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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 (Votypka 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; Votypka 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 (Votypka 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) (Votypka 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; Votypka et al., 2017).
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Phylum Class Family Genera

Hemosporidea

Hematozoea

Apicomplexa |——| Gregarine l—' Cryptosporidiidae I I Cryptosporidium |

Eimeriidae Eimeria

Besnoitia

Sarcocystidae

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

from Votypka 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 (Lopez-Osorio et al., 2018), and is followed by a massive intracellular
schizogonical division during the long lasting first merogony leading to macromeront (> 300
pwm) 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 (Votypka 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; Votypka 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 (Votypka 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 7. 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 7. 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, 7. 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 7. gondii to invade different tissues and cells
(Black and Boothroyd, 2000; Votypka et al., 2017). Over time, tachyzoite dissemination is
mainly limited by host immune reactions, simultaneously promoting the conversion of
intracellular 7. gondii tachyzoites into bradyzoites which develop inside cysts. These are
characterized by a thin cyst wall of approximately 0.5 pm 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 7. 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 7. 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 um) cysts (Speer et al., 1999).

Similar to 7. 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 naive 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-Garcia 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-Garcia 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-Expdsito 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-Garcia 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-Garcia 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-Garcia 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-Garcia 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. n 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; Votypka 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 7.
gondii motility, host cell attachment and microneme secretion (Carruthers et al., 1999; Garcia

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

stimulus

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 7. 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 7. 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 7. 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 7. gondii tachyzoites showed that immunomodulatory molecules,
such as nitric oxide and TNF-a, can provoke an early egress from infected host cells (Tomita

etal., 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 7. 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, 7. 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 ¢-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 7. 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 7. 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 7. 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 7. 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, 7. 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 7. 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
etal.,, 2021; Wang et al., 2022). Specifically, in 7. 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).

| AcetylCoA + Acetoacetyl CoA |

l HMG-CoA reductase

HMG-CoA

Mevalonic acid

Farnesil PP

l Squalene synthase

Squalene

Lanosterol

Cholesterol

l ACAT2

Cholesteryl esters

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 Cl-Like (NPCIL1) 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
ACAT?2 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
Tkonen, 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 7. gondii proliferation in macrophages was reduced by statins treatments
(Nishikawa et al., 2011), it seemed to play a minor role in 7. 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 7. 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 7. 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, 7. 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 7. gondii-infected CHO cells, where the pharmacological blockage
of NPC1 by UI8666A 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 7.
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 FABPS is registered in 7. 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 7. 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, 7. 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.
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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), NPCl-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),
NPCI1L1-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 (7. gondii, N. caninum and B. besnoiti).
Moreover, novel aspects of parasite-host cell-interactions and coccidian physiology will be

addressed.
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Besnoitia besnoiti, an apicomplexan parasite of cattle being considered as emergent in Europe,
replicates fast in host endothelial cells during acute infection and is in considerable need for energy,
lipids and other building blocks for offspring formation. Apicomplexa are generally considered as
defective in c| hesis and have to cholesterol from their host cells for successful
replication. Therefore, we here analysed the influence of B. besnoiti on host cellular endogenous
cholesterol synthesis and on sterol uptake from exogenous sources. GC-MS-based profiling of
cholesterol-related sterols revealed hesis rates in B. b iti-infected cells.
Accordingly, lovastatin and zaragozic acid treatments diminished tachyzoite production.
increased lipid droplet contents and enhanced cholesterol esterification was detected and inhibition
of the latter significantly blocked parasite proliferation. Furthermore, artifici: ncrease of host
cellular lipid droplet disposability boosted parasite proliferation. Interestingly, le like oxidized low
density lipoprotein receptor 1 exp was ininfected endothelial hostcells, whilst
low density lipoproteins (LDL) receptor was not affected by parasite infection. However, exogenous
with dified and acetylated LDL both boosted B. besnoiti proliferation.
Overall, current data show that B. besnoiti simult ly exploits both, end hol
biosynthesis and cholesterol uptake from exogenous sources, during asexual replication.

Besnoitia besnoiti is an obligate intracellular apicomplexan parasite which causes bovine besnoitiosis and has a
significant economic impact on cattle industry in endemic areas. Clinical bovine besnoitiosis includes rather
general signs during the acute febrile phase of infection (e. g. lethargy, tachycardia, tachypnoea, congestive
mucosae, oedema, anorexia, weight loss) whilst massive skin alterations or bull infertility are characteristic for the
chronic phase. Successive reports on B. besnoiti infections in several European countries in the recent years®!!
revealed this disease as emerging in Europe”'2. During the febrile acute stage of besnoitiosis, tachyzoites mainly
proliferate in bovine host endothelial cells of different organs and vessels causing vasculitis, thrombosis, and
necrosis of venules and arterioles®. In vitro experiments proved a series of cell types besides endothelial cells as
permissive for parasite replication and B. besnoiti showed fast proliferative qualities, which are alike to those of
Toxoplasma gondii or Neospora caninum™'*-'°. During acute proliferation, the parasite is in a significant need
for energy and cell building blocks, which may either be scavenged from the host cell or be synthesized by the
parasite itself, depending on its synthetic capacities. Especially for offspring production, the parasite needs vast

amounts of chol 1. Cholesterol was shown to be d in cholesterol-rich lles and to be inserted
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into the parasite plasma membrane and the parasitophorous vacuole membrane in the case of the closely related
parasite T. gondii”. Furthermore, cholesterol is esterified for storage in lipid droplets, which were consistently
found enhanced in apicomplexan parasites-infected host cells'”%%, However, apicomplexan parasites are gener-
ally considered as defective in cholesterol synthesis'??*-*, For compensation, they need to scavenge cholesterol
from their host cells thereby following different strategies of cholesterol acquisition. In general, two main routes
of cholesterol disposal are provided by potential host cells: endogenous cholesterol de 1ovo synthesis and sterol
uptake from extracellular sources via specific receptors. These scavenging pathways are differentially exploited by
different apicomplexan species. While several species, such as T. gondii (in Chinese hamster ovary cells - CHO),
Cryptosporidium parvum or N. caninum mainly rely on host cellular LDL-mediated sterol uptake'”**, others
‘mainly utilize host cellular de novo synthesis for cholesterol acquisition (e. g. T gondii in macrophages)®. In
contrast, hepatic Plasmodium spp. salvage cholesterol from both pathways but do not strictly depends on cho-
lesterol acquisition for optimal proliferation®2. Interestingly, the actual need of cholesterol of different apicom-
plexan species obviously depends on their mode of proliferation. Thus, for the slow but massively proliferating
parasite Fimeria bovis, the simultaneous induction of both pathways was described”*** whilst fast proliferating
apicomplexan rather seem to utilize one single route of cholesterol acquisition. The fact that T. gondii triggers
LDL-mediated sterol uptake in CHO cells but not in macrophages, where endogenous de novo synthesis repre-
sents the main source of ch the assumption that the mode of cholesterol
acquisition may also depend on the host cell

To date, no data exist on the mode of cholesleml salvage being utilized by B. besnoiti. Therefore, the aim of the
study was to analyse whether B. besnoiti infection of primary bovine endothelial host cells, i. e. the cell type that
is mainly infected in the in vivo situation, influences the host cellular cholesterol de novo synthesis and exoge-
nous sterol uptake, cholesterol conversion and esterification, as well as neutral lipid and lipid droplet formation
during active intracellular proliferation. To provide actual data on the true cellular situation, we here analysed
the content of several chol I-related sterols in B. besnoiti-infe ted dothelial host cells via a biochemical
approach. Overall, the data show that B. besnoiti i ions induc it 1 synthesis rates in
primary endothelial host cells and additionally profits from enhanced exugenuus LDL levels for opumal parasite
proliferation.

Results

B. besnoiti infecti total ch in I host cells.  B. besnoi-
ti-infected BUVEC (bovine umbilical vein endothelial cells) showed a stronger filipin staining (Fig. 1A1,A2) than
non-infected controls (Fig. 1A3,A4) thereby suggesting a higher cholesterol content. Freshly released tachyzoites
(Fig. 1A5,A6) were stained by filipin. Within tachyzoites, the strongest reactions were found in the posterior
region of these stages. Single cell measurements of fluorescence intensity of filipin in B. besnoiti-infected (white
arrows) and non-infected (orange arrows) host cells (Fig. 1A7, zoom of Supplementary Fig. 1) confirmed signif-
icantly enhanced levels of cholesterol in infected cells (p=0.0024, Fig. 1A8). Amplex Red-based measurements
of the total cholesterol contents (Fig. 1B1) confirmed a significantly increase of total cholesterol in B. besnoiti-in-
fected endothelial host cells (effect of time: p =0.033, infection: p = 0.0002 and interaction: p=0.0014), as well
as by GC-SM analyses (p=0.0429; Fig. 1B2). Overall, kinetic analyses indicated increasing effects on cholesterol
content with ongoing duration of infection leading to an enhancement of 1.8-fold, 2.2-fold and 2.4-fold at 12, 24
and 48 . i. (t-test with Bonferroni-Holm adjustment, p < 0.0001), respectively.

hol | and di /! ion boosts parasute prohferatlon To
control the role of exogenous cholesterol sources for parasite proli and its
precursor desmosterol by direct addition of the cell culture medium. As prevmusly shown?, ethanol-dissolved
cholesterol or desmosteml indeed directly acts on oells desplle Lhe hydrophublc characteristics of these molecules.
In fact, with both d enhanced B, besnoiti tachyzoite pro-
duction in infected host cells (cholesterol p < 0.01, desmos(erol P <0.05; Fig. 1C). When comparing desmosterol
and cholesterol for their effects, supplementation with cholesterol boosted parasite proliferation stronger than
with desmosterol (p < 0.01). In addition, we supplied these molecules via M3CD complexes, in order to generate
inclusion complexes that are able to donate these molecules to the host cell**. However, treating BUVEC with such
complexes did not improve parasite proliferation (data not shown). In addition, treatments of tachyzoites with
cholesterol-MBCD-complexes prior to infection also failed to influence parasite proliferation (data not shown).

Neutral lipids and lipid droplet formation are enhanced in B. besnoiti-infected host
cells.  Neutral lipids and lipid droplets could be visualized via Bodipy 493/503 and Nile Red staining in B.
besnoiti-infected BUVEC as well as in free tachyzoite stages. As estimated by fluorescence microscopy, infected
cells showed increased numbers of lipid droplets in the cytoplasm of the host cell (Fig. 2A1-4). These findings
were verified on a quantitative level via a FACS-based approach. By applymg two different MOIs (3:1 and 4:1)
we could show that lipid droplets are signi enhanced in B. b dothelial host cells when
compared to non-infected controls (all p < 0.01, Fig. 2B). However, comparing the d]ﬁ'erent MOlIs or time points
of infection, no significant differences were detected.
Microscopic analyses showed a stronger Nile Red staining in B. besnoiti-infected host cells (Suppl

Fig. 2; white arrows) when compared to non-infected cells within the same cell layer (Supplementary Fig. 2
orange arrows). Single cell measurements (from 3 different BUVEC isolates) confirmed significantly enhanced
levels of neutral lipids in B. besnoiti-infected host cells (p=0.0181, Fig. 2C). Tachyzoite stages also showed strong
reactions after Nile Red staining indicating the presence of neutral lipids. As also shown for filipin staining, the
strongest reactions were apparent in the posterior part of the tachyzoites (Fig. 2D1-2, arrows).
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Flgllre 1. Cholesterol content in B. besnoiti-infected endothelial host cells and effects of cholesterol/
ion on parasite proliferation: (A) For chol 1 visualization, B, iti-i

BUVEC and (aChyZ()ltE stages (24h p.i; A1-2, infected cell; A3-4, non-infected BUVEC; A5-6, B. besnoiti
tachyzoites) were stained with filipin III (A1, A3 and A5); filipin + phase contrast (A2, A4, A6, A7). Single
cell fluorescence intensity measurements were performed (A7; infected cells - white arrows; non-infected
cells- orange arrows), and significantly increased amounts of cholesterol were observed in B. besnoiti infected
cells (A8). (B) For analysis of total chol | content in B. b fected host cells, BUVEC (n=6) were
infected with B. besnoiti tachyzoites and subjected to total cholesterol extraction using the Amplex Red test kit
at different time points of infection (B1) or determined by GC-MS-based analyses (B2). Non-infected BUVEC
were equally processed and served as negative controls. (C) To analyse the effct of exogenous cholesterol and

on produchon B. besnoiti-infected BUVEC were either cultivated in
d (control) or chols iched medium. 48 h after infection, the number of
tachyzoites present in cell culture supernatants was determined. Geometric means of three biological replicates,
geometric standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001. Error bar 20 um.

Artificially enhanced lipid droplet disposability improves parasite proliferation. To estimate
whether an increase of lipid droplet formation is beneficial for optimal parasite proliferation, we here artifi-
cially enhanced host cellular lipid droplet numbers by oleic acid treatments prior to infection. As depicted in
Fig. 2E, the artificial enhancement of lipid droplet disposability indeed significantly boosted B. besnoiti tachyzoite
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Figure 2. Neutral lipids and lipid droplet contents in B. besnoiti-infected endothelial host cells and effects

of oleic acid treatments on parasite proliferation. (A) For lipid droplet visualization, B. besnoiti-infected
endothelial host cells were stained by Bodipy 493/503 (A3) or directly analysed by tomographic microscopy
(A4). Host cell nuclei were stained by DAPI (A2, arrowhead). A1-3: illustration of a single infected cell showing
three typical B. besnoiti rosettes (24h p. i, arrows) and a high abundance of cytoplasmic lipid droplets (A3,
arrows). Ad: 3D tomographic image of a B. besnoiti infected cell showing several cytoplasmic lipid droplets
(arrows). (B) For lipid droplet quantification, B. besnoiti-infected BUVEC (MOI 3:1 and 4:1) were stained
with Bodipy 493/503 at 12 (grey columns) and 24h (black columns) p. i. and processed for flow cytometric
analyses. Non-infected BUVEC were equally processed and served as negative controls. Arithmetic means of
three BUVEC isolates, standard deviation (**p < 0.01). (C) For neutral lipid quantification, Nile Red-stained
B. besnoiti-infected BUVEC (MOI: 3:1, 24h p. i.) were analysed for fluorescence intensities on single cell

level [single infected and non-infected single cells were estimated within the same cell layers under identical
experimental conditions using the Image] software]. Data were calculated as arithmetic means + standard
deviation (*p=0.0181). (D) Tachyzoite stages also showed strong reactions after Nile Red staining indicating
the presence of neutral lipids. The strongest reactions were apparent in the posterior part of the tachyzoites
(D1-2, arrows). (E) Effect of artificially enhanced lipid droplet di ility on B. besnoiti proliferation: to
enhance lipid droplet formation in BUVEG, cells were treated with oleic acid in BSA-MBCD formulation prior
to B. besnoiti tachyzoite infection. Non-treated BUVEC served as negative controls. Two days p. i. the number
of tachyzoites being present in cell culture supernatants (E1) or still intracellular (E2) was estimated via PCR.
Geometric means of three biological replicates, geometric standard deviation (*p < 0.05). Error bar 20 um.
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Figure 3. Live cell -based
infected BUVEC. (A) Non-infected BUVEC were analysed for lipid droplet content via both Bodipy 493/503-

based staining (as visualized by <) and live cell

images were obiained by using 3D cell-explorer microscope (Nanolive 3D Explorer) at 50X magnification

(N=520nm, sample exposure 0.2mW/mm?) and a depth of field of 30 um. Lipid droplets were stained via

digital staining (STEVE software, Nanolive) according to the refractive index o( the mlmcellular structures.
i of

Overlays from both detection tech proved the bil via matching of
the signals. (B) i oflive B. besnoiti-infected BUVEC at 24h p. i. and detection of lipid
droplets via digital staining. (C) Hol hi hy of live B. besnoiti-infected (white arrows) and non-

infected (orange arrows) BUVEC at 24 h p. i. and detection of lipid droplets via Nile Red staining.
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Figure 4. Cholesterol ification in B. be iti-infected endothelial host cells and effects of C1976 and C75
parasite proliferation. (A) For estimation of the esterification degree, B. besnoiti-

infected BUVEC (n = 3) were subjected to GC-MS-based analyses of total and esterified cholesterol contents.
Arithmetic mean of three biological with three technical replicates each, standard deviation; *p < 0.05. (B)
Effects of C1976 (inhibitor of cholesterol esterification) treatment on tachyzoites proliferation: BUVEC were
treated with C1976 (2.5, 5, 10 and 20 uM) 24h before B. besnoiti infection. Non-treated host cells served as
controls. 48 h after infection, the number of tachyzoites present in cell culture supernatants were measured. Bars
represent arithmetic means of three biological replicates, standard deviation (*#p < 0.01). (C) Effects of C75
(inhibitor of fatty acids synthesis) treatment on B. besnoiti replication. BUVEC were treated with C75 (2.5, 5, 10
and 20 uM) 24 h before B. besnoiti infection. Non-treated host cells served as controls. 48 h after infection, the
number of tachyzoites present in cell culture supernatants was measured. Bars represent arithmetic means of
three biological replicates, standard deviation (*%p <0.01).

production. Thus both, the number of freshly released (= exlracellular, Fig. 2E1, p=0.0109) and still intracellu-
lar (Fig. 2E2, p= 0.0259) tachyzoites (both | n the ison) was found in oleic
acid-treated BUVEC resulting in a 9-fold and 2 5-fold increase of parasite proliferation within 48, respectively.

Live cell 3D holotomographic microscopy. 3D hol hi irmed the pres-
ence of numerous lipid droplet-like structures in B. besnoiti-infected cells (an 2A4, arrows). To prove the lipid
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Figure 5. Effects of lovastatin (A) and zaragozic acid (B) treatments on B. besnoiti tachyzoite production.
BUVEC were treated with lovastatin (A) or zaragozic acid (B) 24 h before B. besnoiti infection. Non-treated
host cells served as controls. 48 h after infection, the number of tachyzoites present in cell culture supernatants
was measured. Bars represent arithmetic means of three biological replicates, standard deviation (*p < 0.05;
#5p <0.01).

droplet-nature of these holographic hy and epifl analyses (Bodipy 493/503 stain-
ing) were performed in parallel on BUVEC which proved the precise matching of these two independent tech-
niques (Fig. 3A). The mean refractive index (RI) of Bodipy stained lipid droplets was estimated (n = 50) and was
13554 0.00333. These parameters (R > 1.355) were then applied to B. besnoiti-infected BUVEC (24h p. i.) in 3D
holotomographic microscopy and confirmed the presence of a high number of lipid droplets in infected cells
(Fig. 3B). Moreover, Nile Red stained BUVEC also presented the same features (Fig. 3C).

Cholesterol esterification is essential for optimal parasite proliferation. Lipid droplets repre-
sent the main storage organelles for esterified cholesterol. Given that lipid droplets were found enhanced in B.
besnoiti-infected BUVEC, we here analysed by biochemical means whether esterified cholesterol content was
upregulated by B. besnoiti infection. Referring to total cholesterol content, B. besnoiti-infected BUVEC indeed
showed a 1.5-fold, significant increase of esterified cholesterol levels when compared to non-infected controls
(Fig. 4A, p= 0.045), thereby indicating infection-induced enhancement of free cholesterol conversion via esterifi-
cation. To analyse further the role of cholesterol esterification for parasite proliferation we additionally performed
functional inhibition experiments by the use of CI976, an inhibitor of the cholesterol-esterifying enzyme, sterol
O-acyltransferase. Overall, CI976 treatments effectively inhibited B. besnoiti proliferation in a dose-dependent
(p=0.0038) manner (10:M and 20 uM treatments: both p < 0.01; Fig. 4B). Thus, CI976 treatments led to a reduc-
tion of tachyzoite production of 4.6%, 14.1%, 64.7% and 82.9% when the cells were treated with 2.5, 5, 10 and
20uM CI976 (Fig. 4B). Based on the inhibition of tachyzoite production, an ICs, of 7.56 uM was calculated for
CI976 treatments. Microscopic control revealed that the host cells themselves were not altered in their morphol-
ogy by C1976 treatments.

For cholesteryl ester formation, the hydroxyl group of cholesterol is linked to the carboxylate group of a
fatty acid. Therefore, we additionally tested whether the blockage of fauy acid synthesis by the compound C75
would also impair B. besnoiti proliferation. C75 of B. be fected host cells moderately inhibited
tachyzoite formation in dose dependent reduction (p=0.049). However, only at 20 uM concentration a significant
reduction of the number of parasites was observed when compared to solvent control (DMSO 0.1%; p=0.0032;
Fig. 4C).
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Lanosterol 03230.133 0.863+0.158
i X 141 0.0071

Lathosterol 771843517 1471043867 191 | 0.0007

7-Dehydrocholesterol | 32630416 5.765+ 1661 177 | 0.0008

Desmosterol 3.383+2.179 3.861+1.069 L14 ns.

Cholestanol 268040312 2.626+0.363 0.98 ns.

7a-OH Cholesterol 0.12440.055 0.12940.020 1.04 ns.

24-OH Cholesterol 0.13140.065 0.10440.029 079 ns.

25-OH Cholesterol 0.094+0.105 0.054+0.025 057 ns.

27-OH Cholesterol 0.077 £0.041 0.048+0.006 0.62

43-OH Cholesterol 0.086+0.051 0.064+0.013 075

73-OH Cholesterol 0.23940.089 0.257+0.059 107

7-keto Cholesterol 202141352 1.65540.539 0.82 ns.

Campesterol 0.195:£0024 0.173:£0.046. 089 |ns.

Stigmasterol 0.101£0034 007520017 073 | 0.0105

Sitosterol 0.254 40058 0.189 4 0.047 0.74 0.0118

Table 1. Ratios of ster to (GC-MS-based analyses) in B itia-infected and non-

infected BUVEC (n=3). n.s. not significant.

g y is in I host cells and appears essen-
tial for optimal B. besnoiti prolit i d de novo chol synthesis is d by
a multi-step biochemical pathway be'mg supported by numerous enzymatic rcamuns Given that analyses
on gene transcription or protein expression of certain mvolved molecules may not precisely reﬂecl lhelr true

enzymatic activity, we here analysed the actual content of ch I-related sterols (e. g. ch I precur-
sors, b ) via bioch means in B. b iti-infe ted BUVEC and conm)l cells. Therefore the con-
tent of three groups of chol, I-related sterols were i lin the
cndogencms synthesns pathway scrvmg as mdlcators of cellular cholesterol de nove sy'nthesns (lanosterol, dihy-
1, lathosterol 7-di 1); i) downstream of de novo synthesis
and indicators of ion |, 24 1 I (24-OHC), 2
(25-OHC), 27-hy 1 (27-OHC), 7a-hy holesterol (7a-OHC), 7-ketocholesterol (7-ketoC),
43 1 1 (43-OHC) and 703 1 1 (73-OHC)] with some of these molecules (e. g.
7-ketoC, 70-OHC and 76-OHC) being recngmzed as indices of cellular oxidative stress;ii) phytosterols as indi-
cators of chol l-uptake from the 1 and sitosterol). We

here calculated sterol:cholesterol ratios (Table 1) which are generally accepted as indicative for endogenous cho-
lesterol synthesis rates. Notably, the individual BUVEC isolates differed considcrably in their basic absolute levels
of sterols as mdlcaled by rather high standard deviations already present in non-infected samples.

Overall, c¢ g indicators of end synthesis, B. besnoiti infections indeed led to a shift
of sterol:cholesterol ratios by that way that several cholesterol precursors were found at enhanced contents in
parasite-infected BUVEC. Overall these reactions proved significant for lanosterol (p < 0.0001), dihydrolanos-
terol (p=0.0071), lathosterol (p=0.0007) and 7-dehydrocholesterol (p=0.0008) and indicated that host cellu-
lar de novo synthesis of cholesterol is upregulated by B. besnoiti infection (Table 1). In contrast to indicators of

synthesis, most oxysterols rep were not found changed
in their sterol:chol 1 ratios. Thus, I I ratios denied any positive shift of these ratios in
infected cells, but even confirmed a slight decrease of the 27-OHC:cholesterol ratio (p=0.037) in infected cells
(Table 1). Given that especially 78-OHC, 7-ketoC and 7a-OHC upregulation may indicate oxidative cell stress
reactions since these molecules represent autoxidatives that are mainly formed by radical oxidative species, B.
besnoiti infections do not appear to cause considerable oxidative stress in bovine endothelial host cells. Along
with enhanced endogenous cholesterol de novo synthesls, cholesterol-related needs can also be satisfied via an
enhanced sterol uptake from the 1lul Since ph Is exclusively are of plant origin
and are submitted to the cells via the FCS fraction, intracellular phytostemls levels are often used as indices of
sterol uptake. Although the overall absolute levels of sitosterol, stigmasterol and campesterol were found slightly
increased in B. besnoiti-infected host cells (sitosterol: 1.2-fold, stigmasterol: 1.4-fold and campesterol: 1.5-fold),
phytosterol:cholesterol ratios did not confirm enhanced levels and even showed slightly reduced values for stig-
masterol (p=0.0105) and sitosterol (p=0.0118) (Table 1) in B. besnoitia-infected cells.

Given that cholesterol-related sterol profiling indicated enhanced endogenous cholesterol synthesis rates, we
here additionally performed functional inhibition experiments using blockers of the mevalonate biosynthesis
pathway. Therefore, statin treatments were here applied. Statins represent a class of drugs widely used to lower
plasma cholesterol levels®. We used lovastatin, which affects the total cellular isoprenoid/steroid synthesis and
thus interferes at a very early step of de novo synthesxs by blocking HMG-CoA-reductase (HMGCR). Overall,
lovastatin t exhibited dose-di i effects on parasite proliferation (p=0.02). Thus,
tachyzoite production was reduced for 21% and 66% when infected cells were treated with 10 uM (p < 0.05) and
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20uM (p < 0.01) lovastatin, respectively (Fig. 5A). Based on the inhibition of tachyzoite production an ICs, of
11.31 uM was calculated for lovastatin treatments.

Besides lovastatin, we also used zaragozic acid (syn. squalestatin) for of B. besnoiti-infected
BUVEC. Zaragozic acid is a squalene synthase inhibitor, which directly targets sterol synthesis. Zaragozic acid
treatments resulted in a reduction of parasite replication (Fig. 5B), but effects were less prominent than those
observed with lovastatin and required higher inhibitor concentrations. However, 60 uM zaragozic acid treatment
induced a significant reduction of B. besnoiti replication (48.8%, p < 0.05). These data underline the key role of
cellular de novo synthesis for successful parasite replication.

B. besnoiti infections induce LOX-1 but not LDLR expression and profit from exogenous sterol
uptake.  Besides being synthesized endogenously, cholesterol may also be taken-up from extracellular sources
via receptor-mediated LDL incorporation. The endothelial cell type is well-known to internalize different LDL
species, such as non-modified LDL (LDL), acetylated LDL (acLDL) or oxidized LDL (oxLDL). LDL uptake is
preferentially mediated by the classical LDL receptor (LDLR) whilst a series of non-classical, so-called scavenger
receptors (e. g. LOX-1, SRBI) preferentially promote modified LDL incorporation. In this study we focused on
two key receptors, LDLR and LOX-1, and analysed whether the gene transcription and protein expression of these
receptor was influenced by B. besnoiti infections in BUVEC. Gene transcriptional profiling revealed that LDLR
and LOX-1 were differentially altered by parasite infection. Whilst LDLR gene transcription and protein expres-
sion was not altered in B. besnoiti-infected BUVEC (Fig. 6A,C), LOX-1 gene transcripts were found upregulated
throughout B. besnoiti in vitro infection peaking at 12h p. i. (Fig. 6B). In agreement, LOX-1 protein expression
was also found upregulated in infected cells: this was confirmed by two methods, a commercial LOX-1-specific
ELISA (Fig. 5D, B. besnoiti infection vs. controls at 24 h p. i.: p=0.0025) and by the FACS-based measurement
of LOX-1 surface expression (Fig. 5E; B. besnoiti infection vs. controls; 6 h p. =0.0167, 24h p. 0.0243).

Given that LDLR and LOX- 1differentially promotes LDL species uptake, we here analysed whether supple-
mentation of different LDL species (LDL, acLDL, oxLDL) is beneficial for parasite proliferation. Thus, LDL and
acLDL was supplemented to B. besnoiti-infected BUVEC cultures at 10 uM final concentration. In case of oxLDL,
the final concentration had to be reduced to 2.5uM since this LDL variant revealed as toxic for BUVEC at higher
concentrations. As depicted in Fig. 5F, both LDL and acLDL significantly boosted B. besnoiti tachyzoite produc-
tion when compared to non-supplemented controls (LDL: p < 0.01; acLDL: p < 0.001). Moreover, acLDL induced
a significantly stronger parasite proliferation than LDL supplementation (p < 0.05). In contrast, oxLDL failed to
improve parasite replication at 2.5 1M supplementation. These data revealed that optimal B. besnoiti proliferation
depends on the supply of exogenous cholesterol or other lipids and additionally proves that infected host cells
may profit from different LDL variants, i. . from modified and non-modified LDL.

Discussion

Apicomplexan parasites are generally considered as defective in cholesterol synthesis. Given that apicomplexan
species are obligate intracellular parasites with highly proliferative capacities, this metabolic characteristic renders
these pathogens as highly dependent on their respective host cells in terms of cholesterol supply. In principle, host
cells support two major pathways of cholesterol resourcing: endogenous de novo synthesis and exogenous sterol
uptake. Most reports indicate that different apicomplexan species may utilize diverse pathways of cholesterol
acquisition in a species- or even host cell type-dependent manner.

‘The current data demonstrate that B. besnoiti uses both pathways of cholesterol acquisition when infecting
bovine endothelial cells, which correspond to host cells to be infected during the acute phase of cattle besnoi-
tiosis>*", This is in agreement to recent data on a slow proliferating apicomplexan species, Eimeria bovis®’**%"
but differs from findings on T. gondii'”. Since we here measured the cellular content of cholesterol biosynthetic
precursors and metabolites via GC-| MS based approaches, the current data should directly reflect the aclual bmr

chemical situation in B. besnoiti-infe ial host cells. L ratios of

precursors, which are generally ace epted as reﬂectmg the activity of the endogenous cholesterol biosynthetic
pathway*, showed a signi n B. besnoiti-infected host cells. Accordingly, an infection-driven
increase of 1 I-, dihydrol. 7~ r| hydrochol, 1- and lath I-related ratios was detected. In

line, a pivotal role of cholesterol de rovo syn(hesis was also suggested for E. bovis or T. gondi infections?+4
and in case of E. bovis these data also relied on GC-MS-based analyses®. These biochemical data were fur-
thermore supported by a significant reduction of B. besnoiti proliferation triggered by statin treatments, which
interfere with endogenous cholesterol synthesis. Statins represent a class of drugs widely used to lower plasma
cholesterollevels®. Statin treatments also proved effective in other apicomplexan-related infection systems, such
as T gondii-infected and Babe fected erythrocytes™, C. parvum-infected epi-
thelial cells** or E. bovis-infected BU’VEC36 The current data revealed a higher efficacy of lovastatin, which inter-
feres with the total cellular isoprenoid/steroid synthesis, when compared to zaragozic acid that directly targets
sterol synthesis. Noteworthy, the blockage of merozoite production in other apicomplexan also depends on the
choice of statin. As such, treatments with rosuvastatin and atorvastatin failed to influence parasite proliferation,
whilst the application of lovastatin in higher concentrations (~72-96 uM) reduced tachyzoite production for more
than 50% in T. gondii-infected macrophages*. Zaragozic acid is an inhibitor of squalene synthase and for this rea-
son considered as more specific for cholesterol blockage than other statin treatments®. In B. besnoiti-infected host
cells, 60 uM zaragozic acid resulted in a signi blockage of tachyzoites production (reduction of
48.8%) confirming that B. besnoiti replication depends on host cell de novo synthesis. In contrast to E. bovis with
70.2% reduction rate at 5uM treatment™, 15 uM zaragozic acid treatments in C. parvum-infected epithelial cells
only induced moderate effects, as indicated by 25% growth delay**. Comparable rates of reduction were described
in T gondii-infected macrophages with 1-10uM zaragozic acid”. Squalene synthase-defective CHO cells revealed
no significant anti-proliferative effects on T. gondii development compared to non-defective controls'”. However,
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Figure 6. LDLR and LOX- lgene lranscrlpuonand protein ion in B. besnoiti-infected endothelial host
cells and effects of LDL supp on parasite proliferation. (A,B) For estimation of LDLR and LOX-1

gene transcription during B. besnoiti replication in vitro, total RNA of infected and non-infected BUVEC (n=3)
was extracted at different time points p. i., reverse transcribed and submitted to LDLR- and LOX-1-specific real-
time qPCR. Data represent arithmetic means + standard deviation. (C) For analyses on protein expression of
LDLR, B. besnoiti-infected and non-infected BUVEC soluble protein fractions were isolated from cell pellets at
24hp.i.and submitted to ing using LDLR-specific antibodies. The ion of vinculin in each
sample was used for protein content normalization. Two different gels/blots from the same samples. (D,E) For
analyses on protein expression of LOX-1, B. besnoiti-infected BUVEC and non-infected controls were either
analysed by a commerecial test kit (LOX-1 bovine ELISA kit, DL Develop) (D) or subjected to flow cytometric
analyses on LOX-1-related surface expression (E) by using LOX-specific antibodies. Bars represent arithmetic
mean of three biological replicates + standard deviation (*p < 0.05; **p < 0.01). (F) For LDL supplementation
experiments, non-modified LDL (LDL), acetylated LDL (acLDL) or oxidised LDL (oxLDL) were supplemented
atindicated concemratmns to B. besnom infected and non-infected host cell cultures. The total number of

B. besnoiti tach; dat 48h p. i. Arithmetic mean =+ standard deviation of three biological
rephcates (*p<0.05, **p <001, ***p <0.001).

other authors applied two quinuclidine-based inhibitors of squalene synthase in 7. gondii-infected epithelial

cells and described anti ive effects of both achieving a similar percentage of reduction of
tachyzoite replication as in B. besnoiti-infections (48-58% ion) but with much lower doses of zaragozic acid
(3uM)*. Overall, the data on cholesterol bi ic pr and inhibitor indicate that successful

B. besnoiti replication depends on the host cell cholesterol de novo synthesis. Nevertheless, the fact that replication
is not entirely blocked by zaragozic acid treatment may argue for additional sources of cholesterol besides de rovo
synthesis.

As a general feature, sterol up-take from the extracellular compartment seems to be exploited by apicom-
plexan parasites in a species-specific and host cell-specific manner. Whilst this pathway appeared of major
importance in the case of T: gondii in CHO cells", C. parvun in epithelial cells®, . caninum infections* or E.
bovis-infected endothelial cells ¥/, a minor or even absent role of LDL-mediated cholesterol supply was reported
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for T. gondii infections in macrophages* or for Plasmodium spp. infections in hepatocytes®?. In the case of B.
besnoiti infections, the current data on LDL supplementation confirm a pivotal role of exogenous sterol uptake
for parasite proliferation. For the first time, we here applied different LDL species (LDL, acLDL, oxLDL), which
are present in blood or lymph and may therefore all serve as exogenous sources in vivo. Interestingly, the supple-
mentation with both, acLDL and LDL, revealed as beneficial for B. besnoiti proliferation and boosted tachyzoite
production. LDL supplementation was also beneficial for T. gondii proliferation in CHO cells'” whilst such a
treatment had no stimulatory effects on hepatic Plasmodium spp. and C. parvum proliferation”*” or on T. gondii
growth in macrophages® indicating parasite- and cell type- speclﬁc mechamsms However, to our best knowledge
this signifies the first report on acLDL-mediated effects on lul.

In addition to LDL-related data, the direct ipply of exce or also boosted
B. besnoiti proliferation. This is in line with other data that proved this method of cholesterol supplementation
as effective in the case of T. gondii in CHO cells'” or endothelial E. bovis infections?. So far, it remains unclear
why the of via MBCD failed to influence parasite proliferation which
contrasts data of olher sludles Refemng to exogenous sterol supplementation, the current data on phytosterols

appea Phytosterols signify cholesterol analogues that exclusively originate
from plant dletary mtake“ In cell cultures, these molecules are derived from FCS present in the cell medium and
an enhanced cellular content of plant sterols is commonly accepted as an indicator of cellular sterol uptake from
the extracellular environment'>*. However, current biochemical measurements data failed to show enhanced
phytosterol:cholesterol ratios in B. besnoiti-infected BUVEC but even revealed slightly reduced values for stigma-
and sitosterol. So far, we have no plausible explanation for these findings. While cell type-specific differences in
individual phytosterol species uptake were reported the capanty of BUVEC to incorporate all three phytoslerols
here detected was previously proven since a si. of sitosterol, sti;
contents was reported in E. bovis-infected endothelial cells 7.

Given that LDL species are internalized via a receptor-mediated uptake, we here furthermore analysed
whether B. besnoiti infections influence the gene transcription and protein expression of two classical endothelial
LDL-related receptors. In contrast to reports on T. gondii infections in CHO cells'” and E. bovis infections in
BUVECY, LDLR expression was not altered by B. besnoiti infections. These data were in accordance to the fact
that reduced LDLR expression did not affect the liver stage burden in the case of Plasmodium spp.*. Contrary to
LDLR, an infection-driven upregulation of the scavenger receptor LOX-1 was here found in B. besnoitia-infected
BUVEC on both, gene transcriptional and protein level. Recent mi data on B. b infected
BUVEC confirmed a significant upregulation of LOX-1 (Silva L.M.R., unpublished data). LOX-1 is considered as
an important receptor for ox-LDL internalization in vascular endothelial cells**-*' but is also able to bind acLDL at
a comparable affinity*?. This receptor was recently also reported to be upregulated in E. bovis infections of bovine
endothelial cells”*. Given that in both cases of LOX-1 induction, endothelial host cells served as host cells may
indicate a cell type-specific mechanism.

Excess cellular levels of free cholesterol demand for cholesterol efflux or conversion since too high concen-
trations are toxic for cells. Two main conversion routes in endothelial cells involve cholesterol esterification
and oxidation. In the current study, a significantly enhanced level of esterified cholesterol was detected in B.
besnoiti-infected cells when campared with non-infected controls. This corresponds to recent findings in E.
bovis-infected BUVECY. In line, the key role of chol 1 ification was here additionally confirmed by
its chemical blockage via C1976 leading to a signi inhibition of B. besnoiti replication. Thus,
tachyzoite production was reduced by 64.7 and 82.9%, at 10- and 20-uM treatments, respectively. These data are
in agreement with reports on T. gondii and E. bovis documenting the essential role of cholesterol esterification for
optimal parasite proliferation'>?. Concerning relevant inhibitor concentrations, it has to be noted that antiprolif-
erative effects occurred at a comparable level in T. gondii (merozoite reduction rates of approximately 60 and 70%
induced by 4- and 10-pM CI976 treatments) and B. besnoiti infections. Even stronger effects were reported for E.
bovis infections since 5uM treatments almost entirely inhibited merozoite I production (99.6% reduction) as mir-
rored by alow ICy, of 0.34 uM?. The higher sensitivity of E. bovis to CI976 treatments may be due to a stronger
need for cholesteryl ester formation during formation (>120.000 ites I) when compared to
‘non-macromeront-forming parasites. Interestingly, T gondii appears to be able to synthesize and store cholesteryl
esters by itself, if host cell cholesterol is available'®**. In fact, two SOAT-like molecules were identified in T. gondii
stages and proved sensitive to SOAT inhibitor treatments™>". So far, no data are available with this respect for B.
besnoiti. Nevertheless, it remains to be elucidated whether C1976-driven, detrimental effects on B. besnoiti pro-
liferation accounted only to the host cell compartment or were also brought about by direct antiparasitic effects,
asin the case of T. gondii.

Cholesteryl esters play a pivotal role in the d of several parasites and chol,
and fatty acids are needed for cholesteryl ester formzuon though the effects of fatty acid synthase blockage was
additionally here investigated. The synthetic hy pound C75 inhibits fatty acid
synthase activity and has been studied for its anu-mﬂammalory and anti-tumoral activities™%’. C75 treatments
induced a significant reduction of B. besnoiti replication at 20 uM concentration. However, in the case of E. bovis,
lower concentrations of C75 were needed for anti-proliferative effects indicating a high relevance of fatty acids for
this parasite’. Moreover, C75 inhibition was ineffective on Trypaniosoma cruzi growth in infected macrophages™.

‘The main storage organelles of cholesteryl esters are represented by lipid droplets. The key role of enhanced
lipid droplet formation in infected host cells was reported for several protozoan parasites, such as T. cruzi, T.
gondii, P. berghei, P. falciparum or E. bovis'~***"?* and was here confirmed for B. besnoiti infections. Thus, a
significantly enhanced abundance of lipid droplets was found in B. besnoiti-infected BUVEC. The pivotal role of
these organelles was additionally confirmed by the fact that an artificial increase of lipid droplet disposability via
oleic acid treatments significantly boosted tachyzoite formation. Likewise, an oleic acid-driven boost of offspring
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production was also observed in case of E. bovis, corroborating the assumption of lipid droplets mainly function-
ing as lipid storage and “feeder” organelles in E, bovis macromeront formation”.

Overall, B. besnoiti infections failed to trigger th, thesis of oxysterols in host cells. i
enzymatically synthesized side-chain oxysterols (e. g. 24-OHC, 25-OHC, 27-OHC), which are known as key reg-
ulators of cholesterol homoeostasis and as effector molecules of cellular innate immunity**-* were not affected by
B. besnoiti infections. In contrast, E. bovis infections were recently proven to selectively upregulate the synthesis of
25-OHC, a molecule that was proven to bear antiparasitic properties”. Moreover, a lack of 73-OHC, 7-ketoC and
7a-OHC upregulation, which is generally mediated via autoxidative processes, revealed that BUVEC do not
experience considerable oxidative cell stress triggered by B. besnoiti infections.

In summary, this investigation adds further data on the modulatory capacity of the fast proliferating apicom-
plexan parasite B. besnoiti. The current data then the ion that the modulation of distinct pathways
of cholesterol acquisition is dependent on both, the parasite species and the host cell type. Thus, we here show that
successful B. besnoiti infections in primary bovine endothelial host cells rely on both, endogenous cholesterol
synthesis and on sterol uptake from exogenous sources by using different LDL species leading to selective LOX-1
upregulation.

Materials and Methods

Host cell culture.  Primary bovine umbilical vein endothelial cells (BUVEC) were isolated from bovine
umbilical cords as recently described®*. For cell cultures, BUVEC were resuspended in complete ECGM
(PromoCell) in 75 cm? plastic tissue culture flasks (Greiner BioOne). After confluency, cells were split, plated in
25em? plastic tissue culture flasks (Greiner BioOne) and incubated at 37°C and 5% CO, atmosphere. Medium
was changed every 2-3 days using ECGM-medium supplemented with 70% medium 199 (ModECGM); 500 U/
‘mL penicillin (Sigma-Aldrich) and 50 ug/mL streptomycin (Sigma-Aldrich) and 10% FCS (Biochrom)®. Only
cells of low passages (1-3) were used for this study.

Parasites. Besnoitia besnoiti (strain Bb1Evora04) tachyzoites were maintained by serial passages in
Mycoplasma-free BUVEC according to previous reports'!. Confluent BUVEC monalayers in 25cm’ flasks were
infected with freshly isolated B. besnoiti tachyzoites (MOI = 5:1). F I were collected from
BUVEC culture supernatants, washed in ModECGM and pelleted (400 x g, 12 min). B. besnoiti tachyzoites were
counted in a Neubauer chamber and used for BUVEC infection.

Chol | vi: ification. For staining i stages for , BUVEC
were grown on covershps (n= 3) and infected with B. besnoiti tachyzoites (MOl =5:1). At 24h p. i. (hours post
infection), the samples were washed with PBS, fixed in 4% paraformaldehyde (10 min), washed three times
with PBS. To detect free cholesterol, the samples were stained by filipin III (35 ug/mL in PBS, 15 min, in the
dark, RT; Sigma- Aldrich). All samples were washed with PBS, mounted in Fluoromount-G mounting medium
(Invitrogen). Cells were analysed using an inverted fluorescence microscope (IX81, Olympus) applying the UV
filter set (340-380 nm excitation, 430 nm pass filter) and/or by using confocal microscopy analysis (Confocal
LSM 710; Zeiss; 63X magnification, numerical aperture 1.2um). Single cells (n=20) fluorescence intensity meas-
urements were performed using ImageJ*” (mean grey value) and expressed as mean + standard deviation. Image
processing was carried out with Image] using merged channels plugins and restricted to minor adjustment of
brightness and contrast.

Total cholesterol quantification was performed according to previous studies”’. Therefore, total lipid extrac-
tions from B. besnoiti-infected (12, 24 and 48 h p. i.) and control BUVEC (n = 6) were executed in hexane:iso-
propanol®. The cells were washed twice with ice-cold PBS, trypsinized, washed again (400 x g, 10min) and total
cell numbers were counted using a Neubauer chamber. Hexanesisopropanol (3:2, v/v) was added to the cell pel-
let. Cells were disrupted for 10 min in Tissue Lyser (Qiagen) using stainless steel beads. After centrifugation
(8,000 x g, 1 min) the supernatants were collected. The extraction was repeated once for each sample. Combined
supernatants were dried manually under liquid nitrogen stream. The total lipid extracts were reconstituted in
500 uL isopropanol:NP40 (9:1; all Roth) and sonicated in a water bath (RT, 30 min). 5 L of each sample were
pre-treated with catalase [(5pL of 0.5 mg/mL; Sigma-Aldrich) in 40 uL of 1X reaction buffer (37°C, 15min)]
in 96-well black clear-bottom plates (Greiner Bio-One) to reduce background fluorescence of peroxides in the
solvents”, before the enzyme cocktail of the Amplex Red Cholesterol Assay Kit (Life Technologies) was added.
50 L of enzyme mixture (0.1 M potassium phosphate buffer, pH 7.4; 0.25 M NaCl, 5mM cholic acid, 0.1% Triton
X-100, 0.3U/mL cholesterol oxidase, cholesterol esterase, 1.3 U/mL HRP, and 0.4 mM ADHP) were added and
incubated at 37 °C for 15 min. Cholesterol standard (10, 5, 2.5, 1.25, 0.625 and 0.325 uM; Sigma-Aldrich) and
blanks (solvent only) were included in every experiment. Resorufin formation was measured by fluorescence
intensities (excitation wavelength of 530 nm, emission wavelength of 580 nm) in the Varioskan Flash Multimode
Reader (Thermo Scientific). Total cholesterol of the samples was extrapolated to the values of the cholesterol
standard and the total cholesterol content of each sample was normalized to its total cell number counts.

Lipid droplet and neutral lipid staining and quantification. For staining of intracellular stages
(24h p. i), BUVEC were grown on coverslips and infected, whilst tachyzoite stages were directly dropped onto
poly--lysine-coated coverslips. Specimens were washed in PBS, fixed in 4% paraformaldehyde (10 min, RT),
washed thrice in PBS and incubated in 1% glycine PBS (10 min, RT) to quench non-specific signals, followed
by three washes in PBS. For neutral lipid and lipid droplet visualization, cells were stained with Nile Red (10 g/
ml, Sigma-Aldrich, 10 min, 37°C, in the dark) or with Bodipy 493/503 (1 pg/mL, Life Technologies; 10 min, RT,
in the dark), respectively. All samples were washed with PBS, mounted in Fluoromount-G mounting medium
(Invitrogen) and analysed using an inverted fluorescence microscope (IX81, Olympus). Single cell (n=20)
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fluorescence intensity measurements were performed using Image]*” (mean grey value) and expressed as
‘mean + standard deviation. Image processing was carried out with ImageJ using merged channels plugins and
restricted to minor adjustment of brightness and contrast.

For neutral lipid quantification, infected BUVEC layers (MOI = 3:1) were stained with Nile Red. The mean
fluorescence intensities per area of single infected (1 =20) and non-infected single cells (1 =20) were esti-
mated applying identical experimental conditions using an inverted fls e (IX81, Olympus).
Fluorescence intensity measurements were performed using Image]*’ (mean grey value) and expressed as
‘mean = standard deviation. For lipid droplet quantification, B. besnoiti-infected (MOI =3:1 and 4:1) and con-
trol BUVEC (n=3) were trypsinized at 12 and 24 h p. i. and pelleted (400 x g, 3min, 4 °C). Resuspended cells
were stained with Bodipy 493/503 (10 min, on ice) and washed twice with 1 ml PBS (400 x g, 3min, 4°C). The
cells were transferred to 5-ml FACS tubes (BD Biosciences) containing 200 ul PBS and were processed in a
FACSCalibur flow cytometer (BD Biosciences) by laser excitation at 488 nm (FL1-H channel). Flow cytometry
data were acquired by the BD Cell Quest Pro software as previously reported (Hamid et al.?’).

Chol | and LDL suppl For hol 1 1 ion.
cholesterol and desmosterol (both Sigma-. Aldnch) dlssolved in ethanol* were added to BUVEC cultures (n=3)
at 5puM final concentration at the time point of B. besnoitia infection. Additionally, cholesterol enrichment was
performed by supplementation of cholesterol-M3CD (Chol-MBCD; Sigma-Aldrich)-complexes in basal medium
(PromoCell) lacking FCS (Chol-MBCD; 0.3 mM, 30 min, 24 h and 60 min prior infection). For the preparation of
Chol-MBCD complexes (stock solution 10mM), cholesterol was solved in MBCD water solution (40 mg/mL) at
30°C, overnight, with constant agitation.

For LDL enrichment, non-modified LDL (Sigma-Aldrich, 10 mg/mL final concentration), acetylated LDL
(acLDL; Life Technologies, 10 mg/mL final concentration) and oxidized LDL (oxLDL; Life Technologies, 2.5 mg/
mL final concentration) were supplemented 24 h before B. besnoiti infection and ongoing until the end of the
experiments.

To estimate the effect of
Pp. i. by quantitative PCR.

on parasite proliferation, tachyzoite numbers were estimated 48h

Lipid droplet enrlchment. To aruﬁclally enhance lipid droplet formation in host cells, oleic acid (OA;
Sigma-Aldrich) wat din BSA i lexes to the cell culture medium according to Martin
and Parton®®. Direct conjugation was performed by mixing oleic acid-free BSA (fraction V, Roth) with oleic
acid at the molar ratio of 6:1 (oleic acid:BSA). Prior to infection, an induction step was performed with culture
medium suplemented with 50 uM OA (1h, 37°C, 5% CO,). Parasites were allowed to infect BUVEC in non
suplemented cell culture medium for 4h. Then, medium was changed and OA was suplemented in a final con-
centration of 2.5 uM.

PCR-based ification of B. besnoiti tachyzoif Tachyzoite numbers were estimated via a quan-
titative PCR according to Cortes, et al.”®. Therefore, biological triplicates with technical duplicates were pro-
cessed. Firstly, cell culture supernatants containing fi leased ites (=extracellular tachyzoites) were

collected at 48 h p. i. and pelleted (600 x g, 15 min). In addition, the remaining host cells carrying not yet released
tachyzoites (=intracellular tachyzoites) were trypsinized and pelleted (600 x g, 15min). All cell/parasite pellets
were treated with 200}1L of cell lysis buffer containing 0.32 M sucrose, 1% Triton X-100, 0.01M Tris-HCI (pH 7.5),
5mM MgCl, and incubated in 100y:L 1X PCR buffer (Quanta) containing 20 L proteinase K (20 mg/mL; Qiagen)
at 56°C for 1 h. Proteinase K was heat-inactivated by heating the samples (95 °C, 10 min) and the DNA-containing
samples were frozen at —20°C until further use. Real-time PCR was performed in a total volume of 20 uL con-
taining 2L DNA of test samples, 400 nM of each primer, 200nM probe and 10 L PerfeCTa MasterMix (Quanta)
at the following cycling conditions: 95 °C for 10 min; 40 cycles at 95°C for 105, 60°C for 155 and 72°C for 30s.

Biochemical estimation of cholesterol esterification and of cholesterol-related sterols.  Pellets
of B. besnoiti-infected BUVEC and of non-infected control cells were dried in a Savant SpeedVac concentrator
(Thermo Fisher Scientific) for 24 h. Cholesterol, non-cholesterol sterols and oxysterols were extracted from dry
weight aliquots using Folch reagent (chloroform/methanol; 2:1 (v/v); with 0.25 mg BHT added per mL solvent)
per 10 mg dried cell pellets. Extraction was performed for 12 h at 4°C in a dark cold room. The extracts were kept
at —20°C until further use. One mL of the Folch was submitted to alkaline hydrolysis, extraction of the free sterols
and oxysterols, silylation to their corresponding (di)trimethylsilyl ethers prior to gas chromatographic separa-

tion and detection by mass selective detection (for hol, 1 sterols or usin

and the corresponding deuterium labelled oxysterols as internal standards, respectively) as described in detail
707!, The degree of ification of chol 1 was calculated from total (alkaline hydrolysis) and free

choles(eml (without alkaline is) conc ions using D6~ as internal standard.

Inhibitor treatments. For inhibitor treatments, blockers of cholesterol esterification (CI976,
Sigma-Aldrich), of fatty acid synthase (C75, Sigma-Aldrich) and of HMC-CoA reductase (lovastatin,
Sigma-Aldrich) were used at concentrations of 2.5, 5, 10 and 20 uM”%. Additionally, zaragozic acid (inhibi-
tor of squalene synthase) was used at 15, 30 and 60 uM concentration. Viability assays were performed with
non-infected BUVEC (n=3) for all inhibitors in all mentioned concentrations for 72h (CyQUANT XTT Cell
Viability Assay, Invitrogen; Supplementary Fig. 3), according to manufacture instructions. For blacking experi-
ments, BUVEC (n=3) were grown to 80% confluency. Inhibitors were supplemented to the cell culture medium
24 prior to parasite infection and from 4h p. i. ongoing. For B. besnoiti infections, the medium was removed,
BUVEC were washed once with PBS and tachyzoites were added to the cells (MOI = 4:1) in inhibitor-free
medium. Four h p. i. the medium was removed and replaced by inhibitor-supplemented medium. 48 h after
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Table 2. Sequences of primers and probes used in real-time gPCR.

infection, the numbers of tachyzoites being present in cell culture supernatants were counted in a Neubauer
chamber. Non-treated (medium only) and solvent (DMSO, acetone or ethanol)-treated, B. besnoiti-infected
BUVEC were equally processed and served as negative controls.

RT- qPCR for the relative quantification of LDLR andLOX-1 mRNAs. BUVEC (n=3) grown
in 25 cm? culture tissue flasks were infected with freshly isolated B. besnoiti tachyzoites (MOI =5:1). B.
besnoiti-infected and control BUVEC were equally processed for total RNA isolation at different time points of
parasite proliferation (3, 6, 12, 24h p. i.). For total RNA isolation, the RNeasy kit (Qiagen) was used according
to manufacturer’s instructions. Therefore, BUVEC were lysed within the cell culture flasks with RLT lysis buffer
(600uL/25 cm? flask) and processed as proposed by the manufacturer including an on-column DNase treatment.
Total RNAs were stored at —20°C until further use. The quality of total RNA samples was controlled on 1% aga-
rose gels. In order to remove any genomic DNA leftover, a second DNA digestion step was performed. Therefore,
1pg of total RNA was treated with 10 U DNase [ (Thermo Scientific) in 1x DNase reaction buffer (37°C, 1h).
DNase was inactivated by heating the samples (65°C, 10 min). The efficiency of genomic DNA digestion was
verified by including no-RT-controls in each RT-qPCR experiment. cDNA synthesis was performed using the
SuperScript 111 First-Strand Synthesis System (Thermo Fisher Scientific) according to manufacturer’s instruc-
tions with slight modifications. 1jig of DN: d total RNA was added to 0.5 L. of 50 ;1M oligo d(T), 1L of
50 ng/pl random hexamer primer, 1 uL of 10mM dNTP mix and DEPC-treated water was adjusted to 10 uL total
volume. The samples were incubated at 65 °C for 5min and then immediately cooled on ice. For first strand cDNA
synthesis, 2uL of 10x RT buffer, 4pL 25mM MgCl, 2pL 0.1 M DTT, 1 uL RNaseOUT (40 U/uL, Thermo Fisher
Scientific), 0.5 uL SuperScript I1I enzyme (200 U/uL) and 0.5 uL. DEPC-treated water were added and the samples.
were incubated at 25°C for 10 min followed by 50°C for 60 min and a 85 °C-inactivation step for 15 min.
Primers (MWG Biotech) and probes used for qPCR are shown in Table 277. Probes were labelled at the
5/-end with a reporter dye FAM (6-carboxyfluorescein) and at the 3'end with the quencher dye TAMRA
qPCR was performed ona Rotor-Gene Q Thermocycler (Qiagen)
in duplicates in a 10 uL total volume containing 400nM forward and reverse primers, 200nM probe, 10ng cDNA and
5uL 2x PerfeCTa qPCR FastMix (Quanta Biosciences). The reaction conditions for all systems were as follows: 95°C
for 10min, 40 cycles at 95°C for 105, 60°C for 15 sand 72°C for 30s. No-template controls (NTC) and no-RT reactions
were included in each experiment. As reference gene GAPDH was sed as previously reported” 7" Analyses of lhe
GPCR data used the comparative AAC; method” and reported as n-fold g B. b
BUVEC with non-infected controls after normalizing the samples by the GAPDH reference gene.

Protein extraction. For protein extraction, B. besnoitia-infected and non-infected BUVEC isolates
(n=13) were washed in PBS to remove any medium traces, trypsinized and pelleted (600 x g, 10 min). Proteins
were extracted by homogenizing the cell pellets in RIPA buffer [50 mM Tris-HCI, pH 7.4; 1% NP-40; 0.5%
Na-deoxycholate; 0.1% SDS; 150 mM NaCl; 2mM EDTA; 50mM NaF (all Roth)] in the presence of a protease
inhibitor cocktail (Sigma-Aldrich). The homogenates were centrifuged at 10,000 x g for 10min at 4°C to sedi-
ment intact cells and nuclei. The supernatants were stored at —80°C until further use. The protein content was
quantified via Coomassie Plus (Bradford) Assay Kit (Thermo Scientific) following the manufacturer instructions.

SDS-PAGE and Western Blotting.  The samples were denatured using 6 M urea loading buffer and heated
for 5min at 95°C. Fifty ug of total protein were loaded per slot and run in 12% polyacrylamide gels (120 V;
1.5h)”. After electrophoretic separation, the proteins were transferred to a polyvinylidene difluoride (PVDE)
membrane (Millipore) (200mA, 2h). Blots were blocked with 3% BSA in TBS containing 0.1% Tween (Sigma)
for 1hat RT and then incubated overnight in primary antibody solutions (see Table 3). Vinculin expression was
used as a reference for the normalization of the samples. After washing in TBS containing 0.1% Tween (thrice,
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Vincul anta Cruz se-73614

ACAT-1 Sigma-Aldrich | AV54278 | Rabbit | 1:100
Primary antibodies | ACAT-2 Abcam ab66259 | Rabbit | 1:250

CH25H Abcam ab133933 | Rabbit | 1:250

LDLR Santa Cruz Sc-18823 | Mouse | 1:500

Goat anti-mouse

IgG Peroxidase | Pierce 31430 Mouse | 1:40,000

conjugated

Goat anti-rabbit

IgG Peroxidase | Pierce 31460 Rabbit | 1:40,000

conjugated

Table 3. List of antibodies used for Western blot and surface expression assays.

5min), blots were incubated in secondary antibody solutions (30min, RT). Signal development was accomplished
with an enhanced chemiluminescence detection system (ECL plus kit, GE Healthcare) and signal strength was
determined in a ChemoCam Imager (Intas Science Imaging). Protein sizes were controlled by a protein ladder
(PageRuler Plus Prestained Protein Ladder ~10-250kDa, Thermo Fisher Scientific).

Quantification of LDLR and LOX-1 expression. The surface expression of LDLR and LOX-1 was esti-
mated in infected and non-infected BUVEC applying a flow cytometry-based technique according to Hamid et
al?”. Therefore, BUVEC were infected with B. besnoiti tachyzoites (MOI 5:1). One day before infection, the cells
were cultured in medium with lipoprotein-deficient serum (LPDS, 10%, Sigma-Aldrich). For measurements,
medium was removed and cells were detached using accutase (Sigma-Aldrich) treatment (37 °C, 5 min) after a
washing with PBS. Cells were pelleted (400 x g, 5min, 4°C) and incubated in anti-LDLR monoclonal (1:25, RT,
1h; Antibody Online, ABIN235770) or anti-LOX-1 polyclonal (1:500, RT, 1h Bioss Antibodies, bs-2044R) anti-
body solutions. After centrifugation (400 x g, 5min, 4°C), the cells were washed twice in PBS/0.01% NaN; and
incubated in secondary antibody solutions (1:40,000, 30 min, in the dark; Table 2). Secondary antibody controls
were included in each experiment for signal normalization. After incubation, cells were washed thrice (400 x g,
5min, 4°C), resuspended in 100L PBS, transferred to 5 mL-FACS tubes (Greiner Bio-One) containing 200 uL
of 1x PBS and processed in a FACSCalibur™ flow cytometer [Becton-Dickinson, Heidelberg, Germany; FL1-H
channel (red)]. Data were acquired using the Cell Quest Pro (Becton-Dickinson) software.

Additionally, the expression of LOX-1 in B. besnoiti-infected BUVEC and non-infected control cells was deter-
mined by a commercially available bovine ELISA kit (DL-Develop). Therefore, BUVEC (1 = 3) were grown to
subconfluency in 75cm? cell culture flasks (Greiner) and infected at an MOI of 5:1 with freshly collected B. bes-
noiti tachyzoites. Cells were harvested at different time points p. i. (12, 24, 36h p. i.) according to manufacturer’s
instructions. Briefly, after washing with PBS, the cells were trypsinized and pelleted (400 x g, 12min). Cell pellets
were washed thrice with PBS and the number of cells per sample was determined microscopically before ultra-
sonication treatment (3 times for 20, on ice). Samples were centrifuged at 1,000 x g (15 min, 2-8°C) to remove
cell debris and the supernatants were stored at —20°C until being processed by the ELISA kit.

Live cell 3D holotomographi: microscopy. BUVEC (n=3) were seeded into 35 mm tissue culture
y-dishes (Ibidi®), grown overnight and infected with freshly released B. besnoiti tachyzoites (MOI 3:1). At 24h p. 1.,
hololomographlc images were obtained by using 3D cell-explorer microscope (Nanolive 3D) equipped with a 60x

(\=520nm, sampl, . 2mW/mm?) and a depth of field of 30 pm®. For lipid droplet visu-
alization, cells were stained with Bodipy 493/503 (1 pg/mL, Life Technologies; 3 h, 37 °C, in the dark). After incu-
bation, medium was changed. Live cell 3D holotomographic microscopy and analysis of Bodipy 493/503-based
fluorescence was performed in parallel to prove the identity of lipid droplets. A total of 50 lipid droplets were
measured for their refractive index to obtain marker values for these organelles in BUVEC. Images were analysed
using STEVE software (Nanolive) to obtain a refractive index-based z-stack”” and digital staining was applied
according to the refractive index of the lipid droplets.

Statistical analysis. Statistical analyses were performed with the statistical program package BMDP”* or
with GraphPad Prism. In all cases, data revealed as normally or log-normally distributed (verified by residual anal-
ysis) and parametric statistical methods could be applied. Data description was performed by presenting arith-
‘metic mean = standard deviation for not log-transformed data, by geometric mean and standard deviation for
log-transformed data or as n-fold changes relative to the controls. Depending on the design of the experiment, some
data were analysed by one- or two-way analysis of variance (ANOVA) with repeated measures (program BMDP2V) to
test the effects of infection and/or i ion time, dose of the inhibitor or cell ratio. If only one time point was consid-
ered, the analysis could be reduced to  t-test for dependent samples (program BMDP3D). In the case of a hierarchical
design of the experiments incorporating more than one random factor (e. 8 BUV'EC and repllcallon) a general mixed

(glmm) with equal sampl P8V) was ap post hoc pairwise multi-
ple comparison tests succeeded the global i by ANOVA bemg d either by Student-Newman-Keuls
method (SNK-test) or by i-Holm method Il ily-wise error rate, or even byt-test. The out-

comes of the statistical tests were considered to indicate slgmﬁcanl dlfferences ‘when p <0.05 (significance level).

SCIENTIFICREPORTS| (2019) 9:6650 | https://doi.org/10.1038/541598-019-43153-2 15

37



Besnoitia besnoiti infection alters both endogenous cholesterol de novo
synthesis and exogenous LDL uptake in host endothelial cells

www.nature.com/scientificreports/

Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information Files).
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ARTICLE INFO ABSTRACT

Obligate intracellular apicomplexan parasites are considered as deficient in cholesterol biosynthesis and sca-
venge cholesterol from their host cell in a parasite-specific manner. Compared to fast proliferating apicomplexan
species producing low numbers of merozoites per host cell, (e. g. Toxoplasma gondi), the macromeront-forming

Keywords:
Cholesterol metabolism
Apicomplexan parasites

o e protozoa Eimeria bovis is in extraordinary need for cholesterol for offspring production (= 170,000 merozoites I/
O'Ld:ii';‘;‘“ cholesterol biosynthesis ‘macromeront). Interestingly, optimized in vitro E. bovis merozoite I production occurs under low foetal calf
P,,;mmmls serum (FCS, 1.2%) supplementation. 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% FCS) and non-optimized (10% FCS) cell culture conditions. Therefore, several sterols
indicating endogenous de novo cholesterol synthesis, cholesterol conversion and sterol uptake (phytosterols)
lyzed via GC-MS-based hes. Overall, enhanced levels of phytosterols were detected

in both FCS conditions indicating infection-triggered sterol ptake from extracellular sources as a major pathway
of sterol acquisition. induction of cholesterol synthesis based on in-
G el 6 aBinds leanc) precursors was only observed in case of optimized parasite proliferation
indicating a parasite proliferation-dependent effect. Considering side-chain oxysterols, 25 hydroxycholesterol
levels were selectively found increased in E. bovis-infected host cells, while 24 hydroxycholesterol and 27 hy-
droxycholesterol contents were not significantly altered by infection. Exogenous treatments with 25 hydro-
and 7 revealed significant adverse effects on E. bovis in-

tracellular 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. 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 acquisition of cholesterol sources.

1. Introduction parasites since it may produce more than 170,000 merozoites I per
‘macromeront during first meragony. Corresponding life cycles with

Apicomplexan parasites represent an important group of protozoan ‘macromeront formation in host endothelial cells are also known for

pathogens that strictly develop and proliferate intracellularly and affect
both, humans and animals. During specific phases of their asexual re-
plication, apicomplexan species differ significantly in their develop-
mental behavior, since some replicate fast (mainly within 24-48 h) and
produce rather low numbers of merozoites (e. g. Toxoplasma gondii:
32-64 tachyzoites) whilst others undergo a slow proliferation process
over several weeks but end up with the production of > 1000-fold
offspring specimen compared to fast proliferative species. In this con-
text, the pathogenic species Eimeria bovis, which causes cattle cocci-
diosis worldwide, represents one of the most prolific apicomplexan

* Corresponding author.

other pathogenic ruminant Eimeria species, such as E. zuerni, E. nina-
E. arloingi, E. chri E. cameli, E. ii and E.

bakuensis.

Considering the broad spectrum of apicomplexan parasites, transi-
tional characteristics apply for several species. For their intracellular
replication, these parasites are in need for energy and building blocks
and, especially during multiplication process, they have a high demand
for cholesterol for offspring membrane synthesis. Correspondingly,
enhanced total cholesterol contents were demonstrated for E. bovis-in-
fected endothelial host cells [1]. However, apicomplexan parasites are
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generally considered as defective for de novo synthesis and
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need to scavenge cholesterol from their host cells as already shown for
several species, such as T. gondii, Neospora caninum, Cryptosporidium
parvum, E. bovis or Plasmodium spp. [1-6]. To provide intracellular
parasites with sufficient cholesterol, the host cell may either enhance its
endogenous de novo synthesis or upregulate LDL-mediated cholesterol
uplake from extracellular sources. So far, several reports indicate that

isition occurs in a p: ific or even host cell
type-specific manner. Thus, T. gondii scavenges cholesterol via en-
hanced LDL-uptake but not via induction of de novo synthesis in CHO
cells [2] whilst the LDL trafficking pathway was not subverted in T.
gondii-infected macrophages [7]. The closely related parasite N. ca-
ninum mainly relies on lipoprotein uptake [6] and in C. parvum-infected
intestinal epithelial cells cholesterol requirements were mainly fulfilled
via infection-induced LDL uptake but an additional, although modest,
contribution of endogenous cholaeterol synl.hesxs was also ohserved
since with i parasite proli

and of host cellular sterol uptake from exo-
genous sources. Additionally, a proliferation-dependent effect of E.
bovis infections on endogenous host cellular cholesterol synthesis was
observed. These data strengthen the hypothesis that E. bovis has an
extraordinary need for cholesterol for successful parasite replication
and that this parasite indeed difers significantly inits metabolic actions
and from fast i parasites.

2. Material and methods
2.1. Parasites

Current E. bovis strain H was initially isolated from the field in
Northern Germany and since then maintained by passages in parasite-
free male Holstein Frisian calves. All animal procedures were per-
formed according to the Justus Liebig University (JLU) Giessen Animal
Care Committ idelines, approved by the Ethic Commission for

[31. Plasmodium spp. in principle utilizes both pathways of cholesterol
acquisition in hepatic stages, but none of these appeared essential for
successful parasite replication [5]. So far, Dnly a few data are available
on slowly but highly proli i 2! species. In
this context, E. bovis is one of the top candidates since it exhibits an
enormous replicative capacity during first merogony and resides for up
to a month within its endothelial host cell for development in vivo. In
contrast to T. gondii as fast proliferating parasite triggering either
pathway [2,7], E. bovis appears to exploit both cellular pathways of
cholesterol acquisition at a time, since several molecules being asso-
ciated with the endogenous de novo biosynthesis pathway and of LDL-

Experimental ~ Animal  Studies of the State of Hesse
(Regierungsprésidium Giessen, GI 18/10 No A37/2011, JLU-No. 494)
and are in accordance to the current German Animal Protection Laws.

For oocysts production, calves were orally infected at an age of 8
weeks with 3 x 10* sporulated E. bovis oocysts. The oocysts were iso-
lated from the faeces beginning 18 days p. i. according to Jackson [22].
Oocyst sporulation was achieved by incubation in a 2% (w/v) po-
tassium dichromate (Merck) solution at room temperature (RT) with a
constant influx of O, via an aquarium pumping system. Sporulated
oocysts were stored in 2% (w/v) potassium dichromate solution at 4 °C
until further use (but for a maximum of 12 months). For sporozoite

mediated cholesterol uptake were found on
a level in infected host cells [1,8]. In addi-
tion, inhibitor treatments interfering with key molecules of endogenous
cholesterol synthesis confirmed the pivotal role of this acquisition mode
in E. bovis-infected cells and significantly blocked parasite proliferation
[9]. Simultaneously, an enhanced LDL uptake via increased LDL re-
ceptor surface abundance was shown for E. bovis-infected endothelial

cystation, the oocysts were suspended in sterile 0.02M L-cysteine
HCI/0.2 M NaHCOj; solution and incubated for 20h in a 100% CO
atmosphere at 37 °C. Then oocysts were pelleted (600 x g, 15 min,
20°C) and resuspended in Hank’s balanced salt solution (HBSS; Gibco)
containing 0.04% (w/v) trypsin (Sigma-Aldrich) and 8% (v/v) sterile
filtered (0.2 um filter; Sarstedt) bovine bile obtained from the local
abattoir. The oocysts were incubated for up to 4h (37 °C, 5% CO; at-

host cells and excess LDL supply boosted parasite [

Since too high free cholesterol concentrations are toxic for mam-
malian cells [10], excess cholesterol entails an enhanced need for bio-
chemical conversion of these molecules in apicomplexan-infected host
cells. Consequently, cholesterol molecules are either recycled to the
membranes or converted, e. g. by oxysterol formation or cholesterol

C increased icati

ities were detected in T. gondii-infected cells [11] and gene transcripts
of sterol O-acyl 1 (SOAT1) ester-
ification were found significantly enhanced in E. bovis-infected host
cells [1]. Furthermore, biochemical blockage of cholesterol esterifica-
tion or the absence of cholesterol esterifying enzymes led to diminished
parasite proliferation proving the pivotal role of cholesterol conversion
for optimal apicomplexan parasite development [9,111. Since choles-
teryl esters are generally stored in cellular lipid droplets, enhanced
levels of these organelles were consistently reported in different api-
complexan-infected host cells [1,2,11-18]. Referring to oxysterol for-
mation, first indications on enhanced activities were given on a tran-
scnpuonal level in E. bovu infected endothelial cells since the mRNA

1 25 ing 25 hydro-
xycholesleml synthesis was found increased in infected host cells [1,8].
is as a major antiviral
molecule in several virus infections [19], but also has cholesterol-
homeostatic and cell signaling properties [20,21]. However, no detailed
25 hydroxycholesterol-related data are available on apicomplexan in-
fections, so far.

The aim of the current study was to analyze the host cellular profile
of diverse cholesterol-related sterols in E. bovis-infected primary bovine
endothelial host cells at both, parasite proliferation-boosting conditions
and suboptimal conditions to directly mirror the actual metabolic si-
tuation. Current data confirm an infection-triggered enhancement of

activ-

, 25 hydr
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mosphere) under control. Free were washed
twice in cell culture medium, (M199; Sigma-Aldrich), passed through a
10um pore-size filter (pluriStrainer, PluriSelect, Life Science) and
counted in a Neubauer chamber. For primary bovine umbilical vein
endothelial cell (BUVEC) infection, the sporozoites were resuspended in
cell culture medium. For sterol analyses sporozoites were pelleted
(10 x 10%/per sample, 850 x g, 5min), frozen in liquid nitrogen and
stored at -80 °C until further use.

2.2. Host cells and E. bovis host cell infections

Primary bovine endothelial cells (BUVEC) were isolated according
to Jaffe et al. [23]. Therefore, umbilical cords were collected under
aseptic conditions from animals born by sectio caesaria and kept at 4°C
in 0.9% HBSS-HEPES buffer (pH 7.4, Gibco) supplemented with 1%
penicillin (500 U/ml, Sigma-Aldrich) and streptomycin (50 ug/ml,
Sigma-Aldrich) until use. For the isolation of endothelial cells, 0.025%

type I ( : 5 - jon)
in Pucks solution (Gibco) was infused into the lumen of the ligated
umbilical vein and incubated for 20 min at 37°C in 5% CO, atmo-
sphere. After gently massaging the umbilical vein, the cell suspension
was collected in cell culture medium and supplemented with 1 ml fetal
calf serum (FCS, Gibco) in order to inactivate the collagenase type IL.
After two washings (350 xg, 12 min, 20°C), cells were resuspended in
complete endothelial cell growth medium (ECGM, PromoCell, supple-
mented with 10% FCS), plated in 25 cm? tissue plastic culture flasks
(Greiner) and kept at 37 °C in 5% CO, atmosphere. BUVEC were cul-
tured in modified ECGM medium (EGCM, PromoCell, diluted at 30% in
M199 medium and supplemented with 10% FCS, 1% penicillin and
streptomycin (both Sigma-Aldrich) with medium changes every 2-3
days. BUVEG cell layers were used for infection after 1-2 passages in
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vitro. In case of reduced FCS conditions, the cells were cultured in
modified ECGM medium being supplemented with 1.2% FCS from days
-2 p. i. onwards.

For comparative analyses on merozoite I production, BUVEC were
cultured in 25 cm®flask formats under 1.2, 1.8 and 10% FCS condi-
tions, infected by 5 x 10° E. bovis sporozoites/flask and analyzed for
merozoite I production at day 20 p. i. by counting the parasite stages
present in the supernatants using a Neubauer chamber.

For comparative GC-MS-based sterol analyses, BUVEC layers (three
biological replicates with four technical replicates, each) were grown in
75 cm’-flask formats, supplemented with either 10% or 1.2% FCS and
infected at 80-90 % confluency with 1.5 x 10° E. bovis

Molecular & Biochemical Parasitology 223 (2018) 1-12

Germany). The PCR data were extrapolated to standard curves using
DNA from known numbers of merozoites 1.

2.5. SDS-PAGE and immunoblotting

For protein extraction, E. bovis-infected and non-infected BUVEC
isolates (n = 3) were washed in PBS to remove any medium traces,
trypsinized and pelleted (350 x g, 12 min). Proteins were extracted by
homogenizing the cell pellets in RIPA buffer (50 mM Tris — HCI, pH 7.4;
1% NP-40; 0.5% Na-deoxycholate; 0.1% SDS; 150 mM NaCl; 2mM
EDTA; 50 mM NaF, all Roth) in the presence of a protease inhibitor

flask. The culture medium was changed 24 h after parasite infection and
thereafter every third day. For cell harvesting at day 14 p. i., the
monolayers were treated with trypsin (Serva) buffer for cell detach-
ment. Then, the cells were washed twice in PBS (350 x g, 12 min, 20 °C),
resuspended in PBS, counted in a Neubauer chamber and aliquoted (107
cells/sample). The cell pellets were immediately frozen in liquid ni-
trogen and thereafter stored at -80 °C until further use.

2.3. Oxysterol treatments of E. bovis sporozoites and E. bovis-infected host
cells

adverse effects of 25 hydro-

or 7 on BUVEC
proliferation or vitality were controlled via XTT tests. Overall, 5 M
concentration of all three oxysterols revealed as non-cytotoxic and was
chosen for exogenous BUVEC treatments. Thus, 25 hydroxycholesterol,
27 hydroxy or 7 (all Cayman Chemical
Company) were supplied to E. bovis-infected BUVEC cul-
tures (12-well formats; biological triplicates, technical duplicates) in
two experimental settings: i) beginning with one day p. i. (= soon after
sporozoite invasion) or ii) beginning with 10 days p. i. (= onset of
parasite ). Solvent (ethanol d cultures served as
controls. In general, BUVEC monolayers were always controlled mi-
croscopically during inhibition experiments for adverse effects and only
confluent monolayers were included in the experiments. As read-out
parameters for oxysterol effects on parasite development, the number
and size of macromeronts were estimated using the

In preliminary experiments,
27

cocktail (Sigma-Aldrich). The were centrifuged at 10,000
x g for 10min at 4°C to sediment intact cells and nuclei. The protein
content was quantified via Coomassie Plus (Bradford) Assay Kit
(Thermo Scientific) following the manufacturer’s instructions. For im-
‘munoblotting, samples were supplemented with 6 M urea. After boiling
(95°C) for 5 min, 50 g of total protein were loaded per slot on 12%
polyacrylamide gels (120 V, 1.5 h). The proteins were then transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore). Blots were
blocked with 3% BSA in TBS containing 0.1% Tween (blocking solution;
Sigma-Aldrich) for 1h at RT and then incubated (overnight at 4°C) in
the primary antibodies diluted in blocking solution. The detection of
vinculin was used as a loading control for the normalization of the
samples (sc-73614). For cholesterol 25 hydroxylase detection, we used
a specific rabbit polyclonal antibody raised against an internal region of
the CH25H protein (sc-135228). As secondary antibodies, goat anti-
mouse IgG and goat anti-rabbit IgG (both peroxidase-conjugated,
Pierce, order No. 31,430 and 31460, respectively) were used and in-
cubated for 30 min at RT. Detection was accomplished with an en-
hanced chemiluminescence detection system (ECL plus ki, GE

and signal P! was i in a ChemoCam
Imager (Intas Science Imaging). Protein sizes were controlled by a
protein ladder (PageRuler Plus Prestained Protein Ladder ~10-
250 kDa, Thermo Fisher Scientific). Band intensity was
analyzed using Fiji Gel Analyzer plugin.

26 Quantification of cholesterol-related sterols and of cholesterol
in E. bovis-infected BUVEC

CellSens software (Olympus) at days 15 and 19 p. i., respectively.
Additionally, merozoite I production was quantified at 24 days p. i. via
MIC-4-based qPCR. Therefore, the BUVEC layer was detached via
trypsin treatment and pelleted together with the respective supernatant
(12min, 350 x g). After washing twice with PBS (850 x g, 5min), DNA
from cell pellets was isolated by a commercial kit (DNeasy Blood and
Tissue kit, Qiagen) and subjected to MIC-4-based qPCR.

i d with 25

Atday 14 p. i, E. bovis-infected and non-infected control cells (three
biological replicates and four technical replicates, each) were analyzed
for the absolute content of plant sterols (campesterol, stigmasterol and
sitosterol), cholesterol precursors (lathosterol, lanosterol, dihy-
drolanosterol, desmosterol, and 7-dehydrocholesterol) and oxidative
metabolites, i.e. oxysterols (24, 25-, 27-, 7a-, 7B- and 4B-hydro-

In addition, freshly excysted were p
27 (all 5 uM)
or solvent (ethanol) for 60 min at 37 °C and thereafter used for BUVEC

and 7 keto ). Therefore, cell pellets were dried
in a SavantTM SpeedVacTM concentrator (Thermo Fisher Scientific,
Schwerte, Germany) for 24 h. All lipids containing free and esterified

infection. In the case of 25 1, time- (p
for 1, 2 and 3h) and concentration-dependent (5 and 10 M) pre-
were as above.

2.4. E. bovis microneme protein 4 (MIC-4)-based qPCR for merozoite I
quantification

DNA from E. bovis-infected cell cultures (24 days p. i.) was subjected
to E. bovis-specific MIC-4-based qPCR for merozoite I quantification.

sterols (plant sterols and cholesterol pre-
cursors) and oxysterols were extracted from dry weight aliquots using
Folch reagent (chloroform/methanol; 2:1 (v/v); with 0.25mg BHT
added per mL solvent) per 10 mg dried cell pellets. Extraction was
performed for 12h at 4 °C in a dark cold room. The extracts were kept at
-20 °C until analysis. One ml of the Folch extract was subjected to al-
Kaline hydrolysis in order to deconjugate esterified non-cholesterol
sterols and oxysterols. As described in detail previously [24,25], free
sterols and oxysterols were then extracted and silylation to their cor-

Real-time PCR was performed in a 20l total volume 0.8pl

(i ethers was . Thereafter, gas

(10 pM) Eb-MIC4 forward (5'—3’ CACAGAAAGCAAAAGACA) and re-
verse (53’ GACCATTCTCCAAATTCC) primers each, 0.4l (10 pM)
probe (reporter 5-3" quencher: FAM-CGCAGTCAGTCTTCTCCTTCC-
BHQ1), 5l DNA, 3yl H,0 dest. and 10 ul 2x PerfeCTa qPCR FastMix
(Quanta Biosciences, USA). The reaction conditions were as follows:
95 °C for 10 min, 40 cycles at 95 °C for 105, 60 °C for 155 and 72 °C for
30s. PCRs were performed on a Rotor-Gene Q cycler (Qiagen, Hilden,

44

and detection by mass selective detection
(for non-cholesterol sterols or oxysterols using epicoprostanol and the
corresponding deuterium labelled oxysterols as internal standards, re-
spectively) was conducted. The degree of esterification of cholesterol
was calculated from total (al f!er alkaline hydrolysis) and free cholesterol
(without alkaline ions using D as
internal standard.
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Number of merozoites

10 18 12 % FCS

c

2.7. Statistics

The results are illustrated as mean + STD for at least three in-
dependent experiments. One-way analyses of variance (ANOVA) with
Bartlett’s or Tukey’s test were performed using GraphPad Prism 7

Molecular & Biochemical Parasitology 223 (2018) 1-12

Fig. 1. FCS-dependent E. bovis merozoite I production in bo-
vine host endothelial cells.

Bovine umbilical vein endothelial cells (BUVEC, n = 3) were
cultured in cell culture medium containing 1.2%, 1.8% or 10%
FCS and infected with vital E. bovis sporozoites [exemplary
illustrations of infected BUVEC layers at day 17 p. i., cultured
under 1.2% (A) or 10% FCS (B); macromeronts are indicated
by arrows]. At 20 days p. i., the number of merozoite I was
estimated in each culture condition (C). * = p = 0.05.

Overall, cholesterol-related sterols were grouped as follows: (i}
phytosterols (campesterol, sitosterol and stigmasterol) that were taken
up from FCS-derived medium fractions and therefore served as in-
dicators of sterol uptake from exogenous sources; (i) molecules acting
as cholesterol precursors thereby serving as indicators of endogenous

software with a significance level of 5%. For the analysis of
precursors, oxysterols and esterified cholesterol data, two-tailed t-test
were used comparing the control vs. infected cells. The following in-
dications of significance were used in the figures: **** = p < 0.0001,
*% = p = 0,001, ** = p =00l * = p < 0.05.

3. Results

3.1. FCS-dependent E. bovis and infection-induced alteration
of extracellular sterol-uptake, endogenous cholesterol synthesis and
cholesterol conversion

cellular synthesis (1 lanosterol,
) (Gil) ites re-
indicators of and oxidative cell stress
27 hydroxyt

(24 hydroxyc 25 hydroxyt
7a 7

4P choles-
terol). In general, it has to be noted that different primary BUVEC
isolates showed varying qualitative and quantitative infection-triggered
of the ism. When idering the mean
of all BUVEC isolates the resulting high standard deviation sometimes
concealed significant reactions that were present on the single isolate
level.
All parasite cultures were analyzed at 14 days p. i, i. e. at a time
point when i E. bovis had already grown

FCS-dependent E. bovis culture confirmed that low FCS
were beneficial for E. bovis development and boosted merozoite I pro-
duction without affecting cell layer integrity (Fig. 1A, B). Thus, only
confluent BUVEC layers were included in the current experiments.

considerably but merozoites I were not fully formed yet. As expected,
the number of macromeront-carrying cells was relatively low (1.2%
FCS: 12.1 + 1.4%; 10% FCS: 11.5 + 1.5%) reflecting the typical in
vitro istics of E. bovis. However, it has to be

Overall, macromeronts being cultured at low (1.2%) FCS
had a slightly larger and especially thicker appearance (Fig. 1A) than
the more flat ones present at high (10%) FCS conditions (Fig. 1B).
Consistently, a significantly higher number of E. bovis merozoites I were
produced when using 1.2% FCS-supplemented cell culture medium
compared to 10% FCS (1.2% vs. 10%: 7.4-fold enhancement;
p = 0.0111) (Fig. 1C). Consequently, analyses on E. bovis-related sterol
profiles were conducted under these two different FCS conditions to
shed light on actual E. bovis requirements in the case of optimal growth
conditions. It has to be stated that this study does not aim to distinguish
between parasite- and host cell-derived metabolic actions but to con-
sider the infected host cell as a biological unit. It seems obvious that the
newly formed, intracellular merozoite I stages contain sterols. However,
since apicomplexan parasites are generally considered as defective in
cholesterol synthesis, these sterols have to be provided by the host cells

d infe induced ions of lated sterol contents
will primarily rely on host cell-driven reactions.

45

kept in mind that all effects measured here resulted from such a low
number of infected host cells.

The current sterol profile indicated an infection-triggered increase
of cellular sterol uptake from extracellular sources that occurred irre-
spective of FCS conditions (Fig. 2). Thus, all three phytosterols were
found significantly increased in their cellular content in E. bovis-in-
fected cell layers being cultured under 1.2% and 10% FCS (campesterol:
E. bovis/10% vs. control: p =0.0187, E. bovis/1.2% vs. control:
p = 0.0285, sitosterol: E. bovis/10% vs. control: p = 0.005; E. bovis/
1.2% vs. control: p = 0.0274; stigmasterol: E. bovis/10% vs. control:
.012; E. bovis/1.2% vs. control: p = 0.0218) (Fig. 2). As such, no
statistical differences in the phytosterol contents between infected cells
cultures in 1.2% and 10% FCS-supplemented medium were stated.
However, based on higher phytosterol contents in 10% FCS-supple-
mented control cells, the relative n-fold increase of campesterol (E.
bovis/1.2% FCS vs. control: 9.3-fold; E. bovis/10% FCS vs. control: 2.5-
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Fig. 2. Phytosterol contents in E. bovis-infected host cells.

Bovine umbilical vein endothelial cells were cultured in cell culture medium
containing 1.2% or 10% FCS and infected with vital E. bovis
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fold), sitosterol (E. bovis/1.2% FCS vs. control: 10.2-fold; E. bovis/10%
FCS vs. control: 3.9-fold) and stigmasterol (E. bovis/1.2% FCS vs. con-
trol: 7-fold; E. bovis/10% FCS vs. control: 4.1-fold) cellular contents was
higher in those conditions that supported improved parasite prolifera-
tion (1.2% FCS). Phytosteral:cholesterol ratios mirrored these data and
revealed a significant enhancement for campesterol-, sitosterol- and

i lated ratios in E. bovis-i d cells irrespective of the
FCS conditions but with higher n-fold increases found in those cells
cultured in 1.2% FCS (Table 1).

Referring to the induction of endogenous cholesterol synthesis, a
parasite proliferation-dependent effect was evident since under high
FCS (10%) conditions no difference in absolute cholesterol precursor
contents was detected between infected and non-infected host cells
(Fig. 3) whilst under low FCS conditions (1.2%), promoting optimal
merozoite I production (Fig. 1), several cholesterol precursors were
found to be upregulated in their absolute contents when compared to
respective controls or to infected cells cultured under high FCS condi-
tions. Thus, enhanced levels of lathosterol (3.3-fold and 5.5-fold com-
pared to non-infected controls and E. bovis/10% FCS cultures, respec-
tively), lanosterol (7.1-fold and 4.7-fold compared to non-infected
controls and E. bovis/10% FCS cultures, respectively), dihy-
drolanosterol (10.5-fold and 7.8-fold compared to non-infected controls
and E. bovis/10% FCS cultures, respectively), desmosterol (3-fold and
7.8-fold compared to non-infected controls and E. bovis/10% FCS cul-
tures, respectively) and 7 dehydrocholesterol (30.7-fold and 3.5-fold
compared to non-infected controls and E. bovis/10% FCS cultures, re-
spectively) were found indicating a parasite-driven induction of en-
dogenous host cellular cholesterol synthesis in times of boosted E. bovis
proliferation (Fig. 3). Unfortunately, the individual variation of primary
bovine endothelial cell isolates which were already observed between
non-infected BUVEC often hampered significant outcomes. Thus, sta-
tistically significant differences could only be stated for desmosterol (E.
bovis/1.2% FCS vs. controls: p = 0.0107). These reactions were also
reflected by sterol:cholesterol-ratios since n-fold change of cholesterol
precursor:cholesterol-ratios was higher between infected and non-in-
fected cells in case of low FCS conditions when compared to high FCS
conditions (Table 1). However, due to strong individual variations, the

of b ol-ratios in E. bovis-infected host cells

days p. i. E. bovis-infected BUVEC (grey bars) and non-infected control cells
(black bars) were harvested and subjected to GC-MS-based measurements of

proved statistically significant only in the case of 7 dehydrocholesterol
(p < 0.0001), nevertheless underlining the assumption that endogenous

cellular campesterol, stigmasterol and sitosterol contents. Arithmetic mean and
standard deviation of three biological with four technical replicates, each. ** =
p=00L,* = p=005

cholesterol synthesis is increased under parasite-boosting conditions.
The current data further indicated an enhanced conversion of cho-

lesterol in E. bovis-infected endothelial host cells. Thus, E. bovis-infected

cell layers experienced a significant, 2.5-fold increase of cholesterol

Table 1
Ratios of sterol/oxysterol to cholesterol in E. bovis-infected and non-infected BUVEC.

Molecule sterol:chol ratio n.i./1.2% sterokchol ratio E:b./1.2%  n-fold 1.2%  sterol:chol ratio ni/10% sterokchol ratio Eb./10%  n-fold 10%
FKS FKS FCS FKS FKS FCS
lanosterol 0687 + 0.403 1.979 + 0.714 288 0395 + 0.260 0524 = 0195 1.33
dihydrolanosterol 0.087 * 0.048 0.308 * 0.240 354 0045 * 0,020 0.067 * 0022 1.49
Tathosterol 9533 + 5474 18.330 + 9.862 192 3.001 + 1.296 3.206 + 0.631 1.07
7 dehydrocholesterol  0.049 * 0.046 4.227 * 7.008 85.60 0977 = 1.451 2597 * 3.837 266
desmosterol 2854 = 1.048 7.367 * 4.222 258 0729 + 0.362 0.788 = 0.280 1.08
7a hydroxycholesterol 0.094 * 0.019 0.240 * 0.110 256 0.134 * 0.036 0310 + 0104 232
24 hydroxycholesterol  0.233 = 0.054 0.201 = 0.063 086 0,073 + 0029 0.069 = 0.034 095
25 hydroxycholesterol  0.041 * 0.032 1911 * 1.382 46.93 0.028 = 0011 0341 = 0121 12.35
27 hydroxycholesterol  0.055 + 0.011 0.103 + 0.045 185 0,033 + 0.006 0.044 + 0018 1.32
4R cholesterol 0.064 * 0.006 0141 = 0.054 220 0,059 * 0.013 0.103 * 0042 176
78 cholesterol 0210 = 0.043 0.490 = 0.261 234 0.289 = 0.045 0.581 = 0243 201
7 keto cholesterol 2004 + 0638 3600 + 1.704 172 1736 + 0572 2245 + 0987 1.29
campesterol 0041 = 0016 0313 = 0.223 7.64 0123 * 0.052 0.243 = 0077 1.98
stigmasterol 0050 £ 0.006 0.303 + 0.122 601 0.069 + 0.037 0213 + 0036 307
sitosterol 0077 + 0.013 0.653 + 0.384 848 0.141 + 0074 0.387 + 0.036 274

Data in bold: data differ significantly from respective control data with p = 0.05.
Data in bold + italics: data differ significantly from respective control data with p < 0.01.
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Fig. 3. Cholesterol precursor contents in E. bovis-infected host cells.

Bovine umbilical vein endothelial cells were cultured in cell culture medium containing 1.2% or 10% FCS and infected with vital E. bovis sporozoites. At 14 days p. i.

E. bovis-infected BUVEC (grey bars) and non-infected control eells (black bars)
lanosterol, dihi and 7
replicates, each. * = p = 0.05.

esterification compared to non-infected controls (p = 0.0101; Fig. 4).
Due to restricted oocyst/sporozoite availability these analyses were
only performed at high (10%) FCS conditions. In addition, selective
side-chain oxysterol formation was detected in E. bovis-infected BUVEC:
whilst the cellular content of 24 hydroxycholesterol and 27 hydro-
y was not signifi altered, 25 was
found up-regulated in E. bovis-infected host cells cultured under both,
1.2% FCS (63.2-fold upregulation) and 10% FCS (15.2-fold up-regula-
tion) conditions (E. bovis/10% vs. control: p = 0.0239; E. bovis/1.2% vs.
control: p = 0.0569) (Fig. 4). Comparing the two different FCS condi-
tions in E. bovis-infected cells, 25 hy y was found 4.5-fold
increased in those FCS conditions (1.2%) that boosted merozoite I

were harvested and subjected to GC-MS-based measurements of cellular lathosterol,

351 contents. Arithmetic mean and standard deviation of three biological with four technical

Overall, 25 signified the most upregu-
lated molecule of the entire study. Oxysterol:cholesterol ratios cor
firmed the above described results and were found significantly in-
creased in E. bovis-infected host cells for both FCS conditions in the case
of 25 hydroxycholesterol (E. bovis/10% vs. control: p = 0.0164; E.
bovis/1.2% vs. control: p = 0.0011) whilst 24 hydroxycholesterol- and
27 hydroxycholesterol-related ratios were not significantly altered
(Table 1).

Besides side-chain non-en-
zymatically oxidized, ring-modified oxysterols indicating oxidative
stress reactions were also found upregulated in E, bovis-infected host
cell layers. It is worth noting that 7 ketocholesterol, 4B cholesterol, 7

1
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Bovine umbilical vein endothelial cells were cultured in cell culture medium containing 1.2% or 10% FCS and infected with vital E. bovis sporozoites. At 14 days p. i.
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oxysterol (25 hy 27 hydro-

on E. bovis i

Therefore, we here chose a fixed dose which is commonly

used and generally promotes control of several viruses in vitro, Overall,
27 and 7

all exhibited significant adverse effects on E. bovis devel-

opment and proliferation. Thus, the number and size of developing
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Fig. 5. Cholesterol 25 hydroxylase protein expression in E. bovis-infected host

Different bovine umbilical vein endothelial cell isolates (= BU) were infected
with vital E. bovis sporozoites. Protein extraction from E. bovis-infected BUVEC
was performed at days 0, 4, 8, 17, 22 and 24 p. i. The samples were analyzed for
cholesterol 25 hydroxylase protein abundance via immunoblotting and densi-
tometric analyses of the respective protein bands. Vineulin was analyzed as
reference protein for the normalization of the samples. For control reasons,
protein extracts of E. bovis sporozoites (= sporo) were analyzed in parallel. (A)
Exemplary blot of three BUVEC isolates (22 days p. i.), (B) quantitative as-
sessment of cholesterol 25 hydroxylase relative to vinculin expression in three
BUVEC isolates. **** = p = 0.0001; #** = p < 0.001.

cholesterol and 7a hydroxycholesterol were found almost equally in-
creased in bo!h FCS conditions. However, these reactions revealed

as well as the merozoite T production was significantly
decreased in treated cells when compared with solvent-treated controls
(Fig. 6). When infected cells were treated from 10 days p. i. onwards (i.
e. beginning with the onset of macromeront enlargement), the most
prominent effects were driven by 25 hydroxycholesterol leading to a
significant reduction of macromeront numbers [15 days p. i 80.5%
reduction, barely not significant (p < 0.0566), 19 days p. i.: 92% re-
duction, p < 0.0001] and sizes [15 days p. i: 76.5% reduction,
p = 0.0004, 19 days p. i.: 87.2% reduction, p < 0.0001] and to an al-
most total blockage of merozoite I production (98.7% reduction,
p < 0.0001) (Fig. 6). Slightly less pronounced effects were obtained by
27 hydroxycholesterol treatments [reduction of macromeront numbers:
75.9% at 15 days p. i. (p = 0.0899), 88% at 19 days p. i. (p = 0.0001),
reduction of size: 64% at 15 days p. i. (p = 0.003) and 83.5% at 19 days
p. i. (p <0.0001) and reduction of merozoite I production: 96.3%
(p < 0.0001)]. The least pronounced but still significant effects were
driven by 7 ketocholesterol treatments leading to a reduction of mac-
romeront numbers of 49.8% at 15 days p. i. (n. s.) and 62.5% at 19 days

. i. (p=0.0098) and of meront sizes [15 days p. i: 44.8%
(p = 0.0452) and 19 days p. i 63.8%(p < 0.0001) and to a reduced
merozoite I replication of 93.1% (p < 0.0001). Overall, treatment-in-
duced effects on macromeront sizes and numbers were found enhanced
with prolonged treatment duration in the case of 27 hydroxycholesterol
and 7 ketocholesterol treatments [7 days vs. 5 days of treatment: 27
hydroxycholesterol: p < 0.01 (meront size); 7 ketocholesterol: p < 0.01
(meront size) and p < 0.0001 (meront number)]. When oxysterol
treatments were started early after infection from day 1 p. i. onwards,

Nevertheless, enhanced

ratios reflected these results and proved in the

the effects on ‘were

case of 4p cholesterol (1.2% FCS: p = 0.0244) and were barely not
significant for 7a hydroxycholesterol (1.2% FCS: p = 0.0579) and 7
cholesterol (1.2% FCS: p = 0.0529; 10% FCS: p = 0.0663) (Table 1).

3.2. Cholesterol 25 hydroxylase protein expression is enhanced in E. bovis
infected host cells

25 hydroxycholesterol is well-known as a potent regulator of cho-
lesterol metabolism and additionally exhibits antiviral effects. It is

to from days 10 p. i. onwards, but Led to a total blockage of
merozoite I production (Table 2).
We further analyzed whether direct exogenous treatments of spor-
ozoites as infective stages influenced their infectivity. Short-term (1 h)
with 25 hydroxy , 27 hydro-
xycholesterol or 7 ketocholesterol prior to BUVEC infection had no
significant effects on sporozoite infectivity as illustrated in Fig. 7A.
Prolonged treatments were only performed in the case of 25 hydro-
xycholesterol. As expected, prolonged presence in an extracellular
condition led to reduced infectivity of sporozoites in both, treated and

treated

mainly via ac-
tivities. Given that 25 1 was the most
molecule in this study, we here analyzed whether cholestero] 25 hy-

(Fig. 7B). When were treated for 3h
with the higher dose of 10 uM 25 hydroxycholesterol (p = 0.027), a
slgmﬁcam but moderate decrease of parasite infectivity was observed

droxylase protein expression was increased in E. host
cells. d analyses on cell of E. bovis-
infected and control cells indeed showed a higher cholesterol 25 hy-
droxylase protein abundance in infected cells towards the end of mac-
romeront formation (Fig. 5). As also described in the murine and human
system [26], two protein bands with slightly differing masses were
detected via immunoblotting. According to Lund et al. [26] these dif-
ferent forms result from a different glycosylation status of the protein.
Interestingly, especially the lower protein band of cholesterol 25 hy-
droxylase was increasingly expressed at the late phase of infection and
was almost undetectable in non-infected control cells (Fig. 5;

3.3. Oxysterol treatments of E. bovis-infected cells block parasite
development and proliferation

Given that 25 was found sif enhanced
in its contents in E. bovis-infected BUVEC and may also be secreted into
the extracellular compartment [27], we here analyzed the effects of

49

in to sol d parasite stages (Fig. 7B).
4. Discussion

Apicomplexan parasite species differ considerably in their in-
tracellular replication modes depending on the genus, species or de-
velopmental stage and, in consequence, may favour different strategies
of cholesterol acquisition, e. g. for offspring membrane biosynthesis. In
the current study cholesterol-related sterol profiles revealed that the
slow proliferating species E. bovis partially follows a similar strategy of

ion as fast i ians since it induces
sterol uptake from exogenous sources but also differs considerably in its
strategy from fast proliferating species (i) by a simultaneous induction
of host cellular endogenous cholesterol synthesis in times of optimized
offspring production and (ii) by a selective upregulation of the side-
chain oxysterol 25 hydroxycholesterol.

As a simple but important finding we here demonstrated that
massive E. bovis merozoite I production in bovine endothelial host cells
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Fig. 6. Effects of 25 27 and 7 ketocholesterol treatments on E. bovis macromeront formation and merozoite I production.
Bovine umbilial vein endothelial cells (BUVEC; n = 3) were infected with E. bovis sporozoites. From 10 days p. i onwards, paraste cultures were reated with 25
or7 d cultures served as controls. At days 15 and 19 p. i. the number (A) and size (B) of
were estimated. Additi the number of merozoites I (C) in treated cultures and controls was analyzed via qPCR at 24 days p. i. Exemplary
illustrations of non-treated controls (D), 25 (E), 27 (F) and 7 d (G) BUVEC at 19 days p. i. **** =

= 0.0001; *** = p=<0.001; * = p=00L* = p= 005

depends on FCS supplementation of the medium in that sense, that, lipoproteins (mainly LDL) and may then be taken-up by the cells via the
unexpectedly, lower FCS contents boost offspring formation. This  LDL receptor (LDLR) or certain scavenger receptors [29-31]. Accord-

finding gave us the unique to test for lated  ingly, we recently reported on the upregulation of both, LDLR and the
sterols in conditions suboptimal and optimal for parasite replication. scavenger receptor OLR1 (syn. LOX1) in E. bovis-infected host en-
The phytosterols campesterol, sitosterol and stigmasterol represent dothelial cells during macromeront formation [1]. The pivotal role of

cholesterol analogs that are exclusive of plant dietary origin [28] and  exogenous cholesterol sources, mainly LDL, for optimal parasite pro-
are derived from FCS-enriched media via the herbivore nutrition of ~liferation was also demonstrated for other apicomplexan parasites, such

cattle. Thus, phytosterols are commonly accepted as indicators of cel- as T. gondii, N. caninum or C. parvum [2,3,6] and appears an important

lular sterol uptake from the extracellular environment [28-30]. Trre-  strategy of sterol supply that is exploited in a species-specific and host

spective of FCS supplementation, all three plant sterols were sig-  cell-specific manner. Thus, hepatic Plasmodium spp. stages or . gondii

nificantly enhanced in E. bovis-infected endothelial host cells indicating in do not rely on LDL for re-

that the basic infection-driven needs for cholesterol are primarily sa-  plication [5,7], whilst T. gondii tachyzoites replicating in CHO cells [2]

tisfied via sources. Pl are via or C. parvum merozoite formation in epithelial cells [3] indeed need
9
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Table 2

Relative reduction of E. bovis macromeront numbers, size and merozoite I
production by 25 hydroxycholesterol, 27 hydroxycholesterol and 7 ketocho-
lesterol treatments from day 1 p. i. onwards.

treatment reduction (%) of reduction (%) of  reduction (%)

Molecular & Biochemical Parasitology 223 (2018) 1-12

sufficient in these conditions to satisfy the parasite needs for massive
merozoite | symhesns lnteresungly, the parallel induction of borh
modes of ct i e of 1

synthesis and exogenous sterol uptake, improved parasite development
and boosted merozoite 1 production to a significantly higher degree
than high dose FCS supplementation. Consequently, it may be con-
cluded that optimal E. bovis development depends on the simultaneous
of different modes of cholesterol acquisition. The as-

macromeront macromeront size” of
numbers ‘merozoite 1
production” "
250HC 956 £ 3.6 844 = 68 100
27.0HC 870 + 68 799 = 838 100
7 keto cholesterol  85.9 * 5.3 589 = 167 100

* Estimated at 19 days p. i.
" Estimated at 24 days p.

sumption that endogenous cholesterol synthesis also plays a role in E.
bovis macromeront development is supported by recent reports showing
that chemical blockage of HMG-CoA reductase and squalene synthase
via lovastatin and zaragozic acid, respectively, resulted in a highly
significant inhibition of E. bovis merozoite I production [9]. Since these
data contrast with findings on T. gondii, Plasmodium spp. or C. parvum
infections [2,3,5] parasite-, stage- and/or even host cell type-specific
reactions must be assumed.

For ifying reasons and efflux, excess i
cholesterol is biochemically converted, e. g. to cholesteryl esters or
oxysterols. In accordance, in the current study the degree of esterified
cholesterol was found significantly increased in E. bovis-infected en-
dothelial cells when compared to non-infected controls. These data are
strengthened by the fact that blockage of cholesterol esterification re-
sulted in highly diminished E. bovis proliferation and merozoite I pro-
duction [9]. Accordingly, the absence of host SOAT or SOAT inhibition
also induced a considerable decrease of T. gondii replication [11]. Since
excess cholesteryl esters are mainly stored in lipid droplets, these or-
ganelles were consistently found increased on a high level in host cells
being infected with E. bovis [1] or on a more moderate level in other

such as cruzi, T. gondii, P. berghei
or P. faleiparum [2,11-15,17,18,32].

Besides cholesterol esterification, E. bovis infection also triggered
differential oxysterol formation in endothelial host cells. Given that
ring-modified oxysterols are mainly formed by interactions with re-
active oxidative species (ROS), upregulation of several of these mole-
cules (e. g 7a
indicated that endothelial host cells experienced a considerable oxida-
tive cell stress in response to E. bovis infections. Interestingly, these
reactions occurred independent of FGS supplementation indicating that
they are independent of the degree of parasite development.

Whilst the levels of 24 hydmxy:hnlesleml and 27 hydro-
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Fig. 7. Effects of 25 hydroxycholesterol, 27 hydroxycholesterol and 7 ke-
tocholesterol treatments on E. bovis sporozoite infectivity.

(A) E. bovis sporozoites were treated for 60 min with 25 hydroxycholesterol, 27
hydroxycholesterol or 7 ketocholesterol (all 5 M) prior to BUVEC infection. (B)
In case of 25 hydroxycholesterol treatments (open black circles), time- (13 h of
incubation) and dose- (5 M, 10 uM) dependent experiments were performed
and analyzed in comparison to solvent-treated controls (grey squares). In all
experimental settings the infection rate was estimated microscopically at 2 days
p.i.* = p=0.05

these molecules for optimal parasite development.

Cholesterol precursors are generally accepted as reflecting the ac-
tivity of the endogenous sterol biosynthetic pathway [29,30]. Ob-
viously, in 10% FCS-supplemented control cells, higher contents of
phytosterols reflecting an enhanced sterol uptake and no signs of en-
hanced endogenous cholesterol synthesis were noted when compared to
low FCS conditions. The 10% FCS condition supported E. bovis devel-
opment on a basic level, but to a minor degree than 1.2% FCS-sup-
plementation. However, when low FCS was applied in infected cells, a
higher content of several cholesterol precursors was found compared m

were not si increase of
25 hydroxycholesterol levels indicated a selecuve synthesis of side-
chain oxysterols in E. bovis-infected host cells. An infection-triggered
increase of 25 hydroxycholesterol contents was in principle found at
both FCS conditions but obviously was parasite proliferation-dependent
since a higher n-fold increase of 25 hydroxycholesterol occurred in
conditions of boosted merozoite I production (1.2% FCS). However, in
both FCS-conditions, 25 hydroxycholesterol revealed as the most up-
regulated molecule of all sterols investigated. It is worth noting, that

of 25 synthesis in E. bovis-infected
host cells appears to be parasite-specific since infections of BUVEC with
the fast proliferating apicomplexan parasite B. besnoiti failed to influ-
ence 25 hydroxycholesteral contents (A. Taubert, persa)nal Gbserva—
tion). Given that 25 hydroxyc is mainly
thesized by cholesterol 25 hydroxylase, we here additionally studled
the protein expression of this enzyme in E. bovis-infected cells. In
agreement to recent data on 25
gene transcription in E. bovis-infected BUVEC [1,8], we here indeed
showed an increase in 25 protein in
E. bovis-infected host cells. Interestingly, especially the lower protein
band of cholesterol 25 hydroxylase, most probably signifying the non-
glycosylated form of the protein, was almost selectively enhanced in its
expression towards the end of merogony 1. This effect may have been

driven by a of 25 en-

non-infected controls and to high FC E. b
host cells indicating that available exogenous sterol sources were not
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zymatic activity, but this is speculative and has to be studies in further
detail. So far, it also remains unclear whether enhanced cellular
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contents of 25 hydroxycholesterol are beneficial for parasite develop-
ment in the sense of optimized building block supply or whether these
must be considered as a host cellular regulative or innate immune
mechanism. Overall, multiple functions have been reported for 25 hy-

Firstly, 25 a pivotal
regulator of cholesterol homeostasis via indicating the presence of ex-
cess cholesterol and down-regulating de novo synthesis. Secondly, the

Molecular & Biochemical Parasitology 223 (2018) 1-12.
development and replication and indeed differs in its metabolic actions
and requirements from other fast proliferating apicomplexan parasites
of humans, domestic animals, and wildlife animals.

Funding sources

This study was supported by the German Research Foundation

ilic 25 among cellular  (DFG, project no. TA291/10-1).
and il to altered properties [20,33,34]
by ing lipid di: ing and ion of Whether Ce ing interest
such effects may be beneficial for me parasite with respect to the
massive of E. bovis-infected host cell has to be

elucidated. Interestingly, enhanced levels of 25 hydroxycholesterol also
seem to increase the availability of active cholesterol [20,33], which
may then be accessible to the parasites. Finally, 25 hydroxycholesterol
is well-k for its i dul functions and antiviral
properties (summarized in [19]). However, so far, no reports exist on
anti-parasitic properties of 25 hydroxycholesterol. Given that oxysterols
are also known to be secreted by cells [27], we here additionally ana-
lyzed whether exogenous treatments with distinct oxysterols (25 hy-
1 1, 27 ol 1 and 7 ketochol ) would
influence intracellular E. bovis development. For these experiments, we
chose a fixed 5 UM 25 hydroxycholesterol concentration which is
commonly used and proved effective in antiviral treatments (see e. g
[35]). Overall, the physiological concentration of oxysterols varies
greatly depending on the host cell type and host species. In humans and
animal plasma, different oxysterol measurements vary greatly from 20
to 1200 nM (8-480 ng/ml [36]) and normally account for 1-5% of total
cholesterol in the haematic pool [19]. However, depending on the de-
tection method, 1-56 ng/ml 25-OHC was detected in serum/plasma
samples of healthy humans [37]. Important to note, oxysterol con-
centrations are also highly influenced by nutrition and disease (as also
shown in the current study). However, the concentration of the here
chosen exogenous treatments can hardly be related to the current in-
tracellular oxysterol values in E. bovis-infected cell layers, especially
since only a small proportion of the cells produced this molecule within
the infected cell layer (12.1% infection rate) and only a small propor-
tion of exogenously supplied 25-OHC in fact reaches the intracellular
compartment and can therefore be recovered [35]. Interestingly, 25
hydroxyc 27 and 7
treatments all blocked parasite development and led to a highly sig-
nificant reduction of macromeront size and numbers as well as mer-
ozoite I production. Notably, when treated from day one p. i. onwards,
no merozoites 1 were formed at all indicating a massive direct or in-
direct I-triggered i with E. bovis Given
that these molecules had no direct adverse effect on sporozoite in-
fectivity after short-term treatments (given that the sporozoites are
obligate intracellular stages and invade host cells rather fast, long-term
exposure to extracellular oxysterols appear rather implausible), other
functions of oxysterols may have contributed to their anti-parasitic ef-
fects. Since 25 and 27 both
downregulate cholesterol de novo synthesis and receptor-mediated LDL
uptake, it is tempting to speculate that these molecules may interfere
with successful intracellular E. bovis development.

1ydroxy:

5. Conclusions

Overall, the current study confirms that E. bovis macromeront for-
mation has a considerable impact on the host cellular cholesterol me-
tabolism by si inducing both, sterol up-take
and de novo synthesis in times of massive offspring production. For
detoxifying and efflux reasons cholesterol is additionally increasingly
converted into and oxysterols. i distinct
oxysterols exhibit antiparasitic effects when applied exogenously. To
sum up, the current report strengthens the hypothesis that E. bovis has
an extraordinary need of cholesterol for successful parasite
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Abstract

Coccidia are obligate apicomplexan parasites that affect humans and animals. In fast replicat-
ing species, in vitro merogony takes only 24-48 h. In this context, successful parasite prolif-
eration requires nutrients and other building blocks. Coccidian parasites are auxotrophic for
cholesterol, so they need to obtain this molecule from host cells. In humans, ezetimibe has
been applied successfully as hypolipidaemic compound, since it reduces intestinal cholesterol
absorption via blockage of Niemann—Pick C-1 like-1 protein (NPCIL1), a transmembrane
protein expressed in enterocytes. To date, few data are available on its potential anti-parasitic
effects in primary host cells infected with apicomplexan parasites of human and veterinary
importance, such as Toxoplasma gondii, Neospora caninum and Besnoitia besnoiti. Current
inhibition experiments show that ezetimibe effectively blocks T. gondii, B. besnoiti and N.
caninum tachyzoite infectivity and replication in primary bovine endothelial host cells.
Thus, 20um ezetimibe blocked parasite proliferation by 73.1-99.2%, via marked reduction
of the number of tachyzoites per meront, confirmed by 3D-holotomographic analyses. The
effects were parasif ic since withdrawal of the pound led to parasite recovery with
resumed proliferation. Ezetimibe-glucuronide, the in vivo most effective metabolite, failed
to affect parasite proliferation in vitro, thereby suggesting that ezetimibe effects might be
NPCIL1-independent.

Introduction

Toxoplasma gondii, Neospora caninum and Besnoitia besnoiti are cyst-forming species belong-
ing to the Apicomplexa phylum, which consists of a large group of obligatory intracellular
protozoan parasites that affect both humans and animals. Despite morphological similarities
between coccidian species, host specificity and clinical consequences greatly differ among
them. In this context, T. gondii is considered a major public health problem and an abortive
agent especially in ovines (Benavides et al,, 2017) and humans (Nayeri ef al., 2020). The closely
related coccidian parasite N. caninum is currently considered as a major cause of abortions in
cattle (Reichel ef al, 2013). In contrast, B. besnoiti causes bovine besnoitiosis, an emerging dis-
case within Europe, which is characterized by massive alterations of skin and mucosas and also
bull infertility (Alvarez-Garcia et al., 2013).

During the acute stage of infection, coccidian parasites undergo asexual replication within
host cells. In this context, host endothelial cells have shown high permissiveness for tachyzoite
infection and proliferation in vivo (Alvarez-Garcia et al., 2013; Konradt et al., 2016). Likewise,
primary bovine endothelial cells have consistently been reported as suitable for in vitro repli-
cation of T. gondii, N. caninum and B. besnoiti (Taubert et al., 2006, 2016; Silva et al., 2019;
Veldsquez et al., 2019), allowing high tachyzoite proliferation rates in an experimental set up
close to the in vivo scenario. During the fast proliferation phase, tachyzoites need significant
amounts of nutrients for offspring development, which may be obtained from the host cell or
newly synthesized. Specifically during coccidian replication high amounts of cholesterol are
needed for new membrane biosynthesis (Coppens, 2013). Given that apicomplexan parasites
are hic for cholesterol (Coppens, 2013), their replication within the para-
sitophorous vacuole (PV) highly depends on cholesterol supply by the host cell. In general,
cellular cholesterol supply may be achieved either by enhancement of cellular endogenous
de novo biosynthesis or by an increased cholesterol uptake from extracellular sources (Luo
e! al., 2020). In line, apicomp parasites can di ially exploit cholesterol sources

ding on host cell type and parasite species. LDL internalization appears the main path-
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way for cholesterol uptake, and cholesterol esterification allows for storage in lipid-rich orga-
nelles (Luo et al., 2020). Recently, LDL-mediated cholesterol incorporation was described as
pivotal, but not exclusive mechanism to fulfil cholesterol requirement during fast replicating
coccidia proliferation (Nolan et al., 2015; Silva et al., 2019).

Based on pathophysiological ¢ es of human hyperlip nia, several pharmaco-
logical lipid-lowering compounds have been developed (Barter and Rye, 2016). Amongst
these, ezetimibe is one of the most common hypolipidaemic drugs, which is capable of

httpsi//doi.org/10.1017/50031182021000822 Published online by Cambridge University Press
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reducing intestinal cholesterol absorption by its interaction with
Niemann—Pick C-1 like-1 protein (NPCIL1) in enterocytes
(Davis et al., 2004; Garcia-Calvo et al., 2005). In detail, ezetimibe
binds to NPCILL, resulting in the blockage of NPCIL1 endocyto-
sis into clathrin-coated vesicles and thereby diminishing choles-

Camilo Larrazabal et al.

Treatments of host cells and infections

BUVEC (n=5) were seeded in 12-well plates (Sarstedt) pre-
coated with fibronectin (1:400; Sigma-Aldrich). Ezetimibe
(Cayman Chemical) and ezetimibe-glucuronide (Santa Cruz

terol internalization into enterocytes (Ge et al, 2008; Wang
et al., 2009). Despite that, the participation of other potential eze-
timibe targets as the class B type 1 scavenger receptor (SR-BI) and
the aminopeptidase N (CD13) have been linked to its hypolipi-
daemic effect (Kramer et al, 2005; Labonté et al, 2007). In
general, the efficacy and safety of ezetimibe has been reported
in mice and human studies (Bays et al, 2001; van Heek et al.,
2001). As such, ezetimibe might represent a promising
anti-parasitic drug candidate (Andrade-Neto et al, 2016). In
line, ezetimibe treatments significantly reduced Cryptosporidium
parvum growth in Caco-2 cells (Ehrenman ef al, 2013).
However, other evidences are incongruent: whilst ezetimibe
reduced the parasite burden of Leish i is in vivo,

hnology) stock solutions were prepared in dimethyl sulph-
oxide (DMSO; Sigma-Aldrich, 33 mwm), diluted in modECGM at
25, 5, 10 and 20um and administered to fully confluent cell
monolayers 48h before infection. ModECGM with DMSO
(0.06%) served as vehicle control. Following pre-treatments, the
medium was entirely removed and cells were infected with tachy-
zoites of T. gondii, B. besnoiti or N. caninum at a multiplicity of
infection of 1:5 for 4h under inhibitor-free conditions. Then,
extracellular tachyzoites were removed and fresh medium with
inhibitors was re-administered. At 4 h post infection (p. i.), phase-
contrast images for infection rate estimation [(infected cells/total
cells) x 100] were acquired by an inverted microscope (IX81,
Olympus®) equipped with a digital camera (XM10, Olympus®).
Tachyzoi

and diminished the L. infantum replication in vitro and in vivo
(alone or in binary and ternary combination with miltefosine
and itraconazole) (Andrade-Neto et al, 2016, 2021), this treat-
ment did not affect Plasmodium yoelii parasitaemia in mice,
while reduced the intraerythrocytic proliferation of P. falciparum
in vitro (Kume et al, 2016; Hayakawa et al, 2021), thereby
suggesting parasite-specific effects for this compound.

So far, no data are available on the impact of this drug on typ-
ical fast replicating coccidian parasites. Therefore, the aim of this
study was to evaluate anti-parasitic efficacy of ezetimibe in T. gon-
dii, N. caninum and B. besnoiti-infected primary bovine host
endothelial cells.

Materials and methods
Host cell culture

Primary bovine umbilical vein endothelial cells (BUVEC) were
isolated as described elsewhere (Taubert et al, 2006). BUVEC
were cultured at 37°C and 5% CO, atmosphere in modified endo-
thelial cell growth medium (modECGM), by diluting ECGM
medium (Promocell®) with M199 (Sigma-Aldrich) at a ratio of
1:3, supplemented with 500 U/mL penicillin (Sigma-Aldrich)
and 50 ug/mL streptomycin (Sigma-Aldrich) and 5% FCS (foetal
calf serum; Biochrom). BUVEC of less than three passages were
used in this study.

Parasites

Toxoplasma gondii (strain RH) and Neospora caninum (strain
NC-1) tachyzoites were cultivated in vitro as described elsewhere
(Taubert ef al., 2006; Veldsquez ef al., 2019), by maintaining them
at several passages in permanent African green monkey kidney
epithelial cells (MARC 145) in Dubeleco’s modified eagle
medium (DMEM) (Sigma-Aldrich). Besnoitia besnoiti (strain Bb
Evora04) tachyzoite stages were propagated in Madin—Darby
bovine kidney cells (MDBK) (Veldsquez et al., 2020) in Roswell
Park Memorial Institute (RPMI) medium (Sigma-Aldrich). All
culture media were supplemented with 500 U/mL penicillin and
50ug/mL streptomycin and 5% foetal calf serum (FCS;
Sigma-Aldrich). Infected and non-infected cells were cultured at
37°C and 5% CO, atmosphere. Vital tachyzoites were collected
from supernatants of infected host cells (800x g 5min) and
re-suspended in modECGM for further experiments.

For infection rate-related experiments, tachyzoites of each spe-
cies were pre-incubated in 20 um ezetimibe for 1h. After washing
in modECGM (800 x g 5min), tachyzoites were used for infec-
tion experiments.

hitpsi//doi.org/10.1017/50031182021000822 Published online by Cambridge University Press

present in cell culture supernatants were collected
(800 x g 5min) at 48 h p. i. and counted in a Neubauer chamber.

Additionally, withdrawal experiments were carried out.
Therefore, ezetimibe-containing medium was replaced by control
medium at 24 h p. i,, and parasite replication was estimated 24 h
later (n = 5). Finally, further assays were performed to estimate the
effect of ezetimibe over time as cells were treated as described
above with a daily replacement of medium containing ezetimibe
(20 um) at 24, 48 and 72h p. i, and tachyzoite proliferation was
observed at 48, 72 and 96 h p. i, respectively (n =5).

Live cell 3D holotomographic microscopy to illustrate parasite
development

BUVEC were seeded into 35 mm tissue culture u-dishes (Ibidi®)
and cultured (37°C, 5% CO,) until confluence. Ezetimibe treat-
ment (20um) was performed as described above. Thereafter,
T. gondii, N. caninum and B. besnoiti tachyzoites were used to
infect cell layers (MOI=3:1). At 24h p. i, holotomographic
images were obtained by using 3D Cell-Explorer-fluo microscope
(Nanolive) equipped with a 60 x magnification (4 = 520 nm, sam-
ple exposure 0.2 mW/mm?) and a depth of field of 30 um. Images
were analysed using STEVE software (Nanolive) to obtain refract-
ive index (RI)-based z-stacks (Silva et al, 2019). Additionally,
digital staining was applied according to the RI of intracellular
tachyzoites. Finally, intracellular meront development was evalu-
ated by counting intra-meront tachyzoites in at least six 3D holo-
tomographic z-stacks of infected host cells (=50 cells per
condition) in presence or absence of ezetimibe (20 ).

RT-GPCR for relative quantification of NPCIL1 mRNA

BUVEC (n=5) grown in 25cm’ culture tissue flasks (Greiner
Bio-One) were infected with T. gondii, N. caninum or B. besnoiti
tachyzoites (MOI =5:1). Infected- and non-infected host cells
were processed for total RNA isolation at four different time
points after infection (3, 6, 12, 24 h p. i.). Tissue samples from
bovine small intestine obtained at a local slaughterhouse were
used as positive controls for NPC1LI. For total RNA isolation,
the RNeasy kit (Qiagen) was used according to the manufacturer’s
instructions. Total RNAs were stored at —80°C until further use.
In order to remove any genomic DNA leftover, DNA digestion
step was performed. Therefore, 1ug of total RNA was treated
with 10 U DNase I (Thermo Scientific) in 1x DNase reaction buf-
fer (37°C, 30 min). DNase was inactivated by heating the samples
(65°C, 10 min). The efficiency of genomic DNA digestion was
confirmed by no-RT-controls in each RT-qPCR experiment.
cDNA synthesis was performed using the SuperScript IV
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(Invitrogen™) according to the manufacturer’s instructions.
Briefly, for first-strand cDNA synthesis, 1ug of DNase treated
total RNA was added to 0.5uL of 50um oligo(dt), 1uL of
50 ng/uL random hexamer primer, 1 4L of 10 mm dNTP mix in
a total volume of 10 uL. Thereafter, the samples were incubated
at 65°C for 5min and then immediately cooled on ice.
Additionally, 4uL of 5x SSIV buffer, 14L 0.1m DTT, 1uL
RNAse free H,O and 0.5 4L SuperScript IV enzyme were added
obtaining a total volume of 20 uL. The samples were incubated
at 23°C for 10 min followed by 50°C for 10 min and an 80°C
inactivation step for 10 min.

Probes were labelled at the 5'-end with a reporter dye FAM
(6-carboxyfluorescein) and at the 3'-end with the quencher dye
TAMRA (6-carboxytetramethyl-rhodamine). bNPCILI primer
sequences were designed as follows: Bos taurus NPCIL1 forward
5’- CTTCCCTGATATGTCTTAC —3'; reverse 5'- GACCAGAGA
TATAAAGGC-3' probe AGCCAGTCAATGAAGTCGTCCA.
qPCR amplification was performed on a Rotor-Gene Q
Thermocycler (Qiagen) in duplicates in a 10uL total volume
containing 400 nu forward and reverse primers, 200 nu probe, 10
ng ¢DNA and 5puL 2x PerfeCTa qPCR FastMix (Quanta
Biosciences). The reaction conditions were as follows: 95°C for 10
min, 40 cycles at 95°C for 10, 60°C for 15s and 72°C for 30s.
No-template controls and no-RT reactions were included in each
experiment. As reference gene GAPDH was used as previously
reported (Taubert et al., 2006; Hamid et al.,, 2014; Hamid et al,, 2015).

Viability assessment

For experiments on parasite viability, 5x 10° tachyzoites of each
parasite species were treated for 1 h with vehicle (DMSO 0.06%)
or ezetimibe (20 um) (37°C, 5% CO,). Thereafter, viability of tachy-
zoites was determined by the trypan blue (Sigma-Aldrich) exclu-
sion staining assay as described elsewhere (Cervantes-Valencia
et al, 2019). N d parasites were idered as viable.
Additionally, cell viability after compound treatments was assessed
by the colorimetric XTT test (Promega®) according to the manu-
facturer instructions. Briefly, BUVEC seeded in 96-well plate
(Greiner) were incubated with DMSO, ezetimibe or ezetimibe-
glucuronide (both 204m) in a total volume of 50uL for 72 h.
Thereafter, 50uL of XTT working solution was added, and
samples were incubated for 4h (37°C, 5% CO, atmosphere). The
resulting formazan product was estimated via optical density (OD)
measurements at 590 nm and reference filter 620-nm wavelength
using Varioskan™ Flash Multimode Reader (Thermo Scientific).

Statistical analysis

For statistical analyses, the statistical software GraphPad® Prism 8
(version 8.4.3.) was used. Data description was performed by pre-
senting arithmetic mean + standard deviation. In addition, the
non-parametric statistical test Mann—Whitney for comparison
of two experimental conditions was applied. In cases of three or
more conditions, Kruskal—Wallis test was used. Whenever global
comparison by Kruskal-Wallis test indicated significance, post
hoc multiple comparison tests were carried out by Dunn tests to
compare test with control conditions. Outcomes of statistical
tests were i to indicate signi differences when
P<0.05 (significance level).

Results

Ezetimibe treatments effectively block T. gondii, N. caninum
and B. besnoiti tachyzoite proliferation

To analyse the effects of on i
replication, functional inhibition experiments were performed,
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thereby evaluating the number of freshly released tachyzoites at
48h p. i. from cells pre-treated and exposed to ezetimibe during
the intracellular parasite proliferation stage. Overall, ezetimibe
treatments  significantly inhibited tachyzoite replication of
T. gondii (10um, P=0.0397; 20um, P=0.0010; Figure 1A),
N. caninum (20 um, P=0.0078; Figure 1B) and B. besnoiti (10
, P=0.0059% 20un, P<0.0001; Figure 1C) in BUVEC in a
dose-dependent manner. Overall, the strongest effect of ezetimibe
treatments at 20 um was observed in case of B. besnoiti (99.2+
0.5% replication reduction), followed by T. gondii (95.7 +2.3%
reduction) and N. caninum (73.1+2.8% reduction). In line,
phase-contrast microscopy showed an impairment in meront
development for T. gondii- (Fig. 1AL and 1A2), N. caninum-
(Fig. 1B1 and 1B2) and B. besnoiti- (Fig. 1C1 and 1C2) infected
BUVEC at 24h p. i. To better visualize ezetimibe-based effects
on parasite development, additionally live cell 3D holotomo-
graphic microscopy were performed. As illustrated in Fig. 2, treat-
ments with ezetimibe led to reduced meront sizes in T. gondii,
N. caninum and B. besnoiti infections (Fig. 2), without apparently
affecting the morphology of non-infected host cells (data not
shown). Additionally, the number of tachyzoites per PV was
determined to better understand ezetimibe-derived impact on
parasite development (Fig. 2). Ezetimibe treatments markedly
reduced the number of tachyzoites per meront in all three parasite
species (all: P<0.0001), however, the strongest effect was
observed for B. besnoiti, with a reduction of 68.2% on the mean
number of tachyzoites per meront, followed by T. gondii and N.
caninum showing more than 50% reduction (56.5% and 50.2%,
respectively).

Fast replicating coccidian fulfil their replication cycle within
36-48h p. i. in BUVEC layers in vitro (Taubert et al, 2006;
Silva et al,, 2019; Veldsquez et al.,, 2019). In this context, the sus-
tained inhibitory effect of ezetimibe over time was evaluated by
counting tachyzoite production daily at 48, 72 and 92h p. i. As
depicted in Fig. 3, ezetimibe (20 um) effectively blocked T. gondii
(99.1£0.0% reduction; A1-A4), N. caninum (75.9 +7.6% reduc-
tion; B1—B4) and B. besnoiti (9.6 + 0.1% reduction; C1-C4) rep-
lication over time (48, 72 and 96 h p. i.).

To estimate whether ezetimibe induces either parasitostatic or
parasitocidal effects, compound withdrawal experiments were
performed at 24 h p. i. As illustrated in Fig. 4, remnant T. gondii
and N. caninum tachyzoites quickly recovered and regained
proliferative capacities 24 h after ezetimibe withdrawal. In con-
trast, B. besnoiti proved more sensitive for ezetimibe treatments
showing an ongoing reduction (31.6+53%) of tachyzoite
production when compared to non-treated cells (P=0.15).

Ezetimibe treatments reduce tachyzoite infectivity but fail
to affect host cell permissiveness

To fulfil intracellular replication tachyzoites must first actively
invade the host cells. To determine if anti-parasitic effects of eze-
timibe also relied on reduced infection rates, both compartments,
i e. host cells and parasites, were separately treated with ezetimibe
and then tested for infection rates 4 h after infection. Therefore,
BUVEC were pre-treated with ezetimibe for 48 h before infection.
At 4h p. i. non-treated control cells presented an infection rate of
50.2% (Fig. 5A), 51.8% (Fig. 5B) and 47.0% (Fig. 5C), for
T. gondii, N. caninum and B. besnoiti, respectively. In pre-treated
cells, similar infection rates were observed for each parasite
species (Fig. 5A-C), thereby denying any effect of ezetimibe
pre-treatments. In contrast, ezetimibe pre-treatments of fresh
tachyzoites significantly reduced invasive capacities of T. gondii
(P=0.0079; Figure 5A), N. caninum (P =0.0159; Figure 5B) and
B. besnoiti (P=0.0079; Figure 5C) tachyzoites, when compared
to non-treated control stages. Here, species-dependent effects
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were observed since the impact of ezetimibe pre-treatments were
more prominent in case of B. besnoiti (28.1% reduction) than in
T. gondii (22.2% reduction) or N. caninum (17.3% reduction).

causes loss of

gluc Py efficacy

Ezetimibe-glucuronide is the major and pharmacologically
active metabolite of ezetimibe following in vivo liver biotransfor-
mation. Thus, a functional assay to evaluate the effect of this chem-
ically modified molecule on tachyzoite proliferation in vitro was
performed (Fig. 6). Here, only ezetimibe but not its glucuronated
derivative led to a reduction of T. gondii, N. caninum nor B, besnoiti
tachyzoite proliferation.

NPCIL1 gene is inconsistently transcribed in T. gondii-,
N. caninum- and B. besnoiti-infected BUVEC

Given that NPCIL1 is described as the main target of ezetimibe in
humans, the profile of gene transcription of NPCIL] was esti-
mated over infection kinetics (3-24h p. i) on T. gondii-, N.
caninum- and B. besnoiti-infected BUVEC by qRT-PCR. Using
bovine small intestine tissue samples, the functionality of the
qPCR system was proved. However, infecti lated data showed

infection-driven effect on NPCILI gene transcription was
assumed.

Treatments does not cause cytotoxic damage to host cells or
tachyzoites

To evaluate if ezetimibe (20 1) treatment induced tachyzoite dead
trypan blue exclusion test was performed. Our data showed an
average viability of 95.2% + 1.3, 90.7% + 1.9 and 93.7% + 2.1 for
T. gondii, N. caninum and B. besnoiti tachyzoites treated for 1h
with vehicle control (DMSO 0.06%) without significant effects
provoked by ezetimibe (Fig. S1 A—C). Moreover, the cytotoxicity
of imibe or imibe-gli ide on endothelial host cells
XTT test was performed. As illustrated in Fig. S1 D, treatments
with ezetimibe or ezetimibe-glucuronide did not induce signifi-
cant colorimetric changes in the formazan product compared to
the vehicle control (DMSO 0.06%).

Discussion

Cholesterol is a major component of eukaryotic cell membranes
(Luo ef al., 2020). Given that apicomplexan parasites are generally
idered as defective in cholesterol synthesis, they need to

that neither T. gondii-, N. caninum- and B. besnoiti-infected
BUVEC nor non-infected controls have a reliable amplification
of NPCIL1 mRNAs. Specifically, as illustrated in supplementary
Table 1, NPCIL1 was not detected in a consistent manner,
thereby showing amplification only in some of the replicates at
a rather high threshold cycle (CT > 30). Consequently, no

hitps://cloi.org/10.1017/50031182021000822 Published online by Cambridge University Press.

obtain this molecule from the host cell. Thus, LDL-driven
cholesterol uptake is considered as a key pathway to fulfil choles-
terol requirements during parasite merogony in different parasite
species (Labaied et al, 2011; Coppens, 2013; Ehrenman et al,
2013; Hamid et al., 2014; Hamid et al,, 2015; Nolan et al, 2015;
Taubert et al, 2018; Silva et al, 2019). Additionally, in case
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of C. parvum-infected Caco-2 cells, cholesterol is incorporated via
NPCILI-mediated micellar uptake (Ehrenman et al, 2013).
NPCILI is a trans-membrane protein highly expressed in entero-
cytes that mediates sterol internalization via clathrin-coated vesicles
and it has widely been accepted as main target of the lipid-lowering
drug ezetimibe (Altmann et al, 2004; Garcia-Calvo et al.,, 2005;
Betters and Yu, 2010).

Current data demonstrate for the first time that ezetimibe has
inhibitory effects on T. gondii, N. caninum, and B, besnoiti tachy-
zoite replication in primary host endothelial cells, i.e. a host cell
type that is parasitized in vivo during the acute phase of toxoplas-
mosis, neosporosis and besnoitiosis (Maley ef al, 2003;
Alvarez-Garcia et al., 2013; Konradt et al., 2016). Here, 10 uM eze-
timibe treatment effectively blocked T. gondii and B. besnoiti pro-
liferation, while N. caninum revealed less sensitive and inhibition
needed a higher concentration of 20 um. However, both concen-
trations are in range or even lie below the concentration known
to block effectively NPCIL1 endocytosis (25-100 um, Ehrenman
et al., 2013). Applying 20 um ezetimibe as effective concentration
to all species studied, the anti-parasitic effects of this compound
over time were explored. Its inhibitory effect on tachyzoite prolif-
eration was consistent over time, since the number of newly
released tachyzoites at 48, 72 and 96h p. i. was consistently
low. Thus, an overall reduction of tachyzoite production of
957, 73.1 and 99.2% was obtained for T. gondii, N. caninum
and B. besnoiti, respectively. These findings in principle match
data from C. parvum-infected Caco-2 cells (permanent cell line),
where a growth reduction of 65% was achieved at 25-100un
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concentrations (Ehrenman et al, 2013). In vitro anti-parasitic effi-
cacy of ezetimibe was also reported for L. amazonensis where 10 i
ezetimibe reduced promastigote replication, however, amastigote
production was only affected at double doses (20
Andrade-Neto et al., 2016). This stage-specific discrepancy might
be explained by a lower sensitivity of intracellular stages to ezeti-
mibe treatments. Still, the concentrations here used do not neces-
sarily support this assumption, since high effects were found at
10um ezetimibe in case of T. gondii and B. besnoiti-infected
BUVEC. Thus, stage- and species-related or even host cell type-
related sensitivities may play a role. In line, P. falciparum-merozoite
replication was effectively blocked only at much higher concentra-
tions of 80 M ezetimibe in vitro (Hayakawa ef al., 2020).

Successful parasite offspring formation relies on several
defined processes starting with active cell invasion, formation of
the PV, replication and egress (Black and Boothroyd, 2000). In
this context, ezetimibe pre-treated extracellular tachyzoites
showed impaired infection capacities, thereby hampering the rep-
lication process at the starting point. Of note, B. besnoiti tachy-
zoites appeared more sensitive to this treatment than T. gondii
and N. caninum tachyzoites, the latter of which were hardly
affected in their host cell invasion capacity.

A more detailed analysis of parasite intracellular development
revealed an altered morphology of meronts in the case of all three
parasites in treated host cells, suggesting that prolonged ezetimibe
exposition indeed affected tachyzoite physiology, thereby reducing
or hampering their ability to proliferate. Residual effects of ezeti-
mibe on in vitro tachyzoite replication were evaluated by drug-
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withdrawal experiments. Notably, T. gondii and N. caninum
tachyzoites recovered within 24 h post withdrawal and proli

ezetimibe treatment of tachyzoites before host cell invasion led
to a significant reduction of infection rates, suggesting that ezeti-
mibe also directly acts on tachyzoite invasive capacity in a rather
species-dependent manner. Besides this mode of action, anti-
parasitic activity of ezetimibe was also associated with inhibition
of parasite replication within PV. By using live cell 3D holotomo-
graphic microscopy as a reliable tool for 3D cell visualization in
vivo (Silva et al., 2019; Veldsquez et al., 2019), we showed that
ezetimibe-treated host cells infected with T. gondii, N. caninum
and B. besnoiti presented a reduced number of tachyzoites per
meront. izing these data, ezetimibe might act on both,

at normal replication rates thereby showing that ezetimibe mainly
induced developmental arrest but did not kill the parasites. In
contrast, B. besnoit tachyzoites suffered more profoundly from
ezetimibe treatments since drug removal did not result in full
recovery of parasite replication. These reactions indeed indicated
species-specific sensitivity towards ezetimibe.
Overall, it is challenging to dissect if exclusivel:
affects the parasites and/or the host cells, or if cumulative effects
are to be considered. However, the current data showed that pre-

b
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extra- and intracellular tachyzoites.
Hypolipidaemic/cholesterol-lowering properties of ezetimibe
have previously been reported for humans as well as animals
(Bays et al., 2001; van Heek et al, 2001; Knopp et al, 2003).
In vivo, this d und phase IT bolism to form
a glucuronide conjugate, thereby improving NPCILI-specific
affinity and binding capacities (Garcia-Calvo et al, 2005).
Besides being the major metabolite detected in plasma
(Garcia-Calvo et al., 2005), ezetimibe-glucuronide is therefore
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considered as main active in ezetimibe
vivo. To parallel in vivo situation, additional studies on the effect
of ezetimibe-glucuronide on T. gondii, B. besnoiti and N. caninum
tachyzoite proliferation in vitro were performed. Unexpectedly,
treatments with ezetimibe-glucuronide failed to hamper intracel-
lular tachyzoite replication thereby implicating that ezetimibe-
mediated anti-parasitic effects might be NPCIL1-independent.
In line, we were not able to demonstrate a consistent infection-
driven induction of NPCILI mRNAs since these gene transcripts
could hardly be detected in infected BUVEC or control cells even
though intestinal control tissues gave good PCR signals.
Consequently, we here assume a very low expression of this trans-
porter in BUVEC. Likewise, the presence of NPCILI protein
expression by Western blotting was not achieved, so far (unpub-
lished data). Noteworthy, ezetimibe was originally identified as an
ACAT II inhibitor (Clader, 2004) and therefore as acting on other
potential targets besides NPCILI. Irrespective of this, it is well
documented that NPCILI incorporates cholesterol through an
ezetimibe-sensitive pathway, however, the binding mechanism
between ezetimibe and NPCIL1 remains unknown (Betters and
Yu, 2010). Recently, it has been reported that ezetimibe, but not
ezetimibe-glucuronide, reduces the cellular content of cholesteryl
esters in a NPCILI-independent manner in human monocytes,
implying an inhibition of ACAT II (Orso et al,, 2019). Likewise,
we here propose that the current ezetimibe-mediated
anti-coccidian effects may rather be linked to an inhibition of
cholesterol esterification. In agreement, the importance of func-
tional cholesterol esterification for coccidian replication was
already confirmed for T. gondii (Sonda et al, 2001), B. besnoiti
(Silva et al, 2019) and E. bovis (Hamid et al., 2014). However,
the actual role of ezetimibe in cholesterol esterification and its
cytosolic targets in primary bovine endothelial host cells should
be further addressed in future studies. Even though in vitro stud-
ies have been published reporting anti-parasitic activities of ezeti-
mibe treatments, in vivo evidence still needs to be add

in ibe-gl ide does not interfere with parasite repllcatlon
thereby an  NPCILI-ind 1t pa
mechanism.
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Abstract: Apicomplexan parasites are obligatory intracellular protozoa. In the case of Toxoplasma
gondii, Neospora caninum or Besnoitia besnoiti, to ensure proper tachyzonte production, they need

hic for chol 1

nutrients and cell building blocks. However, api are which is
required for membrane biosynthesis. P-glycoprotein (P-gp) is a transmembrane transporter involved
in xenobiotic efflux. However, the physiological role of P-gp in cholesterol metabolism is unclear.

Here, we analyzed its impact on parasite proliferation in T. gondii-, N. caninum- and B. besnoiti-infected

primary endothelial cells by applying different generations of P-gp inhibitors. Host cell treatment
with verapamil and valspodar significantly diminished tachyzoite production in all three parasite
species, whereas tariquidar treatment affected proliferation only in B. besnoiti. 3D-holotomographic
analyses illustrated impaired meront d driven by valsp being accc

by swollen parasitophorous vacuoles in the case of T. gondii. Tachyzoite and host cell pre-treatment
with valspodar affected infection rates in all parasites. Flow cytometric analyses revealed verapamil
treatment to induce neutral lipid accumulation. The absence of a pronounced anti-parasitic impact
of tariquidar, which represents here the most selective P-gp inhibitor, suggests that the observed
effects of verapamil and valspodar are associated with mechanisms independent of P-gp. Out of
the three species tested here, this compound affected only B. besnoiti proliferation and its effect was
much milder as compared to verapamil and valspodar.

Keywords: P-glycoprotein; ABCB1-transporter; Toxoplasma gondii; Neospora caninum; Besnoitia besnoiti;
verapamil; valspodar; tariquidar
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1. Introduction

Toxoplasma gondii, Neospora caninum and Besnoitia besnoiti are obligatory intracellular
parasitic protists known as cyst-forming coccidia and belonging to the family Sarcocystidae
of the phylum Apicomplexa. Many apicomplexans are causal agents of important human
and animal diseases with variable host specificity and clinical outcomes [1]. In specific,
T. gondii has the widest known host range among eukaryotic parasites as virtually all
mammals and even some birds can be infected. This species represents a serious health
threat [2] as prenatal infections may lead to abortions in humans and sheep [3,4]. In
contrast, the closely related coccidian N. caninum does not infect humans, but it is one of
the most important abortive agents in cattle worldwide [5,6]. The third species, B. besnoiti,
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causes bovine besnoitiosis, which is emergent in Europe and leads to massive alterations
of the skin and mucosa of cattle as well as infertility in bulls [7]. During the acute stage
of infection, cyst-forming coccidian parasites undergo asexual intracellular proliferation,
quickly releasing a considerable number of offspring (tachyzoites). This stage is linked
with clinical manifestations of the parasite infection, and is followed by a slow replicative
process with bradyzoites enclosed in cysts, which are infective for the definitive hosts
(felids and canids) [1].

Considering the relevance of the tachyzoite replication in the acute phase of infection,
several reports demonstrated that primary bovine umbilical vein endothelial cells (BUVEC)
represent suitable host cells for in vitro replication of all three species [8-12], allowing
fast tachyzoite replication in a setting close to the in vivo situation. During this replica-
tion process, one of the most demanded molecules is cholesterol. Being auxotrophic for
cholesterol synthesis, coccidian parasites either trigger its uptake from exogenous sources
or induce the de novo synthesis of this compound by infected host cells [8,13-16]. Low
density lipoprotein (LDL)-mediated endocytosis represents the main uptake mechanism
in many types of host cells [17]. T. gondii, N. caninum and B. besnoiti were reported to rely
on host cell LDL endocytosis for cholesterol uptake during tachyzoite replication [8,13,14].
To prevent toxic accumulation of free cholesterol in the cell, most excess of it is esteri-
fied and stored in lipid-rich organelles, such as lipid droplets [18,19], being available for
parasite consumption [8,13]. Thus, to satisfy an increased need of cholesterol and other
lipids in infected host cells, lipid droplet size and number are reported to be significantly
increased [8,20].

Other strategy to face the challenge of lipid imbalance is the use of ATP binding cas-
sette (ABC) transporter-mediated efflux mechanisms [21,22]. ABC transporters are highly
evolutionarily conserved and ubiquitous molecules that mediate a broad range of physio-
logical functions [21]. In eukaryotic cells, one of the most extensively studied members
of the ABC transporter family is P-glycoprotein (P-gp; syn. ABCB1) [21], the expression
of which is frequently correlated with the removal of hydrophobic compounds from the
cell [22,23]. This transmembrane protein, also called multidrug resistance protein 1 (MDR1),
is vastly associated with drug resistance phenomena in cancer cells [24]. Noteworthy, the
participation of this transporter in drug resistance has been proposed also for protozoan
parasites, such as T. gondii [25], Leishmania spp. [26] and Plasmodium falciparum [27], as
well as for helminths like Schi: mansoni [28], Telad ia cir i , Haemonchus
contortus [29] and Echinococcus granulosus [30]. Despite the well-known role of P-gp in drug
resistance development, little is known about its impact on cell metabolism. As such, this
protein seems to be involved in host cellular cholesterol transport to the parasitophorous
vacuole (PV) during T. gondii and N. caninum replication [31], and might be necessary to
maintain cholesterol homeostasis during coccidian infections. P-gp inhibition was demon-
strated to suppress replication in some coccidia and microsporidia [31,32]. However, P-gp
blockers represent a heterogeneous group of compounds. By now, three generations of
pharmacological P-gp blockers have been developed, differing greatly in chemical and
pharmacological terms [33].

In this work, we explored the effects of P-gp inhibitors on in vitro proliferation of
different fast-replicating coccidian species (T. gondii, N. caninum and B. besnoiti) by testing
the L-type Ca** channel blocker verapamil [34], the non-immunosuppressive cyclosporine
D derivative valspodar [35,36] and the highly selective allosteric inhibitor tariquidar [37,38],
as representative compounds of each P-gp blocker generation. The aim of this work was to
identify and compare anti-coccidial properties of well-known compounds for future drug
repurposing reasons.

2. Results
2.1. Different Generations of P-Gp Inhibitors Vary in Their Impact on Tachyzoite Replication

The efficacy of verapamil, valspodar and tariquidar treatment on tachyzoite replication
was evaluated via functional inhibition assays, determining the number of freshly released
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tachyzoites present in the medium at 48 h post infection (p. i.). The current data showed that
verapamil effectively inhibited parasite replication in a dose-dependent manner (Figure 1).
Thus, T. gondii replication (Figure 1A) was diminished by 45.7 = 11.7% (p = 0.0508) and 84.04
=+7.6% (p=0.001) at 20 and 40 uM, respectively. At the same concentrations, this compound
led to a reduction of N. caninum replication (Figure 1B) by 64.9 = 10.4% (p = 0.009) and
84.5 £ 2.7% (p = 0.0001), respectively, and to a decrease of B. besnoiti parasite production
(Figure 1C) by 36.6 4 5.9% (p = 0.07) and 84.5 + 2.7 (p = 0.0005). Lower concentrations of
verapamil (5 and 10 uM) failed to significantly affect tachyzoite proliferation in any species

studied here.
8.0.10°. Toxoplasma gondii
8
T e0.t08 B
3
e
o 40a0e{| ¢ -
§ k%
2 20«10"
S
8
o
° i
Vehicle 5 10 20 40
B Verapamil (M)
3.0-10° :
5 . Neospora caninum
B .
2 20000|F i
a **
= g
£ i
g 10«00 *kR K
IS Iﬂ:—‘
2
8
& I'*]
o
Vehicle 5 10 20 40
Verapamil (uM)
20x107 Besnoitia besnoiti
s
2 -
S 1507
3 . 2
&
g oo i
§ 5.010° g
8
? E3)
Vehicle 5 10 20

Verapamil (uM)

Figure 1. Verapamil treatment reduces T. gondii, N. caninum and B. besnoiti tachyzoite proliferation
in a dose-dependent manner. The hosts cells pre-treated with verapamil (5, 10, 20 and 40 uM) were
infected with T. gondii (A), N. caninum (B) or B. besnoiti (C) tachyzoites in inhibitor-free medium for
4h, followed by the compound re-administration. At 48 after infection, the number of tachyzoites
present in cell culture supernatants were counted. Bars represent means of five biological replicates
=+ standard deviation.
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Alike verapamil, treatment with valspodar also caused a dose-dependent reduction
of tachyzoite proliferation (Figure 2). Thus, T. gondii replication (Figure 2A) was reduced
by 67.8 & 10.4% (p = 0.78), 91.6 + 3.4% (p = 0.07) and 98.9 £ 0.3% (p = 0.002) at 1.25,
25 and 5 pM concentration, respectively. Likewise, N. caninun replication (Figure 2B)
was reduced at 2.5 and 5 uM concentrations, leading to a proliferation diminishment of
64.0 £ 5.0% (p = 0.0068) and 92.8 4= 2.5% (p = 0.0001), respectively. Furthermore, B. besnoiti
replication (Figure 2C) was blocked at 1.25, 2.5 and 5 uM valspodar by 37.94 =+ 18.3%
(p=09),94.6 = 2.5% (p = 0.09) and 99.6 + 0.3% (p = 0.003), respectively.
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Figure 2. Valspodar treatment induces a dose-dependent effect on T. gondii, N. caninum and B. besnoiti
proliferation. The host cells pre-treated with valspodar (0.625, 1.25, 2.5 and 5 uM) were infected
with T. gondii (A), N. caninum (B) or B. besnoiti (C) tachyzoites in inhibitor-free medium for 4 h,
followed by the compound re-administration. At 48 h after infection, the number of tachyzoites
present in cell culture supernatants were counted. Bars represent means of five biological replicates
+ standard deviation.
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In contrast to valspodar and verapamil, tariquidar treatment had differential impact
on tachyzoite replication (Figure 3) by exhibiting inhibitory efficacy against B. besnoiti
proliferation at 1 and 2 uM, showing a reduction of 35.9 4 15.2%, (p = 0.023) and 51.7 +-14.8
(p = 0.002) of tachyzoite replication, respectively, but failing to block either T. gondii or
N. caninum proliferation.
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Figure 3. Tariquidar treatment differentially affects T. gondii, N. caninum and B. besnoiti tachyzoite
production. The hosts cells pre-treated with tariquidar (0.25, 0.5 and 2 iM) were infected with T. gondii
(A), N. caninum (B) or B. besnoiti (C) tachyzoites in inhibitor-free medium for 4 h, followed by the
compound re-administration. At 48 h after infection, the number of tachyzoites present in cell culture
supernatants were counted. Bars represent means of five biological replicates + standard deviation.

2.2. Infection Rates Are Differentially Influenced by Different P-Gp Inhibitors

Host cell infection is the earliest step necessary for successful parasite proliferation and
progression. To assess direct effects of inhibitors on tachyzoite stages, we first treated live
tachyzoites and then evaluated their invasive capacities for BUVEC (Figure 4, tachyzoite

69



P-glycoprotein inhibitors differently affect Toxoplasma gondii, Neospora
caninum and Besnoitia besnoiti proliferation in bovine primary endothelial
cells

Pathogens 2021, 10, 395 60f16

treatment). Non-treated tachyzoites infected 47.6% =+ 1.2, 62.0 £2.3 and 55.1 & 6.6 of
the host cells in the case of T. gondii, N. caninum and B. besnoiti, respectively. Tachyzoite
infectivity was not affected by verapamil (40 uM) treatment. In contrast, valspodar (5 uM)
treatment resulted in a decrease of infection rates with T. gondii, N. caninum, and B. besnoiti
by 7.8 % (p = 0.009), 14.13% (p = 0.013) and 19.3% (p = 0.022), respectively. Tariquidar
tachyzoite treatment (2 pM) affected exclusively B. besnoiti infectivity, thereby reducing the
infection rate by 16.41% (p = 0.03).
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Figure 4. P-gp blockers differentially decrease T. gondii, N. caninum and B. besnoiti infection rates.
Host cells or tachyzoites were pre-treated with verapamil (40 uM), valspodar (5 uM) or tariquidar
(2 uM). Infection rates were determined 4 h p. i. with T. gondii (A), N. caninum (B) or B. besnoiti
(C) tachyzoites. Bars represent means of five biological replicates + standard deviation.

Host cell pre-treatments were performed to assess inhibitor-related effects on its per-
missiveness for parasite invasion (Figure 4, host cell treatment). In non-treated host cells,
422 + 2.7%, 59.0 £ 2.7 % and 53.7 & 1.8% of the host cells were found infected with
T. gondii, N. caninum and B. besnoiti tachyzoites, respectively. Host cell treatment with
verapamil (40 uM) and tariquidar (2 M) had no effect on permissiveness as judged by
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comparable infection rates at 4 h p. i. In contrast, host cell pre-treatment with valspo-
dar (5 uM) led to reduced infection rates with all three parasites (reduction of 20.12%
(p = 0.036), 6.35% (p = 0.085) and 9.7% (p = 0.008) in the case of T. gondii, N. caninum and B.
besnoiti, respectively).

2.3. P-Gp Inhibitor-Driven Morphological Alterations in Primary Bovine Endothelial Cells

To assess the impact of inhibitor treatments on host cell physiology, BUVEC morphol-
ogy was analyzed via live cell 3D-holotomographic microscopy. In uninfected BUVEC
cells, 48 h verapamil induced a considerable accumulation of the dense globular
structures (refractive index of 1.3488 =+ 0.0048) in the cytoplasm and their displacement
from the center to the periphery of the cells (Supplementary Figure S2). As for infected
cells, this effect could clearly be observed only in the case of N. caninum, whilst for the
two other coccidian species the results were inconclusive (Figure 5). A change of meront
morphology was not observed in verapamil-treated host cells. Given that the globular
structures resembled cytoplasmic lipid droplets, we here additionally performed experi-
ments applying BODIPY 493/503, which is a well-accepted probe for neutral lipids and
often used for lipid droplet detection. When using BODIPY 493 /503 staining in live cell 3D-
holotomography, identical globular structures were marked by bright green fluorescence
(Figure 6A) as observed before, and these structures were much less evident in vehicle-
treated control cells (Figure 6A). Moreover, the same observation was made in infected
host cells (Supplementary Figure S3). Given that neutral lipids are typically stored in lipid
droplets, these data indicated a verapamil-driven increase of lipid droplet formation in
BUVEC. Quantitative flow cytometric analyses confirmed a verapamil-induced increase
in BODIPY 493/503-driven signals, whilst valspodar and tariquidar treatment had no
effect on lipid droplet formation (Figure 6B). Thus, treatment with verapamil led to a
74.1% increase of BODIPY-derived mean fluorescence intensity when compared to control
conditions (p = 0.026)
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Figure 5. Live cell 3D-holotomography of T. gondii-, N. caninum- and B. besnoiti-infected and
verapamil-treated BUVEC. Host cells were treated with verapamil (40 uM) and infected with T. gondi,
N. caninum or B. besnoiti ites. Cell morphology was i at 24 h p. i. via live 3D-

holotomography. Images mirror refractive indices and used digital staining.
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Figure 6. Lipid droplet accumulation induced by verapamil treatment. Lipid droplet formation was measured by FACS
analysis in host cells 48 h after with verapamil (40 pM), valsp (5 uM) or tariquidar (2 uM) via Bodipy
493/503 staining. (A) Representative live cell 3D-holotomographic images of vehicle- or verapamil-treated BUVEC stained
with Bodipy 493/503. The white frame indicates the area of digital staining, which was based on dense granule refractive
indices. (B) Quantitative analysis of neutral lipid accumulation; graph bars represent the means of five biological replicates
=+ standard deviation.

In contrast to verapamil-treated cells, valspodar- and tariquidar-treated BUVEC
showed normal cytoplasmic morphology lacking any vesicular accumulation. In the
case of tariquidar, no effects on host cell or meront morphology could be detected in
any parasite species tested here (data not shown). In contrast, valspodar treatment led
to impaired meront development in all parasite species studied here (Figure 7). Thus, a
considerable decrease in meront sizes was observed (Figure 7A). Specifically, valspodar
treatment reduced the meront diameter by 45.2%, 40.2% and 29. 2% for T. gondii, N. caninum
and B. besnoiti (p < 0.0001 for all three species) (Supplementary Figure 54). Interestingly, ex-
clusively in the case of T. gondii infections, valspodar treatment caused alterations in some
of the PV as these parasitic structures appeared swollen. Moreover, parasite replication
was consistently arrested at one-tachyzoite-stage /PV as detected throughout the entire
experiment and still observed at 36 and 46 h p. i. (Figure 7B, arrows).

2.4. P-Gp Inhibitor Treatment Does Not Cause Cytotoxic Damage to Host Cells or Tachyzoites

To determine if the treatment with P-gp inhibitors evoke a cytotoxic effect on en-
dothelial host cells or tachyzoites cytotoxicity assays were performed. As illustrated in
Figure S1A, treatments with verapamil (40 uM), valspodar (5 pM) and tariquidar (2 uM)
did not induce significant colorimetric changes in the formazan product compared to
the vehicle control (DMSO 0.01%). Similarly, the trypan blue exclusion test showed an
average viability of 88.9 & 3.8% for T. gondii, N. caninum and B. besnoiti treated for 1 h with
vehicle control (DMSO 0.01%) without significant effects provoked by verapamil (40 uM),
valspodar (5 pM) or tariquidar (2 pM) treatments (Figure S1B-D).
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Figure 7. Live cell 3D-holotomography of T. gondii-, N. caninunt- and B. besnoiti-infected and
valspodar-treated BUVEC. (A) Host cells were treated with valspodar (5 pM) and infected with
T. gondii, N. caninum or B. besnoiti tachyzoites. Cell morphology was illustrated at 24 h p. i. via live
cell 3D-holotomography. Images mirror refractive indices (RI) and digital staining. Arrows point to
the swollen PV in T. gondii-infected host cells treated with valspodar, in the zoomed image. (B) Time
lapse of T. gondii development in valspodar (5 uM)-treated host cells illustrating the Rl at 4, 12, 36
and 46 h p. i. Arrows point to non-dividing tachyzoites.

3. Discussion

The cyst-forming coccidia studied here, i.e., T. gondii, N. caninunt and B. besnoiti, rep-
resent fast-replicating parasites that share the capacity of massive offspring production
within 1-3 days after infection in vivo. Consequently, they all require significant amounts
of building blocks to ensure successful parasite proliferation. Being auxotrophic for choles-
terol, they strongly depend on the availability and efficient uptake of this nutrient for the
successful proliferation [39]. Hence, P-gp implicated in the cholesterol uptake represents a
promising anti-coccidial target. Here we investigated the effects of different P-gp inhibitors
on the three above-mentioned parasite species. We found that verapamil treatment dimin-
ished intracellular parasite proliferation in a dose-dependent manner without cytotoxic
effects on the host cells nor tachyzoites. At 40 uM, verapamil significantly reduced the
replication of T. gondii, N. caninum and B. besnoiti tachyzoites in BUVEC by an average of
84 -+ 0.8%. Comparable effects of verapamil (at concentrations of 10-100 uM) were already
reported in T. gondii infections of mouse embryonic fibroblasts and enterocytes [40,41].
In addition, anti-parasitic effects were also documented for P. falciparum erythrocytic
stages [42,43]. Here, we demonstrated that verapamil treatment of tachyzoites and host
cells failed to affect infection rates, indicating that its anti-parasitic effect seems exclusively
associated with parasite division processes, but not with active tachyzoite invasion or
PV formation. In line with this, live cell 3D holotomography revealed no morphological
changes of newly formed PVs and tachyzoites but indicated an accumulation of dense
vesicles surrounding the PV. Thus, the anti-coccidial effect of verapamil might also be
linked to intracellular lipid transport mechanisms. Interestingly, for other primary cell cul-
tures, the impact of verapamil on cellular proliferation has been previously demonstrated
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to depend on calcium-dependent mechanisms [44-46]. Considering the importance of
calcium homeostasis for tachyzoite proliferation [47], it is likely that verapamil-triggered
effects were driven by a calcium-mediated pathway in the current endothelium system.
However, additional mechanisms may play a role as verapamil also interacts with other
key channels and transporters, such as the glucose transporter GLUT1, which mediates
constitutive glucose uptake in various cell types, including endothelial cells [48]. In fibrob-
lasts, verapamil blocks GLUT1-mediated glucose transport at both basal and stress-induced
conditions [49]. Thus, glucose-related effects may have contributed to the anti-proliferative
impact of verapamil reported in this study, however further experiments are necessary to
address this possibility.

Besides verapamil, we analyzed anti-coccidial effects of one of the most promising
second-generation P-gp inhibitors, namely valspodar [35,36]. Current data showed that
valspodar treatment significantly blocked T. gondii, N. caninum and B. besnoiti tachyzoite
replication in infected BUVEC, without affecting the host cell and tachyzoites viability.
Thus, 5 uM valspodar—depending on the studied species—reduced tachyzoite production
by 92.8 + 2.5-99.6 + 0.3%, with an effective inhibitory concentration being eight times
smaller than that of verapamil. In accordance with this, live cell 3D holotomography illus-
trated a marked reduction in meront sizes. In T. gondii, 3D-holotomographic microscopy
also revealed an arrest at the single tachyzoite-stage. The mechanism underlying species-
specific sensitivity is still unclear. However, anti-proliferative effects of valspodar were
already demonstrated for T. gondii tachyzoites in permanent cell lines (Vero cells; [50]),
for P. falciparum erythrocytic stages [51] and for Cryptosporidium parvum-infected Caco-2
cells [52], suggesting that valspodar-mediated effects are conserved among these apicom-
plexans. Given that valspodar is a derivative of cyclosporine, for which anti-parasitic
activity against the same three species has been demonstrated [50-52], these two com-
pounds may have common effects. Here, we furthermore documented that valspodar
treatment led to altered tachyzoite infectivity in the three coccidian species studied here
without any significant effect on tachyzoite viability, which is in agreement with previous
data on T. gondii (10 uM; [25]). More interestingly, current data showed that host cell
pre-treatment with this compound led to a moderate reduction of T. gondii and B. besnoiti
infection rates, suggesting that valspodar additionally reduces host cell permissiveness,
thereby hampering parasite invasion, even though it is an active process mainly driven
by tachyzoites [53]. However, treatment with the endocytosis inhibitor dynasore also
impairs T. gondii infectivity, proving that both tachyzoite- and host cell-derived actions
are crucial for invasion [54]. Overall, the current data evidence that valspodar affected
several aspects of parasite infection, i.e., tachyzoite infectivity, host cell permissiveness and
tachyzoite division.

Considering that the promiscuity associated with derivative drug design strategies
was greatly overcome for P-gp third-generation inhibitors, we also evaluated effects of the
selective P-gp blocker tariquidar. Tariquidar is a potent P-gp-specific allosteric inhibitor
with an average ICsp of 50 nM [28,37,38]. Overall, tariquidar treatments were not toxic
for the host cell or tachyzoites and concentrations of 1-2 M showed a moderate effect
on B. besnoiti proliferation but failed to influence T. gondii and N. caninum intracellular
replication. Interestingly, tariquidar tachyzoite pre-treatment also affected B. besnoiti host-
cell infectivity, thereby emphasizing species-specific effects. So far, little is known on the
impact of third-generation P-gp inhibitors on apicomplexan parasite proliferation. In line
with the current data, it has been previously reported that elacridar (10 uM) treatment
reduced T. gondii proliferation and, by affecting Ca™ homeostasis of tachyzoites, led
to hypermotility and untimely microneme secretion [40]. Thus, the current tariquidar-
mediated effects on B. besnoiti tachyzoites may rely on a species-specific reduction of
infectivity blockage and replication.

Until now, the role of P-gp in cholesterol homeostasis is still under debate [23]. Whilst
one report argues that P-gp expression does not play a major role in cholesterol homeosta-
sis in P-gp-inducible cells, another evidenced a physiological role of P-gp in intracellular
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cholesterol trafficking in T. gondii-infected fibroblasts [31,55]. However, the fact that differ-
ent studies were performed on different types of host cells can explain such oppositional
findings. Interestingly, P-gp inhibitors have shown pharmacological activities beyond
P-gp. Some of these compounds can also interact with other transporters affecting cellular
cholesterol homeostasis [56,57]. In this context, we aimed to find out if anti-coccidial effects
could be related to cholesterol homeostasis-related mechanisms. Therefore, we evaluated
if inhibitor treatments affected neutral lipid accumulation. Indeed, verapamil treatment
resulted in neutral lipid accumulation in BUVEC as measured by BODIPY-derived signals,
whilst valspodar and tariquidar treatment did not have such an effect. So far, analyses
of neutral lipid accumulation driven by P-gp are limited as some dyes may act as P-gp
substrates and be actively exported from the cell [33]. To avoid data misinterpretation, we
also confirmed neutral lipid accumulation via live cell 3D-holotomography. Co-localization
of the Rl and BODIPY fluorescence in vesicles confirmed verapamil as an inducer of neutral
lipid accumulation in BUVEC. In line with this, verapamil-induced cholesterol accumula-
tion was also reported in rabbit aortic smooth cells [46] and mouse myocardium [58].

In summary, as shown in Table 1 here we demonstrated that verapamil and valspodar
treatments inhibited intracellular T. gondii, N. caninum and B. besnoiti tachyzoite replication
in BUVEC and possess significant differences in anti-coccidial and cholesterol-related
side effects. We assume that the high efficacy of valspodar is based on its effects on both
infectivity and replication, and is independent of cholesterol-related pathways. In contrast,
treatment with tariquidar revealed species-specific effects and led to reduced tachyzoite
infectivity and proliferation only in B. besnoiti.

Table 1. Summary of the effects of verapamil, valspodar and tariquidar on T. gondii, N. caninum and B. besnoiti as well as the

host cells.
Effect Verapamil Valspodar Tariquidar
Reduced tachyzoite proliferation yes yes only B. besnoiti
Diminished meront size at 24 h p. i. no yes no
Reduced infection rate no yes only B. besnoiti
Decreased host cell permissiveness no only T. gondii and B. besnoiti no
Neutral lipid
2 yes no no
accumulation

4. Materials and Methods
4.1. Host Cell Culture

Primary bovine umbilical vein endothelial cells (BUVEC) were isolated as described
elsewhere [9,10]. BUVEC were cultured at 37 °C and 5% CO, atmosphere in modified
ECGM (modECGM) medium, by diluting ECGM medium (Promocell, Heidelberg, Ger-
many) with M199 (Sigma-Aldrich, Munich, Germany) at a ratio of 1:3, supplemented with
500 U/mL penicillin (Sigma-Aldrich), 50 ug/mL streptomycin (Sigma-Aldrich) and 5%
FCS (fetal calf serum; Biochrom, Cambridge, UK). Only BUVEC of less than three passages
were used in this study.

4.2. Parasite Cultures

T. gondii (strain RH) and N. caninum (strain NC-1) were maintained in vitro in perma-
nent African green monkey kidney epithelial cells (MARC145) in DMEM (Sigma-Aldrich)
as described elsewhere [12]. B. besnoiti (strain Bb Evora04) was propagated in Madin-Darby
bovine kidney cells (MDBK) [11,59] in RPMI medium (Sigma-Aldrich). All cell culture me-
dia were supplemented with 500 U/mL penicillin, 50 ug/mL streptomycin (Sigma-Aldrich)
and 5% FCS (Gibco™). Infected and non-infected cells were cultured at 37 °C and 5%
CO; atmosphere. Live tachyzoites were collected from supernatants of infected host cells
(400x g; 10 min) and re-suspended in modECGM for further experiments.
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4.3, Inhibitor Treatment

BUVEC (1 = 5) were cultured in 12-well plates (Sarstedt, Niimbrecht Germany) previ-
ously coated with fibronectin (1:400; Sigma-Aldrich). Verapamil (Cayman Chemical, Ann
Arbor, MI, USA), valspodar and tariquidar (both Sigma-Aldrich) were solved in DMSO
(dimethyl sulfoxide; Sigma-Aldrich) and diluted in modECGM. Inhibitor treatments were
performed by supplementation with verapamil (5-40 M), valspodar (0.6-5 M) or tariq-
uidar (0.2-2 uM) to fully confluent cell layers 48 h prior to infection. ModECGM with
DMSO (0.01%) served as control medium. After 48 h of treatment, the inhibitors were
removed by washing with plain medium. The cells were incubated with tachyzoites of
T. gondii, B. besnoiti or N. caninum at a multiplicity of infection of 5 for 4 h. This was followed
by the removal of remaining extracellular tachyzoites by washing with plain medium and
inhibitor re-administration. At 48 h post infection (p. i.), tachyzoites present in cell culture
supernatants were collected (800x g; 5 min) and counted in a Neubauer chamber.

To estimate inhibitor effects on tachyzoite infectivity, fresh tachyzoites were treated
for 1h (37 °C, 5% CO,) with verapamil, valspodar or tariquidar. After washing in plain
medium (800x g; 5 min), inhibitor-treated tachyzoites and non-treated control parasites
were used for infection as described above. In addition, for host cell permissiveness assays
the host cells were incubated with the inhibitors as described above (48 h pre infection)
and then the inhibitors were removed and cells infected with live tachyzoites in medium
without inhibitors. In both cases, at 4 h p. i., phase-contrast images (3 per experimental
condition, 1 = 5) were acquired with an inverted microscope (IX81, Olympus, Tokyo, Japan)
for infection rate estimation.

4.4. Flow Cytometry Analysis

BUVEC (1 = 5) were seeded into T-25 cm? flasks (Sarstedt) and cultured until con-
fluence. Thereafter, the cells were treated with verapamil (40 uM), valspodar (5 uM) or
tariquidar (2 pM) for 48 h. To determine if inhibitor treatment exerted an effect on neutral
lipids, pre-treated cells were stained with BODIPY 493/503 (2.5 uM, Cayman Chemical,
1h, 37 °C, 5% CO,). Afterwards, cells were washed twice in PBS 1x (600 g; 5 min), fixed
in 4% PFA (paraformaldehyde; Sigma-Aldrich) and stored at —80 °C until further analysis.
The samples were analyzed by a BD LSRFortessa® cell analyzer (Becton-Dickinson, Hei-
delberg, Germany). Cells were gated according to their size and granularity. Moreover,
BODIPY 493/503-derived signals were assessed in the FL-1 channel. Data analysis was
performed via FlowJo® (version 10.5.0) flow cytometry analysis software (FlowJo LLC,
Ashland, OR, USA).

4.5. Live Cell 3D-Holotomographic Microscopy

BUVEC were seeded into 35 mm tissue culture p-dishes (Ibidi, Planegg, Germany) and
cultured (37 °C, 5% CO;) to confluence. P-gp inhibitor treatment and parasite infections
were performed as described above. Treated cell layers were placed in a top-stage incubator
(Tbidi®) at 5% CO, and 37 °C during the entire experiment. Holotomographic images were
obtained via 3D cell-explorer microscope (Nanolive, Ecublens, Switzerland) equipped with
a60x magnification (A = 520 nm, sample exposure 0.2mW /mm?) and a depth of field of
30 pm. Images were analyzed using STEVE software (Nanolive) to obtain refractive index
(RI)-based z-stacks. In addition, digital staining was applied according to the RI of cell
organelles and intracellular tachyzoites. For neutral lipid visualization, cells were loaded
with BODIPY 493/503 (2.5 uM, 1 h, 37 °C). Live cell 3D-holotomographic microscopy and
analysis of BODIPY 493/503-based fluorescence were performed in parallel to prove the
nature of lipid-rich organelles. Image processing was carried out by Fiji Image]® using
Z-projection and merged-channel-plugins.

4.6. Cell Toxicity Assays

Cell toxicity of P-gp inhibitors was assessed by colorimetric XTT tests (Promega,
Madison, WI, USA) according to the manufacturer instructions. Briefly, BUVEC (n = 3)
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were cultured in 96-well plates (Greiner) and treated with verapamil (40 uM), valspodar
(5 uM) or tariquidar (2 pM) in a total volume of 50 pl for 96 h. Thereafter, 50 uL of XTT
working solution were added and the samples were incubated for 4 h (37 °C, 5% CO,
atmosphere). The resulting formazan products were estimated via optical density (OD)
measurements at 590 nm and reference filter 620-nm wavelength using VarioskanTM Flash
Multimode Reader (Thermo Scientific, Waltham, MA, USA). BUVEC treated with the
solvent (DMSO; 0.01%) were used as negative controls.

Additionally, for experiments on parasite viability, 5 x 10° tachyzoites of each parasite
species were treated for 1 h with each of the studied compounds (verapamil 40 uM, valspo-
dar 5 uM and tariquidar 2 uM; 37 °C, 5% CO,). Viability of tachyzoites was determined by
the trypan blue (Sigma-Aldrich) exclusion staining assay [60]. Non-stained parasites were
considered as viable.

4.7. Statistical Analysis

Statistical analyses were performed by the software GraphPad Prism® 8 (version
8.4.3., www.graphpad.com) Data description was performed by presenting the arithmetic
mean + standard deviation. In addition, the non-parametric Mann-Whitney test was
applied for the comparison of two experimental conditions, while Kruskal-Wallis test was
used for the comparison of three or more conditions. Whenever a global comparison by
the Kruskal-Wallis test indicated significance, post hoc multiple comparison was carried
out using the Dunn test to compare with control conditions. The outcomes of the statistical
tests were considered to indicate significant differences at p < 0.05 (significance level).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-0
817/10/4/395/s1, Supplementary Figure S1: Viability assessment for host cells and tachyzoites,
Supplementary Figure S2: Live cell 3D-holotomographic analysis of P-gp inhibitor-treated control
cells, Supplementary Figure S3: Analysis of verapamil-induced lipid accumulation in infected BUVEC
at24 h p. i, Supplementary Figure S4: Effect of valspodar treatment on meront diameter of T. gondii,
N. caninum and B. besnoiti.
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Abstract: Coccidian parasites are obligate intracellular pathogens that affect humans and animals.
Apicomplexans are defective in de novo synthesis of cholesterol, which is required for membrane
biosynthesis and offspring ion. In e has to be scavenged from host cells.

It is mainly taken up from extracellular sources via LDL particles; however, little is known on the role
of HDL and its receptor SR-BI in this process. Here, we studied effects of the SR-Bl-specific blocker
BLT-1 on the development of different fast (Toxoplasma gondii, Neospora caninum, Besnoitia besnoiti)
and slow (Eimeria bovis and Eimeria arloingi) replicating coccidian species. Overall, development of
all these parasites was significantly inhibited by BLT-1 treatment indicating a common SR-Bl-related
key mechanism in the replication process. However, SR-BI gene transcription was not affected by
T. gondii, N. caninum and B. besnoiti infections. Interestingly, BLT-1 treatment of infective stages
reduced invasive capacities of all fast replicating parasites paralleled by a sustained increase in
cytoplasmic Ca** levels. Moreover, BLT1-mediated blockage of SR-BI led to enhanced host cell lipid
droplet abundance and neutral lipid content, thereby confirming the importance of this receptor in
general lipid metabolism. Finally, the current data suggest a conserved role of SR-BI for successful
coccidian infections.

Keywords: Toxoplasna gondii; Neospora caninum; Besnoitia besnoiti; Eimeria bovis; Eimeria arloingi; SR-BI;
HDL; BLT-1

1. Introduction

Coccidia comprise a large group of protozoan parasites belonging to the apicomplexan
phylum. In general, coccidian parasites are distributed in two families, Sarcocystidae and
Eimeriidae. Sarcocystidae parasites have a heteroxenic life cycle, while the majority of
Eimeriidae species present with a monoxenic life cycle [1]. Despite several conserved
features among these families, coccidian parasites also show a tremendous divergence in
host range, host cell specificity and clinical outcomes. In Sarcocystidae, the clinical scenario
is largely a consequence of an extraintestinal merogonic (asexual) replication. In particular,
Toxoplasma gondii, which is a widely distributed zoonotic parasite with a broad range of
suitable intermediate hosts, commonly induces abortions in humans and sheep [2,3]. In
contrast, the closely related coccidian Neospora caninum is not zoonotic, but it is considered
to be a major abortive agent in the bovine industry [4,5]. Additionally, Besnoitia besnoiti is
the causal agent of bovine besnoitiosis, a re-emerging disease in Europe, which leads to
massive alterations of skin and mucosa in cattle and to infertility in bulls [6,7]. Interestingly,
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Eimeriidae parasites are species-specific pathogens, most of them with a marked tropism
towards intestinal tissues. Two of the most pathogenic species in ruminants, Eimeria
bovis (cattle) and Eimeria arloingi (goats), develop macromeronts in highly immunoreactive
endothelial host cells during their first merogony and can provoke life-threading diarrhoea
in young calves and goat kids, respectively, thereby generating an enormous economic
impact on bovine and caprine industries worldwide [8].

During early host infection, coccidian parasites proliferate asexually within suitable
nucleated host cells. Nevertheless, major differences exist within coccidian families re-
garding cell tropism and kinetics of development, largely driven by parasite stage and
species [1]. Sarcocystidae parasites rapidly proliferate within a rather wide range of
host cell types releasing their progeny (tachyzoites) a few days or even hours after infec-
tion [9,10]. In contrast, some pathogenic ruminant Eimeria species perform the long-lasting
first merogony within distinct host cells, such as endothelial cells in the lacteal of the
intestinal villi [11], releasing a high number of merozoites I (>120.0000) after 15-18 days
in vitro [12,13]. In this context, primary endothelial cells were proven to be appropriate for
the development of several coccidian species. This in vitro system, which is closely related
to the in vivo scenario, allows intracellular replication [12-16] and consequently delivers a
methodological bridge for analysing these divergent families in the same host cell type,
thereby avoiding host cell type-driven variations.

During merogonic replication, considerable amounts of nutrients are required to
support high proliferation rates. However, apicomplexans miss some pivotal metabolic
pathways, which may be suitable targets for novel therapeutic strategies. In particu-
lar, apicomplexan species rely on host cells to fulfil their cholesterol requirements [17].
From a physiological perspective, cells mainly acquire cholesterol from circulating low-
density lipoproteins (LDL) with the LDLR (LDL receptor)-related endocytic pathway
representing the best-characterized cholesterol uptake route [18,19]. Exogenous LDL sup-
ply proved essential for several fast replicating coccidia, such as T. gondii, N. caninum and
B. besnoiti [20-22]. Referring to this mechanism, cholesterol is internalized by clathrin-
mediated endocytosis of the LDL-LDLR complex and delivered to lysosomes where
cholesteryl esters are cleaved by acid lipase, thereby releasing free cholesterol for cellular
needs [23,24]. The mechanism of cholesterol exit from late endosomes is still under debate;
nevertheless, the involvement of Niemann-Pick type C protein 1/2 (NPC1-2) is largely
accepted [23]. This protein promotes transfer of cholesterol into other membranes (i.e.,
cytoplasmic, endosomal, mitochondrial) or its incorporation into the endoplasmic reticu-
lum for formation of lipid droplets (LDs), which indeed are the key cholesterol sources for
intracellular pathogens [25].

As excess accumulation of free cholesterol is toxic, it should be effluxed from the cell.
This process requires high-density lipoprotein (HDL) particles functioning as extracellu-
lar acceptors and is driven by transporters from the ATP-binding cassette (ABC) family,
such as ABCA1 [18,19,26]. Additionally, cholesterol efflux in other cell types, such as en-
dotheliocytes and macrophages, is modulated by the HDL receptor, scavenger receptor B T
(SR-BI) [27-29]. This transmembrane protein mediates a gradient-dependent bidirectional
flux of cholesteryl esters from HDL and other lipoproteins via a unique non-endocytic
route [30,31]. Thus, SR-BI plays a dual role in reverse cholesterol transport, promoting not
only cholesterol efflux from peripheral cells, but also its uptake by hepatocytes for biliary
disposal [28,29]. In this context, SR-BI has a marked tissue-specific expression, which is
enhanced especially in steroidogenic tissue and hepatocytes. Nevertheless, its considerable
expression in neoplastic cells, such as prostate and breast cancer cells additionally indicates
its tight association with high proliferative activities and malignant cell phenotypes [32].
Of note, SR-BI is also capable of incorporating cholesteryl esters from LDL particles via
anon-endocytic route [31], representing an alternative route for LDL-related cholesterol
acquisition. Interestingly, the apicomplexan parasite Plasmodium spp. significantly relies
on SR-Bl interactions for hepatocyte invasion and intracellular proliferation during hepatic
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stage of its life cycle [33,34]. However, for other apicomplexan parasites, no SR-Bl-related
data are available so far.

The aim of this work was to evaluate the role of SR-BI in coccidian host cell invasion
and obligate intracellular replication. To additionally address potentially conserved SR-BI-
related mechanisms, comparative inhibitor studies were performed on several protozoan
parasites covering both fast (T. gondii, N. caninum, B. besnoiti) and slow (E. bovis and
E. arloingi) replicating coccidian species. Overall, here, we confirmed that SR-BI indeed
seems to be involved in successful replication of all these parasites when replicating in
bovine primary endothelial cells.

2. Materials and Methods
2.1. Host Cell Culture

Primary bovine umbilical vein endothelial cells (BUVEC) were isolated as described
elsewhere [35]. BUVEC were cultured at 37 °C in 5% CO, atmosphere in a modified
ECGM (modECGM) medium by diluting the ECGM medium (Promocell, Heidelberg,
Germany) with M199 (Sigma-Aldrich, St. Louis, MO, USA) at a 1:3 ratio, supplemented
with 500 U/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), 50 ug/mL streptomycin
(Sigma-Aldrich) and 5% FCS (foetal calf serum; Biochrom, Cambridge, UK). BUVEC of
fewer than three passages were used in this study.

2.2. Parasites

T. gondii (strain RH) and N. caninum (strain NC-1) tachyzoites were cultured in vitro as
previously described [16,35] by continuous passages in permanent African green monkey
kidney epithelial cells (MARC 145) in DMEM (Sigma-Aldrich) supplemented with 5%
FCS (Biochrom). B. besnoiti (strain Bb Evora04) tachyzoites were propagated in Madin
Darby bovine kidney cells (MDBK) in RPMI medium (Sigma-Aldrich) supplemented with
5% FCS [16,36]. For E. bovis (strain H) and E. arloingi (strain A) cultures, parasites were
maintained by passages in parasite-free Holstein Friesian male calves and male White
German goat kids, respectively [12,13]. For oocyst production, the animals were infected
orally with either 3 x 10* E. bovis or 1 x 10* E. arloingi sporulated oocysts. Experimental
infections were conducted in accordance with the Institutional Ethics Commission of the
Justus Liebig University (JLU) Giessen, Germany (allowance No. GI 18/10 Nr. A 51/2012
and GI 18/10 Nr. A 2/2016). Excreted oocysts were isolated from faeces beginning at day
18 post-infection (p.i.) and sporulated by incubation in a 2% (w/v) potassium dichromate
(Merck, Darmstadt, Germany) solution at room temperature (RT) and frequent aeration.
Sporulated oocysts were stored in this solution at 4 °C until further use. Sporozoites were
excysted from sporulated oocysts as previously described [37]. All culture media were
supplemented with 500 U/mL penicillin, 50 ug/mL streptomycin and 5% FCS (Sigma-
Aldrich). Infected and non-infected host cells were cultured at 37 °C in 5% CO, atmosphere.
Vital tachyzoites were collected from supernatants of infected host cells (800x g; 5 min)
and re-suspended in modECGM for further experiments.

2.3. BLT-1 Treatments of Host Cells and Parasite Infections

For infection experiments on fast replicating coccidia (T. gondii, N. caninum and B.
besnoiti), BUVEC (1 = 5) were seeded in 12-well plates (Sarstedt, Niimbrecht, Germany)
pre-coated with fibronectin (1:400; Sigma-Aldrich). A BLT-1 (Sigma-Aldrich) stock solution
was prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, 10 mM, stored at —20 °C),
diluted in modECGM and administered at different concentrations (0.25-2 uM) to fully
confluent cell monolayers 48 h before infection. Plain modECGM with DMSO (0.02%)
served as vehicle control. Following pre-treatments, the inhibitor-supplemented medium
was removed, and host cells were infected with tachyzoites at a multiplicity of infection
(MOI) of 5:1 for 4 h under inhibitor-free conditions. Then, extracellular tachyzoites were
removed and a fresh BLT-1-supplemented medium was re-administered. For infection rate
estimation, phase-contrast images were acquired at 24 h p.i. with an inverted microscope
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(IX81, Olympus, Shinjuku City, Tokyo, Japan) equipped with a digital camera (XM10,
Olympus). For the evaluation of inhibitory efficacy, tachyzoites present in cell culture
supernatants at 48 h p.i. of BLT-1-treated cells and non-treated controls were collected
(800x g; 5 min) and counted in a Neubauer chamber.

For analysis of E. bovis or E. arloingi first merogony and merozoite I production, BUVEC
were cultured in 12-well plates (Sarstedt). Thereafter, confluent cell layers were infected
with either 7.8 x 10* E. bovis or E. arloingi sporozoites for 24 h. Every third day, the culture
medium was replaced with fresh modECGM. From 10 (E. bovis) or 15 (E. arloingi) days p.i.
onwards, infected cell cultures were treated with BLT-1 (2 uM) or vehicle (DMSO 0.02%),
with inhibitor-supplemented fresh medium being replaced every 2-3 d. For analyses of
E. bovis- or E. arloingi first merogony development over time, 50 (E. bovis) or 40 (E. arloingi)
macromeronts were analysed per BUVEC isolate (7 = 3 and 4, respectively). In case of
E. bovis cultures, BLT-1-driven effects on macromeront development were assessed via
estimating the number and size of meronts per area at days 15 and 19 p.i. using the CellSens
Dimension® v1.7 software (Olympus, Shinjuku City, Tokyo, Japan). Moreover, E. bovis
proliferation was determined via qPCR-based (EbMIC4-qPCR) analyses of merozoite T
production at 24 d p.i., as previously described [14,38]. In case of the E. arloingi cultures,
macromeront numbers and sizes were studied at days 17, 19, 21, 24 and 26 p.i. From
day 21 p.i. onwards, supernatants of infected monolayers were harvested and stored at
—80 °C for qPCR-based merozoite I quantification, as previously reported [13].

2.4. Live Cell 3D Holotomographic Microscopy and Lipid Droplet (LD) Visualization

BUVEC were seeded into 35 mm tissue culture p-dishes (Ibidi®, Grifelfing, Germany)
and cultured (37 °C, 5% CO,) until confluence. BLT-1 pre-treatments (2 tM) of BUVEC were
performed as described above. Thereafter, pre-treated BUVEC were infected with T. gondii,
N. caninum and B. besnoiti tachyzoites (MOI = 3:1). At 24h p.i., live cell holotomographic
images were obtained by using a 3D Cell-Explorer microscope (Nanolive ®, Tolochenaz,
Switzerland) with 60x magnification (A= 520 nm; sample exposure, 0.2 mW/mm?) and
a depth of field of 30 um. The images were analysed using the STEVE® software v 1.1
(Nanolive®) to obtain refractive index (RI)-based z-stacks, being projected by the mean
average projection plugin tool in the Image J v1.52 software. Further image changes
were limited to brightness and contrast adjustments. For E. arloingi, infected host cells
treated with BLT-1 (2 uM) from day 15 p.i. were analysed via live cell 3D holotomographic
microscopy at day 26 p.i.

For LD visualization, BUVEC were seeded into 35 mm tissue culture p-dishes (Ibidi®)
and treated with the vehicle and BLT-1 for 48 h as described above. Then, the treated cells
were loaded with BODIPY 493/503 (2 pg/mL, 1 h, 37 °C, 5% CO,; Cayman Chemical, Ann
Arbor, MI, USA) as described elsewhere [15]. Cellular LDs in the BLT-1-treated cells and
non-treated controls (1 = 50 per condition) were manually counted based on morphology
and BODIPY 493/503-driven signal accumulation in endothelial cells [39] and expressed
as the number of LDs per cell.

2.5. Ca** Flux Measurements

Calcium signals were registered by staining with Ca**-sensitive dye Fluo-4 (Invitro-
gen, Waltham, MA, USA) according to the manufacturer”s instructions. Briefly, T. gondit,
N. caninum or B. besnoiti tachyzoites were loaded with Fluo-4 (2.5 uM in HBSS, 30 min,
37 °C); the excess dye was removed by washing with PBS (600x g; 5 min), and fresh
HBSS was added. For Ca™ flux measurement, Fluo-4-loaded tachyzoites were placed into
96-well plates (Greiner, Frickenhausen, Germany) at the concentration of 25 x 10° tachy-
zoites/mL and exposed to BLT-1 (2 uM). Spectrofluorometric recording of Ca** signals was
performed at an excitation wavelength of 488 nm and emission wavelength of 530 nm in
an automated multi-plate reader (Varioskan® Flash Multimode Reader, Thermo Scientific,
Waltham, MA, USA).
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2.6. Flow Cytometric Analysis (FACS) of Neutral Lipids in BUVEC

BUVEC (n = 5) were seeded into 25 cm? flasks (Sarstedt) and cultured until confluence.
Then, the cells were treated with BLT-1 (2 uM) for 48 h. To determine if inhibitor treatments
exerted an effect on neutral lipids, pre-treated cells were stained with BODIPY 493/503
(2 ug/mL, 1h, 37 °C, 5% CO,, Cayman Chemical). Afterwards, cells were washed twice
in 1x PBS (600 g; 5 min) and samples were analyzed with a BD Accuri C6® FACS cell
analyzer (Becton-Dickinson, Heidelberg, Germany). The cells were gated according to their
size and granularity, while BODIPY 493 /503-derived signals were assessed in the FL-1
channel as described elsewhere [15].

2.7. RT-qPCR for Relative Quantification of SR-BI Gene Transcripts

BUVEC (n = 5) grown in 25 cm? culture tissue flasks (Greiner, Frickenhausen, Ger-
many) were infected with T. gondii, N. caninum or B. besnoiti tachyzoites (MOI =5:1).
Infected and non-infected host cells were equally processed for total RNA isolation at
four different time points after infection (3, 6, 12, 24 h p.i.). For total RNA isolation, the
RNeasy kit (Qiagen, Germantown, MD, USA) was used according to the manufacturer’s
instructions. Total RNAs were stored at —80 °C until further use. In order to remove any
traces of genomic DNA, a DNA digestion step was performed. Therefore, 1 ug of total
RNA was treated with 10 U DNase I (Thermo Scientific, Waltham, MA, USA) in 1x DNase
reaction buffer (37 °C, 30 min). Thereafter, DNase was inactivated by heating the samples
(65 °C, 10 min). The efficiency of genomic DNA digestion was confirmed by no-RT-controls
in each RT-qPCR experiment, while cDNA synthesis was performed using SuperScript IV
(Invitrogen™, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly,
for first-strand cDNA synthesis, 1 ug of DNase-treated total RNA was added to 0.5 uL of
50 uM oligo(dt), 1 uL of 50 ng/ uL random hexamer primer, 1 uL of 10 mM dNTP mix in a
total volume of 10 uL. Thereafter, the samples were incubated at 65 °C for 5 min and then
immediately cooled on ice. Then, 4 uL of 5x SSIV buffer, 1 uL 0.1 M DTT, 1 uL. RN Ase-free
H,0 and 0.5 pL SuperScript IV enzyme were added, obtaining a total volume of 16.5 pL.
The samples were incubated at 23 ®C for 10 min followed by 50 °C for 10 min and an 80 °C
inactivation step for 10 min.

The probes were labelled at the 5'-end with reporter dye FAM (6-carboxyfluorescein)
and at the 3'-end with quencher dye TAMRA (6-carboxytetramethyl-rhodamine). The
SR-BI primer and the probe sequence were designed as follows: Bos taurus SR-BI forward
5-CCACCTCATCAATCAGTAC-3'; reverse 5'-TCGGAATGCCAATAGTTG-3' and probe
ACTCCATTCCACTTGTCCACGA; qPCR amplification was performed on a Rotor-Gene Q
Thermocycler (Qiagen) in duplicates in 10 uL total volume containing 400 nM forward and
reverse primers, 200 nM probe, 10 ng cDNA and 5 uL 2x PerfeCTa qPCR FastMix (Quanta
Biosciences, Gaithersburg, MD, USA). The reaction conditions were as follows: 95 °C for
10min, 40 cycles at 95 °C for 105, 60 °C for 15s and 72 °C for 30s. No-template controls
and no-RT reactions were included in each experiment. As the reference housekeeping
gene, GAPDH was used as previously reported [14,35].

2.8. Cell Viability Assessment

Cell toxicity of BLT-1 was evaluated by colorimetric XTT tests (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. Briefly, BUVEC (i = 3) were cultured in
96-well plates (Greiner) and treated with BLT-1 (2 uM) in a total volume of 50 uL for 72 h.
Thereafter, 50 pL of the XTT working solution were added and the samples were incubated
for 4h (37 °C, 5% CO, atmosphere). The resulting formazan products were estimated via
optical density (OD) measurements at 590 nm and reference filter 620 nm wavelength using
a Varioskan® Flash Multimode Reader (Thermo Scientific). BUVEC treated with a solvent
(DMSO; 0.02%) were used as the negative control.

For experiments on parasite viability, 5 x 10° tachyzoites/sporozoites of each parasite
species were treated for 2 h with BLT-1 (2 uM; 37 °C, 5% CQO,). The viability was deter-
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mined using the trypan blue (Sigma-Aldrich) exclusion test. Non-stained parasites were
considered to be viable, as reported elsewhere [40].

2.9. Statistical Analysis

For statistical analyses, the GraphPad® Prism 8 (version 8.4.3) software was used.
Calculation of Ca*™ fluxes over time was performed by the analysis of the area under
the curve (AUC), using the first 90 s before stimulation as the base line and estimating
a total duration of 1100 s. Data description was carried out by presenting the arithmetic
mean + standard deviation. In addition, the nonparametric statistical Mann-Whitney
test for the comparison of two experimental conditions was applied. In cases of three or
more conditions, the Kruskal-Wallis test was used. Whenever global comparison using
the Kruskal-Wallis test indicated significance, post hoc multiple comparison tests were
carried out by means of Dunn'’s tests to compare the test conditions with the control ones.
Qutcomes of the statistical tests were considered to indicate significant differences when
p < 0.05 (significance level).

3. Results
3.1. BLT-1 Treatments Induce Dose-Dependent Blockage of Tachyzoite Replication

Before conducting any further experimentation, potential cytotoxic effects of BLT-1
on BUVEC or tachyzoites were monitored via cytotoxicity assays. As depicted in Supple-
mentary Figure S1A, treatments with BLT-1 (2 uM) did not induce significant changes in
formazan product formation compared to the vehicle controls (DMSO, 0.02%). Similarly,
trypan blue exclusion tests showed a similar average viability for T. gondii, N. caninum and
B. besnoiti tachyzoites either treated with 0.02% DMSO (vehicle control) or BLT-1 (2 uM)
(Supplementary Figure S1B).

The impact of BLT-1 treatments on the replication of fast proliferating coccidian species
(T. gondii, N. caninum and B. besnoiti) was determined by functional assays via counting
tachyzoites being released into the medium after 48 h p.i. In principle, BTL-1 treatments
induced dose-dependent inhibition of tachyzoite proliferation in all three coccidian species
(Figure 1); however, a difference in single parasite sensitivities was apparent since the
effects of different inhibitor doses varied in their magnitude in a species-specific manner.
In particular, BLT-1 treatments reduced T. gondii replication by 90.80 + 2.00% (p < 0.01) and
97.99 + 1.25% (p < 0.001) at 1 and 2 uM, respectively, without any significant effect at lower
concentrations (Figure 1A). In the case of N. caninum (Figure 1B) and B. besnoiti (Figure 1C),
2 uM BLT-1 reduced tachyzoite replication by 64.59 & 7.76% (p < 0.001) and 47.24 + 4.39%
(p < 0.01), respectively, with no si; icant inhibitory effects at lower concentrations. Thus,
B. besnoiti appeared as the less BLT-1-sensitive and T. gondii as the most sensitive of these
three coccidian species. In addition, live cell 3D holotomography confirmed respective
effects of BLT-1 treatments (2 uM) in all three parasites species, illustrating a reduction in
meront size in T. gondii- (Figure 1(A1,A2)), N. caninum- (Figure 1(B1,B2)) and B. besnoiti-
infected (Figure 1(C1,C2)) BUVEC, which was mainly driven by a reduction in tachyzoite
numbers within meronts.
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Figure 1. Cont.
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Figure 1. BLT-1 treatments inhibit T. gondii, N. caninum and B. besnoiti i llular tachyzoite proliferation in primary

bovine umbilical vein endothelial cells (BUVEC). BUVEC were treated with BLT-1 (0.25, 0.5, 1 and 2 pM) 48 h before
(A) T. gondii, (B) N. caninum or (C) B. besnoiti infection. The number of tachyzoites present in cell culture supernatants were
counted 48 h after infection (A-C). E: live cell 3D hol ic ill ion of BLT-1-treated and non-treated
T. gondii- (A1,A2), N. caninum- (B1,B2) or B. besnoiti-infected (C1,C2) BUVEC at 24 h p.i. Scale bar: 5 um. Bars represent the
means of five biological replicates + standard deviation; ** p < 0.01; ** p < 0.001.

3.2. BLT-1 Treatments Interfere with E. bovis and E. arloingi Macromeront Formation and Block
Merozoite I Production

The highly pathogenic ruminant Eimeria species E. bovis (cattle) and E. arloingi (goats)
develop in host endothelial cells during the first merogony with macromeront formation.
The impact of BLT-1 treatment was studied throughout the first merogony of both species by
estimating macromeront sizes and numbers in addition to merozoite I production. Overall,
a detrimental effect of BLT-1 treatments on macromeront development and merozoite I
production was stated in both Eimeria species.

In case of E. bovis, infected host cells were treated from 10 days p.i. onwards, i.e., the
treatments started at immature meront stages. Microscopic monitoring revealed dramatic
effects of BLT-1 treatments since immature meronts hardly developed any further under
treatment (Figure 2A). Overall, blockage of SR-BI via 2 uM BLT-1 treatments induced a
reduction in macromeront numbers per area, as observed on days 15 (p = 0.0721; 80% reduc-
tion) and 19 (p = 0.0141; 87% reduction) p.i. (Figure 2B). Moreover, those meronts that were
still able to form proved to be smaller (Figure 2C; 15 d p.i.: p = 0.1149; 19 d p.i.: p = 0.0075)
than the ones in non-treated control cells. Consequently, merozoite I proliferation was
significantly blocked by 95% when compared to the controls (Figure 2D; p = 0.0286).

E. arloingi-infected BUVEC were treated with BLT-1 from day 15 p.i. onwards, i.e.,
when macro were still i and were thoroughly monitored microscopically
(Figure 3A). Overall, the microscopic effects differed substantially from those observed in
E. bovis cultures and appeared to be less prominent. Thus, in terms of macromeront size,
parasite development seemed to be similar in the treated and non-treated E. arloingi-infected
BUVEC. However, from day 17 p.i. onwards, merozoite I formation started in the control
cells but was absent in the treated cells. From day 21 p.i. onwards, mature merozoites I
were visible in macromeronts of the non-treated cells, while macromeronts of BLT-1-treated
cultures showed degradation, vacuolization, and a lack of merozoites I until the end of
the experiment. In contrast to the treated cells, fully developed merozoites I were released
into the cell culture supernatant beginning at 24 days p.i. (Figure 3A, 24 d p.i.). In order
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to control delayed merozoite I formation under BLT-1 treatment, BUVEC cultures were
microscopically monitored until day 35 p.i. During this timeframe, no merozoites I were
formed, and continuous macromeront degradation was observed. To investigate further the
inner structure of macromeronts in the BLT-1-treated cells, 3D holotomographic imaging
was performed at day 22 p.i. (Figure 3A, right panel). Here, macromeronts presented
equal inhibitor-driven effects of vacuolization in both compartments, the host cell and the
macromeront. Furthermore, merozoites I could not be identified since macromeront content
appeared as an undistinguishable mass, which is a characteristic feature for degrading
Eimeria macromeronts. Interestingly, even if new offspring failed to form, macromeronts
continued to grow until day 26 p.i., thereby hampering any significant effects of BLT-1-
treatments on meront size (Figure 3B).
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Figure 2. Inhibition of E. bovis i P by BLT-1 (A) Rep ivei ion of E. bovis-
infected primary bovine umbilical vein endothelial cells (BUVEC) treated with the vehicle or BLT-1 at day 19 p.i. Normalized
number of macromeronts (B) and macromeront sizes (C) at days 15 and 19 p.i. in the vehicle- or BLT-1-treated E. bovis-
infected BUVEC layers. (D) Normalized merozoite I production at day 24 p.i. in the vehicle- or BLT-1-treated E. bovis-infected
BUVEC. Scatter plots illustrate the mean of four biological replicates = standard deviation. Scale bar: 200 um. * p < 0.05;
*p <001
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Figure 3. Effects of BLT-1 treatments on E. arloingi macromeront development in primary bovine umbilical vein endothelial
cells (BUVEC). (A) Representative phase-contrast imaging of E. arloingi macromeronts at days 17, 19, 21, 24, 26 p.i. in the
vehicle- or BLT-1-treated BUVEC and plary live cell 3D hol -aphy analysis of the BLT-1-treated E. arloingi-

infected BUVEC at 22 d p.i. Note: vacuolization of host cells and macromeronts. (B) Macromeront numbers over time in the
vehicle- and BLT-1-treated E. arloingi-infected BUVEC as a frequency distribution histogram. Scale bar: 5 pm.

3.3. BLT-1 Tieatment Impairs Infectivity of Fast Replicating Tachyzoites but Has No Effect on Slow
Replicating Sporozoites

Fulfilment of intracellular replication relies on active parasite-driven host cell invasion.
To estimate if BLT-1 also had direct effects on the capacities of infective stages, here,
we treated free infective stages (tachyzoites of T. gondii, N. caninum and B. besnoiti or
sporozoites of E. bovis and E. arloingi) with BLT-1. As illustrated in Figure 4A-C, BLT-1
treatments moderately reduced tachyzoite invasive capacities since lower infection rates
were detected in all cases of BLT-1 pre-treatments. Thus, an average infection rate of
33.41 £ 3.90%, 43.59 + 5.91% and 26.74 + 3.74% was found in case of non-treated T. gondii-,
N. caninum- and B. besnoiti tachyzoites, respectively, which was reduced to 28.4 + 14.9%
(p = 0.043),40.0 + 7.7% (p = 0.002) and 22.7 + 19.2% (p = 0.056) for BLT-1-treated tachyzoites,
respectively. Of note, BLT-1 pre-treatments of BUVEC did not affect their permissiveness
for subsequent T. gondii-, N. caninum- or B. besnoiti tachyzoite infections (Supplementary
Figure S2). Referring to the slow replicating species E. bovis and E. arloingi, treatments
with 2 uM BLT-1 did not affect sporozoites viability (2 h; data not shown). However, in
contrast to fast replicating coccidia, preincubation of freshly excysted sporozoites with
2 uM BLT-1 did not significantly affect subsequent host cell infection. Thus, an infection
rate of 15.72 + 1.39% and 14.55 =+ 2.18% was registered for the E. bovis-infected non-treated
and BLT-1-treated cells, respectively (p = 0.700). E. arloingi-treated sporozoites infected
7.75 4 0.90% of host cells, while an infection rate of 8.21 4 0.67% was recorded for non-
treated parasite stages (p = 0.486). Additionally, BLT-1 pre-treatments of host cells did
not affect their permissiveness for subsequent E. arloingi sporozoite infection (reduction
0 6.5%).
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Figure 4. Impairment of T. gondii, N. caninum and B. besnoiti tachyzoite infectivity by BLT-1 treatments. Infection rates of the
vehicle-treated or BLT1-treated T. gondii (A), N. caninum (B) and B. besnoiti (C) tachyzoites and the E. bovis (D) and E. arloingi
(E) sporozoites. Bars represent the means of five biological replicates + standard deviation; * p < 0.05; ** p < 0.01.

3.4. BLT-1 Treatments Trigger Ca** Fluxes in Free Tachyzoites

Given that infectivity-related inhibitor effects were stated for fast proliferating coc-
cidia, here, we additionally measured potential effects of BLT-1 on the tachyzoite own Ca*™*
responses. Given that Ca** acts as an early second messenger and is pivotal for tachyzoite
invasion, we evaluated the impact of BLT-1 treatments on Ca** fluxes in Fluo-4-loaded
tachyzoites. In principle, 2 uM BLT-1 treatments induced an increase in Ca** signals over
time when compared with the controls (vehicle treatment) in all T. gondii, N. caninum
and B. besnoiti tachyzoites, showing only minor differences between parasite species in
terms of signal kinetics. This effect was similar for T. gondii (Figure 5(A1)), N. caninum
(Figure 5(B1)) and B. besnoiti (Figure 5(C1)) tachyzoites. Likewise, AUC analysis revealed
a total increase in Ca** mobilized by BLT-1 treatments (Figure 5(A2,B2,C2)), demon-
strating inhibitor-driven enhancement in Ca*™* signals of 402.52 =+ 354.14% (p = 0.0079),
53.98 4 22.73% (p = 0.0079) and 43.30 + 7.60% (p = 0.0079) for T. gondii, N. caninum and
B. besnoiti, respectively.
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Figure 5. BLT-1 affects Ca™* homeostasis in T. gondii, N. caninum and B. besnoiti tachyzoites. Vehicle- or BLT1-induced
Ca** flux in and the related AUC data from Fluo-4-loaded T. gondii (A1,A2), N. canintm (B1,B2) and B. besnoiti (C1,C2)
tachyzoites. Bars represent the means of five biological replicates + standard deviation; * p < 0.01.

3.5. BLT-1 Treatments Alter Neutral Lipid Contents and Cholesterol Distribution in BUVEC
Given that anti-parasitic effects of BLT-1 primarily seemed to be attributed to host
cell alterations and considering that all T. gondii, N. caninum and B. besnoiti species have
already been reported to depend on host cell lipid disposal [22,25], we next evaluated
BLT-1-mediated effects on endothelial cell phenotype by performing RI-based 3D holo-
tomographic live cell imaging. As illustrated in Figure 6, 2 M BLT-1 treatments did not
induce major phenotypic changes of living BUVEC; nevertheless, we found a discrete
increase in small dense globular structures within the cytoplasm of treated cells (Figure 6
arrows). These vesicle-like structures showed the average RI of 1.366 + 0.011 (1 = 50) which
is consistent with prior reports on LDs [22]. To confirm this finding, we additionally stained
BUVEC for cellular distribution of neutral lipids via BODIPY 493/503. BLT-1 treatments
induced a change in neutral lipid signal distribution by increasing the cytoplasmic presence
of BODIPY 493 /503-positive vesicles throughout the cell by 45.1% when compared with
vehicle-treated controls (p = 0.004) (Figure 6A,B). We also confirmed these microscope-
based observations in a quantitative manner via FACS analysis on BODIPY 493/503-stained
live endlothelial cells. As expected, BLT-1 treatments induced a significant increase in the
neutral lipid-related mean fluorescence intensity (26.1%, p = 0.0159, Figure 6C).
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Figure 6. BLT-1-induced changes in cytoplasmic neutral lipid acct ion in primary bovine umbilical vein endothelial

cells (BUVEC). (A) Live cell 3D holotomography analysis in combination with BODIPY 493 /503-driven epifluorescence of
the vehicle- or BLT-1-treated BUVEC. (B) Violin plot depicting the number of LDs in the vehicle- or BLT-1-treated BUVEC.
(C) BODIPY 493/503-based mean fluorescence intensity in the vehicle- or BLT-1-treated BUVEC detected by FACS analyses.
Bars represent the means of five biological replicates + standard deviation. White arrows indicate LD-like structures. Scale
bar: 5 um. *p < 0.05; ** p < 0.001.

3.6. SR-BI Gene Transcription Is Not Affected by T. gondii, N. caninum and B. besnoiti
Tachyzoite Infections

Since coccidian parasites are well-known to modulate host cell gene expression
throughout infection to ensure their obligate intracellular replication requirements [41-43],
we also evaluated the impact of T. gondii, N. caninum and B. besnoiti infections on SR-BI
gene transcription in BUVEC by RT-qPCR. Even though SR-BI gene transcription seemed
slightly enhanced at 3 and 6 h p.i. (T. gondii, Figure 7A), 12 and 24 h p.i. (N. caninum,
Figure 7B) or 6 and 12 h p.i. (B. besnoiti, Figure 7C) in single endothelial cell isolates, no
significant T. gondii-, N. caninum- or B. besnoiti-driven changes in SR-BImRNA abundance
was detected over time in tachyzoite-infected BUVEC.
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Figure 7. SR-BI gene transcription in T. gondii- (A), N. caninum- (B) and B. besnoiti-infected (C)
primary bovine umbilical vein endothelial cells (BUVEC). Bars represent the means of five biological
replicates + standard deviation. Significant level p < 0.05.

4. Discussion

Since apicomplexan parasites are auxotrophic for cholesterol biosynthesis, they need
to obtain this molecule from their host cells to ensure successful proliferation [17]. During
merogonic replication of coccidian parasites, host cell uptake of exogenous LDL rep-
resents the major mechanism of cholesterol acquisition to fulfil parasite metabolic re-
quirements [20-22,44]. This route relies on endocytosis of LDL-LDLR, being thereafter
LDL-derived cholesterol released for cell requirements in a NPC1-dependent process [18].
Interestingly, alternative non-endocytic mechanisms of cholesterol uptake have also been
suggested for endothelial cells [27]. In this context, endotheliocytes might obtain choles-
terol from acetylated or oxidized LDL via the acLDL receptor and the lectin-type oxidized
LDL receptor 1 (LOX-1, syn. OLR1) [27]. Moreover, participation of scavenger receptor
B type I (SR-BI) representing the canonical HDL receptor in an alternative non-endocytic
route for cholesteryl ester uptake from plasmatic LDL molecules was proposed [28,31],
thereby offering an alternative and LDLR-independent scavenging pathway for endothelial
coccidian infections.

To analyse involvement of SR-BI in coccidian parasite proliferation, the SR-BI-specific
inhibitor BLT-1 was used [45,46]. This compound has a high inhibitory capacity with-
out affecting LDL-endocytic cholesterol acquisition delivering a suitable tool for SR-BI-
related analyses [45,46]. The current data show that BLT-1 treatments significantly reduced
T. gondii-, N. caninum- and B. besnoiti tachyzoite replication in primary host endothelial
cells, T. gondii being the most affected by this treatment. So far, this is the first report on
antiproliferative capacity of BLT-1 treatments in fast proliferating coccidian species. Of note,
prior reports showed importance of SR-BI in Huh7 cell infections with the apicomplexan
parasite P. berghei via BLT-1 treatments and siRNA assays [33]. Interestingly, these findings
were corroborated by reduction of parasite burden in SR-BI-deficient mice, demonstrating
participation of SR-Bl-mediated pathways in hepatic P. berghei replication in vivo [33], sug-
gesting a common mechanism for apicomplexans. However, apparent differences in host
cell type and parasite biology limit valid comparisons with present data. In this context, it
should be highlighted that the capacity of SR-BI to incorporate cholesteryl esters and other
lipids from HDL particles is largely accepted for the hepatic tissue [27-29]. In contrast, its
function in endothelial cell cholesterol metabolism currently seems limited to its typical
role as HDL receptor [28,29]. It is worth noting that T. gondii, N. caninum and B. besnoiti
generate their offspring via endodyogeny, whilst species of the genus Plasmodium, such
as P. berghei and P. falciparum, undergo schizogony during their hepatic phase in vivo [47].
In this scenario, to address if current anti-coccidian effects of BLT-1 in endothelial cells
represented a conserved phenomenon or rather a consequence of particular characteris-
tics of host cell type or of specific parasite asexual division mechanisms, we additionally
evaluated the impact of this inhibitor on E. bovis and E. arloingi merogony Iin BUVEC.
These eimerian parasites undergo schizogony during their long-lasting first merogony
(more than 18 days in vitro), which is restricted to endothelial host cells and which requires
considerable amounts of cholesterol to fulfil macromeront formation and massive offspring
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production, resulting in > 120,000 merozoites I per macromeront [12,14,22,48]. In line with
the fast proliferating species, BLT-1 treatment effectively reduced macromeront develop-
ment in both pathogenic ruminant Efmeria species, suggesting conserved involvement
of SR-BI in apicomplexan replication. However, as reported here for fast proliferating
coccidian species, we also detected slight species-specific differences in BLT-1 effects on
E. bovis and E. arloingi macromeront development. Thus, whilst E. bovis macromeronts
hardly developed at all under BLT-1 treatments, E. arloingi macromeronts seemed to be
formed but failed to produce merozoites I and were prone to degradation. So far, this
is the first report on the participation of cholesterol-related routes in caprine E. arloingi
first merogony. In contrast, for E. bovis, its dependence on host cell de novo cholesterol
biosynthesis and LDL uptake was already reported [14,49].

Due to their characteristic obligate intracellular life style, coccidian parasites must
actively invade host cells [9]. Therefore, here, we evaluated the impact of BLT-1 treatments
on free infective stages (tachyzoites in case of T. gondii, N. caninum and B. besnoiti and
sporozoites for E. bovis and E. arloingi) and additionally controlled whether host cell pre-
treatments may impair active parasite invasion. Referring to infective stages, interestingly,
we found stage-specific effects of BLT-1 treatments. Thus, tachyzoite treatments resulted in
an impairment of T. gondii, N. caninum and B. besnoiti host cell invasion process, thereby
either indicating the presence of parasite molecules interacting with BLT-1 in tachyzoites or
non-specific side effects of this treatment. In contrast, Eimeria spp. sporozoites were not at
all affected by BLT-1 treatments and subsequent infection rates did not differ from those of
untreated stages, thereby eventually questioning the hypothesis of non-specific side effects.
Referring to host cells, BLT-1 pre-treatments had neither an effect on subsequent parasite
invasion nor host cell permissiveness in none of parasites studied here. The latter finding
contrasts with observations on Plasmodium spp. infections since SR-BI is considered to be
the key surface molecule for host cell recognition during sporozoite invasion [33,34]. Given
that no data are available on detailed mechanism of direct anti-invasive BLT-1-triggered
effects in tachyzoites, we additionally evaluated effects of treatments on tachyzoite Ca**
homeostasis. In parallel with impaired invasion, BLT-1 triggered enhanced Ca** fluxes
in free tachyzoites of T. gondii, N. caninum and B. besnoiti over time. This is of special
interest since Ca*™* is well-recognised as a pivotal second messenger for coccidian host cell
invasion [9,50], suggesting that BLT-1 treatments could result in untimely Ca** mobilization
during the invasion process. Possible implications of BLT-1 on Ca** homeostasis have not
been addressed previously, but BLT-1 treatment has been linked to phenotypical changes
in zebrafish development [51], implying possible side effects driven by this compound.
Nonetheless, further detailed studies are necessary to establish the impact of BLT-1 on
coccidian Ca*™* homeostasis.

From a mechanistic perspective, exogenous cholesterol is mainly incorporated by LDL
via the canonical LDL-LDLR endocytic route [18,24]. Considering possible involvement of
SR-BI in BUVEC-mediated cholesterol acquisition, we functionally evaluated the impact
of BLT-1 treatments on cellular neutral lipid contents. Overall, microscopic analyses
showed that BLT-1 treatment incremented the number of neutral lipid (marker = BODIPY
493 /503)-positive vesicles, and FACS analyses confirmed this effect in a quantitative
manner. In agreement, live cell 3D holotomographic analysis suggested these globular
structures as LDs based on their characteristic RI-values. These findings are in line with the
function of SR-BI in endothelial cell cholesterol efflux [27], being a consequence of SR-BI
blockage, thereby impairing its capacity for HDL-dependent cholesterol efflux and finally
resulting in cellular neutral lipid accumulation [52]. Interestingly, we recently reported
that verapamil treatments also reduced T. gondii-, N. caninum- and B. besnoiti tachyzoite
replication, which was accompanied by enhanced neutral lipid accumulation [15]. It seems,
therefore, plausible to speculate that cholesterol efflux impairment may generally affect
obligate intracellular coccidian development. However, BLT-1-mediated anti-coccidian
effects may also be a consequence of inhibitor-driven impairment of SR-BI HDL-dependent
signaling pathways, e.g., via PI3K or ERK1/2 [32].
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At the transcriptomic level, steroidogenic and hepatic tissues present higher levels
of SR-BI mRNAs [32]. In mammalian endothelial cells, SR-BI gene transcription has been
linked to liver X receptor (LXR) activation and 17f-estradiol exposure [53,54]. In this
context, the capacity of coccidian parasites to modulate host cell gene transcription and
their phenotype to sustain metabolic requirements of parasite replication has already
been reported [22,41-43]. Considering this, we evaluated whether T. gondii, N. caninum
and B. besnoiti infections modulate SR-BI gene transcription in BUVEC over time. Unex-
pectedly, no infection-mediated changes in SR-BI gene transcription were detected over
time, suggesting that constitutive receptor expression is sufficient to mediate current
BLT-1-driven effects.

In summary, here, we reported for the first time anti-proliferative effects of BLT-1 on
several coccidian species of medical and veterinary importance. These data suggest SR-BI
participation in asexual replication of T. gondii, N. caninum, B. besnoiti, E. bovis and E. arloingi,
thereby implying conserved mechanisms in these species. Given that BLT-1 treatments
additionally drive Ca** fluxes and impair infectivity in free tachyzoites, a non-specific side
effect of this treatment may eventually occur in this parasitic stage. Finally, BLT-1-induced
neutral lipid accumulation demonstrates that SR-BI is involved in neutral lipid metabolism
and efflux in primary bovine endothelial cells.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /article/
10.3390/microorganisms9112372 /51, Figure S1: Viability of BLT-1-treated host cells, Figure S2:
Infection rates of fast replicating coccidian parasites after BLT-1 pre-treatment of host cells.
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Abstract

Neospora caninum rep. an obligate i parasite that belongs to the phylum Apicomplexa and is a major abortive
agent in bovines. During merogony, N. caninum tachyzoites invade and proliferate in host cells in vivo, including endothelial
cells of lymphatic and blood vessels. The egress at the end of the lytic cycle is tightly regulated in apicomplexans. Evidence in
Toxoplasma gondii shows that Ca™ signalling governs tachyzoite egress. Much less is known on egress mechanisms of
N. caninum. Here, we show, using 3D live cell holotomographic microscopy in fluo-4 AM-loaded N. caninum-infected
BUVEC, that with the calcium i hore A23187 at 24- and 42-h post-infection (h p. i.) induced a fast and sustained
increase in Ca** signals in parallel to tach: egress. A23187 exclusively triggered tachyzoite release at 42-h p. i.
but failed to do so at 24-h p. i. indicating a role for meront maturation in calcium-induced tachyzoite egress. Overall, we show that
live cell 3D holotomographic analysis in combination with epifluorescence is a suitable tool to study calcium dynamics related to

Tl

coccidian egress or other important cell functions.

Keywords Neospora caninum - Egress - A23187 - 3D microscopy - Holotomography - Cattle

Introduction

Neospora caninum is a heteroxenic apicomplexan parasite
which belongs to the coccidian cyst-forming Sarcocystidae
family (Lindsay and Dubey 2020). This family includes other
imp ives of the phylum Api a for do-
mestic, wild animal and human health, such as Toxoplasma
gondii, Sarcocystis suihominis or Besnoitia besnoiti.
N. caninum is a primary cause of abortion in bovines as well
as other small ruminant species and has a substantial econom-
ic impact on livestock industry (Reichel et al. 2013). Since
N. caninum is an obligate intracellular parasite, asexual for-
mation of offspring stages (tachyzoites) strictly occurs in and
depends on nucleated host cells. In vivo, N. caninum

preferentially infects endothelium but may also invade other
nucleated cell types, thereby provoking major changes in host
cell functions (Horcajo et al. 2017; Velasquez et al. 2019;
Regidor-Cerrillo et al. 2020) and finally leading to cell lysis.
In this context, primary bovine endothelial cells have been
proven as suitable for N. caninum in vitro replication,
allowing high proliferation rate of tachyzoites (Taubert et al.
2006a, 2006b).

The successful replication cycle of tachyzoites starts with
an active cell invasion, continues with intracellular parasite
replication after parasitophorous vacuole (PV) formation and
ends with active tachyzoite release which occurs after achiev-
ing full maturation (Behrendt et al. 2008). All these intracel-
lular steps are critical for rapid parasite development (Black
and Boothroyd 2000). From a physiological perspective, in-
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for a variety of cellular functions (Carafoli and
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Krebs 2016). Overall, Ca**-related studies on the closely re-
lated coccidian parasite 7. gondii have shown that increase in
intracellular Ca** concentration is pivotal for adequate
tachyzoite motility, invasion (Mondragon and Frixione
1996) and egress (Endo et al. 1982). The egress process allows
tachyzoites to disseminate within the infected organism,
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thereby influencing the outcome of disease. However, and
despite the well-described role of Ca™ in coccidian biology
at i level, the precise underlying parasite
egress are not fully understood (Caldas and de Souza 2018). In
this context, egress-related studies on 7 gondii have consistent-
ly demonstrated that treatments with calcium ionophores, such
A23187 or ionomycin, induce an early egress of tachyzoites in
a Ca™*-dependent manner (Endo et al. 1982; Black et al. 2000;
Caldas et al. 2007; Behrendt et al. 2008). Moreover, Ca™*-driv-
en egress is a general mechanism, since not only other
chemicals including ethanol (Arrizabalaga and Boothroyd
2004), DTT (Stommel et al. 1997) and nigericine (Fruth and
Arrizabalaga 2007), but also physiological signals, such as ni-
tric oxide (Yan et al. 2015) or interferon gamma (IFN-y)
(Niedelman et al. 2013), can evoke T. gondii egress by modu-
lating calcium dy 5 ly, in case of the idi
parasite Eimeria bovis, treatments with A23187 failed to in-
duce egress of merozoite I stages from macromeronts, but pro-
moted a fast exit of sporozoites from recently invaded endothe-
lial cells (Behrendt et al. 2008), suggesting not only parasite
species but also stage-specific egress mechanisms in
apicomplexan parasites.

Calcium flux imaging is a classical approach to study cel-
lular Ca** homeostasis (Russell 2011). However, convention-
al microscopy-based approaches have rather been problematic
for characterizing the role of intracellular calcium dynamics in
host-coccidian parasites interactions (Lovett and Sibley 2003)
since microscopic techniques are often limited to the post-
experimental merge of signals coming from the phase (PH)
or differential interphase contrast (DIC). Alternative ap-
proaches include the use of genetically modified parasites or
suitable dyes for live cell imaging (Frigault et al. 2009).
However, in case of these approaches, the difficulties of work-
ing with genetically modified organisms in addition to
fluorescence-associated challenges like quenching or photo-
toxicity must be solved (Brown 2007). In this context, the
recently developed holotomographic microscopy allows
non-phototoxic and high-resolution imaging in live cells
(Sandoz et al. 2019). The digital holotomographic reconstruc-
tion is based on the refractive index (RI) of the different cell
structures, thereby enhancing the information possible to ob-
tain in cell systems. In line, holotc ic isition per-

Material and methods
Host cell culture

Primary bovine umbilical vein endothelial cells (BUVEC)
were isolated as described previously (Taubert et al. 2006a).
BUVEC were cultured at 37 °C and 5% CO, atmosphere in
modified ECGM (modECGM) medium, by diluting ECGM
medium (Promocell) with M199 (Sigma-Aldrich) at a ratio of
1:3, supplemented with 500 U/mL penicillin (Sigma-Aldrich),
50 pg/mL streptomycin (Sigma-Aldrich) and 5% FCS (foetal
calf serum; Biochrom). Only BUVEC monolayers of less than
three passages were used in this study.

Parasites and treatments

Neospora caninum (strain NC-1) was maintained in vitro as
described elsewhere (Taubert et al. 2006a, 2006b) by cultur-
ing it for several passages in permanent African green monkey
kidney epithelial cells (MARC145) in DMEM (Sigma-
Aldrich), supplemented with 500 U/mL penicillin, 50 pg/mL
streptomycin and 5% FCS. Cells were cultured at 37 °C and
5% CO, atmosphere. Vital tachyzoites were collected from
supernatants of infected cells by a centrifugation step (800 x
2 5 min) and suspended in modECGM for further experi-
ments. For parasite infection experiments, BUVEC were seed-
ed in 35-mm tissue culture p-dishes (Ibidi®) and cultured (37
°C, 5 % CO-) until confluence. Vital N. caninum tachyzoites
(MOI 3:1) were added to BUVEC cultures for 4 h for infec-
tion. Thereafter, non-invaded or dead tachyzoites were re-
moved by a complete medium change.

Live cell 3D holotomographic microscopy and image
analysis

3D holotomographic images and videos were obtained for
N. caninum-infected host cells at 24-and 42-h p. i. using a
3D Cell Explorer-fluo microscope (Nanolive®) equipped
with 60x magnification (A= 520nm, sample exposure 0.2
mW/mm?® and a depth of field of 30 um) and a fluorescence
unit (CoolLED pE-300ultra). Each experiment was performed
ind dently three times (i.e. newly seeded BUVEC and

mits a 3D reconstruction of the RI-based tomogram, allowing
not only the generation of high-resolution images, but also
bringing novel information regarding the spatial distribution
of cellular structures (Sandoz et al. 2019). In addition, one of
the key advantages is that RI-based registries can be directly
merged with fluorescence with a suitable frame rate, allowing
direct analysis of host-parasite interactions. The aim of this
work was to study the role of calcium influx in N. caninum
tachyzoite egress in bovine endothelial primary cells, using a
combined approach of 3D hol hic mi y and

new infections each time). Images were acquired every 6 s
in both index (RI) and f channels. The
raw data were analysed using STEVE software (Nanolive®)
to obtain refractive index-based z-stacks. Digital staining of
subcellular structures was performed based on generated RI
data.

Tracking of intracellular Ca** fluxes

Ca*™* fluxes were visualized by the Ca**-sensitive

calcium probe fluo-4 AM-mediated fluorescence analysis.
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dye fluo-4 AM (Invitrogen) following the manufacturer’s
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recommendations. Briefly, host cells were incubated for
30 min in fluo-4 AM (2.5-uM final concentration) at 37 °C
and supplemented with pluronic acid (Invitrogen) in a dye/
pluronic acid ratio of 1:1. Non-incorporated dye was removed
by washing in sterile PBS and adding fresh modECGM.
Calcium influx induction was induced by calcium ionophore
A23187 treatments (15 puM, Sigma-Aldrich).
Post-processing analysis was performed by the use of
Image J v1.52p software (Schneider et al. 2012). Z Project
plugin was applied to holotomographic z-stacks with the
average intensity of the images as projection output. For
calcium flux measurements over time, defined areas sur-
rounding resting host cells were defined as regions of in-
terest (ROI) (Silvestre-Roig et al. 2019). Thereafter, the
multi-measurement tool (roiManager “Multi Measure™)
was used to quantify the mean grey value as indicator of
fluorescence intensity over time. Finally, for better visual-
ization of Ca*" flux, images were displayed

statistical tests were considered to indicate significant differ-
ences when p < 0.05 (significance level).

Results

Cellular Ca™* signals mainly originated from
intracellular N. caninum meronts

To characterize the localization of Ca** signals within host
cells, we performed a and 3D holc phi

i based approach in N. ¢ infected (24- and
42-h p. i.) and non-infected BUVEC. Therefore, BUVEC
were loaded with the Ca™-sensitive fluorescent dye fluo-4.
As exemplary illustrated in Fig. 1, we observed a vesicle-
like pattern of Ca*" accumulation in the perinuclear area of
the cytoplasm in non-infected cells (Fig. 1 A3 arrow).
A

in pseudo-colours, using fire lookup tables as described
elsewhere (Ardiel et al. 2017; Liu and Baraban 2019;
Wakida et al. 2020).

of i t induced

egress

To estimate the impact of A23187 treatments, quantification
of egressed N. caninum tachyzoites was performed at 24- and
42-h p. i. Briefly, at 24- and 42-h p. i., the number of meronts
in N. caninum-infected BUVEC was determined (time 0).
Then, the N. caninum-infected BUVEC cell monolayer was
incubated with A23187 (15 uM) for 10 min and the number of
meronts that released tachyzoites was determined by compar-
ison with the image obtained at time 0. The result was
expressed as percentage of meronts showing tachyzoite re-
lease, defining as the 100% the number of meronts with
tachyzoites at the beginning of the experiment. At least 15
meronts per experimental condition were analysed.

Statistical analysis

The statistical analyses were performed by GraphPad® Prism
software (version 8.4.3). Ca™ fluxes were normalized as per-
centage of the maximal response in order to compare kinetic
differences among experimental conditions. Global compari-
sons of Ca™ flux magnitudes were assessed by area under the
curve (AUC) analysis at 1200-s post-stimulation. Data de-
scription was carried out by presenting arithmetic mean +
standard deviation (SD). In addition, the non-parametric sta-
tistical Kruskal-Wallis was applied to compare three or more
experimental conditions. Whenever global comparison by
Kruskal-Wallis test indicated significance, post hoc multiple
comparison tests were carried out by Dunn tests to compare
test with control (non-infected) conditions. Outcomes of

il , at 24- and 42-h p. i., N. caninum-infected
BUVEC revealed a marked signal accumulation within
meronts, specifically associated to the perinuclear arca of
tachyzoites (Fig. 1 B3; B4 arrow). No major differences in
Ca'" signal pattern of infected cells were observed between
24- and 42-h p. i.

A23187 treatments induced a fast and sustained Ca**
entry in N. caninum-infected host cells

Given that ionophore A23187 is capable of permeating cy-
toplasmic membranes for Ca* ions, its use in cell systems
allows to determine the role of Ca** entry. As depicted in
Fig. 2A, A23187 treatments of BUVEC induced an increase
in Ca™*-related fluorescent signals over time. Moreover, a
time-dependent redistribution of Ca**-driven signals was
detected at 24- and 42-h p. i. in N. caninum-infected host
cells (Supplementary Videos 1 and 2). In addition, no evi-
dent cytotoxic effect like cell lysis or membrane protrusions
during the first 5 min was observed. When referring to

beellular areas, an ent in fluorescent signals
over time was detected within N. caninum meronts (Fig.
2A, arrows). Furthermore, quantitative image-based fluo-
rescence registries showed an A23187-induced fast and
sustained increase of Ca**-related fluorescence signals in
both N. caninum-infected host cells and non-infected con-
trols (Fig. 2B). Here, the current data showed that A23187
stimulation increased the fluo-4-driven signals reaching a
peak after 500-s post-exposure in the non-infected and 24-h
p. i.-infected cells, which was faster reached (60-s post-
exposure) in 42-h p. i.-infected cells. This was followed
by a plateau phase being in general sustained over time in
all experimental conditions: non-infected cells, 24-h p. i.
and 42-h p. i. Differences in the dynamics of the calcium
flux were observed (Fig. 2B) whilst the magnitude of the
Ca** influx (defined as the AUC of the registries) was not
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Figure 1. Calcium distribution in
N. caninum-infected BUVEC

Refractive index

determined by 3D tomographic
microscopy. Refractive index
(A1, Bl and Cl) and fluorescent
signal-based images (A2, B2, C2)
of fluo-4-loaded BUVEC were
obtained at 24- and 42-h p. i.
Non-infected BUVEC were used
as controls. Images exemplary
illustrate calcium-derived signals
(green fluorescence) of non-
infected (A) and N. caninum-
infected BUVEC at 24- (B) and
42-h p. i. (C). The white arrow in
(A3) highlights perinuclear
vesicle distribution and subapical
calcium accumulation in
intracellular tachyzoites (B3-C3).
The full registry in video format
can be found in the
supplementary material. Size
scale bars correspond to 5 um

Non
infected

24 hp.i
N. caninum

42hp.i
N. caninum

significantly affected by the different experimental condi-
tions (p = 0.47) (Fig. Sup. 1).

lonophore-induced N. caninum egress is tachyzoite
maturation-dependent

During N. caninum meront development, tachyzoites divide
several times within the infected cell and finally egress in a
Ca**-dependent process. To evaluate the dependence of
egress on meront maturation, the number of meronts showing
tachyzoite release was determined at 24- and 42-h p. i. The
data revealed that at 24-h p. i., no N. caninum meronts (0%)
showed tachyzoite egress upon ionophore treatment. On the
contrary, at 42-h p. i., 88.9 £19.0 % of meronts released
tachyzoites after 10 min of treatment (Fig. 3C). Interestingly,
holotomographic videos revealed that at 24-h p. i., intracellu-
lar tachyzoites showed little or no motility within meronts
after A23187 exposure (Supplementary Video 1). In contrast,
at 42-h p. i., tachyzoite movements highly increased and cal-
cium localization changed upon A23187 treatment finally
leading to tachyzoites egress shortly after exposure (Fig. 3,
Supplementary Video 2). These results were consistently il-
lustrated by RI-based digital staining, showing rapid parasite
rosette breakdown and hypermotility of intracellular
tachyzoites within the PV (Fig. 3 Supplementary Videos 3-4).

Discussion

Calcium flux imaging represents a suitable and reliable tool
for the study of cellular Ca** physiology (Russell 2011).

£) Springer

, the use of py-based app of host
cell-parasite interaction studies allows to characterize the role
of Ca™ fluxes in coccidian biology (Lovett and Sibley 2003).
Despite that, using live cell fluorescence microscopy, the
characterization of host cell-parasite interactions is usually
limited to overlay approaches using light microscopic images
(phase or differential interphase contrast). These limitations
can be overcome by the use of genetically modified fluo-
rescent parasites or dyes suitable for live cell imaging
(Frigault et al. 2009). However, the complexity of genetic
manipulations and multi-ck 1 11 iated
problematics, such as quenching or phototoxicity (Brown
2007), generates a complex experimental set-up for study-
ing intracellular parasites. Within this scenario, the current
report shows for the first time that changes in Ca** fluores-
cence signal intensities can be documented by Rl-based illustra-
tion using a holotomographic microscope. Here, this technique
allowed us to simul ly monitor 3D holk hic and
epif signals to the d of intracellu-
lar Ca™ fluxes induced by A23187 treatments in vitro. In addi-
tion, the use of fluo-4 AM as Ca'*-sensitive dye delivered sen-
sitive and specific signals with reduced interference from other
bivalent cations (Gee et al. 2000). In detail, we here found that
Ca**-mediated fluorescent signals in non-infected endothelial
control cells mainly originated from a perinuclear position, show-
ing a vesicle-like pattern in the cytoplasmic region. This finding
is in line with previous reports on bovine aortic endothelial cells
and human umbilical endothelial cells (Chang et al. 2001: Son
ctal. 2010).

Cytoplasmic Ca*™ distribution processes are highly con-
served among cukaryotic cells, where endoplasmic reticulum
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Neospora caninum

Figure 2. A23187 treatments A

induce a rapid and sustained

calcium flux in non-infected and

N. caninum-infected BUVEC. Non-infected

Fluorescence-derived images and
measurements on calcium fluxes
induced by A23187. A The
images illustrate the changes in
cellular calcium (pseudo-colour)
dynamics in non-infected and

N. caninum-infected BUVEC.
Arrows highlight Ca™*-driven
signal accumulation in meronts
over time. B Image-derived
fluorescence intensity
measurements over time in
A23187-treated cells. Error bars
express standard error of at least 5
cells. C The full registry in video
format and the AUC analyses of
image-derived fluorescence can
be found in the supplementary
material. Size scale bars
correspond to 5 pm
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(ER), mitochondria and Golgi are considered Ca**-rich organ-
elles in resting cells (Russell 2011; Carafoli and Krebs 2016).
The current study of apicomplexan-infected host cells proved
fluorescence signals mainly to be located within N. caninum
meronts, most possibly due to a redistribution of host cellular
cytosolic Ca*™". This observation is in agreement with previous
reports on 7. gondii-infected cells, where the Ca** concentra-
tion was significantly higher in the PV than in the cytosolic
area of human epidermoid carcinoma epithelial cells (24-h p.
i., Pingret et al. 1996), indicating that the PV represents a
specialized calcium-rich subcellular compartment. In detail,
we here found that fluo-4-based signals pred ly

500 10600
Time (s)

1500 o 500 000 1500

Time (s)

translocated into the subapical region of intracellular
N. caninum tachyzoites. In line with other eukaryotic organ-
isms, tachyzoites in principle possess above described Ca**-
rich organelles (Lourido and Moreno 2015) but they addition-
ally own other Ca™" stores, the so-called acidocalcisomes, as
described for 7. gondii and Plasmodium berghei (Moreno and
Zhong 1996; Marchesini et al. 2000).

The calcium ionophore A23187 is a mobile ion carrier that
forms stable complexes with cations, such as Ca™ (Pressman
1976). As already reported in the past, treatments with this
compound effectively triggered Ca™ fluxes and other

10:

ap hyzoite egresses (Endo et al. 1982; Black
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Refractive
index
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% of meronts
8

with egressed tachyzoites

24N pi

Figure 3. Calcium influx induced by A23187 treatment triggers a fast
tachyzoite egress from N. caninum-infected BUVEC at 42-h p. i.
Holotomographic images show a fast tachyzoite egress induced by
A23187 treatments from N. caninum-infected BUVEC. Refractive index
(A) or digital staining (B). Arrows highlight an early rosette disassembly

and Boothroyd 2000; Behrendt et al. 2008). As here illustrat-
ed, A23187 treatments effectively induced increases in Ca™-
derived fluorescent signals over time in N. caninum-infected
and control BUVEC. Considering cellular compartments,

sss190%

42 pi

and massive egress of motile tachyzoites from mature meronts. (C) Bar
graph illustrating the mean of the percentage of meronts releasing
tachyzoites after 10-min post-A23187 treatments + standard deviation.
The full registry in video format can be found in the supplementary
material. Size scale bars correspond to 5 pm

concentrations. Interestingly, during Ca™ induction at 42-h
p. i., slight changes in Ca*™* flux over time were observed;
however, this can be consequence of the movement of
tachyzoites during the ionophore-induced egress, rather than

Ca™* signals mamly in icle-lik

i an alternative kinetic profile, which, in general,

within the c; of infected host en-  matches with a receptor-i mdependenl mechanism and seems
dothelial cells. More i in N. i infected of channel in ic membranes
BUVEC, cytoplasmic signals were quickly redistributed to  (Tang et al. 2007).

tachyzoite stages within meronts, thereby d arise Mechani; of idian egress have extensively been
in tachyzoite i Ca™* levels; heless, the possi-  studied in 7. gondii (Caldas and de Souza 2018). In contrast,

bility that this Ca*™* signal enhancemem is a consequence of a

Ca*™* flux from N. caninum tachy Ilular stores orig-

much less data are available on other closely related
parasites, such as N. caninum. So far, a pivotal

inated by the egress induction should not be excluded. This
represents the first report on Ca** flux evaluation during
N. caninum tachyzoite egress. Furthermore, quantitative anal-
yses on fluorescence intensities using defined ROIs demon-
strated that A23 187 treatments provoked a fast calcium flux in
42-h p. i. N. caninum-infected cells and with a similar kinetic
in non-infected and 24-h p. i-infected cells. The latter was
followed by a sustained plateau phase, most probably
reflecting the stabilization of extra- and intracellular Ca**

£) Springer

mle of Ca™*-sensitive mechanisms has been proposed previ-
ously. As such, treatments with DTT and thiazolides deriva-
tives induced a BAPTA-sensitive tachyzoite egress from
N. caninum-infected human foreskin fibroblasts (evaluated
30-min post-induction at 48-h p. i.; Esposito et al. 2007).
Likewise, 10-uM A23187 treatments evoked egress in infect-
ed BUVEC 10-min post-treatment at 60-h p. i. (Behrendt et al.
2008). Unfortunately, and despite the relevance of these
works, the mere use of phase contrast microscopy hindered
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precise characterization of calcium influx signals in tach;
egress in living cells and only allowed for limited data inter-
pretation. Using the current technique, N. caninum tachyzoites
showed highly motile activities and egressed after 30 s of
ionophore exposition at 42-h p. i. but failed to do so at
24-h p. i. In line, low intracellular tachyzoite motility
was observed in reaction to A23187 exposition at 24-h
p. i. Since N. caninum-infected BUVEC showed a simi-
lar calcium dynamic profile at 24- and 42-h p. i., we
speculate that egress rather depends on meront maturity
than on the mode of calcium influx. This is in agreement
with previous observations showing that the maturity of
meront-contained 7. gondii and N. caninum tachyzoites sig-
nificantly influenced A23187-triggered egress in BUVEC
(Behrendt et al. 2008). Interestingly, 7. gondii egress seems
to involve an additional pathway, namely an active process
from the tachyzoite side (Caldas and de Souza 2018).
Specifically, studies on 7. gondii demonstrated the participa-
tion of a perforin-like protein (tgPLP-1) and a
lecitin:cholesterol acyltransferase (tgLCAT), which are secret-
ed from the parasite micronemes and dense granules, respec-
tively, and which both proved pivotal for PV disi i

The online version contains supplementary
material available at hitps://doi.org/10.1007/s00436-021-07260-2.
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and tachyzoite release (Kafsack et al. 2009; Pszenny et al.
2016). In line, electron based analyses

that tubular network disintegration within the PV is an early
event during 7. gondii egress (Caldas etal. 2010). Considering
this, motility seems crucial for ionophore-induced 7. gondii
egress (Lavine and Arrizabalaga 2008). Consequently,
forming tachyzoites within immature N. caninum meronts
may indeed be fixed in a tubular network within the PV,
thereby failing to egress upon ionophore treatments.
Comparative studies on T. gondii and N. caninum have
shown that A23187-induced egress is highly influenced
by infection kinetic and maturity of intracellular meront
stages (Behrendt et al. 2008), thereby indicating that
ionophore-induced early egress is highly affected by
parasite-specific characteristics. However, and despite the
well-documented role of Ca™* in 7. gondii-induced cellular
egress, the correlation of calcium flux and coccidian egress
has not sufficiently been characterized via microscopy-
based approaches, yet.

In summary, current data showed that N. caninum
tachyzoites egress is a Ca™ "-sensitive mechanism. Also,
differences in tachyzoite egress behaviour depending on
the time post-infection and resulting maturation status were
here documented. These differences were not necessarily
dependent on the Ca™" influx and further investigations
are needed to better understand this cellular process. From
a methodological perspective, the current study shows the
usefulness of novel live cell 3D holotomography in combi-
nation with the use of fluo-4 AM as a suitable tool for
calcium-related studies dealing with coccidian egress and
development in host cells.
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Results and discussion

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 NPCILI1, P-gp and SR-BI was analyzed during intracellular
replication of different coccidian species — 7. 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 7. 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-Garcia 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 7. 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, CI1976, 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, 7.
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, £. 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 NPCIL1 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 ABCGS or ABCGS8 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 NPCIL1 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 7. 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. 7. 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 7. 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 7. 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 7. gondii, N. caninum and B. besnoiti tachyzoites of 84 %
and 95 % by verapamil (40 pM) and valspodar (5 uM) treatments, respectively (see 2.4).
Likewise, previous reports on other host cell types also showed that treatments with
verapamil (at concentrations ranging 10—100 uM) and valspodar (1-10 uM) impair 7. 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 7. 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
uM) 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 7. 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. 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 7. 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 7. gondii

tachyzoites demonstrated a Ca*™* flux induced by elacridar treatments (Bottova et al., 2010),

118



Results and discussion

suggesting an untimely tachyzoite activation. In this context, we here report that BLT-1 (2
uM) treatments of free 7. 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 7. 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 7.
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 7. 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 7. 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 7.
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 7. 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 7. 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 7. 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 gehdren zu obligat
intrazelluldren Parasiten, die im Stamm der Apikomplexa eingeordnet werden.
Veterindrmedizinisch 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 Wirtsspezifitdt unterscheiden. Diese intrazelluldr lebenden Parasiten sind flir ihre
Entwicklung vom Metabolismus ihrer Wirtszelle abhiangig. So werden komplexe Molekiile
- wie etwa Cholesterol - aus den Wirtszellen entnommen, um die proliferativen
Anforderungen des Parasiten zu erfiillen. Grundsétzlich kénnen Zellen Cholesterol durch de-
novo-Biosynthese oder extrazellulire Aufnahme bereitstellen. Letztere wird vornehmlich
iiber die Aufnahme von LDL vermittelt. Vor allem diesen Weg scheinen Kokzidien fiir sich
zu nutzen. Insgesamt sind jedoch sind die Kenntnisse zur Cholesterolaufnahme durch
Kokzidien noch liickenhaft und nicht fiir alle Arten reprasentativ. So wurden alternative
Aufnahmewege zum Cholesterol, die von bestimmten Rezeptoren und Transportern wie
NPCILI1, P-pg oder SR-BI abhingig sind, bisher kaum in Betracht gezogen. Die vorliegende
Arbeit befasst sich deshalb mit dieser Thematik und fiihrte zu folgenden Ergebnissen:

Eine GC-MS-basierte Analyse von Cholesterol-assoziierten Sterolen in B. besnoiti-
infizierten primdren 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 verstirkte, weist zudem auf
acLDL als zusitzliche, extrazelluldre 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 wihrend
der ersten Merogonie, was auf eine Abhingigkeit der intrazelluldren Parasitenentwicklung
von extrazelluliren 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, konnte die gesteigerte Synthese dieser

Molekiile auch Ausdruck einer Abwehrreaktionen infizierter Wirtszellen sein.
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Zusammenfassung

Eine Beteiligung weiterer cholesterolassoziierter Wege zeigte die Anwendung von Ezetimib
als NPCI1L1-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 NPCIL1 in infizierten
Zellen legte dies nahe, dass Ezetimib die Parasitenreplikation durch einen NPCILI-
unabhédngigen Mechanismus beeinflusst. Aulerdem zeigte die chemische Blockade des im
Cholesterolstoffwechsel eingebundenen ABC-Transporters P-gp durch verschiedene
Inhibitorgenerationen (Verapamil, Valspodar, Tariquidar) deutliche Unterschiede in ihrer
antiparasitiren Wirksamkeit. Wéhrend Behandlungen mit Verapamil signifikant die
Replikation von 7. 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
ausschlieBlich 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. caninumund B. besnoiti als auch auf die pathogenen Eimeria-Spezies
E. bovis und E. arloingi, was konservierte, SR-Bl-assoziierte Mechanismen bei der
intrazelluldren Kokzidien-Replikation nahelegt. BLT-1-Behandlungen freier Sporozoiten
und Tachyzoiten beinflussten jedoch ausschlieBlich die invasive Kapazitit der letzteren

Gruppe, begleitet von einem anhaltenden Ca**-Flux in diesen Parasitenstadien.

SchlieBlich belegten Studien zum Zellaustritt von N. caninum tiber Live-Cell-Imaging, dass
dieser mit einer infektionsbedingten Ca"*-Umverteilung mit erhdhten Ca''-Signalen
innerhalb der Meronten verbunden war. Analysen zum ionophorinduzierten Austritt von
N. caninum zeigten zudem, dass die Austrittsleistung des Parasiten hauptséchlich von der
Merontenreife beeinflusst wurde und dass lonophorbehandlungen 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. hovis 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
NPCIL1 blocker revealed strong parasitostatic effects on 7. 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 NPCILI 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 7. 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 7. 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-Bl-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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