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 A B S TRACT  
�

Neospora caninum is an obligate intracellular protozoan parasite causing serious reproductive disorders 
in large and small ruminants worldwide. Polymorphonuclear neutrophils (PMN) react against multiple 
invading pathogens through different mechanisms including the release of neutrophil extracellular traps 
(NETs). Here, in vitro interactions of caprine PMN and N. caninum tachyzoites were studied. Scanning 
electron microscopic- and immuno�uorescence-analyses demonstrated that caprine PMN undergo 
NETosis upon contact with tachyzoites of N. caninum, extruding �laments that entrap parasites. Detailed 
co-localization studies of N. caninum tachyzoite-induced NETs revealed the presence of PMN-derived 
DNA being decorated with histones (H1, H2A/H2B, H3,H4) and neutrophil elastase (NE) corroborating 
the molecular characteristics of classical mammalian NETs. As a new result for parasite-induced NETosis, 
we identi�ed pentraxin and cathepsin B in N. caninum-triggered NETs. Nonetheless, functional inhibition 
assays revealed that during caprine NET formation triggered by N. caninum different molecular signaling 
pathways  are  induced,  when  compared  to  other  apicomplexan  parasites  or  host  species.  As  such, 

N.�caninum-induced NETosis appears to be in�uenced by MPO but independent of NADPH oxidase, SOCE, 
ERK1/2 and p38 MAPK activities. Furthermore, the inhibition of PMN autophagy via blockage of the PI3K- 
mediated signaling pathway failed to in�uence tachyzoite-induced NETosis. Since N. caninum-tachyzoites 
induced caprine NETosis, this effector mechanism should be considered as an early host  immune 
response  during  acute  caprine  neosporosis. 

��2017 Elsevier Ltd. All rights reserved. 
�
�
�
�
�
� ��#��,%�#����
�

Neospora caninum is an obligate apicomplexan intracellular 
parasite similar in structure and development to Toxoplasma gondii 
(Dubey, 2003). Associated with clinical reproductive and neural 
infections in dogs, horses, goats, sheep, deer and marine mammals 
(Dubey and Lindsay, 1996; Anderson et al., 2000; Schares et al., 
2001; Dubey, 2003; Omata et al., 2006), it is responsible for 
reproductive problems mainly in cattle (Hemphill and Gottstein, 
2000).  Even  though  protozoan-induced  abortions  in  small 

�
�
�
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ruminants have been commonly related to T. gondii infections 
(Buxton, 1998; Hurtado et al.,  2001; Dubey, 2003; Moreno et  al., 
2012), N. caninum infections also induce reproductive disorders in 
sheep and goats with clinical and economic consequences (Dubey 
and Schares, 2011). Clinical manifestations occurring  during 
caprine neosporosis can include abortion, still birth (Barr  et  al., 
1992; Lindsay et al., 1995; Dubey et al., 1996; Eleni et al., 2004; 
Costa et al., 2014), and birth of healthy (Koyama et al., 2001) and/ 
or asymptomatic goat kids (Mesquita  et  al.,  2013).  Enhanced 
neonatal mortality  being associated  with  N. caninum  infections in 
goats has been reported from different countries, such as the USA 
(Barr et al., 1992), Costa Rica (Dubey et al., 1996), Brazil (Corbellini 
et al., 2001) and Spain (Moreno et al., 2012). 

Apicomplexan parasite infections, generally underlie complex 
adaptive immunological regulations (Gazzinelli et al., 1998; Moore 
et al., 2005; Boysen et al., 2006) in which after primary infections a 

�
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protective cellular adaptive immunity develops mainly involving T 
helper cells (Moore et al., 2005; Taubert et al., 2006, 2010; Ruiz 
et al., 2013, 2015; Hermosilla et al., 2012). In contrast to adaptive 
immune responses, very little is known on early innate immune 
reactions against N. caninum, although these immunological re- 
actions are crucial for the establishment of the infection and sub- 

sequent disease outcome (Boysen et al., 2006; Mun�oz-Caro et al., 
2014, 2015a, b; Porto et al., 2016). In particular, poly- 
morphonuclear neutrophils (PMN) play a key role in host innate 
immunity since they are the most numerous cells in the blood and 
the �rst ones to be present at infection sites (Brinkmann et al., 
2004; Nathan, 2006; Hahn et al., 2013; Silva et al., 2014). PMN 
bear different effector mechanisms, such as phagocytosis, produc- 
tion  of  reactive  oxygen  species  (ROS),  release  of  antimicrobial 
peptides/proteins and the  extrusion  of neutrophil  extracellular 
traps (NETs) to combat and eventually kill microorganisms (for 
review see Brinkmann and Zychlinsky, 2012). 

NETs are generally produced following a speci�c PMN cell death 
process, known as NETosis, and have been described to occur in vivo 
and in vitro in different tissues including endothelium (Baker et al., 

2008; Maksimov et al., 2016), intestinal mucosa (Mun�oz-Caro et al., 
2016), and reproductive- and respiratory-tract (Fuchs et al., 2007; 
Brinkmann and Zychlinsky, 2012; Cheng and Palaniyar, 2013; 

Mun�oz-Caro et al., 2016). So far, NETs were identi�ed in various 
species, such as humans (Gupta et al., 2005; Baker et al., 2008; Von 
Ko�ckritz-Blickwede et al., 2009; Brinkmann et al., 2010), mice 
(Ermert et al., 2009; Abi Abdallah et al., 2012), horses (Alghamdi 
and Foster, 2005), cattle (Grinberg et al., 2008; Behrendt et al., 

2010), �sh (Pali�c et al., 2007; Pijanowski et al., 2013), chickens 
(Chuammitri et al., 2009), dogs (Jeffery et al., 2015; Wei et al., 2016), 
insects (Altincicek et al., 2008), crustaceans (Patat et al., 2004; Ng 
et al., 2013), sheep (Pisanu et al., 2015) and goats (Silva et al., 
2014). NETosis is known to mainly rely on NADPH oxidase (NOX)- 

dependent mechanisms (Fuchs et al., 2007; Von Ko�ckritz- 
Blickwede et al., 2010; Brinkmann and Zychlinsky, 2012) leading 
to the extrusion of a mixture of nuclear and cytoplasmic granule 
contents �nally resulting in the formation of nuclear DNA-rich 
structures being adorned with histones and  antimicrobial  gran- 
ular effector molecules, such as pentraxin, lactoferrin, neutrophil 
elastase (NE), myeloperoxidase (MPO), gelatinase, bacterial 
permeability-increasing protein (BPI), cathepsin B, peptidoglycan 
recognition proteins and calprotectin and others (for reviews see 
Von Köckritz-Blickwede and Nizet, 2009; Brinkmann and 
Zychlinsky, 2012; Hermosilla et al., 2014; Silva et al., 2016). Addi- 
tionally, NOX-independent driven NETosis was also described and 
is accompanied by substantial lower level of ERK1/2 activation and 
moderate level of PI3K activation, whilst p38 activation appears 
similar in both, NOX-dependent and -independent NETosis (Douda 
et al., 2015). Irrespective of NOX-dependency, pathogens may either 
be immobilized within thin sticky DNA �bers or be killed via local 
high concentrations of antimicrobial histones, peptides and pro- 
teases in vivo (Brinkmann et al., 2004; Von Koökritz-Blickwede and 
Nizet, 2009; Mun�oz-Caro et al., 2016). 

By now, NETosis was described to be triggered by different 
protozoan parasites in vitro and in vivo (Baker et al., 2008; 
Guimar�aes-Costa et al., 2009; Wang et al., 2011; Behrendt et al., 
2010; Mun�oz-Caro et al., 2015a; Silva et al., 2014; Pe�rez et al., 
2016; Abi Abdallah et al., 2012; Reichel et al., 2015; Mun�oz-Caro 
et al., 2014, 2015b; A�vila et al., 2016; Ventura-Ju�arez et al., 2016). 
Detailed molecular investigations on apicomplexan-induced 
NETosis have unveiled its dependency on NOX, NE, MPO, CD11b, 
ERK1/2, p38 MAPK and SOCE (Behrendt et al., 2010; Abi Abdallah 

et al., 2012; Mun�oz-Caro et al., 2014, 2015a, 2015a; Silva et al., 
2014). So far, little is known on NET-mediated immune reactions 
against N. caninum and to our best knowledge there is only one 

report on N. caninum-triggered canine NETosis in vitro (Wei et al., 
2016). Thus, the aim of the present study was to �nd in vitro evi- 
dence of caprine NETosis in response to N. caninum. 
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 Parasites 

�
All NET-related experiments were performed with tachyzoites 

of N. caninum (strain Nc1) which were cultivated in vitro as 
described elsewhere (Dubey et al., 1988). In brief, N. caninum 
tachyzoites were maintained by several passages either in primary 
bovine umbilical vein endothelial cells (BUVEC) or African green 
monkey kidney epithelial cells (MARC-145) according to Taubert 

et al. (2006) and Mun�oz-Caro et al. (2014). Vital N. caninum- 
tachyzoites were collected in supernatants of infected host cells, 
�ltered  through  5  u��m  sterile  syringe  �lters  (Sartorius  AG)  to 
removed cell debris, washed thrice with sterile PBS (400 ]�g, 
12 min), counted and re-suspended in sterile RPMI 1640 medium 
(Gibco) until further experimental use. 

�
�


 Host cells 

�
MARC-145 cell monolayers were maintained in DMEM (Sigma- 

Aldrich) cell culture medium supplemented with 1% penicillin (500 
U/ml; Sigma-Aldrich), streptomycin (500 mg/ml; Sigma-Aldrich) 
and 2% fetal calf serum (FCS; Gibco) and incubated at 37 �C and 
5% CO2 until con�uency. Primary BUVEC were isolated according to 
Taubert et al. (2006) and maintained in modi�ed ECGM [endo- 
thelial cell growth medium (PromoCell); 30% (v/v) ECMG and 70% 
(v/v) M199, supplemented with 1% penicillin and streptomycin and 

10% FCS] at 37 �C in 5% CO2 atmosphere until con�uency. 
�
�


 Isolation of caprine PMN 

�
Healthy adult dairy goats (n ��3) kept at the Clinic for Obstetrics, 

Gynecology and Andrology (Justus Liebig University Giessen) were 
bled by puncture of the jugular vein. The blood was collected in 
12 ml sterile plastic tubes containing heparin as anticoagulant (Li- 
Heparin  Kabe��� Labortechnik).  Heparinized  blood  (20  ml)  was 
diluted in 30 ml of sterile PBS containing 0.02% EDTA (Sigma- 
Aldrich), layered on Biocoll Separating Solution�� (Biochrom AG) 
and centrifuged (800 ]�g, 45 min). After the removal of plasma, 
lymphocytes and monocytes, the pellet containing  erythrocytes 
and PMN was re-suspended in 15 ml in RPMI medium 1640 without 

phenol red (Gibco), treated with Red Blood Cell Lysis��buffer (1 ml, 
Sigma-Aldrich) to remove erythrocytes and centrifuged (500 ]�g, 
7 min). The pellets were resuspended and PMN were counted in a 
Neubauer haemocytometer chamber. The percentage of dead PMN 
was estimated using trypan blue exclusion test (Sigma-Aldrich) as 
described elsewhere (Behrendt et al., 2010). Finally, caprine PMN 

were incubated at 37 �C and 5% CO2 atmosphere for at least 30 min 
before use. 
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 Quanti6cation of NETs 

�
Caprine NETs were quanti�ed according to Mun�oz-Caro et al. 

(2014) using Pico Green�� (Invitrogen), a speci�c DNA-binding 
�uorescent  dye.  If  not  stated  different,  caprine  PMN  were  re- 
suspended in serum-free medium RPMI 1640 without phenol red 
and then co-cultured for 60, 90, 120 and 180 min in duplicates with 

vital N. caninum tachyzoites (37 �C, 1:4 ratio), for time-dependency 
investigations or co-cultured for 90 min at different ratios (1:1, 1:2, 
1:3 and 1:4) for dose-dependency studies. For inhibition experi- 
ments, caprine PMN were pre-treated with the respective inhibitor 
in serum-free medium RPMI 1640 without phenol red for 30 min at 
37 �C prior to exposure to N. caninum tachyzoites. The following 
inhibitors were used: the NOX-inhibitor diphenyleneiodonium 
chloride [DPI; 10 �M, Sigma-Aldrich, according to O'Donnell et al., 
1993], the NE-inhibitor Suc-Ala-Ala-Pro-Val chloromethyl ketone 
[CMK; 1 mM, Sigma-Aldrich, according to Scapinello et al. (2011)], 
the MPO-inhibitor 4-aminobenzoic acid hydrazide [ABAH; 100 �M, 
Merck, according to Parker et al. (2012)], the SOCE-inhibitor ami- 
noethoxydiphenyl borate [2 APB; 100 �M, Sigma-Aldrich, according 
to Conejeros et al. (2012)], UO126 as inhibitor of ERK1/2 [50 �M; 
Sigma-Aldrich, according to Favata et al. (1998)], SB 202190 [10 �M; 
Sigma-Aldrich, according to Davies et al. (2000)] as an inhibitor of 
the p38 MAPK signaling pathway and the inhibitor of PI3K- 
mediated autophagy, 2-(4-morpholinyl)-8-phenyl-1(4H)-benzo- 
pyran-4-one hydrochloride [LY294; 20 �M, Sigma-Aldrich, ac- 
cording to Tawk et al. (2011)]. For NET quanti�cation, the samples 
were treated with micrococcal nuclease (0.1 U/�l, New England 
Biolabs, 15 min, 37 �C)  and centrifuged (300]g, 5 min). The  su- 

pernatants were transferred into a 96-well �at-bottom plate (100 �l 
per well in duplicates). Then, Pico Green�� (50 �l/sample, diluted 
1:200 in 10 nM Tris/1 mM EDTA buffer, in the dark) was added. NET 
formation was determined by spectro�uorometric analysis at an 
excitation wavelength of 484 nm and an emission wavelength of 
520 nm using an automated plate monochrome reader (Varioskan 
Flash�, Thermo Scienti�c). NETs were quanti�ed by �uorescence 
intensity analyses. For negative controls, PMN in plain medium 
were used. For positive controls, stimulation of PMN with zymosan 
(1 mg/ml; Invitrogen) was used. 

In order to evaluate parasite dose-dependent effects, different 
PMN: tachyzoites ratios were applied (1:1, 1:2, 1:3, 1:4) and pro- 
cessed as described earlier. For kinetic analyses, PMN and parasites 
were co-cultured at a ratio of 1:4 for different time periods (60, 90, 
120 and 180 min). To dissolve NETs, 90 U of DNase I (Roche Di- 
agnostics) were supplemented 15 min before the end of incubation 
period. 

For comparative reasons, caprine and bovine PMN were simul- 
taneously isolated and analyzed for NET induction in the presence 
or absence of DPI. 

�

 Co-localization of extracellular DNA with histones, NE, 
pentraxin and cathepsin B in Neospora caninum-induced 
caprine NETs 

�
After co-culture of caprine PMN with tachyzoites (ratio 1:4, 

120 min) on poly-L-lysine-treated coverslips, the �xation of the 
samples (4% paraformaldehyde, Merck) and three washings in PBS, 
the samples were blocked with BSA (2%, Sigma-Aldrich, 15 min, RT), 
incubated in antibody solutions [1 h, RT] and �nally mounted in 
ProLongGold�������containing     4)�-6-diamidino-2-phenylindole     (DAPI) 
staining (Invitrogen, 1:1000, 5 min, RT, in the dark) or Sytox Or- 

ange�� [Invitrogen, 5 mM Sytox Orange�, 10 min, RT, in dark, ac- 
cording to Martinelli et al. (2004)]. For the detection of histones, NE, 
pentraxin and cathepsin B in NET structures the following anti- 
bodies were used: anti-histone (H1, H2A/H2B, H3, H4) monoclonal 

�
(mouse clone H11-4, 1:1000, Merck Millipore), anti-NE (AB68672, 
1:1000, Abcam), anti-pentraxin (SAB2104614-50UG, 1:1000, 
Sigma-Aldrich) and anti-cathepsin B (AB58802, 1:1000, Abcam) 
antibodies. Visualization and illustration was achieved by using an 
inverted Olympus��IX81 �uorescence microscope being equipped 
with a digital camera. 

�

 Scanning electron microscopy (SEM) 

�
Caprine PMN were co-cultured with vital N. caninum tachyzoites 

(ratio: 1:4) for 60 and 90 min on poly-L-lysine (Sigma-Aldrich) pre- 
coated coverslips (Nunc). Cells were �xed in 2.5% glutaraldehyde 
(Merck), post-�xed in 1% osmium tetroxide (Merck), washed in 
distilled water, dehydrated, critical point dried by CO2-treatment 
and sputtered with gold particles. Specimens were examined using 
a Philips XL30 scanning electron microscope at the Institute of 
Anatomy and Cell Biology (Justus Liebig University Giessen, 
Germany). 

�

 Statistical analysis 

�
Statistical analyses were performed by using Graph Pad Prism��

6 software. One-factorial analyses of variance (ANOVA) with 
repeated measures were applied to compare  co-culture/ 
stimulation conditions using a normal distribution of data. Differ- 
ences were regarded as signi�cant at a level of p ??~�0.05 (*); p ??~�0.01 
(**); p ??~�0.001 (***) and p ??~�0.0001 (****). 

�
� ���%�#��
�


 Caprine PMN cast NET-like structures in reaction to Neospora 
caninum 

�
SEM  analyses  unveiled  that  exposure  of  caprine  PMN  to 

N. caninum tachyzoites resulted in the formation of a delicate 
network of thin strands of PMN-derived �bers being attached to the 
parasites and seemingly entrapping them (Fig. 1). Kinetic analyses 
revealed no signi�cant amounts of N. caninum-mediated caprine 
NETosis. During NETosis, some PMN still exhibited the morphology 
of intact cells (Fig. 1c and d, black star)  whilst others  were 
completely lysed. Furthermore, tachyzoites were observed 
entrapped in chunky meshworks of PMN-derived �laments (Fig. 1c 
and d, 90 min). 

�

 Neospora caninum-triggered caprine NETs contain histones, 
NE, cathepsin B and pentraxin 

�
Fluorescence analyses further proved the presence of extracel- 

lular DNA within NETs since these structures were labeled by DAPI 

or Sytox Orange�� staining (Fig. 2). N. caninum tachyzoites were 
located in close proximity to extruded NETs and were often trapped 
within these structures. Co-localization experiments revealed that 
NET structures were adorned with classical NETs components, such 
as histones (Fig. 2a), pentraxin (Fig. 2b), cathepsin B (Fig. 2c), and 
NE (Fig. 2d). 

�

 Neospora caninum-induced caprine NETosis is no time- or 
dose-dependent 

�
Kinetic studies quantifying NET formation revealed a fast and 

strong NET induction. N. caninum-triggered NETosis was detected 
after 60 min of exposure and ongoing, i. e. up to 180 min of expo- 
sure. As expected, plain caprine PMN serving as negative controls 
showed low NET formation when compared to parasite-exposed 
ones (p ??~�0.05, Fig. 3a). Overall, no signi�cant differences were 

�
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4"7���!	�	]3����	��Scanning electron microscopy analyses revealed NET-like structures being formed by 

caprine PMN before and after co-culture with N. caninum tachyzoites. (a) Non-activated caprine PMN (negative control). Several tachyzoites entrapped in NET-like �laments (b, 

60 min after confrontation) and a rather thicker meshwork of caprine-PMN-released �laments (c and d - magni�cation of c, 90 min after confrontation) entrapping N. caninum 

tachyzoites from dead PMN. Black star indicates also a non-activated caprine PMN. 

�
detected between the different time points (60, 90, 120, 180 min). 

Furthermore, tachyzoite-induced NET formation was not a dose- 
independent process, since increasing numbers of N. caninum 
tachyzoites led to similar results (Fig. 3b). However, signi�cant 
differences were only observed when PMN-to-tachyzoite ratio of 
1:4 was compared with the negative controls were observed  at 
ration 1:4 (p ??~�0.05, Fig. 3b). 

�
�


 Distinct antimicrobial proteins involved in Neospora caninum- 
induced NETs 

�
To further corroborate the characteristics of N. caninum-medi- 

ated NETs in goats, we performed inhibition assays with DPI, a 
potent inhibitor of NOX. Supplementation of DPI throughout the 
incubation period did not in�uence tachyzoite-triggered caprine 
NET formation (Fig. 4a). To test whether this reaction was host- 
dependent, we additionally performed DPI-related inhibition ex- 
periments in the bovine and caprine system within one assay. In 
agreement, bovine PMN also showed signi�cant NETosis in reaction 
to tachyzoite exposure (p ??~� 0.01) and this reaction could not be 
blocked by DPI (Fig. 4a). Overall, zymosan treatments serving as 
positive control led to a signi�cant enhancement of NET formation 
in both host systems (p ??~�0.001, Fig. 4a). 

Treatments of caprine PMN with the SOCE-inhibitor 2-APB 
failed to diminish N. caninum-induced NETosis when compared to 
non-treated but tachyzoites-exposed PMN (Fig. 4b). 

As expected, dissolvement of NET-derived extracellular DNA via 
DNase I treatments resulted in an entire loss of the NET signals 
(Fig. 5a). In addition, the treatment of PMN with the MPO inhibitor 
ABAH resulted in a reduction of tachyzoite-triggered NET formation 

(Fig. 5a). Treatments of caprine PMN with the inhibitor of NE (CMK) 
also failed to in�uence parasite-triggered NETosis signi�cantly 
(Fig. 5a). 

Furthermore, we analyzed the actual role of NET-associated 
molecular signaling pathways in N. caninum-triggered NETosis in 
the caprine species. Treatments with inhibitors interfering with 
ERK1/2- (UO126) and p38 (SB202190) MAPK-mediated signaling 
pathways failed to signi�cantly alter tachyzoite-induced NETs 
extrusion, showing that N. caninum-derived caprine NETosis ap- 
pears to function independently of these signaling routes (Fig. 5b). 

Finally, we tackled the role of autophagy in N. caninum-medi- 
ated caprine NETosis. Therefore, a functional inhibition experiment 
using LY294, a strong inhibitor of PI3K-mediated autophagy was 
performed. However, PI3K blockage did not in�uence N. caninum- 
triggered NETosis in the caprine system (Fig. 5c). 

�
�

����%������
�

Most studies on pathogen-triggered NETs focused on bacterial, 
viral and fungal infections (Urban et al., 2006; Fuchs et al., 2007; 
Aulik et al., 2010; Jenne et al., 2013). Nonetheless, some proto- 
zoan parasites have also been identi�ed as potent NET inducers 

(Baker et al., 2008; Guimara�es-Costa et al., 2009; Behrendt et al., 
2010; Mun�oz-Caro et al., 2015a; Abi Abdallah et al., 2012, Silva 

et al., 2014; Mun�oz-Caro et al., 2014; Reichel et al., 2015; Wei 
et al., 2016). To the best of our knowledge, we here describe for 
the �rst time the release of NETs from caprine PMN in response to 
the apicomplexan parasite N. caninum, which is known as an 
important abortive agent in goats worldwide (Dubey and Schares, 
2011; Arranz-Solís et al., 2016; Porto et al., 2016). 
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white arrows) of co-cultures of goat PMN and N. caninum tachyzoites that were �xed, permeabilized, stained for DNA using Prolong Gold�� DAPI (blue: a, b, d) or Sytox Orange��

(orange: c) and probed for different NETs components such as: histones (green, a), pentraxin (green, b), cathepsin (green, c), and NE (green, d). 
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!���������!�#��	������!��	�#	3	�#	�!. Caprine PMN and N. caninum tachyzoites were co-cultured for different time spans (a: 

60, 90, 120 and 180 min, ratio 1:4) or at different ratios (b: PMN:tachyzoites ��1:1, 1:2, 1:3, 1:4, 90 min). Stimulation with zymosan served as positive control, PMN in plain medium 

as negative control. After incubation, the samples were analyzed for extracellular DNA by quantifying Pico Green�-derived �uorescence intensities. Geometric means of three PMN 

donors, standard deviation. Differences were regarded as signi�cant at a level of p ??~�0.05(*), p ??~�0.01 (**), p ??~�0.001 (***). 
�
�

In agreement to observations on other apicomplexan-mediated 
NETosis (Baker et al., 2008; Behrendt et al., 2010; Mun�oz-Caro et al., 
2014, 2015a, b; 2016; Silva et al., 2014; Reichel et al., 2015) and to 
N. caninum-triggered NETosis in the canine system (Wei et al., 
2016), we demonstrate extracellular NETs being attached to 
tachyzoites of N. caninum. In accordance to B. besnoiti-induced NETs 
(Mun�oz-Caro et al., 2014), but in contrast to E. bovis- (Behrendt 

et al., 2010) and C. parvum-mediated NET induction (Mun�oz-Caro 
et al., 2015b), N. caninum-triggered caprine NETosis was not time- 
dependent. Overall, a large proportion of tachyzoites appeared to 

be captured by caprine NETs. The DNA labeling of N. caninum- 
induced NETs proved the chromatin nature of these PMN-derived 
extracellular structures. Moreover, the resolution of these 
network structures by DNase I treatments corroborated the DNA 
nature of N. caninum-triggered NETs. Alongside to DNA, other 
classical NET-associated molecules, such as histones and antimi- 
crobial enzymes were detected in N. caninum-triggered NETs. As 
such, co-localization experiments revealed the simultaneous 
presence of DNA together with histones and NE, in parasite- 
triggered NETosis con�rming typical molecular characteristics of 
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�#��x$��� (a) Comparative analysis of bovine and caprine PMN being confronted to 

N. caninum in presence or absence of DPI as NOX-inhibitor. (b) Caprine PMN were treated with the SOCE inhibitor 2-APB prior to N. caninum tachyzoite exposure. NET formation was 

determined by quantifying Pico Green�-derived �uorescence intensities (484 nm excitation/520 nm emission wavelengths). PMN stimulation with zymosan served as positive 
control and PMN in plain medium were used as negative control. Geometric means of three PMN donors, standard deviation. Differences were regarded as signi�cant at a level of 

p ??~�0.05 (*), p ??~�0.01 (**), p ??~�0.001 (***) and p ??~�0.0001 (****). 
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�#�;YNp���"���!�����(a) Caprine PMN cells were pre-treated with the 

inhibitors of NE (CMK) and MPO (ABAH) prior to N. caninum exposure. Non-treated PMN were processed in parallel. To prove the DNA nature of NETs, the samples were treated with 

DNase I (15 min). (b) Caprine PMN were pre-treated for 30 min with the inhibitors of ERK1/2 (UO126) and p38 MAPK (SB, 203580) and then co-cultured with N. caninum. (c) Prior to 

N. caninum tachyzoite confrontation, caprine PMN were exposed to the PI3K inhibitor LY294002. Overall, NET formation was determined by quantifying Pico Green�-derived 

�uorescence intensities (484 nm excitation/520 nm emission wavelengths). Stimulation of PMN with zymosan was used for positive controls, plain medium served as negative 

controls. Each condition was performed in duplicates for each PMN donor (n ��3). Differences were regarded as signi�cant at a level of p ??~�0.01 (**). 

�
�

NETs. These observations are in agreement with former �ndings in 
other apicomplexan parasites (Silva et al., 2014; Mun�oz-Caro et al., 
2014,  2015a,  b;  Reichel  et  al.,  2015)  and  with  a  report  on 
N. caninum-triggered NETosis in the canine system (Wei et al., 
2016). Accordingly, the key role of MPO in N. caninum-induced 
NETosis was proven by functional inhibition experiments, leading 
to a reduction of tachyzoite-triggered NETosis. MPO plays a key role 
in ETosis-mediated in�ammation and NET formation (Metzler et al., 
2011; Stoiber et al., 2015). Moreover, MPO and NE are reported to 
migrate to the PMN nucleus during NETosis thereby enhancing 
chromatin decondensation (Papayannopoulos et al., 2010). 

Furthermore, we here deliver the �rst report on pentraxin being 
involved in apicomplexan-triggered NET formation. Pentraxin is a 
pivotal component of host innate immune responses, stored in 
PMN  granules  and,  in  common  with  MPO  and  proteinase  3, 

�
expressed on the apoptotic neutrophil surface (Bottazzi et al., 
2009). In NET formation, pentraxin may participate in microbial 
recognition thereby facilitating the trapping of pathogens as 
demonstrated for bacteria (Bottazzi et al., 2009). Interestingly, 
proteomic analyses revealed that pentraxin forms a complex with 
other NET components in human PMN and appears to boost the 
actions of the different typical NETs molecules (Daigo and 
Hamakubo, 2012). 

Besides, we here reported for �rst time on the presence of 
cathepsin  B,  a  relevant  antimicrobial  PMN  serine  protease,  in 
N. caninum-triggered caprine NETs. Cathepsin B and NE were re- 
ported to be  implicated in protective immune responses against 
some bacterial infections (Hahn et al., 2011; Walter et al., 2015). In 
addition, they promote the recruitment of PMN and participate in 
other   cell   processes   such   as   embryogenesis,   angiogenesis, 
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�
hematopoiesis, tumor growth  and  metastasis  (Vandercappellen 
et al., 2008; Fortelny et al., 2014; Repnik et al., 2015). Whether 
cathepsin B actively contributes to tachyzoite damage or killing 
needs further investigation. 

Mammalian-derived NETosis is mainly dependent on NOX ac- 
tivities which result in intracellular ROS production (for review see 
Brinkmann and Zychlinsky, 2012). However, recent investigations 
led to the differentiation of two distinct forms of NETosis: i) NOX- 
dependent NETosis, being associated mainly with cytosolic ROS 
production (Fuchs et al., 2007; Remijsen et al., 2011), and ii) NOX- 
independent NETosis showing mitochondrial ROS production via 
calcium-activated potassium channels (SK channels) (Fay et al., 
2006; Douda et al., 2015; Khan and Palaniyar, 2017). Accordingly, 
Ca���in�ux was reported as crucial for PMN activation and NETosis 
(Conejeros et al., 2011; Burgos et al., 2011; Mun�oz-Caro et al., 
2015b). In the current study neither NOX- nor SOCE-mediated re- 
actions seemed to be crucial for N. caninum-triggered caprine 
NETosis since neither DPI nor 2-APB treatments in�uenced NET 
formation. This observation clearly differs to �ndings on closely 

related parasites, such as E. bovis- (Behrendt et al., 2010; Mun�oz- 
Caro et al., 2015a), E. arloingi (Silva et al., 2014) T. gondii (Reichel 

et al., 2015), B. besnoiti (Mun�oz-Caro et al., 2014) and C. parvum 
(Mun�oz-Caro et al., 2015b). This is also in contrast to the canine 
system, where 2-APB and DPI signi�cantly inhibited N. caninum- 
triggered NETosis (Wei et al., 2016). 

The importance of Raf-MEK-ERK signaling pathways during 
NETosis was �rstly reported by Hakkim et al. (2011). Whilst in the 
current study no in�uence was detected on N. caninum-triggered 
NETosis by ERK1/2- and p38 MAPK blockage, several other reports 
indicated a pivotal role of this signaling cascade in the case of 
T. gondii- (Abi Abdallah et al., 2012), E. bovis- (Mun�oz-Caro et al., 
2015a) and C. parvum-induced NETosis (Mun�oz-Caro et al., 
2015b). However, in both, the canine (Wei et al., 2016) and the 
bovine system (Villagra-Blanco et al., submitted manuscript), 
blockage of ERK1/2 and p38 MAPK resulted in a signi�cant reduc- 
tion of N. caninum tachyzoite-triggered NET formation. So far, we 
do not know whether these differences are speci�c for the goat and 
rely on differentially activated signal cascades in the caprine 
system. 

In addition to SOCE, we also investigated the role of PI3K- 
mediated autophagy in N. caninum-induced NETosis. As previ- 
ously shown, PI3K/AKT kinase is essential for the activation of both 
NOX-dependent and NOX-independent NETosis (Douda et al., 
2015). However, the current data did not reveal any in�uence or 
reaction associated with PI3K-mediated autophagy in N. caninum- 
induced caprine NETosis. It has to be considered that LY294002 was 
identi�ed as a rather unspeci�c inhibitor since it reduces not only 
the activity of mTOR (mammalian target of rapamycin) and DNA-PK 
(DNA-dependent protein kinase) (Brunn et al., 1996), but also of 
other protein kinases, such as CK2 (casein kinase 2) and Pim-1 
(proto-oncogen serin kinase 1) (Davies et al., 2000; Jacobs et al., 
2005). Thus, the direct inhibitory effects on the autophagy 
pathway may have  been too moderate to directly in�uence 
parasite-triggered NETosis. Consequently, a more detailed analysis 
on autophagy-NETosis-interactions after tachyzoite confrontation 
is needed. 

Overall, the results of this study demonstrate that N. caninum- 
tachyzoites are competent inducers of NET formation in the caprine 
system, which is consistent to recent �ndings in dogs (Wei et al., 
2016). Considering the life cycle of N. caninum, which include 
endogenous obligate intracellular parasite stages, the extracellular 
immobilization of tachyzoites via NETs might have a signi�cant 
implication on the outcome of the disease as previously postulated 

for other coccidian parasites (Mun�oz-Caro et al., 2014; Silva et al., 
2014, 2016; Hermosilla et al., 2014). 
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Neospora caninum is an apicomplexan obligate intracellular parasite with comparable characteristics 
in structure and development to Toxoplasma gondii (1). It has a wide intermediate host range and is 
responsible for reproductive disorders mainly in cattle but is also associated with clinical reproduc- 
tive and neural infections in dogs, horses, goats, sheep, and deer (2�4). In general, infections of 
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apicomplexan parasites, such as N. caninum, underlie a complex 
adaptive immunological regulation (5�8); however, little is 
known on early host innate immune reactions occurring dur- 
ing primary N. caninum infection, despite the fact that early 
innate host defense reactions should be critical for the actual 
outcome of infection (7�13). In particular, polymorphonuclear 
neutrophils (PMN) play a key role in this respect since they are 
the most abundant innate immune cells in the blood and the first 
ones to be recruited to the site of infection (14�16). PMN own 
several effector mechanisms to combat and kill pathogens, such 
as phagocytosis, production of oxygen-based radicals known as 
reactive oxygen species (ROS), the excretion of antimicrobial 
peptides/proteins, and the synthesis of neutrophil extracellular 
traps (NETs) (17). 

NETs are generally released via a novel PMN cell death pro- 
cess known as NETosis (17, 18). NETosis is known as a NADPH 
oxidase (NOX)-dependent mechanism (10, 12, 13, 17, 19), 
which leads to the extrusion of nuclear and cytoplasmic gran- 
ule enzymes leading to the formation of DNA-rich networks 
adorned with different histones (H1, H2A/H2B, H3, H4) and 
antimicrobial granular effector molecules, such as neutrophil 
elastase (NE), myeloperoxidase (MPO), pentraxin,  lactofer- 
rin, cathepsins, gelatinase, bacterial permeability-increasing 
protein, peptidoglycan recognition proteins, calprotectin, and 
other leukocyte proteins (10, 16, 17, 20, 21). Classical NET 
formation [for review of pathways, see Ref. (17, 22, 23)] was 
initially proven to be signaled via the Raf�MEK�ERK-dependent 
pathways (24). In contrast to NOX-dependent NETosis, the 
recently described NOX-independent NETosis is associated 
with substantial reduced levels of ERK1/2 activation and weak 
Akt activation, whereas the activation of p38 MAPK is similar in 
both pathways (25). Irrespective of NOX-dependency, invasive 
pathogens may either be immobilized within NET-derived sticky 
DNA fibers or be killed via the locally high concentration of 
antimicrobial histones, peptides, and proteases (14, 21, 26). 
Moreover, Yipp et al. (27) recently demonstrated that PMN, 
which undergo NETosis without cell lysis, remain viable and 
retain their ability to phagocytise bacteria. In agreement with 
these findings, PMN also seem to be able to release small-sized 
NETs of mitochondrial origin without suffering cell death (28). 
By now, NETosis has been described to be triggered by different 
protozoan parasites in vitro and in vivo, such as Plasmodium 
falciparum (29), Leishmania spp. (30, 31), Eimeria bovis (12, 32), 
Eimeria arloingi (33), T. gondii (34, 35), Besnoitia besnoiti (11), 
Cryptosporidium parvum (13), Trypanosoma cruzii (36), and 
Entamoeba histolytica (37). In addition, monocyte-derived extra- 
cellular traps have recently been reported in response to tachy- 
zoites of B. besnoiti (11) and T. gondii in vitro (35). Recent analyses 
on Eimeria spp. and B. besnoiti-induced NETosis confirmed their 
dependency on NOX, NE, MPO, CD11b, ERK1/2, p38 MAPK, 
and SOCE (12, 13, 32, 33). Moreover, blood vessel analyses of 
P. falciparum-infected patients (29) and intestinal tissue samples 
of Eimeria-infected goats and cattle also proved apicomplexan 
parasite-triggered NETosis to happen in vivo (38). 

In contrast to ruminant eimeriosis, nothing is known on 
NET-based host innate immune reactions against N. caninum, 
although  PMN  and  other  leukocytes,  such  as  macrophages 
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and NK cells, seem to play a crucial role in neosporosis in vivo 
(9, 39�41). Thus, the aim of the present study was to analyze the 
capacity of N. caninum tachyzoites to trigger NETs and to unravel 
effector molecules and pathways being involved in this novel cell 
death process. 
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This survey was carried out in accordance to the Justus Liebig 
University Animal Care Committee guidelines. Protocols were 
approved by the Ethic Commission for Experimental Animal 
Studies of the Federal State of Hesse (Regierungspräsidium 
Giessen) (A9/2012; JLU-No. 521_AZ), in accordance to the 
prevalent European Animal Welfare Legislation: ART13TFEU 
and the current applicable German Animal Protection Laws. 
�
	�����#���
All NET-related experiments were performed with tachyzoite 
stages of the apicomplexan parasite N. caninum [strain Nc1 (42)], 
which was cultivated in vitro as described elsewhere (7, 11). 
In brief, N. caninum tachyzoites were maintained by serial pas- 
sages either in primary bovine umbilical vein endothelial cells 
(BUVEC) or permanent African green monkey kidney epi- 
thelial cells (MARC-145). Viable N. caninum-tachyzoites were 
collected from infected host cell layer supernatants, pelleted 
(400 × g, 12 min), washed thrice in sterile PBS, counted in a 
Neubauer hemocytometer (Marienfeld-Superior, Germany) and 
re-suspended in sterile RPMI 1640 medium (Gibco) until further 
experimental use. 
�
\��#�������%�#%����
MARC-145 cell layers were maintained in cell culture medium 
DMEM (Sigma-Aldrich) supplemented with 1% penicillin 
(500 U/ml; Sigma-Aldrich), streptomycin (500 mg/ml; Sigma- 
Aldrich), and 10% FCS (Gibco) and cultivated at 37°C and 5% 
CO2 atmosphere until confluency. Confluent MARC-145 layers 
were infected with viable N. caninum tachyzoites (20 × 106 

parasites/25 cm2). 
Isolation of primary BUVEC was performed according to the 

method reported by Taubert et al. (7). In brief, the umbilical 
cords retrieved from newborn calves were enriched with 1% 
penicillin�streptomycin (Sigma-Aldrich, St. Louis, MO, USA) 
and refrigerated in 0.9% HBSS�HEPES buffer (pH 7.4; Gibco, 
USA). Endothelial cells were isolated using 0.025% collagenase 
type II (Worthington Biochemical Corporation, USA), filling 
the lumen of  the  ligated  umbilical  vein  and  incubating  for 
20 min at 37°C in 5% CO2 atmosphere. Then, the umbilical 
vein was mildly massaged; the collagenase-cell  suspension 
was retrieved and 1 ml FCS (Gibco, USA) was aggregated to 
inactivate the collagenase type II. After two centrifugations 
(400 × g, 10 min, 4°C), the isolated BUVEC were kept in 
complete ECGM (endothelial cell growth medium; PromoCell, 
Heidelberg, Germany), plated in 25 and 75 cm2 plastic culture 
flasks (Nunc, Roskilde, Denmark), and incubated at 37°C in 5% 
CO2 atmosphere until confluency. 
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Healthy adult dairy cows (n = 3) were bled by puncture of the 
jugular vein and 30 ml blood was collected in 50 ml sterile plastic 
tubes (Greiner), containing 0.1 ml heparin (Sigma-Aldrich) as 
anticoagulant. Approximately 20 ml heparinized blood was re-
suspended in 20 ml PBS with 0.02% EDTA (Sigma-Aldrich), 
slowly layered on the top of 12 ml Biocoll Separating Solution® 

(Biochrom AG), and centrifuged (800 × g, 45 min). After the 
extraction of plasma and mononuclear cells, the pellet was 
washed in 25 ml distilled water and gently shaken during 40 s to 
lyse erythrocytes. Osmolarity was rapidly normalized using an 
appropriate volume of Hanks balanced salt solution (4 ml, HBSS 
10×, Biochrom AG). To complete the erythrocyte lyses, this step 
was repeated twice and the PMN were later re-suspended in 
RPMI medium (Gibco). Calculation and viability of the cells were 
performed in a Neubauer hemocytometer as described elsewhere 
(12). Finally, bovine PMN were cultured at 37°C and 5% CO2 

atmosphere for 30 min until further use. As neutrophils have a 
short lifespan, PMN isolation was performed not exceeding 3 h 
after blood collection. 
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Bovine PMN (n = 3) were re-suspended in medium RPMI 1640 
lacking phenol red  and  without  serum  and  then  confronted 
in duplicates with vital N. caninum tachyzoites (37°C,  4:1 
ratio: 1 × 106 N. caninum tachyzoites versus 2.5 × 105 bovine 
PMN/200 ���� For NET blockage, the following  inhibitors 
were used: the NOX-inhibitor DPI [10 μM, Sigma-Aldrich, 
according to Farley et al. (43)], the leukocyte elastase-inhibitor 
Suc-Ala-Ala-Pro-Val chloromethyl ketone [CMK; 1 mM, Sigma- 
Aldrich, according to Scapinello et al. (44)], the MPO-inhibitor 
4-aminobenzoic acid hydrazide [ABAH; 100 μM, Merck, accord- 
ing Parker et al. (45)], the SOCE-inhibitor aminoethoxydiphenyl 
borate [2-APB; 100 μM, Sigma-Aldrich, according to Conejeros 
et al. (46)], UO126 as inhibitor of ERK1/2 [50 μM; Sigma- 
Aldrich, according to Muñoz-Caro et al. (12)], SB 202190 as 
specific inhibitor of p38 MAPK [10 μM; Sigma-Aldrich, accord- 
ing to Muñoz-Caro et al. (12)], the G-protein-coupled receptor 
(GPCR) antagonist NF-449 for P2Y2 blockage (GPCR-NF-449, 
10 μM; Santa Cruz Biotechnology), and N-�-benzoyl-N5- 
(2-chloro-1-iminoethyl)-l-Orn amide for PAD4 inhibition 
(Cl-amidine, 200 μM, Merck). For blocking experiments, PMN 
were pre-exposed with the corresponding inhibitor in serum-free 
medium RPMI 1640 without phenol red (RT, GPCR-NF-449, 
and Cl-amidine: 120 min, all other inhibitors: 30 min) prior 
to exposure to N. caninum tachyzoites. To disrupt NETs and 
facilitate their DNA quantification, 50 μl of micrococcal nuclease 
buffer (New England Biolabs) including 0.1 �	�� micrococcal 
nuclease (New England Biolabs) was supplied to each well and 
incubated (15 min, 37°C). Next, all the samples were centrifuged 
(300 × g, 5 min). The supernatant of each sample was deposited 
in duplicate into a 96-well flat-bottom plate (100 μl per well). 
DNA from NETs was assessed using Pico Green® (Invitrogen), 
an extracellular DNA-linking fluorescent stain. Fifty microlit- 
ers of Pico Green® (diluted 1:2,000 in 10 nM Tris buffer with 
1 mM EDTA) was added to each well. NET production was 
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quantified according to the fluorescence intensities obtained in 
the spectrofluorometric analysis (484 nm excitation wavelength 
and 520 nm emission wavelength) performed by an automated 
plate monochrome reader (Varioskan Flash®, Thermo Scientific). 
For negative controls, PMN in normal serum-free medium 
RPMI 1640 without phenol red were employed. Zymosan (1 mg/ 
ml; Sigma-Aldrich) stimulated PMN served as positive controls 
according to Muñoz-Caro et al. (12). Diverse PMN-tachyzoites 
ratios were applied (1:1, 1:2, 1:3, 1:4) for dose-dependency evalu- 
ation. For analyses on the role of CD11b in parasite-triggered 
NETosis, the CD11b receptor was blocked via preincubation of 
bovine PMN in monoclonal mouse anti-bovine CD11b antibod- 
ies (MCA1425, diluted 1:5 in PBS; AbDSerotec, 30 min, RT). 
As antibody control, an irrelevant monoclonal antibody (mouse 
anti-bovine CD4, AbDSerotec) was used as described elsewhere 
(12). To resolve NET formation, DNase I (90 U/well, Roche 
Diagnostics) was supplemented 15 min before the end of incuba- 
tion period. 
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Following PMN: N. caninum tachyzoite co-cultivation (ratio 
1:4, 120 min, on 15 mm round glass coverslips pretreated with 
poly-l-lysine), fixation of the samples (4% paraformaldehyde, 
Merck, 15 min, 37°C), and three washings in PBS, the sam- 
ples were blocked with BSA (2%, Sigma-Aldrich), incubated 
in antibody solutions (1 h, RT), and mounted on  Prolong 
Gold® with 4
-6-diamidino-2-phenylindole (DAPI) staining 
(Invitrogen, 1:1,000, 5 min, RT, in the dark). For the identi- 
fication of antimicrobial peptides within extracellular DNA 
structures, the following antibodies were applied: anti-histone 
(H3) monoclonal [DyLight, ab139848, Abcam (1:1,000)], 
anti-MPO (Alexa Fluor 488, ABIN906866, https://Antibodies- 
online.com, 1:1,000), anti-NE (AB68672, Abcam, 1:1,000), and 
anti-pentraxin (SAB2104614-50UG, Sigma-Aldrich, 1:1,000) 
antibodies. The immunofluorescence images were taken by a 
digital camera from an inverted Olympus IX81 fluorescence 
microscope. 
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To  analyze  the  repercussions  of  parasite-induced  NETs  on 
tachyzoite infectivity, three different parallel experimental con- 
ditions were chosen: (1) N. caninum were cocultured with PMN 
(1:4 ratio, 2 h, 37°C) allowing for effective NET formation. 
(2) For infection control, an equal number of non-exposed 
tachyzoites was incubated in plain medium (2 h, 37°C). (3) The 
same amount of parasites were incubated with PMN (1:4 ratio, 
2 h, 37°C) permitting a competent NET formation and fur- 
thermore treated with DNase I (90 U/well, addition of DNase I 
15 min before the end of the incubation period) to resolve NET 
structures and to indirectly measure potential adverse effects of 
NETs on tachyzoite viability. In a next step, the tachyzoites of 
setups 1�3 were transferred to confluent BUVEC monolayers 
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for infection (4 h, 37°C, 5% CO2 atmosphere). Overall, three 
different BUVEC isolates were used in this host cell invasion 
experiment. After incubation, BUVEC layers were washed to 
remove PMN and free tachyzoites. The infection rates were 
estimated microscopically (24 h p. i.) in 10 randomly selected 
vision power fields (400× magnification). 
�
�������������#����;��������+�7��;<�
Cattle  PMNs  were  cocultured  with  viable  tachyzoites  of 
N. caninum (ratio: 4:1) for 10, 30, 60, and 120 min on 10 mm 
glass coverslips (Nunc) prepared with poly-l-lysine (Sigma- 
Aldrich). Then, cells were fixed in 2.5% glutaraldehyde (Merck), 
post-fixed in 1% osmium tetroxide (Merck), washed in distilled 
water, dehydrated, dried by CO2 treatment, and sputtered with 
gold as described elsewhere (11, 12). SEM samples were analyzed 
using a Philips XL30 scanning electron microscope (Institute of 
Anatomy and Cell Biology, Justus Liebig University Giessen, 
Germany). 
�
�#�#��#���������+����
Statistical analyses were performed by using Graph Pad Prism® 

6 software. One- or two-factorial analyses of variance (ANOVA) 
with repeated measures were applied to compare co-culture/ 
stimulation conditions using a normal distribution of data. 
Dunnett�s multiple comparison tests were performed in dose 
and kinetic assays as follow-up test to ANOVA. For comparing 
enzyme activities, Tukey�s multiple comparison tests were used. 

�
�

Differences were considered as significant at a level of *p � 0.05; 
**p � 0.01; ***p � 0.001, and ****p � 0.0001. 
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Scanning  electron  microscopy  analyses  revealed  tachyzoite- 
triggered generation of a fine network of grosser and slimmer 
strands of fibers produced by bovine PMN and being solidly 
adhered to tachyzoites (see Figure 1). Kinetic studies reported 
several stages of NETosis: posterior to 30 min of exposure, 
smooth PMN-derived filament structures capturing tachyzoites 
were observed (Figure 1A). Here, PMN still presented undam- 
aged cell morphology. Thereafter, parasites were entrapped in 
an extracellular network of long drawn-out fibers originating 
from  disrupted  PMN  (Figures  1B,C)  and  conglomerates  of 
N. caninum tachyzoites and rather thick and chunky meshworks 
of PMN-derived filaments (Figure 1D, 60 min) were observed. 

DAPI-based fluorescence analyses further proved the pres- 
ence of NET-like structures containing DNA (see Figure 2). 
Furthermore, N. caninum tachyzoites were located in close prox- 
imity to NETs and presumably were trapped in these extracellular 
chromatin-rich structures (Figure 2). Moreover, co-localization 
of extracellular chromatin with histones (H3), NE, MPO, and 
pentraxin in parasite-capturing structures validated the typical 
nature of NETs (Figure 2). 
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Neutrophil    extracellular    trap    quantification    experiments 
revealed N. caninum tachyzoites as strong triggers of NETosis, 
since these stages induced even stronger reactions than zymosan 
stimulation of PMN (= positive control, Figures 3�6). Kinetics 
on NETosis indicated a significant induction of NETs forma- 
tion in both incubation time periods (1 and 2 h) compared with 
the negative control (p � 0.01, Figure 3). As expected, DNase 
I treatments leading to NET disintegration reduced NETosis 
under the basal levels of the negative controls (Figure 3). 
Furthermore, increasing amounts of N. caninum tachyzoites led 
to enhanced levels of NET formation as significant differences 

were observed at a ratio of 1:3 and 1:4 (PMN: tachyzoites) in 
comparison with the negative controls (p � 0.05 and p � 0.01, 
respectively, Figure 4). 

�
�
���
���������,%��,��������������,%��,�
�������������"���Q����������,�;	��
��/�$�#����
To further corroborate the molecular characteristics of N. caninum- 
mediated NETosis, functional blocking experiments with DPI, 
a potent blocker of NOX, were performed. The PMN treatment 
with DPI resulted in a clear reduction of tachyzoite-triggered 
NET formation (Figure 5A), despite that this diminution was 
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statistically not significant. Additionally, treatments of PMN 
with MPO and NE inhibitors (ABAH and CMK, respectively) 
also generate a decrease of tachyzoite-triggered NET formation 
(Figure 5A) underlining the pivotal role of NE and MPO in this 
process. 
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We here investigated the actual role of NET-associated molecular 
signaling pathways, receptors, and Ca++ influx in N. caninum- 
triggered NETosis. The use of inhibitors affecting ERK1/2-(UO126) 
and p-38 MAPK-(SB202190) signaling routes in functional 
NET-derived studies caused a diminishment of tachyzoite-induced 
NET production (Figure 5B), proving a key role of ERK1/2- 
and p38 MAPK in N. caninum-triggered activation of NETosis- 
related signaling pathways. 

Given that NOX-dependent ROS synthesis in bovine neutro- 
phils is being reported as a Ca++-associated process (12, 47, 48), 
we here furthermore tested whether N. caninum-triggered 
NETosis was influenced by SOCE. Treatments of PMN with 
2-ABP produced a decrement of parasite-mediated NETs libera- 
tion (Figure 5B) proving that intracellular Ca++ mobilization is 
necessary for efficient parasite-induced NETosis. 

Until now, no information is available on PMN receptors 
related to N. caninum-triggered NETosis. Therefore, we analyzed 
whether antibody-mediated blocking of bovine CD11b leads to 
the diminishment of tachyzoite-triggered NETosis. Indeed, pre- 
treatment of PMN with anti-CD11b led to a decrease of NET for- 
mation, but, however, these reactions were barely no significant. 
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Since no data are available on the role of histone hypercitrullina- 
tion in parasite-induced NETosis so far, we here also intended 
to analyze whether the PMN exposure to Cl-amidine (200 μM), 
a specific inhibitor of PAD4, might have an impact on PAD4- 
derived histone hypercitrullination and chromatin decondensa- 
tion during parasite-triggered NETosis. Cl-amidine pretreatment 
of bovine PMN resulted in diminished NET production when 
compared with non-treated but N. caninum tachyzoites-exposed 
PMN (Figure 5C). The same experiment was performed with 
zymosan as positive control (1 mg/ml) and negative controls 
(PMN cultured in plain medium alone). 
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We further intended to determine whether N. caninum-triggered 
NETosis is an energy and ATP-dependent process as seen for other 
PMN effector mechanisms (49�51). Therefore, the blocker of the 
ATP-specific G-protein receptor P2Y2 (NF-449) was used here 
for functional inhibition experiments. In fact, PMN-pretreatment 
with NF-449 led to a reduction on parasite-triggered NETosis 
(Figure 5D) when compared to non-treated parasite-exposed PMN. 
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Host cell penetration is a vital requisite of the parasite N. caninum 
to survive and reproduce successfully within a host. Therefore, 
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to analyze the effects of NET-mediated parasite entrapment on 
subsequent tachyzoite host cell infectivity, PMN-pre-exposed 
tachyzoites were transferred to BUVEC monolayers as suitable 
specific host cells and infection rates were later calculated. In 
the same way, an equal amount of tachyzoites, which had not 
been in contact with PMN before were used to infect BUVEC. 
The prior confrontation of parasites with PMN and  subse- 
quent NET development significantly (p � 0.0001) prevented 
N. caninum tachyzoites from host cell invasion (Figure 6). As such, 
infection rates decreased from log 60% = 1.778 (resulting from 
non-exposed tachyzoites = infection controls) to log 20% = 1.3 
induced by PMN-pre-exposed tachyzoites. To prove that this 
impairment was due to NETosis, parallel samples containing the 
same numbers of tachyzoites and PMN were treated with DNase 
I treatment (leading to NET disentangle) 165 min after PMN- 
tachyzoite-exposure (i.e., after a time period, which allowed 
efficient NET formation) and then used for BUVEC infections. 
As depicted in Figure 6, the infectivity of PMN-pre-exposed 
N. caninum tachyzoite was completely restored by DNase I treat- 
ment proving that, first, the ensnarement of tachyzoites within 

NETs hampered a large proportion of tachyzoites from active 
host cell invasion, and, second, that NETs had no lethal effects on 
tachyzoites of N. caninum within a period of 3 h. 
�
����
������
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Several protozoan parasites have been identified as potent NET 
inducers as well (11, 12, 29, 30, 32�35). To the best of our knowl- 
edge, we here describe, for the first time, the release of bovine 
NETs in response to the apicomplexan parasite N.  caninum, 
which is known as an important abortive agent affecting not only 
beef and dairy cattle but also small ruminants worldwide (52�57). 

In agreement with observations on other apicomplexan-trig- 
gered NETosis (11�13, 29, 32�35, 38, 58), we here report on NETs 
being attached to tachyzoites of N. caninum. The DNA-labeling 
of N. caninum-stimulated NETs confirmed the presence of chro- 
matin structures of these extracellular networks. Moreover, the 
resolution of these mesh by DNase I treatments corroborated the 
DNA basis of N. caninum-mediated NETosis. NET-associated 
molecules, such as histones and antimicrobial peptides were 
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detected in N. caninum-triggered NETs. Consistent to other 
reports on apicomplexan-induced NETosis (11�13, 33�35, 38, 58), 
co-localization assays demonstrated the concomitant existence 
of H3, NE, pentraxin, and MPO in N. caninum-caused NETs 
confirming molecular characteristics of NETs. Consequently, the 
key action of MPO and NE in N. caninum-achieved NETosis 
was proven through functional inhibition experiments, leading 
to a reduction of tachyzoite-mediated NETosis in both cases. 
Furthermore, we here delivered the first report on pentraxin 
involvement in apicomplexan-triggered NET formation. Pen- 
traxin is a pivotal antimicrobial component of the mammalian 
host innate immune response, stored in PMN granules and, in 
common with MPO and proteinase 3, expressed on the apoptotic 
neutrophil surface while fighting against pathogens (59). During 
NETosis, pentraxin may participate in microbial recognition, 
thereby facilitating the trapping of pathogens. Interestingly, pro- 
teomic analyses revealed that pentraxin forms a complex with 
other NET components in human PMN, appearing as a binding 
molecule that enhances the actions of the different typical NETs 
molecules (60). 

We here demonstrate that NOX participated in N. caninum 
tachyzoite-exposed bovine PMN since DPI treatments resulted in a 
decrease of parasite-driven NET formation. Similar findings have 
been reported from E. bovis- (12, 32), T. gondii- (35), B. besnoiti- 
(11), and C. parvum-triggered NETosis (13), emphasizing the 
importance of NOX-influence in parasite-mediated NETosis (61). 

�
�

In contrast to E. bovis- (32) and C. parvum-related NETosis 
data (13), but according to B. besnoiti-induced NETs (11), neither 
a time- nor a dose-dependency of N. caninum-triggered NETosis 
was demonstrated as significant values were obtained only when 
each period of incubation (1 and 2 h) and the last two highest 
infection ratios (1:3 and 1:4) were compared with the negative 
controls. Furthermore, NET structures were demonstrated being 
firmly attached to tachyzoites of N. caninum, thereby supporting 
the quantitative data of tachyzoite entrapment showing that para- 
sites were immobilized by extruded NETs. Consequently, in vitro 
host  cell  invasion  experiments  involving  PMN-pre-exposed 
N. caninum tachyzoites unveiled a significant diminishment of 
their infectivity (40% reduction) for endothelial host cell. The 
crucial role of NETosis in this process was proven by the fact that 
the reduced infectivity could be restored by DNase I treatments. 
Moreover, this result proved that the tachyzoites were indeed not 
killed by extruded NETs as also demonstrated for several bacteria 
(62), protozoan parasites (11�13, 32, 33, 35), as well as metazoan 
parasites (13, 63, 64). 

Taken together, these data confirm the capacity of NETs to ham- 
per N. caninum tachyzoites from active host cell invasion in vitro 
by immobilizing them. Taking into account that tachyzoites of 
N. caninum obligatory must infect endothelial host cells in vivo, 
it seems reasonable to speculate that NETosis might represent 
an efficient defense mechanism during acute cattle neosporosis. 

Considering that PMN-derived NOX-activation and subse- 
quent ROS production is known to be Ca++/SOCE-dependent 
(65), we here employed the SOCE inhibitor 2-APB in NET- 
related functional studies, as described elsewhere (13, 47, 48). 
N. caninum-triggered NET formation proved to be influenced by 
SOCE since 2-APB applications limited the tachyzoite-induced 
NET formation. A Ca++ dependency on NET extrusion was also 
recently published for E. bovis- (12) and C. parvum-mediated 
NETosis (13) and for NETs release by human neutrophils in 
response to other non-parasitic stimulators (66). 

The pivotal role of the Raf-MEK-ERK signaling pathways in 
the process of NETosis was first proven by Hakkim et al. (24). 
Here, functional inhibition experiments confirmed the impor- 
tance of ERK1/2- and p38 MAPK-signaling pathways also for 
N. caninum-triggered NET formation. Thus, functional interfer- 
ence of these routes produced a reduction of tachyzoite-mediated 
NETosis (13). Corresponding findings on ERK1/2 and p38 MAPK 
have recently been reported on T. gondii- (34), E. bovis- (12), and 
C. parvum-induced NETosis (13), evidencing a general role of 
these signaling pathways in apicomplexan-derived NETosis. 

Antibody-mediated blockage of CD11b failed to significantly 
reduce NETosis in the current study, thereby denying an essential 
role of CD11b in N. caninum-triggered NET formation. 

PAD4, an enzyme that participates in the citrullination of 
histones, is known as an essential enzyme of NETosis (67, 68). 
PAD4-mediated hypercitrullination stimulates decondensation 
and deployment of chromatin, which allows adequate extrusion 
of NETs (67, 68). Consistently, functional inhibition experiments 
using Cl-amidine confirmed the role of PAD4-mediated histone 
hypercitrunillation for N. caninum-triggered NETosis as it 
resulted in a barely no-significant diminishment of tachyzoite- 
mediated NETosis. 
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The stimulation of purinergic receptors (e.g., P2X, P1, P2Y) 
generally promotes or inhibits cell responses through different 
signaling events in all kinds of mammalian cells and tissue inflam- 
mation (49, 50). Therefore, it requires the local release of extracel- 
lular ATP via pannexin 1 (PANX1) channels and/or the autocrine 
feedback regulation of this mechanism involving GPCR, such as 
P2Y2 (51, 69). These processes may result in the amplification 
of chemotactic signals through the binding to ATP and trigger- 
ing PMN polarization/activation (69). In the current work, we, 
therefore, assayed for the role of P2Y2 in N. caninum-induced 
NETosis. Functional blockage of P2Y2 via NF-449 resulted in 
a decrease of tachyzoite-mediated NETosis, demonstrating for 
the first time the importance of this energy metabolism-related 
receptor in parasite-triggered NET formation. Given that P2Y2 
also regulates PMN adhesion onto endothelial cells through the 
binding of ATP and UTP (70, 71) and since NETs were recently 
found adhered to B. besnoiti-infected endothelium (58), further 
investigation on the interrelationship of P2Y2 and N. caninum- 
induced NETosis will be of interest. 

Overall,  the  current  data  demonstrated  for  the  first  time 
N.
caninum tachyzoites as inducers of NET formation in cattle. 
Considering the life cycle of N. caninum, which includes endog- 
enous parasite stages, such as tachyzoites and bradyzoites, 
exhibiting an obligatory intracellular replication, extracellular 
immobilization via NETosis might have implications in host 
cell invasion and, therefore, affecting the outcome of acute cattle 
neosporosis as previously postulated for closely related apicom- 
plexan protozoa (10�12, 33). 
�
�����
�����

�
We identified N. caninum tachyzoites as NET inducers in bovine 
species, involving several molecular mechanisms. These data 
suggest that NETosis could be an important mechanism during 
the early host innate immune response against N. caninum in 
cattle. 
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Seroprevalence of Neospora caninum-specific 
antibodies in German breeding bitches 
�
Rodolfo Villagra-Blanco1,2*, Lora Angelova3, Theresa Conze1, Gereon Schares4, Andrea Bärwald4, Anja Taubert2, 
Carlos Hermosilla2 and Axel Wehrend1�

�
Abstract�
�
Background: Neospora caninum is an intracellular obligate apicomplexan parasite responsible for multisystemic lesions in dogs. 
Being definitive hosts and reservoirs, dogs excrete environmentally resistant oocysts. Breeding bitches represent a susceptible dog 
group and infected bitches may spread this parasite through transplacental transmission.�
Results: A total of 218 serum samples of German breeding bitches were collected to determine the presence of N. caninum. 
Antibodies were detected in 16 (7.33%) bitches using a commercial indirect enzyme-linked immunosorbent assay (ELISA). 
Immunoblotting analysis confirmed all seropositive samples detected by ELISA, proving that the animals were infected with N. 
caninum. The owners were interviewed regarding breed, age, environment, type, vaccine status,�feeding habits and the presence of 
reproductive disorders. Seropositive animals were between the ages of two to seven years; three of them were kept in kennels while 
the others were household dogs, one of which was additionally a hunting dog. Owners of four seropositive bitches reported one 
gestation, while multiple pregnancies had been recorded for the other twelve bitches. Fourteen bitches were regularly vaccinated 
and six were fed with fresh raw meat. 
Conclusions: Although the results confirmed a low incidence of N. caninum seropositive German breeding bitches,� further 
epidemiological and surveillance studies are required to complement our findings regarding the current situation of neosporosis in 
this specific canine population of Germany.�
Keywords: Neospora caninum, Reproduction, Breeding bitches, Germany�

Background�

Neospora caninum is an apicomplexan obligate intracel- 
lular  parasite  that  causes  multisystemic  lesions  in  dogs 
[1�5]. Dogs can act as definitive as well as intermediate 
hosts during N. caninum infections [6, 7]. Canine 
neosporosis is  characterized by neuromuscular  symptoms, 
such as ataxia, ascending paralysis, and other general 
nervous clinical signs [8]. Other manifestations include 
myocardial, pulmonary, dermatological, as well as 
reproductive disorders [3, 9�12]. Neospora caninum 
infections can  occur  through  horizontal  and  vertical  
transmission of the parasite, i.e. a foetus may become  
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infected transplacentally. In addition,  dogs  can  be  postnatally  
infected through oral uptake of cysts from infected tissue 
material or sporulated N. caninum oocysts  in contaminated 
food or water sources [11, 13, 14]. Oocysts are greatly 
significant  in  the  spread  and  maintenance  of  this  abortive 
agent, which is known to be highly tenacious [6, 7, 15]. 

Female dogs that have given birth to pups congenitally 
infected  with  N.  caninum  do  not  present  any  clinical signs  
[13].  Nevertheless,  transmission  of  the  protozoan to 
offspring in succeeding generations can occur [3, 16]. 

There  are  many  diagnostic  methods  used  to  detect  this 
parasite, such as histology, immunochemistry, serology, and 
conventional and real-time PCR [5, 17, 18]. Despite the fact 
that clinical canine neosporosis is rare, there are many re- ports 
on the seroprevalence of N. caninum in domestic and wild 
canines [10�13, 15]. Even among different canine populations   
with   diverse   roles   and   environments,   distinct

�
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Seroprevalences have been reported in stray [19], farm-
rural[20�24], kennel [20] and urban dogs [21, 23�25]. 

European studies revealed differences in N.  caninum 
seroprevalence;  three  of  them  were  kept  in  kennels  
while the   others   were   household   dogs,   one   of   
which   was additionally  a  hunting  dog  of  various  canine  
populations, presenting with15.3% seroprevalence in 
Denmark [9], 3.6% in Austria [26], 2.6�19.2% in Czech 
Republic [27], 17.2% in Serbia  [28],  32.7%  in  Romania  
[29],  16.36%  or  21.7%  in Poland   [25,   30],   10.9%   in   
Italy   [31],   12.2%   in   Spain [32],0.5% in Sweden [33] 
and 4% or 13% in Germany [34]. 

The  aim  of  the  present  study  was  to  determine  the 
presence  of  N.  caninum  antibodies  in  German  breeding 
female dogs and describe the characteristics of seroposi- 
tive  animals  that  may  be  correlated  with  this  parasite 
and their potential involvement in reproductive disease. 

 
Methods 
Analysed population and sample size 
Female   dogs   that   showed   optimal   health   parameters 
were  presented  for  routine  progesterone  concentration 
measurements  for  ovulation  determination  at  the  Clinic 
for Obstetrics, Gynaecology and Andrology of the Justus 
Liebig  University  (JLU)  Giessen,  Germany.  All bitches 
participating in this study were previously subjected to a 
clinical   examination.   A   total   of   218   samples   were 
collected  from  March  2016  to  June  2017  to  determine 
the presence of N. caninum and the correlation between a  
current  infection  and  reproductive  disorders.  Owners of 
seropositive animals were  contacted and requested to 
complete  a  questionnaire  that  asked  about  breed,  age, 
environment  (indoors  or  outdoors,  urban or  rural),  type 
of dog (farm, hunting, kennel, police, rescue, household/ 
pet dogs), vaccination status (e.g. vaccinated against dis- 
temper  virus,  canine  hepatitis  virus,  canine  parvovirus, 
parainfluenza  virus,  Leptospira  spp.  and  rabies),  feeding 
habits, and reproductive disorders. 

Sample collection and additional information 
Blood was collected by puncture of the cephalic vein. Then, 
the samples were transported at 5�10 °C.  In the laboratory,   
samples   were   centrifuged   for   5   min   at 10000×g, and 
then sera were separated and frozen at -20°C until further 
analysis. 

Enzyme-linked immunosorbent assay (ELISA) 
The IDScreen® Neospora caninum Indirect Multi-species 
ELISA from IDVet® (Montpellier, France) was used for the   
detection   of   N.   caninum-specific   antibodies   in canine 
serum samples. The same assay was employed in the studies 
by Sharma et al.  [19], and ���������� ��� ��. [35].   Sera   
were   analysed,   according   to   the   ELISA- 
��������������    instructions.    For    validation,    positive 
control optical density (OD) averages and the difference 

between positive and negative control OD averages were 
evaluated.   According   to   OD   data   of   different   serum 
samples,  serum  positive  percentages  (S/P)  were  calcu- 
lated  with  respect  to  the  average  of  the  positive  control 
sera  using  the  following  formula:  S/P  =  (sample  OD× 
100)   /   (average   OD   of   positive   control).   As  
recommended    by    the    ELISA-manufacturer,    samples  
that yielded  S/P  percentages  of  less  than  40%  were  
classified negative, samples with S/P values between 40�
50% were weakly  positive,  and  those  with  S/P  values  
higher  than 50%  were  assumed  positive  for  N.  caninum 
infection. The seropositive samples detected by ELISA and 
10% of the remaining negative samples were further 
validated by immunoblotting assays. 

Immunoblot assays 
Two immunoblot assays were performed: one immunoblot 
was  based  on  total  tachyzoite  antigen  (NC-1  strain  of  
N. caninum; Dubey et al. [36] cultivated in MARC145 
cells), while  the  second  immunoblot  relied  on  p38  
tachyzoite antigen  (NcSRS2)  application  after  affinity  
purification,  as previously described [37]. 

Total  tachyzoite  antigen  immunoblot  was  performed as  
described  previously  [38]  using  8  ×  107   tachyzoite 
pellets  of  N.  caninum  or  purified  NcSRS2  (p38,  0.05  
� �!��  SDS-PAGE  protocol)  [37,  39].  Antigens  were  
incubated  in  non-reducing  sample  buffer  [2%  (w/v)  
SDS, 10%  (v/v)  glycerol,  62  mM  Tris-HCl,  pH  6.8]  for  
1  min at  94°C,  separated  on12%  SDS  polyacrylamide  
minigels (60 × 70 × 1 mm), and transferred to PVDF 
membranes (Immobilon-P,   Merck   Chemicals   GmbH,  
Darmstadt, Germany).  After  the  transfer,  membranes  
were  blocked in PBS-TG consisting of PBS with 0.05% 
(v/v) Tween 20 (Sigma-Aldrich,   Taufkirchen,   Germany)  
and   2%   (v/v) liquid fish gelatin (Serva, Heidelberg, 
Germany), cut into 50  strips,  and  examined  as  described  
below.  To detect antibodies against N. caninum tachyzoite 
antigens, western blot membrane strips were incubated as 
previously described [38].  Dog  sera  were  diluted  1:100  
in  PBS-TG, and then immunoreactions were detected using 
a peroxidase    anti-dog    IgG    conjugate    (Dianova,  
Hamburg, Germany)  diluted  1:1000  in  PBS-TG.  Sera of 
naturally N. caninum-infected and non-infected dogs [40] 
were used as positive and negative control, respectively. In 
the case of total antigen detection, reactivity of the sera with 
non-reduced immunodominant N. caninum tachyzoite 
antigens (NC-IDA) of 17�19, 29, 30, 33, and 37 kDa Mr 
was examined.  For purified NcSRS2, reactivity at 37�39 
kDa was analysed [37]. 
 
Results 
Out of 218 analysed samples, 16 (7.33%) were positive for 
N. caninum-specific antibodies as determined by ELISA and  
reported   S/P   values   higher   than   50%   (Table   1).
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Table 1 Distribution of seronegative and seropositive sera of N. 
caninum according to the serum positive percentage (S/P) 
values determined with ELISA 

Positivity percentage (SP)                                   Neospora caninum (%) 

�30 (negative serorreactors)                                   202 (92.6) 

31�50 (low serorreactors)                                         0 (0) 

51�70 (high positive serorreactors)                         1 (0.6) 

" 71 (very high positive serorreactors)                   15 (6.8) 

Total                                                                        218 (100.0) 

 
Immunoblot-based analyses confirmed seropositivity of all 
samples detected positive by ELISA (Fig.  1) and the 20 
representative samples found negative by ELISA (10%). 

Characteristics   of   the   seropositive   bitches   are   sum- 
marised in Table 2. The positive bitches were between two 
and  seven  years  old,  three  (18.8%)  were  kept  in  
kennels and the remaining were household animals (75%), 
including one (6.2%) that was also used for hunting. During 
sampling,  four  (25%)  positive  female  dogs  had  been  
pregnant once,  while  the  other  12  (75%)  had  had  more  
than  one birth  as  reported  by  the  owners.  Six  (37.5%)  
seropositive individuals  were  fed  with  fresh  raw  meat  
not  treated  by cooking. Finally, 14 (87.5%) of the 16 
seropositive bitches had a full vaccination program 
recorded. 

 
Discussion 
The present study confirmed the presence of N. caninum 
antibodies   in   German   breeding   female   dogs,   which 
 

represent a susceptible  N.  caninum-infection dog group. 
Infected bitches may spread this parasite through transpla- 
cental transmission during successive pregnancies [41�43]. 
Immunoblot  assays  were  used  as  a  validation  method  
for ELISA-positive and some ELISA-negative animals with 
the main  purpose  of  avoiding  false  positive  serological  
results and verifying the presence or absence of specific 
antibodies against N. caninum [25, 44]. 

The clinical and pathological isolation of N. caninum in 
an 11-week-old German puppy was previously reported 
[40]. Moreover, N. caninum faecal oocysts were found and 
cysts of this parasite were identified in German dogs [45, 
46].   Previously,   serological   analyses   of   three  
German Doberman  puppies  from  an  infected  bitch  
demonstrated the  vertical  transmission  of  N.  caninum 
[42].  The  low number of serologically positive dogs in this 
study (7.33%) is in agreement with previous seroprevalence 
obtained for German  dogs  with  (13%)  and  without  (4%)  
clinical  signs of neosporosis [34] and in dogs from the 
German Federal State  of  Rhineland-Palatinate  (4.45%)  
[47].  However,  it should be noted that the novelty of this 
study relies on the low seroprevalence determined in canine 
breeding populations in Germany, specifically in the 
reproductive bitches population  for  which  an  N. caninum  
seroprevalence  has not yet been described in the literature. 

Transplacental transmission in dogs has been reported for 
experimental   infections  [48];   however,   natural-neonatal 
canine neosporosis is rare and findings are variable, as not 
all litter puppies become seropositive [3].  Thus, frequent

 
 

 

 

 

Fig. 1 Immunoblot analysis of 16 N. caninum-seropositive German bitches. a Immunoblot with total tachyzoite antigen. Immunodominant antigens of 
17�19, 29, 30, 33 and 37 kDa Mr are marked by asterisks. b Immunoblot using NcSRS2;the antigen is indicated with an asterisk. Abbreviations: P, 
positive control; N, negative control
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Table 2 Characteristics of N. caninum seropositive breeding bitches 

Animal       Breed                                              Age        Environment                      Vaccination status            Feeding                         Previous births 

1                 Rhodesian ridgeback                       2            Household                            DHPPi+LR                   Raw meat                                1 

2                 Shepherd dog                                  6             Household and kennel         DHPPi + LR                 Dry food and raw meat        > 1 

3                 Giant schnauzer                              6             Household                            DHPPi + LR                 Raw meat                             > 1 

4                 Norwich terrier                               7             Household                            DHPPi + LR                 Dry and wet food                 > 1 

5                 Rhodesian ridgeback                       5            Household                            DHPPi + LR                 Raw meat                             > 1 

6                 German shepherd                            4            Household                             DHPPi + LR                 na                                         > 1  

7                 Boston terrier                                  4            Household                             DHPPi + LR                 Dry food                              > 1 

8                 English bulldog                               -             Household                             DHPPi + LR                Dry food                              > 1 

9                 Giant schnauzer                              6             Household                             DHPPi + LR                Raw meat                             > 1 

10               Bernese mountain                           6             Kennel                                   na                                 Dry food and raw meat        >1 

11               English bulldog                               -             Household                             DHPPi + LR                Dry food                              > 1 

12               Bulldog                                            5            Household                             DHPPi + LR                Dry food                              > 1 

13               Greater Swiss Mountain dog           4            Household                             DHPPi + LR                Dry food                              > 1 

14               Rottweiler                                        7            Kennel                                   na                                 na                                            1 

15               Unknown                                         4            Household                             DHPPi + LR                Dry food                                  1 

16               Austrian black and tan hound         2             Household and hunting         DHPPi + LR                Dry food                                 1 

Abbreviations: na no answer, DHPPi + LR vaccination against distemper virus, canine hepatitis virus, canine parvovirus, parainfluenza virus, Leptospira spp. and 
rabies 

 

canine transplacental transmission is unlikely to occur in 
the absence of horizontal infection [3, 49], highlighting the 
importance of investigating additional canine horizontal 
infection  routes  of N.  caninum in seropositive breeding  
bitches [3, 50]. All infection routes should be considered 
during the reproductive  cycle  of  subclinical  Neospora-
infected  bitches, especially  considering  that  no  drugs  are  
known  to  prevent transplacental  transmission  [49].  
Therefore,  we  also  consulted with the owners of 
seropositive animals regarding risk factors of canine 
neosporosis identified in previous studies, such  as  breed  
[31],  age  [50],  environment  [51],  type  [20], vaccine 
status [52], and feeding habits [53]. 

Most of the individuals analysed were household, breed- 
ing female dogs.  Several studies have demonstrated that 
European farm dogs have higher N.  caninum  
seroprevalences  than  kennel,  rescue,  household,  or  
urban  dogs  [20, 21,  54].  Seroprevalence  was  especially  
high  in  farm  dogs that  were  kept  with  highly  
specialised  dairy  herds  [22]  or even with small ruminant 
flocks [23]; however, most of the studies  mainly  focused  
on  this  type  of  canine  population, with only a few 
investigating household breeding dogs [3]. 

In  the  present  study,  four  of  the  female  dogs  studied 
were  found  to  have  received  raw  meat  as  part  of  their 
diet.   Horizontal   transmission   of   N.   caninum   occurs 
through  the  intake  of  tissue  cysts  [55,  56].  Infection,  
as evidenced   by   shedding   oocysts,   was   demonstrated   
in dogs  after  experimentally  feeding  them  infected  meat 
from goat and sheep [57]. 

Moreover, one positive household bitch was used for 
hunting proposes.  Hunting dogs have an increased risk of 

being N.  caninum-seropositive  [24].  Possible contact with  
eviscerated   infected   wild   animal   carcasses   (e.g. deer) 
might represent a potential source of infection [15, 29, 47].  
In  contrast  with  this  observation,  however,  a serological  
study  [9] found  no statistical significance  be- tween 
seroprevalence of hunting and non-hunting dogs. 

The vaccination status of the animals was also recorded to 
assure proper health status. In the present study, 14 out of 
16 seropositive bitches were vaccinated. These data are in 
contrast with previous observations, in which vaccinated 
dogs had significantly lower seroprevalence compared with 
non-vaccinated canines [52]. The level of care provided by 
the  dog  owners  regarding  vaccination  and  diet  were  not 
correlated to N. caninum seropositivity. 

Little is known about the clinical and economic conse- 
quences   of   canine   neosporosis   on   the   reproductive 
performance   of   breeding   bitches   and   their   progeny; 
therefore, further long-term studies are necessary to better  
understand  the  impact  of  neosporosis  on  breeding dog 
populations. 
 
Conclusions 
We concluded that N.  caninum  infections  exist  in  Ger- 
man breeding bitches at a very low prevalence. Nonethe- 
less,   further   epidemiological   studies   are   required   to 
obtain more information regarding the seroprevalence of 
other German canine populations. 
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Brief report 

�

Bottlenose dolphins (Tursiops truncatus) do also cast neutrophil 
extracellular traps against the apicomplexan parasite Neospora 
caninum 

�
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A B S T R A C T    
�

Neutrophil extracellular traps (NETs) are web-like structures composed of nuclear DNA decorated with 
histones and cytoplasmic peptides which antiparasitic properties have not previously been investigated 
in cetaceans. Polymorphonuclear neutrophils (PMN) were isolated from healthy bottlenose dolphins 
(Tursiops truncatus), and stimulated with Neospora caninum tachyzoites and the NETs-agonist zymosan. 
In vitro interactions of PMN with the tachyzoites resulted in rapid extrusion of NETs. For the demon- 
stration and quanti�cation of cetacean NETs, extracellular DNA was stained by using either Sytox Or- 

ange���or Pico Green�. Scanning electron microscopy (SEM) and �uorescence analyses demonstrated 
PMN-derived release  of NETs  upon  exposure to tachyzoites  of  N.  caninum. Co-localization studies  of 

N.�caninum induced cetacean NETs proved the presence of DNA adorned with histones (H1, H2A/H2B, H3, 
H4), neutrophil elastase (NE), myeloperoxidase (MPO) and pentraxin (PTX) con�rming the molecular 
properties of mammalian NETosis. Dolphin-derived N. caninum-NETosis were ef�ciently suppressed by 
DNase I and diphenyleneiodonium (DPI) treatments. Our results indicate that cetacean-derived NETs 
represent an ancient, conserved and relevant defense effector mechanism of the host innate immune 
system against N.  caninum and probably other related neozoan parasites circulating in the  marine 
environment. 
��2017 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an 
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

�

�
�
�

��#��,%�#����
�

Bottlenose dolphins (Tursiops truncatus) are the most common 
and well-known members of the family Delphinidae (Cetacea). 
Female bottlenose dolphins live in groups composed of 10	30 
members, but group sizes can vary up to more than hundred 
specimens. In contrast, adult males live mostly in small groups 
joining female dolphin pods strictly for mating purposes for short 
periods of time. Bottlenose dolphins are known to inhabit warm as 

�
�

�� Corresponding author. Institute of Parasitology, Biomedical Research Centre 

Seltersberg (BFS), Justus Liebig University Giessen, Schubertstr.81, 35392, Giessen, 

Germany. 

E-mail address: Rodolfo.A.Villagra-Blanco@vetmed.uni-giessen.de (R. Villagra- 

Blanco). 

well as temperate ocean seas worldwide and to be present in all 
oceans except for the Antarctic and Arctic Circle areas. 

Investigations on the dolphin adaptive immune system are quite 
abundant in literature (Romano et al., 1992; De Guise et al., 2002; 
Mancia et al., 2007; Beineke et al., 2010; Sitt et al., 2010; Zafra 
et al., 2015; White et al., 2017). Conversely, investigations on the 
cetacean innate immune system are less commonly found (Kato 
and Perrin, 2009; Schwacke et al., 2010; Keogh et al., 2011) 
despite the fact that PMN are at the forefront of defense against 
infection (Brinkmann and Zychlinsky, 2012; Silva et al., 2016), res- 
olution of in�ammation and wound healing (Rodríguez-Espinosa 
et al., 2015). Some cetacean PMN data are available on the impact 
of heavy metals (Ca�mara Pellisso��et al., 2008) and fungi infections 
(Reif et al., 2009) but any data existing on cetacean PMN effector 
mechanisms against invasive parasites are still missed. 

�

http://dx.doi.org/10.1016/j.ijppaw.2017.09.002 

2213-2244/��2017 The Authors. Published by Elsevier Ltd on behalf of Australian 

Society for Parasitology. This is an open access article under the CC BY-NC-ND 

license (http:// creativecommons.org/licenses/by-nc-nd/4.0/). 
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Human activities and domestic animal industry clearly impact 
the ocean health system (Dubey, 2003; Conrad et al., 2005) and 
recently identi�ed neozoan parasite infections in free-ranging 
marine mammals, such as Neospora caninum, Toxoplasma gondii, 
Giardia intestinalis, Cryptosporidium parvum, Cryptosporidium 
hominis, Sarcocystis neurona, Entamoeba sp. and Balantidium coli 
may all originate from human and animal waste/sewage or their 
related activities (Buergelt and Bonde, 1983; Olsen et al., 1997; 
Parveen et al., 1997; Johnson et al., 1998; LaPointe et al., 1998; 
Dubey, 2003, Conrad et al., 2005; Kleinertz et al.,  2014; 
Hermosilla et al., 2016). Consistently to these observations, anti- 
bodies   against   abortive   and   neurotropic   parasites,   such   as 
N. caninum, T. gondii and S. neurona, have been reported to occur 
around the world, particularly in dolphins (Inskeep et al., 1990; 
Lapointe et al., 1998; Jardine and Dubey, 2002; Bowater et al., 2003; 

Cabezo�n et al, 2004; Santos et al., 2011), whales (Mikaelian et al., 
2000; Omata et al., 2006), sea otters (Cole et al., 2000; Conrad 
et al., 2005) and seals (Dubey, 2003; Fujii et al., 2007), demon- 
strating the circulation of these typically terrestrial parasitoses in 
the marine ecosystem. 

Commonly in terrestrial susceptible hosts, such as cattle, goats, 
sheep, horses and dogs, infections of N. caninum underlie complex 
cellular as well as molecular immunological regulations (see 
Gazzinelli et al., 1998; Boysen et al., 2006; Taubert et al., 2006, 2010; 
Klevar et al., 2007; Wei et al., 2016; Villagra-Blanco et al., 2017a, b). 
In bottlenose dolphins, the innate immune system comprehends 
also PMN and monocytes, which comprise between 22-72% and 
0	11% of the circulating leukocytes, respectively (Goldstein et al., 
2006; Hall et al., 2007; Venn-Watson et al., 2007; Schwacke et al., 
2009). Consistently, PMN are known to play a key role in host 
innate immunity against apicomplexan protozoan infections 

(Behrendt et al., 2010; Mun�oz-Caro et al., 2014, 2015a; Reichel et al., 
2015; Silva et al., 2016; Wei et al., 2016; Villagra-Blanco et al., 2017a, 
b), since they are the most abundant leukocytes and the �rst ones 
that reach apicomplexan parasite infection in vivo (Baker et al., 

2008; Abi Abdallah et al., 2012; Mun�oz-Caro et al., 2016). 
Mammalian PMN elicit several effector mechanisms to combat 
protozoan parasites, such as phagocytosis, production of reactive 
oxygen species (ROS), the excretion of anti-parasitic peptides/pro- 
teins and the release of neutrophil extracellular traps (NETs) (for 
reviews see Brinkmann and Zychlinsky, 2012; Hermosilla et al., 
2014; Silva et al., 2016). Accordingly, marine mammalian PMN are 
also capable of ROS production and to perform phagocytic activities 
in dolphins (Itou et al., 2001; Noda et al., 2006). Moreover, harbour 
seal (Phoca vitulina) PMN and monocytes have probed to trigger 
extracellular traps (ETs) against vital T. gondii-tachyzoites as an 
ef�cient host effector mechanism (Reichel et al., 2015). NETs are 
generally released via a novel PMN cell death process known as 
NETosis (Fuchs et al., 2007; Brinkmann and Zychlinsky, 2012). 
Invasive parasites may either be immobilized within NETs 

(Behrendt et al., 2010; Mun�oz-Caro et al., 2014, 2015a,b, 2016; Silva 
et al., 2016; Wei et al., 2016; Villagra-Blanco et al., 2017a, b) or killed 
via locally high concentrations of antimicrobial histones, peptides 
and proteases  as  postulated elsewhere (Brinkmann et  al.,  2004; 
Von Koökritz-Blickwede and Nizet, 2009; Cheng and Palaniyar, 
2013). 

NETosis is known as a NADPH oxidase (NOX)-dependent 
mechanism (Behrendt et al., 2010; Von Koökritz-Blickwede et al., 
2010; Brinkmann and Zychlinsky, 2012; Munñoz-Caro et al., 2015a, 
b), which leads to extrusion of DNA-enriched �bers adorned with 
histones and granular proteins, e. g. neutrophil elastase (NE), 
myeloperoxidase (MPO), pentraxin, lactoferrin, cathepsin, bacterial 
permeability-increasing protein (BPI), peptidoglycan recognition 
proteins (PGRPs) and other PMN granular components (for reviews 
see Von Köckritz-Blickwede and Nizet, 2009; Brinkmann and 

Zychlinsky, 2012; Hermosilla et al., 2014; Silva et al., 2016). 
Currently, different protozoan parasites have been described to 
produce NETosis in humans as well as in wild and domestic ani- 
mals, such as Plasmodium falciparum (Baker et al., 2008), Leishmania 
spp. (Guimara�es-Costa et al., 2009; Wang et al., 2011), Eimeria bovis 
(Behrendt et al., 2010; Munñoz-Caro et al., 2015a), E. arloingi (Silva 
et al., 2014), E. ninakohlyakimovae (Pe�rez et  al.,  2016),  T.  gondii 
(Abi Abdallah et al., 2012), Besnoitia besnoiti (Mun�oz-Caro et al., 
2014), C. parvum (Mun�oz-Caro et al., 2015b), Trypanosoma cruzi 
(Sousa-Rocha et  al.,  2015),  Entamoeba  histolytica  (Ventura-Jua�rez 
et al., 2016), Naegleria fowleri (Contis-Montes de Oca et al., 2016) 
and more recently  N.  caninum  (Wei  et  al.,  2016;  Villagra-Blanco 
et al., 2017a, b). 

To the best our current knowledge there is only one report 
focusing on NETosis occurring in marine mammals, namely in 
pinniped-derived PMN and monocytes casting ETs against T. gondii 
(Reichel et al., 2015). Thus, aim of the herein work was to con�rm 
that cetacean PMN can also cast NETs against neozoan apicom- 
plexan parasites. Therefore isolated PMN from bottlenose dolphins 
(T. truncatus) were exposed to vital N. caninum-tachyzoites and 
further analyzed in detail to describe molecules as well as signaling 
pathways implicated in this ancient host innate immune effector 
mechanism. 

�
�

;�#���������,�(�#/�,��
�

Ethic statement 

�
All animal procedures were performed according to the dol- 

phinarium Mundomar (Benidorm, Spain) Animal Care Committee 
guidelines, and approved by the Bioethical Committee of Murcia 
University (Murcia, Spain) and the local Committees for animal 
research (REGA ES300305440012), and in accordance to the cur- 
rent European Animal Welfare Legislation: ART13TFEU. 

�
�


 Parasites 

�
All NET-related experiments were performed with tachyzoites 

of N. caninum (strain Nc1) which were cultivated in vitro as 
described elsewhere (Dubey et al., 1988; Taubert et al., 2006; 
Villagra-Blanco et al., 2017a, b). In brief, N. caninum tachyzoites 
were maintained by several passages in permanent African green 
monkey kidney epithelial cells (MARC-145) according to methods 

described before by Taubert et al. (2006) and Mun�oz-Caro et al. 
(2014). Vital N. caninum-tachyzoites were collected in superna- 
tants of infected host cell monolayers, �ltered with 5 u��m sterile 
syringe �lters (Sartorius AG) to removed cell debris, washed thrice 
with sterile PBS (400 ]� g, 12 min), counted using a Neubauer 
haemocytometer chamber (Marienfeld) and re-suspended in sterile 
RPMI 1640 medium without phenol red (Gibco) until further 
experimental use as recently reported elsewhere (Villagra-Blanco 
et al., 2017a, b). 

�
�


 Host cells 

�
MARC-145 cell monolayers were cultured in DMEM (Sigma- 

Aldrich) cell culture medium supplemented with 1% penicillin (500 
U/ml; Sigma-Aldrich, St. Louis, MO, USA), streptomycin (500 mg/ 
ml; Sigma-Aldrich) and 2% fetal calf serum (FCS; Gibco) and incu- 
bated at 37 �C and 5% CO2 until con�uency. Then, MARC-145 
monolayers were infected with viable N. caninum tachyzoites and 
cultured at 37 �C and 5% CO2 atmosphere until release of new vital 
tachyzoites. Cell medium was changed every second day. 
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 Dolphin blood collection and PMN isolation 

�
Healthy adult male bottlenose dolphins (T. truncatus; n ��3) kept 

at the dolphinarium of the Marine Animal Park Mundomar (Beni- 
dorm, Spain) were bled by puncture of the ventral super�cial �uke 
plexus from the caudal peduncle bundle (see Fig. 1a). To reduce 
stress of blood donor animals, professional trainers stayed with the 
animals to facilitate the physical restraint by using whistles to give 
them instructions, associated with a positive reinforcement (see 
Fig. 1b). All dolphin blood extractions were performed during the 
morning-feeding daily routines of the dolphinarium, when animals 
were accustomed to periodically medical procedures, such as 
extraction of urine-, faeces-, semen-, milk- and blood samples. 

The blood was collected in 5 ml sterile plastic tubes containing 

lithium heparin as anticoagulant (BD Vacutainer�) and thereafter 
immediately transported using cold ice-packs to the Faculty of 
Veterinary Medicine, University of Murcia, Murcia, Spain. Hepa- 
rinized blood of each dolphin (20 ml) was diluted in 30 ml of sterile 
PBS containing 0.02%  EDTA (Sigma-Aldrich),  layered on  Biocoll 
Separating Solution�� (Biochrom AG) and centrifuged (800 ]�g, 
45 min at 4 �C) as recently described for other marine mammals 
(Reichel et al., 2015). After the removal of plasma, two different 
protocols of PMBC extraction were herein tested: i) the pellet 
containing erythrocytes and PMN was re-suspended in 15 ml RPMI 
medium  1640  without  phenol  red,  treated with  Red  Blood  Cell 
Lysis���buffer (1 ml, Sigma-Aldrich) to remove erythrocytes and 
centrifuged (500 ]�g, 7 min). Alternatively, ii) the pellet containing 
the PMN and erythrocytes was suspended in 25 ml distilled water 
and shaken for 40 s to lyse erythrocytes according to Muñooz-Caro 
et al. (2014). Osmolarity was immediately re-adjusted by adding 
the appropriate amount of Hanks salt solution (4 ml, HBSS 10x, 
Biochrom AG). This procedure was repeated twice to wash the 
dolphin PMN. In both protocols, the pellets were re-suspended in 
RPMI medium (Gibco) and PMN were  counted in a Neubauer 
haemocytometer chamber. Finally, cetacean-derived PMN were 

incubated for 30 min to allow repose at 37 �C and 5% CO2 atmo- 
sphere until use. In our hands, the second PMN isolation protocol 
achieved better results due to the fact that dolphin erythrocytes 
revealed to be quite resistant to applied Blood Cell Lysis�� buffer 
(Sigma-Aldrich). 

�

 Quanti6cation of dolphin NETs 

�
Dolphin-derived NET formation was quanti�ed by using Pico 

Green�� (Invitrogen), an extracellular DNA-binding �uorescent dye, 
as reported elsewhere (Munñoz-Caro et al., 2015a,b; Villagra-Blanco 

�
et al., 2017a, b). Therefore, cetacean PMN (n �� 3) were re- 
suspended in serum-free cell culture medium RPMI 1640 lacking 
phenol  red  and  incubated  in  duplicates  with  vital  N.  caninum- 
tachyzoites (37 �C, 60 min, 3:1 ratio: 7,5 ]�105 N. caninum tachy- 
zoites versus 2,5 ]�105 dolphin PMN/200 �l). For NET blockage, 
PMN were pre-treated with the NOX-inhibitor [DPI, 10 �M, Sigma- 
Aldrich, according to O'Donnell et al. (1993)] for 30 min at 37 �C 
prior to exposure to N. caninum tachyzoites and DNase I (90 U/well, 
Roche Diagnostics, addition was performed 15 min before the end 
of the incubation period). For NET quanti�cation, the samples were 
treated with micrococcal nuclease (0.1 U/�l, New England Biolabs, 
15 min, 37 �C) and centrifuged (300 ]�g, 5 min). The supernatant 
was transferred into a 96-well �at-bottom plate (100 �l per well in 
duplicates). Then, Pico Green�� (50 �l/sample, diluted 1:200 in 10 
nMTris/1 mM EDTA buffer, in the dark) was added. NET formation 
was determined by spectro�uorometric analysis at an excitation 
wavelength of 484 nm and an emission wavelength of 520 nm 
using an automated plate monochrome reader (FLUOstarOmega, 
BMG Labtech). NETs were quanti�ed by �uorescence intensity an- 
alyses. For negative controls, PMN alone in plain medium were used 
and for positive controls served PMN stimulated with zymosan 
(1 mg/ml; Invitrogen) according to Munñoz-Caro et al. (2015a, b). 

In order to evaluate parasite dose-dependent effects, different 
PMN: tachyzoites ratios were applied (1:1, 1:2, 1:3) during 90 min 
of incubation and processed as described earlier. For NET-kinetic 
analyses, PMN and parasites were co-cultured with parasites for 
different time periods (i. e. 30, 60, 90 min). 

Visualization of extracellular DNA adorned with histones, neutro- 
phil elastase (NE), myeloperoxidase (MPO), pentraxin (PTX) in Neo- 
spora caninum-induced dolphin NETs. 

After the co-culture of cetacean PMN with tachyzoites (ratio 1:3, 
90 min) on pre-coated poly-L-lysine coverslips, �xation of the 
samples (4% paraformaldehyde, Merck) and three PBS washings, 
the samples were carefully transported in a �at-bottom cell culture 
6-well plates to the Institute of Parasitology (Justus Liebig Univer- 
sity Giessen, Germany) and thereafter blocked with BSA (2%, 
Sigma-Aldrich, 15 min, RT), incubated in antibody solutions [1 h, 
RT] and �nally mounted in ProLongGold���Antifade (Invitrogen) 
stained with Sytox Orange�� [Invitrogen, 5 mM Sytox Orange�, 
10 min, RT, in dark, according to Martinelli et al. (2004)]. For the 
detection of dolphin histones, MPO, NE and PTX in NETs the 
following antibodies were used: anti-histone (H1, H2A/H2B, H3, 
H4) monoclonal (mouse clone H11-4, 1:1000, Merck Millipore), 
anti-MPO (Alexa Fluor 488, 1:1000, ABIN906866, Antibodies- 
online.com), anti-NE (AB68672, 1:1000, Abcam) and anti-PTX 
(SAB2104614-50UG,  1:1000,  Sigma-Aldrich)  antibodies.  NETs- 

�
�

�

Fig. 1. Minimally-invasive blood extraction method for cetaceans. (a) Puncture of the ventral super4cial 5uke plexus with a 4ne needle attached to infusion system and o

syringe to create a vacuum for blood extraction. (b) Professional trainers performed physical restraint of one dolphin using whistle to give a positive reinforcement during sampling. 

�
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visualization and illustration were achieved by using an inverted 

Olympus��IX81 �uorescence microscope equipped with a digital 
camera. 

�

 Scanning electron microscopy (SEM) 

�
Dolphin PMN were co-cultured with vital N. caninum-tachy- 

zoites (ratio: 1:3) for 60 min on poly-L-lysine (Sigma-Aldrich) pre- 
coated coverslips (10 mm of diameter; Nunc). Cells were �xed in 
2.5% glutaraldehyde (Merck), post-�xed in 1% osmium tetroxide 
(Merck), washed in distilled water, dehydrated, critical point dried 
by CO2-treatment and sputtered with gold particles. Specimens 
were examined using a Philips XL30 scanning electron microscope 
at the Institute of Anatomy and Cell Biology of the Justus Liebig 
University Giessen, Germany. 

�

 Statistical analysis 

�
Statistical analyses were performed by using Graph Pad Prism��

6 software. One- or two-factorial analyses of variance (ANOVA) 
with repeated measures were applied to compare co-culture/ 
stimulation conditions using a normal distribution of data. Differ- 
ences were regarded as signi�cant at a level of p ??~�0.05 (*); p ??~�0.01 
(**); p ??~�0.001 (***) and p ??~�0.0001 (****). 

�
���%�#����,�,���%������

�
Cetacean PMN, likewise terrestrial mammalian hosts, are well- 

known to elicit phagocytic and respiratory burst activities result- 
ing in the production of ROS (Keogh et al., 2011). PMN extrusion of 
NETs is nowadays considered one of the main effector mechanisms 
of this leukocyte population to combat infectious agents 
(Brinkmann and Zychlinsky, 2012; Hahn et al., 2013), including 
protozoan and metazoan parasites (for reviews see Hermosilla 
et al., 2014; Silva et al., 2016). Since the �rst description of NETs 
by Brinkmann et al. (2004), very little has been investigated on 
NETosis in marine mammals, with the exception of one report on 
T. gondii-triggered NETs in exposed harbour seal PMN (Reichel et al., 
2015). Both, T. gondii and N. caninum, are considered terrestrial 
neozoan parasites which were recently identi�ed  within  the  ma- 
rine environment (Fujii et al., 2007; Dubey et al., 2008), and have 
emerged as important neozoan parasitic pathogens for dolphins 

(Dubey et al., 2008), pinnipeds (Cabezo�n et al., 2011), whales 
(Mazzariol et al., 2012) and sea otters (Conrad et al., 2005; Miller 
et al., 2008).  Alongside, N.  caninum  has  recently  been  identi�ed 
as potent  NET  inducer of  PMN in dogs  (Wei  et  al., 2016),  goats 
(Villagra-Blanco et al., 2017a) and cattle (Villagra-Blanco et al., 
2017b). To our best knowledge, the present study represents the 
�rst description of cetacean-extruded NETs against N. caninum 
tachyzoites. 

�

 Dolphin PMN-mediated NETosis in presence of N. caninum 
tachyzoites 

�
SEM analyses unveiled that exposure of dolphin-derived PMN to 

N. caninum tachyzoites resulted in the formation of a �ne network 
and slimmer strands of �bers originating from PMN and being 
attached to the parasites, seemingly entrapping them (Fig. 2a). 
During NETosis, some dolphin PMN still showed the morphology of 
intact vital cells (Fig. 2b, 60 min) and others demonstrated the 
morphological features of PMN activation. Later on, N. caninum 
tachyzoites were observed entrapped in meshworks of PMN- 
released �laments (Fig. 2c and, 60 min) or even entangled by a 
single activated PMN (Fig. 2d, 60 min). Accordingly to these SEM 
�ndings,  NETosis  is  most  probably  a  relevant  innate  effector 

�
mechanism by which dolphin PMN con�rmly attach and subse- 
quently entrap N. caninum tachyzoites, as reported for other api- 
complexan parasites in vitro and in vivo (see Behrendt et al., 2010; 

Mun�oz-Caro et al., 2014, 2015b, 2016; Reichel et al., 2015; Silva 
et al., 2016). 

�

 ImmunoKuorescence analyses of N. caninum-induced dolphin 
NETs 

�
Sytox Orange�� staining-based �uorescence investigations 

further proved the presence of dolphin-derived NETs containing 
DNA (Fig. 2e	l). N. caninum tachyzoites were located in close 
proximity to extruded cetacean-triggered NETs and often being 
trapped within these extracellular structures. Extruded dolphin 
NETs demonstrated classical NETs components, i. e. histones (H1, 
H2B/H2B, H3, H4) (Fig. 2e and i), NE (Fig. 2f and j), MPO (Fig. 2g and 
k) and PTX (Fig. 2h, l), as proofed by co-localization of extracellular 
DNA adorned with these molecules in parasite-entrapping struc- 
tures (Fig. 2i, j, 2k, 2l). Co-localization assays of dolphin-derived 
NETs demonstrated the concomitant existence of histones (H1, 
H2A/H2B, H3, H4), NE, MPO and PTX, con�rming typical molecular 
characteristics of NETs (Brinkmann and Zychlinsky, 2012),  and 
agreed with previous reports on other apicomplexan-triggered 
NETosis (Baker et al., 2008; Behrendt et al., 2010; Abi Abdallah 
et al., 2012; Silva et al., 2014; Munñoz-Caro et al., 2014, 2015a, b; 
2016; Reichel et al., 2015; Maksimov et al., 2016). In this context, 
the pivotal role of MPO and NE in N. caninum-triggered NETs has 
been recently proven by functional inhibition assays, leading to the 
reduction of tachyzoite-mediated NETosis in the canine (Wei et al., 
2016), the goat (Villagra-Blanco et al., 2017a) and the bovine sys- 
tems (Villagra-Blanco et al., 2017b). The presence of PTX in dolphin- 
derived NETs is in accordance to recent PTX �ndings obtained from 
extruded NETs against the same parasite in goats (Villagra-Blanco 
et al., 2017a) and cattle (Villagra-Blanco et al., 2017b). PTX is 
known to be stored in PMN granules and relevant in early host 
innate immune reactions. In common with proteinase 3 and MPO, 
NE is expressed on the apoptotic PMN surface as reported else- 
where (Bottazzi et al., 2009). In dolphin-derived NET formation, it 
can   be   speculated   that   PTX   might   therefore   participate   in 
N. caninum recognition thereby facilitating the entrapment of 
tachyzoites as previously demonstrated for bacterial pathogens 
(Bottazzi et al., 2009). More importantly, whole PMN proteome 
analysis unveiled that PTX forms a complex with other NETs- 
related molecules in human PMN and appears to have  a  crucial role 
in boosting the actions of different NETs components (Daigo and 
Hamakudo, 2012). Similar synergistic properties have been 
described for other PMN-excreted pro-in�ammatory cytokines/ 
chemokines in response to N. caninum-, T. gondii- (Taubert et al., 
2006)  and  C.  parvum-exposed bovine  and  human  PMN  (Mun�oz- 
Caro et al., 2016). 

�

 Neospora caninum-induced dolphin NETosis at different 
tachyzoite ratios 

�
Quanti�cation of dolphin NET induction through tachyzoites of 

N. caninum con�rmed a strong dose-dependent NET formation, as 
increasing amounts of N. caninum tachyzoites led to signi�cantly 

enhanced Pico Green�-derived �uorescence intensities (p ??~�0.05) 
when compared to negative controls, coinciding to published data 
on T. gondii-mediated NETosis in pinniped PMN (Reichel et al., 
2015). However, time dependency was not observed. As expected, 
DNase I treatments leading to NET disintegration reduced NETosis 
(p ??~�0.05) under the basal levels of the negative controls (Fig. 3a), 
which con�rmed the DNA backbone nature of N. caninum-triggered 
cetacean NETosis. 
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;�`��(a	d) Scanning electron microscopy (SEM) analyses revealed NETs being formed by dolphin PMN after co-culture with N. caninum tachyzoites. (a) Mesh of DNA-structures 

(white arrow) derived from dolphin PMN attached to N. caninum-tachyzoites (black arrows). (b) Intact cetacean-PMN (black stars) derived a �ne �laroid structure (white ar- 

row) being attached to tachyzoites (black arrows). (c) Conglomerates of several tachyzoites (black arrow) being entrapped in a rather chunky meshwork of cetacean-PMN-released 

thicker extracellular �laments (white arrow) (d) Dolphin PMN activated (black star) entrapping diverse N. caninum-tachyzoites (black arrows). (e	l) Co-cultures of dolphin PMN and 

N. caninum tachyzoites were �xed, permeabilized, stained for analysis of co-localization (i-l; merge, white arrows) of extracellular DNA (e-h; red; Sytox Orange�) and classical NETs 

components (all green, white arrows) such as histones (i), NE (j), MPO (k) and pentraxin (l). (For interpretation of the references to colour in this �gure legend, the reader is referred 

to the web version of this article.) 

�


 Neospora caninum-triggered dolphin NETosis is a NOX- 
dependent effector mechanism 

�
Kinetic-related studies revealed a fast parasite-triggered NET 

induction in exposed dolphin PMN. As such, N. caninum tachyzoites 
induced NETosis was detected as fast as 30 min of exposure, i. e. at 
the earliest time point measured in this assay (until  90 min of 
exposure, as the latest time point). In contrast, tachyzoite-free 
negative controls of dolphin PMN contributed very low to extra- 
cellular DNA extrusion (p ??~� 0.05, Fig. 3b) when compared  to 
parasite-exposed PMN  (ratio 1:3).  Besides, functional inhibition 
experiment performed with DPI, a potent inhibitor of NOX, resulted 
in a signi�cant reduction of tachyzoite-triggered dolphin NET for- 
mation (p ??~�0.05, Fig. 3b). Regarding signal pathways, the NOX 
pathway clearly participates in N. caninum-induced dolphin 
NETosis, since DPI treatment assays resulted in signi�cant reduc- 
tion of NET formation. NOX-dependent NETosis �ndings, were 
recently  reported  for  other  closely  related  apicomplexan-related 

NETosis investigations, i. e. E.  bovis (Mun�oz-Caro et al., 2015a), 
T. gondii (Abi Abdallah et al., 2012; Reichel et al., 2015), B. besnoiti 
(Mun�oz-Caro  et  al.,  2014),  N.  caninum  (Wei  et  al.,  2016)  and 
C. parvum (Mun�oz-Caro et al., 2015b), highlighting the relevance of 
NOX in protozoan-mediated NETosis (Silva et al., 2016). Nonethe- 
less, also NOX-independent parasite-induced NETosis has recently 
been reported for N. caninum in the caprine system (Villagra-Blanco 
et al., 2017a), showing differences depending on the parasite spe- 
cies as well as the origin of the PMN donor host species. 

Nowadays, there is growing evidence on the crucial role of 
NETosis as ef�cient defense mechanism in diverse terrestrial 
vertebrate host species against several protozoan (Silva et al., 2016) 

and metazoan parasites (Chuah et al., 2013; Bonne-Anne�e et al., 

2014; Mun�oz-Caro et al., 2015a,b; Lange et al., 2017). Nonetheless, 
with respect to NETosis research still scarce data are available for 
marine mammals and whether this ef�cient defense mechanism 
might actively participate in vivo against neozoan parasites, needs 
to  be  addressed  in  the  near  future,  but  in  vitro  evidence  here 

�
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3"���. PMN were incubated with tachyzoites, zymosan (1 mg/ 

ml, positive control) or plain medium (negative control) at different ratios (a; PMN: tachyzoites ��1:1, 1:2, 1:3) and time periods (b; 30, 60 and 90 min). To prove the DNA nature of 

NETs, the samples were treated with DNase I (a; 15 min). Moreover, cetacean PMN cells were pre-treated with NOX-inhibitor (b; DPI, 10 �M) for 30 min prior to N. caninum 

stimulation (1:3 ratio; 90 min). After incubation, all samples were analyzed for extracellular DNA by quantifying Pico Green�-derived �uorescence intensities. Each condition was 

performed in duplicates. Geometric means of three PMN donors. Differences were regarded as signi�cant at a level of p ��0.05 (*) and p ��0.01 (**). 
�

presented strongly suggest that this is most probably occurring. 
Presented results clearly evidence that N. caninum is a competent 
parasite species capable to trigger NETs in the cetacean immune 
system, and consistent to previous N. caninum observations of NETs 
in terrestrial host species (Wei et al., 2016; Villagra-Blanco et al., 
2017a, b). Considering the biology of N. caninum, which include 
obligate intracellular parasite stages, the entrapment/immobiliza- 
tion of extracellular tachyzoites through NETosis might have a 
signi�cant impact on the outcome of the disease as already 
demonstrated for other related apicomplexan protozoa in vitro and 
in vivo (Baker et al., 2008; Behrendt et al., 2010; Abi Abdallah et al., 

2012; Hermosilla et al., 2014; Mun�oz-Caro et al., 2014, 2016; Silva 
et al., 2014, 2016). 

�
�����%�����

�
The current study describes for the �rst time the ability of 

bottlenose-dolphin PMN to cast NETs against the abortive proto- 
zoan parasite N. caninum providing evidence of the importance of 
this ancient and well conserved effector mechanism of the host 
innate immune system of marine cetacean species. 
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