a live 3D Cell Explorer-fluo® (Nanolive, Tolochenaz, Switzerland) (60 x magnification
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and depth of field 30 um) every 30 s to explore instant live cell interactions. Images were
analyzed using STEVE software v.2.6 (Nanolive) to obtain a refractive index (RI)-based
z-stack. Images were also digitally stained based on the cell physical RI using STEVE
Software v.2.6 (Nanolive). Image processing was performed with Fiji Image] v.1.7 using
Z-projection, being restricted to an overall adjustment of brightness and contrast.

2.4. Characterization of Eimeria tenella-Triggered HET Formation

The in vitro confrontation of chicken heterophils with E. tenella sporozoites was con-
ducted following previous protocols, with some modifications [14]. Coverslips (14 mm
diameter) (Thermo Fisher Scientific) were coated with poly- -lysine (0.01%) (Sigma-Aldrich,
Steinheim am Albuch, Germany) and placed into 24 well-plates (Greiner Bio-one,
Kremsmiinster, Austria). Chicken heterophils (n = 3) (2.5 x 10° /well) and sporozoites
were placed on the coverslips at a 1:1 (heterophil-sporozoite) infection ratio, and incubated
for 3 h in RPMI-1640 medium (Thermo Fisher Scientific) enriched with 5% fetal bovine
serum (FBS) (Gibco, Schwerte, Germany), 5% chicken serum, penicillin (100 U/mL), strep-
tomycin (0.1 mg/mL), and amphotericin B (0.0025 mg/mL) (all Sigma-Aldrich, Steinheim
am Albuch, Germany). Incubation conditions were 41 °C and 5% CO; in a humidified envi-
ronment. After incubation, cells were fixed with 4% paraformaldehyde (Merck, Darmstadt,
Germany) for 10 min.

The visualization of HETs was achieved by the staining of DNA using 4’,6-diaminide-
2’-phenylindole (DAPI, Thermo Fisher Scientific) and HETs-specific structures: histone
(anti-histone H2B antibody, 1:500, AB52484, Abcam, Berlin, Germany) and heterophil
elastase (anti-elastase antibody, 1:500, AB21593, Abcam). For this, fixed samples were
washed thrice with 1X PBS and incubated for 10 min with a permeabilization solution (0.1%
Triton X-100 in 1X PBS) at room temperature (RT). After washing with 1X PBS (3, 5 min
each), the samples were blocked for 30 min with 10% of goat serum (Abcam) in 1X PBS
with 0.1% Tween 20 (PBST). HETs were then washed again with 1X PBS (3x) and incubated
for 60 min at RT in a humidified chamber with primary antibodies in PBST with 1% of
goat serum. Secondary antibodies (goat anti-mouse IgG antibody with Alexa fluor® 488
conjugate, 1:500, AB150113, Abcam, and goat anti-rabbit IgG with DyLight 594 conjugate,
1:1000, Invitrogen, Darmstadt, Germany) were diluted in PBST with 1% goat serum and
incubated with the samples for 1 h at RT in a dark chamber. Afterwards, cells were washed
thrice with 1X PBS (5 min each time) and mounted in DAPI-containing anti-fade mountant
(ProLong™ Gold Antifade Mountant, Thermo Fisher Scientific). The determination of
HETs was conducted using confocal laser scanning microscopy (Leica TCS SP8). The
identification of different types of HET phenotypes was conducted following previously
published morphological descriptions [19-21]. Briefly, aggregated NETs (aggINETs) are
roundish clusters of HETs structures with a diameter no larger than 20 um; diffuse HETs
(diffHETs) are characterized by a decondensed chromatin mesh morphology between 15 to
20 um in size; and spread HETs (sprHETs) are smooth, thin, and elongated with a 15-17 pm
diameter. The fluorescence range of emission definition, co-localization, and sequential
acquisition of stacks (every 0.3 um) was performed using the Leica Application Suite X
Software version 3.5.5 (Leica, Wetzlar, Germany). Imaris® Software version 9.7 (Bitplane,
Abingdon, UK) was used to generate a 3D model.

2.5. Quantification of Extracellular Heterophil DNA

The quantification of extracellular heterophil DNA was conducted as previously
described [14]. Briefly, poultry heterophils (2.5 x 10° cells) were confronted with different
concentrations of E. tenella sporozoites (1:1, 1:2 and 1:3, heterophil-sporozoite ratio) and
incubated in RPMI-1640 medium, enriched as described above for 3 h at 41 °C. Positive
controls consisted of zymosan (Sigma-Aldrich) (1 mg/mL). Additionally, non-stimulated
heterophils were used as negative controls. After incubation, HETs were disrupted with
micrococcal nuclease (New England Biolabs, Frankfurt am Main, Germany) (0.1 U/uL)
and incubated for 15 min at 37 °C. Consequently, the samples were centrifuged, and the
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supernatant was placed in 96-well plates in triplicates (100 puL of supernatant/triplicate),
and 50 pL of PicoGreen (Quant-iT™ PicoGreen™ dsDNA reagent, Invitrogen) was added to
each triplicate. HETs were quantified with a hybrid multi-mode microplate reader (Synergy
H1™, BioTek, Agilent, Waldbronn, Germany).

2.6. Statistical Analysis

A one-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests
were performed to analyze the difference between groups. All tests were performed using
GraphPad Prism version 8.4.3 (San Diego, CA, USA). The significance level was set at
p <0.05.

3. Results
3.1. Visualization of Eimeria tenella—Heterophils Interactions and HET Formation

The live cell imaging of the interactions between freshly isolated chicken heterophils
(2 x 10° cells) and vital E. tenella sporozoites were recorded for 3 h with a live 3D Cell
Explorer-fluo® (Nanolive). At the end of the experiment, some heterophils were still viable
(Figure 1) and entrapping E. tenella sporozoites. Sporozoites were observed frequently
entrapped by heterophils by their basal end (Figure 1) and not by the apical end, indicating
that this interaction was not a result of an attempt of active sporozoite invasion. Moreover,
the sporozoite membrane (Figure 1) was not visible at its basal end, confirming a firm
attachment of the heterophil to the sporozoite, also visible in the 3D rendering image
(Figure 1).

REFRACTIVE INDEX (RI) OVERLAY (RI + DNA)

Figure 1. Live cell 3D-holotomographic microscopy unveiling interactions of chicken heterophils with
E. tenella sporozoites. For 180 min, vital E. tenella sporozoites were co-cultured with freshly isolated
heterophils. At the end of the experiment, some cells were still viable (green arrow), and some
of them were entrapping sporozoites (zoom, 3D rendering, entrapment: black and white arrows).
Yellow arrow: sporozoite membrane, which was not visible at the entrapment point (white and black
arrows). Scale bars: 20 and 5 pm.

To further characterize interactions between chicken heterophils and E. tenella sporo-
zoites, an immunofluorescence analysis was performed with confocal microscopy. HET-like
structures were observed after 3 h of incubation of freshly isolated heterophils exposed to
vital E. tenella sporozoites. The immunofluorescence imaging revealed a DNA backbone
(Figure 2(B1,C1)), co-localized with elastase (Figure 2(B2,C2)) and histone (Figure 2(B3,C3)) as
structural components of the released HETS. E. tenella sporozoites were entrapped within HETs
structures (Figure 2), which presented two different phenotypes: spread HETs (sprHETs) and
aggregated HETs (aggHETSs). E. tenella-induced aggHETs were observed as an agglomerate of
several heterophils (Figure 2(B1-B4)) that underwent HETosis entrapping sporozoites, while
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sprHETs were characterized by delicate filigree filaments (Figure 2(C1-C4)) also capable of
entrapping sporozoites. Given that during the excystation process in the intestine in vivo,
a mixture of E. tenella stages can be present (i.e., oocysts, sporocysts and sporozoites),
co-cultures of E. tenella stages and chicken heterophils were also performed (Figure 3),
showing that HETosis was a stage-independent process. After the 3D reconstruction of the
confocal microscopy immunofluorescence analysis, sprHETs constituted by DNA filaments
(in blue), decorated by elastase granules and histone granules, were observed entrapping
oocysts, sporocysts, and sporozoites. Interestingly, several sprHETs seemed to originate
from aggHETs, as previously observed (Figure 2(B1-B4)).

DAPI ELASTASE HISTONE MERGE

E. tenella control

E. tenella

Figure 2. Eimeria tenella-triggered different types of HETs. Confocal microscopy analysis of non-
confronted heterophils ((A1-A4) control panels) and heterophils confronted with E. tenella sporo-
zoites for 180 min ((B1-B4,C1-C4) E. tenella panels). Structures were stained for DNA (DAP]I, blue),
elastase (red), and histones (green). Co-localization of the stains proves the nature of avian HETs.
(B1-B4) aggHETs with the involvement of multiple heterophils and the entrapment of E. tenella sporo-
zoites (white arrows). (C1-C4) Several short sprHETs are observed with ensnared E. tenella sporozoites
(white arrows) in these thin web-like structures. Percentage of HETosis was 6.14% == 1.35% (Mean =+ stan-
dard deviation). Scale bar: 10 pm.

Additionally, the percentage of cells undergoing HETosis, at 1:1 ratio (heterophils—
sporozoites) was calculated, considering more than 100 cells per animals (1 = 4), by the
observation of confocal microscopy images. In total, 6.14% =+ 1.35% (mean + standard
deviation) of the heterophils stimulated with E. tenella sporozoites were releasing HET,
while no events were observed in non-stimulated heterophils.
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Figure 3. Eimeria tenella-triggered HETosis is a stage-independent process. E. tenella stages were
co-cultured for 180 min (1:1). Sporozoites (light blue arrows), sporocysts (white arrows), and oocysts
(yellow arrows) were entrapped within HET-derived filaments formed by DNA backbone (blue)
decorated with histones (green) and elastase (red) granules. A sporozoite (light blue arrow) was
firmly grabbed by a fine DNA web-like structure. Scale bar: 10 pm.

3.2. Quantification of Eimeria tenella-Triggered HETS

The HETosis quantification after E. tenella sporozoite stimulation was further con-
firmed with the fluorescence quantification of extracellular DNA. Confrontations of het-
erophils with E. tenella sporozoites significantly increased the fluorescence intensity in
comparison to the negative control (p = 0.04) (Figure 4). However, high donor variation was
observed. While heterophils of two donors clearly extruded a high amount of DNA after
sporozoite stimulation, being considered high responders, the third donor was revealed to
be a low responder since the amount of extracellular DNA detected after the sporozoite
co-culture was much lower than the amount observed for the other donors.
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Figure 4. Extracellular DNA quantification. (a) Confrontation of heterophils and E. tenella sporozoites
(1:1) conducted to a higher extracellular DNA release than non-stimulated heterophils (p = 0.0399).
Individual variation is observed: two animals responded highly to the stimulus, while the third animal
reacted mildly to the confrontation of E. tenella sporozoites. (b) Extracellular DNA quantification
showed no dose dependency.
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Furthermore, HET-derived DNA release was not dependent on the sporozoite-heterophil
ratio. Additionally, zymosan stimulations were used as positive controls and seemed to
work in the chicken innate immune system (Figure 4b).

4. Discussion

In this work, we studied early interactions between freshly isolated E. tenella sporo-
zoites and chicken-derived heterophils in vitro. Similarly to their mammalian counterpart,
the PMN, avian heterophils are able to rapidly migrate to the site of infection, localize,
remove, and kill microbial pathogens [28] by applying several effector mechanisms, such
as oxidative burst, which generate reactive oxygen species (ROS) [29], degranulation, and
phagocytosis to fight pathogens [28].

The capability of chicken heterophils to extrude HETs was reported for the first time
by Chuammitri et al. [14] more than ten years ago. Chicken heterophils stimulated with
PMA (1 pg/mL) or HyO, (0.15 mM) successfully triggered chicken HETosis, and HyO,
induction was significantly higher than PMA induction. Since then, some studies reported
on chicken-derived HET formation, both in vitro and in vivo, in response to bacteria [22],
rare metals [30], mycotoxins [25], and parasites [24]. In the same way, over the last years
many reports have focused on the ability of diverse immunocompetent leukocytes (i.e.,
PMN, monocytes, eosinophils, macrophages, hemocytes, mast cells, and basophils) of
different hosts (e.g., humans, cattle, sheep, goats, water buffalo, gastropods, dogs, dolphins,
seals, murine, cockroaches, fish) to cast ETs in response to several pathogens [31]. Moreover,
highly motile nematode and trematode stages also trigger strong NETosis not only in vitro
but also in vivo [16]. Some helminths [32,33] have been reported to be firmly entrapped
by ET structures. A broad range of protozoan species can trigger ETosis as well, e.g.,
Toxoplasma gondii [34], Leishmania spp. [35], and different Eimeria species [16]. The induction
of ruminant Eimeria-triggered NETosis is based on the key role of NOX (NADPH oxidase),
NE (neutrophil elastase), MPO, CD11b, ERK1/2, and p38 MAP kinase signaling pathways,
Ca?* influx, and TLR 2 and TLR4 expression [16].

Similar to ruminant Eimeria species, the first report of E. tenella-induced HETosis
focused on the different signaling pathways involved in HET release [24]. The authors
described that E. tenella-triggered HETosis was dependent on NADPH, p38, and Racl
signaling pathways. In the present work, detailed morphological studies of early parasite—
heterophil interactions via a live cell 3D holotomographic microscopy analysis showed
chicken heterophils being able to entrap E. tenella sporozoites by their basal end while
maintaining their typical spherical morphology (Figure 1, white arrows). Contrary to what
was observed here, E. bovis sporozoites were also capable of actively invading bovine
PMN but were then efficiently trapped inside PMN [16]. The fact that chicken heterophils
are apt to trap Eimeria sporozoites by the basal end, could be associated with a form
that prevents active heterophil invasion and avoids contact with the sporozoite protein
complex, composed by microneme- and rhoptry-derived molecules, which are mainly
secreted during the active host cell invasion of sporozoites via secretion through their
apical ends [36,37]. At 3 h of co-culture, heterophils confining E. tenella sporozoites were
still viable (negative to Sytox™ Green staining), showing that this close interaction seems to
occur without the death of exposed heterophils, in contrast to what occurs during suicidal
HETosis. Furthermore, immunofluorescence studies via confocal microscopy analyses after
the exposure of chicken heterophils with freshly isolated E. tenella sporozoites allowed
for the morphological characterization of E. tenella-induced HET formation. Here, for the
first time, different phenotypes of chicken HETs were described, i.e., both aggHETs and
sprHETs entrapping E. tenella sporozoites. Over the last years, different forms of ETs have
been described, such as vital or suicidal ETosis, and several morphological phenotypes
have also been described: diffuse (diff NETs), spread (sprNETs), aggregated (aggNETs), cell-
free, and anchored NETs [19,20]. Most of the studies referring to different ET phenotypes
have been performed with neutrophils, the mammalian counter part of heterophils. Here,
aggHETs were identified as agglomerations of a high number of heterophils (size > 50 um
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in diameter) that underwent HETosis after marked attraction and activation, fitting well
with previous reports on parasite-triggered aggINETs [19,20]. E. tenella sporozoites were
observed to be entrapped in aggHETS, i.e., thicker fibers constituted by DNA and decorated
by elastase and histones; however, a low percentage was observed. AggNETs have been sug-
gested to promote the resolution of neutrophilic inflammation by degrading cytokines and
chemokines via serine proteases and disrupting neutrophil recruitment and activation [19],
and to further limit inflammation via the sequestration and detoxification of histones [38],
whilst the other type of HETs identified here, the sprHETs, were associated with proinflam-
mation at the early phase of the innate immune response [39]. SprHETs are characterized
by smooth and elongated extremely thin web-like structures [20]. Although the majority of
sprHETs induced by E. tenella sporozoites were short, several sporozoites were entrapped
by the filaments. Nevertheless, longer sprNETs casted by neutrophils of different mammals
were induced not only by larger and highly motile nematodes but also by other ruminant
Eimeria species [16]. Interestingly, no other types of HETs were detected after E. tenella
stages confrontation. Therefore, it remains to be elucidated if poultry heterophils are unable
to present other HET phenotypes or if E. tenella stages simply do not induce such types of
HETosis. Similarly, Branzk et al. [32] described that mammalian neutrophils can sense the
pathogen size and selectively react through one effector mechanism, such as ETs, with a
detriment to phagocytosis or degranulation. The same mechanism could be related to the
ability of heterophils to select which ET phenotype to cast. Another hypothesis might be
that granulocytes are driven by the motility of certain pathogens.

After the oral uptake of E. tenella sporulated oocysts, excystation takes place within
the gut lumen and at this moment, oocysts, sporocysts, and sporozoites are simultaneously
present. Since heterophils migrate from the mucosal epithelium to the intestinal lumen of
chickens after experimental infection with Salmonella enteriditis [40], it is likely to assume
that they might interact with other pathogens as well. Hence, after the co-culture of all
three E. tenella stages (ooycysts, sporocysts, sporozoites) with heterophils, all of them were
found entrapped in HETs, supporting E. tenella-induced HETosis as a stage-independent
process. For this analysis, a 3D model of the HET-trapping parasitic stages was used.
DNA-backbone filaments decorated with proteins such as elastase and histones clearly
entrapped sporozoites, sporocysts, and oocysts within the same structure. Accordingly,
such “decoration” was reproduced by the applied 3D model from this study, where the
granular structure of elastases and histones became visible on extruded HETs. Clear visible
variations in the concentration of such enzymes and the thickness of the filaments could
even be related to some anti-parasitic effects or pro-/anti-inflammatory responses. For
this reason, 3D models derived from the immunofluorescence analyses could represent a
helpful tool to further elucidate HET phenotypes and the mechanical pathogen entrapment
process. Remarkably, it seems that all observed sprHETs have an origin in the same
aggHET formation, even though no remaining intact heterophils were present. Some
stages were “grabbed” by sprHET filaments. This is particularly important, since pathogen
entanglement is a main consequence of ET release. More likely than killing parasites,
entrapment appears to be the most common mechanism used by granulocytes of different
hosts in response to distinct parasites, being much larger and motile than bacterial, viral,
and/or fungi pathogens [16,41].

Extracellular DNA quantification was determined at the ratios of 1:1, 1:2, and 1:3, and
only the 1:1 ratio was significantly higher than non-exposed controls. Although two of the
heterophil donors responded strongly to E. tenella sporozoite confrontation, with more than
a six-fold amount than the control, the third animal only presented increases in the order of
two to three-fold. Therefore, a clear increase in the amount of extracellular DNA released
after the co-culture with E. tenella sporozoites was noted, and no significant differences were
appreciated. In a previous work, lower parasite ratios were used to quantify extracellular
DNA release. The authors showed that a significant increase in HETosis was only observed
with a 1:1 ratio [24]. Comparing the two studies, the incubation time used in this study
(180 min) was longer than the one used by Wei et al. [24] (120 min), which could justify the
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differences found. Chuammitri et al. [14] reported 180 min as the optimal incubation time
for HET production based on their preliminary studies. However, these data have not been
published. Nonetheless, it has been shown that apicomplexan-derived NETs can increase
over time [42].

Altogether, our results show that E. tenella stages are able to trigger the formation of
different phenotypes of extracellular traps in avian hosts, just as their mammalian counter-
parts. Fowl-derived HET research is still in its infancy, and further detailed investigations
are needed, as reported for mammalians. So far, only heterophils have been tested for their
ability to extrude HETs. Several other points should be considered in future studies, such
as the time-dependent triggering of HETS, in order to stablish a standard incubation time
for chicken innate immune systems.
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