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1. INTRODUCTION

1.1 Apicomplexan parasites

Apicomplexa is the subphylum of single-celled eukaryotic protozoa responsible for
diseases of recognizable medical and economic importance in humans, domestic and
wild animals (Muller and Hemphill, 2013; Francia and Striepen, 2014). It is estimated
that out of a probable 1.2 - 10 million apicomplexan species, approximately 0.1% have
been named and described to date (Adl et al., 2007). All apicomplexan protozoa are
obligate intracellular parasites infecting different hosts and specific host cell types in
vivo, in which they evade host immune response and extract their nutrients for further
replication (Striepen et al., 2007). Apicomplexan parasites are complex organisms that
exhibit a wide variety of morphological shapes depending on their genus and life cycle
stages. They inhabit a wide array of terrestrial and marine environments depending on
their host niche environments (Slapeta and Morin-Adeline, 2011). Amongst most
relevant apicomplexan genera in domestic and wild animals are included Babesia spp.
(Gohil et al., 2013), Besnoitia spp. (Cortes et al., 2014), Cryptosporidium spp. (Slapeta,
2013), Eimeria spp. (Chartier and Paraud, 2012), Cystoisospora spp. (Schwarz et al.,
2014), Neospora spp. (Reichel et al., 2014), Sarcocystis spp. (Bahari et al., 2014),
Theileria spp. (Li et al. 2014) and Toxoplasma (Abi Abdallah et al., 2012; Coppens,
2013). Despite the enormous socio-economic impact of these parasites in farm animal
production worldwide, until now, Toxoplasma and Plasmodium have been the best
studied parasites (Chapman, 2014), mainly because of their anthropozoonotic potential
and high impact on human health worldwide. On the other hand, parasitism in wildlife

populations has been recorded as frequently as in domestic populations, but in the wild
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setting, parasitism seems to act to reduce vigor and alter behaviour of the host rather
than causing significant diseases and losses (Hamilton and Zuk, 1982; Horak et al.,
2004; Bouma et al., 2006; Morin-Adeline et al., 2011). How parasite burden and
pathology in captive animals translate into the wild is of much interest, especially when
large resources are being placed into captive breeding programs of endangered species

(Slapeta and Morin-Adeline, 2011).

1.2 Neospora caninum

Neospora caninum is an obligate apicomplexan intracellular cyst-forming coccidian
parasite similar in structure and development to T. gondii, which it is also genetically
related (Dubey, 2003). However, N. caninum causes primarily a reproductive disease
mainly in cattle, as well as neuromuscular, cutaneous, visceral and reproductive illness
in dogs, but is not considered zoonotic, whereas toxoplasmosis is a serious disease of
humans, small ruminants, and many other warm-blooded animals. Although much has
been published on the biology of N. caninum during the last 26 years since its discovery
in 1988 (Dubey et al., 2002), neosporosis continues to be a major problem in cattle and
other related ruminant livestock animals, including sheep and goats (Dubey and
Schares, 2011). Past and recent surveys clearly indicate that a rather wide range of
domestic and wild animals have been exposed to N. caninum. Nonetheless, viable N.
caninum parasites have been isolated from only a few hosts (e. g. cattle, sheep, water
buffalo, dog, horse, bison, white-tailed deer) (Dubey et al., 1990; Landmann et al., 2011;

Dubey and Schares, 2011).
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Figure 1. Life cycle of N. caninum according to Sykes, J.E. (2013).Neosporosis

1.3 Life cycle stages and host-parasite transmission routes

N. caninum is a coccidian parasite with a wide host range developing a complex life
cycle through intermediate as well as a final hosts (Dubey et al., 2007) (Figure 1). Dogs
(Canis familiaris) and coyotes (Canis latrans) are the only recognized final hosts
(McAllister et al., 1998; Gondim et al., 2004), whereas a large range of warm-blooded
animals can act as intermediate hosts, including cattle (Dubey et al., 1989; Barr et
al.,1991), sheep (Dubey et al., 1990), goats (Dubey et al., 1992), horses (Marsh, et al.,
1996), deer (Dubey et al., 1996), foxes (Buxton et al., 1997; Schares et al., 2002), water

buffaloes (Huong et al.,1998; Rodrigues et al., 2004), raccoons (Lemberger et al.,
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2005), camels (Hilali et al., 1998), New World camelids (Wolf et al., 2005), rhinoceros
(Williams et al., 2002) and cetaceans (Dubey et al., 2003; Omata et al., 2006).

The parasite life cycle involves also three infection stages: Tachyzoites (invasive rapidly
multiplying stages), bradyzoites (tissular encysted stages), micro- and macrogamonts
(sexual stages) and sporozoites within oocysts (infective stages). Tachyzoites and
bradyzoites are the intracellular stages found in definitive and intermediate hosts
(Dubey et al., 2002), meanwhile the environmentally resistant stage of the parasite, the
oocysts formed after syngamy of micro- and macrogamonts in intestine of final hosts, is
excreted in feces of dogs and coyotes in an unsporulated stage form (McAllister et al.,
1998; Lindsay et al., 1999) with a similar environmental resistance to that of T.gondii
oocysts (Dubey, 2004). Carnivores become affected by ingesting infected tissues
containing bradyzoites, and herbivores by the ingestion of contaminated food or drinking
water with N. caninum sporulated oocysts (Dubey et al., 2006). These events constitute
the horizontal (postnatal or lateral) transmission of N. caninum (Dubey et al., 2006). On
the other hand, the vertical (transplacental or congenital) transmission happens when
an infected dam spread tachyzoites to its offspring during pregnancy. Vertical
transmission can be described more precisely according to the origin and route of
infection of the fetus; so recently, the terms exogenous transplacental transmission and
endogenous transplacental transmission have been proposed (Trees and Williams,
2005). Exogenous transplacental transmission takes place after a primary, oocyst-
derived, infection of a pregnant dam, while endogenous transplacental transmission
occurs in a persistently infected dam after reactivation (recrudescence) of the infection

during pregnancy and produces in most of the cases, healthy congenitally infected



offspring (Paré et al., 1996; Anderson et al., 1997; Schares et al., 1998; Davison et al.,

1999).

1.4 Economical impact and control of neosporosis

N. caninum represents an important worldwide infectious cause of abortion in cattle and
other ruminants, as well as clinical disease in dogs (Dubey and Schares, 2011).
Particularly in cattle, fetal death and reproductive failure represent the direct costs
(Dubey et al., 2017), meanwhile the indirect losses increase overall costs for farmers,
such as expenses for veterinarian assistance and medical diagnosis, the lengthened
rebreeding intervals, reduction on replacement of culled cows, decreased value of
breeding stock and diminishment of milk yield and weight gain in infected animals
(Trees et al., 1999; Dubey and Schares, 2006; Dubey et al., 2007; Ortega-Mora et al.,

2006).

According to Reichel et al. (2013), the median losses of N. caninum-derived abortion
round US $1.298 billion per year, ranging as high as US $ 2.380 billion, which 2/3
incurred in dairy cattle and 1/3 in beef cattle industry. Moreover, the global costs were
estimated to US $ 852.4 million in North America, US $ 239.7 in South America, US $

137.5 million in Australasia and US $ 68.7 million in Europe.

Furthermore, N. caninum-induced abortions follow two main patterns: epidemic and
endemic (including sporadic abortions) (Reichel et al., 2013). Epidemic abortions occur
due to primary infections in previously non-infected dams exposed at the same time to a
single source of contagion (McAllister et al., 2000). In this pattern, a large proportion (>

10%) of pregnant animals abort within a short period of time, resulting very costly and
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devastating for farmers and therefore it is also called as ,storm-like” abortions (Dubey et
al.,, 2007). Endemic pattern produces abortions intermittently along some months or
even years and happens due to presence of persistently infected dams in the flock that
transplacentally transmit the parasite to their progeny. This pattern can be also costly
(Larson et al; 2004; Hall et al., 2005; Reichel et al., 2013), especially for farmers who

wish to sell their animals in herds with high genetic merit (Trees et al., 1999).

Control strategies for N. caninum infections have been previously discussed and
depend on the country, region, infection rate and associated risk factors (Reichel and
Ellis, 2002; Dubey et al., 2007). Also costs of these control options should be also
considered (Reichel et al., 2007). In general, national, regional and farm level control
programs have been implemented in different areas around the world to effectively
control neosporosis (Hall et al., 2005). Control programs should incorporate a cost-
benefit calculation comparing expenses of testing and control measures with the benefit
of reduced economic losses due to N. caninum infection (Larson et al., 2004; Bartels et

al., 2006; Hasler et al., 2006; Reichel and Ellis, 2006).

Some control measures have been described in the literature according to prevent:
e Abortions due to exogenous neosporosis:

= Prevention of waterborne transmission (De Moura et al., 2006; Dubey et
al., 2007).

= Prevention of dogs and other potential definitive hosts from contaminating
pastures and feedstuff with feces (Reichel et al., 2013).

= Prevention of dog access to infected raw ruminant tissues and placentas
(Uggla et al., 1998; Reichel et al., 2014).

6



e Abortions due to endogenous neosporosis:

Flock testing, identification of infected animals and culling selectively
(“test-culling” strategies): Establish different approaches to slowly
reduced abortions by gradual reduction of infected animals and their
progeny infarms with predominantly endogenous transplacental
transmission and concerning to their economic reality (Larson et al.,

2004; Hall et al., 2005; Conraths et al., 2007).

e Abortions due to both endogenous and exogenous neosporosis (standard

control measures):

Reinforcement of farm biosecurity (Dubey et al., 2007)

Quarantine and regular testing of replacement and purchased animals:
Minimize vertical transmission and reduce the potential infective risk for
definitive hosts (Dubey et al., 2007).

Vaccination (Romero et al., 2004; Williams et al., 2007; Weston et al.,
2012; Hemphill et al., 2013).

Rodent control: Diminishment of dogs infection risk (Dubey et al., 2007)
Reproductive management: Embryo transfer (Baillargeon et al., 2001;
Landmann et al., 2002) and insemination of seropositive dams with

semen from beef bulls (Lépez-Gatius et al., 2005).

1.5 Innate immune responses

Pathogen microorganisms such as virus, bacteria, fungi or parasites disturbing the

normal homeostatic mechanisms, are immediately met by cells and molecules of the

innate immune system: the physical epithelial/endothelial barriers, leukocytes [e. g.
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polymorphonuclear neutrophils (PMN), monocytes, macropahges], dendritic cells,
natural killer (NK) cells and circulating plasmatic proteins. Professional phagocytes (i. e.
PMN, monocytes, macrophages) detect and react against “pathogen-associated
molecular patterns” (PAMPS), for example, some bacterial components
(lipopolysaccharides, peptidoglycan, flagellin, microbial DNA or RNA), as well as,
endogenous molecules that signal homeostatic danger called “danger-associated
molecular patterns” (DAMPs), e. g. shock proteins, high-mobility group box 1 (HMGB1)

protein or even host DNA (Janeway et al., 2001; Brinkmann and Zychlinsky, 2012).

Responses of host innate immune cells trigger inflammation, which dilate and increase
permeability of blood vessels leading to local blood flow and leakage of fluid.
Additionally, adhesive properties of endothelium induce circulating leukocytes to stick to
activated endothelial host cells and migrate between them to site of infection, to which
they are attracted by chemokines (Janeway et al., 2001; Brinkmann et al., 2004;
Brinkmann and Zychlinsky, 2012). Within these leukocytes, PMN are the first white cells
to be mobilized as they contain potent antimicrobial components, which play an
essential role in innate immune mechanisms against multiple kinds of pathogens,
including bacteria, fungi and parasites (Urban et al., 2006; Hahn et al., 2013; Hermosilla
et al., 2014). Additionally, other activated innate immune cells at the site of infection or
injury, e. g. mononuclear phagocytes, remove foreign particles and host debris (a non-
phlogistic uptake mechanism denominated, efferocytosis) controlling the natural PMN
turnover and apoptosis, which is important on PMN homeostasis in healthy organisms,
reducing the antimicrobial and proinflammatory capacities of the granule enzymes,

which can be also harmful and toxic to the host (Whyte et al., 1993; Greenlee-Wacker et



al., 2014; Kobayashi et al., 2017). These innate immunological processes contribute
also with release of cytokines involved later in lymphocyte-mediated adaptive immune

response (Newton and Dixit, 2012).

1.6 Polymorphonuclear neutrophils (PMN) and their role within host

innate immune system

The main function of PMN, in early innate immune defense has been classically
understood as a variety of potent intracellular microbicidal mechanisms to kill invasive
pathogens. PMN are extremely mobile and short-lived leukocytes which are densely
packed with secretory granules, being able to respond immediately towards pathogens
once migrating from bone marrow. PMN perform several effector mechanisms to
combat pathogens, such as phagocytosis, production of oxygen-based antimicrobial
radicals known as ROS, excretion of antimicrobial peptides/proteins, and recently
described synthesis of neutrophil extracellular traps (NETs) (Brinkmann and Zychlinsky,

2012).

Phagocytosis by professional phagocytes is intensified by prior opsonization of
pathogens with complement factors or, in primary exposed host, by specific antibodies
recognizing epitopes on pathogen surface. Subsequently phagosomes must fuse with
intracellular granules to form the phagolysosome, within which killing of the pathogen
will be accomplished by a combination of non-oxidative as well as oxidative
mechanisms. Efficient non-oxidative killing mechanisms of PMN include antimicrobial
peptides (AMPs) such as cathelicidins, defensins, cathepsins, peptidoglycan recognition

proteins and proteases, whereas oxidative killing relies on the production of ROS via the



nicotinamide adenine dinucleotide phosphate-oxidase (NOX) complex (Nathan, 2006;
von Kockritz-Blickwede und Nizet, 2009). PMN are the predominant cells of professional
phagocyte population, comprising between 50-80 % of total white blood cells (Nathan,
2006; Hahn et al., 2013). Therefore, PMN are considered as a pivotal component of
host innate immune system representing first line of defense against invading
pathogens and first ones to be recruited to site of infection (Brinkmann et al., 2004;
Ermert et al., 2009; Brinkmann and Zychlinsky, 2012; Hahn et al., 2013; Hermosilla et

al., 2014).

1.7 Ruminant PMN

Determined species variation in distribution of PMN-derived lysosomal enzymes has
been reported, initially in humans and laboratory animals (Rausch and Moore, 1975),
but also in ruminants (Buchta, 1990; Singh et al., 1997). These differences could affect
the vulnerability and response of these species to specific infections (Sahoo et al.,
1998). For example, bovine PMN are the first line defense during clinical mastitis when
different pathogens invade mammary glands; these cells migrate from blood into milk
and execute different cascades of reactions including both oxidative and non-oxidative
mechanisms to destroy these harmful agents (Kobayashi et al., 2005). Along with tissue
damage, modulation of apoptosis of both blood and milk PMN is a key feature in
mastitis but it depends on the type of mastitis and mastitis causing organism (Burvenich

et al., 2007; Kennedy and De Leo, 2009)

A study with different PMN lysates conducted by Sahoo et al. (1998), described higher

lysozyme activity of buffalo-derived PMN when compared to cattle and goat, which
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could contribute to resistance of these animals against some diseases in tropics (Singh
et al.,, 1997). It is also remarked higher activity of neutrophil elastase (NE) of caprine
PMN than in buffalo or cattle PMN and large performance of beta-defensins and
myeloperoxidase (MPO) in bovine PMN, especially against parasites (Sahoo et al.,
1998; Weiss and Wardrop, 2011; Yildiz et al., 2017). Nevertheless, the release of MPO
seems to be more pronounced in caprine PMN than in large ruminants (Sahoo et al.,

1998).

1.8 Neutrophil extracellular traps (NETs)

Beginning with the landmark study of Brinkmann et al. (2004), the paradigm of how
PMN kill pathogenic bacteria was deeply changed. The discovery of DNA-based
antimicrobial NETSs, released after PMN death (NETosis) had high implications on our
current knowledge concerning not only invasive pathogens but also pathophysiology of
infection and inflammatory diseases (Logters et al., 2009; Hahn et al., 2013). Detailed
analyses of these novel NET structures revealed that they basically consist of nuclear
DNA as a backbone being decorated or adorned with histones, antimicrobial peptides
and proteins derived from three PMN granule types (i. e. azurophilic, secondary, and
tertiary), such as NE, MPO, pentraxin, lactoferrin, gelatinase, bacterial permeability-
increasing protein (BPI), cathepsin G, peptidoglycan recognition proteins (PGRPs) and
calprotectin (Bainton et al., 1971; Borregaard and Cowland, 1997; Brinkmann and
Zychlinsky, 2007, 2012; von Kockritz-Blickwede and Nizet, 2009, Hahn et al., 2013). By
concentrating these highly active components in a small area NETs provide a unique
extracellular matrix capable not only to entrap but also to kill invasive pathogens (Fuchs

et al., 2007; Ermert et al., 2009; Abi Abdallah and Denkers, 2012; Hahn et al., 2013)
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with advantage of minimized damage to surrounding tissues (Logters et al., 2009; Hahn

etal., 2013).

NETs have been described so far in a wide range of different species such as humans
(Gupta et al., 2005; Baker et al., 2008), mice (Beiter et al., 2006; Buchanan et al., 2006;
Wartha et al., 2007; Ermert et al., 2009), horses (Alghamdi and Foster, 2005), cows
(Lippolis et al., 2006; Behrendt et al., 2010; Mufioz-Caro et al., 2015a, b), fish (Pali¢ et
al, 2007), cats (Wardini et al., 2010), dogs (Wei et al., 2016), chicken (Chuammitri et al.,
2009), goats (Silva et al., 2014) and insects (Altincicek et al., 2008). Recently, other
leukocytes of host innate immune system, such as eosinophils (Yousefi et al., 2008),
mast cells (von Kockritz-Blickwede et al., 2008), macrophages (Aulik et al., 2012;
Hellenbrand et al., 2013) and monocytes (Mufioz-Caro et al., 2014; Reichel et al.,
2015), have also been reported to extrude NET-like structures which are at present

collectively entitled simply as extracellular traps (ETs).

So far, data on NETosis appear to be focused on fungal and bacterial pathogens, such
as Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans, Escherichia
coli, Helicobacter pylori, Histophilus somni, Listeria monocytogenes, Mannheimia
haemolytica, Mycobacterium tuberculosis, Staphylococcus aureus, Streptococcus
pyogenes and feline leukemia virus among others (Brinkmann et al, 2004; Beiter et al.,
2006; Urban et al., 2006; Grinberg et al., 2008; Bianchi et al., 2009; Ramos-Kichik et al.,
2009; Urban et al., 2009; Aulik et al., 2010; Bruns et al., 2010; Wardini et al., 2010;
Hakkim et al., 2011; Guimar&es-Costa et al., 2012; Aulik et al., 2012; Hahn et al., 2013;

Hellenbrand et al., 2013).
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1.9 Investigations on parasite-induced NET formation

While most of NETs-related studies have focused on effects of NET formation on
bacterial and fungal pathogens, little attention has been paid to the role of NETs against
protozoan and metazoan parasites. By now, NET formation was described to be
induced mainly by protozoan parasite species, such as the euglenozoa Leishmania
amazonensis, L. major, L. braziliensis, L. chagasi and L. donovani (Guimaraes-Costa et
al., 2009; Gabriel et al., 2010; Wang et al., 2011, Guimarées-Costa et al., 2012), the
apicomplexan Plasmodium falciparum, Eimeria bovis and T. gondii (Baker et al., 2008;
Behrendt et al., 2010; Abi Abdallah et al., 2012) and on helminth parasites, e. g.
Schistosoma japonicum (Chuah et al., 2013) and Haemonchus contortus (Mufioz-Caro

etal., 2015b).

PMN appear to play a pivotal role in E. bovis defence since this leukocyte population
was identified in parasitized intestine of E. bovis-infected calves (Friend and Stockdale,
1980; Munoz-Caro et al., 2016) and demonstrated to directly interact with E. bovis
stages and antigen via direct elimination or production of pro-inflammatory cytokines,
chemokines and iINOS when encountered (Behrendt et al., 2008). Additionally, PMN
were shown to adhere to E. bovis-infected endothelial cell layers (Hermosilla et al.,
2006) and their phagocytic and oxidative burst activities were demonstrated to be
enhanced in response to E. bovis sporozoites in vitro or in in vivo infection (Behrendt et
al.,, 2008). Then, NETs were discovered as an additional effector mechanism of PMN
driven by E. bovis sporozoite encounter (Behrendt et al., 2010). Scanning electron
microscopy (SEM) analyses revealed that sporozoites of E. bovis were covered and
entrapped within an extracellular network of long drawn out and delicate fibers
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originating from dead and disrupted PMN. The DNA nature of E. bovis-induced NETs
was proven by Sytox Orange staining and DNase treatment. Fluorescence images
showing brightly stained fibers and complete loss of fluorescence in DNase-treated

samples corroborated classical backbone structure of NETs (Behrendt et al., 2010).

Interestingly, recent analyses doubt a strict species-specificity of Eimeria-induced
NETosis and rather argue for a general phenomenon, since NETs were induced by E.
bovis sporozoites in non-adequate caprine and bovine PMN also expelled NETs in
response to a non-bovine Eimeria spp. (Mufioz-Caro et al., 2015a). Treatment with a
NADPH oxidase inhibitor significantly reduced E. bovis-triggered NET formation,
confirming NADPH oxidase-dependent NETosis (Mufioz-Caro et al., 2015a), which is in
agreement with data generated by other authors (Brinkmann et al., 2004; Urban et al.,
2006; Brinkmann and Zychlinsky, 2007; Fuchs et al., 2007). Further, E. bovis
sporozoites appeared to be a potent inducer of NETosis since degree of NETs and their
kinetics were much higher and faster, respectively, than NET formation induced by
generally used positive control, PMA (Behrendt et al., 2010). This observation was in
accordance with data on S. aureus (Fuchs et al., 2007). Interestingly, the strongest NET
formation occurred in response to viable sporozoites of E. bovis when compared to
heat-inactivated sporozoites or respective lysates (Behrendt et al., 2010; Mufioz-Caro et
al., 2015a). Similar findings were recently reported in NETosis response to closely
related parasite T. gondii (Abi Abdallah et al., 2012) indicating that most probably not
only movements of the parasite enhanced NETosis but also certain molecules present

at surface or in excretory/secretory material would trigger this effector mechanism.

14



However, so far no data is available on nature of these molecules, neither in Eimeria

nor in Toxoplasma.

1.10 Suicidal NETosis versus vital NETosis

NETs are released by a novel “suicidal” cell death pathway, called NETosis, different
from apoptosis, pyroptosis and necrosis, which allows PMN to kill pathogens far beyond
their lifespan (Brinkmann and Zychlinsky, 2007). Interestingly, a current study revealed
that some PMN released NETs in vivo without undergoing cell death, called vital
NETosis, while maintaining their crawling and phagocytic activity (Yousefi et al., 2009,
Yipp et al., 2012). Upon stimulation, PMN produce reactive oxygen species (ROS), such
as Oy, HyO, and HOCI, which function as antimicrobials and are essential for NET
formation (Brinkmann and Zychlinsky, 2007; 2012; Fuchs et al., 2007). Consequently,
PMN from patients with chronic granulomatous disease (CGD) who lack functional NOX

are not capable to form NETs (Fuchs et al., 2007).

1.11Role of NOX-dependent ROS complex during NETosis

During NETosis several nuclear and cytoplasmic events have to occur in order to initiate
complete and proper NETs extrusion. Firstly NOX-dependent ROS production leads to
morphological changes such as delobulation of PMN nucleus, disassembly of nuclear
envelope and degradation of granule membranes (Fuchs et al., 2007). In addition,
peptidylarginine deiminase 4 (PAD4)-mediated histone citrullination, followed by
chromatin decondensation seem to be necessary for NETosis (Wang et al., 2009; Abi
Abdullah and Denkers, 2012; Hahn et al., 2013). After disassembly of nuclear and

granule membranes, mixture of proteins from both nuclear and granular origins, i. e.
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histones (H1, H2A/H2B, H3, H4), antimicrobial peptides and proteins, will occur prior to
extrusion of protein/histone-decorated NET structures into extracellular space (Hahn et
al., 2013). Most studies on NETs formation strengthened on key role of a functional
NOX system. However, MPO and NE also seem to be able to regulate proper NET
release (Brinkmann and Zychlinsky, 2012). The signaling pathway involved in NETosis
was shown to be Raf-MEK-ERK-dependent (Hakkim et al., 2011). In fact, ERK/MAP
kinase activation has additionally been described as an essential requirement for NOX-
dependent NETosis, whereas Akt and p38 activation pathways are fundamental for both
types of NETosis (Douda et al.,, 2015). Molecules known so far to induce suicidal
NETosis include PMA, GM-CFS/LPS, LPS, IL-8, Ca?* ionophore, thapsigarin,
chemotactic complement-derived peptide complement factor 5 (C5a), TNF, IFN,
Leishmania spp. promastigote LPG, S. epidermidis d-toxin, auto-antibodies and LPS-
activated platelets (von Kockritz-Blickwede and Nizet, 2009; Cogen et al., 2010;
Guimaraes-Costa et al., 2012; Abi Abdallah and Denkers, 2012; Brinkmann and
Zychlinsky, 2012; Hahn et al., 2013). On the other hand, NOX-dependent NETs
formation proved sensitive by blocking with diphenyleneiodonium (DPI), a strong
inhibitor of ROS production (Yousefi et al., 2008). DPI has been shown to be not only an
effective blocker of NOX but also of other NAD(P)-dependent enzymes (such as
glucose 6-phosphate dehydrogenase) and mitochondrial OXPHOS flavoenzymes

(Riganti et al., 2015).

1.12NETosis associated with NOX-independent ROS production

Pathways of NOX-independent ROS release are still unclear, conflicting and incomplete

in literature (Stoiber et al., 2015). Both NOX-dependent and -independent NETosis
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generate an elevation of cytosolic calcium, a process denominated as calcium influx-
mediated NETosis. This calcium influx is mainly performed through regulation of store-
operated calcium channels (SOCE) in activated PMN (Burgos et al., 2011; Parker et al.,
2012). However, most recent studies evidence a NOX-independent pathway of NETosis
that depends on mitochondrial ROS, mediated by small conductance calcium-activated
potassium channel 3 (SK3) and working essentially independent from MAPK-ERK

activation (Douda et al., 2015).

Moreover, the inability of DPI to full suppress mitochondrial ROS production on NETs
formation suggest involvement of ROS from other sources produced during
mitochondrial respiration (Bulua et al., 2011; Murphy 2012; Douda et al., 2015). One of
these ROS sources to play a particular role in ETosis-mediated inflammation is MPO.
Functional MPO is an indispensable requirement for NETosis as demonstrated
elsewhere (Metzler et al., 2011; Brinkmann and Zychlinsky, 2012). Extracellular release
of MPO by activated PMN during cellular respiratory bursts catalyze oxidation of some
anions, i. e. chloride (CI-), bromide (Br-) and thiocyanate (SCN-), generating oxidants

that benefits phagocytes’ ability to efficiently kill pathogens (Davies et al., 2011).

1.13 Pathogenesis of bovine neosporosis

Bovine neosporosis is mainly a parasitic disease of the placenta and foetus, usually
initiated following a maternal parasitemia, triggered either as the result of a primary
(exogenous) maternal infection or following recrudescence of a persistent (endogenous)
infection during pregnancy (Dubey et al., 2007; Trees and Williams, 2005; Williams et

al.,, 2009). In cattle, parasitemia appears sporadically between 2 and 41 days when
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parasite DNA can be detected in white blood cells depending on route of infection and
parasite strain (Maley et al., 2003; Macaldowie et al., 2004). Following a parasitemia,
tachyzoites of N. caninum are able to establish themselves in maternal caruncular
septum before crossing to fetal placental villus. For abortion to occur, the foetus or its
placenta has to be so damaged by fast replicating N. caninum tachyzoites that it is no
longer viable and several factors may interact, to a greater or lesser extent, to influence
this inflammatory process (Gibney et al., 2008). Additionally, lesions vary with infection
of foetus at different stages of gestation. In first three months, the foetus is vulnerable to
infection but around 100 days of gestation it becomes immunocompetent and able to
perform early host innate immune responses which may or may not be enough to reach
protection against this parasite (Andrianarivo et al., 2001; Innes et al., 2005). Primary
parasite-induced placentitis compromises foetal survival directly or causes luteolysis
and consequently abortion. Foetal damage may occur due to primary organ/tissue
destruction caused by fast multiplication of N. caninum tachyzoites or due to insufficient
oxygen/nutrition, secondary to placentitis as well as endometritis. Aborted foetus
presents lymphoid inflammation, widespread mononuclear infiltrations and multifocal
necrosis in many infected tissues which generate hemorrhages, focal leucomalacia
(especially in cerebrum) and destruction of hepatic, cardiac, muscular, neural or
pulmonary cells (Barr et al., 1990; Ogino et al., 1992). To sum up, N. caninum is able to
produce abortion using three possible pathological pathways: placental inflammation,

fetal damage and maternal/fetal placental necrosis (Dubey et al., 2017).
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1.14 Transmission routes and clinical signs of bovine neosporosis

Exogenous N. caninum-oocysts are considered key stages in epidemiology of cattle
neosporosis as they are environmentally resistant such as oocysts of other related
coccidian parasites (i. e. Eimeria, Toxoplasma, Cystoisopora) (Uzeda et al., 2007; Neto
et al., 2011). Transplacental (vertical or congenital) transmission from cow to foetus and
post-natal (horizontal or lateral) transmission via ingestion of sporulated oocysts are the

only demonstrated modes of infection in bovine species.

The rate of vertical transmission may vary among herds. In selected Dutch dairy herds
vertical transmission rates were estimated > 61 % (Bartels et al., 2007) in one study,
and 58% in another one (Dijkstra et al., 2008). Vertical transmission rate was 37.1% in a
dairy herd in Argentina; cows with high titers had more infected calves than cows with

lower titers (More et al., 2009).

Ingestion of sporulated N. caninum-oocysts from environment is the only demonstrated
natural mode of infection in cattle after birth (McCann et al., 2007). To date cow to cow
transmission has not been observed. Other modes of infection suggested are the
lactogenic transmission, but unlikely since under experimental conditions large numbers
of tachyzoites were necessary for successful infection (Serrano-Martinez et al., 2007;
Ferre et al., 2008). Cows naturally bred with experimentally infected bulls failed to

seroconvert (Osoro et al., 2009).

Clinical neosporosis is manifested by abortion in both dairy and beef cattle, and has a
worldwide distribution and cows of any age may abort from three months of gestation to

term with most abortions occurring at five to six month of gestation (Dubey and
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Schares, 2011). Fetuses may die in utero, be reabsorbed, mummified, autolyzed, still-
born, born alive with clinical signs, or born clinically normal but persistently infected.
Moreover, abortions caused by N. caninum in cattle generally follow three main
patterns: sporadic, endemic and epidemic abortions (Hall et al., 2005: Dubey et al.,
2007; Reichel et al., 2013). Neosporosis-derived abortions occur year-round and in
some epidemic herd outbreaks as many as 57% of dairy cows have been reported to
abort over just a few weeks up to months (Dubey and Schares, 2011). Abortion
outbreaks have been classified as epidemic if more than 10% or 12.5% of cows at risk
abort within six to eight weeks. A small proportion (<5%) of cows may have repeated
abortion due to neosporosis (Dubey et al., 2007; Pabon et al., 2007). A previous N.
caninum-associated abortion is not considered a cause of sterility (Santolaria et al.,

2009).

Clinical signs, other than abortion, which have been only reported in calves under the
age of two months, can include neurological signs, an inability to rise and below
average birth weight. The hind limbs and/or forelimbs might be flexed or hyperextended
and neurological examination might reveal severe ataxia, decreased patellar reflexes,
and loss of proprioception. Exophthalmia, nystagmus, hydrocephalus and a narrowing

of the spinal cord may also occur in affected calves (Dubey et al., 2007; 2017).

1.15Bovine neosporosis in Germany

Bovine neosporosis and its associated risk factors in Germany had largely been
described (Conraths et al., 1996; Schares et al., 1997, 2003, 2004; Bartels et al., 2006).

Several serological studies using different diagnostic techniques, such as ELISA and
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IFAT, have confirmed epidemic and endemic abortions in dairy cattle from many regions
in Germany (Schares et al.,, 1999, 2000, 2002; Sérgel et al., 2009) proving that N.
caninum is involved in approximately 10% of bovine abortion in Northern Bavaria.
Particularly in Hesse, obtained seroprevalence in cattle was 4.1% in 10 analyzed farms

(Conraths et al., 1996).

Further, clinical manifested bovine neosporosis were detected in two German neonatal
calves with metencephalon glial scars and myositis in tongue and gastrointestinal
muscles (Peters et al., 2001). Furthermore, brain and liver lesions caused by N.
caninum in fetuses from North Rhine Westphalia were diagnosed by PCR- (Schares et
al.,, 1997) and immunblot-assays (Séndgen et al., 2001) confirming a rather wide

distribution of disease in this Federal State.

On the other hand, familial analyses of asymptomatic vertical transmission of N.
caninum in German dairy farms with no previous exposure of dams during or after
pregnancy showed statistically significant serological differences between herds
exhibiting epidemic and endemic N. caninum-associated abortions (Schares et al.,

1999; 2002).

1.16 Bovine neosporosis in Costa Rica

Presence of N. caninum in Costa Rican cattle was reported for first time in 1996 (Perez
et al.,, 1998). Since then, many studies have been conducted to describe important
features of neosporosis in Costa Rican dairy cattle, associated risk factors affecting
reproductive and productive performance and strategies for prevention and control of

infection (Romero et al., 2002, 2005; Romero and Frankena, 2003). A serological study
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conducted by Romero et al. (2005) reported seroprevalence of 43.3% in dairy cattle of
Costa Rica, where 94.7% of analyzed flocks presented at least three positive animals.
Productive and reproductive parameters (including abortion) had been also identified in
dairy farms through implementation of a competent herd health management-database
software called VAAMP, which is still nowadays useful to analyze epidemiological
model of transmission of bovine neosporosis and strategies against this abortive
parasite in dairy farms in some countries around the world, including Costa Rica

(Romero et al., 2002, 2005).

1.17 Caprine neosporosis

Caprine neosporosis is less prevalent when compared to sheep and cattle (Dubey et al.,
2017), however natural and experimental infections have demonstrated lethal lesions in
goats with serious economical, clinical, productive and reproductive consequences,

which have been lowly investigated (Dubey and Schares, 2011).

Caprine and ovine serological investigations have been widely performed using IFAT to
detect principally IgM or/and IgG in the past (Lindsay et al., 1995; Dubey et al., 1996
Buxton et al., 1997). However, recently ELISA have been developed as an additional
useful diagnostic tool in large and small ruminants using soluble extracts of sonicated N.
caninum tachyzoites (Pare et al., 1995; Osawa et al., 1998), recombinant antigens
(Lally et al., 1996a), extracted tachyzoite antigen incorporated into an immuno
stimulating compound (ISCOM) (Bjorkman et al., 1997) or whole parasites (Williams et

al., 1997).
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Exact pathogenesis of caprine neosporosis remains largely unknown (Porto et al., 2017)
but might resemble those reported for cattle. Caprine abortions with neonatal mortality
and neurological tissular cysts compatible with N. caninum in Pigmy goats from USA
were firstly described by Barr et al. (1992) and Dubey et al. (1992). Since then,
abortions, stillbirth and the birth of weak goat kids are the two mainly clinical features of
caprine neosporosis reported in natural and experimental infections (Lindsay et al.,
1995; Eleni et al., 2004; Moreno et al., 2012; Varaschin et al., 2012; Costa et al., 2014).
Principal injuries of fatal caprine neosporosis include hydrocephalus, gliosis,
hypocerebellum and meningo-encephalitis (Dubey et al., 1992; 1996). Precisely,
histopathological brain examinations in one of these mortal cases were performed in
one 3.5 month Costa Rican goat foetus (Please see: Dubey et al., 1996). Moreover, N.
caninum tachyzoites have been isolated from goat brain, spinal cord, liver and heart
(Lindsay et al., 1995; Porto et al., 2016; Nakagaki et al., 2016) where they produce

secondary lesions.

Curiously, as far as we know, in Germany there were no previous serological studies
neither on presence/absence nor on seroprevalences of N. caninum-specific antibodies
produced by goats, and in Costa Rica, no additional investigations concerning national
seroepidemiolgical status of N. caninum in caprine flocks along the different Costa
Rican regions have been performed, despite these pathological findings already

mentioned and described by Dubey et al. (1996).
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1.18 Canine neosporosis

Concerning the definitive host spectrum of N. caninum, experimental studies have
shown that domestic dogs (Canis domesticus), Australian dingos (C. lupus familiaris),
coyotes (C. latrans) as well as wolves (C. lupus) can act as suitable definitive hosts
(McAllister et al., 1998; Gondim et al., 2004; King et al., 2010). Of all these definitive
hosts, viable oocysts of N. caninum have been demonstrated in faeces of naturally
infected dogs (Basso et al., 2009), and in naturally-infected gray wolves (Dubey and
Schares, 2011). However no viable oocysts have been detected in faeces of naturally
exposed red foxes (Vulpes vulpes) in Spain, Ireland and Germany (Wolfe et al., 2001;

Almeria et al., 2002; Constantin et al., 2011).

The number of oocysts of N. caninum shed by domestic dogs is usually rather poor
(Dubey and Schares, 2011). Correct identification of these oocysts is epidemiologically
important especially because they are structurally similar to another coccidian parasite
in dog faeces: Hammondia heydorni (Soares et al., 2011). Additional molecular tools for
final differentiation of N. caninum and H. heydorni were in the past reported and applied
to rodent tissue (Barratt et al., 2008). The natural mechanisms of N. caninum infection
in dogs are still not fully understood. Unlike cattle, vertical transmission of N. caninum in
dogs is considered highly variable and not likely to persist in absence of horizontal
transmission. Canine transplacental transmission had been reported in experimental
infections (Dubey and Lindsay, 1989), but neonatal neosporosis in dogs is unusual
under natural conditions and findings are variable, because not all puppies in a litter
become seropositive (Barber and Trees, 1998). Horizontal transmission in dogs is
mainly through consumption of meat containing N. caninum-cysts with vital bradyzoites
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or oral uptake of sporulated oocysts containing sporozoites from environment (Dubey

and Schares, 2011).
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2. MOLECULAR ANALYSES ON NEOSPORA CANINUM-
TRIGGERED NETOSIS IN THE CAPRINE SYSTEM

This chapter is based on the following published paper:

Villagra-Blanco, R, Silva, LMR, Gartner, U, Wagner, H, Failing, K, Wehrend, A,
Taubert, A, Hermosilla, C (2017). Molecular analyses on Neospora caninum
triggered NETosis in the caprine system. Dev. Comp. Immunol. 72, 119-127.

doi: http://dx.doi.org/10.1016/j.dci.2017.02.020

Eigener Anteil in der Publikation:

Initiative weitestgehend eingestandig
Projektplannung weitestgehend eingesténdig
Durchfiihrung des Versuches wesentlich
Auswertung der Experimente wesentlich
Erstellung der Publikation weitestgehend eingesténdig
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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
(NETSs). Here, in vitro interactions of caprine PMN and N. caninum were studied.

electron and analyses that caprine PMN undergo,
NETosis upon contact with tachyzoites of N. caninum, extruding filaments that entrap parasites. Detailed

PP co-localization studies of N. caninum tachyzoite-induced NETs revealed the presence of PMN-derived
Caprine DNA being decorated with histones (H1, H2A/H2B, H3.H4) and neutrophil elastase (NE) corroborating
Neutrophil extracellular traps the molecular characteristics of classical mammalian NETs. As a new result for parasite-induced NETo:
NOX we identified pentraxin and cathepsin B in N. caninum-triggered NETs. Nonetheless, functional inhibition
SOCE assays revealed that during caprine NET formation triggered by N. caninum different molecular signaling
PI3K pathways are induced, when compared to other apicomplexan parasites or host species. As such,

Neospora caninum N. caninum-induced NETosis appears to be influenced 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 influence tachyzoite-induced NETosis. Since N. caninum-tachyzoites
induced caprine NET¢ this effector mechanism should be considered as an early host immune
response during acute caprine neosporosi

© 2017 Elsevier Ltd. All rights reserved.

Introduction ruminants have been commonly related to T. gondii infections

(Buxton, 1998; Hurtado et al., 2001; Dubey, 2003; Moreno et al.,

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

Costa et al.,
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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; Mumroz-Caro et al.,
2014, 2015a, b; 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 first 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 specific 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 (Mufroz-Caro et al.,
2016), and reproductive- and respiratory-tract (Fuchs et al., 2007
Brinkmann and Zychlinsky, 2012; Cheng and Palaniyar, 2013;
Murroz-Caro et al., 2016). So far, NETs were identified in various
species, such as humans (Gupta et al., 2005; Baker et al., 2008; Von
K6ckritz-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), fish (Palic et al., 2007; Pijanowski et al., 2013), chickens
(Chuammitri et al., 2009), dogs (Jeffery et al., 2015; Wei etal., 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 K&ckritz-
Blickwede et al., 2010: Brinkmann and Zychlinsky, 2012) leading
to the extrusion of a mixture of nuclear and cytoplasmic granule
contents finally 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 Kokritz-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 fibers or be killed via local
high concentrations of antimicrobial histones, peptides and pro-
teases in vivo (Brinkmann et al., 2004; Von Kokritz-Blickwede and
Nizet, 2009; Mufr oz-Caro et al., 2016).

By now, NETosis was described to be triggered by different

Porto et

protozoan parasites in vitro and in vivo (Baker et al., 2008;
Guimaraes-Costa et al., 2009; Wang et al., 2011; Behrendt et al.,
2010; Mufroz-Caro et al., 2015a; Silva et al., 2014; Paez et al.,

2016; Abi Abdallah et al., 2012; Reichel et al., 2015; Mufr oz-Caro
et al., 2014, 2015b; Aila et al., 2016; Ventura-Juhrez 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; Mumroz-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
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report on N. caninum-triggered canine NETosis in vitro (Wei et al..
2016). Thus, the aim of the present study was to find in vitro evi-
dence of caprine NETosis in response to N. caninum.

Materials and methods
Ethic statement

All animal procedures were performed according to the Justus
Liebig University Giessen Animal Care Committee guidelines,
approved by the Ethic Commission for Experimental Animal
Studies of the State of Hesse (GI 18/14 Nr. A27/2012) and in
accordance to the current European Animal Welfare Legislation:
ARTI3TFEU.

Parasites

All NET-related experiments were performed with tachyzoites
of N. caninum (strain Ncl) 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 Mumoz-Caro et al. (2014). Vital N. caninum-
tachyzoites were collected in supernatants of infected host cells,
filtered through 5 um sterile syringe filters (Sartorius AG) to
removed cell debris, washed thrice with sterile PBS (400 x 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% CO> until confluency. Primary BUVEC were isolated according to
Taubert et al. (2006) and maintained in modifiecd 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 confluency.

Isolation of caprine PMN

Healthy adultdairy goats (n ¥4 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 X 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 X 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% CO, atmosphere for at least 30 min
before use.
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Quantification of NETs

Caprine NETs were quantified according to Mumroz-Caro et al.
(2014) using Pico Green® (Invitrogen), a specific DNA-binding
fluorescent 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 dipheny! i i
chloride [DPI; 10 MM, 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 mM,
Merck, according to Parker et al. (2012)], the SOCE-inhibitor ami-
noethoxydiphenyl borate [2 APB; 100 MM, Sigma-Aldrich, according
to Conejeros et al. (2012)], UO126 as inhibitor of ERK1/2 [50 mM;
Sigma-Aldrich, according to Favata et al. (1998)], SB 202190 [10 mM;
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 MM, Sigma-Aldrich, ac-
cording to Tawk et al. (2011)]. For NET quantification, the samples
were treated with micrococcal nuclease (0.1 U/mI, New England
Biolabs, 15 min, 37 °C) and centrifuged (300xg, 5 min). The su-
pernatants were transferred into a 96-well flat-bottom plate (100 ml
per well in duplicates). Then, Pico Green® (50 mi/sample, diluted
1:200in 10nM Tris/1 mM EDTA buffer, in the dark) wasadded. NET
formation was determined by spectrofluorometric analysis at an
excitation wavelength of 484 nm and an emission wavelength of
520 nm using an automated plate monochrome reader (Varioskan
Flash®, Thermo Scientific). NETs were quantified by fluorescence
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 fixation 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 finally mounted in
ProLongGold® i 0_6-diami (DAPI)
staining (Invitrogen, 1:1000, 5 min, RT, in the dark) or Sytox Or-

2-phenylindole

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
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(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 fluorescence microscope being equipped
with a digital camera.

Scanning electron microscopy (SEM)

Caprine PMN were co-cultured with vital N. tachyzoites
(ratio: 1:4) for 60 and 90 min on poly-i-lysine (Sigma-Aldrich) pre-
coated coverslips (Nunc). Cells were fixed in 2.5% glutaraldehyde
(Merck), post-fixed in 1% osmium tetroxide (Merck), washed in
distilled water, dehydrated, critical point dried by COs-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 c
stimulation conditions using a normal distribution of data. Differ-
ences were regarded as significant at a level of p :1; 0.05 (*); 0.01
(*%):p:;0.001 CF¥*) and p :1;0.0001 (F#3#%)_

-culture/

Results

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 fibers being attached to the
parasites and seemingly entrapping them (Fig. 1). Kinetic analyses
revealed no significant amounts of N. caninum-mediated caprine
NETosis. During NETosis, some PMN still exhibited the morphology
of intact cells (Fig. lc and d. black star) whilst others were
completely lysed. Furthermore, tachyzoites were observed
entrapped in chunky meshworks of PMN-derived filaments (Fig. 1¢
and d, 90 min).

Neospora caninum-riggered 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. 2¢), and

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 :1; 0.05, Fig. 3a). Overall, no significant differences were
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Fig. 1. Caprine NET-like structures in response to caninum

. 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 filaments (b,
60 min after confrontation) and a rather thicker meshwork of caprine-PMN-released filaments (¢ and d - magnification of ¢, 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, significant
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 :3; 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 i of NOX. of DPI out the
incubation period did not influence 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 significant 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 significant 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
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(Fig. 5a). Treatments of caprine PMN with the inhibitor of NE (CMK)
also failed to influence parasite-triggered NETosis significantly
(Fig. 5a).

Furthermore, we analyzed the actual role of NET-associated

lecular signaling path in N. iggered NETosis in
the caprine species. Treatments with inhibitors interfering with
ERK1/2- (UO126) and p38 (SB202190) MAPK-mediated signaling
pathways failed to significantly alter tachyzoite-induced NETs
extrusion, showing that N. caninum-derived caprine NETosis ap-
pears to function i 1y of these ling routes (Fig. 5b).

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

Discussion

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 identified as potent NET inducers
(Baker et al., 2008; Guimaraes-Costa et al., 2009; Behrendt et al.,
2010; Mufroz-Caro et al., 2015a; Abi Abdallah et al., 2012, Silva
et al., 2014; Mumoz-Caro et al., 2014; Reichel et al., 2015; Wei
et al., 2016). To the best of our knowledge, we here describe for
the first 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-Solis et al., 2016: Porto et al., 2016).
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In agreement to observations on other apicomplexan-mediated
NETosis(Bakeretal.,2008; Behrendtetal.,2010; Mufr oz-Caroetal.,
2014, 2015a, b; 2016; Sil 2014; Reichel et al., 2015) and to
N. caninum-triggered NETosis in the canine system (Wei et al.,
2016), we demonstrate extracellular NETs attached to
tachyzoites of N. caninum. In accordance to B. besnoiti-induced NETs

va et al

being

(Murmroz-Caro et al., 2014), but in contrast to E. bovis- (Behrendt
et al., 2010) and C. parvum-mediated NET induction (Mufroz-Caro
et al., 2015b), N. caninum-triggered caprine NETosis was not time-
dependent. Overall, a large proportion of tachyzoites appeared to
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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 olution  of
network structures by DNase I treatments corroborated the DNA
nature of N. caninum-triggered NETs. Alongside to DNA, other
cla al NET-associated molecules, such as histones and antimi-
crobial enzymes were detected in N. caninum-triggered NETs. As
the simultaneous

these

such, co-localization experiments revealed
presence of DNA together with histones and NE, in parasite-

cteristics of

triggered NETosis confirming typical molecular cha
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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. (¢) Prior to
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NETs. These observations are in agreement with former findings in
other apicomplexan parasites (Silva et al., 2014: Mumr 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 inflammation 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 first 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,
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PMN with zymosan was used for positive controls, plain medium served as negative
10,01 (+%)

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
Hamakubo, 2012).

Besides, we here reported for first 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,

and

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-
mdependenl NETosis showmg drial ROS pra ion via
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ctivated p (SK ) (Fay et al.,
2006 Douda et al.. 2015: Khan and Palaniyar, 2017). Accordingly.
CaPP influx was reported as crucial for PMN activation and NETo
(Conejeros et al., 2011; Burgos et al., 2011; Mufroz-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 influenced NET
formation. This observation clearly differs to findings on closely
related parasites, such as E. bovis- (Behrendt et al.. 2010; Mumroz-
Caro et al., 2015a), E. arloingi (Silva ct al.. 2014) T. gondii (Reichel
2015), B. besnoiti (Mumroz-Caro et al., 2014) and C. parvum
(Mutroz-Caro et al.. 2015b). This is also in contrast to the canine
system, where 2-APB and DPI signi ly inhibited N. cani
riggered NETosis (Wei et al., 2016).

The importance of Raf-MEK-ERK signaling pathways during
NETosis was firstly reported by Hakkim et al. (2011). Whilst in the
current study no influence 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- (Mumroz-Caro et al.,

et al,

20152) and C. parvum-induced NETosis (Mumoz-Caro et al..
2015b). However, in both, the canine (Wei et al., 2016) and the
bovine system (Villagra-Blanco et al., manuscript),

blockage of ERK1/2 and p38 MAPK resulted in a significant reduc-
tion of N. caninum tachyzoite-triggered NET formation. So far, we
do not know whether these differences are specific for the goat and
rely on differentially activated signal cascades in the caprine
system.

In addmon to SOCE, we also mvesugaled the role of PI3K-

hagy in N. fuced NETosis. As previ-

ously shown, PI3K/AKT kinase is essential for the activation of both
NOX-d d and NOX-i NETosis (Douda et al.,
2015). However, the current data did not reveal any mﬂuenLe or
reaction with PI3K: y in N.
induced caprine NETosis. It has to be considered that LY294002 was
identified as a rather unspecific 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 influence
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 findings 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 significant
implication on the outcome of the disease as previously postulated
for other coccidian parasites (Mumroz-Caro et al., 2014; Silva et al.,
2014, 2016; Hermosilla et al., 2014).
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Bovine Polymorphonuclear
Neutrophils Cast Neutrophil
Extracellular Traps against the
Abortive Parasite Neospora caninum

Rodolfo Villagra-Blanco™, Liliana M. R. Silva’, Tamara Mufioz-Caro’, Zhengtao Yang?,
Jianhua Li? Ulrich Gértner?, Anja Taubert', Xichen Zhang? and Carlos Hermosilla’

'Institute of Parasitology, Justus Liebig University Giessen, Giessen, Germany, * College of Veterinary Medicine, Jilin
University, Changchun, China, ? Institute of Anatomy and Cell Biology, Justus Liebig University Giessen, Giessen, Germany

Neospora caninum represents a relevant apicomplexan parasite causing severe
reproductive disorders in cattle worldwide. Neutrophil extracellular trap (NET) generation
was recently described as an efficient defense mechanism of polymorphonuclear neu-
trophils (PMN) acting against different parasites. In vitro interactions of bovine PMN with
N. caninum were analyzed at different ratios and time spans. Extracellular DNA staining
was used to illustrate the typical molecules of NETs [i.e., histones (H3), neutrophil elas-
tase (NE), myeloperoxidase (MPO), pentraxin] via antibody-based immunofluorescence
analyses. Functional inhibitor treatments were applied to reveal the role of several
enzymes [NADPH oxidase (NOX), NE, MPO, PAD4], ATP-dependent P2Y2 receptor,
store-operated Ca*entry (SOCE), CD11b receptor, ERK1/2- and p38 MAPK-mediated
signaling pathway in tachyzoite-triggered NETosis. N. caninum tachyzoites triggered
NETosis in a time- and dose-dependent manner. Scanning electron microscopy analy-
ses revealed NET structures being released by bovine PMN and entrapping tachyzoites.
N. caninum-induced NET formation was found not to be NOX-, NE-, MPO-, PAD4-,
ERK1/2-, and p38 MAP kinase-dependent process since inhibition of these enzymes led
to a slight decrease of NET formation. CD11b was also identified as a neutrophil receptor
being involved in NETosis. Furthermore, N. caninum-triggered NETosis depends on Ca**
influx as well as neutrophil metabolism since both the inhibition of SOCE and of P2Y2-
mediated ATP uptake diminished NET formation. Host cell invasion assays indicated
that PMN-derived NETosis hampered tachyzoites from active host cell invasion, thereby
inhibiting further intracellular replication. NET formation represents an early and effective
mechanism of response of the innate immune system, which might reduce initial infection
rates during the acute phase of cattle neosporosis.

y p trap, adenine di i idase, protein arginine
imi 4, g protei pled receptor 2, i
INTRODUCTION

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
JSalciparum (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

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.

MATERIALS AND METHODS

Ethics statement

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 (Regierungsprisidium
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.

Parasites

All NET-related experiments were performed with tachyzoite
stages of the apicomplexan parasite N. caninum [strain Ncl (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 x 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.

Host cell cultures

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%
CO; atmosphere until confluency. Confluent MARC-145 layers
were infected with viable N. caninum tachyzoites (20 x 10°
parasites/25 cm?).

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% CO, 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 x 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 cm? plastic culture
flasks (Nunc, Roskilde, Denmark), and incubated at 37°C in 5%
CO; atmosphere until confluency.
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Isolation of Bovine PMN

Healthy adult dairy cows (n = 3) were bled by puncture of the
Jjugular 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 x 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
10x, 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% CO,
atmosphere for 30 min until further use. As neutrophils have a
short lifespan, PMN isolation was performed not exceeding 3 h
after blood collection.

Quantification of NETs

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 x 10°N. caninum tachyzoites versus 2.5 x 10° bovine
PMN/200 pl). For NET blockage, the following inhibitors
were used: the NOX-inhibitor DPI [10 pM, 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 uM, Merck, accord-
ing Parker et al. (45)], the SOCE-inhibitor aminoethoxydiphenyl
borate [2-APB; 100 uM, Sigma-Aldrich, according to Conejeros
et al. (46)], UOI126 as inhibitor of ERK1/2 [S0 uM; Sigma-
Aldrich, according to Muifioz-Caro et al. (12)], SB 202190 as
specific inhibitor of p38 MAPK [10 uM; Sigma-Aldrich, accord-
ing to Muiioz-Caro et al. (12)], the G-protein-coupled receptor
(GPCR) antagonist NF-449 for P2Y?2 blockage (GPCR-NF-449,
10 pM; Santa Cruz Biotechnology), and N-a-benzoyl-N5-
(2-chloro-1-iminoethyl)-1-Orn amide for PAD4 inhibition
(Cl-amidine, 200 pM, 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 ul of micrococcal nuclease
buffer (New England Biolabs) including 0.1 U/ul micrococcal
nuclease (New England Biolabs) was supplied to each well and
incubated (15 min, 37°C). Next, all the samples were centrifuged
(300 x g, 5 min). The supernatant of each sample was deposited
in duplicate into a 96-well flat-bottom plate (100 ul 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

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 Muiioz-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.

Visualization of NETs and detection of
histones (H3), NE, MPO, and pentraxin in
N. caninum tachyzoite-induced NETs
Following PMN: N. caninum tachyzoite co-cultivation (ratio
1:4, 120 min, on 15 mm round glass coverslips pretreated with
poly-I-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.

NET-related host cell infection
experiments

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 1
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% CO, atmosphere). Overall, three Differences were considered as significant at a level of *p <0.05;
different BUVEC isolates were used in this host cell invasion ##p<0.01;#*#%p<0.001,and ****p <0.0001.

experiment. After incubation, BUVEC layers were washed to

remove PMN and free tachyzoites. The infection rates were RESULTS

estimated microscopically (24 h p. i.) in 10 randomly selected

vision power fields (400x magnification). N. caninum tachyzoites trigger NET

; ) formation
Scanning Electron M|crqscqpy (SEM) Scanning electron microscopy analyses revealed tachyzoite-
Cattle 4PMNS were cocultured with viable tac.hyzoltes of triggered generation of a fine network of grosser and slimmer
N. caninum ({auo: 4:1) for 10, 30, 69, and 120 m“} on IQ mm strands of fibers produced by bovine PMN and being solidly
glass coverslips (Nunc) prepared with poly-l-lysine (Sigma- adhered to tachyzoites (see Figure 1). Kinetic studies reported

Aldrich). Then, cells were fixed in 2.5% glutaraldehyde (Merck), several stages of NETosis: posterior to 30 min of exposure,
post-fixed in 1% osmium tetroxide (Merck), washed in distilled smooth PMN-derived filament structures capturing tachyzoites
water, dehydrated, dried by CO; treatment, and sputtered with were observed (Figure 1A). Here, PMN still presented undam-
gold as described elsewhere (11, 12). SEM samples were analyzed aged cell morphology. Thereafter, parasites were entrapped in
using a Philips XL30 scanning electron microscope (Institute of  an extracellular network of long drawn-out fibers originating
Anatomy and Cell Biology, Justus Liebig University Giessen, from disrupted PMN (Figures 1B,C) and conglomerates of

Germany). N. caninum tachyzoites and rather thick and chunky meshworks
of PMN-derived filaments (Figure 1D, 60 min) were observed.
Statistical analysis DAPI-based fluorescence analyses further proved the pres-

Statistical analyses were performed by using Graph Pad Prism® ence of NET-like structures containing DNA (see Figure 2).
6 software. One- or two-factorial analyses of variance (ANOVA) Furthermore, N. caninum tachyzoites were located in close prox-
with repeated measures were applied to compare co-culture/ imity to NETs and presumably were trapped in these extracellular
stimulation conditions using a normal distribution of data. chromatin-rich structures (Figure 2). Moreover, co-localization
Dunnett’s multiple comparison tests were performed in dose of extracellular chromatin with histones (H3), NE, MPO, and
and kinetic assays as follow-up test to ANOVA. For comparing pentraxin in parasite-capturing structures validated the typical
enzyme activities, Tukey’s multiple comparison tests were used. nature of NETs (Figure 2).

FigUre 1 | Bovine neutrophil extracellular trap (neT) ion in to caninum i Scanning electron
microscopy analyses revealed NETs being formed by bovine polymorphonuclear neutrophils (PMN) after coculture with N. caninum tachyzoites for different time
spans [(a—c) 30 min, (D) 60 min]. (ac) Delicate PMN-derived filaroid structures being attached to and (D) of several i

and a rather chunky meshwork of PMN-released filaments.
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FigUre 2 | co-localization of Dna with histones (h3), neutrophil elastase (ne), i (MPO), and p¢ in in
ite-induced i trap structures. Cocultures of bovine polymorphonuclear neutrophil (PMN) and N. caninum tachyzoites (ratio 1:4,

120 min) were fixed, permeabilized, stained for DNA using Prolong Gold® DAPI [blue, (a-D)], and probed for histones [green, ()], NE [green, (F)], MPO [green, (g)].

and pentraxin [green, (h)] using anti-histone (H3), anti-NE, anti-MPO, and anti-pentraxin antibodies and Areas of

co-localization (merges) are illustrated in (iI).

N. caninum-induced NETosis at different were observed at a ratio of 1:3 and 1:4 (PMN: tachyzoites) in
time-and dose-periods comparison with the negative controls (p < 0.05 and p < 0.01,
Neutrophil extracellular trap quantification experiments respectively, Figured).
revealed N. caninum tachyzoites as strong triggers of NETosis,

since these stages induced even stronger reactions than zymosan P N P
stimulation of PMN (= positive control, Figures 3-6). Kinetics N. caninum-induced NETosis is reduced

on NETosis indicated a significant induction of NETs forma- in presence of NOX-, NE-, and MPO

tion in both incubation time periods (1 and 2 h) compared with inhibitors

the negative control (p < 0.01, Figure 3). As expected, DNase To further corroborate the molecular characteristics of N. caninum-
I treatments leading to NET disintegration reduced NETosis mediated NETosis, functional blocking experiments with DPI,

under the basal levels of the negative controls (Figure 3). a potent blocker of NOX, were performed. The PMN treatment
Furthermore, increasing amounts of N. caninum tachyzoites led with DPI resulted in a clear reduction of tachyzoite-triggered
to enhanced levels of NET formation as significant differences NET formation (Figure 5A), despite that this diminution was
Frontiers in Immunology | www.frontiersin.org 5 May 2017 | Volume 8 | Article 606
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FigUre 3 | Kinetics of N. caninum tachyzoites-triggered neutrophil
extracellular trap (neT) formation. Bovine polymorphonuclear neutrophils
(PMNs) were incubated with tachyzoites (ratio 4:1), zymosan (1 mg/ml,
positive control), or plain medium (negative control) for 1 and 2 h. To prove
the DNA nature of NETs, the samples were treated with DNase | (15 min)

r ‘. were analyzed for extracellular DNA by
quantifying Pico Green®-derived fluorescence intensities. Each condition
was performed in duplicates. Arithmetic means of three PMN donors,
minimum, and maximum. Differences were regarded as significant at
alevel of **p < 0.01.
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FigUre 4 | Dose assays of N. caninum tachyzoites-induced
i . Bovine pol
neutrophil (PMN) and N. caninum tachyzoites were incubated at different
ratios (PMN: tachyzoites = 1:1, 1:2, 1:3, 1:4). After incubation (120 min),
samples were analyzed for extracellular DNA by quantifying Pico Green®-
derived fluorescence intensities. Each condition was performed in
duplicates. Arithmetic means of three PMN donors, minimum, and
maximum. Differences were regarded as significant at alevel of *p < 0.05
and **p < 0.01

trap

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.

ERK1/2-, p38 MAPK-, SOCE-signaling
cascades, and bovine CD11b are involved
in N. caninum-induced NETosis

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 ERK 1/2-(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.

Inhibition of PAD4 signaling pathway
diminished strongly N. caninum-triggered
NETosis

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 pM),
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).

Inhibition of the ATP-specific G-Protein
receptor P2Y2 reduces N. caninum-
induced NET Formation

‘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.

N. caninum-induced NET formation
prevents tachyzoites from host cells
infection

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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assays. Bovine polymorphonuclear neutrophils (PMN) were treated with the inhibitors of:

(a) NADPH oxidase (DPI, 20 uM), neutrophil elastase (CMK, 1 mM), myeloperoxidase (ABAH, 100 uM), (B) ERK1/2 (UO126, 50 uM), p38 MAPK (SB 203580, 10
M), SOCE (2-APB, 100 uM), CD11 monoclonal antibodies (diluted 1:5 in PBS), (¢) PAD4 (Cl-amidine, 200 pM), and (D) P2Y2 (NF-449, 120 uM) prior to the

in parallel. Following N. caninum tachyzoites exposure, NET formation was determined by

quantifying Pico Green®-derived (484 nm

as significant at a level of “p < 0.05 and **p < 0.01

520 nm emission
for positive controls, plain medium served as negative control. Each condition was performed in triplicates for each PMN donor (n = 3). Differences were regarded

of PMN with zymosan (1 mg/ml) was used

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

43

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.

DISCUSSION

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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for effective neutrophil extracellular trap (NET) formation. In parallel, DNase |

was to the PMN: 15 min before the end

of the incubation period (=PMN + Nc + DNase ) to dissolve potential NET

structures. The same number of non-treated tachyzoites in plain medium

served as infection controls (=Nc only). Following incubation, the differentially

treated tachyzoites were transferred to confluent bovine umbilical vein

cell (BUVEC) for infection. Twenty-four hours

p. i.. the BUVEC layers were thoroughly washed and infection rates were

estimated. Arithmetic means and SDs of three PMN donors and three

BUVEC isolates, minimum, and maximum were calculated. Differences

were regarded as significant at a level of ***p < 0.001 and ***p < 0.0001.

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).
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In contrast to E. bovis- (32) and C. parvum-related NETosis
data (13), but according to B. besnoiti-induced NETs (1 1), 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 (1113, 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 7. 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 P2Y?2
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).

CONCLUSION

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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Zusammenfasssung

Clinic for Obstetrics, Gynecology and Andrology of Large and Small Animals with
Veterinary Ambulance, Faculty of Veterinary Medicine, Justus Liebig University
Giessen, Giessen, Germany'

Population Medicine Research Program, School of Veterinary Medicine,
Universidad Nacional, Heredia, Costa Rica?

Institute of Parasitology, Faculty of Veterinary Medicine, Justus Liebig University
Giessen, Giessen, Germany?

First report on the seroprevalence
of Neospora caninum in goats
from the Federal State of Hesse, Germany

Erster Bericht liber die Seroprévalenz von Neospora caninum
inhessischen Ziegenbesténden

Rodolfo Villagra-Blanco'2?, Henrik Wagner', Gaby Dolz?, Juan José Romero-
Zuhiga?, Anja Taubert?, Axel Wehrend', Carlos Hermosilla®

A total of 41 goat serum samples from 26 flocks in Hesse, Central Germany, were
analyzed for the presence of specific antibodies against the abortion-causing
apicomplexan parasite Neospora (N.) caninum by immuno-enzyme assay (ELISA).
In total, three serum samples were seropositive for N. caninum with two of them
originating from a flock in Middle-Hesse and one sample coming from a flock in
Northern Hesse. Western Blotting confirmed two of three ELISA-positive samples
proving a low overall prevalence of 2/41 (0.48%) for caprine neosporosis. No
clinical signs related to neosporosis were detected in any seropositive animal.
Additionally, there was no familiar relationship between them and N. caninum-
positive goats were purchased from different breeders. The low numbers of

N. caninum-seropositive animals excluded risk factors assessment. Based on the
current seroprevalence data, N. caninum infections appear of minor importance
in German goat flocks. Nevertheless, taking into account that caprine neosporosis
was detected in some European countries bordering Germany, further epide-
miological and surveillance studies on caprine N. caninum infections are required
to complement our findings regarding the current situation in goat populations
from the other German Federal States.

Keywords: Survey, goat, Central Germany, epidemiology.

Insgesamt wurden 41 Ziegenserumproben von 26 Herden in Hessen, Deutsch-
land, auf das Vorhandensein spezifischer Antikérper gegen den abortiven api-
komplexen Parasiten Neospora (N.) caninum mittels Immunoenzymassay (ELISA)
untersucht. Insgesamt konnten nur drei positive Proben ermittelt werden, wobei
zwei aus einem Bestand in Mittelhessen und eine aus einem nordhessischen
Bestand kamen. Ein anschlieBend durchgefiihrter Western Blot bestatigte zwei
der drei ELISA-positiven Proben, die auf eine insgesamt niedrige Gesamtprévalenz
von 2/41 (0,48 %) fir Ziegenneosporose hinweisen. Keines der seropositiven
Tiere wies klinische Symptome der Neosporose auf. Dartiber hinaus lagen keine
verwandtschaftlichen Beziehungen zwischen ihnen vor und die N. caninum-
positiven Ziegen wurden von unterschiedlichen Zichtern erworben. Die geringe
Seroprévalenz der vorliegenden Studie schloss die Moglichkeit, Risikofaktoren zu
analysieren, aus. Die tatsdchliche Bedeutung der N. caninum-Infektionen in deut-
schen Ziegenbestanden scheint aufgrund der gemessenen geringen Seropréva-
lenz vernachlassigbar. Da die Neosporose in Ziegen in einigen an Deutschland
angrenzenden europdischen Landern bereits nachgewiesen wurde, sind weitere
epidemiologische Studien zu N. caninum-Infektionen von Ziegen erforderlich, um
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Introduction

Neospora (N.) caninum is an apicomplexan intracellular
parasite responsible for abortions and serious disease in
ruminants and dogs worldwide (Dubey, 2003). It shows
a wide range of intermediate host species and causes
reproductive problems mainly in cattle (Hemphill and
Gottstein, 2000), but is also associated with clinical
reproductive and neurological infections in dogs, horses,
goats, sheep, deer and marine mammals (Dubey and
Lindsay, 1996; Anderson et al, 2000; Schares et al.,
2001a, b; Dubey, 2003; Omata et al., 2006). Protozoan-
induced abortions in sheep and goats have commonly
been related to Toxoplasma (T.) gondii infections (Buxton
et al,, 1998; Dubey, 2003), however, N. caninum infections
can also result in abortion and reproductive disorders
in small ruminants with both, economical and clini-
cal consequences (Dubey and Schares, 2011). Clinical
manifestations occurring during the course of caprine
neosporosis can include abortion and still birth (Barr et
al,, 1992; Lindsay et al., 1995; Dubey et al., 1996; Koyama
et al,, 2001; Eleni et al., 2004; Mesquita et al., 2013; Costa
et al, 2014). Moreover, enhanced neonatal mortality
associated with caprine N. caninum infections has been
reported from different countries, such as the USA (Barr
et al,, 1992), Costa Rica (Dubey et al., 1996), Taiwan (Ooi
et al,, 2000), Brazil (Corbellini et al., 2001) and Spain
(Moreno et al., 2012).

For the detection of specific antibodies against N.
caninum, the following serological assays are commonly
used: enzyme-linked immunosorbent assays (ELISAs),
indirect fluorescent antibody tests (IFATs) and aggluti-
nation test (NAT) (Ortega-Mora et al., 2007; Alvarez-
Garcia et al., 2013).

So far, in Europe caprine N. caninum seroprevalences
have been analyzed in France (8.9%, Chartier et al., 2000),
Austria (68.7%, Edelhofer et al., 2005), Poland, (0.47%,
Czopowicz et al, 2011), Slovakia (15.5%, Cobadiova
et al,, 2013), Czech Republic (6%, Bartova and Sedlak,
2012), Romania (2.3%, lovu et al, 2012), Italy (5.7%,
Gazzonis et al., 2016), Turkey (10.2%, Utiik et al,, 2011)
and Spain (5,6%, Garcia-Bocanegra et al, 2012; 6%,
Diaz et al., 2016; 1.08%, Rodriguez-Ponce et al., 2016). In
Germany, seroprevalence studies have been performed
in other animal species, including cattle (Schares et
al,, 1998; Weber et al., 2000, Bartels et al., 2006), swine
(Damriyasa et al., 2004), south American camelids (Wolf
et al,, 2005) dogs (Klein and Miiller, 2001; Schares et
al,, 2001a) and foxes (Schares et al.,, 2001b). Moreover,
the clinical and pathological presence of N. caninum has
been reported in German cattle (Sondgen et al., 2001)
and dogs (Peters et al., 2000).

The main objective of this study was to determine the
caprine seroprevalence of N. caninum in Hesse particu-
larly because of the importance of goat husbandry in this
region is strongly associated with landscape preserva-
tion, species conservation and milk or meat production
through grazing activities, which also represent a pos-
sible route of horizontal transmission for this parasite.

Materials and Methods

Analyzed population
The goat flocks in Hesse had similar characteristics
regarding biosecurity, production, reproduction and

health management. The majority of the analyzed flocks
hold a small amount of animals (less than 100 goats,
82.1%), mostly maintained under semi-intensive condi-
tions (78.6%). Most of them (85.7%) were members of
the Hessian Goat Breeders (Hessischer Ziegenzucht-
verband, HZV), commercially produced milk and meat,
and routinely tested their animals for caprine arthritis
and encephalitis virus (CAEV) and caseous lymphad-
enitis (CLA). The animals were kept together with other
N. caninum-susceptible hosts, especially cattle (10.7%),
sheep (46.4%), South American camelids (7.1%) and
dogs (67.9%), but also with poultry (46.4%), cats (60.7%)
and horses (32.1%). All flocks were routinely controlled
by the Veterinary Ambulance of the Clinic for Obstetrics,
Gynecology and Andrology of the Justus Liebig Univer-
sity Giessen.

Sample size

The sample size was calculated according to data given
by the Hessen Epizootic Fund (Hessische Tierseuchen-
kasse) which estimated a population of 20 247 animals
distributed in 3109 goat farms. Using the formula for
freedom of disease (Cameron and Baldock, 1998), with
a 2.5% overall expected prevalence, at 95.0% confidence
level, and assuming all the sampled animals as a unique
population with an identical probability of infection
within the flock and among flocks, 402 samples needed
to be analyzed to accomplish the objective; however, a
total of 415 samples were taken. Due to a small number
of goats per flock and in order to determine the presence
of N. caninum, the Cannon and Roe’s formula (1982)
was used (5% expected prevalence inside each flock at
95.0% confidence level). The study was conducted in
26 German goat flocks randomly selected within a list
of owners voluntarily willing to participate. According
proportional allocation, the farms were distributed as
follows: 6 were located in Northern Hesse, 11 in Mid-
dle Hesse and 9 in Southern Hesse. The sampled goat
breeds were the following: White German Improved
Goat (WDE) (23%), German Improved Fawn (BDE)
(19.2%), Boer (BRZ) (34.6%), Thuringian Forest (TWZ)
(15.4%), Peacock (3.8%) and mixes (3.8%).

Sample collection and survey

The selected animals had to be older than 8 months
to participate in this research, in order to avoid false
negatives due to the non-detection of the parasite by
the immune system (Mesquita et al, 2013). All ani-
mals included in this study were examined clinically to
detect any signs of infections. The blood sampling was
performed by punctuation of the jugular vein. Tubes
were transported in coolers for keeping a temperature
between 5 to 10°C. In the laboratory, the samples were
centrifuged for 5 min at 10000 x g, sera were isolated and
frozen at -20°C until further use. Immediately after sam-
pling and in order to assess risk factors associated to N.
caninum serostatus, a questionnaire was applied to the
farmers, to obtain information about housing conditions,
goat kids husbandry, management, abortion recurrence
and presence of clinical signs related to apicomplexan
parasite infections.

Enzyme-linked Immunosorbent Assay (ELISA)

The IDScreen® Neospora caninum Indirect Multi-species
ELISA from IDVet® (Montpellier, France) was used to
detect N. caninum-specific antibodies in caprine serum
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FIGURE 1: Location of the participating seronegative farms
(black gear icons) and flocks with Neospora caninum seropositive
and suspect goats (dark grey and light grey gear icons, respec-
tively) within the Northern-, Middle- and Southern-Hesse.

samples. This assay showed a sensitivity of 99.6% and
specificity of 98.9% (Alvarez-Garcia et al., 2013). The
samples were processed according to the manufacturer’s
protocol. For validation, the average of the optical den-
sities (OD) of the positive controls, and the difference
between averages of OD of positive and negative con-
trol sera were calculated. Applying the optical density
data from the different serum samples, Serum Positive
Percentages (S/P) were calculated, with respect to the
average of the positive control sera, using the following
formula: S/P = (OD of sample x 100): (average OD of
positive control). As recommended by the manufacturer,
serum samples that yielded S/P percentages less than
40% were considered as negative, samples with S/P val-
ues between 40-50% were scored as weakly positive and
sera with S/P values greater than 50% were determined
as positive. The seropositive samples of the current study
were additionally analyzed in the Federal Research Insti-
tute for Animal Health (Friedrich-Loeffler-Institut) using
Immunblot techniques.

Statistical analysis

Frequencies of the management conditions inside
each goat flock were calculated. The global and specific
within-herd seroprevalences with 95% confidence inter-
vals were assessed. At the beginning of the study, based
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on the hypothesis of at least 2.5% of goats yield positive
results, a statistical analysis by logistic regression was
planned.

Results

Two goat sera reacted positive with ELISA (S/P 84% and
62%) and the other one with a weak positive result (S/P
44%). Two seropositive animals came from the same
flock in Middle Hesse and the weak positive animal
was detected in a farm in Northern Hesse; the remain-
ing 24 flocks showed seronegative results (Fig. 1). The
Immunblot-based analyses confirmed seropositivity in
one positive animal from the flock in Middle Hesse and
the weak positive sample from Northern Hesse demon-
strating a low global seroprevalence of 0.48% (2/415). As
such, these two flocks from Middle and Northern Hesse
accounted 5% (1/20) and 7.7% (1/13) intra-flock sero-
prevalence respectively, whilst all other flocks showed
a within-herd N. caninum seroprevalence of 0% (Tab. 1).

The descriptive data of all analyzed animals are shown
in Table 1. The seropositive goats were two females,
between four and six years old, showing neither a history
of abortion nor reproductive problems or neurological
disorders. At the time of sampling, the clinical exami-
nation of these animals showed no signs of infection.
According to the flock rearing registers, these goats had
no familiar relationship to each other and were intro-
duced to the farm from two different flocks 3 years ago.
The weakly positive goat was also a female, more than
4 years old and presented three normal births before.
No history of abortions, reproductive or neurological
disorders were registered before for this animal. In addi-
tion, the animal presented no signs of infection. It was
also purchased from another breeder approximately 3
years ago. Owing to the low N. caninum seroprevalence
found in the present study, no statistical association
between the seropositive animals and risk factors could
be assessed.

Discussion

The German goat population was estimated 150 000
individuals (Destatis, 2010) and continues growing. This
investigation focused mainly on the goat flocks regis-
tered in the HZV.

Previously, the presence of T. gondii-specific antibod-
ies (a closely related apicomplexan to N. caninum) was
reported by Lenz (2014) in goats with clinical abortions
in one flock in North Hesse. Whilst the presence of N.
caninum-specific antibodies in bovine hosts is commonly
reported in Germany (Sondgen et al., 2001; Schares et
al,, 2003; Bartels et al.,, 2006); to our best knowledge
this study represents the first report of the presence of
caprine specific antibodies against N. caninum in goats
from Hesse and one of the earliest reports in total Ger-
many. However, it has to be considered that the positive
results obtained in the present study could also be due to
false positive reactions in the ELISA. Nevertheless, this
assay was reported to exhibit a high specificity (Alvarez-
Garcia et al,, 2013) causing only 1.1% false positive
results. However, since it is generally recommended to
use at least two different diagnostic methods, such as
IFAT, IHA, ELISA, PCR or Western Blot (Czopowicz et



First report on the seroprevalence of Neospora caninum in goats from the Federal

State of Hesse, Germany

20

Berliner und Miinchener Tierarztliche Wochenschrift 130, Heft 11/12 (2017), Seiten 17-22

TABLE 1: Number and percentage of animals analyzed and distribu-

tion of seropositive individuals according to flock, breed and regions

observed. As determined in personal interviews with
the farmers, they noticed the canids mainly close to

Flock |Region Animals Animals Positive | Predominant water sources and fences, where canid faeces were
tested (%) | animals | Breed also frequently found. These conditions may favor
1 Middle-Hesse 47 20(42.50%) |2(10.0%) | BRZ the spread of N. caninum within the flocks as postu-
2 Middle-Hesse 29 22(75.90%) |0 BRZ lated elsewhere (Czopowicz et al,, 2011; Cobadiova
6 Middle-Hesse 62 15(24.19%) |0 WDE +BDE et al, 2013; Topazio et al, 2014; Gazzonis et al.,
7 Middle-Hesse 98 25(2551%) |0 BRZ 2016). Additionally, the owners described that this
12 Middle-Hesse 16 9(56.52%) |0 BRZ situation happened with a higher frequency during
13 Middle-Hesse 14 10(71.42%) |0 PZ summer and autumn than in other seasons, when
15 Middle-Hesse 19 9(47.40%) |0 BRZ humidity is higher allowing the oocyst sporulation,
16 Middle-Hesse 35 23(65.71%) |0 BRZ which has concordance with the data described by
17 Middle-Hesse 31 13(41.93%) |0 WDE Cobédiova et al. (2013) in Slovakia, Luo et al. (2016)
19 |MiddieHesse |48 22(4583%) |0 WDE in China and Diaz et al. (2016) in Spain.
24 Middle-Hesse 12 6(50.0%) 0 WDE Despite the numl?er of positive animals was
2 Middle-Hesse 21 30934%) |0 WDE +BDE extremely low and risk factors could not be meas-
3 Northern-Hesse 180 26(3250%) |0 BDE ured, t_he survey re_vea?ed that most of t_he caprine
) Norther-Hesse |6 46666%) |0 Wz flocks in Hesse maintained a semi-intensive system
5 NorhemHosse— (25 T3E652%) [177%) |2 with loca} b}'eeds, which are environmentally better
1 Nohem-Hosse 16 5{000%) [0 o adapted inside the flock and probably revduced the
seroprevalence of N. caninum, contributing to the
5 Northern-Hesse | 302 31(10.26%) |0 WDE NP } - :
- absence of clinical signs associated with neosporosis,
8 South-Hesse 4 4(100%) 0 Omb as mentioned in other European studies (Diaz et al,,
10 South-Hesse 32 18(56.25%) |0 BRZ 2016; Gazzonis et al., 2016). The differences between
" South-Hesse 168 28(1667%) |0 ™wz the current data and the seroprevalences in goats
14 South-Hesse 15 9(60.0%) |0 BRZ from other European countries (e.g. Spain or Slova-
20 South-Hesse 17 9(52.94%) |0 wz kia) may also depend on different climate conditions,
21 South-Hesse 16 9(56.52%) |0 BOE farm management and sensitivity or (and) specificity
22 South Hesse 17 10(58.82%) |0 Wz of the diagnostic assays (Alvarez-Garcia et al.,2013;
2 South Hesse 223 28(12.55%) |0 BDE Cobadiova et al., 2013; Diaz et al., 2016).
25 South-Hesse 31 16(51.61%) |0 BRZ To sum up, we conclude that N. caninum infec-
TOTAL 1672 (100 %) |415(24.82%) |3(0.72%) tions indeed occur in goat flocks from Hesse but at

White German Improved Goat (WDE), German Improved Fawn (BDE), Boer (8RZ), Thuringian (TWZ)
Peacock (PZ), and other mixed breeds (Omb)

al., 2011; Bartova and Sedlak, 2012; Gazzonis et al., 2016)
to exclude false positive results, the positive samples
obtained in ELISA were additionally analyzed via immu-
noblotting technique. Here, two out of three positive
samples were confirmed in their seropositivity.

Overall, the low global seroprevalence determined in
this study (0.48%) was consistent to data published for
other European countries (Chartier et al., 2000; Czopo-
wicz et al., 2011; Bartova and Sedlak, 2012; Gazzonis
et al,, 2016), in which N. caninum prevalences in goats
remained below 10%. Thus, the prevalence data in this
study was lower than those obtained in other European
studies such as from Slovakia and Turkey (Cobéadiové et
al,, 2013; Utiik et al., 2011). The intra-flock prevalences
(5 and 7.7%) showed that the presence of N. caninum in
Hesse was lower than expected, which is in agreement
with other recently published data in Poland (Czopow-
icz et al., 2011). However, these authors recommended,
that although N. caninum prevalences were low, caprine
neosporosis should not be underestimated, since higher
flock-level seroprevalences with serious repercussions
could be emerging in the future. Thus, we also would
recommend further serological and surveillance studies
to be performed within caprine flocks, particularly in
those that did not subscribe to HZV, in order to better
understand the actual situation of this abortive disease.

Most of the owners maintained their animals in an
intensive and semi-intensive management, grazing in
fields close to dense forests or urban areas, where domes-
tic dogs as potential oocyst shedders were commonly

a very low prevalence. Nonetheless, further studies

are required to obtain more information on the cur-

rent situation in small ruminant populations in other

German Federal States. To improve the data sets, a
higher number of goat flocks not having subscribed to
HZV or to the Veterinary Ambulance Service should also
be analyzed.
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Abstract

A total of 391 goats from 13 dairy flocks from all Costa Rican regions were
analyzed for Toxoplasma gondii-, Neospora caninum- and Coxiella burnetii-
related seroprevalence by enzyme-linked immunosorbent assays (ELISA).
Additionally, a risk factor analysis for these parasitic infections was performed
based on a questionnaire considering several environmental and
housing/management factors. A total of 62.1% (243/391) of individual serum
samples revealed seropositive for T. gondii, 7.9% (31/391) for N. caninum, and
1.8% (7/391) for C. burnetii. At herd level, the overall seroprevalence for T. gondii
was 100%, for N. caninum 69.2% and for C. burnetii 7.7%. However, no clinical
signs related to toxoplasmosis, neosporosis or Q fever were apparent in these
flocks. T. gondii-related risk factors were the contact with cats (OR= 3.44; ClI
95%; 2.0 — 5.91), dogs (OR= 5.75; Cl 95%; 2.84 — 11.66), and white-tailed deer
(Odocoileus virginianus) (OR= 0.15; Cl 95%; 0.08 — 0.26) within or around the
farms. The presence of reproductive males in each flock (OR = 0.32; Cl 95%;
0.14 — 0.74) and the coexistence of sheep (OR = 0.46; Cl 95%; 0.2 — 1.08) and
cattle (OR = 5.94; Cl 95%; 1.70 — 20.78) revealed as protective and risk factors
respectively for N. caninum infections. This study determined for the first time the
seroprevalences of N. caninum, T. gondii and C. burnetii in Costa Rican goat
flocks. Particularly, the high within-herd seroprevalences determined for T. gondii

requires further surveillance to complement these findings.

Keywords: Goats, ELISA, zoonosis, public-health, Costa Rica.
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Introduction

Toxoplasma gondii and Neospora caninum are two closely related apicomplexan
parasites associated with reproductive disorders in ruminants, such as foetal
reabsorption, mummification, abortion, stillbirth and neonatal losses, leading to
substantial economic losses in livestock production (Reichel et al., 2013).
Toxoplasma gondii also plays a considerable zoonotic role since the
consumption of infected raw or undercooked meat or milk from ruminants has
been demonstrated to cause human toxoplasmosis (Tenter et al., 2000). Coxiella
burnetii is an intracellular gamma proteobacterium of the family Coxiellaceae,
which causes reproductive disorders in small ruminants and Q fever in humans
(Van den Brom et al., 2015). This pathogen can be transmitted by ticks and other
arthropods, but the main source of infection for domestic animals and humans is
exposure to parturient secretions by inhalation of contaminated aerosols
(Woldehiwet, 2004).

In Costa Rica, seroprevalences of T. gondii were reported, so far, only in rodents
(5% in mice and 30.4% in rats; Chinchilla, 1978), cattle (34.4%; Arias et al.,
1994) and chicken (40.6%; Abrahams-Sandi and Vargas-Brenes, 2005). The
presence of Neospora-associated abortion was firstly described in Costa Rica in
a dairy goat by Dubey et al. (1996). Further studies determined a dairy herd

seroprevalence of 94.7% (89/94), showing an overall individual seroprevalence
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of 43.3% (1185/2743) (Romero et al., 2005). Infections with N. caninum occur
rather by vertical (64% of cases) than by horizontal transmission (22% of cases)
in Costa Rica, however the latter value is much higher than reported in other
countries, probably due to the ecology and biodiversity of this country (Romero
and Frankena, 2003). With respect to C. burnetii, respective DNA was not
detected in milk powder samples from Costa Rica using real-time PCR analysis
(Tilburg et al., 2012). So far and to the best of our knowledge, there are no data
available on T. gondii and C. burnetii seroprevalences in small ruminants from
Costa Rica. To fill this gap, the current study aimed to determine the
seroprevalence of T. gondii, N. caninum and C. burnetii in goat flocks from Costa
Rica, and to identify risk or protective factors being associated to seropositivity

for these three pathogens.

Materials and Methods

Ethic statement

The present study was conducted under the protocols established by the Animal
Welfare Board (Comisién de Bienestar Animal) of the Universidad Nacional
(Heredia, Costa Rica) and adhered to the legal requirements of the Animal

Welfare Law (Ley 7451 de Bienestar Animal) of Costa Rica.
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Study population

In the current study, exclusively flocks with dairy goat keeping of typical breeds,
such as Saanen, Toggenburg, Anglo-Nubian and Alpine were included. The
different flocks were registered in the database of the Small Ruminant Program
of the National Animal Health Service (SENASA) of Costa Rica or affiliated to
independent local caprine associations. The majority of analyzed flocks (69.2%)
kept a small number of animals (< 100 goats), mostly maintained under semi-
intensive conditions (61.5%). These animals were kept together with other
domestic species, such as dogs (84.6%), cattle (61.5%), horses (53.8%), pigs
(53.8%), poultry (46.2%), cats (46.2%), and sheep (38.5%).

Required sample sizes were calculated according to data published by the
National Institute of Statistics and Census (INEC) of Costa Rica in 2014, who
reported a population of 12.852 goats, kept in 2.348 farms. The expected
prevalence of anti-T. gondii (40%), anti-N. caninum (7%) and anti-C. burnetii
antibodies (25%) was estimated with 95.0% confidence level and using Win
Episcope 2.0 (Thrusfield et al., 2001) to determine the representative number of
animals to be tested. The serological survey was conducted in 391 goats for the

three abortive agents using farms sampled nationwide as part of the surveillance
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program against brucellosis during 2013-2017 (Hernandez-Mora et al., 2017).
The Cannon and Roe’s formula (1982) was used to determine the sample size to
be analyzed in each flock (5% expected prevalence at 95.0% confidence level).
The study was conducted in 13 Costa Rican goat flocks selected by their
broodstock activities, where the abortions were more frequent to happen and
with owners who were willing to participate (Hernandez-Mora et al., 2017). For
proportional allocation, the sample flocks were present along the six regions of
Costa Rica: Central (five farms), North Huetar (three farms), Atlantic Huetar (two

flocks), Central Pacific (one flock), Chorotega (one flock) and Brunca (one flock).

Sample collection and survey

The selection of the animals inside each flock was randomly performed. Blood
sampling was performed by bleeding from the jugular vein using BD Vacutainer®
22Gx1" needles with their respective plastic cap, adjusted to 6 ml vacuum tubes
for serum (without anticoagulant). Tubes were transported in coolers keeping a
temperature between 5 to 10°C. For serum isolation, blood samples were
centrifuged for 8 min at 3500 x g. Serum was frozen at -20°C until further use. A
questionnaire was applied to the farmers to assess possible risk factors being
associated with T. gondii, N. caninum and C. burnetii serostatus. Therefore,

information on housing conditions, management, animal feeding habits, goat kid
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husbandry, abortions and contact with other domestic/wild animals on the farm

or/and the surroundings was prompted.

Enzyme-linked immunosorbent assay (ELISA)

The IDScreen® Toxoplasma gondii, Neospora caninum and Coxiella burnetii
Indirect Multispecies ELISAs (IDVet®, Montpellier, France) were used to detect
parasite-specific antibodies in the caprine serum samples. These assays were
reported to have a high sensitivity (7. gondii: 100%; N. caninum: 99.6%; C.
burnetii: 100%) and high specificity (T. gondii: 100%; N. caninum: 98.9%; C.
burnetii: 100%) (Proctor et al., 2008; Alvarez-Garcia et al., 2013; Sidibe et al.,
2013; IDVET, 2016). Serum samples were processed according to the
manufacturer’s protocol. The sera were diluted 1:10 for the analysis of each
agent. For an adequate interpretation, the average of the optical densities (OD)
of the positive controls, and the difference between averages of ODs of positive
and negative control sera were calculated. Serum positive percentages (S/P)
were calculated according to OD data from the different serum samples and the
average of OD of the positive control sera, using the following formula: S/P =
(OD of sample x 100): (average OD of positive control). As recommended by the
manufacturer, the serum samples with S/P percentages <40% were considered

as negative; samples with S/P values between 40-50% were scored as
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inconclusive (considered negative in this study) and sera with S/P values >50%

were determined as positive.

Statistical analysis

The overall and specific within-herd seroprevalences were assessed; besides,
frequencies of the general characteristics and management conditions inside
each goat flock were calculated. Factors associated with the agents were
assessed by odds ratio (OR) estimation with the goat flock serving as the random
variable. The causal variables with inferior and superior confidence intervals (CI
95%) < 1 were considered as risk variable/factors, meanwhile protective
variables/factors contained Cl 95% = 1. A non conditional logistic regression in
two steps was used and first, an univariate analysis was performed for each
independent variable and those ones with p <0.25 were retained and selected for
the multivariate logistic regression model performed by a step-wise backward
elimination (Hosmer and Lemeshow, 2005), which was evaluated by likelihood
ratio tests. The data were analyzed using EGRET for Windows version 9.2 (Cytel

Software Corporation).
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Results

From a total of 391 caprine serum samples analyzed by ELISA, 243 reacted
positive to T. gondii (62.14%), 31 to N. caninum (7.92%) and 7 to C. burnetii
(1.79%). Moreover, 20 animals were found positive for N. caninum and T. gondii
(5.12%) and just two goats (0.5%) were positive for all three pathogens. T.
gondii-specific antibodies were detected in all analyzed flocks (herd prevalence:
100%), N. caninum-specific antibodies in nine flocks (69.2%) from five regions,
and C. burnetii-specific antibodies only in one flock (7.7%) in the North Huetar
Region. In general, the regional seropositivity varied considerably: 39.1% -
88.3% for T. gondii, 0% - 17.6% for N. caninum and 0% - 5.5% for C. burnetii.
Within each herd, the prevalences range from 13.3% to 95.3% for T. gondii and
0% to 23.5% for N. caninum. In the single seropositive flock, 15.2% of the goat
samples contained C. burnetii-specific antibodies (Table 1). No clinical signs
related to toxoplasmosis, neosporosis or Q fever were apparent in any flock
under investigation.

The univariate analysis revealed the extensive farm management and the
contact with domestic animals (pigs, sheep, dogs, cats) in the farm, as well as
wild animals (coyotes, opossums, coatis, peccaries, raccoons, white-tailed deer)
around the farms as risk factors for T. gondii seropositivity. Respective factors for

N. caninum seropositivity were the presence of reproductive males (protective
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variable), a farm size with 10 - 50 goat kids (protective variable), adequate
disposal of abortive materials (protective variable), and the co-existence of goats
with bovines (risk factor) and sheep (protective variable) (Table 2). Since only
seven goats from one single flock were positive for C. burnetii, no risk factor
analysis could be performed.

Following the backward process, the final multivariate logistic regression model
for T. gondii confirmed that contact with cats, dogs and white-tailed deer as risk
factors to seropositivity. Meanwhile, three variables were confirmed for N.
caninum seropositivity: the presence of more than two reproductive males
(protective variable) and the co-existence with bovine (risk variable) and with

sheep (protective factor) (Table 3).

Discussion

The current seroprevalence study provides data on T. gondii, N. caninum, and C.
burnetii infections in domestic goats in Costa Rica. Thus, a high proportion of
goats were detected seropositive for T. gondii (62.14%). In line, similar T. gondii
seroprevalences were recently reported in four Caribbean islands (58% in
Dominica, 57% in Grenada, 80% in Montserrat and 42% in Saint Kitts and Nevis)
and Colombia (58%) whilst in Mexico fewer animals revealed infected (31%)
(Alvarado-Esquivel et al. 2011; Cafion-Franco et al. 2014; Hamilton et al. 2014).
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All these authors agreed with a broad environmental contamination of T. gondii
oocysts in soil, water, vegetables or fruits affecting small ruminant flocks.

In case of T. gondii infections, poor management practices (e. g. poor hygiene,
lack of proper feeding, irregular vaccination, and deworming) and goat farming in
close contact with other productive, companion or wild animals (univariate
analysis), especially cats, dogs and white-tailed deer (multivariate analysis) were
here identified as risk factors for T. gondii seropositivity, which is in agreement to
other reports (Dubey et al. 1995; Liu et al., 2015; Bawm et al. 2016.). The most
obvious risk factor is related to the co-existence of goats with cats since these
may shed high numbers of oocysts which contaminate the environment. In
agreement, Frenkel and Ruiz (1981) assumed that the endemicity of T. gondii in
Costa Rica is due to the high cat population. The unlimited contact between
goats and free-roaming cats has been described as important risk factor in
extensive management systems related to high herd-level seroprevalences
(Czopowicz et al., 2011). In the other hand, dogs may also play an important role
on the transmission of T. gondii since they could be affected by coprophagia
when they have ingested feces of infected cats (Schares et al., 2005). Here is
important to clarify, despite dogs themselves do not produce oocysts, high
contaminated environments with T. gondii and H. hammondi oocysts represent a

source for other animals, particularly in areas with dense populations of stray and
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guard dogs, who shed coprophaged/excreted oocysts after intestinal passage,
which possibly explains the roll of dogs as a risk factor of T. gondii in the
surrounding goat populations (Schares et al., 2005; Hosseininejad et al., 2009).

However, further deep analysis on the mechanisms involving
coprophaged/excreted oocysts by dogs and their posterior infection in small
ruminants should be performed. Additionally, wildlife mammals were also
identified as risk factor of toxoplasmosis, since these animals are also
susceptible wild intermediate hosts of this polyxenous apicomplexan parasite,
which prolong the parasite’s life cycle when wild felines feed on their infected
carcases, as documented by several studies (Solorio et al., 2010; Dubey et al.,

2014).

In case of N. caninum, the lower overall seroprevalence observed in the present
study (7.92%) agreed with data published in other Latin American reports, such
as Moore et al. 2007 in Argentina (6.6%), Topazio et al. (2014) in Brazil (4.58%)
and Sharma et al (2015) in Grenada (5.8%). Moreover, Dubey et al (2017)
reported that worldwide caprine N. caninum seroprevalences range between 0 to
26%, which agree with our results. In contrast to goats, N. caninum infections are
well established in cattle, thus a considerably higher overall N. caninum
seroprevalence of 39.7% was found in Costa Rican dairy cattle (Romero and

Frankena, 2003).
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The lower caprine N. caninum seroprevalence might be influence by the duration
of the infection, the seroconversion and the applied serological tests, modifying
the dynamics of the antibodies (Dubey et al., 2017).

As expected, instant removal of placentas and fetuses performed by most Costa
Rican goat farmers (OR= 0.37; Cl 95%; 0.15 - 0.95) revealed as an important
protective factor for caprine neosporosis, as already described by Dubey et al.
(2007). However, N. caninum infections in Costa Rica seemed mainly to be
influenced by ruminant sharing grazing (Liu et al., 2015), either through the
permanence of caprine with bovine (risk variable) or/and ovine (protective
variable) species. Recent literature associated pastures highly contaminated with
N. caninum oocysts with flocks where the animal density was extremely elevated
and ruminant sharing grazing practices were common, thus promoting horizontal
transmission of this parasite (Haddad et al., 2005; Armengol et al., 2007).

The presence of reproductive males was found as a protective factor against
caprine neosporosis; which may be based on the assumption that bucks may be
less susceptible to this infection than females, due to the absence of
immunosuppression periods during pregnancy (Huerta-Pefia et al., 2011).
Enhanced innate immune responses against T. gondii and N. caninum infections
have been mentioned in caprine males than in females in numerous studies,

therefore female goats demonstrated higher seropositivity (van der Puije et al.,
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2000; Uzéda et al., 2004; Sharma et al., 2015). Moreover, as the risk of sexual
transmission of N. caninum is relative low (Ortega-Mora et al., 2003), we suggest
that transportation of goats for mating would break the biosecurity cycle of N.
caninum-free farms, particularly when goats are brought into flocks with
reproductive bucks under different management conditions. This situation might
justify the presence of males as a protective variable in the present study.
However, the biological role of sex in apicomplexan infection and transmission in
the caprine systems must be investigated further.

In eight flocks, N. caninum seropositive goats (20/31; 64.5%) were also T. gondii
positive. These mixed infections were most probably due to management
practices, abortions and significant contact with cats (T. gondii, OR= 3.44; CI
95%; 2.0 — 5.91) and dogs (N. caninum, OR= 5.75; Cl 95%; 2.84 — 11.66)
(Topazio et al., 2014; Gos et al., 2017).

The low seroprevalence of C. burnetii was similar to that determined by Gardon
et al. (2001) in livestock from French Guiana (1.7%). Interestingly, the only flock
with positive animals was located near to the border with Nicaragua. In this
country, C. burnetii was recently reported to cause acute febrile illness in humans
(Reller et al., 2016). In future work, C. burnetii-related data should be verified

additionally via molecular techniques.
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Finally, no clinical signs related to toxoplasmosis, neosporosis or Q fever were
detected in any analyzed flocks, which can be related to several variables, such
as stage of infection, pathogen strains, seroconversion and the animal immunity,
as previously reported in the literature (Bezerra et al., 2013; Porto et al., 2016;
Muleme et al.,2017). The absence of clinical reproductive signs (e. g. abortions
and infertility) and their relationship with these mentioned variables (particularly

with seroconversion) suggests also the presence of persistent or latent infected
goats in these flocks, but their confirmation using immunoblot techniques are
necessary to assess this hypothesis. Furthermore, the elevated cost in the
importation of further diagnostic tools in Costa Rica was the principal limitation of
our study that impeded the use of other detection methods as confirmation of our
results. Therefore, we highly recommend the use of alternative diagnostic tools,
such as PCR or immunoblot in further studies to confirm and complement the

obtained data through the identification of particular pathogen-antigens.

Conclusions

This study determined for the first time seroprevalences of N. caninum, T. gondii
and C. burnetii in goat flocks from all Costa Rican regions: all flocks were
infected with T. gondii; N. caninum was found in nine flocks (69.2%), and C.
burnetii only in one flock. Furthermore, risk and protective factors associated to

seropositivity were identified: T. gondii infection was related with the contact of
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goats with cats, dogs and white-tailed deer in the farms, whereas N. caninum
was linked to joint grazing of goats with cattle and sheep. It is important to inform
the caprine producers on these results; to keep definitive hosts (dogs and cats)
separated from the grazing fields, prevent them (and wild animals) to wander in
pastures and feed on abortive material. It is also recommended to avoid the
sharing of paddocks between cows, goats and wild ruminants, especially the

maternity paddocks, and adequate management practices inside the flock to
prevent transmission of apicomplexan parasites. Complementary molecular
detection is necessary to confirm the presence of C. burnetii in Costa Rica.
Finally, further epidemiological surveillance for caprine toxoplasmosis and

coxiellosis is recommended.
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TABLE 1: Distribution of seronegative and seropositive sera to N. caninum, T.

gondii and C. burnetii from goats of Costa Rica according to flock and region.

Animals tested /

Positive animals (%)

Regional seropositivity n (%)

Flock Region Animals in the N. i
T. gondii  C. burnetii T. gondii  C. burnetii
flock (%) caninum g caninum g
1 21/23 (91.3) 3(14.3) 5(23.8) 0(0.0)
0(0.0)
2 46/145 (31.7) 4(8.7) 9 (19.6)
0(0.0)
3 Central 17/18 (94.4) 4(23.5) 4(23.5) 77 549 0.0
0(0.0)
4 38/101 (37.6) 2(5.3) 32(84.2)
0(0.0)
5 46/64 (71.9) 0(0.0) 41 (89.1)
6 Brunca 9/13 (69.2) 1(11.1) 4 (44.4) 0(0.0) 11.0 44.4 0.0
0(0.0)
7 15/15 (100) 2(13.3) 2(13.3)
Atlantic Huetar 8.7 39.1 0.0
0(0.0)
8 8/9 (88.9) 0(0.0) 7 (87.5)
g  Central Pacific 17118 (94.4) 3(17.6)  9(52.9) 0(0.0) 176 52.9 0.0
10 Chorotega 46/66 (69.7) 0(0.0) 17 (37.0) 0(0.0) 0.0 37.0 0.0
11 39/91 (42.9) 6(15.4)  37(94.8) 0(0.0)
12 North Huetar 46/213 (21.6) 6(13.0)  35(76.1)  7(15.2) 9.4 88.3 547
13 43/102 (42.2) 0(0.0) 41(95.3) 0(0.0)
TOTAL 391 (44.7) 31(7.92) 243 (622) 7 (1.79)
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TABLE 2: Univariate analyses of risk factors associated with N. caninum and T.

gondii seropositivity in 13 goat flocks from Costa Rica.

Neospora caninum

Variable Category Cl195%
p-value OR IL UL
Number of goat kids 11-50 0.031 023 005 123

Number of males 52 0.038 0.44 0.18 1.01

Disposal of abortive
0.019 0.37 0.15 0.95

materials Burial
Co-existence with bovines Yes 0.007 4.55 1.28 19.19
Co-existence with sheep Yes 0.062 0.46 0.18 1.1
Toxoplasma gondii
Variable code Category C195%
p-value OR IL uL
Husbandry system Extensive < 0.001 0.09 0.01 0.44
Contact with swine Yes <0.001 2.05 1.32 3.20
Co-existence of sheep Yes <0.001 0.35 0.22 0.55
Contact with cats Yes <0.001 5.19 3.22 8.38
Contact with dogs Yes <0.001 4.39 242 8
Contact with coyotes Yes <0.001 0.24 0.14 0.39
Contact with opossums Yes <0.001 0.17 0.10 0.27
Contact with coatis Yes <0.001 0.15 0.09 0.25
Contact with peccaries Yes <0.001 0.15 0.09 0.24
Contact with raccoons Yes <0.001 0.09 0.05 0.16
Contact with white-tailed
Yes <0.001 0.30 0.19 0.48

deer

Codes: OR= Odds ratio; IL= Inferior limit; UL= Upper limit; Cl= Confidential interval.
82
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Rica

TABLE 3: Risk factors associated with N. caninum and T. gondii seropositivity in 13

goat flocks from Costa Rica according to the multivariate logistic regression model.

N. caninum T. gondii
Variable C195% C195%
p-value OR IL UL p-value OR IL uL

More than two reproductive
0.008 0.32 0.14 0.74 - - - -

bucks
Co-existence of bovine 0.005 5.94 1.70  20.78 - - - -
Co-existence of sheep 0.076 0.46 0.20 1.08 - - - -
Contact with cats - - - - <0.001 3.44 2.00 5.91
Contact with dogs - - - - < 0.001 5.75 2.84 11.66
Contact with white-tailed deer - - - - <0.001 0.15 0.08 0.26

Codes: OR= Odds ratio; IL= Inferior limit; UL= Upper limit; Cl= Confidential interval.
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6. SEROPREVALENCE OF NEOSPORA CANINUM-SPECIFIC
ANTIBODIES IN GERMAN BREEDING BITCHES

This chapter is based on the following published paper:

Villagra-Blanco, R, Angelova, L, Conze, T, Schares, G, Barwald, A, Taubert, A,
Hermosilla, C, Wehrend, A (2018). Seroprevalence of Neospora caninum-
specific antibodies in German breeding bitches. Parasit Vectors. 11:96. doi:

10.1186/s13071-018-2683-1.

Eigener Anteil in der Publikation:

Initiative weitestgehend eingestandig
Projektplannung weitestgehend eingesténdig
Durchfiihrung des Versuches wesentlich
Auswertung der Experimente wesentlich
Erstellung der Publikation weitestgehend eingesténdig
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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 infected transplacentally. In addition, dogs can be postnatally
infected through oral uptake of cysts from infected tissue
Neospora caninum is an apicomplexan obligate intracel- material or sporulated N. caninum oocysts in contaminated
lular parasite that causes multisystemic lesions in dogs food or water sources [11, 13, 14]. Oocysts are greatly
[1-5]. Dogs can act as definitive as well as intermediate significant in the spread and maintenance of this abortive
hosts during N. caninum infections [6, 7]. Canine agent, which is known to be highly tenacious [6, 7, 15].
neosporosis is characterized by neuromuscular symptoms, Female dogs that have given birth to pups congenitally
such as ataxia, ascending paralysis, and other general infected with N. caninum do not present any clinical signs
nervous clinical signs [8]. Other manifestations include [13]. Nevertheless, transmission of the protozoan to
myocardial, pulmonary, dermatological, as well as offspring in succeeding generations can occur [3, 16].
reproductive disorders [3, 9-12]. Neospora caninum There are many diagnostic methods used to detect this
infections can occur through horizontal and vertical parasite, such as histology, immunochemistry, serology, and
transmission of the parasite, i.e. a foetus may become conventional and real-time PCR [5, 17, 18]. Despite the fact
that clinical canine neosporosis is rare, there are many re- ports
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Seroprevalence of Neospora caninum-specific antibodies in german breeding
bitches

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 10000xg, 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 Enachescu et al. [35]. Sera
were analysed, according to the ELISA-
manufacturer’s  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 ODx
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 MARCI145
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 X 107 tachyzoite
pellets of N. caninum or purified NcSRS2 (p38, 0.05
ng per SDS-PAGE protocol) [37, 39]. Antigens were
incubated in non-reducing sample buffer [2% (w/v)
SDS, 10% (v/v) glycerol, 62 mM Tris-HCI, pH 6.8] for
1 min at 94°C, separated onl2% SDS polyacrylamide
minigels (60 x 70 x 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
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Table 2 Characteristics of N. caninum seropositive breeding bitches

Animal Breed Age Environment Vaccination status Feeding Previous births
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 >
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 >
13 Greater Swiss Mountain dog 4 Houschold 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 Houschold 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 Neospora-
infected bitches, especially considering that no drugs are
known to prevent transplacental transmission [49].
Therefore, we 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 of N.
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

of subclinical

also

transmission caninum  occurs

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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7. GENERAL DISCUSSION AND OUTLOOK

Findings contained in this doctoral thesis pretended to enrich further our knowledge in
different innate effector mechanisms involved in N. caninum host-parasite interactions.
Therefore, we presented here for first time early host innate immune reactions through
NETosis in response against this abortive apicomplexan parasite in three different
mammalian hosts, e. g. caprine (chapter 2; Villagra-Blanco et al., 2017a), bovine
(chapter 3; Villagra-Blanco et al., 2017b) and cetaceans (please see Supplementary
data). Moreover, we assessed current seroepidemiolgical situation on N. caninum
infections in goat flocks from German Federal State Hesse (chapter 4; Villagra-Blanco
et al.,, 2017c), Costa Rica (chapter 5; Villagra-Blanco et al., 2018a) as well as first
investigation on German breeding bitches (chapter 6; (Villagra-Blanco et al., 2018b).

So far, little is known on NETosis-mediated immune reactions against N. caninum and
to our best knowledge there is only one report on N. caninum-triggered canine NETosis
in vitro published by Wei et al. (2016).

Caprine NETs were described for first time during early innate leucocyte-mediated
reactions against Eimeria ninakohlyakimovae-, E. arloingi- and E.bovis-infection
performed by Ruiz et al. (2013); Silva et al. (2014) and Mufoz-Caro et al (2016),
respectively. Later on, Perez et al. (2016) demonstrated NOX-dependency of caprine
monocyte-mediated ETs stimulated with sporozoites of E. ninakohlyakimovae, an
observation that contrasted with findings obtained with caprine PMN described in
Chapter 2, because N. caninum-triggered NETosis appears to be influenced by MPO

and reacted in a NOX-independent manner since no reduction on NETs formation were

91



detected during functional inhibition experiments using DPI. Similarly, Wei et al (2016)
reported that DPI and SOCE inhibitor, 2-APB, significantly reduced N. caninum-
triggered NETosis in canine system, affirmation that differs with our results, too. These
observations strongly suggest existence of remarkable individual differences within
various kind of leukocytes during ETs formation, for example, animal species, nature of
cellular organelles from where DNA backbone originates, i. e. nucleus or mitochondria,
the amount of vital and suicidal leukocytes inducing ETs within cellular pool (Yousefi et
al., 2008) and molecular pathways involved in ETosis (Goldmann and Medina, 2013;

Muniz et al., 2013; Hermosilla et al., 2014; Douda et al., 2015, Stoiber et al., 2015).

Furthermore, the participation of cathepsin B and pentraxin were identified for first time
in caprine N. caninum-induced NETosis (please see Chapter 2). Both enzymes together
with NE are implicated in protective immune responses against some bacterial
infections (Hahn et al., 2011; Walter et al., 2015); but these enzymes also promote
active recruitment of PMN, vascular permeability and are involved during cell
embryogenesis, angiogenesis, hematopoiesis, tumor growth and metastasis (Styrt et
al., 1989; Vandercappellen et al., 2008; Fortelny et al., 2014; Repnik et al., 2015). In
human medicine literature, cathepsins and pentraxins families have been recognized as
biomarkers with proteolytic activity associated with lung injuries and inflammation in
cases of chronic pulmonary diseases, where NET formation were also seen and
discussed as pivotal in pneumonia pathogenesis (Schraufstatter et al., 1984;
Borregaard et al., 2007; Cheng and Palaniyar, 2013; Kurt et al., 2015). If these markers
could be used as biomarkers during acute ruminant/canine neosporosis needs further

clarification.
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On the other hand, bovine leukocytes forming ETs (please see Chapter 3), have
recently evidenced a crucial role against bacterial (Aulik et al., 2012; Hellenbrand et al.,
2013) and viral pathogens (Cortjens et al., 2016). As such, together with phagocytosis
and oxidative burst, NETs found in milk represented a novel defense mechanism of
bovine PMN in mammary gland during clinical mastitis (Kehrli et al., 1989; Lippolis et
al., 2006; Grinberg et al., 2008). Nevertheless, while most of NETosis-related studies in
cattle have been concentrated on pathways of NET formation against bacterial
pathogens; little attention has been paid to the role of NETs in early host innate immune
response against protozoan and metazoan parasites. By now, bovine NETosis has
been described to be induced by different protozoan parasites in vitro and in vivo, such
as Besnoitia besnoiti (Mufioz-Caro et al., 2014), E. bovis (Behrendt et al., 2010; Mufioz-
Caro et al., 2015a) and Cryptosporidium parvum (Mufioz-Caro et al., 2015b). Like in the
mammary gland (Lippolis et al., 2006), ruminant NETosis can occur in other organs
such as intestinal mucosa. Consistently, Mufioz-Caro et al. (2016) proved that
apicomplexan parasite-triggered NETosis occurred in intestinal tissue samples of

Eimeria-infected goats and cattle in vivo.

Although PMN and other leukocytes, such as monocytes, macrophages and NK cells,
seem to play a pivotal functions during bovine neosporosis in vivo (Boysen et al., 2006;
Canton et al., 2013; Abe et al., 2014; Costa et al., 2014), nothing was so far known on
NET-based host innate immune reactions against N. caninum. Current data
demonstrated vital N. caninum tachyzoites as potent inducers of NET formation in cattle
(Chapter 3). These structures illustrated a fine network of grosser and slimmer strands

of DNA fibers produced by bovine PMN being solidly attached to N. caninum
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tachyzoites. These SEM findings agreed with other apicomplexan-triggered NETosis
observations (Baker et al., 2008; Behrendt et al., 2010; Abi Abdallah et al., 2012;
Murioz-Caro et al., 2014, 2015a, b, 2016; Silva et al., 2014; Reichel et al., 2015;
Maksimov et al., 2016). Additionally, resolution of these extracellular chromatin-
structures networks by DNase | treatments confirmed DNA basis of N. caninum-
triggered NETosis (Villagra-Blanco et al., 2017b). Co-localization assays corroborated
the concomitant existence of H3, NE and MPO in N. caninum-caused NETs confirming
molecular characteristics of NETosis in bovine system, which had concordance with
other reports on apicomplexan-induced NETosis (Abi Abdallah et al., 2012; Mufioz-Caro
et al.,, 2014, 2015a, b, 2016; Silva et al., 2014; Reichel et al., 2015; Maksimov et al.,
2016; Mufioz-Caro et al., 2016). Just as seen in caprine system, pentraxin (PTX),
another relevant component of mammalian host innate immune system and responsible
of microbial recognition, was here also described for first time as a novel component of
bovine N. caninum-triggered NETosis (Villagra-Blanco et al., 2017b). This protein is
particularly important on inflammatory regulation and female fertility too (Bottazzi et al.,
2006; Garlanda et al., 2009; Inforzato et al., 2011; Cieslik and Hrycek, 2012; Daigo and
Hamakubo, 2012) and might be related to local defence mechanisms of genital tract as
reported elsewhere (Cieslik and Hrycek, 2012; Daigo and Hamakubo, 2012). It is stored
in PMN granules and binds with another antimicrobial proteins such as MPO, azurocidin
1, neutrophil defensin 1 and proteinase 3 during formation of NETs and expressed on
apoptotic neutrophil surface while fighting against pathogens (Bottazzi et al., 2009;

Daigo and Hamakubo, 2012).
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Recent analyses on Eimeria spp.- and C. parvum-induced NETosis also validated a
time- (Mufioz-Caro et al., 2015a), dose-dependent (Mufioz-Caro et al., 2015b) manner
on production of bovine NETosis and their dependency on NOX, NE, MPO, CD11b,
ERK1/2, p38 MAPK and SOCE (Behrendt et al., 2010; Silva et al., 2014; Mufioz-Caro et
al., 2015a;b), characteristics that agreed with results obtained in chapter 3, since N.
caninum tachyzoites-triggered NETosis behaved in a time- and dose-dependent ways
and showed a slightly inhibition of bovine N. caninum-induced NETosis in presence of
specific inhibitors of these enzymes (i. e. DPI, CMK, ABAH, anti-CD11b, UO126,

SB202190 and 2-APB, respectively).

Furthermore, the enzyme PAD4 is known to be a vital enzyme participating as catalyzer
on hypercitrullination of histones correlated with chromatin decondensation during the
extrusion of NETs against pathogens (Li et al., 2010; Leshner et al., 2012; Knight et al.,
2013). As such, patients with a lack of adequate PAD4 activities are more susceptible to
bacterial infection because of their deficiency in NETs production (Li et al., 2010).
Consistently, functional inhibition of this enzyme using Cl-amidine confirmed critical role
of PAD4-mediated histone hypercitrunillation for N. caninum-triggered NETosis in the
bovine system as it resulted in a barely no-significant diminishment of tachyzoite-
mediated NETosis.

Additionally, we assayed for role of P2Y2 in bovine N. caninum-induced NETosis
through functional blockage of P2Y2 via NF-449, which resulted in a decrease of NET
production, demonstrating for the first time importance of this energy and metabolic-
related receptor in parasite-triggered NETosis (Villagra-Blanco et al., 2017b).

Stimulation of purinergic receptors (e. g. P2X, P1, P2Y) generally promotes or inhibits
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cell responses through different signaling events in all kinds of mammalian cells and
tissue inflammation (Erb et al., 2006; Fredholm et al., 2011). Therefore, it requires the
local release of extracellular ATP via pannexin 1 (PANX1) channels and/or autocrine
feedback regulation of this mechanism involving G-protein coupled receptors (GPCR),
such as P2Y2 (Bao et al., 2013; Gabl et al., 2015). These processes may result in
amplification of chemotactic signals through binding to ATP and triggering PMN
polarization/activation (Gabl et al., 2015). Given that P2Y2 also regulates PMN
adhesion onto endothelial cells through binding of ATP and UTP (Jacobson et al., 2009;
Onnheim et al., 2014) and since NETs were recently found adhering to B. besnoiti-
infected endothelium (Maksimov et al., 2016) further investigation on interrelationship of
P2Y2 with other PMN-related energetic pathways and N. caninum-induced NETosis will
be of interest.

We here demonstrate that NOX participated in N. caninum tachyzoite-exposed bovine
PMN activation and NETs extrusion since DPI treatments resulted in a decrease of
parasite-driven NETosis. Similar findings have been reported from E. bovis- (Behrendt
et al., 2010; Munoz-Caro et al., 2015a), T. gondii- (Reichel et al., 2015), B. besnoiti-
(Mufoz-Caro et al.,, 2014) and C. parvum-triggered NETosis (Mufioz-Caro et al.,
2015b), emphasizing importance of NOX-influence in apicomplexan-mediated NETosis
(Hermosilla et al., 2014; Silva et al., 2016).

In contrast to E. bovis- (Behrendt et al., 2010) and C. parvum-related NETosis data
(Mufioz-Caro et al., 2015b), but according to B. besnoiti-induced NETosis (Mufioz-Caro
et al., 2014), neither a time- nor a dose-dependency of N. caninum-triggered NETosis

was demonstrated as significant values were obtained only when each period of
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incubation (one and two hours) and last two highest infection ratios (1:3 and 1:4) were
compared with negative controls.

Moreover, NET structures were demonstrated being firmly attached to tachyzoites of N.
caninum thereby supporting quantitative data on efficient tachyzoite entrapment and
being 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 cells. The crucial
role of NETosis in this process was proven by the fact that reduced infectivity could be
restored by DNase | treatments. Moreover, this result proved that tachyzoites were
indeed not killed by extruded NETs as also demonstrated for several bacteria
(Parseghian and Luhrs, 2006), protozoan parasites (Behrendt et al., 2010; Silva et al.,
2014; Munoz-Caro et al., 2014, 2015a, b; Reichel et al., 2015) as well as metazoan
parasites (Chuah et al., 2013; Bonne-Année et al., 2014; Mufioz-Caro et al., 2015b).
Taken together, these data confirm capacity of NETs to hamper 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 subsequent ROS production is
known to be Ca™/SOCE-dependent (Sandoval et al., 2007), we here employed the
SOCE inhibitor 2-APB in NET-related functional studies, as described elsewhere
(Conejeros et al., 2011; Burgos et al., 2011; Mufioz-Caro et al., 2015b). N. caninum-

triggered NET formation proved to be influenced by SOCE since 2-APB applications
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limited tachyzoite-induced NET formation. A Ca**-dependency on NET extrusion was
also recently published for E. bovis- (Mufioz-Caro et al., 2015a) and C. parvum-
mediated NETosis (Mufioz-Caro et al., 2015b) and for NETs release by human PMN in
response to other non-parasitic stimulators (Gupta et al., 2014).

The pivotal role of Raf-MEK-ERK signaling pathways in the process of NETosis was
firstly proven by Hakkim et al. (2011). Here, functional inhibition experiments confirmed
importance of ERK1/2- and p38 MAPK-signaling pathways also for N. caninum-
triggered NET formation. Thus, functional interference of these routes produced a
reduction of tachyzoite-mediated NETosis (Mufioz-Caro et al., 2015b). Corresponding
findings on ERK1/2 and p38 MAPK have recently been reported on T. gondii- (Abi
Abdallah et al., 2012), E. bovis- (Mufioz-Caro et al., 2015a) and C. parvum-induced
NETosis (Mufioz-Caro et al.,, 2015b), evidencing a general role of these signaling

pathways in apicomplexan-derived NETosis.

Considering life cycle of N. caninum, which includes endogenous 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 replication and outcome of acute cattle neosporosis as
previously postulated for closely related apicomplexan protozoa (Mufioz-Caro et al.,

2014; 2015a; Silva et al., 2014, 2016; Hermosilla et al., 2014).

Comparative differences in NETs formation between caprine (Chapter 2) and bovine
system (Chapter 3) were principally dose- and time-dependency observed only in
bovine PMN and NOX- and SOCE-independent mechanisms observed in goat PMN,
probably influenced by alternative activation routes associated with MPO (Stoiber et al.,

98



2015) and mitochondrial ROS production via calcium-activated potassium channels (e.
g. SK3 channels) (Fay et al., 2006; Douda et al., 2015; Khan and Palaniyar, 2017). In
addition, variations were seen in shape and size of NET structures: caprine N. caninum-
triggered NETs were short but robustly thick and solidly attached to tachyzoites with
presence of either parasite-stimulated or non-activated PMN, which have concordance
to data obtained in caprine ETosis described by Silva et al. (2014) and Perez et al.
(2016). Instead, SEM analyses revealed that bovine N. caninum-mediated NETs were
delicate-PMN derived filaroid networks (long drawn-out fibers) grouping together and
forming later a large-, chunky-meshwork of PMN filaments similarly to descriptions
reported in other parasite-stimulated ETs studies performed with bovine PMN (Behrendt

et al., 2010; Mufioz-Caro et al., 2014; 2015a, b).

In the same way, caprine and bovine N. caninum-triggered NETosis showed some
similarities too: for example, all activated and non-activated PMN were able to entrap, to
phagocyte and to attach tachyzoites in both systems, as it was also described in canine
leukocytes stimulated with viable N. caninum tachyzoites (Wei et al., 2016). Likewise,
MPO activity have been described in ruminant MPO (sheep, goat and cattle) as
important component of ETs principally against bacteria (e. g. intramammary infections
during clinical and subclinical mastitis) (Lippolis et al 2006; Pisanu et al., 2015) and
even parasites (Yildiz et al., 2017). NET-derived mechanisms and their proteolytic
activity seem to occur in a MPO-dependent manner, since its specific inhibitor, ABAH
demonstrated to reduce N. caninum-triggered NETs formation in cattle and goats. This
affirmation has concordance with findings reported by other authors (Metzler et al.,

2011, 2014), indicating that MPO and ROS are obligatory required for translocation and
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release of active NE and other proteases from PMN azurophilic granules into cytosol

during NETosis (Metzler et al., 2014).

Interestingly, to best of our knowledge, in Germany there were no serological studies
performed neither on presence/absence nor on seroprevalences of N. caninum-specific
antibodies produced by goats. Thus, in Chapter 4, we focused our interest in the
Federal State Hesse (middle Germany), specifically on goat flocks subscribed to
Hessian Goat Breeders (Hessischer Ziegenzuchtverband or HZV) or/and to the
Veterinary Ambulance Service of Clinic for Obstetrics, Gynecology and Andrology at the
JLU-Giessen (Villagra-Blanco et al., 2017c). Most of evidence on N. caninum infections
in European goats during last years have demonstrated low seroprevalences which did
not exceed 10%, e. g. in France (Chartier et al., 2000); Poland (Czopowicz et al., 2011);
Czech Republic (Bartova and Sedlak, 2012); Spain (Garcia-Bocanegra et al., 2012;
Diaz et al., 2016; Rodriguez-Ponce et al., 2016); Rumania (lovu et al., 2012) and lItaly
(Gazzonis et al., 2016). This observation has also concordance with our results in which
presence of specific antibodies raised against N. caninum in two ELISA-positive animals
and one suspicious goat indicated an overall seroprevalence of 0.48%. Later on,
immunoblot analysis confirmed two out of these three N. caninum positive samples. In
most of analyzed flocks, semi-extensive farming conditions together with use of local-
resistant goat breeds, such as White German Improved Goat (WDE), German Improved
Fawn (BDE) or Thuringian (TWZ), probably diminished obtained seroprevalence in
Hesse, as it was previously reported in some studies in other countries (Nasir et al.,

2012; Gazzonis et al., 2016; Diaz et al., 2016). Obviously, no statistical association
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between seropositive animals and risk factors could be assessed because of low N.

caninum seroprevalence detected in this study.

Then, N. caninum seroprevalence obtained in goats from Costa Rica (7.92%, please
see Chapter 5) contrasted with that one obtained in Hessian goats. Despite clinical and
pathological evidence of N. caninum in one goat farm of Central Region of Costa Rica
were previously reported (Dubey et al., 1996), this survey represents first published
epidemiological study in this Central American country which evidently includes caprine
flocks from all Costa Rican regions (Villagra-Blanco et al., 2018a). In general, Costa
Rican goat flocks were focused on dairy production, mostly maintained under semi-
intensive conditions and using breeds such as Saanen, Toggenburg, Anglo-Nubian and
Alpine (Navarro, 1983; Vallejo, 1989) were found in local caprine production systems.
Obtained seroprevalence agrees with those reported in goats along other Latin
American countries, e. g. Argentina (6.6%, Moore et al., 2007), Brazil (6.4%, 10.7% and
4.58%, Figliuolo et al., 2004; Andrade et al., 2013; Topazio et al., 2014), Mexico (3.8%,
Huerta-Pefa et al., 2011) and Grenada (5.8%, Sharma et al, 2015). Furthermore, risk
factors associated with goat neosporosis in Costa Rica were evaluated; the univariate
analysis considered as N. caninum-risks factors: the number of males (multiple bucks),
goat kids (groups between 11 to 50 individuals), co-existence of bovine and ovine
species in caprine flocks and burial as disposal method of placentas and aborted
tissues. These variables agreed with risk factor findings obtained in South- and North-
American serological goat studies published by Topazio et al. (2014), Barr et al. (1992)
and Lindsay et al. (1995). For example, superficial burial of infected placentas and other

aborted tissues represented an important risk issue that agreed with data mentioned by
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Dubey et al. (2007a) and Palavicini et al. (2007), since unsafe disposal of infected fetal
membranes from N. caninum-intermediate hosts enables infection of dogs and coyotes
which might have access to them. Particularly in Costa Rica, dairy farm adult dogs have
an uncontrollable access to paddocks with highly oocyst-infected pastures and having
close contact to N. caninum-infected placentas as previously reported (Romero-Zuhiga
et al., 2006; Palavicini et al., 2007). These authors suggested that farm dogs (usually
older than nine months) frequented these areas searching for fresh food, social and

sexual activities.

Flocks with multiple reproductive males and co-existence of cattle and sheep were also
related with N. caninum infections in final logistic regression models (multivariate
analysis) (Villagra-Blanco et al., 2018a). In case of reproductive males, results
contrasted with the study performed by Huerta-Pefia et al. (2011) in Mexican goat
flocks, because bucks were identified as protective factor of N. caninum infections.
Otherwise, Sharma et al. (2015) mentioned that this risk factor related with higher N.
caninum-seropositivity in goat flocks from Grenada, although in this former study no
significant differences were detected. The role of males on caprine neosporosis is still
unclear and controversial, however, venereal transmission of apicomplexan parasites
(e. g. T. gondii), acquired via semen during natural matinghas been previously
described (Wanderley et al.,, 2015). Meanwhile, co-existence of cattle and sheep in
caprine flocks could be associated with large significant high-performance dairy cattle
population present in Costa Rica, especially in Central Region, where infections with N.
caninum have been serologically reported (Romero-Zufiga et al., 2002, 2003, 2005).

Topazio et al. (2015) warned that regions with dairy cattle often faced difficulties to
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control bovine neosporosis, which impact directly on geographical and epidemiological
distribution of N. caninum into small ruminant industry of these regions. Moreover,
communal grazing habits of cattle and goats have been described as an additional risk
factor which can influence contact of these animals with patent N. caninum-infected
dogs shedding oocysts, however this variable is still controversial as most authors
consider it as a relevant risk factor in caprine neosporosis (Abo-Shehada and Abu-
Halaweh, 2010; Liu et al., 2015) whereas others disagree (Machado et al., 2011;

Gazzonis et al., 2016).

Concerning detection of N. caninum-specific antibodies in German breeding bitch
populations (Chapter 6), European studies revealed a great discrepancy on N. caninum
seroprevalences obtained in various canine populations, e. g. 3.6% in Austria (Wanha
et al., 2005), 2.6-19.2% in Czech Republic (Vaclavek et al., 2007), 15.3% in Denmark
(Rasmussen and Jensen), 17.2% in Serbia (Kuruca et al., 2013), 32.7% in Romania
(Gavrea et al., 2012), 16.36% or 21.7% in Poland (Ploneczka and Mazurkrewicz, 2008
andGozdzik et al., 2011, respectively), 10.9% in Italy (Capelli et al., 2004), 12.2% in
Spain (Ortufio et al., 2002), 0.5% in Sweden (Bjérkman et al., 1994) and 4% or 13% in
Germany (Klein and Miiller, 2001). Collected data in Chapter 6 was focused on a
vulnerable dog population since persistent infected bitches may spread this parasite in
successive pregnancies by transplacental transmission (Reichel et al., 1998; Heckeroth
and Tenter, 2007). Little is known on clinical and economical impact of canine
neosporosis in performance of reproductive dogs and their progeny when compared
with N. caninum infections in breeding cattle (Santolaria et al., 2010; Nazir et al., 2013;

Reichel et al., 2013). Furthermore, most widely N.caninum-studied infections in dogs
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have been performed in farm dogs, since these animals are more likely to hunt, feed on
N. caninum-infected tissues of domestic and wild animals (Dubey et al., 2017). In similar
way, stray dogs represented another highly-exposed dog population described in
literature, because these dog population have full access to infected waste and/or prey
animals as postulated elsewhere (Benetti et al., 2008; Gennari et al., 2002; Fridlund-
Plugge et al., 2008; Yakhchali et al., 2010). Therefore, this study provided for first time
seroepidemiological information on breeding bitches, since N. caninum seroprevalences
in this canid group have been poorly described in literature and therefore demanding
further attention (Villagra-Blanco et al., 2018b) to better understand complex

epidemiology of canine neosporosis.

Detection of canine neosporosis have been successful using IFAT-, ELISA-, PCR- and
immunoblot-techniques due to development of specific IgG N. caninum antibodies in
infected dogs even in cases of prenatally seroconversion when non-specific IgM
antibodies were difficult to distinguish for specific ones (Dubey et al., 1998). Additional
immunblot results confirmed all ELISA-positive animals and 10% of remaining negative
samples giving support to serological reactions demonstrating presence or absence of
N. caninum infections in each sample avoiding chance of false positive/negative results

(Bjorkman et al. 2007; Gozdzik et al., 2011).

In this PhD work, we presented novel results that contribute to build up an innovative
knowledgement in differente fields of neosporosis, since the determination of different
seroepidemiological prevalences in intermediate (caprine) and definitive hosts (canine) from
two different global regions (Germany and Costa Rica), and further better understanding of

early host innate immune reactions against this apicomplexan parasite. Nevertheless,
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these new insights represented only the beginning of current understanding of complex
of host-parasite mechanisms and thus need to be investigated in depth in near future.
Further scientific research on abortive nesoporosis is still necessary and next challenges
start now by the chance/opportunity of using abundant new analytic tools to contribute in

this scientific field.
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8. ZUSAMMENFASSUNG

Neosporose ist eine bedeutsame Protozoenerkrankung, die fur viele
Fortpflanzungsstérungen in der Wiederkduerhaltung verantwortlich ist. Die
Reproduktionsleistung von Schafen und Ziegen kann durch die Infektion mit N. caninum
durch Aborte, Totgeburten und Geburten lebensschwacher Lammern stark
beeintréchtigt werden. Trotz dieser Bedeutung der Neosporose sind die verfiigbaren
Untersuchungen zu N. caninum-Infektionen in Ziegenpopulationen weltweit rar. Ziel der
vorliegenden Studie war es daher Daten zur Seropravalenz und Informationen zur
Pathogenese von N. caninum bei Ziegen aus Costa Rica und dem Bundesland Hessen
zu erhalten. Da der Hund im Vermehrungszyklus von N. caninum eine entscheidene
Rolle spielt, wurde zusétzlich die Seroperavalenz in einer ausgewahlten

Hundepopulation in Deutschland untersucht.
Folgende relevanten Ergebnisse wurden erzielt:

N. caninum-Infektionen wurden bei Ziegen mit niedriger Pravalenz sowohl in
Deutschland (Hessen) (0,48%) als auch in Costa Rica (7,9%) gefunden. In Costa Rica
konnten seropositive Herden mit gemeinsamen Weidegang mit Rindern und Schafen in
Verbindung gebracht werden. Die Daten deuten auf eine niedrige vertikale
Ubertragungsrate hin. Vorsorgemafinahmen, wie z. B. die Verwendung von separaten
Koppeln und die Kontrolle von heimischen und Wildfleischfressern und deren Fakalien

auf den Weiden, werden fiir die zukiinftige Uberwachung der Ziegenneosporose
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essentiell sein. In einer ausgewahlten Hundepopulation in Deutschland wurden 7 %

seropositive Tiere gefunden, die Uber Western Blot bestétigt werden konnten.

Ein umfassendes Wissen tber die Rolle des friihen angeborenen Immunsystems gegen
die Protozoenparasitosen ist von entscheidender Bedeutung, um die Mechanismen der
Wirt-Parasit-Interaktion und weiterer zellvermittelter adaptiver Immunantworten besser
zu verstehen, die in gleicher Weise mit dem klinischen Schweregrad und den klinischen
Ergebnissen assoziiert sind. Polymorphonukleare Neutrophilen (PMN) und andere
Leukozyten (wie z. B. Eosinophilen, Monozyten und Makrophagen) sind in der Lage,
ihre DNA in einem kontrollierten Prozess in die extrazellulare Umgebung auszustossen
und pathogene Mikroorganismen einzufangen, um sogenannte ,neutrophil extracellular
traps“(NETs) zu bilden. Diese Strukturen zeigten, dass viele N. caninum-Tachyzoiten
fest angeheftet, immobilisiert und dann eingeschlossen waren, was zum ersten Mal die
Bedeutsamkeit von NETosis als Effektormechanismus fur die frihe Wirtsimmunantwort
wahrend einer Neospora-Infektion bei Rind und Ziege belegt. Dariiber hinaus wies N.
caninum-getriggerte NETosis in beiden Spezies eine Co-Lokalisierung von DNA mit
antimikrobiellen Molekilen auf, die in den Neutrophilengranula vorhanden sind, wie
Histone (H1, H2A / H2B, H3, H4), Neutrophile Elastase (NE), Myeloperoxidase (MPO),
Pentraxin (PTX) und Cathepsine bezuglich der klassischen Natur dieses extrazelluldren
Abwehrmechanismus. Die Hauptunterschiede in der NET-Bildung zwischen diesen
Tierarten waren die kurze, aber breite Form der caprinen N. caninum-ausgel6sten NET-
Strukturen; die Dosis- und Zeitabhangigkeit, die nur in den bovinen PMN beobachtet

wurde, und die Unabhéangigkeit von Nikotinamidadenindinucleotidphosphatoxydase
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(NOX) und speicherbetriebenen  Calciumeintrittsmechanismen (SOCE), die

ausschlief3lich in der Ziegen-PMN nachgewiesen wurden.

Zusammenfassend tragen die vorliegenden Ergebnisse zum Verstédndnis der
komplexen Wechselwirkungen zwischen Parasit und Wirt in vitro / in vivo im Verlauf der
Wiederkauer-Neosporose bei und geben erstmals epidemiologische Informationen tber

die Infektion bei Ziegen in Deutschland und Costa Rica.

Schliisselwoérter: Neospora caninum, neutrophil extracellular traps, innate Immunitat

des Wiederkauers, Nicotinamidadenindinucleotidphosphatoxidase.
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9. ABSTRACT

Neosporosis is serious protozoan disease responsible of many reproductive disorders in
ruminant industry. Productivity of sheep and goat is also seriously affected by infectious
abortions, stillbirth and birth of weak kids with congenital neosporosis, impacting also
small ruminant productive systems. Despite of this background, available investigations
on importance of N. caninum infections on caprine populations worldwide are still
scarce. Here we demonstrated for first time, novel data on seroprevalence and
pathogenesis of N. caninum in goats from Costa Rica and Federal State Hesse
(Germany) collecting current epidemiological information on this abortive apicomplexan
parasite and analyzing their impact on caprine production in these two participating
countries for their respective geographical areas [Central America (tropical climate) and
Central Europe (template climate)]. Since the dog plays a crucial role in the reproductive
cycle of N. caninum, additionally seroprevalence in a selected dog population in

Germany was examined.

The following relevant results were achieved:

N. caninum infections were found in low-prevalence goats in both Germany (Hesse)
(0.48%) and Costa Rica (7.9%). In Costa Rica, seropositive flocks with common
pastures were associated with cattle and sheep. The data indicates a low vertical
transmission rate. Preventive measures, such as the use of separate paddocks and the
control of domestic and wild carnivores and their faeces on the pastures, will be

essential for the future monitoring of caprine neosporosis. In a selected dog population
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in Germany, 7% seropositive animals were found, which could be confirmed by Western

Blot.

A wide knowledge on the role of early innate immune system against protozoan
parasitoses is crucial to better understand molecular mechanisms involved in resulting
host-parasite interactions and further cell-mediated adaptive immune responses,
associated in the same way with clinical severity and outcome of this parasitic disease.
Polymorphonuclear neutrophils (PMN) and other leukocytes (such as eosinophils,
monocytes, and macrophages) are able to expel their DNA in a controlled process into
extracellular environment and trapping pathogenic microorganisms by extruding
neutrophil extracellular traps (NETs). These structures demonstrated to firmly attach,
immobilize and entrap N. caninum tachyzoites, evidencing for the first time the
importance of NETosis, as an additional effector mechanism in early host immune
response during acute bovine and caprine neosporosis. Moreover, in both species, N.
caninum-triggered NETosis illustrated a co-localization of DNA with antimicrobial
molecules present in PMN nucleus and granules, such as histones (H1, H2A/H2B, H3,
H4), neutrophil elastase (NE), myeloperoxidase (MPO), pentraxin (PTX) and cathepsins
demonstrating classical nature of these extracellular defense structures. The main
differences on NETs formation between these species were the short but thick size of
caprine N. caninum-triggered NET structures; dose- and time-dependency was
exclusively observed in bovine PMN whereas nicotinamide adenine dinucleotide
phosphate-oxidase (NOX)- and store-operated calcium entry (SOCE)-independency

were detected exclusively for caprine PMN.
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In general, obtained results have an important implication in the better understanding of
complex pasarite-host interactions in vitro/in vivo during ruminant neosporosis,
providing for the first time epidemiological information on the infection in goats from
Germany and Costa Rica. Further more investigations on this topic are required, which

might reduce initial infection rates during acute phase of neosporosis.

Keywords: Neospora caninum, neutrophil extracellular traps, ruminant innate immunity,

nicotinamide adenine dinucleotide phosphate-oxidase
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Article history Neutrophil extracellular traps (NETs) are web-like structures composed of nuclear DNA decorated with
Re: 8 June 2017 histones and cytoplasmic peptides which antiparasitic properties have not previously been investigated

Re in revised form
24 August 2017
Accepted 1 September 2017

in Polymor (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 quantification of cetacean NETs, extracellular DNA was stained by using either Sytox Or-
ange® or Pico Green®. Scanning clectron microscopy M) and fluorescence analyses demonstrated
PMN-derived release of NETs upon exposure to tachyzoites of N. caninum. Co-localization studies of
N. caninum induced cetacean NETSs proved the presence of DNA adorned with histones (H1, H2A/H2B, H3,
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Neutrophil extracellular traps
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ta

Neospora caninum H4), neutrophil elastase (NE), myeloperoxidase (MPO) and in (PTX) irming the
properties of mammalian NETosis. Dolphin-derived N. caninum-NETosis were efficiently suppressed by
DNase I and dip i (DPI) Our results indicate that cetacean-derived NETs

effector mechanism of the host innate immune

represent an ancient, conserved and relevant defens
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 Pun\sll()l()gy This is an
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Introduction well as temperate ocean seas worldwide and to be present in all
oceans except for the Antarctic and Arctic Circle areas.

Bottlenose dolphins (Tursiops truncatus) are the most common Investigations on the dolphin adaptive immune system are quite
and well-known members of the family Delphinidae (Cetacea). abundant in literature (Romano et al., 1992; De Guise et al., 200!
Female bottlenose dolphins live in groups composed of 10e30 Mancia et al., 2007; Beineke et al., 2010; Sitt et al., 2010; Zafra
members, but group sizes can vary up to more than hundred et al.. 2015; White et al., 2017). Conversely, investigations on the
specimens. In contrast, adult males live mostly in small groups  cetacean innate immune system are less commonly found (Kato
joining female dolphin pods strictly for mating purposes for short and Perrin, 2009; Schwacke et al., 2010; Keogh et al., 2011)
periods of time. Bottlenose dolphins are known to inhabit warm as despite the fact that PMN are at the forefront of defense against

infection (Brinkmann and Zychlinsky, 2012; Silva et al., 2016), res-

olution of inflammation and wound healing (Rodrigucz-Espinosa

* Corresponding author. Institute of Parasitology. Biomedical Rescarch Centre et al., 2015). Some cetacean PMN data are available on the impact
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Ge (Reif et al.. 2009) but any data existing on cetacean PMN effector
mechanisms against invasive parasites are still missed.

nany.
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Human activities and domestic animal industry clearly impact
the ocean health system (Dubey, 2003; Conrad et al., 2005) and
recently identified neozoan parasite infections in free-ranging
marine such as ” caninum, Toxopl 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; 20145
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;
Cabezn 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
0el1% 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 i i against apic protozoan infections
(Behrendt et al., 2010; Mufroz-Caro et al., 2014, 2015a; Reichel et al.,
2015; Silva et al., 2016; Wei etal., 2016; Villagra-Blanco et al., 2017a,
b), since they are the most abundant leukocytes and the first ones
that reach apicomplexan parasite infection in vivo (Baker et al..
2008; Abi Abdallah et al., 2012; Mufroz-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 vitulind) PMN and monocytes have probed to trigger
extracellular traps (ETs) against vital T. gondii-tachyzoites as an
efficient 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; Mufroz-Caro et al., 2014, 2015a,b, 2016; Silva
etal., 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 Kokritz-Blickwede and Nizet, 2009; Cheng and Palaniy
2013).

NETosis is known as a NADPH oxidase (NOX)-dependent
mechanism (Behrendt et al., 2010; Von Kékritz-Blickwede et al.,
2010; Brinkmann and Zychlinsky, 2012; Munoz-Caro et al., 2015a,
b), which leads to extrusion of DNA-enriched fibers 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 (forreviews
see Von Kokritz-Blickwede and Nizet, 2009; Brinkmann and

Kleinertz et al.,

Parasites and Wildlife 6 (2017) 287€294

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. (Guimaraes-Costa et al., 2009; Wang et al., 2011), Eimeria bovis
(Behrendt et al., 2010; Mufioz-Caro et al., 2015a), E. arloingi (Silva
et al., 2014), E. ninakohlyakimovae (Pez et al., 2016), T. gondii
(Abi Abdallah et al., 2012), Besnoitia besnoiti (Mumoz-Caro et al.
2014), C. parvum (Mumroz-Caro et al., 2015b), Trypanosoma cruzi
(Sousa-Rocha et al., 2015), Entamoeba histolytica (Ventura-Julrez
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 confirm
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.

Materials and methods
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: ARTI3TFEU.

Parasites

All NET-related experiments were performed with tachyzoites
of N. caninum (strain Ncl) 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 Mumroz-Caro et al.
(2014). Vital N. caninum-tachyzoites were collected in superna-
tants of infected host cell monolayers, filtered with 5 um sterile
syringe filters (Sartorius AG) to removed cell debris, washed thrice
with sterile PBS (400 x 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
etal., 2017a, b).

Host cells

MARC-145 cell monolayers were cultured in DMEM (Sigma-
Aldrich) cell culture medium 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% CO> until confluency. Then, MARC-145
monolayers were infected with viable N. caninum tachyzoites and
cultured at 37 °C and 5% CO, atmosphere until release of new vital
tachyzoites. Cell medium was changed every second day.

160



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

R. Villagra-Bla

etal. / Journal for

Dolphin blood collection and PMN isolation

Healthy adult male bottlenose dolphins (T: fruncatus;n ¥ 3) kept
at the dolphinarium of the Marine Animal Park Mundomar (Beni-
dorm, Spain) were bled by puncture of the ventral superficial fluke
plexus from the caudal peduncle bundle (see Fig. la). 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-, facces-, semen-, milk- and blood sample:

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 X 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 X 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 Mufoz-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
h ometer chs Finally, derived PMN  were
incubated for 30 min to allow repose at 37 °C and 5% CO» 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).

Quantification of dolphin NETs

Dolphin-derived NET formation was quantified by using Pico
Green® (Invitrogen), an extracellular DNA-binding fluorescent dye,
as reported elsewhere (Mufioz-Caro et al.. 2015a,b: Villagra-Blanco
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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.
tachyzoites (37 °C, 60 min, ratio: 7,5 x 10° N. caninum tachy-
zoites versus 2,5 x 10° dolphin PMN/200 ml). For NET blockage,
PMN were pre-treated with the NOX-inhibitor [DPI, 10 MM, 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 quantification, the samples were
treated with micrococcal nuclease (0.1 U/mI, New England Biolabs,
15 min, 37 °C) and centrifuged (300 X g, 5 min). The supernatant
was transferred into a 96-well flat-bottom plate (100 ml per well in
duplicates). Then, Pico Green® (50 ml/sample, diluted 1:200 in 10
nMTris/l mM EDTA buffer, in the dark) was added. NET formation
was determined by spectrofluorometric 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 quantified by fluorescence 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 Mufioz-Caro et al. (2015a,b).

In order to parasite dos 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 paras
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, fixation of the
samples (4% paraformaldehyde, Merck) and three PBS washings,
the samples were carefully transported in a flat-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 finally 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-

caninum-

es for

Fig. 1. Minimally-invasive blood extraction method for cetaceans. (a) Puncture of the ventral superficial fluke plexus with a fine 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 fluorescence microscope equipped with a digital
camera.

Scanning electron microscopy (SEM)

y: Parasites and Wildlife 6 (2017) 287294

mechanism by which dolphin PMN confirmly 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:
Mufroz-Caro et al., 2014, 2015b, 2016; Reichel et al., 2015; Silva
etal., 2016).

Dolphin PMN were co-cultured with vital N. i tach;
zoites (ratio: 1:3) for 60 min on poly--lysine (Sigma-Aldrich) pre-
coated coverslips (10 mm of diameter; Nunc). Cells were fixed in
2.5% glutaraldehyde (Merck), post-fixed in 1% osmium tetroxide
(Merck), washed in distilled water, dehydrated, critical point dried
by COs-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 significant at a level of p ::; 0.05 (*); p :1; 0.01
(##); p1:;0.001 (<) and p :2; 0.0001 (*35755),

Results and discussion

Cetacean PMN, likewise terrestrial mammalian hosts, are well-
known to elicit phagocytic and respiratory burst activities result-
¢ 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
etal., 2014: Silva et al., 2016). Since the first 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 identified 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 (Cabezin 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 identified
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
first 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 fine network
and slimmer strands of fibers 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 filaments (F 2¢ and, 60 min) or even entangled by a
single activated PMN (Fig. 2d, 60 min). Accordingly to these SEM
findings, NETosis is most probably a relevant innate effector

wce analyses of N. caninum-induced dolphin
NETs

Sytox Orange®  staining-based fluorescence  investigations
further proved the presence of dolphin-derived NETs containing
DNA (Fig. 2eel). N. caninum tachyzoites were located in close
proximity to extruded cetacean-triggered NETs and often being
trapped within these extracellular structures. Extruded dolphin
NETs rated cl 1 NETs i. e. histones (HI,
H2B/H2B,H3,H4) (Fig. 2eandi), NE (Fig. 2fand j), MPO (Fig. 2g and
k) and PTX (Fig. 2h, 1), as proofed by co-localization of extracellular
DNA adorned with these molecules in parasite-entrapping struc-
tures (Fig. 2i, J‘ 2k, 21). Co-localization assays of dolphin-derived
NETs d 1 the of histones (HI,
H2A/H2B, H3, H4), NE,MPO and PTX, confirming 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; Mufioz-Caro et al., 2014, 2015a, b;
201 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 findings 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,

istenc

; Reichel et al.,

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
2012). synergistic  properties
described for other PMN-excreted pro-inflammatory cytokines/
chemokines in response to N. caninum-, T. gondii- (Taubert et al.,
2006) and C. parvum-exposed bovine and human PMN (Mufmoz-
Caro etal., 2016).

Hamakudo, Similar have been

Neospora caninum-induced dolphin NETosis at different
tachyzoite ratios

Quantification of dolphin NET induction through tachyzoites of
N. caninum confirmed a strong dose-dependent NET formation, as
increasing amounts of N. caninum tachyzoites led to significantly
enhanced Pico Green®-derived fluorescence 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 :3; 0.05) under the basal levels of the negative controls (Fig. 3a),
which confirmed the DNA backbone nature of N. caninum-triggered
cetacean NETosis.
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Neospora caninum-triggered dolphin NETosis is a NOX- NETosis investigations, i. e. E. bovis (Mumroz-Caro et al, 2015a),
dependent effector mechanism T. gondii (Abi Abdallah et al., 2012; Reichel et al., 2015), B. besnoiti
(Mumroz-Caro et al., 2014), N. caninum (Wei et al., 2016) and
Kinetic-related studies revealed a fast parasite-triggered NET  C. parvum (Mufroz-Caro et al., 2015b), highlighting the relevance of
induction in exposed dolphin PMN. As such, N. caninum tachyzoites NOX in protozoan-mediated NETosis (Silva et al., 2016). Nonethe-
induced NETosis was detected as fast as 30 min of exposure, i. e. at less, also NOX-independent parasite-induced NETosis has recently
the earliest time point measured in this assay (until 90 min of been reported for N. caninum in the caprine system (Villagra-Blanco
exposure, as the latest time point). In contrast, tachyzoite-free et al.. 2017a), showing differences depending on the parasite spe-
negative controls of dolphin PMN contributed very low to extra- cies well as the origin of the PMN donor host species.
cellular DNA extrusion (p :; 0.05, Fig. 3b) when compared to Nowadays, there is growing evidence on the crucial role of
parasite-exposed PMN (ratio 1:3). Besides, functional inhibition NETosis as efficient defense mechanism in diverse terrestrial
experiment performed with DPI, a potent inhibitor of NOX, resulted ~ vertebrate host species against several protozoan (Silva et al., 2016)
in a significant reduction of tachyzoite-triggered dolphin NET for- and metazoan parasites (Chuah et al., 2013; Bonne-Anne et al

mation (p ::; 0.05, Fi the NOX 2014; Murroz-Caro et al., 2015a,b; Lar

3b). Regarding

gnal pathway:

et al., 2017). Nonethe!

s,

pathway clearly participates in N. caninum-induced dolphin  with respect to NETosis research still scarce data are available for
NETosis, since DPI treatment assays resulted in significant reduc- marine mammals and whether this efficient defense mechanism
tion of NET formation. NOX-dependent NETosis findings, were  might actively participate in vivo against neozoan parasites, needs
recently reported for other closely related apicomplexan-related to be addressed in the near future, but in vitro evidence here
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Fig. 3. Dose, kinetic and functional inhibition assays of N. caninum tachyzoites-triggered NET formation in dolphins. 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 T (a; 15 min). Moreover, cetacean PMN cells were pre-treated with NOX-inhibitor (b; DPI, 10 MM) 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 fluorescence intensities. Each condition was
performed in duplicates. Geometric means of three PMN donors. Differences were regarded as significant 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
significant impact on the outcome of the disease as already
demonstrated for other related apicomplexan protozoa in vitro and
invivo (Baker et al., 2008; Behrendt et al., 2010; Abi Abdallah et al.,
2012; Hermosilla et al., 2014; Mufroz-Caro et al., 2014, 2016; Silva
etal., 2014, 2016).

Conclusion

The current study describes for the first 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 specie:
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