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1. INTRODUCTION

1.1. Apicomplexan parasites

The phylum Apicomplexa consists of a large group of parasitic protists, which include
more than 6,000 species with an obligate intracellular lifestyle, distributed in a wide
diversity of environments, including soil, freshwater and marine habitats (del Campo et
al., 2019; Votypka et al., 2017). Many of these parasites have a significant clinical and
economic relevance since they may cause severe human and veterinary diseases
worldwide, thereby affecting millions of individuals each year (Rojas-Pirela et al., 2021;
Seeber and Steinfelder, 2016). In this context, malaria (Plasmodium species),
babesiosis (Babesia sp.), toxoplasmosis (Toxoplasma gondii), neosporosis (Neospora
sp.) and cryptosporidiosis (Cryptosporidium parvum) represent important diseases
caused by apicomplexan parasites (Chakraborty et al., 2017; Martinez-Ocampo,
2018), whose cell biology and genomes have extensively been studied (Janou$kovec
et al., 2019; Rojas-Pirela et al., 2021).

Apicomplexan parasites are characterized by a unique apical complex that defines the
phylum name (Votypka et al., 2017). These parasites are composed of a unique
cytoskeleton, secretory organelles (micronemes, rhoptries and dense granules),
endosymbiont-derived organelles (mitochondria and apicoplast), specific structures
(acidocalcisomes and plant-like vacuoles) and universal eukaryotic organelles
(nucleus, endoplasmic reticulum, Golgi apparatus and ribosomes), enclosed by a
membranous pellicle forming characteristic banana-shaped stages (Dubey et al., 1998;
Ferguson and Dubremetz, 2020; Votypka et al., 2017). All these organelles and
structures vary between parasite species and are involved in motility, host cell
attachment, invasion and intracellular parasitophorous vacuole (PV) formation (Rojas-
Pirela et al., 2021).

So far, the apicomplexan phylogeny has been widely discussed but not terminatory
defined. Currently, the taxonomy of apicomplexan parasites includes three major
parasitic classes, which include hematozoea (haemosporidians and piroplasms),
coccidia (Eimeriidae and Sarcocystidae) and gregarines (eugregarines,
blastogregarines and archigregarines). However, data of recent single-cell genomics

and transcriptomics separated Cryptosporidium spp. from coccidia and gregarines and



classified them as a fourth class (Conoidasida) (Janouskovec et al., 2019; Mathur et
al., 2019).

Phylum Class Family Genera
Theileria
Piroplasmida ——
Babesia
[ Hematozoea — |
Hemosporidlea ———  Plasmodium
Eimeriidae E— Eimeria
— Coccidia —
Toxoplasma
L Sarcocystidae — Neospora
Apicomplexa —
— Besnoitia

Eugregarines
—— Gregarines ——|—— Blastogregarines

Archigregarines

C. hominis

C. parvum

— Conoidasida Cryptosporidiidae

C. baileyi

C. muris
Figure 1. Taxonomic classification of the main apicomplexan species. Apicomplexan parasites are
classified into four major parasitic classes: hematozoea (Piroplasmida and Hemosporidia), coccidia
(Sarcocystidae and Eimeriidae), gregarines (eugregarines, blastogregarines, archigregarines) and
conoidasida, which were separated according to recent genomic and transcriptomic analyses.

Toxoplasma gondii and Neospora caninum are members of the Sarcocystidae family within the
coccidian class. [Adapted and modified from Janouskovec et al. (2019) and Mathur et al. (2019)].

The hematozoean class includes parasites of the apicomplexan clade with relevance
for human and veterinary medicine like Plasmodium, Babesia or Theileria, while the
gregarine class bears some potential as biological control agents for several pest

organisms (insects) (Rueckert and Devetak, 2017). Additionally, coccidian parasites



comprise two important parasite families, Eimeriidae and Sarcocystidae, the latter of
which includes Toxoplasma gondii, an important zoonotic pathogen. Both families
show distinct biological differences but also share common characteristics, such as
asexual merogonic proliferation cycles occurring in intermediate and/or definitive
hosts, followed by a sexual gametogonic proliferation that exclusively takes place in
definitive hosts (Daugschies and Najdrowski, 2005; Lindsay and Dubey, 2020;
Martorelli Di Genova and Knoll, 2020; Votypka et al., 2017). Moreover, the conoidasida
class includes several Cryptosporidium subspecies causing cryptosporidiosis in a

broad range of host species.

Given that toxoplasmosis is a highly important zoonosis, the current study focused on
molecular mechanisms involved in T. gondii infection-driven host cell cycle
dysregulation. For comparative reasons, related effects of the closely related parasite

Neospora caninum were also included in this work.

1.2. Toxoplasma gondii

T. gondii, the etiological agent of toxoplasmosis, is an obligate intracellular coccidian
parasite that was first described in 1908 in North Africa and Brazil (Ferguson, 2009;
Nicolle et al., 1909). The species designation originated from the name of the North
African rodent Ctenodactylus gondii from which the parasite was isolated. Toxoplasma
is considered as a protozoan pathogen of major medical and veterinary relevance,
based on the wide range of hosts (Gubbels et al., 2008; Shapiro et al., 2019; White
and Suvorova, 2018) and its highly sophisticated ability to modulate a broad range of
host cell functions to guarantee its intracellular development and replication
(Fernandez-Escobar et al., 2022). Consequently, its life cycle represents a complex
transmission process, affecting not only public health, but also livestock industry and

wildlife animals (Calero-Bernal et al., 2022).

1.2.1. Life cycle and transmission pathways

T. gondii infects a broad range of hosts including terrestrial and aquatic mammals and
birds as intermediate hosts where - by definition - exclusively asexual development
occurs. In contrast, sexual stages exclusively develop in members of the Felidae
family, including domestic cats, thereby acting as definitive hosts (Attias et al., 2020;
S. Al-Malki, 2021) Intermediate hosts like humans can be infected by several

transmission routes, such as (i) ingestion of water, vegetables and fruits contaminated



with sporulated oocysts, (ii) intake of raw or undercooked meat, such as lamb or pork,
containing viable tissue cysts (Dubey, 2009a; Hill and Dubey, 2002; S. Al-Malki, 2021),
(iif) congenital transmission via the placenta of the mother or iv) by transplantation of
organs containing cysts or tachyzoites (Figure 2). In contrast, definitive hosts (felines)
are typically infected by carnivorism, thereby engorging tissue cysts. Of note, felines
act in both categories, i. e. as definitive and intermediate hosts and can therefore also
be infected by the oral uptake of sporulated oocysts. Alike, intermediate hosts from
wild habitats, such as skunks, racoons, foxes or bears, are also infected by ingestion
of sporulated oocysts or prey animals containing cysts (Hill and Dubey, 2002; Lindsay
et al., 2004). In case of humans, the ingestion of non-pasteurized milk from sheep,
goats and cows or milk products also represents a potential source of transmission
due to the resistance of tachyzoites to high temperatures and proteolytic enzymes,
although not common (Riemann et al., 1975; Sacks et al., 1982; Stelzer et al., 2019;
Tenter et al., 2000).

organ transplantation |

tissue cysts / tachyzoites intermediate hosts
- =

definitive host

/ tachyzoites

\
tachyzoites

lm-’ \ unsporulated oocysts
g o sporulated oocysts

tachyzoites _ S
s/ "\, sporulated oocysts

o o vegetables contaminated with feces

Figure 2. Transmission pathways of T. gondii. Sexual stages of T. gondii only develop in felid
definitive hosts, which shed unsporulated oocysts in the feces. These stages are highly resistant to
environmental conditions and develop into sporulated oocysts. When released into the environment
through feces, oocysts contaminate vegetables and food crops, which are consumed by both humans
and animals, such as cattle, sheep, poultry and pigs (intermediate hosts). The ingestion of contaminated
water, vegetables and fruits is one of the most common route of transmission, in addition to the intake
of un/undercooked meat and other products from farm animals (water- and food-borne toxoplasmosis).
Moreover, pasteurized milk or milk products from infected animals are also considered as a potential
source of transmission, although not common. In case of primary infected pregnant women, tachyzoite
stages can be transmitted congenitally from the mother via the placenta to the fetus. Other routes of
horizontal transmission include the transfer of tachyzoites via blood transfusion or transplantation of
organs with cysts or tachyzoites. Typical intermediate hosts like mice, rats, lizards or birds (orange
asterisks) are also involved in the life cycle of T. gondii, rendering it highly successful and widespread.



Considering its development, T. gondii infection follows the typical phases of coccidian
parasites, including three infectious stages: (i) tachyzoites, a rapidly multiplying form
characteristically present in acute infections, (ii) bradyzoites, a slowly replicating form
which develops within tissue cysts typically found in chronic infections, and (iii)
sporozoites, which are formed during sporogony within oocyst stages, being produced
by definitive hosts and released into the environment via felid feces (Attias et al., 2020;
Blader et al., 2015; Dubey et al., 1998). The latter stages result from sexual
development (gamogony) in the gut of felines and are ingested by intermediate hosts,
where sporozoites are released, invade host cells and convert into tachyzoites, which
then multiply by endodyogenies (merogonies, asexual development) in any nucleated
cell type during the acute phase of infection (Dubey et al., 1998; Hofer, 2019).
Following continuous cycles of merogonies, tachyzoites spread within the host body.
Thereafter, and most likely triggered by adverse host immune responses, tachyzoites
convert into bradyzoites within tissue cysts during the chronic phase of infection.
Tissue cysts are predominantly found in the central nervous system (brain) and muscle
tissue but may occur in any organ, where they can reside for the total life span of the
host (Black and Boothroyd, 2000). Cysts stages are then taken-up by ingestion of
infected tissues. During their passage through the digestive tract, bradyzoites are
released from cysts and infect epithelial cells of the intestine, where they convert again
into tachyzoite stages and multiply for dissemination throughout the body (Frénal et
al., 2017; Kato, 2018; Opitz and Soldati, 2002).

1.2.2. Population structure of T. gondii

T. gondii is a widely spread parasite and approximately one third of the global human
population is assumed to have been infected by this protozoa (Calero-Bernal et al.,
2022). In the domestic cycle of T. gondii, a highly clonal population structure was
described with three main widespread genotypes (genotypes I-lll), varying
substantially in their pathogenicity (Calero-Bernal et al., 2022; Sibley and Ajioka,
2008). Thus, T. gondii possesses a significant genetic diversity, responsible for
variations in clinical manifestation (Fernandez-Escobar et al., 2021). Originally, these
clonal types were described by pathogenicity and lethality in laboratory mice. In the
murine host system, T. gondii type | strains (haplotype |) were classified as highly
pathogenic with 100% of cumulative mortality (LD1oo = 1), while type Il strains
(haplotype IlI) were considered as intermediate pathogenic (30% of cumulative
mortality, LDso = 10%) and type Il strains (haplotype ) as non-pathogenic (mortality



index < 30%, LDso > 10%) (Dardé et al., 2014; Sibley and Boothroyd, 1992; Su et al.,
2002).

In Europe and North America, T. gondii genotype Il is most common, showing a rather
low pathogenicity for humans. In contrast, in South America, a high genetic variety of
T. gondii strains (genotypes I-lll) was stated, leading to the rise of atypical and
recombinant genotypes with a high human pathogenicity. Likewise, most of the South
American divergent strains (haplogroups 4-10) have been characterized as highly
pathogenic in mice (Grigg and Suzuki, 2003; Khan et al., 2007). Such atypical and
recombinant strains can also rarely be found in Europe or in the United States
(Ajzenberg et al., 2009).

Referring to human disease, type Il haplotypes predominate in congenital
toxoplasmosis in Europe, while haplotype | is more frequently present in atypical and
recombinant genotypes, being linked to severe forms of toxoplasmosis. However, both,
haplotype | and Il have been associated with severe cases of acquired toxoplasmosis
in immunocompetent patients and with ocular toxoplasmosis (Carme et al., 2002; Grigg
et al., 2001).

1.2.3. Clinical manifestations in toxoplasmosis

Overall, several factors are involved in clinical manifestation of the disease. Thus,
strain pathogenicity on one hand and individual immune response on the other hand
critically influence the outcome of infection. These depend on factors like haplotype,
route of infection, life stage of T. gondii, number of passages of the parasite in mice or

cell culture, and genetic background of the host (Nayeri et al., 2024).

In general, T. gondii infections in immunocompetent hosts present as benign self-
limiting disease and are therefore mostly asymptomatic (Robben et al., 2004). In
contrast, in chronically immunocompromised individuals (e. g. HIV patients), T. gondii
infection may induce an exacerbated immune response, inducing tissue damage with
severe and eventual fatal inflammation and necrosis (Chen et al., 2024; Niedelman et
al., 2013; Robben et al., 2004; Sana et al., 2022; Teimouri et al., 2022). Due to its
preference for neural cells, Toxoplasma infection may also cause neurological
manifestations or acute brain damage like toxoplasmic encephalitis (Alvarado-Esquivel
et al., 2017; Flegr, 2015; Schluter and Barragan, 2019).



In pregnant women experiencing primary T. gondii infections, tachyzoite stages may
cross the placenta, and pose severe damage to the foetus, such as long-term disabling
sequelae, stillbirths or foetal death (Montoya and Liesenfeld, 2004). The severity of
congenital toxoplasmosis depends on the number of parasites crossing the placenta,
the immunological maturity of the fetus and the gestational stage (Rojas-Pirela et al.,
2021).

A highly prevalent clinical manifestation, especially in South America, is ocular
toxoplasmosis, which presents as single or multiple areas of necrosis in the retina that
may result in blindness. Choroid scars usually result from inflammatory responses with
edema and leukocyte infiltrates (Kalogeropoulos et al., 2022).

Since recent decades, there is also increasing evidence on statistical correlations
between latent T. gondii infections and neurological or mental disorders like
schizophrenia, bipolar or obsessive-compulsive disorder (OCD), depression, epilepsy,
anxiety, personality changes and behavioral disorders, amongst others (Bartolomé del
Pino and Zanén-Moreno, 2024). Of note, these correlative analyses in the human
system have to be regarded with care since they are mainly of statistical character,
often lacking experimental reassurance. However, the initial acute stage of T. gondii
infection is effectively controlled in healthy hosts, forcing the parasite into a chronic
intracellular tissue cyst development that takes place in a variety of tissues, including
skeletal muscles, heart and, importantly, the brain, which houses the majority of tissue
cysts in both murine and human models (Fabiani et al., 2015; Konradt et al., 2016;
Mangot, 2016). Chronic T. gondii infections induce alterations in rodent behavior,
giving hints that T. gondii infection may also cause equivalent states in humans (Virus
et al., 2021). The mechanisms behind these effects await elucidation, but it has been
hypothesized that the distribution and/or activity of the parasite in distinct brain regions
may contribute to altered behavioral responses (Berenreiterova et al., 2011; Vyas and
Sapolsky, 2010; Webster and McConkey, 2010). These regions include the amygdala
(fear responses) and the nucleus accumbens (responsible for brain stimulation
reward), which seem infected at higher tissue cyst densities (Gulinello et al., 2010;
House et al., 2011; lkemoto, 2010), besides other areas like the cerebellum, the
pontine nuclei, the caudate putamen, the accessory olfactory bulb and virtually all
compact masses of myelinated axons, suggesting that T. gondii may indeed exert

considerable effects on proper central nervous system operativeness (Berenreiterova



et al., 2011; Virus et al., 2021). However, this tissue cyst distribution mainly occurs in
rodent models, but - on a stochastic level - also seems apparent in humans (House et
al., 2011). Referring to parasite-driven neurotransmitter alterations, T. gondii chronic
infection was reported to raise whole brain dopamine levels up to 15% in mice
(Kamerkar and Davis, 2012). Of note, tyrosine hydroxylase genes of the parasite were
found associated with neurological signs since their products interfere with dopamine
synaptic transmission and, consequently, may mediate neurological changes
(McFarland et al., 2018). However, recent gene deletion studies gave evidence that
tyrosine hydroxylase is not essential for neurobehavioral changes, which rather seem
to be fostered by neuroinflammation (Fuks et al., 2012). Besides tyrosine hydroxylase-
mediated effects, a plethora of other mechanisms are discussed, either based on
parasite-driven immune responses or on secreted parasite kinase activities, which
affect host cell signaling leading to dysregulated functions of neurotransmitters like
GABA, serotonin, noradrenalin, nitric oxide, kynurenic acid, glutamate, or
proinflammatory cytokine production (Bottari et al., 2015; Dincel and Atmaca, 2015;
Fuks et al., 2012; Gatkowska et al., 2013; Kannan et al., 2016; Miller and Schwarz,
2007; Ngo et al., 2017; Tonin et al., 2014). Interestingly, T. gondii infection-driven host
cell alteration shares transcriptional pathways with other CNS disease states (i. e. NF-
kB, TGFB, NOD2, TLR, HLA) and modulates immune processes during chronic
infections, thereby causing changes in neuronal connectivity, synaptic plasticity and
altered brain functions (Alvarado-Esquivel et al., 2017; Ngb et al., 2017; Virus et al.,
2021), all of them potentially linked to the development of neurological and psychiatric

disorders.

Besides humans, T. gondii also plays a major role in veterinary medicine leading to
considerable economic losses, worldwide. In this context, primary T. gondii infections
can result in reproductive failure, embryonic death, resorption, mummification,
abortion, stillbirths and neonatal death, especially in small ruminants, (mainly sheep)
(Dubey, 2009b; Holec-Gasior and Sotowiniska, 2023; Stelzer et al., 2019). The severity
of ovine infections depends on the stage of gestation at which the ewe becomes
primary infected; i. e. the earlier in gestation, the more severe the consequences
(Dubey, 2009c; Innes, 2010). Hence, in the early phase of pregnancy, toxoplasmosis
may result in foetal death with subsequent resorption or mummification while infections
at later gestation phases may cause abortion, stillbirth or perinatal death of the new-
bornes (Dubey, 2009c). Even though toxoplasmosis is an important parasitic infection,



the precise number of losses in lambs is difficult to estimate since the disease does
not cause clinical manifestations in the ewes. T. gondii DNA was detected in up to 25%
of aborted fetuses with pathological findings in placentas, muscle samples, brains,
abomasi, livers and spleens (Dubey, 2009c; Owen et al., 1998). Overall, T. gondii DNA
was detected at higher quantities in muscle and brain samples of the fetuses (Masala
et al., 2007, 2003). Alike sheep, T. gondii infections are also highly prevalent in goats
worldwide, with serious implications in reproductive disorders (de Oliveira et al., 2022;
Dubey, 2009c), including abortions as the most predominant consequence. In this
context, T. gondii induces tissue lesions in infected animals, fostering necrosis and
inflammation in the central nervous system, liver and lungs of aborted fetuses (de
Barros et al., 2022; de Oliveira et al., 2022). Moreover, necrosis and calcification of
cotyledonary tissues was observed in the placenta of infected goats (Unzaga et al.,
2014). Moreover, in acute infections, thrombosis and infarct areas have been found in

the caruncles (Castafo et al., 2014), all of them contributing to abortive processes.

In dogs and cats, toxoplasmosis mainly includes general clinical signs, such as fever,
anorexia or dyspnea. In most cases, T. gondii infections are associated with low
morbidity and mortality in both dogs and cats. Feline toxoplasmosis can aggravate in
transplacentally infected kitten, resulting in hepatitis, cholangiohepatitis, pneumonia
and encephalitis being accompanied with ascites, lethargy and dyspnea (Dubey and
Carpenter, 1993). Of note, hepatic failure and hyperplastic cholangitis was also
described in adults besides other signs like intestinal enteritis, inflammatory intestinal
disease, thickening of the gastric wall and lymphadenopathy (De Tommasi et al.,
2014). Hence, feline toxoplasmosis may rarely become fatal in cats showing severe
respiratory or neurological signs (Brennan et al., 2016; Cohen et al., 2016; De
Tommasi et al., 2014; Dubey and Carpenter, 1993; McConnell et al., 2007; Peterson
et al., 1991). Dogs rarely suffer from toxoplasmosis as a primary disease. In most
cases, the disease is linked to immunosuppression or a lack of vaccination against
canine distemper virus (CDV). In clinical cases, signs may include neurological
disorders like seizures, cranial nerves deficits, tremors, ataxia, paresis and paralysis,
muscle wasting and stiffness (Patitucci et al., 1997). However, pneumonia seems one
of the main signs of toxoplasmosis and an acute respiratory distress syndrome and
septic shock may occur (Brownlee and Sellon, 2001; Evans et al., 2017). Ocular
diseases are also described for both cats and dogs including necrotizing conjunctivitis,
uveitis, endophthalmitis and chorioretinitis (Dubey and Carpenter, 1993; Swinger et al.,



2009; Wolfer and Grahn, 1996). Moreover, cutaneous manifestations have been
documented, characterized by erythematous epidermal nodules, pyogranulomatosus
necrotizing dermatitis with multifocal vasculitis and vascular thrombosis (Bernsteen et
al., 1999; Hoffmann et al., 2012; Oliveira et al., 2017).

1.3. The cell cycle in mammalian cells

Given that this work focuses on T. gondii-driven modulation of the host cell cycle, the
general principles of cell cycling will here be reviewed. Cell division is a highly complex
and tightly regulated biological process, which follows the aim to divide the mother cell
and to correctly duplicate chromosomal DNA to deliver the cellular information of the
mother cell to two genetically identical daughter cells (Satyanarayana and Kaldis,

2009). This process includes two major phases, interphase and mitosis.

1.3.1. Interphase

The interphase includes the sequential events of gap 1 (G1)-, synthesis (S)- and gap
2 (G2)-phases (Alberts et al., 2007). During G1-phase, the cell grows significantly,
pivotal organelles are copied, and molecular building blocks are generated to be used
in later steps (Bertoli et al., 2013). During S-phase, the cell synthesizes a complete
copy of the genomic DNA and duplicates the centrosome, a microtubule-organizing
structure, which assists in separating chromosomes during mitosis (Kéivomagi et al.,
2011; Westendorp et al., 2012) During G2-phase, the cell continues growing, produces
proteins and organelles and starts to reorganize its content in preparation for mitosis
(Alberts et al., 2007; Kousholt et al., 2012).

It is important to highlight that G1- and G2-phases not only reflect cell growth and
building block synthesis. These phases also include the control of internal and external
environmental parameters to ensure suitable cell cycling conditions and to guarantee
the fulfillment of all molecular requirements before progressing to S-phase and mitosis
(Wang, 2021). In this respect, G1-phase is especially important since its duration can
greatly vary depending on external conditions or on extracellular signals coming from
other cells. For example, if extracellular conditions are unfavorable, cells delay their
progression through G1-phase and enter a specialized resting phase, called GO-
phase, in which they can remain for days, weeks or even years before returning to a
proliferative state (Cheung and Rando, 2013; Sajiki et al., 2018). Two different GO-

state types are described and are categorized as quiescence and senescence. Whilst
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quiescence refers to a reversible G0-state, senescence mirrors an irreversible status
of cells in response to severe DNA damage, which would lead to nonviable progeny
formation. Overall, GO-states represent strategies alternative to cellular suicide, e. g.
driven by apoptosis (Anvarbatcha et al., 2023; Burton and Krizhanovsky, 2014;
Campisi and d’Adda di Fagagna, 2007; Fukada et al., 2007; Rodier and Campisi,
2011).

1.3.2. Mitosis

Mitosis also represents a highly regulated process and includes several consecutive
phases: prophase, prometaphase, metaphase, anaphase and telophase (Alberts et al.,
2007). Mitosis comprises two main events: nuclear division, in which the chromosomes
are segregated, and cytokinesis, in which the cytoplasm is divided, finally resulting in
two identical daughter cells (Mclntosh, 2016) (Figure 3).
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Figure 3. Principle steps of mitosis. Mitosis includes chromosome condensation in prophase,
chromosome alignment in metaphase, separation of sister chromatids to opposite poles in anaphase,
and mitotic spindle rupture and formation of two new nuclei (one for each set of chromosomes) in
telophase, finally leading to cytoplasmic division during cytokinesis.

In prophase, chromosomes condense and the mitotic spindle begins to form,
originating from centrosomes, which start to move towards opposite cell poles. As
consequence, the nuclear envelope starts to break down (Ong and Torres, 2019; Yim
and Erikson, 2011). In prometaphase, the nuclear envelope is fully disassembled and

microtubules from the spindle apparatus attach to the kinetochores, which are protein
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structures in the centromeres of the chromosomes (Alberts et al., 2007; Feitoza et al.,
2017). Metaphase is then characterized by a chromosome alignment along the
metaphase plate, an imaginary plane equidistant to the two spindles poles (Guo et al.,
2013; Orr and Maiato, 2019). Then, each sister chromatid is attached to spindle fibers
from opposite poles. During anaphase, cohesin proteins binding the sister chromatids
together are cleaved, allowing the sister chromatids to separate. Then, the single
chromatids are pulled towards opposite poles of the cell via the spindle fibers. In
telophase, the two sets of daughter chromosomes arrive at the poles of the spindle
and decondense (Chu et al., 2022). A new nuclear envelope reassembles around each
set of chromosomes, resulting in two separate nuclei within the mother cell, marking
the end of mitosis (Yim and Erikson, 2011). Ultimately, during cytokinesis, the
cytoplasm is divided into two portions by a contractile ring of actin and myosin filaments
forming a cleavage furrow and finally dividing the mother cell into two identical daughter

cells, each with one nucleus (Figure 3).

1.3.3. Mechanisms of cell cycle control

The cell cycle represent a series of highly regulated steps that govern cell proliferation.
Key molecules of cell division control are the cyclins and their binding partners, the
cyclin-dependent kinases (CDKs), a family of serine/threonine kinases (Suryadinata et
al., 2010). Cyclins and CDKs control cell cycle progression by phosphorylation of
regulatory proteins. Hence, both CDKs and cyclins form part of cell cycle checkpoints,
which represent surveillance mechanisms monitoring the order, integrity and fidelity of
major cell cycle events to guarantee correct phase progression (Barnum and
O’Connell, 2014; Morgan, 1996; Pietenpol and Stewart, 2002). The transition from one
to another cell cycle phase is mainly regulated by the formation of cyclin-CDK
complexes (Satyanarayana and Kaldis, 2009). The different members of the cyclin
family are expressed in a stimulus-dependent manner and thereafter are rapidly
degraded leading to a cell cycle phase-specific, periodic cyclin presence or absence
(see Figure 4). Hence, Cyclin D starts to accumulate in early G1-phase, cyclin E in late
G1-early S- and cyclin A during S-phase with a gradual decrease in G2-phase
(Coverley et al., 2002; Gu et al., 1992) (Figure 4). Progression to mitosis depends on

the accumulation of cyclin B, which is then degraded with cell cycle finalization
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(Vorlaufer and Peters, 1998). In contrast, CDKs are constitutively expressed, but are

activated via their binding to cyclins in cyclin complexes (Figure 4).
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Figure 4. Cyclins expression and formation of cyclin-CDK complexes during cell cycling. Cyclins
experience synthesis and degradation in each cell cycle phase due to cyclic changes in phosphorylation.
The activity of CDKs depends on the presence of corresponding cyclins. The expression of cyclin D is
enhanced in early G1-phase, declining in late G1-phase. A progressive accumulation of cyclin E appears
in late G1-phase with a prominent peak in the S-phase and degradation before early G2-phase. Then,
cyclin A accumulates in S-phase with degradation in early M-phase, which is partially mediated by the
APC/C protein. The onset of M phase is mediated by cyclin B accumulation. Cyclin B degradation
coincides with the end of cell division.

In G1/S-transition phase, a pivotal checkpoint - also known as restriction (R) point -
ensures that all cellular requirements are properly fulfilled for adequate DNA synthesis
(Figure 5). Therefore, the cell is monitored for adequate size, energy reserves and
absence of DNA damage (Bertoli et al., 2013). Key molecules of the G1/S-checkpoint
are the retinoblastoma protein (Rb) and other transcription factors, such as E2F and
p53, which are central tumour supressors regulating cell division by promoting cell
cycle arrest to repair DNA damage or to induce apoptosis in case of irreversible
damage (Engeland, 2022a; Ozaki and Nakagawara, 2011). In that case, p21 is
transcriptionally activated by p53 with concomitant activation of p27 (cell cycle
inhibitors), inhibiting the kinase activity of CDK2 and CDK1 and leading to growth arrest
at specific stages in the cell cycle. Taken together, these elements constitute the p53-
p21-Rb-signaling pathway (Abbas and Dutta, 2009; Abbastabar et al., 2018). After
progression through S- and G2-phases, the G2/M checkpoint ensures that the cell
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fulfills all criteria to enter mitosis (Figure 5). At foremost, the cell is controlled for
completeness and accuracy of DNA replication in addition to the absence of any DNA
damage (Sale et al., 2012; Tang et al., 2024). The most important factors of this
checkpoint are p53, ATM/ATR kinases and Chk1/Chk2 (Stark and Taylor, 2004)
(Figure 5).
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Figure 5. Main proteins and transcription factors of cell cycle checkpoints. Cyclins and CDKs
promote cell cycle progression while CDK inhibitors block the transition between phases. The balance
between both determines cell proliferation. In early G1-phase, the presence of growth factors is required
for progression. The DNA integrity is monitored before DNA replication (S-phase) via the G1/S
checkpoint. P53 is a fundamental tumour suppressor, which regulates cell division via cell cycle arrest
to repair DNA damage or to induce apoptosis. CDK inhibitors like p21 and p27 block cell cycle
progression by inhibiting cyclins A/B and CDK1/2, which are pivotal for G1/S and G2/M checkpoints.
The G2/M checkpoint controls DNA integrity before procession to mitosis.

Besides the highly important G1/S- and G2/M-checkpoints, a further relevant
checkpoint exists in the metaphase of mitosis, which controls both, the proper
attachment of the chromosomes to the spindle apparatus and the correct alignment of
chromosomes in the metaphase plate before the cell progresses into anaphase. Key
elements of this checkpoint are MAD1 and MAD2 (mitotic arrest deficient genes),
BUBR1 (budding uninhibited by benzimidazole-related 1), APC/C (Anaphase
promoting complex/cyclosome), securin and separase (Bertoli et al., 2013; Lu et al.,
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2014; Luo and Tong, 2021a; Raaijmakers et al., 2018). MAD1 recruits the anaphase
inhibitor MAD2 to accumulate at kinetochores and generates a wait signal, thereby
preventing the cell from progressing to anaphase, until spindle microtubules have
correctly been aligned with the kinetochores on each chromosome. Here, BUBR1 is
directly involved, i. e. if any chromatids remain unattached, BUBR1 expression
prevents cell division (Matsuura et al., 2006; Sironi et al., 2002; Suijkerbuijk et al.,
2010). Then, APC/C controls sister chromatid segregation and the exit from mitosis by
catalyzing ubiquitylation of cyclins and the other cell cycle regulatory proteins under
regulation of separase-securin complex (Barford, 2011; Hellmuth et al., 2020; Luo and
Tong, 2021b).

1.3.4. DNA damage repair pathways

Given that DNA damage signifies a highly severe insult for a cell which could be
abortive for daughter cells, different cellular pathways of DNA repair exist to maintain
genetic stability and integrity, once mammalian cells experience endogenous (e. g.
cellular metabolic processes including reactive oxygen species production, oxidation,
alkylation or hydrolysis) or exogenous (e. g. environmental factor like UV light, ionizing
radiation or chemotherapy agents) DNA-damaging events (Tubbs and Nussenzweig,
2017). If damaged DNA is not properly repaired, this can lead to genomic instability,
apoptosis or senescence, predisposing cells to immunodeficiency, neurological
disorders and cancer (Hakem, 2008; Subba Rao, 2007; Thoms et al., 2007). To
prevent this scenario, cells own a series of mechanisms, summarized as DNA damage
response (DDR), which include both DNA-damage checkpoints and repair pathways
(Li et al., 2021). However, the mode of DDR depends on the type of DNA damage
occurring in the cell, i. e. different repair systems respond to DNA single- or double-
strand lesions (Giglia-Mari et al., 2011) (Figure 6). In this context, the major pathways
are (i) direct reversal repair (DRR), which mainly repairs the lesion induced by
alkylating agents; here de novo DNA synthesis is not required to correct errors
(Gutierrez and O’Connor, 2021), (ii) base excision repair (BER), which corrects small
base lesions mainly caused by oxidation; here a DNA glycosylase removes the
damaged base and fills the gaps by short- or long-patch repair (Krokan and Bjgras,
2013), (iii) nucleotide excision repair (NER), which primarily removes helix-distorting
DNA lesions (Li et al., 2021), (iv) mismatch repair (MMR), that recognizes and repairs

erroneous insertions, deletions and mis-incorporation of bases arising during DNA
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replication and recombination (Li, 2008) and, (v) recombinational repair, which includes
the homologous recombination (HR) and non-homologous end joining (NHEJ) repair
pathway, operating at double-strand DNA breaks (Hakem, 2008; Li et al., 2021).
Double-strand DNA breaks are considered as the most severe and lethal DNA damage
type that cells can experience, ultimately leading to cell death or serious genetic
mutations, if left unrepaired. Interestingly, the recombinational repair operates cell
cycle-dependent. Thus, the HR pathway is activated during S- and G2-phase, whilst
the NHEJ repair pathway in principle is activated at any cell cycle phase but seems
more important in G1-phase (Li and Heyer, 2008; Watanabe and Lieber, 2022) (Figure
6). Both, the HR and NHEJ pathways are considered as the two most important
pathways for the repair of double-strand DNA breaks, fostering a complex process
which requires the activation of a cascade of proteins (Lieber, 2010) (Figure 6). In this
sense, the HR pathway branches into ATM and ATR pathways, two repair routes which
act according to the type of damage, i. e. either double-strand DNA breaks (ATM) or
stalled replication forks (ATR) (Awasthi et al., 2015; Goodarzi et al., 2003; Hakem,
2008; Maréchal and Zou, 2013) (Figure 6). Within these pathways, ATM, ATR and
DNA-PKcs phosphorylate several target molecules, which contribute to the overall
DNA damage response (Figure 6). As an immediate event occurring after double-
strand DNA breaks, phosphorylation of histone H2A.X resulting in yH2A.X takes place,
which is the first step in recruiting DNA repair proteins, acting as substrates and
mediators of damage responses, including BRCA1, Chk1 and Chk2 (Kuo and Yang,
2008). When activated, ATM, ATR, Chk1 and Chk2 promote the phosphorylation and
subsequent activation of p53, a key player in the DNA damage checkpoint (Su, 2006)
(see also Figure 5). When p53 transactivates p21, inhibition of CDK2 and CDK4 takes
places (= G1/S-promoting cyclin-dependent kinases), leading to a sustained G1 arrest

to prevent damaged DNA replication (Hakem, 2008). The ATM and ATR pathways are
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essential for the G1/S, S-phase and G2/M DNA damage checkpoints and are critically
involved in the maintenance of genomic integrity.
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Figure 6. DNA repair pathways in cells. (A) Under physiological conditions, cells efficiently control
DNA synthesis and replication by diverse mechanisms, which include adequate signal transduction,
transcriptional regulation, immunologic tolerance, regulation via cell cycle checkpoints and, if necessary,
apoptosis induction. (B) In case of cellular DNA lesions, DNA damage responses (DDR) are elicited to
protect the cells from eventually arising detrimental defects. Here, DNA single-strand damages are
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corrected by (i) direct reversal repair (DRR) (mainly active when lesions were induced by alkylating
agents), (ii) base excision repair (BER) that corrects small base lesion, (i) nucleotide excision repair
(NER) removing helix-distorting DNA lesions and, (iv) mismatch repair (MMR), which corrects erroneous
insertions or deletions. DNA double-strand breaks are repaired by either homologous recombination
(HR) or non-homologous end joining (NHEJ) repair pathways. Both pathways are cyclin-dependent.
Hence, the HR pathway operates when DNA damage occurs in S- or G2-phase, whilst the NHEJ
pathway can be activated at any cell cycle phase, but mainly operates in G1-phase. The HR pathway
branches into ATM and ATR pathways, which both involve a cascade of molecular reactions finally
resulting in DNA repair and cell cycle arrest, respectively.

1.4. Modulation of the host cell cycle by intracellular parasites

In line to other obligate intracellular parasites, T. gondii extensively manipulates a
broad range of pivotal biological processes in its host cell to guarantee intracellular
replication and survival. In former studies, T. gondii indeed revealed as a master of
host cell modulation since it significantly inhibits host cellular defense mechanisms
(Chen et al., 2024; Hunter and Sibley, 2012; Zhu et al., 2019), exploits the host cellular
metabolism (Ewald et al., 2024; Shunmugam et al., 2022), changes host cellular
skeleton and autophagy (Besteiro, 2019; Cheng et al., 2022; Walker et al., 2008; Wang
et al., 2009; White et al., 2024), controls apoptosis (Besteiro, n.d.; DU et al., 2022; Su
et al., 2023) and also affects host cell cycle (Brunet et al., 2008; Kim et al., 2016;
Molestina et al., 2008; Pierre-Louis et al., 2022; Sabou et al., 2020), amongst other cell
functions. Referring to the latter, progression through cell cycle phases creates a high
demand of nutrients, metabolites, aminoacids, proteins and sugars to provide sufficient
energy and building blocks for DNA synthesis and cellular development. Thus, the
cellular metabolism continuously changes, depending on the specific requirements in
each cell cycle phase. Given that intracellular parasite proliferation also signifies a
highly energy- and building block-demanding process, parasite-driven modulation of
essential biological host mechanisms like the cell cycle represents a fundamental
strategy to ensure successful parasite development and proliferation. Hence, it

represents a common target of intracellular parasite-driven manipulation.

1.4.1. Host cell cycle manipulation by apicomplexa other than T. gondii

Apicomplexan parasites are obligate intracellular protozoan widely recognized as
efficient modulators of a broad range of host cellular functions, such as the cell cycle.
Studies on different Plasmodium species demonstrated that erythrocyte infections
- even though this cell type does not own a nucleus and consequently cannot divide -
trigger changes in cell signaling pathways that mimic certain aspects of cell cycle
progression, thereby aiding in efficient parasite replication (Hanson et al., 2015). Thus,

Plasmodium falciparum-infected erythrocytes exhibit changes in cycle progression
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leading to abnormal mitotic events (Hanson et al., 2015). In contrast, P. falciparum-
infected hepatocytes were found arrested in G2/M-phase to create a cellular
environment that facilitates parasite development and replication (Hanson et al., 2015).
At transcriptional and post-transcriptional level, P. berghei infections manipulate the
G2/M checkpoint by repressing cyclin A and B in Hepa1-6 cells as well as the APC
complex in anaphase (Albuquerque et al., 2009; Wang et al., 1999). However, other
findings come from HepG2-CD81 cells showing that P. yoelii infections maintain the
proliferative state of host cells with activated retinoblastoma protein (Rb) and low p53
abundance (Kaushansky et al., 2013), thereby controlling G1- to S-phase transition. In
contrast, P. berghei-infected HepG2 cells showed an S-phase stasis after sporozoite
invasion (Hanson et al., 2015). Moreover, a substantial proportion of binucleated cells
(31%) was here stated, indicating cytokinesis failure, which was mainly found in cells
containing large schizonts (Hanson et al., 2015).

Another apicomplexan master modulator of host cell cycle progression is Theileria,
which extensively drives host cell transformation, finally resulting in continuous clonal
cell expansion (Chakraborty et al., 2017). Of note, at each host cell division cycle,
parasite stages are transferred to each daughter cell, thereby leading to an exponential
spread of the pathogen. Indeed, Theileria spp. transform their host cells (mainly
lymphocytes) into a cancerous phenotype by modulating host cell kinases and
transcription factors like CDK2, CDK4, CDKG®, cyclin D, NF-kB, PI3-K, p53 (Dobbelaere
et al., 2000). Here, the constitutive activation of cyclin D seems pivotal for oncogenic
host cell transformation (Marshall, 1999). Both NF-kB and PI3-K regulate cyclin D at
the transcriptional level. The translation of cyclin D mRNA is regulated via the mTOR
pathway, whilst its stability is enhanced via Akt/PKB-dependent inactivation of
glycogen synthase kinase 33, which induces phosphorylation, ubiquitination and
degradation of cyclin D (Galley et al., 1997). The main target of cyclin D/CDKs is the
tumor suppressor molecule Rb, which maintains E2F transcription factors in their
inactive forms (Engeland, 2022b). Cyclin D-dependent kinases initiate the
phosphorylation of Rb, thereby disrupting its association with E2F. This results in E2F-
dependent transcription of an array of genes necessary for DNA synthesis, amongst
them are c-myc and cyclin E (Dobbelaere et al., 1999; Dobbelaere and Heussler,
1999). Cyclin E-dependent CDK2 then induces the phosphorylation and degradation
of p21 and p27, which maintain cyclin E- and cyclin A-dependent kinases in an inactive

form (Engeland, 2022b). From this moment onwards, the cells are irreversibly
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committed to continue S-phase and to proceed to complete the cell cycle. Thus, with
NF-kB, PI3-K and potentially AP-1 inducing constitutive transcription of the cyclin D
gene and PI3-K-dependent pathways ensuring cyclin D stability and translation,
constitutively high levels of cyclin D stimulate continuous cell cycle progression in
Theileria-infected cells (Dobbelaere et al., 2000).

Eimeria tenella, one of the most pathogenic etiological agents of avian coccidiosis, was
also demonstrated to trigger host cell cycle dysregulation (Diallo et al., 2019). Here,
the overexpression of EtROP1, a rhoptry-derived kinase, induced a GO/G1 arrest and
a reduction of cells in S-phase in transfected HEK293T cells. Additionally, a stimulation
of p21 gene transcription and protein expression was stated, findings which were
consistent with a previously observed host cell cycle arrest via activation of the p53/p21
pathway (Diallo et al., 2019).

In the bovine system, E. bovis infection induced an arrest at G1/S transition in primary
bovine endothelial host cells with concomitant upregulation of cyclin E1 and
downregulation of cyclin B1 at the late phase of macromeront formation, which was
additionally characterized by premature senescence (Velasquez et al., 2021b).
Moreover, E. bovis infection triggered a phenotypic change in host cell nuclei being
characterized by nucleolar fusion and heterochromatin-enriched peripheries
(Velasquez et al., 2021b).

1.4.2. T. gondii-driven cell cycle modulation

T. gondii was shown to profoundly reprogram the gene expression of infected cells,
thereby also affecting transcription factors that regulate host cell proliferation and cell
cycling (Khelifa et al., 2021; Li et al., 2023; Menard et al., 2021; Molestina and Sinai,
2005; Sun et al., 2021). Interestingly, the cell cycle division autoantigen-1, a host cell-
derived molecule with inhibitory functions on cell cycle, slows parasite growth when
being overexpressed and induces the expression of bradyzoite-specific proteins
(Behnke et al., 2008; Radke et al., 2005; Sokol-Borrelli et al., 2023). These findings
provided evidence that changes in host cell transcription, particularly in profiles
affecting the cell cycle machinery, own the capacity to affect parasite development.
Other hints on T. gondii-driven cell cycle interference are (i) an increase in transcripts
associated with metabolic processes in the host cell including glycolysis and

gluconeogenesis, which is consistent with typical events occurring in S-phase, such as
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synthesis of DNA, nucleotides, aminosugars, amongst others (Blader and Saeij, 2009),
(i) relocation of host cellular microtubules around the PV which may alter cell cycle
progression to mitosis (Coppens et al., 2006a; Coppens and Romano, 2018), and (iii)
an infection-driven downregulation of mitotic proteins, such as cyclin B1 (Nelson et al.,
2008).

First evidence on T. gondii-mediated interference with the host cell cycling machinery
came from past observations on host cell invasion as the first step of infection. Thus,
the infective capacity of T. gondii increased when synchronized host cells proceeded
from G1- or S-phase and decreases when cells entered G2/M transition-phase (Dvorak
and Crane, 1981; Grimwood et al., 1996). In this respect, reports on T. gondii-driven
cell cycle perturbation included somewhat varying results in different cells types but
primarily documented an arrest in early cell cycle phases. Thus, infected human
epithelial cells promoted a G1/S transition followed by G2-phase arrest and cyclin B1
downregulation, the latter of which is probably the major cause of arrest (Brunet et al.,
2008). However, T. gondii-infected human foreskin fibroblast (HFF) were arrested in
S-phase (Lavine and Arrizabalaga, 2009; Molestina et al., 2008; Pierre-Louis et al.,
2022), accompanied by a delayed or lacking increase of cyclin A2 and cyclin B1 in
combination with an early elevation of cyclin E1 and an oscillatory profile of ERK
(extracellular signal-regulated kinases) activation. These findings suggest a missing
exit from S-phase and failure to progress toward mitosis in T. gondii infection
(Molestina et al., 2008). This kind of cell cycle perturbation depended on parasite
viability and proliferation since replication-defective tachyzoites barely influenced the
host cell cycle (Molestina et al., 2008). Referring to parasite-derived molecules being
involved in cyclin regulation, recent findings demonstrated that a tachyzoite-derived
effector protein, HCE1 (host cell cyclin E1), bound to host cellular E2F/DP1
heterodimers and triggered robust host cyclin E upregulation (Panas et al., 2019).
T. gondii infections also fostered non-infected bystander cells to enter S-phase,
thereby indicating that soluble factors contributed to cell cycle modulation (Lavine and
Arrizabalaga, 2009). In line, extracellular vesicles from T. gondii-infected L6 rat
myoblast cells induced both, a decreased proliferation and S- or G2/M-phase stasis
(Kim et al., 2016). Other reports suggested that driving host cells into S-phase was
beneficial for the parasite since T. gondii preferentially invaded cells in S-phase
(Grimwood et al., 1996). In contrast, human trophoblast and dermal fibroblast cells

infected with T. gondii were arrested in G2-phase whilst a G2/M-based cell cycle arrest
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was driven in primary bovine endothelial cells (Brunet et al., 2008; Velasquez et al.,
2019). G2-phase arrest was accompanied by a cyclin B1 downregulation in
trophoblasts, whilst cyclin B1 levels remained unaffected in endothelial host cells
(Brunet et al., 2008; Velasquez et al., 2019). Of note, cyclin B1 gene promotor silencing
was mediated by T. gondii-secreted ROP16, targeting the host cellular transcription
factor UHRF1. This event triggered host cell cycle arrest by inducing a series of
epigenetic reactions, such as deacetylation and histone H3 methylation around the
cyclin B1 promotor (Sabou et al., 2020).

Referring to later stages of cell division, studies on T. gondii-infected murine
RAW264.7 cells showed an enhanced proportion of polyploid cells (8n), thereby
reflecting a successful DNA replication but a failure of cytokinesis (Franco et al., 2016).
Cytokinesis failure will result in the presence of binucleated host cells, as it was also
observed in T. gondii-infected primary endothelial cells (Velasquez et al., 2019). In this
cell type, T. gondii infections not only perturbed early phases of the host cell cycle but
also affected mitotic events by inducing chromosome segregation errors, mitotic
spindle alteration and blockage of cytokinesis progression, being accompanied by a
downregulation of Aurora B kinase expression (Velasquez et al., 2019). In general,
chromosome segregation failures and cytokinesis impairment are linked to
chromosomal instability (Holland and Cleveland, 2009), a phenomenon which may
mirror DNA damage, resulting from DNA strand breaks and cellular stress during DNA
replication (Wilhelm et al., 2020). In fact, recent data confirmed that T. gondii RH strain-
infected tumour cells experienced parasite-driven DNA double-strand breaks and
responded by activating the homologous recombination repair pathway (Zhuang et al.,
2020).
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1.5. Neospora caninum

Neospora caninum is an obligate intracellular parasite (Apicomplexa: Sarcocystidae),
closely related to T. gondii. Since its discovery in dogs with encephalomyelitis and
myositis (Dubey, 1999; Hemphill and Gottstein, 2000), N. caninum has been
recognized as an important infectious agent causing major reproductive failures in
cattle with concomitant economic losses worldwide (Dubey, 1999; Hemphill and
Gottstein, 2000; Innes et al., 2005).

1.5.1. Life cycle, transmission routes and pathology

N. caninum has a heteroxenous life cycle comprising two modes of reproduction:
asexual reproduction in intermediate hosts and sexual reproduction in definitive canid
hosts including dogs, coyotes, gray wolves and dingoes (Gondim et al., 2004; King et
al., 2011; McAllister et al., 1998) (Figure 7). The precise details on N. caninum
merogony and gamogony in vivo are still unknown. The only known endogenous
sexual stage of N. caninum is the unsporulated diploid oocyst, which is shed into the
environment. Unsporulated oocysts undergo sporogony in the environment to form
eight haploid sporozoites being contained in two sporocysts (Dubey et al., 2007). Of
note, oocysts stages proved resistant to freezing and drying. After ingestion of
sporulated oocysts by intermediate hosts, sporozoites are released, infect host cells
and convert into rapidly proliferating stages, known as tachyzoites, which disseminate
in the body host. Tachyzoites invade nucleated host cells, form a parasitophorous
vacuole (PV) and replicate asexually by repeated endodyogenies. After several rounds
of endodyogeny, parasites egress to re-infect new host cells (Ojo et al., 2014),
subsequently fostering innate and adaptative immune responses. Most likely due to
host immune reactions and other environmental factors, tachyzoites convert in the
chronic phase into a slowly growing, semi-dormant stage known as bradyzoites, which
are enclosed in tissue cysts. Tissue cysts can persist within host cells for a long time
and bradyzoites can re-convert into tachyzoites to generate active infection,

particularly in immunocompromised hosts (Dubey, 1999; McAllister et al., 1998).
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Figure 7. The heteroxenous life cycle of N. caninum. The sexual reproduction exclusively occurs in
definitive canid hosts, including dingoes, coyotes, grey wolves, domestic and wild dogs. In the gut,
unsporulated oocysts are formed, which are shed via the feces into the environment. Unsporulated
oocysts undergo sporogony, thereby two sporocysts, each containing four sporozoites, are formed. After
ingestion of sporulated oocysts by intermediate hosts, sporozoites are released from oocysts, invade
host cells and convert into tachyzoites, which replicate asexually by endodyogenies, and egress from
host cells to infect new cells. In chronic infections, tachyzoites convert into bradyzoites within tissue
cysts, persisting for a long period and generating latent infections, particularly in immunocompromised
hosts. Cattle can become infected either horizontally via oocyst ingestion or vertically by tachyzoite
transfer from the cow to the fetus, with the latter infection route by far representing the predominant one.

Despite having a rather wide host range and a heteroxenous life cycle, N. caninum
mainly infects cattle and dogs as its primary intermediate and definitive hosts,
respectively (Dubey, 1999). Cattle can become infected either horizontally by ingestion
of sporulated oocysts, or vertically, through transplacental transmission of tachyzoite
stages (Figure 7). Vertical transmission is considered as the predominant and most
efficient route of Neospora transmission in cattle herds and it can either result from
primary infection of a pregnant heifer, or from latent infections reactivated during
pregnancy (Bergeron et al., 2000; Pereyra et al., 2019). Fetuses infected with
Neospora can be aborted at any gestational age, be resorbed, mummified, autolyzed,
or born with persistent infection. In contrast to T. gondii, N. caninum infection can be
vertically transmitted in several consecutive pregnancies, thereby leading to a high
prevalence in cattle herds being associated with a significantly increased risk of

abortion. Transplacental transmission has also been documented in other intermediate
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hosts, including sheep, goats, deer, and dogs; moreover, venereal transmission by
semen and transmission by milk was reported (Donahoe et al., 2015; Ortega-Mora et
al., 2003; van Velsen, 2021; Villa et al., 2024). Dogs are generally infected orally via
ingestion of tissue cysts. Given the close association of dogs and cattle in herds
(Dubey et al., 2007; McAllister et al., 1998) and the likelihood of vertical transmission
through generations of cattle (Barber and Trees, 1998; Thurmond and Hietala, 1996),
the probability of transmission is relatively high, since N. caninum can be maintained
and propagated between definitive and intermediate hosts for a long time within the
same herd. This special transmission cycle between cattle and dogs through asexual
and sexual reproduction is suggested to shape the population structure of N. caninum
(Khan et al., 2020).

The pathogenesis of neosporosis involves complex interactions between the parasite
and the host immune system. After ingestion of oocysts or cysts, N. caninum
sporozoites or bradyzoites, respectively, infect intestinal epithelial cells, convert to
tachyzoite stages and disseminate via bloodstream and lymphatic system. Tachyzoite
stages invade different cell types like macrophages, endothelial cells and neurons
during acute phase of infection. They rapidly multiply within host cells, causing cell lysis
and tissue necrosis. This parasitic stage is highly immunogenic and elicits a strong
inflammatory response (Buxton et al., 2002). Infected animals usually generate a
strong T cell-mediated immune response with concomitant IFN-y production, which
activates macrophages to kill tachyzoite stages (Fereig and Nishikawa, 2020). In the
chronic phase, tachyzoites transform into bradyzoites in cysts, being primarily formed
in the central nervous system and muscles. Tissue cysts may persist for the lifetime of

the host and are hardly recognized by the host immune response (Innes, 2007).

The pathology of N. caninum infections varies in relation to the stage of infection, the
gestational stage and the host species. In pregnant cattle, infection can cause, fetal
resorption, abortion or birth of weak calves due to placentitis and fetal infection (Silva
and Machado, 2016). Young dogs may rarely develop a polyradiculoneuritis-myositis-
syndrome, characterized by neurological symptoms, such as ataxia, paralysis and
muscle atrophy, resulting from inflammation and tissue damage in the central nervous
system (Knowler and Wheeler, 1995; Kul et al., 2015; Saey et al., 2010; Sanchez-
Sanchez et al., 2018).
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1.5.2. N. caninum-driven host cell modulation

The aim of this project was to compare mechanisms of host cell cycle modulation
driven by T. gondii and N. caninum as closely related parasites. So far, data on
N. caninum-driven host cell cycle perturbation is rather scarce. Undoubtedly, as a
typical apicomplexan parasite, N. caninum modulates different host cellular functions
to ensure its survival and proliferation. Thus, proteomic and transcriptomic analyses
revealed a multitude of functional categories to be modulated by N. caninum infection
in bovine trophoblasts including protein synthesis/turnover, metabolism, mitochondrial
function, stress response and host cell cycle (Horcajo et al., 2016; Regidor-Cerrillo et
al.,, 2020). In detail, N. caninum activates NF-kB, phosphoinositidae 3-kinase
(PI3K)/Akt- and MAPK-related signaling pathways, thereby affecting gene expression
and inducing the synthesis of chemokines and adhesion molecules being involved in
immune responses and cell survival, e. g. by inhibiting apoptosis via upregulating anti-
apoptotic proteins and downregulating pro-apoptotic factors in bovine endothelial cells
(Taubert et al., 2006). Moreover, in infected bovine macrophages and trophoblasts, N.
caninum infections trigger the upregulation of pro-inflammatory genes like TNF-a, IL-
8, TLR-2, IFN-y and downregulation of IL-6 and TGF-B (Garcia-Sanchez et al., 2020;
Jiménez-Pelayo et al., 2019). Interestingly, N. caninum invades the host cell avoiding
the recognition by APC and PRRs for CD8 T cells and resulting in parasitophorous
vacuole formation to reside inside the host cells (Jordan and Hunter, 2010). Once the
parasitophorous vacuole is established, the production of host cellular IFNy is blocked
(Correia et al., 2015), thereby abrogating the predominant host protective mechanism
conferred by CD8 T cells. Additionally, N. caninum infections induce an increased
production of IL-10, a cytokine known for its anti-inflammatory properties and
concomitant inhibition of pro-inflammatory cytokines (TNF). Thus, cellular and humoral
immune responses support the maintenance of infection (Correia et al., 2015; Innes et
al., 2002).

Concerning host metabolism, N. caninum scavenges cholesterol and sphingolipids
from host cell organelles, specifically from Golgi vesicles, thereby downregulating fatty
acid synthesis and tryptophan degradation (Garcia-Sanchez et al., 2020). Moreover,
N. caninum recruits host mitochondria to the PV and retains them close to the

parasitophorous vacuole membrane for energy acquisition (Nolan et al., 2015).
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Furthermore, to ensure its intracellular development, N. caninum represses lysosome-
mediated degradation processes. In detail, when phagolysosome activity was studied,
a downregulation of V-ATPase genes was observed, demonstrating a lysosome
pathway inhibition. The expression of lysosomal-associated membrane proteins,
transport proteins and the activation of lysosomal enzymes, together with peptides and
enzymes with microbicidal properties was found overall dysregulated in N. caninum-
infected host cells (Nalpas et al., 2015; Uribe-Querol and Rosales, 2017). As expected,
MAPK signaling pathways controlling cell proliferation, differentiation and stress
responses were also altered in infection models with concomitant activation of the
PI3K/Akt pathway to generate an appropriate environment for replication (Garcia-
Sanchez et al., 2020; Remmerie and Scott, 2018).

In line to other apicomplexan parasites, N. caninum infection hampers host cell
apoptosis by downregulating the release of cytochrome ¢ from mitochondria (Garcia-
Sanchez et al., 2020), thereby avoiding the activation of caspases, which are essential
for the apoptosis process. On molecular level, an increased expression of anti-
apoptotic Bcl-2 family proteins, such as Bcl-2 and Bcl-xL, impeding the stabilization of
mitochondrial membranes and the release of apoptotic factors was detected
(Nishikawa et al., 2001). These alterations interfere with death receptor pathways
(especially Fas and TNF receptors) and their ligands (Green, 2022), finally leading to
inhibition of caspase 8 activity, a key initiator caspase in the extrinsic pathway of
apoptosis (Fritsch et al., 2019; Qian et al., 2022).

Importantly, besides few hints on N. caninum-driven cell cycle modulation deduced
from proteomic analyses of infected host cells, some findings come from Elsheikha et
al. (2020), showing that N. caninum infection induced a cell cycle arrest in S- and G2-
phases in human brain microvascular endothelial cells, thereby blocking host cellular
DNA replication and mitosis. Furthermore, in contrast to T. gondii, N. caninum
infections failed to induce cyclin E upregulation in human cells (Panas et al., 2019).
However, detailed analyses on effects and mechanisms of N. caninum-driven host cell

dysregulation await further investigation.
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Abstract

Background Toxoplasma gondii is an apicomplexan intracellular obligate parasite and the etiological agent of toxo-
plasmosis in humans, domestic animals and wildlife, causing miscarriages and negatively impacting offspring. During
its intracellular development, it relies on nutrients from the host cell, controlling several pathways and the cytoskel-
eton. T. gondii has been proven to control the host cell cycle, mitosis and cytokinesis, depending on the time of infec-
tion and the origin of the host cell. However, no data from parallel infection studies have been collected. Given that T.
gondii can infect virtually any nucleated cell, including those of humans and animals, understanding the mechanism
by which it infects or develops inside the host cell is essential for disease prevention. Therefore, we aimed here

to reveal whether this modulation is dependent on a specific cell type or host cell species.

Methods We used only primary cells from humans and bovines at a maximum of four passages to ensure that all
cells were counted with appropriate cell cycle checkpoint control. The cell cycle progression was analysed using fluo-
rescence-activated cell sorting (FACS)-based DNA quantification, and its regulation was followed by the quantification
of cyclin BT (mitosis checkpoint protein). The results demonstrated that all studied host cells except bovine colonic
epithelial cells (BCEC) were arrested in the S-phase, and none of them were affected in cyclin B1 expression. Addition-
ally, we used an immunofluorescence assay to track mitosis and cytokinesis in uninfected and T. gondii-infected cells.

Results The results demonstrated that all studied host cell except bovine colonic epithelial cells (BCEC) were arrested
in the S-phase, and none of them were affected in cyclin B1 expression. Our findings showed that the analysed cells
developed chromosome segregation problems and failed to complete cytokinesis. Also, the number of centrosomes
per mitotic pole was increased after infection in all cell types. Therefore, our data suggest that T. gondii modulates

the host cell cycle, chromosome segregation and cytokinesis during infection or development regardless of the host
cell origin or type.
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Background

The obligate intracellular parasite Toxoplasma gondii is
a globally spread zoonotic protozoan that causes severe
health problems in both humans and animals. Prenatal
infections can cause abortion or harm the progeny’s wel-
fare. Acute infections can be life-threatening in immu-
nocompromised individuals, and several studies have
postulated a correlation between latent T gondii infec-
tions and neurological/psychiatric disorders in humans
[1,2].

Intracellular protozoa are well known for modu-
lating their host cells to ensure efficient intracellu-
lar development and proliferation. As such, they have
been shown to modulate a variety of host cellular
functional categories, such as apoptosis, autophagy,
cytoskeleton, metabolism, immunological responses
and cell cycle [3-8]. Some parasite-triggered cell cycle
disruption is both parasite species- and host cell type-
specific. Toxoplasma gondii, Leishmania spp., Trypa-
nosoma cruzi and Encephalitozoon spp. induce cell
cycle arrest and dampen host cell proliferation, whilst
Theileria stimulates host cell division and proliferation
[9-14]. Leishmania amazonensis interferes early in the
cell cycle with the GO/G1 phase, and T. cruzi triggers
host cell progression to the S-phase, besides block-
ing host cell mitosis and impairing cytokinesis after

nuclear replication [10, 12]. The host cell type seems
to be important in Plasmodium species; for example,
P. falciparum infections in HepG2 cells were found to
affect mitosis and lead to binucleated phenotype for-
mation without cell division [15]. However, cell cycle-
dependent reactions played no role in P. berghei- or P.
yoelii-infected mouse models either in vivo or in vitro.
Plasmodium falciparum-infected primary hepatocytes
provide evidence that primary cell types differ con-
siderably from permanent cell lines in their reactions.
To date, there is no information whether the control

Table 1 Primary cells used in the current study

Name of primary cell ~ Company  Cat.number Lot number (donor)
HUVEC-p single donor ~ PromoCell  C-12250 44970181
HUVEC-p single donor ~ PromoCell  C-12250 4662026

HUVEC-p single donor ~ PromoCell  C-12250 4672015

HUVEC-p single donor ~ PromoCell  C-12250 4787023

HUVEC-p single donor ~ PromoCell  C-12250 4867004

HUVEC-p single donor  PromoCell  C-12200 4697003.1
HUVEC-p single donor  PromoCell  C-12200 4737022.1

HFF-1 ATCC SCRC-1041

FHs74 ATCC CCL-241
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that T. gondii exerts on the host cell cycle is restricted
to specific cell types or to only some host cell spe-
cies. However, it has been shown that 7. gondii infec-
tions shift GO/G1 cells through the S-phase in human
foreskin fibroblasts (HFF) [4], but arrest cells in the
G2-phase in a human trophoblast cell line and human
dermal fibroblasts [3], or even both in the L6 rat myo-
blast cell line [16]. The G2-phase arrest in human der-
mal fibroblasts or a human trophoblast cell line was
linked to decreased cyclin B1 abundance without alter-
ations in other G2/M checkpoint-related proteins [3].
T. gondii arrest of HFF during the S-phase or G2/M was
accompanied by a delayed or absent increase in cyclin
A and cyclin Bl, thereby indicating a missing exit from
the S-phase and failure to progress [4]. T. gondii infec-
tions increased the proportion of polyploid cells (8n) in
the murine RAW264.7 cell line, most likely reflecting
DNA replication without subsequent cytokinesis [17].
All of the above suggests that T. gondii altered the host
cell cycle based on the origin of the host or the cell type
infected. However, no experiment has been carried
out in parallel using different cell types and species in
order to establish comparative analyses. Therefore, the
current study sought to determine whether T. gondii
regulates the host cell cycle progression based on the
host cell species or type. We used commercially avail-
able primary human cells and two primary bovine cell
lines in-house-isolated, controlling the passage num-
ber to maintain the original phenotype. Our findings
showed that cell cycle arrest occurred in almost all
primary cells excluding bovine colonic epithelial cells
(BCEC). Nonetheless, T. gondii-induced chromosome
mis-segregation and cytokinesis failure were detected
in all cell types studied, suggesting that 7. gondii modu-
lates these two mechanisms independently of host cell
origin.
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Methods

Primary human and bovine host cells and parasite
maintenance

Primary human umbilical vein endothelial cells (HUVEC,
six donors in total, PromoCell), HFF (n=3, PromoCell)
and human small intestine epithelial cells (FHs74, Ameri-
can Type Culture Collection [ATCC]) were cultured
at 37 °C and 5% CO, following the supplier’s protocols
[(media: HUVEC: Endothelial Cell Growth Medium,
PromoCell; HFF: Dulbecco’s modified Eagle medium
[DMEM]-GlutaMAX, Gibco; FHs74: HybriCare, ATCC;
BCEC: RPMI1640, Sigma; bovine small intestinal epi-
thelial cells [BSIEC]: DMSM/F12, Gibco); see primary
cell information in Table 1]. Each experiment was per-
formed at a maximum of four passages after isolation to
enable the best comparison. All cell lines were seeded at
the same time and infected with the same batch of tachy-
zoites. T. gondii RH tachyzoites were maintained by serial
passages in primary HFF cells (maximum passage: 10).
Therefore, free-released T. gondii tachyzoites were har-
vested from HFF supernatants, pelleted (400xg, 12 min),
counted and suspended in the corresponding medium
for each host cell type. Infections were performed in sub-
confluent cell layers. All experiments were performed at
a multiplicity of infection (MOI) of 1:1 (cells: parasites).

Flow cytometry-based analysis of cell cycle phases

Cellular DNA content was measured using FxCycle PI
(propidium iodide)/RNAse staining solution (Invitro-
gen, F10797) according to the manufacturer’s instruc-
tions. Cyclin Bl quantification was performed in cells
fixed with BD fixation/permeabilization solution (BD,
554714, Becton, Dickinson and Company, Heidelberg,
Germany) and stained with cyclin B1-AF647 (Cell Signal-
ing Technology, 4118). The samples were analysed using
a BD Accuri C6 Plus flow cytometer (Becton—Dickinson)

Table 2 Primary and secondary antibodies used in the western blot (WB) and immunofluorescence assays

Antigen Company Cat. number Origin/reactivity Dilution
Primary antibodies immunofluorescence assay
B-catenin Abcam Ab32572 Rabbit 1:200
Toxoplasma gondii Thermo Fisher PA1-7256 Goat 1:100
Primary antibodies FACS
Cyclin B1-Alexa Fluor 647 Cell Signaling Technology ab32053 Rabbit 1:50
Secondary antibodies
Antigen/conjugate Company Cat.number Host/target Dilution
Goat anti-mouse IgG peroxidase conjugated
Alexa Fluor 488 Thermo Fisher A11001 Goat/mouse 1:500
Alexa Fluor 594 Thermo Fisher A21468 Chicken/rabbit 1:500
Alexa Fluor 647 Thermo Fisher A21235 Goat/mouse 1:500
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applying 535/5 nm excitation and emission collected in
a 617/20 band-pass. Cells were gated according to their
size and granularity; only morphologically intact host
cells were included in the analysis. All analyses were per-
formed in FlowJo v.10 software.

Immunofluorescence assays

The method was performed as described by Veldsquez
et al. [18]. Briefly, uninfected and infected cells were fixed
with paraformaldehyde (PFA, 4%, 15 min, room tempera-
ture [RT]), washed with phosphate-buffered saline (PBS)
and incubated in blocking/permeabilization solution
(PBS with 3% bovine serum albumin [BSA], 0.1% Tri-
ton X-100; 1 h, RT). Thereafter, samples were incubated
in primary antibodies (Table 2) and diluted in blocking/
permeabilization solution (overnight at 4 °C in a humidi-
fied chamber). After three washes in PBS, the samples
were incubated in secondary antibody solutions (Table 2;
30 min at RT and complete darkness). Cell nuclei were
labelled using a DAPI-supplemented mounting medium
(Fluoromount-G, Thermo Fisher).

Image acquisition and reconstruction

Image acquisition and reconstruction were carried out
according to the description published by Veldsquez et al.
[18]. A ReScan confocal microscope (RCM 1.1 Visible,
Confocal.nl) equipped with a fixed 50 um pinhole size
and combined with a Nikon Ti2-A inverted microscope
was used to acquire fluorescence and confocal images.
The RCM unit was connected to a Toptica CLE laser with
the following excitations: 405/488/561/640 nm. Images
were acquired using a scientific CMOS [complementary
metal-oxide—semiconductor] (sCMOS) camera (pco.
edge, PCO) with a CFI Plan Apochromat 60X lambda-
immersion oil objective (NA 1.4/0.13; Nikon). The sys-
tem was operated using NIS-Elements software (version
5.11). Images were acquired via z-stack optical series
with a step size of 0.1 micron depth to cover all structures
of interest within the analysed host cells. Z-series were
displayed as maximum z-projections. Identical bright-
ness and contrast conditions were applied for each data
set within one experiment using Fiji software [19].

Statistical analysis

All data are expressed as mean * standard deviation (SD)
from three independent experiments. When two groups
were compared, a Mann—Whitney test was performed.
When three or more experimental groups were com-
pared, a Kruskal-Wallis one-way analysis of variance was
applied. Significance was defined as P<0.05. All graphs
and statistical analyses were performed using GraphPad
Prism 9 software.
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Results

Toxoplasma gondii has been described to modulate the
host cell cycle between the G1 and G2/M phase depend-
ing on the experimental model used [3, 4, 14, 20]. Given
that these experiments were performed under different
experimental conditions and cell types, we wanted to
know whether T. gondii uses this mechanism as an infec-
tion strategy or whether it is dependent on the host type
or species. As host cells, we tested three human primary
cells, HUVEC, FHs74 and HFF, and two primary bovine
cells, BSIEC and BCEC. To avoid artefacts due to the
immortalization of the cell or tumour phenotype, we
worked only with primary cells, at a limit of four passages
after isolation. The host cells were infected at sub-conflu-
ence, and at 24 h post-infection (p.i.) they were analysed
for DNA content using fluorescence-activated cell sort-
ing (FACS) flow cytometry. The gating process started by
selecting the cell population according to their shape and
granularity (Fig. 1). Cells were then plotted as the num-
ber of cells versus PI signal. The first peak represents the
cells in the G1-phase, the second peak represents those
cells in the G2/M-phase, and the S-phase corresponds to
the cells located between the two peaks. Cells in each cell
cycle phase are shown as a proportion of the total num-
ber of cells counted. DNA quantification results showed
that HUVEC, HFF and FHs74 from humans and BSIEC
were arrested in the S-phase after infection (Fig. 1),
whereas T. gondii infection did not affect cell cycle
progression in BCEC (Fig. 1). It should be noted that
HUVEC and HFF cells showed a reduction in the number
of cells in the G1-phase, and HFF also showed a reduced
percentage of cells in the G2-phase (Fig. 1).

Cell cycle arrest in the S-phase could be explained by
a blockage entry into the G2/M-phase. Therefore, we
analysed the expression of one of the main regulators of
the G2-to-M-phase transition, cyclin B1. Cyclin B1 accu-
mulates throughout the S-phase, with a peak at the onset
of the M-phase [21]. After that, cyclin Bl needs to be
degraded to allow cells to enter mitosis. Thus, we quan-
tified the cyclin B1 protein 24 h p.i., using FACS-based
quantification. The cells were gated according to their
shape and granularity and then plotted as the total num-
ber of counted cells and the cyclin Bl intensity (Fig. 2).
The results showed that none of the cells modulated cyc-
lin B1 expression after T. gondii infection (Fig. 2), sug-
gesting that 7. gondii does not arrest the host cell cycle in
the S-phase due to modulation of the mitosis checkpoint
protein cyclin B1.

It has been previously demonstrated that 7. gondii
infection affects mitosis progression itself, and thus we
performed an immunofluorescence assay in cells infected
for 24 h with T. gondii tachyzoites. Firstly, we quantified
the percentages of cells in mitosis in the non-infected and
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Fig. 1 Toxoplasma gondii arrests primary human and bovine cells in the S-phase 24 h p.i. Three isolates of HUVEC, HFF, FHs74, BSIEC and BCEC were
infected with T. gondii tachyzoites, and the samples were collected 24 h p.i. Fixed samples were stained with propidium iodide (PI) and analysed
using FACS. Gating was performed by first selecting the cell population according to the shape and granularity. Then, the cell cycle phases were
analysed using a histogram of the number of cells versus the Pl signal. Cells in the first peak correspond to those in the G1-phase, the second peak
to cells in the G2/M-phase, and cells in between the two peaks were cells in the S-phase. The results showed that all human cells were arrested

in the S-phase (A), whilst only one bovine cell showed no effect on cell cycle progression before T. gondii infection (B). Graph bars represent

the median +SD of three biological replicates
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Fig. 2 Cell cycle arrest in T. gondii-infected cells is independent of the mitosis checkpoint protein control cyclin B1. Three donors of HUVEC, HFF,
FHs74, BSIEC and BCEC were infected with T. gondii tachyzoites and fixed 24 h p.i. Cells were stained against cyclin B1 and an isotype control

and analysed using FACS. Gating was done first by choosing the cell population and then selecting the same number of cells in each sample (A).
The cyclin B1 signal was analysed as the mean of fluorescence (MOF) and plotted for non-infected and T. gondii-infected cells. The results showed
that cyclin B1 was not affected after infection in any of the cell types studied (B, C). Graph bars represent the median + SD of three biological

replicates

infected monolayers (total number of cells: FHs74:1169;
BSIEC:1248; BCEC:1531; HFF:6280; HUVEC:4287), with
no significant differences in the mitotic index between
the bovine cell lines BCEC and BSIEC and the human
cell line HUVEC (Fig. 3A, B). Mitosis was evaluated
from prophase (chromosome condensation) to telophase
(chromosomes sets were pulled to opposite poles of the
cell). On the contrary, human cell lines FHs74 and HFF
increased the percentage of mitotic cells in the T. gondii-
infected monolayer (Fig. 3B). Secondly, we quantified
the aberrant mitotic cells in all human and bovine cell
lines. Fixed cells were stained for chromosomes (DAPI,
blue), centrosome (y-tubulin, red) and T. gondii tachy-
zoites (green; Fig. 3C). Aberrant mitoses were detected in
all phases of mitosis, as shown in Fig. 3C. We observed
prometaphases or metaphases with more than two cen-
trosome poles (Fig. 3C, white arrows). Similar results
were observed in telophase, suggesting that 7. gondii
affects the centrosome number and therefore the chro-
mosome segregation throughout mitosis, independently
of the cell origin or type. In order to determine whether
this effect was significant after infection, we quantified

34

the percentage of aberrant mitosis in non-infected and
infected monolayers. We defined aberrant mitosis as
those mitotic spindle problems in chromosome segre-
gation, mislocated centrioles or an increased number of
centrosomes. The results showed that only the bovine cell
line BCEC exhibited a significant increase in the num-
ber of aberrant mitoses after infection (Fig. 3C). Human
endothelial cells and fibroblasts displayed an increased
percentage of aberrant mitosis, while epithelial cell mito-
sis was not affected by infection (Fig. 3C).

Finally, we wanted to know whether the cytokinesis
failure observed after T. gondii infection was cell-type
or cell-origin-specific. Cytokinesis failure means a
failure in cytosol division at the end of mitosis; there-
fore, we quantified the total number of cells display-
ing more than one nucleus per cell (binucleated cells;
Fig. 4). Human and bovine cells were fixed 24 h p.i. and
stained against T. gondii and DAPI, and the total num-
ber of binucleated cells was counted (Fig. 4). The results
showed that all cells tested had increased percentages
of binucleated cells, independently of the origin or cell
type (Fig. 4). We consistently observed parasite-driven
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Fig. 3 Toxoplasma gondii infection affects the mitosis rate and the chromosome segregation at the mitosis phase. HUVEC, HFF, FHs74, BSIEC

and BCEC were infected with T. gondii tachyzoites, and were fixed 24 h p.i. with PFA and stained against DAPI (chromosome marker, blue),
y-tubulin (centrosome marker, magenta) and T. gondii (green, asterisks). The mitosis index was counted as the total number of cells facing mitosis
(see scheme) related to the total number of cells in the field of view. This percentage was calculated for the bovine (A) and human cell lines (B).
The results showed that no bovine cell line studied here modified its mitosis rate after infection with T. gondii. However, FHs74 and HFF showed
an increased proportion of mitotic cells. C The mitosis phases were followed by chromosome segregation, and the results showed that all cell
lines developed chromosome segregation errors mainly due to an abnormal number of centrosomes (white arrows). Thereafter, the proportion

of aberrant mitosis was determined in both bovine and human cells by counting the total number of aberrant mitoses relative to the total mitotic
cells (normal and aberrant). The scale bar represents 5 um
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Fig. 4 Toxoplasma gondii induces cytokinesis failure in human and bovine host cells. HUVEC, HFF, FHs74, BSIEC and BCEC were infected with T.
gondii tachyzoites, and fixed 24 h p.i. with PFA and stained against DAPI (nuclear marker, blue), B-catenin (membrane marker, green) and T.

gondii (red). As in the scheme, binucleated cells were those cells with more than one nucleus per cell (A). The total number of binucleated cells

was normalized to the total number of cells counted and presented as a percentage in the graphs. The results showed that all tested cell lines
increased the percentage of binucleated cells after infection with T. gondii (B, C). Graph bars represent the median +SD of three biological replicates

cytokinesis inhibition resulting in 18-34% of the host
cells with more than two nuclei in all cell types (Fig. 4).
Taken together, the current data suggest that 7. gondii-
induced chromosome segregation errors and cytoki-
nesis failure are neither host species- nor host cell
type-dependent. However, host cell cycle arrest was
only observed in four of the five cell types tested in the
current study, suggesting a parasite mechanism that
might relate to the cell type.

Conclusions

Toxoplasma gondii is an obligate intracellular parasite
that is globally spread and causes severe health problems
in humans and animals, such as abortion, severely affect-
ing the progeny welfare [2]. Given that this parasite can
infect almost any warm-blooded animal, the mechanism
that T. gondii uses to develop inside the host cell is of
interest to scientists worldwide. In the last year, increas-
ing evidence has shown that 7. gondii modulates the
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host cell cycle, but all studies involved only one or two
types of cells, using different experimental approaches,
MOIs or infection time. Also, some studies worked with
immortalized or tumour cells, which are well known to
lose the cell cycle checkpoint control that a primary cell
has. Therefore, we wanted to determine whether T. gon-
dii uses the control of the host cell cycle as a mechanism
to ensure its intracellular development, independently of
the species or cell type used as a host. In order to study
the responses closest to a real infection scenario, we
worked only with primary cells at a maximum of four
passages after isolation. The results showed that the cell
cycle of only one cell type (BCEC) was not influenced
after infection. However, it is important to highlight that
this cell line was isolated and monitored in our labora-
tory, with normal growth like the others, and normal
intracellular development of T. gondii tachyzoites during
infection as well. Therefore, the results might be analysed
according to specific proteins that the parasite modulates
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in order to arrest the host cell cycle but that are not
expressed in this cell type. Nevertheless, further experi-
ments are needed to identify why T. gondii infection can-
not control cell cycle progression in BCEC cells, but this
is beyond the scope of the current work.

Regarding the mitosis and binucleated cell percent-
ages, the results showed no differences between human
and bovine cell lines. Therefore, we consider that both
pathways controlled by T. gondii infection probably
involved molecules or proteins that are not specific
to a cell type or a determinate species. Similarly, it
occurred with chromosome segregation errors, which
were observed equally in all studied cell lines and spe-
cies tested in the current study. Mitosis and cytokine-
sis need the cytoskeleton to function, specifically from
the tubulin fibres which form the mitotic spindle or
the midbody formation, respectively [22, 23]. Interest-
ingly, T. gondii is well known to modulate the host cell
tubulin cytoskeleton by relocating it around the para-
sitophorous vacuole (PV) [5]. After 1 h, infected cells
showed a relocation of aster microtubules around the
PV, and longer times of infection showed cells with
multiple y-tubulin foci suggesting critical microtubule
dynamics in infected cells [5]. Therefore, our results
can be explained by the control that T. gondii infection
does on the host cell cytoskeleton and highlight that
the failure cytokinesis process and the problems in the
chromosome segregation are mechanisms that 7. gon-
dii uses in all infections, not depending on the host cell
origin or cell type.

Our research indicates that 7. gondii modulates host
cell cycle progression, chromosome segregation and
cytokinesis in primary cells independently of the host
and cell type. Therefore, we suggest that these mecha-
nisms represent a basal control of the parasite over the
host cell. For future studies, it would be interesting to
identify whether these 7. gondii-induced phenotypes
are all interconnected or if they represent a specific
control that T. gondii separately exerts in pathways.
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Toxoplasma gondii infection-
induced host cellular DNA
damage is strain-dependent and
leads to the activation of the
ATM-dependent homologous
recombination pathway

Lisbeth Rojas-Bardn, Carlos Hermosilla, Anja Taubert
and Zahady D. Veldasquez*

Institute of Parasitology, Biomedical Research Center Seltersberg, Justus Liebig University Giessen,
Giessen, Germany

Toxoplasma gondii is a globally occurring apicomplexan parasite that infects
humans and animals. Globally, different typical and atypical haplotypes of T.
gondii induce varying pathologies in hosts. As an obligate intracellular protozoon,
T. gondii was shown to interfere with host cell cycle progression, leading to
mitotic spindle alteration, chromosome segregation errors and cytokinesis
failure which all may reflect chromosomal instability. Referring to strain-
dependent virulence, we here studied the potential of different T. gondiii strains
(RH, Me49 and NED) to drive DNA damage in primary endothelial host cells.
Utilizing microscopic analyses, comet assays and y-H2AX quantification, we
demonstrated a strain-dependent induction of binucleated host cells, DNA
damage and DNA double strand breaks, respectively, in T. gondii-infected cells
with the RH strain driving the most prominent effects. Interestingly, only the NED
strain significantly triggered micronuclei formation in T. gondii-infected cells.
Focusing on the RH strain, we furthermore demonstrated that T. gondii-infected
primary host cells showed a DNA damage response by activating the ATM-
dependent homologous recombination (HR) pathway. In contrast, key molecules
of the nonhomologous DNA end joining (NHEJ) pathway were either not affected
or downregulated in RH-infected host cells, suggesting that this pathway is not
activated by infection. In conclusion, current finding suggests that 7. gondii
infection affects the host cell genome integrity in a strain-dependent manner by
causing DNA damage and chromosomal instability.

KEYWORDS

Toxoplasma gondii, DNA damage, chromosome instability, micronuclei, double-
stranded DNA breaks, DNA repair pathways
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Introduction

Toxoplasma gondii, the causative agent of toxoplasmosis, is an
obligate apicomplexan parasite capable of infecting all nucleated cells
of all warm-blooded animals (Tenter et al., 2000; Brunet et al., 2008;
Dubey, 2009). In humans, this parasite infects up to a third of the
global population, but infection in most cases remains asymptomatic
resulting in chronicity (Bigna et al,, 2020; Fernandez-Escobar et al,,
2022). However, pregnant and immunocompromised individuals
represent risk groups and may develop abortion and severe
neurological/ocular disorders, respectively (Jones et al., 2003;
Shobab et al, 2013; Robert-Gangneux et al., 2018; Rostami
et al, 2020).

As an obligate intracellular parasite, T. gondii has developed
multiple mechanisms to manipulate a broad range of biological
processes in its host cell, such as metabolism, autophagy or
apoptosis, to guarantee its intracellular replication and survival
(Brunet et al, 2008; Zhuang et al., 2020). Also, it has been described
that T. gondii-driven cell cycle perturbation thereby mainly
documenting an arrest in early cell cycle phases, i. e. before
progression to mitosis. Human foreskin fibroblasts infected with
T. gondii tachyzoites accumulate at the G2/M boundary (Molestina
etal., 2008) while human trophoblast cell line and in human dermal
fibroblasts (Brunet et al,, 2008) or even both (L6 rat myoblast cell
line (Kim et al., 2016), were reported to be arrested in the G2-phase.
Immortalized human fibroblasts, HFF, were arrested in the S-phase
after 6 h p.i. with T. gondii tachyzoites (Pierre-Louis et al., 2022).
The G2 phase arrest in human dermal fibroblasts or a human
trophoblast cell line was linked to the downregulation of cyclin B1
(Brunet et al., 2008). Interestingly, cyclin Bl gene promotor
silencing was shown to be mediated by T. gondii-secreted ROP16
targeting host cellular transcription factor UHRF1 and triggering
host cell cycle arrest by inducing a series of epigenetic reactions
(deacetylation, methylation of histone H3 around the cyclin Bl
promotor) (Sabou et al., 2019). Cell cycle arrest during S phase at
G2/M boundary in T. gondii-infected human foreskin fibroblasts
was accompanied by a delayed or lacking increase of cyclin A and
cyclin B1 in combination with an early elevation of cyclin E1 when
compared to EGF stimulation, thereby indicating a missing exit
from S phase and failure to progress toward mitosis in T. gondii
infection (Molestina et al, 2008). This kind of cell cycle
perturbation depended on parasite viability and proliferation
since replication-defective tachyzoites hardly influenced the host
cell cycle (Molestina et al., 2008). In the murine RAW264.7 cell line,
T. gondii infections caused an enhanced proportion of polyploid
cells (8n), most probably reflecting DNA replication without
subsequent cytokinesis (Franco et al., 2016). Nonetheless T.
gondii not only modulates the host cell cycle but also host cell
chromosome segregation and cytokinesis in infected primary
endothelial cells (Velasquez et al,, 2019). In general, chromosome
segregation and cytokinesis impairment are reported to be related to
chromosomal instability (Holland and Cleveland, 2009), a
phenomenon which is linked to a variety of chromosomal
aberrations, such as loss, gain or disarrangement of chromosomes
(Bakhoum and Cantley, 2018). Likewise, chromosomal instability is
known to induce DNA damage, resulting in DNA strand breaks and
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cellular stress during DNA replication (Wilhelm et al., 2020).
However, to date, little is known on T. gondii-driven DNA
damage in host cells and even less data is available on
mechanisms, which are activated by host cells in response. Recent
data showed that T. gondii RH strain-infected tumor cells
experienced parasite-driven DNA double-strand breaks and
reacted by activating the homologous recombination repair
pathway (Zhuang et al., 2020). Given that DNA damage of host
cells may be involved in T. gondii pathogenicity, strain-dependent
reactions seem of high interest, but related data are currently
missing. It is well-known that T. gondii strains show significant
genetic, phenotypic and pathogenic diversity. Nowadays, three
main lineages (types I-III) are described according to their
virulence and mortality for laboratory mice (Fernandez-Escobar
etal, 2021). T. gondii strains circulating in Europe mainly belong to
type II strains and, to a less extent, to type III strain, both in humans
and animals (Khan et al., 2007; Lorenzi et al., 2016; Fernandez-
Escobar et al, 2022). The T. gondii RH strain, widely used in
Toxoplasma-related research, belongs to type I strains, which are
classified as highly virulent leading to widespread parasite
dissemination and lethal infection in mice (100% cumulative
mortality) (Sanchez and Besteiro, n.d.). To address strain-
dependent host cell DNA damage and chromosomal instability
induction, we here tested representatives of haplotype I-III by using
RH (type I), Me49 (type II) and NED (type III) strains.

To avoid artifacts eventually driven by the immortalization
status of (tumor) cells, we here studied reactions of primary
(endothelial) host cells. Overall, strain-related data partially
mirrored strain pathogenicity. Thus, RH strain infections most
potently induced the formation of both, binucleated host cells and
host cellular DNA damage foci whilst the Me49 strain failed to do
so. Interestingly, NED infections also moderately triggered
binucleated cells, DNA damage foci and micronuclei formation.
Focusing on DNA damage-related responses in RH strain
infections, especially the ATM-related branch of the homologous
recombination (HR) pathway was activated in primary host cells
whilst molecules of the non-homologous end joining (NHE])
pathway were either not affected or even found downregulated.

Materials and methods

Primary bovine umbilical vein endothelial
cell isolation and culture

Primary bovine umbilical vein endothelial cells (BUVEC) were
isolated from umbilical veins obtained from calves born by sectio
caesarea at the Justus Liebig University Giessen, Germany.
Umbilical cords were maintained at 4°C in 0.9% HBSS-HEPES
buffer (pH 7.4; Gibco, Grand Island, NY, USA) supplemented with
1% penicillin (500 U/mL; Sigma St. Louis, MO, USA) and
streptomycin (500 pg/mL; Sigma) for a maximum of 12 h before
use. Isolation of endothelial cells was performed by using 0.025%
collagenase type II (Worthington Biochemical Corporation)
suspended in Pucks solution (Gibco) and infused into the lumen
of ligated umbilical veins for 20 min at 37°C in 5% CO, atmosphere.
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After gently massaging umbilical veins, the cell suspension was
collected in medium and supplemented with 1 mL fetal calf serum
(FCS; Gibco) to inactivate collagenase. After two washes (350 xg, 12
min, RT), cells were resuspended in complete endothelial cell
growth medium (ECGM, PromoCell, supplemented with 10%
FCS), plated in 25 cm? tissue plastic culture flasks (Greiner) and
incubated at 37°C and 5% CO, atmosphere. BUVEC were cultured
in modified ECGM medium [ECGM, diluted at 30% in M199
medium, supplemented with 5% FCS (Greiner) and 1% penicillin
and streptomycin] with medium changes every 2-3 days. All
biological isolates were used for in vitro experiments at a
maximum of 4 passages. Experiments on bovine primary
endothelial cells and parasites were performed following the
permission of the Institute of Parasitology to work with biological
agents up to risk class 3** [allowance according to §16 BiostoftVO,
Az. GI 000056837, approved by the regional commission of Giessen
(Regierungsprisidium Giefen)], Institutional Ethics Commission
of Justus Liebig University Giessen (Germany), and under the
current European Animal Welfare Legislation: ART13TFEU.

Parasite maintenance

Tachyzoites of Toxoplasma gondii (RH, Me49, NED strains
corresponding to haplotypes I, II, II, respectively), were maintained
by serial passages in HFF cells (human foreskin fibroblast), using
DMEM (1X) + GlutaMAX medium (Gibco 61965-026)
supplemented with 10% FCS, 1% penicillin (500 U/mL; Sigma St.
Louis, MO; USA) and streptomycin (500 pg/mL; Sigma).
Tachyzoite stages were obtained by scraping the monolayer and
filtering through a syringe with a 25G needle to release tachyzoites
from their parasitophorous vacuoles in the host cells. The parasite
suspension was centrifuged at 400 xg for 15 seconds to remove cell
debris and the supernatant containing tachyzoites was collected. A
second centrifugation step was performed to sediment the parasites
at 400 xg for 10 min. Tachyzoites were counted in a Neubauer
chamber, suspended in a modified ECGM medium, and used for
BUVEC infections and subsequent experiments.

Comet assays

For cellular DNA damage assessment, three BUVEC isolates
were infected with T. gondii RH, NED or Me49 tachyzoites using an
MOI of 1:2. At 24 h p. i, non-infected and infected cells were gently
removed from plates by scraping and centrifuged at 700 xg for 2
min. The cell pellet was washed with 1X ice-cold PBS buffer
(magnesium and calcium-free). Cells were resuspended at 1x10°
cells/mL in ice-cold PBS and analyzed via comet assays according to
the manufacturer’s instructions (Abcam, ab238544). In brief, cells
were first encapsulated in a low melting agarose suspension at a 1/
10 ratio (v/v) and transferred onto the top of an agarose-based layer
previously prepared in special glass comet slides, thereby
maintaining the cell suspension at 37°C to avoid gelation. After
gelation, cell samples were incubated in 1X lysis buffer [NaCl,
EDTA solution, 10X lysis solution (provided by manufacturer),
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DMSO] for 1 h at 4°C to remove cell membranes, cytoplasm and
nucleoplasm, and to solubilise nuclear packaging proteins.
Thereafter, samples were treated with a pre-chilled alkaline
solution (300 mM NaOH, 1 mM EDTA) for 30 min at 4°C,
allowing DNA loops to be unwound. Samples were then subjected
to electrophoresis at 12 V (1 volt/cm according to the chamber
used), 240 mA for 30 min at 4°C under alkaline conditions, washed
three times with pre-chilled destilled water for 2 min and once with
cold 70% ethanol for 5 min. In a final step, DNA was visualized by
1X Vista Green DNA staining (15 min at RT), an intercalating DNA
dye provided by the manufacturer. Based on their differential
migratory behavior, intact DNA (= “comet head”) can be
distinguished from DNA with single-stranded and double-
stranded DNA breaks, resulting in “comet tail” structures.
Comets (head + tails) were analyzed by the OpenComet Software
allowing for automated analysis of comet assay images. The DNA
damage was quantified by measuring the displacement between
intact nuclear DNA (comet head) and the resulting tail, resulting
from single- and double-strand DNA breaks. Hence, the tail length
(um) was graphed for this assay.

Immunofluorescence assays

Three BUVEC isolates were seeded in 12-well plates with 12
mm coverslips previously precoated with fibronectin (1:400, Sigma:
F1141). At subconfluency, BUVEC were infected with T. gondii RH,
Me49 or NED tachyzoites at an MOI of 1:2. At 24 h p. i., samples
were fixed in 4% paraformaldehyde (PFA, 15 min, RT) and washed
three times in 1X PBS buffer. Samples were then blocked/
permeabilized (1X PBS buffer, 3% BSA, 0.3% Triton X-100, all
from Carl Roth) for 1 h at RT and incubated in primary antibody
solutions (Table 1) at 4°C in a humidified chamber, overnight.
Thereafter, samples were washed three times with 1X PBS and
incubated in secondary antibody solutions (Table 1) for 30 min at
RT and darkness. Cell nuclei were stained with 4°, 6-diamidin-2-
phenylindole (DAPI) present in mounting medium solution
(Fluoromount G-DAPI, Thermo Fischer Scientific, Cat. N°
495952) and analyzed with a ReScan Confocal microscope
instrumentation (RCM 1.1 Visible, Confocal.nl) combined with a
Nikon Ti-2 Eclipse microscope.

Protein extraction from T. gondii-infected
host cells

Six primary BUVEC isolates were infected with T. gondii RH
tachyzoites (MOI 1:2). At 24 h p. i,, cells were washed with 1X PBS
buffer, detached from the plate using trypsin/EDTA solution [0.25%
(w/v) trypsin; 0.53 mM EDTA, 37°C, 5 min] and pelleted at 400 xg for
5 min. The cell pellet was washed with 1X PBS buffer and
resuspended in RIPA buffer (50 mM Tris-HCI, pH 7.4; 1% NP-40;
0.5% Na-deoxycholate; 0.1% SDS; 150 mM NaCl; 2 mM EDTA; 50
mM NaF; all Roth) supplemented with a protease inhibitor cocktail
(Sigma-Aldrich), 1 mM sodium orthovanadate tyrosine phosphatase
inhibitor (Abcam ab120386) and 1 mM phenylmethylsulphonyl
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TABLE 1 Primary and secondary antibodies used for immunofluorescencs assays.

Antigen Company Cat. number Origin/reactivity Dilution
Primary antibodies
T. gondii ThermoFisher PA1-7256 Goat 1:100
H2AvD (pS137) Cell Signalling 80312 Mouse 1:300
H2AVD (pS137) Rockland 600-401-914S Rabbit 1:300
‘ Secondary antibodies ‘

Antigen/Conjugate ‘ Company Cat. number Host/target ‘ Dilution
Alexa Fluor 488 ThermoFisher A11055 goat 1:500
Alexa Fluor 594 ThermoFisher A-11058 goat 1:500
Alexa Fluor 594 ThermoFisher R37117 rabbit 1:500
Alexa Fluor 647 ThermoFisher A-21244 rabbit 1:500
Alexa Fluor 647 ThermoFisher A-21235 mouse 1:500

fluoride, a serine protease inhibitor (Abcam ab141032). Protein
extracts were sonicated for five cycles of 20 s sonication and 20 s
resting and then centrifuged (10,000 x g 10 min, 4°C) to sediment
intact cells, membranes, and nuclei. The supernatants were analyzed
for protein content via BCA Protein Assay (Pierce BCA Protein Assay
Kit, Thermo Scientific, cat. number 23225) following the
manufacturer’s instructions. Protein concentration was quantified
in a Varioskan plate reader by measuring the absorbance at 562 nm.

SDS-PAGE and immunoblotting

Protein extracts were diluted in loading buffer with 6 M urea
(10% SDS, 12.5% 2-mercaptoethanol, 25% glycerol, 150 mM Tris-
HCI pH 6.8) and boiled at 95°C for 5 min. Samples (40 ug protein/
slot) were loaded on 6% polyacrylamide gels and subjected to SDS-
PAGE electrophoresis (200 V; approx. 50 min, BioRad). Proteins
were transferred to PVDF membranes (Millipore) at 300 mA for 2 h
in a wet-tank transfer system (BioRad) and then blocked for 1 h at
RT [3% BSA in TBS buffer (50 mM Tris-HCI, 150 mM NaCl; pH
7.6)]. Afterwards, membrane-bound proteins were reacted with
primary antibodies (diluted in blocking solution: TBS buffer, 0.1%
Tween-20, 3% BSA, 4°C, overnight) directed against key proteins of
the homologous recombination repair pathway (ATM, BRCALI, p-
BRCA1, BRCA2, Rad54, Mrell, p-Mrell, p95NBS1), non-
homologous end joining (DNA-PKcs, p-DNA-PKcs, Ku70,
Artemis, DNA ligase IV) and vinculin (used as a loading control
for the normalization of the samples) (Table 2). Thereafter, the
membranes were washed three times with TBS-Tween (0.1%) and
incubated in secondary antibody solutions (Table 2) for 30 min at
RT. After three washings in TBS-Tween (0.1%), protein detection
was performed using an enhanced chemiluminescence detection
system (ECL Prime, Amersham). Images were taken using the
Science Imaging Instrument (INTAS) applying the INTAS
ChemoStar Imager software. A protein ladder was used to
estimate protein masses (HiMark Pre-stained Protein Standard
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#LC5699, Thermo Fisher Scientific). Protein band intensities were
analyzed by the Fiji Gel Analyzer plugin.

Quantification of binucleated and YH2AX-
positive cells

All quantifications were performed in three biological BUVEC
replicates infected with tachyzoites of T. gondii RH, Me49 or NED
strains. Samples were collected at 24 h p. i. and stained for DNA
(nuclear staining, DAPI, blue, Invitrogen), DNA damage foci
(YH2AX, green, Table 1) and tachyzoites (anti-Toxoplasma
antibodies, red, Table 1). For immunofluorescence assays, please
refer to the section above. In all experimental settings, five random
images were acquired at 60X with an epifluorescence microscope
(Nikon Ti-2 Eclipse) and a total of 1800 cells were analyzed per
condition. For binucleated cell estimation, the total number of
binucleated cells was normalized by the total number of cells in
the same field of view. The DNA damage quantification was
performed by the detection of YH2AX protein inside of the
nuclear area. The histone variant H2AX is phosphorylated in Ser
139 when cells display DNA double strand breaks induction
forming DNA damage foci inside the nucleus that can vary in
number from one to hundred. Therefore, we consider a positive cell
to be one that shows at least one focus of DNA damage positive for
YH2AX. First, we proceeded with the segmentation of the DAPI
channel in each image and the respective ROIs were merged with
the green channel (YH2AX staining) to allocate the nuclear region in
the image with the DNA damage foci staining. Each yH2AX-
positive cell was counted as one independently on the number of
DNA damage foci per nucleus. All YH2AX-positive cells were
counted and normalized to the total number of cells in the same
field of view. Micronuclei were defined as roundish DAPI-positive
structures localized in juxtaposition but separate from the nuclear
area. The total number of micronuclei was counted and normalized
to the total number of cells in the same field of view.
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TABLE 2 Primary and secondary antibodies used for Western Blotting.

10.3389/fcimb.2024.1374659

Antigen Company Cat. number Origin/reactivity Dilution
Primary antibodies
ATM (D2E2) Cell Signalling 2873 Rabbit 1:1000
BRCA1 Cell Signalling 14823 Rabbit 1:1000
p-BRCA1 Cell Signalling 9009 Rabbit 1:1000
BRCA2 Cell Signalling 10741 Rabbit 1:1000
Rad54 Cell Signalling 15016 Rabbit 1:1000
Mrell Cell Signalling 4887 Rabbit 1:1000
p-Mrell Cell Signalling 4859 Rabbit 1:1000
P95/NBS1 Cell Signalling 14956 Rabbit 1:1000
DNA-PKes Cell Signalling 38168 Rabbit 1:1000
Ku70 Cell Signalling 4588 Rabbit 1:1000
Artemis (D708V) Cell Signalling 13381 Rabbit 1:1000
DNA ligase IV Cell Signalling 14649 Rabbit 1:1000
Vinculin Santa Cruz 5c-73614 Mouse 1:500
Secondary antibodies
Antigen/Conjugate Company Cat. number Host/target Dilution
Goat anti-mouse IgG
Peroxidase conjugated Pierce 31430 Goat/mouse 1:40,000
Goat anti-rabbit IgG
Peroxidase conjugated Pierce 31460 Goat/rabbit 1:40,000
|mage acquisition and reconstruction software applying a significance level of 5%. For WB-based

Fluorescence images were acquired with a ReScan Confocal
microscope instrumentation (RCM 1.1 Visible, Confocal.nl)
equipped with a fixed 50 um pinhole size and combined with a
Nikon Ti-2 Eclipse microscope equipped with a motorized Z-stage
(DI1500, Nikon). The RCM unit was connected to a Toptica CLE
laser with the following excitations: 405/488/561/640 nm. Images
were taken via an sCMOS camera (PCO edge) using a CFI Plan
Apochromat X60 lambda-immersion oil objective (NA 1.4/0.13;
Nikon). The instrument was operated by the NIS-Elements software
(version 5.11). To calculate the total number of cells and the
number of binucleated cells present within one cell layer, all
images were first segmented using the Otsu thresholding
algorithm. Identical brightness and contrast conditions were
applied for each data set within one experiment. The total
number of cells was obtained using the Fiji plugin “Analyze
particles” applying a size of 10 pm.

Statistical analysis

The data were expressed as mean + SD from independent
experiments. For cell number quantification experiments, one-way
analysis of variance (non-parametric ANOVA) with Kruskal-

Wallis's post-test was performed using GraphPad Prism 9.3.1
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analyses, unpaired two-tailed t-tests were performed comparing
controls vs infected cells at a 95% confidence interval. All graphs
and statistical analyses were performed using GraphPad Prism
9 software.

Results

T. gondii-driven host cell DNA damage and
binucleated cell formation is
haplotype-dependent

T. gondii RH infections have been reported to induce the host
cell cycle arrest and to cause alterations in chromosome segregation
and cytokinesis in host cells (Velasquez et al., 2019). These aberrant
processes include chromosomal instability, resulting from
chromosome loss, gain or inadequate DNA rearrangements
(Bakhoum and Cantley, 2018). Chromosomal instability can
trigger DNA damage by causing DNA strand breaks or by
inducing cell stress during DNA replication (Wilhelm et al,
2020). Given that T. gondii indeed affects chromosomal
segregation (Velasquez et al, 2019), we aimed here to analyze
whether T. gondii infections induce host cellular DNA damage. In
a first experimental approach, we analyzed the DNA strand
integrity by using conventional comet assays. This method is
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well-accepted for general DNA damage detection in eukaryotic cells
but cannot distinguish between single and double-strand breaks
( ). Here, cells with intact DNA only
show a comet head and - due to altered migratory behavior in the
electric field - damaged DNA strands form the comet tail
( ). Current data revealed that T. gondii RH, NED and
Me49 infections of BUVEC in principle all resulted in a significantly
increased proportion of cells experiencing DNA damage in
comparison to non-infected controls (infected cells vs. controls
for RH, NED and Me49: p < 0.0001; p < 0.0001; p< 0.0001,
respectively, ). However, by far, the strongest reactions
were induced by the RH strain ( ).

Given that cellular damage responses induced by DNA single-
or double-strand breaks involve different signaling pathways and
protein factors ( ) and considering that comet
assays cannot distinguish between single- and double-strand breaks,
we here applied a second experimental approach by assessing Y-
H2AX signals in T. gondii-infected cells. In higher eukaryotic cells,
DNA double-strand breaks trigger the phosphorylation of the

10.3389/fcimb.2024.1374659

histone H2A variant H2AX at serine 139 to generate y-H2AX
( ). Nuclear y-H2AX signals are therefore used
as a marker for double-strand break events being represented as
DNA damage foci. In the current study, BUVEC were infected with
RH, Me49 or NED strains of T. gondii, stained for DNA by DAPI to
identify the nuclear area and co-labeled for y-H2AX at 24 h p. i.
( ). Overall, the proportion of cells experiencing DNA
damage foci (= y-H2AX-positive BUVEC) increased with parasite
infections, a finding that revealed T. gondii haplotype-dependent.
Thus, a significant parasite-driven induction of DNA double-strand
breaks was detected in both RH- (15.1% positive cells, p <0.0001)
and NED- (10.6% positive cells, p = 0.0001) infected cells. In
contrast, only 2.4% of Me49-infected cells showed DNA damage
foci thereby failing to differ significantly from non-infected controls
(0.5%,
again found in RH strain-infected cells, this finding may mirror

). Given that the - by far - strongest effects were

strain pathogenicity ( ). Altogether, these findings suggest
that infections with the T. gondii strains NED and RH both induced
double strand DNA breaks while Me49 infections do not.
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Chromosomal instability is structural or numerical due to
chromosome segregation impairment, chromosome condensation
defects or abnormal cytokinesis ( ). Given that we
demonstrated that T. gondii-induced DNA damage is haplotype-
dependent, we also assessed the influence of these haplotypes on
cytokinesis failure on the level of infection-driven binucleated
host cell formation. In agreement to DNA damage foci-related
data, only infections with the RH (38.1%, p < 0.0001) and NED
(10.5%, p = 0.002) strains led to a significant increase in
the formation of binucleated cells and, again, RH-infected cells
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showed the overall strongest effects ( ). Accordingly,
when estimating the percentages of binucleated infected
cells showing DNA damage foci (y-H2AX-positive cells), a
significantly increased proportion of 6.8% (p <0.0001) and 2.3%
(p = 0.029) was found in RH- and NED-strain-infected BUVEC,
respectively, whilst neither Me49-infected cells nor non-infected
control binucleated cells showed a significant induction of DNA
double-strand breaks ( ). Hence, these findings suggest
that DNA damage may indeed be associated with the binucleated
phenotype induced by T. gondii.
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Besides causing cytokinesis impairment, chromosome
condensation and segregation failures may also result in a lack or
displacement of chromosomes or in the formation of chromosome
bridges and micronuclei (Fenech et al, 2011; Ye et al., 2019; Siri
etal, 2021). Micronuclei are typically represented by DAPI-positive
globular structures which are localized close but separate from the
cell nucleus. Here, we estimated the presence of micronuclei in RH-,
Me49- and NED-infected BUVEC. As an interesting finding, a
significantly enhanced proportion of host cells with micronuclei
was exclusively found in NED-infected cells (10.5%, p <
0.0001) (Figure 2C).

T. gondii-infected host cells activate the
homologous recombination pathway (HR)
to repair parasite-driven DNA damage

Cells under genotoxic stress show a DNA damage response
(DDR) and therefore activate different intracellular repair pathways
depending on the type of DNA damage. Hence, DNA strand breaks
either activate the homologous recombination (HR) or the non-
homologous end joining (NHE]) pathway. Interestingly, the HR
pathway works cell cycle-dependent and primarily operates during

10.3389/fcimb.2024.1374659

the S- and G2-phase, whilst NHE] mediated repair mechanisms are
primarily activated after detection of DNA damage during the G1-
phase. Nevertheless, this pathway may be activated throughout the
cell cycle (Li and Heyer, 2008; Watanabe and Lieber, 2022)
(Figure 3). Given that the current findings proved most
prominent effects on DNA double-strand breaks in the case of
the T. gondii RH strain, we here focused on RH strain infections and
studied the expression of several key molecules of both, HR and
NHE] pathways by Western blotting (Figure 4). On a quantitative
level we demonstrated that most molecules of the NHE] pathway
were not affected by infection (DNA ligase IV, artemis) or even
down-regulated (Ku70, DNA-PKcs), indicating that T. gondii RH
infections do not activate the NHE] pathway (Figure 4). In contrast,
several key molecules of the HR repair pathway were significantly
induced in T. gondii RH-infected host cells (Figure 5). As
schematically depicted in Figure 3, the HR repair pathway splits
into two branches (ATM- and ATR-related pathways) depending
on type of damaged DNA strand. Thus, the ATM-related pathway is
mainly induced by DNA double-strand breaks, whilst the ATR-
related pathway is activated by single strain breaks or by stalled
replication forks. To distinguish the induction of ATM- or ATR-
mediated signaling, we here studied the expression of several
characteristic molecules of both pathways. Overall, T. gondii RH
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infections exclusively up-regulated molecules of the ATM-related
pathways (ATM, Mrell, Rad50, and pBRCA) (Figure 5) whilst
proteins involved in the ATR-related pathways either did not show
any changes in expression (Figure 5) or — in case of BRCA2 - were
even downregulated. Altogether, these findings confirm that T.
gondii RH-infected host cells suffer from infection-driven DNA
double-strand breaks and elicit a DNA damage response by
activating the S-/G2-phase-related ATM-dependent branch of the
HR pathway.

Discussion

Genome integrity is an essential feature of cellular homeostasis
and is a prerequisite for preserving the genetic information
delivered to the offspring. Consequently, genome instability has a
direct impact on cell, tissue or animal survival. Eukaryotic cells
maintain genome integrity by activating different DNA damage
response (DDR) pathways upon endogenous and environmental
genotoxic stress promoting the repair of different types of DNA
lesions. Moreover, activation of DDR controls cell cycle
progression, thereby delivering time for cells to repair the
damaged DNA (Campos and Clemente-Blanco, 2020; Petsalaki
and Zachos, 2020). Previous results on primary host cells have
shown that T. gondii infection affects the chromosomal stability of
the host cells by inducing binucleated cell formation and
chromosome segregation alterations (Velasquez et al., 2019).
Interestingly, all of these features are hallmarks of chromosome
instability (Geigl et al., 2008) and it appears likely that these events
may be linked to the pathogenicity of T. gondii infections. On a
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global level, different T. gondii haplotypes with varying virulence
occur. Whilst mainly the classical haplotypes I-III with an estimated
moderate to low virulence circulate in Europe, atypical and mixed
haplotypes eventually bearing high pathogenicity are spread in
South America (Galal et al, 2022). To address a potential
influence of different haplotypes on binucleated host cells,
micronuclei formation and DNA-damage related cellular events,
we here analyzed infection-driven effects of three different T. gondii
strains (RH, Me49, NED strains corresponding to haplotypes I, II,
111, respectively) on primary host endothelial cells.

In all experiments we worked with different donors of primary
endothelial host cells to avoid cell cycle-related artifacts that may be
present in permanent cell lines or in cells of tumor origin.
Considering the three T. gondii strains we showed in a first
experimental series that the RH strain - which is reported as the
most pathogenic one among these three strains - most prominently
induced the formation of binucleated cells thereby confirming recent
RH-related findings and indicating cell cycle impairment (Velasquez
et al, 2019). Interestingly, infections-driven binclucleated cell
formation proved strain-dependent, since the NED strain triggered
this event on a minor level whilst ME49 infections had no significant
effect on binucleated phenotypes. Given that binucleated cell
formation may be linked to chromosome instability and DNA
damage, we then assessed a general overview on the presence of
DNA damage in infected host cells via comet assays. Here, we
confirmed strain-dependent effects and showed that the strongest
DNA damage was again driven by the T. gondii RH infections. The
NED strain induced low levels of DNA damage whilst the Me49
strain failed to do so. Given that comet assays cannot distinguish
between single- and double-strand breaks, we additionally analyzed
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the presence of y-H2AX-based DNA damage foci, which are
indicative for DNA double-strand breaks. In agreement to the data
mentioned above and referring to RH-, Me49- and NED-infected cell
layers, strongest effects related to DNA damage foci were again
attributed to the RH strain. The findings on the RH strain are in
line to recent data of Zhuang et al (Zhuang et al., 2020), who reported
on the induction of double-strand breaks in T. gondii RH-infected
HeLa, HEK293T and Vero cells. Another hallmark of chromosome
instability is the formation of so-called micronuclei. In contrast to our
expectation, we here exclusively detected an enhanced proportion of
host cells experiencing micronuclei formation in the case of NED
strain infections.

Whenever a cell experiences genotoxic events and DNA
damage, it activates a DNA damage response (DDR) via different
repair pathways to preserve the correct genetic information to be
passed to daughter cells. The repair pathway to be induced depends
on type and extent of DNA insult, therefore single- and double-
strand break repair pathways are both part of the DDR of a cell
(Figure 3). Single-strand repair pathways include both excision
repair modes (nucleotide excision repair and base excision repair)
and mismatch repair. DNA double-strand insults may either induce
the NHE] or the homologous recombination (HR) repair pathways,
the latter of which is linked to S- and G2 phases of cell cycle. Given
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that the current data confirmed DNA double-strand breaks in T.
gondii-infected cells and revealed strongest effects in RH infections,
we here studied the DNA damage response on the level of the HR
and NHE] pathways exclusively in RH-infected BUVEC. Overall,
we found a T. gondii-induced activation of the HR pathway which
indirectly supports former findings on a T. gondii-driven cell cycle
arrest between S- and G2 phase in different types of host cells
(Molestina et al., 2003; Brunet et al., 2008; Kim et al., 2016) and
especially in BUVEC (Velasquez et al, 2019). In the case of the
NHE] pathway, the upstream molecules Ku70 and DNA-PKcs were
found down-regulated in infected host cells indicating that this
pathway may actively be blocked by parasite infection. Interestingly,
Ku70 was reported to be involved in viral DNA recognition in
human cells promoting type I and type III interferon/
proinflammatory cytokine production (Sui et al., 2021), a reaction
that is assumed to adverse affect T. gondii development. Moreover,
Ku70 was shown to interact with Bax, thereby inhibiting Bax-
mediated apoptosis (Cohen et al., 2004). Considering these aspects,
infection-driven Ku70 downregulation might represent an DNA
damage-independent event in T. gondii-infected host cells. Besides
Ku70, the DNA-PKcs holoenzyme was also found downregulated in
T. gondii RH infected cells. This protein forms a complex with
Ku70/80 in response to DNA damage (Fell and Schild-Poulter,
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2015). Moreover, it was shown that cells with low DNA-PKcs levels
undergo accelerated cellular senescence (Liu et al, 2019). To our
knowledge, there is currently no evidence that T. gondii modulates
host cell senescence. The HR repair pathway includes different
branches. In line with Zhuang et al. (2020) we here confirmed for a
primary host cell type that ATM-mediated repair signaling is
induced in T. gondii RH-infected BUVEC whilst the ATR-
dependent pathway was not affected by infection.

Undoubtedly, the molecular mechanism of DNA damage
induction driven by T. gondii seems of high interest, especially
since it proved haplotype-dependent. However, the identification of
parasite molecules triggering DNA double-strand breaks and their
eventual molecular interactions with host cells are beyond the scope
of the current study. Several T. gondii-secreted molecules, such as
the ROP18 kinase, which was reported to interact with DNA repair-
related host proteins (Cheng et al., 2012), may be good candidates in
this respect and should be investigated in this respect in future.

Overall, the current findings underline the effects of T. gondii
infections on host cell cycle and DNA integrity and demonstrate
haplotype-dependent effects that may be linked to strain
pathogenicity. Furthermore, current data confirm DNA damage
responses of primary host cells on the level of ATM-dependent HR
repair pathways.
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Toxoplasma gondii Me49 and
NED strains arrest host cell cycle
progression and alter
chromosome segregation in a
strain-independent manner

Lisbeth Rojas-Baron*, Carlos Hermosilla, Anja Taubert and
Zahady D. Velasquez

Institute of Parasitology, Biomedical Research Center Seltersberg, Justus Liebig University Giessen,
Giessen, Germany

Toxoplasma gondii is an obligate intracellular parasite that modulates a broad
range of host cell functions to guarantee its intracellular development and
replication. T. gondii includes three classical clonal lineages exhibiting different
degrees of virulence. Regarding the genetic diversity of T. gondii circulating in
Europe, type Il strains and, to a lesser extent, type Il strains are the dominant
populations, both in humans and animals. Infections with the type | strain led to
widespread parasite dissemination and death in mice, while type Il is considered
avirulent. Previously, we demonstrated that primary endothelial cells infected
with the T. gondii RH strain (haplotype |) were arrested in the G2/M-phase
transition, triggering cytokinesis failure and chromosome missegregation. Since
T. gondii haplotypes differ in their virulence, we here studied whether T. gondii-
driven host cell cycle perturbation is strain-dependent. Primary endothelial
cells were infected with T. gondii Me49 (type Il strain) or NED (type IlI strain),
and their growth kinetics were compared up to cell lysis (6-30h p. i.). In this
study, only slight differences in the onset of full proliferation were observed, and
developmental data in principle matched those of the RH strain. FACS-based
DNA quantification to estimate cell proportions experiencing different cell cycle
phases (GO/1-, S-, and G2/M-phase) revealed that Me49 and NED strains both
arrested the host cell cycle in the S-phase. Cyclins A2 and B1 as key molecules
of S- and M-phase were not changed by Me49 infection, while NED infection
induced cyclin B1 upregulation. To analyze parasite-driven alterations during
mitosis, we demonstrated that both Me49 and NED infections led to impaired
host cellular chromosome segregation and irregular centriole overduplication.
Moreover, in line with the RH strain, both strains boosted the proportion of
binucleated cells within infected endothelial cell layers, thereby indicating
enhanced cytokinesis failure. Taken together, we demonstrate that all parasite-
driven host cell cycle arrest, chromosome missegregation, and binucleated
phenotypes are T. gondii-specific but strain independent.

KEYWORDS

Toxoplasma gondii, haplotypes, Me49 strain, NED strain, cell cycle arrest, cell cycle
dysregulation
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1 Introduction

Toxoplasma gondii is a major zoonotic obligate intracellular
apicomplexan parasite and the etiological agent of toxoplasmosis,
which may cause harmful effects mainly in pregnant and
immunocompromised hosts. T. gondii modulates a broad range of
host cell functions to guarantee its intracellular development and
replication (Veldsquez et al., 2019; Fernandez-Escobar et al., 2022). As
a polyxenous and cosmopolitan zoonotic parasite, T. gondii can infect
all warm-blooded animals as intermediate hosts (humans, domestic
and wild mammals, and birds) and domestic and wild felines as
definitive hosts (Gubbels et al., 2008; White and Suvorova, 2018).
Hence, its life cycle is a complex transmission process, and detailed
molecular knowledge is of importance not only for public health but
also for the livestock industry and wildlife management programs
(Calero-Bernal et al., 2022).

Worldwide studies have shown that T. gondii possesses significant
genetic and phenotypic diversity; at present, three main lineages
(types I-1II) are described, which vary in virulence and mortality for
laboratory mice (Ferndndez-Escobar et al., 2021). Concerning the
genetic diversity of T. gondii strains circulating in Europe, type II
strains and, to a lesser extent, type III strains are the dominant
populations, both in humans and animals (Khan et al., 2007; Lorenzi
etal,, 2016; Fernandez-Escobar et al.,, 2022). The T. gondii type I strain
is classified as highly virulent, leading to widespread parasite
dissemination and lethal infection in mice (100% cumulative
mortality). In contrast, mouse mortality and tachyzoite dissemination
induced by type II or III strains are considerably lower (30%), with
type III strains generally being considered avirulent for mice (Sibley
and Boothroyd, 1992; Su et al., 2002; Dardé et al., 2014; Calero-Bernal
etal, 2022). The main representatives for each lineage are T. gondii RH
and GT1 for haplotype I, PRU and Me49 for haplotype II, and CEP
and NED for haplotype III (Wu et al,, 2022). However, the most
studied strain in in vitro research is the T. gondii RH strain, while the
NED strain is commonly used in murine in vivo models (Croken et al.,
2014; Wang and Sibley, 2020).

It is well known that apicomplexan coccidian parasites
extensively modulate their host cells to guarantee successful
intracellular development and proliferation. As such, these parasites
were reported to affect numerous host cellular processes, such as
apoptosis, autophagy, cytoskeleton, metabolism, immune reactions,
and cell cycle (Alberts et al., 2007; Dardé et al., 2014; Veldsquez et al.,
2019). Referring to the latter, the T. gondii RH strain arrested the
host cell cycle in S-phase or at G2/M-phase transition, which was
accompanied by a binucleated host cell phenotype and cytokinesis
failure (Molestina et al., 2008; Velasquez et al., 2019). Moreover, RH
strain-infected primary endothelial host cells showed supernumerary
centrosomes in mitotic spindles, a displacement of single
chromosomes from the equatorial plane, and dramatic chromosome
missegregation errors (Veldsquez et al., 2019). In mammals, the cell
cycle is tightly regulated by several cell cycle-dependent cyclins and
cyclin-dependent protein kinases (CDKs) that control cell cycle
progression from G0/1 to M-phase (Alberts et al., 2007). During cell
cycle, the formation of centrioles, the mitotic spindle, and the
arrangement of chromosomes are also highly controlled to guarantee
the correct genetic information to be inherited by daughter cells
(Miettinen et al., 2019). Even tiny errors in these cellular processes
might result in genome/chromosome instability or even cell death
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(Alberts et al., 2007). Former data on T. gondii RH infections stated
cell type-dependent variations since human foreskin fibroblasts
(HFFs) were arrested at the G2-to-M-boundary, while human
trophoblast cells, human dermal fibroblasts, and L6 rat myoblasts
showed stasis in G2-phase (Brunet et al., 2008; Molestina et al., 2008;
Kim et al,, 2016). In these studies G2-phase arrest was linked to
cyclin Bl downregulation, while other G2/M-phase checkpoint-
related molecules, such as p53, p21, and CDK1, were not changed in
expression (Brunet et al., 2008; Veldsquez et al., 2019). We recently
demonstrated that T. gondii RH strain-infected primary endothelial
cells experienced aberrant mitosis with supernumerary centrosome
(and centriole) formation, resulting in impaired cytokinesis
(Veldsquez et al., 2019). Given that these data referred to haplotype
I-driven host cell modulation, we aimed to determine whether cell
cycle-related T. gondii-driven effects were haplotype/strain-
dependent. For direct comparison and to avoid cell type-driven
effects, in vitro infections with T. gondii haplotypes II and III (i.e.,
Me49 and NED strain, respectively) were performed in the same
bovine primary endothelial host cell (BUVEC) as previously used
for RH strain.

2 Materials and methods

2.1 Primary bovine umbilical vein
endothelial cell isolation and culture

Primary bovine umbilical vein endothelial cells BUVEC were
isolated from umbilical veins obtained from calves born by section
caesarea at the Justus Liebig University in Giessen, Germany.
Umbilical cords were maintained at 4°C in sterile 0.9% HBSS-HEPES
buffer (pH 7.4; Gibco, Grand Island, NY, United States) supplemented
with 1% penicillin (500 U/mL; Sigma, St. Louis, MO, United States)
and streptomycin (500 pg/mL; Sigma) for a maximum of 12 h before
use. Isolation of endothelial cells was performed by using 0.025%
collagenase type II (Worthington Biochemical Corporation)
suspended in Pucks solution (Gibco) and infused into the lumen of
ligated umbilical veins for 20 min at 37°C in a 5% CO, atmosphere.
After gently massaging umbilical veins, the cell suspension was
collected in medium and supplemented with 1 mL of fetal calf serum
(FCS; Gibco) to inactivate collagenase. After two washes (350 x g,
12 min, RT), cells were resuspended in complete endothelial cell
growth medium (ECGM, PromoCell, supplemented with 10% FCS),
plated in 25 cm?” tissue plastic culture flasks (Greiner), and incubated
at 37°C and 5% CO, atmosphere. BUVEC monolayers were cultured
in modified ECGM medium [ECGM, diluted at 30% in M199
medium, supplemented with 5% FCS (Greiner) and 1% penicillin and
streptomycin] with medium changes every 2-3 days. All biological
isolates were used for in vitro experiments at a maximum of four
(2019).
Experiments on bovine primary endothelial cells and parasites were

passages, as previously described in Velisquez et al.

performed following the permission of the Institute of Parasitology
to work with biological agents up to risk class 3** [allowance
according to §16 BiostoffVO, Az. GI 000056837, approved by the
regional commission of Giessen (Regierungsprisidium Giepen)], the
Institutional Ethics Commission of Justus Liebig University of
Giessen (Germany), and under the current European Animal Welfare
Legislation: ART13TFEU.
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2.2 Parasite maintenance

Tachyzoites of T. gondii Me49 and NED strains were
maintained by serial passages in MARC-145 (African green
monkey kidney epithelial cells) using DMEM medium (D6429,
Sigma) supplemented with 5% FCS, 1% penicillin (500 U/mL;
Sigma St. Louis, MO, United States), and streptomycin (500 pg/
mL; Sigma). The number of passages for MARC-145 cells and
T. gondii tachyzoites was controlled to compare our previous
results on RH strains with those described here (Veldsquez et al.,
2019). T. gondii tachyzoites were obtained by monolayer scraping
and centrifugation (400 x g, 1 min) to remove cell debris. A second
centrifugation step was performed to sediment the parasites at 800
x g for 12min. Tachyzoites were counted in a Neubauer chamber,
suspended in a modified ECGM medium, and used for
BUVEC infections.

2.3 Kinetics of Toxoplasma gondii
infections

Confluent BUVEC layers (n=3) were infected with T. gondii
Me49 or NED tachyzoites (MOI 1:2) and incubated at 37°C in a
5% CO, atmosphere. By counting the number of tachyzoites per
parasitophorous vacuole (PV) every 6 h up to 30h p. i., parasite
infection kinetics in the same primary endothelial cell isolates
were analyzed to estimate Me49- or NED-specific division cycles.
Therefore, cells were fixed at each time point with 4%
paraformaldehyde for 15 min at room temperature (RT) and then
washed three times with 1X PBS buffer (137mM sodium
chloride, 2.7 mM potassium chloride, and 12 mM total phosphate
in the form of hydrogen phosphate and dihydrogen phosphate).
All fixed cells were stored at 4°C until further use. To assess
parasite development in endothelial host cells, cell nuclei, and
tachyzoites were labeled with 4,6’-diamidin-2-phenyllindol
(DAPI) and a specific T. gondii antibody, respectively (Table 1),
allowing us to count the total number of tachyzoites/PV formed
during infection.

TABLE 1 Primary and secondary antibodies used in the current study.

10.3389/fmicb.2024.1336267

2.4 Immunofluorescence assays

Three BUVEC isolates were seeded in 12-well plates with
coverslips precoated with fibronectin (1:400, Sigma-Aldrich,
F1141-2MG) and infected either with T. gondii Me49 or NED
tachyzoites at sub-confluency (MOI 1:2). At 24 h p. i,, all samples were
fixed in 4% paraformaldehyde (15 min, RT) and washed three times
in sterile PBS. The samples were incubated in a blocking/
permeabilization solution (PBS with 3% BSA and 0.3% Triton X-100)
for 1h at RT. Thereafter, they were incubated in primary antibody
solutions (Table 1) at 4°C in a humidified chamber overnight. The
samples were then washed three times with 1X PBS and incubated in
secondary antibody solutions (Table 1) for 30 min at RT and darkness.
Host cell nuclei were labeled with DAPI present in the mounting
medium solution (Fluoromount G-DAPI, Thermo Fisher, cat. Number
495952). The samples were analyzed with ReScan Confocal
instrumentation (RCM 1.1 Visible, Confocal.nl) combined with a
Nikon Eclipse Ti2-A inverted microscope.

2.5 Protein extraction

Six BUVEC isolates were infected with either T. gondii Me49 or
NED tachyzoites (MOI 1:2). At 24h p. i, cells were washed with 1X
PBS buffer, detached from the plate using trypsin/EDTA solution
[0.25% (w/v) Trypsin; 0.53 mM EDTA, 37°C, 5min], and pelleted (400
x g 5min). The cell pellet was washed with 1X PBS buffer and
resuspended in RIPA buffer (50mM 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) supplemented with a protease inhibitor cocktail
(Sigma-Aldrich), 1 mM sodium orthovanadate tyrosine phosphatase
inhibitor (Abcam, ab120386), and 1mM phenylmethylsulphonyl
fluoride, a serine protease inhibitor (Abcam, ab141032). Protein
extracts were sonicated for five cycles of 20s sonication and 20s
resting and then centrifuged (10,000 x g, 10 min, 4°C) to sediment
intact cells, membranes, and nuclei. The supernatants were analyzed
for protein content via BCA protein assay (Pierce BCA Protein Assay
Kit, Thermo Scientific, cat. Number 23225) following the

Antigen Company Cat. number Origin/reactivity Dilution
Primary antibodies
T. gondii ‘Thermo Fisher PA1-7256 Goat 1:100
y-Tubulin Abcam Ab1795030 Rabbit 1:100
Vinculin Santa Cruz sc-73614 Mouse 1:1000
Cyclin A2 Abcam Ab38 Mouse 1:1000
Cyclin B1 Abcam Ab32053 Rabbit 1:3000
Antigen/Conjugate Company Cat. number Host/target Dilution
Secondary antibodies
Alexa Fluor 594 Thermo Fisher A-21468 Goat 1:500
Alexa Fluor 647 Thermo Fisher A-21244 Rabbit 1:500
Goat anti-mouse IgG Peroxidase conjugated Pierce 31430 Goat/mouse 1:40,000
Goat anti-rabbit IgG Peroxidase conjugated Pierce 31460 Goat/rabbit 1:40,000
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manufacturer’s instructions. Sample analysis was performed on a
Varioskan plate reader, measuring the absorbance at 562 nm.

2.6 SDS-PAGE and immunoblotting

Protein extracts were diluted in loading buffer with 6 M urea (10%
SDS, 12.5% 2-mercaptoethanol, 25% glycerol, 150 mM Tris-HCI pH
6.8) and boiled at 95°C for 5min. Samples (40 pg protein/slot) were
loaded on 12% polyacrylamide gels and subjected to SDS-PAGE
electrophoresis (100V; approx. 1.5h; Bio-Rad). Proteins were
transferred to PVDF membranes (Millipore) (300mA, 2h) in a
wet-tank transfer system and then blocked for 1h at RT [3% BSA in
TBS buffer (50 mM Tris-HCI, 150 mM NaCl; pH 7.6)]. Afterwards,
proteins on membranes were incubated in primary antibodies (4°C,
overnight) directed against cyclin A2, cyclin B1, and vinculin (Table 1)
and diluted in blocking solution (TBS buffer, 0.1% Tween-20, 3%
BSA). Vinculin detection was used as a loading control for sample
normalization. After primary antibody probing, membranes were
washed three times with TBS-Tween (0.1%) and incubated in
secondary antibody solutions (Table 1) for 30 min at RT. After three
washings (TBS-Tween 0.1%), protein detection was performed using
a chemiluminescence detection system (ECL Prime, Amersham).
Images were taken using the INTAS Science Imaging Instrument and
the INTAS ChemoStar Imager software. A protein ladder was used to
estimate protein sizes (PageRuler Plus Prestained Protein Ladder,
Thermo Fisher Scientific). Protein band intensities were analyzed
using the Fiji Gel Analyzer plugin (Schindelin et al., 2012).

2.7 Flow cytometry-based analysis of cell
cycle phases

For flow cytometry (FACS)-based analysis of the cellular DNA
content, non-infected and infected host cell layers (n = 6) were washed
with 1X PBS buffer and detached from the plate by trypsin/EDTA
(0.25%) treatments at 37°C for 5min. Then, cells were pelleted at 400
x g for 5min. The cell pellet was resuspended, washed in 1X PBS
buffer, and centrifuged at 400 x g for 5 min. Thereafter, cells were fixed
with ice-cold absolute ethanol for 3 min at —20°C and pelleted again
(400 x g, 5min). Samples were stained with the commercial FxCycle
PI/RNAse kit following the manufacturer’s instructions (Thermo
Fisher, F10797). The samples were analyzed by an Accuri C6 Plus Flow
Cytometer analyzer (Becton-Dickinson, Heidelberg, Germany)
applying 535/5nm excitation and emission collected in a 617/20 band-
pass. The cells were gated according to their size and granularity. Data
analysis was performed via FlowJo LLC software (Ashland, OR).

2.8 Image acquisition and reconstruction

Fluorescence images were acquired with a ReScan Confocal
instrumentation (RCM 1.1 Visible, Confocal, The Netherlands)
equipped with a fixed 50 pm pinhole and combined with a Nikon
Eclipse Ti2-A inverted microscope with a motorized Z-stage (DI1500,
Nikon). The RCM unit was connected to a Toptica CLE laser with the
following excitation modes: 405/488/561/640 nm. Images were taken
via an sSCMOS camera (PCO edge) using a CFI Plan Apochromat X60
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lambda-immersion oil objective (NA 1.4/0.13; Nikon). The instrument
was operated by the NIS-Elements software (version 5.11). Images were
acquired via a z-stack optical series with a step size of 0.1 microns to
cover all structures of interest. To estimate both the total number of
cells and the number of binucleated cells present in one cell layer, all
images were first segmented using the Otsu thresholding algorithm.
Identical brightness and contrast conditions were applied for each data
set within one experiment. The total number of cells was obtained using
the Fiji plugin “Analyzes particles” with a size of 10 um (Schindelin
etal, 2012).

2.8.1 Mitosis quantification

The percentage of cells that underwent mitosis was calculated by
normalizing it with the total number of cells in each field of view.
Mitosis was evaluated from the prophase until the telophase.
Cytokinesis was evaluated in terms of the percentage of binucleated
cells. The prophase was defined as the chromosome condensation in
the nuclear region using DAPI staining of the chromosomes.
Metaphase cells were those with all chromosomes in the equatorial
line, and anaphase cells were when chromosomes left the central plane
to migrate into each mitosis pole. Cells in anaphase with a DAPI-
positive signal in between were identified as chromosome bridges.
Finally, cells in telophase were counted when chromosomes had
completely migrated to each mitosis pole.

2.9 Statistical analysis

The data were expressed as the mean+SD of independent
experiments. For cell number- and FACS-based experiments, one-way
analysis of variance (non-parametric ANOVA) with Kruskal-Wallis
post-test was performed using GraphPad Prism 9.3.1 software,
applying a significance level of 5%. For immunoblot-based analyses,
unpaired two-tailed ¢-tests were performed comparing controls vs.
infected cells, with a 95% confidence interval. All graphs and statistical
analyses were performed using GraphPad Prism 9 software.

3 Results

3.1 Toxoplasma gondii Me49 and NED
intracellular development show
comparable kinetics in primary endothelial
cells

The current aim was to evaluate if variable T. gondii strains may
differentially affect the host cell cycle during tachyzoite intracellular
development. Given that diverse T. gondii haplotypes bear different
virulence in the murine system, which may be linked to varying speed
in development and cell lysis, we first analyzed the developmental
characteristics of Me49 and NED strains (haplotypes II and III,
respectively) in primary BUVEC layers. The rationale to choose a
primary bovine endothelial cell type as host cells was: (i) to avoid
immortalization-driven effects on cell cycle regulation as commonly
reported for permanent tumor-based cell lines, (ii) to be as close as
possible to the in vivo scenario, and (iii) to perform current studies in
exactly the same cell type as reported before for the T. gondii RH strain
[haplotype I, (Velasquez et al., 2019)] thereby allowing for direct data
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FIGURE 1

Toxoplasma gondii Me49 and NED tachyzoite replication kinetics in
primary bovine umbilical vein endothelial cells (BUVEC). BUVEC
isolates (n = 3) were simultaneously infected at subconfluence with
either Me49 or NED tachyzoites (MOI 1:2) and monitored for parasite
proliferation by analyzing the numbers of tachyzoites/
parasitophorous vacuole (PV, white circle) from 6 to 30h p. i

(A) Representative illustration of different stages of proliferation. Host
cell nuclei were stained by DAPI (blue) and tachyzoites by T. gondii-
specific antibodies (red). (B) Estimation of the proliferation status of
Me49 and NED strains at 6, 12, 18, 24 and 32 h p. i. The scale bar
represents 5pm.

comparison. Therefore, BUVEC and MARC-145 passages, as well as
T. gondii tachyzoites, were carefully controlled.

To study the kinetics of parasite development, identical BUVEC
isolates were simultaneously infected with tachyzoites of T. gondii
Me49 and NED strains, and the total intracellular development of each
strain was thoroughly assessed by counting the number of tachyzoites
per PV every 6h from 6 to 30h p. i. (Figure 1). Given that the host cells
used in the current study were of primary origin and therefore not
immortalized, three biological isolates at a maximum of four passages
were used to avoid potential age-dependent changes in cell division
times and further to ensure preservation of the endothelial phenotype.
All host cells were seeded and infected at the same time, using the
same batch of tachyzoites from each strain. A rosette was defined as
when the PV contained 32 tachyzoites. All samples were analyzed
before 32h p. i.. to avoid cell lysis-driven artifacts.

‘When analyzing in total 895 and 770 single infected host cells for
NED and Me49 strains, respectively, at 24 h p. i., the overall infection
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rates differed moderately but not substantially (Me49: 81.9+3.1%;
NED: 70.1+7.7%). The onset of tachyzoite division revealed equal in
both strains at 6h p. i. 2.5% of infected BUVEC showed two
tachyzoites per PV for both strains (Figures 1A,B). However, at 12 and
18h p. i,, the NED strain proceeded slightly faster in development
than the ME49 strain, since a higher proportion of PV contained four
and eight tachyzoites (ME49: 1.3 and 5.7%, respectively; NED: 2 and
16.9%, respectively) (Figures 1A,B). Nevertheless, towards 30h p. i.,
the NED strain caught up in development, thus resulting in a
comparable proportion of PV with 32 tachyzoites (ME49: 1.4%; NED:
1%) (Figures 1A,B). Of note, BUVEC lysis started at comparable time
points at 33h p. i., thereby denying any relevant differences in the in
vitro virulence of these two T. gondii strains. Based on these overall
findings, it appeared eligible to perform cell cycle-related experiments
on both strains at the same time points after parasite infection.

3.2 Toxoplasma gondii Me49 and NED
tachyzoite infections both induce
binucleated host cells and affect centriole
formation

It was previously described that T. gondii RH strain infection in
BUVEC layers resulted in an enhanced proportion of bi/multi-nucleated
host cells (thereby indicating cytokinesis failure) and an alteration of
mitosis progression by inducing supernumerary centrosome formation
and chromosome segregation errors (Molestina et al.,, 2008; Velasquez
etal,, 2019). In this study, we intended to study whether these findings
also applied to other T. gondii haplotypes (i.e., Me49 and NED).
Therefore, the number of bi/multi-nucleated host endothelial cells (i.e.,
with > 2 nuclei per cell) was counted and normalized against the total
number of cells present in the field of view. As depicted in Figure 2A,
both Me49 and NED infections of BUVEC induced a significantly
enhanced proportion of bi/multi-nucleated host cells (Me49: 12.7%;
NED: 8.1%), while only 0.7% of non-infected cells revealed the
binucleated phenotype. The mitotic rate was also analyzed by estimating
the total number of cells in mitosis vs. the total number of cells in the
field of view. The results showed that only the NED strain reduced
statistically significant mitosis percentages (Figure 2B). To verify
whether mitotic failures may be linked to inadequate mitotic spindle and
centrosome formation, we additionally stained chromosomes with
DAPI (blue) and centrosomes with y-tubulin (green) (Figure 2C) and
analyzed the different phases of mitosis in T. gondii Me49- and
NED-infected BUVEC. The y-tubulin staining was used as a centrosome
marker to visualize the mitosis spindle localization. As expected, most
of the mitotic cells displayed a normal mitosis progression with only two
centrosome poles. However, approximately 10% of infected mitotic cells
showed an altered chromosome arrangement (Figure 2C, prophase and
metaphase). A low number of host cells displayed chromosome bridges
between the two poles of the mitotic spindle (Figure 2C, asterisks, and
Supplementary Video S2). Interestingly, the centrosomes seem to
be composed of more than one spot (Figure 2C, and
Supplementary Video S1). To corroborate this observation, we drew a
line over the centrosomes in mitotic cells, and we plotted the information
in a histogram. The results showed that in most of the cases, the
histogram exhibited two brightness dots, suggesting a possible centriole
duplication at each centrosome (Figure 2C, histogram plots, and
Supplementary Video S1).
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Toxoplasma gondii Me49 and NED infections induce a binucleated phenotype and centriole overduplication in infected host cells. Subconfluent
BUVEC isolates (n = 3) were infected with either Me49 or NED tachyzoites at an MOI 1:2. After 24 h p. i., samples were stained for DNA/chromosomes
(DAPI, blue) and centrioles (y-tubulin, green). (A) Percentages of host cells with a binucleated phenotype. (B) Mitotic rate (cells undergoing mitosis/total
number of cells) of T. gondii-infected BUVEC and control cells. (C) Exemplary illustration of the main aberrant mitotic structures observed for both
Me49 and NED strain infections. Additionally, the intensity of centriole-related signals was assessed and plotted as a graph showing intensity value vs.
distance (white line). Yellow arrows: centriole overduplication; asterisks: chromosome bridge. The scale bar represents 5pm

3.3 Toxoplasma gondii ME49 and NED
infections both promote host cell cycle
arrest in S-phase

To analyze whether T. gondii Me49 or NED strains cause
dysregulation of the host cell cycle progression in BUVEC, a FACS-
based analysis was performed to estimate total DNA content. The cell
population was gated according to their size and granularity, and
PI-based DNA staining was used to define distinct categories of cell
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cycle phases (G0/1, S, and G2/M) according to the DNA amount per
cell (Figure 3A). In this classical method, the first DNA peak is
assigned to GO/1-phase, the second peak represents cells in G2/M-
phase, and the cell population between both peaks corresponds to
cells in the S-phase (Figure 3A). Here, T. gondii Me49- and
NED-infected cells both showed a significant decrease of cells in
G0/1-phase when compared to non-infected cells. Simultaneously, the
proportion of T. gondii-infected cells in the S-phase increased, thereby
suggesting a parasite-driven host cell arrest in the S-phase (Figure 3B).
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number of cells positive for DNA staining (PI) was graphed as a histogram to obtain the total number of cells in each peak. (B) Percentages of Me49-
and NED-infected BUVEC and control cells in each cell cycle phase were estimated via FACS-based DNA quantification. Bars represent the
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Since cellular DNA content-based analyses do not allow for
discrimination between all single phases (such as G0/G1 or G2/M)
and based on current data suggesting that T. gondii-infected host cells
accumulate in the S-phase, we additionally analyzed the expression of
cyclins A2 and B1 (Figure 4), which signify key regulatory proteins of
S-phase control and of M-phase enter and progression, respectively.
Western blotting analyses of six ME49- and NED-infected BUVEC
isolates showed that only the NED strain induces cyclin Bl
overexpression (Figure 4B). Cyclin A2 expression was not affected by
any of the strains (Figures 4A,B).

4 Discussion

In a recent study, we demonstrated that T. gondii tachyzoites of
haplotype I (RH strain) induced host cell cycle arrest, chromosome
missegregation, and cytokinesis failure
concomitant with an increased percentage of binucleated primary host
endothelial cells in vitro (Velisquez et al., 2019). To assess eventual
strain-driven effects, we compare our previous published data with

multipolar  spindle,
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infections using two other T. gondii haplotypes, IT and III (Me49 and
NED, respectively). We evaluated the host cell cycle control,
progression, and mitosis after 24h h p. i. with T. gondii tachyzoites
Me49 and NED. To be able to compare our results with previously
published data, the same host cell type was used and parasite strain
passages were tightly controlled. Furthermore, we followed the same
experimental approach used in Veldsquez et al. (2019).

To our best knowledge, available data on T. gondii-driven host cell
cycle modulation currently refer to haplotype I tachyzoites (RH strain)
and indicate that this clonal lineage might control host cell cycle
progression to ease its intracellular asexual development (Brunet et al,,
2008; Molestina et al., 2008; Veldsquez et al., 2019; Wong et al., 2020;
Pierre-Louis et al., 2022). Since several typical and atypical clonal
lineages of T. gondii occur worldwide and show variable pathogenicity
(Dardéetal,, 2014; Miller et al., 2023), we aimed to compare recent RH
data (haplotype I) (Veldsquez et al., 2019) with haplotypes II and III
(Me49 and NED, respectively) by infecting the same host cell type. In
our hands, the replication times of the ME49 and NED strains in
BUVEC proved comparable to those of the RH strain, allowing us to
use this primary cell culture system for comparative approaches. Our
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Cyclin A2 and cyclin B1 expression in Toxoplasma gondii Me49 and NED strain-infected BUVEC. Confluent BUVEC isolates (n = 6) were infected with
either Me49 (A) or NED (B) tachyzoites. At 24 h p. i., protein extracts were analyzed by Western blotting to estimate cyclin A2 (indicative for S-phase)
and cyclin B1 (mitosis marker) expression. Densities of protein signals were quantified and graphed as a relative ratio to vinculin expression (loading
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results showed that the NED strain reduced the mitosis rate and led to
an overexpression of cycin Bl, in contrast to the Me49 strain. This
suggests that the NED strain modulates the host cell cycle throughout
the mitosis checkpoint, while ME49 and RH appear to modulate whitin
S-phase progression itself. Since neither T. gondii RH nor ME49
controls the mitosis checkpoint cyclin, even though both arrest the host
cell cycle, T. gondii tachyzoite has evolved into several clonal lineages,
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with the most prevalent ones being types I, II, and III. While all lineages
have the potential to infect both humans and animals, types I and I are
more prevalent in immunocompromised or pregnant humans than in
animals. Interestingly, type III primarily infects animals as opposed to
people (Howe and Sibley, 1995). In our findings, the NED strain was
the one to have distinct behavior about the cell cycle and mitosis
control. Therefore, this slight modification may suggest that the NED
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strain evolved into a better-intermediated host adaptation, modifying
the type of the host cell cycle and mitosis control. However, further
experiments need to be done in order to answer this hypothesis.

Referring to parasite-mediated modulation of cell cycle progression,
the current data showed that both NED and ME49 strains induced host
cell cycle arrest in S-phase, but they differed in the control, thereby
denying any haplotype-dependent reactions. Interestingly, S-phase arrest
has been studied by other groups worldwide, suggesting that arrested cells
were not able to incorporate new DNA molecules (Pierre-Louis et al.,
2022). Given that T. gondii arrests the host cell cycle equally in primary,
immortalized, and tumor cells, we could suggest that it is a parasite
strategy that has been maintained throughout haplotype evolution
(Brunet et al., 2008; Molestina et al., 2008; Kim et al., 2016; Veldsquez
etal, 2019; Pierre-Louis et al,, 2022). The mitosis progression was shown
to be modulated differently in NED- or ME49-infected cells compared to
previous data published on the RH strain since infected cells displayed
multipolar spindle formation (Veldsquez et al., 2019). In this study,
we showed that neither ME49 nor NED strains induce multipolar
spindles. However, the centrosome poles seem to have more than one spot
of y-tubulin, suggesting possible centriole duplication. This phenotype
was also observed in the RH strain infection, but it always came with a
multipolar phenotype. Altogether, this suggests that T. gondii modulation
of the centriole number can be independent of the strain type, but the
multipolar spindle formation may only be induced by the RH strain.

During the process of chromosome segregation and mitotic
spindle formation, several specific proteins are needed, such as
histones and cohesins, to deliver structural support for chromosomes
and to bind sister chromatids to ensure an equal distribution between
daughter cells during cell division (Kline-Smith and Walczak, 2004;
Marifio-Ramirez et al., 2005; Makrantoni and Marston, 2018). The
loss or gain of chromosomes drives chromosomal errors and triggers
intracellular pathways that arrest the cell cycle to either repair the
damage or eliminate potential aneuploid cells by apoptotic death
(Alberts et al., 2007; Levine and Holland, 2018). The same applies to
irregular chromosome bridges, which were found here to be induced
by T. gondii Me49 and NED strains and that have been correlated with
DNA damage (Ganem and Pellman, 2012). As described by
Pampalona et al. (2016), chromosome bridges are characteristic of
tumor cells and are mainly observed in mid-late anaphase, eventually
persisting throughout mitosis, but are atypical for the early G1 phase.
Since the endothelial host cells used in the current study are of
primary and non-tumoral origin and, consequently, should follow
physiological cell cycle control, chromosome bridge-related findings
should be associated with T. gondii infection. However, considering
that chromosome bridging is better monitored by live-cell imaging,
future experimentation will focus on this method to reliably correlate
these findings with T. gondii-mediated effects.

In line with recent data on the T. gondii RH strain (Veldsquez
et al, 2019), we demonstrated that ME49 and NED infections of
BUVEC also induced an increased percentage of binucleated cells,
which directly correlates with enhanced cytokinesis failure.
Cytokinesis represents the last pivotal step of cell division. Hence,
cytokinesis includes cytoplasmic division finally giving rise to two
daughter cells, even when some exceptions have been described in the
early embryonic stages of the fruit fly model Drosophila (Schejter and
Wieschaus, 1993; Kiseleva et al., 2001). In mammals, megakaryocytes
(blood platelets), hepatocytes, and heart muscle cells perform nuclear
division without cytokinesis, leading to a high proportion of
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multi-nucleated cells (Nagata et al,, 1997; Ahuja et al., 2007; Alberts
etal., 2007; Margall-Ducos et al., 2007; Lordier et al., 2008). However,
the endothelium of vessels in vivo physiologically does not include
binucleated phenotypes, therefore evidencing that our findings are
directly correlated with T. gondii infections. Given that—with the
current study—this phenotype is now described for haplotypes I-III
in vitro, binucleated phenotypes and cytokinesis failure may
be considered a specific hallmark of T. gondii tachyzoite replication.
Whether this phenomenon is indeed not linked to strain virulence
seems likely but should be tested in vivo for further clarification.

Taking all the data together, we can suggest that host cell cycle
modulation, chromosome segregation, and cytokinesis failure are
intrinsic mechanisms of T. gondii tachyzoite infection and are
independent of the parasite haplotype or virulence.
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Neospora caninum represents a major cause of abortive disease in bovines and small
ruminants worldwide. As a typical obligate intracellular apicomplexan parasite, N. caninum
needs to modulate its host cell for successful replication. In the current study, we focused
on parasite-driven interference with host cell cycle progression. By performing DNA
content-based cell cycle phase analyses in N. caninum-infected primary bovine
umbilical vein endothelial cells (BUVEC), a parasite-driven S-phase arrest was detected
at both 24 and 32 h p. i., being paralleled by fewer host cells experiencing the GO/G1 cell
cycle phase. When analyzing S-subphases, proliferation cell nuclear antigen (per PCNA)-
based experiments showed a reduced population of BUVEC in the late S-phase. Analyses
on key molecules of cell cycle regulation documented a significant alteration of cyclin
A2 and cyclin B1 abundance in N. caninum-infected host endothelial cells, thereby
confirming irregularities in the S-phase and S-to-G2/M-phase transition. In line with cell
cycle alterations, general nuclear parameters revealed smaller nuclear sizes and
morphological abnormalities of BUVEC nuclei within the N. caninum-infected host cell
layer. The latter observations were also confirmed by transmission electron microscopy
(TEM) and by analyses of lamin B1 as a marker of nuclear lamina, which illustrated an
inhomogeneous nuclear lamin B1 distribution, nuclear foldings, and invaginations, thereby
reflecting nuclear misshaping. Interestingly, the latter finding applied to both non-infected
and infected host cells within parasitized BUVEC layer. Additionally, actin detection
indicated alterations in the perinuclear actin cap formation since typical nucleo-
transversal filaments were consistently lacking in N. caninum-infected BUVEC, as also
documented by significantly decreased actin-related intensities in the perinuclear region.
These data indicate that N. caninum indeed alters host cell cycle progression and severely
affects the host cell nuclear phenotype in primary bovine endothelial host cells. In
summary, these findings add novel data on the complex N. caninum-specific
modulation of host cell and nucleus, thereby demonstrating clear differences in cell

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1

August 2022 | Volume 10 | Article 946335

64



Velésquez et al.

N. caninum Arrests Host Cell Cycle

cycle progression modulation driven by other closely related apicomplexans like
Toxoplasma gondii and Besnotia besnoiti.
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Neospora caninum
tachyzoites

BUVEC “

N -

Graphical Abstract |

INTRODUCTION

Neospora caninum is an obligate intracellular protozoan parasite
belonging to the phylum Alveolata (subphylum Apicomplexa)
and causing neosporosis in a wide range of warm-blooded
mammals, including domestic and wild animals (Dubey et al.,
2007). Neosporosis is a worldwide emerging parasitosis and is
usually related to reproductive disorders (i. e., infertility, abortion,
and neonatal mortality), particularly in cattle, small ruminants,
and dogs (Dubey et al, 2007). Consistently, neosporosis
represents a major cause of bovine abortion, resulting in high
losses of over a billion dollars in the cattle industry worldwide
(Dubey et al, 2007; Goodswen et al, 2013). The mode of
transmission in cattle is mainly vertical by fast replicating N.
caninum tachyzoites, causing a high prevalence in affected cattle
herds (Dubey et al., 1992; Barr et al., 1993; Barr et al.,, 1994). N.
caninum tachyzoites share fast proliferative properties with other
parasite genera of the Sarcocystidae family with veterinary and
human medicine relevance, such as Toxoplasma, Besnoitia, and
Sarcocystis. However, unlike polyxenous Toxoplasma gondii, N.
caninum is vastly host species-specific and its development is
restricted to distinct host cell types in vivo, such as endothelial
cells, neurons, epithelial cells, and fibroblasts (Hemphill et al.,
1996; Lei et al, 2005). In general, apicomplexan parasites
significantly modulate their host cells to sustain intracellular
development and proliferation. Consequently, these parasites
were described to alter numerous host cell functional
categories, such as apoptosis (Goebel et al., 2001; Molestina
et al., 2003; Lang et al,, 2009), cytoskeleton (Dobrowolski and
Sibley, 1996; Hermosilla et al., 2008), host cell membrane

composition (Graewe et al., 2011), carbohydrate or cholesterol
metabolism (Coppens et al., 2000; Nishikawa et al., 2005), innate
immune reactions (Hermosilla et al., 2006; Taubert et al., 2006)
and cell cycle progression (Brunet et al., 2008; Molestina et al.,
2008; Velasquez et al., 2019; Veldsquez et al., 2020a; Veldsquez
et al., 2020b). Likewise, it was demonstrated that N. caninum
infections effectively alter host cellular immune responses by
inducing  distinct chemokine and adhesion molecule
transcription in bovine endothelial cells (Taubert et al., 2006)
or by triggering a pro-inflammatory gene transcription profile in
bovine macrophages and trophoblasts (Jiménez-Pelayo et al.,
2019; Garcfa-Sanchez et al, 2020). Additionally, global
proteomic and transcriptomic analyses revealed a multitude of
functional categories to be modulated by N. caninum in bovine
trophoblasts, such as protein synthesis/turnover, metabolism,
mitochondrial function, stress response, and host cell cycle
(Horcajo et al., 2017; Regidor-Cerrillo et al,, 2020). However,
no data are currently available on either Neospora hughesi nor N.
caninum-triggered alteration of this cellular function even though
species-specific reactions are meanwhile well documented.
Likewise, we recently reported that T. gondii, B. besnoiti, and
E. bovis differentially affect cell cycle progression in the same host
cell type [i. e. primary bovine umbilical vein endothelial cells
(BUVECQ)]. Thus, T. gondii-infected BUVEC showed G2/
M-phase arrest, chromosome miss-segregation, and cytokinesis
failure (Velasquez et al., 2019). In contrast, E. bovis and B. besnoiti
infected BUVEC did not show chromosome segregation or
cytokinesis impairment but failed to progress from Gl-phase,
suggesting a parasite-driven host cell cycle stasis in G1-phase or at
G1-to-S-phase transition, possibly being related to specific
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FIGURE 1 | N. caninum tachyzoite intracellular development in primary
bovine umbilical vein endothelial cells (BUVEC). Sub-confluent BUVEC were
infected with N. caninum tachyzoites at an MOI 3:1 and analyzed from 6 to
42 hp.i. (A) Fixed cells were stained against N. caninum tachyzoite, and

the tachyzoite numbers/parasitophorous vacuole (PV) were counted every 6 h
during 42 h of infection. Mature tachyzoites were observed between 36 and
42 h p. i. The graph shows the distribution of the number of tachyzoites per
meront at each time point. In BUVEC, the first duplication of N. caninum
tachyzoites was observed only after 6 h p. i. Cells were lysed after 42 h p. i,
thereby releasing newly formed tachyzoites into the medium. (B) Live cell 3D-
holotomography images of N. caninum tachyzoite-infected BUVEC at 24 and
32 hp.i.nuclei of both, i. e., BUVEC and parasites, were stained with DRAQS
(vital DNA staining, red). Bars: 5 pm.

requirements for their intracellular development (Veldsquez
et al., 2020a; Veldsquez et al., 2020b).

Given that respective data are completely lacking on N.
caninum-infected host cells, we here demonstrated the
influence of N. caninum infection on host cell cycle
progression and used the same primary host cell type
(BUVEC) as before for T. gondi-, E. bovis- and B. besnoiti-
related studies to generate comparative data. To the best of our
knowledge, we here showed for the first time that N. caninum
infections induce an S-phase arrest in host cell cycle
progression, controlling not only the DNA amount but also
some key proteins which are involved in the regulation of
various cell cycle phases. As an interesting finding, we here
documented that nuclei of N. caninum-infected BUVEC were
reduced in size and showed altered morphologies over time.
Moreover, the structure of their nuclear lamina changed,
probably as a consequence of lamin B1 defects or due to
actin-cytoskeleton disruptions (actin cap) occurring around
the parasitophorous vacuole (PV) containing N. caninum
tachyzoites.

RESULTS

N. caninum Tachyzoite Development in
Primary Bovine Umbilical Vein Endothelial
Cells

Given that the developmental kinetics of apicomplexan parasites
depend not only on the species but also on the host cell type, we
here thoroughly monitored N. caninum tachyzoite formation
over time in BUVEC. As expected, proliferation of N.
caninum tachyzoites took slightly longer than that of T. gondii
or B. besnoiti tachyzoites in the same host endothelial cell type
(Veldsquez et al., 2019; Velasquez et al., 2020a). To strictly avoid
variations due to the seeding process, BUVEC isolate or
tachyzoite batch, we here seeded identical BUVEC isolates at
the same time point and used tachyzoites from the same isolation
for host cell infections. By sticking to this procedure, we estimated
tachyzoite numbers per meront throughout in vitro infection (i.
e, at 6,12, 18, 24, 30, 36, and 42 h p. i.). Analyses were restricted
to 32h p. i, since thereafter cell lysis was common. In each
sample, a total of 100 host cells were analyzed. At the stage of
32 tachyzoites/PV, the meront was considered mature
(Figure 1B). Overall, by applying an MOI of 1:1, we achieved
a mean infection rate of 46.2 + 3.4% in BUVEC. Developmental
monitoring revealed that the first tachyzoite duplication took
place between 6 and 12 h p. i., whilst the second and third steps of
replication occurred between 12 and 18 h p. i. (Figure 1A). At
24h p. i, most tachyzoites (90 + 4.7%) had divided at least once.
Consequently, PVs showed 2 (26.7 + 1.4%), 4 (47.3 £ 1%), or 8
(16 * 0.7%) tachyzoites (Figure 1A). At 30 h p. i, PVs mainly
contained 8 (59 + 0.3%) tachyzoites and, to less degree, 2 (1.33 +
0.19%), 4 (31.2 + 1.2%) or 16 (3 + 0.3%) tachyzoites. At 36 and
42 h p. i, most PVs carried 16 (35.2 + 0.4%) or 32 tachyzoites,
respectively (Figure 1A). In order to monitor intracellular
development of N. caninum under live cell conditions, we
additionally  performed live cell ~3D-holotomographic
microscopy covering up to 42h of infection. Here, parasite
development and nucleus formation were documented via vital
DNA staining with the cell-permeable fluorescent DNA probe
DRAQS5 (Figure 1B). Based on the formation of parasite rosettes
over time and a concurrent lack of host cell lysis, we chose the
time points of 24 and 32 h p. i. for further analyses on the impact
of N. caninum replication on host cell cycle progression.

N. caninum Infection Arrests the Host Cell
Cycle in the S-Phase

In a first experimental approach, cell cycle progression in N.
caninum-infected BUVEC was evaluated at 24 and 32 h p. i. by
flow cytometry-based analysis of the cellular DNA content,
allowing for the discrimination of the main three periods of
the cell cycle: GO/G1-, S-, and G2/M-phase. This is a well-
established method which proved suitable for other
apicomplexan parasite-infected BUVEC (Veldsquez et al,
2019; Veldsquez et al., 2020a). An exemplary illustration for N.
caninum-infected BUVEC gating is shown in Supplementary
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FIGURE 2 | Effects of N. caninum infection on the host cellular cell cycle and on cyclin A2 and B1 abundance. Sub-confluent BUVEC (n = 6) were infected with
tachyzoites of N. caninum at an MOI of 3:1 and examined for DNA contents at 24 and 32 h p. i. by FACS-based analyses. (A) Cell population was first gated in order to
eliminate debris from the analysis. Furthemore, the DNA channel vs. the population histogram was used to obtain the total number of cells in each peak. Data were
plotted as a percentage of total cells vs. DNA amounts found in each GO/G1-, S- and G2/M-phase, respectively. (B) Analysis of cell cycle-related molecule
expression in N. caninum-infected BUVEC. Four biological replicates of BUVEC were infected with N. caninum tachyzoites and analyzed by Western blotting for the
abundance of the cell cycle-related molecules cyclin A2 (S-, G2-phase transition), and cyclin B1 (M-phase), at 24 and 32 h p. i. The density of protein signals was
quantified and graphed as a relative ratio to vinculin (loading control). Bars represent the median +SD of four biological replicates.

Figure S1). The data revealed a significantly increased proportion
of infected host cells experiencing S-phase at both 24 and 32 h p. i.
(infected vs. control cells: 24 h p. i: p = 0.0079; 32h p. iz p =
0.0043) being accompanied by a simultaneous decrease of N.
caninum-infected BUVEC in G0/G1-phase (24 h p. i.: p = 0.0079;
32 hp.i:p=0.049) when compared to non-infected control cells,
thereby overall indicating a parasite-driven arrest of host cells in
S-phase during full parasite proliferation (Figure 2A).

In a second experimental series, we measured the cellular
abundance of selected key molecules of the cell cycle by analyzing
four different N. caninum-infected and control BUVEC isolates
via Western blotting to discriminate cell cycle phases in more
detail (Figure 2B). Therefore, cyclin B1 and cyclin A2 abundance
were monitored at both 24 and 32 h p. i. In line with current DNA
content-based data, the abundance of cyclin A2, which is typically
increased throughout S-phase peaking in G2-phase, was reduced
in the M-phase at 32 h p. i., but was not altered at 24 h p. i. (p =
0.1229). Furthermore, cyclin B1, which starts to be upregulated in
S-phase and peaks at the G2/M border, was found significantly
enhanced in N. caninum-infected BUVEC at 24h p. i. (p =
0.0159) but showed no significant changes in its abundance at
32h p. i. when compared to control cells (p = 0.200). These
cyclin-related data support results in Figure 2A about N.

caninum-infected host cells failing to enter into the G2/M
phase and arresting cells in the S-phase of the cell cycle.

N. caninum Infection Alters S-Subphase

Distribution in Host Endothelial Cells

Cell cycle progression is tightly controlled by different checkpoints
regulating the entry into the subsequent phase or the exit from the
current individual cell cycle phase. This regulation drives cells to
either proceed to the next phase or to return to the last
step. Irregularities occurring within each cell cycle phase may
also block cell cycle progression. As shown above, N. caninum-
infected BUVECs were arrested in S-phase, which may also result
from irregularities during S-phase itself. Therefore, we monitored
different subphases of S-phase by detecting PCNA protein, which
is involved in DNA replication/repair and additionally has cell
cycle-dependent properties. Of note, the characteristic nuclear
PCNA distribution pattern is generally accepted as indicative of
different S-subphases and therefore allows discrimination of early,
mid, and late S-phase (Schonenberger et al., 2015). To analyze the
nuclear PCNA pattern in N. caninum-infected BUVEC and
controls, host endothelial cells were submitted to simultaneous
PCNA immunodetection and nuclear staining (by DAPI)
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FIGURE 3 | Effects of N. caninum infection on S-subphases. (A) N.
caninum-infected BUVEC and non-infected cells were fixed at 24 ad 32 hp. i
and stained for DAPI and proliferation cell nuclear antigen (PCNA; green) and
analyzed via confocal microscopy. The nuclear PCNA localization and
pattern allow one to discriminate the S-phase steps (early, middle, and late).
The host cell nuclei were automatically segmented on the DAPI channel, the
nuclear region was selected, and the coordinates were overlayed into the
PCNA channel to identify the nuclear zone (white circles around the nuclei). (B)
Quantification of nuclear PCNA-related pattern in non-infected cells in
comparison with N. caninum-infected cells at 24 and 32 h p. i. The graph
represents the percentages of cells in each S-phase step, early (gray), middle
(black), and late (pink). The scale bar represents 5 um.

(Figure 3A). In non-infected BUVEC monolayers, most cells were
in late S-phase (65.5 + 9.1%), whilst fewer cells experienced early
(17.2 + 33%) or mid S-phase (172 + 4.3%) (Figures 3A,B).
However, considerable differences in S-subphases were detected
in N. caninum-infected host cell layers. Thus, at 24 h p. i., a shift in
S-subphases was apparent, thereby leading to an almost complete
lack of host cells in mid S-phase (5.88 + 2.4%) and a reduced
proportion of BUVEC in late S-phase (52.94 + 10.36%) but to an
increase of host cells experiencing early S-phase (41.2 + 8.7%)
(Figure 3B). At 32 h p. i,, infected host cells still showed a reduced
proportion of host cells in the late S phase (40 + 6.1%) when
compared to control cells, whilst more host cells had again
proceeded into the mid S-phase (25 + 3.8%) (Figure 3B).
Overall, it seemed that parasite-infected cells experienced
difficulties in their progress into the late S-phase, which may
then lead to an impairment in the transfer into the G2/M phase.

N. caninum Infection Affects the Nuclear
Structure and Perinuclear Actin Structures

in Host Cell Layers

When analyzing PCNA distribution within the nuclei of fixed N.
caninum-infected BUVEC, we noticed irregular nuclear
morphologies in both N. caninum-infected cells and non-
infected cells within the same infected cell monolayer. Overall,
the nuclear shape and volume play a central role in cellular and
developmental processes and are maintained by mechanical
forces mediated via cytoskeletal elements from inside and
outside the cell. Typically, there is a correlation between cell
shape and nuclear size, which is preserved during the entire cell
life, and it is also inherited by daughter cells (Khatau et al., 2009).
To verify the above mentioned morphological observations and
to exclude fixation-based artefacts, we illustrated the nuclear
morphology in both living and PFA-fixed cells via DNA
staining with Hoechst 33342 and DAPI, respectively
(Figure 4A). As expected, the nuclei of fixed cells from non-
infected cell layers mainly showed a regular, oval shape with
smooth cell borders, and a few cells displayed slight nuclear
depressions (Figure 4A), the latter of which was practically
absent in living (non-fixed), non-infected BUVEC monolayers
(Figure 4A). In contrast, in PFA-fixed N. caninum-infected host
cell layers, an increased proportion of cells showed nuclear
abnormalities. These host cells no longer presented smooth
borders and regular shapes of the nuclei but instead displayed
irregular nuclear morphologies with inconsistencies, corners,
strictures, and dentings (Figure 4A, white arrows), some of
them unveiling nuclear fragmentation (Figures 4A,B, white
arrow). In line, similar effects were observed in living cells,
where nuclei showed invaginations and condensed lines within
the nuclear area (Figures 4A-C, white arrow). Interestingly, we
additionally observed several nuclei presenting a half-moon
shape, which was not found in fixed cells (Figures 4A-D,
white arrows). To confirm these morphological alterations, the
nuclear structures were additionally illustrated by TEM analysis.
In line with the above observations, N. caninum-infected host
cells showed irregular, deformed nuclei at 24 and 32 h p. i. with
invaginations and stretches of nuclear membrane disintegration
(Figure 4B-space in between yellow arrows). Interestingly, we
also observed a N. caninum tachyzoite being located within a
nuclear  invagination but seemingly lacking a PV
(Figure 4B-asterisk 32h p. 1.).

To assess some general nuclear parameters and to confirm
infection-driven nuclear changes on a quantitative level, we
further measured the area, circularity, and nuclear axis ratio in
both non-infected and infected cells. These analyses showed that
the nuclear area was 11.7% smaller in N. caninum-infected host
cells at 32 h p. i. when compared to control cells (Figure 5A),
whilst the nuclear circularity was not affected by infection
(Figure 5B). Furthermore, the axes ratio was revealed to be
4.9% larger for N. caninum-infected cells when compared to
non-infected cells (Figure 5C).

To study nuclear elements in more detail, we additionally
analyzed the staining pattern of lamin Bl as a marker of the
nuclear lamina. In general, the nuclear shape is maintained by
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FIGURE 4 | Morphology of cell nuclei in N. caninum-infected BUVEC layers. (A) Three BUVEC biological replicates were infected with N. caninum tachyzoites, and

the host cell nuclear shape was compared between PFA-fixed and living cells after 32 h p. i. After fixation, cells were permeabilized and stained with a DAPI probe to allow
host cell nucleus recognition as well as to detect the nucleus of the parasite (little gray dots surrounding the host cell nucleus). Live-cell imaging was developed with
Hoechst nuclear staining, which allows a good resolution of the host cell nuclei but deficient parasitic nuclei, for that, the localization of the parasite is shown with an
asterisk. (B) TEM analysis of N. caninum-infected host cells shows a nuclear compartment with depression and altered by tachyzoite localization (asterisk). The
inspection of the nuclear membrane displayed zones without the detection of double membranes (space between yellow arrows). (a, b) Inset of the image into the left
corner in order to show in more detail the nuclear membrane structure. The scale bar represents 5 pm.
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FIGURE 5| Effects of N. caninum infection on classical nuclear parameters. Non-infected and N. caninum-infected host endothelial cells (BUVEC) were stained with
DAPI, and random pictures were taken at 20X for measuring the host cell nuclear area (A), circularity (B), nuclear axis ratio (C), and the actin intensity (D). Bars represent

the median +SD of three biological replicates.

several factors, which include both nuclear and cytoplasmic
molecules. The nuclear envelope is formed by two concentric
membranes being equipped with nuclear pore complexes and
supported by an underlying lamina composed of a meshwork of
nuclear intermediate filaments formed by A- and B-type lamins
(Hetzer, 2010). Lamin B1 forms part of the nuclear lamina but
also interacts directly with chromatin (Brunet et al., 2019). To
analyze whether nuclear alterations were based on an irregular
nuclear lamina formation, we analyzed the distribution pattern of
lamin B1 in non-infected and N. caninum-infected (32 h p. i.) cell
monolayers. As expected and in line with the above mentioned
observations on DAPI-stained nuclei, non-infected cells showed a
homogenous distribution of lamin B1 over the total nuclear area
and only a very few cells eventually displayed tiny membrane
foldings (Figure 6A). In contrast, a much higher proportion of
host cells revealed altered nuclear lamin Bl-related distribution
patterns within N. caninum-infected BUVEC layers, which were
characterized by inhomogeneous staining showing several
nuclear foldings and invaginations, thereby reflecting abnormal
nuclear shapes and irregular silhouettes (Figure 6A-white arrow
in N. caninum-infected host cells Supplementary Video S1). In
some nuclei, bubble-like protrusions (Figure 6A -white head
arrow) were detected and further confirmed by 3D
reconstructions (Supplementary Video S1). When assessing
these nuclear abnormalities on a quantitative level, a
significantly increased proportion of both N. caninum-infected
(18.8 + 6.9%) and non-infected (81.2 + 6.9%) cells within an
infected cell layer (infection rate: 25.96 + 14.73%) showed
inadequate lamin Bl distribution patterns and misshaped
nuclei (Figure 6B) when compared to cells from non-infected

cell layers (9.3 + 2.8%) (infected/non-infected cells from infected
layer vs. non-infected cell layer: both p = 0.0078).

The shape of the total cell but also of its nucleus completely
depends on the presence of distinct filamentous proteins, such as
actin and intermediate filaments, as well as microtubules. Of
special interest for nuclear shaping and function is the so-called
perinuclear actin cap, which is composed of thick, parallel, and
highly contractile actomyosin filament bundles with their ends
being anchored in focal adhesions and the central part spanning
over and being physically attached to the nucleus and nuclear
lamina by the linker of nucleoskeleton and cytoskeleton (LINC)
complex (Khatau et al., 2009; Kim et al., 2013; Maninova et al.,
2017). To detect cytoskeletal actin filaments in non-infected and
N. caninum-infected (32 h p. i.) host cells, we here used phalloidin
staining (Figure 7A). When considering the total actin-based
cytoskeletal network of cells, seemingly similar phenotypes were
observed in both conditions (Figure 7A). However, the area in
juxtaposition to nuclei appeared considerably affected in N.
caninum-infected cells. Thus, actin filaments typically
transversing the nuclei and being anchored to the nuclear
periphery-as commonly observed in non-infected cells
(Figure 7A-indicated by an arrow, Supplementary Video S2)
- were consistently absent from the nuclei of N. caninum-infected
cells (Figure 7A-indicated by asterisk). Consequently, the
remnants of the respective filaments seemed fragmented or
eventually ~ without  anchorage.  Interestingly,  actin
quantification by FACS showed decreased abundance in N.
caninum-infected cells (p = 0.0240), thereby mirroring the
observation that perinuclear actin intensities seemed reduced
in N. caninum-infected cells when compared to control cells.
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Quantification of the percentage of host cells with distorted lamin

B1 localization in the total N. caninum-infected BUVEC monolayer (dark and
light gray). The scale bar represents 10 um. Bars represent the median +SD of
three biological replicates.

In contrast to lamin Bl-related data, the actin cap-based changes
were not exclusively found in infected cells, thereby questioning
this finding as an exclusive mechanistic basis of nuclear
malshaping. However, these overall observations suggest that
N. caninum intracellular development might interfere with the
host cellular actin cytoskeleton in the perinuclear region and most
likely lead to nuclear membrane destabilization, thereby
contributing to abnormal nuclear shaping.

Nuclear lamin Bl-related data showed that non-infected host
cells within infected monolayers revealed a higher percentage
with abnormal lamin Bl distribution in comparison to N.
caninum-infected ones. To test for N. caninum-driven
paracrine effects on nuclear lamin B1 in non-infected cells, we
tested whether supernatants from N. caninum-infected BUVEC
monolayers would lead to nuclear lamin B1 abnormalities in non-
infected BUVEC layers. Therefore, non-infected BUVEC were
supplemented with infection-conditioned medium (i. e. filtered
supernatants of N. caninum tachyzoite-infected BUVEC after
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FIGURE 7 | F-actin-based cytoskeletal nuclear structures in N. caninum-
infected BUVECSs. (A) Three biological BUVEC replicates were infected with .
caninum tachyzoites and, after 32 h p. i., submitted to F-actin (green) and
DAPI (blue) staining. Pictures of the whole cell were taken in order to
visualize the actin network in both cell conditions. In the right panel, the 3D
volume image reconstruction of only one host cell is shown to display in detail
the actin filament localization inside the cell. The white arrows show the
nuclear region covered by the actin cytoskeleton, and the asterisks point out
the parasite localization. (B) FACS-based quantification of the F- actin in both
non-infected and N. caninum-infected host cells. Scale bar represents 10 um.

Bars represent the median +SD of six biological replicates.

32h p. i) or with supernatants from non-infected BUVEC
(controls). The results demonstrated that supernatants from N.
caninum-infected BUVEC indeed induced S-phase arrest (p =
0.0256) with a concomitant GO-G1 phase reduction (Figure 8A)
in non-infected BUVEC. However, cyclin Bl abundance was not
significantly influenced by differential supernatant treatments
(Figure 8B). Moreover, phalloidin-based actin quantification
showed no effect of differential supernatant treatments on
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FIGURE 8| Analysis of . caninum infection-derived supernatant paracrine effects on host cell cycle progression and the nuclear shape of non-infected host cells.

Six biological BUVEC (n = 6) replicates were infected with N. caninum tachyzoites and, after 32 h p. i., the medium (i. e., supernatant) was isolated and filtered to erase any
contamination with tachyzoites/cell debris. The non-infected and N. caninum-infected host cell supernatant was immediately transferred to non-infected monolayers and
incubated for 32 h in order to analyze paracrine effects on host cell cycle progression and nuclear shape. (A) BUVEC populations were first gated, and the
histograms for propidium iodide (Pl) were conducted in order to differentiate the mean peaks of the histograms. Data were plotted as the percentage of total cells vs. DNA
amounts found in each GO/G1-, S- and G2/M-phase. (B, C) Analyses of cyclin B1 and F-actin by FACS-based quantification. (D) Lamin B1 detection by
immunofluorescence (green) and the nuclear area by DAPI (left inset) staining. The nuclear size was quantified using the DAPI channel and represented in the graph. Bars
represent the median +SD of six biological replicates. The scale bar represents 5 pm.

actin-mediated nuclear shapes. Thus, neither actin-derived effects
on nuclear shapes nor on nuclear sizes were observed in
supernatant-treated cell monolayers (Figures 8C,D).

DISCUSSION

The cell cycle is a well-conserved and tightly regulated process in all
eukaryotic cells and is key for cell survival/division. Up to date,
studies on apicomplexa-driven cell cycle modulation have unveiled
changes in abundance of cyclins critically involved in host cell
division, such as G2-specific cyclin Bl or cyclins A/B in
combination with cyclin E in case of T. gondii (Molestina et al,
2008; Velasquez et al., 2019), cyclin E1 in case of B. besnoiti- and E.
bovis-infected host cells thereby indicating a cell cycle arrest at G1/
S transition phase (Velasquez et al.,, 2020a; Veldsquez et al., 2020b).
Moreover, apicomplexa-modulated cell cycle progress seems to be
parasite species- and cell type-dependent involving up- or
downregulation of specific cyclins while performing this
influence (Molestina et al., 2008; Taubert et al., 2010; Veldsquez
et al,, 2019; Velasquez et al., 2020a; Velasquez et al., 2020b). Thus,
T. gondii tachyzoites blocked host cell cycle progression in G2/

M-phase, thereby interfering with chromosome segregation and
mitotic spindle formation and inducing cytokinesis failure in
infected endothelial cells (Velasquez et al., 2019). In contrast,
infections of the same host cell type with B. besnoiti tachyzoites
and E. bovis sporozoites led to host cell arrest in G0/G1-phase but
altered the abundance of cell cycle-related key molecules in a
different manner (Veldsquez et al., 2020a; Veldsquez et al., 2020b).
As such, exclusive E. bovis infection triggered premature
senescence in BUVEC, in addition to cyclin E1 up-regulation
during macromeront formation (Veldsquez et al, 2020b).
Conversely, and despite the fact that N. caninum tachyzoites
replicate in bovine endothelial cells of blood and lymph vessels
in vivo, no data were available on N. caninum-mediated cell cycle
modulation in host endothelial cells. Therefore, in the current
study, we used BUVEC as the host cell system for the following
reasons: 1) to be as close as possible to the in vivo situation in
bovines, and 2) to avoid cell type-driven effects and thereby
simplify reliable comparisons on parasite species levels when
referring to other studies above mentioned. Here, we showed
that N. caninum tachyzoites indeed interfered with host cell
cycle progression by inducing S-phase arrest, nuclear lamin
B1 maldistribution, peri-nuclear actin losses, and host cellular
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nuclear deformations. More importantly, these findings clearly
differed from those alterations driven by different stages of the
closely related parasites T. gondii, B. besnoiti, and E. bovis,
indicating that apicomplexa-driven cell cycle modulation is not
only a species- and cell type- but also a stage-dependent process.
By the combination of WB- and FACS-based analyses, we here
demonstrated that N. caninum-infected host endothelial cells were
arrested at the DNA synthesis stage when harboring immature
meronts with no more than 8 tachyzoites onwards. One plausible
explanation for cell cycle arrest in S-phase is that during this phase not
only protein-, amino sugar- and pentose phosphate-synthesis are up-
regulated but also metabolic pathways, such as glycolysis/
gluconeogenesis and nucleotide sugar metabolism, all of them
fundamental for both, host cell maintenance and intracellular
parasite proliferation (Regidor-Cerrillo et al,, 2020; Veldsquez et al,,
2021; Vélez et al, 2021). Given that tachyzoite production is an
energy- and building block-demanding process, the transient or
continuous deprivation of essential molecules could indeed induce
an energy-lacking status in N. caninum-infected host cells, finally
leading to a block in DNA synthesis and/or mitotic process. Likewise,
recent data showed that N. caninum tachyzoites recruit host cell
structures to their PV and salvage lipids from organelles (Nolan et al.,
2015). Interestingly, treatments of non-infected endothelial cells with
infection-conditioned medium also resulted in S-phase stasis,
suggesting that either the parasites or N. caninum-infected
endothelial host cells release soluble factors which act on bystander
cells. Likewise, induction of S-phase (based on BrdU incorporation) by
infection-conditioned medium was also described for T. gondii-driven
effects in non-infected human foreskin fibroblasts (HFF) (Lavine and
Arrizabalaga, 2009). Interestingly, besides inducing S-phase stasis in
host cells, T. gondii more readily infected fibroblasts in S-phase and
conditioned medium increased the efficiency of invasion in HFF,
which led to the assumption that cells in S-phase bear a selective
advantage for T. gondii (Lavine and Arrizabalaga, 2009).
Important molecular mechanisms involved in adequate cell
cycle progression include the accuracy of DNA synthesis and
several checkpoint-based controls. The later exist for G1-phase
(G1-checkpoint), during the whole S-phase (S-phase checkpoint)
and after S-phase (G2/M checkpoint) thereby covering a temporal
and spatial program (Hartwell and Weinert, 1989; Kastan and
Bartek, 2004). The current data suggests that N. caninum infection
could lead to S-phase stasis of host cells by affecting the synthesis of
proteins linked to distinct cell cycle checkpoints. It is well accepted
that cyclin A2 is a key regulator of both mitotic entry and DNA
replication, following a coordinated pattern of expression and
subcellular localization (Pagano et al, 1992; Petersen et al,
1999; Fung et al, 2007). As such, the complex of cyclin A/
cdk2 drives eukaryotic cells in G2-phase to continue into the
mitosis phase. Early cyclin A/cdk2 downregulation correlates
with S-phase arrest, not allowing cells to enter into the G2/
mitosis phase (Furuno et al, 1999). Interestingly, our data
showed that N. caninum-infected endothelial host cells were
stuck in S-phase with a concomitant down-regulation of cyclin
A2, suggesting that N. caninum-infected host cells were most
probably not able to pass the cell cycle checkpoints after S-phase.
Unexpectedly, we observed that N. caninum drastically
affected the nuclei of infected host cells, i. e., their sizes, the

actin cap and the nuclear lamina. Of note, these nuclear features
were not exclusively observed in N. caninum-infected host cells
but also in non-infected bystander cells. The nuclear lamina is
formed by lamins A and B, with lamin B being essentially
involved in cell viability, DNA replication, DNA repair, RNA
polymerase transcription, and chromatin remodeling as
epigenetic control. Thus, the specification of distinct lamins
and their localization affect the DNA elongation chain, being
therefore considered fundamental for DNA synthesis during cell
replication (Moir et al., 2000; Spann et al., 2002; Shimi et al., 2008;
Shumaker et al., 2008). The current data on lamin B1 and nuclear
shape revealed that N. caninum-infected host cells showed nuclei
that were diminished in size and presented altered lamin
B1 distribution, a phenomenon that may also be linked to
their inability to overpass S-phase since nuclear lamina defects
may hamper accurate DNA repair or DNA replication. As a
consequence, critical DNA-related damage checkpoints failed
and cells were not able to progress into the mitotic process.
Small nuclei originating from lamin-depleted nuclear extracts
showed an inhibition of nuclear transport and thereby resulted in
cell cycle arrest prior to DNA synthesis (Newport et al., 1990;
Meier et al., 1991). Besides lamin B1-related nuclear alterations,
we additionally observed actin-related abnormalities in N.
caninum-infected BUVEC. Thus, the current data indicated
that the juxta- and transnuclear actin cytoskeleton was not
properly formed and that especially the perinuclear actin cap
was lacking in infected cells. Importantly, perinuclear actin cap
integrity depends on proper F-actin assembly, which is critically
involved in adequate nuclear shaping (Khatau et al., 2009). Given
that no F-actin-mediated nuclear shape alterations were detected
in non-infected host cells exposed to infection-conditioned
medium. Moreover, we suggest that the reduction of host cell
nucleus sizes as well as the cell cycle arrest in S-phase could be a
consequence of DNA damage caused by fast intracellular meront
growth and resulting in isometric shrinkage of host cell nuclei.

Taken together, the current and recent data underline species
and even stage-specific effects on host cell cycle progression that
our group has published. This suggests that further investigations
into parasite species of the family Sarcocystidae are needed to
elucidate precise molecular mechanisms, signaling pathways, and
cyclins involved in individual modulation of cell cycle
progression. In summary, we here demonstrate to our best
knowledge for the first time that N. caninum tachyzoite
infection affects host endothelial cell cycle progression in a
species-specific manner by alterations in cyclin A2/
Bl abundance and actin-dependent nuclear lamina
deformations, resulting in irregularities in S-phase and S-to-
G2/M-phase transition.

MATERIALS AND METHODS

Primary Bovine Umbilical Vein Endothelial
Cell Isolation and Maintenance

BUVEC were isolated from umbilical veins obtained from calves
born by sectio caesarea at Justus Liebig University Giessen,
Giessen, Germany. Therefore, umbilical cords were kept at 4°C

Frontiers in Cell and Developmental Biology | www.frontiersin.org

10

73

August 2022 | Volume 10 | Article 946335



Velasquez et al.

N. caninum Arrests Host Cell Cycle

in 0.9% HBSS-HEPES buffer (pH 7.4; Gibco, Grand Island, NY,
United States) supplemented with 1% penicillin (500 U/mL;
Sigma, St. Louis, MO, United States) and streptomycin
(500 pg/ml; Sigma) for a maximum of 16h before use. For
endothelial cell isolation, 0.025% collagenase type II
(Worthington Biochemical Corporation) in Pucks solution
(Gibco) was infused into the lumen of ligated umbilical veins
and incubated for 20 min at 37°C in a 5% CO, atmosphere. After
gently massaging the umbilical veins, the cell suspension was
collected and supplemented with 1 ml of fetal calf serum (FCS,
Gibco) to inactivate collagenase. After two washes (350 x g,
12 min, 20°C), cells were suspended in complete endothelial
cell growth medium (ECGM, PromoCell, supplemented with
10% FCS), plated in 25 cm? tissue culture flasks (Greiner) and
kept at 37°C in a 5% CO, atmosphere. BUVEC were cultured in
modified ECGM medium [EGCM, diluted at 30% in
M199 medium (Greiner), supplemented with 5% FCS
(Greiner), 1% penicillin and streptomycin (both Greiner)] with
medium changes every 2-3 days. BUVEC cell layers were used for
infection after 3 passages in vitro. All BUVEC isolations were
conducted by the Institutional Ethics Commission of Justus
Liebig University of Giessen (Germany) and by the current
European Animal Welfare Legislation: ART13TFEU.

Parasite Maintenance

N. caninum (strain Ncl1) tachyzoites were maintained by serial
passages either in BUVEC or African green monkey kidney
epithelial cells (MARC-145) according to Taubert et al. (2006).
Cell supernatants containing egressed parasites were collected
and centrifuged once at 200 x g for 2 min to eliminate cellular
debris. The supernatant was transferred to a new tube and
centrifuged again at 800 x g for 6min. The pellet was
resuspended in modified ECGM medium and tachyzoites were
then counted in a Neubauer hemocyte chamber.

Depending on the experiment, BUVEC (4-6 biological
replicates) were either seeded in p-dishes of 35 mm diameter
(IBIDI, Martinsried, Germany) for live cell 3D-holotomographic
microscopy (3D Explorer, Nanolive), in 25 cm? culture flasks
(Greiner) for FACS-based assays, or in 12-well plates (Greiner)
containing fibronectin-coated (2.5 pg/ml, Thermo Fisher) glass
coverslips (Nunc) for immunofluorescence assays. In all cases,
plates were incubated at 37°C with a 5% CO, atmosphere until
confluency. Then, host endothelial cells were infected with 2.4 x
10° (p-dishes of 35 mm diameter), 2.4 x10° (12-well plates) or
8.4 x 10° (25 cm? culture flasks) fresh tachyzoites. Cell culture
medium was changed 1 day after infection and thereafter every
second day. Infection rates were determined at 1 day post
infection (p. i.) microscopically.

Monitoring of Intracellular N. caninum
Tachyzoite Development in Bovine
Umbilical Vein Endothelial Cells

Three BUVEC isolates were simultaneously seeded into 12-well
plates containing 15 mm diameter fibronectin-coated (2.5 ug/ml,
ThermoFisher) coverslips (Nunc). Three technical replicates were
generated for each time point. All wells were infected at the same

time. Samples were collected at different time points after
infection (6, 12, 18, 24, 30, 36, and 42h p. i) and fixed in 4%
paraformaldehyde (15 min, Roth). Tachyzoite development was
analyzed by immunofluorescence using 4',6-diamidin-2-
phenylindol (DAPI) staining as a nuclear marker and an in-
house canine hyperimmune serum to detect N. caninum stages.
Randomly, the number of tachyzoites/PV were counted
in 2100 host cells per time point, BUVEC isolate and replicate.

Live-Cell 3D-Holotomographic Microscopy
Analysis

Refractive index (RI)-based 3D-holotomographic images were
obtained by a live cell 3D Cell Explorer-Fluo microscope
(Nanolive) equipped with a x60 magnification (A = 520 nm,
sample exposure 0.2 mW/mm2) and a depth of field of 30 um.
Cells were seeded on p-dishes (35mm diameter, IBIDI,
Martinsried, Germany) and infected with N. caninum
tachyzoites (MOI: 1:2). Non-infected and N.
infected BUVEC were transferred to a top-stage incubator
(IBIDI, Martinsried, Germany) to control temperature,
humidity, and CO, levels during microscopy. Images were
captured and analyzed using STEVE software (Nanolive) to
obtain a RI-based z-stack. For nuclei detection, samples were
stained with DRAQ5 Fluorescent Probe” (5uM, Thermo
Fischer). Morphological alterations of host cell nuclei was
evaluated by live cell imaging in non-infected and N.
caninum-infected BUVEC stained with Hoechst 33,342
(0.2 pg/ml, ThermoFisher).

caninum-

Protein Extraction

Proteins were extracted from infected and non-infected BUVEC
by cell sonication (20's, 5 times) in RIPA buffer (50 mM Tris-
HCl, pH 7.4; 1% NP-40; 0.5% Na-deoxycholate; 0.1% SDS;
150 mM NaCl; 2mM EDTA; 50mM NaF, all Roth)
supplemented with a protease inhibitor cocktail (1:200,
Sigma-Aldrich). Cell homogenates were centrifuged
(10.000 x g, 10 min, 4°C) to sediment intact cells and nuclei.
The RIPA buffer-soluble protein content of the respective
supernatants was quantified via the Coomassie Plus
(Bradford) Assay Kit (Thermo Scientific) following the
manufacturer’s instructions.

Sodium Dodecyl-Sulfate Polyacrylamide

Gel Electrophoresis and Immunoblotting

For immunoblotting, protein samples were supplemented with
6 M urea protein loading buffer. After boiling (95°C) for 5 min,
proteins (60 pg/slot) were separated in 12% or 15%
polyacrylamide gels via electrophoresis (100 V, 1.5h; tetra
system, Bio-Rad). Proteins were then transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore)
(300 mA, 2h at 4°C). Samples were blocked in 3% BSA in TBS
[50 mM Tris-Cl, pH 7.6; 150 mM NaCl containing 0.1% Tween
(blocking solution); Sigma-Aldrich] for 1 h at room temperature
(RT) and then incubated in primary antibodies (Table 1) diluted
in blocking solution (overnight, 4°C). Detection of vinculin was
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TABLE 1 | Primary and secondary antibodies used in the current study.

Antigen Company
Primary antibodies
Vinculin Santa Cruz
Cyclin A2 Abcam
Cyclin B1 Abcam
PCNA Abcam
Lamin B1 Abcam
Neospora caninum in-house
Secondary antibodies
Antigen/conjugate Company
Goat anti-mouse IgG peroxidase-conjugated Pierce
Goat anti-rabbit IgG peroxidase-conjugated Pierce
Alexa Fluor 594 ThermoFisher

Alexa Fluor 594 Jackson Immuno

used as a loading control for sample normalization. Following
three washes in TBS-Tween 0.1% buffer, blots were incubated
with secondary antibody (Table 1) solutions (dilution in blocking
solution, 30 min, RT). Following three further washes in TBS-
Tween (0.1%) buffer, signal detection was accomplisged by an
enhanced chemiluminescence detection system (ECL plus kit,
GE Healthcare) and recorded using a ChemoCam Imager (Intas
Science Imaging). Pro'éein masses were controlled by a protein
ladder (PageRuler Plus Prestained Protein Ladder ~10-250 kDa,
Thermo Fisher Scientific). Protein band intensities were
quantified by the Fiji Gel Analyzer plugin (Schindelin et al., 2012).

Immunofluorescence Assays

BUVEC layers were fixed with paraformaldehyde (4%, 15 min, RT;
Roth), washed thrice with PBS and incubated in blocking/
permeabilization solution (PBS with 3% BSA, 0.1% Triton X-100;
1 h, RT). Thereafter, samples were incubated in primary antibodies
(Table 1) diluted in blocking/permeabilization solution (overnight,
4°C, in a humidified chamber). After three washes in PBS, samples
were incubated in secondary antibody solutions (Table 1; 30 min at
RT and complete darkness). Cell nuclei were labeled with DAPI-
supplemented mounting medium (Fluoromount G, ThermoFisher).

Detection of N. caninum Infection-Driven

Paracrine Effects

To study potential N. caninum infection-driven paracrine effects
on bystander cells, we incubated non-infected BUVEC isolates
(n = 6) with filtered (0.2 pm filter) supernatants either originating
from non-infected control BUVEC or from the same BUVEC
isolates that had been infected with N. caninum for 32 h. After
24h of supplementation, host cells were collected, fixed and
analyzed by FACS reading for cell cycle phases (FxCycle Far
red staining; Invitrogen) or probed for lamin B1 and actin.

Flow Cytometry-Based Analysis of Cell
Cycle Phases

Cellular DNA content was measured using the FxCycle Far red stain
reagent (Invitrogen, F10348) according to the manufacturer’s
instructions. The samples were analyzed by a BD LSRFortessa™
cell analyzer (Becton-Dickinson, Heidelberg, Germany) applying

Cat. number Origin/reactivity Dilution
sc-73614 mouse 1:1000
ab38 mouse 1:1000
ab32063 rabbit 1:3000
ab18197 rabbit 1:1000
ab16048 rabbit 1:2000
— dog 1:50
Cat. number Host/target Dilution
31430 goat/mouse 1:40,000
31460 goat/rabbit 1:40,000
R37117 goat/rabbit 1:500
304-585-003 rabbit/dog 1:500

633/5nm excitation and emission collected in a 660/20 band-pass.
Cells were gated according to their size and granularity. Exclusively
morphologically intact host cells were included in the analysis.

Image Acquisition and Image

Reconstruction

Fluorescence images were acquired with a ReScan Confocal
microscope instrumentation (RCM 1.1 Visible, Confocal. nl)
equipped with a fixed 50 pm pinhole size and combined with a
Nikon Ti2-A inverted microscope. The microscope was equipped
with a motorized Z-stage (DI1500, Nikon). The RCM unit was
connected to the Toptica CLE laser with the following excitations:
405/488/561/640 nm. Images were taken via an sCMOS camera
(PCO edge) using a CFI Plan Apochromat x60 lambda-immersion
oil objective (NA 1.4/0.13; Nikon). The setup was operated by the
NIS-Elements software (version 5.11). Images were acquired via
z-stack optical series with a step size of 0.1 microns depth to cover all
structures of interest within the analyzed host cells. The Z-series were
displayed as maximum z-projections. Identical brightness and
contrast conditions were applied for each data set within one
experiment using Fiji software (Schindelin et al., 2012).

Further, images were edited by deconvolution software (3D
deconvolution module, NIS-Element module, Nikon). The
algorithm used for image deconvolution was selected depending
on the structures to be shown in the pictures: Landweber for lamin
B1 (20 iterations), Richardson-Lucy for phalloidin (20 iterations).
Deconvoluted images were displayed as maximum z-projections,
brightness, and contrast were adjusted using Fiji software
(Schindelin et al., 2012). Deconvoluted z-stacks were submitted to
the NIS-Element software volume viewer module, applying
maximum intensity to z-projections.

Proliferation cell nuclear antigen (PCNA) localization
analyses were performed by an automated selection of the
nuclear area using the Fiji software, applying the following
workflow: An Otsu threshold was subjected to the DAPI
channel to obtain the total nuclear area. Particles larger than
800 pixels were selected and merged with the PCNA channel
(nuclear selection is exemplary illustrated in Figure 3 as white
circles surrounding the nuclei). The number of host cells in each
S-subphase was counted manually according to the instructions
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given by Schonenberger et al. (2015). For nuclear size analysis,
ROIs were measured using Fiji measure plugins following nuclear
selection. Cell nuclei were segmented using Otsu thresholding as
the binary image. Finally, morphological features (circularity,
axes ratio, area and average intensity) were obtained using
particle analysis in Fiji software. Actin-related average
intensity per host cell was calculated using the pixel area
enclosed in the nuclear masks.

Transmission Electron Microscopy Analysis
Three BUVEC isolates were grown until confluence in T-75 cm?
culture flasks (Greiner), infected with freshly isolated N. caninum
tachyzoites and cultured until 32 h p. i. Then cells were washed
with PBS and fixed with 3 ml of fixing solution per flask (0.25%
glutaraldehyde, 0.1 M cacodylate buffer and 4% PFA; Merck).
After 2 min of treatment, the cells were gently scraped in larger
pieces from the flask bottom to preserve the monolayer by using a
rubberpolice (Greiner). After 24h of fixation, samples were
washed with 0.15M Hepes buffer and stabilized with 1%
osmic acid for 2h. For contrasting, the samples were
incubated overnight in half-saturated uranyl acetate solution
(both Merck) and then washed with distilled water. Samples
were dehydrated in an ascending ethanol series and finally
embedded in Agar 100 resin (Agar scientific Ltd.
United Kingdom). Ultrathin sections were cut using an
ultramicrotome (Reichert Ultracut E, Leica) and examined in a
transmission electron microscope (Zeiss EM 902). Digital images
were captured with a slow-scan 2 K CCD camera (TRS, Tréndle,
Moorenweis, Germany).

STATISTICAL ANALYSIS

All data were expressed as mean + SD from three independent
experiments. In all cases, an unpaired -test (non-parametric) was
performed to compare infected and non-infected/non-treated
data sets. Significance was defined as p < 0.05. All graphs and
statistical ~ analyses ~were performed using GraphPad
Prism”9 software.
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was performed by NIS element software built-in plugins. Background and signal levels
were equally adjusted to illustrate nuclear membrane folding of the cells.

Supplementary Video S2 | F- actin detection in N. caninum-infected cells (32 h p.
i., 3D-reconstruction). PFA-fixed N. caninum-infected BUVEC were stained for F-
actin (Phalloidin: green; the image corresponds to the one shown in Figure 7A). 3D
reconstruction was performed by NIS element software built-in plugins. Background
and signal levels were equally adjusted to illustrate the actin cytoskeleton in both
non-infected and N. caninum-infected cells.

Supplementary Video S3 | F- actin detection in . caninum-infected cells (32 h p.
i., 3D-reconstruction). PFA-fixed N. caninum-infected BUVEC were stained for F-
actin (Phalloidin: green; the image corresponds to the one shown in Figure 7A). 3D
reconstruction was performed by NIS element software built-in plugins. Background
and signal levels were equally adjusted to illustrate the actin cytoskeleton in both
non-infected and N. caninum-infected cells.
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3. RESULTS AND DISCUSSION

The current work mainly focused on molecular and cellular mechanisms involved in
T. gondii-driven cell cycle dysregulation in a specific host cell type, i. e. primary bovine
endothelial cells (BUVEC). In former studies, species-specific effects driven by
different coccidian parasites on the cell cycle of the identical host cell type (BUVEC)
were already demonstrated. In this context, infections with B. besnoiti triggered a host
cell cycle stasis at G1/S transition concomitant with a significant upregulation of cyclin
E1 and of histone H3 (S10) phosphorylation in infected BUVEC (Velasquez et al.,
2020). In the same host cell type, infections with E. bovis also induced a cell cycle
arrest at G1/S transition and cyclin E1 upregulation but additionally caused premature
senescence during first merogony (Velasquez et al., 2021b). In contrast, T. gondii
fostered a G2/M-phase arrest in BUVEC, which was accompanied by an increased
proportion of binucleated cells, thereby indicating cytokinesis failure (Velasquez et al.,
2019). In line, Aurora B kinase, a key regulator of cytokinesis onset, was reduced in its
abundance and changed in cellular distribution. Regarding to different phases of
mitosis, several severe alterations like cell spindle malformation, chromosome
missegregation and supernumerary centrosome formation were observed in T. gondii-
infected BUVEC (Velasquez et al., 2019).

Referring to this cell cycle-related background, the current project aimed to deepen the
knowledge on T. gondii-triggered cell cycle perturbation by especially focusing on the
role of the host cell origin, cell type and parasite strain in addition to host cellular DNA
damage responses. Moreover, to elucidate coccidian species-specific reactions,
comparative analyses on the closely related apicomplexan parasite N. caninum were
performed. By intention, all experimentation (except for the cell type-related studies)
was conducted in the same primary endothelial cell type in order (i) to avoid
immortalization-driven effects on cell cycle regulation, as commonly reported for
permanent tumorous cell lines, (ii) to be as close as possible to the in vivo scenario,
and (jii) to perform current studies in exactly the same cell type as previous reports on

the T. gondii RH strain, thereby allowing for direct comparison of the data.

3.1. T. gondii-driven alteration of endothelial host cell cycling is mainly
independent of the host cell type or cell donor species
T. gondii infections were described to foster host cell cycle arrest between the G1 and

G2/M transition phase, depending on the experimental model (Brunet et al., 2008;
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Molestina et al., 2008; Pierre-Louis et al., 2022; Velasquez et al., 2019). However,
these studies were carried-out under different experimental conditions in terms of host
cell type, MOI or time point of infection. Thus, some studies used immortalized or
tumour cells, which are well known to differ substantially from primary cells in terms of
cell cycle regulation. In the current work, different primary cell types (endothelial cells,
epithelial cells, fibroblasts) of human (HUVEC, FHs74, HFF) and bovine (BSIEC,
BCEC) origin were infected with the T. gondii RH strain and analyzed for cell cycling
to assess the impact of the cell type and donor species and to exclude artefacts driven
by tumorous cell characteristics. Using a FACS-based approach for DNA content
measurement to assess cell cycle phases, almost all cell types showed an equal
reaction pattern with a higher proportion of cells being arrested in S-phase (except for
BCEC, in which T. gondii infection did not affect cell cycle progression), when
compared to non-infected cells thereby proving that the overall parasite-driven effects
on cell cycle arrest was cell type- and origin-independent (Publication 1). Of note,
minor deviations in reaction patterns were observed since HUVEC and HFF
additionally showed a decreased number of cells in G1-phase, and only HFF
experienced a reduced percentage of cells in G2-phase. So far, it remains unclear why
BCECs resisted to T. gondii-driven cell cycle alteration, especially since this cell type
showed a similar growth behaviour and equal kinetics of intracellular T. gondii
development like the other cell types. The finding of a T. gondii-driven S-phase arrest
in principle matches with former data. Hence, Molestina et al. (2008) revealed an
accumulation of cells in S-phase with a progressive decrease in G2/M transition for T.
gondii-infected HFF cells, suggesting a delayed exit from S-phase. Likewise, Kim et al.
(2016) demonstrated a decreased proliferation in a T. gondii-infected L6 rat myoblast
cell line suggesting a tendency of the cells to remain in S- or G2/M-phase. However,
current results contrast on findings in human trophoblast cells (BeWo) and human
dermal fibroblasts (NHDF) since even though T. gondii infections stimulated G1/S
transition, the cell cycle arrest occurred in the G2-phase concomitant with cyclin B1
downregulation (Brunet et al., 2008; Sabou et al., 2020). Comparable results were
found in infected bovine endothelial cells (BUVEC) by a cell cycle arrest in G2/M

transition (Velasquez et al., 2019).

When considering typical events in different cell cycle phases, it seems tempting to
hypothesize that an S-phase arrest would be beneficial for T. gondii since the cell is

then stuck in the main phase of DNA synthesis, from which the parasite could profit.
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Of note, not only infected cells but also non-infected neighbouring cells showed
enhanced signals of an S-phase marker (BrdU), suggesting that soluble factors from
infected cells or the parasites themselves may affect the cell cycle status without the
need of the parasite to physically invade or even contact the cell (Kim et al., 2016;
Lavine and Arrizabalaga, 2009). In line, Grimwood et al (1996) demonstrated a better
efficiency of T. gondii invasion and infection in cells experiencing S-phase, suggesting
that cells in S-phase indeed bear advantages for T. gondii development. In this respect,
Correa et al. (2007) hypothesized that S-phase arrest of non-infected neighbouring
cells allows for an improved adhesion and invasion in new host cells once the parasite
egresses, thereby reducing the exposure duration in the potentially adverse,
extracellular environment. Moreover, Pierre-Louis et al. (2022) demonstrated that S-
phase-arrested host cells fail to incorporate new DNA molecules on their own. It is well-
documented that T. gondii lacks the capacity of own purine and pyrimidine de novo
synthesis (Campagnaro et al., 2022; de Koning et al., 2005; Donaldson et al., 2014;
Krug et al., 1989; Schwartzman and Pfefferkorn, 1981; Sullivan et al., 1999),
consequently the parasite will profit from its S-phase-arrested host cell by enhancing
the chance to scavenge the molecules required for its own division. In line, T. gondii-
driven nucleotide scavenge was reported for different cell lines (Coppens et al., 2006a;
Pratt et al., 2013; Romano et al., 2013). A further explanation for cell cycle arrest in S-
phase is that during this phase also protein, amino sugar and pentose phosphate
syntheses are upregulated, besides other metabolic pathways (e. g.
glycolysis/gluconeogenesis, nucleotide sugar metabolism), all of which are
fundamental for both, host cell maintenance and intracellular parasite proliferation
(Regidor-Cerrillo et al., 2020; Velasquez et al., 2021a; Vélez et al., 2021). Considering
that tachyzoite replication is an energy- and building block-demanding process, the
access to any kind of these molecules would ease parasite proliferation on one hand,
and, on the other hand, the transient or continuous deprivation of essential molecules
could indeed induce an energy-lacking status in infected host cells, finally causing a

block in DNA synthesis and/or mitotic process.

Obviously, S-phase stasis has the consequence that these cells fail to progress into
G2-phase and mitosis. In general, cell cycle progression is tightly controlled by different
checkpoints regulating the entry into the subsequent phase or the exit from the current
cell cycle phase. Any irregularities, potentially occurring in each type of cell cycle
phase, may block cell cycle progression. Cyclins and CDKs form part of these cell cycle
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checkpoints. Given that cyclin B1 starts to accumulate at the end of G2-phase with a
peak at the onset of M-phase and subsequent degradation, signifying the key event
that allows cells to enter mitosis (Lindqvist et al., 2007; Vorlaufer and Peters, 1998),
we here quantified its abundance in the different cell types. However, none of the
currently used cell types showed any changes in cyclin B1 expression at 24 hours p. i.
(Publication 1), thereby suggesting that mitosis checkpoint modulation seemed not
involved in T. gondii-driven host cell arrest in S-phase. These findings are in agreement
with Velasquez et al. (2019), where cyclin B1 levels also proved unaffected by T. gondii
infection in BUVEC. However, contrasting results were found in T. gondii-infected HFF.
Here, cyclin B1 gene expression was found increased at later time points of infection
(32 h p. i.) despite an apparent block in cell progression to the G2/M stage, concomitant
with a poor response of mitotic regulators like MAD2L1 and MAD2L2 (mitotic spindle
assembly checkpoint proteins) (Molestina et al., 2008). The delayed but sustained
effects in cyclin B1 levels in T. gondii infections seemed compatible with a delayed exit
from S-phase and undefined progression through G2/M transition with an eventual
perturbation in the mitotic process (Molestina et al., 2008). In contrast to HFF, cyclin
B1 expression was notably downregulated in human trophoblast and human dermal
fibroblast, suggesting that T. gondii infection fosters cyclin B1 dysregulation to maintain
host cell stasis in the G2/M transition phase (Brunet et al., 2008; Sabou et al., 2020).

It has to be emphasized that an S-phase arrest of T. gondii-infected host cells never
applied to all cells within an infected cell layer, but always affected only a sub-fraction
of this cell population. Thus, T. gondii may in parallel drive additional cell cycle-related
alterations in host cells besides S-phase stasis. In line, Velasquez et al. (2019)
described T. gondii infections to induce mitotic errors in BUVEC leading to impaired
cytokinesis. In the current study, aberrant mitosis was defined as mitotic spindle-
related alterations resulting in chromosome missegregation, mislocated centrioles or
supernumerary centrosome formation. Whilst the mitotic index was not affected in
bovine cell types (BSIEC, BCEC), FHs74 and HFF revealed a parasite-driven
enhancement of this cell cycle parameter (Publication 1). When estimating proper
mitosis progression from prophase to telophase, aberrant mitosis was detected in all
mitotic subphases. Thus, more than two centrosome poles as well as chromosome
miscondensation was observed in prometa- or metaphase and supernumerary
centrosomes were found in telophase, thereby confirming that T. gondii indeed drives

mitotic failures, independent of cell donor origin or cell type (Publication 1). These
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data perfectly matched with findings of Velasquez et al. (2019) describing similar
parasite-mediated cell cycle defects in BUVEC. Interestingly, it is well-documented that
T. gondii infection fosters microtubule rearrangement in host cells resulting in aberrant
chromosome alignment (Coppens et al., 2006b). In non-infected cells and under
physiological conditions, microtubules radiate from the host nucleus to form an ordered
network throughout the cytoplasm to allow mitotic spindle organization, which aids
chromosome separation during cell division (Naghavi and Walsh, 2017). Notably, in
T. gondii-infected fibroblasts, microtubules formed circular, basket-like structures in
close proximity to the PV, thereby re-modelling the host cell by giving rise to a larger
space for parasite duplication, but also causing mitotic defects due to microtubule
malarrangement (Walker et al., 2008). Moreover, T. gondii was reported to increase
the number of y-tubulin-based foci within the host cell, suggesting a disruption of mitotic
spindles or decoupling MTOC duplication from mitosis (Walker et al., 2008). Overall, it
seems that the recruitment of microtubules to the PV is not cell type-specific since this
phenomenon occurs in several cell types like BCS-1 cells and Raw 264.7
macrophages-like cell line (Walker et al., 2008) and results in numerical and structural
chromosome alterations, which finally lead to chromosome instability (Levine and
Holland, 2018).

Whenever a cell fails to correctly pass through all mitotic phases, a block in cytokinesis
will be the logical consequence to avoid the formation of daughter cells with faulty
genomic information. As a final parameter of cell cycling, all cell types used in this
study were analysed for proper daughter cell formation (Publication 1). Cytokinesis
failure implies a defect in cytosol division at the end of mitosis, thereby blocking the
final mother cell division into two daughter cells (Alberts et al., 2007). In case of
cytokinesis inhibition, cells display two nuclei (binucleated phenotype). When
estimating the number of nuclei in T. gondii-infected host cells, all cell types (BSIEC,
BCEC, HUVEC, FHs74, HFF) uniformly showed the same reaction pattern and
presented a significantly enhanced occurrence of the binucleated phenotype, thereby
indicating that all cell types indeed experienced cytokinesis failure, rendering this
parasite-driven alteration as cell type- and donor origin-independent (Publication 1).
In line, Velasquez et al. (2019) also reported on cytokinesis failures in T. gondii-
infected BUVEC. Moreover, Franco et al. (2016) demonstrated an enhanced
proportion of T. gondii-infected murine RAW264 cells experiencing polyploidy (8n),

probably due to cytokinesis impairment. So far, it remains entirely unknown if this
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phenomenon results from an initial parasite-induced insult (i. e. by arresting the cell in
S-phase), whether it is driven by intention by the parasite or if it simply signifies a
collateral effect. However, mitosis and cytokinesis both require proper cytoskeleton
function, especially of the tubulin system mediating mitotic spindle or midbody
formation (Kline-Smith and Walczak, 2004). As already mentioned above, T. gondii is
well-known to modulate the host cellular tubulin cytoskeleton by fostering tubulin
accumulation around the PV and y-tubulin foci formation, thereby inducing critical
changes in microtubule dynamics and cytokinesis failure in infected cells (Walker et
al., 2008). Therefore, current data may also be interpreted in the context of a T. gondii
infection-driven impact on host cellular cytoskeletal dynamics, which, in final
consequence, blocks proper host cell division as a general mechanism, irrespective of

host cell origin and type.

3.2. Basic mechanisms of T. gondii-mediated cell cycle dysregulation do not
differ with the parasite strain

It is well-documented that T. gondii owns a considerable genetic and phenotypic
diversity, currently being represented by three main clonal lineages (I-IIl), which vary
in pathogenicity and mortality (Fernandez-Escobar et al., 2021). The T. gondii type |
strain is considered as the most pathogenic strain and causes lethal infections in mice,
whilst mortality and tachyzoite dissemination are significantly lower in infections with
type Il and Il strains. Moreover, type Il strains are even described as apathogenic in
mice (Calero-Bernal et al., 2022; Dardé et al., 2014; Sibley and Boothroyd, 1992; Su
et al., 2002). Representative strains for each lineage are T. gondii RH for haplotype |,
Me49 for haplotype Il and NED for haplotype Il (Wu et al., 2022). Overall, the T. gondii
RH haplotype is the most studied strain in vitro, while the NED strain is more commonly
used in in vivo murine models (Croken et al., 2014; Wang and Sibley, 2019). Whilst
mainly the classical haplotypes I-lll with an estimated moderate to low virulence
circulate in Europe, atypical and mixed haplotypes eventually bearing high
pathogenicity are spread in other regions like South America (Dardé et al., 2014; Galal
et al., 2022; Miller et al., 2023).

One aim of this study was to assess the potential influence of different T. gondii
haplotypes on host cell cycle dysregulation. In addition to the RH strain used for
experimentation in Publication 1, T. gondii Me49 (haplotype Il) and NED (haplotype

II) strains were here applied in parallel for strain-dependent analyses. To allow for
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direct comparisons with the data on the RH strain (Publication 1), experiments were
performed in the same primary bovine endothelial host cell type (BUVEC). By first
assessing growth kinetics of Me49 and NED tachyzoites in BUVEC, a comparable
developmental speed of all strains was confirmed, thereby excluding potential kinetic-
driven differences in host cell cycling. Referring to RH strain-based host cell reactions
(Publication 1), similar parameters of host cell cycling were here assessed using
Me49 and NED tachyzoites for BUVEC infections: /) DNA content-based analysis of
the cell cycle phases via FACS, ii) microscopic analysis of the mitotic rate and of mitotic
spindle formation, ii) microscopic assessment of cytokinesis (by analysing the
proportion of binucleated cells in infected cell layers), and iv) quantification of cyclin A2

and cyclin B1 expression in infected cell layers at 24 hours p. i. via Western blotting.

In line with RH-based data, an enhanced proportion of cells of both T. gondii Me49-
and NED-infected BUVEC experienced a parasite infection-driven stasis in S-phase
(Publication 2). Simultaneously, a significantly decreased proportion of cells were in
G1-phase. When analysing the expression of cyclins A2 and B1, which signify key
regulatory proteins of S-phase control and M-phase enter, respectively, only NED
tachyzoite infections fostered a cyclin B1 upregulation whilst cyclin A2 expression was
not affected by any strain (Publication 2), thereby differing from infected HFF, in which
an increased cyclin A2 level was found by RT-PCR with a delayed response by
Westernblot-based profiling, indicating a delayed exit from S-phase (Molestina et al.,
2008). In line, the mitotic rate was found significantly reduced only for NED tachyzoite-
infected BUVEC (Publication 2).

To verify whether mitotic failures may also occur in Me49 and NED strain-infected
BUVEC and eventually be linked to inadequate mitotic spindle and centrosome
formation (Levine and Holland, 2018) like in case of RH strain infections (Publication
1), mitosis spindle formation and different mitosis phases were here analysed. Indeed,
approximately 10% of infected mitotic cells showed an altered chromosome
arrangement (Publication 2). Moreover, some host cells with irregular chromosome
bridges between the poles of the mitotic spindle were detected. Notably, these
chromosome bridges are characteristic for tumour cells and are mainly observed in
mid-late anaphase, eventually persisting throughout mitosis, but are atypical for early
G1-phase (Pampalona et al., 2016; Rodriguez-Mufioz et al., 2021). Since bovine
endothelial cells are of primary and non-tumoral origin, and therefore own a

physiological cell cycle control, findings on chromosome bridges must have been due
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to T. gondii infections. As an interesting additional finding, centrosomes seemed to be
composed of more than one centrosomic structure. Of note, by definition, a centrosome
consists of two centrioles (mother and daughter) surrounded by pericentriolar material
(PCM). To confirm this observation, spatial centrosome signals were converted into a
quantitative histogram, which indeed indicated a possible centriole overduplication at
each centrosome (Publication 2). Since T. gondii has been reported to alter cell cycle-
related host gene expression (e. g. Cdc25, Wee1, APC/C, p53) (Chang et al., 2015;
Syn et al., 2017), and to modulate CDK-cyclin activities (Brunet et al., 2008; Molestina
etal., 2008), aberrations in chromosome size, shape, number and position (also known
as centrosome amplification) can theoretically be influenced by direct or indirect
mechanisms: (/) cell-to-cell fusion, generating a single cell possessing twice the DNA
amount and double the number of centrosomes (Mittal et al., 2021); (ii) a cytokinesis
failure which means that cells have already performed DNA and centrosome
duplication but remain as a single cell with doubled DNA and centrosomes (Karakaya
et al., 2012); (iii) separase activity dysregulation triggering premature centriole
disengagement driving early separation of the daughter centriole from the mother cell
and resulting in the formation of multipolar mitotic spindle (Tsou and Stearns, 2006);
and (iv) pericentriolar material fragmentation when significant PCM components
aggregate in random places in the cytoplasm (Loncarek et al., 2008). Any of these
phenomena may lead to supernumerary centrosome formation and irregular centriole
duplication (Kalkan et al., 2022). Even more interesting, the centrosome plays an
important role as a signalling centre during cell cycling, e. g. by facilitating G1/S and
G2/M transition by recruiting key molecules to the centrosome (Ferguson and Maller,
2010; Matsumoto and Maller, 2004; Pascreau et al., 2011). However, in presence of
cellular stress, e. g. caused by centrosome amplification or DNA damage, the
centrosome promotes checkpoint responses, which directly or indirectly inhibit CDK-
cyclin complexes thereby fostering cell cycle arrest (Barr et al., 2010; Hinchcliffe et al.,
2001; Kramer et al., 2004; Lin et al., 2005; Tibelius et al., 2009). However, summarizing
mitosis-related findings, only minor differences were detected in NED and Me49 strain
infections when compared to previous data published on the T. gondii RH strain
(Publication 1) (Velasquez et al., 2019) thereby indicating that basic mechanisms of

cell cycle perturbation did not differ in between T. gondii strains.

In agreement with RH-related findings (Publication 1), Me49 and NED strains both

induced a significantly enhanced proportion of binucleated cells in infected BUVEC

86



layers (Publication 2), thereby indicating cytokinesis failures. Endothelial cells of
vessels physiologically do not exhibit binucleated phenotypes without subsequent
cytokinesis, thus evidencing that current findings are directly correlated with T. gondii
infections. Hereby (Publications 1 + 2), this host cellular phenotype is now described
for haplotypes I-lll in BUVEC and can be considered as a strain-independent, specific

hallmark of T. gondii tachyzoite replication.

As described before, T. gondii tachyzoites have evolved several clonal lineages. All of
them bear the potential to infect both human and animals; however, types | and Il are
more prevalent in immunocompromised patients or pregnant women than in animals
(Ayi et al., 2016; Khan et al., 2005; Wujcicka et al., 2014). Consequently, type Il strains
primarily infect animals as opposed to people (Howe and Sibley, 1995). In current
findings, the type Il strain (NED) signified the distinct strain, which slightly differed in
reactions from the other ones in terms of cell cycle and mitosis control throughout the
mitosis checkpoint (cyclin B1). Given that we here used bovine cells, this slight
modification may suggest an improved adaptation of the NED strain to an intermediate
host species. When considering T. gondii-driven cell cycle arrest, a recent work
suggested that S-phase-arrested host cells fail to incorporate new DNA molecules
(Pierre-Louis et al., 2022). However, S-phase stasis equally were reported for primary,
immortalized and tumour cells, thereby reflecting a parasite strategy maintained
throughout haplotype evolution (Brunet et al., 2008; Kim et al., 2016; Molestina et al.,
2008; Pierre-Louis et al., 2022; Velasquez et al., 2019). Summarizing current data,
host cell cycle modulation, chromosome missegregation and cytokinesis failure signify
intrinsic mechanisms or consequences of T. gondii tachyzoite infections, which occur

more or less independent of the parasite haplotype.

3.3. T. gondii infection fosters host cellular DNA damage and induces cellular
attempts of DNA repair

Given that the current work revealed that all T. gondii strains uniformly induced
chromosome missegregation and cytokinesis impairment, the question arose whether
these finding were also linked to failures in genomic integrity surveillance. Genomic
integrity represents an essential feature of cellular homeostasis and is a key
prerequisite for delivering the correct genetic information to offspring cells during cell
division. In general, chromosome missegregation and cytokinesis failures are linked to

chromosomal instability (Holland and Cleveland, 2009), besides other alterations like
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chromosomal aberrations, such as loss, gain or disarrangement of chromosomes
(Bakhoum and Cantley, 2018). Likewise, chromosomal instability is well-known to
foster DNA damage, thereby resulting in DNA strand breaks and cellular stress during
DNA replication (Wilhelm et al., 2020).

To address parasite strain-dependent host cell DNA damage and chromosomal
instability induction in the current work, T. gondii infections with RH, Me49 and NED
strain tachyzoites were here analyzed in BUVEC. DNA strand integrity was first
assessed by comet assays, indicating general DNA strand lesions in individual cells
without distinguishing single- or double-strand breaks (Barghouth et al., 2022;
Kawaguchi et al., 2010; Sykora et al., 2018). Here, T. gondii RH, Me49 and NED
tachyzoite-infected BUVEC all showed a significantly increased proportion of cells
experiencing DNA damage with the RH strain inducing by far the strongest effects
(Publication 3). Furthermore, the nuclear expression of y-H2A.X (a specific marker for
double DNA strand breaks) indicating DNA damage foci was analysed in T. gondii-
infected BUVEC. By this method, a parasite-driven induction of DNA damage was
confirmed, since the proportion of cells expressing y-H2A.X increased with parasite
infection (Publication 3). However, these reactions appeared haplotype-dependent
since a significant increase of tachyzoite-driven DNA damage foci was observed only
for RH- and NED-infected cells, but not for Me49 infections (Publication 3). In line to
current findings, Zhuang et al. (2020) recently reported on a double-strand DNA break
induction in T. gondii RH tachyzoite-infected Hela, HEK293T and Vero cells. To verify
a potential link between DNA damage and cytokinesis failure, DNA damage foci were
here additionally analysed in T. gondii-infected binucleated cells. Again, a significantly
increased proportion of binucleated cells experiencing DNA damage foci was only
stated for RH- and NED-infected BUVEC (Publication 3) indicating that DNA damage
might indeed be associated with parasite-driven cytokinesis failure and may vary with

the parasite strain.

In general, chromosome miscondensation and segregation result in a failure of proper
chromosome displacement and may also cause the formation of both, chromosome
bridges and micronuclei, which are considered as hallmarks of genomic instability
(Fenech et al., 2011; Siri et al., 2021; Ye et al., 2019). In the current work, a significant

enhanced proportion of host cells with micronuclei was exclusively found for NED-
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infected cells (Publication 3), thereby emphasizing strain-dependent parasite-driven

insults on host cellular genomic stability.

DNA damage is a highly severe and life threatening insult for a cell. To counteract this
defect and to avoid damaged DNA to be inherited by daughter cells, cells own several
DNA repair mechanisms. Thus, cells under genotoxic stress activate a DNA damage
response (DDR) to maintain genome integrity, which includes the homologous
recombination (HR) and the non-homologous end joining (NHEJ) pathway (Campos
and Clemente-Blanco, 2020; Petsalaki and Zachos, 2020). Interestingly, the HR
pathway mainly operates in S- and G2-phase, whilst NHEJ-based repair is primarily
activated in G1-phase (Li and Heyer, 2008; Watanabe and Lieber, 2022). In the current
work, DNA damage response-related analyses focused on RH infections, which had
induced the most prominent DNA damage effects. On a quantitative level, most
proteins of the NHEJ pathway were either unaffected by RH infections (DNA ligase |,
Artemis) or even downregulated (Ku70, DNA-PKcs), indicating that host cells fail or are
even blocked to activate the NHEJ pathway in response to parasite-driven DNA
damage (Publication 3). In contrast, several key proteins of the HR pathways were
significantly upregulated in RH tachyzoite-infected BUVEC (Publication 3). The HR
pathway splits into two branches (ATM- and ATR-related pathways), which are
activated in dependence of the DNA damage type (Bakr et al., 2015; Williams and
Zhang, 2021; Yan et al., 2014). Hence, the ATM-related pathway is mainly induced by
DNA double-strand breaks, whilst the ATR-related pathways is activated by single-
strand breaks or by stalled replication forks (Bakr et al., 2015; Blackford and Jackson,
2017; Karnitz and Zou, 2015). As expected, T. gondii RH infections exclusively induced
an upregulation of ATM pathway-related proteins (ATM, Mre11, Rad50, pBRCA) in
BUVEC. ATM pathway activation plays a pivotal role in host cells to maintain a balance
between survival and apoptosis during T. gondii infection, probably for the benefit of
parasite survival (Zhuang et al., 2020) (Publication 3). According to current data,
infected BUVEC obviously tried to repair T. gondii-driven DNA damages via the ATM
pathway, but most likely failed in their attempts. These findings were in agreement with
Zhuang et al., (2020), who also reported that T. gondii infections elicit a DNA damage
response by activating the ATM-dependent branch of the HR pathway in HelLa, Vero
and HEK293 cells. Hence, this kind of DNA damage response may reflect a common,

cell type-independent host cellular strategy.
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3.4. Comparative analyses on Neospora caninum infections reveal both
similarities and differences to T. gondii-driven cell cycle perturbation

N. caninum is an apicomplexan parasite closely related to T. gondii. To estimate
whether the findings of the current work on T. gondii (Publications 1-3) would also
apply to this parasite and, consequently, indicate a general, species-independent
strategy of host cell manipulation, cell cycle-related experimentation was here
extended to N. caninum infections, thereby using the same primary host cell type

(BUVEC) to generate comparative data.

To avoid infection kinetic-based effects, N. caninum intracellular development was first
thoroughly monitored over time in BUVEC, revealing that N. caninum proliferation took
slightly longer than that of T. gondii (Publication 4). Therefore, 24 and 32 h p. i. were

included as time points of analyses on host cell cycle progression.

In line to current findings on different T. gondii strains (Publications 1-3), FACS-based
assessment of cell cycle phases revealed an increased proportion of N. caninum-
infected host cells in S-phase at both 24 and 32 h p. i., being accompanied by a
simultaneous decrease of cells in GO/G1-phase, thereby confirming a parasite-driven
arrest of host cells in S-phase (Publication 4). These results contrast on findings in
human brain microvascular endothelial cells (hnBMECs), in which cell cycle arrest
occurred in S- or G2-phase at 12 and 24 h p. i., respectively, along with reduced
proliferation of infected cells without compromising the overall viability of infected cells
(Elsheikha et al., 2020). In line, the proportion of mitotic cells in human lymphoma cells
(K562) decreased by N. caninum infection (AlKurashi et al., 2011).

In the current study, we additionally analysed S-subphases via both the presence and
the nuclear distribution of the S-phase marker PCNA (proliferation cell nuclear antigen)
in N. caninum-infected BUVEC in comparison to non-infected control layers. At 24 h
p. i., an infection-driven shift in S-subphases was stated, since an increased proportion
of host cells were in late S-phase being accompanied by an almost entire lack of host
cells in mid S-phase and a reduced proportion of BUVEC in early S-phase. This finding
indicated that N. caninum-infected BUVEC were already arrested in early S-phase
(Publication 4). At 32 h p. i., infected host cells still showed a reduced proportion of
host cells in late S-phase, but more host cells had progressed into mid S-phase

suggesting that arrest was not irrevocable (Publication 4). Overall, it seemed that
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parasite-infected cells experienced difficulties in their progress to late S-phase, which

may, in consequence, impair them to proceed to G2/M-phase.

Referring to cell cycle checkpoint regulation, N. caninum-infected BUVEC revealed by
tendency an upregulation of cyclin A2 (which is typically increased throughout S-
phase) at 24 hours p. i., followed by a significant downregulation of this key molecule
later in infection (32 hours p. i.). Synchronously, cyclin B1 (starts to accumulate at the
end of G2-phase and peaks at the G2/M border) was significantly upregulated at 24
hours p. i. (Publication 4), thereby confirming irregularities in S phase control and
during S-to-G2/M-transition-phase. As mentioned before, cyclin A2 is a key regulator
of both mitotic entry and DNA replication, following a coordinated pattern of expression
and subcellular localization (Desdouets et al., 1995; Huet et al., 1996). Thus, the cyclin
A/CDK2 complex downregulation correlates with S-phase arrest, blocking cells to enter
into G2/M-phase (Bacevi¢ et al., 2017). Therefore, the finding of N. caninum-driven S-

phase arrest correlates with a concomitant downregulation of cyclinA2.

As an additional and interesting finding, irregular nuclear morphologies were noticed
microscopically in both N. caninum-infected and non-infected cells within the same
monolayer. Of note, a general correlation between cell shape and nuclear size exists,
that owns a central role in cellular and developmental processes and is maintained by
mechanical forces mediated via cytoskeletal elements from in- and outside the cell
(Khatau et al., 2009). To verify these morphological observations and to exclude
fixation-based artefacts, the nuclear morphology of cells within an N. caninum-infected
BUVEC layer was further studied in both living and PFA-fixed cells. Under both
conditions, an increased proportion of cells revealed nuclear irregularities like
invaginations, corners, strictures and dentings, or nuclear fragmentation (Publication
4). TEM analyses illustrated irregular and deformed nuclei at 24 and 32 h p. i., with
invaginations and stretches of nuclear membrane disintegration in N. caninum-infected
host cells (Publication 4). Quantitative estimations showed that the nuclear area was
smaller in N. caninum-infected host cells at 32 h p. i. compared to non-infected
controls, whilst nuclear circularity was not affected by infection (Publication 4).
Moreover, the axes ratio was larger in N. caninum-infected cells when compared to
non-infected cells, both findings indicating that N. caninum infection indeed affects the
host cellular nuclear structure (Publication 4). To follow this assumption and to study

nuclear elements in more detail, the nuclear lamina morphology was analysed at 32
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hours p. i. applying lamin B1 staining. The nuclear envelope is formed by two
concentric membranes with nuclear pore complexes and supported by an underlying
lamina composed of a meshwork of nuclear intermediate filaments formed by type A
and B lamins (Hetzer, 2010). Lamin B1 not only forms part of the nuclear lamina, but
also directly interacts with chromatin (Brunet et al., 2019). In line with above mentioned
observations, an increased proportion of cells within N. caninum-infected BUVEC
layers revealed an altered nuclear Lamin B1 distribution, being characterized by
inhomogeneous Lamin B1 abundance, illustrating several nuclear folding and
invaginations and bubble-like nuclear protrusions (Publication 4). Quantitative
analyses confirmed these findings by stating a significant increase of infected cells with
inadequate Lamin B1 distribution patterns and misshaped nuclei in comparison to non-
infected cell layers (Publication 4). Of note, most prominent Lamin B1-related effects
were surprisingly found in non-infected cells within an N. caninum-infected cell layer.
However, N. caninum-driven paracrine effects on nuclear Lamin B1 were not
confirmed, since treatments of non-infected cell layers with N. caninum infection
conditioned medium failed to drive all, lamin B1-defect cells, changes in cyclin B1 and
actin abundance, but indeed induced S-phase arrest with concomitant G0/G1-phase

reduction (Publication 4).

To the best of our knowledge, a Lamin B1-based nuclear alteration has not been
reported before for coccidian parasite-infected host cells. This prompted us to analyse
the nucleoskeleton in more detail. In general, the shape of a cell nucleus is promoted
by several cytoskeletal elements like actin, intermediate filaments and microtubules.
Of special interest for nuclear shaping and function is the perinuclear actin cap, being
composed of thick, parallel and highly contractile actinomyosin filaments being
physically attached to the nucleus and to the nuclear lamina by the so-called linker of
nucleoskeleton and cytoskeleton complex (LINC) (Khatau et al., 2009; Kim et al., 2013;
Maninova et al., 2017). When detecting actin flaments in N. caninum-infected BUVEC,
the perinuclear area was considerably affected since actin filaments typically
transversing the nucleus and being anchored to the nuclear periphery in non-infected
cells, were consistently absent in N. caninum-infected cells (Publication 4). In line,
FACS-based quantification revealed a decrease in the total actin content of infected
cells (Publication 4). These overall observations suggested that N. caninum

intracellular development interferes with the host cellular actin cytoskeleton and most
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likely leads to nuclear membrane destabilization, thereby contributing to abnormal

nuclear shaping.

Overall, in the current study we showed that N. caninum infections indeed interfere
with the host cell cycle progression by inducing S-phase arrest, nuclear lamin B1
maldistribution, perinuclear actin losses, and host cellular nuclear deformation.
Importantly, some of these findings clearly differed from alterations driven by different
strains of the closely related parasite T. gondii (Publications 1-3), thereby
emphasizing that coccidia-driven cell cycle modulation is - at least in parts - a species-

dependent process.
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4. ZUSAMMENFASSUNG

Die Apikomplexa beinhalten eine gro3e Gruppe protozoarer Parasiten mit obligat
intrazellularer Lebensweise, die weltweit wichtige Infektionen bei Mensch und Tier
verursachen. Zur Familie der Sarcocystidae gehoren Arten wie Toxoplasma gondii, ein
bedeutender zoonotischer Erreger, und Neospora caninum, der Aborte bei Rindern
und neurologische Stérungen bei kaninen Wirten verursachen kann. Obwohl sich
beide Parasiten in wichtigen Aspekten der Wirtsspezifitdt und des Lebenszyklus
unterscheiden, modulieren sie gleichermafien diverse funktionelle Kategorien der
Wirtszellen, um ihre intrazelluldre Entwicklung zu ermdglichen. Die vorliegende Studie
konzentrierte sich auf vergleichende Untersuchungen zur T. gondii- und N. caninum-

vermittelten Dysregulation des wirtszellularen Zellzyklus.

Grundsétzlich beeinflusst T. gondii den Wirtszellzyklus signifikant, unabhangig von
MOI, Infektionszeitpunkt und dem verwendeten Zellmodell. W&hrend frihere Studien
meist immortalisierte oder Tumorzellen, die typischerweise einen verdnderten
Zellzyklus aufweisen, analysierten, wurden hier primdre Zelllinien als Wirtzellen
vergleichend untersucht, und dabei sowohl unterschiedliche Zelltypen (Endothelzellen,
Epithelzellen und Fibroblasten) als auch Herkunft (Mensch und Rind) bericksichtigt.
Insgesamt zeigte sich, dass T. gondii-Infektionen in zelltyp- und herkunfts-
unabhangiger Weise zu einer wirtszelluldren Stase in der S-Phase flhrten.
Bemerkenswerterweise blieb dabei die Expression des Zyklin B1 als wichtigen
Regulator des Mitose-Eintritts bei allen Zelltypen unverandert; entsprechend scheint
der Mitose-Kontrollpunkt nicht an Zellzyklusarretierung beteiligt zu sein. Neben
Interphase-assoziierten Alterationen induzierten T. gondii-Infektionen Defekte in allen
Mitosephasen, wie z. B. Fehlkondensierung der Chromosomen und Bildung
Uberzéhliger Zentrosomen. Dartiber hinaus zeigten alle verwendeten Zelltypen einen

erhohten Anteil an Doppelkernigkeit, was auf eine gestérte Zytokinese hinwies.

Da unterschiedliche T. gondii-Genotypen im Feld mit einer variierenden Pathogenitat
assoziiert sind, wurde weiterhin untersucht, ob AusmafR oder Effekte der T. gondii-
vermittelten Wirtszellzyklusdysregulierung haplotypabhéngig sind. Dazu wurden die
Effekte der T. gondii-Stamme Me49 (Haplotyp 1) und NED (Haplotyp Ill) im direkten
Vergleich mit dem RH-Stamm (Haplotyp |) in primaren Wirtszellen unter identischen
Bedingungen untersucht. In Ubereinstimmung mit dem RH-Stamm induzierte sowohl

der Me49- als auch der NED-Stamm eine Arretierung der Wirtszelle in der S-Phase,
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allerdings konnte nur fir NED-Infektionen eine Verminderung des Zyklin B1 als
wichtigen Regulator konstatiert werden. Darliber hinaus war die Mitoserate in NED-
infizierten Zellen signifikant reduziert und es traten irregulare
Chromosomenanordnungen und -bricken in der Mitose auf. In Analogie zum RH-
Stamm fuhrten beide Stdmme zu einem gesteigerten Anteil doppelkerniger Wirtszellen
und somit ebenfalls zur Beeintrdchtigung der Zytokinese. In der vorliegenden Arbeit
wird dieser Phanotyp erstmals fir alle Haplotypen gleichermafRen beschrieben, so

dass ein T. gondii-intrinsischer Mechanismus abgeleitet werden kann.

Chromosomenfehlverteilungen und Beeintrachtigungen der Zytokinese sind
Schlisselmerkmale der Chromosomeninstabilitdt, die meist mit DNA-Schaden in
Zellen einhergeht. Tatsachlich induzierten in der vorliegenden Arbeit sowohl der RH-
als auch die Me49- und NED-Stamme DNA-Doppelstrangbriiche in Wirtszellen, wobei
RH-Infektionen die starksten Schaden verursachten. Dies bestatigte sich auch fir
zytokinesedefekte, doppelkernige Wirtszellen nach Infektionen mit RH- und NED-
Tachyzoiten. Interessanterweise wiesen NED-infizierte Zellen zudem ein erhéhtes
Mall an Mikronuklei auf, was auf eine stammspezifische Beeintrachtigung der
genomischen Stabilitdt von Wirtszellen hinweisen kénnte.

Bei genotoxischem Stress aktivieren Zellen die sog. DNA Damage Response, um die
Integritét des Genoms zu erhalten. Diese DNA-Reparaturmechanismen beinhalten die
Aktivierung der Signalwege der homologous recombination (HR) oder des non-
homologous end joining (NHEJ). Die hiesigen Untersuchungen bestétigten eine (RH)
infektionsinduzierte Aktivierung des HR-Signalwegs in primdren Wirtszellen, die mit
einer Hochregulierung von im ATM-Stoffwechselweg eingebundenen Proteinen

verbunden war, was typisch fir DNA-Doppelstrangbriiche ist.

In einem letzten Arbeitspaket wurden die zellzyklus-assoziierte Analysen auf einen
weiteren apikomplexen Parasiten, N. caninum, ausgedehnt, um eventuelle
artspezifische Mechanismen herauszustellen. Tatsachlich fuhrte die N. caninum-
Infektion zu einer Stase des Zellzyklus in der spaten S-Phase und zu einer
Hochregulierung der Zykline A2 und B1 24 Stunden p. i. (ersteres war 32 Stunden p. i.
wieder vermindert in seiner Expression), was Unregelmagigkeiten im Zeitraum von S-
Phase zum G2/M-Ubergang bestétigte. Interessanterweise wurden bei dieser Infektion
irregulare Kernmorphologien, wie beispielsweise nukleare Invaginationen, Abschnitte

mit degradierter Kernmembran oder auch eine insgesamt verringerte Kernausdehnung
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beobachtet, was eine speziesspezifisch induzierte Alteration der Kernstruktur der
Wirtszelle vermuten lieR. Weiterfihrende Analysen zum nukleéren Protein Lamin B1
ergaben eine mit N. caninum-Infektion assoziierte, inhomogene Lamin B1-Verteilung,
Kernfaltungen und -einstllpungen - Phanomene, die hier erstmals fir
Kokzidieninfektionen beschrieben wurden. Auch das perinukledre Zytoskelett war
verandert in infizierten Zellen, da bestimmte Aktinfilamente, die physiologischerweise
an der Kernperipherie verankert sind und transversal tiber den Nukleus ziehen (sog.
Actin cap), in infizierten Zellen fehlten. Insgesamt wurde ein vermindertes
Gesamtvorkommen von Aktin in N. caninum-infizierten Zellen gemessen, was eine
parasiteninduzierte Beeintrachtigung des perinukledren Aktinzytoskeletts mit
nachfolgender Destabilisierung der Kernmembran und abnormen Formgebung des
Kerns vermuten liel. Da solche Beobachtungen nicht auf T. gondii-infizierte Zellen
zutrafen, unterstreichen hiesige Daten eine artspezifische Modulation der Wirtszellen

Uber Kokzidien.
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5. SUMMARY

Apicomplexan parasites are a large group of protists with an obligate intracellular
lifestyle, impacting human and veterinary health worldwide. The Sarcocystidae family
contains notable species like Toxoplasma gondii, a critical zoonotic pathogen, and
Neospora caninum, cause of abortion in cattle and of neurological disorders in canid
hosts. Although both parasites differ in their host specificity and in distinct aspects of
their life cycle, they also share common characteristics in their sophisticated ability to
modulate host cell functions. Here, we focused on molecular and cellular mechanisms

involved in parasite infection-driven host cell cycle dysregulation.

T. gondii is well recognized to significantly affect host cell cycle progression, regardless
of MOI, infection times and, importantly, the cellular model used in experimentation.
While many former studies used immortalized or tumour cells, potentially exhibiting
dysregulated cell cycling, current analyses addressed T. gondii infections in primary
cells by analyzing different cell types (fibroblasts, endothelial and epithelial cells) and
donor species (human, bovine). Here, we revealed a T. gondii-driven cell type- and
origin-independent S-phase arrest. Notably, cyclin B1, a critical regulator of mitosis
entry, remained unchanged across all cell types, indicating that mitosis checkpoint
modulation is not involved in host cellular S-phase stasis. Beyond interphase effects,
T. gondii infection led to aberrant mitosis in all mitotic subphases, characterized by
chromosome miscondensation and supernumerary centrosome formation. Moreover,
all cell types showed an increased proportion of binucleated phenotypes, indicating

impaired cytokinesis, which also occurred independently of cell origin or type.

Given that different T. gondii genotypes show varying pathogenicity in the field, host
cell cycle regulation may also be influenced by haplotypes. To explore this, different
strain infections (Me49, NED) were comparatively analysed in primary host cells. In
line with RH, Me49 and NED strains also induced host S-phase arrest. Further
analyses on key regulatory proteins of S-phase control and M-phase enter revealed a
cyclin B1 downregulation only for NED infections. Additionally, the mitotic rate was
reduced by NED infections, concomitant with altered chromosome arrangement and
irregular chromosome bridges within the mitotic spindle. Moreover, T. gondii Me49 and
NED strains also led to an enhanced proportion of binucleated host cells, indicative of

cytokinesis failure. Thereby, this cellular phenotype was here described for the first
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time for all haplotype infections, demonstrating cytokinesis impairment as intrinsic,

haplotype-independent mechanism of T. gondiii.

Chromosome missegregation and cytokinesis impairment are key features of
chromosome instability being associated with DNA damage in cells. As determined in
the current work, RH, Me49 and NED strains indeed all induced DNA double-strand
breaks with the RH strain driving - by far - the most pronounced effects. Moreover,
referring to cytokinesis failure, a significant proportion of both RH- and NED-infected
binucleated host cells showed DNA damage foci. Interestingly, NED-infected cells
exhibited an increased proportion of micronuclei, thereby highlighting parasite strain-

specific insults on host cellular genomic stability.

Under genotoxic stress, cells activate the DNA damage response to maintain genome
integrity. Repair mechanisms for this type of damage include the homologous
recombination (HR) and non-homologous end joining (NHEJ) pathways, which were
here profiled for RH strain infections. As expected, the HR pathway was activated by
an upregulation of ATM pathway-related proteins, which classically are induced by
DNA double-strand breaks.

Finally, current cell cycle-related analyses were extended to N. caninum infections in
the same host cell type to elucidate eventual species-specific strategies. N. caninum
caused late S-phase arrest concomitant with cyclin A2 and cyclin B1 upregulation at
24 h p. i. (followed by cyclin A2 decrease at 32 h), confirming irregularities from S- to
G2/M transition-phase. Interestingly, irregular nuclear morphologies were observed in
N. caninum-infected cells, illustrated as invaginations and stretches of nuclear
membrane disintegration and quantified as smaller nuclear areas, indicating that the
host cellular nuclear structure was affected by N. caninum. Further analyses on the
nuclear protein lamin B1 revealed an increased proportion of cells with inhomogeneous
lamin B1 patterns, several nuclear folding and invaginations, phenomena reported for
the first time for coccidian infections. Moreover, the perinuclear area was altered since
actin filaments normally being anchored to the nuclear periphery and transversing the
nucleus (actin cap) were absent in infected cells alongside with a decreased total
cellular actin abundance, highlighting that N. caninum infection indeed interferes with
the host actin cytoskeleton leading to nuclear membrane destabilization and abnormal
shaping. Overall, these findings contrast with alterations induced by different T. gondii

strains, emphasizing species-specific events in host cell modulation.
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