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1. INTRODUCTION 

1.1. Apicomplexan parasites 

Apicomplexa represent a phylum of obligate intracellular protozoan parasites, characterized 

by the presence of a unique apical complex that defines the phylum name (Votýpka et al., 

2017). They are composed of a unique cytoskeleton, secretory organelles (rhoptries, 

micronemes and dense granules) endosymbiotic-derived organelles (mitochondria and 

apicoplast), specific structures (acidocalcisomes and plant-like vacuoles), and universal 

eukaryotic structures (nucleus, endoplasmic reticulum, Golgi apparatus and ribosomes), 

surrounded by a membranous structure named pellicle forming characteristic banana-shaped 

stages (Ferguson and Dubremetz, 2014; Votýpka et al., 2017). From a biological perspective, 

these parasites operate complex life cycles, alternating in sexual and asexual multiplication, 

and developing a parasitic relationship with a broad range of suitable host species, including 

not only vertebrates, such as mammals, birds, reptiles or amphibians, but also insects and 

mollusks, in an extensive ecological distribution (Votýpka et al., 2017). Nevertheless, the 

importance of apicomplexa is driven by a distinct group of parasites capable of infecting both 

humans and domestic animals, exerting a significant impact on human and animal health.  

The taxonomic assignment of apicomplexa is still ongoing. Currently, three major parasitic 

classes are defined: hematozoa, gregarina and coccidia (See Fig 1.1) (Votýpka et al., 2017). 

In specific, the hematozoa class is relevant for human and veterinary medicine and includes 

remarkable genera, such as Plasmodium, Babesia or Theileria, while the gregarine class 

contains Cryptosporidium, a parasite species responsible for occasionally fatal diarrhoea in 

infants and neonate animals (Ryan et al., 2014; Sow et al., 2016). Additionally, the coccidian 

class comprises two important parasite families: Eimeriidae and Sarcocystidae. Both families 

show marked biological differences but also share common characteristics, such as asexual 

merogonic proliferation cycles occurring in the intermediate and/or definitive hosts, followed 

by a sexual gametogonic proliferation phase that exclusively takes place in definitive hosts. 

During the latter stage, the parasite will develop into micro- (male) and macro (female)-

gamonts, perform syngamy finally resulting in infective offspring termed sporozoites, within 

an enveloped structure named oocyst (Daugschies and Najdrowski, 2005; Lindsay and 

Dubey, 2020; Martorelli Di Genova and Knoll, 2020; Votýpka et al., 2017).



Introduction 

2 
 

 

Fig 1.1. Taxonomic classification of the main apicomplexan species here presented. Adapted 

from Votýpka et al., 2017 

1.1.1. Family Eimeriidae 

This family contains monoxenous species-specific parasites with a wide host range 

(Daugschies and Najdrowski, 2005; Keeton and Navarre, 2018). Several genera are included 

in this family, such as Caryospora, Cyclospora, Eimeria, Goussia, Isospora, Tyzzeria, and 

Wenyonella, which infect different hosts (Deplazes 2021). 

Over one thousand Eimeria species are known to cause coccidiosis in different host species. 

In cattle, several Eimeria spp. have been described, including globally occurring species, 

such as E. subspherica, E. ellipsoidalis, E. pellita, E. cylindrica, E. alabamensis, E. zuernii 

and E. bovis (Keeton and Navarre, 2018). The last three species are the most pathogenic 

representatives of this family causing “pasture” (E. alabamensis) and “stable” (E. bovis, E. 

zuernii) coccidiosis in young cattle (Deplazes et al., 2021). Overall, bovine coccidiosis can 

be highly prevalent in cattle farms, thereby causing significant economic losses not only as 
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consequence of clinical disease and treatment, but also by delayed weight gain during 

subclinical episodes (Daugschies and Najdrowski, 2005). 

The life cycle of Eimeria spp. includes endogenous (parasitic) and exogenous 

(environmental) phases. When describing E. bovis as an example, host infection occurs after 

oral intake of sporulated oocysts, containing four sporocysts with two sporozoites, each. 

Sporozoites are released into the duodenal lumen, penetrating the epithelial barrier and 

invading endothelial cells of the villious lymphatic vessels (Friend and Stockdale, 1980). 

This particular host cell tropism is also shared by other pathogenic Eimeria species, such as 

E. zuernii (López-Osorio et al., 2018), and is followed by a massive intracellular 

schizogonical division during the long lasting first merogony leading to macromeront (> 300 

μm) formation and the release of thousands of merozoites I (Hermosilla et al., 2002). Second 

merogony then occurs in the colon, leading to the formation of smaller meronts in epithelial 

cells (Hermosilla et al., 2002). In general, the total number of merogonies within the host 

differs between Eimeria species (Daugschies and Najdrowski, 2005; Keeton and Navarre, 

2018), nevertheless the cycle is continued by sexual stage formation [macro- (female) and 

micro- (male) gametes], generating afterwards a sporont within an oocyst that will be shed 

into the environment (Martorelli Di Genova and Knoll, 2020). Since all these stages are 

obligate intracellular, consecutive division cycles along intestinal structures will cause 

significant harm to the intestinal mucosa. Clinically, in case of E. bovis this is mirrored by a 

typhlocolitis accompanied by a profuse catarrhal or hemorrhagic diarrhoea, potentially 

leading to life-threading dehydration and a long-standing impairment of food absorption in 

convalescent animals (Daugschies and Najdrowski, 2005; Keeton and Navarre, 2018). 

1.1.2. Family Sarcocystidae 

The Sarcocystidae family contains several species that share a facultative or obligate indirect 

life cycle (Votýpka et al., 2017). As in other coccidian relatives, gamogony exclusively 

occurs in definitive hosts, while merogonies occur in both definitive and intermediary hosts 

(Lindsay and Dubey, 2020; Martorelli Di Genova and Knoll, 2020; Votýpka et al., 2017). 

Sexual stages mainly are formed in epithelial cells of definitive hosts, leading to the 

formation of unsporulated oocysts that either undergo sporogony in definite hosts 

(Sarcocystis spp.) or are shed and sporulate in the environment, typically containing 2 
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sporocysts with 4 sporozoites, each (Dubey et al., 1998). One remarkable feature of this 

family is the presence of extra-intestinal merogonies that mainly mediate parasite spread and 

pathophysiological consequences, and are characterized by cyst formation, thereby 

facilitating horizontal transmission through predator-prey-relationships (Votýpka et al., 

2017). 

1.1.2.1. Toxoplasma gondii 

T. gondii is a globally spread cyst-forming coccidian parasite with a facultative indirect life 

cycle that involves cats (Felis catus) and other felids as definitive hosts (Dubey, 2008; Innes, 

2010). The capacity of this parasite to persist in different ecosystems is mostly associated 

with an enormous wide range of intermediate host species, including mammals and birds 

(Shapiro et al., 2019). Almost 30% of the global human population is infected with T. gondii, 

infections are often asymptomatic or associated with a non-specific (i. e. lymphadenopathy 

and mild fever) and self-limited illness during its acute stage, and a persistent asymptomatic 

infection during its chronic stage (Montoya and Liesenfeld, 2004). Contrastingly, major 

complications can occur in immunocompromised patients and pregnant woman (Milne et al., 

2020). In specific, acute human toxoplasmosis in immunocompromised individuals is often 

consequence of chronic infection reactivation, characterized not only by encephalitis-driven 

neurological signs (mental status changes, seizures and neuropsychiatric findings), but also 

other consequences, such as chorioretinitis, pneumonia, or multi-organ involvement 

(Montoya and Liesenfeld, 2004). Likewise, pregnant women, who are primary infected with 

T. gondii, can suffer a vertical dissemination of parasite infection, provoking in some cases 

spontaneous abortion, prematurity or stillbirth, while CNS (central nervous system) foetal 

infection is largely characterized by chorioretinitis, intracranial calcifications and 

hydrocephaly (McAuley, 2014). Furthermore, the importance of T. gondii in domestic 

animals is mostly based on abortive infections in ovine productive systems, representing the 

second most common abortive pathogen in sheep flocks (Benavides et al., 2017; Innes et al., 

2009).  

In general, T. gondii life cycle follows the same scheme as other relatives from the 

Sarcocystidae family. Hosts become infected after ingestion of environmental oocysts or 

meat/intermediate hosts harboring cyst stages (Innes, 2010; Shapiro et al., 2019). Infectious 
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stages (sporozoites, bradyzoites) invade host cells and perform merogonies where fast 

proliferating offspring termed tachyzoites develop by endodyogeny within any nucleated 

host cell type, a phenomenon that permits T. gondii to invade different tissues and cells 

(Black and Boothroyd, 2000; Votýpka et al., 2017). Over time, tachyzoite dissemination is 

mainly limited by host immune reactions, simultaneously promoting the conversion of 

intracellular T. gondii tachyzoites into bradyzoites which develop inside cysts. These are 

characterized by a thin cyst wall of approximately 0.5 μm and are preferentially located in 

the CNS and muscle tissues (Benavides et al., 2011; Dubey and Sharma, 1980; Dubey et al., 

1998). The cyst stage represents an alternative source of infection besides oocysts, permitting 

the ecological expansion of the parasite independent of definitive hosts (Shapiro et al., 2019; 

Tenter et al., 2000). Epidemiological studies documented a global seroprevalence of 30% in 

domestic cats (ranging from 16%-80% in the USA), which contrasts with a prevalence of 

oocyst shedding below 1% (Elmore et al., 2010). The latter evidences that oocyst shedding 

represents only a transient event in feline toxoplasmosis mainly occurring in young animals, 

thereby highlighting the relevance of cyst formation for T. gondii spreading in larger 

populations (Elmore et al., 2010).  

1.1.2.2. Neospora caninum 

N. caninum is a cyst-forming coccidian parasite first identified as a T. gondii-like protozoan 

in neurologically compromised young dogs, being nowadays accepted as a major abortive 

pathogen in bovines (Lindsay and Dubey, 2020; Reichel et al., 2013). During its indirect life 

cycle, gamogony occurs in dogs (Canis lupus familiaris) and coyotes (Canis latrans), 

nevertheless other canids like dingoes (Canis lupus dingo) and wolfs (Canis lupus) have been 

proposed as definitive hosts (Rosypal and Lindsay, 2005). N. caninum is not a zoonotic 

parasite, but its DNA was detected in several animal species including not only domestic 

ruminants like bovines, ovines and caprines, but also wild animals, such as white-tailed deer, 

rabbits, rodents and diverse bird species (Rosypal and Lindsay, 2005).  

Shortly after infection, N. caninum undergoes a fast replicating phase characterized by 

tachyzoite proliferation in nucleated host cells, later on followed by a slow replicative phase 

where bradyzoites will develop in rather thick-walled (0.5-4 μm) cysts (Speer et al., 1999). 

Similar to T. gondii, bradyzoite-containing cysts are located mainly in the CNS and muscular 
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tissues of the hosts, thereby representing infection sources for intermediate and definitive 

hosts (Lindsay and Dubey, 2020). Regardless of parasite transmission via oocyst shedding - 

which seems of minor importance - N. caninum owns a remarkable capacity to invade foetal 

tissue in pregnant animals (Anderson et al., 2000; Dubey, 2003). This vertical or 

transplacental infection route was consistently reported in bitches and different species of 

domestic ruminants (i.e. cow, sheep or goat) (Lindsay and Dubey, 2020; Speer et al., 1999). 

Importantly, prenatal infections may occur without any clinical consequence for progeny, 

thereby boosting horizontal spreading of the parasite in animal populations over time. Even 

though bovines can also become infected after the uptake of sporulated oocysts from 

pastures, the vertical infection route is of major relevance in cattle production systems and 

leads to persistently infected animals within herds suffering from an enhanced chance of 

abortion (Reichel et al., 2013). 

Overall, N. caninum-induced reproductive losses in bovines can occur at any gestational 

stage, causing embryonic resorption, foetal mummification or clinically ill newborn calves 

besides clinically healthy ones (Lindsay and Dubey, 2020). Epidemic abortive neosporosis 

in bovines (>10% of abortion risk in cows) mainly occurs in immunological naïve cows being 

primary infected with N. caninum sporulated oocysts and subsequent tachyzoite invasion into 

the foetus. In contrast, endemic bovine neosporosis is consequence of constant vertical 

transmission within herds leading to consecutive infections over several breeding generations 

(Anderson et al., 2000; Reichel et al., 2013). In bovines, this transmission route can affect 

70-100% of infected animals (Reichel et al., 2013). In that context, it was suggested that 

some N. caninum-infected cows might experience infection recurrence, leading to a more 

aggressive foetal infection (Anderson et al., 2000). The reason of this recrudescence is still 

under debate, but it seems accepted that it is preceded by both an increase in N. caninum-

specific antibody levels in plasma and an enhanced abortion risk over subsequent 

pregnancies. Overall, N. caninum infections induce significant economic losses in cattle 

production industry by both health compromise and early culling (Lindsay and Dubey, 2020; 

Reichel et al., 2013).  
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1.1.2.3. Besnoitia besnoiti 

B. besnoiti is a cyst-forming coccidian parasite and the causal agent of bovine besnoitiosis, a 

cattle disease that is re-emerging in Europe (Alvarez-García et al., 2013). B. besnoiti 

possesses an indirect life cycle, alternating between tachyzoites and bradyzoites stages within 

intermediate hosts, however, the full life cycle of this parasite has not been elucidated yet 

(Cortes et al., 2014). Thus, sexual stages of B. besnoiti could not be demonstrated in any 

experimentally infected animal. Bovines are the most important intermediate hosts described 

so far (Alvarez-García et al., 2013; Cortes et al., 2014). Likewise, the low serological 

Besnoitia spp. prevalence in wild ruminants in endemic areas suggests that B. besnoiti 

infection is mainly limited to bovine populations (Gutiérrez-Expósito et al., 2016). In cattle, 

infections include acute and chronic phases. The acute stage is mainly consequence of 

tachyzoite replication within host cells, and it is clinically characterized by fever-driven signs 

(i. e. hyperthermia, tachypnoea, tachycardia, anorexia) in addition to vasculitis/necrosis of 

venules or arterioles in different organs as result of endothelial cell lysis (Alvarez-García et 

al., 2014; Langenmayer et al., 2015). The course of the disease leads to a chronic phase, with 

bradyzoite-containing cyst accumulating in skin and mucosa (vagina, preputium and sclera) 

causing vast skin alterations and infertility of bulls (Alvarez-García et al., 2014).  

So far, the actual geographic extension of B. besnoiti infections in cattle systems was not 

thoroughly monitored in the last years. Nevertheless, epidemiological studies showed 

seroprevalences of 1-10% in endemic areas (Alvarez-García et al., 2013). Overall, animal 

movements seem to be an important driving factor of herd infections. However, considering 

that major gaps of knowledge still exist on B. besnoiti biology, the underlying cause of 

infection transmission within herds is still unknown. In this context, mechanical transmission 

by cyst rupture during mating or direct mucosal contacts have been suggested. Moreover, 

blood sucking insects, such as tabanids (Atylotus nigromaculatus, Tabanocella denticornis 

and Haematopota albihirta) and stable flies (Stomoxys calcitrans) were already proven to 

contribute to horizontal dissemination in cattle herds (Alvarez-García et al., 2013; 

Baldacchino et al., 2014; Liénard et al., 2013).  
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1.2. Coccidian parasites and host cell interactions 

1.2.1. Intracellular biology of coccidia 

Due to their obligate intracellular life style, coccidian parasites must invade and replicate 

within a suitable host cell. In vitro, the process of coccidian infection comprises five main 

steps that include attachment, invasion, parasitophorous vacuole (P.V.) formation, 

intracellular replication and egress of offspring (See Fig 1.2) (Black and Boothroyd, 2000).  

 
Fig 1.2. The lytic cycle of coccidian parasites. The scheme represents the main steps of 

coccidian parasites intracellular cycle, which are invasion (1), P.V. formation (2), 

intracellular replication (3) and cell lysis-mediated egress (4). Adapted from Black and 

Boothroyd, 2000.  

Differing from other intracellular pathogens, such as viruses or bacteria, coccidian invasion 

is an active process initiated by host cell contact and attachment (Black and Boothroyd, 

2000). Before invasion, a protein complex, composed by microneme- and rhoptry-derived 

molecules, defines the penetration site on the host cell surface (Black and Boothroyd, 2000; 

Dubey et al., 1998; Votýpka et al., 2017). The precise signals that initiate this event cascade 

are unclear, but it has been shown that interactions of free coccidian stages with host cells 
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trigger both a rise in cytoplasmic Ca++ levels via phospholipase C (PLC) activation and 

downstream signaling by inositol-triphosphate/calcium (InsP3/Ca++) pathway (See Fig 1.3) 

(Hortua Triana et al., 2018; Lourido and Moreno, 2015). Overall, this conserved signaling 

route seems pivotal for coccidian intracellular signaling, since it proved necessary for T. 

gondii motility, host cell attachment and microneme secretion (Carruthers et al., 1999; Garcia 

et al., 2017; Lovett and Sibley, 2003). 

 Fig 1.3. Ca++ signaling in coccidian parasites. Schematic illustration of resting tachyzoite 

activation by the InsP3/Ca++ pathway. The steps here illustrated are: Stimulus-dependent PLC 

activation (1), IP3-IP3R interaction (2), release of intracellular Ca++ (3), extracellular Ca++ 

entry (4) and increase of cytoplasmic Ca++ levels (5). Adapted from Lourido and Moreno, 

2015. 

Furthermore, during host cell invasion, a cytoplasmic membrane invagination is induced, 

which together with parasite-derived proteins later generates the P.V. (Black and Boothroyd, 

2000). This unique membranous non-fusogenic vacuole is largely composed by host cell 

membrane (>85%) and modified by proteins originating from rhoptry and dense granule 

secretions. It creates a unique niche for parasite survival and replication (Black and 

Boothroyd, 2000). Interestingly, soon after invasion, the early P.V. attracts host cell 
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structures, such as mitochondria, Golgi and endoplasmic reticulum (E.R.), most probably to 

facilitate host cellular nutrient delivery by proximity (Black and Boothroyd, 2000; Nolan et 

al., 2015; Romano et al., 2013; Shunmugam et al., 2022; Sinai et al., 1997). Physiologically, 

the P.V. ensures intracellular parasitism by permitting both small molecule (<1300 Da) 

diffusion and active import of larger molecules by selective transport thereby representing a 

key requirement for intracellular development of apicomplexan parasites (Black and 

Boothroyd, 2000).  

In most cases, the replication process is initiated after full formation of the P.V. In general, 

division of coccidian parasites differs in several aspects from the respective process in 

classical animal cells. Overall, coccidia show different types of asexual division, i. e. by 

endodyogeny, schizogony and endopolygeny (Francia and Striepen, 2014). These different 

division strategies are defined by the mode of nuclear division before cytokinesis (Francia 

and Striepen, 2014). In addition, coccidian parasites show different proliferation speeds, 

characterizing them as fast- or slow-replicating species. Species of the family Eimeriidae, 

such as E. bovis, are representatives of slow proliferating species, fulfilling first merogony 

after 18 days p. i. in vitro (Hermosilla et al., 2002). In contrast, fast replicating species, such 

as T. gondii, N. caninum and B. besnoiti, already release new offspring after 24-72 hours p. i. 

during acute replication (Taubert et al., 2006a, 2016). Obviously, this divergence in 

replication speed ultimately influences the final number of merogonic progeny being 

released: while T. gondii produces 32 to 64 tachyzoites within each round of merogony, 

during E. bovis first merogony >120,000 merozoite I can be produced following single 

sporozoite infection (Hermosilla et al., 2002; Taubert et al., 2006a). 

Regardless of the coccidian species, the asexual replication cycle will end with progeny 

egress from infected host cells. This process permits the spread of newly released parasites 

into different tissues in vivo, thereby influencing the outcome of disease (Black and 

Boothroyd, 2000). In most coccidian species, egress represents a quite fast event that results 

in the lysis of the host cell and the release of motile parasites. In contrast to host cell invasion, 

far less is known on cellular egress, nonetheless, it is accepted that Ca++-driven signals 

precede parasite exit from cells in a similar fashion as invasion (Hoff and Carruthers, 2002). 

Remarkably, in T. gondii tachyzoites both processes share a dependency on motility and 
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microneme secretion, thereby suggesting that they are governed by similar signaling routes 

(Arrizabalaga and Boothroyd, 2004). Overall, the pivotal role of Ca++ fluxes has been 

demonstrated in different coccidian species, such as T. gondii, N. caninum and E. bovis, by 

Ca++ ionophore treatments (Behrendt et al., 2008). However, since ionophores act in a 

receptor-independent manner, interpretations regarding signaling pathways (i. e. via PLC) 

should be carefully taken (Caldas and de Souza, 2018). In this context, so far, no specific 

physiological signals were identified as reliable egress inducers in coccidian parasites. 

Despite that, studies on T. gondii tachyzoites showed that immunomodulatory molecules, 

such as nitric oxide and TNF-α, can provoke an early egress from infected host cells (Tomita 

et al., 2009; Yan et al., 2015; Yao et al., 2017). 

1.2.2. Host cell modulation by coccidian parasites 

Since coccidian parasites are obligate intracellular parasites, successful intracellular 

development highly depends on effective modulation of host cellular functional categories. 

However, host cells themselves may sense parasite infection and activate pathogen defense 

mechanisms. Thus, studies in bovine umbilical vein endothelial cells (BUVEC) showed that 

coccidian infection triggered a pro-inflammatory and leukocyte-recruiting response by 

adhesion molecule, chemoattractant and other mediator upregulation (Taubert et al., 2006a, 

2006b). This conserved immune response is not only linked to fast replicating coccidian 

species like T. gondii, N. caninum and B. besnoiti, but also to the slow replicating parasite E. 

bovis, promoting leukocyte migration and ultimately an antimicrobial response (Maksimov 

et al., 2016; Taubert et al., 2006a, 2006b). The latter response has special relevance since cell 

death itself represents an (ultimate) defense mechanism against intracellular pathogens, often 

orchestrated by T CD8+ cytotoxic lymphocytes and NK cells (Gigley, 2016). Given that, the 

parasite must overcome apoptotic signals of infected cells to fulfil its intracellular cycle. In 

line, T. gondii blocks host cell apoptosis by interfering with pro-apoptotic signals, such as 

caspases, or up-regulating anti-apoptotic mediators like Blc-2 proteins (Mammari et al., 

2019). Likewise, E. bovis modulates enhances the expression of anti-apoptotic mediators 

such c-IAP1 and c-FLIP during first merogony (Lang et al., 2009). Meanwhile, it is largely 

accepted that coccidian parasites are capable of modulating the host cellular phenotype to 

satisfy parasitic needs, thereby implicating complex interactions with infected host cells.  
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In that context, a multitude of transcriptomic analyses proved that coccidian infections 

considerably affect host cellular gene transcription. In the case of T. gondii, RNA-seq of pigs 

fed with T. gondii oocysts, showed up regulation of 217, 223, 347, 119, and 161 genes in 

brain, liver, lung, mesenteric lymph nodules and spleen, respectively, at 18 days p. i. (He et 

al., 2019). Likewise, intraperitoneal inoculation of T. gondii tachyzoites in mice up-regulated 

approximately 935 genes in brain tissue at 32 days p. i. (Tanaka et al., 2013), and 

approximately 2997 genes in uterine tissue in 8 days-pregnant mice (Zhou et al., 2020). 

Similarly, host cell transcriptome modulation driven by T. gondii infection has been explored 

in vitro, permitting to understand the modulatory capacity of this coccidian parasite at cellular 

level. In this context it was reported that T. gondii infection modulates the expression of 214 

gene-encoding RNAs in human umbilical vein endothelial cells (HUVEC) at 18 h p. i. 

(Franklin-Murray et al., 2020). Interestingly, T. gondii-driven gene modulation seems to be 

influenced by time and cell line type, since 1266, 2303, 3022, 1757, 3088, and 2531 genes 

were differentially expressed at 3, 9, 12, 24, 36 and 48 h p. i., respectively, in human foreskin 

fibroblast (HFF) cells (Wang et al., 2022). Noteworthy, transcriptomic-based evidence is 

mirrored at protein level by proteomic-based studies. In specific, murine intraperitoneal 

infections with T. gondii induced changes in expression of 38 proteins in macrophages (Zhou 

et al., 2011), 58 proteins in placenta (Jiao et al., 2017) and approximately 301 proteins in 

liver tissue (He et al., 2016), indicating an overall modulation of host phenotypes by parasite 

infection. Contrastingly, transcriptomic-based evidence is limited in the case of other 

coccidian parasites, however, RNA-seq analysis showed that more than 446 genes are 

differentially transcribed in bovine aortic endothelial cells (BAEC) infected with B. besnoiti 

at 32 h p.i. (Jiménez-Meléndez et al., 2020), and N. caninum-infected bovine trophoblasts 

revealed 207 differentially expressed genes (Horcajo et al., 2018). During E. bovis long-

lasting merogony I in BUVEC, more than 1184 RNA sequences were modulated at 14 days 

p. i. (Taubert et al., 2010), confirming the broad modulation of different cell routes driven by 

coccidian infections.  

The implications of this wide transcription reprogramming driven by coccidian parasite 

infection were addressed by gene ontology enrichment analyses, suggesting that a 

considerable proportion of transcriptomic effects were linked to host immune responses 

(Franklin-Murray et al., 2020; Horcajo et al., 2018; Jiménez-Meléndez et al., 2020; Regidor-
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Cerrillo et al., 2020; Wang et al., 2022). Nonetheless, once the parasites start growing and 

dividing in its host cell, massive amounts of nutrients must be acquired from the infected host 

cell (Black and Boothroyd, 2000). In this context, transcriptomic and proteomic analyses 

consistently demonstrated a significant induction of nutrient acquirement-related pathways 

during coccidian parasite development in vitro in different cell lines (Franklin-Murray et al., 

2020; Horcajo et al., 2018; Jiménez-Meléndez et al., 2020; Regidor-Cerrillo et al., 2020; Sun 

et al., 2021; Wang et al., 2022). Specifically, in T. gondii-infected HFF cells, reprogramming 

of cell metabolism was evident by differential expression levels of proteins involved in key 

metabolic pathways, such as glycolysis, lipid/sterol metabolism and purine metabolism 

(Nelson et al., 2008; Sun et al., 2021). In the case of B. besnoiti, a modulation of genes related 

to carbohydrates metabolism were reported in BAEC (Jiménez-Meléndez et al., 2020). 

Similarly, N. caninum infection drove an enhancement in expression of carbohydrate-, amino 

acid- and fatty acid-related genes in infected trophoblasts, showing specifically higher levels 

of expression profiles in more virulent N. caninum strains, which exhibits superior growth 

rates in vitro (Regidor-Cerrillo et al., 2020) thereby delivering a link between effective host 

cell modulation and virulence.  

Interestingly, when developing an obligatory intracellular lifestyle during evolution, 

apicomplexan parasite genomes experienced a massive loss of genes that encode for more 

complex metabolic pathways. Thus, these parasites now rely on host cellular metabolic 

pathways for survival, and indeed are auxotrophic for several basic metabolites (Coppens, 

2014), rendering them vulnerable for new promising pharmacological targets. In the case of 

T. gondii, it is widely accepted that this species is auxotrophic for key molecules like purines, 

aromatic amino acids, and cholesterol (Coppens, 2014). In this context, cholesterol 

auxotrophy seems to be shared throughout the apicomplexan phylum, all scavenging this 

molecule from infected host cells (Coppens, 2013).  

1.3. General cholesterol metabolism in animal cells 

In animals, cholesterol is obtained by two main routes: intracellular de novo biosynthesis and 

extracellular uptake via dietary sources (Simons and Ikonen, 2000). De novo biosynthesis via 

the mevalonate pathway is an anabolic synthetic route occurring in the E.R. of almost all 

cells, but mainly being executed in hepatic tissue (See Fig 1.4) (Buhaescu and Izzedine, 2007; 
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Simons and Ikonen, 2000). This synthesis pathway involves more than 20 enzymes beginning 

with the generation of mevalonate from acetyl-CoA (Goldstein and Brown, 1990). This 

conversion depends on the activity of hydroxymethylglutaryl-CoA (HMG-CoA) reductase, 

a highly regulated enzyme that represents the rate-limiting enzyme of this pathway. 

Following mevalonate synthesis, farnesyl PP, squalene and lanosterol are the three most 

relevant cholesterol intermediates (Buhaescu and Izzedine, 2007; Goldstein and Brown, 

1990). Of note, free cholesterol is a hydrophobic metabolite that is cytotoxic, consequently 

it is detoxified via metabolic conversion (esterification) by acyl-CoA-Cholesterol-

acyltransferase 2 (ACAT2), thereby allowing for cellular cholesterol accumulation as 

cholesteryl esters (Olzmann and Carvalho, 2019). 

 

Fig 1.4. Cholesterol de novo biosynthesis via mevalonate pathway. Schematic illustration 

of the main enzymes and intermediate cholesterol metabolites. Adapted from Buhaescu and 

Izzedine, 2007; Goldstein and Brown, 1990. 

Given that cholesterol biosynthesis represents a complex metabolic and energetic-costly 

process, cholesterol is additionally obtained via dietary acquisition. In mammalians, this 
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process occurs by incorporation of cholesterol in micellar complexes in the small intestine 

(Betters and Yu, 2010). Mechanistically, cholesterol absorption through the enterocyte 

barrier is mainly mediated by the Niemann-Pick C1-Like (NPC1L1) protein. This 

transmembrane protein is highly expressed in the apical membrane of enterocytes and 

hepatocytes. It interacts with extracellular micellar cholesterol by a sterol sensing domain 

(SSD); incorporation then occurs by a clathrin-mediated endocytosis (Betters and Yu, 2010; 

Davis et al., 2004). In analogy to free cholesterol, dietary cholesterol is mostly esterified by 

ACAT2 into cholesteryl esters within the E.R. and then released into lymphatic circulation 

within nascent chylomicrons and very low density lipoproteins (VLDL) along with 

triglycerides and free cholesterol (Luo et al., 2020). Over time, the lipid composition of 

VLDL will be affected by removal of some of its content in peripheral tissue, thereby 

generating cholesterol-rich low density lipoproteins (LDL), which represent the most 

significant cholesterol transport mechanisms in animals (Luo et al., 2020; Simons and 

Ikonen, 2000). At cellular level, LDL uptake represents the most important cholesterol source 

(Simons and Ikonen, 2000). Incorporation of this lipoprotein type relies on its interaction 

with the LDL receptor (LDLR), and the concomitant endocytosis of this ligand-receptor 

complex (See Fig 1.5) (Ikonen, 2008; Simons and Ikonen, 2000). This endocytic complex 

undergoes hydrolysis in early endosomes, which are enriched in acid-containing vesicles 

mediating LDLR recycling into the cytoplasmic membrane, while LDL-derived cholesterol 

is cleaved by acid lipase and incorporated as free cholesterol into the E.R. (Luo et al., 2020). 

The mechanism of LDL-derived cholesterol exit from late endosomes is largely dependent 

on the Niemann-Pick C1 (NPC1) molecule. NPC1 is a transmembrane protein localized at 

the membrane of late endosomes (Meng et al., 2020). Mechanistically, this protein acts as a 

free cholesterol carrier, mediating cholesterol transport to other membranes (i. e. 

cytoplasmic, endosomal, mitochondrial) and the E.R., where it is then esterified by ACAT 2 

(Ikonen, 2008; Meng et al., 2020).  
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Fig 1.5. Main mechanisms of cellular cholesterol uptake and intracellular transport. 

Steps here illustrated are: Endocytosis of LDL-LDLR complex (1), lysosome-driven 

endosomic acidification and free cholesterol release (2), cholesterol re-esterification within 

the E.R. (3), cholesteryl ester storage within lipid droplets (4) and removal of excess cellular 

cholesterol by transfer into HDL particles by ABC-transporters and SR-BI (5). Adapted from 

Ikonen, 2008; Simons and Ikonen, 2000.  

Irrespective of the cholesterol source (de novo or acquired), excess free cholesterol as well 

as some other lipids are cytotoxic. To avoid imbalance-driven toxicity, different strategies of 

free cholesterol detoxification or efflux exist at cellular level. Overall, cells that rely on LDL 

uptake, can simply down-regulate LDLR abundance in the membrane (Luo et al., 2020). 

However, down-regulation by itself may not be sufficient to prevent cholesterol imbalances. 

In this context, cholesteryl esters are largely stored in cytoplasmic structures named lipid 

droplets (Olzmann and Carvalho, 2019). Lipid droplets are dynamic organelles originating 

from the E.R. They are composed by a core of neutral lipids, such as triacylglycerol and 
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cholesteryl esters, and enclosed by a phospholipid monolayer (Olzmann and Carvalho, 2019). 

Physiologically, lipid droplet numbers are in a constant balance being regulated by actual 

metabolic requirements of a cell. Thereby, a ready-to-use cholesterol source for cellular 

needs is generated in addition to a buffering compartment for more toxic liposoluble 

molecules (Olzmann and Carvalho, 2019). Additionally, cholesterol imbalances are 

prevented by efflux of this metabolite. However, since it is a lipophilic metabolite, 

cholesterol efflux through cytoplasmic membranes is an energy-dependent mechanism. In 

this context, key molecules of active cholesterol efflux are ATP binding cassette (ABC) 

transporters (Dean et al., 2001; Phillips, 2014). Overall, the first and best understood ABC 

transporter for cholesterol efflux is ABCA1, mediating cholesterol efflux by triggering its 

incorporation into high density lipoproteins (HDL) particles as extracellular acceptors 

(Betters and Yu, 2010; Dean et al., 2001; Simons and Ikonen, 2000). HDL particles are the 

most abundant cholesterol acceptor molecules for cellular efflux and HDL-driven cholesterol 

reverse transport represents a main route for avoiding cholesterol imbalances in cells. 

Likewise, this lipoprotein enhances the hepatic clearance of cholesterol (Phillips, 2014). 

From a mechanistic perspective, cholesterol uptake from HDL particles into hepatic tissue is 

driven the scavenger receptor BI (SR-BI) of hepatocytes (Linton et al., 2017; Phillips, 2014). 

SR-BI is a transmembrane receptor firstly described as HDL receptor and abundantly 

expressed in hepatic tissue. The unique capacity to incorporate free cholesterol and 

cholesteryl esters from HDL particles by a non-endocytic mechanism allows for direct 

cholesterol transport into hepatocytes for further disposal and into steroidogenic tissue for 

hormone biosynthesis (Phillips, 2014). Interestingly, this receptor can also interact with other 

lipoproteins like LDL, mediating cholesteryl ester incorporation into cells by an LDLR-

independent pathway (Vishnyakova et al., 2020), thereby suggesting an alternative route for 

cholesterol uptake.  

1.4. Modulation of host cellular cholesterol metabolism by coccidian parasites 

Given that apicomplexa are auxotrophic for cholesterol, they need to obtain this molecule 

from their host cell (Coppens, 2013). In that context, coccidian parasites developed several 

strategies to fulfil cholesterol requirements during asexual replication. At transcriptomic 

level, an upregulation of mRNAs for HMG-CoA (synthase 1 and reductase) and ACAT 2 

was reported in E. bovis-infected BUVEC at 17 d p. i. (Hamid et al., 2015). This finding was 
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functionally mirrored by the blockage of the respective biosynthesis route by statins, which 

dramatically affected E. bovis macromeront development in BUVEC (Hamid et al., 2014). 

However, the relevance of this biosynthesis pathway in other parasite species remains 

unclear: while T. gondii proliferation in macrophages was reduced by statins treatments 

(Nishikawa et al., 2011), it seemed to play a minor role in T. gondii-infected CHO cells and 

in C. parvum-infected epithelial cells (Coppens et al., 2000; Ehrenman et al., 2013), 

suggesting parasite species- and host cell type-dependent mechanisms. Interestingly, the 

involvement of downstream enzymes of the mevalonate pathway like ACAT 2 is highlighted, 

since pharmacological inhibition of cholesterol esterification reduced T. gondii and E. bovis 

replication in fibroblastic cells and BUVEC, respectively (Hamid et al., 2014; Sonda et al., 

2001).  

Overall, despite the potential importance of de novo biosynthesis during coccidian 

replication, it is generally accepted that cholesterol from other sources can also ensure the 

parasite’s needs during asexual replication. Nevertheless, different strategies among 

coccidian parasites are reported. For example, C. parvum is capable of incorporating micellar 

cholesterol by NPC1L1-mediated uptake in colorectal tumor cells (HCT-8) (Ehrenman et al., 

2013), while T. gondii tachyzoite replication within fibroblasts does not seem to exploit this 

route (Coppens et al., 2000). Despite that, LDL-mediated cholesterol uptake is the most 

important source to fulfil cholesterol requirements in coccidia-infected host cells. 

Specifically, T. gondii replication in Chinese hamster ovary (CHO) cells largely relies on 

exogenous LDL (Coppens et al., 2000). Likewise, N. caninum and C. parvum replication is 

diminished by LDL-deprivation (Ehrenman et al., 2013; Nolan et al., 2015), showing that 

LDL-mediated uptake is pivotal for parasite replication in vitro. In addition, downstream 

mediators of the LDL endocytic pathway, such NPC1, are required for cholesterol trafficking 

during coccidian infections. Thus, proteomic analysis shows an enhanced expression of 

NPC1 over time driven by N. caninum infection in trophoblasts (Regidor-Cerrillo et al., 

2020). Moreover, N. caninum shows a functional dependency on host cellular NPC1 

expression for successful replication in infected HHF cells (Nolan et al., 2015). Similar 

findings are reported for T. gondii-infected CHO cells, where the pharmacological blockage 

of NPC1 by U18666A treatments reduces parasite proliferation by lysosomal cholesterol 

sequestering (Coppens et al., 2000). Taken together, it may be concluded that LDL-driven 
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cholesterol is only available for coccidia after its re-esterification in the E.R. Alternatively, 

novel data propose an unconventional non-endocytic route for cholesterol acquisition from 

LDL particles by the participation of SR-BI (Vishnyakova et al., 2020). Nevertheless, the 

implication of this route in coccidian parasites infection remains unknown, so far. 

Interestingly, this receptor seems to be required for invasion and replication of Plasmodium 

berghei and P. falciparum in the hepatic stage (Rodrigues et al., 2008; Yalaoui et al., 2008). 

As described above and irrespective of its source, free cholesterol accumulation within host 

cells is cytotoxic. Given that, coccidian parasites must master a delicate balance of 

cholesterol incorporation and utilization during replication within the P.V. (Ehrenman et al., 

2010). Overall, availability of cholesterol in the coccidian P.V. seems largely linked to lipid 

droplet incorporation (Hu et al., 2017; Nolan et al., 2017). Independent studies have shown 

that E. bovis, T. gondii and N. caninum infections induce an increase in lipid droplet numbers 

within the infected host cell over time (Hamid et al., 2015; Hu et al., 2017). Moreover, in T. 

gondii-infected host cells, lipid droplets are assimilated by the P.V., building up a source of 

neutral lipids, including cholesteryl esters, for parasite requirements (Hu et al., 2017; Nolan 

et al., 2017). T. gondii recruits lipid droplets to the P.V. as demonstrated by increasing lipid 

droplet numbers during the first 8 h of infection (Hu et al., 2017). Mechanistically, an up-

regulation of RNAs encoding for proteins required for lipid droplet synthesis and transport, 

such as AGPTA2, DGAT2 and FABP5 is registered in T. gondii-infected host cells (Hu et 

al., 2017). Interestingly, artificial enhancement of neutral lipid content by oleic acid 

supplementation leads to an increase of lipid droplet numbers within T. gondii-infected host 

cells, suggesting an enhancement of the lipogenic capacity (Hu et al., 2017; Nolan et al., 

2017). In line, oleic acid treatments of E. bovis-infected host cells boost offspring production 

(Hamid et al., 2015). Besides lipid droplet formation, cholesterol imbalances are also 

controlled by ABC transporter-mediated active efflux of this metabolite from infected host 

cells (Ehrenman et al., 2010). Moreover, ABC transporters were also found involved in drug 

resistance-related phenomena in other protozoan parasites, such as Plasmodium spp., 

Leishmania spp. and Trypanosoma spp. (Leprohon et al., 2011). However, the role of this 

transporter family in cholesterol physiology during coccidian infection is yet not fully 

understood. In this context, T. gondii relies on ABC transporters from the G subfamily 

(ABCG), not only for sterol efflux from the P.V., but also for its incorporation (Ehrenman et 
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al., 2010). Likewise, host cellular ABCB1 (syn. MDR1, P-gp) is required for successful 

T. gondii- and N. caninum-intracellular proliferation, since P-gp inhibitor treatments resulted 

in impaired lipid transport into the P.V. and in a diminishment cholesterol incorporation into 

host cells (Bottova et al., 2009). The latter is of special relevance since pharmacological 

blockage of P-gp diminishes intracellular replication of several coccidian species like 

T. gondii, N. caninum and C. parvum (Bottova et al., 2010; Perkins et al., 1998), suggesting 

a pivotal role of this protein during coccidian proliferation. 

 

Fig 1.6. Schematic illustration of the main cholesterol-related metabolic routes during 

apicomplexan parasite infection. Steps here illustrated are: endocytosis of LDL-LDLR 

complex (1), NPC1-mediated free cholesterol transport (2), cholesterol re-esterification 

within the E.R. (3), acquisition of lipid droplet-derived cholesteryl esters in the P.V. (4), 

NPC1L1-driven incorporation of micellar cholesterol (5), cholesteryl ester uptake from 

extracellular lipoproteins via SR-BI (6) and modulation of cholesterol imbalances in the P.V. 
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by ABC transporter activity (7). Adapted from Coppens, 2013; Coppens et al., 2000; 

Ehrenman et al., 2010; Nolan et al., 2017; Rodrigues et al., 2008; Yalaoui et al., 2008. 

Overall, the main objective of this doctoral thesis is to analyze the relevance of distinct 

cholesterol-related pathways involving NPC1L1, P-gp and SR-BI for successful asexual 

proliferation of three different coccidian species (T. gondii, N. caninum and B. besnoiti). 

Moreover, novel aspects of parasite-host cell-interactions and coccidian physiology will be 

addressed.
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3. RESULTS AND DISCUSSION 

This work mainly focused on the coccidian-driven modulation of the host cellular cholesterol 

metabolism and on anti-parasitic properties of selected cholesterol-associated compounds. In 

detail, the differential impact of de novo synthesis and LDL-dependent cholesterol 

acquisition on B. besnoiti intracellular replication and changes of sterol abundance during E. 

bovis macromeront formation were analyzed. Moreover, the relevance of the three important 

cholesterol-related proteins NPC1L1, P-gp and SR-BI was analyzed during intracellular 

replication of different coccidian species – T. gondii, N. caninum, B. besnoiti, E. bovis and 

E. arloingi. Finally, changes in Ca++ dynamics during ionophore-induced tachyzoite egress 

were studied for N. caninum. 

Coccidian parasites are generally considered as defective in cholesterol de novo biosynthesis 

and, consequently, have to scavenge this molecule from their host cells to sustain 

biomembrane synthesis during offspring formation. However, the mechanisms of cholesterol 

acquisition used by coccidia appear to be both species- and host cell type-dependent. 

T. gondii-driven reactions were previously studied by Coppens et al. (2000) stating that 

cholesterol acquisition largely depends on LDL and LDL-LDLR-related endocytic routes, 

attributing only a minor role to endogenous de novo cholesterol biosynthesis. Later reports 

confirmed that LDL-dependent cholesterol uptake is also pivotal for other apicomplexan 

parasites, such as N. caninum (Nolan et al., 2015), Plasmodium spp. (Labaied et al., 2011) or 

C. parvum (Ehrenman et al., 2013). Likewise, dependency on LDL as cholesterol source was 

also described for euglonozoan parasites like Trypanosoma brucei and Trypanosoma cruzi 

(Black and Vandeweerd, 1989; Pereira et al., 2015). The conserved key role of LDL in 

protozoan cholesterol requirements is consequence of the predominant role of this lipoprotein 

in cholesterol delivery and transport in mammals (Coppens, 2013; Ikonen, 2008).  

3.1. B. besnoiti relies on different strategies of cholesterol scavenging 

Independent of well-documented T. gondii-driven changes in host cellular cholesterol 

metabolism, major gaps of knowledge are still present for other coccidian parasites, such as 

B. besnoiti. Therefore, acquisition routes used by B. besnoiti to fulfill its cholesterol 

requirements were analyzed in the current work (see 2.1). Hence, the influence of B. besnoiti 

infection on host cellular endogenous cholesterol synthesis and sterol uptake from exogenous 
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sources was analyzed. GC-MS-based profiling of cholesterol-related sterols revealed 

enhanced cholesterol synthesis rates in B. besnoiti-infected cells. Accordingly, lovastatin and 

zaragozic acid treatments diminished tachyzoite production (see 2.1). Moreover, increased 

lipid droplet contents and enhanced cholesterol esterification was detected and inhibition of 

the latter significantly blocked parasite proliferation. Furthermore, the artificial increase of 

host cellular lipid droplet disposability boosted parasite proliferation (see 2.1). 

We additionally found that B. besnoiti tachyzoite replication is influenced by LDL 

availability, since an increased tachyzoite proliferation was observed in BUVEC in presence 

of acetylated LDL (acLDL) (see 2.1). So far, no other report demonstrated the importance of 

modified lipoproteins for intracellular parasite proliferation. In this context, the incorporation 

of acLDL by endothelial cells represents a specific feature of this cell type (Adachi and 

Tsujimoto, 2006). Interestingly, lectin-like oxidized low density lipoprotein receptor 1 

expression was upregulated in infected endothelial host cells, whilst LDLR was not affected 

by parasite infection (see 2.1). Mechanistically, acLDL uptake is mainly driven by the acLDL 

receptor, located on the surface of endothelial cells and macrophages (Adachi and Tsujimoto, 

2006). This may be of special relevance considering the well-defined tropism that this 

coccidian exhibits towards endothelial cells in vivo (Alvarez-García et al., 2014; 

Langenmayer et al., 2015), eventually indicating a specific metabolic host cellular preference 

for B. besnoiti merogony. Nevertheless, since B. besnoiti infection also drives an 

enhancement of oxLDL (syn LOX-1) receptor expression over time, the participation of other 

endothelial scavenger receptors in cholesterol transport should also be considered.  

Interestingly, a key aspect of LDL-LDLR-mediated cholesterol acquisition is the 

incorporation of this molecule into late endosomes shortly after its endocytosis, being 

afterwards trafficked into the E.R. for re-esterification and thereafter stored as cholesteryl 

esters in lipid droplets for further disposal (Ikonen, 2008). In consequence, lipid droplets 

represent an important neutral lipid source, which are exploited for replicative requirements 

in different parasite species (Hamid et al., 2015; Hu et al., 2017; Nolan et al., 2017). 

Moreover, in agreement with work on other coccidian species, such as T. gondii, N. caninum 

and E. bovis (Hamid et al., 2015; Hu et al., 2017), B. besnoiti infection induces an 

enhancement of host cellular lipid droplet numbers over time thereby serving as lipid sources 
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even in absence of other cholesterol sources (see 2.1). Overall, this finding corroborates the 

general importance of this specific organelle as source of neutral lipids in coccidian parasite 

replication (Hu et al., 2017; Nolan et al., 2017). Besides the role of LDL, treatments with 

lovastatin, zaragozic acid, CI976, and C75, demonstrated an involvement of HMG-CoA 

reductase, squalene synthase, ACAT and fatty acid synthase, respectively, in B. besnoiti 

replication suggesting an additional participation of de novo cholesterol biosynthesis (see 

2.1). The precise role of this de novo synthesis route in apicomplexan replication is unclear 

so far, nevertheless it was already reported for other coccidian parasites, such as E. bovis and 

T. gondii (in macrophages) as well as for hemosporidian species like Plasmodium and 

Babesia (Grellier et al., 1994; Hamid et al., 2015; Nishikawa et al., 2011). In contrast, T. 

gondii replication in CHO cells revealed as statin-unresponsive (Coppens et al., 2000), while 

Plasmodium spp. mainly relies on de novo biosynthesis during its hepatic stage as alternative 

for LDL supply (Labaied et al., 2011), suggesting that both host cell type and parasite species 

significantly influence alternative route utilization.  

Considering these evidences, we conclude that B. besnoiti in principle exploits different 

alternative cholesterol sources to sustain its intracellular replication.  

3.2. E. bovis drives changes in host cellular sterol composition during first merogony 

Differing significantly from fast replicating coccidian species, E. bovis owns a characteristic 

long-lasting first merogony. Thus, E. bovis possesses unique features in terms of division 

biology, replication rate and offspring prolificacy (Francia and Striepen, 2014; Hermosilla et 

al., 2002; Taubert et al., 2006, 2016). During first merogony, E. bovis modulates the host 

cellular transcriptome thereby triggering changes in sterol uptake, synthesis and metabolism 

(Taubert et al., 2010). To analyze the impact of extensive E. bovis proliferation on host 

cellular sterol metabolism we here compared the sterol profiles of E. bovis-infected primary 

endothelial host cells grown under optimized (1.2%) and non-optimized (10%) foetal calf 

serum (FCS) cell culture conditions (see 2.2). Therefore, several sterols indicating 

endogenous de novo cholesterol synthesis, cholesterol conversion and sterol uptake 

(phytosterols) were analyzed via GC–MS-based approaches. Overall, significantly enhanced 

levels of phytosterols were detected in both FCS conditions indicating infection-triggered 

sterol uptake from extracellular sources as a major pathway of sterol acquisition (see 2.2). 
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Interestingly, a simultaneous induction of endogenous cholesterol synthesis based on 

increased levels of distinct cholesterol precursors was only observed in case of optimized 

parasite proliferation indicating a parasite proliferation-dependent effect (see 2.2). Overall, 

GC-MS analysis demonstrated a substantial accumulation of phytosterols (campesterol, 

stigmasterol and sitosterol) at 14 d p. i. (see 2.2). Phytosterols are not synthesized by 

mammalian cells but are exclusively taken up from (nutritional) exogenous sources and 

therefore represent reliable indicators of cellular sterol uptake. Consequently, plasma sterol 

composition in bovines, as in other herbivorous animals, is largely determined by nutritional 

intake. Moreover, since most cell culture systems rely on foetal bovine serum for exogenous 

cholesterol delivery, the chemical differentiation of phytosterols and cholesterol permits to 

discriminate the source of cellular cholesterol (de novo vs uptake) (Gachumi and El-Aneed, 

2017). Therefore, enhanced phytosterol levels in E. bovis-infected host cells indicated a 

massive uptake of exogenous sterols driven by the parasite’s replicative needs. However, it 

is necessary to highlight that too high cellular concentrations of phytosterols proved toxic for 

animal cells (Brown and Yu, 2010; Feng et al., 2020). In general, cellular phytosterol 

imbalances are prevented by counter-regulating cholesterol uptake via NPC1L1 during 

intestinal absorption (Betters and Yu, 2010). Likewise, ABC transporter activities remove 

these sterols from cells by incorporating them into HDL particles (Brown and Yu, 2010; Feng 

et al., 2020). Noteworthy, mutations in ABCG5 or ABCG8 transporters generates 

sitosterolemia and subsequent accumulation of phytosterols in different muscular structures, 

affecting the cytoplasmic membrane composition and fluidity, potentially leading premature 

coronary heart disease (Brown and Yu, 2010). Interestingly and contrasting with findings on 

E. bovis, GC-MS-based analyses on B. besnoiti-infected cells revealed a reduction in 

phytosterols (see 2.1), confirming marked species-dependent differences in sterol 

modulation. Of note, the higher sensitivity that B. besnoiti shows towards P-gp-specific 

inhibition (see 2.4), suggests a stronger dependency on ABC-mediated cholesterol efflux. 

 

Downstream cholesterol requirements of E. bovis have previously been addressed and 

showed a time-dependent enhancement of both total cholesterol and neutral lipid content 

during first merogony in infected BUVEC (Hamid et al., 2015). In the current work, GC-MS 

based analysis of E. bovis-infected cells confirmed an enhancement of cholesteryl ester 
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abundance at 14 d p. i. (see 2.2). This finding delivers a functional outcome to prior reports 

that showed an increase of ACAT 2 transcription driven by E. bovis infection in addition to 

merozoite I production inhibition by ACAT 2 inhibitors (Hamid et al., 2014). Considering 

side-chain oxysterols, 25 hydroxycholesterol levels were selectively found increased in E. 

bovis-infected host cells in the current work, while 24 hydroxycholesterol and 27 

hydroxycholesterol contents were not significantly altered by infection (see 2.2). 

Interestingly, exogenous treatments with 25 hydroxycholesterol, 27 hydroxycholesterol, and 

7 ketocholesterol induced significant adverse effects on E. bovis intracellular development. 

Thus, the number and size of developing macromeronts and merozoite I production was 

significantly reduced indicating that these oxysterols bear direct or indirect antiparasitic 

properties (see 2.2). Overall, downstream cholesterol metabolism permits the synthesis of 

more complex cholesterol derivatives and prevents potential cytotoxicity driven by this 

molecule (Simons and Ikonen, 2000). Moreover, beyond esterification, cholesterol is largely 

oxidized into oxysterols within cells (Lefort and Cani, 2021). Oxysterols represent a class of 

cholesterol derivatives generated by its oxidation (Griffiths and Wang, 2019). Furthermore, 

the biological interest towards these molecules is driven by a broad range of their biological 

implications, in e. g. cancer, atherosclerosis, and immunity (Griffiths and Wang, 2019). 

Interestingly, overexpression of cholesterol 25 hydroxylase at RNA level at 14 days p. i. in 

E. bovis-infected endothelial cells suggested downstream sterol conversion into oxysterols 

within infected host endothelial cells (Hamid et al., 2015). In that context, the overexpression 

of cholesterol 25 hydroxylase was confirmed for the first time at protein level at 22 and 24 

days p. i. (see 2.2). Likewise, 25-OH-cholesterol levels were found increased in infected 

cells, thereby confirming a functional participation of this enzyme (see 2.2). Interestingly, 

this metabolite possesses potential immune properties since it is upregulated during 

inflammatory processes and it is capable to interfere with intracellular pathogen replication 

(Cyster et al., 2014). In specific, 25-OH-cholesterol can reduce porcine reproductive and 

respiratory syndrome virus host cell invasion by affecting the stability and integrity of 

cholesterol-enriched membranes (Dong et al., 2018; Yang et al., 2015), suggesting a 

protective effect against enveloped viruses. Nonetheless, its antiviral effect seems to be 

broader since it is extended to other non-enveloped viral species like human papillomavirus-

16, human rotavirus and human rhinovirus (Civra et al., 2014). In this context, this oxysterol 
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could potentially reduce intracellular viral proliferation by interacting with host cell 

oxysterol-binding proteins and/or direct interactions with viral components (Zhao et al., 

2020). Moreover, 25-OH-cholesterol seems to play a broader role in viral immune response, 

since it is released by macrophages upon interferon treatment and mouse cytomegalovirus 

(Blanc et al., 2013). In the case of coccidian parasites, the current data represent the first 

report on its increased synthesis during E. bovis infection (see 2.2). Noteworthy, exogenous 

supplementation of 25-OHC, 27-OHC, and 7-ketoChol reduced E. bovis macromeront 

development, thereby indicating enhanced host cell defense mechanisms during E. bovis 

infection. Worth noting and given that 25-OHC levels were not altered by B. besnoiti 

infection (see 2.1), parasite-driven modulation of cholesterol 25 hydroxylase activity and 

subsequent 25-OHC synthesis appear to mirror species-specific effects. 

Overall, the current data indicate parasite-driven changes in the host cellular sterol profile 

reflecting the huge demand of E. bovis for cholesterol during macromeront formation and its 

versatility in the utilization of cholesterol sources. 

3.3. NPC1L1 blockage as potential anti-coccidian strategy 

Despite the importance of LDL as cholesterol source, studies on C. parvum-infected HCT-8 

cells revealed that micellar sources and enhanced sterol uptake via a NPC1L1-dependent 

reactions may also reflect important mechanisms to sustain lipid availability (Ehrenman et 

al., 2013). In this context, the use of the NPC1L1 blocker ezetimibe, a molecule that is 

clinically applied as cholesterol-lowering drug, permits to explore the role of this receptor in 

tachyzoite proliferation of the important fast replicating coccidian parasites T. gondii, 

N. caninum and B. besnoiti (see 2.3). Interestingly, ezetimibe treatments effectively blocked 

tachyzoite proliferation of all three coccidian species and induced a significant coccidiostatic 

effect over time (see 2.3). Overall, this work represents the first in vitro report on the efficacy 

of ezetimibe treatments in fast replicating coccidian species. Of note, ezetimibe treatments 

seem to exert parasite-specific effects since their impact on other parasites is inconsistent: 

while this compound reduces the parasite burden of Leishmania amazonensis in vivo 

(Andrade-Neto et al., 2021) and diminishes Leishmania infantum burden in vivo and in vitro 

(Andrade-Neto et al., 2016), it fails to affect Plasmodium yoelii parasitemia in mice 

(Hayakawa et al., 2021), but reduces intraerythrocytic proliferation of P. falciparum in vitro 
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(Hayakawa et al., 2020). These findings suggest a marked divergence in sensitivity between 

parasite phylum and species. However, the methodological differences of in vivo and in vitro 

ezetimibe treatments must also be considered.  

From a pharmacological perspective, ezetimibe is conjugated to a glucuronide group in vivo 

in liver after administration, thereby generating ezetimibe-glucuronide as the main 

biologically active metabolite (Clader, 2004; Garcia-Calvo et al., 2005). This metabolite 

owns a higher hypolipidemic activity associated with a higher NPC1L1 affinity than the non-

modified compound (Garcia-Calvo et al., 2005). However, the use of this phase 2 metabolite 

in our in vitro system completely abolished the anti-coccidian efficacy of ezetimibe (see 2.3). 

Thus, it seems plausible that ezetimibe-driven anti-parasitic effects are indeed NPC1L1-

independent. This hypothesis may largely explain the vast differences on anti-parasitic 

properties of ezetimibe in other works but raises new questions on the putative mechanism 

underlying the current findings. Given that sterol esterification was reported as pivotal for 

intracellular proliferation of different apicomplexan species [e. g. T. gondii (Sonda et al., 

2001), Plasmodium spp. (Vielemeyer et al., 2004) and E. bovis (Hamid et al., 2014)], the 

inhibitory capacity of ezetimibe but not of ezetimibe-glucuronide targeting ACAT-1 (Clader, 

2004) suggests a plausible mechanism for its in vitro anti-coccidian properties. Nevertheless, 

further studies are necessary to clarify the effector mechanism of ezetimibe on coccidian 

replication. 

3.4. Chemical blockage of P-gp activity affects proliferation of fast replicating coccidia 

in an inhibitor generation-dependent manner 

Cholesterol sequestering and trafficking represents a suitable target of novel therapeutics 

against coccidian parasite infections. In this context, treatments with U18666a (inhibitor of 

NPC1) dampens T. gondii and Plasmodium spp. replication (Coppens et al., 2000; Labaied 

et al., 2011; Petersen et al., 2017). However, this compound also induces a NPC1-defective 

phenotype, characterized by cholesterol accumulation within late endosomes at cellular level 

and by neurological disorders in vivo (Cenedella, 2009). These findings obviously limit the 

suitability of this inhibitor as anti-coccidian drug. Interestingly, the absence of 

pharmacological effects of U18666a against T. gondii replication in addition to the aberrant 

cholesterol distribution in P-gp-knock out cells, suggest an involvement of P-gp in host 
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cellular cholesterol trafficking or efflux during coccidian replication (Bottova et al., 2009). 

Moreover, based on the importance of this ABC transporter in tumor resistance, several 

generations of pharmacologically active compounds blocking P-gp activity have been 

developed (Palmeira et al., 2012). As reported in chapter 2.4, the anti-coccidian properties of 

three different generations of P-gp inhibitors (verapamil, valspodar and tariquidar) were 

explored in the current work. In this context, the first and second generation of P-gp 

inhibitors, represented by verapamil and valspodar, respectively, include molecules or their 

derivatives with inhibitory capacities towards P-gp activity, amongst other effects. Third 

generation P-gp inhibitors, such as tariquidar, exhibit an improved selectivity and potency, 

thereby reducing side effects (Palmeira et al., 2012). By using primary cell lines, we here 

established a rather physiological model, since P-gp activity potentially is enhanced in 

tumoral or immortalized cell lines per se (Riordan et al., 1985). Overall, here we reported an 

average replication inhibition of T. gondii, N. caninum and B. besnoiti tachyzoites of 84 % 

and 95 % by verapamil (40 μM) and valspodar (5 μM) treatments, respectively (see 2.4). 

Likewise, previous reports on other host cell types also showed that treatments with 

verapamil (at concentrations ranging 10–100 μM) and valspodar (1-10 μM) impair T. gondii 

and P. falciparum replication (Archinal-Mattheis et al., 1995; Bottova et al., 2010; Martiney 

et al., 1995; Silverman et al., 1997). Moreover, the current work extends these findings to 

other coccidian parasites, i. e. to N. caninum and B. besnoiti (see 2.4). As an interesting 

cholesterol-related finding, exclusively verapamil treatments affected neutral lipid 

composition and distribution in primary endothelial cells, thereby suggesting valspodar-

driven anti-coccidian effects as independent of changes in sterol distribution. In this context, 

given the pharmacological properties of valspodar as cyclosporine derivative, is possible to 

speculate that the anti-coccidian effects here reported could represent cyclosporine-related 

side effects (Palmeira et al., 2012), nonetheless further studies are necessary to address the 

specific mechanisms underlying this. Of note, treatments with tariquidar, the most specific 

P-gp blocker used in current work, showed least effects on parasite replication. Thus, this 

blocker exclusively inhibited B. besnoiti replication but not the other coccidian parasites, 

thereby revealing species-specific differences in efficacy. Interestingly, the inhibitory impact 

of another, closely related third generation inhibitor, elacridar, was confirmed for T. gondii 
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infections in mouse embryonic fibroblasts, since respective treatments reduced tachyzoite 

formation (Bottova et al., 2010). 

3.5. Blockage of neutral lipid efflux impairs coccidian intracellular replication 

Since neutral lipid accumulation represented a consistent finding in P-gp inhibitor-related 

studies, the blockage of cholesteryl ester efflux may also represent a mechanistic strategy for 

anti-coccidian drugs. Hence, a study on the role of the classical HDL receptor SR-BI was 

here performed (see 2.5). Here we found that chemical blockage of SR-BI with BLT-1 (2 

μM) enhances lipid droplets abundance and BODIPY 493/503-driven signals in non-infected 

BUVEC suggesting an overall increase in the neutral lipid content of endothelial cells. 

Furthermore, we observed that this compound interferes with T. gondii, N. caninum and B. 

besnoiti replication by reducing parasite proliferation by 97.99 %, 64.59 % and 47.24 %, 

respectively (see 2.5). Likewise, we found that this treatment also affects intracellular 

development of the pathogenic ruminant Eimeria species, i. e. E. bovis and E. arloingi (see 

2.5), indicating a general involvement of SR-BI in intracellular proliferation of coccidian 

parasites in endothelial cells.  

The main function of SR-BI as membrane receptor is to maintain and control cholesteryl 

ester efflux, thereby preventing toxic accumulation of these molecules in endothelial cells 

(Linton et al., 2017). The participation of this efflux route in intracellular parasite 

proliferation was here studied for the first time, not only for fast replicating coccidian species 

(T. gondii, N. caninum and B. besnoiti) but also for E. bovis and E. arloingi, which are 

characterized by a long lasting first merogony in endothelial cells leading to macromeront 

formation. Of note, prior reports on the role of SR-BI were limited to apicomplexan species 

from Plasmodium genera (Rodrigues et al., 2008; Yalaoui et al., 2008). In contrast to 

endothelial cells, liver-derived cell lines (primary human/murine hepatocytes or HepG2 

cells) differ from endothelial cells in terms of SR-BI function, since its key role in hepatic 

tissue is to acquire HDL-contained cholesteryl esters for later biliary disposal (Adachi and 

Tsujimoto, 2006; Linton et al., 2017). Overall, the dual functionality of SR-BI for cholesteryl 

ester trafficking is driven by a unique mechanism that allows a gradient-dependent 

cholesteryl ester displacement from or to HDL particles, mimicking an ion channel pore 

(Linton et al., 2017). Therefore, the finding of an enhancement of BODIPY 493/503-related 
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signals and lipid droplet numbers in BUVEC treated with the specific SR-BI blocker BLT-1 

strongly supports a functional blockage of SR-BI. At this point, the impact of SR-BI on 

coccidian replication somehow also appears contradictory since apicomplexan parasites 

generally use lipid droplets to sustain their lipid requirements (Nolan et al., 2017) and these 

organelles indeed are enhanced by SR-BI blockage. Additionally, since SR-BI expression 

was not influenced by T. gondii, N. caninum or B. besnoiti infections over time, it is possible 

to conclude that coccidian parasites do not modulate this receptor to a measurable extent 

during infection. Interestingly, the role of SR-BI in Plasmodium replication in hepatic cells 

has not directly been linked to the transfer of cholesteryl esters into the P.V. (Rodrigues et 

al., 2008; Yalaoui et al., 2008). Nevertheless, P. berghei-, P. yoelii-, P. berghei- and P. 

falciparum-invasion and development were clearly affected by chemical blockage of SR-BI 

or its genetic deletion (Rodrigues et al., 2008; Yalaoui et al., 2008). In contrast, the SR-BI-

dependent host cell permissiveness was not affected in the coccidian species here studied, 

indicating different mechanisms compared to Plasmodium genera (see 2.5). The precise 

mechanism underlying these findings remains unclear, however, it was speculated that SR-

BI blockage affects hepatic host cell permissiveness by modifying the cholesterol 

composition of the host cell membrane (Yalaoui et al., 2008). Furthermore, a participation of 

SR-BI in other cell pathways beyond cholesterol homeostasis has been reported (Gutierrez-

Pajares et al., 2016). Likewise, SR-BI also activates distinct intracellular signaling pathways 

which are mediated by PI3K and ERK in endothelial cells (Kimura et al., 2010), thereby 

suggesting that anti-coccidian effects of SR-BI blockage might be not necessarily or 

exclusively depend on cholesterol homeostasis. 

3.6. Changes in Ca++ dynamics as pivotal early signal in coccidian parasite stages 

Host cell invasion is essential for coccidian parasites to fulfil their intracellular lytic cycle 

(Black and Boothroyd, 2000). Noteworthy, considering the current work, several compounds 

were shown to affect parasite invasion. In specific, ezetimibe treatments consistently reduced 

T. gondii, N. caninum and B. besnoiti invasion rates by an average of 22.5%, when directly 

applied to free tachyzoite stages (see 2.3). Likewise, valspodar treatments affected the 

tachyzoites invasive performance by 13.8% in these three parasitic species (see 2.4). The 

mechanisms behind these findings remain unclear. Of interest, studies on free T. gondii 

tachyzoites demonstrated a Ca++ flux induced by elacridar treatments (Bottova et al., 2010), 
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suggesting an untimely tachyzoite activation. In this context, we here report that BLT-1 (2 

μM) treatments of free T. gondii, N. caninum and B. besnoiti tachyzoites reduced their 

infectivity by 30% (see 2.5). Interestingly, fluorimetric analyses of fluo-4 (Ca++sensitive 

dye)-loaded free tachyzoites revealed that BLT-1 treatment evokes a sustained increase in 

Ca++ fluxes over time, producing an overall increase in the area under the curve (AUC) at 

1100 s by 402.52 ± 354.14%, 53.98 ± 22.73% and 43.30 ± 7.60% for T. gondii, N. caninum 

and B. besnoiti, respectively (see 2.5).   

Overall, the modulation of Ca++ homeostasis in apicomplexan stages has been proposed as 

pharmacological strategy against protozoal infections (Gupta et al., 2021). In general, drugs 

that affect apicomplexan Ca++ homeostasis can be grouped according to their modes of 

action, with inhibition of Ca++ entry and dysregulation of Ca++ cytoplasmic storage 

representing the main mechanisms (Gupta et al., 2021). In this context, the efficacy of 

channel blocker-derived drugs leading to the reduction of Ca++ entry were previously 

explored. In specific, the presence of a Ca++ L-channel homologue in apicomplexa has been 

proposed since Ca++ channel blockage by nifedipide reduced T. gondii tachyzoite invasion 

(Pace et al., 2014). On the contrary, current invasion assays after verapamil treatments of free 

tachyzoites revealed a minor impact of this treatment on their invasive capacity in case of T. 

gondii, N. caninum and B. besnoti (see 2.4). Considering the efficacy of verapamil as Ca++ 

L-channel blocker, these findings indicate that Ca++ channels may play a minor role in this 

invasive stage. In line, studies on T. gondii proved extracellular Ca++ chelation to exert only 

a minor impact on parasite invasion, whilst intracellular Ca++ chelation had strong anti-

invasive effects on free tachyzoites, suggesting that intracellular Ca++ stores largely 

determine the Ca++ requirements for invasion (Lovett and Sibley, 2003). The latter finding is 

of special relevance since the induction of an untimely Ca++ flux potentially impairs parasite 

invasion (Gupta et al., 2021). Mechanistically, untimely Ca++ fluxes may cause intracellular 

Ca++ store depletion and early microneme secretion, leading to a reduced infective 

performance (Carruthers et al., 1999; Gupta et al., 2021; Pace et al., 2014). Considering that 

we here reported that BLT-1 evokes an unspecific Ca++ flux over time in T. gondii, B. besnoiti 

and N. caninum tachyzoites (see 2.5), we may speculate that the effect of this compound on 

the tachyzoite invasion step may rely on an untimely activation of the invasion machinery. 

This hypothesis was recently studied by the use of the sarco/endoplasmic reticulum Ca++ 
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ATPase (SERCA) inhibitor thapsigargin in T. gondii tachyzoites. The use of this substance 

led to a Ca++-dependent hypermotility and microneme secretion in tachyzoite stages, which 

also showed an impaired infection performance (Pace et al., 2014). In addition, the well-

known anti-malarial drug artemisine also exhibited a SERCA-related inhibitory effect in T. 

gondii tachyzoites (Gupta et al., 2021; Nagamune et al., 2007). Similarly, curcumin, which 

is reported to affect SERCA activity (Bilmen et al., 2001), showed effective anti-proliferative 

properties in case of Plasmodium spp., T. gondii and B. besnoiti (Cervantes-Valencia et al., 

2018; Dohutia et al., 2017; Goo et al., 2015). In conclusion, all these data highlight early 

Ca++ signaling events as potential drug target against apicomplexan parasites.  

3.7. Intracellular Ca++ signals are relocated during parasite egress 

Besides apicomplexan invasion processes, Ca++ fluxes are also associated with parasite 

egress from infected host cells (Caldas and de Souza, 2018). However, detailed 

characterization of Ca++ homeostasis and parasite egress has mainly been restricted to 

T. gondii and Plasmodium spp., so far (Caldas and de Souza, 2018; Lourido and Moreno, 

2015; Tan and Blackman, 2021). To address potential species-specific differences in this 

context, Ca++ homeostasis and fluxes were here analyzed in N. caninum-infected host cells 

(see 2.6). Of note, this work represents the first study on cellular Ca++ distribution in 

N. caninum-infected primary cells and showed that host cell Ca++ distribution is largely 

affected by N. caninum infection and development. Thus, a change in Ca++-driven 

fluorescence signal phenotypes from a vesicle-like pattern in the perinuclear area of the 

cytoplasm in non-infected cells to a marked signal accumulation within meronts, associated 

to the perinuclear area of tachyzoites was here documented (see 2.6). The current findings 

are in principle in line with prior studies on T. gondii and, more recently, on the blood stage 

of P. falciparum (Fraser et al., 2021; Pingret et al., 1996). Specifically, the considerable Ca++ 

accumulation within T. gondii P.V.s proved these parasitic structures as Ca++-rich 

intracellular stores when compared to the cytosolic compartment of infected cells with low 

Ca++ signals (Pingret et al., 1996). Respective mechanisms remain unclear, however, 

sequestering of cytosolic Ca++ could also serve as immune evasion mechanism since 

cytosolic Ca++ is required for scramblase-dependent phosphatidylserine exposure, reducing 

the capacity of immune cells to detect infected cells by phosphatidylserine sensing (Nagata 

et al., 2016). Likewise, Ca++ accumulation within the P.V. was also proposed as evasion 
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response of P. falciparum-infected erythrocytes (Fraser et al., 2021). However, further 

studies are necessary to verify underlying mechanisms. 

In terms of host cell egress, Ca++ ionophores have largely been used to explore egress-related 

mechanisms in apicomplexan parasites (Caldas and de Souza, 2018). In the current work, 

treatments with the Ca++ ionophore A23187 evoked a fast egress of intracellular N. caninum 

tachyzoites from their host cells (see 2.6). As expected, A23187-induced tachyzoite egress 

seemed to be largely influenced by the maturity of the meronts, since respective treatments 

failed to induce parasite egress at the early phase of merogony (24 h p. i.). Interestingly, this 

finding occurs irrespective of Ca++ signaling, since A23187 evoked a fast Ca++-signal 

redistribution into intracellular tachyzoites stage independent of meront maturity. The 

inability of N. caninum tachyzoites to egress at 24 h p.i. was in line with an earlier report 

showing a time-dependent egress of N. caninum but not of T. gondii tachyzoites from 

BUVEC (Behrendt et al., 2008). Maturity-dependent effects were also stated for other 

coccidian stages since Eimeria tenella sporozoites showed a higher nitric oxide-triggered 

egress ratio at 12 h p. i. than at 24 or 48 h p. i. (Yan et al., 2021) and E. bovis sporozoites 

egressed from their host cells early after infection (2 h p. i.) but were unresponsive to 

ionophore treatments when macromeronts were established intracellularly at 20-25 d p. i. 

(Behrendt et al., 2008). Taking this together, parasite egress seems to depend on both, the 

parasite species and the stimulant.  
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4. ZUSAMMENFASSUNG 

Kokzidien sind Krankheitserreger von Mensch und Tier und gehören zu obligat 

intrazellulären Parasiten, die im Stamm der Apikomplexa eingeordnet werden. 

Veterinärmedizinisch relevante Kokzidien befinden sich in verschiedene Familien, wie den 

Sarcocystidae (z. B. Toxoplasma gondii, Neospora caninum und Besnoitita besnoiti) und 

Eimeriidae (z. B. Eimeria bovis und Eimeria arloingi), die sich hinsichtlich Lebenszyklus 

und Wirtsspezifität unterscheiden. Diese intrazellulär lebenden Parasiten sind für ihre 

Entwicklung vom Metabolismus ihrer Wirtszelle abhängig. So werden komplexe Moleküle 

- wie etwa Cholesterol - aus den Wirtszellen entnommen, um die proliferativen 

Anforderungen des Parasiten zu erfüllen. Grundsätzlich können Zellen Cholesterol durch de-

novo-Biosynthese oder extrazelluläre Aufnahme bereitstellen. Letztere wird vornehmlich 

über die Aufnahme von LDL vermittelt. Vor allem diesen Weg scheinen Kokzidien für sich 

zu nutzen. Insgesamt sind jedoch sind die Kenntnisse zur Cholesterolaufnahme durch 

Kokzidien noch lückenhaft und nicht für alle Arten repräsentativ. So wurden alternative 

Aufnahmewege zum Cholesterol, die von bestimmten Rezeptoren und Transportern wie 

NPC1L1, P-pg oder SR-BI abhängig sind, bisher kaum in Betracht gezogen. Die vorliegende 

Arbeit befasst sich deshalb mit dieser Thematik und führte zu folgenden Ergebnissen: 

Eine GC-MS-basierte Analyse von Cholesterol-assoziierten Sterolen in B. besnoiti-

infizierten primären Endothelzellen zeigte eine Zunahme von Cholesterol-Vorstufen. 

Zusammen mit einer Statin-vermittelten Hemmung der B. besnoiti-Replikation deuten diese 

Daten auf eine wichtige Rolle der de-novo Biosynthese in infizierten Wirtszellen hin. Dass 

die acLDL-Supplementierung die B. besnoiti-Vermehrung verstärkte, weist zudem auf 

acLDL als zusätzliche, extrazelluläre Cholesterolquelle hin und zeigte auf, dass dieser Parasit 

alternative Wege zur Deckung des Cholesterolbedarfs nutzt. Im Falle von E. bovis-

Infektionen belegten Sterolanalysen eine signifikante Zunahme von Phytosterolen während 

der ersten Merogonie, was auf eine Abhängigkeit der intrazellulären Parasitenentwicklung 

von extrazellulären Cholesterolquellen hinweist. Zudem ergab die Analyse von 

Cholesterinmetaboliten eine gesteigerte Bildung von Cholesterylestern und Oxysterolen 

(insbesondere 25-Hydroxycholesterin). Da der exogene Zusatz von Oxysterolen die 

Entwicklung von E. bovis Makromeronten behinderte, könnte die gesteigerte Synthese dieser 

Moleküle auch Ausdruck einer Abwehrreaktionen infizierter Wirtszellen sein.
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Eine Beteiligung weiterer cholesterolassoziierter Wege zeigte die Anwendung von Ezetimib 

als NPC1L1-Blocker, die signifikante parasitostatische Effekte auf die Proliferation von 

T. gondii-, N. caninum- und B. besnoiti-Tachyzoiten ergab. Behandlungen mit dem in vivo 

aktiven Metaboliten (glucuroniertes Ezetimib) bewirkten jedoch keine parasitostatische 

Wirkungen. Zusammen mit der inkonsistente Genexpression von NPC1L1 in infizierten 

Zellen legte dies nahe, dass Ezetimib die Parasitenreplikation durch einen NPC1L1-

unabhängigen Mechanismus beeinflusst. Außerdem zeigte die chemische Blockade des im 

Cholesterolstoffwechsel eingebundenen ABC-Transporters P-gp durch verschiedene 

Inhibitorgenerationen (Verapamil, Valspodar, Tariquidar) deutliche Unterschiede in ihrer 

antiparasitären Wirksamkeit. Während Behandlungen mit Verapamil signifikant die 

Replikation von T. gondii, N. caninum und B. besnoiti hemmten und eine Anreicherung 

neutraler Lipide in Wirtszellen erzeugten, zeigten Valspodar-Behandlungen zwar ebenfalls 

anti-invasive und anti-proliferative Wirkungen, ohne jedoch die Abundanz neutraler Lipide 

zu beeinflussen. Im Gegensatz dazu verringerte der spezifischste P-gp-Inhibitor Tariquidar 

ausschließlich die Invasion und Replikation von B. besnoiti, wirkte sich jedoch nicht auf 

T. gondii oder N. caninum aus, was parasitenspezifische Reaktionen nahelegt. 

Interessanterweise induzierte die Blockade des Scavenger-Rezeptors SR-BI durch BLT-1-

Behandlungen signifikante hemmende Effekte sowohl auf die schnell replizierenden 

Kokzidien T. gondii, N. caninum und B. besnoiti als auch auf die pathogenen Eimeria-Spezies 

E. bovis und E. arloingi, was konservierte, SR-BI-assoziierte Mechanismen bei der 

intrazellulären Kokzidien-Replikation nahelegt. BLT-1-Behandlungen freier Sporozoiten 

und Tachyzoiten beinflussten jedoch ausschließlich die invasive Kapazität der letzteren 

Gruppe, begleitet von einem anhaltenden Ca++-Flux in diesen Parasitenstadien. 

Schließlich belegten Studien zum Zellaustritt von N. caninum über Live-Cell-Imaging, dass 

dieser mit einer infektionsbedingten Ca++-Umverteilung mit erhöhten Ca++-Signalen 

innerhalb der Meronten verbunden war. Analysen zum ionophorinduzierten Austritt von 

N. caninum zeigten zudem, dass die Austrittsleistung des Parasiten hauptsächlich von der 

Merontenreife beeinflusst wurde und dass Ionophorbehandlungen keine Ca++-Umverteilung 

zwischen unterschiedlichen Infektionszeitpunkten (24 oder 42 h p. i.) verursachte.
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5. SUMMARY 

Coccidia are a large family of obligate intracellular parasites that belong to the apicomplexan 

phylum and are responsible for diseases in human and animal populations. In this context, 

veterinary-relevant coccidian species are grouped into certain families, such as Sarcocistidae 

(i. e. Toxoplasma gondii, Neospora caninum and Besnoitia besnoiti) and Eimeriidae (i. e. 

Eimeria bovis and Eimeria arloingi) which largely differ in terms of life cycle and host 

specificity. It is well-known that coccidian parasites highly rely on host cell metabolism and 

their capacity to hijack their host cell to fulfill their metabolic requirements during 

intracellular development. In that context, complex molecules like cholesterol are scavenged 

from host cells to sustain proliferative requirements. Physiologically, cells obtain cholesterol 

either by de novo biosynthesis or by extracellular uptake. The latter is largely driven by LDL 

internalization in mammalian cells, which is accepted as pivotal route to be exploited by 

apicomplexan parasites. Nevertheless, since coccidian biology largely differs between 

species, the overall knowledge on cholesterol acquisition by coccidia has been 

oversimplified. As such, alternative cholesterol-related acquisition routes driven by NPC1L1, 

P-pg and SR-BI have scarcely been considered, so far. Related to these topics, the following 

results were achieved in the current work: 

GC-MS-based profiling of cholesterol-related sterols in B. besnoiti-infected primary 

endothelial cells showed an enhancement of several cholesterol precursors. Together with 

the finding of statin-mediated inhibition of B. besnoiti replication, these data strongly suggest 

a key role of cholesterol de novo biosynthesis in infected host cells. Furthermore, beneficial 

effects of LDL-supplementation on parasite proliferation proved acLDL as pivotal 

extracellular cholesterol source for B. besnoiti replication, thereby indicating that this 

coccidian parasite exploits alternative routes to sustain its cholesterol requirements. 

Moreover, in the case of E. bovis first merogony, lipidomic profiling revealed an 

enhancement of phytosterols over time indicating that this coccidian parasite significantly 

relies on extracellular sources for cholesterol acquisition. Interestingly, analysis of 

downstream cholesterol metabolites additionally documented an accumulation of cholesteryl 

esters and oxysterols (especially 25 hydroxycholesterol) throughout first merogony. 

Considering that exogenous oxysterols treatments impeded E. bovis macromeront
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development, these molecules may also result from anti-parasitic responses of infected-host 

cells. 

Regarding the participation of alternative cholesterol-related routes, the use of ezetimibe as 

NPC1L1 blocker revealed strong parasitostatic effects on T. gondii, N. caninum and 

B. besnoiti tachzoite proliferation. However, the absence of anti-coccidian effects driven by 

the in vivo active metabolite (glucoronated ezetimibe), in addition to the inconsistent gene 

expression of NPC1L1 in infected cells suggest that ezetimibe might affect parasite 

replication by an NPC1L1-independent mechanism. Additionally, chemical blockage of the 

ABC transporter P-gp by different generations of inhibitors (verapamil, valspodar, tariquidar) 

revealed differences in terms of anti-coccidian efficacies. Specifically, treatments with 

verapamil consistently reduced T. gondii, N. caninum and B. besnoiti replication and 

generated neutral lipid accumulation in host cells. Likewise, valspodar treatments induced 

singnificant anti-invasive and anti-proliferative effects in these three parasite species but 

failed to influence cellular neutral lipid abundance. In contrast, the most specific P-gp 

inhibitor tariquidar exclusively diminished B. besnoiti invasion and replication but failed to 

affect T. gondii or N. caninum, thereby suggesting parasite-specific reactions. Interestingly, 

blockage of the scavenger receptor SR-BI by BLT-1 treatments induced significant anti-

replicative effects not only in the fast-replicating coccidia T. gondii, N. caninum and 

B. besnoiti, but also in the pathogenic Eimeria species E. bovis and E. arloingi, thereby 

evidencing potentially conserved SR-BI-related mechanisms as key events for coccidian 

replication. However, BLT-1 treatments of free sporozoites and tachyzoites exclusively 

affected host cell invasion capacity in the latter group, being paralleled with a sustained Ca++ 

flux over time. 

Finally, studies on N. caninum host cell egress by live cell imaging revealed an infection-

driven Ca++ redistribution leading to increased Ca++ signals within intracellular N. caninum 

meronts. Furthermore, analyses on ionophore-induced N. caninum egress proved egress 

performance to be mainly influenced by meront maturity and showed no differences in Ca++ 

redistribution between time points of infection (24 or 42 h p. i.).
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