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ABSTRACT

Coccidiosis is a major concern in goat industry leading to high economic losses. In
Alentejo, the pathogenic Eimeria arloingi was one of most prevalent species identified. A
new E. arloingi European strain was isolated and a suitable in vitro culture system for the first
merogony in primary endothelial cells was established. Moreover, parasite-host endothelial

cells interactions were investigated during macromeront formation.

Polymorphonuclear neutrophils (PMN) release neutrophil extracellular traps (NETs). We
have demonstrated for the first time NET formation performed by caprine PMN exposed to
different stages of E. arloingi (sporozoites and oocysts), suggesting NETosis as an important

effector mechanism in the early innate immune response to this infection in goats.

The new E. arloingi (strain A) will be useful for better comprehension of early host innate
immune reactions against this parasite in vitro/in vivo as well as to further our investigations

in the complex Eimeria-host endothelial cell interactions.

Key words: Coccidiosis; Eimeria arloingi; Endothelial cell modulation; Innate immune
reactions; Neutrophil extracellular traps




RESUMO

A coccidiose constitui um enorme problema na inddstria caprina, causando graves perdas
economicas. No Alentejo, a espécie patogénica Eimeria arloingi foi uma das mais
frequentemente identificadas. Uma nova estirpe europeia de E. arloingi foi isolada e um
sistema de cultura in vitro foi estabelecido para o desenvolvimento da primeira merogonia em
células endoteliais primérias e as interacdes parasita-células endoteliais do hospedeiro foram

investigadas durante a formacdo dos macromerontes.

Os neutréfilos (PMN) extrudem redes extracelulares (Nets). Pela primeira vez
demonstramos a formacdo de NETs por PMN caprinos expostos a diferentes estadios de
E. arloingi (esporozoitos e oocistos), sugerindo que a NETosis € um importante mecanismo

da resposta imune inata nesta infeccdo em cabras.

A nova E. arloingi (estirpe A) sera util para uma melhor compreensédo das reagdes imunes
inatas contra este parasita in vitro/in vivo, bem como para progredir nas nossas investigagoes

sobre as complexas interacdes entre Eimeria-células endoteliais do hospedeiro.

Palavras-chave: Coccidiose; Eimeria arloingi; Modulacdo das células endoteliais; Reac6es
imunes inatas; Redes extracelulares de neutrdfilos




1. INTRODUCTION

1.1. Social and economic importance of goat industry

According to FAOSTAT (2014), about one billion goats were reared for meat and milk
production worldwide in 2012 (Fig. 1). In addition, to assure nutritional demands of small
farmers in deprived regions and nourishment of growing ethnic populations, faith-based
consumers and health-conscious people, goat production also guarantees working
opportunities for a considerable number of people worldwide, apart from contributing to the

cleaning of forest areas and fire prevention (Silva et al. 2014b).

Portugal represents the eighth largest national goat industry within the European Union
(Fig. 1), rearing about 400.000 goats (FAOSTAT 2014). Most of them (21.6 %) are allocated
in Alentejo (GPP 2009), where goats support the stability and maintenance of rural
communities, thereby avoiding the abandonment of this underprivileged region. Especially in
Alentejo, a semi-arid region with poor soil conditions and lack of vegetation, goats are raised
in extensive or semi-extensive systems. These environments are not suitable for rearing other
domestic animals that need feed supplementation, but goats are undemanding animals that

require low quality feed for the production of valuable meat and milk products (Oltjen and
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Beckett 1996). Despite their resistance, goats are still affected by a variety of diseases and

parasites, which cause an array of health problems in goat production (Ruiz et al. 2014).

M Africa

M Americas
M Asia

b Oceania
M Albania
M France

M Greece

M Italy

i Other
LiPortugal

M Romania

M Spain
L4 Ukraine

FiG. 1. World population of goats distributed by continents (2012)
Most important European countries in goat industry are listed in the bar. Portugal has 0.04% of the

global goat population.

Overall and compared with other livestock animals, goats represent still a neglected
species regarding basic, clinical and epidemiological research. Nevertheless, under the
framework of Food and Agriculture of the European Community, the CAPARA COST
Action (FAOB805) — Caprine Parasitology — Goat-parasite interactions: from knowledge to
control — brought researchers from more than 28 countries together to address this farm
animal species. CAPARA supported the establishment of an efficient network of European
researchers working on different aspects of goats parasitology and health management to
improve the understanding of the different components explaining the specificities of goat-
parasite interactions as well as to develop suitable strategies to control parasitic diseases in

goats (CAPARA 2012).
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1.2. Apicomplexan parasites

Apicomplexa is the subphylum of single-celled eukaryotic protozoa responsible for
diseases of recognizable medical and economic importance both in humans and in farm
animals (Muller and Hemphill 2013; Francia and Striepen 2014). Apicomplexan parasites
infect different hosts and specific host cell types, in which they hide from the host immune
response, while depleting their nutrients (Striepen et al. 2007). Amongst the most relevant
apicomplexan genera in farm animals are 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 gondii
(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

antropozoonotic potential and high impact on human health worldwide.

All apicomplexan parasites are obligate intracellular protozoa and are characterized by the
unique apical complex of parasite different stages, such as sporozoites, tachyzoites,
bradyzoites and merozoites. The apical complex is formed of structural and secretory
elements and it is crucial in the active host cell invasion process, parasitophorous vacuole
(PV) formation and parasite division within infected host cells (Morrissette and Sibley 2002;
Striepen et al. 2007; Katris et al. 2014). The apical complex contains a polar-ring complex, a
conoid, subpellicular microtubules, rhoptries, micronemes and dense granules (Chobotar and
Scholtyseck 1982). The polar ring is located at the anterior part of apicomplexan invasive
stages. It consists of a ring of microtubules, which operate as one of the microtubule-

organizing centers essential for the arrangement of host cell structures during intracellular
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growth and replication of the parasite (Morrissette and Sibley 2002; Striepen et al. 2007).
The hollow-shaped conoid is located in the middle of the apical complex and plays a
mechanical role in active invasion process of host cells (Morrissette and Sibley 2002).
Additionally, longitudinal subpellicular microtubules arise and anchor to the polar-ring and
are associated with the inner membrane complex (IMC), which is important for the
apicomplexan shape and physical stability (Morrissette and Sibley 2002). Rhoptries,
micronemes and dense granules are highly specialized secretory apicomplexan organelles that
secret important molecules for the parasite intracellular survival (Morrissette and Sibley 2002;
Striepen et al. 2007). Therefore, their secreted products are required for three essential
apicomplexan actions: (i) gliding motility, (ii) host cell invasion and (iii) early intracellular
life establishment by PV formation (Dubremetz et al. 1998; Blackman and Bannister 2001;
Morrissette and Sibley 2002; Souza 2006; Striepen et al. 2007; Ravindran and Boothroyd
2008). Rhoptries are tear drop-shaped organelles that are connected by a thin duct to the
apical part of the parasite. The number of rhoptries can vary from two to more than six
elements depending on the apicomplexan genus, species and stage [e. g. sporozoites,
merozoites, bradyzoites, tachyzoites, metrozoites, dormozoites (hypnozoites)] (Blackman and
Bannister 2001). Shortly after parasite adhesion to the host cell membrane, rhoptric molecules
are secreted. Rhoptry neck proteins (RONSs) have been described to participate in the parasite-
cell membrane tight junction formation during active host cell invasion process (Alexander et
al. 2005; Alexander et al. 2006). Furthermore, rhoptry proteins, such as the merozoite-specific
22-kDa rhoptry protein of E. nieschulzi, have been described as integral molecule of the PV
membrane (PVM) (Rick et al. 1998). Micronemes are small elliptic-shaped organelles
important for specific host cell recognition, binding and gliding motility (Dubremetz et al.
1998). Dense granules represent cytoplasmic spherical-shaped organelles containing high

concentration of proteins that are secreted after internalization of the parasite and incorporated
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into both, the PVM and the intravacuolar membranous network (Mercier et al. 2005).
Structural elements of the apical complex mediate orientation of the parasite and are
considered as the focal point for secretory organelle discharge (Katris et al. 2014). Moreover,
after contact of the apical complex with the host cell membrane, host cell invasion is
accomplished in a host cell-independent process, based on the active gliding motility of the
parasite being regulated by specialized actin- and myosin-elements within the pellicula

(parasite membrane) (Striepen et al. 2007).

Irrespectively of the genus, apicomplexan parasites share the same phases of the life cycle,
with endogenous (parasitic) and exogenous (environment) phase, comprising three
generations: sporogony, merogony, and gamogony. Sporogony represents an asexual
replication period resulting in the formation of infective stages, the sporozoites. Sporozoites
invade specific host cells and thereafter undergo a second step of asexual replication, named
merogony, in which merozoites are formed. Merogony occurs in various host cell locations
and for genetically defined numbers of generations, which are characteristic for each species.
Certain merozoites differentiate into haploid macro- (female) and micro- (male) gametes
which than have to fuse (known as syngamy), becoming a diploid zygote — known as the
sexual gamogony. Immediately after syngamy, the zygote undergoes meiosis to re-establish
haploid forms — sporogony (Striepen et al. 2007). The repetition of cycles of host cell
invasion, parasite replication, host cell lysis and parasite invasion of new cells results in the
vast tissue damage which is a typical characteristic of apicomplexan infections (Morrissette
<and Sibley 2002). Free stages, such as sporozoites and merozoites, must promptly invade
new specific host cells after being released from ruptured host cells in order to continue their
life cycle and to avoid extracellular attacks of host leukocytes, such as neutrophils and

monocytes (Morrissette and Sibley 2002; Abi Abdallah and Denkers 2012).
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1.3. Eimeria species

More than one thousand species are known within the Eimeria genus belonging to the
subphylum Apicomplexa (order Eimeriida, family Eimeriidae). Almost all species of Eimeria
are strictly host specific (monoxenous) enteropathogens of vertebrates (Witcombe and Smith
2014), which develop within specific host cells at specific sites of the intestinal mucosa.
The disease caused by the genus Eimeria is known either as coccidiosis or as eimeriosis and
has been reported worldwide as a major livestock health problem in different production
systems (Foreyt 1990; Lima 2004; Daugschies and Najdrowski 2005; Witcombe and Smith
2014). Particularly in poultry (Chapman 2014), rabbits (Nosal et al. 2014) and ruminants
(Daugschies and Najdrowski 2005) Eimeria infections are well-known to cause severe
intestinal lesions, and consequently, considerable economic losses worldwide. In addition,
extra-intestinal stages of some Eimeria species have been reported in different host locations,
causing hepatic-, renal-, and, less commonly, splenic- or pulmonary-coccidiosis (Collins et al.
1988; Dai et al. 1991; Morgan et al. 2013). In the last years, numerous studies have been
conducted to improve the knowledge on this disease, e. g. in poultry (Blake and Tomley 2014;
Chapman 2014), in rodents (Shi et al. 2000), in rabbits (Akpo et al. 2012) and in cattle
(Hammond et al. 1966; Hermosilla et al. 1999; Hermosilla et al. 2012). Despite the negative
impact of coccidiosis on goat industry, caprine Eimeria infections have been neglected for
several decades. Nonetheless, few studies on caprine coccidiosis have recently been published
(Ruiz et al. 2006; Hashemnia et al. 2011; Hashemnia et al. 2012; Ruiz et al. 2014), but most
of them were related to clinical and epidemiological topics (Rakhshandehroo et al. 2013; Ruiz

etal. 2014).

Alike other Apicomplexa the life cycle of Eimeria spp. is complex and contains three

different obligatory steps: sporogony, merogony and gamogony. The sporulation of the
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oocysts takes place in the environment under appropriate humidity, temperature and oxygen
supply conditions, resulting in the infective form of the parasite, the sporulated oocyst, in
which four sporocysts develop, each containing two sporozoites. After oral ingestion by the
final host the sporulated oocyst undergoes excystation in the gut lumen and releases
sporozoites that must infect specific intestinal cells. Most of Eimeria species develop within
intestinal epithelial cells while some highly pathogenic species (e. g. E. bouvis,
E. ninakohlyakimovae, E. arloingi) infect endothelial host cells. When first merogony is
completed merozoites | are released from mature meronts. Thereafter, merozoites | migrate to
the ileum, caecum or colon epithelium and undergo the second merogony, followed by the
sexual phase of gamogony. The gamogony also occurs in host epithelial cells of the gut and
results, after syngamy, in the formation of new oocysts. After the rupture of oocyst-carrying
epithelial cells, unsporulated oocysts are shed into the environment and the life cycle of

Eimeria is completed (Taylor and Catchpole 1994).

Considering the pathogenesis of ruminant eimeriosis, the damage in the intestinal mucosa
during development and proliferation of these intracellular parasites significantly interferes
with the digestive process and with homeostasis. In consequence, adverse effects on animal
welfare and production performance leading to significant economic losses, even in the
absence of visible clinical signs (Daugschies and Najdrowski 2005), are a common feature in
coccidiosis.  Diarrhoea leads to plasmatic potassium concentration increases,
hypoproteinaemia, hyponatraemia and hypochloraemia in biochemical blood analysis of
Eimeria-infected animals (Lima 2004). Most Eimeria species are considered as low
pathogenic since they induce mild pathology and mild or non-clinical disease. Additionally, in
non-intensive farming conditions and after low dose Eimeria infections, a rather beneficial
balance between the parasite and the host immune system can be established. In this case,

either no clinical signs are detected (subclinical coccidiosis) or rather moderate diarrhoea
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occurs (Daugschies and Najdrowski 2005; Witcombe and Smith 2014). On the other hand,
certain species such as e. g. E. tenella and E. necatrix (chicken), E. intestinalis and E. stiedae
(rabbit), E. bovis, E. alabamensis and E. zuernii (cattle), E. bakuensis and E. ovinoidalis
(sheep), or E. ninakohlyakimovae and E. arloingi (goat) are considered as highly pathogenic
species. Apart from common clinical signs observed in clinical coccidiosis, such as anaemia,
weakness, lethargy, anorexia, poor weight gain, dehydration, growth delay, low feed
conversion and catharrhalic diarrhoea, severe haemorrhagic diarrhoea often is observed in the
presence of highly pathogenic species. In contrast to non-pathogenic ruminant Eimeria spp.,
highly pathogenic ones (e. g. E. arloingi) possess a massive replication capacity during their
first merogony within host endothelial cells of the lacteals, producing macromeronts of up to
400 um size each containing > 120.000 merozoites | and occasionally causing even sudden
death of infected animals (Koudela and Bokova 1998; Daugschies and Najdrowski 2005;

Chapman 2014; Silva et al. 2014b).

1.3.1. Epidemiology of Eimeria infections (coccidiosis)

Coccidiosis severity results from complex interactions between the parasite and the host,
being additionally influenced by many environmental circumstances (Hashemnia et al. 2014).
In principle, naive animals of all ages are susceptible to eimeriosis. However, younger
animals represent the most susceptible group and almost inevitably develop the disease.
Especially under intensive rearing conditions young animals are unavoidably exposed to
Eimeria spp. infection owing to the ubiquity of infectious stages (Soe and Pomroy 1992;
Taylor and Catchpole 1994; Daugschies and Najdrowski 2005). Still, the severity of
coccidiosis is not only influenced by the age, but also by other intrinsic factors. One of the

most import risk factors being associated with clinical disease in ruminants is stress,
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especially when acting on young animals. As such, the weaning period, the transport,
re-grouping, inadequate feeding, the parturition period or concomitant infections with other
pathogens result in a higher risk of coccidiosis and contribute to the complication of the
condition (Faber et al. 2002; Lima 2004; Daugschies and Najdrowski 2005). Moreover, apart
from characteristics of the parasite itself (species and even strains), the genetical background
and related host immune system efficacy most probably contributes to the individual clinical

outcome of the disease (Daugschies and Najdrowski 2005; Witcombe and Smith 2014).

In Serpentina goats, a rustic breed from Alentejo, Portugal, infections with the most
pathogenic species of Eimeria resulted in the absence of classical clinical signs of coccidiosis,

indicating an effective innate and adaptive immune response of this breed (see Chapter 2).

The pathogenicity and the site of infection of different Eimeria species (or even strains)
influence the outcome of clinical coccidiosis (Rose 1987). The most pathogenic species in
ruminants [E. bovis, E. zuernii (cattle), E. ninakohlyakimovae, E. arloingi, E. christenseni
(goat), and E. bakuensis (sheep)] do not infect epithelial host cells as most other Eimeria spp.
But have to transverse the intestinal epithelium and to invade endothelial cells of the central
lymph capillaries of the intestinal villi (Hermosilla et al. 2012) where they form
macromeronts, a process that requires prolonged replication time and vast modulation of the
host cell (Taubert et al. 2010; Lutz et al. 2011; Hermosilla et al. 2012). Eimeria bovis as well
as other apicomplexan- (T. gondii, N. caninum) induced modulation of the host endothelial
cell was clearly demonstrated by Hermosilla et al. (2008) and Taubert et al. (2006). In E.
bovis in vitro infections of primary bovine umbilical vein endothelial cells (BUVEC), the
parasite induced a reorganization of several elements of the host cell cytoskeleton in order to
support the enlargement of host cells by macromeront formation (>250 um) within the PV.
Additionally, the parasite recruits host cell-organelles, such as mitochondria and ER, close to

the PVM to gain access to host cell energy and nutrients (C. Hermosilla, personal
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observation). Other host cell functional categories are significantly modulated by

apicomplexan parasites, and will be addressed in more detail in Chapter 1.4.

The severity of coccidiosis is also determined by the proliferation capacity of the infective
Eimeria species as defined by the number of merogonies and number of merozoites being
produced per merogony, since these will later determine the number of destroyed cells per
ingested sporulated oocysts. Thus, the dose of infection and the magnitude of the reinfection

can considerably influence the extend and the outcome of coccidiosis (Lima 2004).

Once in contact with coccidian stages, a host protective species-specific immunity
develops (Rose 1987; Daugschies and Najdrowski 2005). During a primary ruminant Eimeria
infection, an expansion of both CD4*- and CD8"-T cells subsets generally occurs (Hermosilla
et al. 1999; Suhwold et al. 2010). In prepatency a rather Thl-dominated cellular immune
responses was observed being characterized by an enhanced antigen-specific IFN-y
production (Taubert et al. 2008). As shown previously by Faber et al. (2002), an active host
immune response was generally related with the synthesis of Eimeria-specific IgM-, 1gG2-
and IgA-antibodies in cattle, being combined with decreased oocyst shedding. However,
Faber et al. (2002) could not significantly prove antibody-based immunoprotection of calves
against E. bovis infection which is in contrast to findings of Catchpole and Devonshire in
1989 (reviewed by Yvoré 1989) showing that maternal antibodies are protective for new-born
lambs in E. crandallis infections. However, host humoral immune responses are not fully
protective since reinfections represent a common feature in coccidiosis, but do generally not
result in clinical disease, confirming the importance of primary infections for the outcome of

protective immunity (Daugschies and Najdrowski 2005).

Infected animals are the natural source for environmental contamination and subsequent

infection of naive and young animals (Lima 2004). The degree of environmental

10
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contamination varies largely with the type of herd management. The risk of coccidiosis
outbreaks is greater in intensive husbandries, where environmental contamination is high due
to excessive population densities. High infection pressure is thereby increasing the individual
risk to acquire clinical coccidiosis. Generally, in this type of intensive managements,
humidity and temperature conditions empower the sporogony of freshly shed oocysts thereby
increasing the disposability of infectious exogenous stages (Lima 2004; Daugschies and
Najdrowski 2005; Ruiz et al. 2006). Furthermore, climate conditions play an important role in
the epidemiology of coccidiosis since the development of exogenous infectious stages
depends on adequate temperatures (Ruiz et al. 2006). Thus, under propitious conditions of
humidity, aeration and temperature oocyst sporulation occurs in several days (Christensen

1939; Daugschies and Najdrowski 2005; Ruiz et al. 2006).

1.3.2. Control of Eimeria spp. coccidiosis

The prevalence of Eimeria spp. in ruminants is generally high, entailing significant
economic losses caused mainly by decreased meat or milk production, costs of treatments,
prophylaxis and metaphylaxis, and even death of heavily infected animals. Thus, an effective
control of the disease is essential to avoid clinical coccidiosis in the farms, especially in those
with histories of high morbidity and mortality in young animals (Ruiz et al. 2006). Nowadays,
control of coccidiosis is based on the improvement of management practices combined with
treatments of infected animals and chemoprophylaxis/metaphylaxis applying specific

anticoccidial drugs (Ruiz et al. 2014).

In order to reduce the risk of eimeriosis outbreaks, adequate management measures should
be considered. Husbandries with insufficient hygiene bear a higher risk of disease due to high

environmental contamination with oocysts. Secondly, high values of humidity and high
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concentrations of ammonia and carbon dioxide, lead to a higher rate of sporulation of shed
oocysts, increasing the availability of infective stages. Consequently, only mild subclinical
coccidiosis was observed in ruminant herds with good hygienic status (Lima 2004;
Daugschies and Najdrowski 2005; Smith and Sherman 2009). Improved hygiene practices in
turn will decrease the ingestion of sporulated oocysts. Therefore, reducing the number of
animals per group and keeping feeders and water sources free of faeces contamination will
increase the health status of the herd (Lima 2004; Smith and Sherman 2009). Furthermore,
oocysts are quite resistant to environmental degradation and are even more resistant when
being sporulated (Smith and Sherman 2009), but can be degraded by desiccation, sunlight,
heat and some disinfectants (e. g. disinfectants with high concentrations of sodium
hypochlorite or cresol) (Lima 2004). However, given that oocysts are generally covered by
faecal material, they may not generally be Killed by these compounds, and persist infective for
long periods (up to 4.5 years at 4°C; C. Hermosilla, personal communication), even on

pastures, in stables and during the winter season.

Commonly, kids are always kept on the same pastures year after year, which may increase
the risk of caprine coccidiosis due to high infection pressure of naive animals. Hence, pastures
should be kept drained to avoid accumulation of water, which provides humidity conditions
for oocyst sporulation and thus perpetuation of infective sporulated oocysts where animals

graze (Daugschies and Najdrowski 2005).

The treatment of infected animals is inevitable in coccidiosis outbreaks and the first
control measure to be implemented should be the isolation of diarrhoeic animals from the
group to stop environmental contamination. Supportive care during coccidiosis therapy
should be taken into account in order to re-establish homeostasis, and to correct dehydration
and electrolyte imbalances. Additionally, broad-spectrum antibiotics are indicated to prevent

secondary bacterial infections and septicaemia owing to parasite-induced disruption of the
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intestinal mucosal barrier (Smith and Sherman 2009). For the last years, specific anticoccidial
compounds have been used in coccidiosis outbreaks and most of them delivered satisfactory
results when administrated in the early phase of the disease. Many anticoccidial drugs mainly
target gamonts (Daugschies and Najdrowski 2005). However, in active clinical coccidiosis,
application of these drugs are of limited value since they are coccidiostats which slow down
but do not entirely interrupt coccidial replication (Smith and Sherman 2009). Still,
administration of these compounds hampers gamogony and formation of new oocysts and is

therefore of benefit for heavily infected animals.

Chemo-prophylactic and -metaphylactic programs are more effective tools to prevent
coccidiosis outbreaks than therapeutic approaches (Daugschies and Najdrowski 2005; Igbal et
al. 2013). Sulphonamides, which interfere with asexual replication, are frequently applied
(Daugschies and Najdrowski 2005) and represent the oldest coccidiostatic drugs. However,
parasite resistance to these compounds have been reported worldwide (Smith and Sherman
2009). In contrast to sulphonamides, benzene acetonitrile compounds (e. g. toltrazuril and
diclazuril) act against all endogenous parasitic generations (merogonies and gamogony) and
therefore became particularly useful in the metaphylaxis of ruminant coccidiosis when all
animals of a group were treated (Daugschies and Najdrowski 2005; Ruiz et al. 2012).
Single doses of toltrazuril and diclazuril have been described effective in the control of
clinical disease and oocysts excretion (Daugschies and Najdrowski 2005; Ruiz et al. 2012).
In contrast, decoquinate, which acts against sporozoites and trophozoites, must be
administrated continuously as in-feed medication for effective treatments (Daugschies and
Najdrowski 2005). The coccidiostatic compound amprolium, a thiamine antagonist acting
upon the first generation meronts, inhibits merozoites differentiation (Daugschies and
Najdrowski 2005; Smith and Sherman 2009) and may also suppress the sexual stages and

sporulation of the oocysts. Young et al. (2011) recently confirmed the efficacy of amprolium
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for treatment of pathogenic Eimeria species in goat kids by using high doses. Additional
drugs with known efficacies against coccidia are monensin, lasalocid, salinomycin and other
ionophores, which are all widely used in poultry, cattle, sheep and goat industries. They affect
the cation transport through the parasite cell membrane, but they are potentially toxic to the

ruminant host if being overdosed (Smith and Sherman 2009; Witcombe and Smith 2014).

Many anticoccidial drugs are no longer as effective as they were when were first
introduced into the market owing to drug resistance (Chapman et al. 2013). Currently, the use
of anticoccidial drugs as feed additives is widely used for coccidiosis control. Extensive use
of these drugs has caused the development of drug-resistant Eimeria species worldwide.
Due to the genomic plasticity of coccidia, resistant species are able to multiply and survive in
the presence of a drug that would normally abolish or prevent replication of the same non-
resistant species (McDonald and Shirley 2009; Coppens 2013; Ruiz et al. 2014; Witcombe
and Smith 2014). Moreover, some Apicomplexa-specific drug treatments present poor overall
potency, activity which is restrict to particular parasitic stages and unwanted side effects
(Coppens 2013). Lately, recent and growing public demand for residue-free livestock
products has encouraged new research lines. Owing to drug resistance phenomena and the
lack of new drugs on the market, research activities focused on the development of vaccines
and plant-derived, ecologically friendly compounds acting against coccidia (Chapman et al.
2013; Coppens 2013; Igbal et al. 2013; Witcombe and Smith 2014). However, the search for
new drug targets is an ongoing process and mainly concerns parasite auxotrophic metabolic
pathways. Coppens (2013) described apicomplexan parasites to contain unique, non-
mammalian enzymatic systems for the biosynthesis of specific lipids, which become valid

drug targets in the future.

Different vaccines against Eimeria spp. have been used in the past, such as live attenuated

vaccines, parasites lysates, total antigens or antigen fractions from killed parasites or subunit
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vaccines (Jenkins 2001; Monney and Hemphill 2014; Ruiz et al. 2014; Witcombe and Smith
2014). Immunoprophylaxis mainly has been applied in poultry industry and to date
commercial Eimeria vaccines are only available for poultry coccidiosis (McDonald and
Shirley 2009). Concerning goat eimeriosis, Ruiz et al. (2014) have recently shown protective
effects when using live attenuated oocysts of E. ninakohlyakimovae for challenge infections
of goat kids, thus preventing clinical coccidiosis manifestations. In this trial Ruiz et al. (2014)
have clearly demonstrated the usefulness of gamma-irradiated oocysts, which conferred
cellular immune protection whilst inducing low pathogenicity. In general, Eimeria spp.
infections induce strong species-specific protective immune responses, which reduce the
clinical signs of coccidiosis. Hence, the isolation of a new pathogenic caprine Eimeria species
would add to the currently available vaccine portfolio against caprine coccidiosis. In this
context, with the present work we were able to isolate for the first time in Europe a new
E. arloingi (strain A) from Alentejo, Portugal (see Chapter 3). Investigations on the efficacy
of this new isolate in immunization protocols for goat kids, both as single species and a multi-

species approach (in combination with E. ninakohlyakimovae), will constitute a future project.

The public interest in the development of alternative and environmentally-friendly
anticoccidial agents for coccidia control has been growing in the last years. The efficacy of
different plant compounds against coccidia have been investigated by Kommuru et al. (2014),
who observed less signs of coccidiosis in infected goats fed with pelleted sericea lespedeza
(Lespedeza cuneata) when compared to control groups. Thus, this treatment led to a more
than 90 % reduction of oocyst shedding. Given that goats preferably engorge this kind of
plants while grazing may deliver a self-medication on the level of prophylaxis or even
therapeutic or prophylactic. The same behaviour has been shown in primates parasitized with

gastro-intestinal nematodes (Hoste et al. 2008; Amit et al. 2013).
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1.4. Caprine coccidiosis

Caprine coccidiosis is a ubiquitous and frequent clinical and subclinical disease affecting
the profitability of goat industry worldwide (Norton 1986; O'Callaghan 1989; Agyei et al.
2004; Hashemnia et al. 2014). Coccidiosis might affect up to 100% of 4-10 weeks old goat
kids (Mehlhorn and Armstrong 2001), depending on the type of management, immune status
of animals, and climate conditions (Ruiz et al. 2006). Therefore, significant economic losses
are implied, mostly due to high mortality rates that may concern > 50% of the kids (Jalila et
al. 1998; Smith and Sherman 2009). This condition could be prevented with a correct
diagnosis of involved Eimeria species and prophylactic control measures. Diagnosis should
not only rely on epidemiological and clinical factors, since moderate infections or infections
with  non-pathogenic  species may induce subclinical coccidiosis or transient
non-haemorrhagic diarrhoea usually being attributed to other pathogens, but should be proven
by laboratory investigations (Daugschies and Najdrowski 2005; Silva et al. 2013). Between
one week and one month of age, other pathogens than Eimeria spp. can cause abdominal pain
and acute diarrhoea episodes in kids such as cryptosporidiosis, colibacillosis, enterotoxaemia,
salmonellosis, viral enteritis and dietary diarrhoea, and consequently, they must also be
considered as potential ethiologic agents (Smith and Sherman 2009). In cases of massive
Eimeria infections, clinical signs occur in the prepatent period hampering oocyst detection in
faecal samples. Consequently, diagnosis would only be possible by detection of Eimeria
endogenous stages in intestinal tissues of necropsied recently deceased animals or in
fragments of intestinal mucosa free of faeces (Lima 2004). Nowadays, the classical
copromicroscopy is still the most widely employed technique for the detection of parasitic
stages, regardless of the availability of other molecular, biochemical or immunological

diagnostic approaches which usually bear rather high costs which still make them unavailable
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in routine practice (Cringoli et al. 2010; Vadlejch et al. 2011; Silva et al. 2013). Besides
clinical observations and the analysis of the epidemiologic status of the goat herds, the
quantification of oocyst shedding is helpful for proper treatments, especially in young kids
(Ruiz et al. 2012; Igbal et al. 2013). However, the number of oocysts shed by animal is not
strictly related to the severity of clinical disease since in cases of infections with pathogenic
species many oocysts may be trapped within tissue and fibrin thereby reducing oocyst
shedding (Daugschies and Najdrowski 2005). Thus, the number of shed oocysts by animal is
not strictly related to the severity of clinical disease. Overall, routine diagnostics on faecal
samples is recommended including the determination of the species being involved in
respective samples. Given that oocyst shedding may be discontinuous, e. g. peaking in
stressful conditions, the continuous control of oocyst shedding within the herd is
recommended The morphologic differentiation of sporulated caprine Eimeria spp. oocysts is
based on their shape and size, the presence or absence of a micropyle and polar cap, and the

colour and thickness of the oocyst walls (Levine 1985; Eckert 1995).

Due to the lack of available data concerning caprine coccidiosis in Portugal, the first aim
of this work was to epidemiologically characterize caprine Eimeria spp. infections in the

province of Alentejo (see Chapter 2).

At least 18 different Eimeria species have been described to infect goats worldwide
(Soe and Pomroy 1992; Smith and Sherman 2009). Eimeria arloingi (Marotel 1905),
E. ninakohlyakimovae (Yakimoff and Rastegaieff 1930) and also E. christenseni (Lima 1980)
are considered as the most pathogenic ones (Sayin et al. 1980; Levine 1985; Yvoré et al.
1985) due to their massive replication capacity within the first merogony in host endothelial
cells and to the large-scaled erosion of the affected intestinal mucosa (Soe and Pomroy 1992;
Ruiz et al. 2006; Taylor et al. 2007). Eimeria arloingi and E. ninakohlyakimovae were

reported as the most frequent species present in caprine flocks from several countries
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(Balicka-Ramisz 1999; Ruiz et al. 2006; Balicka-Ramisz et al. 2012; Silva et al. 2013;
Kheirandish et al. 2014), which might indicate a well-adapted host endothelial cell-parasite
interaction within their definitive hosts. Common clinical manifestations of infections with
these species include severe haemorrhagic diarrhoea, weight losses, dehydration and poor
growth rates (Koudela and Bokova 1998; Ruiz et al. 2013). Even sudden death in heavily
infected goat kids has been reported (Balicka-Ramisz et al. 2012; Rakhshandehroo et al.
2013; Silva et al. 2014b). Other commonly detected caprine species are E. alijevi (Musaev
1970), E. hirci (Lima 1980), E. caprina (Lima 1979), E. caprovina (Lima 1980) and
E. jolchijevi (Lima 1980). All these species develop in epithelial cells of the small and large
intestine (Taylor et al. 2007). In general these species are considered non or mild pathogenic;
however, they are still reported as responsible for subclinical caprine coccidiosis (Taylor et al.

2007).

1.4.1. Eimeria arloingi: peculiarities of its life cycle and pathogenesis

Considering all Eimeria species identified in goats so far, E. arloingi is reported as one of
the most pathogenic species. Given that this species is regularly identified as the most
frequent one in previous caprine coccidiosis reports, it is of major concern in many countries
(Chartier and Paraud 2012; Hashemnia et al. 2012; Silva et al. 2013; Silva et al. 2014b).
Marotel originally described E. arloingi in 1905 as Coccidium arloingi and for many years it
was accepted that E. arloingi infected both, sheep and goats (Hashemnia et al. 2012).
Nonetheless, attempts to transfer the morphologically indistinguishable Eimeria species,
E. arloingi and E. ovina, to different hosts revealed that they were two different species and

as other Eimeria spp. behaved strictly species-specific (Sayin et al. 1980).
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Life cycle of E. arloingi comprises the formation of two generations of meronts (Fig. 2).
After ingestion of sporulated oocyst, excystation of sporozoites in gut lumen and migration of
sporozoites through epithelial cells, first merogony occurs in the host endothelial cells of the
lacteals of the villi of duodenum, jejunum and ileum, but also in the endothelial cells of the
sinuses of mesenteric lymph nodes draining these regions. First-generation macromeronts can
reach sizes of up to 240 um, develop within 12-14 days and may release > 120.000
merozoites I, each (Taylor et al. 2007; Hashemnia et al. 2012). Smaller second-generation
meronts develop in epithelial cells of the villi and the crypts of the lower jejunum (Taylor et
al. 2007), within 12 days and release 8-24 merozoites Il (Sayin et al. 1980; Hashemnia et al.
2012). Merozoites Il differentiate into sexual macro- (female) and micro- (male) gametocytes
within host epithelial cells and, after gamogony, new oocysts are shed into the environment

(for illustration see Fig. 2).

Hashemnia et al. (2012) recently reported on morphopathological aspects of E. arloingi
experimental infections. The authors denoted a correlation between infection dose and the
onset and severity of clinical signs being presented by mild to severe degrees of depression,
dehydration, paleness of conjunctiva and semi-liquid to liquid diarrhoea. Following
experimental caprine E. arloingi infections, a thickening of the mucosa and the presence of
large non-pedunculated to polyp-like whitish nodules reaching the size of 3-5 mm within the
jejunum and ileum were reported at necropsy (Hashemnia et al. 2012; Silva et al. 2014b).
Moreover, mucosal leukocyte infiltration mainly by lymphocytes, eosinophils,

polymorphonuclear neutrophils (PMN) and macrophages has been described (see Chapter 2).

Since first merogony of E. arloingi occurs within highly immunoreactive host endothelial
cells (Ruiz et al. 2010), the aim of this work was to establish a suitable in vitro system by
using primary endothelial host cells to be as close as possible to the in vivo situation. Further

on, we aimed to study in detail the development of pathogenic stages and their host cell
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modulation (see Chapter 3). Additionally, the species-specificity of the host immune response
against Eimeria and even species variation factors (e. g. strains) (Rose 1987) justify the
isolation of a new pathogenic species occurring endemically in Portuguese goats and in other

European countries (see Chapter 2) (Silva et al. 2013; Silva et al. 2014b).
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FIG. 2. Life cycle of Eimeria arloingi

Infected animals shed unsporulated oocysts (A), which undergo sporogony in the environment.
Infective stages (B, sporulated oocysts) remain on the pasture until ingestion by goats (primary or
challenge infection). During the excystation process in the gut lumen, oocysts release eight
sporozoites, each. Freshly released sporozoites must traverse the epithelium and invade endothelial
cells of the lacteals of the villi of duodenum, jejunum and ileum, or, less commonly, endothelial cells
of the sinuses of mesenteric lymph nodes draining these regions. First merogony results in
macromeronts (C), which may release more than 120.000 merozoites I. Free-released merozoites |

then must invade epithelial cells of the duodenum, jejunum or ileum and develop into small second-
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generation meronts (second merogony). Differentiation of second-generation merozoites into macro-
or microgametocytes is designated gamogony (D) and takes place in epithelial cells (duodenum,
jejunum, ileum). The life cycle is completed when unsporulated oocysts are shed into the environment.

1.5. Host cell-parasite interactions

In biology, parasitism is defined as relation between an organism (parasite) that grows,
multiplies, feeds and shelters on or in a different organism (host) while contributing minimal
to nothing to the survival of its host, thereby causing morbidity or mortality (Todar 2006).
As obligatory intracellular organisms, intracellular stages of all apicomplexan parasites cause
the pathogenicity of the infection. Therefore, in vitro systems have been used for many years
in order to investigate in detail complex host-parasite interactions and in many cases have
entirely replaced the requirement of experimental animals (Muller and Hemphill 2013).
Especially concerns on animal welfare, animal protection laws and the public’s interest in
science impelled the development of in vitro culture systems, which were recognized as
powerful and useful tools in a large number of research fields. Some examples of what have
been accomplished with suitable in vitro culture systems have been reviewed by Muller and
Hemphill (2013) and are here enumerated: knowledge of basic biology of parasites —
T. annulata (Li et al. 2014); host-parasite interactions — E. tenella (Tierney et al. 2007);
development of tools for diagnostic proposes — B. besnoiti (Cortes et al. 2006); factors
involved in innate resistance — T. gondii (Cavailles et al. 2006); vaccines candidates and drug
effectiveness — B. bovis (Salama et al. 2013), and identification of chemotherapic compounds

— B. besnoiti (Cortes et al. 2011).

The host immune system governs host-parasite interactions to a great extent. Mainly, it is
responsible for protection of the organism against infectious agents, including bacteria,

viruses, fungi and parasites. However, pathogens possess a great variety of host evasion
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mechanisms that facilitate their development by directly interact with host defence tools.
Some parasites are capable of producing endonucleases and DNases which allow them to free
themselves from extracellular traps (ETs) produced by activated polymorphonuclear
neutrophils (PMN) during host innate immune responses (Riyapa et al. 2012; Seper et al.
2013; Guimaraes-Costa et al. 2014), or, like in the case of E. papillata infections in mice,
parasites can induce clear goblet cell hypoplasia and depletion of mucus secretion to gain
better access to epithelial cells (Dkhil et al. 2013). Furthermore, Eimeria spp. modulate a
series of host cell-derived processes in order to complete their intracellular life cycle, such as
the host cell cycle (Taubert et al. 2010), host cell structure — e. g. by the modulation of the
cytoskeleton (Hermosilla et al. 2008), inhibition of apoptosis (Lang et al. 2009), immune
responses or even host cell metabolism (Hermosilla et al. 2008; Taubert et al. 2010), all to
achieve completion of their own life cycle. Particularly in the case of early host innate
immune reactions against apicomplexan, the development of a suitable in vitro culture system
allows detailed analyses of complex host endothelial cell-Eimeria interactions as previously
reported for E. bovis (Hermosilla et al. 2006; Taubert et al. 2008; Taubert et al. 2010;

Hermosilla et al. 2012).

1.5.1. Host immune reactions against Eimeria

The immune system can be academically divided in two main sections: the innate or non-
specific immune system and the adaptive or specific immune system. The adaptive immune
system is highly specific for particular pathogens and it is either triggered when innate
immune responses fail to eliminate the pathogen or when reactions of the innate immune
system initiate the transition to adaptive immune response. The adaptive immune response

can confer long-lasting protection, in contrast to the innate immune system which is known to

22



Introduction

act immediately upon exposure and thereby represents the first line of defence (Alberts et al.
2002). In coccidiosis, respective parasite species reveal a high host- and site-specificity,
which is assumed to result from genetically determined parasite factors in combination with
specific host immune responses (Rose 1987; Witcombe and Smith 2014). Induction of strong
species-specific protective immune response, which prevents clinical disease, is generally
induced by homologous challenge infections (Ruiz et al. 2014) and relies on acquired
immunological memory actions provided by the cellular adaptive immune system. This
process is the basis of successful vaccination used for coccidiosis control in chickens (Long et
al. 1982; Zhang et al. 2014). Nonetheless, further research focused on other host species to be
protected from coccidiosis, such as turkeys (Poplstein and Vrba 2011), bovines (Svensson et

al. 1996) and goats (Ruiz et al. 2014).

a) Host innate immune responses

In contrast to the cellular adaptive immune response (Rose and Hesketh 1979; Rose et al.
1992; Hermosilla et al. 1999; Shi et al. 2001), relatively little is known on host innate immune
reactions against Eimeria infections in ruminants, even though the host innate immune system
is considered to be an evolutionarily older system than the adaptive one and acts as the
first-line of defence (Alberts et al. 2002; Tschopp et al. 2003). Physical barriers of mucosa,
epithelial cells, endothelial cells and leukocytes form part of the host innate immune system.
Skin and other epithelial surfaces, such as the lining of lungs and gut, establish the most
external physical and natural barriers between the organism and invasive pathogens.
Additionally, specialized epithelial cells (goblet cells) secrete antimicrobial products and
gel-forming mucins, which are the major component of mucus and contribute to the

maintenance of the mucosal barrier (Roxstrom-Lindquist et al. 2006). Mucus interfaces act as
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local defence mechanisms, protect epithelial cells from host digestive enzymes and constitute
the first barrier between the intestinal epithelium and pathogens (Roxstrom-Lindquist et al.
2006; Tierney et al. 2007). For instance, the antimicrobial peptides defensin and lactoferrin,
which cover the epithelial surfaces, inhibit the adhesion of pathogens to epithelium by
hampering their invasion or by even killing them (Alberts et al. 2002; Roxstrom-Lindquist et
al. 2006). Likewise, it has been shown that mucin exerts a direct negative effect on the
attachment of E. tenella to epithelial cells in vitro thereby reducing the number of intracellular

sporozoites (Tierney et al. 2007).

Furthermore, endothelium, lining blood and lymphatic vessels, establishes a physical
barrier between blood and lymph and the adjacent tissues. Besides trophic (modulation of
metabolic homeostasis), tonic (vascular hemodynamics) and trafficking functions (cell
extravasation), endothelial cells exhibit important immunoregulatory functions, rendering
them the first cells to interact with foreign pathogens (Mai et al. 2013). Furthermore,
endothelial cells are highly immunoreactive cells since they actively participate in both innate
and adaptive immune responses, demonstrating the crucial interplay between both systems
(i. e., components of the innate immune system influence the adaptive immune system and
vice versa). For instance, they synthesize a broad spectrum of immunoregulatory molecules
such as chemokines which are involved in the recruitment of immune cells by chemotaxis, in
leukocyte activation, endothelium transmigration and in the regulation of inflammatory
processes by interactions with growth factors, cytokines, and adhesion molecules (Taubert et

al. 2006).

According to the relative position of their cysteine residues, chemokines are classified in
four different families (CXC, CC, C, and CX3C chemokines). CXC chemokines such as
chemokine (CXC motif) ligand 1 [(CXCL1, previously growth-related oncogene protein o

(GRO-a], the CXC-chemokine interleukin-8 (CXCLS8, previously IL-8) and CXC motif
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chemokine 10 [CXCL10, previously interferon gamma-induced protein 10 (IP-10)]
predominantly attract PMN and lymphocytes, whilst CC chemokines [CC motif ligand 2
(CCL2), previously monocyte chemotactic protein-1 (MCP-1); CCL5, previously regulation
upon activation normal T cell expressed and secreted (RANTES)] are more effective in the
recruitment of other leukocytes and T helper cells rather than PMN (Taubert et al. 2006).
Additionally, endothelial cells even serve as antigen presenting cells by expressing major
histocompatibility complex (MHC) I and Il molecules, which facilitate the recognition of
pathogen epitopes by T-cells and expedites their infiltration in tissues (Taubert et al. 2010;

Mai et al. 2013).

Endothelial cells are the specific host cells of a number of coccidian parasites in vivo,
particularly for pathogenic Eimeria species forming macromeronts [e. g. E. bovis (cattle),
E. arloingi, E. ninakohlyakimovae (goat), E. bakuensis (sheep), E. rajhastani (camels)], and
as well as for other coccidian species [e. g. T. gondii, N. caninum (Taubert et al. 2006) and

B. besnoiti (Alvarez-Garcia et al. 2014b)].

The development of macromeront by certain Eimeria species is related to their rather
longer persistence in their host endothelial cell, when compared to faster replicating parasites,
such as T. gondii, N. canimum or B. besnoiti, and hence, to avoid the stimulation of host
endothelial cells may, in turn, result in pro-inflammatory host cell reactions. In this work,
interactions between E. arloingi sporozoites and primary endothelial host cells were studied
(see Chapter 3). Furthermore, early host innate immune reactions, i. e. parasite-triggered
neutrophil extracellular trap (NET) formation was investigated and compared to reactions
being induced by a closely related, but fast replicating apicomplexan parasite, B. besnoiti (see

Chapter 5)(Mufioz-Caro et al. 2014).
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The collection and isolation of primary endothelial host cells is a rather difficult, time
consuming, and expensive process. Therefore, different cell lines have also been tested with
the purpose of identifying permanent cell lines capable of supporting E. arloingi replication
(Hermosilla et al. 2002; Tierney et al. 2007; Ruiz et al. 2010). However, the current data show
that the in vitro infection of endothelial host cells represents a superior model to investigate

host-parasite interactions (see Chapter 3).

b) Host innate leukocytes

Host innate leukocytes are a major component of the innate immune system comprising
PMN, monocytes, macrophages, dendritic cells, natural killer cells, basophils, mast cells and
eosinophils. Until recently, the most acknowledged function of PMN, monocytes and
macrophages was the phagocytosis promoting the internalization of pathogens in cytosolic
phagosomes and their fusion with intracellular granules forming phagolysosomes. Within
these intracellular structures, a combination of non-oxidative [antimicrobial peptides
(AMPs) — e. g. defensins, proteases] and oxidative mechanisms [antimicrobial reactive
oxygen species (ROS)] act to eliminate pathogens (Hermosilla et al. 2014). Especially, PMN
as the most abundant leukocyte cell type play an important role in innate immunity and
predominantly act via the production of immunomodulatory molecules, such as cytokines
[e.g. IL-6, IL-12, tumour necrosis factor-a (TNF-a)] and chemokines (e. g. CCL2, CXCL1,
CXCL8, CXCL10), which attract other immunocompetent cells to the site of infection in

order to start acquired cellular immune responses (Behrendt et al. 2010).
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1.6. Neutrophil extracellular traps

PMN are fascinating cells able to kill viable pathogens far beyond their lifespan. Ten years
ago, Brinkmann et al. (2004) revealed a novel effector mechanism, which represents a general
and ancient mechanism to eliminate invasive pathogens, known as neutrophil extracellular
trap (NET) formation. NETSs are classically composed of extracellular protein-studded DNA
matrices capable of extracellular trapping and killing of pathogens (Brinkmann et al. 2004).
The protein mass of NETs accounts for approximately 70% and is mainly composed of core
histones (H2A, H2B, H3, H4), microbicidal granular enzymes and peptides/proteins
(Brinkmann et al. 2012) such as bacterial permeability-increasing protein (BPI),
myeloperoxidase, cathepsin G, lactoferrin, gelatinase, peptido-glycan recognition proteins

(PGRPs), calprotectin and elastase (Abi Abdallah and Denkers 2012; Hermosilla et al. 2014).

NET formation (Fig. 3) occurs when (i) PMN become activated by contact with pathogenic
stages inducing the activation of the NADPH oxidase cascade and the intracellular production
of ROS. Additionally, PAD4-dependent NET formation has been reported (von Kockritz-
Blickwede and Nizet 2009). Subsequently, (ii) the nuclear envelope degrades and chromatin
decondensates. Then, (iii) nuclear contents mix with cytoplasmatic granular contents. Finally,
(iv) the DNA-protein mixture is expelled from the cells by a cytoskeleton-dependent

shrinkage of the dead PMN (Brinkmann et al. 2004; Hermosilla et al. 2014).

This novel cell death process, which is distinct from apoptosis and necrosis, is nowadays
well-known as NETosis. NETosis has been widely associated with extracellular bacteria and
has been shown to occur in numerous vertebrates and invertebrates including humans, mice,
cows, horses, cats, dogs, chickens, goats, fish, insects and even crustaceans

(see Chapters 4 and 6).
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Previous studies report on NET formation in the presence of other protozoan parasites
within the subphylum Apicomplexa: P. falciparum (Baker et al. 2008), E. bovis (Behrendt et
al. 2010) and T. gondii (Abi Abdallah et al. 2012). Since there was clear evidence of E. bovis-
triggered NETosis (Behrendt et al. 2010), the aim of this work was to investigate whether the
interaction of caprine PMN with E. arloingi stages would also result in caprine NET

formation (see Chapter 4).

Eimeria arloingi sporozoites — after having excystated in the intestinal lumen — traverse the
intestinal mucosa of the small intestine in order to infect lymphatic endothelial cells to fulfil
their first merogony. During parasite migration, E. arloingi sporozoites are exposed to
leukocytes, such as PMN, mainly when entering the lymphatic capillaries of the ileum. Given
that host cell invasion is an indispensable requirement of E. arloingi for successful in vivo
survival and replication (Silva et al. 2014a), leukocyte-parasite-encounter may represent a
good opportunity for the host innate immune system to either eliminate or at least reduce the

degree of infection (Abi Abdallah and Denkers 2012).

The key role of PMN and other leukocytes, such as monocytes and macrophages, in
ruminant Eimeria infections has been proven in vitro, ex vivo and in vivo experiments
(Behrendt et al. 2008; Suhwold et al. 2010; Taubert et al. 2010). In line with these findings,
other authors have described the crucial role of PMN during rodent coccidiosis. Thus, PMN-
depleted SCID mice showed severe coccidiosis due to primary E. papillata infections when
compared to wild type mice. (Schito and Barta 1997). Others have described a significant
reduction of the in vitro infection rate of PMN-exposed E. bovis sporozoites, which may have
a tremendous impact on subsequent apicomplexan parasite proliferation (see Chapter

5)(Mufioz-Caro et al. 2014).
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NETosis

nuclear membrane disruption
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FiG. 3. Mechanisms of parasite-triggered neutrophil extracellular traps (NETS) release

PMN become activated by the contact with different apicomplexan parasite stages, such as
trophozoites of Plasmodium falciparum, sporozoites of Eimeria bovis, E. arloingi or
E. ninakohlyakimovae, tachyzoites of Toxoplasma gondii or Besnoitia besnoiti. Stimulation of PMN
results in the activation of NADPH oxidase, the intracellular production of reactive oxygen species
(ROS) and PAD and Raf-MEK-ERK pathway activation. ROS molecules are required for the novel
cell death pathway of NETosis, which is mainly characterized by the degradation of the nuclear
membrane envelope and granule membranes, chromatin decondensation and the mixing of nuclear
contents with cytoplasmic granular contents. As a final step, nuclear and granular components are
extruded by a cytoskeleton-dependent shrinkage of the dead PMN. Released NET structures being
decorated with antimicrobial peptides, histones and proteases, have the capability to entrap, kill or
immobilize the different parasite stages, whilst also initiating pro-immunoinflammatory innate
immune reactions to recruit more leucocytes to the site of infection (adapted from Hermosilla et al.
2014).
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Recently, other innate immune leukocytes have also been described to release extracellular
traps (ETs) and, consequently, this process was re-named as ETosis (Muniz et al. 2013).
ETs are released by basophils containing mitochondrial DNA instead of nuclear DNA
(Morshed et al. 2014), by macrophages (Bonne-Annee et al. 2014), mast cells (von Kockritz-
Blickwede and Nizet 2009) and eosinophils (Yousefi et al. 2008). Moreover, monocytes can
also strongly extrude ETs as shown for the exposure to B. besnoiti tachyzoites and E. bovis
sporozoites (Mufioz Caro et al., accepted manuscripty and E. arloingi and

E. ninakohlyakimovae sporozoites (L. Silva, personal observation).
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2. EIMERIA INFECTION IN GOATS IN

SOUTHERN PORTUGAL

This chapter is based on the following published paper:

Silva LMR, Vila-Vigosa MJ, Nunes T, Taubert A, Hermosilla C, Cortes HCE (2014) Eimeria
infections in goats in Southern Portugal. Rev Bras Parasitol Vet 23(2):280-6.

doi: http://dx.doi.org/10.1590/S1984-29612014051
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Abstract

Coccidiosis caused by Eimeria species is a major form of intestinal infection affecting intensively and semi-intensively
reared goats. The province of Alentejo is the main goat-producing area in Portugal. Therefore, all 15 Serpentina goat
farms in Alentejo were analyzed regarding the occurrence and diversity of Eimeria species. Fecal samples obtained from
144 animals (52.1% dairy goats, 47.9% pre-pubertal goats) were examined using the modified McMaster technique to
determine the number of oocysts per gram of feces. Eimeria spp. oocysts were present in 98.61% of the fecal samples
and, overall, nine different Eimeria species were identified. The most prevalent species were E. ninakohlyakimovae (88%)
and E. arloingi (85%), followed by E. alijevi (63%) and E. caprovina (63%). The average number of oocysts shed was
significantly lower in dairy goats than in pre-adult animals. Astonishingly, no clinical signs of coccidiosis were observed
in any of the animals examined, even though they were shedding high numbers of oocysts and were infected with
highly pathogenic species. Thus, implementation of routine diagnostic investigation of the occurrence and diversity of
caprine Eimeria species may be a useful tool for determination and better understanding of their potential economic
impact on goat herds in southern Portugal.

Keywords: Eimeria, coccidiosis, goats, infection, Portugal.

Resumo

A coccidiose causada por espécies de Eimeria é a maior infecgdo intestinal que afeta regimes intensivos e semi-
intensivos de caprinos. A regidao do Alentejo é a mais importante na inddstria caprina em Portugal. Assim, todas as
15 exploragoes de caprinos da raga Serpentina do Alentejo foram analisadas para determinar a frequéncia e diversidade
de espécies de Eimeria presentes. Amostras fecais de 144 animais (52,1% adultas, 47,9% jovens) foram examinadas com
a técnica de McMaster modificada para determinar o niimero de oocistos por grama de fezes. Oocistos de Eimeria spp.
estavam presentes em 98,61% das amostras fecais e nove espécies distintas foram identificadas. As espécies mais frequentes
foram E. ninakohlyakimovae (88%) e E. arloingi (85%), seguidas por E. alijevi (63%) e E. caprovina (63%). A média
do ntimero de oocistos excretados foi significativamente menor em adultas do que em jovens. Surpreendentemente,
nio foram observados quaisquer sinais clinicos em nenhum dos animais examinados, apesar de eliminarem elevados
nimeros de oocistos e de estarem infectados com espécies altamente patogénicas. A prética de diagnésticos de rotina
para identificacio de espécies de Eimeria caprinas pode ser um importante instrumento para o melhor entendimento
do nefasto impacto da doenga em exploragoes de caprinos no Sul de Portugal.

Palavras-chave: Eimeria, coccidiosis, caprinos, infeccio, Portugal.

Introduction

Caprine coccidiosis caused by the apicomplexan protozoan
genus Eimeria is a worldwide and frequent intestinal parasitosis of

goats (NORTON, 1986; O’'CALLAGHAN, 1989; AGYEI et al.,

*Corresponding author: Liliana Machado Ribeiro da Silva
Institut fiir Parasitologie, Schubert Str 81, 35392 Giessen, Germany
e-mail: lilianasilva.mv@gmail.com

2004). It affects the profitability of the industry, particularly in rural,
semi-arid geographic regions that are economically dependent on
goat rearing, such as the Mediterranean basin (RUIZ et al., 2006),
Africa (KANYARI, 1993), Asia (FAIZAL; RAJAPAKSE, 2001)
and Latin America (CAVALCANTE et al., 2012). Economic losses

result from the high mortality rate among goat kids, reduction

www.cbpv.com.br/rbpy
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of productivity and delayed weight gains of parasitized animals
(LIMA, 2004; RUIZ et al., 2012).

Goats of all ages are in principle susceptible to Eimeria spp.
infections, but younger animals are more likely to develop the
disease (TAYLOR; CATCHPOLE, 1994). Depending on the type
of management, caprine coccidiosis might affect 100% of goat kids
within the age range of 4-10 weeks, thus directly affecting animal
health and the profitability of the goat industry (KOUDELA;
BOKOVA, 1998; RUIZ et al., 2010). Eimeria-infected goat
kids show clinical signs particularly during the weaning period,
ranging from non-hemorrhagic to severe hemorrhagic diarrhea,
with accompanying weight loss, dehydration and growth delay
(KOUDELA; BOKOVA, 1998; RUIZ et al., 2006, 2012).

Although goats can be parasitized by 16 different Eimeria
species, most of them do not cause visible clinical coccidiosis.
Therefore, diagnosis must be combined with species identification
in order to avoid economic losses. Eimeria ninakohlyakimovae
and E. arloingi are considered to be the most pathogenic species
(KOUDELA; BOKOVA, 1998; CHARTIER; PARAUD, 2012).

During the last two decades, there has been remarkable growth
in the goat industry and currently about one billion goats are being
reared for meat and milk production worldwide. It is evident that
the goat industry is not only playing a big role in the nutritional
security of small farmers in many poor countries but also assures
working opportunities for a sizeable population around the world.
This particular feature of the goat industry also includes Portugal.
Approximately half a million goats are kept in this country,
which represents the sixth largest national goat industry within
the European Union (GPP, 2009). In Portugal, goats are usually
raised in extensive or semi-extensive systems, mostly in semi-arid
geographic regions with poor soil conditions and a lack of vegetation
apart from some bushes. These environments are not appropriate
for rearing other domestic animals. Thus, goats play an important
role in stabilizing and maintaining rural communities, thereby
avoiding the abandonment of these poor regions by the human
population. The most important Portuguese province for the goat
population is Alentejo, where 21.6% of all Portuguese goats are
kept (GPP, 2009). Of the six native Portuguese goat breeds, the
Serpentina breed is the one at risk of extinction, according to the
IUCN Red List threatened categories (IUCN, 2013), since there
are fewer than 5,000 pure mature individuals (APCRS, 2014)
in existence. Several efforts have been made in the past years to
maintain this breed, including financial support from national
and European programs like the PRODER program (PRODER,
2011). Serpentina goats are well adapted to semi-arid climate
conditions and are used for both milk and meat production.
Nevertheless, semi-intensive and intensive systems of goat rearing
provide excellent environmental conditions for accumulation and
transmission of Eimeria oocysts and, in the absence of effective
control measures, clinical coccidiosis is the inevitable outcome
(RUIZ et al., 2006). There are, however, records in some herds
of deaths among kids around the weaning period, which have
reached 20% of newly born animals and have been correlated
with coccidiosis (APCRS, personal communication). Therefore,
in the present study, we concentrated on this special goat breed
and examined 15 Serpentina goat herds for the presence, diversity
and parasite load of Eimeria species, considering both dairy goats

Eimeria infections in Portugal 281

(> 1 year) and pre-pubertal goats (5-12 months of age). The overall
aim of this survey was to characterize Eimeria spp. infections and
identify species occurring in the southern part of Portugal using
classical coprological methods of diagnosis in dairy goat herds, so
as to gain better understanding of caprine coccidiosis epidemiology
in semi-arid areas.

Materials and Methods

This study was carried out in the province of Alentejo,
which comprises one third of the total area of Portugal, covering
31,604.9 km? area, with an average altitude of 200 m (INE, 2010).
The Serpentina goat farms were distributed throughout Alentejo.
The climate is semi-arid with hot and dry summers but damp and
cold winters; the average rainfall is less than 700 mm per year.
The rainy season lasts from late autumn to early spring. There
are currently 15 Serpentina goat herds in this region; all of them
present semi-extensive production systems. More than 70% are
medium-sized farms keeping more than 200 dairy goats. There are
two breeding seasons: one in autumn (September-October) and
another in winter (January-February). Male goat kids are mainly
sold for meat consumption during the Christmas and Easter
periods, while some female goat kids are kept for replacement,
when presenting exceptional phenotypic characteristics.

Fecal samples were collected rectally from 144 goats. All
fecal samples were placed in plastic bags and kept at 4 °C until
coprological analyses were performed, which was done at the Victor
Caciro Parasitology Laboratory, University of Evora, Portugal.
The fecal samples were classified into two categories: dairy goats
(n = 75) and pre-pubertal goats (7 = 69).

For each farm, the total number of animals, distribution
according to age, number and schedule of anthelminthic or
anti-coccidial treatments and place of birth were surveyed. The
two categories of animals were grouped as follows: pre-pubertal
goats (group 1: 5-12 months of age) and dairy goats (group 2,
split into three age groups: 2-4 (2a), 5-7 (2b) and 8-11 (2¢) year
old animals). Individual fecal samples from five animals per group
from each herd were taken from the rectum and each animal was
checked for common clinical signs relating to coccidiosis (diarrhea,
dirty posteriors and dehydration). The numbers of oocysts per
gram of feces (OPG) were determined by means of the modified
McMaster technique (THIENPONT et al., 1979).

Morphological identification of Eimeria oocysts was carried
out based on shape and size of the oocysts, presence or absence
of the micropyle and polar cap and color and thickness of
oocyst walls (LEVINE, 1985; ECKERT et al., 1995). Oocysts
and oocyst sporogony were collected as previously described
(HERMOSILLA et al., 2002). Oocysts were isolated from the
feces by means of saturated sugar solution (1.3 g/l density) and
the suspension was transferred into Petri dishes covered with small
glass panels. Oocysts that bonded to the glass panels were washed
off with water and were added to 2% (w/v) potassium dichromate
solution to allow complete sporulation, at room temperature and
with regular aeration for 2-5 days. After concentration, simple
flotation using saturated saline solution (1.20 g/l) was performed
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and the oocysts were observed and measured under a microscope
to determine the relative frequency of each species.

Fecal oocyst counts were transformed into the logarithm of
OPG plus one [log (OPG + 1)] to obtain normal distribution.
Levene’s test, Student’s t test, and one-way ANOVA were used
to analyze the data (R® software, version 2.13.1) and determine
whether any differences were significant; p < 0.05 was accepted
as a statistically significant difference.

Additionally, due to an unexpected event, histopathological
sections were produced from intestinal samples from a kid that
died due to coccidiosis in one of the farms. During the necropsy,
intestinal tissue samples from the duodenum, jejunum and ileum
were collected, fixed in 10% buffered formalin, embedded in
paraffin, sectioned at 5 tm and stained with hematoxylin-eosin
for observation under an optical microscopic.

Results

As the survey revealed, most of the Serpentina goat farms
(80%) subjected all animals to anthelminthic treatments every six
months, medicating with a combination of either benzimidazoles
and macrocyclic lactones or benzimidazoles and salicylanilides.
Only two goat farms had a metaphylactic program for coccidiosis
control, in which kids were treated orally with a single dose
of diclazuril (Vecoxan®, Virbac, Portugal) at two weeks of age.
Generally, parturition occurred on the pasture and kids were fed
by natural lactation and were kept together with the dairy goats
until weaning and slaughtering time (about two month of age).

Eimeria spp. oocysts were detected in 98.6% of the fecal
samples: 74 samples originating from adult dairy goats and
68 from pre-pubertal animals. In total, nine different Eimeria

100%
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species were identified in the present study. The most prevalent
species were E. ninakohlyakimovae (88%), followed by E. arloingi
(85%), E. alijevi (63%) and E. caprovina (63%). Other species
observed less frequently were E. hirci, E. caprina, E. jolchijevi,
E. christenseni and E. apsheronica, which were present in 52, 52,
49, 39 and 26% of the samples, respectively. The most prevalent
species in dairy goats was E. ninakohlyakimovae, while in pre-
adults E. arloingi was found most frequently. Two to five different
Eimeria species were observed simultaneously in the feces, thus
indicating concomitant infections in more than 50% of the samples
(Figure 1). Furthermore, 6-9 different species were present in more
than 40% of the samples.

Overall, OPG counts varied greatly, ranging from 3.3 x 10 to
3.4 x 10°. Within the same goat herd and at the same sampling
time, pre-pubertal OPGs ranged from 2.6 x 10° to 3.4 x 10°. The
mean number of oocysts shed was significantly higher (p < 0.001)
in pre-pubertal goats (11,358 + 49,754) than in adult dairy goats
(996 + 1,066). In contrast, no significant differences were detected
between the different dairy goat age ranges (groups 2a-c). Despite
high OPG counts, no diarrhea, dirty posteriors or dehydration,
which are commonly associated with caprine coccidiosis, were
detected in any animal included in the current study.

The mean OPG counts for each farm sampled in the two
goat classes are represented in Figure 2. Pre-pubertal goats had
significantly higher OPG counts, except for herd number 10,
in which one of the pre-pubertal animals showed no oocysts in
the feces. Differences in OPG values, in comparing dairy goats
between herds, were highly significant (» < 0.001). This also held
true for pre-pubertal groups (P < 0.001).

Additionally, in one of the farms, a two-month-old goat kid
suffering from severe coccidiosis presented yellowish diarrhea and
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Figure 1. Prevalence of Eimeria species found in each Serpentina goat herd in Alentejo, Portugal.
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Figure 2. Eimeria spp. oocyst counts (oocysts per gram of feces, OPG) among dairy females and pre-adults in Serpentina goat herds in Alentejo,

Portugal. Data are expressed as transformed values of log (OPG + 1).

low body weight and was found dead on the pasture. Although this
animal was not part of the investigation owing to its young age, a
necropsy was performed and contributed to this investigation, since
it indicated that severe cases of caprine coccidiosis definitely occur
in young goat kids within the herds examined. The OPG count of
this affected animal was greater than 1 x 10° and the most frequent
species found were E. arloingi (96.9%), E. ninakohlyakimovae and
E. caprovina (1.4% each) and E. christenseni (0.3%). At necropsy,
pathological lesions similar to those reported for E. arloingi mono-
infections in goats were found with large non-pedunculated to
polyp-like whitish nodules, reaching the size of 3-5 mm within the
jejunum and ileum (Figure 3A). Tissue alterations were characterized
by hyperplasia of the intestinal villi and mild inflammation of
the mucosa, on hematoxylin-eosin stained gut sections. Mucosal
leukocyte infiltration mainly consisted of lymphocytes, eosinophils,
polymorphonuclear neutrophils and macrophages, as well as
plasma cells to a lesser extent. Different developmental stages
of E. arloingi were found, including trophozoites, immature
and mature first-generation macroschizonts, second-generation
schizonts, macrogamonts, microgamonts, free microgametocytes
and immature and mature oocysts (Figure 3B, C). Autolysis and
necrosis of the affected villi were also observed, and the presence of
necrotic epithelial cells and scattered developmental stages of the
parasite were also seen within the lumen of the intestinal mucosa,
as previously reported (HASHEMNIA et al., 2012). Bacterial
infection was also observed in the affected gut lumen section.

Discussion

This study demonstrates that Eimeria species are widely
distributed in the Serpentina goat herds of Alentejo, Portugal.
The high prevalence of Eimeria infections found is consistent
with previous reports from other regions experiencing comparable

semi-arid climate conditions (DE LA FUENTE; ALUNDA, 1992;

RUIZ etal., 2006). Furthermore, the high OPG counts observed in
pre-pubertal goats was consistent with previous age-related studies
on caprine coccidiosis (PENZHORN et al., 1994; KOUDELA;
BOKOVA, 1998). The infection intensity and frequency were
lower in adult dairy goats, probably owing to previous exposure
o Eimeria spp., thus resulting in partial protective immunity,
in comparison with pre-pubertal goats. The two herds in which
metaphylactic programs for caprine coccidiosis control were being
conducted had OPG counts within the range of the non-treated
animals. This showed that the treatment selected had failed and
indicated that there was a need to improve the metaphylaxis
method in order to achieve a reduction in oocyst shedding and
thereby decrease the environmental contamination. As proposed by
Ruiz et al. (2012), on goat farms with a history of serious clinical
caprine coccidiosis, precise timing of treatments using the anti-
coccidial drug diclazuril improves the control over coccidiosis in
the farm and prevents severe clinical status (RUIZ et al., 2012).

In general, adult animals are protected by cellular immune
responses induced by primary Eimeria infections, in terms of
clinical coccidiosis. However, this is not linked to complete
interruption of internal parasite development, since these animals
continue to shed Eimeria oocysts throughout their lives (TAYLOR;
CATCHPOLE, 1994). This can be explained by the enzootic
stability achieved between host and parasite, thus leading to non-
clinical status among adult goats and even among pre-pubertal
goats. In the current study, no significant differences in the OPGs
between adult age ranges were found. In contrast to these findings,
other studies have reported a slight increase in the excretion of
oocysts among goats older than seven years of age, which has
been interpreted as relative weakness of the host immune system
(CHARTIER; PARAUD, 2012). Occasionally, host protective
immune reactions against Eimeria infections fail due to adverse
conditions, involving stress, dietary changes, prolonged travel,
extremes of temperatures, weather conditions, environment
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Figure 3. A. Jejunum. Natural infection of a two-month-old kid. Presence of scattered whitish pin-head size nodules (3-5 mm in diameter)
(arrows). B. Multinucleated first-generation macroschizont. C. Cluster of macro and microgamonts and primitive oocyst.

changes, severe concomitant infections, nutritional status and
other factors (TAYLOR; CATCHPOLE, 1994; DAUGSCHIES;
NAJDROWSKI, 2005; RUIZ et al., 2006).

Eimeria ninakohlyakimovae and E. arloingi were the most
predominant of the nine Eimeria species identified in the current
study (Figure 2), which is in accordance to previous reports
relating to other geographical areas (PENZHORN et al., 1994;
AGYEI et al., 2004; RUIZ et al., 2006). These two species are
well known as the most pathogenic species in cases of caprine
coccidiosis (LEVINE, 1985; YVORE et al., 1985; KOUDELA;
BOKOVA, 1998; CHARTIER; PARAUD, 2012). The general
occurrence rate of E. christenseni was in agreement with previous
studies, which also revealed higher prevalences among young goats
than among adult dairy goats (LIMA, 1980; JALILA etal., 1998;
HARPER; PENZHORN, 1999; HASSUM; MENEZES, 2005;
RUIZ etal., 2006). Eimeria christenseni is considered to be one of
the most pathogenic species in animals less than six months of age
(AUMONT et al., 1984; LIMA, 2004). Nonetheless, other field
surveys have shown very low prevalences of E. chri i, not
only in adults but also in young animals (KUSILUKA et al., 1996;
AGYEI etal., 2004; FREITAS et al., 2005; CAVALCANTE et al.,

2012). These differences in prevalence may be attributed to varying
geographical conditions (CHARTIER; PARAUD, 2012), e. g. < 7%
prevalence of E. christenseni was found in Ghana (AGYEI et al.,
2004), Spain (RUIZ et al., 2006) and Brazil (CAVALCANTE et al.,
2012), whilst higher prevalence was observed in the United States
(LIMA, 1980).

The pathological findings among the samples from the deceased
two-month-old goat kid clearly indicated that E. arloingi was the
prime cause of death and confirmed the high pathogenicity of
this Eimeria species in young animals, as previously described
(YVORE et al., 1985; KOUDELA; BOKOVA, 1998). Since
this goat kid almost exclusively shed E. arloingi oocysts, this
Eimeria species could even be considered to be a monocausal
parasitic agent that led to the animal’s death. However, because
of the delayed discovery of this animal, it cannot be ruled out
that the bacteria found in the histological analysis might have
been a concomitant infection that was proven to aggravate the
clinical outcome of coccidiosis in goat and poultry (NORTON,
1986; PRUKNER-RADOVCIC et al., 1995), or that invaded
the mucosa after the animal’s death.
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In conclusion, this survey clearly indicates that Eimeria
infections are highly prevalent in Portugal, especially in Serpentina
goats in the province of Alentejo. Although goats were affected
by the most pathogenic species (e.g. E. ninakohlyakimovae, E.
arloingi) and although pre-pubertal goats in particular shed high
numbers of oocysts, no diarrhea, dirty posteriors or dehydration
(symptoms commonly associated with caprine coccidiosis) were
observed in any of the animals examined, which might indicate
that there had been adequate development of protective cellular
adaptive immunity against Eimeria spp.

Overall and compared with other livestock animals, goats
are still a neglected species with regard to basic, clinical and
epidemiological research. Nevertheless, these animals are the
only reliable and economically viable source of meat and milk
in certain climate areas. Foundations supporting research on
caprine infections (e.g. CAPARA: COST action FA0805 of the
European Community) currently pay tribute to the important
value of this particular farm animal. Consequently, generation of
epidemiological data on caprine Eimeria spp. will provide valuable
data for future research on caprine coccidiosis.
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Abstract Eimeria arloingi infections can cause severe
haemorrhagic enteritis in young goat kids, thereby leading to
high economic losses in goat industry worldwide. We aimed
to isolate a new E. arloingi strain and establish a suitable
in vitro culture system for the first merogony. E. arloingi
oocysts were collected from naturally infected goat kids in
the province of Alentejo, Portugal. For the maintenance of
E. arloingi (strain A), kids kept under strict parasite-free
conditions were orally infected with 10° sporulated oocysts
each. Further, a new excystation protocol was successfully
established to obtain viable sporozoites for further in vitro
development in primary bovine umbilical vein endothelial
cells (BUVEC). Overall, E. arloingi first merogony was suc-
cessfully accomplished in BUVEC leading to macromeront
formation (up to 150 um) and the release of fully developed
merozoites | stages. Moreover, host endothelial cell-parasite
interactions were investigated in order to determine the extent
of modulation carried out by E. arloingi in BUVEC during the
first merogony. Gene transcription of adhesion molecules (E-
selectin, P-selectiny VCAM-1, ICAM-1) was enhanced in the
first hours post-infection (p.i.) in E. arloingi-infected BUVEC.
BUVEC activation due to invasion was also shown by in-
creased chemokine (CXCLS8, CCL2, CCLS), cytokine (GM-
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CSF) and COX-2 gene transcription. The new E. arloingi
(strain A) will be useful for better comprehension of early host
innate immune reactions against this parasite in vitro/in vivo
as well as to further our investigations in the complex
Eimeria-host endothelial cell interactions.

Keywords Eimeria arloingi - Coccidiosis - Endothelial host
cells - In vitro - Pro-inflammatory molecules

Introduction

The apicomplexan protozoa Eimeria arloingi is a
monoxenous intracellular goat parasite, causing caprine coc-
cidiosis worldwide. Caprine coccidiosis has been associated
with considerable impact on animal health, as well as signif-
icant economic losses in goat industry (Soe and Pomroy 1992;
Silva et al. 2014b). Caprine coccidiosis might affect up to
100 % of 4-10-week-old goat kids (Mehlhorn and Armstrong
2001), depending on the type of management and geographic
area in which they preside (Ruiz et al. 2006). Alongside
Eimeria ninakohlyakimovae, E. arloingi is considered one of
the most pathogenic species in caprine coccidiosis, causing a
severe haemorrhagic enteritis which results in clinical mani-
festations such as diarrhoea, weight loss, dehydration and
poor growth (Koudela and Bokova 1998; Ruiz et al. 2013;
Silva et al. 2014b). Even sudden death in heavily E. arloingi-
infected goat kids has been reported (Balicka-Ramisz et al.
2012; Rakhshandehroo et al. 2013; Silva et al. 2014b).
Currently, approximately 400,000 goats are reared in
Portugal, with 21.6 % of them being allocated in the province
of Alentejo (GPP 2009), thereby representing the most rele-
vant region of the Portuguese goat industry. Due to high
prevalence of E. arloingi infections worldwide, and due to
its high pathogenicity in caprine coccidiosis, we aimed to
establish a pure E. arloingi strain for further detailed
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investigations. Particularly, investigations related to early host
innate immune reactions (e.g. polymorphonuclear neutrophils
(PMNs)) against this parasite and complex host endothelial
cell-parasite interactions as previously reported from other
Eimeria species in cattle (Hermosilla et al. 2006, 2012;
Taubert et al. 2006a, b, 2010).

The endogenous development of E. arloingi involves two
generations of meronts and a gamogony. First-generation
macromeronts (up to 240 pm) develop in host endothelial
cells (ECs) of the lacteals of the villi of duodenum, jejunum
and ileum, and also in ECs of the sinuses of mesenteric lymph
nodes draining these regions within 9—12 days post-infection
(p.i.) and releasing >120,000 merozoites I (Taylor et al. 2007;
Hashemnia et al. 2012). Smaller second-generation meronts
containing 8 to 24 merozoites II (Sayin etal. 1980; Hashemnia
etal. 2012) develop within 12 days p.i. in epithelial cells of the
villi and the cripts of lower jejunum (Taylor et al. 2007).

Since the first merogony occurs within highly immunore-
active host ECs (Ruiz et al. 2010; Hermosilla et al. 2012), the
aims of this work were also to establish a suitable in vitro
system by using primary ECs to be as close as possible to the
in vivo situation, and to determine the extent of E. arloingi-
induced modulation of infected ECs. To achieve this, a new
excystation protocol was established for E. arloingi oocysts in
order to isolate viable sporozoites for further intracellular
development and production of viable E. arloingi-merozoites
I in vitro. As suitable ECs, we used primary bovine umbilical
vein endothelial cells (BUVEC) as previously described by
Hermosilla et al. (2002), which allowed E. arloingi
macromeront formation and consequent production of viable
merozoites 1.

Additionally, E. arloingi-induced modulation of the gene
transcription of adhesion molecules (E-selectin, P-selectin,
ICAM-1, VCAM-1), cytokines (GM-CSF) and chemokines
(CXCLS, CCL2, CCLS5) was investigated.

To our best knowledge, this is the first description of
E. arloingi in vitro culture and may be useful for further
detailed analyses on the modulation of these highly immuno-
reactive ECs by E. arloingi.

Materials and methods
Animals

Three male White German goat kids were purchased from a
local goat milk farmer at the age of 3 days and each treated
with a single dose of 20 mg/kg bodyweight (bw) toltrazuril
(Baycox® 5 %, Bayer) and 0.1 mg/kg bw halofuginone
(Halocur®, Intervet) for 7 consecutive days. Faecal samples
were weekly collected and assessed for parasitic infections.
When deemed parasite free, they were maintained under
parasite-free conditions in autoclaved stainless steel metabolic
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cages (Woetho) within a large animal stable of the Institute of
Parasitology, Justus Liebig University (JLU), Giessen, with
laminar flow lock entrance until experimental infection.
Animals were fed with milk substitute (CombiMilk®
Lammermilch, Agravis) and commercial starter pellet concen-
trates (Lammerpellets®, Deuka). Water and sterilized hay
were given ad libitum. All animal procedures were performed
according to the JLU Animal Care Committee guidelines,
approved by the Ethic Commission for Experimental
Animal Studies of the State of Hesse and in accordance with
the current German Animal Protection Laws.

Parasites

E. arloingi (strain A) was initially isolated in 2012 from
naturally infected goat kids, in the province of Alentejo,
Portugal. Faecal samples collected directly from the rectum
of kids and dairy goats were assessed with a modified
McMaster technique (Whitlock 1948). Eimeria species iden-
tification (Levine 1985) was based on morphometric charac-
teristics after sporulation at room temperature (RT), with
aeration every 2 to 4 h by stirring the oocysts mixture.
Respective proportions present in samples were determined,
and samples containing more than 80 % of E. arloingi oocysts
were selected and conserved at 4 °C. A simple flotation
process was performed on these samples (10 min, RT) with
saturated sodium chloride solution with a final density of
1.20 g/1. Each cover slide was then washed with distilled water
in a Petri dish and observed with an invert microscope
(CKX41, Olympus®). Oocysts with morphometric character-
istics consistent to the ones of E. arloingi (Levine 1985) were
isolated from the suspension by using a glass Pasteur pipette
and added to a 2 % (w/v) potassium dichromate solution to
prevent bacterial/fungal contamination according to
Hermosilla et al. (2002). A total of 3x 10° oocysts collected
by this technique were then stored at 4 °C in 2 % (w/v)
potassium dichromate solution until further experimental an-
imal infection took place in Giessen, Germany.

In order to obtain a pure E. arloingi (strain A), three
parasite-free male White German goat kids were orally infect-
ed with 1x10° sporulated E. arloingi oocysts, at 6 weeks of
age. Collection of excreted E. arloingi oocysts and sporogony
of oocysts were performed as previously described
(Hermosilla et al. 2002). Briefly, excreted E. arloingi oocysts
were isolated from the faeces, beginning at 18 days p.i., for 5
consecutive days (Jackson 1964). For elimination of debris,
daily collected faeces were washed with tap water under
pressure through three different sized sieves (250, 150 and
100 um). After the last rinse, oocyst solution was pelleted for
24 h, and supernatant was afterwards discharged. Pellets were
mixed (1:1) with saturated sugar solution (1.3 g/l density) and
the suspension was transferred into sedimentation trays cov-
ered with glass panels. Every 2 h, oocysts bound to glass
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panels were withdrawn with water and treated as mentioned
before to allow complete sporulation. Sporulated E. arloingi
oocysts were stored at 4 °C until further usage.

Excystation of E. arloingi

For the isolation of viable E. arloingi sporozoites, the follow-
ing modified excystation protocol was used (Fayer and
Hammond 1967). Sporulated E. arloingi oocysts stock solu-
tion was added to 4 % (v/v) sodium hypochlorite solution and
magnetically stirred on ice for 20 min. After mixing in the
vortex for 20 s, oocyst solution was centrifuged (300xg,
5 min) and supernatant was mixed with bi-distilled water
(1:1). Washed oocyst solution was then layered in Percoll™
(GE Healthcare, UK) 60 % gradients and centrifuged for
20 min at 400xg to remove remaining debris. After centrifu-
gation, oocyst bands were collected and suspended in sterile
0.02 M L-cysteine/0.2 M NaHCO; (Merk) solution and incu-
bated in a 100 % CO, atmosphere (37 °C, 20 h). Afterwards,
oocysts were re-suspended in the following excystation me-
dium: Hank’s balanced salt solution (HBSS, Gibco) contain-
ing 0.4 % (w/v) trypsin (Sigma) and 8 % (v/v) sterile filtered
bovine bile (obtained from the local slaughterhouse, due to the
lack of caprine bile availability). Afterwards, oocysts were
incubated up to 4 h (37 °C, 5 % CO, atmosphere). Every hour,
excystation progress was checked under an inverted micro-
scope (IX81, Olympus®) to estimate the number of free-
released sporozoites. Freshly released sporozoites of
E. arloingi were washed two times (600xg, 15 min) with cell
culture medium 199 (M199, Gibco) supplemented with 2 %
(v/v) foetal calf serum (FCS, Gibco) and 1 % penicillin (v/v,
500 U/ml; Sigma-Aldrich) and streptomycin (v/v, 500 pg/ml;
PS; Sigma-Aldrich) and finally suspended in tissue culture
medium (2x 10° sporozoites/ml).

First merogony of E. arloingi in vitro

Primary bovine umbilical vein endothelial cells (BUVEC)
were isolated as previously described (Taubert et al. 2006a)
and cultured in EC growth medium (ECGM, PromoCell).
BUVEC were seeded into 25-cm? tissue culture flasks
(Greiner) and incubated at 37 °C and 5 % CO, atmosphere.
Medium was changed with modified ECGM (ModECGM,
ECGM mixed with 70 % (v/v) M199 (Gibco), 2 % FCS and
1 % PS) every 2-3 days until confluent BUVEC monolayers
(n=3) were infected with 2.5 x 10° freshly excysted E. arloingi
sporozoites (strain A) per 25-cm? flask. Culture medium was
changed at 24 h p.i. and then successively every 2 days p.i. In
order to keep up with E. arloingi macromeront development
and to observe merozoites I release, infected cells were daily
checked under an inverted microscope (IX81, Olympus®) for
a period of 22 days p.i.

Initial infection rate was determined in 20 power vision fields
randomly selected at 630 magnification. First merogony was
closely followed and arbitrarily selected meronts (n=20/
BUVEC) were measured at 7, 10, 13, 17, 20 and 22 days p.i.
using the software CellSens® Dimension 1.7% (Olympus).

For comparative reasons, two permanent host cell lines
were also infected with 7.5% 10° freshly excysted E. arloingi
sporozoites (strain A) per 75-cm? culture flask. Madin-Darby
bovine kidney (MDBK) cells were maintained in Rosewell
Park Memorial Institute (RPMI) 1640 medium supplemented
with 5 % FCS and 1 % PS. MARC-145 (Rhesus monkey
foetal kidney) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5 % FCS and
1 % PS. Medium was changed every 2-3 days until confluent
MDBK and MARC-145 monolayers were infected. Culture
medium was changed at 24 h p.i. and then successively every
2 days. Further E. arloingi macromeront development was
closely observed in these additional permanent host cell types
until 22 days p.i.

Improvement of the E. arloingi first merogony development
in vitro

To improve the early in vitro development of E. arloingi, we
studied different protein, carbohydrate and lipid supplemen-
tations of culture media: ModECGM, already containing 2 %
FCS (control); ModECGM+10 mM glucose (D(+)-glucose
anhydrous; Roth); ModECGM+10 % FCS; and
ModECGM+2.5 uM oleic acid (Cayman Chemicals). After
establishment of BUVEC infection (7=3), culture mediums
were changed every 2 days. BUVEC cultures with oleic acid
supplementation were in contact with ModECGM+50 uM
oleic acid for 1 h prior to medium change in order to induce
production of lipid droplets as lipid intracellular storage ac-
cording to Martin and Parton (2006). At 22 days p.i., mero-
zoites I were harvested and counted with a Neubauer chamber.

BUVEC infection and RNA isolation

Confluent BUVEC monolayers (#=3) maintained in 25-cm’
plastic tissue culture flasks were infected with 2.5 10° freshly
excysted E. arloingi sporozoites. Respective non-infected
BUVEC were analysed in parallel as negative controls.
Infected BUVEC were harvested for RNA isolation at 3, 6,
12 and 24 h p.i. by direct lysis (per flask: 594 pl buffer RLT
lysis buffer, RNeasy Mini Kit, Qiagen, and 6 ul 2-
mercaptoethanol, Serva).

Isolation of total RNA and DNase I treatment
Total RNA isolation was performed using the RNeasy kit

according to manufacturer’s protocol. In order to guarantee
absolute genomic DNA digestion, a second genomic DNA
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digestion step was performed. Therefore, 1 pg of total RNA
was treated with 1 U DNase I (1 U/ul) in 10x DNase reaction
buffer (37 °C, 30 min). DNase with 1 ul EDTA (50 mM,
Thermo Scientific) was inactivated by heating the sample
(65 °C, 10 min). Total RNA probes were stored at —80 °C
until further use.

Reverse transcription of total RNA

The complementary DNA (cDNA) synthesis was performed
using the SuperScript® III First-Strand Synthesis System
(Invitrogen) according to manufacturer’s protocol with slight
modifications. For first-strand cDNA synthesis, the following
constituents were mixed: 1 pug of DNase-treated total RNA,
0.5 ul oligo d(T) (50 ng/ul), 1 pl of 50 ng/ul hexamer primer,
1 plof 10 mM dNTP mix and DEPC-treated water was adjusted
to 13.5 pl total volume. The samples were incubated at 65 °C
for 5 min and then immediately cooled on ice. For the second-
strand synthesis, the following ingredients were added: 2.5 ul of
10x RT buffer, 5 ul 25 mM MgCl,, 2.5 ul 0.1 M DTT, 1
RNase OUT (40 U/ul) and 0.5 pl Super Script 11l enzyme (200
U/ul). The samples were incubated at 25 °C for 10 min followed
by a 50 °C incubation for 50 min and 5 min at 85 °C. Finally,
nuclease-free dH,O with 1% TE buffer was adjusted to 200-ul
total volume and stored at —20 °C.

Real-time qPCR for the relative quantification of chemokine
(CXCL8, CCL2, CCLS5), cytokine (GM-CSF), COX-2

and adhesion molecules (E-selectin, P-selectin, VCAM-1,
ICAM-1)

Real-time qPCR was performed in a 10-pl total volume
containing 400-nM forward and reverse primers, 200-nM
probe: 2 ul ¢cDNA and 8 pul PCR master mix (Quanta
PerfeCta gPCR FastMix®). The reaction conditions for all
systems were as follows: hold at 95 °C for 5 min, 45 cycles
at 94 °C for 15 s, and 60 °C for 60 s. PCRs were performed
utilizing an automated real-time PCR fluorometer (Rotor-
Gene® Q, Qiagen). Non-template controls (NTCs) were in-
cluded in each experiment. Cycle threshold (Ct) values >40
were considered as non-significant amplification. The real-
time qPCR primers here used were all previously published by
Taubert et al. (2006b) and Hermosilla et al. (2006).

Statistical analysis

For statistical analysis of variance, ANOVA with repeated
measures was performed to compare co-culture/stimulation
conditions. The Bonferroni method was used as a follow-up
test to ANOVA. The qPCR data analysis was based on the
AACt method and data was normalized to GAPDH results as
housekeeping gene. Fold change expression compared to
control=2"22C" with the following: ACt control (control
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samples)=Ct control housekeeping gene — Ct control target
gene; ACt treated (test samples)=Ct treated houskeeping gene
— Ct treated target gene; and AACt=ACt control (control
samples) — ACt treated (test samples). Data analyses were
performed with GraphPad PRISM® 6 (GraphPad Software,
Inc., USA). An unpaired 7 test was used to compare gene
transcription levels between infected and non-infected
BUVEC. P values <0.05 were here considered as a significant
difference.

Results

Morphological characteristics of E. arloingi (strain A)
and sporogony

Eimeria arloingi (strain A) sporulated oocysts presented an
ellipsoidal shape and were slightly flattened at the micropylar
end. The outer oocyst wall was smooth and colourless and the
inner layer was yellowish. A prominent micropyle was always
present at the pole of the oocyst and was covered by a
prominent colourless polar cap (Fig. la, red arrow).
Measurements of oocysts revealed a medium length of 26 to
34 um (30.10+1.92) and a medium width of 17 to 24 um
(21.10+1.64).

The E. arloingi sporogony at RT (18-19 °C) varied from 5
to 12 days. Within sporulated oocysts, sporocysts were rather
elongated ovoid in morphology and presented an average
length of 13.76+1.76 um and an average width of 7.53+
0.64 um. Both Stiedae body and residual bodies were present
within E. arloingi sporocysts. There was no oocyst residuum
although polar granules were not always present (in 32 %
were not observed). When they were within the same oocyst,
one to several oocyst residuums were observed.

The three experimentally E. arloingi-infected goat kids
(10% oocysts) shed in total 580 % 10° oocysts, showing tremen-
dous biologic potential of this new field isolated species.
Newly shed E. arloingi (strain A) oocysts were then collected,
counted and transferred into 75-cm? tissue culture flasks
(Greiner) suspended in 2 % potassium dichromate at 4 °C
until further use.

Moreover, still ongoing molecular characterization of
E. arloingi (strain A) as well as first phylogeny studies on
other related ruminant Eimeria species (e.g. Eimeria bovis,
E. ninakohlyakimovae, Eimeria ovinoidales) was additionally
conducted at the Royal Veterinary College (Damer Blake; data
not shown) in the UK.

Excystation and motility of E. arloingi sporozoites

Viable sporozoites were successfully obtained from sporulat-
ed E. arloingi (A) oocysts. After 30 min of incubation in
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Fig. 1 Excystation of Eimeria
arloingi sporozoites. a E. arloingi
oocysts during excystation
process and detailed visualization
of the polar cap (red arrow). b
Sporozoites (white arrow) egress
through opened oocyst micropyle
(Color figure online)

excystation medium, first free-released sporozoites were vis-
ible. Sporozoites of E. arloingi showed dynamic movement
while inside sporocysts, and later on when the Stiedae body
was absent, sporozoites rapidly moved into the cavity of the
oocysts. Within the oocyst cavity, sporozoites moved very
actively until they succeeded to get in contact with the
micropyle/polar cap and finally egressed through the micro-
pyle (Fig. 1b, arrows, and Supplementary Data Movie 1). The
excystation process continued up to 4 h, as approximately
90 % of the sporozoites were released from sporulated oo-
cysts. Furthermore, freshly released sporozoites showed typ-
ical movements of gliding motility and contractility on the
surface of ECs.

In vitro development of E. arloingi
Host cell invasion (BUVEC, MDBK, MARC-145)

BUVEC confluent monolayers were exposed to freshly iso-
lated E. arloingi sporozoites to allow parasite invasion and
further intracellular development. The majority of the infec-
tive sporozoites had completed the invasion phase within
60 min, with an initial infection rate of 8.03 % (Fig. 2).
Intracellular sporozoites were found to be close to the host
cell nucleus (Fig. 3a) and also to move from cell to cell,
without visible damages. Occasional sporozoite egression
was observed from day 2 onwards until 22 days p.i. At 24 h
p.i., extracellular sporozoites (Fig. 3a, white arrow) were
clearly different in size and shape than intracellular sporozo-
ites, being longer and thinner than intracellular sporozoites
(Table 1). MDBK confluent monolayers were infected by
freshly excysted sporozoites in as little as 60 min. After 2 h
p.i., sporozoites were already found intracellularly. Despite
rapid invasion of sporozoites, infection rates (4.05 %) were
low (Fig. 2). No further development was observed until
22 days p.i. Sporozoites were observed inside a small

parasitophorous vacuole (PV) as in BUVEC, and occasional
egression was observed after 2 days p i. until 18 days p.i.
Regarding MARC-145 confluent monolayers, E. arloingi
sporozoites infected 1.81 % of available host cells (Fig. 2).
Once again, egression was observed after 2 days p.i. until
7 days p.i. No further development was detected, other than
a small PV surrounding intracellular sporozoites. In neither
MDBK nor MARC-145 cell E. arloingi cultures was mero-
zoites I production achieved.

Infection rate (%) Eimeria arloingi

dekk
10' kkk
£ Y BB )
8 .
G
=
2 4
8
E 2+ e
BUVEC MDBK MARC

Fig. 2 Infection rates (%) of Eimeria arloingi sporozoites in BUVEC,
MDBK, and MARC-145 cells. E. arloingi sporozoite invasion was
determined 24 h p.i. in three different host cell lines, one primary host
cell line (BUVEC) and two permanent cell lines (MDBK, MARC-145).
Invasion of host cells of bovine origin (BUVEC, MDBK) was greater
than that of non-bovine host cells (MARC-145). BUVEC were the most
suitable cells tested presenting by showing higher infection rates and
allowing further development of E. arloingi macromeronts
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Fig. 3 Infection and in vitro
development of Eimeria arloingi
in BUVEC. Confluent BUVEC
were infected with freshly
excysted E. arloingi sporozoites,
and macromeront development
was monitored until 22 days p.i. a
One day p.i., extracellular
sporozoites (arrow) showed
different morphology than
intracellular sporozoites; b 4 days
p.i., trophozoites. Immature
macromeronts are observed in ¢
7 days p.i. (arrow), d 13 days p.i.,
e 17 days p.i. and f 20 days p.i

Development of E. arloingi intracellular stages in BUVEC

On day 4 p.i., intracellular sporozoites continued their devel-
opment into rounded up trophozoite stages (Fig. 3b).
Nevertheless, some sporozoites and/or trophozoites persisted
unaltered until the end of the experiment whereas others
started their development later in time, resulting in
unsynchronous macromeront formation. Further development
of E. arloingi trophozoites resulted in immature meronts
(Fig. 3c-f) observed from 5 to 20 days p.i., but not all
immature meronts developed into mature macromeronts.
Macromeront enlargement throughout in vitro development
is registered in Table 1. Mature macromeronts of E. arloingi
were observed at 22 days p.i. showing typical rosette-like
structures (Fig. 4a), clearly corresponding to morphological
features of in vivo occurring macromeront stages (Silva et al.
2014b). Additionally, small immature macromeronts were
released from BUVEC monolayer and later on re-integrating
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into BUVEC cell layer as previously described in other
apicomplexan parasite species (Hermosilla 2009; van de
Sand et al. 2005). At 22 days p.i., rupture of mature
macromeronts and release of viable merozoites I were ob-
served (Fig. 4b and Supplementary Data Movie 2)

E. arloingi merozoites I production in BUVEC

With the purpose of improving the in vitro development of
E. arloingi macromeront formation and the resulting mass
production of viable merozoites I, different protein, carbohy-
drate and lipid supplement treatments were additionally tested
in infected BUVEC cultures. As shown in Fig. 5, the supple-
mentation of 10 mM glucose resulted in significantly higher
production of fully developed merozoites I than untreated
controls and other supplementations, i.e. carbohydrates and
lipids (P<0.0001). The supplementation of EC medium with
proteins (10 % FCS) and lipids (2.5 uM oleic acid), contrary
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Table 1 Morphological changes during in vitro development of Eimeria
arloingi first merogony

Infection with 2.5x10°

sporozoites

Development stage Days BUVEC confluent
n=20 post-infection monolayer (25 em’)
Sporozoites (pm) 0 8x2"

1 5x3°
Immature meronts (pum) 7 9x7

10 14x12

13 54x35
Mature macromeronts (um) 17 74%52

20 82x71

22 96 %84

BUVEC confluent monolayers were cultivated and infected with 2.5x
10° E. arloingi sporozoites. Different stages were measured (n=20)
throughout the development of the parasite. Extracellular and intracellular
sporozoites, as well immature meronts and mature macromeronts, were
measured in order to register enlargement throughout development
“Extracellular

" Intracellular

to expectations, did not significantly improve in vitro
E. arloingi macromeront formation.

E. arloingi infection of BUVEC triggers temporary
upregulation of adhesion molecule gene transcription

E. arloingi infection significantly induced (P<0.05) upregu-
lation of adhesion molecules such as E-selectin, P-selectin,
ICAM-1 and VCAM-1 gene transcription in BUVEC
(Fig. 6a). E-selectin showed an eightfold increase when com-
pared to controls (P<0.001) at 6 h p.i. followed by a rapid
decrease at 12 h p.i. Regarding P-selectin, a rapid increase of

Fig. 4 Mature Eimeria arloingi
macromeront in BUVEC. a At
22 days p.i., macromeront with
rosette structure containing fully
developed merozoites 1. b
Rupture of mature macromeront
and release of viable merozoites I
(see Supplementary Data

Movie 2)

gene transcription was detected at 3 h p.i. (P<0.001) which
continued until 12 h p.i. (P<0.05). At 24 h p.i. the levels of
transcription decreased to almost control levels in both genes.
ICAM-1 gene transcription revealed an increase of up to
threefold at 6 h p.i. and a marked decrease at 12 h p.i. The
same time courses were shown in case of VCAM-1 gene
transcription. However, in this case, a 16-fold increase
(P<0.05) was detected throughout the investigated time
course.

Effects of E. arloingi infection on chemokine (CXCLS,
CCL2, CCLS), cytokine (GM-CSF) and COX-2 gene
transcription

Eimeria arloingi triggered effects on the EC gene transcrip-
tion of chemokines, cytokine and COX-2 (Fig. 6b).
Upregulation of CXCLS resulted in a highly significant dif-
ference detected at 3 h p.i. (P<0.001) and remaining at high
levels until 12 h p.i. At 24 h p.i., a marked decrease was
observed. Considering CC chemokines (CCL2 and CCLS5),
E. arloingi infection induced analogous upregulation of these
molecules showing similar time courses. Both CCL2 and
CCLS upregulations were detected at 3 h p.i. and increasing
until 12 h p.i. (>16-fold). Comparing to CXC chemokine, the
CC chemokine levels of transcription increase were gradual,
while the CXCL8 chemokine expression was high throughout
the time course. E. arloingi infection induced significant
differences in CCLS gene transcription when compared to
non-infected cell levels at 3 and 6 h p.i. (P<0.05).

Eimeria arloingi triggered moderated GM-CSF transcrip-
tion levels, increasing from 3 h p.i. (twofold) to 12 h p.i.
(fourfold), but no significant differences were detected when
comparing infected to non-infected cells. As in all the other
cases, at 24 h p.i., a decrease of gene transcription to control
levels was observed.
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Fig. 5 Total merozoites I production under different culture conditions.
To estimate the influence of different supplements on merozoite produc-
tion, E. arloingi-infected BUVEC were treated with different medium
supplements. Thereafter, released merozoites I were harvested and count-
ed. The supplementation consisted of 10 mM glucose, 10 % FCS and
2.5 uM oleic acids which were added to endothelial cell culture medi-
um—control (2 % FCS and 1 % PS)—until the release of merozoites 1.
Glucose supplementation resulted in significant increment of total num-
ber of merozoites I (P<0.0001)

+ + + +

A mean of fourfold change in COX-2 transcription induced
by E. arloingi infection was observed throughout the time
course, and no significant differences in gene transcription

[] 12

hours post Infection
Fig. 6 Transcription of a E-selectin (black), P-selectin (grey), VCAM-1
(light grey) and ICAM-1 (white), and b CXCLS (black), CCL2 (grey),
CCLS (light grey), GM-CSF (white) and COX-2 (pattern) genes in
BUVEC during Eimeria arloingi infections in vitro. BUVEC were grown
to confluence and infected with 2.5x 10° sporozoites. Non-infected con-
trols were cultured in parallel for each time point. Results are expressed as
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were registered when comparing infected to non-infected
cells.

Discussion

Eimeria arloingi is one of the most pathogenic species in
caprine coccidiosis, causing severe haemorrhagic enteritis
due to its massive replication capacity within the first
merogony in host ECs (Soe and Pomroy 1992; Ruiz et al.
2006). In this work, we accomplished the isolation of a pure
Portuguese field E. arloingi (strain A), which presents the
same morphometric characteristics previously described for
this caprine species (Pellérdy 1974; Sayin et al. 1980; Levine
1985). Worldwide and particularly in Portugal, caprine
coccidiosis is largely caused by E. arloingi infections
(Silva et al. 2013, 2014b), mainly in kids (Sayin et al.
1980; Agyei et al. 2004), and sometimes even causing
death to a significant percentage of animals (Silva et al.
2014b). This E. arloingi (strain A) will allow further
investigations, particularly in characterizing early host in-
nate immune reactions against this apicomplexan parasite
(Silva et al. 2014a), and allow detailed analyses of com-
plex host EC-parasite interactions as reported for related
ruminant Eimeria species (Hermosilla et al. 2006, 2012;
Taubert et al. 2008, 2010).

During the excystation process, E. arloingi sporozoites
demonstrated to undergo a different oocyst egress mechanism
than observed for the closely related E. bovis or
E. ninakohlyakimovae, both presenting two thin oocyst walls
and inconspicuous micropyle (Eckert 1995). In vitro
excystation of these two former species involves, firstly, the

B

chemokines, cytokine, COX-2

n fold increase

6
hours post infection

12 24

n-fold increase in comparison to controls. Total RNA was isolated at 3, 6,
12 and 24 h p.i. One microgram total RNA was reversely transcribed into
¢DNA and probed with real-time qPCR systems for the detection of the
mRNA equivalents. Arithmetical means of three different BUVEC iso-
lates are shown and standard deviations.*P<0.05, **P<0.01,
*xP<0.001
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rupture of oocyst walls, releasing sporocysts containing spo-
rozoites. Thereafter, activated sporozoites within sporocysts
set themselves free from single sporocysts. In case of
E. arloingi, a well-developed micropyle and polar cap are
present. After the removal of oocyst polar cap, sporozoites
become extremely active inside oocysts, but as oocysts walls
are thicker (Eckert 1995) and do not rupture, sporozoites must
rapidly move into the cavity of the oocysts. While sporozoites
get in contact with the opened micropyle, they egress from
oocysts as previously reported by Jackson (1964) and as
observed (Fig. 1 and Supplementary Data Movie 1).
Successful excystation process resulted in viable sporozo-
ites which presented adequate gliding motility, infectivity
and further in vitro intracellular development, even when
using sterile filtered non-specific bile (bovine) as previ-
ously demonstrated for other caprine Eimeria species
(Ruiz et al. 2010).

In vivo, E. arloingi sporozoites obligatory invade
host ECs of the central lacteals of the intestinal villi
and develop into first-generation macromeronts as
integrant part of their endogenous life cycle.
Nevertheless, in in vitro conditions, E. arloingi sporo-
zoites were able to invade BUVEC and to undergo
successful intracellular macromeront development, thus
culminating with the release of fully developed merozo-
ites I at 22 days p.i. (Fig. 4b and Supplementary Data
Movie 2). It was expected that E. arloingi sporozoites
successfully developed in other host species cell types
as reported for other ruminant Eimeria species which
revealed no host cell type specificity (Hermosilla et al.
2002; Ruiz et al. 2010). According to Ruiz et al.
(2010), BUVEC are suitable cells for in vitro develop-
ment of E. ninakohlyakimovae and resulted as well in
the production of viable merozoites 1. Since 2 days p.i.
until the end of the experiment, sporozoite egress was
observed as parasites left initial infected host cells and
invaded new BUVEC. This feature was also mentioned
to occur in vitro in other apicomplexan parasites (Mota
and Rodriguez 2001; Behrendt et al. 2008; Ruiz et al.
2010). Sporozoite egress is commonly associated with
the need of sporozoites to reach their final specific host
cells, as seen for Plasmodium falciparum, E. bovis and
E. ninakohlyakimovae, thereby transmigrating through
cells in a unique, alternative invasion process by
breaching the plasma membrane without forming a
parasitophorous vacuole (Mota et al. 2001; Behrendt
et al. 2008). This alternative invasion process of
apicomplexan parasites has been reported exclusively
for sporozoite stages. It seems feasible to assume that
the search of a suitable host cell, which has appropriat-
ed metabolic resources for further macromeront devel-
opment, may occur by this alternative invasion process,
as postulated by Behrendt et al. (2008), or in order to

escape intracellular defence mechanisms such as host
cell apoptosis (Mota and Rodriguez 2001).

Changes in the morphology and size of E. arloingi intra-
cellular stages (Table 1) were accompanied with a morpho-
logical change of the host nucleus in infected host ECs. In the
course of time, host cell nucleus changed from usual dark
spotted to “fried egg” shape (heterochromatin), where the
light-coloured euchromatine spreads over almost the whole
area of the nucleus and the nucleoli coalesce to form single or
multiple nucleoli, as previously reported for other ruminant
Eimeria species (Ruiz etal. 2010; Taubert et al. 2010). Mature
E. arloingi macromeronts at the same day p.i. exhibited dif-
ferent sizes and morphologies. Despite the fact that E. arloingi
macromeronts presented non-structured type with merozoites
I diffused in the macromeront or rosette structure type with
merozoites I clustered in several rosettes within the
macromeront (Fig. 4a), merozoites I production was not in-
fluenced by the macromeront structure in vitro.

In order to further investigate the effects of different sup-
plements on E. arloingi macromeront formation in vitro, we
tested glucose, protein or lipid (oleic acids) supplementation.
As infection rates and macromeront development were quite
similar to those of non-treated controls, total merozoites I
production was used as a measurement for successful replica-
tion in BUVEC monolayers. The role of carbohydrates in
many biological processes has been described before:
Carbohydrates participate in cell adhesion, cell-cell commu-
nication and host-pathogen interactions (Sanz et al. 2013).
Additionally, for the in vitro apicomplexan parasite growth,
carbohydrates seem to be fundamental (van Schalkwyk et al.
2008; Preuss et al. 2012). In line with these findings, we also
witnessed the importance of glucose in the increment of
merozoites | production (Fig. 5). In contrast, the addition of
greater amounts of FCS to cell cultures did not have the
estimated effect. As BUVEC multiply faster with incremented
dosages of FCS (10 % FCS), we expected that the extra
protein content in medium would also enhance parasite repli-
cation. Besides the slight increment of total merozoites I
production, differences were not significant when compared
with supplemented 2 % FCS medium. Regarding lipid sup-
plementation, it has already been described as the key role of
oleic acid in the intraerythrocytic proliferation of
P. falciparum (Mi-Ichi et al. 2007; Gratraud et al. 2009).
Furthermore, in the E. bovis in vitro system, supplementation
of oleic acid significantly enhanced merozoites I production
(Hamid et al., submitted manuscript). Unfortunately, in our
experiment, the supplementation with the same amount of
oleic acid did not result in greater production of E. arloingi
merozoites I.

Overall, in vitro E. arloingi macromeront development was
in accordance with previously described data for other related
Eimeria spp. (Hermosilla et al. 2002; Ruiz et al. 2010). Thus,
mature macromeront I cultures and availability of merozoites I
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represent useful tools for the replacement of animal experi-
ments concerning pharmaceutical screenings against these
particular parasitic stages, as well as for basic research
applications.

One of the first EC reactions against pathogens is their
activation. This state of intensified responsiveness can be
induced by various factors and stimuli, including cytokines
and active parasite invasion (Taubert et al. 2006b; Mai et al.
2013). Upon activation, EC can produce a broad range of
adhesion molecules, cytokines and proinflammatory
chemokines.

E- and P-selectin are both relevant adhesion molecules,
which mediate initial contact, known as tethering, between
ECs and leukocytes, while ICAM-1 and VCAM-1 adhesion
molecules regulate leukocyte rolling and leukocyte firm ad-
hesion on ECs (Hermosilla et al. 2006). In E. arloingi-infected
BUVEC, E-selectin transcription increased from 3 to 6 h p.i.,
whereas P-selectin showed the highest transcription values at
12 h p.i. Conversely, E. arloingi infections resulted in a
different pattern of E- and P-selectin gene transcription with
lower levels, when compared with E. bovis-induced upregu-
lation of these molecules (Hermosilla et al. 2006). It has been
discussed that even contact of ECs with secreted proteins by
apicomplexan parasites may already activate ECs without
parasite host cell invasion (Hermosilla et al. 2006).
However, secretion of parasite-specific proteins during host
cell invasion constitutes a well-known aspect of apicomplexan
invasion process. Thus, E. arloingi infection enhanced adhe-
sion molecule gene transcription shows the parasite’s ability to
activate BUVEC. Moreover, increasing transcription of
ICAM-1 and VCAM-1 was also observed from 3 to 6 h p.i.,
contrary to E. bovis infection where the peak was detected at 4
and 1 h, respectively. In agreement with a previous report by
Hermosilla et al. (2006), a decrease in adhesion molecule gene
transcription was observed from 6 h p.i. onwards. Especially,
sporozoites of Eimeria spp. may display counteracting mech-
anisms to avoid, or downregulate, intense host cellular im-
mune reactions (Hermosilla et al. 2012), thus achieving
survival.

Comparative studies investigating relevant immunoregula-
tory molecules such as CXC and CC chemokines, cytokines
(GM-CSF) and enzymes responsible for the synthesis of pros-
taglandins revealed a relative weak impact of E. bovis infec-
tions when compared to Toxoplasma gondii and Neospora
caninum infections (Taubert et al. 2006b), thereby showing
that £. bovis rendered less intense ECs.

Due to phylogenetic similarity with E. bovis, we expected
E. arloingi to be able to avoid or downregulate EC activation.
However, since our in vitro system is constituted with
BUVEC of bovine origin, and E. arloingi is a caprine-
specific parasite, this might explain the early stronger reaction
induced by E. arloingi sporozoites, as seen with other
apicomplexan (Taubert et al. 2006b). In the first 12 h p.i.,
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we observed stronger enhanced transcription of studied genes
(CXC and CC chemokines) confirming that the invasion
process of sporozoites represents a triggering event in
BUVEC activation (Taubert et al. 2006b). CXCLS8 gene tran-
scription levels presented a significant increase at 3 h p.i. and a
peak at 12 h p.i., contrary to 7. gondii and N. caninum which
revealed a peak of expression at 4 h p.i. In case of E. bovis
infection, triggered gene transcription was moderated and
revealed a peak at the same time point as E. arloingi infec-
tions. Thus, the response of BUVEC to E. arloingi infection
was similar to 7. gondii and N. caninum infections in the first
hours, but then induced same reactions as E. bovis infections.
Considering CC chemokine (e.g. CCL2 and CCLS) expres-
sion, analogous time courses were observed for these mole-
cules. In both cases at 3 h p.i., a 4-fold increase was detected
and it continued to increase until 12 h p.i., reaching >16-fold
enhancement. Comparing to the CC chemokine data pub-
lished by Taubert et al. (2006b), all three species, namely
E. bovis, T. gondii and N. caninum, presented a CC chemokine
gene transcription peak at 12 h p.i. Besides the fact that these
are different parasites and even different stages (sporozoites
for E. arloingi/E. bovis, tachyzoites for T. gondii/N. caninum),
the reactivity of BUVEC should also be taken into account.
With their own variability, maybe BUVEC are responsible for
small differences in gene transcription.

Transcription of the GM-CSF gene was moderate, increas-
ing from 3 to 12 h p.i., similar to the pattern observed in
E. bovis infection. As referred for other encoding genes in
case of 7. gondii and N. caninum infections, an earlier increase
of GM-CSF was detected (Taubert et al. 2006a; 2006b). As in
all the other cases, at 24 h p.i., a decrease of GM-CSF gene
transcription to control levels was observed. In contrast, COX-
2 gene transcription remained stable and no significant differ-
ences were registered when compared to controls. COX-2
expression is usually associated with cell damage, which in
our in vitro E. arloingi study was seldomly observed.

So far, we could recently confirm the key role of PMN via
neutrophil extracellular traps (NETs) formation in early host
innate immune reactions against different E. arloingi stages
(Silva et al. 2014a), and resulting ECs activation might attract
PMN to the site of macromeront formation. Nevertheless,
more detailed investigations on host-parasite interactions as
well as innate immune reactions should be carried out to fully
understand how this parasite manages to guarantee its massive
replication in such a hostile and immune-reactive host cell.
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Abstract As anovel effector mechanism polymorphonuclear
neutrophils (PMN) release neutrophil extracellular traps
(NETs), which represent protein-labeled DNA matrices capa-
ble of extracellular trapping and killing of invasive pathogens.
Here, we demonstrate for the first time NET formation per-
formed by caprine PMN exposed to different stages (sporo-
zoites and oocysts) of the goat apicomplexan protozoan par-
asite Eimeria arloingi. Scanning electron microscopy as well
as fluorescence microscopy of sporozoites- and oocysts-PMN
co-cultures revealed a fine network of DNA fibrils partially
covering the parasites. Immunofluorescence analyses con-
firmed the co-localization of histones (H3), neutrophil elastase
(NE), and myeloperoxidase (MPO) in extracellular traps re-
leased from caprine PMN. In addition, the enzymatic activity
of NE was found significantly enhanced in sporozoite-
exposed caprine PMN. The treatment of caprine NET struc-
tures with deoxyribonuclease (DNase) and the NADPH oxi-
dase inhibitor diphenylene iodondium (DPI) significantly re-
duced NETosis confirming the classical characteristics of
NETs. Caprine NETs efficiently trapped vital sporozoites of
E. arloingi since 72 % of these stages were immobilized—but
not killed—in NET structures. As a consequence, early infec-
tion rates were significantly reduced when PMN-pre-exposed
sporozoites were allowed to infect adequate host cells. These
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findings suggest that NETs may play an important role in
the early innate host response to E. arloingi infection in
goats.
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Neutrophils

Introduction

Eimeria arloingi coccidiosis in goats is an important
apicomplexan protozoan parasitosis, causing considerable an-
imal health problems and economic losses in goat industry
due to a severe clinical enteritis mainly in young animals (Soe
and Pomroy 1992). Caprine coccidiosis might affect up to
100 % of 4-10-week-old goat kids (Mehlhorn and Armstrong
2001), depending on the type of management (Ruiz et al.
2006). So far, relatively little is known on the innate
immune response against Eimeria infections in ruminants,
although this immune system is considered to be older in
evolutionary terms than the adaptive one (Tschopp et al.
2003). Particularly, polymorphonuclear neutrophils (PMN)
play an important role since they are the most abundant cells
in the blood, the first ones to be recruited to the site of
infection, and dispose of a variety of effector mechanisms
for pathogen killing such as phagocytosis, the production of
reactive oxygen species (ROS), and the release of antimicro-
bial peptides/proteins. Additionally, the formation of neutro-
phil extracellular traps (NETs) has been identified as a further
but extracellularly acting effector mechanism of PMN-
mediated pathogen killing. NETs act efficiently against bacte-
ria, virus, and fungi (Brinkmann et al. 2004; Brinkmann and
Zychlinsky 2007; Fuchs et al. 2007; Hellenbrand et al. 2013;
Jenne et al. 2013) and might represent a general ancient
mechanism to eliminate invasive pathogens. So far, PMN
have been demonstrated to extrude NETs in response to
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several molecular triggers (Abi Abdallah and Denkers
2012; Hermosilla et al. 2014) as well as to vital and dead
pathogens (Behrendt et al. 2010). The most important molecular
inducers currently known are lipopolysaccharide (LPS), phorbol-
12-myristate-13-acetate (PMA), GM-CSF, IL-8, glucose oxi-
dase, Ca®" ionophore, thapsigargin, TNF, and LPS-activated
platelets, among others (Brinkmann et al. 2004; Abi Abdallah
and Denkers 2012; Hermosilla et al. 2014). Up to now, bacterial
and fungal pathogens capable to induce NETSs include the species
Staphylococcus, Streptococcus, Shigella, Salmonella,
Escherichia, Mycobacterium, Listeria, Histophilus, Aspergillus,
and Candida among others (Brinkmann et al. 2004; Urban et al.
2006; Grinberg et al. 2008; Bianchi et al. 2009; Ramos-Kichik
et al. 2009; Bruns et al. 2010; Hellenbrand et al. 2013). While
most NET studies have focused in the past years on the effects of
NETS on bacterial and fungal pathogens, little attention has been
paid to the role of NET formation in protozoan
infections (Hermosilla et al. 2014). Recent data show that proto-
zoan parasites also induce NET release upon PMN activation
(Behrendt et al. 2010; Abi Abdallah et al. 2012; Hermosilla et al.
2014). To date, NET formation has been described in response to
apicomplexan parasites such as Plasmodium falciparum,
Eimeria bovis, Toxoplasma gondii, and Besnoitia besnoiti (Baker
et al. 2008; Behrendt et al. 2010; Abi Abdallah et al.
2012; Muiioz Caro et al. 2014) and euglenozoan parasites Leish-
mania amazonensis, Leish ia chagasi, Leish ia donovani,
and Leishmania major (Guimaraes-Costa et al. 2009; Gabriel
et al. 2010). Although invasion strategies of apicomplexan and
euglenozoan parasites may significantly differ, i. e.,
apicomplexan actively infect specific host cells to escape fast
detrimental innate immune reactions, skin-delivered Leishmania
spp. promastigotes search for professional phagocytes resulting
in attachment and engulfiment by phagocytosis, both parasite
groups are capable to trigger strong NETs (Abi Abdallah and
Denkers 2012; Guimaraes-Costa et al. 2012). Recently, it was
reported that eggs of Schistosoma japonicum can also trigger
NETs in human and murine PMN thereby showing for the first
time that metazoan parasites seem also able to trigger this rele-
vant effector mechanism (Chuah et al. 2013). Consistently, it was
also published that extracellular traps are associated with human
and mice neutrophil- and macrophage-mediated killing of larval
Strongyloides stercoralis (Bonne-Annee et al. 2014).

The aim of this study was to characterize early innate
immune reactions of caprine PMN against E. arloingi with
respect to NET formation. We show here that exposure of
caprine PMN with viable sporozoites and oocysts of
E. arloingi trigger the formation of NETs. Since this
parasite-triggered effector mechanism occurs rapidly upon
contact, it may have a high impact on sporozoite elimina-
tion in E. arloingi-infected animals. Consequently, these
findings suggest that NETosis may play an important role
in the early host innate immune responses against
E. arloingi infections in goats.

4 springer

Materials and methods
Parasites

Eimeria arloingi (strain A) used in the present study was
initially isolated in 2012 from naturally infected goat kids,
in Alentejo, Portugal. The E. arloingi (strain A) was
maintained by passages in male White German goat kids
for oocysts production. Therefore, three male White Ger-
man goat kids were purchased from a local goat milk
farmer at the age of 3 days, treated with Baycox®
(Bayer) and Halocur® (Intervet), assessed for parasitic
infections, and when found parasite-free, maintained under
parasite-free conditions in autoclaved stainless steel meta-
bolic cages (Woetho) within a large animal stable
equipped with laminar flow lock entrance until experimen-
tal infection. Animals were fed with milk substitute
(CombiMilk® Lammermilch, Agravis) and commercial
pellet concentrates (Ldammerpellets, Deuka). Water and
sterilized hay were given ad libitum. Collection of oocysts
and sporulation were performed as previously described
(Hermosilla et al. 2002).

For the isolation of viable E. arloingi sporozoites, the
following excystation protocol was used: sporulated oocysts
were suspended in sterile-filtered 0.02 M L-cystein/0.2 M
NaHCO; solution and incubated in a 100 % CO, atmosphere
at 37°C for 20 h. Afterwards, the oocysts were centrifuged
(600%g, 15 min) and resuspended in Hank’s balanced salt
solution (HBSS, Gibco) containing 0.4 % (w/v) trypsin
(Sigma-Aldrich) and 8 % (v/v) sterile-filtered bovine bile
(obtained from the local slaughterhouse) and were incubated
for 4 h at 37°C and 5 % CO, atmosphere. Free-released
sporozoites were then washed in Rosewell Park Memorial
Institute (RPMI) 1640 medium (twice, 600xg, 15 min,
Gibco), resuspended at concentrations of 2 x 10° sporozoites/
ml until further use. All animal experiments were performed
according to the Justus Liebig University (JLU) Animal Care
Committee guidelines, approved by the Ethic Commission for
Experimental Animal Studies of the JLU and in accordance to
the current German Animal Protection Laws.

Isolation of caprine PMN

Healthy adult goats (n=3) kept at the Institute of Physiology
(Faculty of Veterinary Medicine, JLU Giessen, Germany)
served as blood donors. Animals were bled by puncture of
the jugular vein, and blood was collected in 12 ml plastic tubes
(Kabe Labortechnik) containing lithium-heparin as anticoag-
ulant. Heparinized blood was diluted under sterile conditions
in an equal amount of sterile phosphate buffered saline (PBS)
containing 0.02 % ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich), layered on Biocoll® separating solution
(Biochrom AG), and centrifuged at 800xg for 45 min. After
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removal of plasma, lymphocytes, and monocytes, the cells
were resuspended in 25 ml sterile distilled water and shaken
for 40 s to lyse erythrocytes. Osmolarity was immediately
readjusted by adding 3 ml sterile HBSS (10x, Biochrom
AG). Caprine PMN were washed twice (10 min, 400xg,
4 °C) in RPMI 1640 medium without phenol red (Gibco),
resuspended in the same medium, and incubated at 37 °C and
5 % CO, atmosphere for at least 30 min before use.

Scanning electron microscopy

Caprine PMN were incubated either with freshly isolated
E. arloingi sporozoites or oocysts at a ratio of 1:1 for 1 h on
poly-L-lysine precoated glass coverslips (Greiner). After incu-
bation, cells were fixed (2.5 % glutaraldehyde in 0.1 M
cacodylate buffer, 15 min) and afterwards washed in 0.1 M
cacodylate buffer (Merck). The cells were then postfixed (1 %
osmium tetroxide in 0.1 M cacodylate buffer, Merck), washed
three times in distilled water, dehydrated in ascending ethanol
concentrations, critical point-dried with CO,, and thereafter
sputtered with gold particles. Specimens were examined using
a Philips XL30® scanning electron microscope at the
Institute of Anatomy and Cell Biology at the JLU
Giessen, Germany.

Co-culture of caprine PMN and Eimeria arloingi stages
Quantification of NETs

PMN ( 10° cells/200 ul) were placed in 1.5 ml reaction tubes
(Eppendorf) and incubated for 30, 60, or 90 min after addition
of parasites, inhibitors, or stimulants (37 °C, 5 % CO, atmo-
sphere). All compounds used were diluted or suspended in
RPMI 1640 medium (Gibco), while PMN in plain medium
served as negative control. For positive controls, PMN were
stimulated with zymosan (Invitrogen) at a final concentration
of 1 mg/ml according to Mufioz Caro et al. (2014).

To test for E. arloingi sporozoite-induced NET formation,
10° vital sporozoites were added to caprine PMN. After incu-
bation, 50 pl of micrococcal nuclease buffer (0.1 U/ul, New
England Biolabs) was added to each sample and incubated
(15 min, 37 °C). Afterwards, each sample was centrifuged
(400xg, 7 min). To a 96-well flat-bottom plate (Nunc), 100 pl
of each supernatant was transferred. Each sample was proc-
essed in duplicates. A 1:200 dilution of Pico Green"
(Invitrogen) in 10 mM Tris base buffered with 1 mM EDTA
was added to each well (50 pl). NET formation was deter-
mined using an automated plate monochrome reader
(Varioskan Flash®, Thermo Scientific) at an excitation wave-
length of 484 nm and an emission wavelength of 520 nm.
NETs were quantified based on fluorescence intensity
analyses.

Inhibition assays were performed by adding either
diphenylene iodonium (DPI, 5 uM, Sigma-Aldrich) at the start
of the incubation period or deoxyribonuclease (DNase, 90 U,
Roche Diagnostics) 15 min prior to the end of the incubation
period.

NET entrapment assays of Eimeria arloingi sporozoites
and NET-mediated killing

The entrapment of E. arloingi sporozoites by NET
formation was quantified as previously described
(Chow et al. 2010), with some modifications. Briefly,
caprine PMN (n=3, 10°/sample) were stimulated with
zymosan (I mg/ml, 30 min, 37°C, 5 % CO, atmo-
sphere). For the detection of entrapped sporozoites with-
in NET structures, freshly isolated sporozoites were
meanwhile stained with the fluorescent dye 5(6)-
carboxylfluorescein diacetate succinimidyl ester (CFSE,
Invitrogen) as previously described (Hermosilla et al.
2008). Sporozoites were suspended in the dye solution
(2.5 uM CFSE in PBS) by gently shaking and incubated for
10 min (37 °C, 5 % CO, atmosphere). In order to stop the
labeling process, an equal volume of PBS containing 10 %
fetal calf serum (FCS, Gibco) was added, and CFSE-stained
sporozoites (sporozoites“ %) were washed four times
(400xg, 10 min) in PBS, resuspended again in PBS, and
protected from light. Sporozoites“”* were exposed to
zymosan-prestimulated PMN in a 1:1 ratio (10° PMN:10°
sporozoitcs(m'r‘ ) and incubated (60 min, 37°C, 5 % CO,). A
total of 10° non-PMN-exposed to sporozoites”"** served as
negative control and were used to establish a standard curve
(data not shown). After incubation, co-incubated PMN and
sporozoites”"* were gently washed to remove non-entrapped
sporozoites"F (400xg, 5 min), the supernatant was re-
moved, and the cells/sporozoites were carefully resuspended
in 100 pl RPMI 1640 medium. The content of each tube was
transferred to a 96-well plate and the fluorescence intensity
was measured in comparison to non-exposed sporozoites. The
percentage of entrapment was calculated as [(492/517 nm
experimental well)/(492/517 nm control well without
PMN)]* 100 % (Chow et al. 2010).

To determine the killing effect of NETs on sporozoites, the
trypan blue exclusion test (trypan blue solution 0.4 %, Sigma-
Aldrich) was performed to assess sporozoite viability. Freshly
released E. arloingi sporozoites were co-cultured with caprine
PMN (n=3), ata 1:1 ratio (2% 10° cells, 60 min, 37°C). Non-
exposed sporozoites were maintained at 37°C as negative
control. For positive controls, non-exposed sporozoites were
killed via heat inactivation (60°C, 60 min). After the incuba-
tion period, trypan blue solution was added (1:10) to the
samples (3 min, RT) and cell viability was estimated
microscopically.
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Estimation of enzyme activities: neutrophil elastase, NADPH
oxidase, and myeloperoxidase

Neutrophil elastase (NE) activity was estimated using
the NE-chromogenic substrate MeoSuc-Ala-Ala-Pro-Val-
chloromethyl ketone (Sigma-Aldrich). Briefly, caprine
PMN (n=3) were exposed to sporozoites in a 1:1 ratio
(2x10° cells/well) in duplicates for 60 min at 37°C.
Zymosan was used as positive control (I mg/ml). After
the incubation period and immediately prior to the mea-
surement of chromogenic substrate, 3 mg/ml final con-
centration was added to each sample. NE activity was
assessed via absorbance at 410 nm wavelength, using an
automated plate monochrome reader (Varioskan Flash”,
Thermo Scientific).

NADPH oxidase activity was measured by the oxida-
tion of 2',7'-dichlorofluorescein-diacetate (DCFH-DA,
Sigma-Aldrich) to fluorescent DCF (Conejeros et al.
2011, 2012). In brief, PMN (n=3) were resuspended in
HBSS containing Ca®" and incubated with sporozoites in a
1:1 ratio (2><]05 cells/well; 37°C, 60 min, in duplicates).
For positive control stimulation, zymosan was used (1 mg/
ml). Afterwards, DCFH-DA (10 pg/ml) was added to each
sample just prior to the measurement of the fluorescence
intensities at 485 nm excitation and 530 nm emission
wavelengths.

Myeloperoxidase (MPO) activity was evaluated via perox-
idase activity assessment by the use of Amplex Red" reagent
(Invitrogen). Caprine PMN were exposed to sporozoites in a
1:1 ratio (n=3, 2x 10° cells/well) and incubated in HBSS
buffer lacking phenol red (Gibco) for 30 min at 37°C in
duplicates. Zymosan in a concentration of 0.5 mg/ml was used
as positive control. After incubation, 50 uM Amplex Red”
(Invitrogen) was added to each sample and peroxidase activity
was measured in 571-585 nm fluorescence ranges.

Visualization of NETs and detection of histones,
myeloperoxidase, and neutrophil elastase as NET components

Illustrations of NETs being induced by E. arloingi
stages were obtained with Sytox Orange® (S-11368,
Invitrogen) nucleic acid staining. In brief, 10° PMN
in serum-free RPMI 1640 medium (Gibco) were seeded
on poly-L-lysine-treated glass coverslips in a six-well
plate (Nunc) and exposed to sporozoites or oocysts at
a 1:1 ratio (37 °C, 5 % CO,, 30 min). Each sample
was fixed [4 % (w/v) paraformaldehyde, Merk, 37°C,
20 min] and stored at 4°C until further use. Before and
after Sytox Orange® staining (5 mM Sytox Orange®,
S min, RT, in the dark) (Martinelli et al. 2004), the
samples were washed in PBS and covered with PBS to
avoid drying of the cells. For the detection of histones
(H3), MPO, and NE, the following specific antibodies
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were used: anti-histone monoclonal antibodies (rabbit
monoclonal (E173) to bovine histone H3 phospho S10
DyLight® 488, 1:100; ab139848, Abcam), anti-MPO
antibodies (rabbit polyclonal to MPO antibodies, Alexa
Fluor 488, 1:200, ABIN906866, Antibodies-
online.com), and anti-NE antibodies (rabbit polyclonal
to human neutrophil elastase, 1:200, AB68672,
Abcam). The samples were washed three times in
PBS, blocked with bovine serum albumin (BSA)
[l % (w/v) in PBS, 30 min, RT, Sigma-Aldrich] and
incubated with anti-histone, anti-NE, or anti-MPO an-
tibodies (1 h, RT, in the dark for anti-histone, 24 h,
RT, in the dark for anti-MPO and anti-NE antibodies).
The samples were gently washed with PBS and
mounted in anti-fading buffer (Mowiol®, Sigma-
Aldrich). Visualization was achieved by using an invert
Olympus IX81® fluorescence microscope.

Host cell invasion assay

To test the impact of NET formation on parasite host
cell invasion capacity, vital sporozoites (10°/well) were
incubated with PMN (2x10°/well, 90 min, 37 °C). In
the case of DNase treatment, DNase (45 U/well) was
added 15 min prior to the end of the incubation period.
Non-exposed sporozoites were used for positive con-
trols, and each sample was performed in duplicates.
After incubation, PMN-sporozoite co-cultures were
transferred to confluent bovine umbilical vein endothe-
lial cell (BUVEC, n=3) monolayers (in 24-well plates)
and incubated for 4 h (37 °C, 5 % CO, atmosphere) to
allow sporozoites for host cell invasion. Thereafter, cell
layers were washed thoroughly with prewarmed modi-
fied ECGM medium (ECGM, PromoCell) to remove
PMN and remaining sporozoites. Infection rates were
estimated microscopically 24 h post infection (p. i.)
using x400 magnification, and E. arloingi-infected host
cells were counted in six randomly selected power vi-
sion fields per duplicate (n=18). The infection rate
induced by non-PMN-exposed sporozoites was set as
100 %.

Statistical analysis

For statistical analyses, one- or two-factorial analyses
of variance (ANOVA) with repeated measures were
performed in order to compare co-culture/stimulation
conditions. The Bonferroni method was used as a
follow-up test to ANOVA. For comparing enzyme ac-
tivities and ROS production, t-student tests were per-
formed. All analyses were performed with the GraphPad
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Prism® 6 software. Differences were regarded as signif-
icant at a level of p<0.05 (*); p<0.01 (**); p<0.001
(***); and p<0.0001 (****),

dFig. 1 Eimeria arloingi sporozoite- and oocyst-triggered NET

formation. Scanning electron microscopy analyses revealed the
presence of thicker and thinner filaments originating from PMN when
co-cultured with E. arloingi stages. a Fine PMN-derived strands being
attached to sporozoites (white arrow) and a non-activated PMN (red
arrow, x2,000 magnification); b sporozoites trapped in drawn-out fibers
(white arrow, x2,000 magnification); ¢ E. arloingi oocyst (blue arrow)
and a recently released sporozoite (white arrow) being entrapped in
thicker and thinner extracellular fibers (2,000 magnification)

Results

NET formation trigged by Eimeria arloingi
stages—visualization and characterization

Scanning electron microscopy (SEM) analysis of caprine
PMN exposed to E. arloingi revealed sporozoite-triggered
formation of delicate networks of thicker and thinner fila-
ments of fibers being extruded from PMN that were firmly
attached to the parasites apparently trapping them (Fig. 1a, b).
The majority of sporozoites presented a normal morphology;
in contrast, caprine PMN exhibited different morphologies
according to their stage of NETosis: non-activated PMN ap-
peared as intact cells showing typical rounded cell morphol-
ogy with sometimes irregular surface (Fig. la—red arrow);
activated PMN showed up as dead or disrupted cells with
drawn-out filaments trapping sporozoites (Fig. la, c) and,
during the final stage of NETosis, presented as massively
matted by PMN-derived fibers (Fig. 1b—red arrow). More-
over, we could also visualize the entrapment of E. arloingi
oocysts by caprine NETs. As illustrated in Fig. 1c, a trapped
oocyst (blue arrow) and a recently released sporozoite (white
arrow) are completely covered by NET filaments originating
from several activated, adjacent PMN, demonstrating that
caprine PMN can react against both E. arloingi stages via
NETosis.

Also, fluorescence analyses demonstrated the presence of
NET-like structures proven to contain DNA by Sytox Orange”
staining (Fig. 2a, b, c—red arrows, overlay). Sporozoites were
located in intimate contact with NETs and were occasionally
trapped in these structures (Fig. 1—white arrows). The clas-
sical characteristics of NETs were proven by co-localization
studies on histones (H3), NE, and MPO, which were all
detected in parasite-induced NET structures (green, Fig. 2a,
b, c, respectively).

Quantification of caprine NET formation trigged by Eimeria
arloingi sporozoites

For the quantification of caprine NET formation induced by
E. arloingi sporozoites, kinetic and inhibition studies were
performed, revealing fast and strong NET induction. Thus,
significant NETosis was observed already 30 min after initial
exposure, i. e. at the earliest time point of measurement.
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Overall, the amount of extracellular DNA was significantly
higher in parasite-exposed samples when compared to

@ Springer
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Fig. 2 Co-localization of DNA with H3, NE, and MPO in sporozoite-
and oocyst-induced NET structures. Co-cultures of caprine PMN and
E. arloingi sporozoites and ooc were stained for DNA using Sytox
Omngc” (red) and probed for histones (green, a), NE (green, b), and
MPO (green, ¢) using anti-histone (H3), anti-NE, and anti-MPO
antibodies and adequate conjugate systems. Merges (a, b, c) illustrate
sporozoites (white arrows) and oocysts (blue arrows) being snared in
NET structures (green, red arrows)

parasite-free (negative) controls at all time points measured
(p<0.001, Fig. 3). The process of parasite-triggered NET
formation was time-dependent since the magnitude of reac-
tions increased with the ongoing incubation period leading to
the strongest reactions at 90 min of incubation time. It is
noteworthy that at the latter time point, £. arloingi-induced
NET formation even exceeded the reactions triggered by
zymosan, which represents a very potent inducer of NETosis
(Brown and Roth 1991; Munoz Caro et al. 2014). Hence,
E. arloingi sporozoites bear a strong capability to trigger
NET formation.

The DNA nature of E. arloingi-induced NET struc-
tures was additionally confirmed by DNase treatment.
Correspondingly, a significant reduction (p<0.001) of
Pico Green®-derived fluorescence intensities were mea-
sured in parasite-exposed and DNase-treated samples
(Fig. 3).

In order to confirm the necessity of the NADPH
oxidase activity for the NET formation process, we
performed inhibition assays with DPI, an inhibitor of
the NADPH oxidase. Supplementation of DPI through-
out the incubation period resulted in significant reduc-
tion of parasite-induced NET formation, independent of
the incubation time (Fig. 3). These results also corrob-
orated the hypothesis of ROS intervention in the process
of E. arloingi-induced NETs.

Entrapment of Eimeria arloingi sporozoites

Entrapment of parasites was clearly observed in SEM
and fluorescence images. Using CFSE-stained parasites,
we established a quantitative assay for sporozoite en-
trapment. This assay revealed a strong induction of
E. arloingi-triggered NETs entrapping up to 72 % of
total sporozoites“* (Fig. 4a, n=6). Fluorescence imag-
ing illustrated the presence and immobilization of
sporozoites““** in NET structures (Fig. 4b,
spomzoitcs('l“”"—white arrow; NETs—red arrow).
Trypan blue exclusion test revealed that NET formation
did not interfere with the sporozoite viability since
98 % of PMN-exposed sporozoites remained viable after
exposure. The same rate of mortality was observed in
non-exposed sporozoites. In contrast, heat-inactivated
sporozoites showed 97 % mortality (data not shown).
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Fig. 3 Kinetic and inhibition assays on E. arloingi sporozoite-induced
NETosis. PMN and sporozoites were incubated in a 1:1 ratio for 30, 60,
and 90 min. Stimulation with zymosan (1 mg/ml) was used as positive

Enzymatic activities of MPO, NE, and NADPH oxidase
in NET formation

Sporozoite-triggered NET formation is accompanied by spe-
cific regulation of enzymatic activities in PMN. Incubation of
caprine PMN and E. arloingi sporozoites significantly in-
duced NE- and NADPH oxidase-activity (Fig. 5b, c),
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control and sporozoites only as negative control. For NET inhibition,
DNase- and DPI-treatments were applied. Extracellular DNA was quan-
tified by Pico Green®-derived fluorescence intensities (AU)

confirming the fundamental role of these molecules in NET
formation. However, although MPO activity in PMN ap-
peared to be higher in sporozoite-exposed PMN when com-
pared to parasite-free controls, the differences were not sig-
nificant (Fig. Sa). Stimulation with zymosan served as positive
control and induced significantly enhanced enzymatic activi-
ties of NE and NADPH oxidase in PMN (p<0.001).

P—

10 pm

0 T

sporo sporo+PMN

Fig. 4 Quantification of sporozoite entrapment in NET structures. Quan-
tification of E. arloingi sporozoite entrapment in NETs (a) was performed
after incubation of zymosan-stimulated PMN (#=3) with
sporozoites”*, Non-trapped sporozoites””* were washed off, and the
resulting fluorescence intensities were calculated in relation to non-

exposed sporozoites”>%, b Entrapment of E. arloingi sporozoites™™*
within NET structures (red) was illustrated by Sytox Orange®-derived
DNA staining after the exposure of stained sporozoites to caprine PMN.
All experiments were performed as duplicates
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Fig. 5 Enzymatic activities of MPO, NE, and NADPH oxidase in
caprine PMN after exposure to E. arloingi sporozoites. Caprine PMN
were exposed to E. arloingi sporozoites, zymosan (positive control), or
plain medium (negative control) for 60 min. Thereafter, enzymatic activ-
ities of NE and MPO as well as ROS production were measured in the
supernatants using NE-chromogenic substrate MeoSuc-Ala-Ala-Pro-Val-
chloromethyl ketone, Amplex red”, and the oxidation of DCFH-DA to
fluorescent DCF, respectively. All experiments were performed in
duplicates
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Eimeria arloingi-induced NET formation hampers host cell
invasion

To successfully complete their life cycle, free-released sporo-
zoites have to invade host endothelial cells in vivo to continue
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Fig. 6 Infectivity of E. arloingi sporozoites after exposure to caprine
PMN. Eimeria arloingi sporozoites were co-cultured with caprine PMN
for 90 min in the presence or absence of DNase. Incubation in plain
medium served as PMN-free, positive control (the respective infection
rate was set as 100 %). After incubation, samples were transferred to
confluent BUVEC monolayers for 4 h. Thereafter, the cell layers were
washed and infection rates were estimated (1 d. p. i.)

their intracellular development. In order to estimate the influ-
ence of NET formation on sporozoite invasion capacities,
PMN were preincubated with sporozoites for 90 min and
directly transferred to confluent BUVEC monolayers as ade-
quate host endothelial cells. Respective infection rates were
estimated thereafter. Comparing to control parasites (non-
PMN-exposed sporozoites, respective infection rates were
set as 100 %), the pre-exposure of parasites with PMN signif-
icantly reduced the sporozoites invasion capacity for host cells
(»<0.0001). Consequently, the infection rates decreased to
20 % of those induced by non-treated sporozoites, revealing
the strong capability of caprine NETs to immobilize sporozo-
ites and prevent them from host cell infection, a phenomenon
that will exhibit a remarkable impact on subsequent intracel-
lular parasite replication. This reaction was clearly reversible
since DNase treatment applied toward the end of PMN pre-
exposure (as such, the experimental set-up allowed for prima-
ry NET formation) significantly abolished this effect
(p<0.001), proving NETs as to be the cause for invasion
inhibition and confirming our previous results on non-lethal
effects of NETs (Fig. 6).

Discussion

PMN are considered as a fundamental component of the host
innate immune system representing the first line of defense
against pathogens and the first leukocytes to be recruited to the
site of infection (Brinkmann et al. 2004; Ermert et al. 2009;
Brinkmann and Zychlinsky 2012; Hahn et al. 2013). Besides
phagocytosis- and oxidative burst-related defense actions, the
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formation of NETs is nowadays considered as one main
effector mechanism of PMN (Brinkmann et al. 2004).

So far, NETs have been described in several species:
humans (Gupta et al. 2005), mice (Ermert et al. 2009), horses
(Alghamdi and Foster 2005), cows (Behrendt et al. 2010), fish
(Palic et al. 2007), cats (Wardini et al. 2010), chickens
(Chuammitri et al. 2009), insects (Altincicek et al. 2008),
and crustaceans (Ng et al. 2013). With this work, we add a
new species to the panel of NET-producing immune systems
by demonstrating for the first time the capability of caprine
PMN to produce NETs upon exposure to a non-specific stim-
ulant (zymosan) and the specific caprine pathogen E. arloingi.

Most studies on pathogen-triggered NET formation focused
on bacterial, viral, or fungal infections, so far (Urban et al.
2006; Fuchs et al. 2007; Aulik et al. 2010; Jenne et al. 2013),
and only few protozoan parasites have been investigated as
inducers of NETosis [P, falciparum (Baker et al. 2008), Leish-
mania spp. (Guimaraes-Costa et al. 2009), E. bovis (Behrendt
etal. 2010), 7 gondii (Abi Abdallah et al. 2012) and B. besnoiti
(Muifioz Caro et al. 2014)]. We here describe for the first time
the release of caprine NETs in response to the goat-specific
apicomplexan parasite E. arloingi, which is known as one of
the most pathogenic species causing caprine coccidiosis world-
wide. In agreement with observations in other Eimeria species
(Behrendt et al. 2010), we documented NET-like structures
being attached to the parasite via SEM and fluorescence-
based assays. Staining of NET structures with the DNA stain
Sytox Orange” and the resolution of parasite-induced filamen-
tous structures by DNase treatments proved the DNA nature of
sporozoite-triggered NETs. Besides chromatin, other compo-
nents of NETs, such as nuclear histones, NE, cathepsin G,
MPO, lactoferrin, and gelatinase, are described as pivotal for
the microbiocidal effect of NETs (Brinkmann et al. 2004;
Hermosilla et al. 2014). Via co-localization experiments show-
ing the simultaneous presence of H3, NE, and MPO in caprine
NETs, we confirmed these classical characteristics of NETSs.
Moreover, enhanced NE enzymatic activity in sporozoite-
exposed PMN confirmed the key role of this molecule in the
formation of NETs as suggested by others (Papayannopoulos
et al. 2010; Muiioz Caro et al. 2014). The activation of the
NADPH oxidase complex and subsequent production of ROS
is a crucial step in NETosis (Brinkmann and Zychlinsky 2007;
Fuchs et al. 2007). Since ROS production was significantly
enhanced in sporozoite-exposed PMN and NADPH oxidase
blockage via DPI treatment (Hosseinzadeh et al. 2012) dimin-
ished parasite-triggered NETosis, our results confirmed the
relevance of this enzyme complex in pathogen-induced NET
formation (Brinkmann et al. 2004; Fuchs et al. 2007; Behrendt
etal. 2010; Abi Abdallah et al. 2012; Mufioz Caro et al. 2014).
Findings of ROS-dependent NET induction in goats cannot be
taken for granted since there have previously been differential
regulation processes of inducible nitric oxide synthase produc-
tion in bovine and caprine leukocytes (Adler et al. 1996) as well

as differential lower phagocytic activities in caprine PMN after
expose to Candida albicans when compared to bovine and
buffalo PMN responses (Sahoo et al. 2000).

Overall, E. arloingi sporozoite-triggered NETosis was
time-dependent as also previously reported by Behrendt
et al. (2010) for E. bovis. Since zymosan was previously
validated as potent and superior activator of PMN in the
bovine system compared to PMA (Brown and Roth 1991),
we used this molecule as positive control in NETosis assays.
As expected, caprine PMN also reacted strongly upon zymo-
san by upregulating NADPH oxidase, NE, and MPO activities
and NET release. Interestingly, E. arloingi-induced NET for-
mation accounted for even higher values than zymosan stim-
ulation after 90 min of incubation, pointing at a considerable
NET-inducing capacity of sporozoites. Recent analyses doubt
a strict species-specific Eimeria-induced NETosis and rather
argue for a general phenomenon (Hermosilla et al. 2014),
since NET production as induced by (strictly host-specific)
E. bovis sporozoites in caprine PMN and bovine PMN also
expelled NETs in response to the non-bovine E. arloingi
sporozoites (Mufioz Caro et al. unpublished data).

While the sporozoite stage has been already demonstrated
as potent NET trigger (Behrendt et al. 2010), we demonstrate
here for the first time that also the oocyst stage of E. arloingi
induces NETs. Similar findings were seen in leishmaniosis
where Leishmania-triggered NETosis was not entirely stage-
specific, since both promastigotes (L. amazonensis, L. major,
L. chagasi) and amastigotes (L. amazonensis) promoted NETs
(Guimarées-Costa et al. 2009, 2012). It appears noteworthy
that E. arloingi oocysts are equipped with a prominent micro-
pyle and polar cap. As such, all sporozoites being contained in
the oocyst need to leave the oocyst through the micropyle after
the polar cap has been removed (Jackson 1964) instead of
being set free all at once during oocyst disrupture in non-
micropylic species (e. g., E. ninakohlyakimovae, E. zuernii,
E. bovis). In consequence, blockage of the micropyle via
NETs immediately hampers all sporozoites inside the oocyst
from excystation and effectively blocks the life cycle at a very
early stage of host infection. Since PMN have been demon-
strated to actively transmigrate into the intestinal lumen
(Brazil et al. 2013; Seper et al. 2013; Sumagin et al. 2013;
Szabady and McCormick 2013), they should also be able to
interact with different luminal pathogen stages, such as
ingested oocysts, in the in vivo situation. The SEM analyses
performed in this study clearly showed oocysts and freshly
excysted sporozoites being entrapped by PMN in NET-like
structures in vitro.

As suggested for E. bovis, T. gondii and B. besnoiti
(Behrendt et al. 2010; Abi Abdallah et al. 2012; Munoz Caro
et al. 2014), the relevance of NETosis as effector mechanism
in the defense against E. arloingi rather lies in the entrapment
and immobilization of the parasite resulting in the inhibition of
host cell invasion than in pathogen killing. Accordingly, NETs
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did not vastly kill £. arloingi sporozoites as shown by trypan
blue vital staining, but in agreement with reports on E. bovis-
induced NET formation (Behrendt et al. 2010), NET-mediated
parasite entrapment reduced the infectivity of . arloingi spo-
rozoites. In contrast to reports dealing with the Eimeria spo-
rozoites, NETs appeared to exhibit certain lethal effects on
tachyzoites of 7. gondii (Abi Abdallah et al. 2012) and
L. amazonensis promastigotes (Guimaraes-Costa et al. 2009).

Interestingly, the capacity of caprine PMN to entrap spo-
rozoite stages appears to be superior to that of bovine PMN
since 70 % of sporozoites were ensnared in caprine NETs
compared to 30 % in bovine NETs using the same co-culture
ratios (unpublished data). However, the extracellular arrest of
obligate intracellular-replicating parasites will obviously pre-
vent sporozoites from host cell invasion and abrogate the life
cycle of E. arloingi. Since the main replication step follows
after endothelial cell infection via intracellular macromeront
formation and subsequent second merogony and gamogony,
every single sporozoite being immobilized in NETs may
account for the outcome of the disease severity. Thus, NET
formation should be considered as an important step in early
innate immune response against caprine E. arloingi
coccidiosis.
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Abstract

Besnoitia besnoiti infection in cattle is an important emerging protozoan disease in Europe causing economic losses and
severe clinical signs, such as generalized dermatitis, orchitis, and vulvitis in affected animals. Neutrophil extracellular trap
(NET) formation was recently demonstrated as an important effector mechanism of PMN acting against several invading
pathogens. In the present study, interactions of bovine PMN with tachyzoites of B. besnoiti were investigated in this respect
in vitro. For the demonstration and quantification of NETs, extracellular DNA was stained by Sytox Orange or Pico Green.
Fluorescent illustrations as well as scanning electron microscopy analyses (SEM) showed PMN-promoted NET formation
rapidly being induced upon contact with B. besnoiti tachyzoites. Co-localization of extracellular DNA with histones,
neutrophil elastase (NE) and myeloperoxidase (MPO) in parasite entrapping structures confirmed the classical characteristics
of NET. Exposure of PMN to viable, UV attenuated and dead tachyzoites showed a significant induction of NET formation,
but even tachyzoite homogenates significantly promoted NETs when compared to negative controls. NETs were abolished
by DNase treatment and were reduced after PMN preincubation with NADPH oxidase-, NE- and MPO-inhibitors. Tachyzoite-
triggered NET formation led to parasite entrapment as quantitative assays indicated that about one third of tachyzoites
were immobilized in NETs. In consequence, tachyzoites were hampered from active invasion of host cells. Thus, transfer of
tachyzoites, previously being confronted with PMN, to adequate host cells resulted in significantly reduced infection rates
when compared to PMN-free infection controls. To our knowledge, we here report for the first time B. besnoiti-induced NET
formation. Our results indicate that PMN-triggered extracellular traps may represent an important effector mechanism of
the host early innate immune response against B. besnoiti which may lead to diminishment of initial parasite infection rates
during the acute infection phase.
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Introduction Besides phagocytosis and the production of antimicrobial
molecules, a major eflector mechanism of PMN is the formation
of neutrophil extracellular traps, called NETs [14], which lead to
extracellular killing of bacterial and fungal pathogens [14,15,16].

Bovine besnoitiosis is an endemic disease mainly in Africa and
Asia caused by the cyst-forming apicomplexan parasite Besnoitia

besnoiti. However, upcoming with reports on B. besnoili infections in NET were first described by Brinkmann et al. [14] showing that
Portugal in 2005 [1], there is clear evidence for a spread of this PMN are capable to release granular proteins and chromatin
disease in Europe since outbreaks were recently also described in forming thin extracellular fibers that bind Gram-positive and-
Spain [2], France [3], Germany [4], Italy [5,6,7] and Switzerland negative bacteria [15,16,17]. The major structural component of
[8]. Since all these European countries had previously been free of NETs is DNA which is studded with antimicrobial proteins
bovine besnoitiosis the European Food Safety Authority classified composed of nuclear histones, granula-derived neutrophil elastase
this parasitosis as an emerging disease in the EU in 2010 [9]. (NE), myeloperoxidase (MPO), lactoferrin, and gelatinase

So far, no data are available on adaptive and innate immune [14,18,19]. Overall, NET formation has been described as a
reactions against the apicomplexan parasite B. besnoiti. PMN, novel form of cell death called ETosis which is distinct from
which are the most abundant leukocytes in the bovine blood, play apoptosis, autophagy and necrosis and depends on the generation
a fundamental role in innate host responses since they are the of reactive oxygen species (ROS) by NADPH oxidase [17,20].
carliest immune cells to arrive at the site of infection. This cell type Whilst most studies have focused on bacterial and fungal
has previously been shown to interact with both Eimeria bovis [10] pathogens, few attention has been paid on effects of NETs on
and closely related apicomplexan parasites such as Toxoplasma apicomplexan parasites [21,22]. Thus, NET formation has been
gondii [11,12,13] confirming an important role of PMN in innate demonstrated for Plasmodium falciparum (23], E. bovis [24] and T.
immune reactions against these parasites. gondii [21,22]. In addition, NETosis was shown for different
PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | 91415
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Leishmania species [25,26]. The aim of this study was to describe for
the first time that B. besnoiti-induced NET-formation which may
represent an important host effector mechanism against the
apicomplexan B. besnoiti during the acute phase of infection.

Materials and Methods

Host cell culture and Besnoitia besnoiti tachyzoite
maintenance

Primary bovine umbilical vein endothelial cells (BUVEC) were
isolated as previously described by Taubert et al. [27]. Briefly,
umbilical cords obtained from calves born by sectio caesarea were
kept at 4°C in 0.9% HBSS-HEPES buffer (pH 7.4; Gibco, Grand
Island, NY, USA) supplemented with 1% penicillin (500 U/ml;
Sigma-Aldrich, St. Louis, MO, USA) and streptomycin (500 pg/
ml; Sigma). For preparation of endothelial cells, 0.025% collage-
nase type II (Worthington Biochemical Corporation, Lakewood,
NJ, USA) was infused into the lumen of the isolated and ligated
umbilical vein and incubated for 20 min at 37°C in 5% CO,.
After gently massaging the umbilical vein, the collagenase-cell
suspension was collected and supplemented with 1 ml FCS (Gibco)
to inactivate the collagenase. After two washings (400 xg, 10 min,
4°C), the cells were resuspended in ECGM (endothelial cell
growth medium; PromoCell, Heidelberg, Germany), plated in
25 em” plastic culture flasks (Nunc, Roskilde, Denmark) and kept
at 37°C in 5% CO..

B. besnotti (strain BblEvora04) tachyzoites were maintained by
serial passages in BUVEC. Tachyzoites were collected from
BUVEC supernatants, centrifuged, washed thrice with PBS,
counted and suspended in RPMI 1640 medium (Gibco) until
further use.

Isolation of bovine PMN

Cattle (=3) were bled by puncture of the jugular vein.
Heparinized blood was diluted in an equal amount of PBS
containing 0.02% EDTA, layered on Biocoll Separating Solution
(Biochrom AG) and centrifuged (800 xg, 45 min). The pellet was
suspended in 25 ml distilled water to lyse erythrocytes. Osmolarity
was adjusted by adding 10x Hanks Salt Solution (HBSS,
Biochrom AG). PMN were washed twice, re-suspended in RPMI
medium, counted in a Neubauer haemocytometer chamber and
incubated at 37°C and 5% CO, for at least 30 min before use. All
animal procedures were performed according to the Justus Liebig
University Animal Care Committee guidelines, approved by the
Ethic Commission for Experimental Animal Studies of the State of
Hesse (Regierungsprisidium Giessen) and in accordance to the
current German Animal Protection Laws.

Scanning electron microscopy (SEM)

Bovine PMN were incubated with tachyzoites (ratio: 2:1) for 10,
30, 60, and 120 min on poly-; -lysine (Sigma-Aldrich) pre-coated
coverslips. Cells were fixed in 2.5% glutaraldehyde (Merck), post-
fixed in 1% osmium tetroxide (Merck), washed in distilled water,
dehydrated, critical point dried by CO,-treatment and sputtered
with gold. Specimens were examined using a Philips XL30
scanning electron microscope at the Institute of Anatomy and Cell
Biology, Justus Liebig University Giessen, Germany.

Quantification of NETs

NET formation was quantified using PicoGreen (Invitrogen).
Therefore bovine PMN (n=3) were incubated with tachyzoites
(2:1 ratio) for different time spans (30-300 min, 37°C). In order to
estimate the effects of the parasite viability or integrity on NET
formation, tachyzoites were either attenuated by UV-light

PLOS ONE | www.plosone.org
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according to Zhao Y et al, 2013 [28] 60 min, 230 V/50-
60 Hz), heat-inactivated (60°C, 30 min) or homogenized [three
freeze and thaw cycles plus sonication (15 s, 50 kHz, ice bath)] (1:1
ratio; 5x10°, 90 min, n=3). To evaluate dose-dependent effects
different PMN:tachyzoites ratios were used (1:1, 1:2, 1:3). For
positive controls, zymosan (Invitrogen) was used (1 mg/ml). To
estimate maximum values of extracellular DNA, PMN were lysed
by Triton-X 100 treatment (0.1%; Sigma-Aldrich). To block NET
formation, 90 U of DNase I (Roche Diagnostics) were used. NET
inhibition assays were performed using diphenylene iodonium
(10 uM, Sigma-Aldrich). After PMN/parasite co-cultures, micro-
coccal nuclease was added (5 U/well, New England Biolabs)
(15 min, 37°C). Afterwards samples were centrifuged (300xg,
5 min). The supernatants were transferred (100 pl per 96-well)
and PicoGreen (50 pl/well, diluted in 10 mM Tris/1 mM EDTA)
was added. NET-formation was determined by spectrofluoromet-
ric analysis (484 nm excitation/520 nm emission) using an
automated reader (Varioskan Flash; Thermo Scientific).

Visualization of NETs and detection of histones (H3),
neutrophil elastase (NE) and myeloperoxidase (MPO) in
Besnoitia besnoiti tachyzoites-induced NET structures

After incubation of bovine PMN with tachyzoites (ratio 1:1,
60 min) on poly- -lysine-treated coverslips and fixation of the
samples [4% paraformaldchyde, Merck], NET structures were
visualized by staining extracellular DNA with Sytox Orange
(Invitrogen) according to Martinelli et al. [29] and Lippolis et al.
[30]. For the visualization of tachyzoites within NET structures,
tachyzoites were stained with CFSE (7.5 pM, 37°C, 30 min;
Invitrogen) according to Hermosilla et al. [31] prior to PMN
confrontation.

After fixation and three washings in PBS, samples were
mounted in anti-fading buffer (Mowiol, Sigma-Aldrich). For the
detection of histones, MPO and NE within NET structures the
following antibodies were used: anti-histone (H3) monoclonal
(DyLight, ab139848, Abcam]|, anti-MPO (Alexa Fluor 488,
ABIN906866, Antibodies-online.com) and anti-NE (AB68672,
Abcam) antibodies. Samples were washed thrice, blocked with
BSA (1%, Sigma-Aldrich) and incubated in antibody solutions
[1 h, room temperature (RT), for anti-histone; 24 h, RT, for anti-
MPO and anti-NE antibodies]. The samples were washed in PBS
and mounted in anti-fading buffer). Visualization was achieved
using an invert Olympus IX81 fluorescence microscope.

Estimation of ROS, MPO and NE activities

ROS production was measured by oxidation of DCFH-DA
(Sigma-Aldrich) to fluorescent DCF according to Conejeros et al.
[32,33]. PMN (n= 3) were re-suspended in HBSS containing Ca®*
and incubated with B. besnoiti tachyzoites at 37°C in a 1:1 ratio
(2.5%10 cells/well) in duplicates for 30 min of exposure. There-
after, DCFH-DA (10 pg/ml) was added to each duplicate. For
positive controls zymosan was used (I mg/ml). The relative
fluorescence units (RFU) were recorded at 15 min intervals for a
period of 120 min applying 485 nm excitation and 530 nm
cemission wavelengths.

For the measurement of MPO activity, Amplex red reagent
(Invitrogen) was used for peroxidase activity assessment. PMN and
tachyzoites (1:1 ratio, »=3) were incubated (30 min, 37°C) in
HBSS-buffer without phenol red (Gibco). For positive controls
zymosan was used (0.5 mg/ml). After incubation, 50 pM Amplex
red was added to each well and peroxidase activity was measured
every 10 min for 1 h in 571-585 nm fluorescence ranges.
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NE activity was evaluated using the chromogenic substrate
MeoSuc-Ala-Ala-Pro-Val-chloromethyl-ketone  (Sigma-Aldrich).
PMN (n=3) were exposed to tachyzoites (1:1 ratio, 30 min,
37°C). For positive controls zymosan was used (1 mg/ml). After
incubation, chromogenic substrate (3 mg/ml) was added to each
sample just prior to measurement. NE activity was measured at
410 nm wavelength using an automated reader (Varioskan Flash;
Thermo Scientific. NE- and MPO-inhibition assays were per-
formed using the NE inhibitor chloromethyl ketone (CMK, 1 mM
Sigma-Aldrich) and the MPO inhibitor ABAH (100 uM, Calbio-
chem) according to Parker et al. [34]. PMN were pre-incubated
with the corresponding inhibitor (30 min, RT) prior to exposure to
viable tachyzoites (1:1 ratio, 30 min, RT). Thereafter, NET
formation was analyzed as described above.

Tachyzoite entrapment assay

Tachyzoite entrapment was quantified according to Nizet et al
[35]. PMN were pre-activated by zymosan treatment (1 mg/ml,
30 min, 37°C). Meanwhile, tachyzoites were stained with CFSE
(7.5 uM, 37°C, 30 min; Invitrogen) and washed twice in PBS.
Thereafier, zymosan-stimulated PMN were exposed to CFSE-
labeled tachyzoites (30 min, 37°C) in ascendant ratios (1:2; 1:3).
Non-pre-exposed tachyzoites were used for controls. For inhibi-
tion, diphenylene iodonium (DPI; 10 pM) was added to PMN
30 min prior to exposure to CFSE-labeled tachyzoites as control of
NET inhibition. The samples were washed twice in RPMI and
measured for fluorescence intensities at 485/538 nm wavelengths.
The percentage of entrapment was calculated as follows: [(A485/
538 nm tachyzoites exposed to PMN)/(A485/538 nm non-
exposed tachyzoites)] x100%.

Host cell invasion assay

To test for the effect of parasite-triggered NETs on tachyzoite
infectivity, three different experimental setups were chosen: 1)
tachyzoites were incubated with PMN (1:2 ratio, 3 h, 37°C)
allowing for effective NET formation. 2) For comparative reasons,
an equal number of tachyzoites used in the setup 1 that were not
pre-exposed to PMN were incubated in plain medium. 3) Similar
to setup 1, equal numbers of tachyzoites were incubated with
PMN (1:2 ratio, 3 h, 37°C) allowing for effective NET formation.
Additionally, to resolve potential NET structures, DNase (90 U/well)
was added 15 minutes before the end of the incubation period. In
the next step, tachyzoites of setups 1-3 were transferred to
confluent BUVEC (one 25 cm” flask for cach setup) as host cells
and incubated (1 h, 37°C, 5% CO,). Overall three different
BUVEC isolates were used in this experiment. Afier incubation,
BUVEC layers were washed to remove PMN and dead/excrescent
tachyzoites. Infection rates were estimated microscopically 24 h p.
i. in ten randomly selected vision power fields (400 x magnification).

Statistical analysis

By using normal distribution of data, co-culture/stimulation
conditions were compared by one- or two-factorial anal of
variance (ANOVA) with repeated measures. Differences were
regarded as significant at a level of p=0.05.

Results

Tachyzoites of Besnoitia besnoiti exposed to bovine PMN
trigger NET formation

SEM analyses revealed that exposure of live B. besnoiti
tachyzoites to bovine PMN resulted in the formation of a delicate
network of thicker and thinner strands of fibres originating from
PMN and being firmly attached to the parasites, seemingly
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trapping them (Fig. 1). Kinetic analyses revealed different degrees
of NETosis: after 10 min of exposure delicate PMN-derived
filaroid structures being attached to tachyzoites were detected
(Fig. 1A). Here, PMN still exhibited the morphology of intact cells.
Later on, tachyzoites being trapped in a network of long drawn-

. N

PMN after c with
B. besnoiti tachyzoites. Scanning electron microscopy analysis
revealed NETs being formed by bovine PMN co-cultured with
B. besnoiti tachyzoites for different time periods [(A) 10 min (B) 30 min,
(C) 60 min] in the absence of serum. (A) Delicate PMN-derived filaroid
structure being attached to a tachyzoite, (B) Several tachyzoites being
trapped in a network of long drawn-out fibres originating from dead
and disrupted PMN. (C) Conglomerate of tachyzoites and a rather
chunky meshwork of PMN-derived filaments.
doi:10.1371/journal.pone.0091415.g001

Figure 1. NETs formed by b
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out fibres originating from disrupted PMN (Fig. 1B, 30 min) and

conglomerates of tachyzoites and rather chunky meshworks of

PMN-derived filaments (Fig. 1C, 60 min) were observed.

These parasite-induced N ike structures were proven to
DNA by Sytox Orange staining (Fig 2B, E, H).
Tachyzoites were found in close proximity NETs and
in these structures (Fig s X
of extracellular DNA with H3
(histone H3), NE and MPO in parasite entrapping structures
confirmed the classical characteristics of NETs (Fig. 2). Further-

contain
o
presumably were trapped ig.

Furthermore, co-localization

more, we observed the moment of NET extrusion of a NE-granule
positive PMN capturing tachyzoites in NET's being decorated with
NE-positive material (Fig. 2G-1).

Quantification of NET
formation revealed that exposure of PMN to B. besnoiti tachyzoites

fluorescence  intensities  mirroring
significantly increased the amount of extracellular DNA when
compared to parasite-free controls (p<<0.01; Fig. 3). Furthermore,
parasite-induced NET formation was dose-dependent, as increas-
ing the amount of tachyzoites led to enhanced fluorescence
intensities (Fig. 4).

NET Formation against the Apicomplexan B. besnoiti

Kinetic studies quantifying NET formation revealed fast and
NE

already after 30 min of exposure, i. e. at the earliest time point

strong induction. Thus, strong reactions were observed

measured in this assay. Notably, the values for N formation
were higher than those of the positive control after all time points
tested indicating the strong capability of B. besnoiti tachyzoites to
trigger NETosis. Given that Triton X100-treatment reflected lysis
of all PMNs (=100%), co-cultures of PMN and tachyzoites at a

ratio of 1:2 led to 76.4%2.03% DNA release of the PMN,
respectively. In  contrast, in parasite-free negative controls
1.0320.33% of the PMN contributed to extracellular DNA

content of the samples (data not shown).

Since parasite entrapment was observed in SEM analyses,

established quantitative parasite-entrapment-assays using CFS

stained parasites. Thus we could illustrate tachyzoite entrapment
within NET structures (Fig. 5A). Furthermore, NET-formation led
to a dose-dependent parasite capture revealing up to 34% of

tachyzoites being immobilized in NET structures. (Fig. 5), when a
31
activation of PMN did not significantly alter NET formation after
tachyzoite exposure (Fig.

ratio of (tachyzoites:PMN) was applied. However, pre-

In order to validate that parasite

Figure 2. Co-localization of DNA with histones (H3), NE and MPO in tachyzoite-induced NET structures. Co-cultures of bovine PMN and
B. besnoiti tachyzoites were fixed, permeabilized, stained for DNA using Sytox Orange (red: B, E, H) and probed for MPO (green: A), histones (green: D)
and NE (green: G) using anti-MPO, anti-histone (H3) and anti-NE antibodies and adequate conjugate systems. Areas of respective co-localization
(merges) are illustrated in C, F, I. The arrow in (C) indicates delicate globular structures within NETs. Arrows in (F) and (1) indicate tachyzoites being
trapped in NET structures. Photomicrographs are of representative cells from 3 independent experiments. The time culture in this experiment was

60 min.
doi:10.1371/journal.pone.0091415.g002
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Figure 4. Dose-dependency of tachyzoite-triggered NET for-

Figure 3. Kinetics of tachyzoite-triggered NET for PMN
were incubated with B. besnoiti tachyzoites (ratio 2:1; 4x10° PMN:
2x10° tachyzoites), zymosan (1 mg/ml, positive control) or plain
medium (negative control) for different time periods. After incubation,
samples were analysed for extracellular DNA by quantifying PicoGreen-
derived fluorescence intensities. Each condition was performed in
triplicates. Arithmetic means of three PMN donors, minimum and
maximum. Differences were regarded as significant at a level of p=0.05.
doi:10.1371/journal.pone.0091415.g003

entrapment was caused by NET formation, PMN were preincu-
bated with DPI (10 uM). As expected, a diminishment of
fluorescence intensity derived from CFSE-stained parasites was
observed.

Tachyzoite-triggered NETosis is accompanied by
up-regulation of ROS, NE and MPO activities in PMN

Stimulation with zymosan serving as positive control signifi-
cantly enhanced the enzymatic activities of NE as well as MPO,
and of the ROS production in PMN (Fig. 6). Furthermore,
exposure of bovine PMN to tachyzoites significantly induced NE
and MPO enzymatic activities and ROS production (p<<0.001),
indicating these molecules as key factors in tachyzoite-induced
NET formation.

Tachyzoite-triggered NET formation is diminished by
treatments with DNase and inhibitors of NADPH oxidase,
NE and MPO

The DNA-nature of B. besnoiti-induced NET-like structures was
additionally confirmed by DNase treatment (Fig. 7A)
reduction of PicoGreen-derived fluorescence intens

(p<<0.001). To further confirm the characteristics

performed inhibition assays with DPI, an inhibitor of the NADPH
oxidase. Supplementation of DPI throughout the incubation
period resulted in a significant reduction of parasite-induced
NET formation (p<<0.05; Fig. 7A). In addition, pre-incubation of
PMN with NE and MPO inhibitors (CMK and ABAH
respectively) resulted in a significant decrease of tachyzoite-
triggered NET formation (p<<0.01; Fig. 7A). In order to confirm
NET characteristics after zymosan treatment, the experiment was
performed with the positive control (zymosan, | mg/ml; Fig. 7B)
and as expected we observed significant diminishment of NET
formation after treatment with all inhibitors mentioned.

PLOS ONE | www.plosone.org

PMN and B. besnoiti tachyzoites were incubated at different
ratios (PMN:tachyzoites=1:1, 1:2, 1:3). After incubation, samples were
analysed for extracellular DNA by quantifying PicoGreen-derived
fluorescence intensities. Each condition was performed in duplicates.
Arithmetic means of three PMN donors, minimum and maximum.
Differences were regarded as significant at a level of p=0.05.
doi:10.1371/journal.pone.0091415.g004

Tachyzoite-induced NET induction only marginally
depends on the parasite’s integrity or viability

To analyze the role of tachyzoite viability and integrity in
parasite-induced NETosis experiments were performed using
cither viable, attenuated (via UV-irradiation), dead (via heat-
inactivation) or crushed (via homogenization) tachyzoites. Overall,
all different tachyzoite formulations significantly induced NET
formation when compared to non-exposed PMN (p<<0.001; Fig. 8).
Morcover, significant differences concerning NET formation were
observed between all differentially treated tachyzoites exposed to
PMN and the respective controls (vital p<<0.001; attenuated
£<0.01; heat inactivated p<<0.01; homogenized p<<0.05). Howev-
er, diminished reactions were driven by homogenized parasites
exposed to PMN. Consequently, these reactions resulted in
significant differences compared to NET formation induced by
vital tachyzoites (p<<0.001; Fig. 8). It is noteworthy, that in case of
heat-inactivated and homogenized parasites the DNA background
in the controls was rather high and most probably resulted from
free tachyzoite DNA. These overall results indicate that B. besnoiti-
induced NET formation is at least partially dependent on the
tachyzoite integrity.

Parasite-induced NET formation prevents tachyzoites
from invading host cells

survival and replication of the obligate intracellular parasite B.
besnoiti. To determine the NET-triggered parasite-entrapment on
subsequent tachyzoite infectivity, PMN-exposed tachyzoites were
transferred to BUVEC as host cells and infections rates estimated
thereafter. In parallel equal numbers of tachyzoites that had not
been exposed to PMN before were used for BUVEC infection. As
shown in Fig. 9, previous encounter of tachyzoites with PMN and,
most probably, subsequent NET formation, significantly prevent-
ed the parasites from active invading host cells afterwards. Thus,
infection rates decreased from 78.3£3.24%, resulting from non-
exposed tachyzoites, to 41.06%4.26% achieved by PMN-pre-
exposed tachyzoites, i. e. NET formation hampered tachyzoites
from host cell invasion and led to a 40% reduction of the infection
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Figure 5. Quantification of B. besnoiti tachyzoite entrapment in NET structures. Entrapment of B. besnoiti tachyzoites within NET structures
was illustrated after the exposure of CFSE- (7.5 uM, 37°C, 30 min) stained tachyzoites to bovine PMN and a subsequent DNA-staining by Sytox
Orange (A). Quantification of tachyzoite entrapment in NETs (B) was performed after incubation of non-stimulated and zymosam-pre-activated PMN
(n=3; 2x10°/96-well) with CFSE-stained tachyzoites (7.5 pM, 37°C, 30 min) for 30 min at ratios of 1:2 and 1:3. Thereafter, non-trapped tachyzoites
were washed off and the resulting fluorescence intensities were calculated in relation to non-exposed CFSE stained tachyzoites. As an inhibition
control DPI (10 uM) treatment was used. All experiments were performed as duplicates. Differences were regarded as significant at a level of p=0.05.
doi:10.1371/journal.pone.0091415.g005
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Figure 6. ROS production and enzymatic activities of NE and MPO in tachyzoite-exposed bovine PMN. Bovine PMN were exposed to B.
besnoiti tachyzoites, zymosan (positive control) or plain medium (negative control) for 30 min. Thereafter, enzymatic activities of NE and MPO as well
as ROS production were measured in the supernatants via the NE-chromogenic substrate MeoSuc-Ala-Ala-Pro-Val-chloromethyl ketone, Amplex red
and the oxidation of DCFH-DA to fluorescent DCF, respectively. All experiments were performed in triplicates. Arithmetic means of three PMN donors,
minimum and maximum. Differences were regarded as significant at a level of p=0.05.

doi:10.1371/journal.pone.0091415.g006
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Figure 7. Inhibition of B. besnoiti tachyzoite-triggered NET
formation. Fig. 7A: PMN were exposed to B. besnoiti tachyzoites in the
presence or absence of inhibitors and DNase | (90 U). Cells were pre-
incubated with DPI (10 pM), NE inhibitor (CMK, 1 mM) and the MPO
inhibitor ABAH (100 pM) prior to exposure to tachyzoites (1:1 ratio,
30 min, RT). After an incubation period of 30 min with B. besnoiti
tachyzoites NET-formation was determined by quantifying PicoGreen-
derived fluorescence intensities (484 nm excitation/520 nm emission).
The same experiment was performed with zymosan as positive control
(1 mg/ml; Fig. 7B). Plain medium was used as negative control. Each
condition was performed in triplicates for each PMN donor (n=3).
Differences were regarded as significant at a level of p=0.05.
doi:10.1371/journal.pone.0091415.g007

rate which may have a tremendous impact on subsequent parasite
proliferation. To prove that this impairment was owed to NET
formation, potential NETs were dissolved via DNase treatment
being performed after 165 min of PMN-tachyzoite-exposure (i. e.
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Figure 8. NET formation induced by differentially treated
tachyzoites. Bovine PMN were exposed to vital, UV- attenuated,
homogenized, and heat-inactivated B. besnoiti tachyzoites for 90 min.
Stimulation with zymosan (1 mg/ml) served as positive control, plain
medium was used as negative control. Samples were analysed for
extracellular DNA by quantifying Pico Green-derived fluorescence
intensities. Each condition was performed in triplicates. Arithmetic
means of three PMN donors, minimum and maximum. Differences were
regarded as significant at a level of p=0.05.
doi:10.1371/journal.pone.0091415.g008

after a time period that allowed for efficient NET formation) and
such treated tachyzoites (used in equal numbers to the other
setups) were used for BUVEC infection. As depicted in Figure 9,
the infectivity of tachyzoites was completely restored by this
treatment  (74.27£0.25% infection rate) proving that #) the
ensnarement of tachyzoites in NET structures hampered a large
proportion of tachyzoites from host cell invasion, and #) that NETs
bit killing activities on tachyzoites within a

were not able to ex
time period of 3 hours.

Discussion

The results of this study show that bovine PMN strongly release
NETs in response to the tachyzoite stage of B. besnoiti. The data
emphasize the relevance of this effector mechanism in the defense
of B. besnoiti as parasite-triggered NET formation actively interferes

g 3

Infection rate (%
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- + + PMN
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- + DNase | (90 U)

Figure 9. Infectivity of B. b iti tachy after exp e to
bovine PMN. Vital B. besnoiti tachyzoites were co-cultured for 3 h with
bovine PMN (= PMN + B.b.) allowing for effective NET formation. To
dissolve potential NET structures, DNase was supplemented 15 min
before the end of the incubation period (= B.b. + PMN + DNase).
Incubation of tachyzoites in plain medium served as PMN-free, infection
control (= B.b. only). After incubation, samples were transferred to
confluent BUVEC monolayers for 1 h. Thereafter, the cell layers were
thoroughly washed and infection rates were estimated. Arithmetic
means and standard deviations of three PMN donors, minimum and
maximum. Differences were regarded as significant at a level of p=0.05.
doi:10.1371/journal.pone.0091415.g009
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with host cell invasion of tachyzoites thereby abrogating their
further development which is ultimately linked to an intracellular
lifestyle.

Since the first description of NETSs as innate effector mechanism
in 2004 [14], most studies focused on the effect of NETs on
bacterial and fungal pathogens. However, there is increasing
evidence on the relevance of NETosis as defense mechanism
against protozoan infections. To date, NET-related data are only
available on some apicomplexan species (7. gondit, Plasmodium
Jalciparum, E. bovis) and Leishmania spp. [22,23,24,25,26]. With B.
besnoiti we add a new apicomplexan parasite which is of high
importance for cattle industry as envisioned by the declaration as
emerging discase in the EU through the European Food Safety
Authority in 2010 [9]. PMN-derived NET structures being firmly
attached to B. besnoiti tachyzoites and subsequently leading to
parasite entrapment were visualized by SEM as well as fluores-
cence imaging analyses. As equally described for E. bovis
sporozoites [24] and 7. gondii tachyzoites [22], quantitative assays
revealed fast and strong induction of NETs by B. besnoiti
tachyzoites. Overall, up to 76% of PMN were found to be
involved in NET formation when compared to Triton-X lysis of
PMN. In contrast to E. bovis sporozoites [24], tachyzoite-triggered
NETs did not exhibit a clear time-dependency and induced
reactions of almost equal strength irrespective of the time of
incubation. Since other works reported on remarkable quantitative
differences in extent and time course of pathogen- and phorbol 12-
myristate 13-acetate (PMA) induced NET formation [17,24] and
since PMA does not exhibit proper activation capacity on bovine
PMN in contrast to human cells [36], we used zymosan for the
stimulation of NETosis by bovine PMN in positive controls. In
contrast to PMA, this molecule was demonstrated as potent
activator of PMN in the bovine system [36]. Overall, stimulation
of bovine PMN with zymosan turned out as reliable positive
control inducing ROS-, NE- and MPO-activities as well as NET

NETs mainly consist of chromatin [14]. Thus, we confirmed the
DNA-nature of tachyzoite-triggered NET by staining with Sytox
Orange/PicoGreen. In addition, the resolution of parasite-induced
NETosis by DNase treatments proved this typical characteristic of
NETs. Besides chromatin/DNA, the major components of NET's
are nuclear histones and granular components such as NE, MPO,
lactoferrin, and gelatinase [14,18,19]. These molecules are of high
relevance concerning  the microbiocidal mechanism of NETs
[14,37,38,39]. Applying co-localization analyses concerning ex-
tracellular DNA and histones (H3), NE or MPO in tachyzoite-
entrapping structures we confirmed these classical characteristics
of NETs. Furthermore, NE and MPO inhibitors treatments
significantly reduced NETs formation in tachyzoite-exposed PMN
revealing the essential role of these enzymes in B. besnoiti-induced
NETosis.

The process of NET formation depends on the assembly/
activation of the NADPH oxidase complex resulting in ROS
production [40,17]. As reported for several other pathogens
[14,17,22,24], B. besnoiti-triggered NET production also proved to
be NADPH oxidase-dependent since it was significantly dimin-
ished by DPI treatment. Furthermore, the relevance of this
enzyme complex in NET formation was confirmed by enhanced
ROS production of tachyzoite-exposed PMN.

Parasite entrapment in NETs proved to be dose dependent.
Overall, a third of tachyzoites were ensnared by NET structures
when applying a ratio of 3:1 (tachyzoites: PMN). As previously
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reported for E. bovis sporozoites [24] NET-mediated parasite
entrapment had an enormous implication on the infectivity of
tachyzoites as shown in functional infection experiments. Thus,
infection rates dropped dramatically when tachyzoites were pre-
exposed to bovine PMN prior to endothelial host cell encounter,
indicating that NETs were hampering the parasites from active
host cell invasion. As expected, DNase treatment completely
resolved this effect. This result furthermore suggested that NETs
do not exhibit detrimental/lethal effects on tachyzoites as has been
proposed for some bacterial pathogens. Since B. besnoiti is an
obligate apicomplexan intracellular protozoan and since pathoge-
nicity of the parasite is ultimately linked to continuous infection
and proliferation cycles in endothelial cells in vivo [9,41] NET-
mediated parasite entrapment and inhibition of host cell invasion
will surely have an impact on the outcome of the disease.

So far, NET-triggering molecules originating from apicom-
plexan parasites are not known. To evaluate the influence of the
parasites viability and/or integrity we used different formulations
of tachyzoites. Overall, morphologically intact parasites (vital and
UV-irradiated) all significantly triggered NET release in bovine
PMN with the latter treatment leading to significantly reduced
reactions. In contrast to E. bovis sporozoites [24], tachyzoites of B.
besnoiti induced NETs irrespective of their viability. However, in
accordance to E. bovis sporozoites [24] and T. gondii tachyzoites
[22], soluble parasite lysates also induced significant NET release
in PMN. In case of B. besnoiti, these reactions were significantly
weaker than those induced by vital tachyzoites but still significant
when compared to the negative control.

The results of this study demonstrated for the first time B. besnoiti
tachyzoites as a strong inducer of NET formation. Considering the
life cycle of B. besnoiti which includes active proliferation in
endothelial cells during the acute phase of the disease, parasite
entrapment via NET formation may be of particular importance in
vivo since lysis of infected endothelial cells will lead to direct
exposure of tachyzoites to blood components, such as circulating
PMN and other leukocytes. It is worth noting that B. besnoiti-
infected bovine endothelial cells display increased adhesion
molecules gene transcription and enhanced PMN adhesion
(Taubert, personal observation) allowing for close proximity of
effector cells and parasites. However, so far the role of NET
formation in B. besnoiti-infected cattle in vivo is not clear and will be
difficult to determine. Nevertheless out data suggest parasite-
induced NET formation as an eflective and important effector
mechanism in host innate immune reactions directed against
B. besnoiti.
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SUMMARY

The capacity of polymorphonuclear neutrophils (PMN) and other leucocytes of the innate immune system to expel their
DNA in acontrolled process into the extracellular environment to trap and kill pathogenic microorganisms led to a paradigm
shift in our comprehension of host leucocyte-pathogen interactions. Formation of neutrophil extracellular traps (NET's) has
recently been recognized as a novel effector mechanism of the host innate immune response against microbial infections.
Meanwhile evidence has arisen that NE'T' formation is a widely spread mechanism in vertebrates and invertebrates and
extends not only to the entrapment of microbes, fungi and viruses but also to the capture of protozoan and metazoan
parasites. PMN produce NETs after stimulation with mitogens, cytokines or pathogens in a controlled process which
depends on reactive oxygen species (ROS) and the induction of the Raf-MEK-ERK-mediated signalling pathway cascade.
NETS consist of nuclear DNA as a backbone decorated with histones, antimicrobial peptides, and PMN-specific granular
enzymes thereby providing an extracellular matrix capable of entrapping and killing invasive pathogens. This review is
intended to summarize parasite-related data on NETSs. Special attention will be given to NET-associated mechanisms by
which parasites, in particular apicomplexa, might be hampered in their ability to reproduce within the host cell and complete

the life cycle.

Key words: Neutrophil, neutrophil extracellular traps, innate immunity, parasite infection, DNA| histones.

INTRODUCTION

The main function of mononuclear phagocytes,
such as polymorphonuclear neutrophils (PMN),
monocytes and macrophages, in the innate immune
defence has been classically understood as a variety of
potent intracellular microbicidal mechanisms to kill
invasive pathogens (Bainton et al. 1971; Borregaard
and Cowland, 1997; Nathan, 2006; Brinkmann
and Zychlinsky, 2007; von Kockritz-Blickwede and
Nizet, 2009). Upon first contact with the pathogen,
phagocytes engulf microbes and internalize them
into their phagosomes. Efficient phagocytosis is
enhanced by prior opsonization of the pathogens
with complement factors or, in the re-exposed
host, by specific antibodies recognizing epitopes on
the pathogen surface. Subsequently, phagosomes
must fuse with intracellular granules to form the
phagolysosome, within which the pathogen will be
killed by a combination of non-oxidative as well as
oxidative mechanisms. The efficient non-oxidative
killing mechanisms of phagocytes include antimicro-
bial peptides (AMPs) such as cathelicidins, defensins,
cathepsins and proteases, whereas oxidative killing
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relies on the production of antimicrobial reactive
oxygen species (ROS) via the NADPH oxidase
complex (Nathan, 2006; von Kockritz-Blickwede
and Nizet, 2009). PMN are the most abundant
members of the phagocyte population, comprising
between 50 and 80% of total white blood cells
(Nathan, 2006; Hahn et al. 2013). PMN are highly
mobile and short-lived leucocytes which are densely
packed with secretory granules. They are able to
respond to pathogens immediately after they have left
the bone marrow. Therefore, PVMIN are considered a
pivotal component of the host innate immune system
representing the first line of defence against patho-
gens, as they are the first cells to be recruited to the
site of infection (Brinkmann et al. 2004; Ermert
et al. 2009; Brinkmann and Zychlinsky, 2012; Hahn
et al. 2013).

Neutrophil extracellular traps

Beginning with the landmark study of Brinkmann
et al. (2004), the paradigm of how PMN kill
pathogenic bacteria has profoundly changed. The
discovery of DNA-based antimicrobial neutrophil
extracellular traps (NETs) has implications for our
current knowledge concerning not only invasive
pathogens but also the pathophysiology of infection
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and inflammatory diseases (Logters et al. 2009; Hahn
et al. 2013). Detailed analyses of these novel NET
structures revealed that they consist of nuclear
DNA as a backbone being decorated with histones,
antimicrobial peptides and proteins derived from at
least three PMN granule types (azurophilic, second-
ary and tertiary), such as neutrophil elastase (NE),
myeloperoxidase (MPO), pentraxin, lactoferrin,
gelatinase, bacterial permeability-increasing protein
(BPI), cathepsin G, peptidoglycan recognition pro-
teins (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
NET's provide a unique extracellular matrix capable
not only of entrapping but also of killing invasive
pathogens (Fuchs et al. 2007; Ermert et al. 2009; Abi
Abdallah and Denkers, 2012; Hahn et al. 2013) with
the advantage of minimized damage to the surround-
ing tissue (Logters et al. 2009; Hahn et al. 2013).
NETs have been described so far in a wide range of
different species such as humans (Gupta et al. 2005),
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), fish (Palic et al. 2007), cats (Wardini et al.
2010), chickens (Chuammitri et al. 2009) and insects
(Altincicek et al. 2008). Furthermore, NE'T's are not
exclusively involved in trapping pathogens (Urban
et al. 2006; Brinkmann and Zychlinsky, 2007) but
also in severe sepsis (Logters et al. 2009), preeclamp-
sia (Gupta et al. 2005), reproduction disorders
(Alghamdi and Foster, 2005) and autoimmune
diseases (Logters et al. 2009). Recently, other types
of leucocytes of the innate immune system, such as
eosinophils (Yousefi et al. 2008), mast cells (von
Kockritz-Blickwede et al. 2008) and macrophages
(Aulik et al. 2012; Hellenbrand et al. 2013), have also
been reported to extrude NET-like structures which
are collectively entitled extracellular traps (E'T's).
NETs are released by a novel ‘suicidal’ cell death
pathway called NETosis, different from apoptosis
and necrosis, which allows PMN to kill pathogens far
beyond their lifespan (Brinkmann and Zychlinsky,
2007). Interestingly, a recent investigation demon-
strated that certain PMN released NETs in vivo
without undergoing cell death while maintaining
their crawling and phagocytic activity (Yousefi et al.
2009; Yipp et al. 2012). Upon stimulation, PMN
produce ROS, such as O3, H,0, and HOCI, which
are antimicrobial and essential for NE'T formation
(Brinkmann and Zychlinsky, 2007, 2012; Fuchs
et al. 2007). Consequently, PMN from patients
with chronic granulomatous disease (CGD), who
lack functional NADPH oxidase, are not capable of
forming NET's (Fuchs et al. 2007). During NET osis
several nuclear and cytoplasmic events have to
occur in order to initiate complete and proper NET

1490

extrusion. Firstly, NADPH oxidase-dependent ROS
production leads to morphological changes such as
delobulation of the PMN nucleus, disassembly of the
nuclear envelope and degradation of the granule
membranes (Fuchs et al. 2007). In addition, peptidyl-
arginine deiminase (PAD)-mediated histone citrulli-
nation, followed by chromatin decondensation seem
to be necessary for NE'T' formation (Wang et al. 2009;
Abi Abdallah and Denkers, 2012; Hahn et al. 2013).
After the disassembly of nuclear and granule mem-
branes, the mixture of both nuclear and granule
content proteins, i.e. antimicrobial peptides and
proteins, will occur prior to the extrusion of
protein/histone-decorated NET structures into the
extracellular space (Fig. 1). Most studies on NET
formation strengthened the key role of a functional
NADPH oxidase system. Nonetheless, myeloperox-
idase (MPO) and NE also seem to be able to regulate
proper NET release (Brinkmann and Zychlinsky,
2012). The signalling pathway involved in NETosis
was shown to be Raf-MEK-ERK-dependent
(Hakkim et al. 2011). Molecules known so far to
induce NET' formation include PMA, GM-CSF/
LPS, LPS, IL-8, Ca®* ionophores, thapsigargin,
chemotactic complement-derived peptide comp-
lement factor 5 (C5a), T'NF, IFN, lipophospho-
glycan (LPG) of Leishmania spp. promastigotes,
Staphyloccocus epidermidis J-toxin, autoantibodies
and LPS-activated platelets (von Kockritz-
Blickwede and Nizet, 2009; Cogen et al. 2010;
Guimarides-Costa et al. 2011; Abi Abdallah and
Denkers, 2012; Brinkmann and Zychlinsky, 2012;
Hahn et al. 2013). So far, data on NETosis appear to
be focused on fungal and bacterial pathogens, such as
Aspergillus fumigatus, Aspergillus nidulans, Candida
albicans, Cryptococcus neoformans, Escherichia coli,
Helicobacter pylori, Histophilus somni, Listeria mono-
cytogenes, Mannheimia haemolytica, Mycobacterium
tuberculosis, Staphylococcus aureus, Streptococcus
pyogenes and on feline leukaemia 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;
Guimaraes-Costa et al. 2011; Hakkim et al. 2011;
Aulik et al. 2012; Hahn et al. 2013; Hellenbrand et al.
2013). In the present review, we focus on exciting
recent NET-related research dealing with different
parasite species.

PARASITE-INDUCED NET FORMATION

While most NE'T' studies have focused on the effects
of NET formation on bacterial and fungal pathogens,
little attention has been paid to the role of NETs
in the early host innate immune response against
protozoan and metazoan parasites. As such, the first
report on parasite-triggered NETosis was published
in 2008, i.e. 4 years after the discovery of this

76



The intriguing host innate immune response: novel anti-parasitic defence by
neutrophil extracellular traps

Host innate immune response: parasites and NETs

Neutrophil activation
Leishmania spp.
e p
E. bovis

E. arloingi

P. falciparum E. ninakohlyakimovae

NADPH oxidase
activation

1491

NETosis

+ nuclear membrane disruption

+ PAD-mediated citrullination

+ activation of Raf-MEK-ERK pathway
+ chromatin decondensation

S. japonicum

@MPO

@ NE

@ lactoferrin
@ pentraxin
@ histones

Fig. 1. Mechanisms of parasite-triggered neutrophil extracellular traps (NE'T's) release. PMN become activated

by the contact with different protozoan parasite stages, such as trophozoites of Plasmodium falciparum, sporozoites of
Eimeria bovis, E. arloingi or E. ninakohlyakimovae, tachyzoites of Toxoplasma gondii or Besnoitia besnoiti, amastigotes/
promastigotes of Leishmania spp. and eggs of the metazoan parasite Schistosoma japonicum. Stimulation of PMN
results in the activation of NADPH oxidase and the intracellular production of reactive oxygen species (ROS), PAD
and Raf-MEK-ERK pathway activation. ROS molecules are required for the novel cell death pathway of NETosis,
which is mainly characterized by the disintegration of the nuclear membrane envelope and granule membranes,
chromatin decondensation, and the mixing of nuclear contents with cytoplasmic granular contents. As a final step,
nuclear and granular components are expulsed by a cytoskeleton-dependent shrinkage of the dead PMN. Released NET
structures studded with antimicrobial peptides, histones and proteases, have the capability to entrap, kill or immobilize
the different parasite stages, whilst also initiating pro-immunoinflammatory innate immune reactions to recruit more

leucocytes to the site of infection.

new effector mechanism. Until now, NET formation
was described as induced mainly by protozoan parasite
species, such as the euglenozoan Leishmania amazo-
nensts, Leishmania major, Leishmania braziliensis,
Leishmania  chagasi and  Leishmania  donovani
(Guimaraes-Costa et al. 2009; Gabriel et al. 2010;
Guimardes-Costa et al. 2011; Wang et al. 2011) and
the apicomplexans Plasmodium falciparum, Eimeria
bovis and Toxoplasma gondii (Baker et al. 2008;
Behrendt et al. 2010; Abi Abdallah et al. 2012). So
far, the only report of NE'T formation in response to
a helminth parasite refers to the metazoan trematode
Schistosoma japonicum (Chuah et al. 2013).

With the exception of S. japonicum, the parasites
which are known to trigger NETosis are obligate
intracellular parasites. This raises the question of how
the extracellularly acting mechanism of NETs may

have an impact on these pathogens. However, these
parasites do not spend their entire life cycles inside
the host cell. First, between entering the host and
invading appropriate host cells intracellular para-
sites are in the extracellular space, and particularly
sporozoites of P. falciparum and E. bovis have to move
into host compartments by breaching cell plasma
membranes to find and invade their final primary host
cells (Mota et al. 2001; Behrendt et al. 2004). Second,
the intracellular parasites must leave the primary host
cell in order to successfully infect new cells. At both
these points the parasites are vulnerable to leucocytes.

PLASMODIUM FALCIPARUM

Malaria in humans is an important febrile disease,
caused by the genus Plasmodium. Annual cases
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worldwide are estimated to be in the range of 215—
659 million (Breman and Brandling-Bennett, 2011).

The first evidence of Plasmodium-induced
NET formation came from P. falciparum-infected
children. In an African field study, blood samples
of young patients with active malaria infections were
tested for the presence of NETs (Baker et al. 2008).
Baker et al. (2008) found that all children tested
showed infected erythrocytes and trophozoites
sticking to fibrous extracellular structures which
were identified as NETs by DNA staining (Baker
et al. 2008). These NET structures were circulating
in the blood and often contained entrapped
merozoite- and trophozoite-carrying erythrocytes.
Furthermore, this investigation provided the first
evidence of the potential involvement of NE'T's in the
immunopathogenesis of malaria; patients had higher
levels of antibodies against dsDNA which were above
the predictive levels for autoimmunity (Baker et al.
2008). However, further studies clarifying the actual
role of NE'T's in malaria immune defence or immuno-
pathogenesis are lacking so far. Nevertheless, the
concept that PMN-derived extracellular chromatin
not only carries antiparasitic molecules, but may
also carry molecules involved in autodestructive
immune effector mechanisms, provides novel in-
sights into the nature of innate immune responses
against P. falciparum and other malaria parasite
species. NETs may be considered as a double-
edged sword, which functions not only as an effective
antimicrobial first-line defence machinery but might
also promote organ failure and even death in the
absence of counter-regulation mechanisms (Logters
et al. 2009).

EIMERIA BOVIS

Infections with different species of the apicomplexan
genus Eimeria represent one of the most important
parasitoses in livestock. Eimeriosis in cattle, also
known as coccidiosis, is an important enteric para-
sitosis causing high economic losses and severe
disease in calves (Faber et al. 2002; Daugschies and
Najdrowski, 2005; Hermosilla et al. 2012). PMN
appear to play a pivotal role in E. bovis defence. This
leucocyte population was identified in parasitized
intestine, of E. bovis-infected calves (Friend and
Stockdale, 1980). PMN have been shown to interact
directly with E. bovis stages and antigen, resulting in
direct elimination (Behrendt et al. 2008) or pro-
duction of pro-inflammatory cytokines (e.g. 1L-6,
IL.-12, TNFa), chemokines (e.g. CXCL1, CXCLS,
CXCL10)and iNOS upon encounter (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 enhanced in response to E. bovis
sporozoites in witro or in wvivo during infection

(Behrendt et al. 2008). In 2010, NETs were
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discovered as an additional effector mechanism of
PMN driven by encounters with E. bovis sporozoites
(Behrendt et al. 2010). As also illustrated in Fig. 2A,
scanning electron microscopy (SEM) analyses re-
vealed that sporozoites of E. bovis were covered and
entrapped within an extracellular network of long
drawn-out and delicate fibres originating from dead
and disrupted PMIN. The DNA-based nature of
E. bovis-induced NET's was shown by Sytox Orange
staining and DNase treatment. Fluorescence images
showing brightly stained fibres and the complete loss
of fluorescence in DNase-treated samples corro-
borated the classical backbone structure of NET's
(Behrendt et al. 2010). So far, no data are available on
the parasite or PMN molecules involved in E. bovis-
induced NETosis.

Interestingly, recent analyses doubt a strict
species-specificity of Eimeria-induced NETosis and
rather argue for a general phenomenon, since NET
production was induced by (the strictly host specific)
E. bovis sporozoites in caprine PMN, and bovine
PMN also expelled NETs in response to a non-
bovine Eimeria spp. (Eimeria arloingi; Munoz Caro,
unpublished data). Treatment with an NADPH
oxidase inhibitor significantly reduced E. bovis-
triggered NE'T' formation, confirming the NADPH
oxidase-dependence of NETosis, which is in agree-
ment with data generated by other authors
(Brinkmann et al. 2004; Urban et al. 2006;
Brinkmann and Zychlinsky, 2007; Fuchs et al.
2007). Eimeria bovis sporozoites appear to be a potent
inducer of NETosis since the degree and kinetics of
NET production were much greater and faster,
respectively, than NET formation induced by the
generally used positive control, PMA. This obser-
vation 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 with heat-inactivated
sporozoites or their lysates. Similar findings were
recently reported regarding NETosis in response to
the closely related parasite 7'. gondii (Abi Abdallah
et al. 2012) indicating that most probably not only
parasite movement enhances NETosis but also
certain molecules present at the surface or in
excretory/secretory material can trigger this effector
mechanism. However, so far no data are available
on the nature of these molecules, neither in Eimeria
nor in Toxoplasma.

In contrast to some bacterial pathogens, E. bovis-
triggered NETosis resulted in the immobilization of
sporozoites rather than having lethal effects since
killing of these parasitic stages was not observed
(Behrendt et al. 2010). Importantly, functional host
cell inhibition assays using sporozoites pre-exposed
to PMN indicated that NETosis significantly altered
sporozoite infectivity (but not their viability) since
subsequent infection rates were dramatically reduced
(up to 65%). This effect alone may substantially affect
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Fig. 2. NET formation triggered by different coccidian (Eimeria bovis, E. arloingi, Toxoplasma gondii, Besnoitia besnoiti)
species. Bovine PMN were co-incubated with sporozoites of E. bovis/E. arloingi and tachyzoites of T gondii/B. besnoiti,
respectively, and thereafter analysed by scanning electron microscopy or fluorescence microscopy. (A) Detailed view

of an E. bovis sporozoite firmly entrapped by thick bundles of NET's; (B) 7' gondii tachyzoite entrapped in a network

of long expulsed fibres originating from a dead PMN; (C) B. besnoiti tachyzoites captured within NETSs; (D)
co-localization of DNA and histone (H3) in caprine NET's capturing CFSE-stained E. arloingi sporozoites.

the success of ongoing infection and replication
within the host and ameliorate the disease, since the
pathogenicity of E. bovis infections mainly relies on
later infection phases such as the gamogony. Overall,
these data strongly suggest PMN to carry out their
role as active leucocytes of early host innate immune
responses against E. bovis by forming NET's in order
to immobilize sporozoites and prevent them from
invading host cells.

We have recently extended NET -associated analy-
ses to other Eimeria species and have demonstrated
that sporozoites of E. arloingi (Fig. 2D) and Eimeria
ninakohlyakimovae (both caprine Eimeria species)
also potently trigger NETosis in caprine PMN
(Silva, unpublished data). The same phenomenon
occurs with sporozoites of Cryptosporidium parvum
(Munoz Caro and Lendner, personal communi-
cation) and sporozoites of T'. gondii (Mufioz Caro,
unpublished data) suggesting NET'osis as a general
effector mechanism directed against this apicom-
plexan stage. Interestingly, the oocyst stages of E.
arloingi and C. parvum have also been revealed as
potent triggers of NETosis (Silva and Lendner,
personal communication) indicating that NE'T form-
ation may not represent a stage-specific defence

mechanism. This has also been demonstrated
for different Leishmania stages (Guimaries-Costa
et al. 2009). Given that active PMN are localized
in the mucus of intestinal mucosa (Szabady and
McCormick, 2013), the inhibition of sporozoite
release from oocysts through NET coverage may
substantially prevent parasite infection at the earliest
possible time point in the host. Consequently,
further analyses on other stages, such as oocysts
and merozoites, are urgently needed to clarify this
question. The fact that merozoites (tachyzoites)
of T. gondii also trigger NETosis (Abi Abdallah
et al. 2012) provides further indications on a non-
stage-specific mechanism.

TOXOPLASMA GONDII AND OTHER FAST
PROLIFERATING TACHYZOITES

Toxoplasmosis is one of the most common parasitic
zoonoses worldwide. Its causative agent, 7. gondii,
is a facultative heteroxenous, polyxenous protozoon
that possesses the capability to infect almost all
warm-blooded mammal hosts, including humans,
domestic animals, wild mammals and marine
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mammals (Tenter et al. 2000; Dubey, 2009). As
descibed for other apicomplexan parasites, there is
substantial evidence that PMN play a key role during
T. gondii-infections, since they are rapidly recruited
to the site of infection and produce a variety of pro-
inflammatory cytokines and chemokines in response
to this parasite (Bliss et al. 1999, 2000). Moreover,
several data support evidence that PMN are capable
of efficiently killing 7. gondii-tachyzoites in witro
(Wilson and Remington, 1979; MaclLaren and
De Souza, 2002; Maclaren et al. 2004). First
evidence of 7. gondii tachyzoite-induced NET
formation was suggested by NET-like structures
(Fig. 2B) being observed in PMN/tachyzoite co-
cultures via SEM analyses (Taubert, 2011). Abi
Abdallah et al. (2012) then clearly proved that this
effector mechanism occurs in different experimental
set-ups. In this study thioglycollate-induced perito-
neal murine PMN were used which underwent
NETosis in response to 7. gondii tachyzoites. By
illustrating the co-localization of histones and DNA
in filamentous structures the classical structures of
NETs were demonstrated in this system. As de-
scribed above for Eimeria sporozoites, NETosis
appeared not to be host-specific since human PMN
and murine PMN also responded via NE'T' formation
against 7. gondii tachyzoites. Abi Abdallah et al.
(2012) also showed that the release of murine NET's
was a controlled process and not the result of random
cell death by providing evidence that PMN retained
intracellular lysozyme after NETosis induction.
Interestingly, they also showed that NETosis oc-
curred irrespective of the 7. gondii-strain, since all
three major genotypes of 7. gondii induced NET's
in a comparable manner. In order to exclude that
NET formation was due to parasite invasion, the
authors pre-exposed tachyzoites with cytochalasin D
to inhibit this cytoskeleton-dependent process and
showed that 7. gondii-induced NE'T' formation
actually was a parasite phagocytosis-independent
process (Abi Abdallah et al. 2012). In contrast to
reports dealing with the sporozoite stage of api-
complexan parasites (Behrendt et al. 2010), NE'T's
appeared to exhibit certain lethal effects on the
tachyzoite stage, since 25% of tachyzoites within
NE'T structures were killed (Abi Abdallah et al.
2012). The difference in the parasitocidal effects of
NET's of different parasite stages may be based on the
fact that the sporozoite stage is much larger in size
and more resistant through its thicker pellicula
when compared with tachyzoite stages. As such, it
is well known that T. gondii tachyzoites do not
survive gastric conditions when orally ingested
(Tenter et al. 2000; Dabritz and Conrad, 2010),
whilst sporozoites of Eimeria are more resistant
to adverse conditions.

Besides in vitro data, Abi Abdallah et al. (2012) also
provided indications on the in wivo relevance of
Toxoplasma-triggered NETosis. A murine pulmonary
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model of infection was developed, in which parasites
were applied intranasally. Besides significant PMN
recruitment into the lungs, increased amounts of
NETs were measured in the bronchoalveolar lavage
fluids of 7'. gondii-infected mice.

Regarding the signalling pathways involved
in 7. gondii-induced NETosis, Abi Abdallah et al.
(2012) demonstrated a key role of ERK1/2-mediated
signal transduction, which is in agreement with pre-
vious results on bacteria-triggered NETosis (Hakkim
et al. 2011). Accordingly, induction of (phosphory-
lated) ERK1/2-, AKT- and p38-expression was
recently shown in E. bovis-exposed bovine PMN
(Munoz Caro, unpublished results). Overall, these
data indicate a pathogen-independent and rather
general involvement of this signalling pathway in
NETosis.

Given that the tachyzoite stage of 7. gondii
significantly induced NET release in PMN we
extended NET-associated analyses to a closely related
apicomplexan parasite, Besnoitia besnoiti. In agree-
ment with data on Toxoplasma (Abi Abdallah et al.
2012) B. besnoiti tachyzoites also strongly triggered
NET formation in bovine PMN with a fast kinetics
(Fig. 2C, Munoz Caro et al. 2014). As described
for other pathogens (Brinkmann and Zychlinsky,
2007), B. besnoiti-induced NET formation fulfilled
all classical criteria of NETosis since it was inhibited
by DPI and DNase treatments and proved to be
dependent on PMN-derived ROS production
and neutrophil elastase/myeloperoxidase activities
(Munoz Caro et al. 2014).

Given that all coccidian species tested so far
have been revealed as potent NET inducers it is
tempting to speculate that NETosis may represent
a species-independent, stage-independent and
generally valid effector mechanism of PMN against
stages of this particular protozoan group, that are
available only for a short period when in search for
the adequate host cell. Thus it makes sense that
coccidian-driven NETosis is a fast process to give
PMN at least a chance to eliminate some stages or
hamper them from host cell invasion, thereby
reducing ongoing replication and parasite load in
the final host.

LEISHMANIA SPP.

Leishmaniasis represents a major health problem
and according to the WHO 10% of the human world
population is at risk of infection, meaning that
approximately 12 million people in 98 countries are
infected, and 2 million new cases occur each year
(Ashford, 2000; Alvar et al. 2012). Leishmaniasis is
a vector-transmitted zoonosis caused by more than
25 different euglenozoan obligate intracellular proto-
zoan Leishmania species (Ashford, 2000; Alvar et al.
2012).
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Recent studies examined the potential role of
NET formation during the early phase of leish-
maniasis using promastigote stages of different
Leishmania  species. A study conducted by
Guimardes-Costa et al. (2009) proved for the first
time that promastigotes of L. amazonensis, L. major
and L. chagasi were capable of inducing NET
formation. Furthermore, they showed that NET-
entrapped L. amazonensis promastigotes exhibited
decreased viability, which was judged as an indication
of leishmanicidal effects of NETSs. Interestingly,
Leishmania-triggered NETosis was not entirely
stage-specific, both promastigote stages
(L. amazonensis, L. major, L. chagasi) and amastigote
stages (L. amazonensis) promoted NE'T' formation.
Importantly, Guimardes-Costa et al. (2009) gave first
indications on the nature of parasite ligands being
involved in NE'T formation. Thus, parasite-derived
lipophosphoglycan (LPG) was suggested as a trigger
of NET release since this molecule also induced
NETsS in a purified form.

Detailed analyses of cutaneous Leishmania lesions
from biopsies of human patients in Brazil proved
in vivo evidence of Leishmania-induced NETosis
demonstrating the simultaneous presence of extra-
cellular DNA and histones (Guimaries-Costa et al.
2009). Guimaries-Costa et al. (2009) suggested
that histones are involved in the parasite inacti-
vation/killing process, since anti-histone-antibodies
significantly reduced the lethal effects of NETSs.
The leishmanicidal effect of histones was proven
in promastigote co-cultures with purified H2A
histones leading to parasite killing. In agreement,
Wang et al. (2011) demonstrated that the histone
H2B also has lethal effects on Leishmania promasti-
gotes.

In contrast to reports on coccidian species,
Gabriel et al. (2010) showed that in the case of
L. donovani the induction of NETosis was a stage-
specific event. In agreement, it was a ROS-dependent
process that was equally triggered in human and
murine PMN. In contrast to previous findings
on Leishmania-1LPG-dependent NET induction
(Guimaraes-Costa et al. 2009), Gabriel et al.
(2010) observed an LPG- and GP63- (promastigote
surface metalloprotease) independent pathway of
NETosis by using genetically modified L. donovani
promastigotes. However, in this infection system,
LPG appeared to be involved in the resistance
to NET-mediated killing, since the wild-type of
L. donovani maintained its viability in the presence
of NETs, whilst mutant parasites lacking LPG were
efficiently killed by these extracellular structures.
The different and partially adverse functions of
LPG in different Leishmania species may be
attributed to the wide variation of the LPG
composition that might occur not only within one
Leishmania species but also within strains or even
sub-strains.

since
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Schistosomiasis is a chronic parasitic snail-borne
disease of humans and animals mainly in tropical and
sub-tropical areas. Caused by digenean trematodes of
the genus Schistosoma, the disease affects about 200
million people worldwide (Ross et al. 2002). The
disease is characterized by an active granulomatous
cellular immune response that eventually leads
to severe chronic hepatic fibrosis. In contrast to
Schistosoma mansoni infections, PMN are known to
play a key role in schistosomiasis due to S. japonicum
infections (Hsu et al. 1972; Von Lichtenberg et al.
1973; Chuah et al. 2013), but their precise role in
limiting or promoting hepatic pathology remained
unclear until Burke et al. (2010) clearly demonstrated
that PMN are localized within the core (adjacent to
S. japonicum eggs) and the periphery of mature
granulomas induced by S. japonicum. In a recent
study analysing the spatial and temporal transcrip-
tomics of S. japonicum-induced hepatic granuloma
formation, Chuah et al. (2013) found an up-
regulation of PMN-derived molecules associated
with the production of NETs (e.g. NGP, S100A8/
A9, ELA2, L'TF and MMP9). In witro incubation of
murine and human PMN with S. japonicum eggs led
to NET formation. In vive evidence on S. japonicum-
promoted NETosis was obtained microscopically
within granulomas isolated from the livers of infected
mice. Co-localization studies on DNA and NE
within these structures confirmed NET existence
within the core of S. japonicum-induced hepatic
granulomas. In contrast to these findings, there were
no indications of any NET's structures present in the
core of S. mansoni-induced hepatic granulomas as
a result of the absence of PMN in this region
(Chuah et al. 2013). However, there was no indication
that S. japonicum eggs were killed by NE'T's during an
in vitro assay of 4h duration, as the nuclei of the
schistosome embryos remained intact after egg
entrapment. The authors speculated that although
NETs may not exhibit direct killing effects on
S. japonicum eggs, the antimicrobial properties of
NETSs might have restrictive effects on their motility.
Chuah et al. (2013) hypothesize that the in vivo
release of NETs in the core of S. japonicum
granuloma may lead to initial trapping and contain-
ment of the eggs attributing a dual role to PMN
during the progression and pathogenesis of
S. japonicum-promoted hepatitis.

CONCLUSIONS

Since the first discovery of neutrophil extracellular
traps almost 10 years ago much knowledge has been
gained concerning this interesting and extracellularly
acting effector mechanism of PMN. However,
research mainly focused on fungal and bacterial
pathogens. Consequently, the first evidence of

parasite-induced NETosis was presented only
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5 years ago and research in this field still seems to be
under-represented, although PMN are known to play
a pivotal role in several parasitic infections. None-
theless, it appears undeniable that several parasites,
mainly protozoans so far, trigger this newly discov-
ered effector mechanism of PMN in vitro and in vivo.
The complex composition of the parasites may not
always allow for immediate killing via NETS;
however, as proven for some coccidian species,
NETs may significantly alter the outcome of infec-
tion via hampering certain stages from invading their
host cells. So far it is not known whether parasites
have also evolved counter mechanisms to resolve
NETSs, as is known for some bacterial species. In
addition, almost no data are available on the
molecules involved in PMN-parasite-interactions
during NETosis. We therefore call for more studies
on the role of NET's in the innate host defence against
protozoan and metazoan parasites.
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/. DISCUSSION AND OUTLOOK

The vast biodiversity of apicomplexan parasites and their impact in human and livestock
health provide enough incentive motives for a long-term investment in parasitology research,
as nowadays we do not have appropriate solutions for all of these parasitic diseases. As such,
coccidiosis caused by parasites of the genus Eimeria is still one of the most widespread and
ubiquitous infections of livestock reared under different production systems, especially in
ruminants, poultry, and rabbits (Foreyt 1990; Lima 2004; Daugschies and Najdrowski 2005;

Chapman 2014; Nosal et al. 2014; Witcombe and Smith 2014).

Particularly in goats, high prevalences of Eimeria spp.-infections have been reported
worldwide. Regardless of climatic conditions or type of management, coccidiosis is a
considerable problem, inclusively in semi-arid regions such as the ones observed in Alentejo,
Portugal (de la Fuente and Alunda 1992; Ruiz et al. 2006; Silva et al. 2013; Silva et al.
2014b). In principle, even under adverse climatic conditions, such as desiccation, direct
sunlight or extreme high temperatures, certain Eimeria oocysts (e. g. E. cameli,
E. dromedarii, E. bactriani) remain infectious for long periods of time showing their
exceptional resistant properties (Faizal and Rajapakse 2001; Ruiz et al. 2006; Sazmand et al.
2012). The Eimeria-oocyst wall, a robust structure resistant to a variety of environmental and
chemical agents, grants this property (Mai et al. 2009). Oocyst wall formation occurs within
Eimeria-infected host cells, by conjugating a variable number of membranes depending on

Eimeria species to be considered. Thus, two (E. arloingi), three (E. acervulina), four
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(E. maxima), or even up to five membranes (E. perforans) have been described to form oocyst
walls (Mai et al. 2009). In the case of E. arloingi, the oocyst wall has two distinct membrane
layers, the outer electron-dense layer [formed by fusion of wall forming bodies 1 (WFB1)]
and the inner electron-lucent layer (formed by the fusion of WFB2), thus providing a
protective survival barrier for adverse climatic condition or chemical agents (Razavi et al.
2014). Consequently, resilience of caprine Eimeria-oocysts facilitates continuous infection of
hosts and perpetuation of coccidiosis in goat herds allocated in semi-arid regions, as seen in

Alentejo, Portugal.

In total, nine different caprine Eimeria species were identified in Alentejo (Silva et al.
2014b), in agreement to other reports with similar geographical areas (Penzhorn et al. 1994;
Agyei et al. 2004; Ruiz et al. 2006). Our survey constitutes the first published epidemiological
study in this region and, evidently, contributes to clarify the presence of pathogenic and non-
pathogenic species responsible for caprine coccidiosis. The pathogenic species E. arloingi and
E. ninakohlyakimovae (Levine 1985; Chartier and Paraud 2012) were the most predominant
species identified (Silva et al. 2014b). These results were expected due to the severity of
clinical signs and death of young animals witnessed by veterinarians and goat producers in
Alentejo. Additionally, E. christenseni, also a pathogenic species, was more predominant
among young animals than dairy goats, as previously confirmed by high prevalences in kids
with less than six months of age (Jalila et al. 1998; Lima 2004; Hassum and Menezes Rde
2005). Nevertheless, variations in prevalence of E. christenseni registered in adults and young
animals, previously reported in diverse epidemiological studies, have been attributed to
differences in geographical conditions (Chartier and Paraud 2012). Non-pathogenic species
were also identified in this epidemiological survey such as E. alijevi, E. hirci, E. jolchijevi,
E. aspheronica, E. caprina and E. caprovina (Silva et al. 2014b). Even if these species are

considered non-pathogenic, their multiplication in epithelial host cells causes disturbances in
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homeostasis, and consequent economic losses due to low performance of Eimeria-infected

animals.

Young animals are more susceptible than adults during coccidiosis outbreaks, and the
impact on young animals’ health is usually higher than in older animals. Higher OPG counts
observed in our survey corroborated findings of previous age-related studies on caprine
coccidiosis (Penzhorn et al. 1994; Koudela and Bokova 1998), where mainly goat kids were
more frequently affected by Eimeria-infections. Adult goats exposed to primary Eimeria-
infections develop a species-specific protective cellular immunity, resulting in lower intensity
of infection and lower OPG during homologous challenge infections, when comparing to
naive kids (Taylor and Catchpole 1994). At this point, an enzootic stability between host and
parasite can be achieved, leading to non-clinical manifestations among adult goats and even
among some previously exposed young animals to low Eimeria-infection doses. In the case of
Serpentina goats, which were the only Portuguese breed to be included in our survey,
E. arloingi and E. ninakohlyakimovae-infected animals, although showing particularly high
OPG values, displayed no clinical signs of coccidiosis, such as severe diarrhoea, dirty
posteriors or dehydration. Probably the well-developed Serpentina cellular adaptive immune
response against these two caprine Eimeria spp. could be the plausible reason for this
phenomenon. Nonetheless, the natural innate immune system of this Portuguese goat breed
compared to others should also be taken into account; but obviously further research on early
host innate immune reactions against these species should be conducted to confirm this

hypothesis (Silva et al. 2014b).

Clinical coccidiosis outcome is mostly determined by the pathogenicity of the species,
even sometimes by the strain of Eimeria spp., the infection dose, and the site of replication of
the parasite (Rose 1987). Consistently, most pathogenic species in goats, namely E. arloingi

and E. ninakohlyakimovae, must traverse the intestinal epithelium to invade deeper located
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host endothelial cells of the central lymph capillaries of the intestinal villi. Moreover, the first
merogony of ruminant pathogenic Eimeria species results in huge macromeronts (up to
240 pm in size) and the release of > 120.000 merozoites | (Ruiz et al., 2010; Hermosilla et al.,
2012). This intracellular massive replication requires not only a prolonged replication time but
also an efficient host cell modulation [e. g. modulation of host cell cytoskeleton (Hermosilla
et al. 2008), modulation of host cell apoptosis (Lang et al. 2009), modulation of host
endothelial cell immune reactions (See Chapter 3), and also host cell metabolism to gain

access to nutrients (Hermosilla et al. 2008; Taubert et al. 2010)].

In mono E. arloingi-infections, the presence of large non-pedunculated to polyp-like
whitish nodules, reaching the size of 3-5 mm, within the jejunum and ileum mucosa are
related to the site of the parasite’s massive replication (Hashemnia et al. 2012; Silva et al.
2014b). Accordingly, the pathological findings in intestinal samples from a deceased two-
month-old goat kid clearly indicated a natural occurring E. arloingi mono-infection as prime
cause of death (Silva et al. 2014b), and thus confirming its high pathogenicity especially in

young animals (Yvoré et al. 1985; Koudela and Bokova 1998).

Caprine coccidiosis results from complex host-parasite interactions, influenced by a variety
of factors which can later on determine the severity of the disease (Hashemnia et al. 2014)
including age, parasite species, stress, genetic susceptibility, physical condition and
immunologic state of the host (Ruiz et al. 2006). Stress caused to animals during their lives is
an important risk factor associated with coccidiosis outbreaks in ruminants. The weaning
period, transport, frequent re-grouping, inadequate feeding, peripartum period, or even
concomitant infections might result in higher risk of coccidiosis (Faber et al. 2002; Lima
2004; Daugschies and Najdrowski 2005). Consequently, early recognition of risk factors,

identification of Eimeria species to be found in goat herds as well as continuous assessment of
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OPG throughout the animal production life are crucial in the efficient control of caprine

coccidiosis.

Regarding the impact of peripartum stress on OPG counts, a follow up of Eimeria-oocysts
excretions was conducted in two goat farms in Alentejo, one week before and until three
months after kidding, on a weekly base (Silva et al. 2012). Examined kids (n = 14) and dairy
goats (n = 12) presented concomitant infections with 2 to 7 different species. Again Eimeria
arloingi, E. ninakohlyakimovae and E. alijevi were the most frequently identified species in
both groups. Interestingly, the goat herd set in a more humid environment presented always
higher OPG counts in all investigated animals when compared to the herd with more
insolation and drier premises, thus confirming the importance of adequate humidity levels for
oocyst sporulation and further maintenance of infective stages (sporulated oocysts) in the
environment. After parturition, there was a weekly decrease in the number of shed oocysts in
dairy goats, but no significant differences were registered when comparing consecutive
weeks, revealing a rather slow decrease of oocysts shedding (Silva et al. 2012). Meanwhile,
kids started to shed oocysts from the second or third week of age onwards, mainly due to
acquired infection in their first days of life. Commonly, ingestion of sporulated oocysts occurs
while suckling on contaminated udders of their mothers or by ingestion of contaminated soil
and other food materials (Silva et al. 2011). Kids OPG counts revealed an interesting pattern
with a peak of oocysts shedding every 2 to 3 weeks. Silva et al. (2011) reported a peak of
OPG in lambs at 6 weeks of age, probably associated with the introduction of lambs into
pasture and the beginning of grazing season. In our survey, goat kids from both herds
remained in isolated premises, where gazing was not possible. However, kids became more
active and curious, so accidental ingestion of sporulated oocysts could have easily occurred
while exploring surroundings. The biphasic pattern of oocysts excretion can also be related to
different pre-patent periods of Eimeria spp. found in this study or even related to the presence

of so called ‘hypnozoites’/’dormozoites’, previously described for some ruminant Eimeria
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(Speer et al. 1985). In vivo, these ‘hynozoites/dormozoites’ might remain intracellularly
inactive until more favourable conditions are found for further macromeront development and

production of merozoites | (Markus 2011).

In both caprine coccidiosis epidemiology studies, kids were the most important source of
environmental contamination since they always showed higher OPG values when compared
to older animals (Silva et al. 2012; Silva et al. 2014b). Therefore, goat kids born later on
during the kidding season may present higher risk of clinical coccidiosis, due to a more
contaminated environment, if no appropriate management is considered. Only two goat herds
in this survey had running metaphylactic programs against caprine coccidiosis as control
strategy (Silva et al. 2014b); nonetheless, both farms presented OPG counts within the ranges
of non-treated animals. This fact clearly indicates the requirement of improved metaphylaxis
programs in order to achieve real reduction of oocysts shedding and, thereby, decreasing
environmental contamination. Ruiz et al. (2012) stated that in goat farms with previous
history of serious clinical caprine coccidiosis, an efficient metaphylactic control program
should be included by taking into account, firstly, the precise time point of treatments by
using diclazuril, and secondly, higher treatment doses than the ones recommended in order to

prevent severe clinical coccidiosis outbreaks.

Currently, we have evidence that caprine Eimeria-infections are endemic and highly
prevalent in Portugal. The economic impact of caprine coccidiosis is enormous, yet neglected
in the goat industry. In contrast to this situation, in the poultry industry in which costs
represent a constant concern, it was estimated that more than $3 billion are spent annually
worldwide exclusively for coccidiosis prevention (ThePoultrySite 2013). Also in ruminants,
coccidiosis has a great economic impact (Foreyt 1990; Daugschies and Najdrowski 2005;
Chartier and Paraud 2012). Daugschies and Najdrowski (2005) estimated costs due to

coccidiosis in cattle and buffalo of US$731 million/year in 1980 and lost profit amounts of
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US$400 million/year in 2002. However, the current impact of coccidiosis on the small
ruminants industry worldwide is still not well documented (Chartier and Paraud 2012). More
than three decades ago, Fitzgerald (1980) estimated US$140 million/year of economic losses
caused by ovine- and caprine-coccidiosis. Nowadays, we truly believe this value is
considerably higher due to the fact that the numbers of reared goats have dramatically
increased since 1980, reaching one billion goats raised worldwide (FAOSTAT 2014). Thus,
the search for new coccidiosis control measurements, such as the development of suitable
immunoprophylaxis in caprine eimeriosis (e. g. attenuated vaccines) is hereby justified (Ruiz

et al. 2014).

Despite academic recognition on the importance of caprine coccidiosis and its financial
impact in goat production systems, there is still unawareness within breeders. The absence of
common visible clinical signs, such as diarrhoea, does not indicate the absence of the disease
in their flocks. Indeed, the perpetuation of uncontrolled subclinical caprine coccidiosis will
almost inevitably result in coccidiosis outbreaks with devastating consequences in the goat
production, often associated with mortality of young animals. Therefore, early interventions
of veterinarians through reliable diagnostic tools, as well as effective control programs, are of

great importance in integrated control strategies of caprine coccidiosis.

As mentioned before, E. arloingi infections are widely distributed (Chartier and Paraud
2012; Hashemnia et al. 2012), particularly in Southern Portugal (Silva et al. 2013; Silva et al.
2014b) and mainly in kids (Sayin et al. 1980; Agyei et al. 2004), thereby justifying the
isolation of a new E. arloingi (strain A) which will allow further detailed caprine studies.
Investigations related to early host innate immune reactions [e. g. caprine NETosis induced by
E. arloingi (Silva et al. 2014a)] and others linked to complex molecular host endothelial cell-
parasite interactions (see Chapter 3) can also be performed, as previously reported for the

closely related Eimeria species in cattle (Hermosilla et al., 2006; Taubert et al., 2006; Taubert
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et al., 2010; Hermosilla et al., 2012). To our best knowledge, there was only one isolated pure
E. arloingi strain so far (Parasitology Department of Shiraz University, Iran), which has been
recently characterized in in vivo infections (Hashemnia et al. 2011; Hashemnia et al. 2012;
Hashemnia et al. 2014; Razavi et al. 2014) and also genetically and phylogenetically
(Khodakaram-Tafti et al. 2013). Isolation of this new European E. arloingi (strain A)
represents an important tool for investigations related to antigenic differences between strains
(Kawazoe et al. 2005), which have been reported to exist in chicken Eimeria spp. (Tomley
1994a; Tomley 1994b). Furthermore, the isolation of a highly prolific E. arloingi (strain A)
(see Chapter 3, isolation of more than 580 x 10° oocysts out of 3 x 10° initial sporulated
oocysts) will allow promising future investigations on immunoprophylaxis against
E. arloingi-infections as recently demonstrated for E. ninakohlyakimovae (Ruiz et al. 2014).
Therefore, further investigations on the applicability of this new caprine E. arloingi-isolate for
immunization trails, both alone and combined with E. ninakohlyakimovae will be carried out
in the near future. Our main goal will be to develop a commercial suitable vaccine against
these two highly pathogenic species, and thus actively contribute to the control of caprine

coccidiosis worldwide.

So far, no in vitro system was ever established for E. arloingi, although similar in vitro
systems have been reported for other ruminant Eimeria (Hammond et al. 1966; Hammond and
Fayer 1968; Hermosilla et al. 2002; Ruiz et al. 2010). Consequently, the development of a
suitable in vitro system for E. arloingi sporozoites by using the same in vivo specific host
cells — primary endothelial host cells — allows advanced and detailed molecular parasite-host
cell interaction studies. Excystation of Eimeria oocysts is a key event for any suitable in vitro
system. In vivo, two types of stimuli are necessary during excystation process: the first one
provided by the rumen environment and the second one by the trypsin-bile solution of the
small intestine (Jackson 1962). Here, a successful E. arloingi in vitro excystation protocol

was established, adapted from excystation protocols previously described for E. bovis
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(Hermosilla et al. 2002). Thus, using bovine bile and swine trypsin we were able to obtain
viable E. arloingi sporozoites in vitro (see Chapter 3), showing that bile salts and trypsin are
mandatory components for proper excystation even if coming from other host species (bovine,
swine). However, E. arloingi sporozoites experienced a different sporozoites egress
mechanism than the one observed in closely related E. bovis (Hermosilla et al. 2002) and
E. ninakohlyakimovae (Ruiz et al. 2010), both presenting two thin oocysts walls and
inconspicuous micropyle (Eckert 1995). In vitro excystation of these two former species
involves the rupture of oocyst walls degraded by trypsin releasing sporocysts, which contain
two sporozoites each. Subsequently, activated sporozoites enclosed within sporocysts set
themselves free from single sporocysts. In case of E. arloingi, a well-developed micropyle
and polar cap are present (Levine 1985). After few minutes of incubation in trypsin-bile
excystation solution, E. arloingi-oocyst polar caps detach and sporozoites become extremely
active and mobile inside oocysts. Eimeria arloingi oocyst walls do not rupture due to their
thickness, and do not release sporocysts (Eckert 1995). Afterwards, E. arloingi sporozoites
leave sporocysts into the cavity of the oocysts. Meanwhile, sporozoites get in contact with the
opened micropyle, and actively egress from oocysts by gliding motility, as previously
reported by Jackson (1964) (see supplementary data, Movie 1). We can only speculate about
the reasons for this peculiar excystation process, since we do not know the real biological
functions of the micropyle and the polar cap. Neither the molecules nor enzymes involved in
E. arloingi excystation process are known. Eventually, micropyle and polar cap are features
of Eimeria species with more resistant oocysts. Having their sporozoites protected by
sporocysts surrounded by two thick oocyst walls, allows E. arloingi to master and to
overcome adverse climatic environmental conditions, such as desiccation and high
temperatures. Therefore, the presence of a micropyle might be an alternative way to regulate
water within exogenous E. arloingi-oocysts. Unfortunately, no data is available concerning

the role of oocyst micropyle and its implications during excystation in vivo, but further
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investigations of micropyle- and polar cap-related molecules, as recently reported for

E. nieschulzi (Wiedmer et al. 2011), are expected to take place.

Freshly in vitro released E. arloingi sporozoites showed adequate gliding motility,
infectivity, and further intracellular development. In vivo, E. arloingi is a highly host-specific
parasite of goats in which sporozoites have to invade host ECs of the central lacteals of the
intestinal villi. Nevertheless, under in vitro conditions, E. arloingi sporozoites were able to
invade different host-cell types such as BUVEC, MDBK and MARC-145. Contrary to
observations in BUVEC, after MDBK- and MARC-145-sporozoite invasion, no further
development was witnessed (see Chapter 3). However, after infecting BUVEC, sporozoites
were able to undergo successful intracellular macromeront development, ending with the
release of fully developed merozoites I, at 22 days p. i. (see Chapter 3). According to Ruiz et
al. (2010), BUVEC were also suitable host cells for in vitro first merogony development of
E. ninakohlyakimovae. Thus, we were expecting a similar E. arloingi infection development.
In vitro use of primary caprine umbilical vein endothelial cells (CUVEC) as host cells was not
considered because of the widespread contamination of these endothelial cells with
Mycoplasma spp., which clearly hampered in vitro development of Eimeria (Ruiz et al. 2010).
Since 2 days p. i. until 22 days p. i., E. arloingi sporozoites egress was observed, as
previously reported for other apicomplexan parasites (Mota and Rodriguez 2001; Behrendt et
al. 2008; Ruiz et al. 2010). Sporozoite egress is commonly associated with the need of this
parasite stage to reach its final specific host cells in deeper tissues, as reported for sporozoites
of
P. falciparum, E. bovis and E. ninakohlyakimovae, thereby migrating through cells in a
unique and alternative invasion mechanism by breaching the plasma membrane of the cell
without forming a PV (Mota et al. 2001; Behrendt et al. 2004). Currently, it is completely
unknown as to how sporozoites of E. arloingi and other related pathogenic ruminant Eimeria

(e. g. E. bovis, E. zuernii, E. christenseni, E. ninakohlyakimovae, E. bakuensis, E. cameli)
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cross in vivo the epithelium layer of the gut to invade the central lacteals endothelium. Thus,
we speculate that the search for a suitable specific host cell is the main reason for this
alternative sporozoite invasion process (Mota et al. 2001; Mota and Rodriguez 2002;
Behrendt et al. 2004; Hermosilla et al. 2012). Macromeront development of E. arloingi
requires the parasite’s ability to modulate its highly immunoreactive host endothelial cell, and
further to scavenge on host cell nutrients for offspring production (> 120.000 merozoites I). In
this context, possible impact of cell culture medium supplementations (e. g. glucose, proteins,
lipids) on in vitro E. arloingi merozoites | production were tested (see Chapter 3).
Carbohydrates are well-known to mediate a variety of relevant biological processes such as
cell adhesion, cell-cell communication and even host-pathogen interactions (Sanz et al. 2013).
Additionally, for in vitro apicomplexan parasite growth they seem to be fundamental (van
Schalkwyk et al. 2008; Preuss et al. 2012). We also proved the key role of glucose
supplementation, which resulted in the increment of E. arloingi merozoites | production in
vitro (see Chapter 3). In contrast, neither proteins- nor lipids-supplementation resulted in
significant enhancement of in vitro E. arloingi merozoites | production. Regarding lipids
supplementation, it has already been described a key role of oleic acid in intraerythrocytic
proliferation of P. falciparum in vitro (Mi-Ichi et al. 2007; Gratraud et al. 2009). Conversely
to our E. arloingi lipid-related assay, oleic acid supplementation of E. bovis-infected BUVEC
resulted in significant increase of merozoites | production in vitro when compared to

untreated cultures (Hamid et al., submitted manuscript).

Endogenous development of in vitro E. arloingi macromeronts was in accordance to
previously described data for other related Eimeria spp. (Hermosilla et al. 2002; Ruiz et al.
2010). The production of in vitro E. arloingi macromeronts is of particular scientific interest
for various reasons: (i) enduring E. arloingi macromeront maturation within highly
immunoreactive host ECs strongly suggest that this parasite must rely on regulatory processes

to guarantee its massive replication; (ii) there is evidence that first generation meronts
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represent key targets for host protective immune responses (Rose et al. 1992; Shi et al. 2000;
Shi et al. 2001; Taubert et al. 2008); (iii) mature macromeront | cultures should be useful
tools for the replacement of animal experiments concerning pharmaceutical screenings; and
(iv) they guarantee accessibility of other parasite stages (merozoites 1), which might be

needed for further basic molecular and immunological research.

One of the first reactions against pathogens is ECs activation, which represents a state of
intensified responsiveness induced by different stimuli, including cytokines, chemokines and
even active parasite invasion (Taubert et al. 2006; Mai et al. 2013). Upon activation, ECs can
produce a broad range of adhesion molecules, cytokines and pro-inflammatory chemokines.
Adhesion molecules such as E-selectin, P-selectin, intracellular adhesion molecule 1
(ICAM-1) and vascular cellular adhesion molecule 1 (VCAM-1) regulate leukocyte adhesion
to ECs and also monitor their movement (Hermosilla et al. 2006). E- and P-selectin mediate
the reversible binding, known as tethering, between ECs and leukocytes, while ICAM-1 and
VCAM-1 regulate leukocyte-rolling and firm adhesion onto ECs (for review see Wagner and
Roth 2000). In E. arloingi infections, E-selectin transcription increased until 6 h p. i. while
P-selectin transcription values peaked postponed at 12 h p. i.. Comparing to E. bovis-induced
adhesion molecule up-regulation, E. arloingi-infection induced a different pattern with lower
levels of E- and P-selectin up-regulation (Hermosilla et al. 2006). It was previously discussed
that even contact of ECs with secreted molecules of apicomplexan parasites may already
activate ECs without active parasite host cell invasion (Hermosilla et al. 2006). Secretion of
parasite-specific proteins constitute a well-known feature in apicomplexan invasion process,
and as sporozoites of E. arloingi induced up-regulation of adhesion molecules gene transcripts
proved that the parasite has the capability to activate BUVEC. Moreover, ICAM-1 and
VCAM-1 increasing transcription was also detected within the first 6 h p. i., contrary to
E. bovis-infection where the peak for these molecules was earlier observed (4 h and 1h p. i.,

respectively). According with generated data of Hermosilla et al. (2006), a decrease of
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adhesion molecules gene transcription was observed from 6 h p. i. onwards. Thus, sporozoites
may display counteracting mechanisms to avoid, or at least down-regulate, ECs immune

reactions, achieving their obligate intracellular replication (Hermosilla et al. 2012).

Relevant immunoregulatory molecules such as CXC- and CC-chemokines, cytokines (GM-
CSF) and enzymes responsible for the synthesis of prostaglandins were also subject of
comparative studies revealing a relative weak impact of E. bovis-infections when compared to

T. gondii- and N. caninum-infections in BUVEC (Taubert et al. 2006).

As preliminary results of ongoing phylogenetic resemblance studies of E. arloingi and
E. bovis, we expected also E. arloingi to be able to modulate ECs activation. Nevertheless,
our E. arloingi in vitro system is established on BUVEC (bovine origin) and this might
explain the stronger reaction induced by E. arloingi-sporozoites in these cells, similar to other
apicomplexan findings (Taubert et al. 2006). In the first 12 h p. i., a stronger enhanced
transcription of studied chemokine genes (CXC and CC) was observed, demonstrating again
sporozoite active invasion as triggering event of BUVEC activation (Taubert et al. 2006).
CXCLS8 gene transcription peaked at 12 h p. i. resembling E. bovis-infection, contrary to
T. gondii- and N. caninum-infected ECs which revealed higher transcription levels at 4 h p. i.
(Taubert et al. 2006). Consequently, E. arloingi triggered similar BUVEC response to
T. gondii and N. caninum within the first hours of infection, but later on induced similar
reactions to E. bovis-infections. Concerning CCL2- and CCL5-chemokine gene transcription,
analogous time courses were observed for these two pro-inflammatory molecules. At 3 h p. i.,
an increase in CCL2-gene transcription was detected and continued increasing until 12 h p. i..
Considering CC-chemokines, Taubert et al. (2006) reported a gene transcription peak at 12 h
p. i., in all three investigated species, namely E. bovis, T. gondii and N. caninum. Besides the
fact that different parasites and even different stages (sporozoites for E. arloingi/E. bovis,

tachyzoites for T. gondii/N. caninum) were compared, the reactivity of single BUVEC isolates
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should also be considered. With their own variability, maybe BUVEC isolates are responsible

for small differences in gene transcription patterns.

Transcription of GM-CSF gene was rather moderate and similar to the pattern observed in
E. bovis-infection, increasing from 3 h p. i. until 12 h p. i.. In contrast, T. gondii- and
N. caninum-infections in BUVEC induced earlier GM-CSF reactions (Taubert et al. 2006). As
for all the other studied molecules, at 24 h p. i., gene transcription levels decreased to controls
levels. In contrast, COX-2 gene transcription remained stable throughout the time course and
no significant differences were registered when compared to controls. COX-2 expression is
usually associated with cell damage, which in our E. arloingi in vitro study was rarely

observed.

The up-regulated gene transcription of pro-inflammatory chemokines and other
immunomodulatory molecules by E. arloingi confirms the immune reactivity of ECs to
foreign pathogen invasion. Additionally, endothelium-derived CC-chemokines and
prostaglandins are known to be involved in the transition of innate into adaptive immune

response (Zlotnik and Yoshie 2000; Zhang and Rivest 2001; Taubert et al. 2006).

Moreover, after in vivo excystation, E. arloingi sporozoites must confront directly all
compartments of the host innate immune system, namely intestinal mucosa, epithelial cells,
endothelial cells, and leukocytes (Tschopp et al. 2003). Therefore, basic research to better
understand host innate immune reactions against parasites is urgently needed, since protective
cellular adaptive immune responses are always dependent on early innate immune reactions.
Particularly in the case of early host innate immune reactions against Eimeria spp., a small
number of studies have been performed, a few of them showing the key role of PMN,
monocytes and macrophages in ruminant coccidiosis (Behrendt et al. 2008; Behrendt et al.

2010; Silva et al. 2014a).
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PMN are the most abundant leukocytes, representing approximately 60% of total white
blood cells (Thrall et al. 2012). Being the first leukocytes to be recruited to the site of
infection, PMN are the first line of defence against pathogens (Brinkmann et al. 2004; Nathan
2006; Ermert et al. 2009; Brinkmann and Zychlinsky 2012; Hahn et al. 2013). Therefore,
PMN are considered of crucial value in host innate immune reactions, becoming extremely
mobile and being able to respond immediately to pathogens after leaving the bone marrow
(Hermosilla et al. 2014). Their main functions are phagocytosis- and oxidative burst-related
defence actions, as well as NET formation (Brinkmann et al. 2004). During phagocytosis,
pathogens are engulfed and internalized into phagosomes, which later on fuse with
intracellular granules to form the phagolysosome, within which pathogens will be killed by a
combination of non-oxidative (AMPs — cathelicidins, defensins, cathepsins and proteases) and
oxidative mechanisms (ROS production via the NADPH oxidase complex) (Nathan 2006; von

Kockritz-Blickwede and Nizet 2009; Hermosilla et al. 2014).

NETosis, the latest discovered effector mechanism of PMN, has been described in several
species such as humans (Gupta et al. 2005), mice (Ermert et al. 2009), horses (Alghamdi and
Foster 2005), cattle (Behrendt et al. 2010), fish (Palic et al. 2007), cats (Wardini et al. 2010),
chickens (Chuammitri et al. 2009), insects (Altincicek et al. 2008) and crustaceans (Ng et al.
2013). With this work we demonstrated for the first time caprine NET formation, not only in
response to recognized stimulus (zymosan) but also in response to the goat apicomplexan

E. arloingi (Silva et al. 2014a).

In the last years, NET formation has been focused mainly on bacterial, viral or fungal
infections (Urban et al. 2006; Fuchs et al. 2007; Aulik et al. 2010; Jenne et al. 2013;
Hermosilla et al. 2014). Nonetheless, protozoan parasites have also been investigated as

potent inducers of NETosis, e. g. T. gondii (Abi Abdallah et al. 2012), P. falciparum (Baker et
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al. 2008), E. bovis (Behrendt et al. 2010), Leishmania spp. (Guimaraes-Costa et al. 2009),

and, recently, B. besnoiti (Mufioz-Caro et al. 2014).

Bovine besnoitiosis is an important emerging disease in Europe (EFSA 2010), which has
been already described in Portugal (Cortes et al. 2005; Waap et al. 2014), Spain (Fernandez-
Garcia et al. 2009; Alvarez-Garcia et al. 2014a), France (Jacquiet et al. 2009), Germany
(Mehlhorn et al. 2009; Schares et al. 2009), Italy (Gollnick et al. 2010; Rinaldi et al. 2013),
Switzerland (Basso et al. 2013), and Hungary (Hornok et al. 2014). The first report of
autochthonous bovine besnoitiosis in Central-Eastern Europe was closely related to human
activities (e. g. cattle trading), resulting as the main factor in geographical spreading of this
neglected parasitic disease (Hornok et al. 2014). Besnoitia besnoiti has a heteroxenous life
cycle with intermediate and final hosts. Currently, the final host of cattle besnoitiosis is yet
unknown, but ruminants (cattle, buffalo) are the most important intermediate hosts (Hornok et
al. 2014). So far, little is known on adaptive and innate immune reactions against B. besnoiti.
With the purpose to address early innate immune reactions against this parasite, we also have
investigated the role of NETS in the course of the disease (Mufioz-Caro et al. 2014). During
the acute phase of besnoitiosis, also known as anasarca phase, fast-replicating tachyzoites
infect host ECs in vivo (Alvarez-Garcia et al. 2014b), as E. arloingi sporozoites. However,
E. arloingi first merogony development requires a longer permanence in these host cells when
compared to B. besnoiti-tachyzoites, which might implicate different modulation strategies of
these parasites (see Chapter 3). Additionally, B. besnoiti invasion of BUVEC is faster and
results in higher infection rates (see Chapter 5) when compared to E. arloingi-infections (see

Chapter 3).

As suggested for E. bovis and T. gondii (Behrendt et al. 2010; Abi Abdallah et al. 2012),
E. arloingi-induced NETosis counts on entrapment and immobilization of parasites,

hampering sporozoite host cell invasion, rather than pathogen killing. Curiously, caprine

100



Discussion and Outlook

PMN entrapment capacity of E. arloingi sporozoites appears to be superior to the one
observed in bovine PMN, since 70% of tested sporozoites were ensnared in caprine NETs
(Silva et al. 2014a). Bovine NETSs entrapped 30% of sporozoites, when challenging parasites
to PMN at the same co-culture ratios (unpublished data). Furthermore, only 34% of CFSE-
labelled B. besnoiti tachyzoites were trapped in bovine NET structures (Mufioz-Caro et al.

2014), confirming the greater capability of caprine NETS to entrap parasites.

Extracellular arrest of obligate intracellular replicating parasites will, obviously, prevent
sporozoites/tachyzoites host cell invasion and, thus, abrogate life cycles of E. arloingi and B.
besnoiti (Mufioz-Caro et al. 2014; Silva et al. 2014a). NET formation induced 40% reduction
of B. besnoiti infectivity, after incubation with bovine PMN (180 min), while E. arloingi
infectivity was reduced in 80%, after incubation with caprine PMN (90 min). In both cases,
treatments with DNase I, which dissolve formed NET structures, revealed higher infectivity
of sporozoites and tachyzoites, when compared to PMN-incubated parasites. Accordingly,
trypan blue vital staining of the same parasites showed NETs did not vastly kill E. arloingi
sporozoites (Silva et al. 2014a) and B. besnoiti tachyzoites (Mufioz-Caro et al. 2014), in
agreement with reports on E. bovis-induced NET formation (Behrendt et al. 2010). In contrast
to reports dealing with Eimeria sporozoites, NETs appeared to exhibit certain lethal effects on
tachyzoites of T. gondii (Abi Abdallah et al. 2012) and L. amazonensis promastigotes
(Guimaraes-Costa et al. 2009). Since the main replication step only follows after ECs
infection, via intracellular macromeront formation and subsequent second merogony and
gamogony, every single sporozoite being immobilized in NETs may account for the outcome

of the disease severity.

Additionally, we have shown that caprine NETS is neither a stage- nor a parasite-specific
effector mechanism of PMN. Caprine NETosis was observed in response to sporozoites and

oocysts of E. arloingi, both by SEM and fluorescence analyses (Silva et al. 2014a). Whilst
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sporozoite stages have been already demonstrated as potent NET-triggers (Behrendt et al.
2010), we here demonstrated for the first time that also oocysts of E. arloingi induced NETS.
Similar findings were seen with Leishmania-triggered NETosis, since both promastigotes
(L. amazonensis, L. major, L. chagasi) and amastigotes (L. amazonensis) promoted NETS,
demonstrating non stage-specific NETs induction (Guimaraes-Costa et al. 2009; Guimaraes-
Costa et al. 2012). As already mentioned, E. arloingi sporozoites must egress through opened
micropyle (Jackson 1964) instead of being set free all at once during oocyst disrupture in non-
micropylic species (e. g. E. ninakohlyakimovae, E. zuernii, E. bovis). In consequence,
effective blockage of micropyle by NETs immediately hampers all sporozoites inside the
oocyst from excystation. Recent investigations on PMN have demonstrated the capability of
these leukocytes to actively transmigrate into the intestinal lumen (Brazil et al. 2013; Seper et
al. 2013; Szabady and McCormick 2013; Sumagin et al. 2014), thereby also being able to
interact with luminal pathogen stages, such as ingested oocysts, in the in vivo situation. It is
therefore tempting to speculate that luminal NETs might effectively imped E. arloingi
sporozoite excystation at the earliest time point after oral infection. SEM analyses performed
in this study clearly showed oocysts and freshly excysted sporozoites being firmly entrapped
by NET-like structures in vitro, showing once more the importance of NET formation in early

innate immune response against caprine E. arloingi (Silva et al. 2014a).

Recent analyses doubt a strict species-specificity Eimeria-induced NETosis since caprine
NETs was induced by (strictly host specific) E. bovis sporozoites, and E. ninakohlyakimovae
sporozoites, and furthermore, bovine PMN also expelled NETs in response to non-bovine
E. arloingi sporozoites (Mufioz-Caro et al.,, submitted manuscript). Likewise, future
experiments with metazoan parasites (Haemonchus contortus) will be carried out with caprine

PMN to identify possible NETs-dependent effector mechanisms against this parasite.
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The DNA-nature of sporozoite-triggered NETs was demonstrated by staining of NET
structures with the DNA-stain Sytox Orange® and the dissolution of parasite-induced
filamentous structures by DNase | treatments. Besides chromatin, other components of NETS,
such as nuclear histones (H3), NE, cathepsin G, MPO, lactoferrin and gelatinase, are
described as pivotal for the microbiocidal effect of NETs (Brinkmann et al. 2004). Through
co-localization experiments we were able to confirm these classical characteristics of NETs
showing the simultaneous presence of H3, NE and MPO in caprine NETs. Eimeria arloingi
sporozoite-triggered NETosis as well as B. besnoiti tachyzoite-triggered NET formation were
time-dependent as also previously reported by Behrendt et al. (2010) for E. bovis. Caprine
PMN reacted strongly upon zymosan by up regulating NADPH oxidase-, NE- and MPO-
activities and NET release. Interestingly, E. arloingi-induced NET formation accounted for
even higher values than zymosan stimulation after 90 min of incubation pointing at a

considerable NET-inducing capacity of E. arloingi-sporozoites (Silva et al. 2014a).

Moreover, enhanced NE enzymatic activity in sporozoite-exposed PMN confirmed the key
role of this molecule in formation of NETs as suggested by others (Papayannopoulos et al.
2010). NADPH oxidase complex activation and subsequent production of ROS is a crucial
step in NETosis (Brinkmann and Zychlinsky 2007; Fuchs et al. 2007). Since ROS production
was significantly enhanced in sporozoite-exposed PMN and NADPH oxidase blockage via
diphenylene iodondium (DPI) treatment (Hosseinzadeh et al. 2012) diminished parasite-
triggered NETosis, our results confirmed the relevance of this enzyme complex in pathogen-
induced NET formation (Brinkmann et al. 2004; Fuchs et al. 2007; Behrendt et al. 2010; Abi
Abdallah et al. 2012). Previously, a singular regulation process of inducible nitric oxide
synthase production in bovine and caprine leukocytes was reported (Adler et al. 1996) as well
as differential lower phagocytic activities in caprine PMN after being exposed to Candida

albicans when compared to bovine- and buffalo-PMN responses (Sahoo et al. 2000). Thus,
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findings of ROS-dependent NET induction in goats cannot be taken for granted (Silva et al.

2014a).

Even though NET formation has been studied in vitro, in vivo evidence of this innate
immune effector mechanism is still scarce. Chuah et al. (2013) have shown the release of
NETs in vivo in Schistosoma japonicum-induced hepatic granuloma formation and the role of
PMN in the mediation of tissue damage and repair during S. japonicum egg-induced hepatic
granulomatous lesions. In the case of E. arloingi, we could recently identify the presence of
NET structures in histological intestinal tissue slides (supplementary data, Fig. 4) originated
from a naturally E. arloingi infected goat kid, thereby clearly proving NETosis to occur also
in vivo during coccidiosis. Interestingly in these tissue samples, a single E. arloingi-merozoite
can be observed being firmly trapped by NET structures, confirming that E. arloingi-free
stages are effectively trapped by caprine NETs (supplementary data, Fig. 4, arrow), as
previously demonstrated in vitro (Silva et al. 2014a). Further analysis will be performed to co-
localize other classical components of NETSs in E. arloingi-infections in vivo, as well as in

other apicomplexan infections of cattle.

Recently, other innate immune leukocytes have been described to release extracellular
traps (ETs) (Muniz et al. 2013). ETs are released by basophils containing mitochondrial DNA
instead of nuclear DNA (Morshed et al. 2014), macrophages (Bonne-Annee et al. 2014), mast
cells (von Kockritz-Blickwede and Nizet 2009) and eosinophils (Yousefi et al. 2008).
Moreover, we have recently shown monocyte-triggered ETs after the exposure to B. besnoiti
tachyzoites and E. bovis sporozoites (Mufioz-Caro et al., accepted manuscript), as well as
against E. arloingi and E. ninakohlyakimovae sporozoites (personal observation, data not
published). Additionally, ETosis against metazoan parasites (e. g. H. contortus) and different
leukocytes such as monocytes and eosinophils are being carried out in our lab in order to

amplify our knowledge in innate immune responses.
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Overall, we here presented specific data on the characterization of Eimeria infections in
goats in Southern Portugal. Moreover, we provided for the first time epidemiological data
concerning caprine coccidiosis in Portugal and we successfully isolated a caprine-specific
E. arloingi (A). The advantages of keeping a brand new Eimeria species are countless.
Without any doubts, the most tempting expectation of all these possibilities is the capability to
develop a new protective vaccine against E. arloingi, as recently successfully achieved by the
use of the attenuated caprine E. ninakohlyakimovae (GC) oocysts in Spain (Ruiz et al. 2014).
Additionally, the development of a suitable in vitro culture system to gain access to additional
parasite stages (merozoites 1) proves the usefulness of this new E. arloingi (A) for future
studies such as phylogenetic analysis (already in course with the kind collaboration of Dr.
Damer Blake, Royal Veterinary College, London, UK), therapeutic target identification,
endothelium-related immunological studies as well as basic research on the complex
modulation of the host cell by E. arloingi. Other related data generated during the PhD

scientific program is not yet available in this thesis, but will be published soon.

With this PhD work we were able to build up novel knowledge in very different fields of
caprine coccidiosis, extending from epidemiology to complex innate immune reactions.
Obviously, much more basic molecular research is needed to better understand this neglected
enteric parasitosis of goats, but at least first insights into these exciting parasitosis were

generated within this PhD thesis. The true journey starts now...
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Appendix

SUPPLEMENTARY DATA

Movie 1. Eimeria arloingi excystation. During excystation, E. arloingi sporozoites after

activation become extremely active and egress through the micropyle.

Link:
https://www.youtube.com/watch?v=KLEPO-nKP2k&list=PLIxiM1Cz1 QkwjdudZWt sf17IcC9b4R3&index=2

Movie 2. Eimeria arloingi merozoites | release. Rupture of mature macromeront and

release of viable merozoites | at 22 days p. i..

Link: https://www.youtube.com/watch?v=9EHNnqglJWFg&list=PLIxiM1Cz1 OkwjdudZWt sf171cC9b4R3

f——————

FIG. 4. First in vivo evidence of NETSs in histological intestinal tissue slides of an Eimeria
arloingi-infected goat kid

A single Eimeria arloingi-merozoite (arrow) is shown to be firmly entrapped within in vivo NETSs in
histological intestinal tissue slides. DNA was stained with 4',6-diamidino-2-phenylindole (DAPI)

fluorescent dye (blue).
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