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ARTICLE INFO ABSTRACT

Keywords: Avian coccidiosis makes a great threat and economic loss to the poultry industry, and fully understanding the

Eimeria tenella innate immune response of chicken against E. tenella infection will play a significant role in avian coccidiosis

Chicken prevention and treatment. Extracellular traps have been reported as a novel defense mechanism of host against

Igeltlemphil pathogens infection. However, the interaction between chicken heterophil extracellular traps and E. tenella has
ells

remained not well known. Thus, this study aims to investigate the effects of E. tenella on chicken heterophil
extracellular traps (ETs), and try to clarify the regulatory mechanisms in this process. E. tenella-triggered chicken
heterophil ETs structures were analyzed by using scanning electron microscopy (SEM) and scanning confocal
microscope. Inhibitors and Pico Green® were used to quantify E. tenella - triggered chicken heterophil ETs re-
lease. The results showed that E. tenella sporozoites significantly induced chicken heterophil ETs-like structures
release, and histone and elastin co-existed with DNA in these structures of chicken heterophil ETs. Furthermore,
it was also demonstrated that NADPH, p38 or Racl signaling pathways participated in E. tenella sporozoites-
induced chicken heterophil ETs release, but more key molecules or signaling pathways involved in this process
still needed to be further investigated. Taken together, this study reports that E. tenella sporozoites could induce
chicken heterophil ETs formation via NADPH, p38 and Racl signaling pathways, which further suggests the

Extracellular traps

critical role of heterophil ETs in the process of chicken against E. tenella infection.

1. Introduction

Eimeria tenella (E. tenella) is an obligate intracellular parasite fre-
quently considered as a major cause of avian coccidiosis. This disease
caused by Eimeria infection usually results in chicken intestinal disease
characterized with body weight loss, dehydration, hemorrhagic diar-
rhea and increased susceptibility to other pathogens, which makes it a
great threat and economic loss to the poultry industry (Blake and
Tomley, 2014; McDonald and Shirley, 2009; Suo et al., 2006; Witcombe
and Smith, 2014). However, avian coccidiosis prevention and treatment
has always been a great challenge for poultry. Conventional coccidio-
stats usually causes drug residues, resistance and potential hazard on
human health. Attenuated vaccine provides efficient precaution for
avian coccidiosis but lack of cross-protection for Eimeria species (Del
Cacho et al., 2016). Thus, safe and effective prevention and treatment
methods for avian coccidiosis remain urgently needed.

Successful methods for avian coccidiosis prevention and treatment
should be established on fully understanding the interaction between

host and Eimeria. It is reported that E. tenella infection model of chicken
epithelial cell line (CLEC-213) in vitro has been established (Bussiere
et al., 2018), and chicken cecal mucous membranes response to E. te-
nella infection in vivo has also been investigated by transcriptome
analysis (Guo et al., 2013). Several cytokines, such as IL-17A, IL-10, IL-
1P and IFN-yare also secreted in the process of E. tenella infection (Del
Cacho et al., 2014; Hong et al., 2006; Laurent et al., 2001). However,
reports on the interaction between heterophil cells and E. tenella have
remained not well investigated.

As effective immune cells of chicken innate immune system, chicken
heterophils play a curial role in protecting the host against micro-
organism infection. In recent years, a novel defense mechanism of
neutrophils called “NETs” has been reported in against bacteria
(Brinkmann et al., 2004), virus (Barr et al., 2018; Saitoh et al., 2012),
fungi (Jin et al., 2016; Urban and Nett, 2018) and parasites (Abi Abi
Abdallah et al., 2012; Guimaraes-Costa et al., 2009; Villagra-Blanco
et al., 2017; Wei et al., 2016). Of great interest is that the mechanism of
ETs release is also discovered in chicken heterophils (Chuammitri et al.,
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2009). But whether this novel defense mechanism of chicken hetero-
phils ETs also protects chicken from E. tenella infection remains un-
known. Furthermore, several molecular or signaling pathways are in-
volved in the release of Eimeria bovis-induced bovine NETs (Munoz-Caro
et al., 2015b), Eimeria ninakohlyakimovae-induced caprine monocyte
ETs (Perez et al., 2016) or Eimeria arloingi - induced caprine NETs (Silva
et al., 2014). But whether E. tenella could also trigger heterophils ETs
formation and the regulatory mechanisms in this process remains to be
investigated. More importantly, the difference of ETs-triggered by these
Eimeria species has not been clarified.

Thus, we aim to firstly examine the effects of E. tenella on the release
of chicken heterophils ETs, and try to further investigate the regulatory
mechanisms in the process of E. tenella-induced chicken heterophils ETs
formation.

2. Materials and methods
2.1. Chicken heterophil isolation

Five healthy male chickens were used for blood collection, and the
blood was collected via the wing vein. Chicken heterophil cells were
isolated according to the heterophils isolation kit® (TianJin HaoYang
Biological Manufacture CO., China). These experiments of ETs were
approved by the Ethics Committee of Jilin University on the Care and
Use of Laboratory Animals (JLU20170330).

2.2. Eimeria tenella culture and purification

E. tenella was maintained by chicks for oocyst production. The 7-
day-old chicks were infected with 10* sporulated E. tenella oocysts, and
oocysts were collected on the 6th day after infection and stored in
potassium dichromate. E. tenella sporozoites were purified by using
sucrose density gradient centrifugation.

2.3. SEM analysis

Chicken heterophils were seeded on coverslips (13 mm diameter),
and stimulated with E. tenella sporozoites at the ratio of 1:1 for 120 min.
Then, the cells were treated with 4.0% glutaraldehyde, followed by
post-fixation with 1.0% osmium tetroxide, dehydration, frozen and gold
sputtering as previously described (Wei et al., 2016, 2018a). Finally,
sample testing was carried out with a scanning electron microscope
(Hitachi S-3400 N, Japan).

2.4. Immunofluorescence analysis

Chicken heterophils were seeded on coverslips (13 mm diameter),
and stimulated with E. tenella sporozoites in the ratio of 1:1 for 120 min.
Main constituents within E. tenella sporozoites - induced ETs structures
were tested by immunofluorescence analysis as previously described
(Wei et al., 2018a, b). Histone and NE in ETs structures were examined
respectively by using anti-histone antibody (LS-C353149; Life Span
BioSciences, Inc) and anti-NE antibody (AB68672; Abcam). The sample
examination was performed with scanning confocal microscope
(Olympus FluoView FV1000).

2.5. Quantitative analysis of heterophil extracellular traps

Chicken heterophils were seeded on 96-well plates, and stimulated
with E. tenella sporozoites at the ratio of 1:0.25, 1:0.5 or 1:1 for
120 min. Before stimulation, DPI (the NADPH oxidase inhibitor, 10 uM,
Sigma-Aldrich) NSC23766 (the Racl activation inhibitor, 100 pM),
MCC950 (the NLRP3 inhibitor, 8.0 nM) or SB202190 (P38 MAPK-sig-
naling pathway inhibitor, 10 uM, Sigma-Aldrich) was pre-processed
with chicken heterophils for 20 min. Pico Green® (Invitrogen) and
fluorometric reader Infiniti M200® (TECAN, Austria) were performed
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for quantitative analysis of heterophil extracellular traps release.

2.6. LDH analysis

Chicken heterophils were seeded on 96-well plates, and stimulated
with E. tenella sporozoites at the ratio of 1:1, 1:1.5 or 1:3 for 120 min. E.
tenella sporozoites-induced LDH changes were tested with LDH Assay
kit® (Beyotime Biotechnology, China).

2.7. Statistical analysis

The GraphPad 5.0 software was performed with one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison tests for ana-
lyzing difference among groups. The data was expressed as the
means *+ standard deviation (SD). p-value < 0.05 was considered as
significant difference.

3. Results
3.1. E. tenella sporozoites -induced chicken heterophil ETs release

After stimulation with E. tenella sporozoites at the ratio of 1:1 for
120 min, SEM analysis of chicken heterophils ETs release showed that
E. tenella sporozoites significantly induced the release of chicken het-
erophil ETs-like structures (Fig. 1C-1 F). The red arrows clearly showed
varying thickness of chicken heterophil ETs.

3.2. Histone and elastase co-existed with DNA in the structures of E. tenella
sporogoites-induced chicken heterophil ETs

Immunofluorescence analysis was performed to analyze the con-
stituents within E. tenella sporozoites - induced ETs structures. As
showed in Fig. 2, E. tenella sporozoites also significantly induced the
release of chicken heterophil ETs-like structures but not observed in
control groups, which confirmed the results of SEM analysis. Further-
more, it was also found that histone (Fig. 2 G) and elastase (Fig. 2 J) co-
existed with DNA (Fig. 2 H and 2K) in these structures of E. tenella
sporozoites -induced chicken heterophil ETs.

3.3. E. tenella sporozoites-induced chicken heterophil ETs release in a dose-
dependent manner

To further quantitative analyze E. tenella sporozoites-induced
chicken heterophil ETs, chicken heterophils were incubated with dif-
ferent doses of E. tenella sporozoites. The results showed that E. tenella
sporozoites significantly induced chicken heterophil ETs release in a
dose-dependent manner (p = 0.003; Fig. 3), which further confirmed
that E. tenella sporozoites did induce the release of chicken heterophil
ETs.

3.4. NADPH and p38 signaling pathways participated in E. tenella
sporogzoites-induced chicken heterophil ETs release

Quantitative analysis by using Pico Green and fluorometric reader
were an important method to investigate the molecular or signaling
pathways being connected with E. tenella sporozoites -induced chicken
heterophil ETs release. Quantitative analysis of E. tenella sporozoites-
induced heterophil ETs release showed that E. tenella sporozoites and
zymosan (positive control) had significantly increased heterophil ETs
release compared with heterophil cells, while SB202190 and DPI de-
creased E. tenella sporozoites-induced heterophil ETs release
(p = 0.001; Fig. 4).
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Fig. 1. SEM analysis of E. tenella-induced chicken heterophil ETs release. Chicken heterophil cells were stimulated with to E. tenella sporozoites (ratio 1:1) for 90 min,
the release of chicken heterophil ETs were examined by SEM. (A) Chicken heterophil cells. (B) E. tenella sporozoites. (C), (D) and (E) Thinner heterophil ETs-like
structures induced by E. tenella sporozoites. (F) Thicker heterophil ETs-like structures induced by E. tenella sporozoites. The red arrows clearly showed varying

thickness of chicken heterophil ETs.

3.5. Racl signaling pathways involved in E. tenella sporozoites -induced
chicken heterophil ETs release

Quantitative analysis was also carried out to investigate the role of
Racl signaling pathways and NLRP3 in in E. tenella sporozoites -in-
duced chicken heterophil ETs release. It was found that NSC23766
(p = 0.001; the inhibitor of Racl signaling pathways) but not MCC950
(P = 0.111; the inhibitor of NLRP3) decreased E. tenella sporozoites
-induced chicken heterophil ETs release (Fig. 5).

3.6. No change of LDH levels in E. tenella-induced chicken heterophil ETs
release

LDH activities in E. tenella sporozoites-induced chicken heterophil
ETs release were investigated by LDH kits. The results showed that no
significant changes of LDH levels was observed in the process of E. te-
nella sporozoites -induced chicken heterophil ETs release (Fig. 6).

4. Discussion

In the present research, we investigate the interaction between E.
tenella and the innate immune responses of chicken heterophil extra-
cellular traps. It appears that E. tenella in chicken heterophils, like
Eimeria bovis in bovine neutrophils (Munoz-Caro et al., 2015b), Eimeria
ninakohlyakimovae in caprine monocytes (Perez et al., 2016) or Eimeria
arloingi in caprine neutrophils (Silva et al., 2014), has the capacity to
induce ETs formation. Furthermore, as with hydrogen peroxide and
phorbol myristate acetate (Chuammitri et al., 2009), E. tenella spor-
ozoites - induced the structures of chicken heterophil ETs consisting
with DNA, histone and elastase. Above results demonstrate typical
feature of ETs forming in the interaction between E. tenella and its host
of chicken heterophil cells.

Several key molecules or signaling pathways participated in NETs
formation, but the mechanism of E. tenella-induced chicken heterophil
ETs remains unknown. Then, further examination of the regulatory
mechanisms in the process of E. tenella-induced chicken heterophils ETs
formation. Since NADPH or p38 signaling pathways is proven to play an
important role in ETs release (Munoz-Caro et al., 2015b; Wei et al.,

2016). Here, we investigated the role of NADPH or p38 signaling
pathways in E. tenella-induced chicken heterophils ETs formation. It
was found that E. tenella significantly increased chicken heterophils ETs
release, but SB202190 and DPI decreased E. tenella sporozoites-induced
heterophil ETs release, suggesting that NADPH and p38 signaling
pathways were also related with E. tenella-induced chicken heterophils
ETs formation. The results are similar to that discovered in Neospora
caninum -induced canine NETSs release (Wei et al., 2016), Eimeria bovis-
induced bovine NETs release (Munoz-Caro et al., 2015b), Cryptospor-
idium parvum-induced NET release (Munoz-Caro et al., 2015a) or
Neospora caninum -induced caprine monocytes ETs release (Yang et al.,
2017). Moreover, we also examined the role of Racl signaling pathways
or NLRP3 in the process of E. tenella-induced chicken heterophils ETs
formation. The results showed that NSC23766 (the inhibitor of Racl
signaling pathways) decreased E. tenella sporozoites -induced chicken
heterophil ETs release, but MCC950 (the inhibitor of NLRP3) did not
significantly change E. tenella sporozoites -induced heterophil ETs for-
mation. This is first report that Racl signaling pathways are involved in
E. tenella-induced chicken heterophil ETs release. To distinguish if E.
tenella sporozoites -induced heterophils cell death was necrosis, we then
examined LDH activities. It found that no significant changes of LDH
levels was observed in the process of E. tenella sporozoites -induced
chicken heterophil ETs release, which further confirmed the typical
feature of chicken heterophil ETs structures induced by E. tenella.

In conclusion, the study demonstrate that E. tenella sporozoites
triggers the typical structures of chicken heterophil ETs, and NADPH,
p38 or Racl signaling pathways play a crucial part in the process of E.
tenella sporozoites-induced chicken heterophil ETs release. However,
whether these key molecules or signaling pathways also work in vivo
remain to be further investigated.
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Fig. 2. Immunofluorescence analysis of E. tenella-induced chicken heterophil ETs structures. Chicken heterophil cells were stimulated with to E. tenella sporozoites
(ratio 1:1) for 120 min, the structures of chicken heterophil ETs were analyzed by immunofluorescence analysis. (A) and (G) Histone (Green). (D) and (J) Elastase
(Green). (B), (E), (H) and (K) DNA (Red). (C) Merge of (A) and (B). (F) Merge of (D) and (E). (I) Merge of (G) and (H). (L) Merge of (J) and (K). White arrows showed
chicken heterophil ETs induced by E. tenella sporozoites.
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Fig. 3. Quantitative analysis of E. tenella sporozoites-induced chicken hetero-
phil ETs release. Chicken heterophil cells were stimulated with to E. tenella
sporozoites (ratio 1:0.25, 1:0.5 or 1:1) for 120 min, chicken heterophil ETs were
analyzed by Pico Green® and fluorescence reader analysis. Data was presented
as mean = SD, n = 3. P values of < 0.05 were considered significant. (**
P < 0.01, *** P < 0.001 and“ns” means not significant).
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Fig. 4. NADPH and p38 signaling pathways participated in E. tenella spor-
ozoites-induced chicken heterophil ETs release. Chicken heterophil cells were
stimulated with to E. tenella sporozoites (ratio 1:1) for 120 min, E. tenella
sporozoites-induced chicken heterophil ETs release were examined by Pico
Green®. Inhibitors of NADPH and p38 signaling pathways were pre-processed
with chicken heterophil cells for 20 min before stimulation with E. tenella
sporozoites. Data was presented as mean = SD, n = 3. P values of < 0.05 were
considered significant. (*** P < 0.001).
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Fig. 5. Racl signaling pathways involved in E. tenella sporozoites -induced
chicken heterophil ETs release. Chicken heterophil cells were stimulated with to
E. tenella sporozoites (ratio 1:1) for 120 min, E. tenella sporozoites-induced
chicken heterophil ETs release were examined by Pico Green®. Inhibitors of
Racl signaling pathways or NLRP3 were pre-processed with chicken heterophil
cells for 20 min before stimulation with E. tenella sporozoites. Data was pre-
sented as mean *= SD, n = 3. P values of < 0.05 were considered significant.
(*** P < 0.001 and “ns” means not significant).
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Fig. 6. No change of LDH levels in E. tenella-induced chicken heterophil ETs
release.

Chicken heterophils were seeded on 96-well plates, and stimulated with E. te-
nella sporozoites in the ratio of 1:1, 1:1.5 or 1:3 for 120 min. Lysis, cell lysis
agent, was provided by LDH kits. Data was presented as mean *+ SD,n = 3. P
values of < 0.05 were considered significant. (*** P < 0.001).
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