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BUVEC - bovine umbilical vein endothelial cells  

CR3- complement receptor 3  

DNA - deoxyribonucleic acid  

DNase - deoxyribonuclease  

DPI - diphenylene iodondium  

ECs - endothelial cells  
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EPs - epithelial cells 

ETs - extracellular traps  

GM-CSF - granulocyte macrophage colony-stimulating factor  

ICAM-1 - and intercellular adhesion molecule-1 

IFN-γ - interferon gamma  

iNOS - inducible nitric oxide synthase 

MIF - macrophage inhibitory factor  

MPO - myeloperoxidase  

NADPH - nicotinamide adenine dinucleotide phosphate oxidase  

NE - neutrophil elastase  

NET - neutrophil extracellular trap  

NO - nitric oxide  

PAD4 - peptidylarginine deiminase type IV 

PMN - polymorphonuclear neutrophil  

PRRs - pattern recognition receptors 

ROS - reactive oxygen species  
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1. INTRODUCTION 

 

1.1. Relevant coccidian parasites of ruminants  

1.1.1. Cyst-forming coccidia 

 

Several apicomplexan parasites, such as Toxoplasma gondii, Neospora spp., 

Sarcocystis spp., Hammondia spp. and Besnoitia spp., represent closely related 

tissue cyst-forming parasites which belong to the family Sarcocystidae (Carreno et al. 

1998; Mugridge et al. 2000). The life cycles of Sarcocystidae are complex and 

involve several parasite stages in definitive and intermediate hosts (Gondim et al., 

2017). Since the present work exclusively dealt with two important cyst-forming 

parasites Besnoitia besnoiti and T. gondii, the current literature review was restricted 

to these species. 

 

1.1.1.1. Toxoplasma gondii 

 

T. gondii is the most studied species among all cyst-forming parasites. It belongs to 

the genus Toxoplasma (Nicolle and Manceaux 1909) and represents the only valid 

species of this genus (Frenkel 1977; Dubey and Beattie 1988; Tenter and Johnson, 

1997). T. gondii is an ubiquitously occurring parasite with worldwide distribution. Life 

cycle of T. gondii is facultative heteroxenous and intermediate hosts are represented 

by a broad range of warm-blooded animals including livestock species (i. e. pigs, 

sheep, horses, cattle, goats, rabbits, camels, chickens, ducks and turkeys) and 

humans (Tenter et al., 2000). Definitive hosts are restricted to members of the family 

Felidae, such as domestic and wild cats (Dubey 1986, 1993; Frenkel 2000). In most 

cases, T. gondii parasitizes definitive and intermediate hosts without any clinical 

signs. However, infections can also lead to devastating disease in humans, as seen 

in congenitally infected children and in immunosuppressed individuals. In addition, T. 

gondii represents one of the most important causes of abortion in sheep (Dubey et 

al., 1998). Intermediate hosts become infected by uptake of sporulated oocysts or 
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tissue cysts. Here, the endogenous development of T. gondii includes two phases of 

asexual replication. In the first phase, tachyzoites are formed intracellularly via stage 

conversion and multiply fast by repeated endodyogenies thereby lysing their host 

cells. Most probably upon immunological pressure, T. gondii initiates formation of 

tissue cysts. Here, bradyzoites multiply slowly within cysts by endodyogeny (Evans 

1992). Tissue cysts are predominantly formed in neural and muscular tissues (Dubey 

et al., 1998; Tenter et al., 2000) and are therefore often found in in the central 

nervous system (CNS), the eye as well as skeletal and cardiac muscles. However, 

they may also be found in any tissue and visceral organs, such as lungs, liver, 

spleen, pancreas, testis, ovaries, endometrium and kidneys (Fleck et al., 1989, 

Dubey et al., 1998). Tissue cysts may persist in intermediate host species for their 

entire life and mechanisms of persistence are still unknown. However, it has been 

postulated that T. gondii-tissue cysts may break down periodically. Free-released 

bradyzoites then transform into tachyzoites which invade new host cells where new 

tissue cysts are formed (Weiss et al., 1988; Remington and Desmonts 1990; Evans 

1992, Frenkel 2000). Overall, the sexual cycle of T. gondii is restricted to the feline 

intestine. When cats ingest tissue cysts, bradyzoites invade intestinal epithelial cells, 

reproduce asexually in several generations as tachyzoites and then perform the 

sexual phase (gamogony) with the formation of gamonts and oocysts. When cats 

ingest sporulated oocysts, sporozoites invade the intestinal wall, transform to 

tachyzoites and are spread throughout the body via the blood. The majority of these 

stages probably convert to bradyzoites and persists as cysts, but a small proportion 

returns to the gut and performs gamogony. Consequently, the prepatent period and 

frequency of oocyst shedding vary according to the infectious stage of T. gondii 

(Dubey 2006). Thus, infection via sporulated oocysts leads to a longer prepatent 

period of 18-36 days and to a higher shedding of oocysts than ingestion of tissue 

cysts (prepatency of 3-10 days) (Dubey 1996). Following oocyst shedding, sporogony 

occurs exogeneously and leads to development of infectious oocysts (Evans 1992). 

Thus, sporulated oocysts contaminate any environment and can also be found in 

drinking water or oceans (Isaac-Renton et al., 1998). In fact, infections with T. gondii 

in aquatic mammals have also been recorded indicating contamination and survival 

of oocysts in sea water (Cole et al., 2000). Moreover, T. gondii infections may cause 

severe disease in small ruminants leading to considerable economic losses 

especially in sheep industry. Infections with T. gondii may cause abortion in livestock, 
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especially in sheep, New World camelids and goats (Buxton 1998). Small ruminants 

are highly receptive to T. gondii infection and often become infected via uptake of 

sporulated oocysts while grazing. Accordingly, seroprevalence is shown to increase 

with age, suggesting that most animals acquire infection postnatally (Dubey and 

Kirkbride, 1989). 

Regarding human infections, toxoplasmosis represents one of the most common 

parasitic zoonosis worldwide (Jackson and Hutchison 1989). It has been estimated 

that up to one third of world human population has been exposed to this parasite 

(Sabin and Feldman 1948, Jackson and Hutchison 1989). Data on human T. gondii 

seroprevalence greatly vary among different geographical areas. A recent nationwide 

study in Germany (representative cross-sectional survey) concludes that T. gondii 

infections in Germany are highly prevalent and that age and eating habits (e. g. 

consumption of raw meat) of people appear to be of high epidemiological relevance 

(Wilking et al., 2016). Same authors concluded that 1.1% of adults and 1.3% of 

women aged 18–49 in Germany seroconvert each year. While infections with T. 

gondii in humans are very common, clinical disease is mainly related to certain risk 

groups (i. e immunocompromised humans, prenatally infected foetuses). In most 

cases, infected humans may show mild symptoms in which lymphadenopathy is the 

most significant clinical manifestation (Ho-Yen 1992, Bowie et al., 1997). However, 

severe manifestations, such as encephalitis, sepsis syndrome/shock, myocarditis or 

hepatitis, may also occur (Ho-Yen 1992). Meanwhile, congenital transmission of 

toxoplasmosis may lead to a broad spectrum of clinical manifestations, being 

subclinical in approximately 75% of infected newborns (McAuley 2014). The severity 

of clinical disease in congenitally infected infants is inversely related to gestational 

age at the time of primary maternal infection. As such, maternal infection in first 

trimester of gestation leads to more severe manifestations including 

neurodevelopmental disorders or ocular lesions, such as chorioretinitis, which is often 

reactivated later in life (Dunn et al., 1999; Black and Boothroyd 2000; McAuley 2014) 

than infections in last trimester. However, there are several recorded cases in which 

development of ocular signs, such as retinitis and retinochoroiditis, were also 

observed in acquired postnatal toxoplasmosis in humans (Bowie et al., 1997, Burnett 

et al., 1998). Recent studies also indicate that T. gondii infections may also be linked 

with neurological/behavioral disorders in animals and humans (House et al., 2011; 

Webster et al., 2013). In latter case, these disorders may vary from subtle 
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behavioural and personality alterations to more severe ones, such as Parkinson 

(Miman et al., 2010a), cryptogenic epilepsy (Palmer 2007), schizophrenia (Torrey 

and Yolken 2003; Yolken et al., 2009), obsessive-compulsive disorder (Miman et al., 

2010b) and dementia (McGeer et al., 2004; Webster et al., 2013).  

 

1.1.1.2 Besnoitia besnoiti 

 

Parasites belonging to the genus Besnoitia exhibit heteroxenous life cycles infecting 

different animal hosts including large and small mammals as well as reptiles. 

However, uncertainty exists on the biology of some of these species since only the 

life cycles of B. darlingi (final host: cats; intermediate hosts: opossums and lizards), 

B. wallacei (final host: cats; intermediate hosts: rodents) and B. oryctofelis (final host: 

cats; intermediate hosts: rabbits) are currently known (Dubey and Lindsay 2003). 

Besnoitia besnoiti causes bovine besnoitiosis, often referred to as elephantiasis or 

bovine anasarque (Marotel 1912). Bovines are involved as intermediate hosts. So far, 

attempts to identify the final host(s) of B. besnoiti failed, although, analogous to 

species mentioned above, carnivorous definitive hosts are here suspected (Diesing 

et al., 1988; Basso et al., 2011). Besides the suspected infection route via oral 

uptake of sporulated oocysts, the parasite was proven to be transmitted mechanically 

by haematophagous insects of the genus Glossina and Stomoxys as well as by 

tabanids (Bigalke 1968; Schares et al., 2011; Liénard et al., 2011). This infection 

route may allow rapid transmission within a new geographical area (Álvarez-García 

et al., 2013). In addition, transmission of infection via mating (Esteban-Gil et al., 

2014) and via iatrogen actions (e. g. by repeated use of hypodermic needles) (Basso 

et al., 2011; Álvarez-García et al., 2013) was hypothesized. Animal trade and 

movements throughout countries were identified as major risk factors for 

establishment of new bovine besnoitiosis foci in naive areas and countries (Álvarez-

García et al., 2013). This parasitic disease is nowadays considered as emerging in 

Europe (EFSA, 2010). Within the acute phase of the infection asexual proliferation of 

tachyzoites occurs in host endothelial cells of different organs and vessels (Basson et 

al., 1970), in polymorphonuclear neutrophils (PMN) and monocytes in vivo (Basso et 
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al., 2012; Álvarez-García et al., 2013). Often the acute phase is characterized by 

non-specific clinical signs including fever, oedema, enlarged lymph nodes, anorexia, 

weight loss, photophobia as well as swollen and painful testes (orchitis) in bulls that 

occasionally may not be noticed (Schulz 1960; Bigalke 1968; Gazzonis et al., 2017). 

Moreover, the most severe symptoms are observed in the chronic phase of infection 

based on the development of large tissue cysts in skin, mucosal membranes, sclera 

and conjunctiva (Pols 1960; Bigalke 1981). Massive tissue cyst formation in dermis 

and other areas leads to hyperkeratosis, alopecia, weight loss, decreased milk 

production, infertility in bull’s (due to orchitis) and abortion (due to infection during 

pregnancy). This clinical status has a considerable economic impact on cattle 

industry (Kumi-Diaka et al., 1981; Cortes et al., 2005; Cortes et al., 2014; EFSA 

2010). One important clinical risk factor being associated with B. benoiti transmission 

is linked to seasonality. Based on limited observations from two outbreaks in Europe, 

it was noted that emergence of clinical signs coincided with the summer period, when 

mixed herds shared pastures and blood-sucking arthropods, such as horseflies, are 

active (Alzieu 2007; Fernandez-García et al., 2009). Since no efficient treatments or 

vaccines are vailable, the control of bovine besnoitiosis entirely relies on herd 

management measures in combination with diagnostic means (Álvarez-García et al., 

2014).  

 

 

1.1.2 Non-cyst forming coccidia 

 

Several apicomplexan parasites exhibit homoxenous life cycles and do not form 

tissue cysts in hosts. Within non-cyst forming coccidia relevant parasites are 

grouped, such as Plasmodium spp. as agents of human and animal malaria, Eimeria 

spp. as economically important pathogens of chicken, rabbits, goats, sheep and 

cattle, Theileria spp. as tick-borne parasites of cattle and small ruminants in Africa 

and Asia and Cryptosporidium spp., as opportunistic enteropathogens affecting 

animals and humans worldwide. Given that the current study focused on Eimeria and 

Cryptosporidium species, the review is restricted to these parasites.  
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1.1.2.1 Eimeria spp.  

 

Eimeria species are highly prevalent protozoan parasites affecting farm animals 

(Chartier and Paraud 2012). The Eimeria genus belongs to the family Eimeriidae and 

includes obligate intracellular, host specific (monoxenous) enteropathogens affecting 

vertebrates (Witcombe and Smith 2014). Eimeria development occurs within specific 

host cells at distinct areas of the gut mucosa. The disease itself is known as 

coccidiosis or eimeriosis and occurs worldwide thereby representing a major 

livestock health problem in several domestic animal production systems (Foreyt 

1990; Lima 2004; Daugschies and Najdrowski 2005; Witcombe and Smith 2014). 

Especially poultry (Chapman 2014), rabbits (Nosal et al., 2014) and ruminants 

(Daugschies and Najdrowski 2005; Ruiz et al., 2010; Silva et al., 2016) are affected 

by coccidiosis. The most pathogenic species in ruminants are E. bovis (cattle), 

E. zuernii (cattle), E. ninakohlyakimovae (goat), E. arloingi (goat), E. christenseni 

(goat) and E. bakuensis (sheep). In contrast to less pathogenic species, such as E. 

intrincata, E. wyomingensis, E. weybridgensis, E. faurei, E. ellipsoidalis and E. alijevi, 

they invade endothelial cells of the central lymph capillaries of the intestinal villi 

(Hermosilla et al., 2012) where they form macromeronts within a process which 

requires prolonged replication time and vast host cell modulation (Taubert et al., 

2010; Lutz et al., 2011; Hermosilla et al., 2012). 

Analogous to other apicomplexan parasites, the life cycle of Eimeria spp. includes 

three obligatory phases: sporogony, merogony and gamogony. Sporogony takes 

place exogenously in the environment under appropriate conditions (i. e. humidity, 

temperature and oxygen supply) and leads to the formation of the infective parasitic 

stage, the sporulated oocyst, containing fully formed sporozoites. After oral ingestion 

of sporulated Eimeria oocysts by the definitive host, sporozoites are released into the 

gut lumen and infect specific intestinal cells where first merogony occurs. In case of 

the ruminant pathogenic species E. bovis and E. arloingi (Ruiz et al., 2010; 

Hermosilla et al., 2012), sporozoites replicate in lymphatic endothelial host cells of 

central lacteals of the ileum, where they develop into large-sized macromeronts (up 

to 400 µm), releasing more than 170.000 merozoites of first generation. Thereafter, 

merozoites I migrate to ileum, caecum and colon (depending on the species). In case 

of E. bovis, second merogony takes place in host epithelial cells of the colon, being 
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followed by gamogony in the same host cell type. Here new oocysts are formed and 

shed into the environment thereby completing the life cycle of Eimeria (Taylor and 

Catchpole 1994).  

Pathogenesis of ruminant eimeriosis includes severe damage of intestinal mucosa 

leading to digestive and homeostatic dysfunction. Thus, concurrent diarrhoea results 

in plasmatic potassium imbalance, hypoproteinaemia, hyponatraemia and 

hypochloraemia in Eimeria-infected animals (Lima 2004; Daugschies and Najdrowski 

2005). Consequently, negative effects on animal welfare and production performance 

are common, such as poor weight gain, dehydration, growth delay, low feed 

conversion and occasionally sudden death of infected animals (Koudela and Bokova 

1998; Daugschies and Najdrowski 2005; Chapman 2014). Overall, coccidiosis often 

induces considerable economic losses (Daugschies and Najdrowski 2005).  

In general, young (naïve) animals are most susceptible for eimeriosis and develop 

disease, especially under intensive rearing conditions (Soe and Pomroy 1992; Taylor 

and Catchpole 1994; Daugschies and Najdrowski 2005). In this context, stress is one 

of key risk factors being associated with clinical coccidiosis in ruminants. As such, 

animals are at a higher risk to develop clinical coccidiosis during weaning period, 

transports, re-grouping, inadequate feeding, as well as in parturition period or after 

concomitant infections (Faber et al., 2002; Lima 2004; Daugschies and Najdrowski 

2005).  

 

1.1.2.2 Cryptosporidium 

 

Parasites of the genus Cryptosporidium cause cryptosporidiosis in a wide range of 

animals and - depending on species - also bear zoonotic potential. Molecular studies 

indicated that Cryptosporidium is more closely related to primitive gregarines than to 

coccidia (Carreno et al., 1999; Leander et al., 2003). Based on whole genome and 

further phylogenetic analyses, taxonomy was revised, and Cryptosporidium was 

transferred from coccidia to a new subclass, the cryptogregaria (Templeton et al., 

2010; Cavalier-Smith 2015; Ryan et al., 2016). Specific features of Cryptosporidium 

include its epicellular localization within host cell, presence of a gregarine-like feeder 

organelle (Cavalier-Smith 2014), presence of large extracellular gamont stages, 
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syzygy (end to end pairing for reproduction) and ability to undergo intra- and 

extracellular multiplication (Clode et al., 2015). Delimiting species within genus 

Cryptosporidium has also been controversial but currently 27 species infecting birds, 

reptiles, fish, and mammals are regarded as valid (Ryan et al., 2014; Ryan and 

Hijjawi 2015) with almost 20 Cryptosporidium species and genotypes also affecting 

humans (Tzipori 1983; Fayer and Ungar 1986; Xiao et al., 2004, Ryan and Hijjawi 

2015). The most commonly reported species in humans are C. hominis and C. 

parvum (Xiao et al., 2010, Ryan et al., 2014). The latter species is also highly 

endemic in cattle worldwide (Blanchard 2012; Cho and Yoon 2014) causing one of 

most prevalent intestinal diseases of neonatal calves (Gillhuber et al., 2014). Infected 

animals may suffer from profuse watery diarrhoea and severe dehydration 

occasionally leading to death (Thomson et al., 2017).  

Life cycle of Cryptosporidium includes ingestion of sporulated oocysts by susceptible 

host. Following excystation in the intestine, sporozoites infect host cells in the 

microvillous region of the intestinal mucosal epithelium and reside intracellular but 

extracytoplasmic (= epicellular) in these host cells. They develop into trophozoites 

within parasitophorous vacuoles which then undergo asexual divisions (merogonies I 

and II) forming merozoites I and II, the latter of which then perform gamogony and 

end-up with the formation of infective (sporulation of the oocysts already occurs 

within the gut), environmentally resistant thick-walled oocysts which are released in 

feces. Thin-walled oocysts which are formed in parallel, may also cause 

autoinfections of hosts. Overall, newborn calves shedding high numbers of oocysts 

are considered as major source of zoonotic C. parvum infections either via direct 

transmission or through oocyst contamination of water resources or agricultural land 

(Hunter and Thompson 2005). The economic impact of cryptosporidiosis in livestock 

is mainly due to costs of treatment, reduction in feed conversion as well as 

production inefficiency and animal losses (Thomson et al., 2017).  

Regarding transmission of infection, surface water is considered as an efficient 

carrier for oocysts and contaminated water is one of the main causes of epidemic 

outbreaks of human cryptosporidiosis (MacKenzie et al., 1994). Especially in third 

world countries, C. parvum and C. hominis infections are a major cause of severe 

diarrhoea, developmental problems and death in young children and may also induce 

life-threatening chronic disease in immunocompromised and malnourished 

individuals (Guerrant et al., 1999; Snelling et al., 2007; Costa et al., 2011; Kotloff et 
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al., 2013; Striepen 2013). Accordingly, a global enteric multi-center study (GEMS) 

revealed that Cryptosporidum spp. is the second leading cause of infant diarrhoea 

associated with toddler mortality in developing countries (Kotloff et al., 2013). So far, 

its eradication cannot be achieved since neither efficient therapeutics nor vaccines 

are available for humans (Thomson et al., 2017). In case of calves, metaphylactic 

halofuginon treatments may lower oocyst excretion and ameliorate coccidiosis 

(Joachim et al., 2003). 

 

1.2    Innate immune cells and their effector mechanisms 

 

Innate immune cells of mammals display a vast spectrum of defensive effector 

mechanisms against invasive pathogens, which are reviewed in the present chapter. 

The current doctoral thesis focused on the recently described effector mechanism of 

extracellular trap (ET) formation in response to coccidian parasite stages and 

included analyses of different leukocyte populations [i. e. polymorphonuclear 

neutrophils (PMN), monocytes and eosinophils] of different mammalian species. 

 

1.2.1 Polymorphonuclear neutrophils (PMN) 

 

PMN represent the most abundant leukocyte population and correspond to 50–80% 

(depending on the species) of blood immune cells. One main effector mechanism of 

these cells is the release of granules with antimicrobial properties (Segal 2005). 

Three types of granules are present in the cytosol of PMN. Azurophilic granules 

(primary granules) are the first ones to be formed during PMN maturation. These 

granules contain antimicrobial molecules, such as myeloperoxidase (MPO), 

defensins, lysozyme, bactericidal/permeability-increasing protein (BPI) and serine 

proteases [e. g. neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin G] 

(Korkmaz et al., 2010). Therefore, azurophilic granules function as a primary 

repository for molecular weaponry of PMN (Campos-Rodríguez et al., 2016). 

Following azurophilic granule generation, so-called specific (secondary) granules are 

formed in PMN which contain lactoferrin and other antimicrobial compounds, such as 
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neutrophil gelatinase-associated lipocalin (NGAL), human cathelicidin (hCAP-18) and 

lysozyme (Teng et al., 2017). The third granule population, i. e. gelatinase (tertiary) 

granules, are stores of several metalloproteases, such as gelatinase and leukolysin 

(Pei 1999). Besides these antimicrobial peptide populations, secretory vesicles serve 

as a reservoir for several important membrane-bound molecules necessary for PMN 

migration.  

Another key effector mechanism of PMN is represented by their capacity of oxidative 

burst activities promoting killing of pathogens via oxygen-dependent pathways. 

Therefore, reactive oxygen species (ROS) are produced (Fig. 1) via the nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase complex, a multicomponent 

enzymatic system formed by NOX enzymes that are rapidly assembled upon PMN 

activation (Robinson 2008). The complex comprises two membrane-bound subunits, 

gp91phox (Nox2) and p22phox, collectively known as cytochrome b558 (Cifuentes 

and Pagano 2006). The complex catalyzes electron reduction of oxygen using 

NADPH as an electron donor (Griendling 2004). The active oxidase transfers 

electrons from the cytosolic NADPH to molecular oxygen, thereby releasing 

superoxide anion (O2-) into the 

phagosomal lumen (Fig. 1; Quinn 

and Gauss 2004). Superoxide is a 

highly reactive, free radical that 

generates hydrogen peroxide (H2O2; 

Cohen and Heikkila 1974) (Fig. 1). 

Both, hydrogen peroxide and 

superoxide anions are components 

of oxygen-dependent antimicrobial 

system of phagocytic leukocytes 

(Robinson and Badwey 1995) 

serving as substrates for MPO to 

generate additional ROS products, 

such as hypochlorous acid (HOCl; 

Klebanoff 2005; Ximenes et al., 

2005; Williams and Griendling 2007). 

ROS efficiently kill microorganisms 

by protein and lipid oxidation. In general, ROS production varies between different 

Fig. 1. Generation of reactive oxygen species (ROS)  
          (according to Pruchniak et al., 2013).
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leukocyte subpopulations. As such, PMN were demonstrated as more effective in this 

concern than other phagocytes, such as macrophages (Nathan and Shiloh 2000). In 

addition to ROS, several important antimicrobial proteins, such as defensins and 

cathelicidins, are present in PMN but are absent or scarce in tissue macrophages 

(Ganz 2003).  

Besides the effector mechanisms of degranulation and ROS production, PMN also 

perform phagocytosis. A more detailed description of this mechanism is given in 

Chapter 1.2.2.  

The initiation of innate immune responses and establishment of inflammatory 

reactions against pathogens are highly regulated processes mediated by various 

cytokines and chemokines being synthesized by professional phagocytes, such as 

PMN and monocytes (Cassatella 1999; Lacy and Stow 2011). PMN produce a broad 

range of immunoregulatory molecules, such as IL1α, IL-1β, IL-4, IL-6, IL-7, IL-10, IL-

17, IL-18 (Tecchio et al., 2014). Cytokine release is mainly induced by 

immunoglobulin- or complement receptor-triggered signalling or by receptor-mediated 

pathogen recognition. In this process, pattern recognition receptors (PRRs), such as 

Toll-like receptors (TLRs), are often involved (McGettrick and O'Neill 2007; Iwasaki 

and Medzhitov 2010; Lacy and Stow 2011). Given that pro-inflammatory cytokines 

also mediate T lymphocyte and other immune cell recruitment and activation, these 

molecules participate in both, innate and adaptive immune responses, and also 

mediate a link between these immunological reaction types (Banyer et al., 2000). In 

addition to cytokines, chemokines also signify relevant innate effector molecules due 

to their ability to recruit distinct immune cell populations to site of infection (Scapini at 

al., 2000; Tecchio et al., 2014). As such, PMN-derived chemokines (e. g. CCL2, 

CXCL1, CXCL8, CXCL10) may act locally to induce PMN recruitment into peripheral 

tissues and at distance to mobilize PMN from bone marrow into blood stream (Sadik 

et al., 2011). These molecules also mediate recruitment and activation of other 

leukocytes in injured or inflamed tissue (Scapini and Cassatella 2014). 

In addition, PMN are also able to kill pathogens by so-called neutrophil extracellular 

traps (NETs; Brinkmann et al., 2004). Classically, NETs are composed of 

extracellular DNA matrices being studded by several antimicrobial proteins that 

mediate extracellular trapping and eventual killing of pathogens (Brinkmann et al., 
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2004). The protein proportion of NETs accounts for approximately 70% and mainly 

consists of core histones (H1, H2A/H2B, H3, H4), microbicidal granular enzymes and 

peptides/proteins (Brinkmann et al., 2012), such as BPI, MPO, NE, cathepsin G, 

lactoferrin, gelatinase, peptidoglycan recognition proteins (PGRPs), calprotectin, 

PR3, high mobility group protein B1 (HMGB1) and LL37 (Brinkmann et al., 2004; Abi 

Abdallah and Denkers 2012; Hermosilla et al., 2014). NETs are extruded into the 

extracellular compartment via a novel cell death process meanwhile well-known as 

NETosis (Fuchs et al., 2007). Overall, NETosis-based cell death differs significantly 

from apoptosis, pyroptosis (Fig. 2) or necrosis. Thus, PMN-derived apoptosis is 

characterized by membrane blebbing, phosphatidylserine translocation and 

condensation of nuclear chromatin, while in necrosis the nucleus loses its structure 

and lobules fuse into a homogenous mass lacking segregation into eu- and 

heterochromatin (Fuchs et al., 2007). In contrast, during NETosis PMN undergo 

massive vacuolization and nuclear chromatin decondensation but do not show 

phosphatidylserine translocation. Furthermore, in contrast to apoptosis or pyroptosis, 

both, nuclear and granular membranes disintegrate whilst plasma membrane integrity 

is maintained during NETosis. This allows antimicrobial granular cargo to mix with 

nuclear chromatin (Remijsen et al., 2011a). Consequently, neither inhibition of 

caspases by zVAD-fmk 6 nor of RIP1 kinases by necrostatin-1 affects NETosis 

(Remijsen et al., 2011b) proving this cell death type as distinct from apoptosis, 

necrosis and pyroptosis. 
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Effective NETosis requires mature PMN (Martinelli et al., 2004) and presence of 

enzymes MPO, NE and peptidylarginine deiminase type IV (PAD4) (Neeli et al., 

2008; Wang et al., 2009; Papayannopoulos et al., 2010). For NETs release, 

sequential enzymatic and non-enzymatic actions must be achieved in PMN 

(illustrated in Fig. 3). Thus, the nuclear envelope disintegrates upon PMN stimulation 

and allows chromatin and granular protein mixture (Brinkmann et al., 2004; Fuchs et 

al., 2007). Then, NE and MPO degrade histones and promote chromatin 

decondensation (Papayannopoulos et al., 2010). PAD4 mediates chromatin 

decondensation by histone hypercitrullination leading to electrostatic coiling of the 

chromatin (Wang et al., 2009; Li et al., 2010; Leshner et al., 2012). These DNA-

protein-complexes are then released as NETs into the extracellular compartment 

(Fig. 3).  

 

 

Fig. 2. Characterization of subcellular events during PMN apoptosis and NETosis by live cell 
imaging using four different channels (phase contrast, red, green and blue) and specific cellular 
markers. Apoptotic PMN (a, b) show membrane blebbing, phosphatidylserine (PS) translocation 
(visualized via Annexin V staining, green) and condensation of nuclear chromatin (a). Annexin V 
can only bind to PS of cells undergoing apoptosis, when PS is transferred to the outer leaflet, or 
after membrane rupture, when Annexin V can enter into the cell. PMN apoptosis is followed by 
chromatin condensation seen as positive signals from the cell-impermeable DNA dye propidium 
iodide (red) and the cell impermeable DNA dye Hoechst 33342 (blue; b). Here, PMN undergo 
secondary necrosis at latest time points. During NETosis (c, d) cells display massive vacuolization 
(c) and decondensation of nuclear chromatin as detected by Hoechst 33342 staining (d, blue). Here 
PS is not translocated before plasma membrane disruption and NET release. NET release is 
detected via staining of NETs-DNA with propidium iodide (red, c) and by the green signal coming 
from Annexin V (c, d) indicating membrane disruption. In addition, the mitochondrial membrane 
potential marker TMRM signal (red, d 1’) is lost during NET release. The loss of mitochondrial 
membrane potential is a characteristic event during initial stages of NETosis. Scale bars: 10 μm. 
(taken from: Remijsen et al., 2011a). 
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Classical NETosis requires the production of ROS and is mainly NOX-dependent 

(Brinkmann and Zychlinsky 2007, 2012; von Köckritz-Blickwede et al., 2010; 

Guimarães-Costa et al., 2012). However, NOX-independent NETosis was also 

described (Douda et al., 2015; Villagra-Blanco et al., 2017). Irrespective of NOX-

dependency, pathogens may either be immobilized within sticky DNA fibres or be 

killed via the local high concentration of effector molecules (Brinkmann et al., 2004; 

Guimarães-Costa et al., 2009; Hermosilla et al., 2014). 

In contrast to classical suicidal NETosis (Fuchs et al., 2007), a non-suicidal type of 

NETosis, called “vital NETosis”, was also reported allowing PMN to remain viable 

after NET release (Yipp and Kubes 2013). Here, nuclear chromatin expulsion is 

accompanied by release of granule proteins through degranulation. These 

components then assemble extracellularly and active anucleated cytoplasts remain 

which are still viable and continue to ingest microorganisms (Papayannopoulos 

2017). 

Up to date, a bunch of molecules have been identified as NET inducers, such as 

PMA, LPS, IL-8 (Brinkmann et al., 2004), zymosan (Silva et al., 2014; Reichel et al., 

2015; Alarcón et al., 2017), hydrogen peroxide (Fuchs et al., 2007), platelet-derived 

TLR-4 (Clark et al., 2007), Ca2+ ionophores (Wang et al., 2009), thapsigargin (Gupta 

et al., 2010), chemotactic complement-derived peptide complement factor 5 (C5a; 

Martinelly et al., 2004), TNF-α (Keshari et al., 2012), Fc receptors (Urban et al., 

2006), IFN-γ (Yousefi et al., 2008), lipophosphoglycan (LPG) of Leishmania spp. 

promastigotes (Guimarães-Costa et al., 2009), Staphyloccocus epidermidis δ-toxin, 

autoantibodies (Cogen et al., 2010) and antimicrobial peptide LL-37 (Neumann et al., 

2014).  

Following NET discovery, many NET-related studies focused on bacterial and fungal 

pathogens, such as S. aureus (Pilsczek et al., 2010), Streptococcus sp. (Beiter et al., 

2006), Escherichia coli (Marin-Esteban et al., 2012), Haemophilus influenzae 

Fig. 3. Neutrophil extracellular trap (NET) formation: following receptor stimulation, PMN adhere to 
the substrate and mobilize granule components, such as NE and MPO. Nuclear chromatin is 
decondensed, histones are citrullinated and intracellular membranes disintegrate via PAD4 actions. 
Finally, the cell membrane ruptures and a mixture of cytoplasmic and nucleoplasmic contents is 
released to form NETs. (taken from: Brinkmann and Zychlinsky 2012)  
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(Juneau et al., 2011), Klebsiella pneumoniae (Papayannopoulos et al., 2010), Listeria 

monocytogenes (Munafo et al., 2009), Mycobacterium tuberculosis (Ramos et al., 

2009), Cryptococcus neoformans (Rocha et al., 2015), Mannheimia haemolytica 

(Aulik et al., 2010), Shigella flexneri (Brinkmann et al., 2004), Aspergillus fumigatus 

(Bianchi et al., 2011), Candida albicans (Urban et al., 2006), Yersinia spp. 

(Brinkmann et al., 2004), and Vibrio cholerae (Seper et al., 2013). Furthermore, some 

viruses have also been demonstrated to induce NETs, such as feline leukemia virus 

(Wardini et al., 2010), influenza virus (Narasaraju et al., 2011) and immunodeficiency 

virus-1 (Saitoh et al., 2012).  

When experiments of current dissertation started in September 2012, scarce 

information was available on parasites as NET inducers. Thus, NET formation had 

only been recorded in response to Plasmodium spp. (Baker et al., 2008), Eimeria 

bovis sporozoites (Behrendt et al., 2010), Leishmania spp. (Guimarães-Costa et al., 

2009, 2011; Gabriel et al., 2010; Wang et al., 2011) and Toxoplasma gondii (Abi 

Abdallah et al., 2012) at that time point. Given that NETosis was and is a highly up-

to-date topic, meanwhile a multiplicity of new parasite-related data was gathered. 

Thus, NET formation was identified as an important effector mechanism being 

directed against several protozoan and metazoan parasite species in the last years. 

As such, protozoan parasites Besnoitia besnoiti (current dissertation: Muñoz-Caro et 

al., 2014a), Eimeria arloingi (current dissertation: Silva et al., 2014), Eimeria 

ninakohlyakimovae (Pérez et al., 2015), Cryptosporidium parvum (current 

dissertation: Muñoz-Caro et al., 2015b), Trypanosoma cruzi (Sousa-Rocha et al., 

2015) and Neospora caninum (Wei et al., 2016; Villagra-Blanco et al., 2017) as well 

as metazoan parasites Strongyloides stercoralis (Bonne-Annee et al., 2014), 

Haemonchus contortus (current dissertation: Muñoz-Caro et al., 2015c), 

Litomosoides sigmodontis (Pionnier et al., 2016), Brugia malayi (McCoy et al., 2017), 

Schistosoma japonicum (Chuah et al., 2013), Angiostrongylus vasorum, 

Aelurostrongylus abstrusus, Troglostrongylus brevior (Lange et al., 2017) and 

Trichobilharzia regent (Skála et al., 2018) were proven as NET inducers. 
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1.2.2 Macrophages, monocytes, dentritic cells (DCs) 

 

Mononuclear phagocytes represent an important innate immune cell population 

which display several key effector functions, such as phagocytosis, antigen 

presentation, and immunomodulation (especially via cytokine and chemokine 

release). Mononuclear phagocytosis mainly includes ingestion of particles > 0.5 µm 

and is performed to eliminate cellular debris and invading pathogens. Particle 

internalization is initiated by interaction of distinct phagocyte surface receptors, such 

as Fc-, complement-, TLR and scavenger-receptors with ligands on particles. This 

leads to polymerization of actin at site of ingestion, to phagocyte membrane 

extension around particles and actin-based particle internalization. However, 

phagocytosis of complement-opsonized particles also occurs without membrane 

extension with particle appearing to sink into the cell (Allen and Aderem 1996). 

Coordinated interactions of actin- and tubulin-based cytoskeletal elements are then 

required for endosome/lysosome trafficking and phagosome maturation. Moreover, 

binding to phagocytic receptors, such as Fc-receptors, lead to NADPH oxidase 

activation in macrophages or PMN (Fitzer-Attas et al., 2000). While a fraction of the 

intrinsic components of NADPH oxidase are present at plasma membrane during 

phagocytosis, most are delivered through fusion with intracellular storage sites. One 

of key features of mature phagosome in macrophages is the increase of phagosome 

acidity reaching a luminal pH ≤ 5 which is mandatory for optimal activities of 

proteases and lysosomal hydrolases being involved in pathogen killing. Phagosome 

acidification is also established by action of V-ATPase, a multi-subunit 

transmembrane protein that pumps protons into phagosome. Furthermore, 

antimicrobial capacity of macrophages is also achieved by the synthesis of nitric 

oxide (NO) which proved toxic for pathogens and tumour cells (MacMicking et al., 

1997).  

Referring to immunomodulatory molecules, activated monocytes and macrophages 

were reported to release pro-inflammatory cytokines (e. g. IL-1, IL-6, TNF, and INF-

α/β) and chemokines (e. g. CCR1, CCR2, CCR5, and CXCR4) which are involved in 

the modulation of diverse biological processes (Nathan 2012). 

Another important immune cell population is represented by mature DCs which are 

professional antigen-presenting cells and play a key role in the pathogenesis of 

allergic and neoplasic diseases (Soumelis et al., 2002). Mature DCs exhibit a limited 
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capacity for lysosomal degradation of ingested material (Delamarre et al., 2005) and -

 in contrast to phagocytic immature myeloid DCs (Inaba et al., 1993; Steinman and 

Swanson 1995; Delamarre et al., 2005) - are not involved in direct pathogen 

clearance (Savina and Amigorena 2007). 

In addition to these effector mechanisms, monocytes and macrophages are also 

capable to release extracellular traps (METs) via “METosis” (Doster et al., 2018). 

Alike NETs, characteristics of METs include DNase I-sensitive extracellular DNA 

fibres extending over the border of the cell (Aulik et al., 2012). In addition, elastase, 

often considered as a neutrophil-specific marker, was also identified in METs of 

human peripheral-blood monocytes and in THP-1 macrophage-like cells (Halder et 

al., 2016; Je et al., 2016). Furthermore, MPO was found in METs of diverse 

macrophage populations from human and non-human origin (Liu et al., 2014; 

O'Sullivan et al., 2015; Helder et al., 2016; Je et al., 2016; Pérez et al., 2016). 

 

1.2.3. Eosinophils  

 

Eosinophils are a key cell type in host responses to helminth infection and allergic 

disease (Weller and Spencer 2017). Their effector functions include release of 

cationic proteins, such as major basic protein (MBP), eosinophil cationic protein 

(ECP), eosinophil peroxidase (EPX) and eosinophil-derived neurotoxin (EDN) which 

are stored in cytoplasmic granules and are released via degranulation upon 

eosinophil activation (Trulson et al., 2007). Eosinophils also utilize elastase activities 

and produce ROS (e. g. superoxide, peroxide, hypobromous acid) via peroxidases 

(Saito et al., 2004). In addition, eosinophils display immunoregulatory functions via 

release of cytokines (e. g. IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-13, TNF-α; Hogan et al., 

2008) and growth factors (e. g. TGF-β, VEGF, PDGF; Kato et al., 2005). Further, 

eosinophils produce lipid mediators, such as leukotrienes (e. g. LTC4, LTD4, LTE4) 

and prostaglandins (e. g. PGE2), acting as paracrine mediators pertinent for 

inflammatory processes (Luna-Gomes et al., 2011).  

Another effector mechanism of eosinophils is represented by their capability to 

release eosinophil extracellular traps (EETs). This mechanism depends on NADPH-

oxidase-mediated ROS production. Here, eosinophil granule proteins such as major 
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MBP and ECP are first released as intact structures binding then extracellularly to 

nucleic DNA structures (Yousefi et al., 2012; Ueki et al., 2013). Interestingly, 

eosinophils are also able to form extracellular structures out of mitochondria-derived 

DNA and released granule proteins. These ET-like structures are also able to bind 

and kill bacteria both, in vitro and in vivo (Yousefi et al., 2008). 

 

1.2.4 Natural killer cells (NK) 

 

NK cells are innate immune cells that control certain microbial infections and tumour 

growth (Vivier et al., 2008). They comprise up to 15% of peripheral blood 

lymphocytes and are found in peripheral tissues, including liver, peritoneal cavity and 

placenta (Trinchieri 1989). NK cytotoxicity is mediated by directed exocytosis of 

cytolytic granules to release perforins and granzymes, which perforate target cell 

plasma cell membrane and trigger apoptosis, respectively (van Dommelen et al., 

2006). They also contribute to antibody-dependent cell-mediated cytotoxicity directed 

against tumour cells (Smyth et al., 2002). Cytokines involved in NK activation include 

IL-12, IL-15, IL-18, IL-2, and CCL5 (Stewart and Vivier 2007). NK cells also secrete 

IFN-γ and TNF-α for viral infection control (Vivier et al., 2008). Furthermore, it was 

demonstrated that this cell type bears antigen-specific memory functions which are 

fundamental for improved responses to re-exposure to same antigen (Watzl 2014). 

Additionally, it was recently demonstrated that NK cells are involved in induction of 

NET formation in venous thrombosis highlighting the role of NK cells in the 

development of this disease (Bertin et al., 2016). 

 

1.2.5 Endothelial and epithelial cells 

 

It is noteworthy that not only leukocytes but also other cell types, such as endothelial 

and epithelial cells, actively participate in orchestrating effective host innate immune 

responses. Due to their location, endothelial cells (ECs) are one of the first cells to 

interact with microbial components present in blood circulation. ECs coordinate 
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recruitment of inflammatory leukocytes to sites of tissue injury or infection by 

expressing adhesion molecules like P-selectin, E-selectin, vascular cell adhesion 

molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) which mediate 

leukocyte adhesion and transmigration across the endothelium to the site of 

inflammation (Ley and Reutershan 2006). They also act as antigen presenting cells 

by expressing major histocompatibility complex (MHC) I and II molecules (Mai et al., 

2013). Furthermore, ECs produce enzymes with antimicrobial and immunoregulatory 

properties, such as inducible nitric oxide synthase (iNOS) or indoleamine 2, 3-

dioxygenase (IDO) (Däubener et al., 2009). Pro-inflammatory cytokines, chemokines 

and growth factors, such as TNF-α, IL-1α, IL-1β, IL-3, IL-5, IL-6, IL-8, IL-10, IL-11, 

CSF1, CSF2, CSF3, CCL2, and CCL5 (Mai et al., 2013) serving for communicative 

processes with leukocytes (Muller 2003) are also released by activated ECs.  

As described for ECs, also epithelial cells actively influence the development of 

inflammatory reactions by their capacity to synthesize a variety of cytokines (e. g. 

TNF-a, IL-1b, IL-6, IL-8) and chemokines (e. g. CCL2, CCL5, CXCL1, CXCL2, 

CXCL3, CXCL5, CXCL6, CXCL8, CXCL11) when being activated. Furthermore, they 

produce the epithelial cell adhesion molecule (EpCAM) which is exclusively 

expressed in epithelium and epithelial-derived neoplasms (Armstrong et al., 2003) 

and is involved in cell adhesion and many other important biological processes, such 

as cell signaling, migration, proliferation and differentiation (Trzpis et al., 2007). 

 
 

1.3. Innate immune reactions against coccidian parasites 

 

The innate immune system is the first-line of defence against pathogens and an 

evolutionary older system than the adaptive one (Alberts et al., 2002; Tschopp et al., 

2003). Physical barriers, such as epidermis, mucosa, epithelial cells and endothelial 

cells form part of host innate immune system. Given that apicomplexan parasites are 

obligatory intracellular parasites, their free stages (e. g. sporozoites, merozoites, 

tachyzoites or bradyzoites) must invade specific host cells to continue their life cycle 

and to avoid extracellular immunological attacks (Morrissette and Sibley 2002). 

However, since all stages are also present in the extracellular compartment before 
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invading host cells and when being released from oocyst/cyst stages or host cells, 

they also represent targets of leukocytes.  

 

1.3.1 Eimeria species 

 

Innate immune reactions represent an important part of effective Eimeria defence. As 

such, an accumulation of macrophages in gut and adjacent lymph nodes of primary 

and challenge E. bovis-infected calves or even in degenerating macromeronts was 

stated (Friend and Stockdale 1980; Taubert et al., 2009). Mucosal macrophage 

infiltration was also reported for E. tenella- and E. acervulina-infected chicken and for 

E. separata-infected rats (Trout and Lillehoi 1993; Vervelde et al., 1996; Shi et al., 

2000). Furthermore, enhanced levels of monocytes or mononuclear cells were 

present in the blood of E. maxima-infected chicken and E. nieschulzi-infected rats 

(Rose et al., 1979). Interestingly, a macrophage inhibitory factor (MIF) was described 

for avian Eimeria species that is stage-specifically produced in merozoites, 

sporozoites or oocysts (Miska et al., 2007). Macrophages from immunized murine 

and avian species were also shown to display phagocytic activities against Eimeria 

sporozoites (Rose 1974; Rose and Lee 1977; Bekthi and Pery 1989) although 

complete elimination of parasites depended on presence of immune serum and 

complement (Bekthi and Pery 1989). In line with these data, E. bovis sporozoites 

were effectively phagocytized by bovine macrophages in presence of immune serum 

and peripheral blood monocytes from E. bovis-infected animals exhibited enhanced 

ex vivo phagocytic and oxidative burst activities (Taubert et al., 2009). Also for E. 

tenella and E. maxima infections, a macrophage-mediated phagocytosis of 

sporozoites was described with a peak-like increase of phagocytotic activity in the 

course of infection (Rose 1974; Rose and Lee 1977). Moreover, the role of 

macrophage-derived ROS or NO acting as effector mechanism against Eimeria 

species was reported (Liew and Cox 1991; Ovington et al., 1995). However, so far, 

no direct evidence of NO-mediated killing of Eimeria stages was given. Nevertheless, 

enhanced iNOS gene transcription was reported in E. tenella sporozoite-exposed 

magrophages and in intestinal mucosa of Eimeria-infected rats and chicken (Rose et 

al., 1992; Shi et al., 2001; Lillehoj and Li 2004; Dalloul et al., 2007). In addition, 

leukocytes from Eimeria-infected hosts produced increased levels of free oxygen 
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metabolites, which negatively affected Eimeria stages (Ovington and Smith 1992; 

Prowse et al., 1992).  

Referring to the production of immunomodulatory molecules, co-cultures of 

macrophages with E. bovis sporozoites induced the transcription of genes encoding 

for IFN-γ, IL-12, TNF-α, IL-6, CXCL1, CXCL8 and CXCL10 whilst in monocytes 

merely IFN-γ and CXCL10 gene transcripts were found up-regulated (Taubert et al., 

2009). Monocytes also reacted upon E. ninakohlyakimovae sporozoite exposure by 

the upregulation of IL-12 and TNF-α, IL-6 and CCL2 gene transcription (Perez et al., 

2016) and avian macrophages from E. tenella- and E. maxima-infected animals 

produced more IL-1 and TNF-α than control cells (Byrnes et al., 1993). In line, avian 

macrophage cell lines showed an increased TNF-α synthesis upon exposure to 

E. tenella sporozoites and merozoites (Zhang et al., 1995) and in avian macrophages 

an induction of various cytokine and chemokine gene transcripts (e. g. IL-1β, IL-6, 

CXCL8, and CCL3) after co-culture with E. tenella, E. acervulina, and E. maxima 

sporozoites was reported (Daugschies et al., 1986). It is worth noting that species-

specific differences were apparent concerning respective transcriptional profiles. As 

such, species-specific induction of avian macrophage IFN-γ-mRNA by pathogenic 

species E. tenella may be of special interest (Dalloul et al., 2007). Furthermore, a 

specific E. acervulina antigen (antigen 3-1E) efficiently stimulated IL-12 release in 

DCs and led to upregulation of inflammatory modulators, such as CCL2, IL-6, TNF-α 

and IFN-γ (Rosenberg et al., 2005). 

Referring to ETosis, Pérez et al. (2016) recently identified E. ninakohlyakimovae 

sporozoites as triggers of MET formation. Thus, caprine monocytes were shown to 

extrude METs following exposure to sporozoites, sporocysts and oocysts stages in a 

NADPH oxidase-dependent fashion. In addition, data of current dissertation delivered 

new knowledge on monocytes as potent ET releasers in response to Eimeria stages 

(Muñoz-Caro et al., 2015a); these data will be reviewed in chapter 2. 

Besides macrophages, PMN are also involved in innate immune reactions against 

Eimeria infections. Histopathological studies demonstrated presence of PMN in 

mature E. bovis meronts (Friend and Stockdale 1980). In E. maxima (chicken) and E. 

nieschulzi (rats) infections a biphasic increase of PMN numbers in peripheral blood 

was observed during primary infection (Rose et al., 1979). In accordance, a biphasic 

upregulation of phagocytic and oxidative burst activities of PMN was detected during 

experimental E. bovis infections in calves (Behrendt et al., 2008). In vitro, 
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approximately one third of E. bovis sporozoites were eliminated by PMN in an 

antibody-independent manner (Behrendt et al., 2008). In line, an increased shedding 

of oocysts in PMN-depleted mice indicated an important role of PMN in E. papillata 

infections (Schito and Barta 1997). In agreement, Rose et al. (1984) detected an 

increased susceptibility to E. vermiformis infection in such mouse strains that 

exhibited defect PMN. As already reported for E. falciformis in the murine system 

(Bekhti et al., 1992), bovine PMN were reacted upon E. bovis sporozoite exposure 

via increased in ROS production and enhanced phagocytotic activities, that were 

even more enhanced after immune serum supplementation (Behrendt et al., 2008).  

Exposure of bovine PMN to E. bovis sporozoites also resulted in a stage-specific 

induction of immunomodulatory molecules. Thus, exposure of PMN to sporozoites 

and merozoite I antigen led to enhanced IL-6/CCL2/CXCL1 and CXCL10/IL-12 gene 

transcription, respectively (Behrendt et al., 2008), which may be involved in the 

initiation of adaptive immune reactions (Taub et al., 1993; Gately et al., 1998). 

Interestingly, exposure of PMN to E. bovis sporozoites induced more iNOS gene 

transcripts than stimulation with merozoite-antigen. iNOS is essential for the 

generation of NO radicals, which are known to mediate killing of intracellular 

parasites (Ovington and Smith 1992; Ovington et al., 1995). 

A first report on E. bovis-triggered NETosis in bovine PMN revealed sporozoites as 

potent NET inducers. Thus, sporozoites were entangled but not killed in DNAse I-

soluble NET-like structures (Behrendt et al., 2010). Sporozoite-induced NET 

formation followed a rapid kinetic inducing DNA-release from PMN already within 30 

min of incubation with sporozoites being hampered from host cell invasion (Behrendt 

et al., 2010). Moreover, further detailed molecular analyses were performed on E. 

bovis-triggered NETosis (Muñoz-Caro et al., 2015a) and NET formation was also 

identified as an effector mechanism directed against E. arloingi sporozoites (Silva et 

al., 2014). Since these findings were part of the current work, they will be presented 

in detail in chapter 2. 

Data on other innate immune cells being involved in Eimeria defence are scarce. 

Studies E. separata infections in rats revealed an enhanced caecal infiltration with 

eosinophils and mast cells following repeated infections (Shi et al., 2000). In 

E. papillata-infected mice, NK cells caused an IFN-γ-mediated reduction of oocysts 

shedding (Schito and Barta 1997). The role of NK cells in E. vermiformis-challenged 

animals was also confirmed in NK cell-defective and antibody-depleted mice as well 
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as in mice lacking IFN-γ synthesis (Smith et al., 1994; Rose et al., 1995) showing that 

at least in this experimental system, NK cells did not significantly contributed to 

control Eimeria infections (Smith et al., 1994). In accordance, by using SCID mice, 

the key role of NK cells was proven for E. papillata and E. ferrisi-, but not for E. 

falciformis or E. vermiformis infections (Schito et al., 1996). In avian Eimeria 

infections a strong cytotoxic activity of NK cells was detected; however this 

mechanism was restricted to re-infections (Lillehoj 1989). Meanwhile, human NK 

cells were found activated by Eimeria antigen exposure and stimulation with 

recombinant antigens induced intracellular IFN-γ and granzyme B synthesis 

(Aylsworth et al., 2013).    

Referring to immune receptors being involved in innate Eimeria defence, little 

information is available, so far. During avian E. praecox infection TLR3, TLR4 and 

TLR15 were found highly expressed in duodenum and jejunum mucosa (Sumners et 

al., 2011). An upregulation of TLR4, TLR15 and MyD88 gene transcripts was also 

stated for heterophils and macrophages after E. tenella sporozoites exposure (Zhou 

et al., 2013). Interestingly, Fetterer et al. (2004) detected a profilin-like protein in 

Eimeria spp. sharing homology to T. gondii profilin which is recognized by TLR11 and 

known to trigger innate immune responses (Yarovinsky et al., 2005).  

Besides classical leukocytes, also host cells are capable to perform innate immune 

reactions against Eimeria infections. As such, bovine endothelial cells reacted upon 

E. bovis infection during first merogony by selective chemokine gene transcription 

and by increased adhesion molecule gene transcription mediating PMN and PBMC 

adhesion to infected endothelium (Hermosilla et al., 2006; Taubert et al., 2006b, 

2007). In agreement, microarray analyses of infected endothelial host cells revealed 

that E. bovis significantly alters host cellular immuno-associated reactions by the 

regulation of molecular networks being associated with leukocyte movement, immune 

cell trafficking and host cell inflammatory response (Taubert et al., 2010). 

Interestingly, the induction of these networks coincided with the time occurrence of 

parasite-specific antigens on the surface of infected host cells (Badawy et al., 2009). 

In addition, analyses on the proteome of E. bovis macromeront I-carrying host cells 

revealed parasite-induced alterations in distinct functional categories, such as host 

cell metabolism, cell structure, protein fate and gene transcription (Lutz et al., 2011). 

Moreover, in bovine colonic epithelial cells (BCEC) an upregulation of CXCL10 and 
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GM-CSF was stated during second merogony of E. bovis (Hermosilla et al., 2015). 

Referring to avian Eimeria infections, an enhanced gene transcription of IL-1β and 

chicken CC chemokine K203 was detected in jejunal and caecal mucosa of E. 

maxima and E. tenella infected chicken (Laurent et al., 2001). In addition, E. tenella 

infected epithelial cells also selectively showed an upregulation of IFN-γ, iNOS and 

chicken granulocyte colony-stimulating factor (CSF3) (Laurent et al., 2001).  

 

1.3.2 Cryptosporidium parvum 

 

Most studies on host immune reactions against C. parvum focused on adaptive 

immune responses and were mainly based on murine infection models (Blanshard et 

al., 1992; Aguirre et al., 1994; Schmidt et al., 2001; Chen et al., 2003; McDonald, 

2008). However, some reports indicate a significant contribution of innate immune 

cells to development of protective inflammatory response against C. parvum 

(reviewed in Petry et al., 2010; MacDonald et al., 2013; Laurent and Lacroix-

Lamandé 2017). Studies on humans and on C. parvum-infected BALB/c mice 

revealed a recruitment of macrophages and PMN to intestinal mucosa (Meisel et al., 

1976; Genta et al., 1993; Boher et al., 1994). In addition, a moderate infiltration of 

eosinophils was found in abomasal mucosa of C. andersoni-infected cattle (Masuno 

et al., 2006). In a neonatal piglet model of C. parvum a significant increase of 

mucosal neutrophil MPO activity was detected and could be blocked via anti-CD18 

antibodies (Zadrozni et al., 2006). Further studies revealed a cooperative role of 

macrophages and PMN in host antiparasitic resistance of mice acutely infected with 

C. parvum suggesting that C. parvum-induced macrophage activation was also 

influenced by PMN (Takeuchi et al., 2008). Furthermore, it was shown that DC 

numbers significantly increased following C. parvum infection in neonatal intestines 

(Lantier et al., 2013). In line, DC-attracting chemokines were produced by intestinal 

epithelial cells in response to C. parvum infection (Auray et al., 2007). In vitro, C. 

parvum sporozoite-exposed DCs expressed IFN-α and IFN-β within a few hours 

(Barakat et al., 2009) and vital sporozoites, soluble sporozoite antigens and 

recombinant parasite antigens equally induced DC maturation and subsequent 

release of cytokines such as IL-12, IL-1β and IL-6 (Bedi and Mead 2012). In the 
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Fig. 4. Mucosal innate responses to Cryptosporidium parvum with a focus on mononuclear cells 
(neonatal mouse model). Few resident macrophages and dendritic cells are present in the neonatal 
mouse mucosa. After infection, the rapid release of chemokines by infected intestinal epithelial cells 
and those responding to the first wave of IFN-γ release by resident mononuclear cells allows the 
recruitment of multiple immune cell subsets to the lamina propria. Ly6c+CCR2+ inflammatory 
monocytes recruited by CCL2 and CCL7 quickly differentiate into CD64+CX3CR1int macrophages, 
producing proinflammatory cytokines including IL1-β and TNF-α, that decrease trans-epithelial 
resistance. CD103+ DCs are recruited by CXCL9 and CXCL10 (IFNγ-dependent chemokines) and 
produce high amounts of IL12 and IFNc, favouring control of the parasite in infected intestinal 
epithelial cells (red arrow) during the acute phase of the infection. CD103+CD11b-DCs produce the 
largest amounts of IFN-γ and therefore play a key role in the elimination process. Once activated, 
CD103+ DCs quickly migrate to the draining lymph node to activate specific T cells. Cryptosporidium 
parvum antigens and live parasites are also captured in specialised lymphoid tissues (Peyer’s 
patches). Putative mechanisms of capture are represented (passage through M cells, capture by 
transepithelial dendrites). T-cell mediated adaptive immunity results in the definitive clearance of the 
infection. (Figure and legend taken from Laurent & Lacroix-Lamandé, 2017) 

neonatal mouse model, mononuclear cells (especially macrophages and DCs) were 

proven to play a major role in mucosal innate immune reactions to C. parvum 

infections (reviewed in Laurent and Lacroix-Lamandé 2017). Respective details and 

a summary of cell actions are given in Fig. 4.  

 

 

NK cells are also involved in innate immune reactions directed against C. parvum 

infections. Thus, activated human peripheral blood NK cells showed enhanced 

cytolytic activities against C. parvum-infected human intestinal epithelial cell lines 

(Dann et al., 2005). Activated NK cells were demonstrated early after infection in 

intestine of C. parvum-infected calves and were assumed to be involved in the innate 

response against this parasite (Olsen et al., 2015).  
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Referring to ET formation against Cryptosporidium parasites, no related data were 

available at the beginning of current work. As part of this dissertation, C. parvum 

sporozoites and oocysts were shown to effectively trigger NETosis (Muñoz-Caro et 

al., 2015b). The corresponding data are reviewed in chapter 2.  

Given that C. parvum develops within intestinal epithelial cells of the small intestine, 

these host cells also participate in innate immune response against this pathogen 

(reviewed in Laurent and Lacroix-Lamandé, 2017). Intestinal epithelial cells express 

PRRs, such as TLRs, which might recognize Cryptosporidium antigens. As such, in a 

model of biliary cryptosporidiosis, a TLR4-mediated response was required for 

efficient eradication of C. parvum infection (Chen et al., 2005; O’Hara et al., 2011). 

Furthermore, the antimicrobial molecule β-defensin was identified in C. parvum-

infected enteric mucosa (Tarver et al., 1998) and cathelicidin IL-37 was proven to 

exert parasitocidal effects on C. parvum stages and suggested to inhibit in vitro 

infection (Tarver et al., 1998; Giacometti et al., 1999; Zaalouk et al., 2004; Carryn et 

al., 2012). Several studied demonstrated an iNOS-mediated enhancement of NO 

synthesis in C. parvum infected epithelium (Leitch and He 1999; Gookin et al., 2004; 

Gookin et al., 2006). In line, the absence or inhibition of iNOS and the administration 

of antioxidants resulted in exarcerbation of epithelial infection and oocyst shedding 

(Leitch and He 1999; Huang and Yang 2002; Gookin et al., 2006). In addition, 

epithelial type I IFN expression is considered as a critical component of host cell 

invasion blockage (Pollok et al., 2001; MacDonald et al., 2013) and of immunity 

establishment (Barakat et al., 2009). Thus, C. parvum infection of intestinal epithelial 

cell lines was inhibited by type I IFN and IFN-γ but also TNF-α treatments (Lean et 

al., 2006; Barakat et al., 2009). In vivo studies revealed that synthesis of pro-

inflammatory cytokines (e. g. TNF-α, IL-2, IL-12) in early stage of infection trigger 

production of NK cell-derived IFN-γ in C. parvum-infected mice (Codices et al., 2013). 

Other authors confirmed importance of these cytokines and of a Th1-type response 

for C. parvum-related immune control (Borad and Ward 2010; Petry et al., 2010; 

McDonald et al., 2013). Noteworthy, ex vivo studies on experimentally infected 

volunteers and chronically infected AIDS patients confirmed a C. parvum-induced 

expression of IFN-γ, IL-1β or IL-6 in jejunal biopsies (White et al., 2000). Moreover, 

an increased expression of CXCL-8 (syn. IL-8) and CXCL1 was detected in infected 

human intestinal epithelial cells in vitro (Laurent et al., 1997). In neonatal mouse 

model several chemokines (e. g. CCL2, CCL5, CXCL10 CXCL9) were produced 
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during Cryptosporidium infection, all favouring immune cell recruitment (Lacroix-

Lamande et al., 2002; Auray et al., 2007; Lantier et al., 2013). CXCL10 was also 

produced in epithelial cells of AIDS patients with active Cryptosporidium infection 

(Wang et al., 2007) and CCL5 was shown to play a crucial role in mediating immune 

responses against C. parvum in human intestinal cell line model (Laurent et al., 

1997). 

 

1.3.3 Toxoplasma gondii 

 

Immunity to T. gondii infections is mainly based on IFN-γ-driven, T cell-dependent 

adaptive immune responses. However, innate immune cells play a pivotal role in 

shifting the immune responses towards effective T and NK cellular reactions and are 

therefore essential for the development of immunity (reviewed by Sasai et al., 2018, 

see also Fig. 5). Thus, inflammatory monocytes revealed as essential for controlling 

acute toxoplasmosis (Robben et al., 2005): following parasite recognition, innate 

immune cells (e. g. DCs, macrophages) release CCL2 and CXCL2 and thereby 

attract inflammatory monocytes to the site of T. gondii infection (Zlotnik and Yoshie 

2000; Ma et al., 2014; Sasai et al., 2018). These monocytes appear to govern 

parasite control by pro-inflammatory molecule production (e. g. IL-1α, IL-1β, IL-6, 

iNOS, TNF, ROS) and also produced IL-10, a regulatory cytokine that prevents 

toxoplasmosis in brain (Biswas et al., 2015). Exposure of macrophages to T. gondii 

initiated MAP-Kinase- and NF-κB-dependent signalling pathways and led to distinct 

cytokine synthesis (e. g. IL-12, IL-1β, TNF-α) that subsequently stimulated IFN-γ 

production by NK and T cells (Philip et al., 1986; Nagineni et al., 1996). Macrophages 

became activated by IFN-γ and TNF-α leading to the upregulation of iNOS and 

specific GTPases, such as p47 GTPases, which afterwards limited parasite 

replication (Masek and Hunter 2013). An important parasitocidal mechanism is 

represented by iNOS-mediated production of NO in infected host cells (Adams et al., 

1990). In agreement, T. gondii-infected iNOS-/- mice showed severe pathology 

associated with increased parasite burden in brain causing progressive toxoplasmic 

encephalitis (Scharton-Kersten et al., 1997; Khan et al., 1997). Besides NO, human 

macrophages also produce ROS to inhibit parasite replication (Murray et al., 1979; 
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Murray and Cohn 1979). Even though there is broad consensus that IFN-γ is the 

major mediator of resistance to T. gondii, there is also evidence on IFN-γ 

independent anti-microbial activities in macrophages (Masek and Hunter 2013). This 

is based on reports of patients with partial IFN-γ receptor (IFN-γR1) signaling 

deficiency who exhibit serological evidence of T. gondii infection, but are clinically 

asymptomatic (Janssen et al., 2002).  

 

Besides macrophages and monocytes, PMN are also involved in early T. gondii 

defence (Scharton-Kersten et al., 1997). As such, studies on PMN-depleted mice 

indicated that these animals are more susceptible for acute infections than wild-type 

mice (Sayles and Johnson 1996; Alexander et al., 1997; Scharton-Kersten et al., 

Fig. 5. Recognition of T. gondii by innate immune cells leads to activation of acquired immune 
reactions. Macrophages and DCs produce various inflammatory cytokines and chemokines to 
promote IFN-γ production in T cells, NK cells/Innate lymphoid cells (ILCs) mediating recruitment of 
neutrophils and inflammatory monocytes to sites of infection. ILCs are a newly identified 
lymphocyte subset related to innate immunity mainly producing IFN-γ and TNF-α in the small 
intestine in response to oral infection by T. gondii (Klose et al., 2014). (Figure and legend taken 
from Sasai et al., 2018). 
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1997). PMN were also shown to phagocytose and kill T. gondii tachyzoites in vitro 

(Wilson and Remington 1979; MacLaren and De Souza, 2002; MacLaren et al., 

2004). Furthermore, stimulation of PMN with T. gondii-specific antigens resulted in 

the upregulation of several cytokines and chemokines, such as IL-12, CCL3, CCL4, 

CCL20, CCL5, CCL2 and TNFα (Bliss et al., 1999; Bennouna et al., 2003; Denkers et 

al., 2003, 2004). Recent studies also showed that human and murine PMN release 

NETs upon T. gondii exposure as demonstrated for the in vitro and in vivo situation 

(Abi Abdallah et al., 2012). Here, tachyzoites of three different T. gondii strain types 

(RH strain type I, II and III) were observed entrapped in NETs suggesting that 

extracellular traps were released in a parasite strain-independent manner likewise 

being dependent on the MEK-ERK-mediated pathway since chemical inhibition of 

ERK1/2 MAPK pathway in human PMN blocked T. gondii-induced NET formation 

(Abi Abdallah et al., 2012). In addition, we recently reported that T. gondii also 

triggers the formation of ETs in PMN and monocytes isolated from harbour seals 

(Phoca vitulina) (Reichel et al., 2015). Since these findings are part of the current, 

work they will be presented in chapter 2.  

Also NK cells play a crucial role during acute T. gondii infection and are able to lyse 

both, infected cells and tachyzoite stages via cytotoxic mechanisms (Kamiyama et 

al., 1982; Hauser et al., 1982; 1983; 1986; Subauste et al., 1992). Their importance 

was also stated in mice models experiencing defective NK cell cytotoxicity or NK cell 

depletion since severe T. gondii manifestations were here observed (Hughes et al., 

1988; Johnson et al., 1995; Hunter et al., 1995). The protective role of NK cells may 

be based on their capability to produce IFN-γ after contact with tachyzoites or 

parasite extracts (Denney et al., 1990; Sher et al., 1993; Scharton-Kersten et al., 

1996). NK cells were also proven as a source of IL-10 in systemic T. gondii infection 

(Gigley 2016) and are therefore involved in the regulation of inflammation by this 

immunosuppressive cytokine (Perona-Wright et al., 2009). Studies using an in vivo 

mouse model demonstrated that, besides IL-12, NK cells to also produce IL-17 

during toxoplasmosis contributing to the immune-mediated resistance to T. gondii 

infection (Passos et al., 2010). 

Regarding cytokine responses induced by T. gondii, IFN-γ is well-accepted as key 

element for the development of effective host resistance (Nathan et al., 1983; Suzuki 

et al., 1988). Thus, this cytokine is the major regulator of cell-mediated immunity 
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against this parasite with IFN-γ main sources being represented by T- and NK-cells 

(Sasai et al., 2018). Consequently, a lack of IFN-γ increases mortality in infected 

animals (Suzuki et al., 1988; Scharton-Kersten et al., 1996, Takács et al., 2012). IFN-

γ production is mainly regulated by IL-12 secretion (Lieberman and Hunter 2002; see 

also Fig. 5). In line, the absence of IL-12 resulted in increased murine susceptibility 

to T. gondii infection (Gazzinelli et al. 1993; Lieberman et al., 2004). However, IL-12 

is mainly produced by innate immune cells, such as PMN, DCs, macrophages and 

monocytes thereby playing a key role during acute phase of T. gondii infection (Hou 

et al., 2011). Interestingly, recent studies on human monocytes and DCs exposed to 

T. gondii tachyzoites showed that an efficient IL-12 response is rather triggered by 

phagocytosis of living parasites than by active host cell invasion (Tosh et al., 2016).  

Referring to innate immune cell signalling, the TLR/IL-1R adaptor protein MyD88 was 

identified as a major regulator of host defence against T. gondii tachyzoites (Scanga 

et al., 2002). Overall, MyD88 is activated by almost all TLRs (O’Neill and Bowie 2007; 

Yarovinsky 2008) but TLR11 was identified as a key innate immune receptor that 

regulates IL-12-related response to T. gondii (Yarovinsky et al., 2005). Interestingly, 

the actin-binding protein profilin acts as a ligand of TLR11 (Plattner et al., 2008). In 

line, T. gondii profilin elicits TLR11- and MyD88-dependent IL-12 responses in DCs in 

vitro and in vivo (Yarovinsky et al., 2006, 2008). Additional, it was shown that 

blockage of profilin expression blocks T. gondii-induced DC-mediated IL-12 

responses and abrogates the capacity of the parasite to infect host cells (Plattner et 

al., 2008).   

Host cell interactions with T. gondii underly complex regulatory processes (Gazzinelli 

et al., 1993, 1994, 1996; Rettigner et al., 2004; Innes et al., 2005; Moore et al., 

2005). As obligate intracellular parasite, T. gondii interferes with host signalling 

pathways to modulate innate immune responses (Denkers et al., 2003). However, 

several studies showed that host cells react upon T. gondii infection with the 

upregulation of several immunomodulatory molecules. Thus, adhesion molecules 

(e. g. E- and P-selectin, ICAM, VCAM-1) mediating immune cell attachment to 

infected cells (Taubert et al., 2006a) and chemokines (e. g. IL-8, CXCL2, CCL2, 

CCL3, CCL5, eotaxin) promoting immune cell recruitment were reported up-regulated 

in T. gondii-infected host cells (Deckert-Schlüter et al., 1999; Mennechet et al., 2002; 

Knight et al., 2005; Taubert et al., 2006a, b; Ju et al., 2009). In human intestinal 
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epithelial cells, T. gondii infections induced MyD88-dependent IL-8 (CXCL8) 

secretion and ERK1/2 activation (Ju et al., 2009).  

Besides chemokines, defensins are also reported to be enhanced in T. gondii-

infected host cells (Foureau et al., 2010; Morampudi et al., 2011). These molecules 

bear chemoattractant properties on monocytes, T cells and DC (Lai et al., 2009) and 

elicit adverse effects on T. gondii tachyzoites (Tanaka et al., 2008; Morampudi et al., 

2011). Interestingly, type I T. gondii parasites appear to suppress β-defensin 2 gene 

expression for immune evasion (Morampudi et al., 2011). 

  

1.3.4 Besnoitia besnoiti 

 

So far, hardly any data exist on innate immune reactions directed against B. besnoiti 

and most studies focused on epidemiological and clinical aspects of the disease. 

Applying hamster models, in vivo experiments showed that macrophage activation 

and specific cellular immune responses occurred during latent Besnoitia infections 

(Hoff and Frenkel 1974). In vitro, B. besnoiti infections led to endothelial host cell 

activation and promoted PMN adhesion and NET formation under physiological flow 

conditions (Maksimov et al., 2016).  

At the beginning of the current doctoral thesis, no data on ET formation against 

B. besnoiti were available. Therefore, here presented data signify the first studies on 

B. besnoiti-triggered ETosis and show that both cell types, bovine PMN and 

monocytes utilize this effector mechanism to attack B. besnoiti tachyzoites. 

Respective data are described in more detail in chapter 2.  
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2. RESULTS AND DISCUSSION 

 

The current work focused on the PMN-derived effector mechanism of NET formation 

in response to different parasitic species and stages. In addition, some digressions 

were made on other immune cells, such as monocytes or eosinophils, in respect to 

ETosis. As main outcomes of the current work, four new species were here identified 

as NET inducers. Furthermore, NET-specific molecules and signaling pathways 

being involved in parasite-triggered ETosis were here characterized and with CD11b 

a new PMN-derived receptor was proven as essential in E. bovis-triggered NETosis. 

Regarding parasite-mediated ETosis, several protozoan parasite species were 

identified as ETs inducers, so far. As such, the euglenozoan parasites Leishmania 

amazonensis, L. major, L. braziliensis, L. chagasi and L. donovani (Guimarães-Costa 

et al., 2009, 2011; Gabriel et al., 2010; Wang et al., 2011) as well as the 

apicomplexan parasites P. falciparum, E. bovis, N. caninum and T. gondii have been 

reported to trigger ETosis in different host species in vivo and in vitro (Baker et al., 

2008; Behrendt et al., 2010; Abi Abdallah et al., 2012; Wei et al., 2016; Villagra-

Blanco et al., 2017, Yang et al., 2018). With the current work, new apicomplexan 

parasites were added to the list of NET inducers, such as B. besnoiti, C. parvum 

(now referred to as cryptogregaria) and E. arloingi (Silva et al., 2014; Muñoz-Caro et 

al., 2014a, b). Besides protozoa, nematode parasites were also proven to induce 

ETs, as documented for S. stercoralis (Bonne-Annee et al., 2014), the filarial 

parasites B. malayi (McCoy et al., 2017) and L. sigmodontis (Pionnier et al., 2016), 

the metastrongyloids A. vasorum, A. abstrusus and T. brevior (Lange et al., 2017) 

and trematode parasites S. japonicum (Chuah et al., 2013) and T. regent (Skála et 

al., 2018). Referring to Haemonchus contortus, the current data also added a new 

nematode species as potent trigger of NET formation (Muñoz-Caro et al., 2015c).  

Since first discovery in 2004, knowledge on ET formation has immensely grown and 

nowadays comprises a set of immune responses to various pathogens across the 

entire eukaryotic domain (Boe et al., 2015). To date, two main mechanisms of ET 

release have been described. As a major route of ETosis, leukocytes release ETs via 

a slow lytic cell death mechanism that requires NADPH-oxidase complex activation 

and subsequent ROS generation (Papayannopoulos et al., 2010; Yang et al., 2016). 
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Since both factors were demonstrated to be crucial for parasite-induced NETs of the 

current studies, this type of NETosis is most likely to occur in the case of E. bovis-, E. 

arloingi-, B. besnoiti- and H. contortus-triggered NETosis (Muñoz-Caro et al., 2014a, 

b; Silva et al., 2014; Muñoz-Caro et al., 2015a, b, c; Reichel el at., 2015). Meanwhile, 

Pilsczek et al. (2010) and Yousefi et al. (2009) reported on a small proportion of 

leukocytes that rapidly expulse their nuclear content via vesicular secretion and 

thereby generate ETs in vital cell conditions. This form of ETosis may be 

accompanied with ongoing crawling and phagocytic activities (Yipp et al., 2012) and 

was suggested as NADPH oxidase-independent (Papayannopoulos 2017). However, 

this type of ETosis was not observed for any of examined parasites in the current 

work. 

So far, NET formation has been documented in diverse vertebrate species, including 

cattle (Lippolis et al., 2006; Grinberg et al., 2008; Behrendt et al., 2010; Aulik et al., 

2010; Muñoz-Caro et al., 2014, 2015a, b; Villagra-Blanco et al., 2017), horses 

(Alghamdi et al., 2005; Rebordão et al., 2014; Muñoz-Caro et al., 2015a), goats 

(Silva et al., 2014; Pérez et al., 2016; Villagra-Blanco et al., 2017; Yang et al., 2018), 

cats (Wardini et al., 2010), dogs (Wei et al., 2016), mice (Ermert et al., 2009), birds 

(chicken heterophils; Chuammitri et al., 2009) and fish (Palić et al., 2007; Pijanowski 

et al., 2013). With harbour seals we could add a new host species by the current 

work (Reichel et al., 2015).  

In addition, this effector mechanism is not limited to vertebrates, since innate immune 

cells from a range of invertebrate species, such as insects (Altincicek et al., 2008), 

crustaceans (crab haemocytes; Robb et al., 2014), mollusks (mussel, oyster and 

gastropod haemocytes; Poirier et al., 2014; Lange et al., 2017, Skála et al., 2018) 

and earthworms (Annelida, coelomonocytes; Homa 2018) also release ET-like 

structures. Interestingly, even sea anemone cells can eject extracellular chromatin in 

a similar fashion (Robb et al., 2014). Accordingly, PMN of different host origins 

(bovine, caprine, canine, equine, seals) were here tested for NET formation against 

several parasite species and stages. Respective data showed that NETosis was 

equally performed by these PMN and did not significantly differ in the extent of the 

reaction thereby indicating host-independent reactions (Muñoz-Caro et al., 2015a). In 

line with these data, T. gondii-triggered NETosis was reported for both, human and 

murine PMN (Abi Abdallah et al., 2012). To indirectly confirm these data, we also 

tested bovine PMN against sporozoite stages of other, mainly non-bovine coccidian 
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species (Isospora suis, E. arloingi, T. gondii) and proved host species-independent 

reactions since all parasites induced NETosis (Muñoz-Caro et al., 2015a). 

Kinetic studies revealed B. besnoiti and T. gondii tachyzoite- as well E. arloingi and 

C. parvum sporozoite-triggered NETosis as a time-dependent process in the current 

work (Silva et al., 2014; Muñoz-Caro et al., 2014a; Reichel et al., 2015). These 

findings were here also confirmed for H. contortus-mediated NET formation (Muñoz-

Caro et al., 2015c) and are in line with previously NET-related data on E. bovis 

(Behrendt et al., 2010), T. gondii (Abi Abdallah et al., 2012) and T. cruzi (Sousa-

Rocha et al., 2015). Moreover, regarding the influence of pathogen doses on 

parasite-triggered NETosis, present data demonstrate a clear dose-dependency of 

B. besnoiti-, C. parvum-, T. gondii- and H. contortus-induced NET formation (Muñoz-

Caro et al., 2014a; 2015b, c; Reichel et al., 2015). These data are in agreement with 

other NET-related studies on E. bovis, N. caninum, L. amazonensis, L. major, 

L. braziliensis, L. mexicana and T. cruzi (Behrendt et al., 2010; Wei et al., 2016; 

Villagra-Blanco et al., 2017; Guimarães-Costa et al., 2009; Wang et al., 2011; Sousa-

Rocha et al., 2015).  

Besides a time- and dose-dependency, current studies also showed that different 

stages of coccidian parasites are capable to induce NETs. As such, merozoite I 

stages of E. bovis, sporozoites of I. suis, T. gondii, E. arloingi and E. bovis, oocysts of 

E. arloingi and C. parvum and tachyzoites of B. besnoiti and N. caninum were shown 

to trigger NETosis (Silva et al., 2014; Muñoz-Caro et al., 2014a, 2015a,b; Rachel et 

al., 2015; Wei et al., 2016) suggesting commonly expressed surface molecules as 

ligands for PMN. In line, data on different Leishmania stages (Guimarães-Costa et 

al., 2009; Gabriel et al., 2010; Hurrell et al., 2015; Morgado et al., 2015) also 

indicated NETosis as a stage-independent defense mechanism and Abi Abdallah et 

al. (2012) also identified T. gondii tachyzoite stages to induce NETs. Interestingly, no 

strain-dependent differences were found for T. gondii (Abi Abdallah et al., 2012).  

Besides in vitro evidence, Eimeria-triggered NETosis was also proven to occur in vivo 

by the current work. By analyzing histological gut samples, NETs were mainly found 

in close proximity to different Eimeria stages (i. e. meronts and gamonts) in the 

mucosa of E. arloingi-infected goats and E. bovis-infected calves (Muñoz-Caro et al., 

2016). These in vivo data strongly suggest NETosis as an early host effector 
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mechanism acting against intestinal coccidian stages as previously postulated 

(Hermosilla et al., 2014). 

Current data indicated that E. arloingi sporozoite- and B. besnoiti tachyzoite-induced 

NETs rather mediate entrapment than killing of these parasite stages (Silva et al., 

2014; Muñoz-Caro et al., 2014a). These data are in agreement with an earlier report 

on E. bovis-induced NETosis which also failed to demonstrate lethal effects of NETs 

(Behrendt et al., 2010). In contrast to these findings, certain lethal effects of NETs on 

tachyzoites of T. gondii (25% killing; Abi Abdallah et al., 2012) and on 

L. amazonensis promastigotes (53%; Guimarães-Costa et al., 2009) were recorded. 

However, for Leishmania parasites it was also shown that they may evade NET-

mediated killing by different mechanisms, such as blocking oxidative burst activities 

of PMN, entering a non-lytic compartment within PMN or by resisting microbicidal 

activities of NETs (Gabriel et al., 2010; Chagas et al., 2014). Interestingly, other 

investigations on Leishmania infections demonstrated that salivary components from 

intermediate hosts (sand flies) being infected during blood meal may improve 

Leishmania survival in definitive hosts by affecting their innate immune system. As 

such, a Lutzomya lingipalpis salivary gland molecule, known as Lundep, was recently 

described to bear endonuclease activity with NET-destroying properties (Chagas et 

al. 2014). The capacity of NETs to entrap stages of coccidian parasites and to inhibit 

host cell invasion was first demonstrated for E. bovis by showing that exposure of 

sporozoites to bovine PMN hampered subsequent host cell invasion for up to 65% 

(Behrendt et al., 2010). Similar effects were here detected for B. besnoiti tachyzoites, 

E. arloingi and C. parvum sporozoites (Muñoz-Caro et al., 2014a; Silva et al., 2014; 

Muñoz-Caro et al., 2015b). Nonetheless, differences in the degree of parasite 

entrapment were observed. Thus, E. arloingi sporozoites were more effectively 

entrapped by caprine NETs (up to 72%) than E. bovis sporozoites (15%), B. besnoiti-

tachyzoites (34%) or C. parvum-sporozoites (15%) by bovine NET structures 

(Behrendt et al., 2010; Silva et al., 2014; Muñoz-Caro et al., 2014a, 2015b) which 

may indicate host species- or parasite species-dependent differences. In all cases, 

treatments with DNase I (leading to NET resolution) restored parasite infectivity 

thereby confirming that blockage of parasite invasion could be attributed to NET 

formation (Muñoz-Caro et al., 2014a, b, 2015a, b; Silva et al., 2014; Reichel et al., 

2015). DNase I treatments to resolve NETs have been used in both, animal- 

(Caudrillier et al., 2012) and human-derived experiments, so far (Pressler et al., 
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2008). Accordingly, whenever DNase I treatments were used to control for NET 

formation within the present dissertation, a significant diminishment of NETs was 

detected when compared to DNase I-free controls (Muñoz-Caro et al., 2014a, b; Silva 

et al., 2014; Muñoz-Caro et al., 2015a, b, c; Rachel et al., 2015) thus confirming the 

irrefutable fact that nuclear DNA is the main component of NETs (von Köckritz-

Blickwede et al., 2009; Hakkim et al., 2010). The biological relevance of DNA-rich 

structures was also estimated for in vivo situations. Thus, in vivo data showed 

patients with systemic lupus erythematosus to exhibit high levels of serum DNase I-

inhibitory activity that prevents degradation of NETs (Hakkim et al., 2010). Overall, 

dependent on extent and proper removal of NETs, these structures might have a 

considerable impact on pathophysiological processes in vivo and therefore play a 

role in autoimmune disorders (Lögters et al., 2009). In accordance, some reports 

showed increased levels of circulating free DNA (cf-DNA) in various human diseases 

(Swarup and Rajeswari 2007). However, this effect was attributed to tissue 

destruction and/or necrosis and etiology was related to autoantibodies raised against 

cf-DNA (Lögters et al., 2009). Aberrant levels of NETs or anti-NET antibodies may 

indeed lead to dramatic tissue damage as demonstrated for liver, endometrium and 

lung (Gupta et al., 2005; Beiter et al., 2006; Clark et al., 2007). In particular, 

extracellular histones (e. g. H2B) as NETs components can directly damage 

endothelial and epithelial cells by triggering cell death (Saffarzadeh et al., 2012). 

Moreover, impaired degradation and clearance of NETs was also linked to 

reproductive disorders, such as preeclampsia (Gupta et al., 2006; Hahn et al., 2012) 

or to a variety of autoimmune diseases, such as atherosclerosis (Döring et al., 2012), 

rheumatoid arthritis (Rohrbach et al., 2012), small vessel vasculitis (Kessenbrock et 

al., 2009), gout (Mitroulis et al., 2011) or systemic lupus erythematosus (Hakkim et 

al., 2010; Leffler et al., 2012; Liu et al. 2012).  

Classical NET structures were shown to be composed of a DNA backbone being 

studded with several antimicrobial molecules, such as histones, NE or MPO 

(Brinkmann et al., 2004). As such, these effector molecules were consistently 

detected in fungi- and bacteria-induced NET structures (Urban et al., 2009; 

Brinkmann et al., 2004; von Kockritz-Blickwede et al., 2010). In line with those data, 

these classical characteristics were here confirmed for B. besnoiti-, E. arloingi-, E. 

bovis-, T. gondii-, C. parvum- and H. contortus-induced ETs by demonstrating the 

simultaneous presence of DNA with histones, NE and MPO in these structures. In 
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addition to mere molecule detection, enhanced enzyme activities of NE and MPO 

were detected in case of B. besnoiti-, E. arloingi- and E. bovis-exposed PMN (Muñoz-

Caro et al., 2014a, 2015a; Silva et al., 2014) confirming the key role of these 

enzymes in pathogen-induced NETosis as suggested by others (Papayannopoulos et 

al., 2010). As also reported for non-parasitic NET inducers (Papayannopoulos et al., 

2010; Parker et al., 2012), functional inhibition experiments further confirmed 

biological importance of these enzymes since parasite-mediated NETosis was 

significantly blocked when NE and MPO inhibitors were applied (as proven for E. 

bovis, E. arloingi, B. besnoiti, T. gondii, C. parvum and H. contortus in the current 

work) (Muñoz-Caro et al., 2014a, 2015a, b, c; Silva et al., 2014; Reichel et al., 2015). 

Meanwhile, other closely related parasites, such as N. caninum have shown to trigger 

NE- and MPO-dependent NET formation in canine PMN (Wei et al., 2016). 

Furthermore, a significant role of NE and MPO enzymes has been proven by the use 

of respective knockout mice. Thus, it was shown that these animals are more 

susceptible to bacterial and fungal infections (Belaaouaj et al., 1998) as also 

reflected by severe impairment of MPO-deficient mice in their early host defense 

against C. albicans (Aratani et al., 1999). Besides histones, MPO and NE, several 

other antimicrobial components are present within ETs, such as bacterial BPI, 

pentraxin and lactoferrin (Brinkmann and Zychlinsky 2007, 2012; von Köckritz-

Blickwede and Nizet 2009), which additionally contribute to pathogen killing 

(Brinkmann and Zychlinsky 2012).  

Whilst NE and MPO originate from azurophilic PMN granules, other molecules, such 

as metalloproteinases (MMP), are contained in tertiary (gelatinase) granules. We 

here showed via zymographic analyses of PMN supernatants that MMP-9 is released 

from PMN upon E. bovis sporozoite exposure (Muñoz-Caro et al., 2015a). So far, the 

functional role of MMP-9 in NETosis is unclear. However, it is worth noting that the 

release of MMP-9 is regulated by the ERK 1/2 and p38 MAPK signaling pathway 

(Wang et al., 2002) which was proven to be involved in NET formation in the current 

work (Muñoz-Caro et al., 2015a) and by others (Hakkim et al., 2011; Abi Abdallah et 

al., 2012; Keshari et al., 2013; Cheng and Palaniyar 2013). Meanwhile, studies on 

the role of NETs systemic lupus erythematosus, revealed that activation of 

endothelial MMP-2 by NET-derived MMP-9 represents an important factor in 

impaired endothelial function (Carmona-Rivera et al., 2015).  
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During NETosis, NOX-dependent ROS production leads to morphological changes, 

such as delobulation of PMN nucleus, disassembly of nuclear envelope and 

degradation of granule membranes (Fuchs et al., 2007). In addition, PAD4-mediated 

histone citrullination, followed by chromatin decondensation appears obligatory for 

proper NET release (Wang et al., 2009; Abi Abdallah and Denkers 2012; Hahn et al., 

2013). Most studies on NET formation strengthened pivotal role of a functional NOX 

system with subsequent ROS production. Accordingly, enhanced oxidative burst 

activities were demonstrated in bovine PMN exposed to E. bovis sporozoites both, in 

vitro and ex vivo (Behrendt et al., 2008). In addition,  T. gondii-triggered oxidative 

burst activities were noted for macrophages and ROS production was linked to 

resistance of macrophages against this parasite (Murray and Cohn 1979). In 

accordance, current data revealed that PMN exposure to B. besnoiti tachyzoites, to 

E. arloingi and E. bovis sporozoites resulted in enhanced ROS production in these 

immune cells (Muñoz-Caro et al., 2014a, 2015a; Silva et al., 2014). Furthermore and 

in line with data on bacteriae- or fungi-induced NETosis (Fuchs et al., 2007; Bruns et 

al., 2010; Riyapa et al., 2012; Yoo et al., 2014), chemical NOX blockage via DPI 

treatments resulted in a significant diminishment of B. besnoiti-, E. bovis-, E. arloingi-, 

T. gondii-, C. parvum-and H. contortus-triggered NETosis thereby confirming NOX 

dependency of parasite-triggered NETosis (Muñoz-Caro et al., 2014a, b, 2015a, b, c; 

Silva et al., 2014; Reichel et al., 2015). In contrast, few studies recently showed that 

NET formation might also occur in a NOX-independent manner. Thus, S. aureus and 

N. caninum stages triggered NETosis independent of NOX activity (Pilsczek et al., 

2010; Villagra-Blanco et al., 2017) and singlet oxygen (as a member of the ROS 

family) stimulated NETs in the absence of NOX activity (Nishinaka et al., 2011).  

NOX-mediated ROS production was recently proven as Ca2+-dependent in the 

bovine system (Conejeros et al., 2011). In addition, NET induction by thapsigargin, 

which mobilizes Ca2+ from intracellular pools, confirmed a key role of Ca2+-influx in 

NETosis (Gupta et al., 2010) and human NET formation proved to be Ca2+-dependent 

(Gupta et al., 2014). Given that store-operated calcium entry (SOCE) was shown to 

play a crucial role in Ca2+-dependent ROS production (Hallett at al., 1990), the role of 

SOCE in E. bovis-, C. parvum- and T. gondii-induced NET formation was here 

analyzed. Since functional blockage of SOCE via 2-APB pre-treatments of PMN 

resulted in a significant diminishment of NETosis, parasite-triggered NET formation 

was here confirmed as a SOCE-dependent process (Muñoz-Caro et al., 2015a, b; 
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Reichel et al., 2015; Wei et al., 2016). SOCE is tightly regulated via the ERK1/2 

MAPK-related signaling pathway, which was recently identified as essential for NET 

formation (Hakkim et al., 2011). In accordance to T. gondii-related reports (Abi 

Abdallah., 2012; Byrd et al., 2013), we demonstrated a significant E. bovis 

sporozoite-triggered up-regulation of ERK1/2 and p38 MAPK phosphorylation in 

bovine PMN (Muñoz-Caro et al., 2015a). In addition, a pivotal role of the ERK1/2- 

and p38 MAPK-dependent signaling pathways for parasite-induced NET formation 

was confirmed via functional chemical inhibition experiments showing that E. bovis-, 

T. gondii- and C. parvum-induced NETosis was significantly diminished in presence 

of ERK- and p38-specific inhibitors (Muñoz-Caro et al., 2015a, b; Reichel et al., 

2015). These data are in line with a recent report on N. caninum-triggered NET 

formation in the canine system (Wei et al., 2016). 

So far, little data are available on PMN-derived receptors being involved in pathogen-

triggered NET formation. As such, a potential role of CD11b and CD18 was reported 

for C. albicans or M. haemolytica-mediated NETosis (Aulik et al., 2010; Byrd et al., 

2013). Given that parasite-driven NETosis revealed as ROS-dependent in most 

cases (Behrendt et al., 2010; Muñoz-Caro et al., 2014a, 2015a, b, c; Silva et al., 

2014; Reichel et al., 2015; Wei et al., 2016; McCoy et al., 2017) and that ROS 

production in cattle was described as a CD11b (CR3)-dependent mechanism 

(Conejeros et al., 2012), we here analyzed role of CD11b in parasite-triggered NET 

formation. Overall, a significantly enhanced CD11b expression was detected on 

bovine PMN surface via FACS-based analyses following exposure to E. bovis 

sporozoites. Blocking experiments proved key role of this receptor in E. bovis-

mediated-NETosis since NET formation was significantly inhibited in presence of 

specific anti-CD11b-antibodies (Muñoz-Caro et al., 2015a). These findings were in 

accordance to Byrd et al. (2013) suggesting CD11b as a potential PMN-derived 

receptor being involved in NETosis since antibody-mediated blockage of this integrin 

inhibited fibronectin-dependent NET formation to C. albicans hyphae. So far, few 

other PMN-derived receptors, such as TLRs, have been described as participating in 

NET formation. Thus, a pivotal role of TLR4 was confirmed in S. aureus-triggered 

NETosis (Wan et al., 2017). TLR4, jointly with CR3, also played an important role in 

the induction of “vital NETs” in vivo (Yipp et al., 2012) and in Wolbachia-triggered 

NETosis (Tamarozzi et al., 2016). Referring to parasites, TLR2 and 4 appear to be 

involved in the induction of NETs by T. cruzi and its soluble antigens (Sousa-Rocha 
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et al., 2015). Referring to NET-inducing viruses, it has been demonstrated that 

respiratory syncytial virus (RSV) fusion protein promotes TLR-4-dependent NET 

formation by human PMN (Funchal et al., 2015).  

Recently, different morphological types of NETs were described: aggregated, spread 

and diffused NETs (Schauer et al., 2014). Interestingly, it was reported that 

aggregated NETs are capable to degrade cytokines and chemokines via serine 

protease activity in response to monosodium urate (MSU) crystals formation which 

commonly occurs at inflammatory sites during autoimmune gout disease (Schauer et 

al., 2014). In accordance, different morphological forms of NETs were also observed 

in response to different parasite species and stages in the current work. These were 

defined as follows: i) “diffuse” NETs (diffNETs) being composed of a complex of 

extracellular, decondensed chromatin decorated with antimicrobial proteins with 

globular and compact form and a size of 25–28 nm diameter; ii) “spread” NETs 

(sprNETs) consisting of smooth and elongated web-like structures of decondensed 

chromatin and antimicrobial proteins with a thin-fibered appearance and a diameter 

of 15–17 nm, and iii) “aggregated” NETs (aggNETs) being represented by large 

clusters of NET-like structures with a “ball of yarn”-like, clumpy and massive 

appearance typically involving a high number of PMN. As an interesting outcome, B. 

besnoiti-, E. bovis-, E. arloingi-, T. gondii- and C. parvum-triggered NETs almost 

exclusively showed sprNET and diffNET morphology (Muñoz-Caro et al., 2014a, 

2015a, b; Silva et al., 2014, Reichel et al., 2015). In line, B. besnoiti tachyzoite-

triggered monocyte-derived ETs also displayed a characteristic diffuse, non-filaroid 

type of NET structures (Muñoz-Caro et al., 2014b). In contrast to small protozoan 

stages, large-sized larval stages of the nematode H. contortus additionally induced 

the formation of aggNETs being allocated in close proximity or directly attaching the 

highly motile larvae and promoting their firm entrapment (Muñoz-Caro et al., 2015c). 

Occasionally, aggNETs led to an almost entire coverage of H. contortus larvae and to 

formation of anchor-like NET structures, that contacted aggNETs and hampered 

larvae to escape and to move on (Muñoz-Caro et al., 2015c). We therefore postulate 

that NET-related immune reactions may limit establishment of H. contortus larvae in 

the gastric glands in vivo. It may also be hypothesized that firm immobilization of L3 

will not only dampen their migratory activity but also expose them more easily as 

targets for other leukocytes. Overall, we assume that formation of aggNET is more 

likely to be induced by large-sized parasites with both, size and high motility 
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representing potential triggers for aggNETs release. In accordance, recent studies 

proposed that PMN are capable to sense size of pathogens and selectively release 

NETs in response to large-sized pathogens (Branzk et al., 2014). Interestingly in this 

respect, Warnatsch et al. (2017) recently showed that ROS molecules act as sensors 

of microbe size. Thus, small microbes induce formation of intracellular ROS whilst 

large microbes trigger ROS extracellularly and lead to recruitment of numerous PMN 

forming cooperative clusters (Warnatsch et al., 2017). The latter phenomenon may 

mirror the current observations on H. contortus-triggered aggNET formation. In 

addition, physical properties of particles, such as shape and rigidity, were proven to 

influence choice of effector mechanism of phagocytes (Wheeler and Underhill, 2014). 

Taken together, these findings may explain the high capacity of large-sized metazoan 

parasites, such as S. japonicum (Chuah et al., 2013), S. stercoralis (Bonne-Année et 

al., 2014) and H. contortus (Muñoz-Caro et al., 2015c) to induce NETs. Obviously, a 

NET-based effector mechanism will also deliver a more effective defense since other 

strategies, such as phagocytosis, are most likely ineffective against multicellular 

pathogens. 

Referring to ability of PMN to fight pathogens, different studies showed their capacity 

to actively transmigrate into the intestinal lumen and to attack pathogens within the 

luminal environment (Brazil et al., 2013; Seper et al., 2013; Szabady and McCormick 

2013; Sumagin et al., 2014). In accordance, it was demonstrated in current work that 

PMN indeed interact with E. arloingi oocysts being present in intestinal lumen in vivo 

and that they release NETs which almost covered micropyle region besides other 

areas of oocysts (Muñoz-Caro et al., 2016). Given that E. arloingi sporozoites must 

egress through the micropyle (Jackson et al., 1964) instead of being set free by 

oocyst wall disrupture as seen in non-micropylic species (e. g. E. ninakohlyakimovae, 

E. zuernii, E. bovis), NET formation may hamper adequate oocyst excystation and 

sporozoite release.  

Referring to NET-borne effects against coccidian stages, it has to be stated that 

these parasites mainly represent intracellular stages. However, all stages, i. e. 

sporozoites, merozoites I and tachyzoites, do not spend their entire life span inside 

host cells and will obviously become targets of immune cells in the extracellular 

compartment. Thus, E. bovis sporozoites have to traverse mucosal layer of the ileum 

to reach lymphatic capillaries for infection of adequate host cells, lymphatic 
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endothelial cells. Furthermore, Eimeria sporozoites are known to continuously leave 

inadequate host cells in vitro for other host cell invasion (Behrendt et al., 2004). 

Merozoites I and tachyzoites are released into the extracellular compartment via host 

cell lysis and then have to migrate for adequate host cell discovery. During their 

extracellular stay, these parasitic stages are vulnerable and become potential targets 

for leukocytes as previously postulated (Hermosilla et al., 2014; Silva et al., 2016). 

This is also reflected by the fact, that adaptive humoral and cellular immune 

responses are often directed against these different stages (Hermosilla et al., 2006; 

Taubert et al., 2006b; Behrendt et al., 2008; Taubert et al., 2008; Taubert et al., 

2009; Hermosilla et al., 2014).  

Besides directly affecting pathogens, NETs also contribute to the initiation or 

improvement of effective immune reactions, such as leukocyte recruitment 

(Hermosilla et al., 2006; Caudrillier et al., 2012; Narayana Moorthy et al., 2013; Luo 

et al., 2014), which may in turn, affect parasite survival as well. Given that high 

concentrations of antimicrobial molecules (e. g. histones) are reported to bear 

damaging capacities for tissues or cell layers (Saffarzadeh et al., 2012), we 

additionally postulate that NET-related molecules might also exhibit detrimental 

effects on infected host cells. Consistently to this assumption, present in vivo data 

showed that NETs were consistently found attached to surface of epithelial host cells 

carrying intracellular stages in heavily Eimeria-infected mucosa (Muñoz-Caro et al., 

2016). Evidence on NET formation on B. besnoiti-infected primary BUVEC was 

recently given by Maksimov et al. (2016) describing a rapid attachment of PMN onto 

infected BUVEC under physiological flow conditions being followed by release of 

NETs. Maksimov et al. (2016) postulated that these events might serve as an 

orientation to attract other innate immune cells to site of infection in response to 

molecules present in NETs and to chemoattractant molecules released from 

B. besnoiti-infected endothelium thereby linking immune cell effector mechanisms 

with actions of infected endothelial cells. In accordance, previous reports already 

showed that coccidian infections lead to host cellular adhesion molecule and 

chemokine up-regulation thereby promoting adhesion of PMN and PBMC to 

apicomplexan-infected cell layers (Hermosilla et al., 2006; Taubert et al., 2006a, b).  

Besides PMN, also other mammalian leukocyte populations (e. g. monocytes, 

eosinophils) were studied as potential ET-releasers in the current work. First 

evidence on monocyte-derived extracellular traps (METs) came from studies 
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performed by Chow et al. (2010) proving that statins which are the rate-limiting 

enzymes in cholesterol biosynthesis were able to enhance the formation of ETs in 

human and murine monocytes/macrophages. Meanwhile, studies on bovine 

monocyte-derived macrophages being exposed to the bacteria M. haemolytica and 

its leukotoxin confirmed that this cell type is also able to release ETs in a NADPH-

dependent process (Aulik et al., 2012). In accordance, bovine monocytes were also 

shown to release METs upon exposure to B. besnoiti tachyzoites in current work 

(Muñoz-Caro et al., 2014b). Compared to PMN-derived NETs, monocyte-derived 

METs consisted of thicker extracellular DNA-fibers, which, nonetheless, firmly 

entangled parasites as observed via SEM analysis (Muñoz-Caro et al., 2014b). 

Interestingly, we were also able to demonstrate the capacity of monocytes obtained 

from wild harbour seals (P. vitulina) to release METs against T. gondii tachyzoites 

(Reichel et al., 2015). In this study T. gondii tachyzoites were found tightly ensnared 

by harbour seal monocyte-derived ET structures which had a thicker appearance 

than those being released by ruminants (Reichel et al., 2015). These findings 

represented the first report of METs in marine mammals and therefore added a new 

species to the list. Recent works have also shown the formation of METs by caprine 

monocytes in response to N. caninum stages indicating that this early innate immune 

effector mechanism might be relevant during the acute phase of caprine neosporosis 

(Villagra-Blanco et al., 2017).  

Finally, eosinophils were also identified as parasite-driven ET-releaser with the 

current work since EETs were shown to be formed by ovine eosinophils upon 

exposure to H. contortus-L3 (Muñoz-Caro et al., 2015c). These data proved that also 

eosinophils utilize this novel and efficient effector mechanism to attack parasites. 

This is in line to recent data demonstrating the role of EETs in pathogenesis of 

allergic diseases (Ueki et al., 2016) and in chronic inflammatory processes affecting 

humans, such as chronic obstructive pulmonary disease (COPD; Uribe Echevarría et 

al., 2017).   

In summary, the current work presents a multitude of data on parasite-triggered 

(N)ET formation and consequently contributes substantially to the current knowledge 

on this early innate effector mechanism. As such, involvement of key molecular 

mechanisms, such as dependency on certain enzymes (NADPH oxidase, NE, MPO) 

and molecular pathways (MAPK and p38 kinases, intracellular calcium mobilization) 
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or receptors (CD11b receptor) were demonstrated. Based on all findings, this novel 

effector mechanism of innate immune cells is rather considered as a species- and 

stage-independent process, leading to parasite entrapment and eventual 

immobilization which may affect infection rates and the outcome of disease in vivo. 

However, further studies tackling the in vivo relevance of this effector mechanism are 

urgently needed to better understand its role in pathogen defence.   
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3. ZUSAMMENFASSUNG 

 

Die zum angeborenen Immunsystem gehörenden neutrophilen Granulozyten (PMN) 

verfügen über verschiedenen Effektormechanismen zur Bekämpfung invasiver 

Pathogene. Darunter fällt der erst seit 2004 bekannte Mechanismus der „Neutrophil 

Extracellular Trap“ (NET)-Bildung, der zur Attacke gegen Pathogene im 

extrazellulären Kompartiment genutzt wird. In der vorliegenden Dissertation wurden 

verschiedene Parasitenarten, wie die Protozoen Besnoitia besnoiti, Eimeria arloingi, 

Cryptosporidium parvum, Toxoplasma gondii sowie Stadien des Nematoden 

Haemonchus contortus, auf ihre Befähigung zur NET-Auslösung untersucht. Mit 

Ausnahme von T. gondii wurden die genannten Arten hier erstmalig als NET-

Induktoren identifiziert. Über quantitative Analysen konnte gezeigt werden, dass die 

durch Apikomplexa ausgelöste NETose ein zeit- und dosisabhängiger 

Effektormechanismus ist. Des Weiteren zeigte sich, dass diese Abwehrreaktion 

weder einen parasitenspezifischen noch einen wirtsspezifischen Prozess darstellt, da 

Sporozoiten anderer verwandter, nicht-boviner Kokzidienarten (z. B. Eimeria arloingi, 

Isospora suis) gleichermaßen NETose bei bovinen PMN induzierten. Gleichfalls 

reagierten PMN anderer Spezies, wie Pferd, Hund und Ziege, mit einer NET-

Freisetzung gegen den streng wirtspezifischen Parasiten E. bovis. Darüber hinaus 

induzierten nicht nur Sporozoiten-Stadien, sondern auch Tachyzoiten, Merozoiten 

und Oozysten die NET-Bildung, was auf einen stadienunabhängigen Mechanismus 

hindeutet. Somit scheint die NET-Bildung ein allgemein gültiger 

Effektormechanismus gegen Kokzidien zu sein.  

Zur Charakterisierung der NETs wurden klassische Komponenten wie Histone, 

Neutrophile Elastase (NE) und Myeloperoxidase (MPO) mittels antikörperbasierter 

Untersuchungsverfahren in Ko-Lokalisierungsstudien zu NET-Strukturen 

nachgewiesen. Weiterführende Messungen von Enzymaktivitäten als auch 

funktionelle Inhibitionsexperimente bestätigten, dass NADPH-Oxidase, NE und MPO 

Schlüsselenzyme der über Kokzidien ausgelösten NETose sind. In Bezug auf 

sekundäre Botenstoffe, die an der NET-Bildung beteiligt sein könnten, konzentrierten 

sich die Untersuchungen auf den sog. „store operated calcium entry“ (SOCE). Die 

Verwendung spezifischer SOCE-Inhibitoren führte zu einer signifikanten 

Verringerung der parasiteninduzierten (E. bovis, T. gondii and C. parvum) NET-
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Bildung, was einen Kalzium-abhängigen Prozess nahelegt. Da SOCE zudem in den 

über ERK1/2- und p38 MAP Kinase-vermittelten Signalweg involviert ist, wurde auch 

die Rolle dieser Enzyme überprüft und gezeigt, dass sie bei der E. bovis-induzierten 

NETose vermehrt phosphoryliert werden. Auch eine chemische Blockade der ERK-

MEK- und p38-vermittelten Signalwege bestätigte die Schlüsselrolle dieser Enzyme 

bei der E. bovis-, C. parvum- und T. gondi-induzierten NETose. Neben Signalwegen 

wurde hier zudem erstmalig gezeigt, dass der PMN-assoziierte Rezeptor CD11b an 

der parasiteninduzierten NETose beteiligt ist. Entsprechend wurde eine signifikante 

Hochregulation der Oberflächenexpression dieses Rezeptors bei PMN in Reaktion 

auf E. bovis-Sporozoiten nachgewiesen. In Übereinstimmung führte eine Antikörper-

vermittelte Blockade des CD11b zu einer signifikanten Abnahme der Sporozoiten-

induzierten NET-Bildung. 

Sowohl Scanning-elektronenmikroskopische Untersuchungen als auch Experimente 

zum Abfangen von Parasitenstadien zeigten die signifikante Fähigkeit von NETs, die 

untersuchten Parasitenstadien zu immobilisieren. Dementsprechend bestätigten 

Wirtszellinvasionstests, dass die extrazelluläre, NET-basierte Attacke zu einer 

wirksamen Verhinderung der aktiven Parasiteninvasion in Wirtszellen führt, wie für 

E. arloingi-, C. parvum- und B. besnoiti-Stadien nachgewiesen. Zusätzlich konnte 

hier auch unter Bearbeitung ex vivo gewonnener histologischer Präparate die in vivo-

Relevanz von NETs über deren Nachweis in Darmpräparaten Eimeria-infizierter Tiere 

bestätigt werden.  

Zusätzlich wurde gezeigt, dass „Extracellular Traps“ (ETs) nicht nur von PMN, 

sondern auch von anderen Immunzellen wie Monozyten und Eosinophile als 

Effektormechanismus gegen Parasitenstadien gebildet werden. Ein wichtiger Befund 

war zudem, dass Nematoden (H. contortus)-Larven verschiedene morphologische 

Erscheinungsformen der NETose wie „diffuse“, „spread“ und aggregated NETs bei 

PMN induzieren.  

Zusammenfassend wird hier postuliert, dass die effiziente NETose den Ausgang 

parasitärer Infektionen signifikant beeinflussen kann, indem obligat intrazelluläre 

Parasitenstadien daran gehindert werden, in geeignete Wirtszellen in vivo 

einzudringen.  
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4. SUMMARY 

 

Polymorphonuclear neutrophils (PMN) belong to the innate immune system and own 

different effector mechanisms for invasive pathogen attack. Amongst these, 

“Neutrophil Extracellular Trap” (NET) formation is utilized to combat pathogens in the 

extracellular compartment. In the present dissertation several different parasites, 

such as the protozoans Besnoitia besnoiti, Eimeria arloingi, Cryptosporidium parvum 

and Toxoplasma gondii as well as the nematode Haemonchus contortus were 

investigated for their ability to induce NET formation, and, except for T. gondii, these 

species were here identified for first time as NET inducers. Quantative analyses 

demonstrated that coccidia-triggered NETosis is a time- and dose-dependent effector 

mechanism. Furthermore, this effector mechanism revealed as a parasite- and host 

species-independent process, since sporozoites of other, mainly non-bovine 

apicomplexan species (e. g. Isospora suis, Eimeria arloingi) equally induced NETosis 

in bovine PMN. In line, PMN from different host origin, such as equine, canine and 

caprine PMN, equally released extracellular traps in response to the strict host-

specific parasite E. bovis. In addition, not only sporozoites but also tachyzoites, 

merozoites and oocysts induced NET formation suggesting a stage-independent 

mechanism and thereby proposing NET formation as a generally valid effector 

mechanism against coccidian parasites.  

To further characterize parasite-triggered NETosis, classical components of NETs, 

such as histones, neutrophil elastase (NE) and myeloperoxidase (MPO), were 

detected in NET structures via antibody-based co-localization experiments. In 

addition, the key role of these enzymes were proven by both, measurements of 

enzymatic activities and functional inhibition experiments. Regarding second 

messengers that might be involved in NETs, we analyzed the role of “store operated 

calcium entry” (SOCE). Given that chemical blockage of SOCE resulted in a 

significant reduction of Eimeria-triggered NET formation, parasite-triggered NETosis 

revealed as a calcium-dependent process. Since SOCE is also involved in the 

ERK1/2- and p38 MAP kinase-mediated signalling pathways, the role of these 

enzymes was investigated via western blot analyses revealing enhanced enzyme 

phosphorylation during E. bovis-induced NETosis. In agreement, chemical inhibition 

of ERK-MEK- and p38-mediated signal transduction led to reduced NET formation 
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thereby indicating a key role of these signaling pathways for E. bovis-, C. parvum- 

and T. gondi-induced NETosis. Moreover, PMN-derived CD11b was here 

demonstrated for the first time to be involved in parasite-triggered NETosis. Thus, a 

significant upregulation of CD11b surface expression was detected upon PMN 

exposure to E. bovis sporozoites. In addition, antibody-mediated blockage of CD11b 

led to a significant decrease of sporozoite-triggered NET formation. 

Scanning electron microscopic (SEM) analyses and parasite-entrapment assays 

highlighted the significant capability of NETs to entrap all parasite stages studied in 

the current dissertation. In accordance, host cell invasion assays confirmed that NET-

triggered extracellular arrest of coccidian parasites effectively hampered these from 

active host cell invasion, as demonstrated for E. arloingi-, C. parvum- and B. besnoiti-

stages. In addition, in vivo presence of NETs was here demonstrated via 

immunohistological analyses showing for the first time NET structures being in direct 

contact or close proximity to different Eimeria stages in intestinal tissue samples of 

E. bovis- and E. arloingi-infected animals. 

Furthermore, other innate immune cells than PMN, such as monocytes and 

eosinophils, were here also proven to trigger ETs in response to parasitic stages. As 

an important finding, the formation of different morphological forms of NETs, such as 

“diffuse”, “spread” and “aggregated” NETs in response to nematode (H. contortus) 

larvae were here reported.  

Overall and based on the current data, NETosis may significantly alter the outcome 

of coccidian infections via hampering parasitic stages from invading new host cells 

and thereby from proliferation in vivo. 
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